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Loss of the RhoGAP SRGP-1 promotes the clearance of 
dead and injured cells in Caenorhabditis elegans
Lukas J. Neukomm1,7, Andreas P. Frei1,2, 8, Juan Cabello3,4, Jason M. Kinchen5, Ronen Zaidel-Bar6, Zhong Ma5,  
Lisa B. Haney5, Jeff Hardin6, Kodi S. Ravichandran5, Sergio Moreno3 and Michael O. Hengartner1,9

Multicellular animals rapidly clear dying cells from their 
bodies. Many of the pathways that mediate this cell 
removal are conserved through evolution. Here, we identify 
srgp-1 as a negative regulator of cell clearance in both 
Caenorhabditis elegans and mammalian cells. Loss of srgp-1 
function results in improved engulfment of apoptotic cells, 
whereas srgp-1 overexpression inhibits apoptotic cell corpse 
removal. We show that SRGP-1 functions in engulfing cells 
and functions as a GTPase activating protein (GAP) for CED-10 
(Rac1). Interestingly, loss of srgp-1 function promotes not 
only the clearance of already dead cells, but also the removal 
of cells that have been brought to the verge of death through 
sublethal apoptotic, necrotic or cytotoxic insults. In contrast, 
impaired engulfment allows damaged cells to escape clearance, 
which results in increased long-term survival. We propose that 
C. elegans uses the engulfment machinery as part of a primitive, 
but evolutionarily conserved, survey mechanism that identifies 
and removes unfit cells within a tissue.

Multicellular organisms use programmed cell death (apoptosis) to 
remove cells that are superfluous or potentially dangerous1,2. Apoptotic 
cells are recognized, engulfed and digested by neighbouring or specialized 
cells. Compromised clearance of cell corpses results in the persistence of 
unwanted cell debris, which can lead to inflammation or autoimmune 
diseases3. The development of therapeutic approaches that increase 
engulfment activity could thus be useful in treating such diseases.

The mechanisms underlying apoptotic cell engulfment are evolution-
ary conserved4. Genetic studies in C. elegans led to the identification of 
three ‘partially redundant’ signalling pathways that mediate engulfment 
and degradation of apoptotic cells (Supplementary Information, Fig. 
S1). One pathway uses two transmembrane proteins, CED-7 (ABCA1 
in mammals) and CED-1 (MEGF10), which might function as recep-
tors for dying cells5,6. The adaptor protein CED-6 (GULP) transduces 

signal(s) from CED-1 downstream to CED-10 (Rac1) and potentially 
regulates how proteins (for example, DYN-1 and RAB-7) are recruited to 
the phagosome7–9. In the second signalling cascade, two Rho GTPases act 
serially: the RhoGEF UNC-73 (TRIO) activates MIG-2 (RhoG), which 
in turn regulates and/or recruits to the membrane the bipartite CED-12 
(Elmo)–CED-5 (Dock180) complex, which acts as a GEF (guanine nucle-
otide exchange factor) for CED-10 (refs 10–12). GTP loading of CED-
10 is further facilitated by the adaptor molecule CED-2 (CrkII)13–15. The 
two pathways probably converge at the level of CED-10, which promotes 
the extensive cytoskeletal rearrangements required for engulfment8. In 
the third pathway, ABL-1(Abl) kinase opposes cell clearance through 
ABI-1(Abi), possibly through modulation of CED-10 activity16.

Recently, MOM-5 (Frizzled) has been shown to function as a major 
receptor in the recognition of early embryonic corpses. Genetic analy-
ses suggest that MOM-5 regulates CED-10 activity via CED-2, probably 
through an atypical Wnt signalling pathway that includes GSK-3 (GSK3β) 
and APR-1 (APC)17. Additionally, the two integrins INA-1(integrin α) and 
PAT-3 (integrin β) have a redundant role in corpse recognition and may 
also recruit CED-2 to the phagocytic cup in a phospho-tyrosine-dependent 
manner through SRC-1 (Src)18. These observations suggest that CED-10 is 
at the centre of most, or eventually all, signalling pathways that control 
cell-corpse clearance.

Rho GTPase superfamily members, such as MIG-2 and CED-10, cycle 
between GTP-bound (‘on’) and GDP-bound (‘off ’) states. GTP loading 
is promoted by GEFs, whereas GTP hydrolysis is facilitated by GTPase-
activating proteins (GAPs). Although GEFs for both MIG-2 and CED-10 
have been identified, GAPs affecting cell-corpse engulfment are not yet 
known.

To identify the GAPs for MIG-2 and CED-10, we compiled a list of all 
C. elegans genes predicted to contain a RhoGAP domain (Supplementary 
Information, Table S1)19,20. We hypothesized that in engulfment-deficient 
animals, knockdown by RNA interference (RNAi) of RhoGAPs involved 
in cell-corpse clearance would lead to a partial rescue of engulfment activ-
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ity (assessed by staining worms with Acridine Orange; see Supplementary 
Information, Fig. S2). Using this approach, we identified a single gene, 
srgp-1 (Slit-Robo GAP homologue), whose knockdown resulted in a 
significant improvement in engulfment in both ced-5 and ced-6 mutant 
backgrounds (Fig. 1a–h and Supplementary Information, Table S1). To 
confirm our RNAi results, we analysed two previously uncharacterized 
srgp-1 mutants, ok300 and tm3701 (Supplementary Information, Fig. S3 
and S4). Both allelels also reduced the number of persistent cell corpses 
in the head of freshly hatched ced-6 L1 larvae. (Fig. 1i and Supplementary 
Information, Fig. S5). This effect could be reversed through transgenic 
expression of SRGP-1 driven by the endogenous srgp-1 promoter (Fig. 1j), 
confirming that the phenotype observed in srgp-1 mutant worms was 
through loss of srgp-1 function.

The reduction in persistent apoptotic cell corpses in srgp-1 mutants 
could have arisen either from a reduction in apoptosis or an increased 
engulfment activity. We took advantage of the well-characterized fixed 
cell lineage in nematodes to directly test both hypotheses21. In the anterior 

pharynx of wild-type animals, 16 cells undergo programmed cell death. 
These can be scored as extra cell nuclei (‘undead cells’) in apoptosis-defec-
tive ced-3(lf) mutants. However, in srgp-1 mutants no extra surviving nuclei 
could be identified (Fig. 2a). We also used four-dimensional (4D) micro-
scopy to follow the first 13 embryonic cell deaths21. Both overall develop-
ment and developmental apoptosis are normal in srgp-1 mutant embryos 
(Supplementary Information, Fig. S6). In contrast, there was a striking 
decrease in corpse persistence in ced-6; srgp-1 embryos, compared with 
ced-6 single mutants (Fig. 2c and Supplementary Information,Table S2). 
These observations suggest that loss of SRGP-1 function results in 
increased engulfment activity rather than reduced apoptosis.

To determine the SRGP-1 expression pattern, we analysed the rescuing 
transgene opIs228[Psrgp-1::srgp-1::gfp] (Supplementary Information, Fig. S7). 
Consistent with the neuronal function of srGAP proteins in vertebrates, 
we found expression in the nerve ring and in some projecting sensory 
neurons at the tip of the head. In larvae and adults, SRGP-1 is abundantly 
expressed in hypodermal tissues (Supplementary Information, Fig. S7c–e). 
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Figure 1 Loss of srgp-1 activity reduces the numbers of persistent apoptotic 
cell corpses in C. elegans. (a–h) srgp-1(RNAi) results in positive Acridine 
Orange straining (indicative of engulfment) of germ-cell corpses in ced-6 
mutants. Adult hermaphrodites of the indicated genotypes were stained 
with Acridine Orange and observed under DIC (a–d) and fluorescence 
microscopy (e–h). All strains carry a gla-1 mutation to increase the overall 
number of apoptotic germ cells. Arrows point to Acridine Orange-positive 
germ-cell corpses and arrowheads to Acridine Orange-negative germ-cell 
corpses. In all pictures, anterior is to the left, dorsal on top. Scale bar, 

10 μm. (i) DIC microscopy images of freshly hatched L1 larvae of the 
indicated genotypes. Arrowheads indicate persistent cell corpses. Scale bar, 
10 μm. (j) Persistent cell corpses were scored in the head region of freshly 
hatched L1 larvae of the indicated genotypes. Expression of srgp-1::gfp 
or srgp-1::mcherry driven by the endogenous srgp-1 promoter rescues the 
srgp-1(ok300) phenotype. Data are means ± s.d.; n, number of scored 
individuals. Alleles used: gla-1(op234), ced-6(n1813), srgp-1(ok300), 
opIs224[Psrgp-1::srgp-1(cDNA)::gfp], opIs228[Psrgp-1::srgp-1(genomic)::gfp] 
and opEx1424-6[Psrgp-1::srgp-1(genomic)::mcherry]. 
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SRGP-1::GFP (green fluorescent protein) localizes to the cortex of all cells 
in early embryos, and is particularly abundant around highly condensed 
(that is, late) apoptotic cell corpses (Supplementary Information, Fig. S7a, 
b). A similar enrichment around corpses has been observed for a number 
of genes involved in corpse removal5,8, suggesting that SRGP-1 might func-
tion in engulfing cells. To directly test this hypothesis, we expressed srgp-
1::gfp in a ‘tissue-specific’ manner. Expression in the dying cell using the 
egl-1 promoter23 did not affect cell corpse numbers, whereas expression 
in the engulfing cell using the ced-1 promoter provided significant rescue 
(Fig. 2b). These results demonstrate that SRGP-1 functions in engulfing 
rather than in dying cells.

As loss of srgp-1 function in engulfing cells results in increased engulf-
ment activity, we investigated whether overexpression of srgp-1 in 
engulfing cells could cause the opposite effect, and inhibit cell corpse 
engulfment. We found that the rescuing transgene opEx1424[Psrgp-1::srgp-
1::mcherry], an extra-chromosomal high-copy array that probably results 
in srgp-1::mcherry overexpression, significantly enhanced the persistent 
cell corpse phenotype of all engulfment mutants tested (Fig. 2d). These 
results support the hypothesis that SRGP-1 is a direct negative regulator 
of engulfment activity in C. elegans.

To determine where within the engulfment signalling cascade srgp-1 
functions, we generated double mutants between srgp-1 and various 
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Figure 2 SRGP-1 functions in the engulfing cell and antagonizes engulfment 
activity. (a) Developmental apoptosis is not defective in srgp-1 mutants. 
Extra cell nuclei were scored in the pro- and metacorpus L3/L4 larvae heads 
of the indicated genotypes. Alleles used: ced-3(n2433), ced-6(n1813) and 
srgp-1(ok300). (b) Persistent cell corpses were scored in the head region 
of freshly hatched L1 larvae of the indicated genotypes. Expression of srgp-
1::gfp in the engulfing cell (opEx1373) rescues the srgp-1(ok300) phenotype; 
expression in apoptotic cells (opIs391) does not. Alleles used: ced-6(n1813), 
srgp-1(ok300), opEx1373[Pced-1::srgp-1(cDNA)::gfp] and opIs391[Pegl-1::srgp-
1(cDNA)::gfp]. (c) Loss of srgp-1 increases engulfment kinetics. The first 13 
apoptotic cell deaths in the AB lineage were followed by 4D microscopy and 
the cell corpse persistence was measured. Each circle represents a single 
cell. Analysis was performed in three independent individuals in each genetic 

background (n = 3 × 13 cells). Cells indicated as not engulfed either floated 
off the tissue into the egg-shell cavity or their lineage could not be followed 
anymore owing to the beginning of muscle contraction at the 1.5-fold stage 
(320 min post fertilization or approximately 120 min post-onset of cell death). 
Alleles used: ced-6(tm1826) and srgp-1(ok300). Asterisk indicates P < 0.005 
(Kolmogorov-Smirnov test). (d) Overexpression of srgp-1::mcherry enhances 
corpse persistence. Persistent cell corpses were scored in the head region 
of freshly hatched L1 larvae of the indicated genotypes. Alleles used: ced-
1(e1735), ced-2(n1994), ced-5(n1812), ced-6(n1813), ced-7(n1996), ced-
10(n1993) and ced-12(k149). Indicated strains carried unc-119(ed3) and the 
opEx1424[Psrgp-1::srgp-1::mcherry] transgene. All data are means ± s.d. Asterisk 
indicates P  ≤ 0.02, double asterisk indicates P < 10–6 and triple asterisks 
indicate P < 10–10 (t-test, 1tailed, unequal variances).
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Table 1 srgp‑1 functions downstream of, or in parallel to, the two engulfment signalling pathways

Table 1 srgp‑1 functions downstream of, or in parallel to, the two engulfment signalling pathways.

(a) Loss of srgp-1 reduces ced-7, ced-1, ced-6 and dyn-1 mutant persistent cell corpses.

Genotype Corpses per L1 head (DIC, n = 20) Percentage mismigrated DTC (n ≥ 100)

Wild type 0.1 ± 0.2 0.4

srgp‑1(ok300) 0.0 ± 0.0 8.5

ced‑7(n1996) 21.1 ± 2.5 n.d.

ced‑7(n1996); srgp‑1(ok300) 12.2 ± 3.5 n.d.

ced‑7(n2690) 21.4 ± 3.2 n.d.

ced‑7(n2690); srgp‑1(ok300) 12.7 ± 3.2 n.d.

ced‑1(e1735) 21.6 ± 2.7 n.d.

ced‑1(e1735); srgp‑1(ok300) 13.6 ± 2.7 n.d.

ced‑1(n1995) 6.9 ± 2.5 n.d.

ced‑1(n1995); srgp‑1(ok300) 2.4 ± 1.6 n.d.

ced‑6(n1813) 21.5 ± 2.2 n.d.

ced‑6(n1813); srgp‑1(ok300) 6.3 ± 2.2 n.d.

ced‑6(tm1826) 24.3 ± 2.1 n.d.

ced‑6(tm1826); srgp‑1(ok300) 10.8 ± 3.4 n.d.

ced‑6(op360) 10.4 ± 2.3 n.d.

ced‑6(op360); srgp‑1(ok300) 3.7 ± 1.7 n.d.

dyn‑1(n4039) * 20.1 ± 3.8 n.d.

srgp‑1(ok300); dyn‑1(n4039) * 9.6 ± 2.9 n.d.

(b) Loss of srgp-1 reduces mig-2, ced-2, ced-5, ced-12 and ced-10 mutant persistent cell corpses and DTC migration defects.

Genotype Corpses per L1 head (DIC, n = 20) Percentage mismigrated DTC (n ≥ 100)

ced‑2(n1994) 17.2 ± 3.5 28.2

ced‑2(n1994) srgp‑1(ok300) 9.3 ± 2.1 14.0

ced‑2(e1752) 15.6 ± 2.6 38.3

ced‑2(e1752) srgp‑1(ok300) 11.9 ± 1.9 15.4

ced‑5(n1812) 22.7 ± 2.5 43.9

ced‑5(n1812) srgp‑1(ok300) 11.8 ± 2.4 45.0

ced‑5(tm1949) 24.1 ± 2.0 46.7

ced‑5(tm1949) srgp‑1(ok300) 12.8 ± 2.7 29.0

ced‑12(k149) 20.3 ± 1.9 29.2

ced‑12(k149); srgp‑1(ok300) 8.2 ± 2.1 11.9

ced‑12(bz187) 18.9 ± 2.4 33.1

ced‑12(bz187); srgp‑1(ok300) 6.7 ± 1.8 17.3

ced‑12(oz167) 18.5 ± 3.2 34.9

ced‑12(oz167); srgp‑1(ok300) 8.7 ± 2.4 14.7

ced‑10(n3246) 20.8 ± 2.6 41.7

ced‑10(n3246) srgp‑1(ok300) 15.0 ± 2.6 40.8

ced‑10(n1993) 15.8 ± 1.9 31.8

ced‑10(n1993) srgp‑1(ok300) 8.6 ± 2.0 28.3

ced‑10(t1875) n.d. 51.8

ced‑10(t1875) srgp‑1(ok300) n.d. 50.0

mig‑2(mu28) 0.2 ± 0.4 25.0

srgp‑1(ok300); mig‑2(mu28) 0.1 ± 0.2 15.2

ced‑2(e1752) 15.6 ± 2.6 38.3

ced‑2(e1752) srgp‑1(ok300) 11.9 ± 1.9 15.4

ced‑2(e1752); mig‑2(mu28) 30.7 ± 4.8 41.5

ced‑2(e1752) srgp‑1(ok300); mig‑2(mu28) 16.6 ± 2.0 25.6

Engulfment: Persistent cell corpses were scored in the head of L1 larvae with the indicated genotypes. Asterisk indicates corpse numbers were scored in early fourfold embryos as dyn‑1(n4039) 
embryos fail to hatch. Data are means ± s.d. Cell migration: Adult worms with gonads that deviated from the wild type U‑shaped tube were scored as DTC‑defective, as described in 
Supplementary Information, Methods. n.d., not determined.
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engulfment genes and scored numbers of apoptotic cell corpses in freshly 
hatched larval L1 heads. In addition to ced-6, several ced-1 and ced-7 
mutant alleles were also partially suppressed by srgp-1(ok300) (Table 1a). 
We also scored for engulfment activity by visualizing F-actin formation 
around apoptotic corpses during the internalization process8. In all geno-
type tested, loss of srgp-1 led to a significant increase in cell corpses covered 
with actin halos (indicative of active engulfment signalling; Supplementary 
Information, Fig. S8 and Table S3). Thus, srgp-1 probably acts downstream 
or in parallel to the ced-1, ced-7, ced-6 signalling cascade.

Genes in the second signalling pathway (ced-2, ced-5 and ced-12) 
mediate not only cell corpse clearance, but also a number of cell migra-
tion processes. For example, mutants in this pathway show a severe 
distal tip cell (DTC) migration defect. Interestingly, the srgp-1(ok300) 
mutation could partially suppress both persistent cell corpses and DTC 
migration defects in most of the analysed double mutants, suggesting 

that SRGP-1 functions as a negative regulator in both processes (Table 1b 
and Supplementary Information, Fig. S8 and Table S3). Importantly, 
srgp-1 could suppress a null allele of the RhoG homologue mig-2(mu28), 
suggesting that MIG-2 is not the main target of SRGP-1.

Two hypomorphic ced-10 alleles, n1993 and n3246 (membrane target-
ing and GTP-binding defective, respectively), were also partially sup-
pressed by srgp-1(lf). Unfortunately, the ced-10(t1875) null allele could 
not be scored in the L1 corpse assay due to embryonic lethality24. As 
an alternative, we used Acridine Orange staining to measure the abil-
ity of srgp-1(ok300) to promote the uptake/internalization of germ-cell 
corpses in ced-5, ced-6 and maternally rescued ced-10(null) mutants. 
Loss of srgp-1 leads to increased numbers of Acridine Orange-positive 
corpses in ced-5 and ced-6, but not ced-10(null) mutants (Supplementary 
Information, Fig. S9). Similarly, DTC migration defects in maternally 
rescued homozygote ced-10(null) hermaphrodites were not suppressed 
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activity. (a) The GAP domain of SRGP-1 specifically binds GTP-loaded CED-
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using the GAP domain of SRGP-1, Pak1 p21 binding domain (PBD, positive 
control) and GST alone (negative control). (b) The SRGP-1 GAP domain 
preferentially binds to CED-10 in vitro. The GTP-bound isoforms of His-
tagged CED-10, MIG-2 and RHO-1 (Q61, Q65 and Q63, respectively) were 
used for GST-fusion pulldown using the GAP domain of SRGP-1, the GTP 
hydrolysis-deficient GAP (SRGP-1R563A) and GST alone. (c) The SRGP-1 GAP 
domain promotes Rac1 GTP-hydrolysis in vitro. Human Rac1 was loaded 
with [γ32P]GTP and GTP hydrolysis was measured through the loss of Rac1 
radioactivity through the cleavage of the γ32P from GTP. As controls, loaded 
Rac1 was treated with buffer alone or the GTP hydrolysis-deficient GAP 
(SRGP-1R563A). Data are means ± s.d. (n = 4 independent experiments).  

(d) srGAP1 function in corpse removal is evolutionarily conserved. LR73 cells 
were transiently transfected in triplicate with plasmids encoding the indicated 
proteins (srGAP1, Flag–Rac1(N17), BAI1–GFP or GFP alone, respectively) 
and incubated with TAMRA-labelled apoptotic cells. Top: phagocytosis by 
GFP-positive cells was assessed by two-colour flow cytometry. The percentage 
of GFP-positive cells that had ingested apoptotic SCI cells is indicated for 
each condition. Bottom: the expression of the transfected proteins was 
confirmed by immunoblotting of total cell lysates. (e) srGAP family members 
inhibit cell-corpse clearance. Knockdown of all three srGAP family members 
increases phagocytotic activity in NIH/3T3 cells. (f) In vivo structure/function 
analysis of SRGP-1. Persistent cell corpses were scored in the head region 
of freshly hatched L1 larvae of the indicated genotypes. The rescue ability of 
SRGP-1::GFP (full length) and GFP fusions of the indicated SRGP-1 mutants 
were tested by expression in ced-6; srgp-1 mutants. Data are means ± s.d. 
Alleles used: ced-6(n1813) and srgp-1(ok300).
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in srgp-1 mutants (Table 1b). Thus, we conclude that srgp-1(ok300) can-
not compensate for the loss of CED-10 activity. Our results suggest that 
SRGP-1 acts downstream of most engulfment genes, and possibly func-
tions either onto, or in parallel to CED-10. 

Given our genetic epistasis data, we tested the possibility that SRGP-1 
functions as a GAP for CED-10. We performed in vitro binding assays 
between SRGP-1 and CED-10 variants that mimic the GTP- and 
GDP-bound states (Q61L and T17N, respectively). We found that the 
SRGP-1 GAP domain specifically interacted with the GTP-bound, but not 
GDP-bound CED-10 protein (Fig. 3a); this is consistent with the property 

of GAP proteins to associate with the GTP-bound version of GTPases. 
The SRGP-1 GAP domain failed to bind to GTP-bound MIG-2 and RHO-
1, two other Rho family members, demonstrating the specificity of the 
SRGP-1–CED-10 interaction (Fig. 3b). Importantly, the SRGP-1 GAP 
domain could enhance the intrinsic GTPase activity of mammalian Rac1, 
albeit at relatively high molar concentrations with respect to mammalian 
Rac1 (Fig. 3c). We also mutated the conserved arginine finger in the 
SRGP-1 GAP domain that has been previously shown to be necessary in 
other GAP domains25. This mutant SRGP-1 (SRGP-1R563A) could bind to 
the GTPase, but failed to enhance GTPase activity (Fig. 3c).
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Figure 4 Enhanced engulfment promotes the removal of viable but sick 
cells in C. elegans. (a) Loss of srgp-1 promotes killing of cells on the verge 
of apoptosis in the larval ventral cord. Left: representative fluorescence 
microscopy images of wild type, ced-3(lf), ced-3(rf) and srgp-1 ced-3(rf) L4 
larvae. Alleles used: ced-3(n717lf), ced-3(op149rf) and srgp-1(ok300). nIs96 
is present in all backgrounds. White arrowheads indicate surviving Pn.aap 
cells, P3–P8; green arrowheads indicate extra survival of P1, P2 and P9 – P12 
cells. Scale bar, 100 μm. Middle: quantification of Pn.aap extra cell survival 
monitored in the indicated genotypes using the nIs96 transgene. srgp-1(lf) 
is not sufficient to kill cells that normally survive (P3–P8). Alleles used: ced-
3(n717lf), ced-3(op149rf), ced-3(n2438rf), and srgp-1(ok300). Data are 
means ± s.d. of three experiments, n ≥ 40 animals per experiment. Asterisk 
indicates P < 10–10 (t-test, 1tailed, unequal variances). Right: enhanced 
cell killing in srgp-1 mutants is ced-10-dependent. Extra cells in the ventral 
cord in wild type, ced-10(t1875) and ced-10(t1875) srgp-1(ok300) were 
scored through expression of the nIs106[Plin-11::gfp] transgene34 (n ≥ 100 per 

genotype). ced-10 animals were generated from heterozygote mothers. (b) 
Engulfment activity modulates the removal of viable cells subjected to a 
neurotoxic insult. Left: DIC and fluorescence microscopy images of wild-type 
L4 larvae raised at 15 °C containing either 2 or 1 PLM touch neurons labelled 
with GFP. Middle and right: survival of the PLM touch neurons (labelled 
with GFP) was quantified in L4 larvae of the indicated genotype grown at 
either 20 °C (middle) or 15 °C (right). Alleles used: ced-5(tm1949) and 
srgp-1(ok300). Ismec-10(d) is present in all genetic backgrounds. Scale bar, 
20 μm. (c) Engulfment activity modulates the removal of viable cells subjected 
to a non-classical toxic insult. The number of surviving Pn.p cells were scored 
in early L3 larvae with the indicated genotypes. Data are means ± s.d., n = 25. 
Asterisk indicates P < 10–4 (t-test, 1-tailed, unequal variances). Alleles used: 
srgp-1(ok300) and ced-2(e1752). (d) Simplified model of sick-cell tolerance 
versus removal. Sick cells within a tissue (red) signal their unhealthy status to 
their neighbour. Depending on the strength of this signal, the sick cell is either 
tolerated (light blue), or removed (red, ‘eaten alive’) through phagocytosis.
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The ability of C. elegans SRGP-1 to act on mammalian Rac1 suggested 
that the function of srGAP in the regulation of cell corpse clearance 
might be evolutionary conserved. We tested this hypothesis by looking 
at the engulfment of apoptotic SCI cells by Chinese hamster ovary LR73 
cells. These cells show a basal phagocytic activity, which can be stimu-
lated by overexpression of BAI1, a receptor upstream of Rac1 involved 
in cell corpse clearance in mammalian models26. We could inhibit the 
engulfment activity of LR73 cells by overexpression of a dominant nega-
tive Rac1 mutant (Rac1N17), or mammalian srGAP1 protein (Fig. 3d). In 
contrast, siRNA-mediated knockdown of individual srGAP family mem-
bers in NIH/3T3 cells had only a minor effect on engulfment activity, 
possibly because of compensatory increases in gene expression of other 
family members (Supplementary Information, Fig. S10). However, the 
simultaneous knockdown of all three srGAP family members resulted 
in a significant increase in engulfment activity (Fig. 3e). These results 
indicate that the srGAP family members, and in particular srGAP1, can 
also function to inhibit cell corpse clearance in mammals.

To further support our in vitro results, we performed an in vivo 
structure/function analysis. We created a variety of rescue con-
structs encoding for SRGP-1 derivatives lacking various domains in 
the SRGP-1 protein. All constructs were expressed at levels similar to 
those of the full-length protein27. SRGP-1 modifications that lead to 
SRGP-1 mislocalization (Δ BAR), or abrogated GAP activity (Δ GAP, 
GAPinactive and BAR only) resulted in a complete loss of rescuing activ-
ity (Fig. 3f). Expression of a construct that lacks the carboxy-terminus 
(ΔC-terminus) also failed to rescue. The reason for this is currently 
unknown, as this construct demonstrated a nearly wild-type expression 
pattern. However, the modification of two tyrosines (Y724F; Y732F) 
predicted to be regulated by phosphorylation28 did not alter the rescu-
ing ability, suggesting that phosphorylation of these two residues is not 
essential for SRGP-1 function.

Various BAR superfamily members regulate invaginations and protru-
sions of plasma membranes29. For example, F-BAR domain-containing 
FCHo1/2 are required for clathrin-coated vesicle formation30 and the 
I-BAR domain of human srGAP2 is necessary and sufficient for mem-
brane localization and the induction of filopodia-like membrane pro-
trusions31. Interestingly, the SRGP-1 F-BAR domain failed to rescue the 
corpse-clearance phenotype in our assays. This suggests that srGAP 
family members use BAR domains for membrane-associated functions 
and use a distinct mechanism for corpse clearance.  

Our in vitro and in vivo results strongly suggest an evolutionary con-
served function for SRGP-1 as a GAP for CED-10 (or Rac1) in cell corpse 
clearance. In vivo, loss of srgp-1 function results in enhanced engulfment 
signalling, which can partially suppress the cell-corpse clearance defects 
of engulfment mutants. Interventions that increase engulfment signal-
ling could thus also be effective in treating human diseases characterized 
by defective cell clearance.

Three other negative regulators of C. elegans cell corpse engulfment 
have recently been described16,32,33. Interestingly, two have been suggested 
to act on (or in parallel to) CED-10, and one on its CED-5–CED-12 GEF 
complex. Our double mutant analysis suggests that srgp-1 acts in parallel 
to at least two of those, mtm-1 and abl-1 (Supplementary Information, 
Fig. S11). The multitude of regulatory molecules acting on CED-10 (Rac1) 
emphasizes the key position of this GTPase in the engulfment signalling 
pathways. However, it is likely that additional regulators exist that act at 
other points within these pathways.

It has been previously shown that under conditions of limiting caspase 
activity (for example, weak reduction-of-function (rf) ced-3 mutants), 
loss of engulfment activity not only leads to corpse persistence, but also 
promotes survival. In such ced-3(rf) backgrounds, significantly more 
cells survive in engulfment-defective mutants than in control strains34,35. 
This raises the question whether overactivated engulfment signalling 
can lead to the opposite phenotype, and drive the death of cells that 
would have otherwise survived. We used the srgp-1 mutants to address 
this question. First, we looked at ventral cord development, where six of 
the twelve Pn.aap cells (P1, P2 and P9–P12) undergo programmed cell 
death. The two reporter transgenes nIs96 and nIs106 express GFP in all 
differentiated Pn.aap cells [Plin-11::gfp], and thus can be used to score the 
survival of these cells (Fig. 4a). About 50% of the surviving Pn.aap cells 
found in ced-3(rf) mutants did not survive in srgp-1 ced-3(rf) double 
mutants (Fig. 4a, middle). This ‘killer’-phenotype of srgp-1(lf) mutants 
was dependent on ced-10, as no increased cell death was observed in 
ced-10(0) srgp-1 double mutants (Fig. 4a, right). A similar effect was 
observed in the pharynx, where srgp-1(ok300) reduced the number of 
surviving cells by approximately 50% in two distinct ced-3(rf) alleles 
(Supplementary Information, Fig. S12). Importantly, in no case did we 
observe the loss of cells that are not normally fated to die, or that failed 
to undergo programmed cell death owing to complete loss of the apop-
totic pathway (for example, strong ced-3(lf) mutants; Fig. 4a, middle 
and Supplementary Information, Fig. S12). Taken together, our results 
demonstrate that increased engulfment activity, as in srgp-1 mutants, 
can promote the removal of cells that are viable, but close to death under 
conditions of limiting caspase activity.

The C. elegans engulfment pathway has been reported to mediate the 
removal of not only apoptotic cells, but also of cells that die by necrosis 
or other, non-canonical pathways36,37. For example, necrosis-like death 
can be induced in C. elegans by rare gain-of-function (gf) mutations in 
various ion channels genes, such as the DEG/ENaC family members 
mec-4, mec-8 and mec-10. As a result, these channels are leaky, causing 
osmotic imbalance, cell swelling, and ultimately cell lysis38. We used the 
transgene Ismec-10(d), which expresses MEC-10(A673V) and GFP in 
the six mechanosensory touch cell neurons, and induces an incompletely 
penetrant, temperature-sensitive neurotoxic cell death39. Whereas some 
touch cells undergo necrotic cell death, others recover from the insult 
and survive. We quantified the survival of the two PLM touch cells in 
Ismec-10 animals carrying mutations in the engulfment pathway. As 
with apoptotic cell death, we found that hyperactive engulfment activity 
(srgp-1 mutants) promotes cell removal, whereas impaired engulfment 
(ced-5 mutants) leads to increased cell survival (Fig. 4b).

A new type of non-apoptotic, cytotoxic cell death induced by lin-
24(gf) or lin-33(gf) mutations has been recently reported in C. elegans37. 
In these animals, a fraction of affected Pn.p hypodermal blast cells 
undergo specific morphological changes. Affected cells then die, or sur-
vive and eventually recover from the insult. Interestingly, modulation of 
the engulfment machinery also influences cell survival in this model of 
cytotoxic cell death: engulfment-defective mutants showed an increased 
Pn.p cell survival (Fig. 4c, also previously observed37), whereas hyperac-
tive engulfment led to decreased Pn.p cell survival.

Based on these observations, it is tempting to speculate that the 
engulfment pathway might be used generally by C. elegans to identify 
and eliminate sick or damaged cells (Fig. 4d). We propose that sick 
cells within a tissue signal their unhealthy status to their neighbour. 
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Depending on the strength of this signal, the sick cell is either toler-
ated, or removed (‘eaten alive’) through phagocytosis. In animals with a 
hyperactive engulfment pathway, even weak signals lead to cell removal. 
Conversely, in engulfment-defective mutants, even highly unhealthy 
cells are tolerated, allowing them to possibly recover and survive.

This type of tissue quality control, in which cells sense and eliminate 
unfit neighbours, may provide the basis for more sophisticated regulatory 
mechanisms, such as cell competition. Indeed, the involvement of several 
engulfment genes in cell competition during Drosophila melanogaster 
development has been recently reported40. Given the conservation of the 
engulfment pathway throughout metazoa, the possibility to recognize and 
remove sick, but viable cells may also be present in mammals. 

METHODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/naturecellbiology/

Note: Supplementary Information is available on the Nature Cell Biology website
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METHODS
Mutations and strains. C. elegans strains were grown at 20 °C as previously 
described41. Wild type: Bristol N2.

Alleles used: LGI: gla-1(op234), ced-12(k149), ced-12(bz187), ced-12(oz167), 
ced-1(e1735) and ced-1(n1995). LGIII: ced-6(n1813), ced-6(tm1826), ced-6(op360), 
ced-7(n1892), ced-7(n1996), ced-7(n2690) and unc-119(ed3). LGIV: ced-2(n1994), 
ced-2(e1752), ced-10(n3246), ced-10(n1993), ced-5(n1812), ced-5(tm1949), 
srgp-1(ok300), srgp-1(tm3701), ced-3(n2433), ced-3(n717), ced-3(op149) and 
ced-3(n2438). LGX: abl-1(n1963), mig-2(mu28) and dyn-1(n4039). All alleles are 
described in WormBase (http://www.wormbase.org/).

Integrated arrays: zdIs5[Pmec-4::gfp; lin-15(+)] I and bzIs67[Pmec-10::mec-10(d)::gfp; 
rol-6(su1006)] X (ref. 39), nIs96[Plin-11::gfp; lin-15(+)] IV and nIs106[Plin-11::gfp; 
lin-15(+)] X (ref. 34), opIs224[Psrgp-1::srgp-1(cDNA)::gfp; unc-119(+)], 
opIs228[Psrgp-1::srgp-1(genomic)::gfp; unc-119(+)], opIs310[Pced-1::yfp::act-5(genomic); 
unc-119(+)] and opIs391[Pegl-1::srgp-1(cDNA)::gfp; unc-119(+)].

Extrachromosomal arrays: opEx1373[Pced-1::srgp-1(cDNA)::gfp; unc-
119(+)], opEx14246[Psrgp-1::srgp-1(genomic)::mcherry; unc-119(+)], 
jcEx135[Psrgp-1::srgp-1(cDNA, full length)::gfp, rol-6(su1006)], jcEx136[Psrgp-

1::srgp-1(cDNA, ∆BAR (AA 3441059)), rol-6(su1006)], jcEx137[Psrgp-1::srgp-1(cDNA, 
∆GAP (∆ AA 540685)), rol-6(su1006)], jcEx138[Psrgp-1::srgp-1(cDNA, GAP inac-
tive (Δ AA 562564)), rol-6(su1006)], jcEx139[Psrgp-1::srgp-1(cDNA, ∆C-terminus (∆ 
AA 6851059)), rol-6(su1006)], jcEx140[Psrgp-1::srgp-1(cDNA, BAR only (AA 1343)), 
rol-6(su1006)] and jcEx141[Psrgp-1::srgp-1(cDNA, Y724;732F), rol-6(su1006)].

Balancers: nT1[qIs51] VI and V and szT1[lon2(e678)] I and X. 

Assay for increase in engulfment activity. Acridine Orange staining of apoptotic 
germ-cell corpses is completely abrogated in an engulfment deficient background 
(for example, ced-6) (Supplementary Information, Fig. S2). Thus, a partial regain 
of engulfment activity could leads to re-staining of a fraction of germ-cell corpses, 
which can readily be observed under a fluorescence dissecting scope. To increase 
the sensitivity of the assay, the screen was performed in a gla-1(op234) mutant 
background (elevated germ line apoptosis), in which more Acridine Orange-
positive germ-cell corpses occur. Candidate genes were knocked down in gla-1; 
ced-6 and gla-1; ced-5 double mutants, and restoration of Acridine Orange stain-
ing measured (see below).

Acridine Orange staining. Staged adult hermaphrodites (24 h post L4/adult 
molt) were stained by adding 500 μl 2 μg ml–1 Acridine Orange in M9 to the plate 
for 1 h. Worms were washed off the plates with M9 and transferred to new seeded 
plates for 30 min to allow for destaining before observation. Worms were scored 
as Acridine Orange-positive if they showed above-background fluorescence in 
the bend region of the posterior gonad under an M2Bio epifluorescence dissect-
ing microscope (Zeiss).

RNA interference (RNAi) by feeding. RNAi was performed as described20 

with the following modifications: NGM-agarose plates containing 2 mM IPTG 
(Isopropyl β-D-1-thiogalactopyranoside) were seeded with 250 μl of appropriate 
bacterial strains 12 h before the addition of worms. About 50 staged L1 larvae 
of the corresponding genotype were seeded in triplicates on plates and grown 
at 20 °C.

Phenotypic analysis. Embryonic apoptotic cell corpses: mixed embryos were 
mounted on a 3% agar pad and early 4fold embryos scored for persistent cell corpse 
in whole bodies using a DIC (differential interference contrast) microscope.

Larval L1 head apoptotic cell corpses: plates were washed off with M9 several 
times to remove all developmental stages except embryos. After 50 min, freshly 
hatched L1 were mounted on a 3% agar pad, anesthetized (2.5 mM levamisole in 
M9) and immediately scored for persistent cell corpses in the head region (that 
is, anterior from the posterior bulb) using a DIC microscope.

Pn.aap cell survival. The 12 blast cells (P1–P12) divide post-embryonically 
to generate the Pn.aap motor neurons of the ventral cord, labelled here by the 
nIs96[Plin 11::gfp] reporter34. P3.aap–P8.aap generate the VC motor neurons 
(white arrowheads) that innervade the vulval muscles. P1.aap, P2.aap and 
P9.aap–P12.aap undergo programmed cell death in the wild type, but survive 
in apoptosis defective ced-3(lf) animals and differentiate into VClike neurons 
(green arrowheads). The number of surviving Pn.aap cells were scored in 

nIs96[Plin-11::gfp] or in nIs106[Plin-11::gfp] L4 larvae under an M2Bio epifluores-
cence dissecting microscope34.

Cell survival in the pharynx. L3 and L4 stage animals were mounted and anes-
thetized on a 3% agar pad and scored in the procorpus and the metacorpus for 
extra cell nuclei as previously described35.

Distal tip cell migration. During C. elegans development, the DTCs migrate in a 
stereotypical U-shaped pattern to determine the shape of the adult hermaphrodite 
gonad. Young adult worms were analysed using a DIC microscope. Animals with 
gonads that deviated from the wild type Ushaped tube were scored as DTC-
defective.

Pn.p cell survival assay. In animals carrying gain-of-function mutations in either 
lin-24 or lin-33, some of the Pn.p hypodermal blast cells increase in refractivity 
and form non-circular (oval) shaped bodies that persist from several minutes up 
to 3 h in L1 larvae. Subsequently, these cells are either removed or they survive 
(and recover)37. Such Pn.p cells were observed using DIC microscopy in early L3 
larvae as previously described42.

PLM survival assay. The Ismec-10(d) transgene induces weak temperature-sen-
sitive neurotoxic cell death through over-expression of MEC 10(A673V), which 
codes for a leaky DEG/ENaC channel in the six touch neurons39. Synchronized 
L4 larvae were scored at corresponding temperatures for GFP signal in the tail as 
previously described39.

Germ-cell corpses. Twenty-four hours post L4/adult molts were mounted on a 
3% agar slide and anesthetized in a droplet of 5 mM levamisol in M9. Acridine 
Orange-positive germ-cell corpses were scored using a fluorescent microscope.

Total RNA isolation and cDNA synthesis. Mixed stage cultures from two 9 cm 
plates were washed off with M9, rinsed twice with M9, and total RNA extracted 
as described43. The dry total RNA was resuspended in 50 μl double-distilled water 
(ddH2O) and similar amounts were used for cDNA synthesis according to manu-
facturer’s instructions (SuperScript III, Invitrogen).

Generation of transgenic strains. Transgenic lines (opEx and opIs alleles) were 
generated by microparticle bombardment in a Biolistic Particle Delivery System 
(PDS1000, Bio-Rad) as described8. unc-119(ed3) was used as a transformation 
marker.

Transgenic lines carrying jcEX arrays were obtained through microinjections 
into the gonads of young adult wild-type hermaphrodites. The constructs were 
injected at 2 ng μl–1, along with 20 ng μl–1 of F35D3 (unc29(+)) DNA and 30 ng μl–1 
of pRF4 (rol-6(su1006)) DNA as a co-injection marker. Three independent lines 
were generated from each injection.

Primers and plasmids. Primers and plasmids are listed in Supplementary 
Information, Table S4. Plasmids were confirmed by sequencing before microparticle 
bombardment, injection or expression in bacteria. Unless otherwise mentioned, the 
following ‘LazyBoy’ starting plasmids were used: pLN022[SbfI promoter-cassette AscI 
CDS-cassette FseI reporter-cassette PacI let8583’UTR ApaI, unc-119(+)] or pLN019[SbfI 
promoter AscI reporter AscI gene FseI let8583’UTR ApaI, unc-119(+)].

pRZ04 is based on Firelab vector pPD95.75 into which an srgp-1 promoter (3 kb 
upstream of the ATG amplified from fosmid WRM0621aC06) was inserted into 
PstI and BamHI sites. srgp-1 open reading frame (ORF) was amplified off a gateway 
vector pDONR201 (Open Biosystems) and inserted between an NheI site (intro-
duced by the reverse primer of the promoter) and SmaI. Deletion constructs ΔBAR 
(amino acids; 344–1059), ΔGAP (missing amino acids 540–685), GAP inactive 
(missing amino acids 562–564), ΔC-terminus (amino acids 1–685), and BAR only 
(amino acids1–343) were made by circular PCR using pRZ04 as template with 
primers described in Supplementary Information, Table S4.

4D microscopy, lineaging and cell corpse persistence measurement. Embryos 
were prepared and mounted as described21. Recordings of the developing embryos 
were carried out at 25 °C for 10 h at intervals of 60 s, with 25 different focal planes 
(1 μm separation) using a Zeiss Axioplan microscope equipped with Nomarski 
optics. Embryo lineages were determined using the software SIMI Biocell (SIMI 
GmbH, Germany) as described44. Cell corpse persistence is defined as follows: 
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tbirth = birth of a daughter cell (nucleus is visible); tdeath = onset of cell death (that 
is, visible as refractive corpse); tclear = refractive corpse is not visible as refractive 
corpse anymore (a tiny granule); cell corpse persistence = tclear – tdeath.

In vitro binding and GTPase hydrolysis assays. In vitro binding assay: wild-
type and mutant (Q61L and T17N) C. elegans ced-10 cDNA were cloned into 
pDEST17. Wild-type and Q61L CED-10 expressing plasmids were transformed 
into BL21(DE3)pLysS and protein expression was induced by 1 mM IPTG at 37 °C. 
CED-10(T17N)-expressing plasmid was transformed into ArcticExpression (DE3) 
and protein expression was induced according to manufacturer’s instructions 
(Stratagene). All His-tagged CED-10 proteins were purified using His-Bind resin 
(Novagen) according to manufacturer’s instructions. All of the buffers contained 
2 mM MgCl2 and 1 mM Tris(Hydroxypropyl)Phosphine (THP). The proteins 
were dialysed against solution containing 10 mM Tris-HCl (pH 7.5), 10 mM NaCl, 
2 mM MgCl2 and 0.1 mM THP, and snap-frozen at –80 °C. C. elegans wild-type 
SRGP-1 GAP domain, GAP activity-dead mutant (R563A)25, GST–PBD and GST 
alone were cloned into pGEX4T2. The constructs were transformed into BL21 
(Gold) and their expression products purified and immobilized onto Glutathione 
Sepharose beads by standard methods. Immobilized GST fusion proteins (30 μg) 
were incubated with 10 μg of His-tagged CED-10 proteins in a buffer contain-μg of His-tagged CED-10 proteins in a buffer contain-g of His-tagged CED-10 proteins in a buffer contain-
ing 10 mM Tris-HCl (pH 7.9), 100 mM NaCl, 2 mM MgCl2 and 1 mM THP, 
0.5% NP40 and 10% glycerol. The incubation was carried out for 2 h at 4 °C with 
agitation. The beads were washed in the same buffer three times and the proteins 
were separated by 12% SDS–PAGE (SDS–polyacrylamide gel electrophoresis). 
His-tagged proteins were immunoblotted with rabbit anti-His antibodies (Santa 
Cruz; 1:1,000). 

GTPase hydrolysis assay: as the bacterially-produced C. elegans CED-10 protein 
has no detectable GTPase activity, Rac1, the mammalian homologue of CED-10, 
was used in the GAP activity assay for the SRGP-1 GAP domain. Equal amounts 
(10 μg) of wild-type and GAP activity-dead mutant (R563A) GST–SRGP-1 GAP 
domains were incubated with 50 ng wild-type Rac1 pre-loaded with [γ32P]GTP in 
25 mM MOPS at pH 7.1, 6.25 mM MgCl2, 0.6 mM NaH2PO4, 0.5 mg ml–1 bovine 
serum albumin (BSA) and 1.25 mM GTP (unlabelled) to a final volume of 100 μl. 
After a 5 min incubation at 25 °C, 50 μl of the hydrolysis reaction was subjected to 
filter binding to nitrocellulose and quantification by scintillation counting. The 
presence of GAP activity is measured by the loss of radioactivity bound to Rac as 
a result of the cleavage of the γ32P from the GTP.

Mammalian phagocytosis assays. For transient transfections, LR73 cells were 
transfected with the indicated plasmids in triplicate (with GFP as transfection 

marker) as described45. Approximately 24 h post-transfection, the cells were incu-
bated with TAMRA-labelled apoptotic cells as described46; apoptotic SCI cells 
were generated by 12-h incubation in 0.5 μM camptothcin. After 3 h, the wells 
were then washed twice with cold PBS, trypsinized, resuspended in cold medium 
and analysed by two-colour flow cytometry on a BD Canto cytometer. Transfected 
cells were recognized by GFP fluorescence. Forward and side-scatter parameters 
were used to distinguish non-phagocytosed apoptotic cells from phagocytes. For 
each point, approximately 20,000 GFP-positive events were collected and the 
data was analysed using FlowJo software. Total protein was collected from cells 
transfected in parallel to those analysed by FACS, subjected to standard west-
ern analysis and blotted with anti-srGAP1 (clone SQ-6, Santa Cruz; 1:1,000), 
anti-GFP-HRP (clone B2, Santa Cruz; 1:10,000) or anti-Flag-HRP (horse radish 
peroxidase; clone M2, Sigma; 1:10,000). Human srGAP1 expression clone was 
obtained from Open Biosystems (clone ID 6526787).

siRNA-mediated knockdown experiments: siRNAs are listed in Supplementary 
Information, Table S4. NIH/3T3 cells were transfected using Amaxa program 
U-30 and Kit R for NIH/3T3 cells (Amaxa, Germany) with an siRNA SMARTpool 
containing four siRNAs targeting mouse srGAP1 (Dharmacon; M-063299-02-
0005), srGAP2 (M-040298-01-0005) and srGAP3 (M-058941-01-005) or a non-
coding SMARTpool (Dharmacon; D 001206-13) using 1.2 μg of total siRNA 
(0.3 μg of each individual siRNA), then incubated for 48 h to recover. To target 
srGAP1, 2 and 3, cells were transfected with 1.2 μg each siRNA (total 3.6 μg) or 
3.6 μg of non-targeting control siRNA. Cells were then incubated with apoptotic 
Jurkat cells stained with Cypher-5E as described above; however, Cypher-5E is 
only fluorescent under acidic conditions found following phagosome closure47, 
allowing discrimination of increased uptake from enhanced binding of dead 
cells to the phagocyte surface. 
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Figure S1 Genetic pathways mediating apoptotic cell corpse clearance in 
C. elegans. Three “parallel” pathways contribute to cell corpse clearance 
as indicated by colored boxes (red, blue and green, respectively). ced7, 
ced1, and ced6 act in a first, unc73, mig2, mtm1, mom5, gsk3, apr1, 
ina1, pat3, src1, ced2, ced5 and ced12 in a second, and abl1 and abi1 
act in a third pathway. All pathways likely converge at the level of ced10, 

which orchestrates cytoskeletal rearrangement around cell corpses. abl1 and 
abi1 might also contribute to cell corpse clearance in a ced10 independent 
manner. The ced7, ced1 and ced6 pathway also activates phagosome 
maturation via dyn1, which eventually leads to corpse degradation. 
Components required for phagosome maturation and cell corpse degradation 
are not shown.
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Figure S2 Engulfment activity is required for Acridine Orange staining 
of germ cell corpses. (A & B) Acridine Orange (AO) stains a subset 
of germ cell corpses. gla1(op234) (increased germ line apoptosis) 
hermaphrodites were stained with AO and germ lines observed using DIC 
(A) and fluorescence microscopy (B). Arrows point to AO-positive (AO+) 

and arrowheads to AO-negative (AO-) corpses. Scale bar, 10 µm. (C) AO 
staining is lost in engulfment-deficient mutants. Persistent germ cell 
corpses were scored by DIC, and AO+ germ cell corpses by fluorescence. 
Data are shown as average ± standard deviation (avg. ± s.d.); n, number of 
scored individuals.
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Figure S3 Molecular characterization of srgp1. (A) Structure of the srgp-1 
locus. Coding exonic sequences are shown in black, 5’ and 3’ UTRs in 
white and deletions in grey. The position of the start codon, the stop codon 
and the deletion mutations ok300 and tm3701 are indicated. The ok300 
deletion removes most of intron 2, the full exon 3, intron 3 and part of 
exon 4; the tm3701 deletion removes part of exon 2 and of intron 2. (B) 
Molecular nature of the srgp-1 alleles. Sequencing of genomic DNA from 
ok300 mutants revealed the presence of a 1406 bp deletion and a 1 bp 
insertion 4 bp downstream of the deletion breakpoint, whereas tm3701 
mutants carry a 571 bp deletion. The extent of the deletions was confirmed 
by PCR genotyping as shown on the right (primers used are listed in 
supplementary Table S4). M, DNA marker indicated in kilo-basepairs. (C) 
Transcript analysis of srgp-1 mutants. RT-PCR of isolated total mRNA of the 
indicated genotype was applied: Full-length transcripts (exon 1 – exon 6, 

left), exon 1 - 2 specific (middle) and exon 2 – 3 specific (right). Schematic 
exons and introns (black), primers (black arrows) and deletions (light grey) 
are shown above each gel picture (primers used are listed in supplementary 
Table S4). Sequencing of RT-PCR products showed that both the ok300 and 
the tm3701 deletions cause a failure to use the intron 2 5’ splice site: In 
ok300 mutants, the lesion results in translation through the intron 2 / exon 
4 junction and out of frame translation of exon 4. In tm3701 mutants, the 
lack of the intron 2 5’ splice site results in the use of three cryptic 5’ splice 
sites, two located in exon 2 and one in intron 2, leading to three different 
transcripts (long, medium and short, respectively). (D) Predicted SRGP1 
protein sequences based on sequencing of wild type, the long, medium and 
short tm3701 and the ok300 transcripts. In the tm3701 medium transcript 
predicted protein, the deleted 175 amino acid stretch starts at amino acid 
position 253. Red indicates non-sense sequences.
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Figure S4 SRGP1 protein overview. (A) Schematic overview of the SRGP1 
protein including its functional domains. FCH, Fes/CIP4 homology domain 
(amino acid 56 – 152); RhoGAP domain (amino acid 538 – 715).  (B) 
Alignment of C. elegans SRGP-1 and the H. sapiens srGAP1 proteins. Ce 

SRGP-1 and Hs srGAP1 share 33.7% identity over 731 residues (http://www.
expasy.org). Note that Ce SRGP-1 lacks the C-terminal SH3 domain present 
in Hs srGAP1. Identical residues are shaded, conserved residues are boxed. 
Asterisk, R563, arginine finger loop important for GTP hydrolysis in GTPases.

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.expasy.org
http://www.expasy.org


s u p p l e m e n ta ry  i n f o r m at i o n

www.nature.com/naturecellbiology 5

Figure S5 Allelic srgp1 reduction of persistent apoptotic cell corpse 
numbers in the head of ced6 L1 larvae. Persistent cell corpses were 

scored in the head region of freshly hatched L1 larvae of the indicated 
genotype.
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Figure S6 Onset of cell death is not delayed in srgp1 mutants. The 
onset of cell death of the first 13 apoptotic cells in the AB lineage 
of the indicated genotype were identified by 4D microscopy as 

described in materials and methods. Data are shown as average ± 
standard deviation (n = 3 embryos). Alleles used: ced6(tm1826) and 
srgp1(ok300).
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Figure S7 SRGP1 expression pattern. (A) Scheme of the 
Psrgp1::srgp1(genomic)::gfp construct used to generate the rescuing 
transgene opIs228. A 4.2 kb 5’ fragment was used to drive the 8.2 kb 
genomic srgp1 fragment fused to gfp and the let858 3’ UTR. Coding 
exonic regions are shown as black and green boxes (srgp1 and gfp, 
respectively), the let858 3’ UTR as a white box. (B) During embryogenesis 
SRGP1::GFP is prominently found at cell boundaries as well as around 
late apoptotic cell corpses (arrowheads). Later, at the two- and three-fold 

stage, increased expression is observed in the nerve ring (arrow) as well 
as in projecting sensory neurons at the tip of the head (open arrowhead). 
(C) Similar expression can be observed in young larvae, with expression 
mostly in the nerve ring (arrow) and hypodermal tissues (asterisks).  (D) In 
L4 hermaphrodite larvae, patches of SRGP1::GFP are additionally found 
in vulval epithelial cells (arrowheads) as well as in the spermatheca (not 
shown). (E) SRGP1::GFP is present at the boundaries of hypodermal seam 
cells (arrowheads). Scale bar, 10 µm.
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Figure S8 Engulfment activity visualized by YFP::ACT5 incorporation into 
actin-fibers in the engulfing cell. (A) Time-lapse analysis of a dying cell in 
the soma. opIs310[Pced1::yfp::act5] transgenic animals express YFP::ACT5 
in engulfing cells. Embryos were randomly recorded and YFP::ACT5 
incorporation into actin-fibers (halos) followed by fluorescence. Halos are 
fully surrounding the cell corpse after 120 seconds. Arrowhead indicates 
the dying cell. Scale bar, 2 µm. (B) Actin-fibers surround apoptotic cell 
corpses in embryos (four-fold stage, top) and in adult gonads (bottom). In 
both tissues apoptotic cell corpses are marked by arrows. Scale bar, 5 µm. (C 

& D) Loss of srgp-1 enhances actin stress-fiber formation around apoptotic 
cells in engulfment-defective animals. (C) Representative freshly hatched 
ced5(n1812) and ced5(n1812) srgp1(ok300) mutant L1 larval heads. 
Persistent corpses surrounded by actin halos are indicated by arrows, non-
surrounded corpses by arrowheads. Scale bar, 10 µm. (D) Quantification 
of YFP-ACT-5 halos. Data shown are avg. ± s.d. (n = 20). Alleles used: 
ced1(e1735), ced2(n1994), ced5(n1812), ced6(n1813), ced7(n1996), 
ced10(n1993), ced12(k149), srgp1(ok300). All strains carried the 
opIs310[Pced1::yfp::act5] transgene. n.d., not done.
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Figure S9 srgp1 acts upstream of ced10. Indicated genotypes were stained 
with AO and AO+ germ cell corpses were scored by fluorescence 12 hours 
post L4 / adult molt. Each dot represents an individual score. n, number of 

scored individuals. * p < 0.02 (t-test, 1-tailed, unequal variances). Alleles 
used: srgp1(ok300), ced5(tm1949), ced6(n1813) and ced10(t1875). All 
strains were grown on gla1(RNAi) plates.
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Figure S10 siRNA-mediated knockdown of srGAP(1-3) family members 
results in increased engulfment activity. (A) Knockdown of individual 
srGAP family members result in a partial compensation by other family 
members at the gene expression level. (B) Combinatorial knockdown of 

srGAP(1-3) family members results in increased knockdown efficiency. 
(C) Phagocytosis assay reveals increased engulfment activity in siRNA-
mediated srGAP family member knockdown in NIH/3T3 cells. ** p < 
0.002, n = 3
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Figure S11 srgp1 probably acts in parallel to mtm1 and abl1. (A) Loss of 
abl1 function increases the suppression of engulfment defects in ced1; 
srgp1 double mutants. (B) Knockdown of mtm1 increases the suppression 

of engulfment defects in ced1; srgp1 double mutants. * p < 10-3 (t-test, 
1-tailed, unequal variances). Alleles used: ced1(e1735), srgp1(ok300), 
abl1(n1963) and mtm1(RNAi).

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 



s u p p l e m e n ta ry  i n f o r m at i o n

12  www.nature.com/naturecellbiology

Figure S12 Loss of srgp-1 promotes death of apoptosis-escaping pharyngeal cells. Extra cell nuclei were scored in the pharyngeal pro- and metacorpus of 
animals of the indicated genotypes. p-values (t-test, 1-tailed, unequal variances): * < 10-3 and *** < 10-10.
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Supplementary Tables

Supplementary Table S1: AO-based candidate RNAi screen for negative regulators of engulfment activity.
Genes encoding all potential C. elegans RhoGAP domain-containing proteins (http://wormbase.org) were knocked down by feeding RNAi1. Clones were obtained 
from the Ahringer RNAi library (AL)1, the ORFeome RNAi library (OL)2, or self constructed as described in Materials and Methods. gla-1(op234); ced-5(n1812) 
or gla-1(op234); ced-6(n1813) hermaphrodites were raised on RNAi bacteria and tested for the re-appearance of AO staining in the posterior bend as 
described in Materials and Methods (n = 3 x ≥ 50). The empty vector and unc-22 served as negative and positive RNAi control, respectively. n.d. = not done.

Supplementary Table S2: Individual cell corpse persistence measurements of the first 13 apoptotic cells in the AB lineage.
Three different embryos of each indicated genotype were recorded with 4D microscopy and corpse persistence was determined as described in Materials and 
Methods. Alleles used: ced-6(tm1826) and srgp-1(ok300). NE = Not engulfed: cell remains un-engulfed up to the beginning of muscle contraction at the 
1.5-fold stage (320 min post fertilization or ≈ 120 min post onset of cell death). n.m. = Not measured: cell death and cell clearance could not be identified 
due to optical limitations.

Supplementary Table S3: Individual cell corpse persistence and YFP::ACT5 scores.
Persistent cell corpses were scored in the head of L1 larvae of the indicated genotypes followed by YFP::ACT-5 halo scoring. All YFP-positive corpses could 
also be recognized as such under DIC optics. Data are shown as average ± standard deviation, n = 20. % corpses with actin halos is calculated as (YFP 
scores) / (DIC scores) x 100. The fold increase is calculated as (% corpses with actin halos [ced-X; srgp-1]) / (% corpses with actin halos [ced-X]). Alleles 
used as described in Fig. S7. n.d., not done.

Supplementary Table S4: Primers and Plasmids.
(A) Primers used are listed, indicated by names, sequence and purpose. SDM = site-directed mutagenesis. (B) Plasmids used in this study are listed by 
names, what they code for and what they were used for.

Supplementary Table References
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 (2004).
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cell 
 

corpse persistence (min)     

 wild type 
 

srgp-1 ced-6 ced-6; srgp-1 

ABalaapapa	   13 
16 

9 

20 
10 

9 

11 
NE 
15 

17 
30 
17 

ABalaappaa	   11 
16 
12 

18 
14 
10 

16 
16 
40 

12 
11 
16 

ABalapapaa	   24 
22 
13 

8 
28 
10 

22 
20 
12 

10 
17 
25 

ABalappaaa	   17 
10 
11 

17 
6 
8 

40 
NE 
42 

7 
18 
13 

ABalppaaaa	   20 
10 
17 

15 
13 

9 

20 
16 
10 

15 
19 
26 

ABalppaapa	   14 
13 
12 

8 
6 
7 

17 
27 
19 

13 
15 
24 

ABaraaaapp	   19 
17 
45 

22 
18 
16 

NE 
39 
NE 

37 
73 
37 

ABarpaaapp	   11 
14 
15 

5 
23 
24  

94 
13 
14 

NE 
53 
10 

ABplpappap	   1 
30 
15 

14 
9 
3 

n.m. 
60 
NE 

13 
18 
21 

ABplppaaap	   34 
9 

12 

5 
2 
5 

108 
14 
20 

10 
22 
25 

ABplpppapp	   19 
29 
15 

7 
17 
22 

NE 
NE 
12 

18 
16 
13 

ABprppaaap 1 
4 

12 

2 
1 

10 

NE 
17 
12 

48 
17 

7 
ABprpppapp 13 

3 
11 

6 
13 
10 

104 
NE 
NE 

13 
11 
24 
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Sequence 
name 

Gene name Clone ID % AO+ worms 
gla-1; ced-5 

% AO+ worms  
gla-1; ced-6 

     
empty vector - pLN219 1 0 

ZK617.1 unc-22 AL n.d. n.d. 
     

C38D4.5 tag-325 AL 1 1 
C01F4.2 - OL 0 0 
ZK669.1 tag-341 AL 2 0 
T04C9.1 - AL 0  2 
F56A6.2 hum-7 AL 0 0 
F47A4.3 rrc-1 AL 2 0 
F12F6.5 srgp-1 AL 14 18 
F35D2.5 syd-1 AL 0 0 
C04D8.1 pac-1 AL 0 0 

Y53C10A.4 rga-2 AL 0 0 
Y34B4A.8 - OL 0 0 

F45H7.2 gei-1 AL 0 0 
T23G11.5 rlbp-1 AL 2 3 
F23H11.4 - AL 0 0 
K09H11.3 rga-3 AL 0 0 
C16C2.3 ocrl-1 AL 1 0 
K08E3.6 cyk-4 AL 0 0 

H08M01.2 rga-5 AL 0 2 
W02b12.8 rga-1 AL 0 0 
2RSSE.1 - pLN212 0 2 

Y75B7AL.4a/b rga-4 pLN213 0 0 
BE0003N10.2 chin-1 pLN214 0 0 

Y92H12BL.4 - pLN215 0 0 

© 2011 Macmillan Publishers Limited.  All rights reserved. 

 



genotype DIC YFP % corpses with fold increase 
 corpses / L1 head halos / L1 head actin halos  

wild type 0.1 ± 0.3 n.d. n.d. 
srgp-1 0.1 ± 0.3 n.d. n.d. n.d. 

ced-7 19.6 ± 2.3 1.3 ± 0.8 6.5 
ced-7; srgp-1 10.5 ± 2.4 1.5 ± 0.7 14.6 2.27 

ced-1 21.2 ± 3.4 2.3 ± 0.8 11.0 
ced-1; srgp-1 12.6 ± 2.2 2.7 ± 0.6 21.7 1.97 

ced-6 20.1 ± 2.4 2.0 ± 0.8 9.9 
ced-6; srgp-1 5.9 ± 2.0 2.0 ± 0.8 33.7 3.39 

ced-2 16.1 ± 3.0 2.5 ± 0.7 15.4 
ced-2 srgp-1 7.8 ± 3.2 1.8 ± 0.8 23.1 1.50 

ced-5 24.7 ± 3.4 2.1 ± 0.7 8.4 
ced-5 srgp-1 13.5 ± 3.3 2.4 ± 0.5 17.7 2.12 

ced-12 19.9 ± 2.0 2.0 ± 0.7 10.1 
ced-12; srgp-1 10.2 ± 2.5 2.0 ± 0.8 19.6 1.95 

ced-10 15.0 ± 2.6 1.7 ± 0.9 11.1 
ced-10 srgp-1 9.3 ± 2.5 1.5 ± 0.8 15.8 1.42 

ced-6; ced-5 36.0 ± 3.9 1.5 ± 0.6 4.1 
ced-6; ced-5 srgp-1 26.8 ± 4.0 3.3 ± 0.9 12.2 2.99 
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A) Primer list 

Primer name Sequence (restriction sites, underlined; start/stop codons, bold) Description 

ok300.f CCGTCCACAACTTGGTGATGATATTATGG ok300 genotyping 

ok300.r GGGTGCCGGACTAATTGAGCAAGATGCTGC ok300 genotyping 

tm3701.f GCCAAAATATCGAAACGATGCAGAGAGATCGG tm3701 genotyping 

tm3701.r CCATTCCGTTCACTAGCCGATCCGACGG tm3701 genotyping 

srgp-1.RT.f ATGACGACGTCTTCGTCTGAAGGTGGGGC Full-length RT-PCR 

srgp-1.RT.r TCATGGGCTGATGCTTGTCGCCACTTTCAGCG Full-length RT-PCR 

srgp-1.f ATGACGACGTCTTCGTCTGAAGGTGGGGC RT-PCR (exon1 – 2) 

srgp-1.1r CGTTTGAAATACTTCACAAGAGAACGATGCC RT-PCR (exon1 – 2) 

srgp-1.1f GCCAAAATATCGAAACGATGCAGAGAGATCGG RT-PCR (exon2 – 3) 

srgp-1.3r GGGAATATAGGCTCACGTAGTTCTCGG RT-PCR (exon2 – 3) 

Sbf.Psrgp-1.f AACCTGCAGGGCGAGACCCAGCGTGCTGCGTCTCTTCAGGC SbfI Psrgp-1 AscI 

SbfI.Psrgp-1.r AAGGCGCGCCGTTTGGGGTCGGCACGGGTGAAGCAAGTGG SbfI Psrgp-1 AscI 

AscI.srgp-1.f AAGGCGCGCCATGACGACGTCTTCGTCTGAAGGTGGGGC AscI srgp-1 

FseI.srgp-1.r AAGGCCGGCCTCATGGGCTGATGCTTGTCGCCACTTTCAGCG srgp-1 FseI 

FseI.srgp-1.s.r AAGGCCGGCCTGGGCTGATGCTTGTCGCCACTTTCAGCG srgp-1 stopless FseI 

FseI.gfp.f AAGGCCGGCCAATGAGTAAAGGAGAAGAACTTTTCACTGG FseI gfp PacI 

PacI.gfp.r GGGTTAATTAATGGTCCCTCATCGCTTCATTTGCA FseI gfp PacI 

FseI.mcherry.f AAGGCCGGCCAATGGTGAGCAAGGGCGAGGAGGATAACATGGCC FseI mcherry PacI 

PacI.mcherry.r GGTTAATTAACTACTTGTACAGCTCGTCCATGCCGCCGG FseI mcherry PacI 

SbfI.Pegl-1.f AACCTGCAGGTCGATTCTTATGGTTAAAACGATCCTTGTTAGTAAAAATTATTGAGTG SbfI Pegl-1 AscI 

AscI.Pegl-1.r AAGGCGCGCCTTGGTAGAAGATCCGAAGAGGTTGAGGC SbfI Pegl-1 AscI 

SbfI.Pced-1.f AACCTGCAGGGGGCAACTCTTCTCTGGATTAGTCATACCTCC SbfI Pced-1 AscI 

AscI.Pced-1.r AAGGCGCGCCGCGGCTGCAAAAAAACAGGGAATTTTAGAGG SbfI Pced-1 AscI 

AscI.yfp.f AAGGCGCGCCAATGAGTAAAGGAGAAGAACTTTTCACTGG AscI yfp stopless AscI 

AscI.yfp.r AAGGCGCGCCCCTCTGTATAGTTCATCCATGCCATGTGTAATCCC AscI yfp stopless AscI 

AscI.act-5.f AAGGCGCGCCCAGATGGAAGAAGAAATCGCCGCCCTCGTTGTCG AscI act-5 FseI 

FseI.act-5.r AAGGCCGGCCTTAGAAGCACTTTCGGTGAACAATCGATGGGCCGG AscI act-5 FseI 

2RSSE.1f AAGAATTCCGGCGTACCCATAAACGAAGCATTTGCCC EcoRI 2RSSE.1 EcoRI 

2RSSE.1r TTGAATTCGCTCACCGTCCGTCCATCGTGTATACAAGTGTG EcoRI 2RSSE.1 EcoRI 

Y75B7AL.4f AAGAATTCCCGTGTCAAAAAATCAAAAAATCCACG EcoRI Y75B7AL.4 EcoRI 

Y75B7AL.4r TTGAATTCTGGAACACAACGACTTTCGTGTCGTTACG EcoRI Y75B7AL.4 EcoRI 

BE0003N10.2f AAGAATTCATGGAAGACGACGGGCCTCCTGGGAGC EcoRI BE0003N10.2 EcoRI 

BE0003N10.2r TTGAATTCGAATTCTCGCAGTTTTTTATGC EcoRI BE0003N10.2 EcoRI 

Y92H12BL.4f AAGAATTCATGGATATCGAAGATATCGTTGGACGAGG EcoRI Y92H12BL.4 EcoRI 

Y92H12BL.4r TTGAATTCCAACATCATATCCGGCTTGTTGAAGTAGACC EcoRI Y92H12BL.4 EcoRI 

AscI.ced-10.f AAGGCGCGCCCAAATGCAAGCGATCAAATGTGTCGTCG AscI ced-10 FseI 

FseI.ced-10.r TTGGCCGGCCTTAGAGCACCGTACACTTGCTCTTTTTGGC AscI ced-10 FseI 

ced-10.Q61L.f CGGGCTCTGGGATACAGCTGGACTGGAAGATTACGATCGACTCCGACC SDM ced-10(Q61L)  

ced-10.Q61L.r GGTCGGAGTCGATCGTAATCTTCCAGTCCAGCTGTATCCCAGAGCCCG SDM ced-10(Q61L) 

ced-10.T17N.f GGTGACGGAGCCGTCGGTAAAAACTGTCTCCTGATATCCTACACCA SDM ced-10(T17N) 

ced-10.T17N.f TGGTGTAGGATATCAGGAGACAGTTTTTACCGACGGCTCCGTCACC SDM ced-10(T17N) 

AscI.mig-2.f TTGGCGCGCCATGTCTTCACCGTCGAGGCAGATC AscI mig-2 FseI 

FseI.mig-2.r TTGGCCGGCCTTACATAATATTGCAAGACTTCTTC AscI mig-2 FseI 

mig-2.Q65L.f CTTAGGATTGTGGGATACTGCTGGACTGGAGGATTATGATCGTTTACGACC SDM mig-2(Q65L)  

mig-2.Q65L.r GGTCGTAAACGATCATAATCCTCCAGTCCAGCAGTATCCCACAATCCTAAG SDM mig-2(Q65L) 

AscI.rho-1.f TTGGCGCGCCATGGCTGCGATTAGAAAGAAGGTGAGC AscI rho-1 FseI 

FseI.rho-1.r AAGGCCGGCCTTACAAAATCATGCACTTGCTCTTC AscI rho-1 FseI 

rho-1.Q63L.f CGAACTTGCTCTATGGGATACAGCTGGACTGGAGGACTATGATCGTCTGCGTCC SDM rho-1(Q63L) 

rho-1.Q63L.r GGACGCAGACGATCATAGTCCTCCAGTCCAGCTGTATCCCATAGAGCAAGTTCG SDM rho-1(Q63L) 

XmaI.gap.srgp-1.f TTCCCGGGGAGCACTTCCTTCTCAATGGAAACCTCATGG XmaI gap(srgp-1) NotI 

NotI.gap.srgp-1.r TTGCGGCCGCTCACATATGCCGGCTCGGTGGCAGAG XmaI gap(srgp-1) NotI 

srgp-1.R563A.f CGATATTCTCTTCGTAATCAGGGATTATTCGCAGTTTCTGGTTCACAATCGG SDM srgp-1(R563A) 

srgp-1.R563A.f CCGATTGTGAACCAGAAACTGCGAATAATCCCTGATTACGAAGAGAATATCG SDM srgp-1(R563A) 

PstI.Psrgp-1.f AAACTGCAGTTCGGCTTCGTTAGCTGAAT Cloning of pRZ04 
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NheI.BamH.Psrgp-1.r TTGGATCCGCTAGCACGGGTGAAGCAAGTGG Cloning of pRZ04 
NheI.srgp-1.f AAAGCTAGCATGACGACGTCTTCGTCTG Cloning of pRZ04 
SmaI.srgp-1.r AAGGGCCCCGCTGATGCTTGTCGCCAC Cloning of pRZ04 
∆FBAR.r TTCAGACGAAGACGTCGTC Circular PCR to make pRZ08 

∆FBAR.f CATCAATTGTTCATGCTTCC Circular PCR to make pRZ08 
∆GAP.r TTCTTCTCCAGTTGCTTCTA Circular PCR to make pRZ09 
∆GAP.f CCCATTCCAGAAGGAAAAG Circular PCR to make pRZ09 
∆FRV.r TAATCCCTGATTACGAAGAG Circular PCR to make pRZ10 
∆FRV.f TCTGGTTCACAATCGGAAAT Circular PCR to make pRZ10 
∆Cter.r TTGATCTTTTCCTTCTGGAAT Circular PCR to make pRZ11 
∆Cter.f GCGACAAGCATCAGCCC Circular PCR to make pRZ11 
Y732F.f ATGCAAAGATTTATGGATGGC Circular PCR to make pRZ13 

Y732F.r TGCATATTTATCAAAAACGGGA Circular PCR to make pRZ13 

srGAP1 siRNA1 CCGAAAUUGAGACGGAAUA siRNA mediated knock-down 

srGAP1 siRNA2 GAGCAGAGCAACCACGAUA siRNA mediated knock-down 

srGAP1 siRNA3 GCCAAUGAAAUUCGAGUUU siRNA mediated knock-down 

srGAP1 siRNA4 AGAUGUACCCUGCGGCAUU siRNA mediated knock-down 

srGAP2 siRNA1 GAGGAAGCAUGGAGGAUUA siRNA mediated knock-down 

srGAP2 siRNA2 GUAGGAACCUCAUCACAAA siRNA mediated knock-down 

srGAP2 siRNA3 GCAAAUCAGUAAAGCAAGC siRNA mediated knock-down 

srGAP2 siRNA4 UUUCCUAUCUGCUGAAUUA siRNA mediated knock-down 

srGAP3 siRNA1 CCUAAUAGCUCCUCGGACA siRNA mediated knock-down 

srGAP3 siRNA2 GACCAAAAUGAGCGAGAUA siRNA mediated knock-down 

srGAP3 siRNA3 CUGCAUAGUUGCGGGAAC siRNA mediated knock-down 

srGAP3 siRNA4 GCAAAUACUACAUCCACGA siRNA mediated knock-down 

B) Plasmid list 

Plasmid name Description Used for 

pAPF09 Psrgp-1::srgp-1(cDNA)::gfp opIs224 transgene 

pAPF14 Psrgp-1::srgp-1(genomic)::gfp opIs228 transgene 

pLN207 Psrgp-1::srgp-1(genomic)::mcherry opEx1424-6 transgenes 

pLN197 Pced-1::srgp-1(cDNA)::gfp opEx1373 transgene 

pLN198 Pegl-1::srgp-1(cDNA)::gfp opIs391 transgene 

pLN183 Pced-1::yfp::act-5(genomic) opIs310 transgene 

pLN212 pL4440 2RSSE.1 RNA interference 

pLN213 pL4440 Y75B7AL.4a/b RNA interference 

pLN214 pL4440 BE0003N10.2 RNA interference 

pLN215 pL4440 Y92H12BL.4 RNA interference 

pLN219 pL4440 empty plasmid RNA interference 

pLN185 pDEST17 ced-10(Q61L) in vitro pulldown 

pLN221 pDEST17 ced-10(T17N) in vitro pulldown 

pLN202 pDEST17 mig-2(Q65L) in vitro pulldown 

pLN200 pDEST17 rho-1(Q63L) in vitro pulldown 

pLN220 pGEX 4T-2 gst in vitro pulldown 

pAPF65 pGEX 4T-2 gst::gap(srgp-1) in vitro pulldown 

pLN209 pGEX 4T-2 gst::gap(srgp-1, R563A) in vitro pulldown 

pRZ04 pPD95.75 Psrgp-1::srgp-1(cDNA, full length)::egfp jcEX135 transgene 

pRZ08 pPD95.75 Psrgp-1::srgp-1(cDNA, AA344-1059)::egfp jcEX136 transgene 

pRZ09 pPD95.75 Psrgp-1::srgp-1(cDNA, ΔAA540-685)::egfp jcEX137 transgene 

pRZ10 pPD95.75 Psrgp-1::srgp-1(cDNA, ΔAA562-564)::egfp  jcEX138 transgene 

pRZ11 pPD95.75 Psrgp-1::srgp-1(cDNA, AA685-1059)::egfp jcEX139 transgene 

pRZ12 pPD95.75 Psrgp-1::srgp-1(cDNA, AA1-343)::egfp jcEX140 transgene 

pRZ13 pPD95.75 Psrgp-1::srgp-1(cDNA, Y724;732F)::egfp jcEX141 transgene 
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	Figure 2 SRGP-1 functions in the engulfing cell and antagonizes engulfment activity. (a) Developmental apoptosis is not defective in srgp-1 mutants. Extra cell nuclei were scored in the pro- and metacorpus heads of L3/L4 larvae with the indicated genotypes. Alleles used: ced-3(n2433), ced-6(n1813) and srgp-1(ok300). (b) Persistent cell corpses were scored in the head region of freshly hatched L1 larvae of the indicated genotypes. Expression of srgp-1::gfp in the engulfing cell (opEx1373) rescues the srgp-1(ok300) phenotype; expression in apoptotic cells (opIs391) does not. Alleles used: ced-6(n1813), srgp-1(ok300), opEx1373[Pced-1::srgp-1(cDNA)::gfp] and opIs391[Pegl1::srgp-1(cDNA)::gfp]. (c) Loss of srgp-1 increases engulfment kinetics. The first 13 apoptotic cell deaths in the AB lineage were followed by 4D microscopy and the cell corpse persistence was measured. Each circle represents a single cell. Analysis was performed in three independent individuals in each genetic background (n = 3 × 13 cells). Cells indicated as not engulfed either floated off the tissue into the egg-shell cavity or their lineage could not be followed anymore owing to the beginning of muscle contraction at the 1.5-fold stage (320 min post fertilization or approximately 120 min post-onset of cell death). Alleles used: ced-6(tm1826) and srgp-1(ok300). Asterisk indicates P < 0.005 (Kolmogorov-Smirnov test). (d) Overexpression of srgp-1::mcherry enhances corpse persistence. Persistent cell corpses were scored in the head region of freshly hatched L1 larvae of the indicated genotypes. Alleles used: ced-1(e1735), ced-2(n1994), ced-5(n1812), ced-6(n1813), ced-7(n1996), ced-10(n1993) and ced-12(k149). Indicated strains carried unc-119(ed3) and the opEx1424[Psrgp-1::srgp-1::mcherry] transgene. All data are means ± s.d. Asterisk indicates P  ≤ 0.02, double asterisk indicates P < 10–6 and triple asterisks indicate P < 10–10 (t-test, 1tailed, unequal variances).
	Figure 3 SRGP-1 (srGAP1) binds to and modulates CED-10 (Rac1) GTPase activity. (a) The GAP domain of SRGP-1 specifically binds GTP-loaded CED-10 in vitro. The Q61 and N17 isoforms (resembling GTP- and GDP-bound, respectively) of His-tagged CED-10 were used for GST-fusion pulldown using the GAP domain of SRGP-1, Pak1 p21 binding domain (PBD, positive control) and GST alone (negative control). (b) The SRGP-1 GAP domain preferentially binds to CED-10 in vitro. The GTP-bound isoforms of His-tagged CED-10, MIG-2 and RHO-1 (Q61, Q65 and Q63, respectively) were used for GST-fusion pulldown using the GAP domain of SRGP-1, the GTP hydrolysis-deficient GAP (SRGP-1R563A) and GST alone. (c) The SRGP-1 GAP domain promotes Rac1 GTP-hydrolysis in vitro. Human Rac1 was loaded with [γ32P]GTP and GTP hydrolysis was measured through the loss of Rac1 radioactivity through the cleavage of the γ32P from GTP. As controls, loaded Rac1 was treated with buffer alone or the GTP hydrolysis-deficient GAP (SRGP-1R563A). Data are means ± s.d. (n = 4 independent experiments). (d) srGAP1 function in corpse removal is evolutionarily conserved. LR73 cells were transiently transfected in triplicate with plasmids encoding the indicated proteins (srGAP1, Flag–Rac1(N17), BAI1–GFP or GFP alone, respectively) and incubated with TAMRA-labelled apoptotic cells. Top: phagocytosis by GFP-positive cells was assessed by two-colour flow cytometry. The percentage of GFP-positive cells that had ingested apoptotic SCI cells is indicated for each condition. Bottom: the expression of the transfected proteins was confirmed by immunoblotting of total cell lysates. (e) srGAP family members inhibit cell-corpse clearance. Knockdown of all three srGAP family members increases phagocytotic activity in NIH/3T3 cells. (f) In vivo structure/function analysis of SRGP-1. Persistent cell corpses were scored in the head region of freshly hatched L1 larvae of the indicated genotypes. The rescue ability of SRGP-1::GFP (full length) and GFP fusions of the indicated SRGP-1 mutants were tested by expression in ced-6; srgp-1 mutants. Data are means ± s.d. Alleles used: ced-6(n1813) and srgp-1(ok300).
	Figure 4 Enhanced engulfment promotes the removal of viable but sick cells in C. elegans. (a) Loss of srgp-1 promotes killing of cells on the verge of apoptosis in the larval ventral cord. Left: representative fluorescence microscopy images of wild type, ced-3(lf), ced-3(rf) and srgp-1 ced-3(rf) L4 larvae. Alleles used: ced-3(n717lf), ced-3(op149rf) and srgp-1(ok300). nIs96 is present in all backgrounds. White arrowheads indicate surviving Pn.aap cells, P3–P8; green arrowheads indicate extra survival of P1, P2 and P9 – P12 cells. Scale bar, 100 μm. Middle: quantification of Pn.aap extra cell survival monitored in the indicated genotypes using the nIs96 transgene. srgp-1(lf) is not sufficient to kill cells that normally survive (P3–P8). Alleles used: ced-3(n717lf), ced-3(op149rf), ced-3(n2438rf), and srgp-1(ok300). Data are means ± s.d. of three experiments, n ≥ 40 animals per experiment. Asterisk indicates P < 10–10 (t-test, 1tailed, unequal variances). Right: enhanced cell killing in srgp-1 mutants is ced-10-dependent. Extra cells in the ventral cord in wild type, ced-10(t1875) and ced-10(t1875) srgp-1(ok300) were scored through expression of the nIs106[Plin11::gfp] transgene34 (n ≥ 100 per genotype). ced-10 animals were generated from heterozygote mothers. (b) Engulfment activity modulates the removal of viable cells subjected to a neurotoxic insult. Left: DIC and fluorescence microscopy images of wild-type L4 larvae raised at 15 °C containing either 2 or 1 PLM touch neurons labelled with GFP. Middle and right: survival of the PLM touch neurons (labelled with GFP) was quantified in L4 larvae of the indicated genotype grown at either 20 °C (middle) or 15 °C (right). Alleles used: ced-5(tm1949) and srgp-1(ok300). Ismec-10(d) is present in all genetic backgrounds. Scale bar, 20 μm. (c) Engulfment activity modulates the removal of viable cells subjected to a non-classical toxic insult. The number of surviving Pn.p cells were scored in early L3 larvae with the indicated genotypes. Data are means ± s.d., n = 25. Asterisk indicates P < 10–4 (t-test, 1tailed, unequal variances). Alleles used: srgp-1(ok300) and ced-2(e1752). (d) Simplified model of sick-cell tolerance versus removal. Sick cells within a tissue (red) signal their unhealthy status to their neighbour. Depending on the strength of this signal, the sick cell is either tolerated (light blue), or removed (red, ‘eaten alive’) through phagocytosis.



