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Abstract
MicroRNAs (miRNAs) are a class of small ~22 nt noncoding (nc) RNAs that regulate gene
expression post-transcriptionally by direct binding to target sites on mRNAs. They comprise more
than 1,000 novel species in mammalian cells and exert their function by modulating gene
expression through several different mechanisms, including translational inhibition, and/or
degradation of target mRNAs. Mitochondria maintain and express their own genome, which is
distinct from the nuclear transcriptional and translational apparatus. Thus, they provide a potential
site for miRNA mediated post-transcriptional regulation. To determine whether they maintain a
unique miRNA population, we examined the miRNA profile from highly purified and RNase
treated mitochondria from adult rat liver. Fifteen miRNAs were identified by microarray analysis
of which, five were confirmed by TaqMan® 5′nuclease assays using rat specific probes.
Functional analysis of the miRNAs indicated that they were not targeted to the mitochondrial
genome nor were they complementary to nuclear RNAs encoding mitochondrial proteins. Rather,
the mitochondria-associated miRNAs appear to be involved in the expression of genes associated
with apoptosis, cell proliferation, and differentiation. Given the central role that mitochondria play
in apoptosis, the results suggest that they might serve as reservoirs of select miRNAs that may
modulate these processes in a coordinate fashion.
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Introduction
Recently, the role of RNA in the cell was changed by the discovery of a diverse array of
non-coding RNA (ncRNA) genes that do not encode proteins but function primarily at the
level of RNA. They can regulate DNA replication and chromosome maintenance,
transcriptional activity, RNA processing, translation and stability, as well as translocation of
proteins.1,2 MicroRNAs (miRNAs) are a class of small ncRNAs that play a critical role in
modulating gene expression at sites in the nucleus and cytosol.3 They were originally
identified in plants, nematodes and then humans from non-coding, imperfect
complementary, stem-loop RNA precursors.4 microRNA genes are transcribed primarily
from intronic regions by RNA polymerase II and are capped and polyadenylated similarly to
normal RNA transcription.5 Mature miRNAs 18- to 24-nt long are produced from sequential
processing of their primary transcripts by several key players, including RNases Drosha,
located in the nucleus and Dicer in the cytosol. Mature miRNAs are paired with RISC (RNA
Induced Silencing Complex), which aids in binding miRNA to the target mRNA, thereby
acting as an active repressor of expression. These mature miRNA:RISC complexes reduce
protein expression of specific ‘target’ mRNAs by either translational inhibition or mRNA
degradation.6

The miRNAs have been shown to exert their influence predominately at the
posttranscriptional level in cytosol,6 in part, through modulation of translational activity
following miRNA:RISC binding to the target mRNA.7 The fate of target mRNAs is
primarily dependent on the complementarity of the miRNA with the target site, in which
perfect or near-perfect pairing with the target will typically result in mRNA decay. However
if multiple, partially complementary target sites are present, the miRNAs will inhibit
translation without significantly affecting mRNA levels.8 The exact mechanism of miRNA
triggered mRNA degradation has not yet been elucidated, but appears to be mediated in part
by “Slicer” activity of the Argonaute (Ago) proteins. Cleavage by Ago-Slicer activity is
believed to mark the target mRNA for further degradation via deadenylation, decapping and
5′–3′ exonuclease degradation in the cytosol. In contrast, miRNA translational repressed
mRNAs are translocated to specialized processing (P) bodies located in the cell cytoplasm.9

It should be noted, however, that miRNA-mediated translational repression occurs
independently of the movement of miRISC:mRNA to P-bodies.10 However, once released
from the polysome, the miRNA-targeted transcripts are transferred to cytoplasmic
processing (P)-bodies for either degradation and/or storage, and can return to the actively
translated mRNA pool as required.11 However, the cellular conditions that regulate the
precise destiny of the transcripts are not entirely understood.7,12,13 In fact, it appears that
mRNA degradation occurs significantly less frequently than translational repression from
miRNA. Moreover, a single miRNA can target many different mRNAs,14 thus providing a
posttranscriptional mechanism to coordinately regulate numerous genes as well as sequester
mRNAs for either degradation13,15 or re-expression without de novo transcription.12

Mitochondria are subcellular organelles that contain their own genetic system and include
proteins translated from mRNA derived from either the nuclear or mitochondrial genome.
Mitochondrial transcripts reflecting the extreme economy of their compact gene
organization differ from nuclear transcripts in that there are no intronic sequences in
mtDNA, and the 3′ UTR regions are shorter due to the reduced intergenic regions.16,17

Nuclear derived mRNA transcripts are transported to both the endoplasmic reticulum and
mitochondria by an elaborate mechanism involving translational stalling of ribosomes and
direct physical transport to their respective membranes. In addition to using nuclear derived
transcripts, mitochondria express their own genome and regulate cellular events such as
induction of programmed cell death without nuclear involvement.18 The central role that
mitochondria has in governing the overall fate of a cell involves an orchestrated progression
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through complex pathways. The myriad discrete pathways used for mitochondrial driven
apoptosis in the absence of de novo transcription19-21 suggested that one heretofore
unrecognized mechanism could involve a unique role of mitochondrial miRNA in the
regulation of gene expression.

Interestingly, ncRNAs have been identified in chloroplasts and mitochondria by size
selection and cloning.22 In mammalian cells, these included four from the D-loop region
involved in mitochondrial genome replication, and two antisense transcripts of known
mitochondrial genes. In addition, a novel ncRNA class was found in mitochondria of the
African trypanosome brucei23 whose mitochondrial mRNAs are subject to an editing
reaction that involves small non-coding, 3′-oligouridylated (oU) guide RNAs (gRNAs). A
multi-enzyme complex the editisome, is responsible for the insertion/ deletion of U residues
in the mRNAs. In the U deletion/insertion reaction, gRNAs are the transacting templates,
and by employing different gRNAs, alternative-editing events can increase the diversity of
mitochondrial transcripts. Thus, in both lower eukaryotes and mammals, small ncRNAs that
modulate other RNA class functions have been identified in mitochondria. Although
miRNAs have not been reported in mitochondria, their presence would not be surprising in
light of the dynamic trafficking of RNAs across the mitochondrial membrane.24,25

Results
To explore the possibility that mitochondria might contain miRNAs, a highly purified
population of mitochondria was isolated from normal adult rat liver, following
homogenization in isotonic buffer and Percoll® gradient centrifugation as described in
Materials and Methods. The purity of the mitochondrial fraction was established by western
blot analysis using the mitochondrial marker protein CoxIV, which was significantly
enriched (Fig. 1, lanes 7–9, upper) in the purified fractions. Cytosolic protein and polysome
content of the mitochondrial fractions were determined using lactate dehydrogenase (LDH)
and the ribosomal L26 protein, respectively. These analyses indicated that while LDH and
L26 protein were present in the crude mitochondrial pellet (Fig. 1A, lane 7, middle and
lower panels); neither protein was detectable in the mitochondrial fractions following
Percoll® gradient centrifugation (Fig. 1A, lanes 8 and 9). We also investigated if other
subcellular organelles might be present in the purified mitochondrial fraction by western
blot using LAMP1 as a lysosomal marker and calnexin for endoplasmic reticulum (ER). The
results indicated that while both LAMP1 and calnexin were present in all the liver fractions
up to and including the mitochondrial pellet prior to Percoll® gradient centrifugation (Fig.
1B, lanes 2–7), neither protein was present in the final gradient-derived mitochondria (Fig.
1B, lanes 8 and 9).

We then characterized the integrity of the isolated mitochondria by transmission electron
microscopy. The initial characterization (animals 4–6) indicated that some potentially non-
mitochondrial membranous structures were present in the final mitochondrial pellets used
for the RNA extractions (data not shown). However, the uppermost portion of the band from
the Percoll® gradient contained a highly purified mitochondrial fraction (Fig. 2a–c) that was
almost entirely free from contaminating membranes and exhibited little alteration of normal
mitochondrial morphology. Purified mitochondria were treated with RNase to ensure that
the miRNAs did not result from contaminating sources as previously described for other
RNAs.24 Following RNase treatment, some swelling and disruption of the intact
mitochondria was observed (Fig. 2d) relative to no treatment (Fig. 2c). Taken together, the
data suggested that the isolated mitochondria were highly purified and structurally intact for
identifcation of miRNAs within their RNA pool.
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We used a custom miRNA microarray system to survey miRNA expression at a genome-
wide scale in the isolated mitochondria. The array had probes derived from rat (rno), mouse
(mmu), or human (hsa) miRNAs. Using this array, 15 miRNA probes were identified that
yielded signals significantly above background in each of the mitochondrial fractions and
were also present following RNase treatment of the purified structures (Table 1). In contrast,
highly abundant miRNAs in liver, such as let-7a and miR-21 were absent, suggesting a
unique population of miRNAs in mitochondria independent of total cellular abundance. In
addition, the results suggested very selective miRNA retainments in the mitochondrial
fractions. Of the miRNA species identified, miR-130a and b, miR-140*, miR-320 and
miR-671 have been experimentally verified by northern blot analysis or cloning in rat.26-28

While the other species have not been experimentally verified in rat, all were identified in
screens of neuronal or embryonic tissues.29-31

It was important to confirm that the population identified by microarray was, in fact, mature
miRNAs. Thus, we performed northern blot analysis of RNA isolated from the
mitochondrial pellet prior to gradient fractionation, and the Percoll® gradient fractions both
before and after RNase treatment. Northern analysis using probes specific for miR-130,
indicated that the mature species was present in the mitochondrial RNA prior to gradient
fractionation, but not in the fractionated material (data not shown). Because of relatively low
yield from the purified fractions, we used the more sensitive stem-loop qRT-PCR method
for detection of other mature miRNAs. Of the 15 miRNAs identified, miR-130a and b,
miR-140*, miR-320 and miR-494 rat specific TaqMan® qRT-PCR 5′nuclease assays were
available, as well as those for miR-21 and miR-290, which were used as controls. In the first
group of animals (Table 1, 4–6) we determined the levels of specific miRNAs in whole
liver, mitochondrial fractions before and after Percoll® gradient purification and treatment
with RNase (Table 1). The control miR-21 was found in total, significantly diminished in
the mitochondria pellet prior to purification, and was undetectable in the gradient isolated
material, again suggesting an enriched population of mitochondrial miRNAs. In addition,
the negative control miR-290 although identified to be present in rat by homology
predictions,32 was not found by microarray or by qRT-PCR in whole liver or any of the
fractions assayed. For the 5 miRNAs confirmed by qRT-PCR, the change in Ct cycle
number between the total and final mitochondrial fractions treated with RNase was <5
cycles. That was significantly less than the 14 cycles observed for miR-21 between whole
liver and the mitochondrial pellet. Interestingly, miR-494 appears to be significantly
enriched in mitochondria as its abundance in total RNA increased with purification as
measured by qRT-PCR. The more rigorously purified mitochondria (Table 1, animals 7–9)
gave similar results, albeit lower abundance of the miRNAs, that was perhaps due to some
disruption of mitochondrial integrity (Fig. 2c and d). However, the population of miRNAs is
protected from RNase treatment in agreement with other known mitochondrial genome
expressed RNAs and the nuclear encoded mitochondrial 5S rRNA.24

Finally, it should be noted that although the TaqMan RT-PCR is designed to detect only the
mature miRNA species, it is possible for the pre-miRNA to act as a template albeit at a very
low frequency. Given the results of the miRNA detection by RT-PCR in RNAs isolated
from whole liver homogenate, the mitochondria pre- and post-gradient purification suggests
that it is the mature miRNA species, which is detected in the mitochondria.

To further define whether the miRNAs were present within the mitochondria, we used
deoxycholic acid (DCA) to induce opening of the mitochondrial megapore channel33 and
induction of the mitochondria permeability transition (MPT) in the isolated mitochondria.
This disruption of mitochondrial integrity resulted in a significant loss of miRNAs by RT-
PCR in the DCA treated mitochondria relative to the control vehicle group. The release of
miR-130a and b, miR-320 and miR-494 was ~50% and that of miR-140 almost 80%.
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To explore the potential biological relevance of miRNAs in mitochondria, predicted mRNA
targets were examined by functional enrichment analyses to identify biological functions or
annotations that are overrepresented in a list of genes. The set of targets for each of the
individual miRNAs, the union of each set as predicted by the Miranda34 or the TargetScan35

algorithm, multiple miRNAs that can act together to regulate target mRNAs,36 and the
intersection between the unions of each set were individually analyzed by IPA functional
analyses. The results of these analyses were combined, filtered and visualized by heat map.
Functions with a p-values of <10E-6 in 3 or more separate analyses are shown in Figure 3.
Apoptosis, cell death, cell cycle/cell division, development and neurogenesis were the most
significant processes found in both the target sets calculated by Miranda and TargetScan.
Proliferation and cell movement annotations were enriched in the Miranda set, while
transcription related functions were identified only in the TargetScan set. The intersection
between the two prediction methods showed functions primarily involved in cell cycle/cell
division. Interestingly, two genes ZNF148 and CNOT6L were predicted to have conserved
binding sites for all the miRNAs found in the mitochondria.

Potential binding targets of miRNAs not found in the mitochondria also showed significant
signal using enrichment analyses. This was not unexpected, in part due to the critical roles
that miRNAs appear play in cell function. Although sequence- and conservation-based
methods led to similar functions, there were notable differences between the methods that
may be related to the evolutionary constraints imposed when using conservation-based
methods. For example the functional enrichment of transcription related genes in the
TargetScan set might be related to the evolutionary rigidity in these functions. Both of these
target prediction algorithms have predicted valid interactions not found in the other set.36

Discussion
Our results indicate that 15 nuclear encoded miRNAs are uniquely and reproducibly
identified in mitochondria isolated from at least 9 different livers from adult rat. Two
possibilities to explain the observation include trafficking of nuclear encoded mitochondrial
protein mRNAs to the mitochondria for translation,37,38 as well as the association of
ribosomes with the mitochondria via protease sensitive proteins.39 However, these were
unlikely based on the absence of cytosolic ribosome protein L26 in the purified
mitochondria and functional analyses of the miRNAs showing no association with nuclear-
encoded mitochondrial protein transcripts. Mitochondria import many small nuclear
encoded RNAs including the 5S ribosomal RNA24 and tRNAs.25 Moreover, there is
evidence to suggest that the pathways of small RNA uptake into mitochondria are
dynamically modulated, with structural and nucleic acid sequence acting as import
signals,25,40 suggesting possible mechanisms for miRNA transport.41

The potential role of miRNA in mitochondria is intriguing. One possibility is that they allow
additional nuclear control of mitochondrial genomic function/activity.42 If nuclear derived
miRNA were controlling translation/degradation of mitochondrial derived mRNA the
expectation would be that binding targets would exist in the 3′ region of these transcripts.
Examination of the 3′ UTR of mitochondrial derived mRNA as predicted by miRbase
version 5 (http://microrna.sanger.ac.uk/index.shtml), which uses a combination of the
miRanda algorithm and homology alignment, revealed a single potential interaction between
miR-130a and mitochondrial encoded cytochrome c oxidase III (COX3). This was derived
from 198 predicted interactions between nuclear miRNA localized to the mitochondria and
mRNA transcripts within the mitochondrial genome. A second possibility is that the
miRNAs regulate nuclear derived transcripts destined to become mitochondrial proteins.
Functional analyses results indicate that the miRNAs were not predicted to bind nuclear-
derived mRNAs whose protein products are found in mitochondria. Other possibilities are
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that they may be preventing inappropriate or detrimental translation from occurring in
mitochondria or modulate mitochondrial transcript stability.43

It is conceivable that miRNAs are sequestered in mitochondria to provide an alternate
mechanism for control of cellular function. In fact, the predicted gene targets are consistent
with those that would be involved in mitochondrial signaling at the onset of cell death.
Multicellular organisms that have made the decision to carry out programmed cell death no
longer require cell division and development, a tightly coupled mechanism. This is further
supported by the observation that one of the two genes which showed conserved binding
sites for each of the miRNA species found in mitochondria is involved in inhibition of cell
division (CNOT6L/CCR4b). Expression of CCR4b was seen in a wide range of human
tissues including liver.44 Depletion of mammalian CCR4b deadenylase triggers elevation of
the p27Kip1 mRNA level and impairs cell growth.43 Moreover, other mitochondrial-
associated miRNAs identified by the microarray analysis were discovered in screens of
embryonic tissue in which both cell division and apoptosis are known to exert key roles in
the developmental remodeling.29,30,32

Mitochondria represent a central checkpoint of apoptosis control and can activate apoptosis
via the disruption of membrane potential resulting in increased permeability to small
molecules, including miRNAs.18 This increase in permeability may represent a mechanism
by which miRNAs sequestered in the mitochondria are released into the cell. In fact, when
the mitochondrial megapore channel was opened in isolated mitochondria by incubating
with the apoptosis inducing agent deoxycholic acid,33 significant loss of miRNAs by RT-
PCR was detected. Although the loss was incomplete, in addition to the megapore opening,
further alternate channel formation occurs via translocation of the pro-apoptotic protein
BAX from the cytosol to mitochondria in rat liver.45 This suggests that additional release of
the miRNA in mitochondria in intact cells may proceed via BAX mitochondrial channel
formation. This model is further supported by the fact that mitochondrial disruption has been
reported to result in translational inhibition,46 one of the known mechanisms by which
miRNAs modulate gene expression posttranscriptionally.

The intracellular trafficking and localization of RNA is an important biologic process.47 Our
results extend the relevance of RNA localization to miRNA species and indicate that the
sequestering and release of miRNA from mitochondria may represent a fundamental
mechanism for cell signaling and activation.

Materials and Methods
Isolation of mitochondria and RNA

Liver mitochondria were isolated from adult male 175–200 g Sprague-Dawley rats (Harlan
Sprague-Dawley, Indianapolis, In) as previously described48 with the following
modifications. Animals were killed by exsanguination under ether anesthesia, and the livers
were removed and rinsed in homogenate buffer containing 70 mM sucrose, 220 mM
mannitol, 1 mM EGTA, 10 mM EDTA and 10 mM HEPES, pH 7.4. Approximately 10 g of
minced liver was prepared as a 10% (wt/vol) homogenate in an ice-cold solution of
homogenate buffer using 3 complete strokes of a Tri-R Model K41 skill drill (Tri-R
Instruments) and Teflon pestle at 800 rpm in ice-cold homogenate buffer containing EDTA-
free Complete®-Mini protease inhibitor cocktail (Roche Diagnostic Corp.,). The
homogenate was centrifuged at 600 ×g for 10 min at 4°C in an SS-34 rotor and RC5C
centrifuge (Sorvall Instruments); and the post-nuclear supernatant was centrifuged at 1,100
×g for 10 min at 4°C. The supernantant was centrifuged for 10 min at 7,600 ×g and the
crude mitochondrial pellet further purified by sucrose:Percoll® gradient centrifugation.49

The resulting pellet was resuspended in 4 ml of homogenate buffer, and 2 ml of the
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resuspended pellet was layered unto 24 ml (pre-spun for 30 min) Percoll® gradient
containing a mixture of 40% Percoll® (Sigma Chemical Co.,) and 60% ultra-spin buffer of
0.25 M sucrose and 1 mM EGTA (pH 7.4), and centrifuged at 43,000 ×g for 1 hr at 4°C
using a Beckman 50.2Ti rotor and Beckman ultra-centrifuge model L5-65. The lower
yellowish-brown mitochondrial band was carefully collected and washed once in 30 ml ice-
cold wash buffer containing 0.1 M KCl, 5 mM 3-(N-morpholino)-propanesulfonic acid
(MOPS) pH 7.4, 1 mM EGTA, and 10 mM EDTA by resuspension followed by
centrifugation at 7,700 ×g for 10 min at 4°C. The mitochondrial pellet was washed an
additional 2 times under the same conditions except that the EGTA and EDTA were
removed from the wash buffer. Aliquots were taken and saved at different steps to monitor
enrichment. The resulting purified and washed mitochondrial pellet was then resuspended in
ice-cold homogenate buffer. One-half of the purified mitochondria was subjected to RNase
A treatment (2 mg RNase A/ml) on ice 30 min while the remaining portion was left
untreated.

The mitochondrial permeability transition (MPT) via the mega-pore channel opening
observed in hepatic mitochondria undergoing apoptosis was assessed using a
spectrophotometric assay measuring high amplitude rapid changes in mitochondrial volume
as described previously.33,45 Briefly, the post Percoll® mitochondria (1 mg protein
determined using the Bio-Rad protein assay kit according to the manufacturer's
specifications) were incubated in 1 ml of chelex-100-treated respiration buffer (0.1 M NaCl,
10 mM MOPS, pH 7.4) for 10 min at 25°C and swelling was monitored at 540 nm in a
Beckman DU64 spectrophotometer. Malate and glutamate (1 mM) were added to initiate
respiration, and 3 min later 5 μM rotenone, an inhibitor of complex I of the respiratory
chain, was also added to the suspension. Basal values of mitochondrial absorbance were
measured for 5 min, and the optical density was monitored for an additional 5 min after
addition of either 200 μM DCA (Sigma Chemical Co.,) or an equal volume of the vehicle,
PBS pH 7.4. Following the MPT assays, mitochondria were centrifuged at 12,000 ×g for 3
min at 4°C. The pellets were washed ×2 by resuspension in chelex-100-treated respiration
buffer prior to isolation of total RNA by trizol.

Total RNA was isolated from the various fractions and purified mitochondria using Trizol®
LS reagent (Invitrogen, Corp.,) as per the manufacture's instructions and quantitated using
the Christian-Warburg program on a Beckman DU64 spectrophotometer.

Western blotting
Total protein was prepared from retained portions of liver homogenates during isolation of
mitochondria using buffer50 containing EDTA-free Complete®-Mini protease inhibitor
cocktail. The homogenates were incubated on ice for 30 min, sonicated and centrifuged at
2,000 ×g for 10 min at 4°C. The super-natant protein concentrations were determined using
the Bio-Rad protein assay kit according to the manufacturer's specifications; and the proteins
aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C. The relevant proteins were
detected as described previously52 with the following modifications. For western blot
analysis, 40 μg of mitochondrial and cytosolic proteins were separated on a 12% sodium
dodecylsulfate (SDS)-polyacrylamide gel for detection of lactate dehydrogenase (LDH),
COX IV or the cytosolic ribosome protein L26. For LAMP1 and calnexin, 25 μg of liver and
mitochondrial extracts were separated on 10% SDS-polyacryl-amide gels. The control
MC7F-7 whole cell lysate (ab387, Abcam) was used at 15 μg as per the manufacturer's
recommendation. Following electrophoretic transfer onto nitrocellulose membranes, the
immunoblots were incubated with 15% H2O2 for 15 min at room temperature. Blots were
sequentially incubated with 5% milk blocking solution for 2 hrs at room temperature,
followed by primary antibodies overnight at 4°C, and finally secondary antibody conjugated
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with horseradish peroxidase for 2 hrs at room temperature. The membranes were processed
for detection of proteins, using the SuperSignal™ Dura ECL system from Pierce Chemical
Co. The membranes were incubated with the primary antibodies for LDH (37 kDa)
(ab52488, Abcam, Inc.,) at a dilution of 1:5000, cytosolic ribosomal protein L26 (ab59567,
Abcam, Inc.,) at 1 μg/ml, and for mitochondrial protein Cox IV (ab14744, Abcam, Inc.,) at
1:5000. Incubations with secondary monoclonal-goat anti-mouse (Cox IV) and polyclonal-
goat anti-rabbit (LDH and L26) antibodies conjugated with horseradish peroxidase were set
up at a dilution of 1:5000 each. The secondary antibodies and detection system,
SuperSignal™ Dura ECL were from Pierce Chemical, Co. For LAMP1 (ab24170, Abcam)
and calnexin (ab22595, Abcam) the primary rabbit polyclonals were used at 1 μg/ml and the
secondary HRP-conjugated anti-rabbit antibody was used at a 1:2000 dilution using the
reliblot system (Bethyl Laboratories, Inc.,) and detected using SuperSignal™ Dura ECL
(Pierce Chemical, Co.,). The blots were then exposed to film for 1 min to 1 hr, the film
developed and scanned.

Transmission electron microscopy
Following sucrose:Percoll® gradient purification and washing, a small portion of the
mitochondria before and after RNase treatment were processed and examined by
transmission electron microscopy51 as described using the following modifications. Prior to
RNA isolation, a portion of the mitochondrial pellet was fixed overnight at 4°C in 0.1 M
cacodylate buffer (pH 7.2) containing 6% glutaraldehyde. The mitochondria were then
rinsed with 0.1 M piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) buffer (pH 7.3),
followed by a 20-min post-fixation incubation at room temperature in 2% cacodylate-
buffered osmium tetroxide. The mitochondria were then dehydrated with increasing
concentrations of ethanol, infiltrated with propylene oxide, and embedded in Epon
812:Araldite 502 resin. Sections 70–100 nm in thickness were cut using glass knives on a
Reichert Ultracut S ultramicrotome and collected on 200-mesh copper grids (Electron
Microscopy Sciences) and stained with 2% uranyl acetate and lead citrate. The morphology
of the isolated mitochondria was studied using a JEOL-100 CX electron microscope (JEOL)
at 80 kV and the images captured digitally.

Microarray analysis
An in-house miRNA microarray system was used to quantify the RNA samples isolated
from the purified mitochondria from nine different animals before and after RNase
treatment. The miRNA microarray system utilized the NCode Multi-Species miRNA
Microarray Probe Set V2 from Invitrogen, based on the Sanger miRBase Sequence
Database, Release 9.0 (October 2006). It contained 1,140 different 34–44 nt long
oligonucleotides, which were complementary to C. elegans, Drosophila, zebrafish, human,
mouse and rat miRNAs, and also included a 28S rRNA probe, 10 human snoRNA probes,
and 76 mismatch probes. The mismatch probes aided in extracting information on
background hybridization. All oligonucleotides were quadruply printed on GAPSII slides
(Corning) by the Biomedical Genomics Center Microarray Facility at the University of
Minnesota. Microarray analyses were performed on RNA isolated from 9 different animal
mitochondrial preparations before and after RNase treatment. RNAs were labeled and
hybridized to slides as described52 using ~10 μg of the purified RNAs that were ligated to a
synthetic RNA linker, pCU-DY547 (Dharmacon). Following hybridization and washing,
slides were scanned on a ScanArray 5000 machine (Perkin Elmer). BlueFuse
(BlueGenome), GeneSpring GX 7.3.1 (Agilent), and Excel were used to quantify and
process microarray data. Individual spots on microarrays were inspected to exclude
abnormal signals from subsequent calculations. For every probe on a slide, mean
hybridization intensity was calculated from its quadruplicate spots. Only probes found in
human, mouse or rat were analyzed for the data presented in Table 1. Hybridization signals
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that were at least 100% above background values, which were typically between 150–300,
were considered positive signals for miRNAs.

TaqMan® RT-PCR assays
The rat specific probes for the miRNAs quantified by 5′nuclease qRT-PCR were obtained
from Applied Biosystems, Foster City, CA. The RT-PCR assays were carried out as per the
manufacturer's recommended protocols using an Applied Biosystems 9700 HT machine.
The cDNA synthesis reactions were performed using 10 ng of the isolated RNAs with the
rno miRNA specific stem loop primers (4373090, 21; 4373145, 130a; 4373144, 130b;
4381110, 140*; 4373320, 290; 4373055, 320; 4381037, 494) from Applied Biosystems, and
their TaqMan® MicroRNA Reverse Transcription Kit (4366596) as per the manufacture's
recommended protocol. The cDNAs were used for 5′nuclease assays with their respective
miRNA specific FAM labeled probes. These were run using the cycling conditions specified
by Applied Biosystems for their 9700 HT real time PCR machine for fifty cycles. Negative
controls using water or no reverse transcriptase reactions were run simultaneously. The
average Ct cycle number from each of the mitochondrial RNA samples prepared from the
groups of three animals was used to generate the mean and standard deviations shown in
Table 1.

Functional analyses of miRNA observed in mitochondria
Predicted mRNA targets of miRNAs were downloaded from the internet. Predictions based
purely on the rat genome sequence as predicted by the Miranda algorithm were obtained
from microRNA. org31 (www.microrna.org 2008-3-28 update). Predicted human orthologs
of conserved miRNA binding sequences generated by the TargetScan algorithm were
obtained from TargetScan32 (www.targetscan.org Release 4.2 April 2008). These databases
were parsed to obtain predicted mRNA targets of the miRNAs verified by qRT-PCR for
enrichment in the purified mitochondria. For each method, individual miRNA predictions
were merged to generate sets inclusive of all the mitochondrial miRNA predictions.
Additionally, the intersection between the two-mitochondrial sets was also determined using
the corresponding ortholog group. The predicted miRNA targets are found in supplementary
data, Table 1. The resulting dataset was visualized by construction of a heat map to show the
presence or absence of prediction and is shown in Figure 3.

All sets of mitochondrial miRNA derived mRNA predictions were submitted for functional
enrichment analyses using Ingenuity Pathways Analyses (www.ingenuity.com). This
software package leverages a biological knowledge base to identify biological functions or
annotations that are overrepresented in a list of genes as compared to the functions
represented in the set of all relevant genes. The resulting analyses were combined and
visualized using a heat map to show the p-values for the significance of the annotation to the
set. For functions that were found to be present with a p-value of less then 10E-6 in 3 or
more, separate analyses were included in Figure 3. This cutoff was determined for the
following reasons. First, a standard significance p-value of 0.05 was adjusted for the
multiple testing problem, using a Bonferroni correction for the 50,000 individual annotations
tested. This resulted in a p-value of <10E-6 required for a result to be considered significant.
Second, the observation was that for 3 random 1,000 gene sets, no function scored lower
then 10E-5. The entire dataset is available as Supplementary Table 2.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Western blot analysis of Percoll gradient isolated mitochondria. (A) Total proteins (40 μg)
isolated from the various fractions during the mitochondria purification process were
separated by SDS-PAGE. Following electrophoretic transfer onto nitrocellulose membrane,
the immunoblots were processed for western blot analysis to assess purity using primary
antibodies against lactate dehydrogenase (LDH, bottom) as a cytosolic marker; cytoplasmic
large ribosomal protein L26 for polysomal contamination (middle); and protein CoxIV as a
mitochondrial marker (top). Each of the proteins was detected by ECL. The protein is
indicated at left, and the molecular weight (MW) in kDa at right. Lane 1, isolated rat liver
polysomes; lane 2, whole liver homogenate; lane 3, supernatant post 600 ×g centrifugation;
lane 4, supernatant post 1,100 ×g centrifugation; lane 5, pellet from 1,100 ×g centrifugation;
lane 6, supernatant post 7,600 ×g centrifugation; lane 7, crude mitochondrial pellet from
7,600 ×g centrifugation; lane 8, mitochondrial fraction from Percoll® gradient; and lane 9,
mitochondrial fraction from Percoll® gradient following RNase treatment. (B) Total
proteins (25 μg) isolated from the various fractions during the mitochondria purification
were separated by SDS-PAGE and processed for immunoblot analysis using primary
antibodies anti-LAMP1 (upper) and anti-calnexin (lower) as markers for lysosomal and
endoplasmic reticulum, respectively. The proteins were detected using ECL and their
identity is shown at left and their molecular weight (MW) in kDa at right. Lane 1, MCF-7
whole cell lysate; lane 2, whole liver homogenate; lane 3, supernatant post 600 ×g
centrifugation; lane 4, supernatant post 1,100 ×g centrifugation; lane 5, pellet from 1,100 ×g
centrifugation; lane 6, supernatant post 7,600 ×g centrifugation; lane 7, crude mitochondrial
pellet from 7,600 ×g centrifugation; lane 8, mitochondrial fraction from Percoll® gradient;
and lane 9, mitochondrial fraction from Percoll® gradient following RNase treatment.
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Figure 2.
Transmission electron micrographs of purified liver mitochndria. Following the Percoll®
gradient isolation and washing, a portion of the mitochondrial pellet was fixed overnight at
4°C in cacodylate buffered 6% glutaraldehyde, then processed and embedded for electron
microscopy. Sections 70–100 nm in thickness were cut and stained with uranyl acetate and
lead citrate. The morphology and purity of the isolated mitochondria were examined using a
JEOL-100 CX electron microscope. The representative digital micrographs indicated that
the mitochondria fields did not contain significant amounts of non-mitochondrial material
(a), and exhibited classical mitochondrial morphology (b and c). (d) The same Percoll®
gradient isolated mitochondria post-treatment with RNase showing minimal loss of
mitochondrial structural integrity. The length in μm of the scale bars shown is indicated
above the bar.
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Figure 3.
Functional analyses of mitochondrial-associated miRNA. MiRanda and TargetScan
algorithm miRNA target predictions for each miRNA were submitted for functional
enrichment analyses to Ingenuity Pathways Analyses individually and as a group to identify
over-representation of functional groups in the predicted gene set. The heat map shows
annotations with p-values less then 10E-6 in 3 or more separate analyses. The miRNA
species are indicated at top, representing the results of miRNA set analyses from each
predictive algorithm. The results of the analysis of intersection between the two
mitochondrial sets is labeled (top) and the functional groups listed immediately left of the
map. The color scale for p-values is shown at left.
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Table 1

miRNAs identified in RNA isolated from purified rat liver mitochondria

Species and miRNA
a

Detected by microarray
b TaqMan® miRNA assays

4–6
d

7–9
d

1–3
d 4–6 7–9 Total

e
Crude

F
Percoll

g
Percoll + RNase

h Percoll Percol + RNase

Rno miR-21 no no no 22.19 ± 0.20 36.96 ± 2.16
Ud

i Ud Ud Ud

Rno miR-130a yes yes yes 27.65 ± 0.59 28.29 ± 0.81 29.78 ± 0.38 31.17 ± 0.85 36.79 ± 1.29 39.24 ± 1.28

Rno miR-130b yes yes yes 30.08 ± 0.27 30.77 ± 0.31 32.72 ± 0.56 34.20 ± 1.02 39.86 ± 1.42 43.11 ± 3.42

Rno miR-140* yes no yes 28.49 ± 0.55 28.70 ± 0.62 29.48 ± 0.68 30.89 ± 0.32 36.21 ± 1.13 42.03 ± 4.74

Rno miR-290 no no no Ud Ud Ud Ud Ud Ud

Rno miR-320 yes yes yes 27.73 ± 0.03 28.62 ± 1.0 29.87 ± 0.56 31.84 ± 0.30 35.48 ± 2.21 37.43 ± 1.64

Rno miR-494 yes yes yes 37.39 ± 0.31 38.55 ± 0.34 37.80 ± 1.07 34.24 ± 1.3 40.89 ± 1.03 46.33 ± 2.42

Rno miR-671 yes yes yes
ND

j ND ND ND ND ND

Mmu miR-202 yes yes yes ND ND ND ND ND ND

Mmu miR-705 no yes yes ND ND ND ND ND ND

Mmu miR-709 no no yes ND ND ND ND ND ND

Mmu miR-721 no yes yes ND ND ND ND ND ND

Mmu miR-761 no no yes ND ND ND ND ND ND

Mmu miR-763 yes yes yes ND ND ND ND ND ND

Hsa miR-198 yes yes yes ND ND ND ND ND ND

Hsa miR-765 yes yes yes ND ND ND ND ND ND

cmiRNAs detected using TaqMan® miRNA assays.

kND, Rno specific TaqMan® miRNA assays not available.

a
Species identity and miRNA from rat (Rno), mouse (Mmu) and human (Hsa). Mmu and Hsa miRNAs are identified in the microarrays, but have

no Rno homologs in the Invitrogen array probe set.

b
Identified by microarray hybridization with the total RNA isolated from the purified mitochondria.

d
Animal number used for RNA isolated for microarray hybridization and TaqMan® miRNA assays.

e
Total RNA isolated from whole liver homogenates.

F
Total RNA isolated from the crude mitochondrial pellets prior to Percoll® gradient centrifugation.

g
Total RNA isolated from mitochondria purified by Percoll® gradient centrifugation.

h
Total RNA isolated from mitochondria following Percoll® gradient centrifugation and RNase treatment.

i
Mean Ct ± 1 STD from the three animals for TaqMan® miRNA assays.

j
Ud, undetectable by TaqMan® miRNA assays through 50 cycles.
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