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Abstract

Mitochondrial genome expression is important for cellular bioenergetics. How
mitochondrial RNA processing and translation are spatially organized across dynamic
mitochondrial networks is not well understood. Here, we report that processed
mitochondrial RNAs are consolidated with mitoribosome components into translation
hubs distal to either nucleoids or processing granules in human cells. During stress,
these hubs are remodeled into translationally repressed mesoscale bodies containing
messenger, ribosomal, and double-stranded RNA. We show that the highly conserved
helicase SUV3 contributes to the distribution of processed RNA within mitochondrial
networks, and that stress bodies form downstream of proteostatic stress in cells lacking
SUV3 unwinding activity. We propose that the spatial organization of nascent chain
synthesis into discrete domains serves to throttle the flow of genetic information in
stress to ensure mitochondrial quality control.
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MAIN TEXT

Mitochondria are endosymbiotic organelles with essential roles in energy production,
metabolic regulation, and the innate immune response (1). Mitochondria have their own
genome encoding 13 respiratory chain complex proteins but rely on nuclear genes to
control mitochondrial DNA (mtDNA) replication, transcription, and transcript processing
(2). Each mammalian cell contains hundreds to thousands of mitochondrial genomes
that are individually packaged into complexes termed mitochondrial nucleoids, the units
of mtDNA inheritance and sites of transcription (2). Constitutive processing granules
associate with nucleoids to render the polycistronic mitochondrial RNA into mature
messenger, transfer, ribosomal, and non-coding RNAs (3). Mitochondrial DNA
replication and transcription are thought to be coupled. While most mtDNAs are tightly
packaged and likely inaccessible, the sole mitochondrial RNA polymerase, POLRMT,
both primes replication and executes processive transcription on a permissible subset of
the nucleoid population (2). Because each nucleoid contains only 1-2 copies of mtDNA,
many nucleoid complexes are distributed throughout the mitochondrial syncytium,
where they are asynchronously replicated and transcribed (4). In contrast to the nuclear
genome, for which DNA replication, transcription, processing and translation occur in
distinct compartments, all steps of mitochondrial gene expression co-occur within the
innermost compartment of each mitochondrion, the matrix.

The spatial organization of mitochondrial gene expression across dynamic
mitochondria that fuse, divide, and are motile in the cytoplasm is not well understood.
The core component of the nucleoid complex is mtDNA binding protein TFAM, which
has regulatory roles in replication initiation and in transcription via its control of mtDNA
compaction, and thus accessibility (5, 6). The RNA processing granules comprise
several Fas-activated serine/threonine kinases (FASTK family), as well as G-rich
sequence factor 1 protein (GRSF1) which interacts with mitochondrial RNaseP to
stimulate primary transcript processing (3, 7, 8). The leucine-rich pentatricopeptide
repeat protein LRPPRC forms a complex with RNA-binding protein SLIRP to bind and
stabilize mitochondrial RNAs and is required for their loading to the mitoribosome (9).
How the processed and polyadenylated transcripts navigate between the processing
granules and mitoribosome loading has been obscure, though previous work
established that some mitochondria translate more than others within the same cell,
suggesting that RNA localization within mitochondrial networks may be regulated to
tune electron transport chain (ETC) biogenesis (10-13).

Content mixing, facilitated by cycles of membrane fusion and fission, permits the
distribution of nascent ETC components, as well as nucleic acids throughout
mitochondrial networks. This is particularly important in cells harboring deleterious
mtDNA mutations (14). Due to its multicopy nature, mutant and wildtype mtDNA often
co-exists within cells; complementation of individual organelles via distribution of
wildtype gene products from sites of translation confers resilience to ETC dysfunction
(15). Similarly, distribution of mtDNA gene products can buffer the effects of mtDNA
depletion (16).
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Defects in mtDNA expression cause mitochondrial dysfunction and are linked to
cancer, aging and neurodegeneration (1). Mitochondrial RNA degradation specifically
has emerged as a point of focus (17). In homeostasis, the ATP-dependent helicase
SUV3 and the mitochondrial PNPase complex function in a linear pathway to unwind
and degrade nucleic acids in the matrix, suppressing the persistence of double-stranded
RNA that can form by complementarity of H- and L-strand transcripts (17, 18). During
stress, accumulation and egress of dsRNA to the cytosol triggers antiviral IFN-1 and
pro-inflammatory pathways (17, 19). While both SUV3 and the PNPase complex are
required to suppress accumulation of dsRNA in human mitochondria, only PNPase
defects lead to mitochondrial leakage and the activation of an inflammatory cascade
(19, 20). These findings indicated that while PNPase down-regulation precipitates pro-
inflammatory type I IFN responses, it is SUV3 that acts as the upstream gatekeeper of
dsRNA accumulation in mitochondria. Consistently, while the PNPase complex is not
well conserved between model organisms, SUV3 is highly evolutionarily conserved in
sequence and function amongst all eukaryotes, highlighting its essentiality (21).

Inborn errors in SUV3 cause neurodegenerative disease in humans despite no
evidence of dsRNA release, suggesting an intrinsic mitochondrial stress response
upstream of PNPase-dependent organelle permeabilization (20). Consistently, a defect
in any of multiple steps of mitochondrial gene expression, from mtDNA synthesis, to
transcription, to RNA processing, triggers a complex integrated stress response and
suppression of mitoribosome translation by unclear mechanism(s) (22, 23). These
findings suggest foundational and functional links between the regulation of the
mitochondrial central dogma within dynamic networks and quality control of the
mitochondrial proteome. Here, we defined how mitochondrial gene expression is
spatially organized at sub-organellar scales into regulatory hubs that are amenable to
stress-induced remodeling to protect mitochondria during elevated proteostasis burden.

Results

Mitochondrial mMRNA is excluded from nucleoids and processing granules

Mitochondrial DNA and polycistronic RNA are packaged into distinct nucleoprotein
complexes, dedicated to mtDNA synthesis and transcript processing, respectively.
However, it is unclear whether the translation of messenger RNAs occurs at defined
sites in mitochondrial networks or is coordinated with nucleoids and/or the mitochondrial
RNA processing granules (MRGSs). Thus, we first sought to directly visualize the spatial
distribution of mitochondrial messenger RNAs relative to mtDNA nucleoid complexes or
MRGs (Fig 1A). We refined a method of fluorescence in situ hybridization (mtRNA-
FISH) using fluorophore-conjugated probe sets complementary to processed mRNA,
ribosomal RNA, or tRNAs (Fig S1A). We validated mitochondrial RNA-FISH signals by
confirming their RNaseA-sensitivity and dependence on active transcription by
POLRMT (Fig S1B-C). We then simultaneously imaged mitochondria, mtDNA, mtRNA
and RNA-binding protein GRSF1, a well characterized marker of the total MRG
population in mammalian cells, at high spatial resolution, using Airyscan confocal
microscopy in IMR90 non-immortalized human fibroblasts. We found that mitochondrial
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messenger RNAs encoding subunits of Complex I, Complex IV and the mitochondrial
ATP Synthase were focally distributed, while in contrast diffuse, ubiquitous mt-tRNA and
ribosomal RNA signals marked all mitochondria (Fig 1B-D; Fig S2). None of the RNA
species we examined colocalized with dsDNA puncta, and linescan analysis indicated
that RNA foci were independent of nucleoid positioning along mitochondrial tubules (Fig
1B-D, far right). As expected, GRSF1-positive MRGs were evenly distributed among
mitochondria and intersected with nucleoids significantly more often than expected by
random, as previously reported for other cell types (Fig 1E-G). Surprisingly, messenger
RNA puncta were nearly twice as abundant as GRSF1 puncta along mitochondria (Fig
1F), and the majority did not colocalize with GRSF1 immunofluorescence signals (Fig
1G). These observations suggested an order to the distribution of processed mRNAs in
mitochondrial networks, beyond their relationship with MRGs.

To distinguish mRNA foci from the polycistron we compared RNA-FISH labeling
to pulse-labeling of nascent RNA using the click chemistry-compatible nucleoside
analog 5-Ethynyluridine (EU) (Fig S3A-B) (24). GRSF1-positive MRGs colocalized with
EU-labeled RNA puncta (Fig S3C-E), but not with processed RNA signals reported by
FISH.

To rigorously quantify the spatial distributions of nascent and processed RNA
across entire mitochondrial networks relative to nucleoids and MRGs, we developed
and implemented an image analysis pipeline to systematically map and compare
punctate fluorescent signals along filamentous mitochondria at the cellular scale (Fig
S3F-G). We segmented mitochondria using a machine learning approach, skeletonized
them, and extracted linescans to computationally identify peaks of fluorescence
intensity in each channel along every mitochondrion. We then used this information
from thousands of mitochondria in dozens of cells to generate average fluorescence
intensities along a typical linescan segment, in essence, a virtual representation of
nucleic acid organization in a typical mitochondrion. We validated our approach by
demonstrating that dsDNA and the mtDNA nucleoid marker protein TFAM were highly
correlated in these data, as were the EU and GRSF1 intensities (Fig S3H, left, right).
We found that dsDNA and GRSF1 intensities were spatially linked to a lesser although
still significant degree, consistent with our previous observation (Fig S3H, middle). With
this tool in hand, we developed a spatial atlas of ribosomal RNA, tRNAs, and mRNA
relative to mtDNA and MRGs. Strikingly, RNA-FISH signals not only failed to correlate
with nucleoid or MRG markers, but were in fact significantly anti-correlated (Fig 1H).
These findings indicate that not only are mRNA puncta distinct from nucleoids and
MRGs, but they are also surprisingly excluded from those complexes.

We then used CRISPR Cas9 technology to ask whether RNA distribution was
dependent on mtDNA copy number by knocking out POLG, the catalytic subunit of the
sole mitochondrial DNA polymerase, using three guide RNAs targeting its second exon
(Fig S4A-B). While the abundance of total mitochondrial RNA scaled to mtDNA
nucleoid content (Fig S4C-D), ND4-FISH remained punctate, even within the subset of
mitochondria that lacked nucleoids altogether (Fig S4D). Taken together, we conclude
that mitochondria contain focal assemblies of processed RNA that are independent of
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either the mtDNA nucleoids where mtDNA replication and transcription occur, or MRGs,
the nexus of nascent polycistron processing.

Mitochondrial mMRNA marks punctate translation hubs

Mitochondrial translation rates are known to vary among individual mitochondria, though
whether there may be a spatial relationship between mitochondrial mMRNA distribution
and newly synthesized translation products has been unclear (11, 13). Based on our
observations of RNA-FISH signals, we hypothesized that mitochondrial mMRNA puncta
define microscopically visible domains where translation occurs. Thus, we sought to
examine the relative localization of mitoribosomes, mMRNA, and nascent protein
synthesis, taking ND4 as a representative mRNA (Fig 2A). We visualized mitoribosome
assemblies via indirect immunofluorescence with an antibody against MRPL23, a
component of the hydrophobic peptide exit tunnel of the large subunit (mt-LSU) (25).
Strikingly, MRPL23 signals were punctate, and the majority colocalized with ND4-FISH
(Fig 2B-C; Fig S5A-E).

We performed translation imaging by pulse-labeling cells with L-
HomoPropargylGlycine (HPG), a Methionine analog that is readily recognized by the
mitochondrial tRNAY®" and incorporated into growing peptide chains and detected using
Copper click chemistry (26). After a 15-minute pulse, we observed that focal HPG
signals colocalized with MRPL23, which was further supported by iterative linescan
analysis (Fig 2D). HPG labeling was sensitive to the mitoribosome-specific peptidyl-
transferase inhibitor chloramphenicol (CAP), as well as the selective POLRMT inhibitor
IMT1B (Fig 2E; Fig S5F), validating that these observations reflect the output of steady-
state gene expression (27). Consistent with our earlier observations, HPG-labeled
translation domains were not spatially linked with mtDNA nucleoids marked by TFAM,
or mtRNA processing granules marked by GRSF1 (Fig S5G-H). HPG signals were
spatially linked to ND4 puncta, as well as local peaks of RNR2-FISH and tRNA-FISH
intensity (Fig 2F). In contrast to the relationship between the processed RNAs and
nucleoids, ND4-, RNR2- and tRNA-FISH signals correlated well with HPG via iterative
linescan (Fig 2G). Moreover, the majority of ND4 puncta overlapped with HPG, to an
extent significantly above random chance (Fig 2H). Taken together, we conclude that
mitochondrial protein synthesis occurs in domains or hubs that are marked by mRNA
puncta.

Translation hubs are dynamic and remodeled when mitochondrial fission is defective

We next used a series of pulse-chase experiments to ask whether the translation hubs
reported by HPG were dynamic and responsive to network remodeling. We first labeled
cells with HPG for 15 minutes; chased in HPG-free medium for 5, 15, 30, or 60 minutes;
and then subsequently analyzed the density, size, and average fluorescence intensity of
translation hubs after fixation (Fig 3A). Consistent with our previous observations, after
5 min of chase, HPG fluorescence intensity was initially restricted to punctate domains
(Fig 3A, top row). Quantification of HPG signals during the series of extended chase
experiments revealed that HPG signals progressively and dramatically decreased with


https://doi.org/10.1101/2024.08.05.604215
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.05.604215; this version posted August 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

lengthening chase time (Fig 3B-D), consistent with nascent chain degradation and/or
the distribution away from those sites throughout mitochondria. This observation was
important, because it indicated that in fibroblasts, translation hubs serve as point
sources for ETC component proteins.

We then sought to assess whether all mitochondria are capable of translation
under our experimental conditions. We pulsed cells with HPG for 15, 30, or 60 minutes
while holding the chase constant at 5 minutes and again measured features of HPG
labeling among mitochondria (Fig 3E). We found that the number of HPG-labeled
domains per mitochondrion increased in a manner directly proportional to pulse length
(Fig 3F), though heterogeneity across the entire mitochondrial network persisted (Fig
S5I). The size and fluorescence intensity of individual HPG hotspots increased as well
(Fig 3G-H). These observations indicate that local translation shapes protein distribution
within mitochondria, as peptide synthesis occurs at discrete sites and protein products
then diffuse along the inner membrane, are distributed to other mitochondrial fragments
via membrane dynamics, or are degraded.

Mitochondrial content mixing is in large part dependent on fission, fusion, and
motility dynamics governed by dynamin family guanosine triphosphatases (GTPases)
(28). DRP1, a cytosolic dynamin-related protein, forms helical scission assemblies
around mitochondria mediated by its interactions with receptors in the outer membrane
and by the close apposition of membrane contact sites with other organelles (29). To
test the idea that compartmentalized gene expression in translation hubs shapes the
flow of genetic information in mitochondrial networks at the cellular level, we next
examined the role of mitochondrial fusion-fission cycles. We used transient
overexpression of mCherry-tagged DRP1%*®* a dominant mutation in the GTP-binding
pocket that disrupts GTP hydrolysis, to decrease mitochondrial fission rate and assess
the impact on the distribution of nascent translation products (Fig 3l) (29, 30). Transient
overexpression of mCherry-DRP1"*** caused significant mitochondrial elongation as
compared with control cells as predicted (Fig S5J), above and beyond baseline
mitochondrial elongation caused by cycloheximide pre-treatment. We found that
suppressing mitochondrial fission led to increased size and fluorescence intensity of
both RNA- and HPG-enriched translation hubs in a subset of mitochondria, consistent
with defective content mixing (Fig 3J-M). Thus, when mitochondrial fission is perturbed,
newly synthesized ETC proteins labeled by HPG fail to be distributed, reducing network
homogenization. These data confirm that dynamic translation hubs and fusion/fission
cycles shape the distribution of nascent peptides across mitochondrial networks.

Mitochondrial RNA is remodeled into translationally repressed liquid-like mesoscale
bodies during stress

We hypothesized that the organization of the matrix into dynamic translation hubs could
serve to facilitate a rapid and local translational response to perturbation. Previous work
has shown that pathogenic variants that disrupt mitochondrial protein synthesis
converge on activation of a complex integrated stress response (ISR), characterized in
part by shutoff of mitoribosome translation and accumulation of aberrant double-
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stranded mitochondrial RNA (22, 23, 31, 32). During ISR activation, release of
mitochondrial dsRNA into the cytosol triggers a pro-inflammatory transcriptional
response, because the nucleic acid is recognized as foreign (17). Similarly, outer
membrane permeabilization elicited by mitochondrial poisons also permits nucleic acid
egress, which contributes to an mtDNA-triggered innate immune response (33-35).
Given that context, we sought a means by which we could test whether translation hubs
may be remodeled to facilitate translational inhibition during dsRNA accumulation -
without triggering inflammatory cascades that might confound our imaging-based
approach.

SUV3 is an essential mitochondrial ATP-dependent RNA helicase that unwinds
both double-stranded RNA (dsRNA) and RNA:DNA hybrids; it is also important for the
nucleolytic degradation of aberrant, proteotoxic dsRNAs by the mitochondrial PNPase
complex (Fig 4A) (17, 36). In human cells, SUV3 silencing causes dsRNA accumulation
(36). Importantly, multiple studies in cells and in patients with inborn errors in SUV3
have shown that it functions upstream of the PnPase complex in a linear pathway, such
that loss of SUV3 function alone is insufficient for dsSRNA release to the cytosol or
detectable activation of innate immunity (19, 20). Thus, we used depletion and transient
overexpression of wildtype and mutant SUV3 isoforms to examine a potential role for
translation hubs in mediating mitochondrial stress responses to dsRNA accumulation.
Transient overexpression of SUV3"T-HA in control IMR90 cells revealed its
localization to a multitude of discrete puncta coincident with a subset of endogenous
GRSF1 foci at MRGs (Fig S6A), consistent with a role in suppressing hybridization
between complementary endogenous RNAs. We next depleted SUV3 from cells by
CRISPR Cas9 technology using three guide RNAs targeting exon 1 and examined
mitochondrial dsRNA levels over a 7-day time course wusing indirect
immunofluorescence with the anti-dsRNA antibody J2. While dsRNA was undetectable
in control cells, we found that cells depleted of SUV3 continuously accumulated dsRNA,
which coalesced into distinct foci within a subset of malformed, swollen mitochondria
(Fig 4B). We then examined ssRNA distribution, finding that RNR2-FISH signals were
no longer distributed throughout mitochondrial networks, but collapsed into distended
boli while rendering large areas of the mitochondrial network devoid of ribosomal RNA
(Fig S6B, top). To verify that this phenotype was specifically due to the lack of SUV3
helicase activity, we reintroduced either SUV3"T-HA or SUV3°*"V-HA, a dominant,
catalytically dead mutant allele, into the cells (Fig S6B-C). Transient overexpression of
SUV3VT-HA, but not SUV3®®*"V-HA, rescued RNR2 localization, indicating that loss of
SUV3 function not only leads to dsRNA accumulation, but remodeling of ssRNA
distribution as well.

We next asked whether the accumulated dsRNA may seed the formation of the
larger ssRNA-enriched boli. We examined fixed cells depleted of SUV3 by indirect
immunofluorescence to simultaneously visualize TOM20, dsRNA via J2, and RNR2-
FISH (Fig 4C). Indeed, we observed that RNR2-FISH signals had coalesced into boli
surrounding the dsRNA explaining the distended appearance of the mitochondrial
membranes. Co-labeling of cells with ND4-FISH and immunodetection of dsDNA
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revealed the re-organization of mRNA into the enlarged boli as well (Fig S7). Despite
this, nucleoids remained distributed suggesting that mitochondrial DNA and RNA may
be positioned in mitochondria by distinct mechanisms.

Previous studies have posited that mitochondrial ribonucleo-protein complexes
may exhibit properties of phase-separated condensates (37-39). Given our
observations that processed RNAs are excluded from nucleoids, and the striking
remodeling of RNA in cells depleted of SUV3, we next sought to examine the dynamics
of RNA in live cells. We labeled RNA in live IMR90 cells with the vital dye SYTO
RNASelect and co-stained with the vital dye Mitotracker. Consistent with our
observations in fixed cells, RNASelect labeled many discrete puncta in control cells,
while it labeled prevalent mesoscale structures when SUV3 was limiting (Fig 4D; Fig
S8A), that maintained their membrane potential as reported by both Mitotracker and
tetramethylrhodamine ethyl ester (TMRE) staining (Fig S8B).

We next asked whether these mesoscale bodies exhibited properties of liquid-
like membraneless RNA bodies, similar to Balbiani bodies or RNP granules induced by
viral infection, by assessing RNA dynamics and propensity for content exchange by
time-lapse microscopy and fluorescence recovery after photobleaching (FRAP) (37, 40).
RNA boli labeled by RNASelect-labeled exhibited dynamic, fluctuating morphologies
over time, though they persisted as discrete domains within mitochondria, with
infrequent fusion or fission (Fig 4D; Fig S8A, bottom). Indeed, we also observed that
multiple RNASelect-labeled domains would often co-persist within the same
mitochondrion. We employed FRAP to determine whether these structures exchanged
contents, finding that RNASelect intensity recovered on average to 40% of the pre-
bleach intensity after background correction over a time period of 5 minutes (Fig 4E-F).
This was less and slower recovery than previously reported for MRGs, but much more
recovery than seen for solid mitochondrial aggregates composed exclusively of protein
previously described in yeasts (37, 41). Additional biochemical studies are needed to
determine whether these structures could be bona fide biocondensates. Given their
dynamic nature, stress-specific context, and evidence of content exchange, we will refer
to them here as “mitochondrial RNA stress bodies” (MSB).

To determine the relationship between MSB formation and mitochondrial
translation, we next used RNA-FISH and HPG pulse-labeling to assess protein
synthesis in cells with the MSB phenotype. Relative to control cells, SUV3 depletion led
to a near total loss of detectable HPG incorporation, concurrent with MSB formation
(Fig 4G). Indeed, the intensity of HPG labeling in SUV3-depleted cells was comparable
to control cells incubated with chloramphenicol (CAP) (Fig 4H). These findings
demonstrate critical functional dependencies between dsRNA accumulation, the spatial
organization of RNA in the matrix, and steady state mitoribosome translation, by which
MSB formation is linked to translational inhibition (Fig 4l).

Mesoscale body formation is linked to proteostasis
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The reorganization of RNA into MSBs prompted us to investigate the fates of the pre-
existing MRGs during that process. We visualized the localization of endogenous
GRSF1 in IMR9O0 cells labeled with RNR2-FISH by indirect immunofluorescence during
SUV3 depletion (Fig S9). Unlike control cells, we observed a significant increase in
GRSF1 colocalization with processed RNA in MSBs (Fig S9). In addition, we noted that
while MSBs were marked by GRSF1, separate small GRSF1 puncta remained
distributed throughout mitochondrial networks that did not colocalize with RNR2-FISH
signals, consistent with a continued role in binding to and processing polycistronic RNA
at MRGs and similar to the distribution we noted for nucleoids. Thus, while MSB’s
contain dsRNA, ssRNA, and a typical MRG protein, these structures are spatially
distinct from MRGs and remain so over time.

Finally, we considered whether MSB formation is a response to proteotoxicity
downstream of defective mtRNA processing or e.g. dsRNA accumulation. We reasoned
that, if MSBs form in response to an RNA processing defect alone, suppression of
mitoribosome translation would have little effect on their formation or dynamics, as the
RNA would still be produced. In contrast, if quality control were regulated at the protein
level, only cells that actually translate aberrant messages would trigger MSB formation.
Thus, we asked whether the preemptive arrest of mitoribosomes by CAP could
suppress MSB formation. In distinct experiments, we performed a CAP pulse-chase
analysis in cells either before (Fig 5A) or after (Fig 5B) transfection with sgSUV3-Cas9
RNP complexes, and subsequently analyzed the size and fluorescence intensity of
MSBs. Preemptive mitoribosome arrest via CAP dramatically reduced the size of FISH-
labeled MSBs relative to sgSUV3 cells treated with DMSO only (Fig 5B). In contrast,
turning off the mitoribosome after SUV3 depletion failed to suppress MSB size or
fluorescence intensity. To further define the contribution of proteotoxicity to MSB
formation, we asked whether dsRNA accumulation and MSB formation are separable.
We incubated cells with CAP, induced SUV3 depletion, then fixed them and detected
dsRNA and RNR2-FISH. Consistent with our previous observation, CAP treatment
suppressed the MSB phenotype; moreover, the cells still accumulated dsRNA (Fig 5C).
This experiment demonstrated that MSB formation is a response to a proteostatic
stress, as it relies on active translation by mitoribosomes. Consistently, we found that, in
the absence of CAP, in early stages of MSB formation the dsRNA is apparent before
RNR2 remodeling into boli (Fig 5D). Taken together, these data suggest a model in
which homeostatic mitochondrial translation hubs enriched in processed RNA are
remodeled into MSB structures in coordination with translational inhibition to protect
proteostasis (Fig 5E).

Discussion

Our data indicate that within human mitochondrial networks, processed RNAs are
translated in ribonucleo-protein hubs distinct from mtDNA nucleoids or MRGs, and
these hubs are remodeled in response to RNA pre-processing stress, concurrent with
suppression of mitoribosome translation. We propose that the spatial organization of
mtDNA nucleoids, MRGs, and processed messages at these sites provides a means of
throttling the flow of genetic information to ensure quality control of the mitochondrial
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proteome. Such a process of remodeling and translational suppression may be
particularly important for mitochondria, as once expressed, core components of the
electron transport chain complexes are long-lived (42).

It will be important to determine the fundamental molecular mechanisms by
which mitoribosome shutdown occurs. Our analyses highlight the importance of the sub-
mitochondrial organization of gene expression in homeostasis, and how that
organization is remodeled in stress via sequestration of mtRNA and proteins within
context-specific mitochondrial RNA stress bodies. Liquid-like condensates have
important functions in regulating gene expression in the cell nucleus and cytoplasm,
where they provide a means to locally concentrate sets of proteins and RNAs for
regulation in 4-dimensions (40, 43-45). Both mitochondrial nucleoids and MRGs have
been suggested to have biophysical properties of condensates; how those properties
may contribute to mtDNA or RNA integrity remains to be discerned (37, 38).

Compartmentalization of biochemical processes is a unifying principle in biology.
In eukaryotes, the nuclear envelope provides a means to control the entry and egress of
transcription machinery and products, which may be processed and are ultimately
translated in distinct and spatially segregated compartments. In the cytosol,
ribonucleoprotein granules, such as P-bodies that form during animal development, and
yeast stress granules, serve as hubs to organize post-transcriptional regulation of gene
expression. These well-characterized bodies consolidate translationally repressed
MRNAs to regulate where and when gene expression occurs, which is particularly
important in stress. Within mitochondria, the mitochondrial genome, immature
polycistronic transcripts, and processed RNAs in various stages share the milieu of the
matrix compartment. In this capacity, remodeling of the matrix into the structures
described here could function to modulate the accessibility of mitoribosome loading or
accessory factors to mRNAs that would normally shuttle between these compartments,
tuning production of ETC proteins to sub-cellular cues. This could be particularly
important in highly polarized cells such as neurons, in which mitochondrial functions
may need to be specialized for the cell soma, dendrite, and axonal compartments (46).
Given that SUV3 loss-of-function causes neurodegenerative disease in humans, it will
be important to investigate whether MSBs exhibit further features of biocondensates
and to refine our understanding of the conditions under which they form, as constitutive
MSBs may constitute a form of pathological inclusion (20, 47, 48). Beyond SUV3,
LRPPRC and/or SLIRP are likely to mediate both translation hub activity and MSB
formation, given their key roles in protecting mitochondrial RNAs from degradation as
well as in mitoribosome loading.

Our findings connect the spatial organization of the steps of mitochondrial
genome expression in the matrix to the kinetics of mitoribosome translation and overall
mitochondrial network morphometrics. This connection has implications for
understanding the cellular pathology and complex stress responses underlying
metabolic dysregulation. Developing approaches that can suppress or modulate the
flow of genetic information in mitochondria may hold promise in the treatment of rare
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human diseases caused by defects in mitochondrial gene expression, as well as in the
context of ISR activation during cancer and neurodegeneration.

Materials and Methods

Plasmids

The mCherry-DRP1%*®** plasmid was generated via QuickChange mutagenesis from
mCherry-Drpl, a gift from Gia Voeltz (Addgene #49152) (30). To generate SUV3-HA
and SUV3G207V-HA, the human SUV3 cDNA was synthesized (Twist Bioscience) with
or without the G207V amino acid substitution, including an HA tag appended to the C-
terminus of the sequence, and cloned into the pTwist CMV-driven mammalian
expression vector.

Mammalian cell growth, transfection, and vital dyes

Human IMR90 cells (ATCC #CCL-186) were grown in high-glucose Dulbecco’s Modified
Eagle's medium (DMEM) supplemented with 10% heat inactivated fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 degrees Celsius in a humidified 5% CO?
chamber. Prior to imaging, cells were seeded onto glass-bottom 35 mm dishes (Mattek)
and cultured for 24-48 hours. Transient plasmid transfections were performed using
Lipofectamine 2000 according to the manufacturer protocol (Thermo Fisher), and
imaged 24 hours later unless otherwise noted. For live cell imaging, 1 mL of conditioned
cell media was removed and saved and then, 50 nM Mitotracker Deep Red (Thermo
Fisher), 500 nM Tetramethylrhodamine, Ethyl Ester (TMRE) (Thermo Fisher), or 5 uM
SYTO RNAselect (Thermo Fisher) was added directly to the dish for 30 minutes and
then replaced with the reserved conditioned media just prior to imaging.

Cell fixation, antibodies, and immunofluorescence

Cells were seeded as described above. Cells were then fixed in pre-warmed (37
degrees Celsius) 4% paraformaldehyde solution (PFA) in DPBS for 30 minutes at room
temperature while protected from light. Glass-bottom dishes were then gently washed
with room temperature DPBS and cells were permeabilized in 0.1% TritionX-100 diluted
in DPBS for 20 minutes. Dishes were washed with TBST blocking buffer (TBS pH 7.5,
0.1% Tween-20) containing 1% bovine serum albumin (BSA), and primary antibodies
were added at 1:1000 dilution in the same buffer and incubated for 1 hour at room
temperature, or overnight at 4 degrees Celsius. Dishes were then rinsed with blocking
buffer and a solution containing secondary antibodies at 1:2000 dilution was added for 1
hour at room temperature. Dishes were rinsed with the blocking buffer and imaged in
DPBS at room temperature. We employed the following antibodies to detect
endogenous proteins and nucleic acids: rabbit anti-TOM20 (Proteintech, 11802-1-AP),
mouse anti-TOM20 (SantaCruz Biotechnology, SC17764), mouse anti-dsDNA (Abcam,
ab27156), rabbit anti-GRSF1 (Sigma, HPA036984), rabbit anti-TFAM (Abcam,
ab176558), rabbit anti-MRPL23 (Sigma, HPA050406), mouse anti-DRP1 (Abnova,
H00010059), rabbit anti-HA (Invitrogen, 71-5500), mouse anti-J2 (Sigma, MABE1134),
donkey anti-rabbit AlexaFluor Plus 488 highly cross-adsorbed conjugate (ThermoFisher,
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A32790), goat anti-mouse AlexaFluor 405 conjugate (ThermoFisher, A31553), donkey
anti-mouse AlexaFluor Plus 405 highly cross-adsorbed conjugate (ThermoFisher,
A48257), goat anti-rabbit AlexaFluor 405 conjugate (ThermoFisher, A31556), goat anti-
mouse AlexaFluor Plus 647 highly cross-adsorbed conjugate (ThermoFisher, A32728).

Mitochondrial RNA fluorescence in situ hybridization (FISH)

Labeling of mitochondrial RNA via fluorescence in situ hybridization was performed
using a modified version of the Stellaris RNA-FISH protocol (Biosearch Technologies).
All probe sequences are available in Supplementary Table 1. Cells were seeded onto
plates as described above. When FISH was combined with copper click chemistry to
detect nascent proteins, then HPG labeling and the click reaction were performed prior
to the FISH protocol and the cells were fixed and immunolabeled as described above.
Otherwise, the cells were fixed in prewarmed (37 degrees Celsius) 3% PFA, 1.5%
glutaraldehyde in DPBS for 10 minutes at room temperature. The fixation reaction was
then quenched with a solution containing a 1:10 dilution of 1 M glycine in DPBS and
washed with DPBS. To quench auto-fluorescence associated with glutaraldehyde,
dishes were then incubated with 10 mg/mL sodium borohydride diluted in DPBS for 5
minutes at room temperature. Cells were then washed with DPBS and permeabilized in
0.1% TritionX-100, 1 uM dithiothreitol (DTT), 0.1% SDS in DPBS for 20 minutes at room
temperature. Following permeabilization, dishes were washed with DPBS and incubated
in Stellaris wash buffer A, prepared according to manufacturer's protocol (Biosearch
Technologies), for 5 minutes. Wash buffer A was then aspirated and 200 uL of RNA-
FISH probe set containing Stellaris hybridization buffer, prepared according to the
manufacturer’s protocol, was then added directly to the center of the glass bottom dish.
Dishes were then incubated in a hybridization chamber at 37 degrees Celsius for 4
hours. Following incubation, the hybridization buffer was removed by aspiration and
dishes were incubated in Stellaris wash buffer A at 37 degrees Celsius for 30 minutes.
Dishes were then washed with Stellaris wash buffer B, immunolabeled, and imaged as
described above. For IMT1B control 10 uM final concentration was used for 96 hours
prior to labeling and for RNaseA 100 ug/mL was used at room temperature for 1 hour
after fixation and permeabilization but prior to FISH labeling.

EU Click reaction for labeling of nascent RNA

Labeling of nascent mitochondrial RNA was performed using ethynyl-uridine (EU)
incorporation and resulting click reaction. Cells were first seeded and cultured as
described above. On the day of the experiment, 1 mL of conditioned media was
removed and set aside, then 1 uL of 1 mM triptolide was then added directly to cells in
the imaging dish at a final concentration of 1 uM and samples were incubated for 30
minutes at 37 degrees Celsius. Next 1 uL of 500 mM EU was added to the sample
media to a final concentration of 500 uM, and incubated for 1 hour. EU- and triptolide-
containing media was then replaced with the reserved1l mL of conditioned media and
incubated for a final 5 minutes. Following fixation and permeabilization as described
above, EU incorporation was detected via Click-IT Plus Edu Alexa Fluor 647 imaging kit
(REF) according to manufacturer’s instructions, and then immunolabeled and imaged as
described above.
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HPG Click reaction for labeling of nascent peptide synthesis

Metabolic labeling of proteinactive mitochondrial translation was performed using a
modified version of the manufacturer’s Click-IT Homopropargylglycine (HPG) protocol
(Thermo Fisher). Cells were first seeded and cultured as described above. Cells were
then washed with warm (37 C) PBS and then incubated in methionine-free DMEM for
10 minutes before the addition of drugs to suppress either cytosolic protein translation
(50 ug/mL Cycloheximide) or mitochondrial protein translation (50 ug/mL
Chloramphenicol). Cells were then pulsed with HPG (50 uM final concentration) added
directly to the drug containing methionine-free DMEM and incubated for 5-60 minutes
as indicated in the text. Cells were then chased with methionine free DMEM lacking
HPG as described. Following fixation and permeabilization as described above,
samples then underwent a click chemistry reaction to render HPG fluorescent via the
covalent addition of AlexaFluor probes following the manufacturer’s protocol (Thermo
Fisher).

Live Cell Imaging and FRAP

For FRAP assays, cells were seeded on poly-d-lysine-coated glass bottom 35 mm
imaging dishes and cluttered for 1 to 2 days in normal growth conditions and then
labeled with vital dyes as described above. The 148 (0.268um”2) pixel bleaching ROIs
were placed on representative RNAselect bolus in sgSUV3 condition and 5 time points
were taken prior to bleaching to establish baseline. A different cell and frame of view
was chosen for each FRAP experiment and samples exchanged after 2 hours of
imaging. Recovery was monitored for 500 frames at 0.59 seconds per frame for a total
of ~300 seconds.

Microscopy and image acquisition

All images were acquired using a Zeiss LSM 980 with Airyscan 2 laser scanning
confocal microscope, equipped with 405, 588, 561, and 639 nanometer laser lines and
Fast Airyscan detector array. Images were acquired using an inverted 63x/1.4 NA oil
objective. All live imaging was done in a humidified chamber at 37 C and in the
presence of 5% CO?. Airyscan processing and maximum intensity image projection was
performed using Zeiss ZEN Blue software version 3.7 (Carl Zeiss). Image brightness
and/or contrast were linearly adjusted in ZEN Blue or FIJI (49).

Image Analysis

FIJI, Arivis, and Python were used. All Z stack images were 3D Airyscan processed and
maximum intensity projections were generated using Zeiss ZEN Blue software version
3.7 (Carl Zeiss) and saved as czi files. These projections were then converted to Arivis
sis file format using the Arivis SIS batch converter (ver 4.1.0) for subsequent analysis in
Arivis Vision4D (ver 4.1). All graphs and other visualization of quantification was created
using Graphpad Prism 10 (ver 10.1.0) All Arivis segmentation pipelines, machine
learning trainings and models, as well as all custom analysis code for FIJI, and Python
available at https://github.com/TheLewisLab.

Segmentation
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Segmentation of the mitochondrial network was achieved using the Arivis machine
learning image trainer to design a machine learning model using the Fluorescence and
EM Robust training dataset for all channels in which mitochondria were labeled. The
trainer was trained using, on average, 3 representative images from the image set,
classifying mitochondria and background signal until sufficient segmentation of the
mitochondrial network was achieved and artifacts minimized. For Mitotracker deep red,
RNR2 and tRNA signals, an intensity threshold segmenter was used to define
mitochondrial objects. The resulting segments were then filtered for size, using a 0.100 -
0.200 um? cutoff.

For punctate signals (ND4, GRSF1, dsDNA, TFAM, MRPL23), the Arivis blob finder
method was used. For more continuous signal, domains of enrichment were defined
using the intensity- based threshold segmenter. All objects were then filtered by their
proximity to the mitochondrial network segment using the Arivis compartmentalization
function with a 60% object intersection cutoff. Object intersections within the
mitochondria were also determined using the Arivis compartmentalization function with
a 20% cutoff. Relevant object information, such as area, intensity measurements, or
intersection data, was then exported as a csv for downstream analysis.

The resulting mitochondrial network segmentation was used as an image mask and
exported from Arivis as OME TIFFs for downstream analysis.

For HPG variable pulse and variable chase intensity thresholding, different intensity
values were chosen for the variable pulse (2500 gray value) and variable chase (1000
gray value) due to the differing dynamic range in captures between datasets.

Object intersection analysis

To determine the mitochondrial object intersection percentages above expected by
random chance, object intersection percentages of segmented objects were compared
to simulated data using the average sizes, number, and mitochondrial area data
extracted from Arivis segmentation above. In short, a Monte Carlo simulation was
performed 100 times using the extracted object data to determine how often the two
objects would overlap at least 20% by area given their respective sizes, abundances,
and the compartment area of the mitochondrial network. This simulation was run for
each frame of view and compared to the extracted object intersection values generated
from the Arivis segmentation pipeline.

Automated linescan extraction

To quantify fluorescence intensity along linescans from skeletonized mitochondrial
networks, we generated a custom Fiji macro, as follows. In short, mitochondria in
micrographs were masked as described above and the mask was skeletonized using a
binary image threshold via the Skeletonize 3D Fiji Package (50). The ‘Analyze Skeleton’
feature was then applied to systematically map object branch points, endpoints, and
junctions within the mitochondrial network. This function was performed iteratively 5
times, each time pruning branches of less than 8 pixels in length to remove artificial
branches generated during the skeletonization. After the skeleton was pruned of
artificial branches the junction pixels were removed as well and the Analyze skeleton
getShortestPathPoints() function used to generate polylines across the mitochondrial
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network. These lines were then added to the ROI manager, and using the Fiji ProfilePlot
function, fluorescence intensity linescans in all channels were generated for each line.
The resulting csv files were then used for downstream analysis.

Linescan analysis and peak calling

Peak calling and analysis of the fluorescence intensity linescans was performed using
custom Python code available at hitps:/github.com/ThelLewisLab. Peaks of
fluorescence intensity were called using the scipy find_peaks function for each
extracted linescan (51). For each peak called in a given fluorescence channel, the 0.5
um on either side was extracted and averaged to form the average signal over a given
fluorescence peak. Random average line scans were generated by randomly selecting
a peak position across the same line scan dataset and averaging the 1 um surrounding
that point. Averages, confidence intervals, and relevant statistics were performed using
the native python packages.

Generation and validation of CRISPR KOs

Guide RNA sequences used to target POLG and SUV3 are available in Supplementary
Table 2. To generate knockout cells via CRISPR Cas9 gene editing, we implemented a
modified version of the Lipofectamine CRISPRMax Cas9 Reagent lipofectamine
protocol (ThermoFisher). Cells were transfected with Cas9 ribonucleoparticles pre-
complexed with synthetic guide RNAs (Synthego) generated bySynthego Gene
Knockout Kit made up of 2NLS-Cas9 and validated synthetic multi guide RNAs. Briefly,
cells were seeded to 15-20% density the day prior to transfection in 6 well plates. To
prepare the transfection mixture, 2 uL of 20 uM NLS-Cas9 were complexed with 4 uL of
10 uM sgRNAs in 14 uL Optimem (Invitrogen) for a final volume of 20 uL, then mixed. In
parallel, 10 uL of Cas9 Plus reagent was diluted into 70 uL of Optimem, mixed, and
subsequently added to the complexed Cas9/sgRNA complexes. For transfection, 6 uL
of the Lipofectamine CRISPRMax Cas9 Reagent was diluted into 94 uL of Optimem,
mixed, and added to the Cas9/sgRNA/Cas9 Plus solution. The mixture was allowed to
incubate at room temperature for 10-minute incubation at room temperature before
added dropwise to the plated cells. The media was replaced 24 hours later.
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Figure Legends

Fig. 1. Processed mitochondrial RNA is excluded from nucleoids and MRGs. (A)
Overview of mammalian mitochondrial gene expression pathway. (B) Representative
images and linescans of fixed IMR90 cells immunolabeled with antibodies against
TOM20 (green), dsDNA (blue), and RNA-FISH targeting mitoribosomal component
RNR2 (red), (C) mt-transfer RNAs (red), or (D) ND4 messenger RNA (red). Scale bars 5
Mm; 1 pm in zoom. (E) IMR90 cell immunolabeled with antibodies against GRSF1
(green), dsDNA (blue), and RNA-FISH targeting ND4 mRNA (red). Scale bars 5 um; 1
Mm in zoom. (F) Comparison of the density of ND4-FISH, anti-GRSF1, and anti-dsDNA
foci normalized to mitochondrial area. (G) The frequency of total ND4-FISH, anti-
GRSF1, and anti-dsDNA foci that overlap by 20% or more in maximum intensity
projections in pairwise comparison. Dotted line represents the frequency of overlap
expected by random chance, given the foci density along mitochondrial tubules. (H)
Iterative linescan analyses of GRSF1 and RNA localization relative to mtDNA nucleoids
marked by anti-dsDNA immunofluorescence and RNA-FISH labeling: RNR2 (n=1392
nucleoids from 21 cells); tRNA (n= 1020 nucleoids from 13 cells); ND4 (n=1211
nucleoids from 26 cells). (***P<0.0001, **P<0.01, *P<0.05, one-sided t-test).

Fig. 2. Mitochondrial RNA enrichment marks local translation hubs. (A) Metabolic
labeling approach for imaging and manipulating mitochondrial translation. (B)
Representative image of fixed IMR90 cells immunolabeled with antibodies against
TOM20 (blue), MRPL23 (green), and RNA-FISH targeting ND4 mRNA (red). Scale bars
5 um; 1 pym in zoom. (C) (Left) Comparison of the density of ND4-FISH and anti-
MRPL23 foci normalized to mitochondrial area. (Right) The frequency of ND4-FISH and
anti-MRPL23 foci overlap greater than expected by random chance. ***P<0.0001, one-
sided t-test. (D) (Left) Representative image of IMR90 cell fixed and immunolabeled to
detect MRPL23 (green) and TOM20 (blue) after a 15-minute pulse of 50 uM HPG (red).
Scale bars 5 ym; 1 ym in zoom. (Right) Iterative linescan analysis of MRPL23 (n= 4048
from 40 cells) and ND4-FISH fluorescence intensity. (E) (Left) Average HPG
fluorescence intensity in segmented mitochondria in control cells versus following 20
min pulse of 50 ug/mL Chloramphenicol (CAP). (Right) Average HPG fluorescence
intensity in segmented mitochondria in control cells versus after a 48-hour pulse with 10
uM IMT1B, a mitochondrial RNA polymerase inhibitor. **P<0.0001, **P<0.001, Mann-
Whitney test. (F) Visualization of HPG fluorescence intensity (green) within
mitochondria relative to RNA-FISH (red) targeting ND4 mRNA (top), RNR2 (middle), or
mt-tRNAs (bottom). At right, RNA-FISH and HPG are shown color-coded for intensity.
Scale bars 5 um; 1 ym in zoom. (G) Iterative linescans analyses of RNA fluorescence
intensities (red) relative to HPG foci (green): ND4 (n=3870 HPG foci from 44 cells);
RNR2 (n= 4052 nucleoids from 36 cells); tRNA (n=4522 nucleoids from 41 cells). (H)
(top) The proportion of segmented RNA foci that overlap with HPG foci by 20% or more
in maximum intensity projections. (Bottom) As above, adjusted relative to the frequency
of overlap expected by random chance. ***P<0.0001, one-sided t-test.

Fig. 3. Mitochondrial translation hubs are dynamic. (A) (Top) Overview of HPG
labeling time course with variable chase times. (Bottom) Representative images of
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IMR90 cells pulse labeled for 15 minutes with HPG and chased with unlabeled
methionine for 5, 15, 30, or 60 minutes. Scale bar 1 uym. (B) Density of thresholded HPG
domains normalized to mitochondrial area in each condition. (C) Average size of HPG-
labeled domains in each condition. (D) Average above-threshold fluorescence intensity
of HPG-labeled domains in each condition. (E) (Top) Overview of HPG labeling time
course with variable pulse times. (Bottom) Representative images of IMR90 cells pulse
labeled for 15, 30, or 60 minutes with HPG followed by a constant chase in unlabeled
methionine for 5 minutes, relative to control cells incubated in HPG for 15 minutes
concurrent with 50 uM CAP. Scale bar 1 ym. (F-H) Quantification of the number of
thresholded HPG objects per segmented mitochondrial area in each condition. (I)
Representative images of IMR90 cells that were transiently transfected with mCherry-
DRP1"®* (greyscale), pulse labeled for 15 minutes with 50 uM HPG (green),
immunolabeled with an antibody against TOM20 (blue), and RNR2-FISH (red). Scale
bar 5 ym; 1um in zoom. (J) Average size of thresholded RNR2 signal intensity. (K)
Average size of thresholded HPG signal intensity. (L) Average fluorescence intensity of
RNR2 signals per thresholded mitochondrion. (M) Average fluorescence intensity of
HPG per thresholded mitochondrion. (**P<0.01,*P<0.05, Mann-Whitney Test).

Fig. 4. Mitochondrial RNAs remodel into translationally repressed mesoscale
bodies during stress. (A) Schematic of mitochondrial transcript unwinding and
degradation by SUV3 and PnPase. (B) Representative images of cells immunolabeled
for TOM20 (greyscale) and dsRNA (J2; red) at 4 days versus 7 days of SUV3 depletion.
Scale bar 5 um. (C) Representative images and kymographs from live cells labeled with
Mitotracker Deep Red (green) and SYTO RNASelect (red), during photobleach and
recovery (Top) or unbleached control (Bottom). Scale bar 1 ym. (D) FRAP intensity for
representative bleach and recovery of SYTO RNASelect over 300 seconds. (E)
Comparison of pre-bleach and recovery fluorescence intensities for X mesoscale bodies
from Y cells over a 300 second interval. (F) Three representative images of cells fixed
and immunolabeled with antibodies against dsRNA (J2; blue), TOM20 (green), and
RNA-FISH targeting RNR2 (red). Scale bar 1 ym; 1 um in zoom. (G) Representative
image of control (Top) and SUV3-depleted (Bottom) cells pulse-labeled with 50 uM HPG
for 15 min (green), fixed and immunolabeled to detect TOM20 (blue), and RNA-FISH
against RNR2 (red). Scale bar 1 ym. (H) Average HPG fluorescence intensity in
segmented mitochondria in the presence or absence of 50 ug/mL CAP. (**P<0.01,
Kruskal-Wallis test (**P<0.01), followed by Dunn’s multiple comparisons. (I) Diagram of
proposed impact of SUV3 depletion on dsRNA accumulation and single-stranded RNA
reorganization.

Fig. 5. Mitochondrial RNA remodeling in stress is proteoprotective. (A) Average
size and fluorescence intensity of segmented RNR2-FISH signals in IMR90 cells when
SUV3 depletion is induced in cells already translationally repressed by incubation in 50
ug/mL CAP. (B) Average size and fluorescence intensity of segmented RNR2-FISH
signals in IMR90 cells incubated in 50 ug/mL CAP 7 days after transfection with
sgSUV3 RNP complexes. (**P<0.01, Mann-Whitney Test). (C ) Representative images
of control (Top) and 50 uM CAP-treated (Bottom) cells 7 days after transfection with
sgSUV3 RNP complexes,, fixed and immunolabeled to detect dsRNA (J2; blue), TOM20
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(green), and RNA-FISH against RNR2 (red). Scale bar 5 ym; 1um in zoom. (D)
Representative image of cells 4 days after transfection with sgSUV3 RNP complexes,
fixed and immunolabeled to detect dsRNA (J2; blue), TOM20 (green), and RNR2-FISH
against RNR2 (red). Scale bar 5 ym; 1um in zoom. (E) Proposed model for organization
of mitochondrial gene expression into translational hubs. SUV3-dependent dsRNA
accumulation, translational suppression, and mesoscale body formation protect the
mitochondrial proteome during stress.

Figures and Tables
Main Figures 1-5
Supplementary Figures 1-9

Supplementary Table 1. Mitochondrial RNA-FISH probe sequences.

Supplementary Table 2. Guide RNA sequences used for CRISPR-mediated
perturbation/knockout.
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