














different Crispr/Cas9 approaches failed to result in targeted clones,
which could be a result of growth disadvantage of the targeted
clones caused by decreasedPOLG expression and compromised
mtDNA replication. In situ hybridization showed completely over-
lapping expression patterns ofPolgand Ai854517 transcripts across
hippocampus, cortex, and cerebellum (Fig 3H), the areas of EE2
activity in adult mice.

In addition to the EEs, the LINC00925/Ai854517 intron also
harbored the gene for MIR9-3 (Fig 3E). MIR9 is expressed from
three different genes, which reside in different genomic regions,
have non-overlapping expression patterns but produce identical
processed transcripts. Intronic MIRs are commonly transcribed
together with the primary transcript (Kim & Kim, 2007), and accord-
ingly, the expression levels of MIR9-3 and Ai854517 correlated
significantly in CNS (Fig 3I). The programs TargetScan, PicTar,
miRDB, and PITA predicted six common top targets for MIR9, and
MIR9 has recently been shown to downregulate the expression of
transcription factors ONECUT1, ONECUT2, and NR2E1 (Madelaine
et al, 2017). Therefore, we selected these nine putative targets for
further analysis (Fig 3J). Overexpression of MIR9 in HEK293 cells
significantly downregulated the mRNA expression of NR2E1 and
LDLRAP1, and MTHFD2 trended downwards (Fig 3K, Appendix Fig
S2B). MTHFD2 was especially interesting, as it is the rate-limiting
enzyme of the mitochondrial folate cycle and highly induced as part
of the integrated mitochondrial disease stress response in mtDNA

maintenance disease (Baoet al, 2016; Nikkanen et al, 2016) and a
reported target of MIR9-3 (Fig 3K) (Selcuklu et al, 2012). Low-
density lipoprotein receptor adaptor protein-1 (LDLRAP) showed
overlapping expression pattern with EE2/POLG/lncRNA (Lein et al,
2007) and has been reported to contribute to lipoprotein internaliza-
tion for cholesterol synthesis (Mameza et al, 2007). NR2E1 is a
transcription factor which has been shown to be essential for
maintaining neural stem cells in undifferentiated state linking the
stem cell pool maintenance to POLGexpression (Shi et al, 2004).
We propose that the targets of MIR9 are downregulated specifically
in the EE/lncRNA/MIR9/POLG-positive neural cells that promote
mtDNA maintenance through POLG expression. Furthermore, the
results propose an inverse coregulation ofPOLGand MTHFD2, with
important potential consequences for disease: (i) the activation of
EE/lncRNA/MIR9/ POLG locus and consequent MIR9-mediated
suppression of MTHFD2 would blunt the ability of these specific
neurons to induce a stress response as a consequence of mtDNA
maintenance defect, and that (ii) the same neurons would become
especially dependent on CNS folate availability, which is highly
regulated through active transport by FOLR1 (Steinfeldet al, 2009).

The typical symptoms of POLG patients include sensory neuropa-
thy, ataxia, and progressive ophthalmoplegia, arising from the same
regions of CNS where we found EE2 activity: sensory tract of medulla,
cerebellum, and oculomotor nucleus. POLG patients often show
severe loss of vibration sense and hyperalgesia (Luomaet al, 2004;
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Figure 2. Polg enhancer EE2 drives expression in adult brain, and EE 2 and 3 in sensory interneurons of the adult spinal cord.

A Sagittal section of adult mouse brain showinglacZexpression driven by EE2. HC, hippocampus.
B EE2-driven expression in rostral migratory stream (black arrow) and in subventricular zone (white arrow). Scale bar760 l m.
C–G Adult mouse spinal cord, (C) EE2and (D, left panel in E) EE3 expression pattern. Dorsal horns, laminae I-III (black arrows) and central canal (arrowheads).LacZ

staining. Dashed lines in (C) indicate the region of dorsal horn shown in (D), (F), and (G). Insets in (C) and (E) show POLG immunohistochemistry of dorsal horn and
central canal (gray arrow), respectively. Scale bars:100 l m unless indicated otherwise. Calbindin (red) andb-Gal (green) expression in interneurons of the dorsal
horn laminae I-III of (F) EE2and (G) EE3transgenic adult mice. Immunofluorescence. Scale bars20 l m.
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