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Cytosine methylation
flags mitochondrial RNA
for degradation
Emeline Recazens 1, and
Alexis A. Jourdain 1,*,@

Mitochondrial double-stranded RNA
(dsRNA) can form spontaneously in
mitochondria, blocking mitochon-
drial gene expression and triggering
an immune response. A recent
study by Kim, Tan, et al. identified a
safeguard mechanism in which
NOP2/Sun RNA methyltransferase
4 (NSUN4)-mediated RNA methyla-
tion (m5C) recruits the RNAdegrada-
tion machinery to prevent dsRNA
formation.
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Figure 1. Mitochondria RNA degradation prevents double-stranded RNA formation. Left:
mitochondrial DNA (mtDNA) is a circular double-stranded DNA whose mode of expression generates long
complementary strands of RNA, with a high propensity to form double-stranded RNA (dsRNA). Grey
superellipse: mitochondrial RNA polymerase. Top right: in the absence of RNA degradation, long
complementary strands of RNA may base-pair to form dsRNA, leading to translation inhibition in mitochondria
and immune and integrated stress responses in the cytosol. Bottom right: to prevent dsRNA formation,
mitochondrial noncoding RNA, mostly encoded by the light strand, must be constitutively degraded by the
exonuclease polyribonucleotide nucleotidyltransferase 1 (PNPT1). Kim, Tan et al. [8] provide a novel
mechanism to explain how noncoding RNA is degraded in mitochondria, based on (i) 5-methylcytosine (m5C)
methylation of noncoding RNA by NOP2/Sun RNA methyltransferase 4 (NSUN4), (ii) recruitment of C1QBP to
the m5C sites, and (iii) recruitment of PNPT1 for (iv) RNA degradation. Abbreviations H, heavy strand of the
mtDNA; ISR, integrated stress response; L, light strand of the mtDNA.
Mitochondria have emerged as significant
signaling organelles that can release
nucleic acids into the cytosol and trigger
an immune response. Cytosolic mitochon-
drial DNA (mtDNA) is known to activate
cGAS/STING and the NLRP3 inflamma-
some, causing interferon signaling, inflam-
mation, and cell death [1,2]. More recently,
mtRNA was also highlighted as a potent
immunogenic molecule since the bidirec-
tional mode of transcription of the circular
mtDNA genome generates long tran-
scripts with a high propensity to form
dsRNA (Figure 1) [3]. Similar to viral ge-
nomes, mitochondria-derived dsRNA is
recognized as foreign in the cytosol and
can initiate an immune response.

To prevent dsRNA formation, mitochondrial
noncoding transcripts, primarily encoded
by the light strand of the mtDNA molecule,
must be constantly degraded. In human
mitochondria, this function is catalyzed by
the mitochondrial degradosome, a protein
complex composed of the RNA helicase
SUV3 (SUPV3L1) and the 3′-5′ exonuclease
polyribonucleotide nucleotidyltransferase 1
(PNPT1) [4]. Depletion of either subunit
perturbs mtRNA turnover and results in
dsRNA accumulation, which affects mi-
tochondrial gene expression and leads
to mtDNA instability [5,6]. Similar to
mtDNA release, leakage of mitochon-
drial dsRNA into the cytosol can be
detected by cytosolic sensors such
as MDA5 and RIG-I, as well as the
dsRNA-activated protein kinase R
(PKR). In cellular models and in patients
with mutations in PNPT1 [3], this triggers
Tren
proinflammatory and interferon signal-
ing, as well as the integrated stress re-
sponse (Figure 1). Several modifications
exist in mtRNA, including methylation
and pseudouridylation, but their role in
RNA degradation, dsRNA formation,
and innate immunity remains unknown.
Mitochondrial dsRNA accumulation has
also been implicated in various inflamma-
tory diseases, including autoimmune
Sjögren’s syndrome, osteoarthritis, and
Huntington’s disease. Multiple models
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have been proposed to explain the re-
lease of mtRNA to the cytosol, including
BAX/BAK pores and the opening of
the mitochondrial permeability transition
pore (MPTP) [2,7]. Detection, degrada-
tion, and thus elimination of mitochondrial
dsRNA appears to be crucial to prevent a
chronic immune response. Until recently,
however, a key aspect of mtRNA turn-
over remained unknown, namely, how
the mitochondrial degradosome is able
to discriminate between coding and non-
coding RNA.

In a recent publication, Kim, Tan, et al.
revealed that mitochondrial NSUN4 can
methylate mtRNAs, targeting them for
degradation [8]. The authors depleted
the expression of 89 putative RNA-
binding proteins of the mitochondrial
matrix and performed strand-specific
RT-qPCR, probing various regions of
the mitochondrial transcriptome, includ-
ing noncoding RNA from the light strand.
This approach highlighted the importance
of the methyltransferase NSUN4, an en-
zyme known to methylate a cytosine nucle-
otide on the mitochondrial small ribosomal
subunit, creating 5-methylcytosine (m5C),
and whose ablation in skeletal muscle or
cardiomyocytes was shown to result in mi-
tochondrial dysfunction, cardiomyopathy,
and shortened lifespan in mice [9]. Kim,
Tan, et al. have now reported that in
NSUN4-depleted cells, noncoding RNA
accumulates in mitochondria and gener-
ates increased levels of dsRNA. This ap-
pears to depend mainly on the catalytic
activity of NSUN4 and is independent of
defects in mitochondrial ribosome assem-
bly and PNPT1, prompting the authors to
directly measure m5C methylation. Using
bisulfite sequencing (Bis-seq), Kim, Tan,
et al. generated an ‘epitranscriptome’
map of m5C sites on mtRNA, and by
comparing their data with NSUN4-
depleted cells they highlighted NSUN4-
dependent m5C methylation sites, many
of which were reduced on noncoding
transcripts in cells depleted from this
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methyltransferase, while several methyla-
tion sites were independent from
NSUN4. Thus, these data provide a
strong link between methylation and deg-
radation of RNA in mitochondria and
highlight the importance of this pathway
in regulating dsRNA formation. However
these observations also raise further
questions, such as how the noncoding
RNAs are recognized by NSUN4, since
the authors’ search for conserved motifs
or secondary structures around the
methylation sites remained inconclusive
due to the lack of diversity in methylated
mtRNAs, and how does RNA methylation
recruit the mitochondrial degradosome.

To address the latter question, the au-
thors reanalyzed pull-down experiment
data performed using m5C-methylated
RNA as bait. They identified C1QBP as
a binding partner for m5C and were
able to demonstrate that C1QBP bind-
ing to mtRNA is greatly attenuated in
NSUN4-depleted cells. C1QBP was
first identified as a complement-binding
protein and, to date, multiple functions
have been attributed to the protein, pos-
sibly due to its high affinity for various
factors. However, human genetic stud-
ies reported that biallelic C1QBP muta-
tions result specifically in mitochondrial
defects characterized by impaired
mitochondrial translation [10], reminis-
cent of Nsun4 deletion in mice. Kim,
Tan, et al. now showed that C1QBP-
deficient cells exhibit higher levels of
mtRNA and dsRNA due to reduced deg-
radation rates, confirming the role of
m5C in mtRNA turnover. These observa-
tions also suggest that patients with
C1QBP mutations may potentially pres-
ent with higher levels of mitochondrial
dsRNA and interferonopathy. Finally,
the authors added another piece to
the puzzle by performing an additional
pull-down experiment, which allowed
them to identify an interaction between
C1QBP and PNPT1: Bis-seq in either
C1QBP- or PNPT1-deficient cells
xx
revealed an accumulation of NSUN4-
dependent methylation sites, confirming
the sequential actions of all three factors
in dsRNA degradation, namely: (i) meth-
ylation of light strand non-coding
mtRNA by NSUN4, (ii) C1QBP binding
to m5C, and (iii) recruitment of PNPT1,
thus (iv) promoting RNA degradation
(Figure 1).

A curious aspect of this work is that
whereas depletion of NSUN4, C1QBP,
and PNPT1 all lead to dsRNA accumula-
tion, only C1QBP and PNPT1 depletion
cause immune signaling, suggesting an
absence of dsRNA release in NSUN4-
depleted cells. This observation, con-
firmed by cellular subfractionation, sug-
gests that m5C methylation might not
only label RNA for degradation but may
also be a signal for efflux to the cytosol.
In the future, it will be important to investi-
gate this finding in the context of the pro-
posed mechanism of mtRNA release to
the cytosol.

The work by Kim, Tan, et al. provides
new insight into the mechanism of
RNA degradation in mitochondria, with
strong implications for mitochondrial
gene expression and innate immunity.
Future research should focus on eluci-
dating how NSUN4 recognizes specific
RNA targets for methylation, for exam-
ple, using in vitro assays, and how this
modification influences RNA efflux to
the cytosol. Investigating the implications
of the interaction between C1QBP and
PNPT1 should also provide further insight
into the regulation of mitochondrial gene
expression and the pathology of these
disease-associated genes, possibly offer-
ing new therapeutic strategies for mito-
chondrial and immune disorders.
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