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Abstract

CDA7 or integrin-associated protein promotes cell death in blood and tumor cells. Recently, CD47
signaling has been identified in neurons as well. In this study, we investigated the role of CD47 in
neuronal cell death. Exposure of primary mouse cortical neurons to the CD47 ligand
thrombospondin-1 or the specific CD47-activating peptide 4N1K induced cell death. Activation of
CDAT elevated levels of active caspase 3 and increased the generation of reactive oxygen species
(ROS) in a time-dependent manner. Both ROS scavengers and caspase inhibitors attenuated cell
death. But ROS scavenging did not reduce the activation of caspase 3, and combination treatments
with a caspase inhibitor plus free radical scavenger did not yield additive protection. Taken
together, these data suggest that parallel and redundant pathways of oxidative stress and caspase-
mediated cell death are involved. We conclude that CD47 mediates neuronal cell death through
caspase-dependent and caspase-independent pathways.
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CDA47 (also known as integrin-associated protein) is a member of the immunoglobulin
superfamily, and consists of an extracellular gV domain followed by five transmembrane
segments and a short cytoplasmic tail (Brown and Frazier 2001). Depending on the
activation of heterotrimeric G protein, CD47 can associate with B1, B2, and B3 integrins
families, and modulate cell motility, leukocyte adhesion and migration, phagocytosis, and
platelet activation (Brown and Frazier 2001). Overall, a prominent role for CD47 has been
documented in leukocyte and neutrophil infiltration during tissue inflammation.

In addition to these functions associated with integrins, CD47 plays important roles in other
cellular regulation through binding with its two natural ligands, thrombospondins (TSPs)
and signal regulatory protein-a.. Activation of CD47 by these ligands are now thought to
trigger cell death in a wide range of cells including T cells (Manna and Frazier 2003),
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monocytes and dendritic cells (Johansson et al. 2004), and leukemia cells (Mateo et a/. 1999,
2002; Saumet et al. 2005; Bras et al. 2007). Because many fundamental mechanisms of cell
death are known to be highly conserved between multiple cell types, it is possible that CD47
may possess neurotoxic actions as well. CD47 is present in neuronal cells, and one study
showed that viral over-expression of CD47 in neuron induced apoptosis (Koshimizu et al.
2002).

In this study, we used primary mouse cortical neurons to investigate the mechanisms of
CDA47-induced neuronal death. Specifically, we asked whether ligand-mediated activation of
CDA47 is neurotoxic, and if so, whether downstream pathways of oxidative stress and
caspases are involved.

Materials and methods

Reagents

Neurobasal media, B27 supplement, 0.05% trypsin-EDTA, L-glutamine, antibiotics, and
fetal bovine serum for cell culture were from Gibco (Rockville, MD, USA). TSP and
U83836E were purchased from Calbiochem (San Diego, CA, USA). 4N1K
(KRFYVVMWKK) was from Sigma Genosys (The Woodlands, TX, USA) and was
dissolved in sterile ddH,O at a concentration of 100 mg/mL as a stock solution. This stock
was aliquoted and stored at —80°C. 5-(and-6)-Chloromethyl-2",7"-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA) was purchased from
Molecular Probes (Eugene, OR, USA). Caspase inhibitors (z-VAD-fmk and z-DEVD-fmk)
were from R&D (Minneapolis, MN, USA), and were dissolved in dimethyl sulfoxide at a
concentration of 20 mM as a stock solution. Rabbit anti-caspase 3 primary antibody was
purchased from Cell signaling (Danvers, MA, USA). Anti-mouse CD47 monoclonal
antibody (Clone miap301) was from BD Pharmingen (San Jose, CA, USA). Normal mouse
IgG was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Primary mouse cortical neuron culture and experimental conditions

Mice were housed in community cages under a 12 h light/dark cycle at 20-22°C and fed ad
libitum. Pregnant mice were anesthetized and the embryos were delivered by cesarean
section. The cortex were dissected out from the embryonic days 15-17 mouse fetuses, then
dissociated, both enzymatically (0.05% trypsin~-EDTA) for 15 min at 37°C and
mechanically. The single cell suspension was diluted in serum-free neurobasal medium
containing 2% B27 supplement and 0.3 mM L-glutamine, and then plated into 96-well plate,
60 mm dish, or 35 mm dish pre-coated with poly-D-lysine at a different cell density (2.5, 5,
or 3 x 10° cells/mL, respectively). Cells were maintained at 37°C in a humidified incubator
with 5% CO». The medium was half renewal every 3 days. Cultures were used for
experiments on 8-10 days after plating. To determine the effects of TSP and 4N1K in
primary cultured neurons, the cortical neurons were incubated with different doses of TSP
(0.5,1, 5, and 10 pg/mL) and 4N1K (12.5, 25, 50, and 100 pg/mL) for 24 h, or with 10 pg/
mL TSP or 100 pg/mL 4N1K for various times (0, 3, 6, 12, and 24 h). Although we did not
use a scrambled peptide, the specificity of 4N1K for activating CD47 has been extensively
confirmed in a wide variety of cells in previous studies (Manna and Frazier 2003, 2004;
Johansson er al. 2004). In the inhibitors experiment, cultures were pre-treated with inhibitors
for 1 h prior to addition of 100 pg/mL 4N1K for 24 h. Neurotoxicity was evaluated by the
standard lactate dehydrogenase (LDH) release assay (Roche Diagnostics, Mannheim,
Germany) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Sigma-Aldrich, St Louis, MO, USA). All LDH and MTT assays were repeated at least three
times in triplicate.
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Reactive oxygen species measurement

Levels of cellular reactive oxygen species (ROS) were measured using CM-H,DCFDA.
Briefly, after the neurons were treated with 10 pg/mL TSP or 100 pg/mL 4N1K for various
times (0, 3, 6, 12, and 24 h), CM-H,DCFDA was added to the neuron cultures to a final
concentration of 1.25 pM, and incubated for 30 min at 37°C. The amount of intracellular
oxidants is proportional to the intensity of fluorescence. The fluorescence intensity of the
cells was used as an indicator of the production of ROS, and analyzed by flow cytometry
(FACSCalibur; Becton Dickinson, Franklin Lakes, NJ, USA).

Western blotting analysis

Caspase 3 activation was determined by western blot. Cells were lysed in cell lysis buffer
(Cell signaling) in the presence of protease inhibitors. Insoluble materials were removed by
centrifugation (20 800 g, 20 min). The protein concentrations of the lysates were determined
by Bio-Rad protein assay (Hercules, CA, USA). Equal amount of protein were separated in a
4-20% Tris—glycine gel (Invitrogen, Carlsbad, CA, USA) (30 p.g/lane) for approximately
1.5 h at 110 V, and then transferred onto polyvinylidene difluoride membrane (0.2 pum;
Invitrogen) at constant voltage (40 V) for 2 h. The membranes were blocked with 5% non-
fat dry milk in Tris-buffered saline (20 mM Tris—HCI, pH 7.4, 150 mM NacCl, and 0.05%
Tween 20) and then probed with rabbit anti-caspase 3 primary antibody at 4°C overnight.
After washing, the membrane was incubated with horseradish peroxidase-conjugated
secondary antibody for 1 h at 25°C, followed by an enhanced chemiluminescent substrate
for detection of horseradish peroxidase (Pierce, Rockford, IL, USA).

Statistical analysis

Data were expressed as mean £ SD. Three to five separate experiments were performed.
Data were analyzed using ANOVA with Tukey post hoc tests (SPSS version 11.5, SPSS
Inc., Chicago, IL, USA). Statistical significance was at p < 0.05.

Results

Activation of CD47 is neurotoxic

Neurotoxic effects of CD47 were evaluated using a standard LDH release assay. Exposure
to the CDA47 ligand TSP (0.5-10 pg/mL) for 24 h induced a dose-dependent cell death in
primary cortical mouse neurons (Fig. 1a). Pre-treatment with a CD47 blocking antibody for
1 h significantly decreased TSP-induced neuronal death (Fig. 1b). The specificity of this
pathway was further confirmed using 4N1K, a CD47-specific activating peptide. Exposure
to 4N1K (12.5-100 pg/mL) induced a similar neurotoxic response (Fig. 1c). To further
confirm these LDH neurotoxicity findings, we also measured cell viability using an MTT
technique. Neuronal cell viability was significantly reduced after exposure to TSP (10 g/
mL) or 4N1K (25-100 pg/mL) for 24 h (Fig. 1d).

CD47-mediated neuronal death is partially caspase dependent

Exposure of neurons to 100 pg/mL of the CD47-activating peptide 4N1K over 24 h induced
a clear activation of caspase 3. By 12 and 24 h, levels of cleaved 17 kDa caspase 3 were
significantly elevated (Fig. 2a). Similarly, 10 pg/mL of TSP induced caspase 3 activation at
6 and 12 h (Fig. 2a). The neurotoxic role of caspases was confirmed with a pharmacologic
approach. Treatment with either a broad-spectrum caspase inhibitor z-VAD-fmk or the
caspase 3 inhibitor z-DEVD-fmk both significantly reduced CD47-mediated neuronal cell
death (Fig. 2b and c). The specificity of these caspase pathways were further assessed by
testing other protease inhibitors. In contrast to the neuroprotection obtained with caspase
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inhibition, neither calpain inhibitors nor necroptosis inhibitors provided any significant
benefit (Fig. 3a and b).

CD47-mediated neuronal death activates oxidative stress in a caspase-independent

pathway

Although inhibition of caspases was neuroprotective, it did not completely prevent CD47-
mediated neuronal death. Therefore, we asked whether other cell death mechanisms might
be involved. Exposure of neurons to 10 pg/mL TSP or 100 pg/mL of the CD47-activating
peptide 4N 1K triggered the generation of ROS as measured with a dichlofluorescein assay
(Fig. 4a). Quantitation of these measurements showed that ROS were generated in a
transient manner, peaking at about 3 or 6 h after exposure to TSP or 4N1K (Fig. 4b),
respectively. Accordingly, treatment with the potent ROS scavenger U83836E significantly
reduced neuronal death (Fig. 4c). However, U83836E did not inhibit the cleavage/activation
of caspase 3 (Fig. 4d), consistent the independence of the ROS versus caspase pathways. To
further assess this idea of parallel and redundant pathways, we tested the efficacy of
combination treatments of z-VAD-fmk (40 wM) plus U83836E (5 tM). Caspase inhibition
plus radical scavenging did not yield additive neuroprotection (Fig. 4e).

Discussion

Through its interactions with integrins, CD47 is perhaps best characterized as an
inflammatory mediator that participates in the migration and infiltration of leukocytes and
neutrophils (Cooper et al. 1995). More recently, however, a whole host of other extracellular
ligands have been described including TSP and signal regulatory protein-a. (Brown and
Frazier 2001). Activation of CD47 receptor signaling through these external ligands is now
known to trigger complex cell death pathways in a wide range of cell types (Mateo et al.
1999; Manna and Frazier 2003, 2004; Johansson et al. 2004; Saumet et a/. 2005). Because
CDA47 can be expressed in neurons (Reinhold ef a/. 1995), it is conceivable that these
pathways may also be operational in neurons. Our present study showed that activation of
CDA47 induced neuronal death via caspase and non-overlapping ROS pathways.

Others have reported that ligation of CD47 by TSP-1 or 4N1K induces a novel, caspase-
independent apoptosis in other cell types such as T cells and leukemia cells (Mateo et al.
1999, 2002; Johansson et al. 2004; Saumet et al. 2005). However, our results were different.
In our primary cortical neurons, a caspase-dependent component of cell death was
detectable. Caspase 3 was cleaved and activated after activation of CD47 signaling.
However, it was noted that caspase 3 activation induced by TSP seemed to take place earlier
than 4N1K. It is possible that besides CD47, TSP may also bind with other receptors to
induce apoptosis, e.g. CD36 (Jimenez et al. 2000; Li et al. 2003). Consistent with these
caspase data, treatment with various caspase inhibitors (z-VAD-fmk and z-DEVD-fmk) was
able to reduce CD47-mediated neuronal death. In contrast, calpain inhibitors were not
neuroprotective. Furthermore, we eliminated a role for programmed necrosis or necroptosis
(Degterev et al. 2005), since the potent necroptosis inhibitor necrostatin-1 also did not
provide any protection against CD47-mediated death in our system.

Since CDA47 is generally implicated in inflammation (Lindberg ef al. 1996; Demeure et al.
2000; Hagnerud et a/. 2006) and ROS is known to be involved in inflammation (Droge
2002), we also assessed the role of ROS in our experiments. Activation of CD47 signaling
clearly elevated ROS levels in neurons, although the response appeared transient. The
importance of ROS was confirmed by showing that the potent ROS scavenger U83836E
significantly reduced CD47-mediated neuronal death. So it was possible that in our CD47-
mediated neuronal death model, the transient ROS generation was an upstream trigger that
up-regulated caspase 3. However, our results suggested that these two pathways may be
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independent. Whereas scavenging of ROS with U83836E significantly reduced
neurotoxicity after CD47 signaling, there appeared to be no effects on caspase 3 activation.
Taken together, these data suggest that caspase-dependent mechanisms as well as a caspase-
independent ROS pathway is involved in CD47-mediated neuronal death. Furthermore,
these pathways may be parallel and redundant because combining caspase inhibitors plus
radical scavengers did not provide additional neuroprotection. The complexity of these
mechanisms warrants further investigation.

A caveat in this study was our limited focus on caspase 3. So we cannot be sure about the
role of intrinsic versus extrinsic caspase mechanisms. Caspase 8 can directly activate pro-
caspase 3, which cleaves target proteins, leading to apoptosis. These death receptor signals
are usually amplified in the mitochondria via Bid, Bax, and Bak processing (Schmitz et al.
1999). This results in mitochondrial outer membrane permeabilization and the release of
pro-apoptotic proteins, including apoptosis-inducing factor, endonuclease G, cytochrome ¢,
Omi/serine protease high temperature requirement protein A2, and second mitochondria-
derived activator of caspase/direct integrin-associated protein binding protein with low p/,
and provokes caspase-dependent and -independent cell death (Wang ef a/. 2004; Bras et al.
2005).

Independently of caspases, we also showed a central role for free radicals in CD47
signaling. Here, positive feedback loops of neuronal death may exist at the mitochondrial
level (Leist and Jaattela 2001). Mitochondria are a major source of ROS generation and, at
the same time, an important target for the damaging effects of ROS (Orrenius 2007). ROS
induces DNA damage, oxidation of proteins, impairs mitochondrial respiration. High levels
of ROS lead to overactivation of the enzyme poly(ADP-ribose) polymerase-1 in the nuclei
and to NAD™ depletion, opening of mitochondrial transition pore in mitochondria, inducing
translocation of apoptosis-inducing factor from the mitochondria to the nucleus, which is
followed by DNA condensation, fragmentation, and cell death (Koh et a/. 2005; van Wijk
and Hageman 2005). Interactions between mitochondrial generation of ROS plus release of
pro-apoptotic proteins with the activation of caspase-dependent and -independent apoptosis
is highly complex (Ott et a/. 2007). How these signals might provide crosstalk for CD47-
mediated neuronal death requires careful validation. Ultimately perhaps, such pathways
might be best targeted with agents that possess multiple effects on cell death and
inflammation. Emerging findings in the field now suggest that such agents may exist, e.g.
erythropoietin (Genc et al. 2004; Iwai et al. 2007), activated protein C (Mosnier et al. 2007),
or even minocycline (Yong et al. 2004). The true utility of such agents will have to be
validated in clinical trials of neuroprotection.

Our present findings may have relevance to CNS disease. It has been recently shown that
CD47 is the key receptor that mediates the deleterious effects of TSP in ischemic tissues in
vivo (Isenberg et al. 2007). Blockade of TSP-CD47 signaling alleviates tissue ischemia, and
may provide a novel and accessible target for the treatment of cardiovascular disease
(Isenberg et al. 2008). Insofar as similar cascades of tissue damage may be occurring in
ischemic brain, CD47 signaling may underlie brain injury in stroke as well. Acute stroke
patients with elevated TSP levels seemed to be more susceptible to further thrombosis and
worsening (Legrand et a/l. 1991). If it is true that CD47 can mediate both inflammatory
infiltration as well as direct neuronal cell death, then it might represent a novel
neurovascular target for stroke therapy. Future studies, especially those using in vivo
models, are warranted to validate the pathophysiologic role of CD47 in cerebral ischemia
and neuronal injury.
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Neurotoxic effects of CD47 in primary mouse cortical neurons. (a) Exposure to CD47 ligand

TSP for 24 h induced a dose-dependent neurotoxic response; (b) Pre-treatment with the

CDA47 blocking antibody for 1 h reduced TSP-induced cell death; (¢) The CD47-specific

activating peptide 4N1K induced a similar neurotoxic response; 7= 3 independent

experiments performed in triplicate by the LDH assay; (d) Cell viability reduced after
exposure to TSP (10 pg/mL) and 4N1K (25-100 pg/mL) for 24 h; n= 3 independent
experiments performed in triplicate by the MTT assay; *p < 0.05 and **p < 0.01 compared
with the control group; ~p < 0.05 compared with TSP-treated group (10 pg/mL).
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Fig. 2.

CDA47-mediated neuronal death is partially caspase-dependent. (a) Western blot detection of
caspase 3 activation after treatment with 100 pg/mL 4N1K or 10 pg/mL TSP for various
times. (b and c) Pre-treatment with caspase inhibitors (b, z-VAD-fmk and ¢, z-DEVD-fmk)
significantly reduced 4N1K-induced cell death; /7= 3 independent experiments performed in
triplicate and *p < 0.05 compared with 4N1K-treated group.
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4NI1K (100 pg/mL)

Calpain inhibitor I11 and necrostatin-1 cannot reduce 4N1K-induced cell death. (a) Calpain
inhibitor I11; (b) Necroptosis pathway inhibitor (Necrostatin-1); 7= 3 independent
experiments performed in triplicate. There is no significant difference among the groups.

J Neurochem. Author manuscript; available in PMC 2013 July 09.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Xing et al.

Page 11

—
(=)
-

(@) w0

—_

[=3

=3
1

W 4NIK 100 pg/mL
O TSP 10 pg/mL

Events
& =) e
=) S
T T T
*

[553
=]
T

Fluorescence intensity

(=}

108 10t

© 150 @ ygagzer - - - 4
§ 30k . s z-VAD - - + -
=25F 4NIK - + o+
S 20}

2 sl Caspase-3 Rl )
S
S
5 10
Z S5t Cleaved — —
0 . ) ) caspase-3
5 um 10 pm
U83836E B-Actin W N W
4NIK (100 pg/mL)
(e) 351
< 30 #
€ 2t >
&
‘g 20
=
S 15+
£
5 10+
Q
Z 5L
z-VAD UE  z-VAD+UE

4NIK (100 pg/mL)

Fig. 4.

CD47-mediated neuronal death activates oxidative stress in a caspase-independent pathway.
After treatment with 10 pg/mL TSP or 100 png/mL of 4N1K for different times, ROS was
detected with the CM-H,DCFDA using the flow cytometry in primary mouse cortical
neurons. (a) Representative fluorescence of ROS. Black line, 0 h group; dotted line, 6 h of
4N1K-treated group; (b) Bar graph of the fluorescence intensity of ROS (mean + SD); n=3
independent experiments; *p < 0.05 compared with 0 h group; (c) Pre-treatment with
UB83836E reduced 4N1K-induced cell death; 7= 3 independent experiments performed in
triplicate; **p < 0.01 compared with 4N1K-treated group. (d) After treatment with 100 g/
mL 4N1K for 24 h, cleavage of caspase 3 increased (lane 2). Pre-treatment with pan caspase
inhibitor (z-VAD-fmk, 40 wM) inhibited the caspase 3 activation triggered by 4N1K (lane
3). However, ROS scavenger U83836E (5 LM) can not inhibit caspase 3 activation (lane 4);
(e) Combination pre-treatments with z-VAD-fmk (40 wM) plus U83836E (UE, 5 uM) did
not yield additive neuroprotection. /7= 3 independent experiments performed in triplicate; *p
< 0.05 and **p < 0.01 compared with 4N1K-treated group.
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