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Summary
The specific molecular events that characterize the intrinsic apoptosis pathway have been the
subject of intense research due to its fundamental role in development, homeostasis, and cancer.
This pathway is defined by the release of cytochrome c from mitochondria into the cytosol, and
subsequent binding of cytochrome c to the caspase activator Apaf-1. Here we report that both
mitochondrial and cytosolic transfer RNA (tRNA) bind to cytochrome c. This binding prevents
cytochrome c interaction with Apaf-1, blocking Apaf-1 oligomerization and caspase activation.
tRNA hydrolysis in living cells and cell lysates enhances apoptosis and caspase activation, while
microinjection of tRNA into living cells blocks apoptosis. These findings suggest that tRNA, in
addition to its well-established role in gene expression, may determine cellular responsiveness to
apoptotic stimuli.

Introduction
Apoptosis is essential to development, homeostasis, and the prevention of viral infection and
cancer (Thompson, 1995; Vaux and Korsmeyer, 1999). This form of programmed cell death
is executed by caspases and characterized by sterotypic morphological and biochemical
changes (Chang and Yang, 2000; Li and Yuan, 2008; Riedl and Shi, 2004). Two major
apoptosis pathways exist in mammalian cells, one triggered by cell-intrinsic stimuli and the
other by extrinsic stimuli. The intrinsic pathway is activated by many cues, including
developmental lineage information, oncogene activation, DNA damage, and nutrient
deprivation. This pathway is defined by the release of mitochondrial cytochrome c into the
cytosol. Once in the cytosol, cytochrome c binds to Apaf-1, which enables Apaf-1 to
assemble into the oligomeric apoptosome complex. The apoptosome then recruits and
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oligomerizes the precursor of an initiator caspase, caspase-9, leading to its auto-proteolytic
activation. Caspase-9 activates effector caspases such as caspase-3 and −7, which cleave
various cellular proteins leading to cell death (Riedl and Salvesen, 2007; Wang, 2001)
(Figure S1). Cytochrome c-induced caspase-9 activation is regulated at multiple levels
involving various protein factors, cations such as potassium and calcium, and perhaps most
notably, nucleotides (Riedl and Salvesen, 2007; Schafer and Kornbluth, 2006). ATP or
dATP is required for the assembly of the apoptosome (Chandra et al., 2006; Kim et al.,
2005; Liu et al., 1996; Riedl et al., 2005). However, high levels of nucleotides can also
block caspase-9 activation by inhibiting cytochrome c (Chandra et al., 2006). While the
involvement of nucleotides in cytochrome c-induced caspase activation is well established,
there has been no reported role of polymer ribonucleotide (RNA) in this process.

Transfer RNA (tRNA) is a major RNA in cells, and it has a fundamental role in protein
synthesis by linking a genetic codon with an amino acid (Hopper and Shaheen, 2008; Ibba et
al., 2000; Weisblum, 1999). In eukaryotes, tRNA is encoded in nuclear, mitochondrial, and
plastidial genomes. Each tRNA of a given specificity is bound or charged to its amino acid
by a specific aminoacyl-tRNA transferase. A charged tRNA delivers an activated amino acid
to the ribosome for polypeptide synthesis. tRNA also serves as a primer for the reverse
transcription of RNA genomes, including those from HIV. Furthermore, uncharged tRNA,
which is accumulated upon amino acid deficiency, induces expression of genes for amino
acid synthesis (Wek et al., 1989). In mammalian cells, tRNA and 5S rRNA, with a few other
small RNAs, are transcribed by RNA polymerase (pol) III. tRNA expression is enhanced in
tumor cells and rapidly dividing normal cells (Ruggero and Pandolfi, 2003; White, 2005). A
recent study showed that an elevation in the level of a specific tRNA could lead to cellular
transformation, suggesting a causal effect of tRNA expression on tumorigenesis (Marshall et
al., 2008). Despite recent advances, it is still unclear whether high levels of tRNA provide
advantages to tumor cells beyond meeting the demand for protein synthesis.

In this current study, we show that tRNA binds to cytochrome c and impairs the association
of cytochrome c with Apaf-1, blocking the formation of the apoptosome and the subsequent
activation of caspase-9. These findings reveal a direct role for tRNA in promoting cell
survival and demonstrate a function beyond tRNA’s well-established role in gene
expression. The findings also suggest that tumor cells may rely on high levels of tRNA for
apoptosis resistance and support the notion that tRNA is a valuable target for tumor therapy.

Results
RNA hydrolysis enhances cytochrome c-induced caspase-9 activation

Cytochrome c-induced caspase-9 activation is regulated by nucleotides (Chandra et al.,
2006; Kim et al., 2005; Liu et al., 1996; Riedl et al., 2005). This observation led us to
explore the possibility that RNA could have a role in caspase-9 activation. We first tested
the effect of RNA hydrolysis on caspase-9 activation in cell extracts. The addition of
cytochrome c to S100 extracts from cell lines such as HeLa and Jurkat results in the auto-
activation of procaspase-9, generating the mature p37/p35 and p10 subunits. The effector
procaspase-3 is then processed to the mature p20/p17 and p12 subunits (Figures 1A and S2).
Interestingly, when HeLa S100 extracts were pre-treated with increasing amounts of RNase
A, cytochrome c-induced caspase-9 activation was progressively enhanced (Figures 1A).
This stimulatory effect of RNase A correlated with the degradation of cellular RNA in the
S100 extracts (Figure 1B) and was abolished by an RNase inhibitor (Figure 1C), confirming
that the enhanced caspase-9 activation was due to the catalytic activity of RNase A. In an
analogous system, where in vitro-translated procaspase-9 was activated by cytochrome c
(Liu et al., 2005), treatment with RNase A enhanced caspase-9 activation (Figure 1D).

Mei et al. Page 2

Mol Cell. Author manuscript; available in PMC 2010 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conversely, when exogenous cellular RNA was added to Jurkat S100 extracts, it reduced
cytochrome c-induced caspase activation in a dose-dependent manner (Figure 2A). To
assess whether cellular RNA directly inhibits caspase-9 activation or indirectly via other
cellular factors, we used a reconstituted system. When binding to cytochrome c in the
presence of dATP, purified full-length Apaf-1 forms the apoptosome and activates caspase-9
(Zou et al., 1999) (Figure 2B, lane 5). When exogenous total RNA was included in this
system, it strongly inhibited Apaf-1-induced caspase-9 processing at low doses, and
completely blocked caspase-9 processing at a higher dose (lanes 6–8). This result suggests
that RNA may exert its inhibitory effect directly on cytochrome c, Apaf-1, and/or caspase-9.

RNA impairs the cytochrome c:Apaf-1 interaction and prevents the formation of the
apoptosome

To investigate the mechanism by which cellular RNA inhibits caspase-9 activation, we first
analyzed the effect of RNA on Apaf-1 oligomerization using gel filtration chromatography.
In un-stimulated Jurkat S100 extracts, Apaf-1 was eluted as a monomer (~160 kDa), and
caspase-9 was not activated (Figure 3A, top two panels). As expected, in extracts treated
with cytochrome c, a large portion of the Apaf-1 protein became part of the oligomeric
apoptosome (~700 kDa). At the same time, processed procaspase-9 was present in both the
apoptosome-bound form and the released form (Figure 3A, middle two panels). In contrast,
when purified total cellular RNA was added with cytochrome c to the Jurkat S100 extracts,
Apaf-1 could no longer oligomerize, and caspase-9 activation was completely blocked
(Figure 3A, bottom two panels). Therefore, RNA prevents the oligomerization of Apaf-1.

Next, we determined whether total RNA interferes with the binding of cytochrome c to
Apaf-1. Immobilized recombinant full-length Apaf-1 readily pulled down cytochrome c in
the solution. However, in the presence of total RNA, the amount of cytochrome c that bound
to Apaf-1 was drastically decreased (Figure 3B), suggesting that RNA prevents the binding
of cytochrome c to Apaf-1. We also examined whether RNA has any additional effect on
Apaf-1 once Apaf-1 is oligomerized. To this end, we used the recombinant Apaf-1Δ protein
(containing amino acids 1–591), which retains the caspase-9-binding and oligomerization
domains, but lacks the negative regulatory WD40 repeats that bind to cytochrome c (Riedl et
al., 2005). Apaf-1Δ spontaneously forms homo-oligomers and activates caspase-9
independently of cytochrome c (Riedl et al., 2005; Srinivasula et al., 1998). As shown in
Figure 3C, total RNA had a minimal effect on Apaf-1Δ-induced caspase-9 activation. To
confirm this observation, we treated Jurkat S100 extracts with cytochrome c for different
lengths of time and then added RNA. Treatment with cytochrome c for as little as 15
minutes rendered RNA entirely ineffective in preventing caspase-9 activation (Figures 3D
and 3E). Therefore, RNA inhibits the interaction of cytochrome c with Apaf-1, but not the
subsequent Apaf-1-involved events in caspase-9 activation.

Cytochrome c binds to tRNA both in vivo and in vitro and inhibits caspase-9 activation
The above observation suggests that the target of RNA may be cytochrome c. To test this
possibility, we used a gel filtration assay to compare the size of cytochrome c in the
presence and absence of total cellular RNA. Cytochrome c alone was eluted as a monomer.
However, when incubated with total cellular RNA, it formed higher molecular weight
complexes (Figure 4A), suggesting that cytochrome c can directly associate with one or
more cellular RNA.

To determine whether cytochrome c specifically interacts with RNA in cells, and which
RNA species it possibly interacts with, we used a stringent immunoprecipitation assay.
HeLa cells were first treated with low concentrations of formaldehyde (0.2%) to cross-link
specific RNA-protein complexes while avoiding non-specific linkage (Niranjanakumari et

Mei et al. Page 3

Mol Cell. Author manuscript; available in PMC 2010 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 2002). Cells were then lysed in a buffer containing the zwitterionic detergent Empigen
BB (Choi and Dreyfuss, 1984). The lysates were subjected to immunoprecipitation with an
anti-cytochrome c antibody and, as controls, with an isotype-matching unrelated antibody,
an anti-Apaf-1 antibody, and an antibody against Smac/DIABLO. The latter, like
cytochrome c, resides in the inter-membrane space of mitochondria and is released during
apoptosis to participate in caspase activation (Riedl and Salvesen, 2007; Wang, 2001). Initial
analyses demonstrated that RNAs around 70–90 nucleotides were enriched in anti-
cytochrome c immunoprecipitates but not in anti-Apaf-1, anti-Smac, and control antibody
immunoprecipitates (data not shown). Because the size of the RNA species corresponded to
that of tRNA, we performed Northern blot analyses using specific probes for various tRNAs,
including four mitochondrial and four cytosolic tRNAs. As controls, probes detecting an
additional eight RNA species, including several small and structured RNAs (e.g. 5S rRNA
and U1snRNA), were also used. Cytochrome c was associated with all four mitochondrial
tRNAs in vivo. It was also associated with the four cytosolic tRNAs, although to a lesser
extent (Figures 4B and 4C). The specificity of tRNA:cytochrome c interaction is
underscored by the absence of tRNA in anti-Smac and control antibody immunoprecipitates
and by the lack of binding of cytochrome c to any of the eight control RNAs (Figure 4B).

To determine whether cytochrome c directly binds to tRNA, mitochondrial tRNAPhe and
tRNASer and cytosolic tRNAGln were in vitro-transcribed and -radiolabeled. These tRNAs
were incubated with and without cytochrome c, and then analyzed by an electrophoretic
mobility shift assay (EMSA). The mobility of each of these RNAs was slowed in the
presence of cytochrome c (Figure 4D), indicating that cytochrome c directly binds to all of
the RNAs. To further characterize the cytochrome c:tRNA interaction, we analyzed the
binding of cytochrome c to total tRNA isolated from cells. The mobility of the vast majority
of the labeled tRNAs was slowed by cytochrome c (Figure 4E), suggests that cytochrome c
may bind to virtually all tRNAs. The binding of cytochrome c to radiolabeled tRNA could
be inhibited almost completely by non-labeled total tRNA (lane 10). In contrast, this binding
was only partially impeded by non-labeled rRNA and poly(A), and was not affected at all by
DNA (lanes 3–8). These results suggest that in vitro cytochrome c can directly binds to
RNA but not DNA, and it preferentially binds to tRNA.

To determine the effect of tRNA on caspase-9 activation, we added purified cellular tRNA
with cytochrome c to Jurkat S100 extracts. tRNA blocked cytochrome c-induced caspase-9
activation as potently as total RNA. In contrast, neither mRNA nor rRNA exhibited
significant inhibitory effect (Figure 5A). Moreover, tRNA inhibited cytochrome c-induced
apoptosome formation (Figure 5B). We also compared the minimal concentrations of
cytochrome c that could initiate caspase-9 activation in the absence of tRNA and in the
presence of two different amounts of tRNA. In the absence of tRNA, cytochrome c induced
activation of caspase-9 at a concentration as low as 2 μg/ml. In the presence of 0.1 and 0.2
μg/μl tRNA, the minimal amount of cytochrome c required to induce caspase-9 activation
increased to 10 and 20 μg/ml, respectively (Figure 5C). Thus, tRNA sets a threshold for
cytochrome c-induced caspase activation.

Microinjection of tRNA into cells inhibits cytochrome c-induced apoptosis
To assess the role of tRNA in cytochrome c-induced apoptosis, cytochrome c was
microinjected into HEK293 cells alone and together with tRNA. Microinjection of
cytochrome c in HEK293 cells led to apoptosis in a significant number of injected cells, as
determined by apoptosis-associated morphological changes, such as membrane blebbing and
nuclear fragmentation (Figures 6A, panels d-f and Figure 6B, column 2). Pre-treatment of
cells with the pan-caspase inhibitor zVAD-fmk nearly blocked apoptosis completely,
indicating that cell death was mediated by caspases. Microinjection of tRNA alone did not
induce apoptosis. However, when tRNA was co-injected with cytochrome c, apoptosis

Mei et al. Page 4

Mol Cell. Author manuscript; available in PMC 2010 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



among injected cells noticeably decreased. Furthermore, in a similar co-injection
experiment, rRNA had a minimal effect on cytochrome c-induced apoptosis (Figures 6A and
6B). Therefore, cytochrome c-induced apoptosis is specifically inhibited by tRNA.

Degradation of cellular tRNA enhances apoptosis via the intrinsic pathway
To investigate the effect of tRNA hydrolysis on caspase-9 activation and apoptosis in cells,
we used the tRNA-specific ribonuclease onconase (also known as ranpirnase) (Ardelt et al.,
2008; Costanzi et al., 2005). Consistent with previous observations (Iordanov et al., 2000;
Saxena et al., 2002), transfection of onconase into HeLa cells resulted in the degradation of
tRNA, but not various rRNAs (Figure 7A, left panel). The degradation of tRNA was closely
followed by the activation of caspase-9 and −3 and the cleavage of the apoptotic substrate
PARP (Figure 7A, right panels). This suggests that tRNA degradation could determine
onconase-induced apoptosis. In HeLa S100 extracts, treatment with onconase also enhanced
cytochrome c-induced caspase activation in a dosage-dependent manner (Figure S3A). To
confirm that onconase-induced apoptosis is dependent on Apaf-1, we treated wild type and
Apaf-1-decifient (Apaf-1−/−) mouse embryonic fibroblasts (MEFs). Indeed, onconase killed
wild type but not Apaf-1−/− MEFs (Figure 7B).

If onconase promotes apoptosis by reversing the inhibitory effect of tRNA on cytochrome c,
it should enhance cell death stimulated by agents that invoke the release of cytochrome c.
We tested this possibility by examining the individual and combined effect of onconase and
the genotoxic drug doxorubicin on apoptosis induction. At dosages that alone caused
substantial tRNA degradation but only minimal levels of caspase activation and apoptosis,
onconase promoted doxorubicin-induced caspase activation and enhanced apoptosis from
~30% to over 95% (Figures 7C and S3B). A gel-filtration analysis showed that onconase
and doxorubicin together, but not individually, triggered the assembly of Apaf-1 into the
apoptosome (Figure 7D). These results indicate that degradation of cellular tRNA enhances
apoptosis via the intrinsic pathway.

Discussion
For the past 50 years, tRNA has been studied almost exclusively in the context of the flow
of genetic information as the adaptor between genetic codons and amino acids in protein
translation and a primer for reverse transcription (Hopper and Shaheen, 2008; Ibba et al.,
2000; Weisblum, 1999). Our data provides evidence that tRNA has a previously unexpected
role beyond gene expression. By binding to cytochrome c and preventing its association
with Apaf-1, tRNA directly inhibits apoptosis. This finding reveals an intimate connection
between tRNA and cytochrome c, linking the protein translation pathway to cell death, and
may have direct implications in cancer therapy.

Mitochondria are known to contain several other apoptosis inducers in addition to
cytochrome c, such as Smac/Diablo, EndoG, and AIF (Riedl and Salvesen, 2007; Wang,
2001). The interaction of mitochondrial tRNA with cytochrome c (Figure 4) suggests that
mitochondria harbor at least one antidote of apoptosis, and it might have reflected the need
to tightly regulate cytochrome c when it first acquired such a destructive power. Cytosolic
tRNA is also capable of associating with cytochrome c in healthy cells. This surprising
finding is nevertheless consistent with a recent report that mammalian cytosolic tRNA can
be efficiently imported into mitochondria (Rubio et al., 2008). Unlike mitochondria in some
other organisms that rely on at least some cytosolic tRNAs for protein synthesis, mammalian
mitochondrial genome encodes a complete set of tRNAs. The function of cytosolic tRNA in
mitochondria is thus unclear. An intriguing possibility is that cytosolic tRNA transferred
into the mitochondria may help coordinate the rate of protein synthesis in the cytosol with
cellular resistance to apoptosis stimuli targeted to mitochondria. tRNA in the cytosol could
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then further block apoptosis once cytochrome c is released from mitochondria. This notion
is supported by the effect of tRNA microinjection and hydrolysis on cytochrome c-induced
apoptosis (Figures 6 and 7). tRNA in the cytosol may also be important in neutralizing small
amounts of cytochrome c that are accidentally released into the cytosol in a healthy cell.

Cytochrome c appears to interact with tRNA but not other RNAs in vivo. This specific
binding is likely a combination of certain intrinsic preference of cytochrome c to tRNA
(Figure 4) and the relative accessibility of tRNA compared with other RNAs in cells.
Notably, cytochrome c has a high content of lysines and arginines, which is somewhat
similar to ancillary RNA-binding domains present in the N- and C-termini of certain
eukaryotic amino acid-tRNA synthetases (Cahuzac et al., 2000;Kaminska et al., 2001).
Because both cytochrome c and tRNA are highly conserved molecules, their interaction may
be ancient and could impact other basic functions of these molecules. For example, tRNA
may affect the role of cytochrome c in oxidative phosphorylation; vice versa, cytochrome c
may affect the availability of tRNA for protein translation. The cytochrome c:tRNA
interaction could therefore reflect an innate coordination among protein synthesis, energy
production, and cellular survival that might have arisen early in evolution. We speculate that
the modulation of protein function by tRNAs and other RNAs may be more prevalent than
previously anticipated.

In mammalian cells, transcription of tRNA by Pol III is stimulated by oncogenic proteins
Myc and Ras and inhibited by tumor suppressors RB and p53 (Ruggero and Pandolfi, 2003;
White, 2005). Tumor cells synthesize tRNA at highly enhanced rates due to the deregulation
of these tumor suppressors and oncoproteins, and in some cases, also due to direct elevation
in the expression of the pol III factor TFIIIC (White, 2004; White, 2005). Overexpression of
tRNA can lead to cellular transformation (Marshall et al., 2008), and we speculate that
suppression of apoptosis may be an important part of this transforming activity. Notably, the
tRNA-specific RNase onconase kills tumor cells with relatively low systemic toxicity
(Ardelt et al., 2008; Costanzi et al., 2005). Onconase also has the advantage of p53-
independent killing (Costanzi et al., 2005; Schein, 1997), an important characteristic as
many tumors lack p53 activity. It is in phase III clinical trials for the treatment of
mesothelioma, a specific lung cancer, and phase II clinical trials for other cancers (Ardelt et
al., 2008; Costanzi et al., 2005). The reason for tumor-specific toxicity of onconase is
unclear, and onconase could have functions in addition to tRNA degradation. Nevertheless,
the effect of onconase on a critical inhibitor of apoptosis may afford an explanation for its
toxicity in tumor cells; it also indicates a valuable target for therapeutic intervention.
Furthermore, the synergistic action of onconase with agents that elicit the intrinsic apoptosis
pathway (Figure 7C) provides a biologic rationale for development of combined cancer
therapies.

Experimental Procedures
Reagents and plasmids

The following reagents were obtained from the indicated sources: bovine cytochrome c,
yeast rRNA and tRNA, doxorubicin, proteinase K, formaldehyde, RNase A, Empigen BB,
zVAD-FMK, and anti-Flag M2 beads (Sigma); protein A agarose and Texas Red-labeled
dextran (Invitrogen); RNase Inhibitor (Promega); antibodies against caspase-9 (MBL
International Corporation), caspase-3 (Santa Cruz Biotechnology), Smac (Cell Signaling),
and actin (Sigma). Anti-cytochrome c antibodies for immunoblotting and
immunoprecipitation were purchased from R&D systems and BD Pharmingen, respectively.
Anti-Apaf-1 antibody was kindly provided by Dr. X. Wang (Zou et al., 1997). Onconase
was kindly provided by the Alfacell Corporation (Somerset, NJ). Flag-caspase-9-pRK5 was
previously described (Chang et al., 2003).
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Protein preparation
Recombinant full-length Apaf-1 (amino acids 1–1248) was expressed in Hi-5 insect cells
and purified as described (Bao et al., 2007; Jiang and Wang, 2000). Apaf-1Δ was expressed
in BL21 (DE3) Escherichia coli strain and purified as described (Riedl et al., 2005).

Caspase activation assay
S100 cell extracts of Jurkat and HeLa cells were prepared as described (Liu et al., 1996).
Activation of caspase-9 and caspase-3 in the S100 extracts was induced by the addition of
20 μg/ml cytochrome c and subsequent incubation at 37 °C for 1 h. Activation of in vitro-
translated, 35S-labeled caspase-9 was generated using Flag-caspase-9-pRK5 and a coupled
in vitro-transcription and translation system (Promega) in the presence of 35S-methionine.
Activation of [35S]caspase-9 was induced by incubation with purified Apaf-1 (10 nM) or
Apaf-1Δ (20 nM), cytochrome c (20 μg/ml), and dATP (1 mM) for 1 h at 30 °C in
oligomerization buffer (20 mM Hepes/pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 2 mM EDTA,
and 1 mM DTT).

Gel filtration assay
Gel filtration analysis was performed on a Superose 6 HR 10/30 column driven by an Akta
FPLC system (GE Healthcare). The column was calibrated with molecular weight standards
from Bio-Rad. The buffer contained 20 mM Hepes (pH 7.0), 0.1 % CHAPS, 5mM DTT, 5%
Sucrose, and 50 mM NaCl. 500 μg of S100 extracts were injected into the column, and 500
μl was collected for each fraction. To analyze interaction of total RNA with cytochrome c,
cytochrome c was incubated with total RNA at 25°C for 15 min before being analyzed by
gel filtration.

RNA preparation and cytochrome c:tRNA interaction
Total RNA was prepared using Trizol reagents (Invitrogen) following manufacturer’s
instructions. mRNA was further purified using Oligo(dT)-Cellulose (GE Healthcare). RNAs
were dissolved in TE buffer (10 mM Tris-HCl, pH7.5, 1 mM EDTA), and the concentration
was quantified by NanoVue spectrophotometer (GE Healthcare). To assess the effect of
RNA on the binding of cytochrome c to Apaf-1, recombinant full-length Apaf-1
immobilized on Ni-NTA beads was incubated with and without cytochrome c, and with
cytochrome c plus total cellular RNA at 4 °C for 1 h. To examine the effect of RNA on
caspase-9 activation, 2 μl of RNAs were added to a total of 20 μl of Jurkat S100 extracts.

To examine the tRNA:cytochrome c interaction in vivo, HeLa cells grown in DMEM
supplemented with 10% FBS were harvested and washed twice with ice-cold PBS. Cell
pellets were re-suspended in PBS containing 0.2% formaldehyde and incubated at room
temperature for 10 min. The cross-linking reaction was quenched with 0.15 M (final
concentration) of glycine, pH 7.4. Cell extracts were prepared in the immunoprecipitation
buffer (20 mM Tris, pH 7.8, 500 mM NaCl, and 2.5 mM MgCl2) containing 1% Empigen
BB, and incubated with antibodies 4 °C for 1 h, followed by incubation with protein G
agarose beads for an additional 2 h. Immunoprecipitates were treated with proteinase K and
RNA was extracted by phenol/chloroform. Purified RNA was separated by 8% denaturing
polyacrylamide gel electrophoresis and analyzed by Northern blotting. Oligonucleotide
sequences used to probe various RNAs are as follows: Mitochondrial (Mt) tRNAAla: 5′-
TGCAAAACCCCACTCTGCATCAACTGAACGCAAATCAGCCACTTTAATTAAG
CTAAGCCC-3′; Mt tRNAMet: 5′-
TACGGGAAGGGTATAACCAACATTTTCGGGGTATGGGCCCGATAGCTTATTT
AGCTGACC-3′; Mt tRNAPhe: 5′-
GGGGTGATGTGAGCCCGTCTAAACATTTTCAGTGTATTGCTTTGAGGAGGTAA
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GCTACAT-3′; Mt tRNASer: 5′-AGCTGGTTTCAAGCCAACCCCATGGCCTCC-3′;
Cytosolic (Cy) tRNAAsp: 5′-
CGGGGAATCGACCCCCTCTCTCACGCATGACAGGCAGAGATACTCACCACTA
TAGTAACA-3′; Cy tRNAGln: 5′-TTCAGAGTCCAGAGTGCTTACCATTACACC-3′; Cy
tRNASer: 5′-
ACCTGCGCGGGGAGACCCCAATGGATTTCTAGTCCATCGCCTTAACCACTCG
GCCACGAC-3′; Cy tRNATrp: 5′-
CGACGTGATTTGAACACGCAACCTTCTGATCTGGAGTCAGACGCGCTACCGTT
GCGCCAC; U1 snRNA: 5′-CACCTTCGTGATCATGGTATCTCCC-3′. 5S RNA: 5′-
CCTACAG CACCCGGTATTCCCAGGC-3′; RNase MRP: 5′-
TGCACGTGGCACTCTCTGCCCG AGG-3′; RNase P: 5′-
TCCTGCCCAGTCTGACCTCGCGCGG-3′; 7SK: 5′-
CGCCTAGCCAGCCAGATCAGCCGAATCAAC-3′; 7SL: 5′-
ACCCCTCCTTAGGCAACCTGGTGGTCCCCC-3′; Hvg3: 5′-
AGAGGTGGTTTGATGACACG-3′; and hY1: 5′-
TGAACAATCAATTGAGATAACTCACTACCT-3′.

To analyze the interaction of cytochrome c with individual tRNAs in vitro, each tRNA was
transcribed in vitro in the presence of [32P-UTP]. 20,000 cpm tRNA was incubated with
different amounts (0.5, 2.5 and 12.5 μM) of recombinant cytochrome c for 45 min at 30 °C
in the buffer containing 20 mM HEPES, pH 7.5, 35 mM KCl, 2.5 mM MgCl2, 0.5 mM
EDTA, and 1 mM DTT supplemented with salmon sperm DNA (final concentration 50 ng/
μl). The reaction mixture was incubated with sample loading buffer containing urea (final
concentration 0.5 M) for 10 min at room temperature. The assembled tRNA:cytochrome c
mixture was analyzed by 6% native polyacrylamide (acrylamide:bis=79:1) gel
electorphoresis followed by autoradiography.

To analyze the interaction of cytochrome c with total tRNA in vitro, total RNA was isolated
from HeLa cells using Trizol method and separated on 6% denaturing PAGE. Total tRNA
bands were isolated, and 50 ng of total tRNA was used for labeling in the presence of [32P-
pCp]. 20,000 cpm tRNA (approximately 12 fmole with a labeling efficiency of ~50%) was
incubated with 100 pmole of cytochrome c in the presence and absence of unlabeled rRNA
(28S and 18S), poly(A), total tRNA (50 and 250 ng), or DNA oligonucleotide corresponding
to mitochondrial tRNAPhe (5 pmole/132 ng and 20 pmole/528 ng). The binding reaction was
done in buffer containing 20 mM HEPES, pH 7.5, 35 mM KCl, 2.5 mM MgCl2, 0.5 mM
EDTA, and 1 mM DTT and the reaction product was analyzed on 6% native polyacrylamide
gel electrophoresis using buffer containing 25 mM Tris/7.5 and 25 mM Glycine.

Microinjection
Microinjection was performed on an Eppendorf micromanipulator/microinjector.
Concentrations of the solutions were: dextran-Texas Red (0.3%, in PBS), cytochrome c (0.5
μg/μl), and tRNA/rRNA (7.5 μg/μl). Based on an injection volume of 0.1pl, the total amount
of RNA and cytochrome c injected in each cell was 700 fg and 50 fg, respectively. 2 h after
injection, cells were fixed with 4% paraformaldehyde and mounted with a DAPI-containing
medium (Vector Laboratories). For each condition, one hundred to one hundred fifty
injected cells were counted, and apoptotic cells were determined by the presence of
membrane blebbing and nuclear fragmentation.

Treatment with onconase and doxorubicin
Cells were transfected with onconase using lipofectamine 2000 (Invitrogen) similar to that
previously described (Iordanov et al., 2000). 3 h after transfection, the cells were incubated
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with and without doxorubicin (1 μg/ml) for another 12 h. Cells were stained with Hoechst
33342, and apoptotic cells were scored based on nuclear condensation and fragmentation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RNA hydrolysis enhances cytochrome c-induced caspase activation
(A and B) HeLa S100 extracts were incubated with cytochrome c (20 μg/ml) in the presence
and absence (−) of increasing amounts of RNase A. (A) Extracts were analyzed by Western
blot. Molecular weight (MW) markers (in kilo Daltons) are indicated on the left. C9,
procaspase-9; C3, procaspase-3. The levels of actin are shown as a loading control. (B) RNA
was separated via PAGE under denaturing conditions and stained with ethidium bromide.
(C) Activation of caspase-9 and −3 in HeLa S100 extracts treated with cytochrome c (20 μg/
ml), RNase A (30 ng/ml), and RNase inhibitor (In) as indicated.
(D) Reticulocyte lysates containing in vitro-translated, 35S-labeled procaspase-9 were
treated with and without cytochrome c (200 μg/ml) in the presence of the indicated
concentration of RNase A. Caspase-9 was detected by autoradiography.
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Figure 2. Total cellular RNA inhibits caspase activation in cell extracts and in a reconstituted
system
(A) Activation of caspase-9 and −3 in Jurkat S100 extracts treated with cytochrome c (20
μg/ml) alone and in combination with the indicated amounts of RNA.
(B) In vitro-translated, 35S-labeled procaspase-9 was incubated with purified full-length
Apaf-1 (10 nM), dATP (1mM), cytochrome c (20 μg/ml), and increasing amounts of total
cellular RNA (0.1, 0.2, and 0.4 μg/μl). Caspase-9 was detected by autoradiography.
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Figure 3. RNA interferes with cytochrome c:Apaf-1 interaction and inhibits apoptosome
formation
(A) Jurkat S100 extracts were incubated alone (−), with cytochrome c, and with cytochrome
c plus RNA at 25 °C for 15 min. Extracts were fractionated on a Superose 6 gel filtration
column. The fractions were analyzed by Western blot. The positions of molecular weight
standards for the column are marked at the top.
(B) His-tagged Apaf-1 bound to Ni-NTA beads was incubated with and without cytochrome
c, and with cytochrome c plus increasing amounts of RNA (0.1, 0.2, and 0.4 μg/μl). Bead-
bound proteins and one percent of the input were analyzed by Western blot.
(C) In vitro-translated, 35S-labeled procaspase-9 was incubated with purified Apaf-1Δ,
dATP, and increasing amount of RNA as indicated, at 30 °C for 1 h.
(D) Jurkat S100 extracts were incubated with cytochrome c for the indicated durations
before being analyzed for caspase-9 activation.
(E) Jurkat S100 extracts were incubated with and without cytochrome c (lanes 1 and 2), and
were pre-incubated with cytochrome c before the addition of tRNA at the indicated time
(lanes 3–8). The total reaction time for each sample was 2 h. Activation of caspase-9 was
analyzed by Western blot.
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Figure 4. Interaction of cytochrome c with tRNA both in vivo and in vitro and the effect of tRNA
on caspase-9 activation
(A) Recombinant cytochrome c was incubated with and without total RNA at 25 °C for 15
min. The reaction mixture was loaded on a Superose 6 column and fractions were analyzed
by Western blot.
(B and C) HeLa cells were treated with formaldehyde, and cell lysates were made in
Empigen BB-containing buffer and immunoprecipitated with the indicated antibodies.
(B) RNA in the immunoprecipitates was analyzed by Northern blotting using radiolabeled
probes for the indicated RNAs. hvg3, human vault RNA; hY1, human Y1 RNA. Input
samples contained ~ 1% of the RNA used for IP. (C) Cytochrome c and Smac in
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immunoprecipitates and ~1.5% of the input were analyzed by Western blot. *, Smac
precursor.
(D) In vitro synthesized, [32P]UTP-labeled cytosolic (Cy) and mitochondrial (Mt) tRNAs
were incubated with increasing amounts (0.5, 2.5, 12.5 μM) of cytochrome c for 45 min at
30 °C. Mixtures were then incubated with 0.5 M Urea (final concentration) for 10 min and
analyzed by 6% native gel electrophoresis and autoradiography. Cytochrome c:tRNA
complexes are indicated.
(E) Radiolabeled total cellular tRNA labeled (12 fmole) was incubated with and without
cytochrome c (100 pmol), and with cytochrome c in the presence of non-labeled rRNA,
poly(A), total tRNA (50 and 250 ng), and mitochondrial Phe DNA (130 and 520 ng). The
mixtures were analyzed by native gel electrophoresis and autoradiography.
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Figure 5. tRNA block apoptosome formation and caspase-9 activation
(A) Jurkat S100 extracts were incubated with cytochrome c and increasing amounts of total
RNA, rRNA, tRNA (0.1, 0.2, and 0.4 μg/μl), and mRNA (0.02, 0.04, 0.08 μg/μl) at 37 °C
for 1 h. Less amounts of mRNA were used because in cells it is expressed at lower levels
compared with either tRNA or rRNA. Activation of caspase-9 was analyzed by Western
blot.
(B) Jurkat S100 extracts were incubated with and without (ctrl) cytochrome c, and with
cytochrome c plus tRNA. The extracts were resolved on Superose 6 gel filtration column,
and fractions were analyzed by Western blot.
(C) Jurkat S100 extracts were incubated with increasing concentrations of cytochrome c in
the absence and presence of different concentrations of tRNA for 1 h. Activation of
caspase-9 and −3 was analyzed by Western blot.
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Figure 6. Microinjection of tRNA blocks cytochrome c-induced apoptosis
HEK 293 cells were injected with buffer (ctrl) and the indicated combinations of
cytochrome c, zVAD-fmk, tRNA, and rRNA. Dextran-Texas Red (Dex-TR) was included in
each injection to label the injected cells. Cells were fixed and stained with DAPI 2 h after
injection. (A) Representative images of injected cells. Arrowheads indicate apoptotic cells.
Larger images of apoptotic cells are shown in panels d–f. (B) Percentage of apoptosis among
injected cells. Data presented are the mean ± the standard deviation (SD) of three
independent experiments.
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Figure 7. Degradation of tRNA enhances apoptosis via the intrinsic pathway
(A) HeLa cells were transfected with 1 μg/ml onconase and cultured for the indicated
periods of time. Left: total RNA was separated by 8% urea-containing PAGE and visualized
by ethidium bromide staining. Right: activation of caspase-9 and caspase-3, and the
cleavage of PARP were analyzed by Western blot.
(B) Apaf-1+/+ and Apaf-1−/− MEF cells were treated with indicated amounts of onconase for
24 h. Top: percentages of apoptosis are shown as mean ± SD of three independent
experiments. Bottom: Apaf-1 expression and PARP cleavage in cell lysates.
(C) HeLa cells were transfected with an indicated amount of onconase. 3 h post-transfection,
the cells were incubated with and without doxorubicin (Dox, 1μg/ml) for an additional 12 h.
Left: percentages of apoptosis. The data represent mean ± SD of three independent
experiments. Right: the activation of caspase-9 and −3 and the cleavage of PARP.
(D) HeLa cells were transfected with and without onconase (1 μg/ml). 3 h after transfection,
cells were treated with Dox (1 μg/ml) for another 12 h. S100 extracts were fractionated on a
Superose 6 gel filtration column, and fractions were analyzed by Western blot.
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