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Control of Motoneuron Survival by Angiogenin
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Mutations in the hypoxia-inducible factor angiogenin (ANG) have been identified in Amyotrophic Lateral Sclerosis (ALS) patients, but
the potential role of ANG in ALS pathogenesis was undetermined. Here we show that angiogenin promotes motoneuron survival both in
vitro and in vivo. Angiogenin protected cultured motoneurons against excitotoxic injury in a PI-3-kinase/Akt kinase-dependent manner,
whereas knock-down of angiogenin potentiated excitotoxic motoneuron death. Expression of wild-type ANG protected against endoplas-
mic reticulum (ER) stress-induced and trophic-factor-withdrawal-induced cell death in vitro, whereas the ALS-associated ANG mutant
K40I exerted no protective activity and failed to activate Akt-1. In SOD1G93A mice angiogenin delivery increased lifespan and motoneuron
survival, restored the disease-associated decrease in Akt-1 survival signaling, and reversed a pathophysiological increase in ICAM-1
expression. Our data demonstrate that angiogenin is a key factor in the control of motoneuron survival.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disorder characterized by relatively selective motoneuron loss in
the spinal cord, brainstem and motor cortex, for which there is no
cure (Cleveland and Rothstein, 2001). Although the specific eti-
ology of ALS is largely unknown, 20% of familial ALS cases carry
mutations in the gene encoding Cu/Zn superoxide dismutase-1
(SOD1) (Rosen et al., 1993). Transgenic mice over-expressing
human mutant SOD1 develop a disease phenotype and pathology
which closely mimics that seen in ALS patients (Gurney et al.,
1994).

Recent studies have suggested that defects in hypoxic signaling
and/or increased sensitivity of motoneurons to hypoxia may un-
derlie this selective vulnerability (Oosthuyse et al., 2001; Lambre-
chts et al., 2003; Greenway et al., 2006). This hypothesis was first
suggested by the finding that mice with deletions in the hypoxic
response element of the vascular endothelial growth factor
(VEGF) gene develop adult-onset motoneuron degeneration and

paralysis (Oosthuyse et al., 2001). However, mutations in VEGF
or genes involved in hypoxic-inducible factor (HIF) signaling
have not been identified in ALS patients (Lambrechts et al.,
2003).

We have recently reported 7 missense mutations in the
hypoxia-inducible gene ANG in 15 individuals, 4 with familial
and 11 with apparently “sporadic” ALS (Greenway et al., 2006).
ANG codes for angiogenin, a 14.1 kDa protein, which is a mem-
ber of the pancreatic ribonuclease A (RNaseA) superfamily (Fett
et al., 1985). Angiogenin is a potent inducer of neovascularization
(Moroianu and Riordan, 1994; Kishimoto et al., 2005; Tsuji et al.,
2005). In endothelial and tumor cells, angiogenin can undergo
nuclear translocation, and is able to bind to DNA and stimulate
rRNA transcription (Moroianu and Riordan, 1994; Tsuji et al.,
2005). Five of the reported missense mutations (Q12L, K17E,
K17I, R31K, C39W, K40I) affect functionally important residues
involved in nuclear import, nuclear localization, or ribonucleo-
lytic activity (Shapiro et al., 1989; Greenway et al., 2006). Subse-
quent genetic studies have identified further ANG mutations that
may interfere with nuclear localization, ribonucleolytic, and an-
giogenic activity (Crabtree et al., 2007; Wu et al., 2007). Previ-
ously, we could detect significant angiogenin expression in mo-
toneurons (Greenway et al., 2006), a finding confirmed in other
studies (Crabtree et al., 2007; Wu et al., 2007). We could also
provide preliminary evidence for a neuroprotective activity of
angiogenin in vitro (Kieran et al., 2005). In this study we exam-
ined the biological role of angiogenin and the ALS-associated
angiogenin mutant K40I in controlling motoneuron survival,
and analyzed the signal transduction pathways involved in this
protection. We also show that treatment of SOD1 G93A mice with
angiogenin, even after disease onset, significantly increased mo-
toneuron survival.
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Materials and Methods
Primary motoneuron cultures. Primary motoneuron cultures were estab-
lished from E13 C57 mouse embryos (Camu and Henderson, 1992).
Spinal cord ventral horns were dissected, the ventral horn tissue was
trypsinized in Ham F10 medium (Invitrogen) and dissociated in com-
plete medium containing 0.4% BSA and 0.1 mg/ml DNase1 (Sigma) and
seeded at 5 � 10 4/ml. After 7 d cultures were exposed to either AMPA (50
�M, 24 h, Tocris Cookson) or tunicamycin (500 nM, Qbiogene) and
cotreated with human recombinant angiogenin protein (100 ng/ml,
R&D Systems), heat-denatured angiogenin, or the PI-3-K inhibitor
wortmannin (100 nM, Sigma).

Motoneuron survival in vitro in primary motoneuron cultures was
determined by MTT assay as well as direct counts of motoneuron sur-
vival, as previously described (Kieran et al., 2005).

Cloning of angiogenin and site-directed mutagenesis. The full-length
cDNA of human ANG was amplified by PCR (sense primer: 5� GGAGC-
CTGTGTTGGAAGAGA-3�; antisense primer: 5�-TGAATGTTG-
CCACCACTGTT-3�) and inserted into the PCR-Blunt II-TOPO vector
(Invitrogen). K40I mutation was inserted in the sequence using
QuikChange XL site-directed mutagenesis kit (Stratagene). The ANG
fragment was subcloned into pIRES2-DsRed2 vector (Clontech).

Expression and purification of recombinant angiogenin protein. Two
truncated variants of human ANG, encoding the wild-type (WT) or K40I
mutant protein, were inserted as 0.4 kb BamHI-EcoRI fragments into the
pcDNA4-HisMaxA vector (Invitrogen). Purified plasmids were used to
transfect HEK293 cells using Lipofectamine 2000 (Invitrogen).

NSC34 transient transfection and cell survival. Cells were transfected
with pIRES-DsRed2 plasmids using Lipofectamine 2000 and 24 h later
exposed to tunicamycin (500 nM) for 24 h. Apoptotic cell death in trans-
fected cells (DsRed2 fluorescence) was assessed after staining of nuclei
with Hoechst 33258 (Sigma, 1 �g/ml). Only strongly condensed and/or
fragmented nuclei were considered apoptotic.

Western blotting. Primary antibodies used in this study were Akt-1,
phospho-Akt, ERK1/2 and phosho-ERK1/2 (1:1000; Cell Signaling Tech-
nology), ICAM-1 (1:500; R&D Systems), �-actin, (1:2500), and
�-tubulin (1:2000) (both Sigma).

Transfection with siRNA. Cells were transfected with predesigned siR-
NA’s to murine ANG1 (siGENOME-ON-TARGETplus, Dharmacon)
using SMARTpool reagents (Dharmacon), according to manufacturer’s
instructions.

Treatment of SOD1G93A mice with ANG. TgN[SOD1-G93A]1Gur (Jax
Laboratories) were injected daily with 1 �g of human recombinant an-
giogenin i.p. Uptake was studied using fluorescein-labeled angiogenin
(EZ-label Fluorescein Protein Labeling, Pierce). For lifespan, body
weight and stride length each experimental group (treatment from 50 or
90 d) contained angiogenin-treated (n � 12) and untreated SOD1G93A

(n � 15) littermates, as well as untreated WT littermates (n � 15). Prob-
ability of survival was determined using Kaplan–Meyer analysis.

Assessment of disease progression in vivo. Body weight (Kieran et al.,
2004), PAGE test (Weydt et al., 2003), and stride length (Gurney et al.,
1994) assessments were performed blind, twice weekly. The number of
surviving sciatic motoneurons was assessed by counting sciatic mo-
toneurons in each ventral horn on every third section between the L2 and
L5 levels of the spinal cord (Kieran et al., 2004).

Results
Angiogenin protects primary motoneurons from stress-
induced cell death in vitro
It has been proposed that excitotoxicity involving overactivation
of Ca 2� permeable �-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid (AMPA) receptors and selective loss of excitatory
amino acid transporters (EAATs), may be involved in ALS patho-
genesis (Rothstein et al., 1990). To investigate whether angioge-
nin has a neuroprotective activity against excitotoxic injury, pri-
mary ventral horn motoneuron cultures were exposed to the
glutamate agonist AMPA, and treated with human recombinant
angiogenin protein or vehicle. Direct counts of motoneuron sur-
vival in immunolabeled and trypan-blue-stained motoneuron

Figure 1. Angiogenin is a neuroprotective factor for cultured motoneurons. A, Direct counts
of motoneuron survival in primary ventral horn motoneuron cultures exposed to AMPA (50 �M,
24 h), AMPA and angiogenin (100 ng/ml), angiogenin alone and AMPA and heat denatured
angiogenin ( *p � 0.05, mean � SEM, n � 12). B, Direct counts of motoneuron survival in
primary motoneuron cultures exposed to tunicamycin (500 nM, 24 h) and/or angiogenin (100
ng/ml, *p � 0.05, mean � SEM, n � 12). C–E, Western blot analysis of Akt-1 and Ser473-
phosphorylated Akt-1 (p-Akt) expression in angiogenin- and IGF-I-treated (C, D), and
angiogenin-plus AMPA-treated (E) primary motoneuron cultures. F, Inhibition of the PI-3-K
pathway using wortmannin (100 nM, 24 h) reduces the neuroprotective effect of angiogenin in
primary motoneuron cultures exposed to AMPA (*p � 0.05, mean � SEM, n � 3).
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cultures demonstrated that angiogenin had a direct protective
effect on motoneurons (Fig. 1A). Endoplasmic reticulum (ER)
stress-induced apoptosis has also been implicated in the patho-
physiology of ALS (Kikuchi et al., 2006). Tunicamycin, an inhib-
itor of N-linked glycosylation, was applied to induce ER stress.
Angiogenin also protected motoneurons from ER stress-induced
neuronal injury (Fig. 1B).

In endothelium, angiogenin expression is required for cell
signaling of growth factors including basic fibroblast growth fac-
tor, epidermal growth factor and VEGF (Kishimoto et al., 2005).
Survival signaling through these growth factors involves activa-
tion of the PI-3-K/Akt pathway. Western blotting experiments
using a Ser 435-phospho-specific Akt1 antibody demonstrated an
activation of Akt-1 in motoneuron cultures 3 h after treatment

with angiogenin, but unlike classical growth factors not immedi-
ately after treatment (Fig. 1C,D). We next tested the hypothesis
that angiogenin mediated its neuroprotective activity via an in-
creased PI-3-K/Akt signaling. In motoneuron cultures, the neu-
roprotective effect of angiogenin was abolished by cotreatment
with the PI-3-K inhibitor wortmannin, which blocked the potent
activation of Akt-1 in AMPA-stressed, angiogenin-treated cul-
tures (Fig. 1E,F).

Expression of wild-type ANG, but not the ALS-associated
ANG K40I mutant, protects NSC34 cells against ER stress-
induced cell death
NSC34 is a hybrid cell line from embryonic mouse spinal cord
and mouse neuroblastoma cells with characteristics of primary
motoneurons (Cashman et al., 1992). We compared the effects of
WT ANG and the ALS-associated ANG K40I mutation on sur-
vival of NSC34 cells. Cultures were transiently transfected with a
pIRES-DsRed2 plasmid containing WT ANG or the mutated
K40I ANG sequence. Human angiogenin levels in transfected
NSC34 cells were assessed by means of Western blotting and
quantitative real-time PCR (Fig. 2A). pIRES-DsRed2/ANG-
transfected cells showed significantly reduced levels of ER stress-
induced apoptosis when compared with empty vector-
transfected cells (Fig. 2B). In pIRES-DsRed2/K40I ANG-
transfected cells, the apoptosis level was similar to empty vector-
transfected cells, demonstrating a loss of neuroprotective activity
of the ALS-associated mutant (Fig. 2B).

We next compared the effects of recombinant WT angiogenin
protein and the ALS-associated K40I mutant protein on Akt-1
survival signaling of NSC34 cells. WT angiogenin protein, but
not K40I mutant angiogenin protein protected NSC34 cells
against serum deprivation-induced apoptosis (Fig. 2C). WT an-
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Figure 2. Lack of activity of the ALS-associated ANG mutants and potentiation of stress-
induced cell injury by ANG knockdown. A, Western blot (two top panels) and quantitative
real-time PCR analysis (two bottom panels) showing human ANG levels in NSC34 cells tran-
siently transfected with pIRES-DsRed2 constructs alone, or containing either ANG, or K40I mu-
tant ANG. B, NSC34 cells transiently transfected with pIRES-DsRed2/ANG are more resistant to
tunicamycin-induced ER stress (500 nM, 24 h) than cells transfected with K40I ANG or with
empty vector. Apoptotic cell death was assessed after Hoechst 33258 staining. (*p � 0.01 vs
treated empty vector, mean � SEM, n � 7–10). C, Wild-type recombinant angiogenin protein
protects NSC34 cells from serum deprivation-induced toxicity (24 h), whereas mutant K40I
angiogenin protein shows no protective effect (*p � 0.01, mean � SEM, n � 7–10). D,
Wild-type angiogenin protein, but not K40I mutant angiogenin protein, elevated the levels of
pAkt-1 in NSC34 cells during trophic factor withdrawal.

Figure 3. Knock-down of endogenous angiogenin potentiates stress-induced cell death in
motoneurons in vitro. A, Western blot analysis demonstrating efficient knock-down of murine
ANG1 in NSC34 cells with siRNAs 48 h after transfection. B, Apoptotic cell death of primary
motoneuron cultures transfected with murine ANG1 siRNA and treated with AMPA was as-
sessed after Hoechst 33258 staining. (*p � 0.01 vs nontransfected sister cultures, mean �
SEM, n � 7–10).
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giogenin protein, but not K40I mutant angiogenin protein ele-
vated the levels of active, phosphorylated Akt-1 in NSC34 cells
during trophic factor withdrawal (Fig. 2D), suggesting that the
ALS-associated mutation interferes with survival signaling
pathways.

Knock-down of endogenous angiogenin potentiates stress-
induced cell death in motoneurons in vitro
We next examined the role of endogenous angiogenin in stress-
induced motoneuron death in vitro. Knock-down of murine
ANG1, the proposed orthologue of human ANG, was achieved
using two siRNA constructs targeting different regions (Fig. 3A).
In primary motoneuron cultures transfected with ANG1 siRNA,
AMPA-induced excitotoxic injury was significantly increased
compared with mock-transfected cells or cells transfected with a
scrambled sequence (Fig. 3B), suggesting that endogenous angio-
genin is required for maintaining motoneuron survival.

Angiogenin treatment, even after symptom onset, increases
lifespan and motor function in SOD1G93A mice
In light of the significant neuroprotective effects of angiogenin
observed in the in vitro models of motoneuron degeneration, the
effect of angiogenin treatment in the SOD1G93A mouse model of
ALS (Gurney et al., 1994) was examined. Animals were sex-
matched and randomized, and treated systemically with human
recombinant angiogenin protein (1 �g, daily) from either 50 d
(before symptom onset) or 90 d (after symptom onset) as a more
clinically relevant paradigm. In control experiments, uptake of
fluorescently labeled angiogenin in spinal cord gray and white
matter could be detected 2 h after a single administration (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). Survival analysis of SOD1G93A mice showed that treat-
ment with angiogenin from 50 d significantly increased lifespan
(Fig. 4A). Of note, a similar protective effect was observed in
animals treated from 90 d onwards, i.e., after symptom onset
(Fig. 4A). Administration of angiogenin to WT littermates for
75 d had no effect on mouse viability or breeding behavior.

Because of the similar effect of 50 and 90 d treatments, a
multivariate analysis was performed on the pooled data from
both conditions (p value from Bartlett’s test for homogeneity �
0.9622). There was no evidence of a difference in survival be-
tween both treatments (p � 0.5176), nor evidence of gender bias
(p � 0.5076). However, for the pooled data (n � 54), the esti-
mated survival was 11.4 d longer for angiogenin-treated (134.1 d)
compared with vehicle-treated mice (122.7 d) and remained
highly significant (p � 0.0001).

Motor performance was analyzed by stride length measure-
ments (Gurney et al., 1994), showing that motor weakness was
delayed in angiogenin-treated SOD1G93A mice (Fig. 4B). This im-
provement was accompanied by improved paw grip endurance
(PaGE) test performance and a delay in body weight decline in
angiogenin-treated SOD1G93A mice (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material). To exam-
ine the effect of angiogenin treatment on hindlimb muscles, the

Figure 4. Angiogenin treatment after symptom onset in SOD1G93A mice delays disease progres-
sion and extends lifespan. A, Kaplan–Meyer analysis of probability of survival. Treatment from 50 d,
angiogenin-treated SOD1 mice survived for 135 d (�1.5, n � 12), whereas vehicle-treated SOD1
micesurvivedforonly122.8d(�2.2,n�15,p�0.0001).Treatmentfrom90d,angiogenin-treated
SOD1 mice survived for 132.8 d (�1.8, n � 12), whereas vehicle-
treated SOD1 mice survived for only 122.2 d (�2.1, n�15, p�0.0005). B, Stride length analysis in

4

the identical treatment paradigms (*p � 0.05, mean � SEM). C, Quantitative analysis of sciatic
motoneuron survival (*p � 0.05, mean � SEM, n � 6). D, Western blot analysis of Akt-1,
p-Akt, ERK1/2 and p-ERK1/2 in spinal cord homogenate of wild-type and untreated SOD1G93A

mice. E, Western blot analysis of Akt, p-Akt, ERK1/2 and p-ERK1/2 in spinal cord homogenate
from wild-type littermates, untreated SOD1G93A mice, SOD1G93A mice treated with angiogenin
from 50 or 90 d. F, Western blot analysis of ICAM-1 in spinal cord homogenate from wild-type
littermates, untreated SOD1G93A mice, and SOD1G93A mice treated with angiogenin from 50 d.
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weights of the tibialis anterior (TA) and extensor digitorum lon-
gis (EDL) muscles were recorded during disease progression
(supplemental Table 1, available at www.jneurosci.org as supple-
mental material). In angiogenin-treated SOD1G93A mice the de-
cline in muscle weight reduction was delayed compared with
untreated littermates, demonstrating that improvement in mo-
toneuron survival during disease progression delayed hindlimb
muscle denervation and atrophy.

Angiogenin treatment protects motoneurons in
SOD1G93A mice
To correlate motor performance with histological data, the effect
of angiogenin treatment on motoneuron survival in the spinal
cord was assessed by counting the number of sciatic motoneu-
rons in the lumbar spinal cord (Kieran et al., 2004). Treatment
with angiogenin significantly increased sciatic motoneuron sur-
vival in SOD1G93A mice at both 90 d and at the disease end stage
(Fig. 4C). This improvement in motoneuron survival correlated
with the observed delay in disease progression in angiogenin-
treated SOD1G93A mice.

In vitro, angiogenin neuroprotective activity required cell sur-
vival signaling through the PI-3-K/Akt pathway. Interestingly, we
detected a significant decrease in the presence of active, Ser 473-
phosphorylated Akt-1 in the anterior horn and motoneurons of
SOD1G93A mice compared with WT littermates (Fig. 4D; supple-
menral Fig. 3, available at www.jneurosci.org as supplemental
material), suggesting that SOD1G93A mice do not appropriately
activate this endogenous survival pathway. The levels of active,
phophorylated ERK-1 and -2 were also reduced (Fig. 4D). Of
note, treatment with angiogenin, either before or after symptom
onset, potently restored the disease-associated decrease in Akt-1
and ERK1/2 survival signaling in vivo (Fig. 4E), and reversed the
disease-associated increase in ICAM-1, a marker for activated
endothelium, that was detectable in SOD1G93A mice (Fig. 4F).
Both vehicle- and angiogenin-treated SOD1G93A mice exhibited
blood-spinal cord-barrier leakage during disease progression
(Zhong et al., 2008) (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material).

Discussion
In this study we have shown that ANG has definite neuroprotec-
tive activities on motoneurons, and that the protective effect of
angiogenin observed in the in vitro and in vivo models of mo-
toneuron degeneration may relate to its potent (re-)activation of
cell survival signaling pathways. Our data and other recently pub-
lished data (Dewil et al., 2007) point to a strong disruption of
Akt-1 survival signaling during SOD1G93A-mediated motoneu-
ron degeneration in mice in vivo. Levels of phospho-Akt-1 have
also been found to be reduced in motoneurons from sporadic and
familial ALS patients (Dewil et al., 2007). Our recently reported
genetic evidence for ANG mutations in ALS patients (Greenway
et al., 2006), and the data presented here suggest that angiogenin
may be required and sufficient to maintain motoneuron survival.

The ability of angiogenin to positively modulate PI-3-kinase/
Akt-1 and ERK1/2 signaling (Hetman and Gozdz, 2004) may play
an important role in its control of motoneuron survival. Angio-
genin is known to positively modulate growth factor signaling
(Kishimoto et al., 2005). Recent data suggest that angiogenin
activates two distinct signaling pathways (Xu et al., 2002; Tsuji et
al., 2005; Kim et al., 2007): Although binding to a 170 kDa recep-
tor has been shown to be required for nuclear translocation, stim-
ulation of rRNA synthesis, and cell proliferation (Moroianu and
Riordan, 1994; Kim et al., 2007), angiogenin alternatively can

bind to a 42 kDa binding protein identified as �-actin (Hu et al.,
1993), a process that has been shown to promote Akt-1 activation
(Kim et al., 2007). Our data suggests that the latter signaling
pathway is activated by angiogenin in neural cells. However, be-
cause the 170 kDa angiogenin receptor has not yet been cloned, a
molecular characterization of its involvement in the protective
effects reported here cannot be sufficiently addressed experimen-
tally at present. We could also demonstrate that the mutant K40I
angiogenin protein failed to activate Akt-1, and that this was
associated with a loss of neuroprotective activity. Recent genetic
and biochemical studies have shown that multiple ALS-
associated ANG mutations including K40I ANG reduce the pro-
tein’s ribonucleolytic activity (Greenway et al., 2006; Crabtree et
al., 2007; Wu et al., 2007). It is therefore tempting to hypothesize
that decreased ribonucleolytic activity and Akt-1 activation may
be inextricably linked, and that defects in this interaction play an
important role in motoneuron degeneration associated with
ANG mutations.

Effects of angiogenin on endothelial cells, angiogenesis, and
local blood flow may play additional, potentially significant roles
in vivo. However, these effects may not necessarily explain the
selective vulnerability of motoneurons in familial and “sporadic”
ALS associated with ANG mutations. We also found that angio-
genin treatment of SOD1G93A mice reversed rather than en-
hanced the pathophysiological increase in ICAM-1 expression, a
marker for activated endothelium. The effects of angiogenin de-
livery on the lengths of capillary networks and early reductions in
local blood flow in SOD1G93A mice may need to be explored in
more detail in further studies. However, the high levels of angio-
genin expression directly in motoneurons (Greenway et al.,
2006), and the critical role of angiogenin in the control of mo-
toneuron survival demonstrated here suggest that the neural ac-
tivities of angiogenin may play important physiological roles.

Previously, we could demonstrate a modest elevation in se-
rum ANG levels in ALS patients at time of diagnosis (Cronin et
al., 2006). Angiogenin concentrations in the human or murine
spinal cord, and the pharmacokinetics of angiogenin in humans,
or in mice, are currently not known. However, our data indicate
accumulation of fluorescein-conjugated angiogenin in the mu-
rine spinal cord (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), despite potential inacti-
vation or first pass effects. Potentially more importantly, in the
ALS mice blood-spinal cord-barrier leakage (Zhong et al., 2008)
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material) may provide a direct access of angiogenin to the
injured spinal cord.

In conclusion, our data demonstrate that angiogenin is a crit-
ical determinant of motoneuron survival, and suggest a critical
role for angiogenin in the pathophysiology of ALS.
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