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Abstract
Angiogenin is a 14 kDa protein originally identified as an angiogenic protein. Recent development
has shown that angiogenin acts on both endothelial cells and neuronal cells. Loss-of-function
mutations in the coding region of the ANG gene have recently been identified in patients with
amyotrophic lateral sclerosis. Angiogenin has been shown to control motor neuron survival and
protect neurons from apoptosis under various stress conditions. In this article, we characterize the
anti-apoptotic activity of angiogenin in pluripotent P19 mouse embryonal carcinoma cells.
Angiogenin prevents serum withdrawal-induced apoptosis. Angiogenin upregulates anti-apoptotic
genes, including Bag1, Bcl-2, Hells, Nf-κb and Ripk1, and downregulates pro-apoptotic genes,
such as Bak1, Tnf, Tnfr, Traf1 and Trp63. Knockdown of Bcl-2 largely abolishes the anti-
apoptotic activity of angiogenin, whereas the inhibition of Nf-κb activity results in a partial, but
significant, inhibition of the protective activity of angiogenin. Thus, angiogenin prevents stress-
induced cell death through both the Bcl-2 and Nf-κb pathways.
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Angiogenin (ANG) was originally identified as a tumor angiogenic molecule from the
conditioned medium of HT-29 colon adenocarcinoma cells [1]. Its expression is upregulated
in a variety of human cancers [2], where it plays a dual role in cancer progression by
stimulating both tumor angiogenesis and cancer cell proliferation [3]. ANG has a wide tissue
distribution and is expressed by virtually every organ and tissue [4], suggesting that it may
have a more universal function than the mediation of angiogenesis. Mechanistic studies have
demonstrated that ANG stimulates Erk1/2 and SPAK/JNK phosphorylation [5,6], as well as
AKT activation [7]. More significantly, ANG is translocated to the nucleus, where it
accumulates and binds to the promoter region of rDNA and stimulates rRNA transcription
[8–10]. As rRNA transcription is essential for ribosome biogenesis and protein translation,
ANG has been conceived to play an important role in cell survival, growth and proliferation.
Consistently, in addition to cancer, abnormal ANG expression has been associated with
numerous disorders, including diabetes mellitus, asthma, chronic heart failure, endometriosis
and hypertension.

Since 2006, missense mutations in the coding region of ANG genes have been identified in
patients with both familial and sporadic amyotrophic lateral sclerosis (ALS) [11–18]. ANG
appears to be the first loss-of-function gene mutation ever identified in patients with ALS
[17,19], suggesting that it may play an important role in motor neuron physiology. Mouse
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ANG protein is strongly expressed in the central nervous system during development [20].
Human ANG protein is strongly expressed in both endothelial cells and motor neurons of
normal human fetal and adult spinal cord [17]. ANG has also been shown to stimulate
neurite outgrowth and pathfinding of motor neurons derived from P19 mouse pluripotent
embryonal carcinoma cells. It also protects against hypoxia-induced motor neuron
degeneration, whereas ALS-associated mutant ANG proteins lack these activities [21].
Moreover, ANG has been shown to prevent motor neuron death induced by excitotoxicity,
endoplasmic reticulum stress and hypoxia [20,22,23]. Most dramatically, the systemic
administration of ANG into ALS model animals (SOD1G93A mice) enhances significantly
the motormuscular function and prolongs the survival of these mice [22]. In order to
understand how ANG elicits its anti-apoptotic function, we characterized its effect on the
three known apoptotic pathways.

Results
ANG prevents P19 cells from serum withdrawal-induced apoptosis

P19 cells are mouse pluripotent embryonal carcinoma cells that possess stem cell-like
properties with the ability to both self-renew and differentiate into various types of neural
cell [24,25]. These cells have been used extensively in the investigation of the behavior of
neuronal cells [26]. Trophic factor withdrawal has been hypothesized to be one of the
underlying causes of motor neuron death in ALS. We therefore attempted to elucidate the
pathways of P19 cells during apoptosis on serum deprivation. Figure 1A shows that robust
DNA fragmentations occurred when the cells were cultured in serum-free medium for 18 h
(Fig. 1A, lane 3), indicating that the cells underwent apoptosis. ANG prevented serum
deprivation-induced DNA fragmentation in a dose-dependent manner (Fig. 1A, lanes 4 and
5).

Next, we analyzed the cells for loss of plasma membrane asymmetry and permeability by
Annexin V–fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining,
respectively. Annexin V stains for early apoptotic cells by binding to phosphatidylserine,
which is exposed to the outer leaflets from its normal position in the inner leaflets of the
lipid bilayer as a result of early events in apoptosis. PI stains for DNA when the plasma
membrane becomes permeable in late apoptotic cells. Flow cytometric analysis showed that
early and late apoptotic cells were present at 5.35 ± 0.4% and 2.56 ± 0.2% in the absence of
ANG (Fig. 1B, left panel), decreasing to 3.02 ± 0.3% (P = 0.025) and 1.24 ± 0.2% (P =
0.021) in the presence of ANG. Thus, ANG treatment resulted in a decrease in early and late
apoptotic cells by 44% and 52%, respectively. When early and late apoptotic cells were
combined, ANG decreased the percentage of apoptotic cells from 7.91% to 4.26%,
representing a 46% inhibition of apoptosis.

To confirm the above findings, the cells were also subjected to ethidium bromide (EB) and
acridine orange (AO) staining (Fig. 1C). AO permeates intact cells and stains all nuclei
green, whereas EB enters cells only when the integrity of the plasma membrane is lost, and
thus stains apoptotic nuclei red. This method has been used widely to visually distinguish
apoptotic cells [27]. The proportions of EB-stained cells were 12.6 ± 0.2 % and 6.0 ± 0.13%
in the absence and presence of fetal bovine serum, respectively (Fig. 1C). When the cells
were cultured in the absence of fetal bovine serum, but in the presence of ANG, the
percentage of apoptotic cells was 6.5 ± 0.34% (Fig. 1C), indicating that ANG has an
equivalent anti-apoptotic activity to fetal bovine serum. Thus, all three methods showed that
ANG prevented significantly the apoptosis of P19 cells induced by serum withdrawal.
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ANG regulates the expression of apoptosis-related genes
As a first step to an understanding of the mechanism by which ANG elicits its anti-apoptotic
activity, we examined the effect of ANG on the expression of genes known to play a role in
apoptosis pathways. The Apoptosis PCR Array Kit from SABiosciences was used for this
purpose. Figure 2A shows a heat map of the gene expression profiles from three controls (in
the absence of ANG) and four samples (in the presence of ANG). Each array was
normalized by the expression levels of the five housekeeping genes (actin, Gapdh, Hsp90,
Gusb and Hprt1). The mean of the normalized ΔCt value of each gene from the control and
experimental groups was plotted to identify the differentially expressed genes (Fig. 2B).
Among the 10 upregulated genes (Fig. 2C, left panel), seven (Bag1, Bcl-2, Birc3, Hells,
Nfkb1, Polb, Ripk1) are known to have anti-apoptotic function. Three pro-apoptotic genes
(Bnip3, Bnip3L, caspase 6) were also upregulated. The reasons and consequences of their
upregulation are currently unknown. Among the upregulated genes, Ripk1 is biofunctional.
It is essential for tumor necrosis factor receptor (Tnfr)-mediated apoptosis, but can also
activate nuclear factor-κb (Nf-κb), thereby inhibiting apoptosis [28]. The pro-apoptotic
activity of Ripk1 is mediated by caspase 8 [29]. However, we did not detect any changes in
either the mRNA or protein levels of caspase 8 between control and ANG-treated groups
(data not shown). In contrast, Ikk-α and Ikk-β, the downstream effector of Ripk1 and
upstream mediator of Nf-κb, were upregulated. Therefore, the upregulation of Ripk1 by
ANG treatment is more likely to elicit an anti-apoptotic effect. Twenty-three genes were
downregulated by ANG (Fig. 2C, right panels), at least 16 of which are known to be pro-
apoptotic. The functions of the remaining eight genes (Bcl2l10, Naip1, Naip2, Dad1, Lhx4,
Pak7 and Cd40lg) are controversial and may be context dependent. Thus, the apoptosis PCR
array analysis revealed a pattern of ANG-regulated gene expression in which the anti-
apoptotic genes were generally upregulated and the pro-apoptotic genes were generally
downregulated. These results provide a reasonable explanation for the protective function of
ANG towards serum withdrawal-induced apoptosis of P19 cells.

ANG increases Bcl-2 protein level, stimulates cytochrome c release and decreases
caspase activity

Bcl-2 was originally described in lymphoma cells, and has since been found to be widely
distributed in a variety of tissues. It is an intracellular protein that localizes to mitochondria,
endoplasmic reticulum and nuclear membranes, and has been shown to be a potent inhibitor
of both programmed and accidental cell death. Our apoptotic PCR array analysis indicated
that the mRNA levels of both Bcl-2 and its interacting protein Bag-1 were increased by
ANG treatment. To verify whether increased expression of Bcl-2 mRNA in response to
ANG stimulation was also reflected in an increased protein level, we performed western blot
experiments with whole-cell extracts of P19 cells cultured in serum-free medium in the
absence or presence of ANG. Figure 3A shows that the Bcl-2 protein level was increased
significantly in ANG-treated cells. Densitometry analysis indicated that the total cellular
Bcl-2 protein level increased by 2.3-, 3.9- and 4.5-fold after treatment with ANG for 2, 4
and 36 h, respectively (Fig. 3A, bottom panel). Thus, upregulation of Bcl-2 by ANG is an
early and lasting event.

One of the primary functions of Bcl-2 is to prevent the permeabilization of mitochondria,
thus inhibiting the release of cytochrome c, leading to the inhibition of caspase activation.
Therefore, we examined the effect of ANG on the serum withdrawal-induced release of
cytochrome c from mitochondria into the cytosol. Western blotting analysis was used to
detect cytochrome c in the cytosolic and mitochondrial fractions isolated from cells treated
with or without ANG. As shown in Fig. 3B, the amount of cytochrome c in the cytosol of
cells cultured in the presence of ANG was significantly lower than that in the absence of
ANG (Fig. 3B, top panel). Consistently, the mitochondrial fraction of ANG-treated cells
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showed a higher level of cytochrome c (Fig. 3B, middle panel). Image J analysis (Fig. 3B,
right panel) showed that the ratio of cytosolic to mitochondrial cytochrome c decreased by
50 ± 6.7%, 47 ± 0.7% and 72 ± 2.1% in cells cultured in the presence of ANG for 2, 4 and
24 h, respectively, when compared with that in the absence of ANG. Thus, the prevention of
cytochrome c release from mitochondria by ANG is an early and lasting event.

Next, we examined the effect of ANG on caspase activation. Figure 3C shows that ANG
prevents significantly caspase 3 activation. The protein levels of pro-caspase 3 were not
significantly different in the presence or absence of ANG (Fig. 3C, top panel). However, the
level of active (cleaved) caspase 3 was significantly lower in ANG-treated cells at all time
points examined (Fig. 3C, middle panel). Thus, there was an inverse correlation between the
protein levels of Bcl-2 and active caspase 3. We also measured the combined activity of
caspases 3 and 7, and found that ANG inhibited the caspase activity in a dose-dependent
manner (Fig. 3D). The assay system employed (Apo-ONE Caspase 3/7 reagents from
Promega) did not distinguish between caspases 3 and 7, and so the results shown in Fig. 3D
reflect the total activity of the two caspases. These findings suggest that ANG exerts its
upregulatory activity on Bcl-2 at the transcriptional level, and that the effect of ANG on
caspase is primarily post-transcriptional.

The anti-apoptotic activity of ANG is dependent on Bcl-2
To understand whether the upregulation of Bcl-2 is an underlying mechanism by which
ANG prevents apoptosis, we used siRNA to knock down Bcl-2 expression, and examined
the resultant changes in the responses of cells to serum starvation in the presence and
absence of ANG. The cells were transfected with a retroviral vector encoding an shRNA
sequence specific to Bcl-2, and stable transfectants were selected with puromycin. A
scrambled shRNA sequence was used as control. Western blotting analysis indicated that the
knockdown efficiency was about 62% with this shRNA clone (Fig. 4A). Flow cytometric
analysis of Annexin V- and PI-stained cells was used to identify early and late apoptotic
cells. As shown in Fig. 4B, with control cells transfected with the control vector encoding a
scrambled shRNA, the percentages of early and late apoptotic cells were 3.2 ± 0.2% and 1.2
± 0.03%, respectively, in the absence of ANG, and 0.29 ± 0.08% (P = 0.011) and 0.56 ±
0.01% (P = 0.007), respectively, in the presence of ANG. Thus, there were 91% and 53%
reductions in early and late apoptotic cells in the presence of ANG. When early and late
apoptotic cells were combined, ANG presented a total of 81% inhibition of serum
withdrawal-induced apoptosis in these cells. However, in Bcl-2 knockdown cells (Fig. 4C),
the percentages of early and late apoptotic cells were 3.1 ± 0.2% and 2.3 ± 0.05%,
respectively, in the absence of ANG, and 2.6 ± 0.06% (P = 0.064) and 1.7 ± 0.15% (P =
0.11), respectively, in the presence of ANG. There were only 16% and 24% reductions in
early and late apoptotic cells in the presence of ANG. In Bcl-2 knockdown cells, ANG
treatment resulted in only a 20% reduction in apoptotic cells. Therefore, knockdown of
Bcl-2 inhibited the anti-apoptotic activity of ANG by 75%, and the P values indicate that the
difference between the controls and ANG-treated samples was no longer statistically
significant. These data demonstrate that the anti-apoptotic activity of ANG depends on the
function of Bcl-2.

ANG upregulates Nf-κb and enhances its nuclear translocation
Death receptor-mediated signaling is another major apoptosis pathway that can detect the
presence of extracellular death signals and trigger the intrinsic apoptosis machinery of cells.
Apoptosis PCR array analysis indicated that ANG universally downregulates the expression
of genes associated with the death receptor pathway. For example, the expression of Fas, Fas
ligand (Fasl), Tnf, Tnfr and Tnfr-associated proteins, such as Traf-2, Tnfrsfl1b and Tnfsf10,
was inhibited by ANG. At the same time, ANG upregulates Nf-κb, a universally expressed
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transcription factor known to play an important role in cell survival. We therefore examined
the protein level of Nf-κb in ANG-treated cells by western blotting analysis. Figure 5A
shows that ANG treatment increases the level of Nf-κb protein. At 4 and 8 h, the Nf-κb
protein levels in ANG-treated cells were 40% and 30% higher, respectively, than in
untreated cells (Fig. 5A). It is notable that the Nf-κb protein level decreases with incubation
time in both control and ANG-treated cells. It is thus possible that ANG treatment also
slows down Nf-κb degradation, thereby contributing to the increase in the steady-state
protein level of Nf-κb. In any event, it is clear that ANG upregulates the expression of both
the mRNA and protein of Nf-κb.

ANG also upregulates Ripk1, a key upstream regulator of the Nf-κb pathway. Ripk1
phosphorylates receptor-interacting protein (Rip), leading to the activation of Nf-κb-
inducing kinase, which, in turn, activates Ikk, a kinase that phosphorylates the inhibitor of
κB (IκB), leading to IκB degradation and allowing Nf-κb to move to the nucleus to activate
transcription. Nf-κb exists as a heterodimer, comprising p65 (also known as RelA) and p50
subunits, which is held in an inactive form in the cytosol by interaction with IκB. Nf-κb is
activated by the phosphorylation and subsequent degradation of IκB, which results in the
translocation of the liberated Nf-κb to the nucleus, where it induces the transcription of
target genes. To confirm that the Nf-κb pathway is indeed activated by ANG, we first
examined the effect of ANG on the level of nuclear Nf-κb. Figure 5B shows that ANG
increased the protein level of Nf-κb in the nucleus. After 4 and 24 h of culture, the nuclear
Nf-κb levels in ANG-treated cells were 70% and 80% higher, respectively, than in untreated
cells. Next, we performed quantitative real-time RT-PCR analysis of Ikk, which regulates
the nuclear translocation of Nf-κb. Figure 5C shows that both Ikk-α and Ikk-β were
upregulated by ANG. Moreover, the upregulation of Nf-κb1 and Nf-κb2 was confirmed by
real-time PCR. Figure 5D shows that the protein levels of Ikk-α and Ikk-β were increased in
ANG-treated cells, whereas that of IκB-α was decreased. These findings were consistent
with the observation that nuclear Nf-κb was increased by ANG. Taken together, these results
demonstrate that ANG not only upregulates Nf-κb, but also enhances its nuclear
translocation.

Nf-κb inhibition by IκB-α super suppressor (IκBSR) partially attenuates the anti-apoptotic
activity of ANG

To determine whether the survival signals propagated by the Nf-κb pathway mediate the
anti-apoptotic activity of ANG, we studied the effect of Nf-κb inhibition on cell survival in
the presence and absence of ANG. A phosphorylation-defective IκBSR, or a control vector,
was transfected into P19 cells, and the expression of IκBSR was confirmed by western
blotting (Fig. 6A). With the vector control transfectants, the percentages of early and late
apoptotic cells were 8.2 ± 0.2% and 4.8 ± 0.3%, respectively, in the absence of ANG, and
3.6 ± 0.2% (P = 0.013) and 3.0 ± 0.9% (P = 0.002), respectively, in the presence of ANG
(Fig. 6B). Therefore, there were 56% and 37% reductions in early and late apoptotic cells,
respectively, in the presence of ANG. However, in IκBSR transfectants (Fig. 6C), the
percentages of early and late apoptotic cells were 5.2 ± 0.1% and 3.5 ± 0.3%, respectively,
in the absence of ANG, and 2.7 ± 0.1% (P = 0.087) and 2.5 ± 0.06% (P = 0.062),
respectively, in the presence of ANG. Treatment with ANG thus only resulted in 48% and
29% reductions in early and late apoptotic cells, respectively, when Nf-κb activity was
inhibited by IκBSR. When early and late apoptotic cells were combined, ANG treatment
resulted in 56% and 40% reductions in apoptotic cells. Thus, the inhibition of Nf-κb activity
by IκBSR decreased the anti-apoptotic activity of ANG by 29%. These results suggest that
the anti-apoptotic activity of ANG is partially dependent on Nf-κb, but the degree of
dependence is not as great as with the Bcl-2 pathway.
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Discussion
The most significant finding of this study is that ANG activates both the Bcl-2-mediated
anti-apoptotic pathway and the Nf-κb-mediated cell survival pathway in P19 cells. P19 cells
have been used widely in neuronal research as they can both self-renew and differentiate
into various types of neuronal cell on appropriate stimulation. Serum provides sustenance
for cells in culture because of the presence of trophic factors. Undifferentiated P19 cells
have a very low endogenous ANG level and undergo apoptosis in the absence of serum (Fig.
1). We have shown, by three different methods, that ANG prevents the serum withdrawal-
induced apoptosis of P19 cells (Fig. 1). As a deficiency in trophic factors is one of the major
causes of neuronal cell death, the anti-apoptotic activity of ANG is relevant to its protective
role in motor neuron degeneration.

ANG has been found to affect both the intrinsic and extrinsic apoptotic pathways. For its
role in the mitochondrial pathway, ANG upregulates the expression of both the mRNA and
protein of Bcl-2, the key player in this intrinsic signal-induced apoptosis pathway. Bcl-2
overexpression has been shown to protect against cell death in non-neuronal cells induced
by oxidative stress or calcium flux [30,31]. In neuronal cells, Bcl-2 overexpression
eliminates serum deprivation-induced cell death of brainstem auditory neurons [32] and α-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor-mediated apoptosis of
cortical neurons [33]. Overexpression of Bcl-2 also blocks Aβ-induced apoptosis of PC12
cells and cortical neurons [34]. Moreover, ALS mice bearing the Bcl-2 transgene survive
longer than control ALS mice [35]. These previous findings have indicated that Bcl-2 plays
an important role in neuronal cell apoptosis and survival. Thus, our observation that ANG
enhances the expression of Bcl-2 provides a plausible explanation for the beneficial effect of
ANG seen in both motor neuron culture and in SOD1G93A transgenic mice. Indeed, the
knockdown of Bcl-2 abolished the anti-apoptotic activity of ANG by 75% (Fig. 4).
Therefore, ANG-mediated upregulation of Bcl-2 is at least one of the reasons for the anti-
apoptotic activity of ANG.

It should be noted that PCR array analysis showed that three other Bcl-2-related genes were
also differentially regulated by ANG. Bag1 was upregulated, whereas Bak1 and Bcl2l10
were downregulated, by ANG (Fig. 2). Bag1 has been shown to enhance the anti-apoptotic
effects of Bcl-2. It acts as a link between growth factor receptors and the anti-apoptotic
mechanism [36]. In contrast, Bak1 and Bcl2l10 both belong to the Bcl-2 protein family, and
are known to induce apoptosis. Bak1 interacts with and accelerates the opening of the
voltage-dependent anion channel of the mitochondria, and leads to the loss of membrane
potential and the release of cytochrome c [37]. It also interacts with Bcl-2 and antagonizes
its anti-apoptotic activity [38]. Bcl2l10 protein has been reported to interact with Apaf1 and
to form a protein complex with caspase 9 [39]. Thus, ANG seems to have a profound effect
on the Bcl-2-mediated anti-apoptosis pathway.

Mechanistic studies have shown that the anti-apoptotic function of Bcl-2 is brought about by
its ability to maintain the integrity of mitochondrial membranes. It prevents the release of
cytochrome c from the mitochondria, thereby preventing the formation of apoptotic bodies.
As a consequence, caspase activity is inhibited. Consistent with the upregulation of Bcl-2
and Bag1, and the downregulation of Bak1 and Bcl2l10, we found that ANG blocks the
release of cytochrome c from mitochondria into the cytosol (Fig. 3B), and inhibits the
proteolytic activation of caspase 3 (Fig. 3C). Moreover, cellular caspase activity is decreased
in ANG-treated cells in a dose-dependent manner (Fig. 3D). Caspases are major players in
the process of apoptosis, and have been categorized into upstream initiators and downstream
executioners. In addition to proteolytic cleavage and the activation of both initiating and
executing caspases, their activities can also be regulated at the transcriptional level. For
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example, transcriptional upregulation of caspases occurs in neurodegenerative diseases,
including ALS [40]. A prolonged period of neuronal caspase activation has been detected in
transgenic ALS mice. As these mice aged, there was progressive upregulation of caspase 1,
followed by upregulation of caspase 3. These sequential events were also detected at the
level of enzymatic activity [41]. The finding of caspases 1 and 3 activation in spinal cord
samples from patients with ALS indicates the clinical relevance of caspase activation to
ALS [42,43]. Thus, both the degree of activation and the number of caspase molecules
within the cell determine the level of caspase activity. It is therefore relevant to note that the
transcription of caspases 1, 12 and 14 is downregulated by ANG (Fig. 2C). It is unclear why
caspase 6 seems to be upregulated in ANG-treated cells (Fig. 2C). In any event, the
inhibition of the total cellular caspase activity by ANG demonstrates that the apoptosis
process is held in check by ANG.

ANG also has a significant effect on the extrinsic apoptosis pathway, which is mediated by
death receptors such as Fas and Tnfr. ANG was found to downregulate the expression of
Fas, Lasl, Tnf and Tnfr. Thus, both the ligands and receptors of the Fas–Fasl and Tnf–Tnfr
signaling axes were downregulated by ANG. Moreover, we found that Tnfsf10 (TRAIL) and
its decoy receptor Tnfrsf11b (osteoprotegerin) were also downregulated by ANG (Fig. 2). It
can be envisaged that the signals propagated by the death receptor pathway are attenuated
significantly by ANG by a widespread up- and downregulation of the major players of this
pathway.

Signaling mediated by Fas and Tnfr can be either anti-apoptotic or pro-apoptotic, as the
Tnfr-associated death domain of the activated receptor is able to recruit several signaling
molecules, including Rip, Tnfr-associated factor (Traf) and Fas-associated protein with
death domain (Fadd). Rip is activated by Ripk1 and stimulates a pathway leading to the
activation of Nf-κb, whereas Fadd mediates the activation of apoptosis by recruiting and
oligmerizing caspase 8. We found that Ripk1, the upstream kinase that phosphorylates Rip,
is upregulated by ANG (Fig. 2). Rip is an upstream kinase that phosphorylates Ikk.
Activated Ikk phosphorylates IκB, leading to its degradation and thereby releasing Nf-κb for
nuclear translocation [44]. It is interesting to note that, in addition to post-translational
activation by upregulated Ripk1, the mRNA levels of Ikk-α, Ikk-β, Nf-κb1 and Nf-κb2 were
also all upregulated by ANG. Therefore, ANG has a significant effect on the activation of
the Nf-κb survival pathway by upregulating the key players at both the transcriptional and
post-translational levels. Consistently, the inhibition of Nf-κb activity by IκBSR attenuated
significantly the anti-apoptotic activity of ANG (Fig. 6).

ANG has also been found to downregulate the expression of Trp53inp1 and Trp63.
Trp53inp1 is known to induce cell cycle arrest at G1 and enhances p53-mediated apoptosis.
It also interacts with p53 and regulates its transcriptional activity [45]. Trp63 is a p53-related
gene known to regulate apoptosis through the caspase 8 pathway [46]. It is therefore
possible that the anti-apoptotic activity of ANG may also be mediated through the p53
pathway. Downregulation of Trp53inp1 and Trp63 by ANG was confirmed by real-time RT-
PCR, but further experiments are required to characterize their involvement in the anti-
apoptotic function of ANG.

In summary, our results demonstrate that ANG prevents apoptosis and enhances cell
survival by upregulating and activating the Bcl-2 and NF-κb pathways. For the anti-
apoptotic effect, ANG upregulates Bcl-2, thereby leading to the inhibition of caspase
activity. ANG also has a significant effect on the cell death and survival signals mediated by
the death receptor pathway. It downregulates both the ligands and receptors of this pathway
and, in so doing, may reduce the apoptotic signals propagated through the death receptors.
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At the same time, it upregulates the key players of the Nf-κb pathway and thus enhances cell
survival.

Experimental procedures
ANG and cell culture

ANG was prepared as a recombinant protein and was purified to homogeneity by reversed-
phase HPLC [47]. The ribonucleolytic and angiogenic activities of each preparation were
examined by tRNA assay and endothelial cell tube formation assay, respectively [48]. P19
cells were maintained in DMEM plus 10% fetal bovine serum in the presence of penicillin
(100 units·mL−1) and streptomycin (100 µg·mL−1). Cells were subcultured 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 plus 10%
fetal bovine serum for 24 h, washed with DMEM three times, and cultured in serum-free
DMEM in the presence or absence of ANG for 18 h, unless otherwise indicated.

DNA fragmentation analysis
Serum withdrawal-induced DNA fragmentation was analyzed using the Apoptotic DNA
Ladder Kit (Roche). DNA from 2 × 106 cells was extracted, and 3 µg of each sample were
subjected to agarose (1%) gel electrophoresis. The positive control for DNA fragmentation
was prepared following the manufacturer’s protocol. The gel was stained by EB to visualize
DNA.

EB/AO staining of apoptotic cells
The method described by Ribble et al. [49] was followed. Briefly, cells were detached by
trypsinization, pelleted and washed with 4 °C NaCl/Pi. The cells were resuspended in 25 µL
of 4 °C NaCl/Pi and mixed with 2 µL of the EB–AO dye mixture (100 µg·mL−1 each of AO
and EB in NaCl/Pi) at room temperature for 5 min. Stained cells were placed on a clean
microscope slide and covered with coverslips. Microscopic images were taken with a Nikon
digital camera. A total of 750 cells were counted from each group.

Flow cytometry
The FITC–Annexin V Apoptosis Detection Kit I (BD Pharmingen) was used following the
manufacturer’s protocol. Cells were washed twice with cold NaCl/Pi and resuspended in 1 ×
Binding Buffer at a concentration of 1 × 106 cells·mL−1. An aliquot of 100 µL was mixed
with 5 µL of FITC–Annexin V and 5 µL of PI, and incubated at room temperature for 15
min in the dark. At the end of incubation, the sample was diluted by the addition of 400 µL
of 1 × Binding Buffer, and analyzed for FITC- and PI-stained cells using a BD LSR
benchtop flow cytometer. The experiments were repeated at least three times and the P
values of the flow cytometry data between control and ANG-treated samples were
calculated using Student’s t-test.

Cytochrome c release
The cytosolic and mitochondrial fractions were separated as described by Pagliari et al. [50].
Briefly, cells were lysed in lysis buffer (10 mM Hepes, pH 7.4, 80 mM KCl, 250 mM sucrose,
50 µg·mL−1 digitonin, 1 mM dithiothreitol and proteinase inhibitor cocktail), placed on ice
for 10 min and centrifuged at 10 000 g for 5 min. The supernatant was transferred to a new
tube and designated as the cytosolic fraction. The pellet was resuspended in washing buffer
(20 mM Hepes, pH 7.2, 250 mM KCl), centrifuged again and the supernatant was added to the
cytosolic fraction. To extract mitochondrial proteins, the pellet was again resuspended in
lysis buffer, subjected to three freeze–thaw cycles and centrifuged at 20 000 g for 10 min.
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The supernatant contains mitochondrial proteins. Cytochrome c in the cytosolic and
mitochondrial fractions was detected by Western blot analysis with an anti-cytochrome c
antibody from eBioscience (5 µg·mL−1).

Caspase 3/7 activity
Cells were seeded in 96-well plates. At the end of treatment, Apo-ONE Caspase 3/7 Reagent
(Promega), at an equal volume to the culture medium, was added to each well and incubated
at room temperature for 30 min. Fluorescence was measured on a Wallac Victor 3 1420
Multilabel Counter (Perkin-Elmer) at an emission wavelength of 521 nm and an excitation
wavelength of 485 nm. The wells without cells were used as blanks.

Apoptosis PCR array analysis
Total cellular RNA was extracted by Trizol reagent (Invitrogen), and the RNA concentration
was determined with a NanoDrop spectrophotometer (Thermo Scientific). One microgram
of each sample was analyzed using the Apoptosis PCR Array Kit (SABioscience) following
the manufacturer’s protocol. The array was read on a Roche LightCycler 480 real-time PCR
machine. The raw array data were processed and analyzed by the SABioscience online PCR
Array Data Analysis System (http://www.sabiosciences.com/pcr/arrayanalysis.php) with a
threshold set at 2.0.

Quantitative real time RT-PCR
Total cellular RNA was extracted by Trizol and reverse transcribed to cDNA according to
standard methods. Real-time PCR was carried out using a Roche LightCycler 480 in a total
volume of 20 µL comprising 2 µL of 1 : 10 diluted first-strand cDNA, 2 µL each of the
forward and reverse primers (5 µM), 10 µL of LightCycler 480 Green I Master (Roche) and 4
µL of nuclease-free water. The sequences of the primers were as follows. Nf-κb1: forward,
5′-GTATGCACCGTAACAGCA-3′; reverse, 5′-CCTAATACACGCCTCTGTCA-3′; Nf-
κb2: forward, 5′-TTGCCCACCTTCTCCC-3′; reverse, 5′-GGGTTGTAGGCCAAGGA-3′;
Ikk-α: forward, 5′-CGTGTTCTCAAGGAGCTGT-3′; reverse, 5′-
CCCTGCATAAACATGACAGT-3′; Ikk-β: forward, 5′-CCTGACAAGCCTGCTACT-3′;
reverse, 5′-CAAGATCCATGTCCAACGTG-3′; actin: forward, 5′-
ATCACTATTGGCAACGAGC-3′; reverse, 5′-GGTCTTTACGGATGTCAACG-3′. The
PCR mixture was heat denatured at 95 °C for 10 min, followed by 40 cycles of 10 s at 95
°C, 20 s at 55 °C and 30 s at 72 °C. Fluorescent signals were acquired at the last step of each
cycle. A melting curve was calculated at the end of the cycles. β-Actin was used as the
housekeeping gene for internal control for the starting RNA concentration and quality. The
raw data were analyzed by LightCycler 480 analysis software, and the fold changes (2−ΔΔCt)
in the mRNA level were determined from the difference in the crossing point (ΔΔCt), which
was calculated using the following formula, ΔΔCt = (CtGOI – CtHPG)exp – (CtGOI –
CtHPG)con, where GOI and HPG represent the gene of interest and housekeeping gene,
respectively, and ‘exp’ and ‘con’ represent experimental and control samples, respectively.

Western blotting
Nuclear proteins and total cell lysates were prepared using the Nuclear Extract Kit from
Active Motif. Protein concentrations were determined by a Reducing Agent-Compatible
BCA Assays Kit from Pierce. Proteins (20 µg) were separated by SDS-PAGE and
electrotransferred to a nitrocellulose membrane. The membrane was blocked by 5% fat-free
milk in TBS, and incubated with primary antibodies at 4 °C overnight. Incubation with the
second antibody was carried out at room temperature for 1 h. The antibodies against total
and cleaved caspase 3, caspase 8, cleaved PARP-1, Ikk-α, Ikk-β, Nf-κb (p65) and IκB-α
were from Cell Signaling. A dilution of 1 : 1000 was used for the above antibodies. Anti-β-
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actin antibody was obtained from Santa Cruz and Thermo Fisher Scientific, and used at
dilutions of 1 : 600 and 1 : 200, respectively. Anti-Histone H3 antibody was from Biolegend
and was used at a dilution of 1 : 500. Band intensities were determined using Image J
software.

Transfection of Bcl-2 siRNA and IκBSR
A mouse Bcl-2-specific shRNA clone and an empty vector control (pSM) were obtained
from Open Biosystems. P19 cells were transfected using Lipofectamine 2000. Stable
transfectants were selected with 2 µg·mL−1 puromycin. IκBSR clone and an empty vector
control (Ubc) were from Addgene. Transfected cells were cultured in serum-free medium in
the absence or presence of 0.5 µg·mL−1 ANG for 18 h. Apoptotic cells were detected by
flow cytometric analysis using an FITC–Annexin V Apoptosis Detection Kit I (BD
Pharmingen).

Abbreviations

ALS amyotrophic lateral sclerosis

ANG angiogenin

AO acridine orange

EB ethidium bromide

Fadd Fas-associated protein with death domain

FITC fluorescein isothiocyanate

IκB inhibitor of κB

IκBSR IκB-α super suppressor

Nf-κb nuclear factor-κb

PI propidium iodide

Rip receptor-interacting protein

Tnfr tumor necrosis factor receptor

Traf Tnfr-associated factor
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Fig. 1.
ANG prevents serum withdrawal-induced apoptosis of P19 cells. (A) DNA fragmentation
analysis. Cells were cultured in 10% fetal bovine serum (FBS) or in serum-free medium
with the indicated concentration of ANG for 18 h. DNA was extracted and analyzed using
the Apoptotic DNA Ladder Kit. The positive control included in the kit was the DNA
fragments from apoptotic U937 cells. (B) Flow cytometry of FITC–Annexin. Cells were
cultured in serum-free medium in the absence or presence of ANG (0.5 µg·mL−1) for 18 h,
and analyzed using the FITC–Annexin V Apoptosis Detection Kit I. Cells cultured in 10%
fetal bovine serum were used to set the cut-off value of propidium iodide and Annexin–
FITC staining. (C) EB/AO staining. Cells were cultured in 10% fetal bovine serum or in
serum-free medium in the absence or presence of ANG for 18 h. Cells were collected,
stained with EB/AO and applied to a microscope slide for imaging. EB-stained (apoptotic)
cells were counted in a total of 750 cells from five randomly selected areas of each slide,
and the percentage of apoptotic cells is shown at the bottom of the image. The data shown
are the means and standard errors of triplicates of a representative experiment of at least
three repeats.
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Fig. 2.
Effect of ANG on the expression of apoptosis-related genes. Cells were cultured in serum-
free medium in the absence (n = 3) or presence (n = 4) of ANG for 18 h. Total RNA was
extracted by Trizol reagent and used for array analysis with the Apoptosis PCR Array Kit.
(A) Clustergram showing the clustering of 84 apoptosis-related genes from untreated and
ANG-treated groups. The expression levels of the five housekeeping genes (actin, Gapdh,
Hsp90, Gusb and Hprt1) were used as normalization controls. (B) Scatter plot showing the
correlation of gene expression in the untreated and ANG-treated groups. The x- and y-axes
are the ΔCt values of the untreated and ANG-treated groups, respectively, on a logarithmic
scale. A threshold of a twofold difference in the adjusted normalized ΔCt values was used to
determine whether or not a gene was differentially expressed. The two lines above and
beneath the diagonal line mark the twofold difference in gene expression. The up- and
downregulated genes are shown in red and green, respectively. (C) List of up- and
downregulated genes in ANG-treated groups.
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Fig. 3.
ANG enhances Bcl-2 expression, blocks cytochrome c release and inhibits caspase activity.
P19 cells were cultured in serum-free medium in the absence or presence of ANG (0.5
µg·mL−1) for the indicated times. (A) Total cell lysates were used for western blotting
detection of Bcl-2. The bar graph below the western panel is the relative density of Bcl-2
with β-actin as the normalization control. (B) Cytosolic and mitochondrial proteins were
isolated and used for western blotting detection of cytochrome c (Cyto C). The bar graph on
the right is the relative abundance of cytochrome c in the cytosol versus that in the
mitochondria. (C) Western blotting analysis of pro- and active caspase 3 in the total cell
lysate. The bar graph below the western panel is the relative density of Bcl-2 with β-actin as
the normalization control. (D) Effect of ANG on caspase activity. Caspase activities were
measured using Apo-ONE Caspase 3/7 Reagent.
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Fig. 4.
Bcl-2 siRNA inhibits the protective activity of ANG. (A) Western blotting analysis of Bcl-2
protein level in vector control and in Bcl-2-specific shRNA transfectants. The bar graph
below the western panel is the relative density of Bcl-2 with β-actin as the normalization
control. (B, C) Flow cytometric analyses of apoptotic cells in vector control transfectants (B)
and in Bcl-2 shRNA transfectants (C). Cells were cultured in serum-free medium in the
absence or presence of ANG (0.5 µg·mL−1) for 18 h, and analyzed using the FITC–Annexin
V Apoptosis Detection Kit I. Cells cultured in 10% fetal bovine serum were used to set the
cut-off value of propidium iodide and Annexin–FITC staining.
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Fig. 5.
Effect of ANG on the Nf-κb pathway. (A) Nf-κb protein level in total cell lysate. Top panel:
western blotting analysis; bottom panel: Image J analysis of band intensity with β-actin as
the normalization control. (B) Nf-κb protein level in the nuclear fraction. Histone H3 was
used as the loading control. (C) Real-time RT-PCR analysis of Ikk-α, Ikk-β, Nf-κb1 and Nf-
κb2. β-Actin was used as the internal control for normalization of the ΔCt value. (D)
Western blotting analysis of IκB-α, Ikk-α and Ikk-β. β-Actin was used as a loading control
for the normalization of Image J analysis of the band intensity.
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Fig. 6.
IκBSR attenuates the anti-apoptotic activity of ANG. (A) Western blotting analysis of IκB-α
protein level in the vector control and in IκBSR transfectants. (B, C) Flow cytometric
analyses of apoptotic cells in vector control transfectants (B) and in IκBSR transfectants (C).
Cells were cultured in serum-free medium in the absence or presence of ANG (0.5 µg·mL−1)
for 18 h, and analyzed using the FITC–Annexin V Apoptosis Detection Kit I. Cells cultured
in 10% fetal bovine serum were used to set the cut-off value of propidium iodide and
Annexin–FITC staining.
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