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Mutations in the human mitochondrial genome are implicated in
neuromuscular diseases, metabolic defects, and aging. An efficient
and simple mechanism for neutralizing deleterious mitochondrial
DNA (mtDNA) alterations has unfortunately remained elusive.
Here, we report that a 20-ribonucleotide stem-loop sequence from
the H1 RNA, the RNA component of the human RNase P enzyme,
appended to a nonimported RNA directs the import of the resul-
tant RNA fusion transcript into human mitochondria. The method-
ology is effective for both noncoding RNAs, such as tRNAs, and
mRNAs. The RNA import component, polynucleotide phosphory-
lase (PNPASE), facilitates transfer of this hybrid RNA into the mi-
tochondrial matrix. In addition, nucleus-encoded mRNAs for mito-
chondrial proteins, such as the mRNA of human mitochondrial
ribosomal protein S12 (MRPS12), contain regulatory sequences in
their 3’-untranslated region (UTR) that confers localization to the
mitochondrial outer membrane, which is postulated to aid in pro-
tein translocation after translation. We show that for some mito-
chondrial-encoded transcripts, such as COX2, a 3'-UTR localization
sequence is not required for mRNA import, whereas for corrective
mitochondrial-encoded tRNAs, appending the 3’-UTR localization
sequence was essential for efficient fusion-transcript translocation
into mitochondria. In vivo, functional defects in mitochondrial RNA
(mtRNA) translation and cell respiration were reversed in two hu-
man disease lines. Thus, this study indicates that a wide range of
RNAs can be targeted to mitochondria by appending a targeting
sequence that interacts with PNPASE, with or without a mitochon-
drial localization sequence, providing an exciting, general ap-
proach for overcoming mitochondrial genetic disorders.

he mtDNA of mammals encodes 13 proteins of the electron

transport chain, 22 tRNAs, and 2 rRNAs (1, 2). The majority
of mitochondrial proteins and some noncoding RNAs are
encoded in the nucleus and imported into mitochondria (3, 4).
Whereas the pathways of protein translocation into mitochon-
dria have been well studied, the mechanisms for nucleus-enco-
ded RNA import into mitochondria, however, are not well
understood, even though mitochondrial RNA import is a uni-
versal process (5, 6). Recent detailed sequencing analysis of the
mitochondrial transcriptome indicates that the collection of mi-
tochondrial RNAs is more complex than previously thought,
including an enrichment of several nucleus-encoded tRNAs and
other noncoding RNAs (7), indicating that these RNAs are ac-
tively imported into mitochondria.

A subset of nucleus-encoded tRNAs is imported into the mi-
tochondria of almost every organism (5, 8). The number of
imported tRNAs ranges from one in yeast to all in trypanosomes.
Recent mitochondrial transcriptome analysis suggests that this
tRNA collection is broader in mammals than previously thought
(7) as several unsuspected nucleus-encoded tRNAs are imported
and processed to mature forms. In addition to in vitro evidence
for a protein-only RNase P enzyme within mitochondria (9),
the nucleus-encoded RNA components of RNase P and MRP
enzymes are also imported into mitochondria and function in

www.pnas.org/cgi/doi/10.1073/pnas.1116792109

mitochondrial (mt)DNA replication and transcription (10-12).
The 58S ribosomal RNA translocates into mitochondria, assembles
with ribosomes (13, 14), and may function in mtRNA translation,
although the exact function of the 5S ribosomal RNA within mi-
tochondria has yet to be firmly established. Finally, specific nu-
cleus-encoded microRNAs have been isolated from mitochondria
(7, 15). Thus, a broad spectrum of nucleus-encoded RNAs localize
to mitochondria, although the functions for many of these diverse
RNAs in mitochondria have not yet been determined.

The nucleus-encoded RNAs in the mitochondrion have po-
tentially diverse import pathways, but the details of these path-
ways and import mechanisms are still being revealed (16).
tRNAs in every organism are imported by a variety of pathways,
some of which require cytoplasmic chaperones (17). The 58S ri-
bosomal RNA is imported from the cytosol with the assistance
of two proteins, matrix-localized rhodanese and mitochondrial
ribosomal protein L18 (14). The ribosomal protein L18 serves
as a conduit or chaperone to facilitate the association of the
imported 5S ribosomal RNA with mitochondrial ribosomes. And
the mammalian polynucleotide phosphorylase (PNPASE) en-
zyme localizes to the mitochondrial intermembrane space (18-20)
where it may function as an RNA receptor to augment trans-
location of RNAs into the mitochondrial matrix (6, 21).

Specific mutations in mtDNA have been implicated in mus-
cular and neuronal diseases and in the decline of organ function
with aging (22, 23). Despite a significant need, there are currently
no effective treatments for deleterious mtDNA alterations. DNA
import into mitochondria to repair mtDNA alterations has been
difficult and low in efficiency, so approaches at mitochondrial
repair have exploited import pathway mechanisms (24). For ex-
ample, allotopic expression of a subset of mitochondrial genes
(recoded mtDNA expressed from the nucleus) has been explored
to partially correct the effects of deleterious mutations for some
mitochondrial genes, including tRNAs (25-27). However, this
approach has been limited because imported mitochondrial
proteins fail to assemble correctly in respiratory complexes. The
import of RNA has been restricted to tRNAs from different
species and requires additional foreign factors. We recently
identified a unique approach to target nucleus-encoded RNAs to
mitochondria, using the 20-ribonucleotide stem-loop sequence
of H1 RNA, the RNA component of the RNase P enzyme that
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regulates its import (6). When appended to a nonimported RNA,
the HI RNA import sequence, designated RP, enables the fusion
transcript to be imported into isolated mitochondria (6).

Two longstanding models of human mtDNA disease are cy-
toplasmic hybrids (cybrids) derived from samples from patients
with myoclonic epilepsy with ragged red fibers (MERRF) and
mitochondrial encephalomyopathy, lactic acidosis, and stroke-
like episodes (MELAS) (28-31). These cybrid lines harbor an
A8344G (mt-tRNA 4.4,4*) mutation for MERRF and an A3243G
(mt-tRNAyyg=**) mutation for MELAS, both of which cause
inefficient mtRNA translation, which results in defective cell
respiration. We demonstrate here that the mitochondrial defects
in these mutant cybrid cells can be partially rescued by targeted
import of allotopically encoded wild-type tRNAs, using the RP
import signal and, for corrective tRNAs, a mitochondrial local-
ization signal, derived from the 3’-untranslated region (UTR) of
human mitochondrial ribosomal protein S12 (MRPSI2), which
targets the mRNA to the mitochondrial outer membrane (32).
We also show that the RP import sequence is also capable of
importing much larger, mitochondrial protein-encoding mRNAs
in vivo, broadening the approach to target defects in all
mtDNA alterations.

Results

H1 RNA Import Sequence Regulates Mitochondrial Import of mt-tRNA
Precursors. Initially, we determined whether corrective, in vitro
synthesized mitochondrial tRNA (mt-tRNA) precursors could
be imported into isolated mitochondria and, if so, whether they
were processed into mature mt-tRNAs. The mt-tRNA4™°
precursor contains 67 and 74 ribonucleotides, and the mt-
tRNA - precursor contains 93 and 76 ribonucleotides that
are cleaved from the 5’ and 3’ transcript ends, respectively,
during mt-tRNA maturation (2). In engineering the imported
mt-tRNAs, the 5’ end of each mt-tRNA precursor contained or
lacked the 20-nt stem-loop sequence of HI RNA that directs the
import of this RNA component of the RNase P enzyme (6); this
sequence is designated the RP sequence (6). Engineered tRNAs
were then added to import assays that used mouse liver mito-
chondria isolated from wild-type or a liver-specific “knockout”
(designated HepKO) of Pnptl, the gene encoding for PNPASE
(6) (Fig. 14). The abundance of PNPASE in the HepKO mito-
chondria was decreased to approximately one-third the level
present in WT mitochondria. Residual PNPASE expression in
the HepKO liver is from heterogeneous liver elements and from
the Albcrg recombinase strain, which is hepatocyte specific but
deletion incomplete (33). Only mt-tRNA precursors with the
appended RP sequence were efficiently imported into isolated
mitochondria, and import was markedly impaired to approxi-
mately one-sixth to one-eighth the level seen in WT mitochon-
dria with reduced PNPASE expression (Fig. 1 B and C).
Importantly, the 5’ and 3’ mt-tRNA precursor sequences were
removed inside the mitochondria to yield mature 60- to 80-
ribonucleotide mt-tRNAs (Fig. 1B). To examine whether the
imported mt-tRNAs could rescue defective mtRNA translation,
in vitro import was combined with mitochondrial in organello
protein synthesis studies. The A8344G mutation (mt-tRNA 4,..4™*)
in MERRF and the A3243G mutation (mt-tRNAypr=®) in
MELAS cause a substantial reduction in mtRNA translation (28,
29). A statistically significant increase in the steady-state abun-
dance of total translated mitochondrial polypeptides was ob-
served in both MERRF and MELAS cells following incubation
with the mt-tRNA precursors containing the RP import se-
quence, but not with mt-tRNA precursors lacking RP (Fig. 2 4
and B and Fig. S1). These data indicate that the RP sequence
enabled PNPASE-dependent mt-tRNA precursor import into
isolated mitochondria and that the imported mt-tRNA pre-
cursors were processed and functioned in at least partially cor-
recting defective mtRNA translation.
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Fig. 1. H7 RNA import sequence regulates mitochondrial import of mt-
tRNA precursors. (A) Hepatocyte-specific Pnpt1 knockout (HepKO) in 6-wk-
old mice (6). Immunoblot from 6-wk-old WT and HepKO mouse livers shows
~50% reduction in PNPASE expression. (B) Radiolabeled mt-tRNA precursors
with (Upper) a 5’ H1 20-ribonucleotide predicted stem-loop sequence (des-
ignated RP, marked with loop in schematic) were in vitro transcribed and
incubated with WT or HepKO liver mitochondria. Nonimported RNA was
digested with added nuclease, followed by RNA isolation, separation on
a urea acrylamide gel, and autoradiography. Import reactions were repeated
with 1x and 2x amounts of mt-tRNA. (Lower) Loading control showing
equivalent amounts of mitochondria used in the imports, as revealed by
total mitochondrial nucleic acids separated on an agarose gel. (C) As in B,
but the mt-tRNA precursor lacks the 5" H1 20-ribonucleotide predicted stem-
loop sequence.

The RP Sequence Directs Import of mt-tRNAs into Mitochondria in
Vive. To determine whether the RP import sequence functions
in vivo, a mouse cytochrome oxidase 2 (mCOX2) mtRNA was
used for import into human cells, because the sequence of
mCOX2 differs significantly from that of human COX2 (hCOX2)
(1, 2). The mCOX2 gene, with or without the added 5’ RP import
sequence, was placed under the control of the HI promoter (Fig.
3A4) and constructs were introduced into HeLa cells via transient
transfection. Two days after transfection, mitochondria were
isolated and subjected to digitonin treatment (100 pg/l1 mg of
mitochondrial protein) in the presence of nuclease to generate
mitoplasts as a means to determine whether the mCOX2 RNA
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Fig. 2. Import mt-tRNA precursors with the RP sequence partially rescue the
translation defect of isolated MERRF and MELAS mutant mitochondria. (A)
mt-tRNA precursors with or without RP were imported into isolated WT or
MERRF mitochondria from cybrid lines for 2 min at RT, followed by an ad-
ditional 5 min with rNTP supplementation. Following RNase A digestion of
the nonimported mt-tRNA, mitochondria were pelleted and resuspended in
an in organello translation buffer with radiolabeled methionine and cyste-
ine for 30 min at 37 °C. The autoradiograms are shown in Fig. S1. Individual
lanes were quantified, and total radioactivity was calculated and normalized
to total protein amounts. The WT control in the presence of assay buffer was
set at 100%. n = 3 independent experiments. *P < 0.01 with Student'’s t test.
(B) As in A with WT and MELAS cybrid cell lines. n = 3 independent experi-
ments. *P < 0.01 with Student'’s t test.

was indeed imported into the mitochondrial matrix. The pres-
ence of the mCOX2 RNA in the mitochondrial matrix was ex-
amined by RT-PCR. Only the mtRNA fusion transcript con-
taining the RP import sequence directed the mCOX2 transcript
into the mitochondrial matrix with an import efficiency of ~5-
10%, indicating that the RP import sequence is required and
functions in vivo (Fig. 3B). To examine whether the imported
mtRNA is translated, h/COX2 expression constructs, with or
without the RP import sequence, were generated and stably in-
troduced into mouse embryonic fibroblasts, because the mono-
clonal COX2 antibody is specific for human COX2 protein.
Cells expressing RP-hCOX2, but not hCOX2, nucleus-encoded
mtRNA showed mitochondrial transcript import (Fig. S2 4 and
B) and hCOX2 protein translation within mitochondria (Fig.
3(C), indicating that the RP import sequence also is required and
functions with coding mtRNAs in vivo. hCOX2 localization was
also verified within mitochondria (Fig. S2 B and C). hCOX2
protein was trypsin resistant, similar to inner membrane protein
TIMM23 (Fig. S2B), in contrast to outer membrane protein
TOMMA40. In contrast to soluble PNPASE, hCOX2 assembled
in the membrane because the protein was recovered in the pellet
fraction after carbonate extraction, similar to the control, TOMM40
(Fig. S2C). Thus, hCOX2 is imported and assembles into the mi-
tochondrial inner membrane. The data also show that the RP se-
quence enables mitochondrial import and processing of RNAs
much larger (683 ribonucleotides) than tRNAs (60-80 ribonu-
cleotides), providing a broader therapeutic potential. Thus, the
RP sequence can potentially be used in general strategies to target
large RNAs for import into mitochondria.

Functional Rescue of Mitochondrial tRNA Mutants. The in vivo res-
cue of function in mitochondria with mt-tRNA mutations has
proven challenging (5). The usual processing of nucleus-enco-
ded tRNA precursors occurs inside the nucleus (34, 35). When
stably expressed from inside the nucleus, mt-tRNA precursors
with the fused RP sequence did not rescue the respiratory defect

Wang et al.
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Fig. 3. In vivo import of mitochondrial-coded COX2 into mitochondria,
using the RP sequence. (A) Diagrams of mCOX2 expression vectors. (B) Mi-
tochondria were isolated from Hela cells expressing mCOX2 or RP-mCOX2.
Mitoplasts were made with digitonin, followed by treatment with nuclease.
RNA was then isolated from total cell lysates (Input) or from nuclease-trea-
ted mitoplasts (Mito) and analyzed by primer-specific RT-PCR. hCOXT is
a control for total and mitochondria-isolated RNAs. (C) Mitochondria were
isolated from mouse embryonic fibroblasts stably expressing hCOX2 or
RP-hCOX2. hCOX2-specific expression was analyzed by Western blot from
isolated mitochondria.

of MERRF or MELAS cells (Fig. 4 A and B). Instead, the RP
and 5" mt-tRNA presequences were cleaved inside the nucleus
(Fig. S34). Moving the RP import signal to the 3’ end of the
mt-tRNA presequence was also ineffective as both 5 and 3’ mt-
tRNA presequences were cleaved in the nucleus (Fig. S3B). To
stop the cleavage of mt-tRNA presequences with the RP se-
quence inside the nucleus, several ribonucleotides adjacent to
the aminoacyl stem of the mt-tRNA were replaced, creating
LysA, RPLysA, LeuA, and RPLeuA (Fig. 44). The ribonucleo-
tides adjacent to tRNA stems are usually unpaired; when the
aminoacyl stem is extended by eliminating the mismatch caused
by unpaired ribonucleotides, the cleavage rates of tRNA pre-
sequences are significantly reduced (36). When LysA, RPLysA,
LeuA, and RPLeuA were expressed in mammalian cells, an
increase in unprocessed mt-tRNA precursors was detected
(Fig. S3C). However, these nucleus-encoded mt-tRNA pre-
cursors still failed to rescue the MERRF or MELAS respiration
defect (Fig. 4B).

We reasoned that the mt-tRNA precursors might not localize
near the mitochondria and, therefore, the RP sequence could not
function as an import signal, as it does with isolated mitochon-
dria in vitro. Consistent with this reasoning is the known re-
quirement for regional localization of cellular mRNAs. It was
originally assumed that mRNAs associated only with the endo-
plasmic reticulum, but now it has been shown that different
mRNAs can be targeted to different subcellular locations where
translation occurs locally (37). Mitochondrial mRNAs, mainly
of prokaryotic origin, are targeted to the mitochondrion by a
3’-UTR (38, 39). As an example, the mRNA of human mito-
chondrial ribosomal protein S12 (MRPSI12) is targeted to the
proximity of mitochondria through the microtubule network (32).
Targeting is mediated by elements within 154 ribonucleotides
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Fig. 4. Three elements are required for mt-tRNA precursors encoded in the nucleus to rescue mt-tRNA respiratory defects in vivo. (A) Schematic of the mt-tRNA
precursors generated for the in vivo rescue assay. The single step loop at the 5’ of the second row structures is the H7 RNA import sequence, RP. The shaded box
indicates ribonucleotides that were changed to make tRNA precursors less susceptible to processing in the nucleus. The solid box is the 3'-UTR of MRPS12 that localizes
RNA to the vicinity of mitochondria (32). (B) tRNALys precursors lacking one or two of the three elements do not rescue the MERRF respiratory defect. (C) tRNALys or
tRNALeu precursors with all three elements rescue respiration in MERRF and MELAS cells. n = 3 independent experiments. *P < 0.01 with Student’s t test.

of its 3’-UTR (32). To test whether the 3'-UTR of MRPSI2
assists in the import of mt-tRNA precursors into mitochondria
in vivo, we fused the MRPS12 3’-UTR to the 3’ end of stabilized
and RP-containing mt-tRNA precursors. In total, eight expres-
sion constructs were generated, including LysM (mt-tRNA 444"
precursor with MRPS12 3'-UTR), RPLysM (mt-tRNA 4.44* pre-
cursor with RP and MRPSI2 3'-UTR), LysAM (mt-tRNA444°
precursor with the extended stem and MRPS12 3'-UTR), RPLysAM
(mt-tRNA .44~ precursor with RP, the extended stem, and
MRPS12 3-UTR), LeuM (mt-tRNAyyg™ precursor with
MRPS12 3'-UTR), RPLeuM (mt-tRNAyyg=" precursor with
RP and MRPSI2 3'-UTR), LeuAM (mt-tRNA =" precursor
with the extended stem and MRPSI2 3’-UTR), and RPLeuAM
(mt-tRNAyyr=" precursor with RP, the extended stem, and
MRPS12 3'-UTR) (Fig. 44).

40of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1116792109

Stable polyclonal transfectants with the various tRNA chimeras
in MERRF and MELAS cells were made and cell respiration was
measured with an XF24 Extracellular Flux Analyzer (Seahorse
Biosciences). When all three elements (the extended stem, the
RP sequence, and MRPS12 3'-UTR) were present, the mt-tRNA
precursors rescued MELAS and MERFF respiration defects
(~2.5-fold increase); otherwise, no rescue was detected (Fig.
4C). Expression of mt-tRNA precursors in vivo did not have
a significant effect on the respiration of wild-type cybrid cells,
suggesting little perturbation of other cellular functions (Fig.
4C). To evaluate whether the rescue of respiration is from
a correction in mtRNA translation by imported wild-type mt-
tRNAs, an in vivo mitochondrial translation assay was performed
with MERRF and MELAS cells expressing different versions
of the mt-tRNA precursors. Consistent with the respiration
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results,; MERRF and MELAS cells showed a substantial re-
duction in the synthesis of mitochondrion-encoded proteins com-
pared with the wild-type cybrid cells. Only when the mt-tRNA
precursors with all three elements were expressed, did mito-
chondrial protein synthesis recover (threefold to sixfold increase)
(Fig. 5 A and B). A complete recovery was not expected, as the
mutant mt-tRNAs were still present in the mitochondria and
likely competed with the imported wild-type mt-tRNAs during
mtRNA translation. Stable mitochondrial protein levels in
MERREF and MELAS cells were also examined. Consistent with
the increase in respiration and in vivo translation results in the
mutant cells expressing the mt-tRNA precursors containing all
three elements, the levels of mitochondrial-encoded COX2 and
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Fig. 5. Rescue of respiration is due to restoration of mitochondrial trans-
lation. (A) Analysis of mitochondrial translation in vivo with stable rescue cell
lines. Mitochondrial translated proteins were separated by SDS/PAGE and
visualized by autoradiography. (B) Quantification of specific bands on gels
from A. Autoradiogram counts were normalized to protein amounts and
expressed relative to WT control samples. (C) Steady-state levels of nucleus-
encoded and mitochondrial-encoded proteins in WT, MERRF, and MELAS
cells. TOMM40 and PNPASE also serve as loading controls.
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ND6 proteins were markedly increased (Fig. 5C). To assess the
assembly and activity of the respiratory chain complexes, in-gel
activity assays for complex I were performed, using blue-native
gel electrophoresis. In the MELAS and MERRF cells expressing
the mt-tRNA precursors containing all three elements, the ac-
tivity of complex I increased to 30-40% of the WT level (Fig.
S4). These results show that for nucleus-encoded mt-tRNA
precursors to be imported into and adequately function within
mitochondria, an extended stem is required for a subpopulation
of these precursors to escape the nucleus without the prese-
quences being processed. Also, a mitochondria localization se-
quence such as MRPSI12 3’-UTR is required, probably for the
precursor to traffic to the proximity of mitochondria. And finally,
an RNA import sequence, in this case RP, is required for the
mitochondria to internalize the mt-tRNA precursor.

Discussion

Defects in mtDNA are implicated in a plethora of human con-
ditions, including neurodegenerative and cardiovascular dis-
eases, muscular disorders, and the process of aging (22, 23).
Despite a significant need, there are currently no effective
treatments for deleterious mtDNA alterations. Our results show
that these disorders can potentially be treated using targeted
mitochondrial RNA import. We show that the RP import se-
quence mediates import of not only mitochondrial tRNA pre-
cursors but also much larger nucleus-expressed mRNAs into the
mitochondrial matrix. Disease-causing mutations and deletions
in the mitochondrial genome seem to be fairly equally distrib-
uted along the mitochondrial DNA (5, 22, 23) and this approach
may generalize to rescue them all.

Up to now, experimental approaches using mitochondrial
RNA import to rescue mitochondrial function have been re-
stricted to correcting the defects caused by mitochondrial tRNA
mutations. These efforts require the introduction of nonnative
tRNAs with foreign protein factors or the transfer of a large
multisubunit aggregate into cells, which is of low efficiency and
difficult to reproduce in desirable disease-relevant settings (27,
40, 41). Our approach, however, has no such restriction; ratio-
nally engineered human mitochondrial tRNAs and mRNAs can
both be efficiently targeted and functional. The fusion RNA
presequences are encoded in the nuclear genome and can be
imported into mitochondria where they are processed, restore
translation, and are degraded via normal pathways in the mito-
chondrion. Importantly, these modified RNAs do not appear to
have negative effects on other cellular processes, as wild-type cell
metabolism is not affected. In vivo, the efficient import also
depends on how well the RP import sequence is protected from
processing in the nucleus and cytosol and whether the RNA
precursors can gain access to the vicinity of mitochondria. We
have shown that even for precursors that are normally processed
in the nucleus and have no access to the vicinity of mitochondria,
there are avenues to manipulate the processing and trafficking,
although it is interesting that, at least for allotopically expressed
COX2 transcripts, a mitochondrial localization sequence is not
required for RP sequence-PNPASE-mediated import.

The approach we have described here can be adapted for
importing different kinds of RNA into mammalian mitochon-
dria. The RNA sequences can be altered to inhibit processing
steps in maturation in the nucleus without affecting the function
of the mature RNAs in the mitochondria. For RNAs sequestered
elsewhere in the cell, a mitochondria localization sequence from
the 3’-UTR of MRPS12 can be appended to redirect the RNA
precursor to the mitochondrion. Thus, this approach may gen-
eralize to mtDNA mutations in mt-tRNAs, mt-rRNAs, and
protein-encoding mtRNAs as well as to heteroplasmic mtDNA
populations, where ribozymes can be targeted (42). Thus, this
rational transcript engineering approach may represent a unique
therapeutic opportunity for a wide range of diseases caused by
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mutations in the mitochondrial genome for which current ef-
fective therapies are lacking.

Materials and Methods

Cell Culture, Transfection, and Transduction. Mammalian cell lines were
maintained in DMEM growth medium supplemented with 10% FBS and 2%
L-glutamine. MERRF and MELAS cybrid lines (kindly provided by Carlos
Moraes, University of Miami Miller School of Medicine) were maintained in
DMEM growth medium supplemented with 10% FBS, 2% L-glutamine, and
0.5 mg/mL uridine. Transient transfections were performed using Bio-T re-
agent (Bioland Scientific). In transfections with COX2 constructs, the calcium
phosphate uptake method was used. Retroviral supernatants were produced
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by transient transfection of the 293T Phoenix packaging cell line, after which
the cells were bulk infected and selected in puromycin.

Biochemical Assays with Mitochondria and Additional Methods. Detailed
methods are listed in S/ Materials and Methods.

ACKNOWLEDGMENTS. We thank Dr. Carlos Moraes at the University of
Miami Miller School of Medicine for kindly providing the MELAS and MERRF
cybrid cell lines. This work was supported by grants from the National
Institutes of Health (GM061721, GM073981, CA90571, and CA156674), the
American Heart Association (0640076N), the California Institute of Regen-
erative Medicine (RS$1-00313 and RB1-01397), and the Broad Stem Cell
Research Center at University of California, Los Angeles.

23. Wallace DC (1994) Mitochondrial DNA sequence variation in human evolution and
disease. Proc Natl/ Acad Sci USA 91:8739-8746.

24. Kyriakouli DS, Boesch P, Taylor RW, Lightowlers RN (2008) Progress and prospects:
Gene therapy for mitochondrial DNA disease. Gene Ther 15:1017-1023.

25. Manfredi G, et al. (2002) Rescue of a deficiency in ATP synthesis by transfer of
MTATPS6, a mitochondrial DNA-encoded gene, to the nucleus. Nat Genet 30:394-399.

26. Karicheva OZ, et al. (2011) Correction of the consequences of mitochondrial 3243A>G
mutation in the MT-TL1 gene causing the MELAS syndrome by tRNA import into
mitochondria. Nucleic Acids Res 39:8173-8186.

27. Kolesnikova OA, et al. (2004) Nuclear DNA-encoded tRNAs targeted into mitochon-
dria can rescue a mitochondrial DNA mutation associated with the MERRF syndrome
in cultured human cells. Hum Mol Genet 13:2519-2534.

28. Masucci JP, Davidson M, Koga Y, Schon EA, King MP (1995) In vitro analysis of mu-
tations causing myoclonus epilepsy with ragged-red fibers in the mitochondrial tRNA
(Lys)gene: Two genotypes produce similar phenotypes. Mol Cell Biol 15:2872-2881.

29. Schon EA, Koga Y, Davidson M, Moraes CT, King MP (1992) The mitochondrial
tRNA(Leu)(UUR) mutation in MELAS: A model for pathogenesis. Biochim Biophys
Acta 1101:206-209.

30. Kishnani PS, et al. (1996) Acute pancreatitis in an infant with lactic acidosis and
a mutation at nucleotide 3243 in the mitochondrial DNA tRNALeu(UUR) gene. Eur J
Pedliatr 155:898-903.

31. Shoffner JM, et al. (1990) Myoclonic epilepsy and ragged-red fiber disease (MERRF) is
associated with a mitochondrial DNA tRNA(Lys) mutation. Cell 61:931-937.

32. Russo A, et al. (2008) cis-acting sequences and trans-acting factors in the localization
of mRNA for mitochondrial ribosomal proteins. Biochim Biophys Acta 1779:820-829.

33. Postic C, Magnuson MA (2000) DNA excision in liver by an albumin-Cre transgene
occurs progressively with age. Genesis 26:149-150.

34. Ceballos M, Vioque A (2007) tRNase Z. Protein Pept Lett 14:137-145.

35. Frank DN, Pace NR (1998) Ribonuclease P: Unity and diversity in a tRNA processing
ribozyme. Annu Rev Biochem 67:153-180.

36. Lee Y, et al. (1997) Nuclear pre-tRNA terminal structure and RNase P recognition. RNA
3:175-185.

37. Donnelly CJ, Fainzilber M, Twiss JL (2010) Subcellular communication through RNA
transport and localized protein synthesis. Traffic 11:1498-1505.

38. Marc P, et al. (2002) Genome-wide analysis of mRNAs targeted to yeast mitochondria.
EMBO Rep 3:159-164.

39. Sylvestre J, Margeot A, Jacq C, Dujardin G, Corral-Debrinski M (2003) The role of the 3’
untranslated region in mRNA sorting to the vicinity of mitochondria is conserved
from yeast to human cells. Mol Biol Cell 14:3848-3856.

40. Mahata B, Mukherjee S, Mishra S, Bandyopadhyay A, Adhya S (2006) Functional de-
livery of a cytosolic tRNA into mutant mitochondria of human cells. Science 314:
471-474.

41. Kolesnikova OA, et al. (2000) Suppression of mutations in mitochondrial DNA by
tRNAs imported from the cytoplasm. Science 289:1931-1933.

42. Val R, et al. (2011) Organelle trafficking of chimeric ribozymes and genetic manipu-
lation of mitochondria. Nucleic Acids Res 39:9262-9274.

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116792109/-/DCSupplemental/pnas.201116792SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1116792109

