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Jedi-1 and MEGF10 Signal Engulfment of Apoptotic Neurons
through the Tyrosine Kinase Syk
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During the development of the peripheral nervous system there is extensive apoptosis, and these neuronal corpses need to be cleared to
prevent an inflammatory response. Recently, Jedi-1 and MEGF10, both expressed in glial precursor cells, were identified in mouse as
having an essential role in this phagocytosis (Wu et al., 2009); however, the mechanisms by which they promote engulfment remained
unknown. Both Jedi-1 and MEGF10 are homologous to the Drosophila melanogaster receptor Draper, which mediates engulfment
through activation of the tyrosine kinase Shark. Here, we identify Syk, the mammalian homolog of Shark, as a signal transducer for both
Jedi-1 and MEGF10. Syk interacted with each receptor independently through the immunoreceptor tyrosine-based activation motifs
(ITAMs) in their intracellular domains. The interaction was enhanced by phosphorylation of the tyrosines in the ITAMs by Src family
kinases (SFKs). Jedi association with Syk and activation of the kinase was also induced by exposure to dead cells. Expression of either
Jedi-1 or MEGF10 in HeLa cells facilitated engulfment of carboxylated microspheres to a similar extent, and there was no additive effect
when they were coexpressed. Mutation of the ITAM tyrosines of Jedi-1 and MEGF10 prevented engulfment. The SFK inhibitor PP2 or a
selective Syk inhibitor (BAY 61-3606) also blocked engulfment. Similarly, in cocultures of glial precursors and dying sensory neurons
from embryonic mice, addition of PP2 or knock down of endogenous Syk decreased the phagocytosis of apoptotic neurons. These results
indicate that both Jedi-1 and MEGF10 can mediate phagocytosis independently through the recruitment of Syk.

Introduction
Programmed cell death is a normal part of development for all
metazoans. During the embryological formation of the mamma-
lian peripheral nervous system (PNS), �50% of the neurons gen-
erated are ultimately eliminated through apoptosis (Buss et al.,
2006). Although much is known about the regulation of this
naturally occurring cell death, very little is known about how the
abundance of dead neurons is removed in the PNS. The clearance
of apoptotic neurons is a critical step in preventing secondary
necrosis and inflammation, which is thought to eventually lead to
autoimmunity and the associated peripheral neuropathy (Elliott
and Ravichandran, 2010; Nagata et al., 2010).

We previously reported that satellite glial cell precursors are
the primary phagocytic cells for apoptotic corpse removal in de-
veloping dorsal root ganglia (DRGs). Moreover, we found that
Jedi-1, a novel engulfment receptor, and MEGF10, a purported
engulfment receptor (Hamon et al., 2006), are both expressed in
glial precursor cells and involved in engulfing the apoptotic neu-
rons (Wu et al., 2009). How Jedi-1 and MEGF10 transduce their

signals has yet to be determined. Interestingly, the data suggest
that Jedi-1 and MEGF10 may function in a common pathway
(Wu et al., 2009).

Both Jedi-1 and MEGF10 are homologous to the engulfment
receptor CED-1 in Caenorhabditis elegans and Draper in Dro-
sophila. All of these receptors are predicted to contain multiple
EGF repeats in the extracellular domain, a single transmembrane
domain, and targets for phosphotyrosine binding and SH2
domain-containing proteins in the intracellular domains. Both
CED-1 (Zhou et al., 2001; Su et al., 2002) and Draper (Awasaki et
al., 2006) associate with CED-6 (dCed-6 in Drosophila), an intra-
cellular adaptor protein that is required for engulfment but
whose function remains to be determined. In addition, Draper
mediates its effects through the tyrosine kinase Shark, which as-
sociates with an immunoreceptor tyrosine-based activation mo-
tif (ITAM) within Draper’s intracellular domain following
phosphorylation by Src42A (Ziegenfuss et al., 2008). ITAMs are
common signaling motifs that are well characterized in immune
receptors, such as Fc, B cell, and T cell receptors. Upon receptor
activation, the ITAM tyrosines are phosphorylated by Src family
kinases, resulting in the recruitment and activation of Syk family
kinases, which are homologous to Shark. This family includes Syk
and Zap-70 and they bind to phosphorylated ITAMs (Irving et
al., 1993; Berton et al., 2005; Underhill and Goodridge, 2007) and
activate a wide range of downstream pathways, including modi-
fication of the actin-cytoskeleton (Mócsai et al., 2010).

Here, we report that the intracellular domains of Jedi-1 and
MEGF10 each contain two ITAMs, which facilitated the binding
of each receptor to Syk independently, and the association was
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enhanced by Src family kinase-mediated phosphorylation of the
receptors. The interaction with Syk was necessary for each recep-
tor to independently mediate phagocytosis in HeLa cells, and
inhibition of Syk in glial cells reduced their engulfment of dead
neurons. These results identify Syk as an essential mediator for
both Jedi-1 and MEGF10 signaling, which are required for the
clearance of apoptotic neurons in the developing PNS.

Materials and Methods
DNA constructs. Jedi-GFP and MEGF10-GFP construction was described
previously (Wu et al., 2009). Jedi-GFP and MEGF10-GFP mutants were
obtained by site-directed mutagenesis with PfuUltra HF (Stratagene) PCR,
and Dpn1 (New England BioLabs) digestion. Syk-myc, Zap-70-myc, and
Lck-F505 were kind gifts from Dr. Arthur Weiss (University of California,
San Francisco, CA), and Src-F529 was generously provided by Dr. Steven
Hanks (Vanderbilt University, Nashville, TN). Fyn and Lyn were kind gifts
from Dr. Clifford Lowell (University of California, San Francisco, CA), and
Yes was purchased from Addgene (plasmid no. 18067). LRP-1 expression
plasmid was a kind gift from Dr. Dudley Strickland (University of Maryland
School of Medicine, Baltimore, MD). To make the Syk shRNA that targets
both mouse and human Syk mRNA, the synthetic oligonucleotide 5�-GATC
CGAAACCGTGGCTGTGAAAATTTCAAGAGAATTTTCACAGCCACG
GTTTTTTTTTACGCGTG-3� and the reverse compliment were annealed
and ligated into pSIREN-RetroQ-ZsGreen (Clontech). The scrambled
shRNA was in the same vector.

Cell culture and transfection. HEK293 cells and HeLa cells were grown
in DMEM with 10% FBS. Transfections of the cells were carried out with
Lipofectamine 2000 (Invitrogen) per the manufacturer’s recommenda-
tions. Stably transfected cells were selected with 4 mg/ml G418.

Immunoprecipitation and Western blot analysis. Transfected cells were
harvested in 500 �l of NP-40 lysis buffer [25 mM Tris, 137 mM NaCl, 2.7
mM KCl, 1% NP-40, 10% glycerol, 1 mM Na3VO4, Complete Mini EDTA-
free Protease Inhibitor Cocktail tablet (Roche)]. Jedi-GFP, MEGF10-
GFP, and mutants were immunoprecipitated with anti-GFP (Roche) and
Protein A Sepharose (Invitrogen). Western blot analysis was performed
using primary antibodies to the myc-tag (1:1000; 9B11, Cell Signaling
Technology), phospho-Syk (1:1000; Y525/Y526, Cell Signaling Technol-
ogy), phosphotyrosine (1:1000; PY99, Santa Cruz Biotechnology), or
�-tubulin (1:1000; Calbiochem).

RT-PCR and DRG satellite glia precursor isolation. Reverse transcrip-
tion, PCR, and the isolation of satellite glial cell precursors from embry-
onic day (E)13.5 DRG from CD1 mice (Charles River Laboratories) was
performed as described previously (Wu et al., 2009). Primer sequences
used to detect Src family kinase (SFK) mRNA have been described (Meyn
et al., 2005).

Engulfment assays. DRG cocultures and engulfment of apoptotic neu-
ron assays were performed as described by Wu et al. (2009), except that
cells were cultured in the presence of nerve growth factor (NGF) for four
days before NGF withdrawal. In brief, DRG from E13.5 CD1 mouse
embryos of either sex were dissociated, and 50,000 cells plated onto a
glass, collagen-coated coverslip in 1:1 UltraCULTURE (BioWhittaker):
Neuralbasal medium (Invitrogen) with 3% fetal bovine serum and N2
and B27 supplements plus 50 ng/ml NGF. The cells were transfected
using Effectene (Qiagen) and the transfected cells were detected using
anti-GFP (1:500, Abcam) or anti-myc-tag (1:1000; 9B11,Cell Signaling
Technology) and anti-mouse labeled with Alexa Fluor 488 (1:400). The
nuclei were detected using TOPRO-3 (Life Technologies). Photomicro-
graphs of z-stacks were taken using a Zeiss LSM 510 inverted confocal
microscope (Cell Imaging Shared Resource at Vanderbilt University
Medical Center, Nashville, TN), and at least 50 cells were analyzed for
each experiment. Any cell with an internalized TOPRO-positive signal,
other than its own nucleus, was counted as having phagocytosed an
apoptotic body.

For the microsphere engulfment assay, 300,000 HeLa cells were plated
on 35 mm tissue culture plates in DMEM plus 10% FBS. The following
day, cells were transfected with the indicated plasmids using Lipo-
fectamine 2000 (Invitrogen). After 24 h, 50,000 of these cells were plated
per well on collagen-coated 8-well chamber slides. The next day, 2 �m

carboxylate-modified fluorescent microsphere beads (F-8826, Invitro-
gen) in PBS with 1 mg/ml BSA were incubated with the cells at 37°C for
2 h, then the unbound microspheres were removed by PBS rinses and the
cells were fixed in 10% formalin. The cells were then immunostained and
imaged with Zeiss LSM 510 inverted confocal microscope. The percent-
age of transfected cells that had engulfed one or more microspheres was
determined for each condition.

To inhibit Syk, 1 �M Syk inhibitor IV, BAY 61-3606 (Santa Cruz Bio-
technology) was used, and to inhibit Src family kinases, 1 �M PP2 (Cal-
biochem) was added to the cells. In the microsphere engulfment assay
depicted in Figure 5, the inhibitors were added to the cell culture medium
1 h before adding microspheres; these assays were performed in 24-well
plates with cells plated on collagen-coated glass coverslips. For engulf-
ment assays with DRG cocultures, inhibitors were added 24 h after trans-
fection and NGF withdrawal, and the cocultures were fixed 24 h later.

Stimulation of Jedi-1 by addition of apoptotic cells. Apoptosis of CHO
cells was induced by culturing with 1 �M staurosporine (Sigma) over-
night. Apoptosis was confirmed by propidium iodide staining. Approx-
imately 7.5 � 10 6 rinsed apoptotic CHO cells were added to each 10 cm
plate of confluent HEK293 cells stably expressing Jedi-GFP and tran-
siently expressing Syk-myc. Cells were harvested at indicated time points.

Results
Jedi-1 and MEGF10 interact with Syk through their ITAMs
The engulfment of dead neurons by glial precursors was previ-
ously reported to involve Jedi-1 and MEGF10 (Wu et al., 2009);
however, how these receptors signal and whether they function in
a common pathway was not clear. The intracellular domains of
Jedi-1 and MEGF10 each contain two potential ITAMs,
YxxIx14YxxM and YxxPx8YxxP/L. Although these ITAMs do not
consist of the typical YxxI/Lx6 –12YxxI/L consensus sequence,
multiple noncanonical ITAMs have been identified, including
those that contain YxxM and YxxP (Lee et al., 1998; Ohtsuka et
al., 2004; Underhill and Goodridge, 2007). As can be seen in
Figure 1A, the first ITAM of Jedi-1 and MEGF10 aligns with the
ITAM in Draper. In a number of receptors, the ITAMs associate
with soluble tyrosine kinases in the Syk family, specifically Syk or
ZAP-70. The ITAM domain in Draper was recently reported to
bind to the Drosophila Syk homolog Shark, which was required
for Draper-mediated phagocytosis (Ziegenfuss et al., 2008).
Therefore, we hypothesized that Jedi-1 and MEGF10 can both
promote engulfment through interaction with Syk or ZAP-70
through their ITAMs.

Initially, we focused on the novel receptor Jedi-1 to deter-
mine whether it could interact with a Syk family kinase inde-
pendent of MEGF10. HEK293 cells stably expressing Jedi-GFP
were transiently transfected with Syk-myc or Zap-70-myc.
Upon immunoprecipitation of Jedi-1, an interaction with Syk,
but not Zap-70, was observed (Fig. 1 B).

To determine whether the ITAM motifs of Jedi-1 are required
for Syk binding and engulfment, we made four Jedi-1 constructs
with tyrosines mutated to phenylalanines. These mutant con-
structs include mutation of the first tyrosine (Jedi Y923F) or both
tyrosines (Jedi Y923F/Y941F) of the first ITAM, and both ty-
rosines of the other ITAM (Jedi Y1004F/Y1016F) as well as all
four tyrosines of both ITAMs (Jedi Y923F/Y941F; Y1004F/
Y1016F). HEK293 cells stably expressing Jedi-GFP or one of the
Jedi-GFP mutants were transiently transfected with Syk-myc,
and coimmunoprecipitation (IP) of Syk-myc with the Jedi-GFP
proteins was analyzed by Western blot. Mutation of either ITAM,
even the single tyrosine mutation (Y923F), markedly reduced
Jedi-1 binding to Syk, as did mutation of all four tyrosines, sug-
gesting that both ITAMs are required for optimal interaction
with Syk (Fig. 1C). Similar to Jedi-1, MEGF10 was also capable of
interacting with Syk, and this association was disrupted by mu-
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tation of the first tyrosine in MEGF10’s first ITAM, indicating
that this receptor also interacts with the kinase through its ITAM
domain (Fig. 1D).

To analyze the functional significance of the ITAM domains
during engulfment, a microsphere engulfment assay was used.
GFP-tagged Jedi-1, MEGF10, or the ITAM mutants were ex-
pressed in HeLa cells, and the cells were given 2 �m carboxylate-
modified fluorescent polystyrene microspheres to engulf for 2 h.
Engulfment was analyzed by confocal microscopy (Fig. 2A), and
the percentage of transfected cells with at least one microsphere
fully internalized, based on a z-stack, was quantified. Low Density
Lipoprotein Receptor Related Protein-1 (LRP/CD91), a known
phagocytic receptor (Gardai et al., 2005), was used as a positive
control. Compared to the GFP transfected control cells, LRP,
Jedi-1 and MEGF10 expression significantly increased the engulf-
ment of microspheres (Figs. 2B,C, 3A,B). In contrast, none of
the various ITAM mutants exhibited any engulfment capability
(Figs. 2C, 3B). These results indicate that the ITAM domains are
critical for Jedi-1 and MEGF10-mediated engulfment, consistent
with their requirement for Syk binding.

To confirm the importance of the ITAMs in mediating
engulfment of dead neurons, wild-type Jedi-1 or the Jedi-1
with both ITAMs mutated were expressed in glial cells and
their ability to phagocytose apoptotic neurons was scored. The
glial cells in dissociated E13.5 dorsal root ganglia (DRG) were
transfected with GFP-tagged wild-type or mutant Jedi, then

NGF was removed to induce neuronal apoptosis and confocal
microscopy was used to quantify the percentage of GFP-
positive glial cells that were engulfing at least one apoptotic
body. As we have previously shown (Wu et al., 2009), glia
overexpressing Jedi-1 engulfed more apoptotic neurons; how-
ever, there was no increase over basal engulfment in the glia
overexpressing Jedi-1 with both ITAMs mutated, demonstrat-
ing a requirement for the ITAM domains in Jedi-1 for the
clearance of apoptotic neurons (Fig. 2 D).

Both Jedi-1 and MEGF10 were previously reported to con-
tribute to the engulfment of dead neurons by glial cells and
there was no additive effect of over-expressing both receptors
or knocking them both down (Wu et al., 2009). These results
suggested that Jedi-1 and MEGF10 may be in the same path-
way; however, the glial cells express endogenous engulfment
receptors, including Jedi-1 and MEGF10, thus assessing the
independent function of each was not feasible in this system.
Here, we demonstrate that expression of either receptor alone
in HeLa cells, which have virtually no basal engulfment capa-
bility, facilitated phagocytosis to a similar extent (Fig. 3 A, B).
In addition, coexpression of both receptors in HeLa cells re-
sulted in a level of engulfment similar to expression of either
receptor alone (Fig. 3B). Taken together, our results suggest
that the two receptors act in parallel, but converge in signaling,
at least in part, through the downstream kinase Syk.

Figure 1. Jedi-1 and MEGF10 contain ITAMs required for Syk interaction. A, The intracellular domains of Draper, Jedi-1, and MEGF10 were aligned by NCBI Cobalt Alignment. ITAM motifs are
underlined. B, Syk-myc or Zap-70-myc were transfected into HEK293 cells stably expressing Jedi-GFP. Jedi-GFP was immunoprecipitated with anti-GFP, and anti-myc was used to detect Syk-myc and
Zap-70-myc. C, Syk-myc was transfected into HEK293 cells stably expressing WT or mutated Jedi-GFP. Anti-GFP was used to immunoprecipitate WT and mutant Jedi-GFP. D, Syk-myc and WT or
mutated MEGF10-GFP were transiently transfected in HeLa cells. WT and mutant MEGF10-GFP were immunoprecipitated with anti-GFP.
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Stimulation of Jedi-1 with apoptotic CHO cells increases Syk
binding and activation
Although the ligand for Jedi-1 is unknown, expression of Jedi-1
confers the ability to bind apoptotic neurons (Wu et al., 2009)
and induce phagocytosis of microspheres (Fig. 2); therefore, we
hypothesized that Jedi-1 association with Syk and activation of
the kinase would be stimulated by addition of apoptotic CHO
cells. To test this hypothesis, CHO cells were killed with stauro-
sporine then added to HEK293 cells expressing Jedi-GFP and
Syk-myc for various times. Within 30 min, there was a 94% in-
crease in Syk association with Jedi-1 by co-IP (p � 0.01, n � 3)
and a 90% increase in the phosphorylation of Syk (p � 0.05, n �
3), reflecting activation (Fig. 4), indicating that upon binding an
apoptotic cell Jedi-1 recruits and activates Syk.

Syk is essential for Jedi-1 and MEGF10-mediated engulfment
To determine whether Syk was required for engulfment medi-
ated by Jedi-1 or MEGF10, HeLa cells expressing either recep-
tor were treated with the Syk inhibitor, BAY 61–3606, 1 h
before the addition of microspheres. Inhibition of Syk signif-
icantly reduced the engulfment of microspheres, consistent
with a role for Syk in Jedi-1 and MEGF10 signaling (Figs.
5 A, B). (Note that a lower density of microspheres was used for

these experiments than for those in Figs.
2C and 3B, hence the reduced absolute
level of microsphere engulfment).

To investigate the requirement for Syk
in the phagocytosis of apoptotic neurons
by glial cells, which depends on endoge-
nous Jedi-1 and MEGF10 (Wu et al.,
2009), we performed Syk knock-down.
After confirming the shRNA could
knock-down Syk (Fig. 6A), it was trans-
fected into the glial cells in the cocultures.
Interestingly, glia that were transfected
with Syk shRNA had a very altered mor-
phology, becoming highly elongated with
many thin branches (Fig. 6B), similar to
what has been reported for silencing Syk
in other cells (Schymeinsky et al., 2006;
Bhavsar et al., 2009; Sung et al., 2009).
Quantification of the number of trans-
fected glia that were engulfing an apopto-
tic fragment revealed that Syk knock
down significantly reduced engulfment of
the apoptotic neurons by 23% (Fig. 6C;
p � 0.021, n � 3). In contrast, over-
expressing Syk in the glial cells did not
result in any overt morphological
changes, but there was a 40% increase in
engulfment (Fig. 6B,C; p � 0.022, n � 4).

To further probe the requirement for
Syk in phagocytosis mediated by Jedi-1
and MEGF10 in glial cells, the satellite
glial precursors in dissociated DRGs were
transfected with GFP, Jedi-1 or MEGF10,
then NGF was removed to induce neuro-
nal apoptosis in the presence or absence of
the Syk inhibitor. Quantification of the
engulfed apoptotic neurons revealed that
expression of Jedi or MEGF10 enhanced
engulfment, as previously reported (Wu
et al., 2009), but the enhancement was

prevented by Syk inhibition (Fig. 6D).

Jedi-1 and MEGF10 are phosphorylated by Src Family
Kinases, which increases Syk interaction
The binding of Syk family kinases to ITAMs is typically through
the SH2 domain of the kinase interacting with the ITAM ty-
rosines, which are phosphorylated by Src Family Kinases (SFKs)
in response to activation of immune receptors such as the B- and
T-cell receptor (Geahlen, 2009; Love and Hayes, 2010). In addi-
tion, some evidence suggests Syk tyrosine kinases themselves may
also play a role in phosphorylation of ITAMs (Latour et al., 1997;
Zoller et al., 1997). To determine whether Syk can phosphorylate
Jedi-1, HEK293 cells stably expressing Jedi-GFP were transfected
with Syk. There was no apparent increase in tyrosine phosphor-
ylation of Jedi-1 when coexpressed with Syk (Fig. 7A). Therefore,
we searched for SFKs that could phosphorylate Jedi-1 and/or
MEGF10 by determining which members of the kinase family are
expressed in glia of E13.5 mouse DRG, during the peak time of
neuron death in development. RT-PCR of RNA from cultured
E13.5 glial precursors revealed expression of 4 SFKs: Src, Fyn,
Lyn, and Yes (data not shown). Unlike Syk, when SFKs (Fyn, Lck,
Lyn, Src, or Yes) were expressed in HEK293 cells with Jedi-GFP,
there was an increase in Jedi-1 tyrosine phosphorylation (Fig.

Figure 2. Jedi-1 ITAM tyrosines are required for engulfment. Jedi-GFP, mutants of Jedi-GFP or LRP together with GFP was
transfected into HeLa cells and microspheres were added for 2 h, then the cells were rinsed and fixed. A, Confocal images are shown
with Jedi or GFP-expressing cells (green) containing engulfed microspheres (red). Cell nuclei are shown in blue. B, The expression
of WT and mutant Jedi-GFP were confirmed by Western blot. C, The percentage of HeLa cells, transfected with WT or mutant Jedi
or LRP, engulfing at least one microsphere was quantified ( p � 0.0016 for LRP, p � 0.00009 for Jedi, n � 3– 6). D, GFP, WT
Jedi-GFP, or mutant Jedi-GFP was transfected into glial cells in cocultures of E13.5 DRG neurons and glia. Neuronal death was
induced by NGF withdrawal, and the percentage of transfected glia engulfing at least one apoptotic body was quantified by
confocal analysis ( p � 0.048, n � 3).
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7B,C). When Fyn, Lck, Lyn, or Src, but not Yes, were expressed
with MEGF10, there was also an increase in tyrosine phosphory-
lation (Fig. 7B,D).

To determine whether SFKs exhibit selectivity for the ITAM
tyrosines in Jedi-1, the kinase Fyn was coexpressed with Jedi-GFP
or the ITAM mutants shown in Figure 1C (Fyn was chosen due to
its relatively high expression level in the glial cells). Interestingly,
mutation of the tyrosines in either ITAM dramatically reduced
the phosphorylation of Jedi-1 and no phospho-tyrosine was de-
tected if all 4 residues were mutated, suggesting that both ITAMs
are essential for maximum phosphorylation of Jedi-1 (Fig. 7C).
The requirement for both ITAMs for maximal phosphorylation
of Jedi-1 is in agreement with the results in Figure 1, that both
ITAMs are required for maximal Syk association. Similarly, mu-
tation of the first ITAM tyrosine of MEGF10 prevented phos-
phorylation of MEGF10 by Fyn (Fig. 7D).

To investigate whether phosphorylation of Jedi-1 or MEGF10
enhanced the association with Syk, HEK293 cells expressing Jedi-
GFP or MEGF10-GFP were transfected with Syk and Fyn, Lck,
Lyn, Src, or Yes. In the cells transfected with Jedi-1 and Fyn, Lck,
Lyn, or Yes, there was an increase in the co-IP between Syk and
Jedi-1, but Src transfection did not have an effect (Fig. 7E). When
the cells were transfected with MEGF10 and Fyn, Lck, or Lyn,
there was an increase in the co-IP between Syk and MEGF10, but
Src and Yes had no effect (Fig. 7F). These results indicate that
phosphorylation of Jedi-1 or MEGF10 by Fyn, Lck, or Lyn increases
Syk binding, but Src does not. Interestingly, Yes phosphorlylated
Jedi-1 and increased Syk binding, but did not phosphorylate
MEGF10 or increase Syk binding, indicating the potential for

Figure 4. Syk associates with Jedi-1 and becomes active upon stimulation with apoptotic
CHO cells. HEK293 cells stably expressing Jedi-GFP were transfected with Syk-myc and 24 h
later, apoptotic CHO cells were added for the indicated times. Coimmunoprecipitation of Syk-
myc with Jedi-GFP was detected with anti-myc. Phospho-Syk was detected in the lysates by
Western blotting with a phospho-Syk-specific antibody.

Figure 3. MEGF10-mediated engulfment requires its ITAM domain and is not additive with
Jedi. A, Jedi and MEGF10 were transfected alone or together, or mutant MEGF10 was trans-
fected, into HeLa cells. Expression levels were analyzed by Western blot. B, Microspheres were
added, and the percentage of transfected cells engulfing at least one microsphere was quanti-
fied by confocal microscopy (MEGF10, p � 0.0003; MEGF10 � pcDNA3, p � 0.0034;
Jedi�pcDNA3, p � 0.0045; Jedi�MEGF10, p � 0.0005, n � 3).

Figure 5. Syk and SFKs are required for Jedi-1 or MEGF10-mediated engulfment. A and B,
HeLa cells were transfected with GFP, Jedi-GFP, or MEGF10-GFP, and after 48 h, 1 �M Syk
inhibitor (BAY 61-3606) or 1 �M PP2 was added to the HeLa cells 1 h before addition of micro-
spheres for 2 h. Cells were rinsed, fixed, and engulfment of microspheres was detected by
confocal microscopy and quantified. The Syk inhibitor significantly reduced Jedi-mediated
( p � 0.015, n � 5) and MEGF10-mediated ( p � 0.026, n � 3) engulfment. Similarly, PP2
significantly decreased the engulfment mediated by Jedi ( p � 0.016, n � 5) or MEGF10 ( p �
0.024, n � 3).
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some differential signaling capabilities be-
tween these two receptors.

SFKs are essential for Jedi-1 and
MEGF10-mediated engulfment
To investigate whether SFKs are required
for phagocytosis specifically mediated by
Jedi-1 or MEGF10, a SFK inhibitor PP2, was
added to the HeLa microsphere engulfment
assay 1 h before addition of microspheres.
Although HeLa cells expressing Jedi-1 or
MEGF10 had significantly greater engulf-
ment than control cells, this increase was
prevented when the cells were treated with
the SFK inhibitor PP2 (Figs. 5A,B).

The importance of SFKs in apoptotic
neuron engulfment by glial cells was also
investigated. GFP or Fyn was transfected
into glia in DRG cocultures, neuronal ap-
optosis was induced by NGF withdrawal
and the percentage of transfected glia en-
gulfing at least one apoptotic body was
quantified. Fyn over expression signifi-
cantly increased engulfment compared to
the GFP control cells by 42% (p � 0.0053,
n � 3). In contrast, addition of PP2, which
inhibits all SFKs, to the cocultures re-
sulted in a significant reduction in engulf-
ment by 32% (p � 0.0083, n � 3). These
data support the involvement of SFKs in
the engulfment of apoptotic neurons by
glial precursors, which is a Jedi-1 and
MEGF10 dependent process (Wu et al.,
2009).

Taken together, the data suggest a
model where the binding of apoptotic
neurons to either Jedi-1 or MEGF10 in-
duces phosphorylation of their ITAM ty-
rosines by SFKs, which promotes Syk
binding to each receptor independently,
leading to engulfment of apoptotic neu-
rons (Fig. 8).

Discussion
Clearing the apoptotic cells that are gen-
erated during normal development is
essential to prevent secondary necrosis
and the breakdown of the cell mem-
brane, which results in the release of in-
tracellular contents that can be toxic or
immunogenic. Although the effects of
inhibiting the removal of cell corpses
specifically in the nervous system has
not been studied, there is strong evi-
dence that broadly suppressing the
proper clearance of apoptotic cells in
mice leads to the development of auto-
immunity (Elliott and Ravichandran,
2010). Furthermore, defects in the
phagocytic ability of macrophages have
been linked to autoimmune disease in hu-
mans (Hodge et al., 2003; Ren et al., 2003).
Interestingly, many patients with autoim-

Figure 6. Altered Syk expression or inhibition affects the engulfment of neurons by glial precursors. A, Syk-myc, GFP, and
scrambled or Syk shRNA were transfected into HEK293 cells. Lysates were immunoblotted with anti-myc and anti-GFP. B, Confocal
images depicting cocultures of E13.5 DRG neurons and glial precursor cells transfected with GFP and scrambled or Syk shRNA, GFP
or Syk-myc. Neuronal death was induced by removing NGF for 48 h. Transfected glia are depicted in green and nuclei in red. C,
Scrambled or Syk shRNA, and GFP were transfected into glia in cocultures of DRG neurons and glia and the percentage of transfected
glia that were engulfing apoptotic neurons was quantified (Syk shRNA, p � 0.021; Syk over expression, p � 0.022; n � 4). D,
Cocultures were transfected with GFP, Jedi-GFP, or MEGF10-GFP, and a Syk inhibitor (BAY 61–3606) was added for the last 24 h.
Engulfment of apoptotic bodies was quantified by confocal microscopy. Expression of GFP, Jedi ( p � 0.022, n � 3) or MEGF10
( p � 0.0056, n � 3) significantly increased engulfment, but this was prevented by treatment with the Syk inhibitor (Jedi, p �
0.0022; MEGF10, p � 0.025, n � 3).
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mune disorders exhibit neurological symptoms; for example,
�25% of patients with Sjogren’s syndrome, a systemic autoim-
mune disease, present with sensory neuropathy (Sène et al.,
2011). The neuropathy associated with these disorders suggests
that, at least in some cases, the failure to clear neurons may con-
tribute to the disease etiology.

Unfortunately, very little is known about how the neuronal
corpses are normally eliminated, particularly in the PNS. We
recently demonstrated that satellite glial precursors in the devel-
oping dorsal root ganglia (DRG) are the primary cell type respon-
sible for eliminating dead neurons (Wu et al., 2009). The role of
amateur phagocytes in the nervous system has gained increased
attention in the last few years. In addition to microglia, the pro-
fessional phagocytes in the brain, astrocytes can also ingest dam-
aged neurons (Magnus et al., 2002; Park et al., 2007). In the PNS,
Schwann cells are involved in pruning synapses during develop-
ment (Bishop et al., 2004), and after nerve injury they assist mac-
rophages clearing the debris (Fernandez-Valle et al., 1995). In
Drosophila, glia are the primary cell type responsible for remov-
ing neuronal corpses during development (Sonnenfeld and Ja-
cobs, 1995) and after injury (MacDonald et al., 2006).

The engulfment of neuronal debris by glial precursors in the de-
veloping DRG was reported to involve both MEGF10 and a novel
receptor Jedi-1, both homologous to Draper and CED-1 (Wu et al.,
2009). However, whether MEGF10 and Jedi-1 could function inde-
pendently was not known, nor were the mechanisms by which they
promote engulfment. It was recently determined that Draper signals
for engulfment via its ITAM, which becomes phosphorylated by
Src42a and binds Shark, a tyrosine kinase homologous to Syk. Here,
we establish that this signaling pathway for Draper is conserved in
both mammalian engulfment receptors Jedi-1 and MEGF10. We
demonstrate that Jedi-1 and MEGF10 can independently interact
with Syk through the ITAMs in the intracellular domain of the re-
ceptors and promote phagocytosis.

Syk is a known effector for a number of phagocytic receptors,
integrins and immune receptors (Mócsai et al., 2010) and promotes
cytoskeletal rearrangement through phosphorylation of a variety
targets, including the scaffolding adaptors Linker for activation of T
cells (LAT) and SH2 domain-containing leukocyte protein 65 kDa
(SLP-65) (Mócsai et al., 2010; Tohyama and Yamamura, 2009). Fur-
thermore, genetic analysis in C. elegans has established that Rac (ced-
10), a regulator of the actin-cytoskeleton, is downstream of ced-1
(Kinchen et al., 2005). Thus, it is likely that Jedi-1 and MEGF10
mediate the engulfment of apoptotic neurons through Syk-induced
reorganization of the cytoskeleton.

Previously, we found that both Jedi-1 and MEGF10 are in-
volved in the engulfment of apoptotic neurons by glial precursors
and that over expression of both receptors in the glial cells was not
additive relative to over expression of either receptor alone (Wu
et al., 2009). These results suggested that Jedi-1 and MEGF10 are
in a common pathway or that they converge on a common sig-
naling component. Here, we show that expression of either Jedi-1
or MEGF10 alone in HeLa cells was sufficient to reconstitute
engulfment equivalent to the coexpression of both receptors, in-
dicating that the two proteins are most likely not in the same
pathway, since they were able to function independent of each
other. Furthermore, we identify Syk as a key signaling protein for
both receptors, suggesting that Jedi-1 and MEGF10 converge on
Syk for their action. Nevertheless, it is likely that there remain
other signaling pathways uniquely activated by each receptor,
since over expression of each protein in the glial precursors re-
sulted in somewhat different morphologies: Jedi-1 expression re-
sulted in long cell processes, while MEGF10 produced more
vacuole-like structures (Wu et al., 2009). What signaling mecha-
nisms account for these phenotypes remains to be determined.

The involvement of multiple engulfment receptors appears
to be the norm for phagocytosis. Engulfment of dead cells by
macrophages involves multiple receptors and phosphatidyl-

Figure 7. SFKs phosphorylate Jedi-1 and MEGF10 at ITAM tyrosines, increasing Syk binding. A, HEK293 cells stably expressing Jedi-GFP were untransfected or transfected with Syk-myc. Jedi-GFP
immunoprecipitates were immunoblotted with anti-phosphoTyrosine, anti-GFP and anti-myc. B, HEK293 cells were transfected with Jedi-GFP or MEGF10-GFP and Lck, Lyn, Src, or Yes. Jedi-GFP or
MEGF10-GFP were immunoprecipitated with anti-GFP and immunoblotted with anti-phophotyrosine. (The images for each kinase and its control are from the same blot, but not always from
adjacent lanes. The lanes were put next to each other for the figure). C, D, HEK293 cells expressing WT or mutant Jedi-GFP, or WT or mutant MEGF10-GFP, were transfected with Fyn. Jedi-GFP or
MEGF10-GFP was immunoprecipitated and the precipitates were immunoblotted with anti-phosphoTyrosine and anti-GFP. E, F, HEK293 cells stably expressing Jedi-GFP or MEGF10-GFP were
transfected with Syk-myc and Fyn, Lck, Lyn, Src, or Yes. Jedi-GFP or MEGF10-GFP was immunoprecipitated with anti-GFP and the precipitates were immunoblotted with anti-phosphoTyrosine,
anti-GFP and anti-myc.
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serine binding proteins in what has been termed the “engulf-
ment synapse” (Lauber et al., 2004; Ravichandran and Lorenz,
2007). Several phagocytic receptors mediate engulfment
through ITAM-dependent recruitment of Syk or Zap-70 (To-
masello et al., 2000; Colonna, 2003; Mócsai et al., 2004; Linnartz
et al., 2010). How all of these receptors uniquely contribute to the
phagocytic process is not well understood. Our findings suggest
that engulfment by amateur phagocytes is also a multireceptor
process involving the tyrosine kinase Syk.

The association of Jedi-1 with Syk required both of Jedi-1’s
ITAMs, since mutation of the tyrosines in either ITAM sub-
stantially reduced Syk binding (Fig. 1) and engulfment (Fig.
2). Why both ITAMs are required is not clear; however, the
T-cell receptor also recruits Syk through multiple ITAMs
(Love and Hayes, 2010). Structural analysis of Syk binding to a
dually phosphorylated ITAM peptide revealed that the two
SH2 domains of Syk act independently, each binding to one
phosphotyrosine in the ITAM (Fütterer et al., 1998). Therefore,
interaction with two Syks per Jedi-1 may be required for maximal
signaling, or the intracellular domain of the receptor may fold in
such a way as to allow one Syk to bind to both ITAMs, with each
SH2 domain interacting with a single phosphotyrosine in each
ITAM.

Similar to Shark binding to Draper, the interaction between
Syk and Jedi-1 or MEGF10 was enhanced when the ITAMs were
phosphorylated by SFKs, specifically Fyn, Lyn or Lck, and engulf-
ment was blocked by the SFK inhibitor PP2. Syk binding to
ITAMs in immune receptors, such as the B-cell receptor, is
known to be enhanced by SFK phosphorylation (Underhill and

Goodridge, 2007); however, the mecha-
nisms by which the receptors activate
SFKs, resulting in phosphorylation of
their ITAMs are poorly understood. Re-
cent studies of the T-cell receptor, which
involves 10 ITAMs in the full complex,
revealed that ligand engagement causes
the ITAM tyrosines to become available
for SFK phosphorylation (Xu et al., 2008).
Whether such translocation occurs for the
ITAMs in Jedi-1 or MEGF10 remains to
be determined.

It is notable that human Jedi-1 (also
called PEAR1) was identified in a screen
for proteins phosphorylated upon platelet
activation. The phosphorylation of
PEAR1 was on the first tyrosine in the first
ITAM (mouse Y923) and could be
blocked by an inhibitor of �2b�3 integrin
(Nanda et al., 2005). Integrins have been
reported to mediate engulfment
(Hanayama et al., 2002; Akakura et al.,
2004; Hsu and Wu, 2010) and SFKs are
well established downstream signals from
these receptors (Abram and Lowell,
2007). Hence, one could speculate that in-
tegrins may cooperate with Jedi-1 and
MEGF10 to activate phagocytosis by stim-
ulating SFKs, which phosphorylate the
ITAMs of Jedi-1 and MEGF10, allowing
for recruitment of Syk. Kauskot et al. re-
cently reported that platelet activation in-
duced an interaction between PEAR1 and
Fyn or Src, but not Syk (Kauskot et al.,

2012), suggesting that SFK phosphorylation of the receptor alone
is not sufficient to trigger engulfment and that binding to a ligand
on an apoptotic cell is required for PEAR1/Jedi-1 to be fully ca-
pable of initiating the phagocytic process.

The ligands for Jedi-1 and MEGF10 expressed by dead neu-
rons remain to be identified; however, it may involve phosphati-
dylserine (PS), a well established “eat me” signal. Jedi-1 and
MEGF10 are homologous to CED-1, which has been suggested to
recognize this phospholipid (Venegas and Zhou, 2007), and
when Jedi-1 lacking the intracellular domain was expressed in C.
elegans, it accumulated around apoptotic cells and prevented
their engulfment, suggesting that the extracellular domain of
Jedi-1 recognized the nematode engulfment ligand (Wu et al.,
2009). In addition, we found that Jedi-1 and MEGF10 mediated
the engulfment of carboxylated microspheres (Figs. 2, 3), which
mimic charged membrane molecules such as PS. However, Jedi-1
and MEGF10 are also homologous to Draper, which does not
depend on PS (Manaka et al., 2004) but has been suggested to
recognize Pretaporter, a protein usually found in the endoplas-
mic reticulum (Kuraishi et al., 2009).

The results presented here demonstrate a remarkable conser-
vation of the phagocytic mechanisms from Drosophila to mam-
mals. Like Draper, Jedi-1 and MEGF10 are expressed by glia and
signal engulfment of apoptotic neurons through SFK phosphor-
ylation of the ITAM domains in the receptors, resulting in the
recruitment of Syk. Draper plays a key role in developmental
axon pruning and clearance of apoptotic cells after injury, as well
as in development (Freeman et al., 2003; Awasaki et al., 2006;

Figure 8. Jedi-1 and MEGF10 independently signal engulfment via SFKs and Syk. When Jedi-1 and MEGF10 are stimulated by
apoptotic cells, the SFKs Fyn, Lck, Lyn, and Yes phosphorylate the ITAM tyrosines of Jedi-1, and Fyn, Lck, and Lyn phosphorylate the
ITAM tyrosines of MEGF10, resulting in increased Syk interaction. Src can phosphorylate the ITAM tyrosines of Jedi-1 and MEGF10,
but it does not increase Syk binding. The stoichiometry of Syk binding to the receptors is not known, but mutation of a single ITAM
tyrosine markedly reduced the interaction. Syk association with Jedi-1 and MEGF10 leads to engulfment of apoptotic neurons by
glial cells.
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MacDonald et al., 2006). It will be interesting to determine
whether Jedi-1 and MEGF10 also function in such capacities and
if disruption of these phagocytic processes leads to pathologies
such as auto-immunity.
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Berton G, Mócsai A, Lowell CA (2005) Src and Syk kinases: key regulators of
phagocytic cell activation. Trends Immunol 26:208 –214.

Bhavsar PJ, Vigorito E, Turner M, Ridley AJ (2009) Vav GEFs regulate mac-
rophage morphology and adhesion-induced Rac and Rho activation. Exp
Cell Res 315:3345–3358.

Bishop DL, Misgeld T, Walsh MK, Gan WB, Lichtman JW (2004) Axon
branch removal at developing synapses by axosome shedding. Neuron
44:651– 661.

Buss RR, Sun W, Oppenheim RW (2006) Adaptive roles of programmed
cell death during nervous system development. Annu Rev Neurosci
29:1–35.

Colonna M (2003) TREMs in the immune system and beyond. Nat Rev
Immunol 3:445– 453.

Elliott MR, Ravichandran KS (2010) Clearance of apoptotic cells: implica-
tions in health and disease. J Cell Biol 189:1059 –1070.

Fernandez-Valle C, Bunge RP, Bunge MB (1995) Schwann cells degrade
myelin and proliferate in the absence of macrophages: evidence from in
vitro studies of Wallerian degeneration. J Neurocytol 24:667– 679.

Freeman MR, Delrow J, Kim J, Johnson E, Doe CQ (2003) Unwrapping glial
biology: Gcm target genes regulating glial development, diversification,
and function. Neuron 38:567–580.
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