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Outline of Talk

Function of mitochondrial DNA (mtDNA)

How mtDNA is copied (POLG, POLG2, TWNK,
SSBP1)

How mutations arise in mitochondrial DNA, the
natural evolution of mtDNA

Genetic diseases (POLG related diseases) that
affect mtDNA replication

MtDNA mutagenesis in POLG related diseases
New therapies on the horizon



Mitochondria have their own DNA

Mitochondria

Mitochondrial DNA
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Human mitochondrial DNA

The mitochondrial /HSF\ s
genome is a closed, oo i,
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Nuclear vs. Mitochondrial DNA

Mitochondrial DNA only accounts for ~0.3% of DNA in a cell

MIDNA genome

<17 Kbp
38 genes




Human mitochondrial DNA

Human mtDNA
16.6 kb

GC rich (44%)
Densely coding
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How is DNA copied

DNA is copied or replicated by enzymes called “DNA Polymerases”

Chromosome

Free nucleotides DNA polymerase

Original
(template)
DNA

Replication
fork
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DNA polymerase Original (template) DNA strand



17 Human DNA Polymerases

Polymerase Family Chromosome Mol. Wt. (kDa) Function/Comments
o (alpha) B Xq21.3-q22.1 165 Initiates replication
B (beta) X 8p12-p11 39 BER, other functions
v (gamma) A 15¢25 140 Mitochondrial replication & repair
0 (delta) B 19q13.3-4 125 Replication, BER, NER, MMR
€ (epsilon) B 12q24.3 255 Replication, checkpoint control
€ (zeta) B 6q22 344 YREV3 homolog, lesion bypass
n (eta) Y 6p21.1 78 Lesion bypass, XPV, skin cancer susceptibility
0 (theta) A 3q13.31 300 crosslink repair, Dm308, lesion bypass
1 (iota) Y 18¢q21.1 80 Lesion bypass? BER?
k (kappa) Y 5q13.1 929 Lesion bypass, mutator when overexpressed
A (lambda) X 1023 64 pol B homolog, meiosis? NHEJ
p (mu) X 7p13 55 TdT homolog, NHEJ
n (nu) A 4p16.3 100 lesion bypass, crosslink repair?
c (sigma) X 5p15 60 TRF4
Revl Y 2q11.1-.2 125 lesion bypass
TdT X 10q23-24 57 Terminal transferase
PrimPol AEP 4q35.1 65 Restart during replication stress, Mitochondrial TLS




Proteins involved in mitochondrial DNA replication

i L SR VR YR\ S

-
wsssws pP140-POLG
—
— —_— p72 - Helicase
—— p55 - POLG2
| —
—
| —
e p15 - mtSSB
—
| —
L

POLG: p140, catalytic subunit of Pol y, polymerase and exonuclease
POLG2: p55, accessory subunit of Pol y, functions as processivity factor
TWNK: replicative DNA helicase

SSBP1: single-stranded DNA binding protein



Mitochondrial DNA
mutations cause or are
associated with various

diseases

* Alpers Disease
* Barth syndrome
* Beta-oxidation Defects

* Leigh Disease or Syndrome
* LHON

* LIC (Lethal Infantile Cardiomyopathy)

* Carnitine-Acyl-Carnitine Deficiency* Luft Disease

* Carnitine Deficiency

* Co-Enzyme Q10 Deficiency

* Complex I Deficiency

* Complex II Deficiency
* Complex III Deficiency
* Complex IV Deficiency
* Complex V Deficiency
* COX Deficiency

* CPEO

* CPT I Deficiency

* CPT II Deficiency

* Glutaric Aciduria Type 11
* KSS

* Lactic Acidosis

* LCAD

* LCHAD

* MAD

* MCAD

* MELAS

* MERRF

* Mitochondrial Cytopathy

* Mitochondrial DNA Depletion

* Mitochondrial Encephalopathy

* Mitochondrial Myopathy

* MNGIE

* NARP

* Pearson Syndrome

* Pyruvate Carboxylase Deficiency
* Pyruvate Dehydrogenase Deficiency
* Respiratory Chain

*SCAD

* SCHAD

* VLCAD
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O = Mutant mitochondrial DNA
O = Wild Type mitochondrial DNA
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MtDNA mutates or evolves faster than nuclear DNA,
with estimates suggesting that MtDNA mutates/evolves
~20-100-fold faster than nuclear DNA



Fidelity of nuclear DNA Replication: 10-°
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1. Insertion fidelity (DNA polymerase ): 10-° 1. Typing
2. Delete (backspace)

2. Proofreading (Exonuclease ): 102
ing (Exonu ) 3. Spell check

3. DNA mismatch repair: 103



Fidelity of Human DNA Polymerase y

*DNA polymerase y has high DNA synthetic fidelity at single base pairs.
(<1 error per 1,000,000 nucleotides synthesized)

*Pol y proofreading contributes ~100-fold to base substitution and
frameshift fidelity.

The fidelity of human DNA polymerase gamma with and without exonucleolytic proofreading and the p55 accessory subunit.

Longley MJ, Nguyen D, Kunkel TA, Copeland WC. J Biol Chem. 2001 Oct 19;276(42):38555-62


https://www.ncbi.nlm.nih.gov/pubmed/11504725

Nuclear and Mitochondrial DNA Repair

Repair system Nuclear Mitochondrial
Nucleotide Excisi XPA, XPC, RPA, TFIIH, XPF9, XPG None
ucleotide EXCISION | p o peNA, RFC, DNA ligasel/IIT
Repair
hMSH2, hMSH3, hMSHS5, hMSH6, No clear MMR activity
Mis Match Repair hMLH1, PMS2

Base Excision Repair

Base glycosylase, UDG, TDG
APE, PARP
Short patch repair - polf3

Long patch repair - pold/e or polf FENI,
DNA2, PCNA, RFC

DNA ligase I/I11

UDG, OGG, hMYH

APE1

Short patch repair — pol y

Long patch repair — pol y, FEN1, DNA2,
DNA ligase III

Ribonucleotide
Excision Repair

Rnase H2

None




UV Radiation and

o Environmental Mutagens
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MtDNA mutates or evolves faster than nuclear DNA,
with estimates suggesting that MtDNA mutates/evolves
~20-100-fold faster than nuclear DNA

The highly mutation rate is mostly due to the lack of
mitochondrial mismatch repair.



The major driver of mtDNA mutations is
spontaneous errors of mtDNA replication from
POLG



Proteins involved in mitochondrial DNA replication
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POLG: p140, catalytic subunit of Pol y, polymerase and exonuclease
POLG2: p55, accessory subunit of Pol y, functions as processivity factor
TWNK: replicative DNA helicase

SSBP1: single-stranded DNA binding protein
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Minimal mtDNA Replisome Components Disease Outcomes Associated with Mutations

> : : Alphers-Huttenlocher Syndrome, Chronic Progressive External Opthalmoplegia,
o  catalytic subunit o : :
» 137 kD Kearns-Sayre Syndrome, Myoclonic Epilepsy Myopathy Sensory Ataxia, Ataxia
©c O monomer . .
5 A 5300 di iant Neuropathy Spectrum, Leigh Syndrome, Childhood Myocerebrohepatopathy
e bl Spectrum, Hepatocerebral Mitochondrial DNA Depletion Syndrome
>
S
N accessory subunit
< O Y : Chronic Progressive External Opthalmoplegia, Ataxia Neuropathy Spectrum,
Z < 104 kD homodimer . . : .
o O . . Leigh Syndrome, Hepatocerebral Mitochondrial DNA Depletion Syndrome
o 11 disease variants
m  ssDNA binding protein
8_. 61 kD homotetramer Optic Atrophy, Kearns-Sayre Syndrome, Pearson Syndrome, Leigh Syndrome
S 8 disease variants
§ helicase Chronic Progressive External Opthalmoplegia, Ataxia Neuropathy Spectrum,
£ 433 kD homohexamer Hepatocerebral Mitochondrial DNA Depletion Syndrome, Infantile-Onset
E >50 disease variants Spinocerebellar Ataxia, Perrault Syndrome




Nuclear loci that affect the stability of mitochondrial DNA

Gene Disorder Locus Function
MtDNA replication and repair
POLG PEO, Alpers, ataxia 15925 Pol y catalytic subunit
POLG2 PEO 17923-24 Pol y accessory subunit
TWNK PEO, mtDNA depletion, IOSCA 10924 Mitochondrial DNA helicase
MGME1 PEO, mtDNA depletion 20p11.23 Single-strand DNA nuclease
DNA2 mtDNA deletions, PEO 10921.3-22.1 Mito/nuclear helicase-nuclease
RNASEH1 encephalomyopathy, mtDNA deletions 2p25 RNA/DNA hybrid endoribonuclease
TFAM mtDNA depletion 10921.1 Organizes mtDNA transactions
SSBP1 Optic autrophy, mtDNA dep/del 7934 Single strand DNA binding protein
nucleotide pool metabolism
ANT1 PEO 4934-35 Adenine nucleotide translocator
TP MNGIE, mtDNA deletions/depletion 22913.32 Thymidine phosphorylase
DGUOK mtDNA depletion 2p13 Deoxyguanosine kinase
TK2 PEO, mtDNA depletion 16g22-23.1 Mitochondrial thymidine kinase
MPV17 mtDNA deletions, depletion 2p23.3 Mito inner membrane protein
SUCLA2 mtDNA depletion 13q14.2 ATP-dep Succinate-CoA ligase
SUCLG1 mtDNA depletion 2p11.2 GTP-dep Succinate-CoA ligase
RRM2B PEO, mtDNA depletion 8923.1 pSS-Ribonucleotide reductase, small
ABAT mtDNA deletions, depletion 16p13.2 4-Aminobutyrate aminotransferase
mitochondrial homeostasis / dynamics
OPA1 Dommag;;%t;%:,tgggi)g miDNA 392829  Dynamin related GTPase
MFN2 DOA, mtDNA deletions 1p36.22 Mitofusin 2
FBXL4 mtDNA depletion, encephalopathy 6q16.1-16.3 Mitochondrial LLR F-Box protein
AFG3L2 Spinocerebellar ataxia, mtDNA deletions 18p11.21 Mitochondrial IM metalloprotease
SPG7 ataxia, spastic paraplegia 16:89.49-89.56 Mito IM metalloprotease component
GFER mtDNA deletions, myopathy 16:1.98-1.99 Protein import to IMS




Mutations in DNA polymerase Y, POLG

:] - PEO, sporadic

T - Single Nucleotide Polymorphism (*)

:] - Other

Human POLG gene
1 2 3 5 6 7 11 12 13 14 1516 17 19 20 21 2 23
I:I:—
879H S1095R R1096H/R1096C
M464T  Ad67T R790H_ M707del QTW RI081Q | HIL10Y
G303R  ~ o A46TT Q497H AT67D E873X [ L8855 Sosr Ii13P ,
Y2820 [L304R  UDX G517v* P765T | R869Q ||| L86P S
L304R L428P BT e AN S Tez=r ||| G888S C1077G_ HI1134R
myn | EIR K561M GT63R V855L 388D GITSX_ oL 36K |
przy 251 GO LoAX H569 H754 R853Q E895G K1050X E1143G*E1143G*
L244P BT R574W L752P R852C XIS RITw_ D1145GfsX9
i 235X TW34715356X P587L F749S %g.g%g_ T 024X [ c482+2 C)splice
i L83P 32G PS89L, P648R  'W748S “%IOZOX af X
{ L79F 32H KOOIE W748S T849X ”rN‘ T1185T;
== fg227pP L605R G737R (848S 5 R1187W
GlID - R627W R722H X - §g< 1¢ B
: A R627Q | 2157 splice oA splick Lotax 3600delT
Mitochondrig b 7
targeting seqyience m_ 715X yC LY66R ] ¥
[ m | FiNgers = | . P
T T I T 1240Q/Y+3
A962T[ fs;_
t P64SR RS07P | F961S [Q1214X
S28C — Y831C* [G1205A
0R R709X G848S T1199X
. G268A R722H* R853W (())i‘i‘;w
R275X GT37R V554 it K1191N
ACCAGn R275 V452X G746S A862T K947R | GLUToV
_J —1L463F = NS64S T1079L D1184
L304R L463F H945L N
S =20 R869Q _ ROBH R1081P D1184L
Q308H A467T W585X G763R | A889T RO43C S1095R S1176L
R309L N468D R579W K768E SOR R1096C F11641
312R v _S51IN P WOISR || 2222 S1104C R1138C
P163S W3I2R | |1392w  SSLIN I | [Rs74W . WOISR | SH4C R1138C
K319E K512M =7 ¢.2354Gins MO19T H932Y SI1104K |
G380D R386C G517V R562Q G923D S998L AN05T ||vitoer
- - adPEO+ (Progressive External Ophthalmoplegia) -Alpers and other Infantile Hepatocerebral Syndromes with - - NRTI toxicity
- - arPEO+ mtDNA depletion ] . -
- Ataxia-Neuropathy Syndrome, MIRAS / SANDO / SCAE Male infertility /
- testicular cancer /
Idiopathic Parkinson

http://tools.niehs.nih.gov/polg/



POLG Disease Burden

= POLG mutations are the most common cause of inherited
mitochondrial disorders (Saneto and Naviaux, 2010).

= Approximately 2% of the population carries a pathogenic
genetic variant of POLG (Saneto and Naviaux, 2010).

» The combined prevalence of recessive and dominant
disease caused by POLG mutations is ~1:10,000.



Major clinical syndromes associated with POLG mutations

and dysarthria (SANDO)

Neonatal/infancy Myocerebrohepatopathy spectrum (MCHS) Depletion
Infancy/Childhood Alpers-Huttenlocher syndrome (AHS) Depletion
Ataxia neuropathy spectrum (ANS) Deletions
Myoclonus, epilepsy, myopathy, sensory

Deletions

Adolescent/young ataxia (MEMSA)

adult
Progressive external ophthalmoplegia (PEO)

with or without sensory ataxic neuropathy Deletions




T2511 + PS587L in the Literature

Allele 1 Allele 2 Sex Age of  Clinical Phenotype Reference
Onset
(yr)

T251I+P587L T251I+P587L F 41 PEO Stewart JD, et al. (2009)
T2511+P587L T2511+P587L M 63 PEO & myopathy Horvath R, et al. (2006).
T251I1+P587L G848S M 0.5 Alpers Wong LJ, et al. (2008)
T251I+P587L G848S F 51 PEO Blok M3, et al. (2009)
T251I+P587L G848S M 73 SANDO Weiss MD, et al.(2010)
T2511+P587L L304R F 45 PEO, ataxia & myopathy Horvath et al. (2006)

T2511+P587L L304R M 60 PEO & neuropathy Horvath, et al. (2006)




Table 1. Summaries of the case histories of the four patients.

Homozygous A467T patients

Patient 1 Patient 2 Patient 3 Patient 4
Age at presentation 3 6 20 24
(years)
Age at death 5.5 Alive at 16 44 Alive at 31
(years)
Symptoms at Seizures Encephalitis-type presentation Diplopia Seizures
presentation
Clinical phenotype Alpers-Huttenlocher MEMSA+ SANDO “MELAS-like”
Blood/CSF results GGT 170 1U/I (reference <20 Tlactate 2.6mmol/L (<2) Liver 1 lactate 2.3mmol/L Normal lactate; Normal CSF
exam

Neurophysiology

Radiology

Neuropathology

Muscle Respiratory
Chain enzymes

IU/L), AST 490 IU/L (reference
range 5 to 45 |U/l)

Chronic grey matter ischaemia

Cortical degeneration in the
occipital and parietal lobes,
typical of PNDC. Bilateral
hippocampal sclerosis. Hepatic
microsteatosis

function normal; TPlasma alanine
537 mcmol/L (150—-450); |Plasma
arginine 28 mcmol/L (40—120);
CSF lactate 1.6mmol/L (<2); TCSF
protein 1.32 g/L (0.15-0.6); CSF
5MTHF 29 (46—120)

EEG: Intermittent runs of rhythmic
delta activity; CS: sensory
neuropathy affecting legs

MRI: Bilateral occipital lesions
around calcarine sulci

Brain biopsy: Non-specific; Muscle
histology: COX-negative fibres

Complex | 0.126 (0.104—0.268);
Complex Il 0.159 (0.040—0.204);
Complex IV 0.026 (0.014—0.034)

(< 1.65); CK 329

NCS: Moderately severe
axonal sensory motor
neuropathy

- MRI: Right occipital infarct

NCS: Severe axonal
neuropathy

Muscle histology: Ragged red
fibres and COX-negative fibres
and marked variation in fibre
size with scattered groups of
atrophic fibres.

Complex 1 0.170 (0.104— -
0.268); Complex Il 0.077

(0.040-0.204); Complex

IV 0.024 (0.014—0.034)

Muscle histology: T no.
of ragged red fibres
and > 10 COX-negative
fibres

Key: 5SMTHF, 5-methyltetrahydrofolate; AST, aspartate aminotransferase; COX, cytochrome oxidase; EEG, electroencephalogram; GGT, gamma-
glutamyltranspeptidase; MELAS, mitochondrial encephalomyopathy, lactic acidosis, stroke-like episodes; MEMSA, myoclonic epilepsy, myopathy, sensory
ataxia; NCS, nerve conduction studies; PNDC, progressive neuronal degeneration of childhood; SANDO, Sensory Ataxia Neuropathy Dysarthria

Ophthalmoplegia.

Rajakulendran et al., 2016 Plos ONE



GENETIC & ENVIRONMENTAL INTERACTIONS RESULTING IN
MITOCHONDRIAL DYSFUNCTION

Environmental Factors mtDNA Variants

nDNA Variants
Inhibitors Ancient Adaptive Polymorphisms ANT1
Smoking Recent Deleterious Mutations POLG
Cyanide POLG2
Nitric Oxide Twinkle
Hydrogen Sulfide l MGME1
Fungal Toxins sSuUV3
Pesticides OPA1
Industrial Chemicals OXPHOS INHIBITION MPVA17
Streptozotocin and TK2
Antibiotics MITOCHONDRIAL DYSFUNCTION dGuoK
Antivirals uo
Anti-cancer drugs RRM2B
PPARY
Activators PGC-1«, B
Benzofibrate nDNA Polymorphisms
Resveratrol

Roziglitazone



Progressive External Ophthalmoplegia

MtDNA deletions
*Weakening of the external eye muscles 1 2 3

*Ophthalmoparesis, inability to look right and left
Bilateral ptosis, droopy eyelids

*Multiple deletions in the mtDNA o4 >
*Many other associated symptoms 68>

4.4 »

23.0 >




Pipeline for MtDNA Deletion Detection and Mapping: LostArc

@ full length mtDNA

@ deletant mtDNA

ﬁ nuclear DNA

LostArc TEAM

Scott Lujan

Matt Longley

Maggie Humble

Andy Lavender

Adam Burkholder

Robert Taylor, Newcastle, UK
Robert McFarland, Newcastle, UK
Grainne Gorman, Newcastle, UK
Doug Turnbull, Newcastle, UK
Tom Kunkel

Lujan et al., 2020 Genome Biology
21:248
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100
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Analyzed

» 22 PEO patients with POLG
mutations ranging in age
from 17 — 80

* 19 Wildtype subjects, ages
19-93

Identified:
» 35 million mtDNA deletions
* 470,000 unique deletions




HEK293 cells (weighted mean, n = 3)

1.E+0

Detection limit of traditional

/ NG sequence
0 ol Bl itttk

1.E-3

deletion frequency

1.E-4

1.E-5

. . . . * *
‘o . . . ‘. . 3 ‘e * 0‘"
* * *
AT SNSRI LI ISP TP & 9 2> o
0 4 8 12 16
deletion size (kbp)

.o
*

wom“ﬁ" LR R 2K B T 2



HEK293 cells (weighted mean, n = 3)
M314 (WT POLG, 17 years old at biopsy)
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HEK293 cells (weighted mean, n = 3)
M314 (WT POLG, 17 years old at biopsy)

M508 (A467T/A467T POLG, 45 years old at biopsy)

deletion frequency
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control region

mtTF1
binding site

control
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or
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replication
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45 y.o. PEO patient; A467T / T2511-P587L
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POLG A467T and T2511/P587L.:

* Age of on-set at 45 yrs.

+ Patient diagnosed with PEO,
ptosis, and proximal
weakness

* 25% COX negative muscle
fibers and positive for ragged
red fibers

* Longrange PCR detected
mtDNA deletions

Mito Deletion Mapping Results

* Over 87 million reads aligned

* 79% of the mtDNA genomes
contained a deletion

e 446,000 deletions detected

» 25,933 unique deletions
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POLG W748S/R1096C:

» This patient is a 49 y.0. male with
age of on-set at 25 yrs

» Diagnosed with PEO, ptosis,
peripheral neuropathy, and
epilepsy

* Has 16% COX negative muscle
fibers and 5% ragged red fibers

Mito Deletion Mapping Results

* Over 700 million reads

» 74% of the mtDNA
genomes contained a
deletion

» 2.9 million deletions
detected

» 24,360 unique deletions



M{DNA deletion clusters

@ wild type POLG IF Euclidean distance 0.01 } L
A M315-16 biopsy: 23y <20 age at biopsy (y) =90 TIPL
A M400-14 biopsy: 83y _ . cluster
B POLG A467T |
B POLG T2511/P587L —‘:_‘
AT
B POLGY955C IWS
cluster
B POLG W748S l
O other variant POLG
wt cluster
A | l A i -
[ 1 {111 (1 | B | " B I ageatbiopsy
EEEEEEEEEEEEEEEEEE — .....I.I .I -
POLG allel
1 ]| | | e

— - 0

6
12 mtDNA
. 12 ablation (%)

Samples cluster by deletion pattern, WT control samZE)Ies
independently from POLG patient samples.

Lujan et al., 2020 Genome Biology



What does the future hold for POLG- related disorder

More accurate and faster diagnosis

« Lots of published literature available for the clinicians, families and patients

« WGS and WES genome sequencing to quickly identify POLG and related
disease mutation

http://tools.niehs.nih.gov/polg/

« Sequencing mostly covered by heath insurance



What does the future hold for POLG- related disorder

Better disease models to develop therapies

e Cell based models

« Mouse models of POLG, POLG2 and Twinkle

« Zebra Fish models of POLG and POLG2 disease

« QOrganoids
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What does the future hold for POLG- related disorder

Better disease models to develop therapies

e Cell based models

« Mouse models of POLG, POLG2 and Twinkle

« Zebra Fish models of POLG and POLG2 disease

« QOrganoids
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What does the future hold for POLG- related disorder

Therapies in the works

* Antioxidant therapy

* Anti-seizure, anti-epileptic drugs

* Nucleotide therapy

 Metformin

* Repurposing drugs and identifying new drugs

« Gene therapy
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National Institute of Neurological Disorders and Stroke
(NINDS) Anticonvulsant Screening Program. Compound 2h
reduced seizures particularly well in the minimal clonic sei-
zure (6 Hz) and corneal-kindled mouse models of epilepsy,
with no observable toxicity. As VK3 affects mitochondrial
function, we tested the effects of our compounds on
mitochondrial respiration and ATP production in a mouse
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What does the future hold for POLG- related disorder

Therapies in the works

« Antioxidant therapy

* Anti-seizure, anti-epileptic drugs

* Nucleotide therapy

Metformin

» Repurposing drugs and identifying new drugs

* Gene therapy
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