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Report

A complex genomic locus drives mtDNA replicase
POLG expression to its disease-related nervous
system regions
Joni Nikkanen1, Juan Cruz Landoni1, Diego Balboa1,2, Maarja Haugas3, Juha Partanen3, Anders Paetau4,
Pirjo Isohanni1,5, Virginia Brilhante1 & Anu Suomalainen1,6,7,*

Abstract

DNA polymerase gamma (POLG), the mtDNA replicase, is a common
cause of mitochondrial neurodegeneration. Why POLG defects espe-
cially cause central nervous system (CNS) diseases is unknown. We
discovered a complex genomic regulatory locus for POLG, containing
three functional CNS-specific enhancers that drive expression
specifically in oculomotor complex and sensory interneurons of the
spinal cord, completely overlapping with the regions showing
neuronal death in POLG patients. The regulatory locus also expresses
two functional RNAs, LINC00925-RNA and MIR9-3, which are coex-
pressed with POLG. The MIR9-3 targets include NR2E1, a transcrip-
tion factor maintaining neural stem cells in undifferentiated state,
and MTHFD2, the regulatory enzyme of mitochondrial folate cycle,
linking POLG expression to stem cell differentiation and folate meta-
bolism. Our evidence suggests that distant genomic non-coding
regions contribute to regulation of genes encoding mitochondrial
proteins. Such genomic arrangement of POLG locus, driving expres-
sion to CNS regions affected in POLG patients, presents a potential
mechanism for CNS-specific manifestations in POLG disease.
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Introduction

Mutations in the genes encoding mitochondrial DNA (mtDNA) repli-
some proteins cause mtDNA maintenance defects, which lead to

common metabolic disorders (Viscomi & Zeviani, 2017). The most
common nuclear gene underlying mitochondrial disorders is the
mtDNA replicative polymerase gamma (POLG), with more than 145
disease mutations (http://tools.niehs.nih.gov/polg/). POLG is a
prime example of tissue- and genotype-specific variability of mani-
festations, and POLG mutations cause highly tissue-specific disor-
ders typically manifesting in the nervous system, but also affecting
the liver and skeletal muscle. Despite the apparent requirement of
mtDNA replication in cell division, the patients with POLG disorders
do not typically show symptoms deriving from highly proliferating
cell types, such as anemia. The reasons for such postmitotic cell
manifestations—and mechanisms of tissue specificity overall—are
unknown.

The clinical manifestations of the mutations of POLG are diverse:
(i) Alpers–Huttenlocher syndrome, an epileptic encephalohepatopa-
thy of early childhood, manifesting during the first years of life and
typically progressing to death within a few years (Naviaux &
Nguyen, 2004); (ii) teenage-onset epileptic encephalopathy (SCA-E;
Winterthun et al, 2005); (iii) adult-onset mitochondrial recessive
ataxia syndrome (MIRAS) (Hakonen et al, 2005; Winterthun et al,
2005); and (iv) adult-onset progressive external ophthalmoplegia
(PEO) with or without sensory neuropathy, often associated with
parkinsonism and premature menopause (Van Goethem et al, 2001;
Luoma et al, 2004). Epilepsy in POLG syndrome may develop to
status epilepticus and is associated with poor prognosis (Hikmat
et al, 2017). The patients may develop cognitive defects and
complex psychiatric manifestations, ranging from avoidant person-
ality to depression or paranoia (Hakonen et al, 2005). The mecha-
nistic basis of the exceptionally variable nervous system defects of
POLG—from epilepsy to cognitive decline, ataxia, psychiatric
symptoms, and parkinsonism—is unknown. Furthermore, even
patients with the same ancestral MIRAS allele (homozygous allelic
mutations leading to p.W748S+E1143Q amino acid changes)
show variable disease manifestations, with SCA-E, MIRAS, or
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PEO–polyneuropathy–parkinsonism (Hakonen et al, 2005). The
variability of CNS manifestations even in patients with the same
disease allele indicates strong modifier effects/genes contributing to
the manifestations. These observations prompted us to explore the
genomic regions of mtDNA maintenance loci to identify potential
genomic modifiers for these disorders.

Results and Discussion

To clarify the upstream regulation of the mtDNA replicase expres-
sion, we analyzed the activity of the proximal promoter of POLG. Its
promoter has been reported to drive relatively low expression levels
in different tissues and organisms (Carninci et al, 2005). However,
in a luciferase expression system in vitro, the promoter was highly
active, comparable to viral SV40 promoter (Fig 1A), and required
the presence of one of the two predicted CAAT boxes (Fig 1A and B).
When expressed in vivo, however, in transgenic E12.5 mouse
embryos, the Polg promoter was active especially in the midbrain,
dorsal root ganglia (DRG), developing motoneurons of the neural
tube, and in skeletal muscle somites with very low expression
outside CNS (Fig 1C). This muscle–CNS expression pattern was
surprising for a mtDNA replicase, because of ubiquitous requirement
of the mitochondrial genome replication, and raised the question
whether the tissue-specific expression pattern of the proximal Polg
promoter was modified by potential enhancer elements (EEs).

We utilized in silico prediction by Enhancer Element Locator
program, which searches for conserved DNA elements of < 2,000
base pairs, which also show a conserved order of transcription
factor binding sites within the EE (Hallikas et al, 2006). Within
100 kb up- and downstream of human, mouse, and rat POLG locus,
we identified three strongly conserved putative EEs with high scores
[768, 671, 522; when > 500 indicates likely enhancer (Hallikas et al,
2006)], 34–55 kb upstream of the coding region (Fig 1D,
Appendix Table S1). Similar analysis for other mtDNA maintenance
genes (POLG2, TWNK, SSBP1, and TFAM) suggested no strong
candidates as their specific distant genomic regulators (Fig 1D).

To examine whether the three predicted EEs of the POLG locus
were active in vivo in mice, we generated EE-specific transgenic
mice. We cloned each of the mouse EEs separately in front of an
HSV-tk minimal promoter driving lacZ expression (Hallikas et al,
2006). All the predicted EEs were biologically active and drove
strong expression in distinct regions of the developing CNS of E12.5
embryos. No expression was detected in the liver or other organs
(Fig 1E–M, Appendix Fig S1A). EE1 was active in proliferating
immature neuronal precursors of the ventral and mid-trunk dorsal
neural tube, EE2 and EE3 in dorsal neural tube, and EE2 also in DRG
(Fig 1E–J). All the EEs also drove expression in specific brain regions
(Fig 1K–M): EE1 expression overlapped with ISL1/2 motor neuron
progenitors of the oculomotor complex, which innervate the extraoc-
ular and upper eyelid muscles (Fig 1K and N); EE2 in the superficial
stratum of the superior colliculi (Fig 1L); EE3 in the dorsolateral
midbrain, including both the ventricular and mantle zones (Fig 1M).
None showed activity in somites. These results indicate that all EEs
of the POLG locus are functional, nervous system-specific enhancers,
with high specificity for defined neuronal regions.

Enhancers typically show different temporal characteristics, and
therefore, we studied whether the three Polg EEs were also

functional in the adult brain. EE2 showed prominent expression in
all of the EE2 transgenic lines with activity in the gray matter of the
brain, most intensively in the hippocampus (CA1 and dentate
gyrus > CA2 and 3), cortex, thalamus, mitral cell/external plexiform
layer of olfactory bulb, cerebellar Purkinje, and granular cell layers
(Fig 2A). Expression was also detected in the neural precursor
regions: subventricular zone and rostral migratory stream (Fig 2B),
which have been specifically found to be affected in POLG-deficient,
progeric mtDNA mutator mice (Trifunovic et al, 2004; Ahlqvist
et al, 2012). EE1 was not active in adults, and the expression
patterns in different EE3 lines in the brain were inconclusive
because of variability between transgenic lines. The results indicate
that EE2 is the main CNS enhancer of Polg locus in adult mice, driv-
ing expression to the large neurons of neocortex and cerebellum as
well as neural precursors.

In the adult mouse spinal cord, EE2 and EE3 showed overlap-
ping, specific expression patterns in the laminae I-III of dorsal horns
(Fig 2C–E) and the neuronal precursors of the central canal, which
also were positive for POLG protein (Fig 2C and E). The dorsal horn
sensory tracts receive nociceptive information from primary afferent
nerves and contain mostly GABAergic, glycinergic, or glutamatergic
interneurons (Todd, 2010). The EE2- and EE3-positive cells were
often calbindin-positive (Fig 2F and G), pointing to activity in gluta-
matergic spinal interneurons. The evidence shows that EEs of the
Polg locus drive expression to adult spinal sensory tracts and neural
precursors of the spinal cord.

DNase I hypersensitive sites (DHSs) mark open DNA structures,
typical for active promoters and regulatory elements (Gross &
Garrard, 1988; Thurman et al, 2012). Furthermore, simultaneous
opening of genomic elements on a chromosomal region is a strong
indicator of functional cooperation of the two regions (Thurman
et al, 2012). To clarify the genomic regions potentially regulating
mtDNA maintenance genes, we analyzed their DHS patterns and
correlated the DNase I sensitivity of distal DHSs with those proximal
to the transcription start site of the target gene (Thurman et al,
2012). We found 123 distal DHSs correlating with POLG promoter
DHSs (> 0.85 correlation), standing out from other mtDNA mainte-
nance genes [TWNK (0), POLG2 (0), SSBP1 (1), and TFAM (5);
Fig 3A and B]. These distant DHSs of the POLG region overlapped
with the genomic locus of the enhancer elements, but also contain a
long non-coding RNA gene (human LINC00925; mouse Ai854517;
Fig 3C–E). Other genes in the POLG locus were found to have few
DHSs FANCI (2), RHCG (0), and TICRR (1) strongly pointing the
enhancer locus being a specific POLG regulator (Fig 3A and D).
These evidences support EE1-3, with a locally transcribed lncRNA,
to be regulatory for POLG expression.

LncRNAs are often structural components of EEs when tran-
scribed on site: They mediate chromatin looping and physically link
the enhancer and promoter together, thereby inducing target gene
transcription (Orom & Shiekhattar, 2011; Plank & Dean, 2014). The
joint EE1-3/LINC00925/Ai854517 locus suggested that the lncRNA
might be coexpressed with POLG. We found LINC00925/Ai854517 to
be expressed exclusively in neural cells (Fig 3F), and its expression
levels correlated significantly with Polg expression in different
developmental stages in mouse CNS (Fig 3G). No Ai854517 expres-
sion was detected in mouse liver, indicating that liver has distinct
regulatory mechanisms for POLG expression (Appendix Fig S2A).
Repeated experiments to delete conserved regions of LINC00925 by
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Figure 1. Three distant enhancers drive POLG expression in the central nervous system.
A (Left) Luciferase expression in HEK293 cells driven by deletion constructs of POLG proximal promoter. (Right) Luciferase expression with mutated CAAT boxes in

POLG promoter. The error bars indicate standard deviation in three biological replicates. AU; arbitrary units.
B POLG promoter sequence showing predicted CAAT boxes. Red shows disrupted nucleotides by site-directed mutagenesis in (A).
C Expression pattern driven by 500-bp Polg proximal promoter in E12.5 mouse embryo. LacZ-positive cell populations in the developing midbrain (black arrows),

dorsal root ganglia (gray arrows), and motoneuron progenitors (arrowhead) of the neural tube. Somites show some expression (white arrow). Sectioning planes
indicated by red lines. Scale bars 100 lm.

D Prediction of enhancers in the genomic loci of mtDNA maintenance genes, 100 kb upstream of the analyzed gene, found in human–mouse and human–rat
comparisons. EEL score for individual elements: red bars. Protein-coding genes upstream from mtDNA maintenance genes are shown with black lines under each
locus (picture not in scale). POLG shows three highly conserved elements in a gene-poor region. TWNK shows one distant element, with several genes between the
element and the gene, suggesting the element not be a specific regulator for TWNK. TWNK, Twinkle mtDNA helicase; POLG, DNA polymerase gamma, catalytic
subunit; POLG2, DNA polymerase gamma, accessory subunit; SSBP1, single-stranded DNA-binding protein 1; TFAM, mitochondrial transcription factor A.

E–G POLG enhancer elements are functional in vivo and drive expression in E12.5 transgenic mice. Sectioning planes indicated by red lines. Black line in (E) marks the
expression in the dorsal neural tube, whereas rostral and caudal regions lack dorsal expression (black arrows).

H–J Neural tube lacZ expression driven by (H) EE1: immature neuronal precursors (gray arrow), (I) EE2: dorsal neural tube (gray arrow) and dorsal root ganglia (black
arrow), and (J) EE3: dorsal neural tube (gray arrow). Scale bars 100 lm.

K–M Midbrain lacZ expression, driven by (K) EE1, (L) EE2, and (M) EE3. Black arrow indicates neuronal population from EE1 embryo stained in (N). Scale bars 100 lm.
N EE1 drives expression in oculomotor complex; immunofluorescent costaining with antibodies against ISL1/2 (motoneurons of oculomotor complex; red) and b-Gal

(green). LacZ staining of the region in (K); black arrow. Scale bars 50 lm.
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