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Exploration of CCA-added RNAs revealed the expression of mitochondrial
non-coding RNAs regulated by CCA-adding enzyme
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ABSTRACT
Post-transcriptional non-template additions of nucleotides to 3′-ends of RNAs play important roles in the
stability and function of RNA molecules. Although tRNA nucleotidyltransferase (CCA-adding enzyme) is
known to add CCA trinucleotides to 3′-ends of tRNAs, whether other RNA species can be endogenous
substrates of CCA-adding enzyme has not been widely explored yet. Herein, we used YAMAT-seq to
identify non-tRNA substrates of CCA-adding enzyme. YAMAT-seq captures RNA species that form
secondary structures with 4-nt protruding 3′-ends of the sequence 5′-NCCA-3′, which is the hallmark
structure of RNAs that are generated by CCA-adding enzyme. By executing YAMAT-seq for human breast
cancer cells and mining the sequence data, we identified novel candidate substrates of CCA-adding
enzyme. These included fourteen ‘CCA-RNAs’ that only contain CCA as non-genomic sequences, and
eleven ‘NCCA-RNAs’ that contain CCA and other nucleotides as non-genomic sequences. All newly-
identified (N)CCA-RNAs were derived from the mitochondrial genome and were localized in mitochon-
dria. Knockdown of CCA-adding enzyme severely reduced the expression levels of (N)CCA-RNAs,
suggesting that the CCA-adding enzyme-catalyzed CCA additions stabilize the expression of (N)CCA-
RNAs. Furthermore, expression levels of (N)CCA-RNAs were severely reduced by various cellular treat-
ments, including UV irradiation, amino acid starvation, inhibition of mitochondrial respiratory complexes,
and inhibition of the cell cycle. These results revealed a novel CCA-mediated regulatory pathway for the
expression of mitochondrial non-coding RNAs.

ARTICLE HISTORY
Received 14 May 2019
Revised 28 August 2019
Accepted 30 August 2019

KEYWORDS
tRNA; CCA-adding enzyme;
TRNT1; YAMAT-seq;
Mitochondria

Introduction

After transcription, newly-synthesized primary RNAs
undergo various maturation steps prior to becoming func-
tional molecules. Post-transcriptional non-template additions
of nucleotides to 3′-ends of RNAs represent a major matura-
tion step that regulates the stability and function of RNA
molecules. For example, co-transcriptional addition of poly-
(A) tails to mRNAs by poly(A) polymerases regulate the
stability of mRNAs and facilitates their translation, and this
is a nearly universal phenomena among eukaryotic cells [1,2].
Uridylation of precursor molecules is an essential maturation
step for U6 small nuclear RNA (snRNA) [3,4], and uridylation
or adenylation of microRNAs (miRNAs) and their precursors
regulates their stability [5–7]. Analysis of non-template
nucleotide additions of RNAs are therefore necessary to the
understanding biology of RNA molecules. Yet, whereas RNA
sequencing (RNA-seq) has become a ubiquitous tool in bio-
medical research, RNAs containing such additional 3′-
terminal sequences are expected to be infrequently recognized
and characterized in RNA-seq data, because the presence of
non-genomic sequences reduces their chances of being
mapped on the genome. Considering the relative obscurity
of these RNAs, cells may express many yet-unidentified RNA
molecules with post-transcriptionally-added non-genomic
sequences on their 3′-ends.

Transfer RNAs (tRNAs) are universally expressed non-
coding RNAs (ncRNAs) that play central roles in translation
machinery by converting information of mRNA codons into
amino acids. In their clover-leaf secondary structures, tRNAs
invariably bear 4-nucleotide (nt) protruding 3′-terminal
sequences comprising 5′-CCA-3′ trinucleotides and
a preceding discriminator nucleotide. In most organisms,
the 3′-CCA end is not genetically encoded and is post-
transcriptionally added by tRNA nucleotidyltransferase
(CCA-adding enzyme) [8,9]. This enzyme not only synthe-
sizes de novo CCA ends of tRNAs but also is involved in the
maintenance and quality control of tRNAs [10]. CCA-adding
enzyme adds CCA sequences to 1-nt protruding 3′-ends of
stem-structured RNAs, which forms protruding 5′-NCCA-3′
sequences [11,12]. In addition to tRNAs, other ncRNAs can
be substrates of CCA-adding enzyme. For example, in
humans, MALAT1-associated small cytoplasmic RNA
(mascRNA), which is a tRNA-like cytoplasmic RNA gener-
ated from the locus of MALAT1 ncRNA, contains post-
transcriptionally-added CCA sequences [13] that are gener-
ated by CCA-adding enzyme [14]. Non-tRNA molecules
with 3′-terminal non-genomic CCA sequences have also
been found in plant mitochondria [15] and plastids [16]. In
vitro experiments further suggest that non-tRNA sequences
can be substrates of CCA-adding enzymes [17–19].
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However, endogenous non-tRNA substrates of CCA-adding
enzyme have not yet been widely explored.

We previously developed a Y-shaped Adapter-ligated
MAture TRNA sequencing (YAMAT-seq) that efficiently
and conveniently allows high-throughput sequencing of
tRNAs [20]. In YAMAT-seq, a Y-shaped adapter is specifi-
cally ligated to 5′-ends and to the 4-nt protruding 3′-ends of
tRNAs by T4 RNA Ligase 2 (Rnl2), and the ligation products
are amplified and sequenced. Theoretically, the Y-shaped
adapter should be ligated not only to tRNAs but also to any
RNA species with a secondary structure that includes a 4-nt
protruding 3′-end of the sequence 5′-NCCA-3′. Because such
protruding 3′-ends are the hallmark structure of RNAs that
are generated by CCA-adding enzyme, we reasoned that
YAMAT-seq can be used to identify endogenous non-tRNA
substrates of CCA-adding enzyme. Herein, we report our
execution of YAMAT-seq for human breast cancer cells and
subsequent mining of sequence data, leading to identification
of novel mitochondrial 3′-CCA-containing ncRNAs that are
regulated by CCA-adding enzyme and are responsive to var-
ious cellular treatments.

Results and discussion

Sequences identified by YAMAT-seq contain non-tRNA
species bearing non-genomic 3′-terminal CCA sequences

YAMAT-seq was designed to selectively capture RNAs with
secondary structures that bear protruding 3′-ends of the
sequence 5′-NCCA-3′, and it’s specificity, quantitative ability,
and broad applicability have been demonstrated previously
[20]. To investigate endogenous, non-tRNA substrates of
CCA-adding enzyme, we applied YAMAT-seq to total RNA
isolated from MCF-7 breast cancer cells. As observed pre-
viously [20], the method specifically amplified abundant
cDNA bands of 170–230 base pairs (bp) (Fig. 1A). Illumina
next-generation sequencing of these bands yielded approxi-
mately 28 million raw reads, and, as expected, a high percen-
tage (~80%) of these were mapped to tRNA sequences.
Because maximum read lengths of sequencing were 100 nt
and the YAMAT-seq reads contain 13-nt 5′-Y-adapter
sequences, the maximum read lengths of the extracted RNAs
was 87 nt. We focused our attention on reads that were
derived from non-tRNA regions of the genome. To extract
potential substrates of CCA-adding enzyme, non-tRNA reads
were filtered by 1) the presence of non-genomic 3′-terminal
CCA sequences and 2) the formation of secondary structures
with 4-nt protruding 3′-ends of the sequence 5′-NCCA-3′
(Fig. 1B).

The obtained reads were then divided into 1) CCA-RNAs
that only contain CCA as non-genomic sequences and 2)
NCCA-RNAs that contain CCA and other nucleotides (mostly
A) as non-genomic sequences (Fig. 1C, D and S1A-B).
A previously-reported mascRNA [13] was the most abundantly-
detected CCA-RNA, but all other 14 CCA-RNAs and 11 NCCA-
RNAs were identified as novel candidate endogenous ncRNA
substrates of CCA-adding enzyme (Table S1). The majority of
the identified (N)CCA-RNAs (ccaR-1–11, ccaR-13, ccaR-14,
nccaR-1–8, and nccaR-10) were also observed in previously-

reported YAMAT-seq data from MCF-7 cells [20], confirming
the reproducibility of the expression of (N)CCA-RNAs. Because
many RNA post-transcriptional modifications impair reverse
transcription [21] and thereby prevent identification of heavily-
modified RNAs in sequencing data, there is a possibility that
some endogenous (N)CCA-RNAs remain uncaptured by our
YAMAT-seq approach and subsequent strict filtering based on
the prediction of secondary structures.

Many tRNAs carry A at the discriminator position [22],
and accordingly, in vitro experiments showed that human
CCA-adding enzyme has a preference for substrates with
A at that position [19]. This preference was also observed
among the newly-identified CCA-RNAs, of which half carry
A adjacent to CCA sequences, and 43% carry U in this posi-
tion. Among NCCA-RNAs, consecutive As are the most
commonly observed in non-genomic sequences that could
be generated by successive actions of poly(A) polymerase
and CCA-adding enzyme, as shown in Fig. S2. More than
half of the NCCA-RNAs have variations in their 5′-ends and/
or in their 3′-terminal non-genomic sequences (Table S1),
suggesting that, during biogenesis of NCCA-RNAs, interplay
between poly(A) polymerase, CCA-adding enzyme, and
nucleases that cleave precursor molecules, is not uniformly
regulated.

CCA-RNAs are derived from the mitochondrial genome
and are localized in mitochondria

All of the newly-identified CCA-RNAs and NCCA-RNAs are
derived from the mitochondrial genome (Fig. 2). Regions encod-
ing rRNAs are the most-frequently involved in generating (N)
CCA-RNAs, and 10 CCA-RNAs and 4 NCCA-RNAs are derived
from 16S or 12S rRNAs. This may reflect the abundant expres-
sion of 16S and 12S rRNAs in mitochondria. The two (N)CCA-
RNAs ccaR-6 and nccaR-9 are derived from mRNAs for CO II
and CO I, respectively, and the remaining 3 CCA-RNAs and 6
CCA-RNAs are generated from non-coding regions of the mito-
chondrial genome. Regarding the top 5 abundant (N)CCA-
RNAs, ccaR-1 and ccaR-3 are derived from 12S and 16S rRNA,
respectively; ccaR-2 is derived from an anti-sense strand of ND4
mRNA; and nccaR-1 and nccaR-2 originate from the non-
coding regions close to the light strand promoter (LSP) of
mitochondria. The generation of (N)CCA-RNAs might influ-
ence the expression of their substrate RNAs or of the RNAs anti-
sense to them. The generation of NCCA-RNAs from the regions
close to the LSP might affect mitochondrial transcription. It
remains unclear why (N)CCA-RNAs are exclusively identified
in the mitochondrial genome but not in the nuclear genome.
Given that cytoplasmic tRNAs are much more abundant than
mitochondrial tRNAs, the relative abundance of non-tRNA
substrates of CCA-adding enzyme may be higher in mitochon-
dria than in the cytoplasm.

To confirm expression in cells, three (N)CCA-RNAs were
selected for northern blot using total RNAs from cultured
human cell lines. To confirm that the signals are specifically
derived from targeted RNAs, two different probes were
designed for each RNA (Fig. S3). Both probes detected
ccaR-2 and nccaR-2 as clear bands (Fig. 3). Although ccaR-2
was expressed in all five examined cell lines, nccaR-2 was
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detected only in 293T, MCF-7, and LNCaP cells, and not in
HeLa or MCF10A cells, suggesting that (N)CCA-RNA expres-
sions are not always ubiquitous and can differ between (N)
CCA-RNA species and/or cell lines. The most clearly-

observed nccaR-1 band corresponded with a precursor RNA
that lacks non-genomic nucleotide additions (the starting
RNA species depicted in Fig. S2), and smeared bands in the
upper region were likely nccaR-1. These smeared bands may

Figure 1. YAMAT-seq identified non-tRNA species containing non-genomic 3′-terminal CCA sequences.
(A) YAMAT-seq amplified cDNAs from MCF-7 cells were electrophoresed in 8% native polyacrylamide gel. The region designated with a line was subjected to gel-
purification and Illumina sequencing.(B) Bioinformatics procedures to extract sequences of CCA-RNAs and NCCA-RNAs.(C, D) Sequences and secondary structures of
the top 5 CCA-RNAs (C) and NCCA-RNAs (D).
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indicate the co-existence of many nccaR-1 variants, as
observed in sequencing data (Table S1).

To determine the localizations of (N)CCA-RNAs, cytoplas-
mic and mitochondrial fractions from HeLa cells were analyzed

using northern blot. Whereas cytoplasmic and mitochondrial
tRNAs were detected in respective fractions, both of the exam-
ined (N)CCA-RNAs were observed in the mitochondrial frac-
tion (Fig. 4), indicating that (N)CCA-RNAs are produced from
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Figure 2. Mitochondrial genome regions that generate CCA-RNAs.

29
3T

H
eL

a
M

C
F-

7
M

C
F1

0A
LN

C
aP

M

50
40

30

20

60
80

100

29
3T

H
eL

a
M

C
F-

7
LN

C
aP

(nt)

Probe #1
ccaR-2

*

5S rRNA

Cyto-tRNA
-LysCUU

Probe #2

29
3T

H
eL

a
M

C
F-

7
M

C
F1

0A
LN

C
aP

M

50

40

30

20

60

80
100

29
3T

H
eL

a
M

C
F-

7
LN

C
aP

(nt)

nccaR-2
Probe #1 Probe #2

5S rRNA

Cyto-tRNA
-LysCUU

50

40

30

20

60

80
100

29
3T

H
eL

a
M

C
F-

7
M

C
F1

0A
LN

C
aP

M 29
3T

H
eL

a
M

C
F-

7
LN

C
aP

M

50
40

30

20

60
80

100
(nt) (nt)

nccaR-1

** **

Probe #1 Probe #2

5S rRNA

Cyto-tRNA
-LysCUU

Figure 3. Experimental validation of the expression of CCA-RNAs.
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derived from a cytoplasmic RNA (Fig. 4) and was not regulated by CCA-adding enzyme (Fig. 5). In contrast, detection of nccaR-1 using both probes #1 and #2 identified potential
precursor molecules (indicated by double asterisks) that were present in mitochondria (Fig. 4). Given its size, the clearly observed nccaR-1 band (indicated by a line) may
correspond with RNAs that lack nucleotide additions, and nucleotide-added sequences are likely represented by the upper smeared bands.
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the mitochondrial genome and the generated RNAs remain
inside mitochondria. The mitochondrial expressions of (N)
CCA-RNAs suggest that mitochondrial enzymes are responsible
for their biogenesis. Only one CCA-adding enzyme gene
(TRNT-1) is encoded on the human genome [23,24]. As is the
case of yeast CCA-adding enzyme, TRNT1 mRNA is thought to
have two alternative translation starting site [24,25], and one of
the two generated proteins, containing N-terminal mitochon-
drial targeting signal, is imported into mitochondria and would
be involved in the biogenesis of (N)CCA-RNAs. Mitochondrial

poly(A) polymerase [26,27] would be additionally required for
the biogenesis of NCCA-RNAs.

CCA-adding enzyme stabilizes the expression of
CCA-RNAs

To elucidate the functional significance of CCA addition in
(N)CCA-RNAs, we performed RNAi knockdown of the
human CCA-adding enzyme (TRNT1) in HeLa cells, which
reduced the expression levels of TRNT1 mRNA to approxi-
mately 25% (Fig. 5A). (N)CCA-RNAs and other control
RNAs were then quantitated using northern blot. TRNT1
knockdown did not affect the expression of unrelated RNAs,
such as microRNA, snRNAs, and rRNA, but it reduced the
expression levels of cytoplasmic and mitochondrial tRNAs
(Fig. 5B, S4A). The reduced tRNA levels following TRNT1
depletion, as reported previously[28], confirmed that the
knockdown efficiency was sufficient to observe effects on
TRNT1 substrate RNAs. Under the conditions of TRNT1
knockdown, we observed a severe reduction in expression
levels of both examined (N)CCA-RNAs, suggesting that CCA-
adding enzyme stabilizes the expression of (N)CCA-RNAs by
adding 3′-terminal CCA sequences. Although addition of
short poly(A) sequences or two tandem CCA sequences
(CCACCA) has been shown to favor degradation of RNAs
[14,29,30], two CCA sequences flanking several A residues
stabilize nccaR-1, but the associated mechanism remains to
be characterized. In the case of tRNAs, CCA addition enables
aminoacylation and interaction with elongation factor, which
stabilizes tRNAs. (N)CCA-RNAs may also interact with part-
ner proteins for stabilization, and these interactions may
require CCA addition by CCA-adding enzyme.
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RNA BIOLOGY 1821



The expressions of (N)CCA-RNAs are responsive to
various cellular treatments

To investigate modes of regulation for (N)CCA-RNA expres-
sions, HeLa cells were subjected to UV irradiation, amino acid
starvation, inhibition of mitochondrial respiratory complexes,
or inhibition of the cell cycle. In expression analyses of (N)
CCA-RNAs, a control microRNA was unaffected by any of
the treatments, but the expressions of (N)CCA-RNAs were
severely reduced by all of the treatments (Fig. 6, S4B). Because
mitochondrial tRNA was not affected (Fig. 6, S4B), the
observed reductions would not result from decreased levels
or activities of CCA-adding enzyme. The reduction of (N)
CCA-RNAs upon inhibition of respiratory complexes may
simply be due to decreased levels of precursor RNAs, because
levels of potential precursors of nccaR-1 were also reduced, as

observed in the upper region of the blot. However, UV irra-
diation, amino acid starvation, and inhibition of the cell cycle
severely reduced the expression levels of nccaR-1 without
affecting precursor band intensities, suggesting that these
reductions are caused by molecular mechanisms that are
specific to (N)CCA-RNA molecules.

Conclusion

Using YAMAT-seq, we identified novel substrate ncRNAs of
CCA-adding enzyme. Other than previously-reported cyto-
plasmic mascRNA, all of the identified CCA-RNAs and the
NCCA-RNAs were derived from the mitochondrial genome
and their mitochondrial localizations were experimentally
confirmed. CCA addition by CCA-adding enzyme stabilizes
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HeLa cells were subjected to UV irradiation (UV), starvation cultured with EBSS, inhibition of mitochondrial respiratory complex I (rotenone) or IV (sodium azide), or
inhibition of cell cycle (thymidine block), and the expression of CCA-RNAs were analyzed using northern blots. Mitochondrial tRNAValUAC and miR-16 were analyzed as
control RNAs whose expressions were unaffected by the treatments. Band quantifications are shown in Fig. S4B. A single asterisk: a non-specific cytoplasmic band;
double asterisks: the bands of potential precursor RNAs of nccaR-1.

1822 K. PAWAR ET AL.



the expression of (N)CCA-RNAs, and the expressions of (N)
CCA-RNAs are responsive to various cellular treatments.
These results revealed a novel regulatory pathway for the
stabilization of mitochondrial ncRNAs.

Material and methods

Cell culture

Cells were cultured as described previously [20,31]. Briefly,
MCF-7 cells were cultured in MEM (Corning) containing 10%
FBS, 1 mM sodium pyruvate (Corning), 1 × nonessential
amino acids solution (Life Technologies), and 10 μg/ml insu-
lin (Sigma). MCF10A cells were cultured in DMEM F12
(Corning) containing 10% FBS, 10 μg/ml insulin (Sigma),
20 ng/ml epidermal growth factor (Pepro Tech), 1 mg/ml
hydrocortisone (Sigma), and 100 ng/ml cholera toxin
(Sigma). HeLa and 293T cells were cultured in DMEM
(Corning) containing 10% FBS. LNCaP cells were cultured
in improved MEM (Corning) containing 5% FBS.

YAMAT-seq

YAMAT-seq was performed as described previously[20].
Briefly, total RNA was extracted from MCF-7 cells using
TRIsure (Bioline) and then incubated at 37°C for 40 min in
20 mM Tris-HCl (pH 9.0) for deacylation, followed by ethanol
precipitation. Deacylated RNAs were mixed with Y-shaped
adapters, were incubated at 90°C for 2 min, and were then
subjected to annealing by incubating at 37°C for 15 min in an
annealing buffer composed of 5 mM Tris-HCl (pH 8.0),
0.5 mM EDTA, and 10 mM MgCl2. To ligate Y-shaped
adapters with their annealed RNAs, they were incubated
with T4 RNA Ligase 2 (New England Biolabs) at 37°C for
1 h, followed by overnight incubation at 4°C. We then ampli-
fied cDNAs as described previously[20]. Amplified cDNA
products were electrophoresed on 8% native polyacrylamide
gels, gel-purified, and sequenced (100 nt single-read) using an
Illumina HiSeq 2500 system by the Next-Generation
Sequencing Core at University of Pennsylvania.

Bioinformatics analyses

YAMAT-seq sequence reads from MCF-7 cells (raw read
numbers: 28,148,240) are publically available at NCBI’s
Sequence Read Archive via accession No. SRR9102952. We
performed quality trimming and adapter cutting using cuta-
dapt[32] to remove the 5′-adapter (ACTGGATACTGGN) and
the 3′-adapter (GTATCCAGTTGGAATTCTCGGGTGCC
AAGG), and used a similar previously described method[20]
to align reads to the tRNA-reference set. To be more con-
servative, we used a larger number of tRNAs and did not
disqualify tRNA-mapped reads that were better mapped to
genomic locations outside of the tRNA-reference set. Our
tRNA-reference set comprised 1,132 tRNA-reference genes
that included 613 nuclear-encoded cytoplasmic tRNAs (listed
in gtRNAdb[33]) from the GRCh37 assembly, 22 known
mitochondrial tRNAs from tRNAdb[34], and 497 tRNA loo-
kalikes[35]. As in previous studies, we also removed introns

and added 3′-terminal CCA sequences to the tRNA-reference
set. SHRiMP2[36] was used to map reads to this reference set,
allowing for non-unique mappings with a 10% mismatch rate
and equal penalties for each mismatch and gap extension.
Subsequently, we discarded all reads that were mapped to
this tRNA-reference set. We then sub-selected reads that
were 60–87 nt in length and were encoded on the genome.
The remaining reads were further filtered according to the
presence of 3′-terminal CCA sequences that are not encoded
on the genome. After discarding RNA sequences with single
reads only, the secondary structures of selected reads were
analyzed using mfold[37] and RNAs that formed stem struc-
tures with 4 nt-protruding 3′-ends were selected as potential
RNAs with CCA sequences that are added by CCA-adding
enzyme. These reads were subclassified into CCA-RNAs or
NCCA-RNAs which contained non-genomically-encoded
CCA of CCA plus other nucleotides, respectively, at their 3′-
ends (Table S1).

Northern blot

Northern blot was performed as described previously [31,38]
with 10 µg of total RNA per lane and the antisense probes
shown in Table S2. Typhoon 9400 (GE Healthcare) was used
to visualize and quantitate phosphor autoradiography.

Cell fractionation

Cytoplasmic and mitochondrial fractions were prepared from
HeLa cells as described previously[38]. Briefly, about 500 µl of
cell pellets were mixed with 5 ml of fractionation buffer
containing 0.25 M sucrose, 20 mM HEPES (pH 7.5), 3 mM
EDTA, and 1 mM PMSF (Sigma), and were homogenized on
ice using a daunce tissue grinder (Wheaton). Homogenates
were then made up to 10 ml and were centrifuged twice at
600 g for 15 min to pellet cell debris and nuclei. Supernatants
were further centrifuged at 15,000 g for 30 min, and the
resulting supernatants were collected as cytoplasmic fractions.
Residual pellets were resuspended in fractionation buffer and
were centrifuged again at 15,000 g for 15 min to yield mito-
chondrial fractions as pellets.

RNAi knockdown of TRNT1

RNAi knockdown was performed as described previously[31].
To knockdown human TRNT1, Stealth RNA interference
duplexes (Invitrogen) were used as described previously[28],
and ON-TARGETplus (#D-001810-02-05, Dharmacon) was
used as a control siRNA. Briefly, HeLa cells were transfected
with 50 nM of each siRNA using a reverse-transfection
method with RNAiMAX (Invitrogen). Two more transfec-
tions were repeated over 3 and 6 d after the first transfection,
and the cells were harvested at 3 d after the final transfection
(9 d after the first transfection). The efficiency of RNAi
knockdown was verified by quantifying TRNT1 mRNA
using real-time RT-qPCR with the primers shown in Table
S3. GAPDH mRNA was quantified as a control.
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Cellular treatments

HeLa cells were UV irradiated as described previously[39].
Briefly, PBS-washed cells were exposed to 40 J/m[2] of UV
using CL-1000 UV Crosslinker (Analytik Jena). Cells were then
incubated in fresh medium for 4 h. Starvation conditions were
produced as described previously [40,41]. Specifically, PBS-
washed HeLa cells were cultured in Earle’s balanced salt solution
(EBSS, Sigma) for 4 h. To inhibit mitochondrial electron trans-
port as described previously [42–45], HeLa cells were incubated
in medium containing either 50 µM rotenone (Complex
I inhibitor) or 10 µM sodium azide (Complex IV inhibitor) for
24 h. To induce cell cycle arrest, a double thymidine block was
performed as described previously[31]. HeLa cells were cultured
with 2.5 mM thymidine (Sigma) for 16 h, were washed in PBS,
and were then incubated in normal medium for 9 h. Finally, cells
were incubated again with 2.5 mM thymidine for 16 h [10].
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