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Mutations in the POLG gene have emerged as one of the most common causes of inherited
mitochondrial disease in children and adults. They are responsible for a heterogeneous
group of at least 6 major phenotypes of neurodegenerative disease that include: 1) childhood
Myocerebrohepatopathy Spectrum disorders (MCHS), 2) Alpers syndrome, 3) Ataxia
Neuropathy Spectrum (ANS) disorders, 4) Myoclonus Epilepsy Myopathy Sensory Ataxia
(MEMSA), 5) autosomal recessive Progressive External Ophthalmoplegia (arPEO), and 6)
autosomal dominant Progressive External Ophthalmoplegia (adPEO). Due to the clinical
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heterogeneity, time-dependent evolution of symptoms, overlapping phenotypes, and
inconsistencies in muscle pathology findings, definitive diagnosis relies on the molecular
finding of deleterious mutations. We sequenced the exons and flanking intron region from
approximately 350 patients displaying a phenotype consistent with POLG related
mitochondrial disease and found informative mutations in 61 (17%). Two mutant alleles
were identified in 31 unrelated index patients with autosomal recessive POLG-related
disorders. Among them, 20 (67%) had Alpers syndrome, 4 (13%) had arPEO, and 3 (10%b)
had ANS. In addition, 30 patients carrying one altered POLG allele were found. A total of
25 novel alterations were identified, including 6 null mutations. We describe the predicted
structural/functional and clinical importance of the previously unreported missense variants
and discuss their likelihood of being pathogenic. In conclusion, sequence analysis allows the
identification of mutations responsible for POLG-related disorders and, in most of the
autosomal recessive cases where two mutant alleles are found in trans, finding deleterious
mutations can provide an unequivocal diagnosis of the disease. Published 2008 Wiley-Liss, Inc.

KEY WORDS: POLG, POLG1, Alpers syndrome, PEO, adPEO, arPEO, SANDO, SCAE, ANS, MEMSA, MCHS,
mtDNA depletion, liver failure

INTRODUCTION

Mitochondrial DNA (mtDNA) biogenesis is highly dependent on the function of several nuclear-encoded
proteins and the balance of deoxynucleotide pools within the mitochondrial matrix. MtDNA is replicated by DNA
polymerase gamma (POLG) encoded by the nuclear POLG gene (MIM# 174763). Human POLG was identified in
1996 (Ropp and Copeland, 1996) and the first mutations within the gene identified as causing human disease were
first described in 2001 (Van Goethem, et al., 2001). Since 2001, over 100 pathogenic mutations have been found
to cause a vast array of both neurological and non-neurological disorders of variable age of onset and severity.

POLG mutations have been identified in severe mtDNA depletion syndromes such as childhood
Myocerebrohepatopathy Spectrum disorders (MCHS) and Alpers-Huttenlocher syndrome [MIM# 203700]
(Naviaux and Nguyen, 2004), as well as mtDNA deletion disorders in the Ataxia Neuropathy Spectrum (ANS)
which includes spinocerebellar ataxia with epilepsy (SCAE) and mitochondrial recessive ataxia syndrome without
ophthalmoplegia (MIRAS) (Winterthun, et al., 2005); Myoclonus Epilepsy Myopathy Sensory Ataxia (MEMSA);
and autosomal dominant (ad) [adPEO; MIM# 157640] and recessive [arPEO; MIM# 258450] forms of progressive
external ophthalmoplegia (PEO) (Lamantea, et al., 2002; Van Goethem, et al., 2001; Van Goethem, et al., 2003b),
which may include sensory ataxic neuropathy with dysarthria and ophthalmoparesis (SANDO), arPEO+ (Milone,
et al., submitted; Van Goethem, et al., 2003d) and cases of parkinsonism in PEO+ patients (Davidzon, et al., 2006;
Hudson, et al., 2007; Luoma, et al., 2004). As a consequence of POLG failure, accumulation of multiple mtDNA
deletions in post-mitotic tissues such as muscle and brain is noted in arPEO+ and adPEO+ (Milone, et al.,
submitted). Alpers syndrome appears to be the most common autosomal recessive disease caused by mutations in
the POLG gene. This early-onset fatal disease is characterized by intractable seizures, hepatic failure, and global
neurological deterioration (Naviaux and Nguyen, 2004).

The human POLG gene is located on chromosome 15925, and its cDNA (GenBank database accession number
NM_002693) comprises 4,465 bp including a 282 bp 5’ untranslated region (UTR) and a 463 bp 3’'UTR. The gene
contains 23 exons, spanning approximately 18.5 kb. The translation-initiator methionine codon (Metl) is located in
exon 2. The 23 exons range in size from 818 bp (exon 2) to 54 bp (exon 15). The 22 introns range in size from
1415 bp (intron 18) to 103 bp (intron 7). All of the 5° donor and 3’ acceptor sites at each exon/intron junction
conform to the GT-AG rule. Analysis of 1 kb of the 5’UTR region from the human POLG gene has not revealed
any promoter consensus core (Ropp and Copeland, 1996).

The POLG protein (EC 2.7.7.7) is synthesized as a precursor containing an amino-terminal leader sequence
(residues 1-25) that targets the protein to mitochondria and is cleaved off after import. The mature 140 kDa
protein is divided into three functional domains: 1) a 3’—>5” exonuclease (exo) domain (amino acid residues 26-
417), 2) a linker domain (amino acid residues 418-755), and 3) a highly conserved carboxy-terminal polymerase
(pol) domain (amino acid residues 756-1239) (Lecrenier, et al., 1997; Naviaux and Nguyen, 2004; Ropp and
Copeland, 1996). The exo domain increases the fidelity of mtDNA replication by conferring a proofreading
activity to the enzyme (Longley, et al., 2001).

A 55 kDa accessory subunit of POLG is encoded by the POLG2 gene, located on chromosome 17¢g21. This
subunit confers high processivity on the protein complex by increasing its binding affinity for DNA (Lim, et al.,
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1999). Mutations in the POLG2 gene have been reported in a family with PEO and multiple mtDNA deletions
(Longley, et al., 2006).

An increasing number of POLG mutations have been reported to be associated with a broad range of clinical
phenotypes, some inherited in an autosomal recessive manner, others displaying autosomal dominant inheritance
(DiMauro, et al., 2006; Horvath, et al., 2006; Tzoulis, et al., 2006). The POLG mutation database can be found at
http://tools.niehs.nih.gov/polg/. Mutations were found to be equally distributed in the three domains of the protein.
The p.A467T mutation in the linker region is the most common mutation; it leads to low intrinsic DNA polymerase
activity and inefficient interaction with the accessory subunit (Chan, et al., 2005a). However, establishing the
significance of amino acid variants in several instances is not straightforward and the clinical significance of many
newly discovered missense mutations often remains undetermined. Multiple case studies with biochemical and
molecular characterization are helpful in determining the clinical consequences of specific amino acid variations.
These studies are particularly important in relation to Alpers syndrome because they provide crucial information
needed for accurate genetic counseling, carrier testing and prenatal diagnosis of this severe disease.

In this paper we report the molecular genotypes and clinical consequences for a series of over 60 patients in
whom we detected POLG sequence changes, out of approximately 350 patients referred to our laboratory for
sequencing of the entire POLG coding region. We describe genotype-phenotype correlations involving 25 novel
deleterious mutations or variants of possible clinical significance, interpret these sequence changes in the context
of POLG protein structure, and discuss their implications for enzyme function.

MATERIALS AND METHODS

Patients and DNA

Tissue and blood samples of patients with clinical presentations suggestive of POLG deficiency were submitted
to the Mitochondrial Diagnostics Laboratory at Baylor College of Medicine for biochemical and/or molecular
evaluation. Clinical history of the patients was provided on a check list at the time of specimen submission and
detailed clinical description was obtained in selected cases. Parental DNA analysis was performed for 27 of 33
(82%) cases with two mutated alleles to establish the configuration in the affected patient. Total (nuclear and
mitochondrial) DNA was extracted from peripheral blood leukocytes or other tissues (muscle, liver, or skin
fibroblast culture) using commercially available DNA isolation kits (Gentra Systems Inc., Minneapolis, MN)
according to the manufacturer’s protocols.

Molecular Analysis

Sequence-specific oligonucleotide primers linked to M13 universal primer sequences were designed to amplify
the 22 coding exons and at least 50 nucleotides of each flanking intron (see Supplementary Table S1 for primer
sequences). PCR products generated using Fast Start DNA polymerase (Roche, Indianapolis, IN) were purified on
ExcelaPure 96-well UF PCR purification plates (Edge BioSystems, Gaithersburg, MD). Sequencing reactions
were performed using the BigDye Terminator Cycle Sequencing kit (version 3.1) and analyzed on an ABI3730XL
automated DNA sequencer with Sequencing Analysis Software v5.1.1 (Applied Biosystems, Foster City, CA,
USA). DNA sequences were analyzed using Mutation Surveyor version 2.61 and the GenBank POLG sequence
(ID NM_002693.1). Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence NM_002693.1, according to journal guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.

Phenotype Classifications

When sufficient clinical information was available, we assigned patients to one of 6 major diagnostic groups of
POLG disease. These were: 1) Myocerebrohepatopathy Spectrum (MCHS), 2) Alpers Syndrome, 3) Ataxia
Neuropathy Spectrum (ANS), 4) Myoclonus Epilepsy Myopathy Sensory Ataxia (MEMSA), 5) Autosomal
Recessive Progressive External Ophthalmoplegia Plus (arPEO+), and 6) Autosomal Dominant Progressive
Ophthalmoplegia Plus (adPEO+). If insufficient clinical information was available, or if symptoms were non-
diagnostic, the patient diagnosis was “Unassigned” (U).

MCHS was defined by the clinical triad of: 1) myopathy or hypotonia, 2) developmental delay, or dementia,
and 3) liver dysfunction. In addition, patients had either a liver biopsy that excluded classical Alpers hepatopathy
(Nguyen, et al., 2006), or at least two of the following 8 findings: 1) neuropathy, 2) seizures, 3) elevated blood or
cerebrospinal fluid lactic acid, 4) dicarboxylic aciduria, 5) renal tubular dysfunction with aminoaciduria,
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glucosuria, or bicarbonaturia, 6) hearing loss, 7) abnormal MRI with either cerebral volume loss, delayed
myelination, or white matter disease, and 8) deficiency of either CIV (cytochrome ¢ oxidase, COX) in isolation, or
2 or more electron transport complexes (ClI, ClI, Clll, or CIV) in skeletal muscle or liver biopsy. In some cases,
patients came to diagnosis without, or before, the onset of liver dysfunction. In these cases, at least 3 of the 8
supportive diagnostic findings were required. Patients with POLG mutations meeting the diagnostic features for
MCHS were first described by Ferrari, et al (their patient #9) (Ferrari, et al., 2005), and de Vries, et al (their
patients #4-8) (de Vries, et al., 2007).

Alpers syndrome ((MIM# 203700); sometimes called Alpers—Huttenlocher syndrome, Alpers hepatopathic
poliodystrophy, or hepatocerebral degeneration of childhood) was defined by the clinical triad of: 1) refractory,
mixed-type seizures that often included a focal component, 2) psychomotor regression that was often episodic and
triggered by intercurrent infection, and 3) hepatopathy with or without acute liver failure. In addition, either a liver
biopsy was performed that showed characteristic histologic features (Nguyen, et al., 2006), or at least 2 of 11
additional clinical, laboratory, electrophysiologic, or neuroimaging features were present (Nguyen, et al., 2006).

Ataxia Neuropathy Spectrum (ANS) includes an overlapping clinical spectrum of disorders organized around
ataxia and neuropathy in the absence of significant muscle weakness or myopathy. It embraces mitochondrial
recessive ataxia syndrome (MIRAS) (Hakonen, et al., 2005), spinocerebellar ataxia and epilepsy (SCAE), and the
ataxia neuropathy spectrum reported by Tzoulis, et al (Tzoulis, et al., 2006).

Myoclonus Epilepsy Myopathy Sensory Ataxia (MEMSA) includes an overlapping spectrum of disorders
organized around the finding of myopathy, epilepsy, and ataxia in the absence of ophthalmoplegia. It may occur
with or without ragged red fibers (Van Goethem, et al., 2003c).

ArPEO+ includes an overlapping spectrum of disorders organized around the finding of ophthalmoplegia
demonstrating recessive inheritance (Van Goethem, et al., 2001). Most patients have additional symptoms. These
may include sensory ataxia, neuropathy, dysarthria, and ophthalmoplegia (SANDO) (Van Goethem, et al., 2003b).

AdPEO+ includes a spectrum of disorders organized around the finding of ophthalmoplegia, but demonstrating
autosomal dominant inheritance (Van Goethem, et al., 2001).

Molecular Modeling

PyMOL (DeLano Scientific, CA)(DeLano, 2002) was used to visualize and model amino acids in the three-
dimensional model of the human POLG catalytic (pol) domain, based on the model pdb file (Graziewicz, et al.,
2004).

RESULTS

Mutations of the POLG gene

POLG mutations (Table 1) were identified in a total of 61 unrelated families. These included 33 autosomal
recessive cases with two defined pathogenic alleles identified in each index patient; 18 cases with one
heterozygous pathogenic mutation identified; and 10 cases with one unclassified novel missense variant identified.
Among the patients with two mutant alleles, 29 different pathogenic mutations were identified. These included 16
previously unreported alterations: p.Q68X, p.Q715X, ¢.2544_2545insC, ¢.2157+5G>A, ¢.2480+1G>A, p.G11D,
p.L83P, p.R853Q, p.A862T, p.L886P, p.G888S, p.R943C, p.R1128H, p.R1138C, p.K1191R, and p.D1196N (Fig.
1). Among the novel mutations identified, 6 are null mutations caused by nonsense, frameshift, or splice site
alterations and the remainder are missense mutations. In 28 unrelated patients who were found to carry one
mutated allele, 16 different alterations were identified. Six of these were previously reported as pathogenic
mutations. Six of the 10 unclassified missense variants are likely to be pathogenic considering the high degree of
evolutionary conservation of the wild-type amino acids, their locations at sites of structural/functional importance,
de novo origin, and the non-conservative nature of the amino acid substitution.

Patients with two POLG mutant alleles identified

Among the 33 unrelated index patients with two pathogenic mutations (Table 1), 22 had clinical features of
Alpers syndrome or had siblings with Alpers syndrome at the time of molecular diagnosis (Table 1). Four patients
(#24 - 27) had arPEO+ and three patients (#21-23) had ANS. Three patients (#28-30) did not fulfill the clinical
diagnostic triad for Alpers syndrome (triad of developmental delay, seizures and liver dysfunction) or the criteria
for other autosomal recessive POLG-related diseases, but fit the criteria for MCHS. Patient #28 presented at the
age of 3 years with developmental delay, renal tubulopathy, and myopathy in the absence of seizures and liver
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disease. Patient #1 showed seizures, neurosensory ataxia, and no liver disease until she was treated with valproic
acid, which triggered a rapidly progressive and lethal liver failure. Patient #21 at 17 years of age had seizures and
hearing loss, but no liver disease. No clinical information was provided for patient #31.

Six patients with Alpers syndrome were compound heterozygotes for the p.A467T and p.G848S mutations
while two other patients were compound heterozygotes for p.A467T and p.T914P. The p.A467T mutation was the
most common POLG mutation in our patient series. Previous studies have shown that the p.A467T bearing
enzyme possesses only 4% of the wild-type DNA polymerase gamma activity and is compromised for its ability to
interact with the POLG2 accessory subunit (Chan, et al., 2005a). In our cohort, patients heterozygous for p.A467T
in trans with either p.G848S or p.T914P alleles presented with clinical features typical of Alpers syndrome,
including seizures, liver disease and developmental delay.

We also found POLG mutations in two cases (patients #2 and #29) in whom the mutation in the paternal
chromosome was not detected in the father’s blood DNA. In these cases, analysis of 15 unlinked microsatellite
markers was consistent with stated paternity. This suggests a de novo mutation origin on the paternal allele or
paternal gonadal mosaicism.

In four cases (#17, #20, #21, and #31) the p.W748S mutation was found to be in cis with p.E1143G, as
confirmed by parental studies. It was recently documented that one specific POLG SNP, p.E1143G, can modulate
the deleterious effect of the p.W748S mutation (Chan, et al., 2006). This finding raises the possibility that other
SNPs could potentially affect POLG enzymatic activity. Interestingly, p.E1143G was also found in cis with the
novel p.R943C mutation in patient #28. Moreover, the SNP p.Q1236H, found in cis with p.R1096C in patient #18
and in cis with ¢.2544 2545insC in patient #13, could also have a modulatory effect, but this remains to be
determined.

The Novel Mutations

We found five novel null mutations: p.Q68X, p.Q715X, ¢.2544 2545insC, ¢.2157+5G>A, and ¢.2480+1G>A,;
and one previously reported null mutation, ¢.1270_1271delCT (p.L424GfsX28); they are all predicted to result in
premature translation termination and are therefore interpreted to be disease causing mutations. Messenger RNAs
expressing these mutated alleles are expected to undergo nonsense mediated decay, resulting in mono-allelic
expression similar to what has been described for the p.E873X allele of POLG (Chan, et al., 2005b).

The other eleven novel mutations identified in this study were all missense changes. Their pathogenicity was
assessed based upon (a) co-segregation with disease phenotype, (b) de novo origin, (c) absence in 100 normal
controls, (d) structurally non-conservative substitution of an evolutionary conserved amino acid, and (e) location in
protein regions of structural/functional importance.

The p.G11D mutation was found in patient #23, who presented with features of Alpers syndrome but with a late
onset at 15 years of age. This mutation is located within the mitochondrial targeting sequence, which is normally
highly positively charged. Therefore, the change from the neutral small amino acid glycine into a negatively
charged dicarboxylic amino acid, aspartate, is predicted to neutralize some of the positive charges in this region
and potentially impair POLG transport into the mitochondria. The p.G11D mutation is the second reported
mutation in the mitochondrial targeting sequence; the previously reported mutation, p.R3P, also results in a
reduction of the positive charge in this region (Van Goethem, et al., 2001). The p.G11D mutation in patient #23
was found to be in cis with another reported mutation, p.R627Q, which resides in the linker region and was
previously reported in compound heterozygosity with p.A467T in a family with an ataxia-myopathy syndrome
(Luoma, et al., 2005). At the present time, it is unclear if either p.G11D or p.R627Q in isolation constitutes a
pathogenic mutation. The patient who carried p.G11D and p.R627Q on one chromosome was compound
heterozygous with another mutation, p.R852C.

In one of our patients (#30) presenting with MCHS, a novel allele p.R853Q, was found in a compound
heterozygote state with p.T2511 and p.P587L, which were both present in cis on the second allele [denoted as
p.T2511+p.P587L (cis) from here on]. Although the p.R853Q allele is presently uncharacterized, another missense
alteration at this amino acid position (p.R853W) has previously been reported to be pathogenic, and a mutation
involving a neighboring amino acid change, p.R852C, was found in Alpers syndrome patients (Nguyen, et al.,
2006). Furthermore, both the Arg852 and Arg853 residues are evolutionarily highly conserved from yeast to
human. These data together support the classification of p.R853Q as a disease-causing mutation (Fig. 1A).

Two novel mutations, p.L83P and p.G888S, were identified in compound heterozygosity in a Chinese patient
with Alpers syndrome (#16) who has been reported in more detail elsewhere (Bao, et al., 2007). Leu83, located
between the polyglutamine stretch and the exo domain in an area of unknown function, appears to be highly
conserved from yeast to man (http://tools.niehs.nih.gov/polg/). The invariant Gly888 resides in the pol domain and
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is only two residues away from a critical residue Asp890 within one of the three carboxylic amino acids (triad)
involved in the chelation of Mg?* at the active site (Fig. 2A). Mutation at the neighboring residue, p.A889T, has
been associated with autosomal dominant progressive external ophthalmoplegia with an early age of presentation
and ataxia, while a mutation on the other side, p.T885S, is associated with Alpers syndrome (Horvath, et al., 2006).
Thus, the two novel missense variants p.L83P and p.G888S are most likely responsible for the clinical course of
this patient.

Patient #10, also presenting with Alpers syndrome, carried the novel p.L886P mutation in compound
heterozygosity with the most common mutation, p.A467T. Leu886 is highly conserved from yeast to human and is
located in the B-strand containing the enzyme active site (Fig. 2A). The change from a bulky hydrophobic amino
acid leucine to a proline is predicted to cause a structural effect in this functionally important domain. The
neighboring amino acids are evolutionarily conserved and, as described above, mutations at amino acid residues
885, 888, and 889 have all been identified in patients with Alpers syndrome (Fig. 1A).

The novel p.R943C mutation was identified, in compound heterozygosity with p.G737R, in patient #28, a girl
who had a disease onset at 1 year of age with developmental delay, dysmorphic features, congenital cataract, and
renal tubulopathy. Arg943 is evolutionarily highly conserved from yeast to human. While p.R943C has not
previously been reported, another mutation affecting the same residue, p.R943H, has been found in patients with a
severe form of autosomal dominant PEO (Lamantea, et al., 2002). Arg943 is critically important in binding the
oxygen atoms of the gamma-phosphate of the incoming dNTP and helps to position the incoming dNTP for
catalysis (Fig. 2B). The change from arginine to histidine at this position causes a substantial loss of catalytic
activity (recombinant protein expressing p.R943H has only 0.2% of wild-type enzyme activity in vitro)
(Graziewicz, et al., 2004). A heterozygous mutation of this residue to cysteine might therefore be expected to
cause a similar dominant phenotype in vivo.

The novel mutation p.R1138C was identified in compound heterozygosity with p.A467T in patient #26, a 48-
year-old woman who presented with dysphagia and features of arPEO+. Arg1138 is part of the evolutionarily
conserved polymerase motif C found in all DNA polymerases and is invariant throughout evolution from yeast to
human (Fig. 1A). In the 3-dimensional structural model reconstruction, this arginine residue is part of a beta-sheet
within the palm domain (Fig. 2A) and substitution of this amino acid with cysteine most likely disrupts DNA
polymerase catalysis.

Patient #29 had MCHS and pancreatitis. She carried the novel missense p.K1191R alteration and had
p.T2511+p.P587L (cis) on the other chromosome. The p.K1191R mutation predicts a relatively conservative
change of lysine to arginine at amino acid position 1191. While p.K1191R has not been previously reported, a
p.K1191N mutation has been found in another patient with Alpers syndrome (Horvath, et al., 2006). Thus, the
p.K1191R alteration is likely to be pathogenic. Testing of parental DNA revealed that the mother was
heterozygous for the p.T2511+p.P587L (cis) mutations, confirming her carrier status. However, the father tested
negative for both the p.T2511+p.P587L (cis) allele and for the p.K1191R allele, thus suggesting that either he is
gonadal mosaic for the p.K1191R mutation or that the mutation occurred de novo on the paternal allele. Non-
paternity was ruled out in this case.

Patient #22, who has ANS, was found to be compound heterozygous for p.R964C and the novel mutation
p.A862T. The p.R964C mutation was previously reported in the homozygous state, in an HIV infected patient
who developed lactic acidosis following treatment with a nucleoside analog. Recombinant POLG with p.R964C
showed only 14% activity in vitro compared to the wild-type control (Yamanaka, et al., 2007). The Arg964 is
located in the pol domain of the POLG protein. The other alteration p.A862T is also located near the beginning of
the pol domain preceding motif A. This residue is in a highly conserved region that is unique to the DNA
polymerase y subfamily, distinct from other family A DNA polymerases. Given the high degree of conservation of
this residue from yeast to human (Fig. 1A), variants at this position are likely to be deleterious.

An uncharacterized novel variant, p.D1196N, was found in association with the known mutation p.G517V in
patient #32, a 5-year-old male presenting with developmental delay, short stature, and myopathy. The p.G517V
mutation, located within the linker region, has previously been reported in two three-generation families with
autosomal dominant encephalopathy and variable disease onset (Horvath, et al., 2006). While Asp1196 is located
in the C-terminal region of the pol domain and is conserved in mammals and yeast, its clinical significance is
presently unclear since the corresponding substitution has been reported in chicken (Ropp and Copeland, 1996).

The p.G517V mutation was also found, in compound heterozygosity with p.R1128H, in a one-year old boy
presenting with liver disease but no seizures (case #33). Arg1128 is part of the evolutionarily conserved motif C in
the pol domain found in all DNA polymerases, which forms part of the palm domain. This residue is located in
one of the palm B-sheets that correctly position two of the three carboxylic acids, Asp1135 and Glul1136 in the
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catalytic triad (Fig. 2B). This residue is conserved from yeast to human and a substitution to histidine at this
position is predicted to be deleterious to the polymerase activity.

Emerging Differences in Age of Onset for POLG Disease

Table 2 illustrates the differences in age of onset for each of the 30 patients with homozygous or compound
heterozygous genotypes for which a diagnosis could be assigned. The form of POLG disease that had the earliest
age of onset was the Myocerebrohepatopathy Spectrum (MCHS). Among the 3 patients (#28-30) in our series
with MCHS, the median age of onset was 1 year. Twenty of the 30 patients had Alpers syndrome. The median
age of onset of Alpers syndrome was 2 years, and 80% of patients were between 0.9 and 9.5 years of age (Table 2).
The median age of onset for patients with Ataxia Neuropathy Spectrum was 17 years, for autosomal recessive
Progressive Ophthalmoplegia plus (arPEO+) it was 40, and for adPEQ it was 46 (Table 2).

Patients with one identified POLG mutation and/or novel variant

Twenty eight patients were identified with one altered POLG allele and/or a single nucleotide polymorphism
(Table 3). With the exception of the three mutations in the adPEO patients, the pathogenicity of these single
POLG mutations are unclear and should be considered as uncharacterized variants until other supporting data is
available. Twenty one of them carried one of the previously reported mutations (seven with p.G517V, three with
p.G737R, six with p.Y831C, two with p.T2511+ p.P587L (cis), one with p.T914P, one with p.Y955C, and one with
p.R964C). Each of the remaining 11 patients carried a novel missense variant. These novel variants occurred at
evolutionarily conserved amino acid residues (Fig. 1A).

The p.H110Y mutation was found in a 3 year old female (patient #50) who had some features of Alpers
syndrome but overall was classified as Undiagnosed. This mutation changes a highly conserved, positively-
charged histidine residue to tyrosine, a neutral aromatic amino acid.

The p.S305R variant found in a one year-old patient with Alpers syndrome (patient #34) causes a substitution
within the exo domain. The clinical significance of this mutation is not known. However, a mutation affecting the
adjacent amino acid, p.L304R, has been reported in patients with arPEO.

The p.11079L variant was identified in a 66-year old man with adPEO (patient #35). 11e1079 is in the pol
domain between motifs B and C and is conserved from yeast to man with the exception of the Drosophila POLG
where a Leu resides. Thus, the pathogenic significance of this conservative substitution is unclear.

The p.S1095R variant was identified in a 46-year-old woman with PEO (patient #36). Ser1095 is surrounded
by a block of highly conserved amino acids and is conserved from Drosophila to human. The adjacent amino acid
Arg1096 is invariant from yeast to human. It is conceivable that substitution of a small amino acid serine to the
bulky, highly charged basic amino acid arginine immediately adjacent to another arginine residue is not tolerated
structurally and functionally.

The p.G1205A variant, seen in a patient with developmental delay, seizure disorder, and retinitis pigmentosa
(patient #61), replaces a glycine residue which is highly conserved from Drosophila to human.

Similarly, the novel missense variant, p.V855A seen in a 9 year-old patient with muscle weakness and PEO
(patient #58), is conserved from frog to human, and is surrounded by conserved amino acids.

The potential pathogenicity of the p.R617C allele (case #54) is more questionable. The p.Arg617 is located in
the linker region and is not evolutionarily conserved. Therefore, there is not sufficient information to classify the
p.R617C allele as either a pathogenic mutation or as a benign variant.

Summation of recurrent mutations

The frequencies of the most common mutations in the POLG gene, derived from a systematic survey of
published articles reporting multiple cases, are summarized in Table 4. Only unrelated families with two identified
mutant alleles are included in Table 4. Overall, the p.A467T mutation is the most common mutation, accounting
for 36% of all mutant alleles, followed by p.G848S, p.T2511+p.P587L (in cis), p.W748S, and p.T914P with a
frequency of 8%, 7.5%, 5%, 6.3%, and 3.4% respectively. Most of the remaining mutations (together accounting
for 32% of all mutant alleles) are private mutations. The great majority (92.5% overall) of the mutated alleles in
various populations are missense mutations, while frameshift and nonsense mutations account for a small fraction
(7.5%) of the overall mutated alleles.
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DISCUSSION

In this study we report 25 novel mutations in 61 patients (Table 1, Table 3, Fig. 1B). These mutations add to the
growing list of POLG gene mutations (http://tools.niehs.nih.gov/polg/). Missense and null mutations spread across
regions encoding diverse structural/functional domains (mitochondrial targeting sequence, exo, linker, and pol
domains) of the POLG protein help explain the wide spectrum of clinical phenotypes observed in patients with
POLG mutations. In contrast, approximately 50% of mutations reported in deoxyguanosine kinase (DGUOK) are
null mutations, and the majority of patients with mutations in DGUOK present with a phenotype of severe infantile
hepatocerebral mtDNA depletion syndrome (Dimmock, et al., 2008).

Our study of a large cohort of 350 patients confirms earlier reports that A467T is the most common POLG
disease mutation in patients displaying autosomal recessive inheritance, in Alpers, ANS and PEO syndromes
(Table 4) (Davidzon, et al., 2005; Ferrari, et al., 2005; Naviaux and Nguyen, 2004; Nguyen, et al., 2005; Tzoulis,
et al., 2006; Van Goethem, et al., 2003a; Van Goethem, et al., 2004; Winterthun, et al., 2005). We also noted that
the five most common missense mutations, p.A467T, p.W748S, p.G848S, p.T914P and p.T2511+p.P587L (cis),
together account for about 61% of disease alleles in cases with autosomal recessive diseases due to POLG
mutations. Thus, testing of these 5 alleles would detect both alleles in over half of cases with recessive POLG-
related disease, and would detect one mutant allele in about one third of cases. An efficient screening strategy for
POLG disease may incorporate these five mutations in an initial screen, however rare and novel polymorphisms
would be missed. Improvements in resequencing technologies and associated reductions in cost make diagnosis by
resequencing feasible.

Our study found no gender bias among patients with childhood onset of disease (Tables 1 and 3). This finding
is consistent with one study (Davidzon, et al., 2005), but not others (Ferrari, et al., 2005; Horvath, et al., 2006).

In our patient population, among patients with two mutant alleles, patients with disease onset before age 5 years
displayed the more severe clinical phenotype of Alpers syndrome. Mutations in both alleles were also identified in
three juvenile cases of ANS and four cases with adult onset arPEO+.

Compound heterozygotes for the p.A467T and p.W748S substitutions were reported to be common in other
studies, and to have a significantly poorer survival and increased incidence of liver failure as compared with
patients homozygous for either p.A467T or p.W748S (Tzoulis, et al., 2006). We identified only one case with
compound heterozygosity for the p.A467T and p.W748S mutations. We found six compound heterozygotes for
p.A467T/ p.G848S, two compound heterozygotes for p.A467T / p.T914P, and two compound heterozygotes for
p.W748S/p.G848S Eight of these cases (80%) had a severe phenotype and died before reaching 2 years of age.
Both the p.T914P and p.G848S mutations have been previously reported in compound heterozygosity with other
mutations in patients with Alpers syndrome (de Vries, et al., 2007; Horvath, et al., 2006). The severe clinical
effects of these mutations likely reflect the substitution of highly conserved amino acids located within the pol
domain of the enzyme.

We found more than two mutations in six cases (Table 1). The p.T2511+p.P587L (cis) mutations were found in
three cases, in trans with other putative pathogenic mutations. The p.Thr251 is situated in the exo region near the
second of the three highly conserved exonuclease motifs (exo I, Il, I1) while Pro587 resides in the linker region.
The degree of phylogenetic conservation of Pro587 is higher than that of Thr251, and there has been at least one
case of PEO with the p.P587L mutation but without p.T2511. Thus, it is likely that the latter is a polymorphism
(Gonzalez-Vioque, et al., 2006). However, pathogenicity of p.T2511 or p.P587L, and the possibility of synergistic
effects between them, await further experimental confirmation. The heterozygous p.T2511+p.P587L (cis) allele
has previously been associated with a relatively mild phenotype (Di Fonzo, et al., 2003; Ferrari, et al., 2005;
Horvath, et al., 2006), while all three of our compound heterozygous cases (patients #19, #29, and #30) presented
with early onset (0.2, 1, and 0.5 year) Alpers syndrome or MCHS. These cases indicate that the presence of the
p.T2511+P587L (cis) allele does not preclude a severe phenotype. This observation could indicate a dominant
negative effect of the abnormal protein expressing the p.K1191R, p.R853Q, or p.G848S substitutions in
combination with the p.T2511+P587L (cis) allele. Interestingly, all three of these mutations are located in the pol
domain where other dominant mutations in PEO have been identified (Longley, et al., 2005).

Cases #17 and #21 each presented with three mutations; p.Q497H, p.W748S and p.E1143G, together in cis on a
single allele, opposite a fourth mutation, p.G848S or p.A467T, respectively. The p.Q497H mutation has been
reported in cis with p.W748S (Winterthun, et al., 2005), while p.W748S has never been found without p.E1143G
(Winterthun, et al., 2005). The p.E1143G allele was recently shown to partially rescue deleterious effects of the
p.W748S mutation upon DNA binding and polymerase activity; however, it is also shown to have a detrimental
effect on protein stability (Chan, et al., 2006). In the yeast mtDNA polymerase, encoded by the MIP1 gene, the
equivalent substitution of p.E1143G (E900G) causes a temperature sensitive phenotype that reduces polymerase
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protein levels (Baruffini, et al., 2007). Case #17, who carries the cis p.Q497H+p.W748S+p.E1143G allele
opposite p.G848S, was diagnosed with severe Alpers syndrome and died at 13 months of age (Brunetti-Pierri, et
al., 2008), whereas patient #21, carrying the cis p.Q497H+p.W748S+p.E1143G allele opposite p.A467T, did not
experience disease onset until 17 years of age. This observation supports classification of p.G848S as a severe
mutation.

Case #23 also carries two mutations in cis. The mutations: p.G11D, p.R627Q, and p.R852C were identified,
with p.G11D and p.R627Q in cis and p.R852C on the second allele. Gly11, Arg627, and Arg852 reside in the
mitochondrial targeting sequence; in the linker region, and in the pol domain, respectively. The clinical
presentation was unusual, with onset of symptoms including myoclonic and focal seizures at 15 years of age. She
was initially thought to have MELAS syndrome because of lactic acidosis and an occipital stroke at 19 years of
age. It is noteworthy that following the stroke episode, when valproate treatment was initiated, the patient
developed liver failure that required liver transplantation. This patient remains living nine years after liver
transplant, but with slowly progressive neurological symptoms. This case indicates there are circumstances in non-
Alpers POLG related mitochondrial disease where liver transplant would be appropriate, and emphasizes the
susceptibility of hepatic failure from valproate treatment in patients with other phenotypes due to POLG mutations
in addition to Alpers disease.

The clinical spectrum observed in patients with a single identified mutant allele is much broader than for
autosomal recessive phenotypes. Patients with a single identified mutant POLG allele demonstrate no obvious
correlation between genotype and phenotype, age of onset varies from newborn to late adulthood, and clinical
symptoms range from severe Alpers-like phenotype, to mild late onset PEO (Table 3). Further study of genotype-
phenotype correlation will be essential for accurate counseling.

Several cases in our cohort with early onset of severe disease were found to harbor only one definitive
pathogenic mutation. However, the presence of a second mutant allele located in the promoter region or deep in an
intron cannot be excluded. Since POLG is a large gene containing 23 exons, intragenic deletions and/or
duplications may be present, which would escape detection by standard sequencing approaches. A high density
exon-targeted oligonucleotide CGH (comparative genomic hybridization) array may be designed to address this
possibility. Furthermore, the possibility of locus heterogeneity involving mutations in POLG2 (for example), or
with molecular defects in other functionally-related genes, such as PEO1, DGUOK, TK2, and MPV17, should be
considered. Digenic inheritance involving mutations in POLG and PEO1 has been documented in sporadic PEO
(Van Goethem, et al., 2003a).

The pathogenicity of two mutations was unclear. Six heterozygous cases identified with p.Y831C demonstrated
variable disease expression and age of onset. While p.Y831 has previously been reported as a pathogenic
dominant mutation (Barthelemy, et al., 2002; Mancuso, et al., 2004), recent studies suggest that p.Y831C is a
polymorphism (Stopinska, et al., 2006; Tiangyou, et al., 2006). The allele frequency of p.Y831C in our population
was 0.9% (6 out of 700 alleles sequenced; 95% Cl= 0.3-1.9%). Similarly, the p.G517V mutation has been
reported as dominant in a three-generation family, but was also found in a German control group (Horvath, et al.,
2006). We found 5 unrelated probands heterozygous for p.G517V. These patients displayed variable disease
expression and age of onset (Table 3). We also identified p.G517V in compound heterozygosity with a second
mutation in two presumptive autosomal recessive cases. However, neither patient demonstrated a classical
presentation of Alpers syndrome. The pathogenic status of the p.G517V allele is less clear than the p.Y831C
allele. The allele frequency of p.G517V in this selected population with suspected mitochondrial disease was 1.0%
(7 out of 700 alleles sequenced; 95%CIl= 0.4-2.0%). It is not clear whether this allele represents a benign
polymorphism, or may be contributing to disease by poorly understood mechanisms, which allow it to function
either as a dominant or a recessive allele. Further pedigree haplotype transmission and biochemical expression
studies will be required to fully characterize function of the p.Y831C allele.

About half of our cases carrying one identified mutation had mutations affecting an amino acid in the pol
domain (p.V855A, p.T914P, p.Y955C, p.R964C, p.11079L, p.S1095R, and p.G1205A), similar to earlier findings
(Luoma, et al., 2004; Van Goethem, et al., 2004). Other patients with a single identified mutation in our patient
population had mutations/variants, including p.G517V, p.R617C, and p.G737R, resulting in amino acid
substitutions in the linker region. While the possibility of autosomal recessive disease has not been excluded in
these cases, these findings may indicate that mutations in either the linker or the pol domain may be causative
lesions for autosomal dominant disease. In addition, we found two novel variants of unclear clinical significance:
p.S305R and p.L392V, which cause substitutions in the exo domain of POLG.

Expression of the Alpers syndrome phenotype is associated with inheritance of two strongly pathogenic alleles
of POLG, and DNA testing of POLG has become the standard diagnostic for confirmation of a clinical diagnosis
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of Alpers syndrome. Inheritance of one or two “weaker” POLG alleles gives rise to non-Alpers syndrome
phenotypes that more likely demonstrate late-onset and more heterogeneous clinical manifestations. Predicting
disease severity and prognosis from POLG genotype is currently challenging in many cases. However,
examination of each variant in the context of functional domains, conservation and location in the 3-dimensional
structure, along with information gained from in vitro studies contribute to the determination of pathogenicity of
missense variants.

Already, POLG mutation analysis can provide a definitive diagnosis for many patients with Alpers syndrome.
For this devastating disease, knowledge of causative lesions will facilitate meaningful and accurate counseling for
family members. An increased understanding of the functional significance of POLG mutations may lead to
carrier testing, prenatal diagnosis, and also postnatal pre-symptomatic diagnosis of affected siblings, allowing
psychological preparation time for the parents as well as optimized clinical management from the early stages of
the disease.

In this study, of 350 patient samples submitted for testing, 33 (9.4%) were found to carry two pathologic
recessive mutations, and an additional 28 (8.0%) carried a single pathologic mutation. The higher identification of
mutations in patients diagnosed with Alpers suggests that clinicians have become more proficient at diagnosing
Alpers since the genetic basis for Alpers was initially reported (Naviaux and Nguyen, 2004) as compared to the
adult-onset POLG-related diseases. Many adult-onset POLG-related diseases are poorly characterized, but with
further characterization of phenotypes, it is possible that these patients would receive a more rapid, and accurate
diagnosis. This study also suggests that there are likely additional novel lesions in POLG. Because of the
contribution of observed allelic heterogeneity, the correlation to phenotypes in terms of severity, age of onset, and
spectrum of organ system involvement, much further study will be required to fully understand the genetics
underlying the POLG diseases.
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Table 1. Phenotypes Associated with Compound Heterozygous or Homozygous POLG Mutations

Ataxia,
neuropathy,
hearing loss,
valproate-
associated liver
failure

1 F 23 - + + NA NA  Alpers C.1399G>A €.1399G>A p.A467T p.A467T L/L

Alpers Ataxia C.1399G>A €.2542G>A p.A467T p.G848S

Cortical atrophy,

5 F 1.5 + + + - + Alpers ;
hypoglycemia

C.1399G>A c.2542G>A p.A467T p.G848S L/P

Hypotonia, failure
to thrive

7 M 0.8 + + - - - Alpers C.1399G>A C.2542G>A p.A467T p.G848S L/P

Famlly.hlstory of c.1399G>A €.1270_1271del
acute liver failure CT

p.L424G

fsx28 L/L-null

9 M 1 + + - - - Alpers p-A467T

Ptosis, ataxia,
11 F 3 + + + - - Alpers visual C.1399G>A c.202C>T p.A467T p.Q68X L/Exo-null
hallucinations

Chorea, c.2544_2545 p'Tr?s‘lcg)H('
13 F 1.5 + + + - + Alpers microcephaly, C.1399G>A insC p.A467T fs868X- L/P-null
leukodystrophy c.3708G>T

.Q1236H
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15 F 2 + + + - - Alpers

Family history of
Alpers syndrome

17

*x

Alpers

Family history of
Alpers syndrome.
Diagnosed pre-
symptomaticall

19 M 0.5 - - - - - Alpers

21 F 17 + + - - - ANS Hearing loss

Stroke, chorea,
ataxia, ptosis,
retinitis
pigmentosa, liver
transplant

C.1399G>A

C.2740A=>C

€.1491G=C
€.2243G=>C
C.3428A>G

C.2542G>A

C.752C>T

c.1760C>T ~ ©2542G=A

c.1491G=C
€.2243G>C
C.3428A>G

C.1399G>A

c.32G>A

C.2554C>T ¢.1880G>C

p.A467T

p.T2511-

p.T914P L/P

p.Q497H-
p.W748S-
p.E1143G

p.G848S L/P

p.G848S Exo-L/P

p.P587L

p.Q497H-
p.W748S- L/L
p.E1143G

p.A467T

p.R852C
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Ataxia,
neuropathy,
25y 60 - - - + . ArPEO myopathy, hearing . 399624  ¢.2200G>C p.A467T  p.G737R L/L
+ loss, cerebellar
atrophy,

SANDO/SCAE

27 33 arPEO Neuropathy, €.2243G>C €.2243G=>C, p.W748S- p.-W748S-

Cc.3428A>G

L/L

*x + myopathy, SANDO c.3428A>G p.E1143G p.E1143G

Fatigue
Tl . C.752C>T, p.T2511-
29 F 1 + - + - + MCHS sgrr:qci;?r?ltls, cyclic c.1760C>T Cc.3572A>G p.P587L p.K1191R Exo-L/P

€.2243G>C
31 M 8 NA NA NA NA NA U NA s €.2542G>A
C.3428A>G

p.W748S-

D Fil4sc  PGB4SS L/P

33 M 1 + - + - - microcephaly c.1550G>T

c.3383G>A L/P

p.G517V

p.R1128H

Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence NM_002693.1, according
to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1. Novel mutations are shown in bold and neutral variants are in shown in blue.

*Patient recognized early on the basis of family history positive for liver failure in a sibling.
** These cases have been described in more details elsewhere (Milone et al., submitted; Bao et al., 2008; Brunetti-Pierri et al.,
2008).

Abbreviations: MCHS= Myocerebrohepatopathy Spectrum, ANS = Ataxia Neuropathy Spectrum, MEMSA= Myoclonus Epilepsy Myopathy
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arPEO+ = autosomal recessive Progressive External Ophthalmoplegia, MTS = mitochondrial targeting sequence; Exo = exonuclease

domain;

L = linker region; P = Polymerase domain; DD = Developmental Delay; Sz = Seizures; Lact = Elevated lactate; Dx = Diagnosis.

Table 2: Age of Onset

Age of Onset (yrs)

10th 90th

Diagnosis N= Median Pctl Pctli Mean SD Min Max
MCHS 3 1.0 * * 1.4 35 0.2 3
ALPERS 20 2.0 0.9 9.5 36 52 05 23
ANS 3 17 * * 16 1.2 15 17
arPEO+ 4 40 * * 43 13 32 60
adPEO+ 3 46 & & 46 21 25 66
Unassigned 3

Total 36

*Insufficient data for calculation
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Table 3. Phenotypes Associated with a Single POLG Variant

?Alpers - c.915C=>G p.S305R

Ptosis, hearing
loss, muscle
weakness, optic
atroph

36 F 46 - - - + - adPEO c.3285C=>G - pP.S1095R P

Short-stature,
Leigh-like disease,
neuropathy,

38 F 16 + + - - - U . c.1550G>T - p.G517V L
stroke, dystonia,
chorea, diabetes,
myoclonus
40 F 2.5 + + + - + u Chorea, myopathy, . 55067 - p.G517V L
Leigh-like disease
Pearson syndrome
42 M 13 + - - + - U to KSS c.1550G>T - p.G517VvV L
44 M 0.1 + + - - - u Hypotonia C.2492A>G - p.Y831C P

46 F 9 + + - - - U - C.2492A>G - p.Y831C P
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Neuropathy,
ataxia, hearing
48 M 19 + - - + - U loss, short stature, C.2492A>G - p.Y831C P
muscle weakness,
fatigue

Hypotonia, failure
to thrive, short
stature, respiratory
failure

50 F 3 - - + - - U c.328C>T - p.H110Y Exo

Neuropathy, Cc.752C>T- p.T2511-
52 M 4 * * U ataxia, ptosis c.1760C>T p.P587L Exo/L

Muscle weakness,

exercise

54 F 39 - - - - + u intolerance, c.1849C=>T - p.R617C L
hearing loss,
arhytthmia

56 F 3 + + - - + U - c.2209G=>C - p.G737R L

58 M 9 - - - + - U Muscle weakness c.2564T=>C - p.V855A P

Hearing loss,
failure to thrive.
60 F 0.1 + - + - + U Generalized ETC C.2864A>G - p.Y955C P

complex deficienc

Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference sequence NM_002693.1, according to
journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1. Novel mutations are shown in bold and neutral variants are in shown in blue.
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Abbreviations:

adPEO = autosomal dominant Progressive External Ophthalmoplegia, U=unclassified
Exo = exonuclease domain; L = linker region; P = Polymerase domain.
DD = Developmental Delay; Sz = Seizures; Lact = Elevated lactate; Dx = Diagnhosis

Table 4. Frequency of the most common POLG mutations reported in the literature.

Nguyen Horvath Ferrari de Vries
Present et al. et al. et al. et al.

study 2006% 2006 2005 2007 Total 95% ClI
Patients 33 10 30 7 7 87
Alleles 66 20 60 14 14 174
p.A467T (323/0) 10 (50%) 19 (32%) 5 (36%) 7 (50%) 63 (36%)  29-43%
p.G848S 9 (14%) 2 (10%) 1 (1.7%) 1 (7%) 1 (7%) 14 (8%)  4.4-13%
p.T2511- 13
p.P587L 3 (4.5%) 0 9 (15%) 1 (7%) 0 4.0-12%

} (7.5%)

(cis)
p.W748S 6(9%) 1(5%) 2 (3%) 2 (14%) - 1310 oy 3:2-11%
p.T914P 2 (3%) 1 (5%) 3 (5%) 0 6 (3.4%) 1.3-7.4%
Splice,
nonsense, o o o 0 o 13 P
frameshift 6 (9%) 3 (15%) 1(1.7%) 2 (14%) 1 (7%) (7.5%) 4.0-12%
mutations
Other 19
missense (299%) 3 (15%) 25 (42%) 3(21%) 5 (36%) 55 (32%) 25-39%

mutations®

dCases previously reported by other groups were not included.

PMissense mutations in cis were counted as one mutant allele.
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A. Gl11D Qe8X 183P HI110Y S3ER
v v v v v
POLG Homeo SR REVAGATVGPG SEGGQLRH HLOQ LWGQ
POLG Bovine SR REVAGATVGPG SVGGQLRH LWGQ |
POLG mouse SR _lV.lGAI?ﬁSG SENGQLRL B LWGQ .
POLG Xenopus NRLEQE- - -GTBLVPS 8---QRR . HEEKNHELWGQ
POLG D melanoga MOFHLIRKYASKVSREH NGPTEYAE EERRHGVDIE | ]
consensus MarlLwrkvagatvgpg ®--gqlr-Npl-iQMlSrglHeQiF hLgkHglwgg aisSGlassfQR
L3®v R617C RB53Q VES5A I386P 338§ RM43C R94C
v - I v y
POLG Homo B SER I T
POLG Bovine B SEQ I
POLG mouse EN sps I L 2
POLG Xenopua TE R SEK I H
POLG D melanoga QSEQSET EREQ R L TEER

consensus enFQdLmqYC, LEYse-hGWGY GTiTRRAVEPTWL' PPGY-LVvGADVD VGISReHAK QPFAErLLmQ

11079L S1095R R1138C KI191R DI119sN GI105A
v v v
POLG Homo CI MT S I
POLG Bovine RI 4 X
POLG mouse CIX T R I
POLG Xenopus RI LT H I :
POLG D melanoga GR R 1 ¥ !
consensus LGcriSRAL! eFmtaRvNW HDEVRYLVr iD-cLRKEvTMDCkTPSNPtGmerrY)
Exonuclease Linker Polymerase
Exons 2-6 Exons 7-13 Exons 14-23
Amino Acids 1-417 Amino Acids 418-755 Amino Acids 756-1239

A B C

Protein Domaing —— | |

T849H(insC) fs868stop-

Q1236H

, R943C-
G11D- V855A E1143G
R627Q R8S3Q

H110Y R617C
. C.2480+1
L392V \| Q715X G2 Splice
157
+5+6|gc>ag
Exons/Introns ] | I |
1 2 3 7 9 10 13 16 1718 1921 n 23

Figure 1. A. Amino acid alignment of the human POLG amino acid reference sequence versus POLG sequences of
various species, with the locations of novel missense variants superimposed. B. New POLG Mutations. The position of
the 25 novel mutations is indicated with reference to the exon-intron structure of the POLG gene locus, and the
corresponding domains of the POLG protein.
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Figure 2. Molecular modeling of the human DNA polymerase gamma active site with amino acids of interest indicated.
Critical amino acids important for catalysis are colored in. Those residues modified by POLG mutations are decorated:
magenta for those carboxylic residues involved in chelating the active site Mg?* ions (grey spheres); blue for those amino
acids critical in dNTP recognition. Amino acid side chains colored in orange represent the sites of substitutions caused by
novel disease mutations identified in POLG in this study. An incoming dNTP molecule is shown in turquoise. A. The

polymerase active site viewed with the palm domain labeled. B. The polymerase active site rotated to view the fingers
domain.
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Supplementary Table S1: POLG Sequencing Primers used in this Study

Primers for amplification of POLG coding exons

Name
PG1E1-1F1
PG1E1-2F3
PG1E2F1
PG1E3F1
PG1E4-5F1
PG1E6-7F1
PG1ES8F
PG1E9F
PG1E10-
11F
PG1E12F
PG1E13F
PG1E14-
15F
PG1E16-
17F
PG1E18-
20F
PG1E20F1
PG1E21F1
PG1E22F1

Forward 5'-3'
ACAGGACGTGTCTCTCTCC
GCAAGTGCTATCCTCGGAG
GTAGCTGTTTGAGTTAGGAGC
CAAGCATGAACAAGCATGAGG
CAGAAGTCCCAGAGGAAAGC
AGCTGTGCCATGTCAGTGG
AGCCACAGCCAGCAAGTTG
GGGTGGGGACATTGTGA

GAATTGTGGAAGGCACTAGC

CTGATGACGACAGTTTCAGG
GGGCTCAGTGTTGGGAGG
TGGAGTATAGCAGTCCTGG

GCCATCCCCTCAGGAAAGG

TGGAAGTGATATGTGAACATTCC

CAGAGTGAAGCTTCTCTTGG
ACAGTGCTGGACCTTCACC
CATGTAACATTACCGTTCGTGG

Exon(s)
El

El

E2

E3
E4-5
E6-7
E8

E9

E10-11
E12
E13

E14-15
E16-17
E18-19
E20

E21
E22

Name
PG1E1-1R1
PG1E1-2R2
PG1E2R1
PG1E3R1
PG1E4-5R
PG1E6-7R1
PG1E8R3
PG1E9F

PG1E10-11R
PG1E10-12R

PG1E13R
PG1E14-
15R1

PG1E16-17R

PG1E19R1

PG1E18-20R

PG1E21R1
PG1E22R3

Reverse 5'-3'
GTGCTGGTCCAGGTTGTCC
CACATCAGCGCTCCCTACG
CACAGCTGGTCAACAGATGC
AGTCCCAGGATGAGATCTGG
AGCCTAGAAAAGCTAAGGTCC
ACTCTCAATAAGATCTGCTCC
CTGTCCTGAGAATGGAGC
ACCCAAACTCTTTCCACTAGC

CTGGCTGGGAAGAACTAGG
GAAAGTCTCAGGTGTGTCAC
GGAATCCAGGGTTAGTCAG

ACTAGAGTCCTGCCTGACC
GGACAGTAAAGCAGGCCTCG
CTACAAACATTGGTAAGGTCC
GTCAAAACTGACCAGTCTGG

ACATTCACTCTGGACACAGG
TTTACCCAACAAGCAACAATGC

Size of PCR product(bp)
518
606
474
471
619
659
461
413

563

282
338

493
634

571

374
467
440

Note: all primers are linked to M13 universal forward primer (5'-3"): CTC GT TGT AAA ACG ACG GCC AGT(E-forward primer),

or M13 universal reverse primer (5'-3"):CTG CT CAG GAA ACA GCT ATG ACC (E-reverse primer). M13 primers are used for sequencing.
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