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NUCLEOTIDE POOLS INCLUDING MITOCHONDRIAL DNA DEPLETION
SYNDROMES

GOVERNMENT SUPPORT

This invention was made with government support under HD080642 awarded by

NIH. The government has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to U.S. provisional patent application serial no.
62/180,194 filed June 17, 2015, which is hereby incorporated by reference.

FIELD OF THE INVENTION

The invention relates generally to a pharmacological therapy for a human genetic

disease, specifically diseases characterized by unbalanced nucleotide pools, e.g.,
mitochondrial DNA depletion syndromes, and more specifically, thymidine kinase 2 (TK2)
deficiency. The pharmacological therapy involves the administration of at least one
deoxynucleoside, or mixtures thereof. For the treatment of TK2 deficiency, the
pharmacological therapy involves the administration of either deoxythymidine (dT) or
deoxycytidine (dC), or mixtures thereof.  This administration of one or more
deoxynucleosides is applicable to other disorders of unbalanced nucleoside pools, especially

those found in mitochondrial DNA depletion syndrome.

BACKGROUND OF THE INVENTION

Mitochondrial diseases are clinically heterogeneous diseases due to defects of the

mitochondrial respiratory chain (RC) and oxidative phosphorylation, the biochemical
pathways that convert energy in electrons into adenosine triphosphate (ATP). The respiratory
chain is comprised of four multi-subunit enzymes (complexes [-IV) that transfer electrons to
generate a proton gradient across the inner membrane of mitochondria and the flow of
protons through complex V drives ATP synthesis (DiMauro and Schon 2003; DiMauro and
Hirano 2005). Coenzyme Qo (CoQjo) is an essential molecule that shuttles electrons from
complexes 1 and II to complex III. The respiratory chain is unique in eukaryotic, e.g.,
mammalian, cells by virtue of being controlled by two genomes, mitochondrial DNA

(mtDNA) and nuclear DNA (nDNA). As a consequence, mutations in either genome can
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cause mitochondrial diseases. Most mitochondrial discases affect multiple body organs and
are typically fatal in childhood or carly adult life. There are no proven effective treatments for
mitochondrial discases, only supportive therapics, such as the adminustration of CoQqp and it
analogs to enhance respivatory chain activity and to detoxily reactive oxygen species (ROS)
that are toxic by-products of dysfunctional respiratory chain enzymes.

Mitochondrial DNA depletion syndrome (MDS), which is a subgroup of
mitochondrial disease, is a frequent cause of severe childhood encephalomyopathy
characterized molecularly by reduction of mitochondrial DNA (mtDNA) copy number in
tissues and insufficient synthesis of mitochondrial RC complexes (Hirano, et al. 2001).
Mutations in several nuclear genes have been identified as causes of infantile MDS,
including: TK2, DGUOK, POLG, POLG2, SCLA25A4, MPV17, RRM2B, SUCLA2, SUCLGI,
TYMP, OPAI, and ClOorf2 (PEOI). (Bourdon, et al. 2007; Copeland 2008; Elpeleg, et al.
2005; Mandel, et al. 2001; Naviaux and Nguyen 2004; Ostergaard, et al. 2007; Saada, et al.
2003; Sarzi, et al. 2007; Spinazzola, et al, 2006). In addition, mutations in these nuclear
genes can also cause multiple deletions of mtDNA with or without mtDNA depletion (Béhin,
et al. 2012; Garone, et al. 2012; Longley, et al. 2006; Nishino, et al. 1999; Paradas, et al.
2012; Ronchi, et al. 2012; Spelbrink, et al. 2001; Tyynismaa, et al. 2009; Tyynismaa, et al.
2012; Van Goethem, et al. 2001).

One of these genes is TK2, which encodes thymidine kinase (TK2), a mitochondrial
enzyme required for the phosphorylation of the pyrimidine nucleosides (thymidine and
deoxycytidine) to generate deoxythymidine monophosphate (dTMP) and deoxycytidine
monophosphate (dCMP) (Saada, et al. 2001). Mutations in TK2 impair the mitochondrial
nucleoside/nucleotide salvage pathways required for synthesis of deoxynucleotide
triphosphate (ANTP), the building blocks for mDNA replication and repair.

TK2 deficiency was first described in 2001 by Saada and colleagues (Saada, et al.
2001), in four affected children originating from four different families, who suffered from
severe, devastating myopathy. After an uneventful carly development, at ages 6-36 months
the patients developed hyperCKemia, severe muscle hypotonia with subsequent loss of
spontancous  activity. The disease was rapidly progressive and two patients were
mechanically ventilated at 3 years, while two other patients were already dead by the time of
the report.

After the first description, sixty additional patients have been reported in literature
and at least twenty-six further patients have been diagnosed but not reported {Alston, ef ¢l

2013; Bartesaghi, ¢f af. 2010; Béhm, ¢f al. 2012; Blakely, ¢f ol 2008; Carrozzo, ef af. 2003;
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Chanprasert, er al. 2013; Colbins, er af. 2009; Galbiati, er al. 2006; Gotz, e al 2003;
Leshinsky-Silver, er al. 2008; Lesko, es al. 2010; Mancuso, ef al. 2002; Mancuso, ef af. 2003;
Marty, ef af. 2010; Oskoui, er al. 2006; Paradas, ef al. 2012; Roos, ef ai. 2014; Tulinius, et al.
2005; Tyynismaa, er al. 2012; Vila, et al. 2003; Wang, er al 2005), resulting in ninety
patients, 53 males and 37 females.

The twenty-six patients recently diagnosed were identified through next-generation
DNA sequencing. This large number of newly identified cases suggests that TK2 deficiency
is an under diagnosed disorder.

TK?2 deficiency manifests a wide clinical and molecular genetic spectrum with the
majority of patients manifesting in early childhood with a devastating clinical course, while
others have slowly progressive weakness over decades.

Treatment for TK2 deficiency, like most MDS and mitochondrial disorders, has been
limited to supportive therapies. While the administration of deoxythymidine monophosphate
(dTMP) and deoxycytidine monophosphate (dCMP) improved the conditions of both TK2
knock-in mutant mice and human patients with TK2 deficiency (US Application Serial
No0.15/082,207, which is incorporated herein in its entirety), there is still a need for
therapeutic intervention for TK2 deficiency.

Additionally, there is a need for treatment for other forms of MDS and other diseases
characterized by unbalanced nucleotide pools. For example, several mendelian disorders with
mtDNA depletion or multiple deletions, or both are characterized by unbalanced
deoxynucleotide triphosphate pools that lead to defects of mtDNA replication. One such
disorder, DGUOK mutations impair the intramitochondrial enzyme deoxyguanosine kinase,
which normally phosphorylates the deoxypurine nucleosides deoxguanosine and
deoxycytidine to generate deoxguanosine monophosphate (dGMP) and deoxycytidine
monophosphate (dCMP). Other nuclear genes that disrupt mitochondrial dNTP pools include
TYMP, RRM2B, SUCLA2, SUCLGI and MPVI7. Therapies that restore dNTP pool balance

would be useful to treat these disorders as well.

SUMMARY OF THE INVENTION

In certain embodiments, the present invention relates to a method of treating a disease
or disorder characterized by unbalanced nucleotide pools, comprising administering to a
subject in need thereof a therapeutically effective amount of a composition comprising one or

more deoxynucleosides.
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Diseases or disorders characterized by unbalanced nucleotide pools that can be treated
by the method of the current invention include, but are not limited to, those characterized by
mutations in the following genes: TK2; DGUOK; TYMP; RRM2B; SUCLA2; SUCLGI; and
MPVI7.

In a preferred embodiment, the disorder is a mitochondrial DNA depletion syndrome
(MDS). In a more preferred embodiment, the MDS includes disorders of a myopathic form
characterized by mutations in 7K2, an encephalomyopathic form characterized by mutations
in SUCLA2, a neurogastrointestinal encephalopathic form characterized by mutations in
TYMP, and a hepatopathic form characterized by mutations in DGUOK, POLG, and MPV17.
In a most preferred embodiment, the disorder is a thymidine kinase 2 deficiency,
characterized by mutation(s) in the TK2 gene.

All mitochondrial DNA depletion syndromes can be treated with the method of the
current invention which comprises administering deoxynucleosides. Examples of MDS that
can be treated by the method of the current invention include but are not limited to,
deficiencies in the: DGUOK gene, encoding deoxyguanosine kinase, dGK; RRM2B gene,
encoding pS3R2, the p53 inducible small subunit of ribonucleotide reductase, RNR; and
TYMP gene, encoding thymidine phosphorylase, TP.

In a preferred embodiment, the deoxynucleoside is ecither deoxythymidine (dT) or
deoxycytidine (dC) or mixtures thereof. Deoxyadenosine (dA) and deoxyguanosine (dG),
alone or together, can also be used in the method of the invention. One deoxynucleoside (i.e.,
dT, dC, dA, or dG) and mixtures of two or more of any of the four deoxynucleosides can be
used in the method of the invention.

Preferred dosages of the deoxynucleoside(s) are between about 100 and about 1,000
mg/kg/day, more preferably between about 300 and about 800 mg/kg/day, and most
preferably between about 250 and about 600 mg/kg/day. If the composition comprises a
single deoxynucleoside, then the dosages are of the single deoxynucleoside. If the
composition comprises more than one deoxynucleoside, the dosages can be of each
deoxynucleoside or of the total deoxynucleosides in the composition.

Administration of the deoxynucleoside(s) can be once daily, twice daily, three times
daily, four times daily, five times daily, up to six times daily, preferably at regular intervals.

Preferred methods of administration are oral, intrathecal, intravenous, and enteral.

Administration of the deoxynucleoside(s) should begin as soon as the disorder

characterized by unbalanced nucleotide pools, e.g., MDS, is suspected and continue
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throughout the life of the patient. Test for the diagnosis of such disorders including TK2

deficiency are known in the art.

BRIEF DESCRIPTION OF THE DRAWINGS

For the purpose of illustrating the invention, there are depicted in drawings certain
embodiments of the invention. However, the invention is not limited to the precise
arrangements and instrumentalities of the embodiments depicted in the drawings.

Figure 1 depicts a growth curve of wild type (Tk2** and Tk2*"), and Tk2” mice
treated with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and deoxythymidine
(dT) from postnatal day 4. Each symbol represents the mean of weight at each time-point. N
of each group is indicated in figure.

Figure 2 depicts the survival curve of wild type (Tk2*™"), and Tk2”" mice with the
following treatments: Tk27 ™! yg Tk27200 mefkelday dCMPHAIMP © ) 13, Tk2 /™ v Tk2 7 26
mefkg/day dCHIT 1\ (006, k2™ vg Tk~ 320 mefke/day dCHIT o (0] T2~ 260 mefke/day dC=dT o
Tk 7=20mekelday dCAT - () 0009, at postnatal day 4. N of each group indicated in figure. p-
values determined by Mantel-Cox tests.

Figure 3 are graphs of the relative proportions of dNTPs in isolated mitochondria
from brain and liver tissue of wild type (Tk2**), and Tk2™", untreated or treated with 200
mg/kg/day dCMP and dAMP, or 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and
deoxythymidine (dT) at ages postnatal day 13 (top panels) and postnatal day 29 (bottom
panels).

Figure 4 are graphs showing the ratio of mtDNA/nDNA in brain, liver, intestine, and
muscle in wild type Tk2 mice (Tk2+/ ™) (left hand bar) as compared to Tk2™" mice, untreated
or treated with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and deoxythymidine
(dT), at ages postnatal days 13 and 29. Data are represented as mean * standard deviation
(SD) of the percent of mtDNA copies relative to Tk2". p-values were assessed by Mann-
Whitney tests. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Figure 5 are graphs depicting the results of HPLC measuring dT and uracil in plasma
of untreated wild type (Tk2"*) mice, wild type (Tk2**) mice treated with 260 mg/kg/day of
deoxycytidine (dC) and deoxythymidine (dT), Tk2” mice treated with 260 mg/kg/day of
deoxycytidine (dC) and deoxythymidine (dT), and Tk2" mice treated with 200 mg/kg/day of
dCMP and dTMP, 30 minutes after treatment. Data are expressed as mean * SD.

Figure 6 are graphs of levels of respiratory chain enzyme activities in Tk2"" mice

treated with 400 mg/kg/day of dCMP and dTMP and THU at 13 days postnatal, 260
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mg/kg/day of deoxycytidine (dC) and deoxythymidine (dT) at 13 and 29 days postnatal, or
520 mg/kg/day of deoxycytidine (dC) and deoxythymidine (dT) 29 days postnatal. Data are
represented as the percent of the RCE activities in Tk2" mouse tissues normalized to protein
levels and relative to Tk2" for each treatment. p-values determined by Mann-Whitney tests.
*p<0.05.

Figure 7A is an immunoblot of respiratory chain proteins in wild type mice treated
with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and deoxythymidine (dT), and
Tk2" mice treated with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and
deoxythymidine (dT) at 29 days postnatal. Figure 7B are graphs showing the RCE levels
normalized to complex Il, represented as percent of the RCE levels in TK2** mice. p-values
were assessed by Mann-Whitney tests.

Abbreviations:CS= citrate synthase; Cl= NADH-dehydrogenase; CII= succinate
dehydrogenase; ClII= cytochrome ¢ reductase; CIV= cytochrome ¢ oxidase (COX); CI+11I=

NADH-cytochrome ¢ reductase; CII + III= succinate dehydrogenase-cytochrome c reductase.

DETAILED DESCRIPTION OF THE INVENTION

The current invention is based upon the surprising discovery that mitochondrial DNA
depletion syndromes, including TK2 deficiency, can be treated with deoxynucleosides. As
shown by the results herein, the administration of deoxynucleosides greatly improved the
condition in both a mouse model of TK2 deficiency and human patients with TK?2 deficiency.
Definitions

The terms used in this specification generally have their ordinary meanings in the art,
within the context of this invention and the specific context where each term is used. Certain
terms are discussed below, or elsewhere in the specification, to provide additional guidance
to the practitioner in describing the methods of the invention and how to use them.
Moreover, it will be appreciated that the same thing can be said in more than one way.
Consequently, alternative language and synonyms may be used for any one or more of the
terms discussed herein, nor is any special significance to be placed upon whether or not a
term is elaborated or discussed herein. Synonyms for certain terms are provided. A recital of
one or more synonyms does not exclude the use of the other synonyms. The use of examples
anywhere in the specification, including examples of any terms discussed herein, is
illustrative only, and in no way limits the scope and meaning of the invention or any

exemplified term. Likewise, the invention is not limited to its preferred embodiments.
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The term “subject” as used in this application means mammals. Mammals include
canines, felines, rodents, bovine, equines, porcines, ovines, and primates. Thus, the invention
can be used in veterinary medicine, e.g., to treat companion animals, farm animals, laboratory
animals in zoological parks, and animals in the wild. The invention is particularly desirable
for human medical applications

The term “patient” as used in this application means a human subject. In some
embodiments of the present invention, the “patient” is known or suspected of having a
disecase or disorder characterized by unbalanced nucleotide pools, mitochondrial disease,
mitochondrial DNA depletion syndrome, or TK2 deficiency.

The phrase "therapeutically effective amount” is used herein to mean an amount
sufficient to cause an improvement in a clinically significant condition in the subject, or
delays or minimizes or mitigates one or more symptoms associated with the disease or
disorder, or results in a desired beneficial change of physiology in the subject.

The terms “treat”, “treatment”, and the like refer to a means to slow down, relieve,
ameliorate or alleviate at least one of the symptoms of the disease or disorder, or reverse the
disease or disorder after its onset.

The terms “prevent”, “prevention”, and the like refer to acting prior to overt disease or
disorder onset, to prevent the disease or disorder from developing or minimize the extent of
the disease or disorder, or slow its course of development.

The term “in need thereof” would be a subject known or suspected of having or being
at risk of having a disease or disorder characterized by unbalanced nucleotide pools,
mitochondrial disease, mitochondrial DNA depletion syndrome, or TK2 deficiency.

The term ‘“‘agent” as used herein means a substance that produces or is capable of
producing an effect and would include, but is not limited to, chemicals, pharmaceuticals,
biologics, small organic molecules, antibodies, nucleic acids, peptides, and proteins.

The term “deoxynucleoside” as used herein means deoxythymidine or dT,
deoxycytidine or dC, deoxyadenosine or dA, and deoxyguanosine or dG. The full length
name and common abbreviation for each will be used interchangeably. Such
deoxynucleosides also include physiologically functional derivatives of the
deoxynucleosides.

As used herein, the term “physiologically functional derivative” refers to a compound
(e.g, a drug precursor) that is transformed in vivo to yield a deoxynucleoside. The
transformation may occur by various mechanisms (e.g., by metabolic or chemical processes),

such as, for example, through hydrolysis in blood. Prodrugs are such derivatives, and a
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discussion of the use of prodrugs is provided by T. Higuchi and W. Stella, “Pro-drugs as
Novel Delivery Systems,” Vol. 14 of the A.C.S. Symposium Series, and in Bioreversible
Carriers in Drug Design, ed. Edward B. Roche, American Pharmaceutical Association and
Pergamon Press, 1987.

As used herein “an adverse effect” is an unwanted reaction caused by the
administration of a drug. In most cases, the administration of the deoxynucleosides caused
no adverse effects. The most expected adverse effect would be a minor gastrointestinal
intolerance.

The term ““about” or “approximately” means within an acceptable error range for the
particular value as determined by one of ordinary skill in the art, which will depend in part on
how the value is measured or determined, i.e., the limitations of the measurement system, i.e.,
the degree of precision required for a particular purpose, such as a pharmaceutical
formulation. For example, “about” can mean within 1 or more than 1 standard deviations, per
the practice in the art. Alternatively, “about” can mean a range of up to 20%, preferably up
to 10%, more preferably up to 5%, and more preferably still up to 1% of a given value.
Alternatively, particularly with respect to biological systems or processes, the term can mean
within an order of magnitude, preferably within 5-fold, and more preferably within 2-fold, of
a value. Where particular values are described in the application and claims, unless otherwise
stated, the term “about” meaning within an acceptable error range for the particular value

should be assumed.

Administration of Deoxynucleosides for the Treatment of Mitochonodrial DNA Depletion

Syndrome
Mitochondrial DNA (mtDNA) depletion syndrome (MDS) comprises several severe

autosomal diseases characterized by a reduction in mtDNA copy number in affected tissues.
Most of the MDS causative nuclear genes encode proteins that belong to the mtDNA
replication machinery or are involved in deoxyribonucleoside triphosphate (dNTP)
metabolism.

One form of MDS is thymidine kinase deficiency or TK2. TK2 encoded by the
nuclear gene, TK2, is a mitochondrial matrix protein that phosphorylates thymidine and
deoxycytidine nucleosides to generate deoxythymidine monophosphate (dTMP) and
deoxycytidine monophosphate (dCMP), which in turn, are converted to deoxynucleotide
triphosphates (dNTPs) required for mitochondrial DNA synthesis. As discussed in the

background section, autosomal recessive TK2 mutations cause devastating neuromuscular
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weakness with severe depletion of mitochondrial DNA (mtDNA) in infants and children, as
well as progressive external ophthalmoplegia with mtDNA multiple deletions in adults. Many
patients cannot walk and require some type of mechanical ventilation and feeding tube. The
central nervous system is variably involved in these disorders, with symptoms that include
seizures, encephalopathy, cognitive impairment, and hearing loss. Less than 7% of patients
live more than 42 years.

Based on clinical and molecular genetics findings of paticnts thus diagnosed, three
disease presentations were identified: i) infantile-onset (<1 year-old) myopathy with onset of
weakness in the first year of life with severe mtDNA depletion and early mortality; ii)
childhood-onset (>1-11 years-old) myopathy with severe mtDNA depletion; and iii) late-
onset myopathy (=12 years-old) with mild weakness at onset and slow progression to loss of
ambulation, respiratory insufficiency, or both, often with chronic progressive external
ophthalmoparesis in adolescence or adulthood in association with mtDNA multiple deletions,
reduced mtDNA copy number, or both. See generally Garone, et al., (2016) in preparation.

Attempts to study the pathogenesis and test therapies for TK2 deficiency using
cultured fibroblasts from patients have been unsuccessful, because the replicating cells failed
to manifest mtDNA depletion. In contrast, a homozygous Tk2 H126N knock-in mutant (Tk2
") mouse model, manifests a phenotype that is strikingly similar to the human infantile
encephalomyopathy caused by 7K2 mutations, characterized by onset at age 10 days with
decreased ambulation, unstable gait, coarse tremor, growth retardation, and depletion of
mitochondrial DNA (mtDNA) progressing rapidly to early death at age 14 to 16 days, which
is a time period analogous to the human infantile-onset disease (Akman, et al. 2008; Dorado,
etal. 2011).

The studies set forth herein with Tk2 knock-in mice have shown the administration of
oral dC/dT prolonged delayed the onset of clinical symptoms of TK2 deficiency and
prolonged the lives of the mice by two- to three-fold (Example 2).

Additional experiments showed tissue-specific effects. Measurement of the dNTP
pool levels in mitochondria extracts showed that dCTP was rescued in brain and dTTP was
rescued in liver (Example 3). Measurement of mtDNA depletion showed both ACMP+dTMP
and dC+dT therapies rescued the mtDNA copy number in liver, muscle and tissue (Example
4). It was previously speculated that formation of the blood brain barrier might be
compromising the treatment bioavailability in brain. Nevertheless, HPLC measurements
showed that catalytic products of these compounds were found in higher concentrations after

both nucleotides monophosphates and deoxynucleosides treatment, suggesting that they are



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110
10

capable of crossing the blood brain barrier. mtDNA depletion measurements also showed a
completely rescue of mtDNA copy number in intestine.

Thus, the experiments set forth herein using the mouse model of Tk2 deficiency show
the administration of deoxynucleosides to be effective and safe for the treatment of the
disease. Additionally, as shown in Example 5, the administration of dT and dC greatly
improved the symptoms of TK2 deficiency in patients.

Thus, the present invention includes the administration of at least one
deoxynucleoside to a patient in need thereof. In one embodiment, the present invention
includes the administration of at least one deoxpyrimidine. In a further embodiment, the
deoxypyrimidine is chosen from dC, dT and mixtures thereof. In yet another embodiment, the
present invention includes the administration of at least one deoxypurine. In a further
embodiment, the deoxypurine is chosen from dA, dG, and mixtures thereof.

Patients who would benefit from the administration of deoxynucleosides would be
those diagnosed with TK2 deficiency. In these patients, at least one deoxypyrimidine, dC or
dT, or mixtures thereof would be administered.

A parallel defect of deoxyguanosine kinase (dGK), due to autosomal recessive
mutations in DGUOK with deficiencies in dGMP and dAMP, causes mtDNA depletion
typically manifesting as early childhood-onset hepatocerebral disease (Mandel, et al. 2001).
These patients would benefit from the administration of at least one deoxypurine, dG or dA,
or mixtures thereof.

Other forms of MDS as well as other disorders related to unbalanced nucleotide pools
can be treated by the administration of specific deoxynucleosides, i.e., dA, dG, dC, or dT, or
mixtures thereof. These disorders would include but are not limited to deficiencies related to
RRM?2B (encoding p53R2, the p53 inducible small subunit of ribonucleotide reductase, RNR)
and mutations in TYMP (encoding thymidine phosphorylase, TP) which cause mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE). Additional nuclear genes that disrupt
mitochondrial ANTP pools include but are not limited to SUCLA2, SUCLGI and MPV]7.
Disorders related to these genes can also be treated by the administration of one or more
deoxynucleosides.

Additionally, as the mechanisms of other forms of MDS and other disorders become
clucidated, the proper deoxynucleoside(s) for treatment can be determined by the skilled
practitioner.

Patients that exhibit the phenotype discussed above for TK2 deficiency including the

most typical presentation of progressive muscle disease characterized by generalized
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hypotonia, proximal muscle weakness, loss of previously acquired motor skills, poor feeding,
and respiratory difficulties, can be tested to definitively diagnose the disease.

If the clinical presentation is highly suspicious for mtDNA depletion
syndrome, molecular genetic testing using a panel of genes known to cause mtDNA depletion
syndrome should be performed (Chanprasert, et al. 2012). The TKZ2 gene is the only gene in
which mutations are known to cause TK2-related mitochondrial DNA depletion syndrome.
This testing can include a sequence analysis of the entire coding and exon/intron junction
regions of TK2 for sequence variants and deletion/duplication. If compound heterozygous or
homozygous deleterious mutations are identified in the sequence analysis, the diagnosis of
TK?2 deficiency is confirmed, and thus, the subject would benefit from the deoxynucleoside
therapy. If sequence analysis does not identify two compound heterozygous or homozygous
deleterious mutations, deletion/duplication analysis should be considered to determine and/or
confirm a TK2 deficiency diagnosis.

Further tests to determine and/or confirm a TK2 deficiency diagnosis may include
testing serum creatine kinase (CK) concentration, electromyography, histopathology on
skeletal muscle, mitochondrial DNA (mtDNA) content (copy number), and electron transport
chain (ETC) activity in skeletal muscle. If one or more of the following is found in these
tests, the TK2 deficiency is determined and/or confirmed. Elevated CK concentration as
compared to healthy controls can indicate TK2 deficiency. A skeletal muscle biopsy can be
performed, and then a mtDNA content analysis in skeletal muscle performed. If the skeletal
muscle biopsy shows prominent variance in fiber size, variable sarcoplasmic vacuoles,
variable increased connective tissue, and ragged red fibers as well as increased succinate
dehydrogenase (SDH) activity and low to absent cytochrome ¢ oxidase (COX) activity, and
mtDNA copy number is severely reduced (typically less than 20% of age- and tissue-matched
healthy controls), a diagnosis of TK2 deficiency can be determined and/or confirmed
(Chanprasert, et al. 2012).

Additionally, TK?2 deficiency is inherited in an autosomal recessive manner. Thus, a
sibling of an affected patient can be tested as early as possible after birth to diagnose the
disease.

In all of these examples, deoxynucleoside therapy should be started as soon as

possible after a diagnosis of TK2 deficiency.
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Pharmaceutical Compositions, Methods of Administration, and Dosing

The present invention encompasses the administration of deoxynucleosides, more
specifically one or more deoxynucleosides.

Most preferred methods of administration are oral, intrathecal and parental including
intravenous. The deoxynucleosides must be in the appropriate form for administration of
choice.

Deoxynucleosides are easily dissolved in liquid are easily dissolved in liquid (such as
water, formula or milk) whereas the free acid form does not readily dissolve in liquid.

Such pharmaceutical compositions comprising one of more deoxynucleosides for
administration may comprise a therapeutically effective amount of the deoxynucleosides and
a pharmaceutically acceptable carrier. The phrase "pharmaceutically acceptable” refers to
molecular entities and compositions that are physiologically tolerable and do not typically
produce an allergic or similar untoward reaction, such as gastric upset, dizziness and the like,
when administered to a human, and approved by a regulatory agency of the Federal or a state
government or listed in the U.S. Pharmacopeia or other generally recognized pharmacopeia
for use in animals, and more particularly in humans. “Carrier” refers to a diluent, adjuvant,
excipient, or vehicle with which the therapeutic is administered. Such pharmaceutical
carriers can be sterile liquids, such as saline solutions in water and oils, including those of
petroleum, animal, vegetable, or synthetic origin, such as peanut oil, soybean oil, mineral oil,
sesame oil, and the like. A saline solution is a preferred carrier when the pharmaceutical
composition is administered intravenously. Saline solutions and aqueous dextrose and
glycerol solutions can also be employed as liquid carriers, particularly for injectable
solutions.  Suitable pharmaceutical excipients include starch, glucose, lactose, sucrose,
gelatin, malt, rice, flour, chalk, silica gel, sodium stearate, glycerol monostearate, talc,
sodium chloride, dried skim milk, glycerol, propylene, glycol, water, ethanol, and the like.
The composition, if desired, can also contain minor amounts of wetting or emulsifying
agents, or pH buffering agents.

Oral admunistration is a preferred method of adminstration. The deoxynucleosides
can be added to any form of liquid a patient would consume including but not limited to,
milk, both cow’s and human breast, infant formula, and water.

Additionally, pharmaceutical compositions adapted for oral administration may be
capsules, tablets, powders, granules, solutions, syrups, suspensions (in non-aqueous oOr
aqueous liquids), or emulsions. Tablets or hard gelatin capsules may comprise lactose, starch

or derivatives thereof, magnesium stearate, sodium saccharine, cellulose, magnesium
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carbonate, stearic acid or salts thereof. Soft gelatin capsules may comprise vegetable oils,
waxes, fats, semi-solid, or liquid polyols. Solutions and syrups may comprise water, polyols,
and sugars. An active agent intended for oral administration may be coated with or admixed
with a material that delays disintegration and/or absorption of the active agent in the
gastrointestinal tract. Thus, the sustained release may be achieved over many hours and if
necessary, the active agent can be protected from degradation within the stomach.
Pharmaceutical compositions for oral administration may be formulated to facilitate release
of an active agent at a particular gastrointestinal location due to specific pH or enzymatic
conditions.

In order to overcome any issue of the deoxynucleosides crossing the blood/brain
barrier, intrathecal administration is a further preferred form of administration (Galbiati, et al.
2006; Gotz, et al. 2008). Intrathecal administration involves injection of the drug into the
spinal canal, more specifically the subarachnoid space such that it reaches the cerebrospinal
fluid. This method is commonly used for spinal anesthesia, chemotherapy, and pain
medication.  Intrathecal administration can be performed by lumbar puncture (bolus
injection) or by a port-catheter system (bolus or infusion). The catheter is most commonly
inserted between the laminae of the lumbar vertebrae and the tip is threaded up the thecal
space to the desired level (generally L3-L4). Intrathecal formulations most commonly use
water, and saline as excipients but EDTA and lipids have been used as well.

A further preferred form of administration is parenteral including intravenous
administration. Pharmaceutical compositions adapted for parenteral administration, including
intravenous administration, include aqueous and non-aqueous sterile injectable solutions or
suspensions, which may contain anti-oxidants, buffers, bacteriostats, and solutes that render
the compositions substantially isotonic with the blood of the subject. Other components
which may be present in such compositions include water, alcohols, polyols, glycerine, and
vegetable oils. Compositions adapted for parental administration may be presented in unit-
dose or multi-dose containers, such as sealed ampules and vials, and may be stored in a
freeze-dried (lyophilized) condition requiring only the addition of a sterile carrier,
immediately prior to use. Extemporancous injection solutions and suspensions may be
prepared from sterile powders, granules, and tablets. Suitable vehicles that can be used to
provide parenteral dosage forms of the invention are well known to those skilled in the art.
Examples include: Water for Injection USP; aqueous vehicles such as Sodium Chloride
Injection, Ringer's Injection, Dextrose Injection, Dextrose and Sodium Chloride Injection,

and Lactated Ringer's Injection; water-miscible vehicles such as ethyl alcohol, polyethylene
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glycol, and polypropylene glycol; and non-aqueous vehicles such as corn oil, cottonseed oil,
peanut oil, sesame oil, ethyl oleate, isopropyl myristate, and benzyl benzoate.

Additionally, since some patients may be receiving enteral nutrition by the time the
deoxynucleoside treatment begins, the dNs can be administered through a gastronomy
feeding tube or other enteral nutrition means.

Further methods of administration include mucosal, such as nasal, sublingual, vaginal,
buccal, or rectal; or transdermal administration to a subject.

Pharmaceutical compositions adapted for nasal and pulmonary administration may
comprise solid carriers such as powders, which can be administered by rapid inhalation
through the nose. Compositions for nasal administration may comprise liquid carriers, such
as sprays or drops. Alternatively, inhalation directly through into the lungs may be
accomplished by inhalation deeply or installation through a mouthpiece. These compositions
may comprise aqueous or oil solutions of the active ingredient. Compositions for inhalation
may be supplied in specially adapted devices including, but not limited to, pressurized
acrosols, nebulizers or insufflators, which can be constructed so as to provide predetermined
dosages of the active ingredient.

Pharmaceutical compositions adapted for rectal administration may be provided as
suppositories or enemas. Pharmaceutical compositions adapted for vaginal administration
may be provided as pessaries, tampons, creams, gels, pastes, foams or spray formulations.

Pharmaceutical compositions adapted for transdermal administration may be provided
as discrete patches intended to remain in intimate contact with the epidermis of the recipient
over a prolonged period of time.

The deoxynucleoside therapy comprises the administration of one or more
deoxynucleosides chosen from the group consisting of deoxythymidine (dT), deoxycytidine
(dC), deoxyadenosine (dA) and deoxyguanosine (dG).

A skilled practitioner can determine which deoxynucleosides are beneficial based
upon the deficiency. It is also within the skill of the art for the practitioner to determine if
mixtures of the deoxynucleosides should be administered and in what ratio. If two
deoxynucleosides are to be administered, they can be in a ratio of 50/50 of each
deoxynucleoside, e.g., dC and dT, or in ratios of about 5/95, 10/90, 15/85, 20/80, 25/75,
30/70, 35/65, 40/60, 45/55, 55/45, 60/40, 65/35, 70/30, 75/25, 80/20, 85/15, 90/10, and 95/5.

By way of example, dT and dC are administered in mixture of equal amounts for TK2

deficiency.
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Selection of a therapeutically effective dose will be determined by the skilled artisan
considering several factors, which will be known to one of ordinary skill in the art. Such
factors include the particular form of the deoxynucleoside, and its pharmacokinetic
parameters such as bioavailability, metabolism, and half-life, which will have been
established during the usual development procedures typically employed in obtaining
regulatory approval for a pharmaceutical compound. Further factors in considering the dose
include the condition or disease to be treated or the benefit to be achieved in a normal
individual, the body mass of the patient, the route of administration, whether the
administration is acute or chronic, concomitant medications, and other factors well known to
affect the efficacy of administered pharmaceutical agents. Thus, the precise dose should be
decided according to the judgment of the person of skill in the art, and each patient’s
circumstances, and according to standard clinical techniques.

A preferred dose ranges from about 100 mg/kg/day to about 1,000 mg/kg/day. A
further preferred dose ranges from about 200 mg/kg/day to about 800 mg/kg/day. A further
preferred dose ranges from about 250 mg/kg/day 1o about 400 mg/kg/day. These dosage
armounts are of individual deoxynucleosides or of a composition with a mixture of more than
one deoxynucleosides, e.g., dT and dC. For example, a dose can comprise 400 mg/kg/day of
dT alone. In a further example, a dose can comprise a mixture of 200 mg/kg/day of dT and
200 mg/kg/day of dC. In a further example, a dose can comprise 400 mg/kg/day of a mixture
of dT and dC.

Administration of the deoxynucleosides can be once a day, twice a day, three times a
day, four times a day, five times a day, up to six times a day, preferably at regular intervals.
For example, when the deoxynucleosides are administered four times daily, doses would be
at 8:00 AM, 12:00 PM, 4:00 PM, and 8:00 PM.

Doses can also be lowered if being administered intravenously or intrathecally.
Preferred dose ranges for such administration are from about 50 mg/kg/day to about 500
mg/kg/day.

As shown in Example 5, doses can be adjusted to optimize the effects in the subject.
For example, the deoxynucleosides can be administered at 100 mg/kg/day to start, and then
increased over time to 200 mg/kg/day, to 400 mg/kg/day, to 800 mg/kg/day, up to 1000
mg/kg/day, depending upon the subject’s response and tolerability.

A subject can be monitored for improvement of their condition prior to increasing the
dosage. A subject’s response to the therapeutic administration of the deoxynucleosides can

be monitored by observing a subject’s muscle strength and control, and mobility as well as
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changes in height and weight. If one or more of these parameters increase after the
administration, the treatment can be continued. If one or more of these parameters stays the
same or decreases, the dosage of the deoxynucleosides can be increased.

As shown in the Examples, the deoxynucleosides are well tolerated. Any observed
adverse effects were minor and were mostly diarrhea, abdominal bloating and other
gastrointestinal manifestations. A subject can also be monitored for any adverse effects, such
as gastrointestinal intolerance, e.g., diarrhea. If one or more adverse effects are observed
after administration, then the dosage can be decreased. If no such adverse effects are
observed, then the dosage can be increased. Additionally, once a dosage is decreased due to
the observation of an adverse effect, and the adverse effect is no longer observed, the dosage
can be increased.

The deoxynucleosides can also be co-administered with other agents. Such agents
would include therapeutic agents for treating the symptoms of the particular form of MDS.
In particular, for TK2 deficiency, the dT and dC can be co-administered with an inhibitor of
ubiquitous nucleoside catabolic enzymes, including but not limited to enzyme inhibitors such
as tetrahydrouridine (inhibitor of cytidine deaminase) and immucillin H (inhibitor of purine
nucleoside phosphorylase) and tipiracil (inhibitor of thymidine phosphorylase). Such

inhibitors are known and used in the treatment of some cancers.

EXAMPLES

The present invention may be better understood by reference to the following non-
limiting examples, which are presented in order to more fully illustrate the preferred
embodiments of the invention. They should in no way be construed to limit the broad scope

of the invention.

Example 1- Materials and Methods
Mouse Model of TK2 Deficiency

A homozygous Tk2 HI26N knock-in mutant (7k2”) mouse that manifests a
phenotype strikingly similar to the human infantile encephalomyopathy has been previously
reported (Akman, et al. 2008). Between postnatal day 10 and 13, Tk2" mice rapidly develop
fatal encephalomyopathy characterized by decreased ambulation, unstable gait, coarse
tremor, growth retardation, and rapid progression to early death at age 14 to 16 days.
Molecular and biochemical analyses of the mouse model demonstrated that the pathogenesis

of the disease is due to loss of enzyme activity and ensuing dNTP pool imbalances with
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decreased dTTP levels in brain and both dTTP and dCTP levels in liver, which, in turn,
produces mtDNA depletion and defects of respiratory chain enzymes containing mtDNA-
encoded subunits, most prominently in the brain and spinal cord.

All experiments were performed according to a protocol approved by the Institutional
Animal Care and Use Committee of the Columbia University Medical Center, and were
consistent with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Mice were housed and bred according to international standard conditions, with a
12-hour light, 12-hour dark cycle, and sacrificed at 4, 13, and 29 days of age.

Organs (brain, spinal cord, liver, heart, kidney, quadriceps muscle, lung, and
gastrointestinal tract) were removed and either frozen in the liquid phase of isopentane, pre-
cooled near its freezing point (-160°C) with dry ice or fixed in 10% neutral buffered formalin
and embedded in paraffin using standard procedures. Paraffin embedded tissue were then
stained with hematoxylin and eosin (H&E) for morphological study or processed for
immunostaining studies with GFAP, COX I, or complex I subunit as detailed described in the
supplemental procedures. Both heterozygous and homozygous wild type mice were
considered as control group (Tk2") since no clinical and biochemical difference were
previously described (Akman, et al. 2008; Dorado, et al. 2011).

Treatment administration and experimental plan

Deoxycytidine (dC) and deoxythymidine (dT) were administered in 50 pl of Esbilac
milk formula for small pets (Pet-Ag) by daily oral gavage to Tk2 H126N knockin mice (Tk2”
) and aged matched control wild-type (7k2") using 2 doses, 260 mg/kg/day and 520
mg/kg/day, from post-natal day 4 to 29 days. At age 21 days, mice were separated from the
mother and the treatment was continued by administration of dC and dT in drinking water
using equimolar doses respectively of 1.6mM and 3.2mM. A negative control group of
untreated Tk2 mutant and control wild-type mice were weighed and observed closely for
comparison.

Phenotype assessment

Body weight was assessed daily, since it has been previously observed that incapacity
of gaining weight is the first sign of disease (Akman, et al. 2008).

To define the degree of safety and efficacy of dT/dC, survival time, age-at-onset of
disease, type and severity of symptoms, occurrence of side effects, and proportion of

treatment termination due to adverse events in treated and untreated Tk2 mice were
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compared. General behavior, survival time, and body weights of the mice were assessed daily
beginning at postnatal day 4.

dNTP pool by polymerase extension assay

Tissues were homogenized on ice in 10 volumes (w/v) of cold MTSE buffer (210
mM mannitol, 70 mM sucrose, 10 mM Tris—HCI pH 7.5, 0.2 mM EGTA, 0.5% BSA) and
centrifuged at 1000g for 5 minutes at 4°C, followed by three centrifugations at 13,000g for
2 minutes at 4°C. Supernatant was precipitated with 60% methanol, kept 2 hours at -80°C,
boiled 3 minutes, stored at -80°C (from 1 hour to overnight) and centrifuged at 20,800g for
10 minutes at 4°C. Supernatants were evaporated until dry and pellet was resuspended in
65 ul of water and stored at -80°C until analysed. To minimize ribonucleotide interference,
total ANTP pools were determined as reported (Ferraro, et al. 2010; Marti, et al. 2012a).
Briefly, 20 pl volume reactions was generated by mixing 5 pl of sample or standard dNTP
with 15 pl of reaction buffer [0.025 U/ml ThermoSequenase DNA polymerase (GE
Healthcare, Piscataway, NJ, USA) or Taq polymerase (Life Technologies, NY, USA), 0.75
uM 3H-dTTP or 3H-dATP (Moravek Biochemicals), 0.25 uM specific oligonucleotide, 40
mM Tris—HCI, pH 7.5, 10 mM MgCI2, SmM DTT]. After 60 minutes at 48°C, 18 ml of
reaction were spotted on Whatman DES1 filters, air dried and washed three times for 10
minutes with 5% Na2HPO4, once in distilled water and once in absolute ethanol. The
retained radioactivity was determined by scintillation counting.

Nucleosides measurements by HPLC

Deoxythymidine (dT), deoxyuridine (dU), uracil (U) and thymine (T) levels were
assessed by a gradient-elution HPLC method as described previously (Lopez, et al. 2009;
Marti, et al. 2012b), with minor modifications. Briefly, deproteinized samples were
injected into an Alliance HPLC system (Waters Corporation) with an Alltima C18NUC
reversed-phase column (Alltech) at a constant flow rate of 1.5 ml/min (except where
indicated) using four buffers: eluent A (20 mM potassium phosphate, pH 5.6), eluent B
(water) and eluent C (methanol). Samples were eluted over 60 minutes with a gradient as
follows: 0—5 min, 100% eluent A; 5-25 min, 100-71% ecluent A, 29% eluent B; 25-26
min, 0-100% eluent C; 26-30 min, 100% eluent C; 30-31 min, 0—-100% eluent B; 31-35
min, 100% eluent B (1.5 — 2 ml/min); 35 — 45 min, 100% eluent B (2 ml/min); 45 — 46
min, 100% eluent B (2-1.5 ml/min); 46—47 min, 0-100% eluent C; 47-50 min, 100%
eluent C; 50-51 min, 0—100% eluent A; and 51-60 min, 100% eluent A.

Absorbance of the eluates was monitored at 267 nm and dThd and dUrd peaks were

quantified by comparing their peak areas with a calibration curve obtained with aqueous
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standards. For definitive identification of deoxythymidine, deoxyuridine, uracil, and
thymine peaks for each sample, a second aliquot was treated with excess of purified E. coli
TP (Sigma) to specifically eliminate dT and dU. The detection limit of this method is 0.05
mmol/l for all nucleosides. Results were expressed as nmol/mg of protein.

RT-gPCR: mitochondrial DNA quantification

Real-time PCR was performed with the primers and probes for murine COX I gene
(mtDNA) and mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH, nDNA) (Applied
Biosystems, Invitrogen, Foster City, CA, USA) as described as described using ddCt method
in a Step One Plus Real Time PCR System (Applied Biosystems) (Dorado, et al. 2011).
MtDNA values were normalized to nDNA values and expressed as percent relative to wild-
type (100%).

Mitochondrial respiratory chain protein levels

Thirty micrograms of whole brain cerebrum or cerebellum extracts were
electrophoresed in an SDS-12% PAGE gel, transferred to Immun-Blot™ PVDF membranes
(Biorad, Hercules, CA, USA) and probed with MitoProfile® Total OXPHOS Rodent WB
Antibody Cocktail of antibodies (MitoSciences, Eugene, OR, USA). Protein—antibody
interaction was detected with peroxidase-conjugated mouse anti-mouse IgG antibody (Sigma-
Aldrich, St Louis, MO, USA), using Amersham™ ECL Plus western blotting detection
system (GE Healthcare Life Sciences, UK). Quantification of proteins was carried out using
NIH Imagel 1.37V software. Average gray value was calculated within selected areas as the
sum of the gray values of all the pixels in the selection divided by the number of pixels.

Mitochondrial respiratory chain enzyme activities by spectrophotometer analysis

Mitochondrial RC enzymes analysis was performed in cerebrum tissue as previously
described (DiMauro, et al. 1987).

Statistical methods

Data are expressed as the mean = SD of at least 3 experiments per group. Gehan-
Breslow-Wilcoxon test was used to compare the survival proportion of each group of mice. A

p-value of <0.05 was considered to be statistically significant.

Example 2- The Administration of dC/dT to Tk2”" Mice Delayed the Clinical Onset of TK2

Deficiency and Increased Survival

A dose of 260 and 520 mg/kg/day each of deoxynucleosides (dC/dT) were

administered to the Tk2”" mice. These doses of deoxynucleosides were the molar equivalent

of 400 and 800 mg/kg/day of dCMP+dTMP respectively.
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Mice treated with oral dC+dT (260 or 520mg/kg/day from age 4 days) appeared
normal until postnatal day 21 (Figure 1). After age 21 days, mutant mice treated with 260

mg/kg/day dose (Tk2'~ 260 me/kefday dCAT

) stopped gaining weight and developed mild head
tremor and weakness that led to death at postnatal day 31+4.3 (Figure 2).

Mutant mice treated with the 520 mg/kg/day dC+dT (Tk2~ 220 me/Kelday dCTy o5 inyed
to gain weight for one additional week, but subsequently manifested deterioration similar to
Tk 7260 me/Ke/day dCHT " d died at postnatal day 43+10. These results are comparable to those
showed by Tk2" mice treated with 200 or 400mg/kg/day of oral dCMP/dTMP treatment.
Tk2* 260 melkg/day dCHT o, g+ 520 meke/day dCAT gore followed until postnatal day 60. No side
effects were observed.

As shown, the lifespan of the treated Tk2" was significantly increased. Untreated
Tk2" mice showed a mean lifespan of 13 days, while treated mice survived a mean of 31 and
40 days with the 260 and 520 mg/kg/day dose, respectively (Figure 2). Interestingly, one of
the mice survived to postnatal day 56, which has been the longest lifespan for the Tk2 knock-

in mouse model to date.

Example 3- Oral dC/dT Ameliorates Molecular Abnormalities in Brain and Liver

Measurement of dNTPs in mitochondrial extract showed that both Tk2™~ 260 me/Ke/day

CAT and Tk27- 320 my/Ke/day dCHT 434 pot fully correct mitochondrial ANTP pool imbalances at
postnatal day 13 and manifested variable effects in tissues with a completed rescue of dCTP
deficits in brain, while dTTP was corrected in the liver. In contrast, deficiencies of dTTP in
brain and dCTP in liver remained severe despite deoxynucleoside supplementation (Figure
3).

In Tk2'~ 260 me/Ke/day dCAT 5 q g7 320 me/Kelday dCMT oo at postnatal day 13, the
treatment prevented mtDNA depletion in heart, liver, kidney, intestine and muscle (Figure 4).
In contrast, mtDNA copy number was only partially ameliorated in brain at postnatal day 13
in a dose-dependent manner with mtDNA/nDNA ratios relative to control brain reaching 39%
with 260 mg/kg/day of dC+dT and 52% with 520 mg/kg/day. Measurements of the bases dT
and uracil in brain by HPLC showed higher levels in animals treated with dC+dT or with
dCMP+dTMP (Figure 5), further indicating that both deoxynucleosides and deoxynucleoside
monophosphates cross the blood brain barrier. At postnatal day 29, mtDNA depletion was
partially rescued by 260 and 520 mg/kg/day of dC+dT therapy in heart (40 and 35%), liver
(46 and 45%), kidney (38 and 42%) and muscle (24 and 35%), but strikingly was fully
rescued in intestine (82 and 84%) (Figure 4).
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Example 4- Oral dC/dT Ameliorates Biochemical Abnormalities in Brain

Respiratory chain enzyme (RCE) activities and protein levels were completely

. . -/- 260 mg/Kg/day dC/dT
rescued in brain of TK2 merherday

at postnatal day 13 (Figure 6). RCE activities were
also restored at postnatal day 29, and only a slight decrease of complex I activity could be
observed in TK275? Ome/Ke/day dCUT (Bioyre ). RCE protein levels in brain were partially
restored at postnatal day 29 with higher levels in TK27 20 me/Ke/day dCAT 0 4y TR0
myKg/day dCHT (Fioure 7). These differences in protein levels were consistent with the
differences in mtDNA depletion in brains of treated mutant mice at postnatal day 29, and

likely accounted for the prolonged survival observed with the higher dose.

Example 5- Administration of dC/dT in Patients with TK2 Deficiency Was Efficacious

Symptoms, dosages, and outcomes of patients with TK2 deficiency who have
received deoxynucleoside therapy under the supervision and control of the inventors are
summarized below.

Patient 1

This patient was born in the United States in February 2011. His symptoms
manifested at 12 months with hypotonic and a floppy head. He has never walked. He also
has respiratory muscle weakness and was put on mechanical ventilation at 19 months, of
which he is still on 24 hours/day. He has also been on a feeding tube since 19 months.

He was previously on 100 mg/kg/day and then 200 mg/kg/day of dCMP and dTMP.
On this therapy, he was able to grip small objects and his weight increased from 10.4 kg to
19.5 kg.

In October of 2015, he began on 260 mg/kg/day of dC and dT which was increased to
340 mg/kg/day of dC and dT. After two months, he was moving his hands and head better,
able to stand 5 minutes with support of a person, starting to cough, and his heart rate was
slower (down from 140-170 bpm during day, to 100-120 bpm during day).

On March 23, 2016, the dose was increased to 400 mg/kg/day of dC and dT. After 6
weeks on this therapy, he showed further improvements: he was able to sit in a chair about 5
hours/day; stood in a “Stander” for 1.5 hours; about to grab and hold small stuffed animals;
pressed computer buttons; untied his diapers and aimed his penis to wet the person changing
the diaper; and held his knees flexed for a few seconds.

The only adverse effect seen during the treatment was diarrhea.
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Patient 2

This patient was born in Spain in 1987. He began showing symptoms at 3 years of
age including proximal muscle weakness. He lost the ability to walk at age 13 and was
ventilated 24 hours a day. He was previously taking dJAMP and dCMP at 200 mg/kg/day and
showed a weight increase and a decrease of 24 to 22 hours a day on ventilation.

He has been on deoxynucleoside therapy since June of 2015 at 400 mg/kg/day dC and
dT, and has shown improvement in muscle strength, his weight and ventilation have
stabilized, and he is enjoying a better quality of life.

The only adverse effects seen during the treatment was diarrhea and hair loss.

Patient 3

This patient was born in Spain in 1985. His symptoms began at 6 years old with
facial, proximal, and axial muscle weakness. He started 200 mg/kg/day of dT and dC in June
of 2015 and to date, his condition has improved with improvements in 6 minute walk test,
time to get up and go, and climb up and down 4 steps.

The only adverse effect seen during the treatment was diarrhea.

Patient 4

This patient was born in Spain in February 2009. His symptoms manifested at six
months with failure to thrive. He started on 230 mg/kg/ day of dC and dT in July of 2015.
By January of 2016, he showed improvement in his condition and was eating better.

There were no observed adverse effects.

Patient 5

This patient was born in Spain in 1957 and began to have symptoms at 50 years old of
orthopnea, and diaphragmatic weakness. He is on BiPAP at night. He started on 200
mg/kg/day of dC and dT in November of 2015.

There were no observed adverse effects.

Patient 6

This patient was born in Spain in October 2011, and starting showing symptoms at 15
months, including hypotonia and weakness. He lost ambulation at 22 months, and has
respiratory muscle weakness. He started mechanical ventilation at 16 months and is currently
on BiPAP twelve hours a day. He was previously on dCMP and dAMP at 100 mg/kg/day that
was increased to 400 mg/kg/day. His strength as shown by Egen Klassification scale
improved (28/30 to 13/30) and his weight increased from 9.8 kg to 12.3 kg.
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He began deoxynucleoside therapy in April 2015 at 400 mg/kg/day of dC and dT. In
October of 2015, his change in Egen Klassification scale went from 13/30 to 11/30 and his
weight increased to 16.5 kg from 12.3 kg.

There were no observed adverse effects.

Patient 7

This patient was born in Spain in November of 2012. He started showing symptoms
at 17 months including weakness and hypotonia. He lost ambulation at 22 months and started
mechanical ventilation at 29 months. He was previously on dCMP and dAMP at 100
mg/kg/day that was increased to 400 mg/kg/day. His strength as shown by Egen
Klassification scale improved (30/30 to 24/30) and his weight increased from 11 kg to 15.7
kg.

He started deoxynucleoside therapy in April of 2015 with a dose of 400 mg/kg/day dT
and dC. In November of 2015, his change in Egen Klassification scale went from 24/30 to
19/30 and his weight increased to 17 kg from 15.7 kg.

There were no observed adverse effects.

Patient 8

This patient was born in Chile in September of 1989 and started showing symptoms at
11 months with frequent falls and progressive gait impairment. She lost the ability to walk
alone at about 4 years of age. She had been on nucleotide therapy previously and showed
improvement in her mobility, including walking unassisted, standing longer, climbing stairs,
attending gym class, and attending to personal needs.

She switched to deoxynucleoside therapy in February of 2016 at a dose of 260
mg/kg/day of dC and dT, and then increased to a dose of 400 mg/kg/day of dC and dT in May
of 2016 and continued to show improvement.

There were no observed adverse effects.

Patient 9

This patient was born in Guatemala in September of 1989. He began 130 mg/kg/day
of dC and dT in August of 2015 and increased to 260 mg/kg/day in February of 2016. He has
shown improved energy.

There were no observed adverse effects.



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110
24

REFERENCES

Akman, ef al. (2008) Thymidine kinase 2 (H126N) knock in mice show the essential role of
balanced deoxynucleotide pools for mitochondrial DNA maintenance. Hum. Mol Genet.

17:2433-2440

Alston, et al. (2013) Late-onset respiratory failure due to TK2 mutations causing multiple

mtDNA deletions. Neurology 81:2051-3

Bartesaghi, et al. (2010) Loss of thymidine kinase 2 alters neuronal bioenergetics and leads to

neurodegeneration. Hum. Mol. Genet. 19:1669-77

Béhin, er af. (2012} Adult cases of mitochondrial DNA depletion due to TKZ defect An

expanding spectrum. Neurology 78:644-648

Blakely, er al. (2008) Novel mutations in the TK2 gene associated with fatal mitochondrial

DNA depletion myopathy. Newromuscular Disorders 18:557-560

Bourdon, et al. (2007) Mutation of RRM2B, encoding p53-controlled ribonucleotide
reductase (p53R2), causes severe mitochondrial DNA depletion. Nature Genetics 39:776-780

Carrozzo, et ¢l (2003) Mutation analysis in 16 patients with ot DNA depletion. Hum. Mutat.

21:453-454

Chanprasert, et al. (2013) Molecular and clinical characterization of the myopathic form of
mitochondrial DNA depletion syndrome caused by mutations in the thymidine kinase (TK2)
gene. Mol. Genet. Metab. 110:153-61

Chanprasert, et al. (2012) TK2-Related Mitochondrial DNA Depletion Syndrome, Myopathic
Form. GeneReviews® Internet, December 6, 2012

Collins, er al. (2009) Progressive myofiber loss with extensive fibro-fatty replacement in a
child with mitochondrial DNA depletion syndrome and novel thymidine kinase 2 gene

mutations. Neuromuscular Disorders 19:784-787



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110

25

Copeland (2008} Inberited mutochondrial discases of DNA replication. Ann. Rev. Med.

59:131-146

DiMauro, et al. (1987) Cytochrome ¢ oxidase deficiency in Leigh syndrome. Ann. Neurol.

22:498-506

DiMauro, Schon. (2003} Miutochondrial respiratory-chain disecases. New England Journal of

Medicine 348:2656-2668

DiMauro, Hirano. (2005) Mitochondrial encephalomyopathics: an update. Neuromuscul.

Disord. 15:276-286

Dorado, et al. (2011) Onset and organ specificity of Tk2 deficiency depends on Tkl down-

regulation and transcriptional compensation. Hum. Mol. Genet. 20:155-64

Elpeleg, et al. (2005) Deficiency of the ADP-forming succinyl-CoA synthase activity is
associated with encephalomyopathy and mitochondrial DNA depletion. Am. J. Hum. Genet.
76:1081-1086

Ferraro, of af. (2010) Quantitation of cellular deoxynucleoside triphosphates. Nucleic Acids

Research 38:e85

Galbiad, ef ol (2006) New mutations in TKZ gene associated with mitochondrial DNA

depletion. Pediatr. Neurol 34:177-185

Garone, ef ¢l (2012). MPV17 Mutations Causing Aduit-Onset Multisystemic Disorder With
Multiple Mitochondrial DNA Deletions. Arch Neurol 69:1648-1651

Garone, ot al. (2014). Deoxypyrimidine monophosphate bypass therapy lor thymidine kinase

2 deficiency. EMBO Mol Med 6:1016-1027

Garone, et al. (2016} in preparation, “Phenotypic Spectrum and Retrospective Natural

History of Thymidine Kinase 2 Deficiency”



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110
26

Gotz, et al. {2008) Thymidine kinase 2 defects can cause mulii-tissue miDNA depletion

syndrome. Brain 131:2841-2850

Hirano, et al. (2001) Defects of intergenomic corpmuinication: avtosomal disorders that cause
multiple deletions and depletion of mitochondrial DNA. Semin. Cell. Develop. Biol 12:417-

427

Hirano, et al. (2004) MtDNA maintenance and stability genes: MNGIE and mtDNA
depletion syndromes. In: Kohler, Bauer, editors. Mitochondrial Function and Biogenetics.

Berlin: Springer-Verlag. p. 177-200

Leshinsky-Silver, ef ¢l .(2008) A defect in the thymidine kinase 2 gene causing isolated

mitochondrial myopathy without mtDNA depletion. Eur. J. Paediatr. Neurol 12:309-13

Lesko, er al. (2010) Two novel mutations in thymidine kinase-2 cause early onset fatal

encephalomyopathy and severe mtDNA depletion. Neuromuscul, Disord. 20:198-203

Longley, ef al. (2006). Mutant POLG2 disrupts DNA polymerase gamima subunits and causes

progressive external ophthalmoplegia. Am J Hum Genet. 78:1026-1034

Lopez, et al. (2009) Unbalanced deoxynucleotide pools cause mitochondrial DNA instability

in thymidine phosphorylase deficient mice. Human Molecular Genetics 18:714-22

Mancuso, et al. (2003) Mitochondrial myopathy of childhood associated with mitochondrial
DNA depletion and a homozygous mutation (T77M) in the TK2 gene. Arch. Neurol.
60:1007-9

Mancuso, et al. (2002) Mitochondrial DNA depletion: mutations in thymidine kinase gene
with myopathy and SMA. Neurology. 59:1197-202

Mandel, et al. (2001) The deoxyguanosine kinase gene is mutated in individuals with

depleted hepatocerebral mitochondrial DNA. Nature Genet. 29:337-341



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110

27

Marti, et al. (2010) Hearing loss in a patient with the myopathic form of mitochondrial DNA

depletion syndrome and a novel mutation in the TK2 gene. Pediatr. Res. 68:151-4

Marti, et al. (2012a) Measurement of mitochondrial dNTP pools. Methods Mol. Biol.
837:135-148

Marti, et al. (2012b) Assessment of thymidine phosphorylase function: measurement of
plasma thymidine (and deoxyuridine) and thymidine phosphorylase activity. Methods Mol.
Biol. 837:121-133

Naviaux, Nguyen. (2004) POLG mutations associated with Alpers' syndrome and
mitochondrial DNA depletion. Ann. Neurol. 55:706-712

Nishino, er al (1999). Thymidine phosphorylase gene mutations in MNGIE, a buman

muatochondrial disorder. Science 283:688-692.

Oskout, ef al. (20063 Clinical spectrum of mitochondrial DNA depletion due to mutations in

the thymidine kinase 2 gene. Arch. Neurol. 63:1122-1126.

Ostergaard, et al. (2007) Deficiency of the alpha subunit of succinate-coenzyme A ligase
causes fatal infantile lactic acidosis with mitochondrial DNA depletion. Am. J. Hum. Genet.
&1: 383-387

Paradas, ef . (2012} TK2 mutation presenting as indolent myopathy. Neurology 29:504-506

Ronchi, er al. (2012). Next-generation sequencing reveals DGUOK mutations in adult
patients with mitochondrial DNA multiple deletions. Brain 135:3404-3415.

Roos, et al. (2014) Mitochondrial DNA depletion in single fibers in a patient with novel TK2

mutations. Neuromuscul. Disord. 24:713-20

Saada, ef al. (2001) Mutant mitochondrial thymidine kinase in mitochondrial DNA depletion

myopathy. Nature Gener. 29:342-344



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110

28

Saada, er al (2003) Mitochondrial deoxyribonucleoside tiphosphate pools in thymidine

kinase 2 deficiency. Biochem. Biophys. Res. Commun. 313:963-966

Sarzi, et al. (2007) Twinkle helicase (PEO1) gene mutation causes mitochondrial DNA
depletion. Ann. Neurol. 62: 579-587

Spelbrink, et al. (2001). Human mitochondrial DNA deletions associated with mutations in
the gene encoding Twinkle, a phage T7 gene 4-like protein localized in mitochondria. Nature

Genet. 28:223-231

Spinazzola, et al. (2006) MPV17 encodes an inner mitochondrial membrane protein and is

mutated in infantile hepatic mitochondrial DNA depletion. Nature Genet. 38:570-575

Tulintus, et ¢f. (2045) Novel mutations in the thymidine kinase 2 gene (TK2) associated with
fatal mitochondrial myopathy and mitochondrial DNA depletion. Neuromuscul Disord.

15:412-415

Tyymsmaa, ¢f af. (2012) Thymidine kinase 2 mutations in avtosomal recessive progressive
external ophthalmoplegia with multiple mitochondrial DNA deletions. Hum. Mol Gener

21:66-75

Tyynismaa, et al. (2009). A heterozygous truncating mutation in RRM2B causes autosomal-
dominant progressive external ophthalmoplegia with multiple mtDNA deletions. Am. J. Hum.

Genet. 85: 290-295

Van Goethem, et al (2001} Mutation of POLG is associated with progressive external

ophthalmoplegia characterized by mtDNA deletions. Nature Genet. 28:211-212.

Vila, et ol (2003) Reversion of mutDNA depletion in a patient with TK2 deficiency.

Newrology 60:1203-1205

Wang, ef al. (2003) Molecular insight into mitochondrial DNA depletion syndrome in two
patients with novel mutations in the deoxyguanocsine kinase and thymidine kinase 2 genes.

Mol Genei. Metab., 84:75-82.



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110
29

CLAIMS:

1. A method of treating a disease or disorder characterized by unbalanced nucleotide
pools in a subject in need thereof comprising administering to the subject a therapeutically
cffective amount of a composition comprising at least one deoxynucleoside or a

physiologically functional derivative thereof.

2. The method of claim 1, wherein the disease or disorder characterized by unbalanced

nucleotide pools is a mitochondrial DNA depletion syndrome.

3. The method of claim 2, wherein the mitochondrial DNA depletion syndrome is

thymidine kinase 2 (TK2) deficiency.

4. The method of claim 1, wherein the disease or disorder characterized by unbalanced
nucleotide pools is characterized by at least one mutation in a gene chosen from the group

consisting of: TK2; DGUOK; TYMP; RRM2B; SUCLA2; SUCLGI; and MPV17.

5. The method of claim 2, wherein the mitochondrial DNA depletion syndrome is
chosen from the group consisting of deoxyguanosine kinase (dGK) deficiency, thymidine
phosphorylase (TP) deficiency, and at least one mutation in a gene chosen from the group

consisting of DGUOK, TYMP, RRM2B, POLG, and MPV17 gene.

6. The method of claim 1, wherein the subject is a mammal.

7. The method of claim 1, wherein the subject is a human.

8. The method of claim 1, wherein the composition comprises two or more
deoxynucleosides.

9. The method of claim 1, wherein the deoxynucleoside is a deoxypyrimidine.

10. The method of claim 9, wherein the deoxypyrimidine is chosen from the group

consisting of deoxycytidine (dC), deoxythymidine (dT), and mixtures thereof.
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11. The method of claim 1, wherein the deoxynucleoside is a deoxypurine.
12. The method of claim 19, wherein the deoxypurine is chosen from the group consisting

of deoxyadenosine (dA), deoxyguanosine (dG), and mixtures thereof.

13. The method of claim 1, wherein the therapeutically effective amount is between abou

100 mg/kg/day and about 1000 mg/kg/day.

14. The method of claim 1, wherein the therapeutically effective amount is between abou

200 mg/kg/day and about 800 mg/kg/day.

15. The method of claim 1, wherein the therapeutically effective amount is between abou

250 mg/kg/day and about 400 mg/kg/day.

16. The method of claim 13, wherein the composition comprises more than on
deoxynucleoside and the therapeutically effective amount is between about 100 mg/kg/da

and about 1000 mg/kg/day of each deoxynucleoside in the composition.

17. The method of claim 13, wherein the composition comprises more than on
deoxynucleoside and the therapeutically effective amount is between about 100 mg/kg/da

and about 1000 mg/kg/day of the total deoxynucleoside in the composition.

18. The method of claim 14, wherein the composition comprises more than on
deoxynucleoside and the therapeutically effective amount is between about 200 mg/kg/da

and about 800 mg/kg/day of each deoxynucleoside in the composition.
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21. The method of claim 15, wherein the composition comprises more than one
deoxynucleoside and the therapeutically effective amount is between about 250 mg/kg/day

and about 400 mg/kg/day of the total deoxynucleosides in the composition.

22. The method of claim 1, wherein the composition is administered once daily, twice

daily, three times daily, four times daily, five times daily or six times daily.

23. The method of claim 1, wherein the composition administered orally, intrathecally,

enterally, or intravenously.

24. The method of claim 23, wherein the composition is administered orally and
comprises deoxynucleoside mixed with cow’s milk, human breast milk, infant formula or

water.

25. The method of claim 1, further comprising administering to the subject an inhibitor of

thymidine phosphorylase.

26. The method of claim 25, wherein the inhibitor of thymidine phosphorylase is tipiracil.

27. The method of claim 1, further comprising administering to the subject an inhibitor of

cytidine deaminase.

28. The method of claim 27, wherein the inhibitor of cytidine deaminase is

tetrahydrouridine [THU].

29. The method of claim 1, wherein the therapeutically effective amount of the

composition administered to the subject is increased over time.

30. The method of claim 29, wherein a first therapeutically effective amount of the
composition administered to the subject is about 100 mg/kg/day of composition, and wherein
the therapeutically effective amount of the composition is increased over time to 200 mg/kg/

day, to 400 mg/kg/day, to 800 mg/kg/day, up to 1000 mg/kg/day.
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31. The method of claim 1, wherein the composition comprises a pharmaceutically
acceptable carrier.
32. A method for the treatment of TK deficiency in a subject comprising:
a. obtaining a sample from the subject, said sample comprising nucleic acid;
b. performing sequence analysis of the TK2 gene in the nucleic acid of the subject;
c. determining the subject has TK2 deficiency when a homozygous mutation or

compound heterozygous mutations in the 7K2 gene is detected; and
d. administering a therapeutically effective amount of a composition comprising

deoxycytidine (dC), deoxythymidine (dT), and mixtures thereof to the subject.

33. The method of claim 32, further comprising:

a. detecting the level of creatine kinase concentration in a sample from the subject;

b. performing a biopsy on skeletal muscle of the subject;

c. measuring mitochondrial DNA count in skeletal muscle of the subject; and

d. further determining and/or confirming the subject has TK2 deficiency if one or more

of the following is detected: the levels of creatine kinase concentration are increased or
clevated compared to healthy controls; the skeletal muscle of the subject comprises
prominent variance in fiber size, variable sarcoplasmic vacuoles, variable increased
connective tissue, ragged red fibers, and cytochrome ¢ oxidase (COX) deficient fibers: and

mitochondrial DNA levels are decreased compared to healthy controls.

34. The method of claim 3, further comprising monitoring the subject after the

administration of the composition, comprising:

a. observing muscle strength and control;

b. observing differences in height and weight;

c. observing mobility; and

d. determining an improvement in condition of the subject if any of observations (a) —

(c) are increased after administration of the composition, and determining no improvement if
any of observations (a) — (c) are the same or decreased after administration of the

composition.

35. The method of claim 34, wherein if the determination of no improvement is made in

step (d), the therapeutically effective amount of the composition is increased.
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36. The method of claim 1, further comprising monitoring the subject for an adverse
cffect after the administration of the composition, wherein if an adverse effect is observed,

the therapeutically effective amount of the composition is decreased.

37. The method of claim 36, further comprising monitoring the subject for the observed
adverse effect after the therapeutically effective amount of the composition is decreased,
wherein if the adverse effect is no longer observed, the therapeutically effective amount of

the composition is increased.

38. The method of claim 36, wherein an adverse effect is a gastrointestinal intolerance.

39. The method of claim 36, wherein the adverse effect is chosen from the group

consisting of diarrhea and abdominal bloating.
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. l:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
—-Go to Extra Sheet for continuation-——--—-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees. .

3. I:I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. }X{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
14,6, 7,9, 10, 13-15, 22-39 limited to TK2 defects and therapeutical deoxycytidine

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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—-continuation of Box 1l (Lack of Unity of Invention)——

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I+: Claims 1-39, drawn to a method of treating a disease or disorder characterized by unbalanced nucleotide pools in a subject
comprising administering at least one deoxynucleoside. The method will be searched to the extent that the DNA depletion syndrome
encompasses the defect in the first named gene, thymidine kinase 2 (TK2) (claims 3-4), and the first named therapeutical
deoxynucleotide, deoxycytidine (dC) (claim 10). Itis believed that claims 1-4, 6, 7, 9, 10, 13-15, 22-39 read on this first named invention
and thus these claims will be searched without fee to the extent that they encompass TK2 defects and therapeutical deoxycytidine (dC).
Additional depletion syndromes, mutant genes, and therapeutic deoxynucleosides will be searched upon payment of additional fees.
Applicant must specify the claims that encompass any additional elected depletion syndromes, mutant genes, and therapeutic
deoxynucleosides. Applicants must further indicate, if applicable, the claims which read on the first named invention if different than what
was indicated above for this group. Failure to clearly identify how any paid additional invention fees are to be applied to the "+" group(s)
will result in only the first claimed invention to be searched/examined. An exemplary election would be deoxyguanosine kinase (dGK),
DGUOK and deoxyguanosine (dG): (Claims 1, 2, 5-8, 11-24, 29-31).

The inventions listed as Group I+ do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Among the inventions listed as Groups 1+ are the specific nucleotide deficiencies and mutant genes recited therein. The inventions do
not share a special technical feature, because no significant structural similarities can readily be ascertained among the nucleotide
deficiencies or genes containing a mutation.

Common Technical Features:
Group I+ shares the common technical feature of independent claims 1 and 32.

However, said common technical features do not represent a contribution over the prior art and is obvious over the technical publication
titted "Deoxypyrimidine monophosphate bypass therapy for thymidine kinase 2 deficiency” by Garone et al. (hereinafter "Garone")
[published 26 June 2014 EMBO Mol Med Vol 6 No 8 Pages 1016-1027.], in view of WO 2012/125848 A2 to Baylor College of Medicine
(hereinafter "Baylor).

As to claim 1, Garone teaches a method of treating a disease or disorder characterized by unbalanced nucleotide pools in a subject in
need thereof comprising administering to the subject a therapeutically effective amount of a composition comprising at least one
deoxynucleoside or a physiologically functional derivative thereof (abstract; Autosomal recessive mutations in the thymidine kinase 2
gene (TK2) cause mitochondrial DNA depletion, multiple deletions, or both due to loss of TK2 enzyme activity and ensuing unbalanced
deoxynucleotide triphosphate (dNTP) pools. To bypass Tk2 deficiency, we administered deoxycytidine and deoxythymidine
monophosphates (dICMP+dTMP) to the Tk2 H126N (Tk2-/-) knock-in mouse model from postnatal day 4, when mutant mice are
phenotypically normal, but biochemically affected. Assessment of 13-day-old Tk2-/- mice treated with dCMP+dTMP 200 mg/kg/day each
(Tk2-/-200dCMP/dTMP) demonstrated that in mutant animals, the compounds raise dTTP concentrations, increase levels of mtDNA,
ameliorate defects of mitochondrial respiratory chain enzymes, and significantly prolong their lifespan (34 days with treatment versus 13
days untreated)").

As to claim 32, Baylor teaches a method for the treatment of TK deficiency in a subject comprising:

a. obtaining a sample from the subject, said sample comprising nucleic acid (para [0030));

b. performing sequence analysis of the TK2 gene in the nucleic acid of the subject (para [0090]; The Depletion Panel is a panel that may
be performed using the deep sequencing technique described above. It contains 14 nuclear genes (C100RF2, DGUOK, MPV17, OPA(1,
OP A3, POLG, POLG2, RRM2B, SLC25A4, SUCLA2, SUCLG1, SUCLG2, TK2 and TYMP) that are involved in the maintenance of
mtDNA integrity and deoxynucleotide salvage pathway. These genes are analyzed by the "deep sequencing technique” by the
application of Massive Parallel Sequencing (MPS) utility to the clinical diagnosis")

c. determining the subject has TK2 deficiency when a homozygous mutation or compound heterozygous mutations in the TK2 gene is
detected (Para [0044); For the identification of mutations in nuclear genes, coverage of greater than 30X sequence reads would usually
be considered adequate for making homozygous or heterozygous base calls and the detection of small indel variations for research
purposes"). Baylor does not teach d. administering a therapeutically effective amount of a compaosition comprising deoxycytidine (dC),
deoxythymidine (d | ), and mixtures thereot to the subject. However, Garone teaches administering a therapeutically effective amount of
a composition comprising deoxycytidine (dC), deoxythymidine (dT), and mixtures thereof to the subject. It would have been obvious to
combine claim limitations (a), (b), and (c), as taught by Baylor, with claim limitation (d), as taught by Garone because it would have
enabled a combination of diagnosis and treatment in a subject suffering from TK deficiency.

-—--continued on next sheet——
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--—--continued from prevous sheet------

As the common technical features were known in the art at the time of the invention, they cannot be considered common special
technical features that would otherwise unify the groups. The inventions lack unity with one another.

Therefore, Groups 1+ lacks unity of invention under PCT Rule 13 because they do not share a same or corresponding special technical
feature.

Note concerning claim 34. Claim 34 is written to depend from claim 3, is objected, because claim 3 does not have required antecedent
"monitoring the subject”. For the purposes of the International Search & Opinion, claim 34 is interpreted to depend from claim 32.
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NUCLEOTIDE POOLS INCLUDING MITOCHONDRIAL DNA DEPLETION
SYNDROMES

GOVERNMENT SUPPORT

This invention was made with government support under HD080642 awarded by

NIH. The government has certain rights in the invention.

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to U.S. provisional patent application serial no.
62/180,194 filed June 17, 2015, which is hereby incorporated by reference.

FIELD OF THE INVENTION

The invention relates generally to a pharmacological therapy for a human genetic

disease, specifically diseases characterized by unbalanced nucleotide pools, e.g.,
mitochondrial DNA depletion syndromes, and more specifically, thymidine kinase 2 (TK2)
deficiency. The pharmacological therapy involves the administration of at least one
deoxynucleoside, or mixtures thereof. For the treatment of TK2 deficiency, the
pharmacological therapy involves the administration of either deoxythymidine (dT) or
deoxycytidine (dC), or mixtures thereof.  This administration of one or more
deoxynucleosides is applicable to other disorders of unbalanced nucleoside pools, especially

those found in mitochondrial DNA depletion syndrome.

BACKGROUND OF THE INVENTION

Mitochondrial diseases are clinically heterogeneous diseases due to defects of the

mitochondrial respiratory chain (RC) and oxidative phosphorylation, the biochemical
pathways that convert energy in electrons into adenosine triphosphate (ATP). The respiratory
chain is comprised of four multi-subunit enzymes (complexes [-IV) that transfer electrons to
generate a proton gradient across the inner membrane of mitochondria and the flow of
protons through complex V drives ATP synthesis (DiMauro and Schon 2003; DiMauro and
Hirano 2005). Coenzyme Qo (CoQjo) is an essential molecule that shuttles electrons from
complexes 1 and II to complex III. The respiratory chain is unique in eukaryotic, e.g.,
mammalian, cells by virtue of being controlled by two genomes, mitochondrial DNA

(mtDNA) and nuclear DNA (nDNA). As a consequence, mutations in either genome can
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cause mitochondrial diseases. Most mitochondrial discases affect multiple body organs and
are typically fatal in childhood or carly adult life. There are no proven effective treatments for
mitochondrial discases, only supportive therapics, such as the adminustration of CoQqp and it
analogs to enhance respivatory chain activity and to detoxily reactive oxygen species (ROS)
that are toxic by-products of dysfunctional respiratory chain enzymes.

Mitochondrial DNA depletion syndrome (MDS), which is a subgroup of
mitochondrial disease, is a frequent cause of severe childhood encephalomyopathy
characterized molecularly by reduction of mitochondrial DNA (mtDNA) copy number in
tissues and insufficient synthesis of mitochondrial RC complexes (Hirano, et al. 2001).
Mutations in several nuclear genes have been identified as causes of infantile MDS,
including: TK2, DGUOK, POLG, POLG2, SCLA25A4, MPV17, RRM2B, SUCLA2, SUCLGI,
TYMP, OPAI, and ClOorf2 (PEOI). (Bourdon, et al. 2007; Copeland 2008; Elpeleg, et al.
2005; Mandel, et al. 2001; Naviaux and Nguyen 2004; Ostergaard, et al. 2007; Saada, et al.
2003; Sarzi, et al. 2007; Spinazzola, et al, 2006). In addition, mutations in these nuclear
genes can also cause multiple deletions of mtDNA with or without mtDNA depletion (Béhin,
et al. 2012; Garone, et al. 2012; Longley, et al. 2006; Nishino, et al. 1999; Paradas, et al.
2012; Ronchi, et al. 2012; Spelbrink, et al. 2001; Tyynismaa, et al. 2009; Tyynismaa, et al.
2012; Van Goethem, et al. 2001).

One of these genes is TK2, which encodes thymidine kinase (TK2), a mitochondrial
enzyme required for the phosphorylation of the pyrimidine nucleosides (thymidine and
deoxycytidine) to generate deoxythymidine monophosphate (dTMP) and deoxycytidine
monophosphate (dCMP) (Saada, et al. 2001). Mutations in TK2 impair the mitochondrial
nucleoside/nucleotide salvage pathways required for synthesis of deoxynucleotide
triphosphate (ANTP), the building blocks for mDNA replication and repair.

TK2 deficiency was first described in 2001 by Saada and colleagues (Saada, et al.
2001), in four affected children originating from four different families, who suffered from
severe, devastating myopathy. After an uneventful carly development, at ages 6-36 months
the patients developed hyperCKemia, severe muscle hypotonia with subsequent loss of
spontancous  activity. The disease was rapidly progressive and two patients were
mechanically ventilated at 3 years, while two other patients were already dead by the time of
the report.

After the first description, sixty additional patients have been reported in literature
and at least twenty-six further patients have been diagnosed but not reported {Alston, ef ¢l

2013; Bartesaghi, ¢f af. 2010; Béhm, ¢f al. 2012; Blakely, ¢f ol 2008; Carrozzo, ef af. 2003;
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Chanprasert, er al. 2013; Colbins, er af. 2009; Galbiati, er al. 2006; Gotz, e al 2003;
Leshinsky-Silver, er al. 2008; Lesko, es al. 2010; Mancuso, ef al. 2002; Mancuso, ef af. 2003;
Marty, ef af. 2010; Oskoui, er al. 2006; Paradas, ef al. 2012; Roos, ef ai. 2014; Tulinius, et al.
2005; Tyynismaa, er al. 2012; Vila, et al. 2003; Wang, er al 2005), resulting in ninety
patients, 53 males and 37 females.

The twenty-six patients recently diagnosed were identified through next-generation
DNA sequencing. This large number of newly identified cases suggests that TK2 deficiency
is an under diagnosed disorder.

TK?2 deficiency manifests a wide clinical and molecular genetic spectrum with the
majority of patients manifesting in early childhood with a devastating clinical course, while
others have slowly progressive weakness over decades.

Treatment for TK2 deficiency, like most MDS and mitochondrial disorders, has been
limited to supportive therapies. While the administration of deoxythymidine monophosphate
(dTMP) and deoxycytidine monophosphate (dCMP) improved the conditions of both TK2
knock-in mutant mice and human patients with TK2 deficiency (US Application Serial
No0.15/082,207, which is incorporated herein in its entirety), there is still a need for
therapeutic intervention for TK2 deficiency.

Additionally, there is a need for treatment for other forms of MDS and other diseases
characterized by unbalanced nucleotide pools. For example, several mendelian disorders with
mtDNA depletion or multiple deletions, or both are characterized by unbalanced
deoxynucleotide triphosphate pools that lead to defects of mtDNA replication. One such
disorder, DGUOK mutations impair the intramitochondrial enzyme deoxyguanosine kinase,
which normally phosphorylates the deoxypurine nucleosides deoxguanosine and
deoxycytidine to generate deoxguanosine monophosphate (dGMP) and deoxycytidine
monophosphate (dCMP). Other nuclear genes that disrupt mitochondrial dNTP pools include
TYMP, RRM2B, SUCLA2, SUCLGI and MPVI7. Therapies that restore dNTP pool balance

would be useful to treat these disorders as well.

SUMMARY OF THE INVENTION

In certain embodiments, the present invention relates to a method of treating a disease
or disorder characterized by unbalanced nucleotide pools, comprising administering to a
subject in need thereof a therapeutically effective amount of a composition comprising one or

more deoxynucleosides.
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Diseases or disorders characterized by unbalanced nucleotide pools that can be treated
by the method of the current invention include, but are not limited to, those characterized by
mutations in the following genes: TK2; DGUOK; TYMP; RRM2B; SUCLA2; SUCLGI; and
MPVI7.

In a preferred embodiment, the disorder is a mitochondrial DNA depletion syndrome
(MDS). In a more preferred embodiment, the MDS includes disorders of a myopathic form
characterized by mutations in 7K2, an encephalomyopathic form characterized by mutations
in SUCLA2, a neurogastrointestinal encephalopathic form characterized by mutations in
TYMP, and a hepatopathic form characterized by mutations in DGUOK, POLG, and MPV17.
In a most preferred embodiment, the disorder is a thymidine kinase 2 deficiency,
characterized by mutation(s) in the TK2 gene.

All mitochondrial DNA depletion syndromes can be treated with the method of the
current invention which comprises administering deoxynucleosides. Examples of MDS that
can be treated by the method of the current invention include but are not limited to,
deficiencies in the: DGUOK gene, encoding deoxyguanosine kinase, dGK; RRM2B gene,
encoding pS3R2, the p53 inducible small subunit of ribonucleotide reductase, RNR; and
TYMP gene, encoding thymidine phosphorylase, TP.

In a preferred embodiment, the deoxynucleoside is ecither deoxythymidine (dT) or
deoxycytidine (dC) or mixtures thereof. Deoxyadenosine (dA) and deoxyguanosine (dG),
alone or together, can also be used in the method of the invention. One deoxynucleoside (i.e.,
dT, dC, dA, or dG) and mixtures of two or more of any of the four deoxynucleosides can be
used in the method of the invention.

Preferred dosages of the deoxynucleoside(s) are between about 100 and about 1,000
mg/kg/day, more preferably between about 300 and about 800 mg/kg/day, and most
preferably between about 250 and about 600 mg/kg/day. If the composition comprises a
single deoxynucleoside, then the dosages are of the single deoxynucleoside. If the
composition comprises more than one deoxynucleoside, the dosages can be of each
deoxynucleoside or of the total deoxynucleosides in the composition.

Administration of the deoxynucleoside(s) can be once daily, twice daily, three times
daily, four times daily, five times daily, up to six times daily, preferably at regular intervals.

Preferred methods of administration are oral, intrathecal, intravenous, and enteral.

Administration of the deoxynucleoside(s) should begin as soon as the disorder

characterized by unbalanced nucleotide pools, e.g., MDS, is suspected and continue



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110

throughout the life of the patient. Test for the diagnosis of such disorders including TK2

deficiency are known in the art.

BRIEF DESCRIPTION OF THE DRAWINGS

For the purpose of illustrating the invention, there are depicted in drawings certain
embodiments of the invention. However, the invention is not limited to the precise
arrangements and instrumentalities of the embodiments depicted in the drawings.

Figure 1 depicts a growth curve of wild type (Tk2** and Tk2*"), and Tk2” mice
treated with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and deoxythymidine
(dT) from postnatal day 4. Each symbol represents the mean of weight at each time-point. N
of each group is indicated in figure.

Figure 2 depicts the survival curve of wild type (Tk2*™"), and Tk2”" mice with the
following treatments: Tk27 ™! yg Tk27200 mefkelday dCMPHAIMP © ) 13, Tk2 /™ v Tk2 7 26
mefkg/day dCHIT 1\ (006, k2™ vg Tk~ 320 mefke/day dCHIT o (0] T2~ 260 mefke/day dC=dT o
Tk 7=20mekelday dCAT - () 0009, at postnatal day 4. N of each group indicated in figure. p-
values determined by Mantel-Cox tests.

Figure 3 are graphs of the relative proportions of dNTPs in isolated mitochondria
from brain and liver tissue of wild type (Tk2**), and Tk2™", untreated or treated with 200
mg/kg/day dCMP and dAMP, or 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and
deoxythymidine (dT) at ages postnatal day 13 (top panels) and postnatal day 29 (bottom
panels).

Figure 4 are graphs showing the ratio of mtDNA/nDNA in brain, liver, intestine, and
muscle in wild type Tk2 mice (Tk2+/ ™) (left hand bar) as compared to Tk2™" mice, untreated
or treated with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and deoxythymidine
(dT), at ages postnatal days 13 and 29. Data are represented as mean * standard deviation
(SD) of the percent of mtDNA copies relative to Tk2". p-values were assessed by Mann-
Whitney tests. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Figure 5 are graphs depicting the results of HPLC measuring dT and uracil in plasma
of untreated wild type (Tk2"*) mice, wild type (Tk2**) mice treated with 260 mg/kg/day of
deoxycytidine (dC) and deoxythymidine (dT), Tk2” mice treated with 260 mg/kg/day of
deoxycytidine (dC) and deoxythymidine (dT), and Tk2" mice treated with 200 mg/kg/day of
dCMP and dTMP, 30 minutes after treatment. Data are expressed as mean * SD.

Figure 6 are graphs of levels of respiratory chain enzyme activities in Tk2"" mice

treated with 400 mg/kg/day of dCMP and dTMP and THU at 13 days postnatal, 260
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mg/kg/day of deoxycytidine (dC) and deoxythymidine (dT) at 13 and 29 days postnatal, or
520 mg/kg/day of deoxycytidine (dC) and deoxythymidine (dT) 29 days postnatal. Data are
represented as the percent of the RCE activities in Tk2" mouse tissues normalized to protein
levels and relative to Tk2" for each treatment. p-values determined by Mann-Whitney tests.
*p<0.05.

Figure 7A is an immunoblot of respiratory chain proteins in wild type mice treated
with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and deoxythymidine (dT), and
Tk2" mice treated with 260 mg/kg/day or 520 mg/kg/day of deoxycytidine (dC) and
deoxythymidine (dT) at 29 days postnatal. Figure 7B are graphs showing the RCE levels
normalized to complex Il, represented as percent of the RCE levels in TK2** mice. p-values
were assessed by Mann-Whitney tests.

Abbreviations:CS= citrate synthase; Cl= NADH-dehydrogenase; CII= succinate
dehydrogenase; ClII= cytochrome ¢ reductase; CIV= cytochrome ¢ oxidase (COX); CI+11I=

NADH-cytochrome ¢ reductase; CII + III= succinate dehydrogenase-cytochrome c reductase.

DETAILED DESCRIPTION OF THE INVENTION

The current invention is based upon the surprising discovery that mitochondrial DNA
depletion syndromes, including TK2 deficiency, can be treated with deoxynucleosides. As
shown by the results herein, the administration of deoxynucleosides greatly improved the
condition in both a mouse model of TK2 deficiency and human patients with TK?2 deficiency.
Definitions

The terms used in this specification generally have their ordinary meanings in the art,
within the context of this invention and the specific context where each term is used. Certain
terms are discussed below, or elsewhere in the specification, to provide additional guidance
to the practitioner in describing the methods of the invention and how to use them.
Moreover, it will be appreciated that the same thing can be said in more than one way.
Consequently, alternative language and synonyms may be used for any one or more of the
terms discussed herein, nor is any special significance to be placed upon whether or not a
term is elaborated or discussed herein. Synonyms for certain terms are provided. A recital of
one or more synonyms does not exclude the use of the other synonyms. The use of examples
anywhere in the specification, including examples of any terms discussed herein, is
illustrative only, and in no way limits the scope and meaning of the invention or any

exemplified term. Likewise, the invention is not limited to its preferred embodiments.
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The term “subject” as used in this application means mammals. Mammals include
canines, felines, rodents, bovine, equines, porcines, ovines, and primates. Thus, the invention
can be used in veterinary medicine, e.g., to treat companion animals, farm animals, laboratory
animals in zoological parks, and animals in the wild. The invention is particularly desirable
for human medical applications

The term “patient” as used in this application means a human subject. In some
embodiments of the present invention, the “patient” is known or suspected of having a
disecase or disorder characterized by unbalanced nucleotide pools, mitochondrial disease,
mitochondrial DNA depletion syndrome, or TK2 deficiency.

The phrase "therapeutically effective amount” is used herein to mean an amount
sufficient to cause an improvement in a clinically significant condition in the subject, or
delays or minimizes or mitigates one or more symptoms associated with the disease or
disorder, or results in a desired beneficial change of physiology in the subject.

The terms “treat”, “treatment”, and the like refer to a means to slow down, relieve,
ameliorate or alleviate at least one of the symptoms of the disease or disorder, or reverse the
disease or disorder after its onset.

The terms “prevent”, “prevention”, and the like refer to acting prior to overt disease or
disorder onset, to prevent the disease or disorder from developing or minimize the extent of
the disease or disorder, or slow its course of development.

The term “in need thereof” would be a subject known or suspected of having or being
at risk of having a disease or disorder characterized by unbalanced nucleotide pools,
mitochondrial disease, mitochondrial DNA depletion syndrome, or TK2 deficiency.

The term ‘“‘agent” as used herein means a substance that produces or is capable of
producing an effect and would include, but is not limited to, chemicals, pharmaceuticals,
biologics, small organic molecules, antibodies, nucleic acids, peptides, and proteins.

The term “deoxynucleoside” as used herein means deoxythymidine or dT,
deoxycytidine or dC, deoxyadenosine or dA, and deoxyguanosine or dG. The full length
name and common abbreviation for each will be used interchangeably. Such
deoxynucleosides also include physiologically functional derivatives of the
deoxynucleosides.

As used herein, the term “physiologically functional derivative” refers to a compound
(e.g, a drug precursor) that is transformed in vivo to yield a deoxynucleoside. The
transformation may occur by various mechanisms (e.g., by metabolic or chemical processes),

such as, for example, through hydrolysis in blood. Prodrugs are such derivatives, and a
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discussion of the use of prodrugs is provided by T. Higuchi and W. Stella, “Pro-drugs as
Novel Delivery Systems,” Vol. 14 of the A.C.S. Symposium Series, and in Bioreversible
Carriers in Drug Design, ed. Edward B. Roche, American Pharmaceutical Association and
Pergamon Press, 1987.

As used herein “an adverse effect” is an unwanted reaction caused by the
administration of a drug. In most cases, the administration of the deoxynucleosides caused
no adverse effects. The most expected adverse effect would be a minor gastrointestinal
intolerance.

The term ““about” or “approximately” means within an acceptable error range for the
particular value as determined by one of ordinary skill in the art, which will depend in part on
how the value is measured or determined, i.e., the limitations of the measurement system, i.e.,
the degree of precision required for a particular purpose, such as a pharmaceutical
formulation. For example, “about” can mean within 1 or more than 1 standard deviations, per
the practice in the art. Alternatively, “about” can mean a range of up to 20%, preferably up
to 10%, more preferably up to 5%, and more preferably still up to 1% of a given value.
Alternatively, particularly with respect to biological systems or processes, the term can mean
within an order of magnitude, preferably within 5-fold, and more preferably within 2-fold, of
a value. Where particular values are described in the application and claims, unless otherwise
stated, the term “about” meaning within an acceptable error range for the particular value

should be assumed.

Administration of Deoxynucleosides for the Treatment of Mitochonodrial DNA Depletion

Syndrome
Mitochondrial DNA (mtDNA) depletion syndrome (MDS) comprises several severe

autosomal diseases characterized by a reduction in mtDNA copy number in affected tissues.
Most of the MDS causative nuclear genes encode proteins that belong to the mtDNA
replication machinery or are involved in deoxyribonucleoside triphosphate (dNTP)
metabolism.

One form of MDS is thymidine kinase deficiency or TK2. TK2 encoded by the
nuclear gene, TK2, is a mitochondrial matrix protein that phosphorylates thymidine and
deoxycytidine nucleosides to generate deoxythymidine monophosphate (dTMP) and
deoxycytidine monophosphate (dCMP), which in turn, are converted to deoxynucleotide
triphosphates (dNTPs) required for mitochondrial DNA synthesis. As discussed in the

background section, autosomal recessive TK2 mutations cause devastating neuromuscular
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weakness with severe depletion of mitochondrial DNA (mtDNA) in infants and children, as
well as progressive external ophthalmoplegia with mtDNA multiple deletions in adults. Many
patients cannot walk and require some type of mechanical ventilation and feeding tube. The
central nervous system is variably involved in these disorders, with symptoms that include
seizures, encephalopathy, cognitive impairment, and hearing loss. Less than 7% of patients
live more than 42 years.

Based on clinical and molecular genetics findings of paticnts thus diagnosed, three
disease presentations were identified: i) infantile-onset (<1 year-old) myopathy with onset of
weakness in the first year of life with severe mtDNA depletion and early mortality; ii)
childhood-onset (>1-11 years-old) myopathy with severe mtDNA depletion; and iii) late-
onset myopathy (=12 years-old) with mild weakness at onset and slow progression to loss of
ambulation, respiratory insufficiency, or both, often with chronic progressive external
ophthalmoparesis in adolescence or adulthood in association with mtDNA multiple deletions,
reduced mtDNA copy number, or both. See generally Garone, et al., (2016) in preparation.

Attempts to study the pathogenesis and test therapies for TK2 deficiency using
cultured fibroblasts from patients have been unsuccessful, because the replicating cells failed
to manifest mtDNA depletion. In contrast, a homozygous Tk2 H126N knock-in mutant (Tk2
") mouse model, manifests a phenotype that is strikingly similar to the human infantile
encephalomyopathy caused by 7K2 mutations, characterized by onset at age 10 days with
decreased ambulation, unstable gait, coarse tremor, growth retardation, and depletion of
mitochondrial DNA (mtDNA) progressing rapidly to early death at age 14 to 16 days, which
is a time period analogous to the human infantile-onset disease (Akman, et al. 2008; Dorado,
etal. 2011).

The studies set forth herein with Tk2 knock-in mice have shown the administration of
oral dC/dT prolonged delayed the onset of clinical symptoms of TK2 deficiency and
prolonged the lives of the mice by two- to three-fold (Example 2).

Additional experiments showed tissue-specific effects. Measurement of the dNTP
pool levels in mitochondria extracts showed that dCTP was rescued in brain and dTTP was
rescued in liver (Example 3). Measurement of mtDNA depletion showed both ACMP+dTMP
and dC+dT therapies rescued the mtDNA copy number in liver, muscle and tissue (Example
4). It was previously speculated that formation of the blood brain barrier might be
compromising the treatment bioavailability in brain. Nevertheless, HPLC measurements
showed that catalytic products of these compounds were found in higher concentrations after

both nucleotides monophosphates and deoxynucleosides treatment, suggesting that they are
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capable of crossing the blood brain barrier. mtDNA depletion measurements also showed a
completely rescue of mtDNA copy number in intestine.

Thus, the experiments set forth herein using the mouse model of Tk2 deficiency show
the administration of deoxynucleosides to be effective and safe for the treatment of the
disease. Additionally, as shown in Example 5, the administration of dT and dC greatly
improved the symptoms of TK2 deficiency in patients.

Thus, the present invention includes the administration of at least one
deoxynucleoside to a patient in need thereof. In one embodiment, the present invention
includes the administration of at least one deoxpyrimidine. In a further embodiment, the
deoxypyrimidine is chosen from dC, dT and mixtures thereof. In yet another embodiment, the
present invention includes the administration of at least one deoxypurine. In a further
embodiment, the deoxypurine is chosen from dA, dG, and mixtures thereof.

Patients who would benefit from the administration of deoxynucleosides would be
those diagnosed with TK2 deficiency. In these patients, at least one deoxypyrimidine, dC or
dT, or mixtures thereof would be administered.

A parallel defect of deoxyguanosine kinase (dGK), due to autosomal recessive
mutations in DGUOK with deficiencies in dGMP and dAMP, causes mtDNA depletion
typically manifesting as early childhood-onset hepatocerebral disease (Mandel, et al. 2001).
These patients would benefit from the administration of at least one deoxypurine, dG or dA,
or mixtures thereof.

Other forms of MDS as well as other disorders related to unbalanced nucleotide pools
can be treated by the administration of specific deoxynucleosides, i.e., dA, dG, dC, or dT, or
mixtures thereof. These disorders would include but are not limited to deficiencies related to
RRM?2B (encoding p53R2, the p53 inducible small subunit of ribonucleotide reductase, RNR)
and mutations in TYMP (encoding thymidine phosphorylase, TP) which cause mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE). Additional nuclear genes that disrupt
mitochondrial ANTP pools include but are not limited to SUCLA2, SUCLGI and MPV]7.
Disorders related to these genes can also be treated by the administration of one or more
deoxynucleosides.

Additionally, as the mechanisms of other forms of MDS and other disorders become
clucidated, the proper deoxynucleoside(s) for treatment can be determined by the skilled
practitioner.

Patients that exhibit the phenotype discussed above for TK2 deficiency including the

most typical presentation of progressive muscle disease characterized by generalized
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hypotonia, proximal muscle weakness, loss of previously acquired motor skills, poor feeding,
and respiratory difficulties, can be tested to definitively diagnose the disease.

If the clinical presentation is highly suspicious for mtDNA depletion
syndrome, molecular genetic testing using a panel of genes known to cause mtDNA depletion
syndrome should be performed (Chanprasert, et al. 2012). The TKZ2 gene is the only gene in
which mutations are known to cause TK2-related mitochondrial DNA depletion syndrome.
This testing can include a sequence analysis of the entire coding and exon/intron junction
regions of TK2 for sequence variants and deletion/duplication. If compound heterozygous or
homozygous deleterious mutations are identified in the sequence analysis, the diagnosis of
TK?2 deficiency is confirmed, and thus, the subject would benefit from the deoxynucleoside
therapy. If sequence analysis does not identify two compound heterozygous or homozygous
deleterious mutations, deletion/duplication analysis should be considered to determine and/or
confirm a TK2 deficiency diagnosis.

Further tests to determine and/or confirm a TK2 deficiency diagnosis may include
testing serum creatine kinase (CK) concentration, electromyography, histopathology on
skeletal muscle, mitochondrial DNA (mtDNA) content (copy number), and electron transport
chain (ETC) activity in skeletal muscle. If one or more of the following is found in these
tests, the TK2 deficiency is determined and/or confirmed. Elevated CK concentration as
compared to healthy controls can indicate TK2 deficiency. A skeletal muscle biopsy can be
performed, and then a mtDNA content analysis in skeletal muscle performed. If the skeletal
muscle biopsy shows prominent variance in fiber size, variable sarcoplasmic vacuoles,
variable increased connective tissue, and ragged red fibers as well as increased succinate
dehydrogenase (SDH) activity and low to absent cytochrome ¢ oxidase (COX) activity, and
mtDNA copy number is severely reduced (typically less than 20% of age- and tissue-matched
healthy controls), a diagnosis of TK2 deficiency can be determined and/or confirmed
(Chanprasert, et al. 2012).

Additionally, TK?2 deficiency is inherited in an autosomal recessive manner. Thus, a
sibling of an affected patient can be tested as early as possible after birth to diagnose the
disease.

In all of these examples, deoxynucleoside therapy should be started as soon as

possible after a diagnosis of TK2 deficiency.
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Pharmaceutical Compositions, Methods of Administration, and Dosing

The present invention encompasses the administration of deoxynucleosides, more
specifically one or more deoxynucleosides.

Most preferred methods of administration are oral, intrathecal and parental including
intravenous. The deoxynucleosides must be in the appropriate form for administration of
choice.

Deoxynucleosides are easily dissolved in liquid are easily dissolved in liquid (such as
water, formula or milk) whereas the free acid form does not readily dissolve in liquid.

Such pharmaceutical compositions comprising one of more deoxynucleosides for
administration may comprise a therapeutically effective amount of the deoxynucleosides and
a pharmaceutically acceptable carrier. The phrase "pharmaceutically acceptable” refers to
molecular entities and compositions that are physiologically tolerable and do not typically
produce an allergic or similar untoward reaction, such as gastric upset, dizziness and the like,
when administered to a human, and approved by a regulatory agency of the Federal or a state
government or listed in the U.S. Pharmacopeia or other generally recognized pharmacopeia
for use in animals, and more particularly in humans. “Carrier” refers to a diluent, adjuvant,
excipient, or vehicle with which the therapeutic is administered. Such pharmaceutical
carriers can be sterile liquids, such as saline solutions in water and oils, including those of
petroleum, animal, vegetable, or synthetic origin, such as peanut oil, soybean oil, mineral oil,
sesame oil, and the like. A saline solution is a preferred carrier when the pharmaceutical
composition is administered intravenously. Saline solutions and aqueous dextrose and
glycerol solutions can also be employed as liquid carriers, particularly for injectable
solutions.  Suitable pharmaceutical excipients include starch, glucose, lactose, sucrose,
gelatin, malt, rice, flour, chalk, silica gel, sodium stearate, glycerol monostearate, talc,
sodium chloride, dried skim milk, glycerol, propylene, glycol, water, ethanol, and the like.
The composition, if desired, can also contain minor amounts of wetting or emulsifying
agents, or pH buffering agents.

Oral admunistration is a preferred method of adminstration. The deoxynucleosides
can be added to any form of liquid a patient would consume including but not limited to,
milk, both cow’s and human breast, infant formula, and water.

Additionally, pharmaceutical compositions adapted for oral administration may be
capsules, tablets, powders, granules, solutions, syrups, suspensions (in non-aqueous oOr
aqueous liquids), or emulsions. Tablets or hard gelatin capsules may comprise lactose, starch

or derivatives thereof, magnesium stearate, sodium saccharine, cellulose, magnesium
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carbonate, stearic acid or salts thereof. Soft gelatin capsules may comprise vegetable oils,
waxes, fats, semi-solid, or liquid polyols. Solutions and syrups may comprise water, polyols,
and sugars. An active agent intended for oral administration may be coated with or admixed
with a material that delays disintegration and/or absorption of the active agent in the
gastrointestinal tract. Thus, the sustained release may be achieved over many hours and if
necessary, the active agent can be protected from degradation within the stomach.
Pharmaceutical compositions for oral administration may be formulated to facilitate release
of an active agent at a particular gastrointestinal location due to specific pH or enzymatic
conditions.

In order to overcome any issue of the deoxynucleosides crossing the blood/brain
barrier, intrathecal administration is a further preferred form of administration (Galbiati, et al.
2006; Gotz, et al. 2008). Intrathecal administration involves injection of the drug into the
spinal canal, more specifically the subarachnoid space such that it reaches the cerebrospinal
fluid. This method is commonly used for spinal anesthesia, chemotherapy, and pain
medication.  Intrathecal administration can be performed by lumbar puncture (bolus
injection) or by a port-catheter system (bolus or infusion). The catheter is most commonly
inserted between the laminae of the lumbar vertebrae and the tip is threaded up the thecal
space to the desired level (generally L3-L4). Intrathecal formulations most commonly use
water, and saline as excipients but EDTA and lipids have been used as well.

A further preferred form of administration is parenteral including intravenous
administration. Pharmaceutical compositions adapted for parenteral administration, including
intravenous administration, include aqueous and non-aqueous sterile injectable solutions or
suspensions, which may contain anti-oxidants, buffers, bacteriostats, and solutes that render
the compositions substantially isotonic with the blood of the subject. Other components
which may be present in such compositions include water, alcohols, polyols, glycerine, and
vegetable oils. Compositions adapted for parental administration may be presented in unit-
dose or multi-dose containers, such as sealed ampules and vials, and may be stored in a
freeze-dried (lyophilized) condition requiring only the addition of a sterile carrier,
immediately prior to use. Extemporancous injection solutions and suspensions may be
prepared from sterile powders, granules, and tablets. Suitable vehicles that can be used to
provide parenteral dosage forms of the invention are well known to those skilled in the art.
Examples include: Water for Injection USP; aqueous vehicles such as Sodium Chloride
Injection, Ringer's Injection, Dextrose Injection, Dextrose and Sodium Chloride Injection,

and Lactated Ringer's Injection; water-miscible vehicles such as ethyl alcohol, polyethylene
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glycol, and polypropylene glycol; and non-aqueous vehicles such as corn oil, cottonseed oil,
peanut oil, sesame oil, ethyl oleate, isopropyl myristate, and benzyl benzoate.

Additionally, since some patients may be receiving enteral nutrition by the time the
deoxynucleoside treatment begins, the dNs can be administered through a gastronomy
feeding tube or other enteral nutrition means.

Further methods of administration include mucosal, such as nasal, sublingual, vaginal,
buccal, or rectal; or transdermal administration to a subject.

Pharmaceutical compositions adapted for nasal and pulmonary administration may
comprise solid carriers such as powders, which can be administered by rapid inhalation
through the nose. Compositions for nasal administration may comprise liquid carriers, such
as sprays or drops. Alternatively, inhalation directly through into the lungs may be
accomplished by inhalation deeply or installation through a mouthpiece. These compositions
may comprise aqueous or oil solutions of the active ingredient. Compositions for inhalation
may be supplied in specially adapted devices including, but not limited to, pressurized
acrosols, nebulizers or insufflators, which can be constructed so as to provide predetermined
dosages of the active ingredient.

Pharmaceutical compositions adapted for rectal administration may be provided as
suppositories or enemas. Pharmaceutical compositions adapted for vaginal administration
may be provided as pessaries, tampons, creams, gels, pastes, foams or spray formulations.

Pharmaceutical compositions adapted for transdermal administration may be provided
as discrete patches intended to remain in intimate contact with the epidermis of the recipient
over a prolonged period of time.

The deoxynucleoside therapy comprises the administration of one or more
deoxynucleosides chosen from the group consisting of deoxythymidine (dT), deoxycytidine
(dC), deoxyadenosine (dA) and deoxyguanosine (dG).

A skilled practitioner can determine which deoxynucleosides are beneficial based
upon the deficiency. It is also within the skill of the art for the practitioner to determine if
mixtures of the deoxynucleosides should be administered and in what ratio. If two
deoxynucleosides are to be administered, they can be in a ratio of 50/50 of each
deoxynucleoside, e.g., dC and dT, or in ratios of about 5/95, 10/90, 15/85, 20/80, 25/75,
30/70, 35/65, 40/60, 45/55, 55/45, 60/40, 65/35, 70/30, 75/25, 80/20, 85/15, 90/10, and 95/5.

By way of example, dT and dC are administered in mixture of equal amounts for TK2

deficiency.
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Selection of a therapeutically effective dose will be determined by the skilled artisan
considering several factors, which will be known to one of ordinary skill in the art. Such
factors include the particular form of the deoxynucleoside, and its pharmacokinetic
parameters such as bioavailability, metabolism, and half-life, which will have been
established during the usual development procedures typically employed in obtaining
regulatory approval for a pharmaceutical compound. Further factors in considering the dose
include the condition or disease to be treated or the benefit to be achieved in a normal
individual, the body mass of the patient, the route of administration, whether the
administration is acute or chronic, concomitant medications, and other factors well known to
affect the efficacy of administered pharmaceutical agents. Thus, the precise dose should be
decided according to the judgment of the person of skill in the art, and each patient’s
circumstances, and according to standard clinical techniques.

A preferred dose ranges from about 100 mg/kg/day to about 1,000 mg/kg/day. A
further preferred dose ranges from about 200 mg/kg/day to about 800 mg/kg/day. A further
preferred dose ranges from about 250 mg/kg/day 1o about 400 mg/kg/day. These dosage
armounts are of individual deoxynucleosides or of a composition with a mixture of more than
one deoxynucleosides, e.g., dT and dC. For example, a dose can comprise 400 mg/kg/day of
dT alone. In a further example, a dose can comprise a mixture of 200 mg/kg/day of dT and
200 mg/kg/day of dC. In a further example, a dose can comprise 400 mg/kg/day of a mixture
of dT and dC.

Administration of the deoxynucleosides can be once a day, twice a day, three times a
day, four times a day, five times a day, up to six times a day, preferably at regular intervals.
For example, when the deoxynucleosides are administered four times daily, doses would be
at 8:00 AM, 12:00 PM, 4:00 PM, and 8:00 PM.

Doses can also be lowered if being administered intravenously or intrathecally.
Preferred dose ranges for such administration are from about 50 mg/kg/day to about 500
mg/kg/day.

As shown in Example 5, doses can be adjusted to optimize the effects in the subject.
For example, the deoxynucleosides can be administered at 100 mg/kg/day to start, and then
increased over time to 200 mg/kg/day, to 400 mg/kg/day, to 800 mg/kg/day, up to 1000
mg/kg/day, depending upon the subject’s response and tolerability.

A subject can be monitored for improvement of their condition prior to increasing the
dosage. A subject’s response to the therapeutic administration of the deoxynucleosides can

be monitored by observing a subject’s muscle strength and control, and mobility as well as
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changes in height and weight. If one or more of these parameters increase after the
administration, the treatment can be continued. If one or more of these parameters stays the
same or decreases, the dosage of the deoxynucleosides can be increased.

As shown in the Examples, the deoxynucleosides are well tolerated. Any observed
adverse effects were minor and were mostly diarrhea, abdominal bloating and other
gastrointestinal manifestations. A subject can also be monitored for any adverse effects, such
as gastrointestinal intolerance, e.g., diarrhea. If one or more adverse effects are observed
after administration, then the dosage can be decreased. If no such adverse effects are
observed, then the dosage can be increased. Additionally, once a dosage is decreased due to
the observation of an adverse effect, and the adverse effect is no longer observed, the dosage
can be increased.

The deoxynucleosides can also be co-administered with other agents. Such agents
would include therapeutic agents for treating the symptoms of the particular form of MDS.
In particular, for TK2 deficiency, the dT and dC can be co-administered with an inhibitor of
ubiquitous nucleoside catabolic enzymes, including but not limited to enzyme inhibitors such
as tetrahydrouridine (inhibitor of cytidine deaminase) and immucillin H (inhibitor of purine
nucleoside phosphorylase) and tipiracil (inhibitor of thymidine phosphorylase). Such

inhibitors are known and used in the treatment of some cancers.

EXAMPLES

The present invention may be better understood by reference to the following non-
limiting examples, which are presented in order to more fully illustrate the preferred
embodiments of the invention. They should in no way be construed to limit the broad scope

of the invention.

Example 1- Materials and Methods
Mouse Model of TK2 Deficiency

A homozygous Tk2 HI26N knock-in mutant (7k2”) mouse that manifests a
phenotype strikingly similar to the human infantile encephalomyopathy has been previously
reported (Akman, et al. 2008). Between postnatal day 10 and 13, Tk2" mice rapidly develop
fatal encephalomyopathy characterized by decreased ambulation, unstable gait, coarse
tremor, growth retardation, and rapid progression to early death at age 14 to 16 days.
Molecular and biochemical analyses of the mouse model demonstrated that the pathogenesis

of the disease is due to loss of enzyme activity and ensuing dNTP pool imbalances with
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decreased dTTP levels in brain and both dTTP and dCTP levels in liver, which, in turn,
produces mtDNA depletion and defects of respiratory chain enzymes containing mtDNA-
encoded subunits, most prominently in the brain and spinal cord.

All experiments were performed according to a protocol approved by the Institutional
Animal Care and Use Committee of the Columbia University Medical Center, and were
consistent with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Mice were housed and bred according to international standard conditions, with a
12-hour light, 12-hour dark cycle, and sacrificed at 4, 13, and 29 days of age.

Organs (brain, spinal cord, liver, heart, kidney, quadriceps muscle, lung, and
gastrointestinal tract) were removed and either frozen in the liquid phase of isopentane, pre-
cooled near its freezing point (-160°C) with dry ice or fixed in 10% neutral buffered formalin
and embedded in paraffin using standard procedures. Paraffin embedded tissue were then
stained with hematoxylin and eosin (H&E) for morphological study or processed for
immunostaining studies with GFAP, COX I, or complex I subunit as detailed described in the
supplemental procedures. Both heterozygous and homozygous wild type mice were
considered as control group (Tk2") since no clinical and biochemical difference were
previously described (Akman, et al. 2008; Dorado, et al. 2011).

Treatment administration and experimental plan

Deoxycytidine (dC) and deoxythymidine (dT) were administered in 50 pl of Esbilac
milk formula for small pets (Pet-Ag) by daily oral gavage to Tk2 H126N knockin mice (Tk2”
) and aged matched control wild-type (7k2") using 2 doses, 260 mg/kg/day and 520
mg/kg/day, from post-natal day 4 to 29 days. At age 21 days, mice were separated from the
mother and the treatment was continued by administration of dC and dT in drinking water
using equimolar doses respectively of 1.6mM and 3.2mM. A negative control group of
untreated Tk2 mutant and control wild-type mice were weighed and observed closely for
comparison.

Phenotype assessment

Body weight was assessed daily, since it has been previously observed that incapacity
of gaining weight is the first sign of disease (Akman, et al. 2008).

To define the degree of safety and efficacy of dT/dC, survival time, age-at-onset of
disease, type and severity of symptoms, occurrence of side effects, and proportion of

treatment termination due to adverse events in treated and untreated Tk2 mice were
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compared. General behavior, survival time, and body weights of the mice were assessed daily
beginning at postnatal day 4.

dNTP pool by polymerase extension assay

Tissues were homogenized on ice in 10 volumes (w/v) of cold MTSE buffer (210
mM mannitol, 70 mM sucrose, 10 mM Tris—HCI pH 7.5, 0.2 mM EGTA, 0.5% BSA) and
centrifuged at 1000g for 5 minutes at 4°C, followed by three centrifugations at 13,000g for
2 minutes at 4°C. Supernatant was precipitated with 60% methanol, kept 2 hours at -80°C,
boiled 3 minutes, stored at -80°C (from 1 hour to overnight) and centrifuged at 20,800g for
10 minutes at 4°C. Supernatants were evaporated until dry and pellet was resuspended in
65 ul of water and stored at -80°C until analysed. To minimize ribonucleotide interference,
total ANTP pools were determined as reported (Ferraro, et al. 2010; Marti, et al. 2012a).
Briefly, 20 pl volume reactions was generated by mixing 5 pl of sample or standard dNTP
with 15 pl of reaction buffer [0.025 U/ml ThermoSequenase DNA polymerase (GE
Healthcare, Piscataway, NJ, USA) or Taq polymerase (Life Technologies, NY, USA), 0.75
uM 3H-dTTP or 3H-dATP (Moravek Biochemicals), 0.25 uM specific oligonucleotide, 40
mM Tris—HCI, pH 7.5, 10 mM MgCI2, SmM DTT]. After 60 minutes at 48°C, 18 ml of
reaction were spotted on Whatman DES1 filters, air dried and washed three times for 10
minutes with 5% Na2HPO4, once in distilled water and once in absolute ethanol. The
retained radioactivity was determined by scintillation counting.

Nucleosides measurements by HPLC

Deoxythymidine (dT), deoxyuridine (dU), uracil (U) and thymine (T) levels were
assessed by a gradient-elution HPLC method as described previously (Lopez, et al. 2009;
Marti, et al. 2012b), with minor modifications. Briefly, deproteinized samples were
injected into an Alliance HPLC system (Waters Corporation) with an Alltima C18NUC
reversed-phase column (Alltech) at a constant flow rate of 1.5 ml/min (except where
indicated) using four buffers: eluent A (20 mM potassium phosphate, pH 5.6), eluent B
(water) and eluent C (methanol). Samples were eluted over 60 minutes with a gradient as
follows: 0—5 min, 100% eluent A; 5-25 min, 100-71% ecluent A, 29% eluent B; 25-26
min, 0-100% eluent C; 26-30 min, 100% eluent C; 30-31 min, 0—-100% eluent B; 31-35
min, 100% eluent B (1.5 — 2 ml/min); 35 — 45 min, 100% eluent B (2 ml/min); 45 — 46
min, 100% eluent B (2-1.5 ml/min); 46—47 min, 0-100% eluent C; 47-50 min, 100%
eluent C; 50-51 min, 0—100% eluent A; and 51-60 min, 100% eluent A.

Absorbance of the eluates was monitored at 267 nm and dThd and dUrd peaks were

quantified by comparing their peak areas with a calibration curve obtained with aqueous
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standards. For definitive identification of deoxythymidine, deoxyuridine, uracil, and
thymine peaks for each sample, a second aliquot was treated with excess of purified E. coli
TP (Sigma) to specifically eliminate dT and dU. The detection limit of this method is 0.05
mmol/l for all nucleosides. Results were expressed as nmol/mg of protein.

RT-gPCR: mitochondrial DNA quantification

Real-time PCR was performed with the primers and probes for murine COX I gene
(mtDNA) and mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH, nDNA) (Applied
Biosystems, Invitrogen, Foster City, CA, USA) as described as described using ddCt method
in a Step One Plus Real Time PCR System (Applied Biosystems) (Dorado, et al. 2011).
MtDNA values were normalized to nDNA values and expressed as percent relative to wild-
type (100%).

Mitochondrial respiratory chain protein levels

Thirty micrograms of whole brain cerebrum or cerebellum extracts were
electrophoresed in an SDS-12% PAGE gel, transferred to Immun-Blot™ PVDF membranes
(Biorad, Hercules, CA, USA) and probed with MitoProfile® Total OXPHOS Rodent WB
Antibody Cocktail of antibodies (MitoSciences, Eugene, OR, USA). Protein—antibody
interaction was detected with peroxidase-conjugated mouse anti-mouse IgG antibody (Sigma-
Aldrich, St Louis, MO, USA), using Amersham™ ECL Plus western blotting detection
system (GE Healthcare Life Sciences, UK). Quantification of proteins was carried out using
NIH Imagel 1.37V software. Average gray value was calculated within selected areas as the
sum of the gray values of all the pixels in the selection divided by the number of pixels.

Mitochondrial respiratory chain enzyme activities by spectrophotometer analysis

Mitochondrial RC enzymes analysis was performed in cerebrum tissue as previously
described (DiMauro, et al. 1987).

Statistical methods

Data are expressed as the mean = SD of at least 3 experiments per group. Gehan-
Breslow-Wilcoxon test was used to compare the survival proportion of each group of mice. A

p-value of <0.05 was considered to be statistically significant.

Example 2- The Administration of dC/dT to Tk2”" Mice Delayed the Clinical Onset of TK2

Deficiency and Increased Survival

A dose of 260 and 520 mg/kg/day each of deoxynucleosides (dC/dT) were

administered to the Tk2”" mice. These doses of deoxynucleosides were the molar equivalent

of 400 and 800 mg/kg/day of dCMP+dTMP respectively.
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Mice treated with oral dC+dT (260 or 520mg/kg/day from age 4 days) appeared
normal until postnatal day 21 (Figure 1). After age 21 days, mutant mice treated with 260

mg/kg/day dose (Tk2'~ 260 me/kefday dCAT

) stopped gaining weight and developed mild head
tremor and weakness that led to death at postnatal day 31+4.3 (Figure 2).

Mutant mice treated with the 520 mg/kg/day dC+dT (Tk2~ 220 me/Kelday dCTy o5 inyed
to gain weight for one additional week, but subsequently manifested deterioration similar to
Tk 7260 me/Ke/day dCHT " d died at postnatal day 43+10. These results are comparable to those
showed by Tk2" mice treated with 200 or 400mg/kg/day of oral dCMP/dTMP treatment.
Tk2* 260 melkg/day dCHT o, g+ 520 meke/day dCAT gore followed until postnatal day 60. No side
effects were observed.

As shown, the lifespan of the treated Tk2" was significantly increased. Untreated
Tk2" mice showed a mean lifespan of 13 days, while treated mice survived a mean of 31 and
40 days with the 260 and 520 mg/kg/day dose, respectively (Figure 2). Interestingly, one of
the mice survived to postnatal day 56, which has been the longest lifespan for the Tk2 knock-

in mouse model to date.

Example 3- Oral dC/dT Ameliorates Molecular Abnormalities in Brain and Liver

Measurement of dNTPs in mitochondrial extract showed that both Tk2™~ 260 me/Ke/day

CAT and Tk27- 320 my/Ke/day dCHT 434 pot fully correct mitochondrial ANTP pool imbalances at
postnatal day 13 and manifested variable effects in tissues with a completed rescue of dCTP
deficits in brain, while dTTP was corrected in the liver. In contrast, deficiencies of dTTP in
brain and dCTP in liver remained severe despite deoxynucleoside supplementation (Figure
3).

In Tk2'~ 260 me/Ke/day dCAT 5 q g7 320 me/Kelday dCMT oo at postnatal day 13, the
treatment prevented mtDNA depletion in heart, liver, kidney, intestine and muscle (Figure 4).
In contrast, mtDNA copy number was only partially ameliorated in brain at postnatal day 13
in a dose-dependent manner with mtDNA/nDNA ratios relative to control brain reaching 39%
with 260 mg/kg/day of dC+dT and 52% with 520 mg/kg/day. Measurements of the bases dT
and uracil in brain by HPLC showed higher levels in animals treated with dC+dT or with
dCMP+dTMP (Figure 5), further indicating that both deoxynucleosides and deoxynucleoside
monophosphates cross the blood brain barrier. At postnatal day 29, mtDNA depletion was
partially rescued by 260 and 520 mg/kg/day of dC+dT therapy in heart (40 and 35%), liver
(46 and 45%), kidney (38 and 42%) and muscle (24 and 35%), but strikingly was fully
rescued in intestine (82 and 84%) (Figure 4).
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Example 4- Oral dC/dT Ameliorates Biochemical Abnormalities in Brain

Respiratory chain enzyme (RCE) activities and protein levels were completely

. . -/- 260 mg/Kg/day dC/dT
rescued in brain of TK2 merherday

at postnatal day 13 (Figure 6). RCE activities were
also restored at postnatal day 29, and only a slight decrease of complex I activity could be
observed in TK275? Ome/Ke/day dCUT (Bioyre ). RCE protein levels in brain were partially
restored at postnatal day 29 with higher levels in TK27 20 me/Ke/day dCAT 0 4y TR0
myKg/day dCHT (Fioure 7). These differences in protein levels were consistent with the
differences in mtDNA depletion in brains of treated mutant mice at postnatal day 29, and

likely accounted for the prolonged survival observed with the higher dose.

Example 5- Administration of dC/dT in Patients with TK2 Deficiency Was Efficacious

Symptoms, dosages, and outcomes of patients with TK2 deficiency who have
received deoxynucleoside therapy under the supervision and control of the inventors are
summarized below.

Patient 1

This patient was born in the United States in February 2011. His symptoms
manifested at 12 months with hypotonic and a floppy head. He has never walked. He also
has respiratory muscle weakness and was put on mechanical ventilation at 19 months, of
which he is still on 24 hours/day. He has also been on a feeding tube since 19 months.

He was previously on 100 mg/kg/day and then 200 mg/kg/day of dCMP and dTMP.
On this therapy, he was able to grip small objects and his weight increased from 10.4 kg to
19.5 kg.

In October of 2015, he began on 260 mg/kg/day of dC and dT which was increased to
340 mg/kg/day of dC and dT. After two months, he was moving his hands and head better,
able to stand 5 minutes with support of a person, starting to cough, and his heart rate was
slower (down from 140-170 bpm during day, to 100-120 bpm during day).

On March 23, 2016, the dose was increased to 400 mg/kg/day of dC and dT. After 6
weeks on this therapy, he showed further improvements: he was able to sit in a chair about 5
hours/day; stood in a “Stander” for 1.5 hours; about to grab and hold small stuffed animals;
pressed computer buttons; untied his diapers and aimed his penis to wet the person changing
the diaper; and held his knees flexed for a few seconds.

The only adverse effect seen during the treatment was diarrhea.



10

15

20

25

30

WO 2016/205671 PCT/US2016/038110
22

Patient 2

This patient was born in Spain in 1987. He began showing symptoms at 3 years of
age including proximal muscle weakness. He lost the ability to walk at age 13 and was
ventilated 24 hours a day. He was previously taking dJAMP and dCMP at 200 mg/kg/day and
showed a weight increase and a decrease of 24 to 22 hours a day on ventilation.

He has been on deoxynucleoside therapy since June of 2015 at 400 mg/kg/day dC and
dT, and has shown improvement in muscle strength, his weight and ventilation have
stabilized, and he is enjoying a better quality of life.

The only adverse effects seen during the treatment was diarrhea and hair loss.

Patient 3

This patient was born in Spain in 1985. His symptoms began at 6 years old with
facial, proximal, and axial muscle weakness. He started 200 mg/kg/day of dT and dC in June
of 2015 and to date, his condition has improved with improvements in 6 minute walk test,
time to get up and go, and climb up and down 4 steps.

The only adverse effect seen during the treatment was diarrhea.

Patient 4

This patient was born in Spain in February 2009. His symptoms manifested at six
months with failure to thrive. He started on 230 mg/kg/ day of dC and dT in July of 2015.
By January of 2016, he showed improvement in his condition and was eating better.

There were no observed adverse effects.

Patient 5

This patient was born in Spain in 1957 and began to have symptoms at 50 years old of
orthopnea, and diaphragmatic weakness. He is on BiPAP at night. He started on 200
mg/kg/day of dC and dT in November of 2015.

There were no observed adverse effects.

Patient 6

This patient was born in Spain in October 2011, and starting showing symptoms at 15
months, including hypotonia and weakness. He lost ambulation at 22 months, and has
respiratory muscle weakness. He started mechanical ventilation at 16 months and is currently
on BiPAP twelve hours a day. He was previously on dCMP and dAMP at 100 mg/kg/day that
was increased to 400 mg/kg/day. His strength as shown by Egen Klassification scale
improved (28/30 to 13/30) and his weight increased from 9.8 kg to 12.3 kg.
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He began deoxynucleoside therapy in April 2015 at 400 mg/kg/day of dC and dT. In
October of 2015, his change in Egen Klassification scale went from 13/30 to 11/30 and his
weight increased to 16.5 kg from 12.3 kg.

There were no observed adverse effects.

Patient 7

This patient was born in Spain in November of 2012. He started showing symptoms
at 17 months including weakness and hypotonia. He lost ambulation at 22 months and started
mechanical ventilation at 29 months. He was previously on dCMP and dAMP at 100
mg/kg/day that was increased to 400 mg/kg/day. His strength as shown by Egen
Klassification scale improved (30/30 to 24/30) and his weight increased from 11 kg to 15.7
kg.

He started deoxynucleoside therapy in April of 2015 with a dose of 400 mg/kg/day dT
and dC. In November of 2015, his change in Egen Klassification scale went from 24/30 to
19/30 and his weight increased to 17 kg from 15.7 kg.

There were no observed adverse effects.

Patient 8

This patient was born in Chile in September of 1989 and started showing symptoms at
11 months with frequent falls and progressive gait impairment. She lost the ability to walk
alone at about 4 years of age. She had been on nucleotide therapy previously and showed
improvement in her mobility, including walking unassisted, standing longer, climbing stairs,
attending gym class, and attending to personal needs.

She switched to deoxynucleoside therapy in February of 2016 at a dose of 260
mg/kg/day of dC and dT, and then increased to a dose of 400 mg/kg/day of dC and dT in May
of 2016 and continued to show improvement.

There were no observed adverse effects.

Patient 9

This patient was born in Guatemala in September of 1989. He began 130 mg/kg/day
of dC and dT in August of 2015 and increased to 260 mg/kg/day in February of 2016. He has
shown improved energy.

There were no observed adverse effects.
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CLAIMS:

1. A method of treating a disease or disorder characterized by unbalanced nucleotide
pools in a subject in need thereof comprising administering to the subject a therapeutically
cffective amount of a composition comprising at least one deoxynucleoside or a

physiologically functional derivative thereof.

2. The method of claim 1, wherein the disease or disorder characterized by unbalanced

nucleotide pools is a mitochondrial DNA depletion syndrome.

3. The method of claim 2, wherein the mitochondrial DNA depletion syndrome is

thymidine kinase 2 (TK2) deficiency.

4. The method of claim 1, wherein the disease or disorder characterized by unbalanced
nucleotide pools is characterized by at least one mutation in a gene chosen from the group

consisting of: TK2; DGUOK; TYMP; RRM2B; SUCLA2; SUCLGI; and MPV17.

5. The method of claim 2, wherein the mitochondrial DNA depletion syndrome is
chosen from the group consisting of deoxyguanosine kinase (dGK) deficiency, thymidine
phosphorylase (TP) deficiency, and at least one mutation in a gene chosen from the group

consisting of DGUOK, TYMP, RRM2B, POLG, and MPV17 gene.

6. The method of claim 1, wherein the subject is a mammal.

7. The method of claim 1, wherein the subject is a human.

8. The method of claim 1, wherein the composition comprises two or more
deoxynucleosides.

9. The method of claim 1, wherein the deoxynucleoside is a deoxypyrimidine.

10. The method of claim 9, wherein the deoxypyrimidine is chosen from the group

consisting of deoxycytidine (dC), deoxythymidine (dT), and mixtures thereof.
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11. The method of claim 1, wherein the deoxynucleoside is a deoxypurine.
12. The method of claim 19, wherein the deoxypurine is chosen from the group consisting

of deoxyadenosine (dA), deoxyguanosine (dG), and mixtures thereof.

13. The method of claim 1, wherein the therapeutically effective amount is between about

100 mg/kg/day and about 1000 mg/kg/day.

14. The method of claim 1, wherein the therapeutically effective amount is between about

200 mg/kg/day and about 800 mg/kg/day.

15. The method of claim 1, wherein the therapeutically effective amount is between about

250 mg/kg/day and about 400 mg/kg/day.

16. The method of claim 13, wherein the composition comprises more than one
deoxynucleoside and the therapeutically effective amount is between about 100 mg/kg/day

and about 1000 mg/kg/day of each deoxynucleoside in the composition.

17. The method of claim 13, wherein the composition comprises more than one
deoxynucleoside and the therapeutically effective amount is between about 100 mg/kg/day

and about 1000 mg/kg/day of the total deoxynucleoside in the composition.

18. The method of claim 14, wherein the composition comprises more than one
deoxynucleoside and the therapeutically effective amount is between about 200 mg/kg/day

and about 800 mg/kg/day of each deoxynucleoside in the composition.

19. The method of claim 14, wherein the composition comprises more than one
deoxynucleoside and the therapeutically effective amount is between about 200 mg/kg/day

and about 800 mg/kg/day of the total deoxynucleosides in the composition.

20. The method of claim 15, wherein the composition comprises more than one
deoxynucleoside and the therapeutically effective amount is between about 250 mg/kg/day

and about 400 mg/kg/day of each deoxynucleoside in the composition.
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21. The method of claim 15, wherein the composition comprises more than one
deoxynucleoside and the therapeutically effective amount is between about 250 mg/kg/day

and about 400 mg/kg/day of the total deoxynucleosides in the composition.

22. The method of claim 1, wherein the composition is administered once daily, twice

daily, three times daily, four times daily, five times daily or six times daily.

23. The method of claim 1, wherein the composition administered orally, intrathecally,

enterally, or intravenously.

24. The method of claim 23, wherein the composition is administered orally and
comprises deoxynucleoside mixed with cow’s milk, human breast milk, infant formula or

water.

25. The method of claim 1, further comprising administering to the subject an inhibitor of

thymidine phosphorylase.

26. The method of claim 25, wherein the inhibitor of thymidine phosphorylase is tipiracil.

27. The method of claim 1, further comprising administering to the subject an inhibitor of

cytidine deaminase.

28. The method of claim 27, wherein the inhibitor of cytidine deaminase is

tetrahydrouridine [THU].

29. The method of claim 1, wherein the therapeutically effective amount of the

composition administered to the subject is increased over time.

30. The method of claim 29, wherein a first therapeutically effective amount of the
composition administered to the subject is about 100 mg/kg/day of composition, and wherein
the therapeutically effective amount of the composition is increased over time to 200 mg/kg/

day, to 400 mg/kg/day, to 800 mg/kg/day, up to 1000 mg/kg/day.
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31. The method of claim 1, wherein the composition comprises a pharmaceutically
acceptable carrier.
32. A method for the treatment of TK deficiency in a subject comprising:
a. obtaining a sample from the subject, said sample comprising nucleic acid;
b. performing sequence analysis of the TK2 gene in the nucleic acid of the subject;
c. determining the subject has TK2 deficiency when a homozygous mutation or

compound heterozygous mutations in the 7K2 gene is detected; and
d. administering a therapeutically effective amount of a composition comprising

deoxycytidine (dC), deoxythymidine (dT), and mixtures thereof to the subject.

33. The method of claim 32, further comprising:

a. detecting the level of creatine kinase concentration in a sample from the subject;

b. performing a biopsy on skeletal muscle of the subject;

c. measuring mitochondrial DNA count in skeletal muscle of the subject; and

d. further determining and/or confirming the subject has TK2 deficiency if one or more

of the following is detected: the levels of creatine kinase concentration are increased or
clevated compared to healthy controls; the skeletal muscle of the subject comprises
prominent variance in fiber size, variable sarcoplasmic vacuoles, variable increased
connective tissue, ragged red fibers, and cytochrome ¢ oxidase (COX) deficient fibers: and

mitochondrial DNA levels are decreased compared to healthy controls.

34. The method of claim 3, further comprising monitoring the subject after the

administration of the composition, comprising:

a. observing muscle strength and control;

b. observing differences in height and weight;

c. observing mobility; and

d. determining an improvement in condition of the subject if any of observations (a) —

(c) are increased after administration of the composition, and determining no improvement if
any of observations (a) — (c) are the same or decreased after administration of the

composition.

35. The method of claim 34, wherein if the determination of no improvement is made in

step (d), the therapeutically effective amount of the composition is increased.
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36. The method of claim 1, further comprising monitoring the subject for an adverse
cffect after the administration of the composition, wherein if an adverse effect is observed,

the therapeutically effective amount of the composition is decreased.

37. The method of claim 36, further comprising monitoring the subject for the observed
adverse effect after the therapeutically effective amount of the composition is decreased,
wherein if the adverse effect is no longer observed, the therapeutically effective amount of

the composition is increased.

38. The method of claim 36, wherein an adverse effect is a gastrointestinal intolerance.

39. The method of claim 36, wherein the adverse effect is chosen from the group

consisting of diarrhea and abdominal bloating.
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A. CLASSIFICATION OF SUBJECT MATTER

CPC - A61K 31/7068, 31/7064, 31/7072; C12Q 1/6869; CO7D 4

IPC(8) - A81K 31/7068, 31/7064, 31/7072; CO7D 403/06 (2016.01)

03/06

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched $classiﬁcation system followed by ¢
IPC(8): A61K 31/7068, 31/7064, 31/7072; CO7D 403/06 (2016.01)

CPC: A61K 31/7068, 31/7064, 31/7072; C12Q 1/6869; CO7D 403/06

lassification symbols)

CPC: A61K 31/7068, 31/7064, 31/7072; C12Q 1/6869; CO7D 403/06
USPC: 514/49(text search)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

(text search)

Electronic data base consulted during the international search (name of
Electronic data bases: PatBase; Google Patents; Google Scholar

gene, administer deoxypyrimidine (deoxythymidine or deoxycytidine),

data base and, where practicable, search terms used)

Search terms: Mitochondrial DNA depletion syndrome (MDS), thymidine kinase 2 (TK2) deficiency, mutation TK2 gene, sequence TK2

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X GARONE et al. Deoxypyrimidine monophosphate bypass therapy for thymidine kinase 2 1-4,6,7,9, 10, 13-15, 22
—_ deficiency. EMBO Mol Med 26 June 2014 Vol 6 No 8 Pages 1016-1027. Especially abstract, pg | -25, 29-31
Y 1016 col 2, pg 1017 col 1 para 2, para 2, pg 1024 col 1 para 1, pg 1024 col 1 parab | ————---
26-28, 32-39
Y MedChem Express. Tipiracil hydrochloride (online) 2014 [retrisved 26 October 2016] Available | 26
on the internet: <ULR: https://www.medchemexpress.com/Tipiracil-
hydrochloride.htm!?gclid=Cj0KEQjwqMHABRDVI6_hqKGDyNIBEiQAN-OShEKNyE4wS-
bWnZLDeUwtN_gQ5bhgZHaeJwqW6uzbxVkaAsPf8P8HAQ>. Especially pg 1
Y CAMARA et al. Feeding the deoxyribonucleoside salvage pathway to rescue mitochondrial 27,28
DNA. Drug Discov Today October 2013 Vol 18 No 19-20 Pages 950-957. Especially Pg 955 col
2 para 3-4.
Y WO 2012/125848 A2 (Baylor College of Medicine) 30 September 2012 (30.09.2012). Especially | 32-39
para [0044], [0080]
Y GARONE et al. Clinical and genetic spectrum of mitochondrial neurogastrointestinal 38,39
encephalomyopathy. Brain November 2011 Vol 134 Pt 11 pages 3326-3332. Especially pg 3328
col 1 para3

D Further documents are listed in the continuation of Box C.

O

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international

. filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

24 October 2016

Date of mailing of the international search report

16 NOV 2016

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young
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PCT OSP: 571-272-7774
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INTERNATIONAL SEARCH REPORT ) International application No.
PCT/US 16/38110

Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. l:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
—-Go to Extra Sheet for continuation-——--—-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees. .

3. I:I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. }X{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
14,6, 7,9, 10, 13-15, 22-39 limited to TK2 defects and therapeutical deoxycytidine

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US 16/38110

—-continuation of Box 1l (Lack of Unity of Invention)——

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I+: Claims 1-39, drawn to a method of treating a disease or disorder characterized by unbalanced nucleotide pools in a subject
comprising administering at least one deoxynucleoside. The method will be searched to the extent that the DNA depletion syndrome
encompasses the defect in the first named gene, thymidine kinase 2 (TK2) (claims 3-4), and the first named therapeutical
deoxynucleotide, deoxycytidine (dC) (claim 10). Itis believed that claims 1-4, 6, 7, 9, 10, 13-15, 22-39 read on this first named invention
and thus these claims will be searched without fee to the extent that they encompass TK2 defects and therapeutical deoxycytidine (dC).
Additional depletion syndromes, mutant genes, and therapeutic deoxynucleosides will be searched upon payment of additional fees.
Applicant must specify the claims that encompass any additional elected depletion syndromes, mutant genes, and therapeutic
deoxynucleosides. Applicants must further indicate, if applicable, the claims which read on the first named invention if different than what
was indicated above for this group. Failure to clearly identify how any paid additional invention fees are to be applied to the "+" group(s)
will result in only the first claimed invention to be searched/examined. An exemplary election would be deoxyguanosine kinase (dGK),
DGUOK and deoxyguanosine (dG): (Claims 1, 2, 5-8, 11-24, 29-31).

The inventions listed as Group I+ do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Among the inventions listed as Groups 1+ are the specific nucleotide deficiencies and mutant genes recited therein. The inventions do
not share a special technical feature, because no significant structural similarities can readily be ascertained among the nucleotide
deficiencies or genes containing a mutation.

Common Technical Features:
Group I+ shares the common technical feature of independent claims 1 and 32.

However, said common technical features do not represent a contribution over the prior art and is obvious over the technical publication
titted "Deoxypyrimidine monophosphate bypass therapy for thymidine kinase 2 deficiency” by Garone et al. (hereinafter "Garone")
[published 26 June 2014 EMBO Mol Med Vol 6 No 8 Pages 1016-1027.], in view of WO 2012/125848 A2 to Baylor College of Medicine
(hereinafter "Baylor).

As to claim 1, Garone teaches a method of treating a disease or disorder characterized by unbalanced nucleotide pools in a subject in
need thereof comprising administering to the subject a therapeutically effective amount of a composition comprising at least one
deoxynucleoside or a physiologically functional derivative thereof (abstract; Autosomal recessive mutations in the thymidine kinase 2
gene (TK2) cause mitochondrial DNA depletion, multiple deletions, or both due to loss of TK2 enzyme activity and ensuing unbalanced
deoxynucleotide triphosphate (dNTP) pools. To bypass Tk2 deficiency, we administered deoxycytidine and deoxythymidine
monophosphates (dICMP+dTMP) to the Tk2 H126N (Tk2-/-) knock-in mouse model from postnatal day 4, when mutant mice are
phenotypically normal, but biochemically affected. Assessment of 13-day-old Tk2-/- mice treated with dCMP+dTMP 200 mg/kg/day each
(Tk2-/-200dCMP/dTMP) demonstrated that in mutant animals, the compounds raise dTTP concentrations, increase levels of mtDNA,
ameliorate defects of mitochondrial respiratory chain enzymes, and significantly prolong their lifespan (34 days with treatment versus 13
days untreated)").

As to claim 32, Baylor teaches a method for the treatment of TK deficiency in a subject comprising:

a. obtaining a sample from the subject, said sample comprising nucleic acid (para [0030));

b. performing sequence analysis of the TK2 gene in the nucleic acid of the subject (para [0090]; The Depletion Panel is a panel that may
be performed using the deep sequencing technique described above. It contains 14 nuclear genes (C100RF2, DGUOK, MPV17, OPA(1,
OP A3, POLG, POLG2, RRM2B, SLC25A4, SUCLA2, SUCLG1, SUCLG2, TK2 and TYMP) that are involved in the maintenance of
mtDNA integrity and deoxynucleotide salvage pathway. These genes are analyzed by the "deep sequencing technique” by the
application of Massive Parallel Sequencing (MPS) utility to the clinical diagnosis")

c. determining the subject has TK2 deficiency when a homozygous mutation or compound heterozygous mutations in the TK2 gene is
detected (Para [0044); For the identification of mutations in nuclear genes, coverage of greater than 30X sequence reads would usually
be considered adequate for making homozygous or heterozygous base calls and the detection of small indel variations for research
purposes"). Baylor does not teach d. administering a therapeutically effective amount of a compaosition comprising deoxycytidine (dC),
deoxythymidine (d | ), and mixtures thereot to the subject. However, Garone teaches administering a therapeutically effective amount of
a composition comprising deoxycytidine (dC), deoxythymidine (dT), and mixtures thereof to the subject. It would have been obvious to
combine claim limitations (a), (b), and (c), as taught by Baylor, with claim limitation (d), as taught by Garone because it would have
enabled a combination of diagnosis and treatment in a subject suffering from TK deficiency.

-—--continued on next sheet——

Form PCT/ISA/210 (extra sheet) (January 2015)
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--—--continued from prevous sheet------

As the common technical features were known in the art at the time of the invention, they cannot be considered common special
technical features that would otherwise unify the groups. The inventions lack unity with one another.

Therefore, Groups 1+ lacks unity of invention under PCT Rule 13 because they do not share a same or corresponding special technical
feature.

Note concerning claim 34. Claim 34 is written to depend from claim 3, is objected, because claim 3 does not have required antecedent
"monitoring the subject”. For the purposes of the International Search & Opinion, claim 34 is interpreted to depend from claim 32.
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According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched $classiﬁcation system followed by classification symbols)
1PC(8): A61K 31/7068, 31/7064, 31/7072; CO7D 403/06 (2016.01)

CPC: A61K 31/7068, 31/7064, 31/7072; C12Q 1/6869; CO7D 403/06
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Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data bases: PatBase; Google Patents; Google Scholar

gene, administer deoxypyrimidine (deoxythymidine or deoxycytidine),

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Search terms: Mitochondrial DNA depletion syndrome (MDS), thymidine kinase 2 (TK2) deficiency, mutation TK2 gene, sequence TK2

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X GARONE et al. Deoxypyrimidine monophosphate bypass therapy for thymidine kinase 2 1-4,6,7,9, 10, 13-15, 22
—_ deficiency. EMBO Mol Med 26 June 2014 Vol 6 No 8 Pages 1016-1027. Especially abstract, pg | -25, 29-31
Y 1016 col 2, pg 1017 col 1 para 2, para 2, pg 1024 col 1 para 1, pg 1024 col 1 parab | ————---
26-28, 32-39
Y MedChem Express. Tipiracil hydrochloride (online) 2014 [retrisved 26 October 2016] Available | 26
on the internet: <ULR: https://www.medchemexpress.com/Tipiracil-
hydrochloride.htm!?gclid=Cj0KEQjwqMHABRDVI6_hqKGDyNIBEiQAN-OShEKNyE4wS-
bWnZLDeUwtN_gQ5bhgZHaeJwqW6uzbxVkaAsPf8P8HAQ>. Especially pg 1
Y CAMARA et al. Feeding the deoxyribonucleoside salvage pathway to rescue mitochondrial 27,28
DNA. Drug Discov Today October 2013 Vol 18 No 19-20 Pages 950-957. Especially Pg 955 col
2 para 3-4.
Y WO 2012/125848 A2 (Baylor College of Medicine) 30 September 2012 (30.09.2012). Especially | 32-39
para [0044], [0080]
Y GARONE et al. Clinical and genetic spectrum of mitochondrial neurogastrointestinal 38,39
encephalomyopathy. Brain November 2011 Vol 134 Pt 11 pages 3326-3332. Especially pg 3328
col 1 para3

O

D Further documents are listed in the continuation of Box C.

the priority date claimed

*  Special categories of cited documents: “T” later document published after the international filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E” earlier application or patent but published on or after the international X document of particular relevance; the claimed invention cannot be
. filing date considered novel or cannot be considered to involve an inventive
“L” document which may throw doubts on priority claim(s) or which is step when the document is taken alone
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. l:] Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
—-Go to Extra Sheet for continuation-——--—-

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees. .

3. I:I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. }X{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
14,6, 7,9, 10, 13-15, 22-39 limited to TK2 defects and therapeutical deoxycytidine

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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—-continuation of Box 1l (Lack of Unity of Invention)——

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I+: Claims 1-39, drawn to a method of treating a disease or disorder characterized by unbalanced nucleotide pools in a subject
comprising administering at least one deoxynucleoside. The method will be searched to the extent that the DNA depletion syndrome
encompasses the defect in the first named gene, thymidine kinase 2 (TK2) (claims 3-4), and the first named therapeutical
deoxynucleotide, deoxycytidine (dC) (claim 10). Itis believed that claims 1-4, 6, 7, 9, 10, 13-15, 22-39 read on this first named invention
and thus these claims will be searched without fee to the extent that they encompass TK2 defects and therapeutical deoxycytidine (dC).
Additional depletion syndromes, mutant genes, and therapeutic deoxynucleosides will be searched upon payment of additional fees.
Applicant must specify the claims that encompass any additional elected depletion syndromes, mutant genes, and therapeutic
deoxynucleosides. Applicants must further indicate, if applicable, the claims which read on the first named invention if different than what
was indicated above for this group. Failure to clearly identify how any paid additional invention fees are to be applied to the "+" group(s)
will result in only the first claimed invention to be searched/examined. An exemplary election would be deoxyguanosine kinase (dGK),
DGUOK and deoxyguanosine (dG): (Claims 1, 2, 5-8, 11-24, 29-31).

The inventions listed as Group I+ do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Among the inventions listed as Groups 1+ are the specific nucleotide deficiencies and mutant genes recited therein. The inventions do
not share a special technical feature, because no significant structural similarities can readily be ascertained among the nucleotide
deficiencies or genes containing a mutation.

Common Technical Features:
Group I+ shares the common technical feature of independent claims 1 and 32.

However, said common technical features do not represent a contribution over the prior art and is obvious over the technical publication
titted "Deoxypyrimidine monophosphate bypass therapy for thymidine kinase 2 deficiency” by Garone et al. (hereinafter "Garone")
[published 26 June 2014 EMBO Mol Med Vol 6 No 8 Pages 1016-1027.], in view of WO 2012/125848 A2 to Baylor College of Medicine
(hereinafter "Baylor).

As to claim 1, Garone teaches a method of treating a disease or disorder characterized by unbalanced nucleotide pools in a subject in
need thereof comprising administering to the subject a therapeutically effective amount of a composition comprising at least one
deoxynucleoside or a physiologically functional derivative thereof (abstract; Autosomal recessive mutations in the thymidine kinase 2
gene (TK2) cause mitochondrial DNA depletion, multiple deletions, or both due to loss of TK2 enzyme activity and ensuing unbalanced
deoxynucleotide triphosphate (dNTP) pools. To bypass Tk2 deficiency, we administered deoxycytidine and deoxythymidine
monophosphates (dICMP+dTMP) to the Tk2 H126N (Tk2-/-) knock-in mouse model from postnatal day 4, when mutant mice are
phenotypically normal, but biochemically affected. Assessment of 13-day-old Tk2-/- mice treated with dCMP+dTMP 200 mg/kg/day each
(Tk2-/-200dCMP/dTMP) demonstrated that in mutant animals, the compounds raise dTTP concentrations, increase levels of mtDNA,
ameliorate defects of mitochondrial respiratory chain enzymes, and significantly prolong their lifespan (34 days with treatment versus 13
days untreated)").

As to claim 32, Baylor teaches a method for the treatment of TK deficiency in a subject comprising:

a. obtaining a sample from the subject, said sample comprising nucleic acid (para [0030));

b. performing sequence analysis of the TK2 gene in the nucleic acid of the subject (para [0090]; The Depletion Panel is a panel that may
be performed using the deep sequencing technique described above. It contains 14 nuclear genes (C100RF2, DGUOK, MPV17, OPA(1,
OP A3, POLG, POLG2, RRM2B, SLC25A4, SUCLA2, SUCLG1, SUCLG2, TK2 and TYMP) that are involved in the maintenance of
mtDNA integrity and deoxynucleotide salvage pathway. These genes are analyzed by the "deep sequencing technique” by the
application of Massive Parallel Sequencing (MPS) utility to the clinical diagnosis")

c. determining the subject has TK2 deficiency when a homozygous mutation or compound heterozygous mutations in the TK2 gene is
detected (Para [0044); For the identification of mutations in nuclear genes, coverage of greater than 30X sequence reads would usually
be considered adequate for making homozygous or heterozygous base calls and the detection of small indel variations for research
purposes"). Baylor does not teach d. administering a therapeutically effective amount of a compaosition comprising deoxycytidine (dC),
deoxythymidine (d | ), and mixtures thereot to the subject. However, Garone teaches administering a therapeutically effective amount of
a composition comprising deoxycytidine (dC), deoxythymidine (dT), and mixtures thereof to the subject. It would have been obvious to
combine claim limitations (a), (b), and (c), as taught by Baylor, with claim limitation (d), as taught by Garone because it would have
enabled a combination of diagnosis and treatment in a subject suffering from TK deficiency.

-—--continued on next sheet——
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L. — PG T7 A 75 B0 52 10 DAAS P47 1R A% T I e DR AE RT3 8 B RE 1 7 7%, ik
J7 AL HE X AT IR 2 A it VR I A A E IS B D — Rl A s L A B A ThRE AT AE W
A0

2. szﬂ%jzlﬁﬁ NPT % A BT IR DUAS ST (1) 1% T IR J2E DR R A0 14D 958 9 B0 o 2 2
FEARDNAFE i 25 &

3. ﬁn*ﬁ@z‘zzﬁﬁ ST Frh BT IR ZRE R DNAKE 35 7 45 i A2 I R 2 (TK2) Bz
JiE o

4 ANBUREE R AT IR B 715 Forb BT DAAS S 7 10 A% EF B2 22 9 "R A0 14D 9 9 B0 i 1)
FEAE T3% 1 DL B9 FE R A i) 2 /b — Fh 948 . TK2 ; DGUOK ; TYMP ; RRM2B ; SUCLA2 ; SUCLG1 5 Al
MPV17.

5. AR EE SR 2 ik (1) 77 2%, e o i il 2 4 A4 DNAKE 35 £ 6 R 326 i 40 5% I (dGK)
Tk = E 0 R AL (TP) Bk = iE LA A2 3% 4 DGUOK . TYMP \RRM2B . POLGAIMPV 17 35 A (1) 52 [A] o
2 b—Fh AR,

6. WIBURIEE R 1BT IR (1) 515, Hodh B 28038 T FLBh A«

T UBUR SR FT IR B T v, Heh Frid 2 i3 =2 N .

8. ABURIEE SR 1 BT IR i) 5 v, Horh Bk 4 &0 &5 Wi A el 5 2 ol it S8 A% P

9. UBURIEE SR BT IR (1) 7515 » o AR BT o ot A8 A% T A2 I S s e

10 4n BRI EE SR B (1) 7532 e o Pl 3 i 80 e 36 | I 8B 1 (d©) S8 (dT) &

HIREW.

11 AR B SR VFTIR 1 777925, oA ik ot AR 2 T AU Mens o

12 BRI ZE SR V9B (1) 77925, Forp BT I i AE0Rs v i 1 0 S8 I B (dA) WA S (dG) K¢

HIREW.

13. AR R L ik i 77 7%, Herp Frid Ve 97 B RUE A T 21100mg /kg/ R 5#71000mg/
kg/ R I8,

14 BRI ER 1T IR 1) 7%, Ferp B iR v6 97 A 2L & T £1200mg /kg /R 5 41800mg /kg/
R

15 AR ZR 1T IR 1) 72, Ferb BT iR V697 A 2L & T £)250mg /kg/ R 5 41400mg /kg/
R

16. WAL R ER ST IR R 77 7%, e Frid A E S A R — Ml EZ 1, Hinidiar
R R T 21100mg/kg/ R 5 #11000mg/kg /K Z 18] i Btk 41 & 4 vh i) 4 i i S8 UA%

L7 URRI RS FT IR B 7 7%, e Frid A B S A R — Ml EZ 1, Hinidiar
RE AT 21100mg/kg/ K 5 £11000mg/kg/ K Z 18] Btk 21 & 4 vh i) S B B A%

18 WL R R VAT IR B 7 7%, P Frid A B S A R — Ml EZ 1, Hiridiar
RS T 29200mg/kg/ K £1800mg/ kg /K 22 161 (1) Fr ik 264 Hh 1 g b ot A8 A%

19 WBLRIELR VAT IR B 7 7%, P Frid B S A R — Ml EZ 1, BiridiarE
RO AT 21200mg/kg/ R 5 £1800mg/ kg /R Z 18] i) ik 240 & Wy Hh 1) et i S8A%

20 . WIAUR] R 15Tk i 751k, o rid 0 & & A R — Rt 8, Hrikiayr &
RS T 29250mg/kg/ K £1400mg/kg/ R 22 16] (1) BT i 2664 A 1 B b ot A8 A%

21. WIAURI SR 15Tk i 75 ik, o rid 0 & & A8 R — Rt 8, Hrikiayr &

2
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R AT 29250mg/kg/ K5 #1400mg/kg/ R Z 18] () Fr ik 2H & P b ) e it S8 A

22 WIAUCRI B R LT i 5 v, KB H — IR VBH MR VEH IR VEH IR VB H ALK
BUAE H 7N Ot TR 45

23 UOBURIELR LA IR B 77 7%, Forp T R #5228 i sl ik o8 it B iR 540

24 AR EL R 23 il (1) 77 v, o T iR 41 A 2 1 it I, o BB & 5430 A3
W4 ) LI 7 W KR A 1 i AL

25 . URURIEL R 1T IR (1) 77 v, a3t — 20 G FE X B ik 52 48 2 Tt FH 00 E o IR 1 T 40 4 1) 550

26 . QAR B SR 25 iR 1R 77792, JHG b Ptk i 25 Bk 7R 1 P 110 00 ) 751 A B DT A A

27 GOBUREL R VAT IR 14 77 3%, i3t — 20 A8 o ik 528 2 it FH e 5 ot g 1) 0 1) 541

28 . WIAUR LR 27 B i 1A 7792, JHe v ik 2 I 2zt P 47 1) 7] 2 DU &0 PR [ THUD .

29 . QIASUR] 2 3K 1Rk 19 77732 He v 5 ) ] () HE RS 3G nont i i 52 1838 i FH I BT ik 40 &
I iR i T A R E .

30 . WIAUR) B =R 29 Fridk 11 75 ¥4, e A % B 52 3038 it FH 1) Fr i 20 S 010 38 — 3097 A 3
e 2100mg/kg/ R4, HH A BE A5 I 18] () HERS K Br iR 2 & Wi B iR v 97 A A 1
hn#200mg/kg/ K 400mg/kg/ K .800mg/kg/ K it 2 1000mg/kg/ K «

31 WIBURIZE SR AT (1 53, R BT IR 2H G 0 B0 5 2455 bl B sz i 2k

32. — MEIT 2R F I TKIR = FE (1 77 1, HA s .

a. WNITIR SZ i SRAFE i, T IR i LTS LR 5

b 0 BT 32 1) IR A% IR v B TK2 2 R AT P 81 20 A

C . 2k I 3 R TK2 26 DR vh i 4 - AR B 2 6 A6 SR AR IS i 58 P ik 32 13 A TK2 5k
ZHE; LK

d . B 32 it VR T A A E R AL AU (dO) WIS (dT) RIERA IR A
“H.

33 UNBURIEL R 32 Fr ik () 77 v , Fealt— P A0

a. KR B BT IR 5233 B b A e LR T ik B2 1 7K 5

b 0 BT IR 32 ) B B LA TS A

c . 5 ATt 52 38K 1 B B LA ) 2ok RDNATH 3 A %

d. o S I DA R H i — Ik 22 10, I3k — 20 A e AN/ BE S ik 32 i3 B A TK2 5 =
i« 5 A R 10 % R T LU BT LR S R B2 1 /K P 3 N B T 8 5 i i 52 3 1 B i LR &
R RT3 2 e AT AR LR R  v] AR 38 22 (1) 45 40 AH 28 A AT AR E RN £ 3R
AL (COX) = B LR 4k ;s DL S 54 110 of JE 3 AH B Bk ARDNAZK - F A1

34 QIAUR B R 3Rk 1) 7 2%, Foadt— D B 46 7R it FH Bk 20 6 9 s B I ik 52 3803, B
fi :

a. WA /)& FiE i) ;

b. W% By i AR HL I 22 575

c. MEATBNEE /75 BA X

d. R AER TR A GG, M L5 R (a) — (o) HARATA B8 e i , W e Brid 5240
HPIRA o, BB e TR A &Y )5 Mg 45 3 (a) - (o) R # TE AR 40 B A Bk
IR T E I G
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35. WA ZER AP IR ¥ 75 i, Fe b A SRAE 25 B8 (d) 8 € H 50T o8, LB n i ik 241
BRI PR IG T A AR .

36 . WIBCMIEE SR LT IR IR 753, Heidt— 20 A 3R AL It FH T iR 4L 5 10 ) e D00 i o 324X e
R P G RO B 1 FH B0l JU9sc o i SR AL ) Bl i v 7 A 30

37 WIBCRIEE SR 36 i ik () 5 1%, i — D AR AR I /D i 4 & W00 i ik v 7 A 2R e
T ik 52 150 o B R 21K B A b an RO SR 2 Bk g 4F RIS , 880 P ik 41
BRI PR IG T AR CE .

38. WIBUANER 36 Pk (77 i , Herh B E Fl 2 B I AN 32

39. WIBURIEER 36 PITIA IK) U532, Ferb Bk AT Ak RS AR .
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RT 5% (ADNAFEIG LR S EE N R B A TR HBR e
SIEMNERI R ERETTA

[0001] BN CEF

[0002] Ak B % 4% B N THZS ¥ (I HD08064 2 78 BURF I SCFF R 58 i) o 35 [ BURT X6 4K ok
A ERBCH.

[0003]  FHORHIEMIAZ X G H

[0004]  ACHI{EEREAA 201546 H17H AL R 515 562/180, 1941 3 [ ik I L 4] H i
RSB, 1w B L R iE R b DL 5| R 77 20FE

A RRS

[0005] R B3 & 5 e N BRI I 25 BE 9097, Firids N st A% P e g L A st i 2
DAAS P18 PR A% T TR F2E MR AIE D 2 995 5 49 0 2 R AR DNAKE 3 235 200 » 7 HL R EL kb, i i g2
(TK2) Sk Z % o 25 B 29609705 S it FH 22 2 — P it S8l k% B IR G400 X TR 97 TK2 B = 9iE , 24
YR ITI Kits FH AU (dT) BB A (dO) BRILTR &9 o — Pk 22 Fob Bt S04 7 1) I Fof
Jit FH & FH AN PR R ) FL R E , Rl 2 DL T G AR DNAFE 3 25 B H 1 R e
[0006] K HHE 5t

[0007]  ZRRifA e 2 B T 2R AP I B (RC) AN Tl PR 4K P R B 51 72 P M AR St o 12
T4 5 BT IR B RLAAR IR BE (RC) AAEU A0 B B2 A A2 15 F - PP ) e 2 e A 21 = B R i B (ATP) 4
(R AR AL IR AT o WP B FH e % F - DA A B Bl b AR 1) P IR J5ia 6 82 1 D i 22 I i Bl (R
EWT-TV) H K, 3F H R 7R 2 A VIREIATP & % (DiMaurof1Schon 2003 ;DiMauroAil
Hizano 2005) AL (CoQuo) SEAHHS T WAL A HITFITT 5B BIA 2 WO TTTH) A4 855 T IEIR
B 1 T 52 ZORIAADNA (mtDNA) Sz 4% DNA (nDNA) P > Jik PRI 20 47 o1 1f 6 B0 A% (510, PRy L3 40) 24
Ji H R RARR IR o ERTTTT A — R DRI 2H v (1) AR AT BE 51 D BRI o K 22 Hi B R A4 5 I 5 il
Z M RIS, I HAE L2 A Bl R A Rl A v ol R B I 6 T R R R IR 2R
SEM A RORIT T8, WA SCREIT I Wit FH CoQuo S HL AW LA 384 553 OF W B v M R A B E N
LIae 2R I P IR B g 1) A 25 ) P DR 1 28 ot (ROS)

[0008]  ZRKiARDNAFEZR ZR-GAE (MDS) A ZRLAR I K] — A2, oo 7= ) L 28 0 LS A2
05 WL AL 5 20 A4 AR AE T 2H 2 (1) e R AARDNA (mtDNA) #5 DL/ L e R RiARRCE A4
(1) AN & (Hirano%§ N ,2001) o 5 4% 2k PR P 1R SR A2 i IA o 22 41 ) LMDS Y XL, v ik
FE A A9 4 : TK2 . DGUOK . POLG \ POLG2 SCLA25A4 \MPV17 .RRM2B. SUCLA2, SUCLG1 TYMP. OPA1 Al
Cl0orf2 (PEOL) » (BourdonZE N\ ,2007;Copeland 2008;ElpelegZE N ,2005;Mandel A,
2001 ;NaviauxfliNguyen 2004;0stergaardZs N ,2007;SaadaZf N\ ,2003;Sarzi%E A ,2007;
SpinazzolaZ§ N ,2006) oAb, X L8 A% B D] A (1) R A 1 7] 51 A A B A mt DNAKE 35 1
mtDNARY 2 B 2k (BehinZE N\ ,2012;GaroneZ A\ ,2012;LongleyZE N\ ,2006;NishinoZE A,
1999;ParadasZ A\ ,2012;RonchiZE A\ ,2012;SpelbrinkZE A\ ,2001; TyynismaaZs A\ ,2009;
TyynismaaZi A\ ,2012;Van GoethemZE A\ ,2001) .

[0009]  XULHE[R 2 — 2 TK2 , H o L i H Bl (TK2) , i 3 A M WE A% EF (I 0 it 280 B )
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B IR A LA 7= A= BT IR i 4 10 (d'TMP) R PR gk i it AU Jf (A CMP) o 75 I 2 K A4 i (Saada®s:
N ,2001) o TR2H ) R AL 4 55 G il — T PR i S A% IR (ANTP) i 75 B 2R A A% /1% H R AR
AR, BRI SE A% TR A2 A T mDNAK i FME & A 23k (building block) o

[0010]  Saada % [f] 5 (Saada%f A\ ,2001) F20014F 75 YAtIR T ok H i & ™ S AR PE LR A2
RIPU AN AR 2R BE ) DY 44 52 S G ) LZE I TK2 8k Z0E - 72 AR F K B 2 5, E6-36 Hid i) &
I v CKIMILEE 7™ EE LA 5k 7 980aR , B f5 3 2k B R B o 25 sl J 1, 7 HL 44 i
HAEI DI S HUE S, T 3 8 4 BB R s < I e & 0h T,

[011]  FEHRFAR )G, Tk CRkiE 7 54N+ EE JFHE— B R R D R4
BE OIS H R IRIE (Alston%E N ,2013;Bartesaghi®s A ,2010;Béhin%s A ,2012;
BlakelyZ$ A\ ,2008;CarrozzoZE N ,2003;ChanprasertZ A ,2013;Collins% N\ ,2009;
GalbiatiZE N ,2006;GotzZE N ,2008;Leshinsky—SilverZE A ,2008;LeskoZE N ,2010;
Mancuso% A ,2002;Mancuso®§ A , 2003 ;Marti%§ A ,2010;0skoui% N ,2006;Paradas®§ A,
2012;Ro0s% N\ ,2014;TuliniusZE A\ ,2005; TyynismaaZs N ,2012;VilaZE N\ ,2003 ;WangZs
N,2005) , B R RAH T2 EFE 534 BIEMIT 4Lt

[0012] AT HHSIT I — 7N 44 B kTR — ARDNAI 743 20 A N o 3% Fh oK 2387 A W 1) s 7]
KW, TR2GR Z iE A& — M2 B A R i E o

[0013]  TK2@k = RE LI H V2 W I PR AN 43 a8 A 3, R 2 58 e ) L8 BRI H AR
PER G R RS , T HoAth B B S8 2 gt R R 55 .

[0014]  JRITTK2HR = 4iE , 45K 2 FMDS AL R A o hE — A, — B2 PR T S RFI7 i ARt
PR TR I SE M (A TMP) MR R i S0 AR (ACMP) X038 T TK2 R N\ 98748 /N R Al BB A TK2 8k =
ER N EE IRAR (RF15815/082, 20711 3 E HE , HAEEARIEANATD) HA) 75 ZETK246k
ZRERIAIT T

[0015] 4k, 7 9697 Ho e T8 S BIMDSHN CAAS - 47 1 A% 1 IR e 9 e ik 1) HL e 9 i o 51l
P mt DNAFE S 8L 22 51 SR 2k B A 2 4 T B8 /K i dE (mendelian disorder) FIHFAETE
T A7 ) =R 188 it E A% 8 2 e S B im t DNA K il ) R B o — Feb 3 A5 1) 99 iE DGUOK 58 25 451
T LR P Tt ot A8 U S o T M A A O S R B SR R R AL DL AR
AL R 5 AR, 55 T (AGMP) AR BT iR 15t 520 B T (ACMP) o BB IR 28R AR ANTP 26 1) L 0 A% 2 [ A0 4%
TYMP.RRM2B.SUCLA2.SUCLG 1 FAMPV 17 . % & dNTP JZE ~F- 7 i) 7 VA 8] FE ] 3& T 1697 1X B8 95
JiF o

LZRAR

[0016]  FERLLLSI T7 R, AR AP I e T CAAS 17 0 4% 1 R 2 e A1 114 92 993 B8 i 1)
T i BFE A T B0 2 T R T A AR AL A — P R AL A
[0017] w3 sk A & B 1 5 9259 o 0 USSP 48 1 A% 7 TR P2 D R A 1 9 9 B0 i B R ELAS
P T AF 2 T DA T 8 B 1 5 A8 1 AR £ - TK2 ; DGUOK 5 TYMP ; RRM2B ; SUCLA2 ; SUCLGL 5 Fll
MPV17.

[0018] 7RI SLHti 7 S , BT IR e A2 2R 0 AR DNAKE 35 7 5 hE (MDS) o 7 B8 AJ 3% 1) S it
J7 Z R MDS/ELHE CATK2 H 1) S8 A REAE (R L5 2 3K L BASUCLA2H (1) 28 48 S RFAiE 1) i L5 T
2 ELTYMPH ) SEAZ A REAE ) #2428 15 i 93 T2 = A EADGUOK  POLG S MPV 1 7H [ R AR 9 e AiE
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) JH 95 T R o o 78 e D0AZE ) St 7 S8 vh P 3 o ik e LA TK 235 DR w1 R AR DR AR A1E 1) 16
2B = SiE .

(00191 ] FH/E0, 47 i FH 0t 4801 07 1 AR BH 1 7 V536 97 BT A 1 B RLAR DNAFE v 25 65 i » 1] Jd
T AR B ) 77 3236 T RIMD S S50 4 AHANBIR T DA T SR ERT A ) SR - G RS IS 28 55 IR A GK
(FIDGUOK I K] ; 4 A A% B A% 15 2 340 J5 B RNR () p5 3175 5 A8 /N TV 2 p5 3R2 (K RRM2BIE K] 5 LA J% i i
IR s R AL B TP A TYMPJE A

[0020]  FEAREM) St T 2, B S8R 2 i U 1 (dT) Bl S (dC) BRI A4 - it
U (dA) AL T (dG) BphEl— et ] R AEA R B 5 v o — PPl SR (R, d TS
dCdABRAG) LA R AT 7 DY Foft it A8 AZ v 1) I ol B 22 ) VR S W0 mT FAE A R BRI T i
[0021] B EFIEN T 211005241,000mg/kg/ K 2 8], EALIE AT 21300 54
800mg/kg/ K2 Id] , Ak T 21250 5 £1600mg/kg/ K 2 8] 40 20 A 0605 B — M S8 A%
T, W5 &2 B — S AL A & R A AW S A R — R A%, W5 & ] LoE &
W Hp A e B SR T T R R B AR R

[0022] A% )t A AT DL B H — kR PR B H =Rk G E POk B H IR i %
B H 7SI P de 42 5 I 11 R it FH o

[0023] )t ) it FH 77 v A 10 R < S PN 5 ik P A2 g it

[0024]  WIFEA LAAS P18 (1) 1% 1 R 2 R ARFAIE (R 995 5 (51 4, MDS) 1A et -2 ) st I - 463 it FH
Tt BRI L FH 3er 1 B3 28 S8 1 A i J B o B R TK 28R 2 RE 7E PN IR 3 S0 hE R 2 I ik
e A A .

[0025]  [ff P fajidk

[0026] 1 Ui BHAC K BH ) H B, R B H A T AR B R FE L8 STt 77 28 o SR T » AR B A
B B Pl R 1) St T R B R ) e e I T BT 2

[0027]  J&| 14k A HE AR J5 554K FH260mg /kg /R B520mg / kg /IR ) it 28U (dC) A it 22U g
HF (dT) b PR BF A R (TR2Y T AITKR2 ) DL K2 TR /INBR B 2B K it 46 o AN 5 R R (R 45N I
[E) A5 ) A PRSP 2 N LN R T B

[0028] [ 24H53A K FH LA T A BE (4 BF A= 7Y (Tk2") BA B2 Tk /INER I AZTE T 28 - Tk2 VTSt L
Tk 9~/ ~200mg/keg/RACMP+dTMP ,p=0.0013; Tk27/7$w+i’ﬂ‘ k Tk~ ~260mg/kg/RdC+dT ,p=0.0006; Tsz/f'?lﬁ;(ﬂt H
Tkz*/*520mg/kg/7’id€+dT ,p<0.0001 ; Tk2—/—260mg/kg/ﬁdc:dTXﬂu k. Tkz—/—520mg/kg/j:‘dCdT ,p=0.0009, ) 7E
A G BAR N HINR T B A . FHMante 1 -Cox 46 364 & p{H

[0029] |32 MBFAETRY (Tk2™*) LA B2 The ™™ AR i A0 A 2H 28 b 23 B 1) 2 4 o £ ANTP A AR X
LI R, Bk /N R R AR E S 13 H E (RED FIH AR S 5529 H #8 (R By AR BB
5 H1200mg/kg/ K [ dCMPHIdAMPE # 260mg /kg /K B520mg /kg/ K 1 i S ML (dC) 0 42 g
1 @T) B

[0030]  [&|4/2 SR 5TR2 /NGB AHEL , BFAE R TR2/N R (TK2YY) (2 F-NIZ%) 1 G JFF < g AL
P B mt DNA/nDNAR LG 28 7, BRI /N BR 72 7E HE AR S5 38 13029 H W8 I A Ab B 1 2%
260mg/kg/ R 8520mg/kg/ K i [Tt S ML 1 (dC) Al U 1 (dT) AbFH ) - £ 48 4% % 7= ymt DNA
5 TUR X T Th2 1 B 43 HL P 348 = An i 22 (SD) » HMann-Whi tney £ %4 € pfE . ("p<
0.05,™p<0.01,™*p<0.001,***p<0.0001) .

[0031]  [&&] 52 i ik Y0 & /)N % P I 25 o Fy I TR K s g (KO HPLC 1 45 SR IR, I ik /N B 2 o
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REFRFCEF AR (Tk2 ) /NG L FH260me,/ ke /K 1 Bt UM (AC) AN SAUMFF (dT) Ak B ) 5 A 7
(Tk2"/*) /INBR, + FA260mg kg /7R 10 Fi S0 M FF (C) AU 48 (dT) Ab 3 Tk ™~/ B DA J2
200mg,/kg,/ K 1K1 dCMPFIATMP b FR ) Tk /INEL » b iR 20 A0 B ) /N B A A B8 5 3043 ) « 0t
We R T ME £ SD.

[0032]  [I6/21E H A= 5 13K FH400mg/kg/ K] dCMPFIATMP K THUAL B L 7E Hy 42 J5 13 129K
F1260mg /kg/ K I it AL HF (dC) R A MG HE (dT) Ab a3 75 H A= J5 29K FH520mg /kg/ K]
it S8 EF (dC) A0l S EF (AT) A B AR TR 2™/ B, o 6 I IR e il 3 P P /T 0 IR s o 0 T %
AbER, B R s TR /N AL 2 FORCEIE PR 1 13 3 BL , LR A 06 2R 11 /K T b vk L
X T Tk2 1 « FAMann—Whi tney 8 56 i 5 pfE » “'p<0. 05,

[0033]  [EI7ASTE ik J5 29K F260mg /ke/ K BE520mg ke / T i) it UM TF (dC) A S M 7
(dT) &b 2 (4 B A= B /INER DA J2 FH260mg /kg/ R B5520mg/ kg /R I It AL A EF (dC) A0 B 4 Bl 17
(AT) AEHR I TR /N B (10 PP B 2 5 1 ) e 38 BNV P 7B A2 s et 3o 5 A T TAR VAL (I RCE
KB TR, 2R ATK2Y /N A IIRCEZK T () T 43 EL o FHMann—Whi tney A 36 {5 1 pfH

[0034] 45’5 ] : CS=FT 412 &1l ; CT=NADH- il & ; CIT = BRI B &8 CTT T =4 i
K CIB A CTV =21 iu {0 2 c A AL (COX) ; CT+ITT =NADH-4HJI i & cif JH i ; CIT+ITI =3%
AR it -4 P £ 2R e i

B A

[0035] A< BRI - i A A B, R AT DL R 4800 VR I SR AR DNAFE ¥ 25 & i , B35 TK2
T Z0E o WA ST &5 SR o, Wi A% E 1 Tt AR R b e 5 17 TR 245 = 0E 1 /)N BRUBE B F0 BB
TK28R = RE A N R B H R IR .

[0036] & X

[0037] 45 BH v Bt B AR IEAE A R B B R SC UL S AdE AN AE I Bk B e A
A EANHE B JE AU R 3 38 5 S o T SCEAE B I AL T T R ORE DU BRIl R AR B
AR IR A BH (1) 77 7 BA S andr] i CA st BB inda & e Ak R B AR 52 , T DA A R —
77 SNBUR [FIFE ) S o PRt , B ARV 5 A1 A S o] BT A SO AR — A2 RIS,
AT 15 TE R IR B R ARAE AR T AR R R = S FR At T FEEEARE I [R] S iA] . 51k
— AN AN E] SO AN HERR A 3 e 15 S o i B A FR AT A b 0 S48 CRL 3 A SO AT
AT ARAE B S A51) A5 FASCR 0t B 1A 1, I L4 AN 2 R ) A i B B AT ART 7= 31 7D AR (1) i
Je B S [RIRE , A B AN PR - AR 128 (1) SE i 7 52

[0038] A iEH AT B R TR “32 3038 ” = 8 FLah ) - W AL S P B 4E R B sh 4 FL 3
VWA SRS R RS SR SN BRI AR SE R S A R KRS TRtk , Ak B AT
FTEE b (an) LU T F-AB S AR S 80 h il v ) S 58 sh A A S R s A
RN N R ER 2 37 AR e i B AR

[0039]  4pACHIG H pr RS “B38” B N2 AEAR R BB — B s 7 v, “i
O AR AL B CAAS YA ) % 7 IR 2 9 R A0 14D 95 998 B E B R A4 5 0 2 b AR DNAFE
YA E B TK2 80 = E .

[0040] %53 “YEIT A E" FAEA S 248 2 LA 51 52035 A B PR S 25 03 IR 1 e B
A8 5 9 93 BSOPR E A O [ — P B8 2 i R E R B A /M B R B A 2R S BT R
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[P AEE A 2 I &

[0041] R V0977 (treat/treatment) T2 Ta kNS  ARFR | 035 B MR 5 8 BIUDTRE ) 22 20>
— PR R BRI R BOPRE R AR S5 4 L e (1) 7V

[0042]  RiE “Hif;” (prevent/prevention) 55 2& 8 75 B & 12 9 BYOR R & A 2 Wi A FH
AR 122 5 BRI RE K Ji BI0AS 5 9 B PR 2 R e /M B 9% HL Ok J i A o

[0043]  OR1iE “F 7/ EM)” & O RN el Bl A Bl KRS B DUAS P 0 4% 1 1R 2 W RFAE 1R
I3 BYCIRIE « 2R AT 75 28K AR DNAKE vt 27 A RE BR TK 251 = iE 1 52 10 3%

[0044] LA R FHEIARTE “257)” B8 = A B Re 05 7= A2 7 3 W i, I BB LR (AR T
5 i 2y E L AL PR KR IR R .

[0045]  GpASC A A AR E “ Wit SAA% 7 B4 M S IR0 1 B d T 0t S8 7 B d C L i S I 1 Bl d A
A S 1 B G o B — 35 O A K B RR AR FH A S50 mT B 348 A 3% 288 M A0 A% 1 30 A0 956 Ml 4
R AR DI ReAT Y

[0046]  4nATSLHT H, ARE “AE B2 DIREAT AN e fEAR N B AL DL A i S AL & 4
(g dn, 25 ATAE) o e Ab aT ek & ML (1 an, JE i AR el 2 7)) kAR, Bl an 22 i 7 1
W KA AT 25 & X B4, JF HT . Higuchi fiW.Stellaff “Pro-drugs as Novel
Delivery Systems”,A.C.S.Symposium SeriesHJi 143 H A KBioreversible Carriers
in Drug Design,## Edward B.Roche,American Pharmaceutical Association and
Pergamon Press, 198745 H 1 R 251 HI&HI 8

[0047]  WASCRT A, “BiAE FY 72 38 it FH 24 51 e B AN RREL ) s B o 78K 22 I 0L T T
AT A2 R RIE R skl 2 R i BIE AR R R B miE A a2 .

[0048] IR “2y7 B K297 AR X T B A I8 I AR N 53 58 1R 58 B 7E nT 32 1 ik
ZETG I 5 I I AT 432 52 1 i3 22 3 R 510 40t e T e 0 B S A BV B R B
il BT T4 8 B ) (an 2590 7510) i 75 BRORE A L o 451 40, “297 v = 4 AR s i R I 7 1
W T IRt ZE LA B, “4)7 ] B fadn R B 220 % MRk £ 10% LIk R 2
5% M AL i 22 1 %6 Va5, Rl e R T A R G sl B2 2 ARE AT iR E— M4k
ERUN LS AN, H ARG AEAE R 205 LA N o 75 F1 185 AR 22 R Hh ik o e
B DL T S B A Ul B AR, AR E AR1E “207 B 48X T RE 5 B AE nT 52 R 226 L o
(00491 Jiti FH i SAA% 15 FH LAVE 97 2R R AR DNAFE v 25 £

[0050] £} fADNA (mtDNA) #E 45 & (MDS) ELFE AR 4 2H 21 b (¥ mt DNA$E DL H s 2> Sy
AR ) A 71 B o G AR I o R 22 ZMDSEIU 4% 22 R 9 ) J& T-m t DNA SR, s AL 1] 1) 2 3 o
W25 =R M AL T (ANTP) AR .

[0051]  MDSHJ—Fh T =X A& M S Sl = RE B TK2 o FH A% 5 DR TK 2 25 L) 174 TK 2 72 458 1 3 A i 4
I T A% B B FR AL DL P A B 12 e A2 T (A TMP) R B 1k R i 480 I T (ACMP) 1) 2 ki A 256 i 2
1, BBl I At S P Tl PR M 4 B 40k 17 49 % 1 D B R AR DNA -G il P 7 [0 — T TR I S A%
TR (ANTP) o WI7E TS 5B R BT e, Je AR R I TK2 R AR AR B2 4l ) LA L& Hh 5 R A 28
FEARDNA (mtDNA) (1] ™ B FE vl B DR P #h 22 UL IR R 55 5 DA R AE RN H 51 A mt DNA 22 FE it
SR 1 A SR URR S o VF 22 JB 38 ANBRAT AE , F B 757 2 — S SRR H LA =R o A
PhER 2248 DL AT AR 1) 77 Uk 2P0 E I S i , A FRRE IR EL T M A AE I A2 WA 40 5 A
W S8 2k AEAF BRI 42 BEART% .




N 107847512 A W OB P 6/18 T

[0052] &G uth i W 9 JB 3 IR PR B o T8t S R A 45 SR, — P i RIS BRI < 1)
B LRARR) (S12) WURAS , £ 4 a8 55— S T 46 52 55 , A ™ E A mt DNAKE 35 A1 5. S 46
T 10) JLEIARAIER O1-112) WA, f4A ™ B Fmt DNAFE S ; F1i11) M RN (=12
) s AR 5 55 B 55 , S 13 e AT & 718 R WP hEe A sk A 2, 5 & B A
W AR AR A SmtDNAZ B ERJC -mt DNASE DL /> BRI 1 25 S JEG 1100 4 1 4 34 1k 7 S0 B UL
Wi SR — S WGaroneZE A , (2016) .

[0053] g Ik [ B B TR 1) R AT 4 20 B A 72 TK 280 = E 19 & 993 ML 1) B it 7 v 1) 224k
—E AT, RN HI 20 R R B mtDNAFE SR o AHEL 2 F , 414 Tk2H1 26N N\ 5848
(Tk2 ™) /N T R B H 5 b TR2. 5748 512 9 A\ S 3240 ) LR LI A% 1 A\ MR ABL AR 2 7L, FLARRAiE
NAETOH WIS R AR, fEREAT E 71 PR BB AR T R R 8. AE KR 2%, IF H 2B ki ADNA
(mtDNA) [ FE i 3 0 FE N TE 1483 16 H RS 1 R ST, 1K 2 LT N R4 LR AE T 9%
SR 1B B (AkmanZ A, 2008 ;Dorado®E A\ ,2011) »

[0054] A SC )R SR F Tk 2 N /N BRBEAT BB 90 2 S8, 1 ARC/d TR e FH S T TK2 4k
ZAE PG AR ) ZE IR R AR , FH ELK /N R 25 i 2 K7 31 =A% (St s12) o

[0055] 5 4h (1) S5 s A SRR S M SO < D R b AR B U R K ANTP B K S S
dCTPAE i H 4 #R K, H HLATTPAE R i ke (St 510 3) o I Exm t DNAFE ¥ Wi 7% , dCMP+d TMP A
dC+d Ty 7V ERAR B T HF UL A2 23 eb A mt DNASE DL (St 514) o DA BT HE DAY 2 , I v 5 e
F T B AT B 45 3 B PR VR TT AR R RS o SR TG, HPLC N & B , 78 BRI A% HF IR AN S8 A%
Ab B 5 P51 DU i AR PR R B IK e S W B AL =) , 2 BH AT TR A% 5 B T i 7 e  mt DNAKE
i I o P I mt DNAE DB 52 4 R

[0056] K iht: , 74 SC ISkt 11 e FH T 2450 = 3R 110 /)N BRSS9 S50 8 it FH B S8R T 3R T
P I Fe A ROR 22 20 o 5340, Gn s a5 5 B, Tt FHA TAIdCAR R b 238 1 i3 I TR 26k = i
[RPREAR o

[0057] Rl , A BB HE X A 75 L0 R0 3 it FH 22 2D — it SR P o A — AN st 7 e Hp , AR
R BH B it FH 22 2 — P B AR e o AR — D R St T R, A BE i 5 dCL AT R IR G
W o A5 N — STt T e, A B A0 H it FH 22 2D — Pl SR N RS o AR E— 20 ) St SRR, AR
W A 1% [ dA L dG S HIR &4

[0058] 237 2 Tt FH M SAA% 7 00 B 38 R 2 W o BB T2 B = i (1) TRk , 7R IX 2k FR 3
Hh T FH 2 /D — o B A s g dCERd TE VR B4

(00591  FH T-DGUOKH ) 5 % €0 A i 4 SR B B0 %) Mot A0 % 7 il (dGKD (1) FFAT B (FEA
dGMPFIdAMPHR = ) 5] #dmt DNAFE 25 , 3 & 3R Iy )L 28 5L & AR B9 FF i 5 9% (Mande 156 N,
2001) o 1% & 8K 257 75 T il FH 28 /b — P i S8 V2 R4 G A H R &40

[0060] T3k it A 7 1 B S8 K% T (B dA L dG L dCERATER HR &) SRi6 97 H & T = HIMDS
DA 5 RSP AT B R T R RS o B G B T & 3% 05 i B0, R B ASB T S5 RRM2B (4 4% Kt %
HIRIE SR BFRNR ¥ p5 3175 3 8L /N B p53R2) A5 SR A R B FNTYMP (2 i i 1 1o B2 AL B TP) Hh (19
KA, J5 & 5| RL G RARIZE B VRS MNGIE) o iR 22 ki AR dNTP FE (1) 57 A1 (1 A% S D] A0, 4%
{HANPR T-SUCLA2 . SUCLG1FAMPV 17 o 1, 0] LA Jd st e FH — il 2 b it S8 A% SR ¥R T 5 iX e [
A RIVIRIE -

[0061]  54h, B F I e T sUMIMDS K L& ik (R ATL 1) 43 380 17 [ B, DAL AT B 2R ER I Mol A

10
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TR E TR I7 S S AT

[0062] AT DA XSS H b ST 6 TK 28 2 0 (6045 DL — ik 5k kiR i v LRI JE 77 e i
SRAG BV IZ BN HE R e MRFRAS R AR W PR 3 g e A1 P 34 3 12 JUL PR 9 0 1) e L B SR B0 i
2 LI SR AT W DA B A e i M 2 5

[0063] L1 BRI PR R A 51 B &% ALhm t DNAFE ¥ £ R , DU 24k FH 2 %0 5| e mt DNAKE 8 27 52 (1)
— IR AT 7 F AL (Chanprasertd8 A ,2012)  TK2FE R & £ 01 H A 1 2R 48 5[ L TK2
E R R A2 DNAE 38 25 75 i (10 W — S TR o 36 04X P 0 5 %o TK 2 149 2 i Ao S22 1/ Y
BT A X AT R T HAR S AER A/ I E A0 00T iR AR R A T RN R A A
oAl A E R RA, WITK26k Z FER2 Wi 8 2IRESE , 7 HIR M, 2R & K2 a5 T i E AT
IR AN T A BN AR & 44 5 ol ail &8 FE R RA, NN 25 ko /55 43 #1 LA
B 5 A1/ BAIE SETK 250 = hE 12 M .

[0064]  FHULHf s A1/ BIE SETK 28R = i 12 Wr 1 3F — 25 W3 n] B0 356 Ik 1 5 LR B0 (CK)
WRPE LR B i B 2 200 B 2 L 28 ki RDNA (mtDNA) 25 & (5 D10 A g WL i e 1
&I 55 (ETC) & 14 o 4 SEAEIX Le P30 A I BA R AR A — Tk 22 IO, U TK 246 = 5 15 21 ff e A1/
YR S o {2 1 % BEURH LL 1 v 1 CKIR B ] Fi8 AR TK 28R 20 o T AT B B LTSRS, S8 5 1R 4T
B B UL B mt DNAST 850 BT o 0 SR B B LA S 41 4 R B 5838 22 5 ] AR I LR
AT AR I 2 1) 2 24 2H SRR R I 21 2 24 DL R 3 N ) B AR e S (SDH) v Pk HLAf e 3R c
AL (COX) TE MR 2 A 1 M, I Hmt DNASE DUEG™ 8 ek /b (Gl AS 21 55 84 N2 2L T B 1
e FEXT IR 20 %) , MITK28k = i (1) 72 W v 43 20 2 A1/ BIESE (Chanprasert®8 N ,2012) .
[0065] 34, TK26H = AE A2 LA G R B i 7 SR I AR 1 o R ik, w7 Jek g R0 3 11 () B o A
Jei R H AT I L2 B 5

[0066]  7FFTA X Le S5 b, ZE2 T TK 24k = F 5 IR FF 46 I E A% P T7 15

[0067] 242 A4 it FHI 7 v R ) i

[0068] A< BB it FH M S8 A% 17 B8 LAk by 2 e FH — vl 22 o st S8 A%

[0069] AL I its FH 77 ¥ 02 11 AR 3 A RIS R (parental) it FH , 6036 i ik 3 e FH o it 40 1%
T2 53 T B B it FH T K

[0070]  JBiAE A% 7 25 20 i TR AR 2 s T A (Ao GBC 5 WY s L) i B IR T AN &
VTR

[0071] & — Pk 2 Fb F T it FH 1 it S8 A% T (103X SR 2 W0 2 & W ml B8 9697 8 R I
AT RN 2525 T B2 I A JE S 252 LT B2 107 R R I PRI o T SE AR A, 24
X it FH S 2 AR B BRI 52 ), O A2 Al EER A A R RO, 41 AN IE iR
S5, I H 28 3 B R sl M U A ERATL R AL v , B35 7 36 [ 25 4 5l e A A0 24 i )
TN B RAE NS o B 2 48 FH DUt Y6 97 70 A R 77 A2 771 TR 771 B
I o IR LR AR AT DL TC B TR, 17K R 1 B K DA B v, L3 4 T 30 LA
SRR P AR i, A 2B T I T 2RISR o 4 ik PN it 25 4 A o, 2K
VAL VAR A2 1) AR o R 7K I Y 0T 28] W 7K V0 5 ek s v A v AR VAR 4, R ) FH T
AT S o BT 1) 25 W0V T 7R L S R 20 W LR S TRERE L B R L EE ORI
T2 RE T R SR IR R H VB VA SRR AR U H TR L R K O
&R T ENE , HEWIE ] & A AR IEE B B pHEE M7 .

11
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[0072] 1 kit FH A A 32 P Tt FH 7925 o P It SR VA o 281 25 3 4 B B AT AR T X ) v A
B, AR E AR T 307 (R B4 LIS 5 W Ak .

[0073] 534k, 3d& T 1 it FH I 259 20 6 0 ml DA B 3 77 Fn R S JORE L R HE K TR =
T FEAR AR BK A ) BRCPLIR o 70 SRR P e fls 8 w6 2 L0 L VA B AT AR 4 R IR TR
BEHERE N AT 4E R CORER B B IR B L h o A B P B O S R A e I T Y AR B
AR 2 TOIE o TR VAN 22 m] A5 K 22 T BE RIRE oK i 78 - 1 ARt FH 1 v 4 7 P A AR v
PEFATE B Iaii b 1 A AN/ s ) P AR B 5 2 TR A o itk , AT SRRV 2 /N ()RR 4R
BT, FF H S BRI, o] CRIPE R0 T B N AR . nDR F T 0 ot 0 25 9 406 P
il B8 T 45 5 1A pHES IR 2% 4 1468 T 72 45 5 1) B W or B RE 0 M 711

[0074] Dy 1 o F 0ot B A T i et i/ o o s P A A 1) 2850, 869 Py it P A it — D A 36 10 i FH T
i (Galbiati®¥ N, 2006;Gotz55 N ,2008) o 45 A Jitd I KK 24 43 58 2AE T 5L, B HL A Hh 2
T S e DX B B A LR S VR & IR Bl 7 V2 T BE R Ak T VR AR 25 iR
J7 o T JE Ik AR ) (V) Bl I 2 & T R0 (R aldanE) BTN i . R R
JE REME B MERR 2 [a] 5 48 S ) 8 3 3 22 B 75 /KF G SL3-14) o 8 P 1) 771 e o
FK IR K AE R IR, (5 2 A FE EDTAR G 5 -

[0075] 3k — 2B Hladk f i FH A 202 i 15 A0 B0 HE &3 0k 9 e FH o3& T 7 1 40t (B G
Jik A Tt FH) 1) 245 0 20 S P R HE K A B A 7K TG TR AT VR S I v R R, AT B A AR L 2%
PRI AR 2H A ) 5 52 A ) M R AR S B 1 T nI AR T X R S i 3
CH S EFEKBE 2 ICEE IR P o AT R E 5 A FH 0 4 S PR AR AR B 7
ZHNEAEST, WEE AN, I AT T GET) 4R Ik 2 81
D S = R NI S B 0 N 1 Vi B 1 e 82 2 7 R B W o 8
AR ) i B AR B B T A ) R AR ST AR N 53 BRI ) o SE G4 < 3 S K USP 5 7K
PEGEN W, Qn A B S5 VB AR D VA S VAR 7 20 W 9 S 948 260 W AR 1 A S v DA B L
PR A MRS DR S s AR VEBE N, U B B 4 BE RIS T I s DA R AR /K IEA ), &
K ARRF I AE A T 22 RR T TR 2L T L A R IR S A T AT R T

[0076]  54b, etk B TR W S8 R T TR LA (W I mT e IE AR 8252 W s 9= i, W AT LA
T AR B e R T B F AN

[0077]  @E— D Wit FH v AR SR, & & 5 T VAW 1E ZE A B it H ; 5%
X AR E R -

[0078] i@ T4 &b RN iliits FH 1 25 W 46 P ml A 2 v oy A 1 [l Ak 28k , L mT i B o ik
8P HUE T N Rt - B 48 S5t A 2 A W TR S T R R, Gt 25 R Bl R . B, AT
it BT 5 R N B30 3 R 11 (1 28 R 58 ol L B M N 38 il B S e 2 45 4 ] B Y 1 i 4 1
RV TR BV VR o P EARE 31 33 2 1 25 B AR BRI TR\ I 2 A4, i e 28 B R 45 (HAN R T
IR 55 2% S5 AL B BURONZR , T AT TRA) 3 R B A 10 7 7)1 (0 1 T 2 o

[0079] W& T4 B Wit FH 1 2590406 0 3 B o 7R B 1V 77 o ] 3 T 28 9 T it FH 17
ZIVA GBS T A R ZE  FLE TR R T YA T B 5 7

[0080] WP K 32 B it ) 25 M0 2 A D3I R o SIS 7, H B RS ) B 542 &
[ 2% B AR R ko

[0081]  Jit 480 A% H 7 VA B 46 it FH Ik B B AU BREE (dT) BRI R (dC) B RRTY (dA) Fl Bt 4

12
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54 (d6) 1 —Fhal 2 Fhli A% H -

[0082] AL [y FhoLb 5 A= T AR FH Bk dfe = o Ay e WA A i R T A2 A 2 1) o PR I 2B i o 2
T3 1% CA B 4 Ao Fot L 48] e FH i S8 A% 1D 9 5 )t e AR sl b AR Y el 2 N ) S o n SR it
FH PR i 08 S5 A% T, T AT o] A% Wt S8 A% (481, dCANAT) S50/ 5011 bE A , B $% 245/95
10/90.15/85.20/80.25/75.30/70.35/65.40/60.45/55.55/45.60/40.65/35.70/30.75/
25.80/20.85/15.90/10/195/51 L. 41 .

[0083] %Mk Ui, Xf T TK2ER = E , LA S5 (1) VR &4t FHdTAIdC.

[0084]  AATIRFT AN G0Ks 2 R T R 2 R 58 ¥R T 76 RGTI R ) 3 B, T 56 AR ATk 35 43
RN TR A2 O H1 Y o 3% 28 PR 25 A3 i 8% 1 IR R 8 T8 X L2030 122 S50, in AR
FHRE AR A= 22, 3 R0 76 38 FH RSS20 040 & W ) M Ve ) T R A 7
) LA NI 1) 25 RE R R (1) 3t — 20 DR 3 B 46 VR T I o IR B0 18 BB 7 1 85 A A BUAS11
A 2l AR R AR | it I AR R R I R K it FH R B 1 25036 9T LA B T it FH 1
2RI 97 R B A ET TR N DR 2% o DRI I S B AZ AR 9 AR AT B AR N B3 ) W K B — B3 1)
A7 0T AR A A7 VHE () 1 R B AR SR e e A 1 ) 771 2 o

[0085]  fJask ) 7] & Vi [l & 29 100mg /kg/ K 2 291, 000mg / kg / K o 33E— 5 A 06 1) 71) 8 3 [
£7200mg/kg/ R 2 £1800mg/kg/ K - Bk — > YLk (1) 771 & 3 B A2 £9250mg / kg / R 22 £7400mg /kg/
R o IR G5 B BB ) B A% ) B EL A A H — i % (il 4n, dTHIdC) [RTR &4 1)
HEVHE A, — AR 2 AT A5 400mg/kg/ R AT AEE— B 1) S, — S ET]
% 200mg/kg/ R HIATFI200mg/kg/ K FIACHIVR A4 - fEHE— 2D By sL il , — AN AL
400mg/kg/ R ATAIACHITR &) .

[0086] B AEAX T MU ME FH AT LA — R — IR —RHIR . — R =R — KWK — KRAR &%
— R INIR e 42 5 IS 18] & it FH o 18 2, 224 O DY 2 Ttk FH Bt S8R T IS, 5 245 /& 7.8 - 00AM,
12:00PM.4: 00PMAI8 : 00PM.

(00871 4n SR ok P B P it P 140 1, D)t T DA 3R AL 51 o 3 it FH e R ke 771 2 ¥ L 2
2150mg/kg/ R F £1500mg /kg/ K

[0088]  4nsLjiti 515+ o , AT 15 7 & AR A AE 52 3038 i B OR - 451l 4n, T 4% 100mg /kg/ K
46 e FH B8 S8R 0 5 SR J5 I A N TR] () HE RS 389 N 21 200mg /kg/ K - £]400mg /kg/ K « £800mg/
kg/ K% 1000mg/kg/ K , i Bk T 52 60 (1) S B A 52

(00891 7 3G 7] & - iy AT M I 525 () S bR e A7 O o P 3Ee W 858 52 1A R LY g = A
5 SR AT BhAE F10L R B e AV 2 P A8 SR W 0 52 X3 et B S8 A% T O 968 9 1 it PR ) s o 2
AN G XS b i — F B 2 3 80, W] DL4k 8t AT 6097 . i R IR S Hoh i —
8% 2 R FFAN AR Bk b, AT DA S 0 i 5% 5 7R &

[0090]  dyisi it 8 o B » JBd SEA% EF 2 i 52 P R 4 1 o AT A W0 5% 380 1) il FH #1022 ),
HFEZR RS R e B B IE IR RR I o b v] M52 303 AT s 4E S an S A i
52, B UIEYS o a0 ALt F J5 W52 21— Fhel 2 MpE v A, AT L/ 70 & o an S A gL 3|
XREEH, AT LABE & . 46, — B il T g2 20 EIAE b &, 9 B FERE 5%
ZIEIE I, Ay LA I &

(00911 th ] DU I S8 A% 1 5 e e 24 700 3L R it FH o 3 SR 2 576 0 6 A 196 97 e e T2 U
MDSPIFEIR B VAT 71 o e S, X T TK28R Z 0 , v K d T AN dC 385 i 4 A T 4 A A T Tl 1 10
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7R [R] Tt FH 5 0% A2 40 ) 5510 5 (AN B T 13 G DY S0 PR B (O I8 g 1) 0 1) 7)) AN B 2 85 R H
(V2 4 % 5 Tl R L Tl 1) 0 611 57500) Ao M UC AR (tipivacil, WREFBEIE fLBG 00 400 810 7)) 1) B4 o)
A o IXFEHM TR O A I B TR T — S miE

[0092] syt fa

[0093]  j@ ik 22 DL AR PR i P St 451 o] LS G b A A i B, SR AR B S A5 2 Ry 1R
A TH] M 10 B AR & BH IR AR IR S i 5 8 & e AT T4 A L A S BIR ) AR R B I s T Y e o

[0094]  Sijit 51 1 -4 R R0 7 V25

[0095]  TK2dk = AiE ) /) B A A

[0096] &R CL4RIE T 4l & Tk2HI 26NN ZRAE (Tk2™7) /N, R T 5 N340 ) LN L
AR I N HI A R Y (Akman’ A, 2008) o 78 A JE 55 10K 555 13K 2 18], Th2 ™ /I8 Bl 7k
72 BRI LR AR, FLREIE AT RE 1 N R P AR AR B AR KR 2%, HF HLdvs it e
RE14Z 16 H B 1 5 BAZE T o INERA AL 1R 43 S AR AL 70 BT 8 B 102 03 1R R I WL 6 72 ER
TP 1A P 3 2R R 2 17 R B ANTP ZEAS -7 , A il o - d TTP 7K~ BA S S H A TTPAIACTP 7 3%
TR 5 3 6 4 1717 77 A mt DNAFE 35 A5 45 mt DNAZR i) A TV 35 Pty o 8% 4 ilg 1) BB P, e 2R 1 2
TER TS R+

[0097]  Jir 5 1) S B A0 A AR 4 EH B0 LU R 7 2 vh o B B S AT LA S P 4 3 5 4 25 7
2> (Institutional Animal Care and Use Committee) fib#Ef 5 ZiHATHI, 3 HI5EE
BAAE TR 4 B A S A Sh A T R o AR AR s A o 2 1 2 BRI TR R /B, SR 127N
HEL L2/ BRI DA, FEAE4 L 13FN29 H & IR AL AT

[0098]  HWHE#8F (i BE A O BE B UKL AN B 7 18) HA R S e VA
FA-OKAE FLE [ 55 (-160°C) Bt I FlvA A, 538 [ 5 1710 % M2z i 2K S dkeb, IR bR
AR P B R AE A W R o SR 5 A et 0 3 P 2H 2R FH T3 RS FHIRE 21 (H&E) B it AT TR A 5
8% N AE (D SRR T TP R (K IR FE AL BE L FHGFAPLCOX TR AT W Sk AT S s Y O 5%
Hety T a4 B A TN BRI A R 6t R AH (TR27) , BRI A 5 B 0 ik o I R A A= 4k 22 5
(AkmanZ$ A ,2008;DoradoZE A\ ,2011)

[0099] Y& it FH AN S 36 11K

[0100] X Tk2H126NEEA /N (Tk2 ) FIAEEY UL A EEF AR R (Tk2Y) , M AR SR 554 28 29
KK H260mg/kg/ R A520mg/kg/RIX 24515 , @ i &5 H 1 IRMR 4l FHAE50ul /N2
[fJEsbilachi 7 FLitT (Pet-Ag) I MLAMI T (dO) B EAMI T (dT) o 7E21 H ST K /NR 5 B
eI, FF I 43 R FH L. 6mMAN3 . 2mMP) 55 B8 /5 57 & it FH X /K HR i dC AR TR 4k 8347 Ak
o W A A B 1) Th 2 5 AR AR HE T A= 70 /)8 B P S P 6] R ZE AR B A Al W SR LAIEAT L R
[0101] T PEAG

[0102] 4 H X 4R BT VAL, R Je AT S W82 2, ASRE I 25 2 5 i 26 —1EJK (Akman
2 N ,2008) o

[0103] SN AfiEdT/ dCHY % 4 B FIT 20, K 20 A B RN A A B ) Tk 270N B R A0 A7 38 B 1) 2 97
A CREIR I S8 B R0 7= AR B | BIAE A R AR DL S T AN RS 2% 1k b 2 L 51 33
AT L o AE AR S5 BB AR T a6 B H VPl /N SR — AT N A7 TS I [R) AR 2

[0104] i i 2R g S AFp 00 S 25 M &2 ) INTP 2

[0105]  ZE1O4KFR (w/v) FIAMTSELZE Pk (210mMH 28 B . 70mMEERE . 10mM Tris-HC1 pH
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7.5.0.2mM EGTA.0.5%BSA) HUi2H ZE VK 34k, 3F4E4°C R LA1000g BS o543 4, 32 5 #E 4
CR=LA13,000g B 02255 B o K 35 T F60 % F EEVTIE , £-80°C R ARFF2/NE , B 353 4)
B, 7£-80°C it A7 (LN 23 Ff7E4°C T EL20, 800g 3.0 1073 Bl o B HIBTR A K =+t
B UTTE BT T65ul K, 3 HAE D HT LART 647 T-80°C R o N H IR T de/IMb
TR IE ) B RE I 52 A dNTPEE (Ferraro®s A ,2010;MartiZs N ,2012a) . {4 5 2, @i ¥ 5ul K
fh B AR HEANTP 5150l ;e W22 ik [0.025U/ml ThermoSequenase DNAXE &8 (GE
Healthcare,Piscataway,NJ,USA) 8Taq2E &l (Life Technologies,NY,USA) .0.75uM 3H-
dTTPE;3H-dATP (Moravek Biochemicals) .0.25uM¥sE ) EA% L .40mM Tris-HC1 pH
7.5.10mM MgC12.5mM DTTIVRA 7= A 20u 1R AR S i) 7E48°C T 6073 81 f » 44 18m1 J M A7) £
FEfEWhatman DES1ITJE#s I, T I FH5 % Na2HPO4 eI = IR R 421040 b, — IR AEZ& 18K
H—RAETCIK A i 3 PR SR 5000 5 O B T

[0106]  E T HPLCIN & A AZ 7 I & 45

[0107] i 45 By i 6 B e IHPLC 77 3% (Lopez 2% N, 2009 MartiZk A, 2012b) f1E
16 B R PE Al i S TR (AT) SR T (dU) < RS IE (U) AR R ms e (T) 7K °F. fai 5 2, BA
1.5ml/Z3 B i) PE g Jodl (B 48 4G DLAR) R i 8 B AR iy E AT A AL L tima C18NUC AHAE
(Alltech) fJAlliance HPLC &4t Waters Corporation) ,f# VU R 2% ik - et i A (20mM
WEER B, pH 5.6) \HEMEEB OK) APl C (B o LU B FE 260 70 8P ke i : -5 8t
100 % BEBL A ; 5-25%3 %, 100-71 % VEM KA, 29 % e B ; 25-267 8h , 0-100 % Vel C ;
26-30734%1, 100 % Fe i C ; 30-3143 %4, 0-100 % & i B : 31-3543 %4, 100 % ¥ i kB (1. 5-
2ml/ 4381 5 35-453 %1, 100 % YE KB (2m1 /43 %1) ;45-46 738, 100 % Pe i B (2-1.5m1/ 4y
Bl 5464743 %F,0-100 % PE LR C; 47-5040 %1, 100 % ek C; 50-5143 81, 0-100 % e i ¥R A 5
F151-607341, 100 % BEMLIKA -

[0108]  7E267nmib Hx JUBE B IR 6B , FKsdThd FldUrdié i & , 5 3244 e AT i i A4
55 7K AR HEYDSRAF B RS HE it 22 33047 LU A8 S 1 B Al b R DA RIS 0 O AR B L AU
T PR W g 0 I Ji e g U, W 38— 4 B I R 1 Ak K AT 1R TP (S1gma) A2 DL 3
HVEBR A TAU o S J7 925060 T B A A% 5 A IR 90 . 05mmol /1. 45 SRR 7R Anmol/mg 5 F i »
[0109]  RT—qPCR: Z& %7 /&RDNASE &=

[0110]  7EStep One PlusSZHFPCRZE%: (Applied Biosystems) H1% FHddCt J5 v, i ik
[ A8 AE B COX TRl (mtDNA) K /)N B, H vk i — 31 iR A 08 (GAPDH, nDNA) ) 51 7 Fl 4R &1
(Applied Biosystems,Invitrogen,Foster City,CA,USA) #4752 PCR (Dorado®s A ,
2011) o #MtDNA{E £ X nDNAME SR HEAL , T 27 Ay AT T BF A 28 (100%) B H 3 L

[O111] LR AN W i B 1 Tk F

[0112] g = -kt o 118 4 i Ko =50 /0 i 12 B A0 72 SDS—12 % PAGE B i HH HEL 9K , %5 7% 28 Tmmun—
Blot™ PVDFfiE (Biorad,Hercules,CA,USA) k., 3 FIHifk MitoProfile® = 0XPHOSH 4 547
WBYE & B $i 1k (MitoProfile® Total OXPHOS Rodent WB Antibody Cocktail)
(MitoSciences,Eugene,0R,USA) #E4THR M . 18 FAmersham™ ECL PlusZk [ 5t F 7646 R 45
(GE Healthcare Life Sciences,UK) , HiZEALWIEELZ A B /N R BT/ TeGPiik (Sigma—-
Aldrich,St Louis,MO,USA) f il & B JSi—PiiRAH EAE FH o 4 FINTH Image] 1.37VEK{FiEAT
R I B o TR T 1) DX 3N T 35 2K BEARL TS5 R e 8 1) BT A 5 3R 1 K BEARLIV S FiRR DU
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RINHE

[0113] i it Jy 66 BT o A U 1 A e W B T 12k

[0114]  4n 2 A #h 3 1Y SR A2 R 2H 2R b 3 AT B RLAARRCER 70 At (DiMauro®¥ A, 1987) .
[0115] St ik

[0116]  BE¥E R NEFH &2 /b 3R S5 i~ /8 +=SD . X FHGehan—Breslow—Wi l coxonf&
B0 L B - A1 /N I AFIE LL A5 o p1EL<O . OB A R Gi i 2 W B 1 o

[0117]  Sizjfifsl 2%t Tk2 ™ /N BUME I AC/ d T RE IR TK 2450 2 RE 0 e A A I 4 I A7 3% &

[0118]  XfTk2 ™ /N B it FH 771 M 260 F1520mg / kg / K (1 it SEUA% EF (AC/dT) Hh R4 — 3% o i 8
) B R B SR 43 1S 400 F1800mg / kg / R 1 JBE SR 4 B: (1 dCMP+d TMP .

[0119]  FHIIARAC+dT (M4 H ##226085520mg/kg/K) AL FE /MR BB A J5 521 KRB
KA S TR (1) AE21 H S 5 FH260mg/ kg /R 7715 A ) 52 A48 /NG, (Tk ™/ 260ms/ke/k dc
/AT g5 1F 3 B S R AR A S R B R 5, L S A AR R 531 £ 4. 3R AETS (B12) .
[0120]  Fi]520mg/kg/ K FICHT (Tke ™/ >20ms/Ke/ % AC/AT) ik 3 1ty G /[N B, 4k 45 T 49 26— ], (L
b6 5 I Y 5 T/ 200ms/Ke K /TR fp) g A, I A HE AR SR 4543 £ 10 R BT L IR 4L 45 5 5
2005%400mg/kg/ K I 11 ARACMP/dTMP AL B I Tk 2™/~ /I8 5 BT S 7% BRI 24 o 56 T2 260me/ ke A dC
/AR T o20me ke K dC/dT g 35| L A 5 60K o YA WL EE S BIE H o

[0121] PR B AR, , A FR I Th2 ™ FR) 75 i 0 35 3 0 o AR AL FR ) T2 —/ MR iR T 175
13K, 1 FH260F1520mg /kg/ R AL ER 1) /NR 23 HAFE T PR3 1R A40K (B2) A &
B, HoA— HUNRAAE B H AR G 5556 K, IX 2124 A IETR2EIN /N R AR R fe K 1
[0122]  sijit 1] 3— 11 AlRdC/ d Tk 38 i A H (1) 93 T

[0123] &£ ki A FR B P (R ANTP o, 76 HZE JR A5 135K, Tk ™/~ 260ms/Ke/ R dC/dT Ty o
+/o2me e/ R AC/AT gyt 4 52 4 A TE LR LR ANTP BEAS T4 , I HLAEZH 43 b R B AT AR 1R 80R L #F
i R dCTPAS R 1 58 24K, A TTPAE I R A3 B A E AHEL 28, RE A Il 8% EH b, H
A B AT TP AT R TP B = 15 8R T 5 (B13) &

[0124] EﬂjHﬁE%lBiE@Tka/f%omg/Kg/ﬁ dC/deFDTsz/*SQOmg/Kg/ji dC/dT/J\BEB\‘ EF SRR IR T
O E VB I AL A () mtDNAFE o (] 4) o AHEE 2 R, mt DNA$E DUEUANAE HH A f5 58 13K BA
AR A T 2T om0 4 15 21 4 S A mt DNA/nDNA LY AR AR XX HEi 75 260mg / kg /
REJACHdTHTIE R T 39% , HAE520mg/kg/ RIS IR 2 152 % o a8 i HPLCI & i A 1) B 2 d T A
PRV E S 7R AE A C+d T AL P 5% FH dCMP+d TMP AL B (1) 34 th /K P8t i (JR15) |, 3k — 25 2 B i 48
A% R Rl g A0t SR A% T 350 5 A T i B e o 7 AR S5 529K, 260 11520mg / kg / K I dC+A T v
TEOAEH (40F135%) JHFH (46F145%) 5 H (38F142%) LA KL (245135 %) 84> 4k
7 mtDNAFE Y , (H 58 H 1R AR (82184 %) 58 4= Fk K (K 4) »

[0125]  sizjiff5ij4— 1 lRdC/ d Tk 38 i I 2B 40 2

[0126] WP 5 R (RCE) 37 11 AR 19 5K T2 A2 J5 55 135K [t TR/ ~260me/Ke % dC/dT gy i e 451
)58 A YRR (K16) RCENGVEAE H AR 5 5529 K th G BIPK &, 3F HLAETK2 /52 One/ke/R /e fy g
SR E AW TSNS A FEAK (B16) o i RCERR [ Fi/K 78 H A2 5 5529 K #5470 Hu 45 ) 1k
E’ETKT/—QOmg/Kg/ﬁ dc/dTEPtKETKz—/—%Omg/}{g/ﬁ dC/dTEP7J<qz% (7) Jfﬂji}ﬁ%%fﬁ/ﬁ%
Ab B FAZ /)N BRI A 1 e 1 KT IR 22 S S mt DNAKE v 1) 22 2 — 801, 3 HA vl fg
R T IR R B R B A7 I K
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[0127]  SEjitafsl5—7F B A TK25k 2 RE A 8 v it FHC/d T2 2K

[0128] "R 1 E & B 3 B BRI i O 4 52 i SR 7 VA I TR 2 Bl = o0 S8 3 R e
RIS R

[0129]  &5%1

[0130]  pLARE 201142 H A TR E ARREIR RN LE 124 A £ 5% 77988 H k3
PR A MR A TS o AL AW /7, 35 BAE194 FIN it DL ALGE <, flah ¢ 72
24NN / RARTS T o A 19 F I — B ST

[0131] {4 HTHE52100mg/ke/ K H AR JG #=200mg /kg/ K () ACMPAIATMP o 4% 5E X Ry i, A
Re IR /N R, I ELA A AR B 10 . 4kg M F19. 5kg.

[0132]  7E2015%10 H , A T 454252 260mg / kg /R HIACHIAT , H.77) & 4 hn$340mg/kg/ K
dCHIAT . RN F &, Ath i) BT 0 Sk 5895 3145 B8 47, 76 NI SCHE T BE A8 i 32573 B, JF AR Wik
It HARE L ZF 2218 7 (M E K 140-170bpmf% 2 H K 100-120bpm) -

[0133]  {E20164E3 H23 H , K5 8 in51400mg/ kg / R HIdCHAT . & ey 76 )5, th Bon
HE— 2D S A REAE TE R T AR 295/ /R 7 SR BiSn 1 5/ AT TR 4
TN B SRSBT R s 3T H 4%t 5 A At 1 PR AT B 7R Ath ) BH 25 5808 BE 4 R AT N 5
JE R LD

[0134]  yBYTIHMRDULES BI0CA I RIE H A2 IG5 .

[0135]  A5%2

[0136] B ARE 1987 A T VR IL A A AES DI P46 T IR, AL 35 T 3w LA TE 7 o A
TEI3 BN 22k T AT ERE 7T, FF H— R 24/ N 2532 38 < o Al S5 1 LA 200mg / kg / K ik FH dAMP Al
dCMP, I HL& I8 B Y — R 24 28 22 /N () 44 55 186 I Fnye 2>

[0137]  fl1 A\201546 H LLK— B LA400mg/kg/ K (I dCHIATE 2 i S A% H 7%, IF HE R
HVLA 7B i e , At i 4R B FE ARG & 880E , I HAMR A3 LB P s

[0138]  yBYTSHIADULEE BIAA 1 B 2 IR VS Al -

[0139] 343

[0140] b i35 19854 AR TP UE A AR IEIRTT 46 T-6 55 , A+ T B A sy A 1) JILIA) I
H1MAE20154E6 H T 461% FH200mg /kg/ KK ATAIAC, I HiZ 4 M b IR B 4 2 3% , 766
G3 BT AT R M S AR ARG % ) I TR) DA % bR ZE TR AA &5 B J7 TR 240

[0141]  yBYT AU BI0CA 1 RIE 2 185 .«

[0142]  H5%4

[0143]  JEARFE20094:2 A HAE T PR UL AMAE NS HIN RILH A6 K 8 AR FPEIR - A 7E
20154E7 I 4h#E52230mg /ke/ K IIACFIAT . $20164E 1 I, il 8 < HOB IR ek % , IF H.
HETEEL T .

[0144] A WER|RITEH.

[0145] 355

[0146] B EEFE 19574 AR T VUBE S, I HAES0 25 B FT 4 th 30 v 414 R W A g JULTE 77 1)
MR ARAEME FAKFEBIPAP ARAE20154F 11 AT U645 200mg/kg/ R I IdCHIAT

[0147] &AWL RITEH.

[0148] 356
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[0149] A FE20114E10 A TUREEA, JF BAELSAS A JF46 BoR AR , A3 5k 7798
AR FIRE 55 o Al AE 220 I 2 2RAT7E 70, 3F BRFRVLTG 71 o Al AE 164> F I JF AR HIAGE =, I B
H AT — K+ AN /NAKEEBI PAP o A S5 AT LA 100mg / kg / K F2 52 dCMP A1 dAMP , H. 771 & 384 Jin 2
400mg/kg/ K MR #EEgen Klassification& KT B 71 E$HE 5 (28/30%13/30) , 3¢ H.
R N9 . 8kg 3 N E12. ke

[0150]  fi7E2015%:4 H LA400mg/kg/ K ¥dCFIATH 4 it k% 7 V5 . £E20154E10 H , b 7E
Egen Klassification®ERIJ7HM13/3024L%I11/30, I H ALK A E M 12. Skt £
16.5kg,

[0151] A M ELEEIEH

[0152]  f3&57

[0153] WA FE20124E11 A T OB ARAELTAS I T 46 Sos HAEAR , 6045 i 55 Ak
JIIR AAE224 A R RATAE 77, H BAE294 AN T A8 WIS o i S5 AT LA 100mg /kg /K
$252 dCMPFIAAMP , FLF & 48 inF400mg /kg/ K . IR #EEgen KlassificationfE R AT R R
JrE R (30/302224/30) , 3F HABRI A E M1 ke INFI15. Tke .

[0154]  fliE20154F4 H T 4A Mt 8% H 7%, 7 & H400mg/kg/ R IIdTAAC, #E20154FE11 H ,
flbifEEgen KlassificationfEZK /7T M24/3046E119/30, 3 H AR M4 HE 15, Tkg 3
17kg,

[0155] VA W& EIEIAEH .

[0156] 358

[0157] b ER3519894F9 H AR T & A, I HAEL LA ABS T 46 W HGEAR , £ A 4 Sk 3 A
W I D SRR A I AE 294 5 I 2K T E AT AERTRE ) o i SE AT — BT TR, I
HAtEAT Bh6e /077 T o B BGE , B4R AN FH S BhAT 7 L i SZ I 1) BE A VB TERE RS L S ik B
WA KT N K

[0158]  HthfE20164F2 H ¥ M A% 19712, 7 & 9 260mg/kg/ RIKIACHIAT,, HAR /5 £E2016
TS 1K B3 I $1400mg /kg/ RIACHNAT, I B4k 2E BoR i & .

[0159] VA M ELEEIEH .

[0160] 359

[0161] b 198949 H i AE T fatth i AL AE20154F-8 H T4 48 F 130mg /kg/ R dCHI
dT, HAEAE20164-2 3G IN31260mg/kg/ K A W oG Ji4emr - 1A M2 2 EIEH .
[0162] S ik

[0163]  Akman,et al. (2008) Thymidine kinase 2 (H126N)knock in mice show the
essential role of balanced deoxynucleotide pools for mitochondrial DNA
maintenance.Hum.Mol.Genet.17:2433-2440

[0164] Alston.et al. (2013)Late-onset respiratory failure due to TK2
mutations causing multiple mtDNA deletions.Neurology 81:2051-3

[0165] Bartesaghi,et al. (2010)Loss of thymidine kinase 2 alters neuronal
bioenergetics and leads to neurodegeneration.Hum.Mol.Genet.19:1669-77

[0166] Béhin,et al. (2012) Adult cases of mitochondrial DNA depletion due to
TK2 defect An expanding spectrum.Neurology 78:644-648
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