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In yeast mitochondria, RNA degradation takes place
through the coordinated activities of ySuv3 helicase and
yDss1 exoribonuclease (mtEXO), whereas in bacteria, RNA is
degraded via RNaseE, RhlB, PNPase, and enolase. Yeast lacking the Suv3 component of the mtEXO form petits and
undergo a toxic accumulation of omega intron RNAs. Mammalian mitochondria resemble their prokaryotic origins by
harboring a polyadenylation-dependent RNA degradation
mechanism, but whether SUV3 participates in regulating RNA
turnover in mammalian mitochondria is unclear. We found that
lack of hSUV3 in mammalian cells subsequently yielded an
accumulation of shortened polyadenylated mtRNA species and
impaired mitochondrial protein synthesis. This suggests that
SUV3 may serve in part as a component of an RNA degradosome, resembling its yeast ancestor. Reduction in the expression
levels of oxidative phosphorylation components correlated with
an increase in reactive oxygen species generation, whereas
membrane potential and ATP production were decreased.
These cumulative defects led to pleiotropic effects in mitochondria such as decreased mtDNA copy number and a shift in mitochondrial morphology from tubular to granular, which eventually manifests in cellular senescence or cell death. Thus, our
results suggest that SUV3 is essential for maintaining proper
mitochondrial function, likely through a conserved role in mitochondrial RNA regulation.

Prokaryotes and eukaryotes both utilize RNA processing and
degradation, albeit via different pathways, as one mechanism
for controlling gene expression (1– 4). The RNA degradosome
of Escherichia coli, yeast, and mammalian cells have all conserved the ability to turnover RNA; however, the assembly of
their multicomponent machineries differ (5, 6). In E. coli, RNA
degradation is conducted by the cooperation of four principal
enzymes (7). The first enzyme is an endoribonuclease, RNase E,
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which initiates the turnover of many RNAs by cleaving singlestranded RNA internally and is essential for cell growth (2, 8, 9).
The second enzyme is a 50-kDa DEAD-box helicase, RhlB,
which unwinds and translocates RNA substrates (10). RhlB
facilitates the degradation of structured mRNA decay intermediates by the third 85-kDa enzyme, polynucleotide polymerase
(PNPase).3 This process, requiring ATP hydrolysis, is believed
to involve the local unwinding of structures that block PNPase,
thereby ensuring rapid degradation by PNPase (11–13). The
fourth enzyme, a 48-kDa glycolytic enzyme enolase, associates
with RNase E in response to stress caused by the overabundance of phosphosugars (14, 15). However, enolase is a unique
and mysterious contributor to the degradosome, as it is not an
RNA-binding protein nor does it appear to be directly involved
in RNA turnover.
In Saccharomyces cerevisiae, mitochondrial RNA degradation also requires the activity of multifunctional components
(mtEXO) (16), which consist mainly of two enzymes: ySuv3 and
yDss1 (17–20). Yeast Suv3 is a nuclear gene-encoded protein
that localizes to mitochondria in cells and displays NTP-dependent RNA helicase activity in vitro (20 –22). Together with a
3⬘-5⬘ exoribonuclease (yDss1), it forms a multifunctional complex that is primarily involved in yeast mitochondrial RNA degradation (16 –20). Genetic ablation of ySuv3 results in a respiratory negative phenotype and on the molecular level causes a
total block of mitochondrial translation, accumulation of RNA
by-products, and changes in stability and processing of mitochondrial RNAs (mtRNAs) (20).
Human mitochondria possess SUV3, PNPase, and mitochondrial polyadenylate polymerase but no yDss1 homolog (12,
19, 23, 24). Similar to ySuv3, human SUV3 (hSUV3) primarily
localizes to the mitochondrial matrix and harbors an ATP-dependent unwinding activity on multiple substrates in vitro,
although the precise in vivo substrate remains to be identified
(26). SUV3 knock-out mice die in utero, supporting the idea
that SUV3 is an essential gene (27). Recent data have further
implicated SUV3 in maintaining mitochondrial DNA and cell
viability (28 –30). Although some reports stipulate a potential
housekeeping role for SUV3, there is a dearth of significant data
to authenticate that claim (31, 32). Thus, the precise cellular
function of SUV3 remains largely unknown.

3

The abbreviations used are: PNPase, polynucleotide polymerase; shRNA,
small hairpin RNA; RNAi, RNA interference; siRNA, small interfering RNA;
OXPHOS, oxidative phosphorylation; PBS, phosphate-buffered saline;
DAPI, 4⬘,6-diamidino-2-phenylindole; ROS, reactive oxygen species;
mtEXO, mitochondrial RNA degradosome.
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It has been suggested that in some mammalian mitochondrial mRNAs, internalppe polyadenylation generates functional mRNAs that can be translated in mitochondria, because
polyadenylation is critical to creating UAA stop codons during
mRNA maturation (33). In normal mammalian mitochondria,
truncated heterodisperse polyadenylated transcripts do not
accumulate and are rapidly degraded (33). The rapid turnover
of truncated molecules, which are integral to the degradation
process in mammalian mitochondria, highly resembles the intimate involvement of the mtEXO. This prompted us to investigate whether SUV3 participates in a human mitochondrial
degradosome, and we found that indeed a significant accumulation of shortened polyadenylated mitochondrial RNA disrupts mitochondrial function and cell viability in human
cells. Herein, we have elucidated the cellular role of SUV3
and highlighted a potential evolutionary convergence of the
bacterial degradosome and yeast mtEXO, within mammalian mitochondria.

EXPERIMENTAL PROCEDURES
Cell Culture, Cloning, and Reagents—U2OS, a human osteosarcoma cell line, was cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. 143B206 (0), a
human osteosarcoma cell line lacking mitochondrial DNA, was
cultured similarly to U20S with the addition of pyruvate and
uridine (34). U2OS stable clones were established for doxycycline-inducible expression of SUV3 shRNA. Briefly, SUV3
shRNA expression cassette was created in pTER (pTERSUV3i). Four such cassettes from pTER-SUV3i were inserted in
tandem into pPUR (pPUR-4xSUV3i). U2OS cells with inducible SUV3 shRNA were established by Lipofectamine 2000-mediated transfection of pPUR-4xSUV3iand a TetR-expressing
construct, pCDNA6TR, followed by selection with 5.0 g/ml
blasticidin and 5.0 g/ml of puromycin. One of the resultant
clones was named LK6. The shRNA target sequence is 5⬘-GGG
CCT GGA CCA GAG CAC TTC-3⬘. The synthetic SUV3
siRNA (ordered from Integrated DNA Technologies) is
5⬘-CCA GCA UAU UCC ACU AAG UCU GCG A-3⬘; control
luciferase siRNA is 5⬘-UUA CGC UGA GUA CUU CGA-3⬘.
LK6R, a LK6-derived cell line, was generated by retroviral
integration of shRNA-resistant SUV3. To obtain shRNA-resistant SUV3 expression, three silent mutations were introduced into the shRNA targeting region of SUV3 (A942G,
A943C, and A945T), which was subcloned into pQCXIG, a
vector modified from pQCXIP (Clontech) by replacing the
puromyocin resistance gene with green fluorescent protein
for bicistronic expression of SUV3 and green fluorescent
protein. 293GP2-packaging cells were used for virus production with a VSVG (vesicular stomatis virus G protein)
expression plasmid and pQCXIG-SUV3RNAi.
Mouse monoclonal SUV3 antibodies (6B7 or 18C5) were
raised using bacterially expressed recombinant full-length
hSUV3 as the immunogen. The p48 and ␣-tubulin mouse antibodies were purchased from Genetex and Sigma, respectively.
The oxidative phosphorylation (OXPHOS) antibody mixture
(Mitosciences Inc.) contains the five antibodies against complex I subunits NDUFB8 (MS105), complex II-30 kDa (MS203),
complex III-core protein 2 (MS304), complex IV subunit II
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(MS405), and complex V ␣-subunit (MS507), respectively.
Other commercial antibodies used were ␥-H2AX and ATMS1981P (Genetex) and HP1-␥ (Upstate).
Cell Proliferation Assay—U2OS and LK6 cells were seeded in
6-cm dishes in triplicate and induced with 5 g/ml doxycycline.
The viable cells at designated time points were counted by a
trypan blue exclusion assay as described extensively elsewhere
(35).
Cell Cycle Analysis by Flow Cytometry—Exponentially growing cells were treated with 5 g/ml doxycycline for various periods of time. Cells were trypsinized, fixed with chilled 70% ethanol, and stained for 30 min with propidium iodide solution (50
g/ml propidium iodide, 0.1% sodium citrate, 50 g/ml of
RNase A, and 0.03% Nonidet P-40 in PBS) at room temperature.
Flow cytometric analysis was performed using a FACSCalibur
flow cytometer, and the cell cycle distribution was analyzed
using CellQuest software (BD Biosciences).
Immunofluorescent Microscopy—Immunostaining was performed essentially as described previously (36). In brief, cells
were fixed with cold methanol for 10 min or 3.2% paraformaldehyde for 20 min. Cells were then permeated with 0.1% Triton
X-100 in PBS for 10 min, blocked with 2% bovine serum albumin in PBS, 0.1% Triton X-100. Cells were incubated with primary antibodies for 1–2 h at room temperature, washed with
PBS, 0.1% Triton X-100 for 5 min (three times), and then incubated with Alexa Fluor-conjugated secondary antibody
(Invitrogen). After a 5-min wash with PBS/0.1% Triton X-100
(three times), DAPI was used to stain the DNA/nucleus
before mounting the coverslip onto a coverglass with Prolong Gold antifade solution (Invitrogen). For mitochondrial
staining, cells grown on coverslips were incubated with 25
nM MitoTracker Red CMXROS at 37 °C for 15 min and then
fixed as instructed in the manual (Invitrogen) for subsequent
immunostaining with antibodies as described above. For the
senescence-associated ␤-galactosidase assay, the experiments were done as described previously (37). Microscopy
was performed with a Carl Zeiss Axiovert 200 microscope
equipped with a charge-coupled device Hamamatsu camera.
Images were captured with AxioVision software and processed with Adobe Photoshop.
Electrochemical Membrane Potential Measurement—
Changes in membrane potential were determined using a JC-1
mitochondrial membrane potential detection kit (Invitrogen).
Briefly, 106 cells were washed, pelleted, and resuspended in 500
l of JC-1 (5,5⬘-6,6⬘-tetrachloro-1,1⬘,3,3⬘-tetraethylbenzimidazolcarbocyanineiodide) working solution. Cells were incubated
at 37 °C for 15 min. Following staining, cells were washed twice
in assay buffer and then resuspended in 200 l of assay buffer
and immediately analyzed using a BD FACSCalibur flow
cytometer equipped with dedicated software.
Mitochondrial Isolation and OXPHOS Enzymology—Mitochondrial isolation and spectrophotometric studies of respiratory chain enzymes were carried out as described previously
(38, 39) on U2OS, LK6, and induced LK6 cells. Mitochondrial
protein concentration was measured using the Lowry method.
Spectrophotometric analysis of the respiratory chain complexes was performed with mitochondrial preparations from
the aforementioned cells using a spectrophotometer (model
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DU-650, Beckman Coulter). Mitochondria were freeze-thawed
three times at 1 mg/ml and used immediately for enzymatic
activity assays. All experiments were done at least in triplicates.
Mitochondrial ROS Determination—106 cells were harvested, washed in 1⫻ Hanks balanced salt solution, and then
resuspended in 1 ml of MitoSOX working solution for 10 min at
37 °C, protected from light. Following the incubation, the cells
were spun down for 3 min at 2000 rpm. The cells are finally resuspended in 3 ml of Hanks balanced salt solution, placed in a glass
cuvette, and read at wavelengths of 510/580 nm (ex/em) using an
LS50B luminescence spectrophotometer (PerkinElmer Life Sciences) for a 30-min total reading. After allowing the base line to
stabilize for several minutes, we induced superoxide production
by adding 5 l each of the complex I substrates 1 M sodium
pyruvate and 1 M malic acid. To determine the rate of superoxide formation in the mitochondria, we calculated the ascending
slope of the superoxide trace. The remaining pellet was resuspended in 10 l of cell lysis buffer and kept at ⫺80 °C until
protein determination was performed by the Bradford colorimetric protein assay.
Mitochondrial Protein Labeling—Twenty-four hours prior to
labeling, cell growth medium was changed to methionine-free
Dulbecco’s modified Eagle’s medium plus 10% dialyzed fetal
bovine serum. On the day of labeling, medium was again
changed to methionine-free Dulbecco’s modified Eagle’s
medium plus 10% dialyzed fetal bovine serum and incubated for
5 min at 37 °C in 5% CO2. The medium was then replaced with
methionine-free medium plus emetine (100 mg/ml working
concentration, Sigma) and incubated for 5 min at 37 °C. As a
negative control, one dish was simultaneously treated with
chloramphenicol (100 g/ml working concentration, Sigma).
Then, cells were labeled with 200 Ci of [35S]methionine (GE
Healthcare) in the presence of emetine and incubated for 2 h at
37 °C. Cells were then washed and harvested for lysis. Lysed
proteins were quantified by performing the colorimetric Bradford assay, and additionally 50 l (at least 15 g of mitochondria) of crude lysate was used for citrate synthase activity to
normalize the number of mitochondria in each sample. Mitochondrial proteins were separated on a 5–15% gradient SDSPAGE. The gel was then fixed in acetic acid and methanol for 30
min at room temperature, dehydrated in glacial acetic acid for
20 min, and then treated with 20% diphenyloxozole in glacial
acetic acid for 10 min. The gel was dried at 85 °C for 1 h on a
Bio-Rad gel dryer, model 583. The dried gel was then subject to
phosphorimaging using a Storm 820 PhosphorImager (GE
Healthcare).
ATP Quantification—Cellular ATP was quantified using an
ATP determination kit according to the manufacturer’s
instructions (Molecular Probes). Briefly, LK6 cells treated with
5 g/ml doxycycline at various time points, and control U2OS,
untreated LK6 cells, and 143B-206 (0) cells plated at equal
densities were lysed in passive lysis buffer (Promega). Equal
volumes of cell lysate were added to the standard reaction solution, and luminescence was measured and normalized to protein amounts in each lysate. The values used fell in the linear
range of the assay as determined by a standard curve.
mtDNA Analysis—DNA was extracted from control LK6 and
doxycycline-induced LK6 cells using standard procedures.
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MtDNA was amplified by quantitative PCR using gene-specific
primers targeting ND2 and ND6 and compared with 18 S
nuclear DNA under the following cycling parameters: 94 °C for
10 min, 94 °C for 1 s, 53 °C for 10 s, and 72 °C for 10 s for 40
cycles. Primer sequences used were: 18 S forward, ACG GAC
CAG AGC GAA AGC AT; 18 S reverse, GGA CAT CTA AGG
GCA TCA CAG AC; ND2 forward, GCC CTA GAA ATA AAC
ATG CTA; ND2 reverse, GGG CTA TTC CTA GTT TTA TT;
ND6 forward, ATC CTC CCG AAT GAA CCC TG; ND6
reverse, GAT TGT TAG CGG TGT GGT CG. Quantification
of mtDNA was performed as described previously (40, 41).
Briefly, this method uses a double-stranded DNA dye, SYBR
Green I, to continuously monitor product formation and quantify samples ranging up to 4 log units in concentration. The
values found in each sample for the two genes (representative of
mtDNA, ND2 and ND6; nuclear DNA, 18 S rDNA) allowed the
calculation of a ratio of mtDNA/nDNA to make comparisons
between the different groups. Real-time PCR was performed in
a fluorescence temperature LightCycler (Roche Applied Science). The fluorescent product was detected at the last step of
each cycle by single acquisition. After amplification, a melting
curve was acquired by heating the product with continuous
fluorescence collection. Melting curves were used to determine
the specificity of the PCR products. Variations in sample loading or due to PCR tube-to-tube efficiency were corrected by
performing triplicates for each standard and unknown sample.
The mean value of the triplicates for each sample was used to
determine the values of mtDNA and 18 S amount. The mtND2/
18 S mean ratios of each group were used for comparisons
between them.
Oligo(dT)-primed Reverse Transcription-PCR—Total RNA
was isolated by using a Versagene kit (Gentra Inc.) and quantified by UV absorbance. Oligo(dT)17 with adaptor sequence
5⬘-GAC TCG AGT CGA CAT CGA T-3⬘ was used to prime the
reverse transcription reaction as described (42), and the resulting cDNA was PCR-amplified using the adaptor and one ND2
gene-specific primer (sequence 5⬘-GGC CCA ACC CGT CAT
CTA CTC T-3⬘). PCR products were visualized by 2% agarose
gel or 6% polyacrylamide gel depending on the size of the DNA
fragments.

RESULTS
Recent studies have reported that HeLa cells lacking 75– 80%
of their SUV3 protein undergo apoptosis when transient transfection is used with its corresponding siRNA (27). However, the
cellular and mitochondrial phenotypes associated with SUV3
deficiency and the underlying mechanisms therein have not
been systematically examined in this transient knockdown system. SUV3 knock-out in mice leads to early embryonic lethality, making the availability of SUV3-null cells a formidable challenge.4 Therefore, to examine the cellular function of SUV3 in
mammalian cells, an inducible shRNA system specifically targeting SUV3 was generated in an osteosarcoma cell line
(U2OS). LK6 denotes one of several such clones generated in
this matter, which was able to markedly reduce the expression
4
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FIGURE 1. Depletion of SUV3 by RNAi in human cells. A, Western blot probing SUV3 expression in parental U2OS and LK6 cells treated with 5 g/ml
doxycycline over a time course of 8 days (top) compared with p48 (an Rbinteracting partner) as a loading control. B, immunostaining of SUV3 in LK6
cells induced with 5 g/ml doxycycline at day 8. DAPI staining in merged
images (bottom panels) shows the DNA/nucleus.

of SUV3 by day 6 and nearly completely knock down expression
by day 8 (⬎90% reduction) upon the addition of 5 g/ml doxycycline, as shown by Western blotting and further validated by
immunostaining (Fig. 1).
RNA degradation plays a key role in RNA metabolism by
preventing the overabundance of RNA maturation by-products
and aberrant transcripts, an essential process in gene regulation. SUV3 has an RNA helicase activity, and thus the major
consequence upon SUV3 depletion is most likely a defect in
mtRNA transactions. In yeast, Suv3 deficiency inhibits mitochondrial translation. If SUV3 engages in a mitochondrial
degradosome-like activity, it is plausible that its depletion
would lead to the accumulation of truncated RNAs that might
adversely affect translation. To test this possibility, we determined the levels of polyadenylated mtRNA transcripts by
reverse transcription-PCR, because mtRNAs in humans are
known to be polyadenylated either at the 3⬘-tail or internally
(43). Interestingly, we found an accumulation of polyadenylated, truncated RNA species with a concomitant diminution in
the level of full-length transcript of ND2, as an example (Fig.
2A), suggesting defective clearance of the transiently and internally polyadenylated mtRNA species, which is consistent with
the role of hSUV3 in RNA degradation.
Because mtRNA transcription and translation have been
shown to be coupled physically (43), the accumulation of truncated mtRNA transcripts may serve to suppress translational
levels and consequently lead to a reduction in levels of mitochondrially encoded protein. To test this idea, we performed an
in vitro S35 labeling assay in SUV3-depleted LK6 cells. Notably,
ND1 is the first polypeptide on the polycistron to be translated
by the mitoribosome (44) in which the transcript level is
unchanged upon transient inhibition of mitochondrial translation in normal cells (44, 45). Using ND1 as an internal control,
OCTOBER 3, 2008 • VOLUME 283 • NUMBER 40

FIGURE 2. SUV3 knockdown leads to an accumulation of shortened polyadenylated mtRNA species and defective mitochondrial protein synthesis. A, oligo(dT)-primed reverse transcription-PCR results of mitochondrial
ND2 mRNA. *, depicts the accumulation of polyadenylated and truncated
RNA transcripts within 100 to 500 bases upon SUV3 knockdown. Lower panel
(control PCR), shows the unchanged levels of 18 S rRNA or actin mRNA.
B, defective mitochondrial protein translation in SUV3 shRNA-induced LK6
cells after 8 days of treatment with doxycycline in comparison with mocktreated control or the negative control with chloramphenicol treatment
abrogating total protein synthesis. When the translation level of ND1 was
normalized by citrate synthase activity (in lanes 2 and 3), all other mitochondrial proteins including ND4, cytB, and others were reduced in translational
level. Boxed proteins indicate the quantified altered ratio of ND1/ND2 from
1:3 in controls to 2:1 in SUV3 knockdown cells as an example.

we compared doxycycline-treated LK6 cells with mock-treated
controls. By normalizing the number of mitochondria, using
citrate synthase activity as a marker (data not shown), the ND1
levels of doxycycline-treated LK6 cells become comparable
with the level of ND1 in mock treated cells. Based on this comparison, the remaining mitochondrial encoded proteins in
doxycycline-treated LK6 cells were reduced by at least 2–3 fold
(Fig. 2B), suggesting a defect in mitochondrial protein synthesis. Collectively, these results imply that inefficient protein
translation associated with accumulation of shortened
mtRNAs may directly lead to reduction of mitochondrially
encoded proteins.
Using this inducible knockdown system, by straight Western
analysis we found a consistent decrease in the expression of
mitochondrial-encoded components of complex I (20-kDa
subunit) and complex IV (COX II), in addition to nuclear-encoded complex III (core-2 protein) in SUV3-depleted LK6 cells,
but not in parental U2OS cells treated with doxycycline (Fig.
3A). The observed defect in complex III expands the dysfunction to an entire metabolon comprising complexes I, III, and IV.
It has been reported that complexes I, III, and IV form a supercomplex that participates in NADH oxidation by direct substrate channeling in vivo (40 – 43).
To extend our observation of decline in OXPHOS expression, we examined the electron transport chain by measuring
complex activity, specifically COX activity, a major regulatory
component for OXPHOS and the final step in electron transport. Mitochondria isolated from induced LK6 cells were examined for defects in complex IV activity, which was normalized
against citrate synthase activity (COX/citrate synthase ratio).
The COX/citrate synthase ratio revealed a decline in activity by
JOURNAL OF BIOLOGICAL CHEMISTRY
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proper mitochondrial morphology
is critical for its function. The basic
morphology of mitochondria in
cells is a dynamic tubulovesicular
reticulum. The mitochondrial reticular network forms in the perinuclear region and extends outward
toward the periphery of the cell. The
balance of fission and fusion determines mitochondrial morphology
(49). One of the consequences of
active cycling of mitochondrial
fusion and fission may be to permit
an individual nucleoid to have
access to a larger pool of diffusible
proteins required for replication or
transcription than would be possible if the nucleoid were trapped in a
single mitochondrion (28, 30). A
high rate of mitochondrial fusion
appears to be essential for the mainFIGURE 3. Impaired OXPHOS can be restored by the expression of RNAi-resistant SUV3. A, immunoblot
showing a decrease in the expression of complex I, III, and IV proteins using 30 g of whole cell lysate from LK6 tenance of mtDNA in nucleoids
cells treated with 5 g/ml doxycycline (⫹dox) but not in parental or mock-treated cells. B, measurement of (29). Bogenhagen et al. (28) recently
complex IV activity (left bar graph) and citrate synthase activity (middle) and their relative ratio (right) in SUV3
shRNA-induced LK6 cells. C, immunoblot of SUV3 from U2OS cells targeted by SUV3 siRNA. D, immunoblot reported that SUV3 is associated
showing a decrease in the expression of complex I, III, and IV proteins in SUV3 siRNA-treated U2OS cells after 2 with the formation of mtDNA
and 5 days of transfection. E, immunoblot showing the level of SUV3 in control LK6 or in LK6R expressing the nucleoid complexes in the mitoshRNA-resistant SUV3 version by retroviral infection. Both cells were induced (⫹) or uninduced (⫺) with doxycycline (5 g/ml for 8 days). F, immunoblot showing only a partial diminution in the expression of complex I, III, chondria. Therefore, we deterand IV proteins in LK6R cells treated similarly to those described in E, with doxycycline compared with control. mined the effect of SUV3 depletion
u, untreated; Luc, luciferase siRNA.
on the morphology of the mitochondria. In control cells, SUV3 was
4-fold, with a concomitant 45% increase in the number of mito- shown to colocalize with tubulovesicular mitochondria. On the
chondria/cell as determined by citrate synthase activity (Fig. contrary, the tubular, elongated, mitochondrial organization
3B). Consistently, by immunostaining with MitoTracker Green shifted to a punctuated, granular shape concomitant with the
FM, the number of mitochondria/cell also increased in doxycy- loss of SUV3 (Fig. 4). This result suggests the presence of SUV3
cline-induced LK6 cells as measured by flow cytometry (data is essential for maintaining the tubulovesicular morphology of
not shown). This suggests that depleting SUV3 induces down- healthy mitochondria.
An alteration in the mitochondrial reticulum of induced LK6
stream retrograde signals from the mitochondria to the
nucleus, which in turn up-regulates mitochondria proliferation cells is highly reminiscent of cells depleted of their mitochondrial DNA (0), which show a characteristic lack of mitochonto compensate for stress-induced conditions (46 – 48).
To exclude the possibility of an RNAi off-target effect, a drially encoded protein subunits resulting in a disruption of
siRNA that targets a different SUV3 region from the shRNA respiratory function and prompting cellular energy production
was used (Fig. 3C). Consistent with the observed defect in com- by glycolysis (50). Considering the localization of SUV3 (Fig.
plexes I, III, and IV, SUV3 siRNA-treated cells also exhibited 4B), we examined the effect of SUV3 knockdown on mtDNA
the same decrease in expression, whereas luciferase control copy number and noted a decline of ⬃3.5 fold as compared with
siRNA-treated cells did not (Fig. 3D). To further confirm that nuclear DNA (Fig. 4D). Taken together, the abnormality in
the mitochondrial phenotype observed was specific to SUV3, mitochondrial morphology and the decline in mtDNA copy
we designed and generated a RNAi-resistant SUV3 version with number support the finding that SUV3 may impart a role in
wild type coding capacity in a retroviral system, which was used mtDNA nucleoid maintenance consistent with the findings of
to infect LK6 cells to generate a stable clone (LK6R). Upon the Bogenhagen et al. (28).
addition of doxycycline, LK6R cells maintained the level of
The observed defects in RNA degradation and translation, as
SUV3, whereas LK6 cells did not (Fig. 3E). The expression levels well as mitochondrial morphology and OXPHOS, prompted us
of I, III, and IV supercomplexes to near control amounts sug- to examine the mitochondrial physiology in LK6 cells upon
gests that the expression of RNAi-resistant SUV3 can restore depletion of SUV3. Given the dominant subcellular localization
the mitochondrial phenotype of LK6 cells upon doxycycline of SUV3 to the mitochondria and the fact that mtDNA damage
treatment (Fig. 3F). Collectively, these data indicate that the is closely interrelated with mitochondrial ROS production, we
defects observed are due to specific SUV3 ablation.
assessed the cellular levels of mitochondrial superoxide by
Destabilization of OXPHOS upon SUV3 depletion is bound measuring mitoSOX Red fluorescence and found a 4-fold
to compromise the integrity of the mitochondria. Maintaining increase in the rate of ROS production (Fig. 5A). ROS produc-
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comparison with controls (Fig.
5C). Together, these results maintain a role for SUV3 in mitochondrial physiology, likely because of
its apparent role in RNA turnover,
which is critical to cell viability.
To assess the overall cellular
effect of SUV3 ablation on cell viability, we closely examined the
growth rate of both parental and
LK6 cells treated with doxycycline
over a time course of 8 days. Even
though there was no apparent
change in doubling time in doxycycline-treated parental U2OS cells, a
striking growth retardation was
observed in doxycycline-induced
LK6 cells, as shown in Fig. 6A, which
correlated with depletion of SUV3
(Fig. 1). This suggests that the
slowed proliferation observed in
LK6 cells is an inherent characteristic of SUV3 deficiency, independently of doxycycline treatment. To
explore the nature of the slowed
proliferation due to SUV3 depletion, we examined the cell cycle profile of doxycycline-induced LK6
cells. The data indicate that the
sub-G1 population exhibited an
increase from 2% in control to 17%
upon SUV3 depletion, suggesting
increased cell death. In the meantime, there was a gradual decline in
the G1 population, from 50 to 15%,
and an increase in the multinucleated population, from 3 to 18% (Fig.
6B). Accordingly, an increase in the
multinucleated population with a
FIGURE 4. Mitochondrial morphology is altered in SUV3 knockdown cells. A, fragmentation of the concomitant increase in G /M
2
filamentous mitochondrial network upon SUV3 knockdown. CMXRos MitoTracker Red-stained parental
control, LK6, and doxycycline-induced LK6 cells at day 8 showed a change in mitochondrial morphology strongly suggests that the slowed
from tubular and elongated to granular and punctate-shaped structures. Nuclei were stained with DAPI. B, proliferation in SUV3-depleted cells
immunofluorescence staining of CMXRos and SUV3 on parental, LK6, and doxycycline-induced LK6 cells may be in part attributed to a defect
(day 8). Nuclei were stained with DAPI. C, quantification of mitochondrial morphology changes in parental, uninduced LK6 and doxycycline-induced LK6 cells for 4, 6, or 8 days. D, decline in mtDNA copy number, in cytokinesis. Moreover, upon
quantified by the mean ratio of mtND2/18 S, is shown for LK6 cells induced for 2, 4, 6, and 10 days (5 g/ml SUV3 depletion, the remaining
doxycycline). Scale bars, 10 m.
induced LK6 cells appeared to be
enlarged and flattened, a sign of cell
tion is intimately linked to the electrochemical gradient gen- cycle exit or cellular senescence.
To test whether these cells underwent senescence, several
erated by the OXPHOS complexes in mitochondria. Thus,
we tested LK6 and induced LK6 cells with JC-1 dye to meas- prominent cellular senescence markers, such as senescenceure the mitochondrial electrochemical membrane potential associated ␤-galactosidase activity and senescence-activated
by fluorescence-activated cell sorter analysis and found up to heterochromatin-positive foci formation, were examined.
an 8-fold decrease in the mitochondrial electrochemical Nearly 35% of the cells were positive for senescence-associated
membrane potential in induced LK6 cells (Fig. 5B). Because ␤-galactosidase activity upon SUV3 knockdown, whereas the
mitochondria are cellular powerhouses, used to drive energy control LK6 cells remained negative (Fig. 6C). As determined
production, we reasoned that induced LK6 cells with dys- by indirect immunostaining, 70 – 80% of the nuclei of the doxyfunctional mitochondria would have an abrogated produc- cycline-induced LK6 cells showed positive foci formation for
tion of ATP, which we calculated to decline by ⬃50% in ␥-H2AX and HP1-␥ antibodies (Fig. 6D). Taken together, these
OCTOBER 3, 2008 • VOLUME 283 • NUMBER 40
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results suggest that depletion of
SUV3 leads to multinucleation, cellular senescence, and cell death.

FIGURE 5. SUV3 knockdown alters mitochondrial physiology. A, measurement of superoxide formation by
mitoSOX Red staining upon SUV3 knockdown in control (Ctrl) and SUV3-ablated LK6 cells (SUV3 induced for 2,
4, 6, 8 days). B, detection of mitochondria membrane potential by JC-1 staining in the induced LK6 cells (2, 4, or
6 days with doxycycline (dox)). C, histogram to show the ATP levels measured in parental, LK6, SUV3-depleted
LK6, and 143B-0 cells.

FIGURE 6. SUV3 knockdown leads to cell senescence and cell death. A, parental U2OS and LK6 cells were treated
with 5 g/ml doxycycline over a time course of 8 days. Viable cells were counted via trypan blue exclusion, and the
numbers were plotted in the graph. B, fluorescence-activated cell sorter analysis to show the cell cycle profile of LK6
cells induced with 5 g/ml doxycycline over a time course of 8 days. Single arrows denotes 2N, and double arrows
denotes 4N. C, senescence-associated ␤-galactosidase (SA ␤-gal) activity of LK6 cells treated with 5 g/ml doxycycline for 8 days (left panels); the percentage of positive cells was quantified and is shown in the histogram on the right.
D, detection of senescence-associated heterochromatin foci in uninduced or SUV3 shRNA-induced LK6 cells (5
g/ml doxycycline for 8 days). ␥-H2AX, ATM, and HP1-␥ were stained together with DAPI (nucleus). Bar graphs
(bottom), quantification of the number of cells with positively stained foci.
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DISCUSSION
In this study, we characterized
human SUV3 function in mammalian mitochondria using both transcription-mediated shRNA and
siRNA systems (Fig. 1). As summarized in Fig. 7, depletion of SUV3
leads to the accumulation of shortened mtRNA species, which is likely
due to impaired mtRNA degradation. It is plausible that these truncated internally polyadenylated
RNA species serve to impair mitochondrial protein synthesis, giving
rise to defective OXPHOS complexes containing mitochondriallyencoded components. As a result,
the function of OXPHOS is crippled, triggering a cascade of dysfunction in membrane potential,
ATP production, and ROS generation, yielding disrupted mitochondria tubular network and ultimately
the cessation of cell growth. Eventually, the cells undergo either cell
death or senescence (Figs. 2– 6).
The aforementioned accumulation of shortened mitochondrial
RNA is similar to observations
made in yeast Suv3-null cells, in
which omega RNA and truncated
mtRNA cannot be degraded (20).
Disruption of the yeast mtEXO
component, Dss1, has also been
shown to lead to an accumulation of
truncated mitochondrial omega
RNA species (20). However, the
alleged mammalian mitochondria
degradosome does not contain
Dss1, but perhaps it contains
PNPase, the conserved component
from the bacterial degradosome. It
was reported that depletion of
PNPase generates a plethora of
defects such as impaired mitochondrial electrochemical membrane
potential and ATP generation,
decreased respiratory chain activity,
and slowed cell proliferation (23).
These defects bear a great resemblance to the phenotype we
observed in SUV3-depleted cells.
However, the detection of an accumulation of truncated mitochon-
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FIGURE 7. Summary diagram. This is a depiction of how SUV3 deficiency may
give rise to the pleiotropic phenotypes at the cellular and molecular level.

drial RNA species was not reported. If PNPase is indeed a
component of the mammalian mitochondria degradosome,
the accumulation of the shortened polyadenylated RNA is
very likely to be present in PNPase-depleted cells.
Human mtRNAs of both the heavy and light strands are
internally polyadenylated, which strongly suggests that a prokaryotic polyadenylation-dependent degradation mechanism exists in human mitochondria (42). Given this notion,
the key observation that an inhibition in mitochondrial
translation occurs in SUV3-deficient human cells (Fig. 2B)
may result in part from the accumulation of truncated polyadenylated mitochondrial transcripts (Fig. 2A). It is possible
that the excessive shortened poly(A) mtRNAs may compete
for and lodge ribosome binding sites, thus lowering the pool
of available ribosomes for proper translation. Alternatively,
the shortened RNAs may function in an antisense manner to
block mtRNA translation of the complementary strand. The
failure to eliminate these truncated mtRNA polyadenylated
transcripts in SUV3-depleted cells strongly implicates a role
for SUV3 as an evolutionarily conserved degradosome component in human mitochondria.
As a result of defective mitochondrial translation, SUV3
depletion led to the collapse in mitochondrial structure and
function. Accordingly, the expression and activity of mitochondrially-encoded OXPHOS complexes were markedly
defective upon SUV3 depletion (Fig. 3). The protein subunits
of complex I and IV, encoded by the mitochondrial genome,
declined. However, ATP-synthase (F0 subunit) and complex
OCTOBER 3, 2008 • VOLUME 283 • NUMBER 40

II (30-kDa unit), which are encoded by the nuclear genome,
were expressed at normal levels. Surprisingly, the core-2
protein subunit of complex III, which is also nuclear
encoded, declined. Because complexes I, III, and IV are associated functionally and physically in the inner membrane as
part of a supercomplex, or respirasome (51–54), it is possible
that SUV3 depletion dynamically destabilizes this supercomplex as a whole. Whether other mitochondrial protein
complexes are also affected by SUV3 depletion remains to be
tested systematically.
The breakdown in OXPHOS, at the physiological level, led to
an increase in ROS production and a decline in membrane
potential and energy (ATP) production (Figs. 3 and 5). Mitochondrial ROS production left unquenched leads to a plethora
of damaging processes; perhaps one of the most damaging is to
its own naked mtDNA nucleoids, thus amplifying mitochondrial defects (55, 56). Within a certain level, ROS may induce
stress responses by altering the expression of specific nuclear
genes to uphold the energy metabolism to rescue the cell. Once
beyond the threshold, ROS may cause oxidative damage to
mtDNA and other components of the affected cell and eventually elicit apoptosis.
The morphology of mitochondria in SUV3-depleted cells
shift from the interconnected tubulovesicular reticulum to a
mainly granular morphology that appears circular, donutshaped, and swollen (Fig. 4). These changes in mitochondrial
morphology strikingly resemble (0) cells (57). Consistently in
SUV3-depleted cells a decline in mtDNA copy number was
detected (Fig. 5). During fission and fusion, damaged DNA is
equally likely to be redistributed in newly biosynthesized mitochondria; a decline in mtDNA copy number suggests that this
distribution is abrogated, evident in the predominantly granular shape of mitochondria in SUV3-depleted cells. At least two
possibilities can explain SUV3-depleted cells devoid of
mtDNA: an increase in ROS production from a faulty respiratory chain that severely damages mtDNA leads to errors and
consequently may block mitochondrial DNA replication; alternatively, SUV3 may exert a role in mtDNA replication,
although no data at the present time support this possibility.
Interestingly, SUV3 together with a group of proteins was
found to associate with mtDNA nucleoids (28). The association
of mtDNA nucleoids may be important for maintaining
mtDNA copy number and morphology. For example, inactivation of the first identified mitochondrial nucleoid-associated
protein, mitochondrial transcription factor A (TFAM),
reduced mtDNA copy number and altered mitochondrial morphology (58 – 60).
One effect of cells devoid of mtDNA is slowed proliferation (61). At the cellular level, using our inducible knockdown system, we monitored the gradual reduction of SUV3
expression (with a robust knockdown efficiency of ⬎90%)
and observed multinucleation and senescence (Fig. 6).
Multinucleation is the result of defects in cytokinesis, as the
energetics of ATP as well as specialized proteins are required
to facilitate this process. It is plausible that damaged mitochondria, devoid of mtDNA with a defective respiratory
chain, generate low levels of ATP in SUV3-depleted cells and
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account for the apparent increase in multinucleation and,
consequently, reduced growth rate.
Growth retardation was also associated with severe changes
in cell morphology, such as cell flattening, increased granularity, and positive ␤-galactosidase staining (Fig. 6), hallmarks of
an activated senescence program (62). We detected senescence-activated heterochromatin-positive foci formation and
also found that cells depleted of SUV3 exhibited an up-regulation of p53 (data not shown). p53 up-regulation mediates activation of p21, which has been shown to be the major regulator
of the cellular senescence program (25, 63– 65). Thus, a link
between a mitochondrial RNA helicase and cellular senescence
can be established. Indeed our animal studies faithfully reflect
this link bridging mitochondrial homeostasis with aging and
cancer.5
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