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Abstract
Loss-of-function mutations in angiogenin (ANG) gene were discovered in amyotrophic lateral
sclerosis (ALS) patients and ANG has been shown to prevent neuronal death both in vitro and in
vivo. The neuro-protective activity of ANG was brought about partially by inhibiting stress-
induced apoptosis. ANG attenuates both the extrinsic and the intrinsic apoptotic signals by
activating Nf-κb-mediated cell survival pathway and Bcl-2-mediated anti-apoptotic pathway. Here
we report that ANG inhibits nuclear translocation of apoptosis inducing factor (AIF), an important
cell death-executing molecule known to play a dominant role in neurodegenerative diseases. ANG
inhibits serum withdrawal-induced apoptosis by attenuating a series of Bcl-2-dependent events
including caspase-3 activation, poly ADP-ribose polymerase-1 (PARP-1) cleavage, and AIF
nuclear translocation.
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Introduction
ANG has been detected in virtually all human organs and tissues (Weiner et al., 1987)
although it was originally isolated as a tumor angiogenic protein from the conditioned
medium of HT-29 colon adenocarcinoma cells (Fett et al., 1985). ANG is a 14.4 kDa small
protein belonging to the vertebrate-specific, secreted ribonuclease superfamily. The
widespread expression of ANG suggests that it may play a more universal role than merely
stimulating angiogenesis. Indeed, ANG has been shown to exhibit both angiogenic and non-
angiogenic activities. For examples, it regulates ribosomal RNA (rRNA) transcription in
both cancer and nerve cells, and its up-and down-regulation has been linked to the
pathogenesis of cancer and neurodegenerative diseases, respectively (Li and Hu, 2010).
ANG has also been shown to mediate the production of tRNA-derived, stress-induced small
RNA (tiRNA) in response to stresses (Fu et al., 2009; Yamasaki et al., 2009). tiRNA is a
novel class of small RNA that is derived from tRNA and is induced by stress (Thompson et
al., 2008). It reprograms protein translation and promotes cell survival under adverse
conditions (Emara et al., 2010). ANG is the ribonuclease responsible for cleaving tRNA at
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the anticodon to produce tiRNA thereby playing an important role in stress response of
mammalian cells (Emara et al., 2010; Yamasaki et al., 2009).

Missense mutations in ANG gene have recently been found to be associated with ALS, a
fatal neurodegenerative disease caused by the degeneration of motor neurons (Millecamps et
al., 2010). Accumulating evidence shows that wild type ANG protects motor neuron
degeneration induced by various stresses including excitotoxicity, endoplasmic reticulum
stress, as well as hypoxia (Kieran et al., 2008). The neuro-protective activity of ANG has
been shown to be mediated, at least in part, by its anti-apoptotic activity (Kieran et al., 2008;
Li et al., 2010). Apoptosis of motor neurons has been well-documented in ALS (Friedlander,
2003). Crossbreeding of SOD1G93A mice, the ALS model mice that develop motor
impairment, with mice expressing a mutant caspase-1 gene slowed down disease
progression by 50% and prolonged survival by 9% (Friedlander et al., 1997). Caspase
inhibitor (zVAD-fmk) has been shown to increase the survival of SOD1G93A mice by 22%
(Li et al., 2000). Prolonged caspase activations were found in ALS model mice (Friedlander,
2003). Caspase-1 and -3 were found to be activated in the spinal cord of ALS patients (Li et
al., 2000; Martin, 1999). Moreover, caspase-9 activation and cytochrome c release have also
been documented in ALS model mice (Zhu et al., 2002). Caspase activation in ALS seems
to be induced by protein aggregates and can be modulated by Bcl-2 family proteins. For
example, blocking the mitochondrial apoptotic pathway preserves motor neuron viability
and function in ALS model mice (Reyes et al., 2010). Consistently, SOD1G93A mice
carrying a transgenic Bcl-2 gene survive longer (Kostic et al., 1997). All these results
indicate that motor neuron apoptosis is an underlying mechanism of ALS pathogenesis.
However, genetic deletion of caspase-11, a dual regulator of caspase-1 and -3, in ALS model
mice did not have any effects in disease outcome, suggesting that caspase activation is not
sufficient for neurodegeneration (Kang et al., 2003).

AIF is another death-executing molecule that can induce caspase-independent cell death
(Thress et al., 1998). AIF is a mitochondrial flavoprotein that possesses NADH-dependent
oxidoreductase activity (Krantic et al., 2007). Upon an apoptotic insult and permeabilization
of outer mitochondrial membrane, AIF undergoes proteolysis, is released from the
intermembrane space, and translocated to the nucleus where it triggers chromatin
condensation and large-scale DNA degradation in a caspase-independent manner (Cande et
al., 2002). AIF nuclear translocation has been shown to be a major mediator of
neurodegeneration (Galluzzi et al., 2009). Translocation of AIF into the nucleus has been
observed in a variety of neurodegenerative disease models such as brain trauma and
ischemia (Cao et al., 2003; Zhang et al., 2002), Parkinson’s disease (Perier et al., 2010), and
ALS (Oh et al., 2006). In a previously study (Li et al., 2010), we have shown that ANG
prevents serum withdrawal-induced apoptosis of P19 cells, a widely used cell mode for
neuroscience research (Bain et al., 1994). We have shown that ANG attenuates both the
intrinsic and extrinsic apoptosis signals. It upregulates as well as activates Nf-κB thereby
promoting cell survival. It also increases the levels of both mRNA and protein of Bcl-2
thereby preventing mitochondria-mediated apoptosis. In the present study, we investigated
the involvement of AIF in the anti-apoptotic activity of ANG. Our results show that ANG
prevented serum withdrawal-induced nuclear translocation of AIF. It also prevented PARP-1
cleavage, an upstream event of AIF release. Knockdown of Bcl-2 abolished the preventive
activity of ANG toward nuclear translocation of AIF and PARP-1 cleavage. Moreover, we
found that the preventive activity of ANG toward caspase-3activation is also Bcl-2-
dependent. Taken together, we are presenting a series of sequential events in the anti-
apoptotic action of ANG that involves the signal cascade from upregulation of Bcl-2,
activation of caspase, cleavage of PARP-1, and nuclear translocation of AIF.
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Materials and methods
ANG and cell culture

ANG was prepared as a recombinant protein and purified to homogeneity as described
(Shapiro et al., 1988). The ribonucleolytic and angiogenic activities of each preparation were
examined by tRNA assay and endothelial cell tube formation assay, respectively (Riordan
and Shapiro, 2001). P19 mouse embryonal carcinoma cells were maintained in DMEM plus
10% FBS in the presence of penicillin (100 units/ml) and streptomycin (100 μg/ml). Cells
were sub-cultured in a 1:10 ratio every 48 h to maintain exponential growth and to avoid
aggregation and differentiation. For serum withdrawal-induced apoptosis, cells were seeded
and cultured in DMEM + 10% FBS for 24 h, washed with DMEM three times, and cultured
in serum-free DMEM in the presence or absence of 1 μg/ml ANG for the time period
indicated.

Bcl-2 knockdown
An empty vector control (pSM) and a mouse Bcl-2-specific shRNA clone targeting the
sequence of GTGATGAAGTACATACATT were obtained from Open Biosystems
(Huntsville, AL, USA). They were transfected into P19 cells in the presence of
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Stable transfectants were selected
with 2 μg/ml puromycin. The pooled populations of the transfectants were used. The protein
level of Bcl-2 was determined by Western blotting analysis.

Immunofluorescence (IF) of AIF
Cells were cultured on cover slips placed in 48-well plates. Cells were fixed in methanol at
−20 ºC for 10 min, blocked with 1 % BSA at RT for 1 h, and incubated with a rabbit anti-
AIF polyclonal IgG at 1:1000 dilution (Cell Signaling, Danvers, MA, USA) at 4 ºC
overnight. Incubation with the second antibody Alexa 555-labeled goat F(ab’)2 anti-rabbit
IgG (Invitrogen) was carried out at 37 ºC for 1 h. The cover slips were mounted on glass
slides and fluorescent images were taken on a Leica fluorescent microscope. Confocal
images were takenand analyzed on an Olympus Fluoview Confocal microscope.

Western blotting
Nuclear proteins and total cell lysates were prepared using the Nuclear Extract Kit from
Active Motif (Carlsbad, CA, USA). Protein concentrations were determined by a Reducing
Agent-Compatible BCA Assays Kit from Pierce (Rockford, IL, USA). Proteins (20 μg) were
separated by SDS-PAGE and electrotransfered to a nitrocellulose membrane. The membrane
was blocked by 5 % fat-free milk in TBST and incubated with the primary antibodies at 4 ºC
overnight. Incubation with the second antibody was carried out at RT for 1 h. The antibodies
against AIF, cleaved-caspase-3 (Asp175, 5A1E, #9664), cleaved-PARP-1 (Asp214,
D64E10, #5625), and Bcl-2 were from Cell Signaling and were used at a dilution of 1:1000.
The anti-β-actin IgG was from Santa Cruz (Santa Cruz, CA, USA), and was used at a
dilution of 1:600. Anti-Histone H3 IgG was from Biolegend (San Diego, CA, USA) and was
used at a dilution of 1:500. The band intensities were determined with Image J.

Results
ANG inhibits nuclear translocation of AIF

We first examined the effect of ANG on serum withdrawal-induced nuclear translocation of
AIF. IF staining with an AIF antibody was used to visualize subcellular localization of AIF.
Fig. 1A shows that AIF was detected outside the nuclei in most cells. However, in the
absence of exogenous ANG nuclear localization of AIF was detected (indicated by arrows)
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in 37 ± 7% of the cells after 24 h in serum-free medium (Fig. 1A, left). Nuclear localization
of AIF was decreased when the cells were incubated with 1 μg/ml exogenous ANG (Fig.
1A, right). In the presence of ANG, nuclear AIF was found in only 5 ± 1.5% of the cells. A
similar effect of ANG on nuclear translocation of AIF was observed in 48 h culture (Fig.
1B). Fig. 1C and 1D show the confocal microscopy images of the selected cells (marked by
square). Images shown were from the middle panels of the Z-sections. Fluorescence profiles
of the AIF (red) and DNA (blue) in both X (bottom panels, indicated by white bars) and Y
(right panels, indicated by yellow bars) axes indicated that AIF staining overlaps with DAPI
staining in the absence of ANG (Fig. 1C) but not in the presence of ANG (Fig. 1D). These
results indicate that serum withdrawal induced nuclear translocation of AIF and that this
event was prevented by ANG.

To confirm the IF results, we performed Western blotting analysis of AIF in total cell lysates
and in nuclear extracts. The protein level of AIF in total cell lysates did not change after
treatment with ANG for 8 h to 24 h (Fig. 2A), indicating that ANG did not alter the
expression level of AIF. However, ANG decreased the amount of nuclear AIF in a time-
dependent manner (Fig. 2B). The protein levels of nuclear AIF in ANG-treated cells were
96, 85, and 36 % of that in non-treated cells after 8, 16, and 24 h culture, respectively, in
serum-free medium (Fig. 2B, bottom panel). These results demonstrated that translocation of
AIF from mitochondriato nuclei was inhibited by ANG.

ANG Prevents PARP-1 cleavage
PARP-1 catalyzes the elongation and branching of poly (ADP-ribose) polymer and acts as a
guard for genomic damage. It participates in many physiological events such as DNA
replication and transcription, damage repair and maintenance of genomic integrity (Virag
and Szabo, 2002). Proteolytic cleavage (activation) of PARP-1 has been considered as a
hallmark biochemical feature of apoptosis. PARP-1activation is required for nuclear
translocation of AIF and AIF is an essential downstream effector of PARP-1-mediated cell
death (Yu et al., 2003). The effect of ANG on nuclear translocation of AIF prompted us to
examine whether PARP-1 cleavage is also altered in the presence of ANG. Fig. 3 shows that
PARP-1 cleavage was indeed inhibited by ANG. At 4 and 8 h, the amount of cleaved
PARP-1 in the presence of ANG is 57 and 80%, respectively, of that in its absence (Fig. 3,
bottom panel). No difference was observed before 4 h and after 16 h, indicating that the
effect of ANG on PARP-1 cleavage was transient but occurred earlier than the effect on AIF
nuclear translocation. These results are consistent with PARP-1 cleavage being an early
event in apoptosis.

Knockdown of Bcl-2 decreases the protective activity of ANG toward nuclear translocation
of AIF

We have previously shown that ANG upregulates Bcl-2 and that Bcl-2 mediates the anti-
apoptotic activity of ANG (Li et al., 2010). In order to know whether the preventive effect of
ANG on nuclear translocation of AIF is Bcl-2-dependent, we used Bcl-2-specific shRNA to
knock-down the expression of Bcl-2 and examined the resultant changes in nuclear
translocation of AIF in the presence or absence of ANG. Fig. 4A shows that the Bcl-2
protein level decreased by 69% in the pooled population of Bcl-2-specific shRNA stable
transfectants. When the vector control transfectants were cultured in serum-free medium in
the presence of ANG, nuclear translocation of AIF was inhibited by 61% (Fig. 4B).
However, in Bcl-2 knockdown cells, ANG could only inhibit nuclear translocation of AIF
by 17% (Fig. 4B). Thus, knockdown of Bcl-2 inhibited the protective activity of ANG
against nuclear translocation of AIF by 72%.
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Knockdown of BCL-2 attenuates the preventive function of ANG toward PARP-1 cleavage
Similarly, Bcl-2 knockdown also attenuates the protective activity of ANG against PARP-1
cleavage. As shown in Fig. 4C, ANG prevented serum withdrawal-induced PARP-1
cleavage by 46% and 9%, respectively, in vector control and in Bcl-2 shRNA transfectants,
indicating that Bcl-2 knockdown inhibited the protective activity of ANG against PARP-1
cleavage by 80%. These results demonstrated that the protective activity of ANG towards
PARP-1 cleavage is also dependent on Bcl-2.

Knockdown of Bcl-2 prevents ANG from inhibitingcaspase-3 activation
ANG has been shown to prevent the formation of active caspase-3 from the precursor (Li et
al., 2010). In order to know whether this function of ANG is also mediated by Bcl-2, we
examined the protein level of active caspase-3 in vector control and in Bcl-2 shRNA
transfectants in the presence and absence of ANG. Fig. 4D shows that ANG decreased the
level of active caspase-3 by 71% in vector control transfectants but no longer had any effect
in Bcl-2 shRNA transfectants, indicating that the protective role of ANG against caspase-3
activation was completely abolished in Bcl-2 knockdown cells. These data demonstrated
that ANG prevents caspase-3 activation in a Bcl-2 dependent manner.

Discussion
ANG has been proved to have neuro-protective function against various stressful conditions
(Kieran et al., 2008; Sebastia et al., 2009; Subramanian and Feng, 2007). We have reported
previously that ANG prevents serum withdrawal-induced apoptosis of P19 embryonal
carcinoma cells through inhibition of both mitochondria and death receptor apoptotic
pathways (Li et al., 2010). For the role of ANG in mitochondria-mediated apoptosis, we
have shown that ANG upregulates both the mRNA and protein of Bcl-2. Knockdown of
Bcl-2 with a specific shRNA decreased the anti-apoptotic activity of ANG as shown by flow
cytometric analysis. Bcl-2 is located in the ER and nuclear membranes as well as in the
outer membranes of the mitochondria. As an anti-apoptosis gene, it is a relative upstream
molecule and has been shown to play an important role in ALS pathological process (Pedrini
et al., 2010; Reyes et al., 2010). Identification of the downstream targets of Bcl-2 that are
involved in the anti-apoptosis function of ANG would help understand the neuro-protective
function of ANG. Here, we report that ANG prevents nuclear translocation of AIF in a
Bcl-2-dependent manner.

It has been well documented that AIF-induced cell death is associated with the production of
large-scale DNA fragments (Krantic et al., 2007). Nuclear translocation of AIF has been
considered as a major mechanism in neurodegenerative diseases. AIF cleavage and nuclear
translocation can be either caspase-dependent or -independent (Oh et al., 2006). Caspase-
independent AIF nuclear translocation appears to be mediated by cleavage by cysteine
proteases such as cathepsins and calpains that are different from caspases (Krantic et al.,
2007). It is usually a very early event of the cell death cascade (Yu et al., 2003). For
example, N-methyl-D-aspartate receptor-induced AIF nuclear translocation in neurons
occurs with 2 h (Vosler et al., 2009). However, the preventive activity of ANG toward
nuclear translocation of AIF was significant only after 16 h incubation (Fig. 2). We have
previously shown that the most significant effect of ANG on caspase-3 activation occurs at 2
h, a relatively early event. Thus, nuclear translocation of AIF tails caspase-3 activation,
suggesting that AIF is an effector of caspase-3 in this experimental system. More
importantly, we found that the inhibitory activity of ANG toward caspase-3 activation is
also Bcl-2 dependent.
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Proteolytic cleavage of PARP-1 by caspase into 89- and 24-kDa fragments is an important
biochemical feature of apoptosis (Kaufmann et al., 1993). PARP-1 cleavage has been shown
to signal nuclear translocation of AIF resulting in nuclear apoptosis (Yu et al., 2003). Thus,
AIF could act as a mediator of PARP-1-induced cell death. In other words, PARP-1
activation is required for AIF translocation and AIF is necessary for PARP-1-dependent cell
death. Our results are consistent with this notion. First, the peak time of the preventive
function of ANG toward PARP-1 cleavage and AIF translocation occurs at 4h and 24h,
respectively. Blockage of AIF nuclear translocation is a much later event than prevention of
PARP-1 cleavage in responding to ANG treatment. However, both events are dependent to
Bcl-2. Thus, our results show that the anti-apoptotic role of ANG is executed by
upregulation of Bcl-2 that occurs in less than 1 hour which then leads to caspase-3 activation
that occurs within 2 hours. Activated caspase-3 results in PARP-1 cleavage and AIF nuclear
translocation that occurs at 8 and 24 h, respectively. Taken together, our data suggest that
the anti-apoptosis activity of ANG is executed by a series of sequential events that involve
Bcl-2 upregulation, caspase-3 activation, PARP-1 cleavage, and AIF nuclear translocation.
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Fig. 1.
ANG inhibits nuclear translocation of AIF. P19 cells were cultured on cover slips in serum-
free medium in the absence or presence of ANG for 24 (A) or 48 h (B). Cells were washed,
fixed and proceeded for IF with an anti-AIF IgG. DAPI staining was used to visualize the
cell nucleus. The pictures shown are the merged images of AIF and DAPI staining. (C and
D), Confocal microscopy images of the selected cells. Top panels show the DAPI and AIF
staining of the same cell and the merged images. Middle left panels are the middle panel of
the confocal z-sectioning at 0.5 μm interval. Middle right panels are the fluorescent profiles
taken at XZ axis indicated as yellow bars (c-d) of the middle panel. Bottom panels show the
fluorescent profiles taken at YZ axis indicated as white bars (a-b).
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Fig. 2.
ANG blocks nuclear translocation of AIF. Total cell lysates and nuclear fractions were
prepared from the cells cultured in serum-free medium in the presence or absence of ANG.
(A) Effect of ANG on total AIF protein level in the cell lysate. Top panel are Western
blotting results with AIF and β-actin antibodies from a representative experiment. Bottom
panel is the relative density of AIF with β-actin as the normalization control. Data shown is
the mean ± SD of three independent experiments. (B) Effect of ANG on AIF levels in the
nucleus. Top panels are Western blotting film images from a representative experiment.
Bottom panel shows the relative density with Histone H3 as the normalization control. Data
shown is the mean ± SD of three independent experiments.
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Fig. 3.
ANG inhibits PARP-1 cleavage. Total cell lysates were prepared from the cells cultured in
serum-free medium in the presence or absence of ANG at different time. Top panel are the
Western blotting results with cleaved PARP-1 and tubulin antibodies from a representative
experiment. Bottom panel is the relative density of cleaved PARP-1 with tubulin as the
normalization control. Data shown is the mean ± SD of three independent experiments.
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Fig. 4.
Bcl-2 siRNA abolishes the protective activity of ANG. (A) Western blotting analysis of the
protein level Bcl-2 in vector control and in Bcl-2 specific shRNA transfectants. The bar
graph at right is the relative density of Bcl-2 with β-actin. (B) AIF protein level in the
nuclear fractions extracted from vector control and Bcl-2 shRNA transfectants cultured in
serum-free medium with or without ANG for 24 h. The left panel is Western blotting film
with an anti-AIF IgG. The right panel is relative intensity of AIF with Histone H3 as the
normalization control. (C) The protein level of cleaved PARP-1 in the total cell lysates from
vector control and Bcl-2 shRNA transfectants incubated with or without ANG for 16 h. The
left panel is Western blotting film with anti-cleaved PARP-1 IgG. The right panel is the
relative intensity of cleaved PARP-1 with actin as the normalization control. (D) The protein
level of pro-caspase-3 and activated caspase-3 in total cell lysate from vector control and
Bcl-2 shRNA transfectants incubated with or without ANG for 2 h. The left panel is
Western blotting film with anti-caspase-3 IgG. The right panel is the relative density of
active caspase-3 vs pro-caspase-3. The Western blotting images were from a representative
experiment. The bar graphs shown are mean ± SD of three independent experiments.
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