
Angiogenin-Cleaved tRNA Halves Interact with Cytochrome c,
Protecting Cells from Apoptosis during Osmotic Stress

Mridusmita Saikia,a Raul Jobava,b Marc Parisien,c Andrea Putnam,b,d Dawid Krokowski,a Xing-Huang Gao,a Bo-Jhih Guan,a

Yiyuan Yuan,a Eckhard Jankowsky,b,d Zhaoyang Feng,a Guo-fu Hu,e Marianne Pusztai-Carey,b Madhavi Gorla,f Naresh Babu V. Sepuri,f

Tao Pan,c Maria Hatzogloua

Departments of Pharmacologya and Biochemistryb and Center for RNA Molecular Biology,d Case Western Reserve University, Cleveland, Ohio, USA; Department of
Biochemistry and Molecular Biology, University of Chicago, Chicago, Illinois, USAc; Molecular Oncology Research Institute, Tufts Medical Center, Boston, Massachusetts,
USAe; Department of Biochemistry, School of Life Sciences, University of Hyderabad, Hyderabad, Andhra Pradesh, Indiaf

Adaptation to changes in extracellular tonicity is essential for cell survival. However, severe or chronic hyperosmotic stress in-
duces apoptosis, which involves cytochrome c (Cyt c) release from mitochondria and subsequent apoptosome formation. Here,
we show that angiogenin-induced accumulation of tRNA halves (or tiRNAs) is accompanied by increased survival in hyperos-
motically stressed mouse embryonic fibroblasts. Treatment of cells with angiogenin inhibits stress-induced formation of the
apoptosome and increases the interaction of small RNAs with released Cyt c in a ribonucleoprotein (Cyt c-RNP) complex. Next-
generation sequencing of RNA isolated from the Cyt c-RNP complex reveals that 20 tiRNAs are highly enriched in the Cyt c-RNP
complex. Preferred components of this complex are 5= and 3= tiRNAs of specific isodecoders within a family of isoacceptors. We
also demonstrate that Cyt c binds tiRNAs in vitro, and the pool of Cyt c-interacting RNAs binds tighter than individual tiRNAs.
Finally, we show that angiogenin treatment of primary cortical neurons exposed to hyperosmotic stress also decreases apoptosis.
Our findings reveal a connection between angiogenin-generated tiRNAs and cell survival in response to hyperosmotic stress and
suggest a novel cellular complex involving Cyt c and tiRNAs that inhibits apoptosome formation and activity.

Cellular stress initiates a complex cascade of signaling pathways
in an attempt to return the cell to its previous equilibrium. In

most cases, the type, duration, and intensity of stress govern the
outcome of the cellular response, resulting in either adaptation or
cell death. Apoptosis is induced if the damage that occurred dur-
ing stress exceeds the capacity of the repair mechanisms.

In vertebrates, apoptosis is orchestrated through one of two
signaling cascades, termed the intrinsic and extrinsic apoptotic
pathways (1). Both pathways converge at the activation of execu-
tioner caspase proteins 3 and 7 (1). These caspases signal the onset
of apoptosis via cleavage of numerous cellular proteins, ultimately
leading to the phagocytic recognition and engulfment of the dying
cell (1). Mitochondria play a critical role in mediating the intrinsic
apoptotic signal transduction pathway. During apoptosis mito-
chondria undergo biochemical and structural changes, which in-
clude swelling, depolarization, increased permeability of the outer
membrane, and release of proteins from the intermembrane
space, including cytochrome c (Cyt c) (2, 3). The released Cyt c
binds the apoptotic protease activating factor 1 protein (Apaf-1)
in the cytoplasm (4). This causes a conformational change and
oligomerization of Apaf-1 that leads to the formation of the
caspase activation platform, the apoptosome (5). The apopto-
some recruits and activates initiating caspase 9, which in turn
cleaves and activates caspase 3 (1).

The formation of the macromolecular complex apoptosome is
a key event in the intrinsic apoptotic pathway. The binding of Cyt
c to Apaf-1 is regulated through the action of various proteins (3),
cations, and nucleotides (6, 7). Disruption of the binding of Cyt c
to Apaf-1 can block the formation of the apoptosome and the
subsequent activation of caspase 9, thus leading to inhibition of
apoptosis (8, 9).

Apoptosis is the underlying mechanism of several diseases,
such as organ failure and neurodegeneration as in amyotrophic

lateral sclerosis (10, 11). Efforts have been directed toward the
discovery of molecules that can attenuate apoptosis-mediated cell
loss in disease states (10). Recent reports suggest that angiogenin
(ANG) protects motor neurons from death induced by various
cellular stresses, including excitotoxicity and hypoxia (12–14).
The mechanism of this protective action of ANG in neurons re-
mains largely unknown. ANG belongs to the pancreatic RNase A
superfamily, a protein that cleaves single-stranded RNA (15).
Widespread expression of ANG suggests that it may play a more
universal role in the cell than stimulating angiogenesis (16, 17). An
interesting function of ANG under certain stress conditions is
tRNA cleavage at the anticodon loop, leading to an accumulation
of small tRNA halves, known as tiRNAs (18–24).

We have previously shown that hyperosmotic stress induces
apoptosis in wild-type mouse embryonic fibroblasts (MEFs) fol-
lowing the release of Cyt c from mitochondria (25). Hyperosmotic
stress causes cell shrinkage, thus increasing macromolecular
crowding and inducing a stress response (26). Regulation of cell
volume and adaptation to hyperosmotic stress are fundamental
processes required for the maintenance and well-being of all living
cells (26). In a recent study, we showed that hyperosmotic stress
induces tiRNA accumulation as early as 15 min after exposure to
stress (20). The generation of tiRNAs during hyperosmotic stress
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was shown to be regulated by various factors, including the rate of
protein synthesis, the availability of free tRNAs, and the activation
of ANG (20). Interestingly, tiRNA accumulation preceded Cyt c
release from mitochondria, igniting the idea that there may be a
functional significance for the temporal accumulation of tiRNAs
in the cytoplasm of stressed cells. An important reported function
of tiRNAs in the cellular stress response is the inhibition of protein
synthesis (18, 21, 27). However, the kinetics of accumulation of
bulk tiRNAs during hyperosmotic stress did not correlate with the
pattern of inhibition of protein synthesis (20), suggesting that
subpopulations of tiRNAs generated from different tRNA isoac-
ceptors and isodecoders may influence different cellular pro-
cesses, including protein synthesis rates.

In this study, we tested the hypothesis that addition of ANG
into cells exposed to hyperosmotic stress is cytoprotective, gener-
ating a population of tiRNAs via its tRNA cleavage action. During
early hyperosmotic stress, treatment of MEFs with ANG caused a
decrease in caspase 3 activity and an increase in cell viability. ANG
treatment of MEFs during stress also inhibited the recruitment of
Apaf-1 into the apoptosome. We therefore propose a mechanism
whereby tiRNAs in the cytoplasm can form complexes with Cyt c
freshly released from mitochondria. This event either sequesters
Cyt c away from binding to Apaf-1 or interferes with formation of
the apoptosome and the downstream cleavage of caspase 3. We
have performed deep-sequencing experiments on 30- to 45-nu-
cleotide (nt) RNAs isolated before and after Cyt c immunoprecipi-
tation (IP) to show that Cyt c forms complexes preferentially with
a small group of tiRNAs during stress. A recent report demon-
strated that apoptosome formation in vitro was inhibited by the
addition of in vitro-synthesized full-length tRNAs (28–30). How-
ever, to the best of our knowledge, there are no reports on the
function of endogenous cellular tRNAs or tiRNAs in apoptosome
formation and activity under physiologically relevant conditions.
So far, studies of the tRNA’s role in apoptosome formation have
been performed in cell extracts or via exogenous transfection of
tRNAs. Our study here provides in vivo evidence of the existence
of a ribonucleoprotein particle (RNP) made up of at least Cyt c
with tRNA-derived small RNA molecules, all in a biologically rel-
evant context. We also show in vivo that under stress conditions
Cyt c preferentially binds to tiRNAs and not tRNAs, a welcome
feature given the very low availability of free tRNAs in the cell. We
conclude that ANG guards cells during cellular stress by inhibiting
the activation of the apoptosis pathway. The proposed cytopro-
tective mechanism is that early tiRNA generation and accumula-
tion titrate out released Cyt c from compromised mitochondria.
This opens up the possibility of ANG usage as a therapeutic agent.

MATERIALS AND METHODS
Bioinformatic analysis. Sequences were aligned on the Mus musculus
genome, partly provided in a GenBank flat file (ftp://ftp.ncbi.nlm.nih.gov
/genomes/M_musculus/RNA/) and partly from the Genomic tRNA Da-
tabase, data set mm10 (http://gtrnadb.ucsc.edu/Mmusc10/) (31). The
reads were aligned with an in-house aligner allowing at most one mis-
match and no insertion/deletion (indel) with the targeted genes. Hits with
the longest alignments were retained. A mountain plot of each tRNA gene
was made by accumulating the reads that map to the gene, with the height
of the mountain for a gene position indicating the number of times that
that position was covered by reads. The enrichment plot is two mountain
plots, one on top of another. Here, we used low-frequency Fourier trans-
forms to smooth the plots. In the plots shown in Fig. 4 and 5, red vertical
bars indicate peaks of the smoothed curves, and their heights are propor-

tional to the enrichment values between the two curves. The curves are
normalized by the number of reads per kilobase per million mapped reads
(rpkM) in their own set.

Caspase 3 activity assay. The activity of caspase 3 was determined by
measuring the rate of cleavage of the specific fluorescent substrate (Asp-Glu-
Val-Asp–7-amido-4-trifluoromethylcoumarin [AFC]) (Calbiochem/Milli-
pore). Activated caspase 3 cleaves this substrate, generating highly fluorescent
AFC that can be detected using a fluorescence reader with excitation at 360
nm and emission between 420 and 460 nm (ThermoMax microplate reader;
Molecular Devices). The amount of AFC produced is proportional to the
caspase 3 activity in the samples. A total of 1 � 105 cells were seeded into a
96-well microplate for 16 h prior to treatments. Cells were lysed in extraction
buffer containing HEPES (10 mM), CHAPS {3-[(3-cholamidopropyl)-dim-
ethylammonio]-1-propanesulfonate; 1%}, NaCl (150 mM), SDS (0.1%), di-
thiothreitol (DTT; 1 mM), and EDTA (1 mM) before the addition of the
substrate (100 �M). The reaction mixture was then incubated at 37°C for 1 h.

Caspase 9 activity assay. The caspase 9 activity was measured in cell
extracts by the cleavage of the fluorescent substrate Leu-Glu-His-Asp
(LEHD)-AFC (EMD, Millipore) and release of free AFC, which emits a
yellow-green fluorescence (lambda maximum of 505 nm). An M3 micro-
plate reader then quantified the fluorescence intensity. MEFs were ex-
tracted in lysis buffer (20 mM HEPES-NaOH, pH 7.4, 0.1% CHAPS, 2
mM EDTA, 10% sucrose, 100 mM NaCl) with protease and phosphatase
inhibitors (Roche) for 10 min on ice. Insoluble cell debris was removed by
centrifugation at 15,000 � g for 15 min. Cell lysates (200 �g/sample) were
added in the reaction buffer (0.1 mM LEHD-AFC, 50 mM Tris-HCl, pH
7.2, 1 mM EDTA, 5 mM DTT, 10% sucrose, and 0.1% CHAPS) and
incubated at 37°C. Changes in fluorescence intensity were expressed as
mU/min/mg protein.

Cell culture. MEFs were cultured in high-glucose Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM
glutamine, 100 units/ml penicillin, and 100 �g/ml streptomycin. Medium
was supplemented with sucrose to give the desired osmolality as previ-
ously described (25). Unless otherwise specified, hyperosmotic medium
was 600 mosmol/liter obtained by addition of 300 mM sucrose to stan-
dard medium. MEFs were pretreated with 0.5 �g/ml recombinant ANG
(R&D Systems) for 30 min and then in combination with the hyperos-
motic medium for ANG plus hyperosmotic treatments. Cortical neurons
were prepared from C57BL/6J pups as previously described (25). All ani-
mal studies were conducted according to the Guide for the Care and Use of
Laboratory Animals (55) and approved by the Institutional Animal Care
and Use Committee at Case Western Reserve University.

Cell viability assays. Cells were grown in six-well plates and incubated
until they achieved approximately 70 to 80% confluence at the time of
treatments. Following the indicated treatments (see Fig. 1E and 7C) and
detachment by trypsin, cells were suspended in phosphate-buffered saline
(PBS). Muse cell count and viability reagent (Millipore) was added, and
the cell suspension was incubated at room temperature for 5 min. Cell
viability was determined by using a Muse cell analyzer (Millipore) accord-
ing to the manufacturer’s protocol.

Electrophoretic mobility shift assays. We used two methodologies to
perform RNA-Cyt c binding reactions and electrophoretic mobility shift
assays. (i) For the experiments shown in Fig. 6A to C, reaction mixtures
(10 �l) contained 40 mM HEPES (pH 7.5), 30 mM KCl, 2 mM MgCl2, 5%
glycerol, 1 unit/�l RNasin, 1 nM radiolabeled tiRNA or pooled tiRNA-
containing RNA (tiRNA*pool immunoprecipitated with Cyt c), and the
indicated concentrations (see Fig. 6A to C) of Cyt c (Sigma) (stored in 50
mM phosphate buffer [pH 7.5]). Reaction mixtures were incubated for 30
min at 30°C. Reaction products were applied to an 8% nondenaturing
polyacrylamide-bis gel (79:1), which was run at 4°C. Gels were dried, and
radiolabeled RNAs were visualized with a Typhoon PhosphorImager
(Amersham Biosciences). The fraction of bound RNA was quantified us-
ing ImageQuant, version 5.2, software (Molecular Dynamics). RNA
binding curves were fit to the following equation: F � Fmax �
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[Cyt c]/(K1/2 � [Cyt c]), where F is the fraction of RNA bound, Fmax is the
fraction of RNA bound at Cyt c saturation, and K1/2 is the apparent affinity
of Cyt c to the RNA. Cyt c binding reached saturation at an Fmax of 0.14,
and this value was used to calculate all apparent affinities. The tiRNA
sequences were as follows: 5= tiRNAAsp-GUC, 5=-pUCCUCGUUAGUAU
AGUGGUGAGUAUCCCUGCCU-3=; 3= tiRNAArg-ACG, 5=-GGAUCAG
AAGAUUCUAGGUUCGACUCCUGGCUGGCUCGCCA-3=; 3= tiRNAGly-
UCC, 5=-CCAAGCAGUUGACCCGGGUUCGAUUCCCGGCCAACGCAC
CA-3=; 3= tiRNAIle-UAU, 5=-UAAUGCCGAGGUUGUGAGUUCGAGCCUC
ACCUGGAGCACCA-3=; 3= tiRNAThr-CGU/UGU, 5=-UAAACAGGAGAUCC
UGGGUUCGAAUCCCAGUGGGGCCUCCA-3=; 3= tiRNAAla-AGC, 5=-UG
CACGAGGCCCCGGGUUCAAUCCCCGGCACCUCCACCA-3=; and
yeast tRNA-Met, 5=-GGCGCCGUGGCGCAGUGGAAGCGCGCAGGG-
C U C A
UAACCCUGAUGUCCUCGGAUCGAAACCGAGCGGCGCUA-3=. (ii)
For the experiments shown in Fig. 6D to F, reactions were performed as
previously described (32). Briefly, RNA-binding reaction mixtures were
incubated in 20 mM Tris-HCl, pH 7.0, and 5 mM MgCl2 at 30°C for 45
min. After incubation, the reaction was quenched by the addition of 5�
loading dye (50% glycerol and 1 mg/ml xylene cyanol), and protein-RNA
complexes were separated by 12% nondenaturing PAGE, followed by
staining with methylene blue (0.1 M sodium acetate and 0.02% methylene
blue) for 1 h at room temperature. Gels were destained overnight with
autoclaved Milli Q water.

Gel filtration assay. Gel filtration analysis was performed on a Super-
ose 6 10/300 GL prepacked Tricorn column for high-performance gel
filtration (GE Healthcare Life Sciences, Pittsburgh, PA), attached to a
Waters 1525 binary high-performance liquid chromatography (HPLC)
system, equipped with a 2489 dual-wavelength UV/visible light detector
(Waters Corporation, Milford, MA). The column was calibrated with a
mixture of molecular mass standards in the range of 14 to 700 kDa. Cell
extracts (3.5 mg) in a buffer consisting of 50 mM Tris-HCl, pH 7.6, 50 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 mM DTT were
loaded on the column at a 0.5 ml/min flow rate, and 1-ml fractions were
collected every 2 min. The total protein in each fraction was precipitated
using trichloroacetic acid (TCA) and used for Western blot analysis.

Immunoprecipitations. MEFs were subjected to combined ANG and
hyperosmotic treatment as specified above. Total cell extracts (500 �g of
total protein) were immunoprecipitated with 5 �g of Cyt c antibody (BD
Pharmingen) as described previously (33).

Isolation and labeling of tRNA fragments. Total RNA enriched in
small RNAs was obtained using a mirVana miRNA isolation kit (Life
Technologies) according to the manufacturer’s protocol. Total RNA (5
�g) was 5= end labeled with [�-32P]ATP and was separated on 10% Tris-
borate-EDTA (TBE)– urea polyacrylamide gels. RNA sequencing was per-
formed by BGI Americas.

Lentivirus production. Lentiviral particles expressing short hairpin
RNAs (shRNAs) and control viruses were prepared in HEK293T cells
according to standard procedures. Briefly, cells were transfected with ei-
ther plasmid (pLKO.1) or plasmid expressing a shRNA against ANG1
(Open Biosystems), and medium was collected 24 h after transfection over
a period of 3 days and filtered through a 0.45-�m-pore-size membrane.
Viral particles were concentrated by ultracentrifugation (3 h at 25,000
rpm) through a 20% sucrose cushion and dissolved in Hanks balanced salt
solution (HBSS). MEFs were infected in the presence of Polybrene (10
�g/ml), and selection of infected cells with puromycin was performed 24
h after infection over a period of 5 days. The efficiency of ANG depletion
in infected cells was established by Western blotting.

Mitochondrion isolation. Cells were plated into 500-cm2 dishes and
incubated until they achieved approximately 80% confluence at the time
of treatments. Following detachment by trypsin, cells were suspended into
isolation medium (50 mM mannitol, 50 mM sucrose, 100 mM KCl, 50
mM morpholinepropanesulfonic acid [MOPS], 5.0 mM MgSO4, [pH
7.4]) and incubated for 10 min on ice following 10 to 18 strokes in glass
homogenizers. The homogenate was then centrifuged at 550 � g for 5 min

at 4°C, and the supernatants were centrifuged again at 8,000 � g for 10
min to pellet precipitate the mitochondria. The pellet was then washed
three times with KME buffer (100 mM KCl, 50 mM MOPS, 0.5 mM EGTA
[pH 7.4]). Mitochondrial protein concentrations were determined by the
bicinchoninic acid (BCA) method (using a micro-BCA protein assay kit;
Thermo-Scientific, Waltham, MA).

RNA sequencing. RNA sequencing was performed at the BGI Amer-
icas Corporation. RNA was isolated from Cyt c IPs using a mirVana
miRNA isolation kit (Life Technologies) according to the manufacturer’s
protocol. PAGE was used to separate the small RNAs based on their sizes,
and gel-purified fractions were used for further analysis. Briefly, 5= and 3=
adaptors were ligated to the ends of the small RNAs. The ligation products
were purified with PAGE. cDNAs were prepared using reverse transcrip-
tion, followed by PAGE purification. The cDNA libraries were then used
in the Illumina sequencing platform.

TUNEL assay. A terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay was carried out using an in
situ cell death detection kit (Roche). Cells were washed with PBS three
times and then fixed with 4% paraformaldehyde in PBS for 15 min at
room temperature. Fixed and washed cells were treated with 0.1% Triton
X-100 for 10 min at room temperature and washed with PBS three times.
Finally, cells were treated with TUNEL assay reaction mixture at 37°C for
1 h in the dark. Treated cells were then washed with PBS three times and
imaged with a fluorescence microscope (Leica DMI 4000B).

Western blotting. Western blot analysis was performed using stan-
dard procedures. The following antibodies were obtained from the indi-
cated sources: anti-ANG (Santa Cruz Biotechnology), anti-caspase 3 (Cell
Signaling), anti-caspase 9 (MBL International Corporation), anti-MS204
(Abcam), and anti-Cyt c (R&D Systems).

Nucleotide sequence accession number. Small RNA sequencing data
were deposited in the Gene Expression Omnibus (http://www.ncbi.nih
.gov/geo) under accession number GSE57435.

RESULTS
Early ANG treatment protects MEFs from apoptosis during hy-
perosmotic stress. Severe hyperosmotic stress can induce apop-
tosis in all cell types (25). We examined the effect of treatment of
cells with exogenous ANG on hyperosmotic stress-induced cleav-
age of the procaspase 3 in MEFs. ANG is a secreted protein and is
known to enter cells by endocytosis (34). We hypothesized that
ANG treatment would provide protection from apoptosis during
hyperosmotic stress. All treatments in this report were in medium
of 600 mosmol/liter. In MEFs cultured in hyperosmotic medium,
cleavage of procaspase 3 was observed at 1 h, increased at 2 h, and
remained constant for the next 3 h of treatment (Fig. 1A). Addi-
tion of ANG during hyperosmotic stress delayed cleavage of pro-
caspase 3 during the first 2 h of exposure to stress. The antiapop-
totic effect of ANG was not significant at later times (Fig. 1A),
suggesting that ANG has a protective effect on apoptosis during
the early response to hyperosmotic stress.

The sequence of events leading to apoptosis during the hyper-
osmotic stress response can vary depending on the nature, dura-
tion, and intensity of the stress (25). Early stress events are often
guided toward adaptation and include antiapoptotic mechanisms
(25, 35). In order to understand the mechanism behind ANG-
mediated protection during hyperosmotic stress, we probed the
very early kinetics of this phenomenon. MEFs were cultured in
hyperosmotic medium for 15 min, 30 min, 1 h, and 2 h in the
presence and absence of ANG, and cleavage of procaspase 3 was
monitored. It was shown that ANG reduced the cleavage of both
procaspase 3 and procaspase 9 (Fig. 1B). These data are in agree-
ment with our previous report that showed an increase in the
number of cells with released Cyt c from mitochondria at 2 h of
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hyperosmotic stress (25). It was shown previously that increased
levels of the antiapoptotic proteins Bcl-2 and Bcl-xL can inhibit
Cyt c release from mitochondria (36). Bcl-2 and Bcl-xL levels re-
mained unchanged throughout the treatment and were not af-
fected by the addition of ANG (Fig. 1B).

To further confirm and quantify the inhibitory effect of
ANG on caspase 3 activation and apoptosis, we measured
caspase 3 activity in stressed cells (Fig. 1C). ANG treatment
significantly decreased caspase 3 activity during hyperosmotic
stress treatment in MEFs at the 1-h and 2-h time points (Fig.
1C). At 2 h the caspase 3 activity decreased by 50% in the
presence of ANG (Fig. 1C). Interestingly, accumulation of tiR-
NAs increased at 15 min of ANG treatment and did not in-

crease further during the 2 h of hyperosmotic stress (Fig. 1D),
in agreement with our previous report (20). To further support
this finding, we performed cell viability assays after 2 h of hy-
perosmotic stress. Viability was higher for the ANG-treated
MEFs (Fig. 1E). The antiapoptotic effect of ANG during hyper-
osmotic stress was further supported by the increased accumu-
lation of cleaved caspase 3 in MEFs depleted of ANG (Fig. 1F).
MEFs infected with lentivirus expressing a control shRNA
(shCtrl) and shRNA against ANG (shANG) were cultured in
hyperosmotic medium for 15 min, 30 min, 1 h, and 2 h, and
cleavage of procaspases 3 and 9 was measured using Western
blotting. As expected, the levels of both caspase 3 and 9 cleavage
products during hyperosmotic stress were higher in shANG-

FIG 1 ANG inhibits caspase 3 activity during early hyperosmotic stress. MEFs were incubated in hyperosmotic medium alone or in the presence of ANG (0.5
�g/ml) for the indicated times. (A and B) Western blot analysis of proteins from total cell extracts for the indicated proteins. (C) Caspase 3 activity in cell extracts
from three biological replicates for the indicated treatments. (D) Total RNA 5= end labeled with [�-32P]ATP was analyzed on 10% urea-polyacrylamide gels. The
migrations of tRNAs and tiRNAs are indicated with brackets. (E) Cell viability assays from three biological replicates for the indicated treatments using a Muse
cell count and viability kit. (F) Western blot analysis of cell extracts from MEFs treated with ANG-targeted shRNA (shANG) or an shRNA control (shCtrl) for
the indicated proteins and the indicated times. The significance of differences among means in panels C and E were evaluated using the Student t test (*, P � 0.05;
**, P � 0.01). Error bars represent standard errors.
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infected cells (Fig. 1F). In summary, our data showed that ANG
reduces the rate of cell death in MEFs subjected to hyperos-
motic stress. Next, we tested the molecular basis of this protec-
tive mechanism.

ANG inhibits apoptosis by attenuating Apaf-1 oligomeriza-
tion and apoptosome activity. Hyperosmotic stress induces the
intrinsic pathway of apoptosis, which involves as an initiating step
the activation of procaspase 9 (25, 37). Activation of procaspase 9
requires interaction of released Cyt c with the cytoplasmic scaf-
folding protein Apaf-1 (4). Binding of Cyt c to Apaf-1 induces
Apaf-1’s conformational change and favors subsequent binding to
dATP/ATP, thus allowing its oligomerization. The oligomerized
Apaf-1 binds and cleaves procaspase 9 (1, 3). Because our data
suggested that ANG delays the activation of procaspase 9 during
hyperosmotic stress (Fig. 1A and B), we hypothesized that ANG
attenuates Apaf-1 oligomerization and the downstream apopto-
some formation, thus decreasing apoptosis.

To test our hypothesis we analyzed the effect of ANG on Apaf-1
oligomerization using gel filtration chromatography (Fig. 2). Ex-
tracts were prepared from untreated MEFs or cultured in hyper-
osmotic medium alone or in the presence of ANG. Equal amounts
of protein were loaded on a Superose 6 column. In control ex-
tracts, Apaf-1 primarily localized with the lower-molecular-
weight eluted fractions (monomeric Apaf-1), and procaspase 9
was not cleaved (Fig. 2A, top panel). As expected, in extracts cul-
tured in hyperosmotic medium for 2 h, a considerable portion of
the Apaf-1 protein moved to the heavy fractions due to its oli-
gomerization and becoming part of the apoptosome (�700 kDa)
(Fig. 2A, middle panel). Procaspase 9 in these extracts was signif-
icantly cleaved. In contrast, in extracts from cells cultured in hy-
perosmotic medium in the presence of ANG, Apaf-1 showed less
association with the high-molecular-weight eluted fractions, sug-
gesting a decrease in caspase 9 activation (Fig. 2A, bottom panel).
In agreement with decreased apoptosome formation, a parallel
decrease in the cleavage of procaspase 9 was also observed.

Because the experimental approach of determining Apaf-1 oli-
gomerization via the use of gel filtration (Fig. 2A) is not quantita-
tive, we also evaluated the caspase 9 activity in cells cultured in
hyperosmotic medium alone or in the presence of ANG. ANG
treatment caused a significant decrease in caspase 9 activity (Fig.
2B). However, caspase 3 activity showed a more significant de-
crease (Fig. 1C) than caspase 9 activity (Fig. 2B), suggesting that
ANG inhibits apoptosome-mediated caspase 3 activity. To further
support the idea that hyperosmotic stress induces caspase 3 activ-
ity via Apaf-1-mediated apoptosome formation, we compared hy-
perosmotic stress-induced caspase 3 cleavage between Apaf-1�/�

and Apaf-1	/	 MEFs (38). Both cell types responded to hyperos-
motic stress by increasing the phosphorylation of 
 subunit of
eukaryotic initiation factor 2 (eIF2
) (Fig. 2C), a signaling path-
way that we have previously shown to lead to apoptosis in
response to hyperosmotic stress (25). In agreement with our hy-
pothesis, we did not observe caspase 3 cleavage in Apaf-1	/	

MEFs (Fig. 2C).
Altogether, these data suggest that the antiapoptotic prop-

erty of ANG agrees with the inhibition of intrinsic apoptotic
pathway. Release of Cyt c from the mitochondria is the first
signaling event associated with the intrinsic pathway (1, 3). We
hypothesized that ANG-induced tiRNAs (Fig. 1D) can form
complexes with cytoplasmic Cyt c and reduce formation or
activity of the apoptosome (Fig. 1D). Thus, our studies suggest

that ANG indirectly contributes to inhibition of apoptosome-
mediated apoptosis.

Cytochrome c forms novel RNP complexes with ANG-in-
duced tiRNAs during hyperosmotic stress. We recently reported
that during hyperosmotic stress, MEFs undergo ANG-induced
tRNA cleavage early in the stress response (20). Because the per-
centage of cleaved tRNAs was very low (18, 20, 21), MEFs were
treated with exogenous ANG (0.5 �g/ml) during hyperosmotic
stress in order to increase the accumulation of tiRNAs (Fig. 1D).
We previously determined that a limiting factor for the generation
of tiRNAs is tRNA substrate availability due to the absence of free
tRNAs in the cytoplasm of cells (20); treatment of cells with in-
creasing concentrations of ANG did not result in increased tiRNA
accumulation (data not shown).

We hypothesized that the ANG-induced tiRNAs bind Cyt c
during hyperosmotic stress and that this causes inhibition of apo-
ptosome formation. To test our hypothesis, we performed immu-
noprecipitations (IP) for Cyt c from MEF cell lysates, either con-
trol (no stress) or cultured in hyperosmotic medium, for 15 min
and 2 h. The treatments were performed in either the presence or
the absence of ANG and did not affect the levels of Cyt c (Fig. 3A).
Total RNA was isolated from the immunoprecipitates (IPs), 5=
end labeled with [�-32P]ATP, and run on denaturing polyacryl-
amide gels (Fig. 3B). The labeled full-length tRNA was observed in
control as well as in stressed cells, indicating that the interaction
between Cyt c and tRNAs is neither stress specific nor ANG treat-
ment mediated (Fig. 3B). The labeling of full-length tRNA was
lower in ANG-treated samples (Fig. 3B), suggesting a decreased
affinity for binding of Cyt c to full-length tRNAs under ANG treat-
ment (compare Fig. 1D and 3B). In the samples under hyperos-
motic stress and treated for 2 h with ANG, in addition to the
full-length labeled tRNAs, we observed strong labeling with a
band of �30 to 45 nt in size (Fig. 3B). This band migrated at a
similar position with the tiRNAs in PAGE gels (Fig. 1D). The
intensity of the RNA band corresponding to tiRNAs was much
stronger than that of the full-length tRNA band at the 2-h time
point (Fig. 3B). We have previously demonstrated that the highest
total signal for tRNA cleavage in MEFs cultured in hyperosmotic
medium occurred at 15 min, with a gradual decline thereafter
(20). Because we did not observe an RNA band at the position that
tiRNAs migrate in the Cyt c-immunoprecipitated samples from
MEFs treated with hypertonic medium for 15 min, we propose
that the binding of Cyt c to tiRNAs occurs after the release of Cyt
c to the cytoplasm. These data do not exclude binding of low levels
of released Cyt c to tiRNAs at earlier time points. However, be-
cause Cyt c has been reported to be released from mitochondria in
a single step during apoptosis (39), it is unlikely that the earlier
binding occurs.

In order to confirm that accumulation of tiRNAs is mainly a
cytoplasmic phenomenon and does not occur in the mitochon-
dria, we tested mitochondrial cell lysates for tiRNA accumulation
during stress. We isolated mitochondria from MEFs incubated in
hyperosmotic medium in the presence of ANG (Fig. 3C). Mito-
chondrial RNA and total RNA were 5= end labeled with [�-
32P]ATP and run on denaturing polyacrylamide gels. We did not
observe any bands corresponding to tiRNAs in the mitochondrial
RNA samples (Fig. 4D). These data support our hypothesis that
during hyperosmotic stress the released Cyt c preferentially binds
tiRNAs in the cytoplasm. Furthermore, exogenously added ANG
during hyperosmotic stress increased the accumulation of tiRNAs
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at the time of increased cytoplasmic Cyt c accumulation and thus
promoted their interaction.

Next-generation sequencing of RNAs (30 to 45 nt) derived
from Cyt c IPs shows enrichment for a selected group of tiRNAs.
RNA extracted from Cyt c-immunoprecipitated (Cyt c-IP) cell
extracts isolated from cells incubated in hyperosmotic medium
and ANG showed a much higher immunoprecipitation of small

RNAs (similar in size to tiRNAs) than full-length tRNA (Fig. 3B).
This suggests that Cyt c preferentially forms RNPs with RNAs of
30 to 45 nt in length, including tiRNAs. To uncover the popula-
tion of ANG-generated tiRNAs that are preferentially bound to
Cyt c upon hyperosmotic stress, we extracted total lysates from
MEFs treated with ANG in hyperosmotic medium. The lysates
were then split into two parts (Fig. 4A): one part served as the

FIG 2 ANG inhibits apoptosis by decreasing Apaf-1 oligomerization and apoptosome activity. (A) MEFs were treated with normal medium (Control),
hyperosmotic medium, or hyperosmotic medium in the presence of ANG (0.5 �g/ml) for 2 h. Total cell lysates were fractionated on a Superose 6 gel filtration
column. Proteins isolated from the fractions were analyzed by Western blotting for the indicated proteins. The positions of molecular weight standards that were
used for calibration of the column are marked at the bottom (arrows). (B) Caspase 9 activity in cell extracts from three biological replicates of MEFs treated with
ANG for the indicated times. Error bars represent standard errors of three independent replicates (**, P � 0.01). (C) Western blot analysis of cell extracts from
Apaf-1�/� and Apaf-1	/	 MEFs incubated in hyperosmotic medium for the indicated proteins and the indicated times. P, phospho; M.W., molecular weight (in
thousands).
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control (Fig. 4A, Ctrl), consisting of the RNA content of the ly-
sates, and the second part was the Cyt c-immunoprecipitated frac-
tion, consisting of the RNA content that is bound to Cyt c (Cyt
c-IP). Both fractions were separated using PAGE and selected for
small RNAs of �30 to 45 nucleotides, in triplicates, and sent to
next-generation sequencing. Analysis of the sequencing data
should determine the enrichment of the tiRNAs species in the Cyt
c-immunoprecipitated RNA by normalizing data from high-
throughput sequencing of RNA transcripts (RNA-seq) from the
IP/control lysates. This experimental approach would also allow

the identification of factors that may play a role in the binding of
Cyt c to tiRNAs, such as sequence, structure, etc.

The deep-sequencing data were mapped on the Mus musculus
genome (mm10 version). For the control, about 71% of 67 million
reads were mapped, while 85% of 2.5 million reads were mapped
for the for Cyt c-IP. The quality of the deep-sequencing data was
assessed by the reproducibility of RNA gene expression levels in
two out of three biological replicates for both the control (R2 �
0.97) and the Cyt c-IP (R2 � 0.98) fractions (Fig. 4B).

Preferentially bound RNA fragments to Cyt c would show en-
richment in the IP fraction compared to the control fraction. To
compute the enrichment of a gene, we first started by collecting all
deep-sequencing reads mapping to it, thus assembling its moun-
tain plot. Because we have two deep-sequencing sets or fractions
(control and IP), each gene has two mountain plots (Fig. 4C and
Fig. 5) that are directly comparable, once normalized by the total
number of mapped reads (which accounts for the deep-sequenc-
ing depth which may differ between deep-sequencing runs). The
enrichment is defined as the log2 ratio of heights where the IP and
control curves are the most distant from one another. Selected
mountain plots for tiRNAs are shown in Fig. 4C and Fig. 5 as most
enriched mountains have a width of about �35 nt and have a
strong 5= or 3= bias. All mountain plots showed a valley between
nucleotide positions 30 and 40 of tRNAs, where ANG is expected
to cut and which would correspond to the apex of the anticodon
loop. If we compare tRNAs from the cytoplasm- and mitochon-
drion-encoded tRNAs, we observe that cytoplasmic tRNAs are far
more preferred by Cyt c after hyperosmotic stress and ANG treat-
ment (Fig. 4D). A list of tiRNAs with enrichment values greater
than 4 is shown in Fig. 4E.

We should emphasize that the computation of the enrichment
is performed to uncover the tRNA isoacceptors whose abundance
in the Cyt c-RNP complex is greater than the total cell-wide abun-
dance of isoacceptors (as a control). Because these two conditions
yield different amounts of total tRNAs, we can normalize the
deep-sequencing counts of a given isoacceptor under a given con-
dition by the rpkM (reads per kilobase per million mapped) of
that condition. From there, we do not compare the relative abun-
dance of the various isoacceptors within a given condition, but,
rather, we compare the abundance of the same isoacceptor be-
tween two different conditions. In that way, the relative abun-
dance of the tRNA isoacceptors in vivo is not a factor for adjust-
ment. In all, if there were no differences between the two
conditions, the subsequent enrichment computation for a given
isoacceptor between the two conditions would result in a value
close to 0 (i.e., log2 1) even if the two conditions had made for
discordant total tRNA quantities.

Cyt c binds tiRNAs in vitro. It has been shown that Cyt c binds
full-length in vitro-synthesized tRNAs (cytoplasm and mitochon-
drion encoded) with higher affinity than other RNAs, such as
mRNAs and rRNAs (29). We have shown here that Cyt c bound
tiRNAs in vivo at the time that it was released from the mitochon-
dria during hyperosmotic stress. In addition, we showed enrich-
ment for a small group of tiRNAs in complexes with Cyt c (Fig.
4E).

We next determined in vitro the affinity (K1/2) of Cyt c for a
selected group of individual tiRNAs, for full-length tRNAMet, and
for the tiRNA-containing RNA pool (tiRNA*pool) that was immu-
noprecipitated with Cyt c (Fig. 6). Individual tiRNAs and tRNAMet

were synthetically produced and radiolabeled. The tiRNA*pool
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bound at a low micromolar concentration to Cyt c (Fig. 6A and B).
Full-length tRNAMet bound with slightly lower affinity than the
immunoprecipitated tiRNA*pool (Fig. 6C). Affinities of Cyt c for
different tiRNAs varied considerably, ranging from a K1/2 of
26.9 � 6.8 �M for tiRNAArg to a K1/2 of 190.4 � 13.8 �M for
tiRNAAla (Fig. 6B and C). However, there was little correlation

between affinities in vitro and enrichment of the tiRNA fragments
in vivo. These data suggest that the affinity of Cyt c for unmodified
tiRNAs is unlikely to drive the observed enrichment of the tiRNAs
in vivo (Fig. 4). The significantly higher affinity of the tiRNA*pool

than the individual synthetic tiRNAs suggests that in cells the se-
lectivity of Cyt c for a subset of tiRNAs is influenced by tRNA
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modifications (40), other cellular factors, or both. Although there
are over 100 posttranscriptional modifications of tiRNAs, the bi-
ological significance of most modifications is not known (41, 42).

As a final test of the specificity of binding of Cyt c to tiRNAs
compared to tRNAs, we used gel mobility shift assays in which the

migration of the RNA and RNA-protein complexes was visualized
by methylene blue staining (32). We first showed that tiRNAArg

and Cyt c form high-molecular-weight complexes by incubating
tiRNAArg with increasing concentrations of Cyt c (Fig. 6D). The
addition of tRNA in increasing concentrations in the binding as-
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says of tiRNAArg with Cyt c did not compete binding of Cyt c to
tiRNAArg (Fig. 6E). Instead, it caused the formation of higher-
intensity complexes of Cyt c with RNA (Fig. 6E). These data sug-
gest that both tRNA and tiRNAArg form complexes with Cyt c and
that tiRNAArg competes well with the tRNA for binding to Cyt c.
The latter was further supported by the gel mobility shift assay of
tRNA with Cyt c in the presence of increasing concentrations of
tiRNAArg (Fig. 6F). The addition of tiRNAArg led to increased
high-molecular-weight complex formation, further supporting
the idea that both tRNA and tiRNAArg form complexes with Cyt c
(Fig. 6E and F).

ANG protects primary neurons from hyperosmotic stress-
induced apoptosis. We used primary cortical neurons as a model
to demonstrate the therapeutic potential of ANG on neuronal cell

viability during hyperosmotic stress. We tested whether induction
of apoptosis by hyperosmotic stress is decreased by the addition of
ANG into cortical neurons. Cortical neurons were generated from
1- to 2-day-old mouse embryos (25). Exposure of neurons to hy-
perosmotic stress induced apoptosis (Fig. 7A). However, the ad-
dition of ANG in the hyperosmotic medium was neuroprotective.
Quantification by TUNEL staining showed that 62% of neurons
cultured in hyperosmotic medium alone were TUNEL positive,
compared to 33% TUNEL-positive neurons of those exposed to
hyperosmotic stress in the presence of ANG for 2 h (Fig. 7A). In
addition, ANG treatment during hyperosmotic stress also de-
creased the cleavage of procaspase 9 (Fig. 7B). In a similar manner,
ANG-mediated protection was observed by performing a cell sur-
vival assay (Fig. 7C). Taken together, these facts suggest that the
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addition of ANG into cortical neurons during hyperosmotic stress
accompanies decreased apoptosis. The findings also highlight the
potential importance of ANG in neuronal cell survival under dif-
ferent stresses or pathological conditions.

DISCUSSION

Hyperosmotic stress is known to induce the intrinsic pathway of
apoptosis (25) that involves Cyt c release from the mitochondria
and subsequent apoptosome formation and activation of the
caspases. However, mitochondrial dysfunction does not always
result in Cyt c release (2, 43). It is the association of Cyt c with
Apaf-1 in the cytoplasm that causes the activation of caspases,
leading to apoptotic degradation of cellular components. How-
ever, there might be pathways that could prevent Cyt c association

with Apaf-1, thus making the release of Cyt c “harmless” for in-
duction of apoptosis (43). In this report we have identified and
characterized a mechanism that inhibits Cyt c/Apaf-1-mediated
activation of the apoptosome in cells subjected to hyperosmotic
stress. We found that Cyt c released from the mitochondria during
hyperosmotic stress forms RNPs with small RNAs that include
tiRNAs generated by the actions of ANG. This association was
correlated with decreased formation and activity of the apopto-
some that involves Apaf-1–Cyt c binding and caspase 9 cleavage.
Our studies reveal (i) a novel signaling pathway that interferes
with Cyt c-mediated caspase activation, (ii) a novel function of
tiRNAs as inhibitors of apoptosome formation and function, and
(iii) a novel antiapoptotic mechanism involving ANG-mediated
tRNA cleavage.

FIG 7 ANG protects primary neurons from hyperosmotic stress-induced apoptosis. Primary cortical neurons from C57BL/6J pups, cultured for 7 days and
incubated for 2 h in either hyperosmotic medium alone or in the presence of ANG, were used for TUNEL staining (representative image) (A), Western blotting
of total cell lysates for the indicated proteins (B), and cell viability measured by the Muse cell count instrument (C). Error bars represent standard errors of three
independent replicates (*, P � 0.05). (D) Schematic representation of ANG-induced tiRNA-mediated regulation of apoptosome formation during hyperosmotic
stress. It is shown that ANG (exogenous or activated by stress) generates tiRNAs by cleavage of tRNAs. Cyt c released from mitochondria forms complexes with
the tiRNAs within a not fully characterized RNA-protein complex (RNP, ribonucleoprotein complex). Sequestration of Cyt c in the tiRNA-containing RNPs
either limits its availability for association with Apaf-1, thus decreasing apoptosome formation, or inhibits apoptosome activity and induction of apoptosis.
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Cleavage of tRNAs is conserved among eukaryotes, specifically
in response to oxidative stress by secreted ribonucleases (RNY1 in
yeast [23] and ANG in mammalian cells [18]). In almost all cases
of stress-induced tRNA cleavage, the cleavage site was suggested to
be at or close to the anticodon loop (16). The functional signifi-
cance of the produced tiRNAs is not clear. It has been suggested
that tiRNAs could target specific signaling pathways, potentially
modulating the cellular response to stress (16). For example,
tiRNAs may play a role in the inhibition of translation initiation
during stress via interaction with the translational silencer YB1
and sequestration of mRNAs in stress granules (44). Interestingly,
optimal inhibition of translation and stress granule formation
were induced by 5= tiRNAs but not by 3= tiRNAs (21, 27, 44). This
is in contrast to our findings here that both 5= and 3= tiRNAs are
selectively enriched in the novel Cyt c-RNP complex. More re-
cently, it was shown that oxidative stress induced by arsenite treat-
ment of HeLa cells inhibited translation elongation concomitant
with ANG-mediated cleavage of the aminoacyl-ends of all tRNAs
(45). This observation may explain the decreased association of
Cyt c with full-length tRNAs during ANG treatment (Fig. 3B).
Taken together, these previous studies presented a connection be-
tween the inhibition of translation in stressed cells and the ANG-
mediated cleavage of tRNAs.

Our studies describe a new function of tiRNAs in the forma-
tion of complexes with Cyt c in the cytoplasm of stressed cells. It is
noteworthy that Cyt c complex formation with tiRNAs occurred
at the time that Cyt c was released from the mitochondria into the
cytoplasm (Fig. 3B), further suggesting that these complexes are
the result of specific binding of tiRNAs with Cyt c in the cell. The
specificity of complex formation of Cyt c with tiRNAs was further
challenged by the low levels of Cyt c coimmunoprecipitated with
full-length tRNAs, which are in high abundance relative to tiRNAs
(Fig. 3B). We have previously shown that tRNAs, and not tiRNAs,
are in complexes with eIF2 and eEF1A in cells treated with ANG
during hyperosmotic stress (20). That observation suggested that
tRNAs bound by translation factors are not prone to cleavage by
ANG (20). It is therefore logical to suggest that Cyt c released in the
cytoplasm during hyperosmotic stress forms complexes enriched
in tiRNAs and not tRNAs due to the low availability of free full-
length tRNAs. A schematic representation of the actions of the Cyt
c-RNP complex in inhibition of apoptosome formation during
osmotic stress is given in Fig. 7D.

Prior reports (29, 30) and our finding here (Fig. 3B and 6)
support that the idea full-length tRNA can bind Cyt c in vivo and in
vitro. It has also been reported that binding of full-length tRNA to
Cyt c can inhibit apoptosome formation in vitro (29). Moreover,
treatment of cells with onconase, which cleaves tRNA (46), in-
duced caspase 9 cleavage and apoptosis, further supporting the
idea that full-length tRNA integrity protects healthy cells from
apoptosis. Similar to the functions of full-length tRNA in healthy
cells, tiRNA complexed with Cyt c during stress is concurrent with
the inhibition of caspase 9 cleavage and apoptosome formation
(Fig. 2). Enrichment for specific tRNA isoacceptors/isodecoders
was observed in the Cyt c-tiRNA complex (Fig. 4). The molecular
mechanism for this enrichment is not known yet and is beyond the
scope of this work. The in vitro binding experiments of Cyt c to
chemically synthesized tiRNAs (Fig. 6C) did not show a good
correlation with the enrichment plot (Fig. 4E). For example,
tiRNAAla-AGC (where AGC is the anticodon) showed lower affin-
ity than tiRNAArg-ACG although enrichment values were similar

(Fig. 4 and 6). Moreover, in vitro binding assays of Cyt c to the
tiRNA*pool revealed that the affinity of binding for the tiRNA*pool

was better than that of tiRNAArg-ACG and tRNAMet (Fig. 6C).
Because we showed that at least tiRNAArg-ACG binds Cyt c in vitro
with comparable affinity to that of the full-length tRNAMet (Fig.
6C), we can speculate that the tertiary structure of specific tiRNAs
may determine the specificity of binding. Interaction of Cyt c with
tiRNAs in vivo may include additional factors that assist folding of
the tiRNAs, thus contributing to the enrichment of specific
tiRNAs in the Cyt c complex. Such factors can be other proteins or
small RNAs, as well as posttranscriptional modifications of the
tRNAs themselves. The inability of in vitro-synthesized tRNAs or
tiRNAs to form stable structures that can bind Cyt c with high
affinity may be due to the lack of modifications.

Posttranscriptional modification of tRNAs is a highly con-
served phenomenon (47) and is an important factor for their fold-
ing and integrity in vivo (42). The modification status of tiRNAs
might be one of the factors that determine the structure and bind-
ing affinities of these molecules to their interacting partners, i.e.,
more specifically to Cyt c. Very few reports in the literature de-
scribe the modification status of tRNAs in vivo, especially in mam-
malian tRNAs. The tRNA modification N1-methyl-adenosine
(m1A58) at the conserved nucleotide 58 in the T�C loop is pres-
ent in most eukaryotic tRNAs (48). The only account describing
the m1A58 modification levels in human tRNAs showed that this
modification can occur in unknown fractions of many tRNAs. In
HeLa cells, 9 out of the 40 tRNAs tested were found to be hypo-
modified (46). We examined the enrichment plot of these nine
tRNAs to see if there was any correlation between the hypomodi-
fication status of the A58 nucleotide and Cyt c-IP enrichment on
the 3= end of the tRNAs. The enrichment plots of these tRNAs did
not show a preference for 3= enrichment. Some tRNAs (tRNAPro-
hGG, tRNAGlu-yUC, tRNAHis-GUG, and tRNATrp-CCA) did not
show enrichment on either fragment, three (tRNAAla-AGC,
tRNALeu-CAA, and tRNAVal-UAC) showed enrichment on the 3=
fragment, and two (tRNAAsp-GUC and tRNALeu-UAA) showed 5=
enrichment. These data led us to believe that the effect of the
m1A58 modification, although possible, does not significantly af-
fect the enrichment of tiRNAs in the Cyt c-RNP.

Several studies show that ANG protects motor neuron degen-
eration induced by various stresses, including excitotoxicity, en-
doplasmic reticulum stress, and hypoxia (12–14). Our studies also
showed that addition of ANG inhibits hyperosmotic stress-in-
duced apoptosis in primary neurons (Fig. 7). Although the cyto-
protective effects of ANG may involve signaling pathways other
than its nuclease activity on tRNAs (16, 49–51), our data strongly
suggest that ANG inhibits the intrinsic pathway of apoptosis dur-
ing hyperosmotic stress due to complex formation of Cyt c with
tiRNAs. So, in addition to other cytoprotective actions of ANG,
the inhibition of the apoptosome may be unique via the presence
of tiRNAs. The investigation of the mechanism of tiRNA-medi-
ated inhibition of apoptosome formation and activity is an inter-
esting future direction in a challenging field (52–54).

Inhibition of the apoptosome via ANG-mediated Cyt c tiRNA
complex formation can be used as a valuable therapeutic strategy.
Although our current studies did not determine the exact tiRNA
structures that bind Cyt c, they do provide a pool of specific tiRNA
molecules with potential cytoprotective properties in response to
stress. RNA-based therapeutics is an emerging field. Future stud-
ies leading to the discovery of all the components of the tiRNA-
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apoptosome inhibitory complex will shed light on the molecular
mechanisms that drive formation of these complexes during stress
and protect cells from the deleterious effects of Cyt c–Apaf-1 as-
sociation and activation of apoptosis.
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