1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
3 Nat Cell Biol. 2008 May ; 10(5): 5564566. doi:10.1038/ncb1718.

A novel pathway for phagosome maturation during engulfment of
apoptotic cells

Jason M. Kinchenli*, Kimon Doukoumetzidi32’3’*, Johann Almendjnger2'3, Lilli Stergiouz,
Annie ToseIIo—TLampontl, Costi D. Sifri4, Michael O. Hengartnerz’A, and Kodi S.
Ravichandranl.A

1 Beirne Carter Center for Immunology Research, University of Virginia, Charlottesville, VA 22908
2 Institute of Molecular Biology, University of Zurich, CH-8057, Zurich, Switzerland 3 PhD program
in Molecular Life Sciences, University of Zurich, CH-8057, Zurich, Switzerland 4 Department of
Internal Medicine, University of Virginia, Charlottesville VA 22908

Abstract

The efficient removal of apoptotic cells is critical for the physiological well-being of the
organismA?; defects in corpse removal have been linked to autoimmune disease* °. While several
players regulating the early steps of corpse recognition and internalization have been
characterized®, the molecules and mechanisms relevant to the subsequent processing of the
internalized corpses are poorly understood. Here, we identify a novel pathway for the processing of
internalized apoptotic cells in C. elegans and in mammals. First, we show that RAB-5 and RAB-7
are sequentially recruited to phagosomes containing apoptotic corpses as they mature within
phagocytes, and that both proteins are required for efficient corpse clearance. We then used targeted
genetic screens to identify players regulating the recruitment and/or retention of Rab5 and Rab7 to
phagosomes. Seven members of the HOPS complex (a Rab7 activator/effector complex) were
required for Rab7 localization or retention on phagosomes. In an effort to identify factors that regulate
Rab5 recruitment, we undertook an unbiased reverse genetic screen and identified 61 genes
potentially required for corpse removal. In-depth analysis of two candidate genes, vps-34 and dyn-1/
dynamin, showed accumulation of internalized, but undegraded corpses within abnormal
phagosomes that are defective in RAB-5 recruitment. Using a series of genetic and biochemical
experiments in worms and mammalian cells, we ordered these proteins in a pathway, with DYN-1
functioning upstream of VPS-34, in the recruitment/retention of Rab5 to the nascent phagosome.
Further, we identified a novel biochemical complex containing Vps34, dynamin and Rab5GPP,
providing a mechanism for Rab5 recruitment to the nascent phagosome.

Removal of apoptotic cells (engulfment) is an essential process that occurs throughout life in
multi-cellular animals as part of development, homeostasis, and wound healing1A4: 7: 8.
Engulfment) can be broken down into a series of steps, comprising recognition, internalization,
phagosome maturation and finally lysosomal degradation of the apoptotic cell by the
phagocyte. In mammals, impaired clearance of apoptotic cell corpses can lead to exposure of
autoantigens, resulting in onset of autoimmune diseases, such as systemic lupus erythematosus
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and chronic polyarthritis* % 10, Modulation of the engulfment process is therefore a potential
therapeutic target in these conditions. One of the fundamental challenges in understanding how
defects in engulfment of apoptotic cells translates into diseased states is the identification of
critical players involved in corpse removal and how these proteins orchestrate the different
stages of engulfment.

The nematode C. elegans represents a powerful genetic tool for the study of programmed cell
deathl: 12 Large numbers of cells are induced to die during two periods in the life of a worm:
during embryonic and larval morphogenesis and during germ cell development!3. Genetic
studies have identified two evolutionarily conserved signaling pathways involved in the
recognition and internalization of apoptotic cells. The first pathway includes the adapter protein
CED-2/Crkl1}# functioning together with two other proteins, CED-12/ELMO and CED-5/
Dock1801°A18, which exhibit GEF activity towards CED-10/Rac11°. In the second pathway,
two transmembrane proteins, CED-1/LRP1/MEGF102°A22 and CED-7/ABCA1/
ABCA723A%5 may mediate recognition of the apoptotic cell and function upstream of the
adapter protein CED-6/GULP?21: 26; these proteins have also been suggested to signal to
CED-10/Rac1 during engulfment2’: 28, Activation of CED-10/Rac1 promotes rearrangement
of the actin cytoskeleton, permitting pseudopod extension around the apoptotic prey and
ultimately internalization of the cell corpse into a membrane bound phagosome?29: 30,

Studies in mammalian cells and in model organisms have shed light on the early steps of
engulfment, such as the recognition and internalization of dying cells, but the identity of
proteins required for subsequent steps, such as the maturation of phagosomes containing
apoptotic cells into acidic structures, remain unclear. Proteomic approaches using latex beads
internalized by cultured cells have identified a large number of phagosome-associated
proteins3l. How these candidates coordinately function in phagosome maturation and
processing remains to be determined. It is also unknown to what degree proteins identified in
these screens would overlap with those containing apoptotic cells, which engage different
giggnaling pathways for internalization and can produce different immunological outcomes32:

Here, we use C. elegans as a model system to identify a novel pathway for the maturation of
internalized apoptotic cell corpses. First, we show that the GTPases RAB-5 and RAB-7 are
required for efficient corpse degradation following internalization, and that RAB-5 and RAB-7
are recruited to phagosomes containing apoptotic cells in a temporally distinct manner. Using
a series of targeted and unbiased genetic screens in the nematode, we identify a number of
genes functionally required at various stages during phagosome maturation and order them
into a linear pathway. Finally, we identify a novel mode of signaling wherein dynamin-Vps34
complex is required for efficient Rab5 recruitment to the nascent phagosome and subsequent
corpse processing.

RAB-5 and RAB-7 are required for efficient phagosome maturation

The C. elegans adult hermaphrodite gonad is composed of two U-shaped tubes joined at a
central uterus; germ cell nuclei sharing a common cytoplasm line the periphery of the tube,
forming a large syncytium34. When germ cells die, they cellularize away from the common
syncytium and condense, generating cell corpses that appear as ArefractileA bodies by
differential interference contrast (DIC) microscopy3°. Apoptotic germ cells are rapidly
recognized and internalized by the surrounding gonadal sheath cells that encase the germ
line35; 131 somatic cells also die during embryonic development and larval morphogenesis,
where they are engulfed by neighboring AbystanderA cells36. Little is known regarding the
ultimate fate of internalized corpses in C. elegans.
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To better understand maturation of apoptotic cell-containing phagosomes, we first addressed
the importance of the small GTPases Rab5 and Rab7 that have been shown to localize to
phagosomes containing internalized bacteria3’. We generated transgenic worms expressing
CFP::RAB-5 or YFP::RAB-7 and assayed their localization around apoptotic cells in the adult
hermaphrodite gonad; these markers largely localized to punctate structures likely representing
early and late endosomes, respectively (Supplementary Figure S1). Apoptotic germ cells could
be readily visualized inside RAB-5 or RAB-7 staining structures (Figure 1, aAh). RAB-5
preferentially localized around early, uncondensed cell corpses, when cells are being actively
internalized?® (Supplementary Figure S2). CFP::RAB-5 did not extensively colocalize with
YFP::actin around the apoptotic cell (data not shown), suggesting RAB-5 is recruited following
corpse internalization and actin disassembly. Further, RAB-5-positive phagosomes stained
weakly positive with SYTO dyes, which mark engulfed apoptotic cells in acidic lysosomal
structures?®: 38 (Figure 1, ¢, quantitated in s). In contrast, YFP::RAB-7 localized around late
stage, highly-refractile apoptotic cell corpses (Figure 1f, s), most of which stained brightly with
SYTO dyes (Figure 1, g). Multiple corpses were occasionally observed within RAB-5 or
RAB-7 staining structures, suggesting that phagosomes may fuse following corpse recognition
and internalization or that multiple corpses may be taken up within the same phagosome (Figure
1, b, f asterisks). The recruitment of RAB-5 and RAB-7 around apoptotic cells was severely
compromised in worms deficient in ced-1 or ced-5, which represent members of two partially
redundant pathways required for corpse phagocytosis, thus definitively placing RAB-5 and
RAB-7 recruitment to the phagosome at a step downstream of corpse internalization (Figure
1, oAr, quantitated in Figure 2, g). Apoptotic cells generated during embryonic development
also entered RAB-5 and RAB-7-positive phagosomes, suggesting that phagosome maturation
utilize a similar machinery to process internalized corpses during both embryonic and germ
cell development (Figure 1, mAn).

Our above data suggests that recruitment of RAB-5 and RAB-7 may mark distinct steps during
phagosome maturation. If this were the case, we would predict that RAB-5 and RAB-7 would
co-localize only transiently on phagosomes, during ARab conversionA3?. When we made
double transgenic worms expressing both YFP::RAB-5 and CFP::RAB-7, we found minimal
co-localization between these two markers (Figure 1, iAl, arrows vs. arrowheads).
Occasionally, we could find phagosomes that stained with both markers (Figure 1, iAl,
asterisk), suggesting that RAB-5 and RAB-7 may transiently mark the same phagosome.

Even though RAB-5 and RAB-7 were recruited to phagosomes, their functional requirement
during corpse removal was unknown. RNA interference (RNAI) directed against rab-5 or
rab-7 resulted in accumulation of refractile corpses in the adult hermaphrodite gonad (Table
1, Figure 1, t, u) and also during embryogenesis [rab-7(RNAI), Figure 1w compared to ctrl
(RNAI), Figure 1v]. Further, in rab-7(RNAIi) worms, phagosomes containing apoptotic germ
cells were arrested at the RAB-5-positive stage (Figure 2, g) suggesting that RAB-5 functions
upstream of RAB-7 in a linear pathway for phagosome maturation (Figure 1, x).

While refractile cell corpses in rab-5(RNAi) and rab-7(RNAi) most likely arose due to defects
in phagosome maturation, increased numbers of refractile cell corpses could have also resulted
from increased physiological cell death or decreased corpse internalization. When we used a
YFP::actin transgenic strain to monitor corpse internalization (and indirectly programmed cell
death) in the gonad, the numbers of cells undergoing internalization in rab-5 and rab-7 deficient
worms showed no difference compared to wild type. Thus, the increased corpse number
appears to be primarily due to defects in phagosome maturation (see Supplementary Figure
S2). Taken together, these data suggest that RAB-5 and RAB-7 function downstream of corpse
internalization, with RAB-5 functioning upstream of RAB-7 (Figure 1, x), and both GTPases
being critical for proper clearance of apoptotic cells in vivo.
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We next used a candidate gene approach to test the importance during cell corpse clearance of
genes known to regulate RAB-5 signaling during endocytosis. Mammalian and yeast Rab5
GTP exchange factors (GEFs), which promote cycling of GTPases from the GDP to GTP-
bound conformation, all share a canonical Vps9 domain“C. There are three VVps9-domain
containing proteins in the nematode, rme-6, rabx-5, and tag-333*1. RME-6 and RABX-5 are
both homologues of mammalian RabEXx-5 and are required for generation of RAB-5(+)
endosomes in coelomocytes?? and in the somatic sheath cells (Supplementary Figure S1).
Surprisingly, neither the single mutants rme-6, rabx-5 or tag-333 nor the triple mutant rme-6
(b1014); tag-333(gk431); rabx-5(RNAI) worms showed any defects in corpse removal,
suggesting that this class of proteins is not required for RAB-5 function during apoptotic cell
clearance.

We then asked whether RAB-5 effectors, which bind activated, GTP-bound RAB-5, play a
role in apoptotic cell clearance. Analysis of worms harboring mutations in the nematode
homologues of the FYVE-domain containing RAB-5 effectors EEAL (EEA-1) and
Rabenosyn-5 (RABS-5) had no obvious defects in corpse degradation, although the same
mutant strains have previously been shown to display defects during endocytosis in
theworm#3A45 (Table 1). This was somewhat surprising, as studies monitoring phagosome
maturation in mammalian cells routinely use EEA1 protein as a marker for the early endosome.
It was possible that eea-1(0k1040) represented a complex rearrangement rather than a well-
defined deletion; however, we could not detect eea-1 mMRNA by RT-PCR, suggesting that this
is indeed a null allele.

EEA-1 and RABS-5 are hypothesized to function as a tethering complex during a
AconcentratingA stage of endocytosis, where multiple vesicles may fuse into RAB-5 positive
structures3®. To address the importance of fusion events during corpse clearance, we scored
worms deficient in the ATPase NSF-1, the nematode homologue of N-ethylmaleimide-
sensitive factor (NSF) and a key component of the vesicular fusion machinery on early
endosomes*®. Loss of NSF-1 does not result in increased corpse number (Table 1), suggesting
that a concentrating step is dispensable for efficient corpse degradation; knockdown of nsf-1
MRNA was efficient under these conditions (86%, as determined from RT-PCR performed on
dissected gonads) (Supplementary Figure S3). Additionally, a YFP::NSF-1 fusion protein did
not localize around corpses undergoing engulfment, and nsf-1(RNAI) also greatly reduced
fluorescent signal in the gonadal sheath cells (Supplementary Figure S3), providing further
evidence that our knockdown was efficient.

It was possible that an alternate FYVE or PX-domain-containing protein (both of which bind
to endosomal structures) could be involved in RAB-5 function during corpse removal.
Therefore, we focused on the 14 FYVE-domain containing proteins and 12 PX-domain
containing proteins in the nematode genome*L. Analysis of worms with disruptions in the 14
FYVE domain-containing proteins (either existing mutants in seven genes, or RNAi-mediated
knockdown of the other seven candidates) showed no obvious defect in corpse removal in the
germ line. Knockdown of two of the twelve PX-domain containing proteins, sorting nexins
encoded by Y116A8¢.26 and F17H10.3, resulted in increased numbers of germ cell corpses.
However, the defects we observed in Y116A8¢.26(RNAI) and F17H10.3(RNAI) were relatively
weak (potentially due to redundancy of function or poor RNA.I efficiency), and we did not see
aclear effect on RAB-5 or RAB-7 recruitment to the phagosome (data not shown). We propose
that the two sorting nexins may play a redundant role in RAB-5 or RAB-7 recruitment to the
phagosome, or affect another aspect of phagosome maturation.
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We next tested genes that may regulate RAB-7 function during engulfment. The HOPS
complex is a GEF/effector complex that acts on RAB-7 during endocytosis and is composed
of the products of seven genes A vps-11, vps-16, vps-18, vps-33, vps-39, vps-41, and
vps-4547. RNAI directed against each of these genes [and a vps-16(0k719) mutant,
Supplementary Figure S4] resulted in the accumulation of refractile apoptotic cells in the gonad
(Figure 2, aAf Table 1). Since the number of cells undergoing internalization in the gonad, as
measured by YFP::actin staining, was similar to wild type (Supplementary Figure S2), these
refractile corpses appeared to represent internalized but undegraded apoptotic cells. To place
these genes within the pathway for phagosome maturation, we assayed RAB-5 and RAB-7
recruitment to the phagosome (Figure 2, g, hAs). Interestingly we found that RNAi-mediated
disruption of five of the members of the VPS/HOPS complex (vps-11, vps-16, vps-18,
vps-33 and vps-41) results in apoptotic cells arrested in RAB-7-positive phagosomes. These
proteins are predicted to interact with SNARES and syntaxins and may function as a Atethering
complexA for the docking of vesicles onto the phagosome48: 49, suggesting that the delivery
of some component may be required for resolution of the RAB-7(+) stage.

Two additional HOPS complex members, vps-41 and vps-45, also appeared to function in
maturation of phagosomes containing corpses. VPS-45 is a member of a family of proteins
(Sec1 homologues) that mediate targeting of vesicles in the lysosomal degradation pathway.
Knockdown of vps-45 showed only a mild increase in the number of RAB-7 or RAB-5
phagosomes, while robustly generating increased number of germ cell corpses. This suggests
that VPS-45 might be dispensable for RAB-5/RAB-7 recruitment and resolution, potentially
functioning at later stages downstream of RAB-7 (see Discussion). Additionally, vps-41
(RNAI) resulted in a mild increase in the number of RAB-5-positive phagosomes, suggesting
VPS-41 may influence RAB-5 release from the phagosome. These data further extended our
linear pathway for phagosome maturation, with HOPS complex members functioning at
multiple steps of RAB-5/RAB-7 function (Figure 2, t).

An unbiased genetic screen identifies additional genes required for efficient corpse removal

In our targeted gene analyses above, we were unable to identify upstream regulators of RAB-5
function that would be required for maturation of apoptotic cell-containing phagosomes. We
thus undertook an unbiased, reverse genetic screen3® to systematically identify genes involved
in both corpse internalization and processing during germ cell apoptosis. We previously
showed that the vital dye acridine orange selectively stains internalized apoptotic cell corpses
at late stages of degradation?®: 38 (Figure 3, aAd). Corpses in rab-7(RNAi) worms, which are
arrested in RAB-5(+) phagosomes, weakly stained with acridine orange (Figure 3, j, k),
suggesting that RAB-5(+) phagosomes are acidified. Using a feeding RNAI library®°, we
screened for genes on chromosomes I, 111, IV and X that suppress acridine orange staining of
apoptotic cells in the adult hermaphrodite gonad (see Methods).

By design, we expected to identify candidate genes whose disruption caused defects in
phagosome maturation or acidification of phagosomes and phagolysosomes (candidates most
relevant to this manuscript), as well as genes affecting programmed cell death or corpse
recognition/internalization (manifesting as a decrease in the number of AO positive corpses).
Following elimination of all genes previously shown to cause developmental delay or
sterility?, we identified 61 genes whose knockdown reproducibly resulted in decreased AO
staining (Figure 3e' Supplementary Table S1). In addition to the known genes required for
corpse recognition (ced-1) and internalization (ced-5 and ced-6) present in the RNA.
library%9, we also identified components of the Arp2/3 complex in C. elegans, arx-3 and
arx-5°1. Since the Arp2/3 complex plays a key role during actin reorganization and corpse
removal in mammalian systems®2, the inactivation of the Arp2/3 complex in C. elegans may
similarly interfere with actin-dependent corpse internalization. Additionally, we identified
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wip-1and C24A1.3 (atyrosine kinase), which may regulate activity of the small GTPase Cdc42
during corpse removal. Among the remaining genes, homologues of several candidates, phi-25,
dyci-1, rab-10, and rme-8, suggest these genes may play a role during corpse processing and
phagosome maturation®!. Further, we isolated vha-15, a vacuolar ATPase, which may be
required for acidification of the lysosome and hence onset of AO staining.

Among our candidates causing accumulation of refractile corpses were VPS-34 and
DYN-153 (Figure 3, fAi). VPS-34 is the nematode homologue of the PI1-3-kinase Vps34, and
is a known Rab5 effector>® involved in maturation of endosomes into acidic lysosomes. DYN-1
is the nematode homologue of mammalian dynamin, and belongs to a family of large GTPases
that have been linked to both organization of the actin cytoskeleton®>A5%8 and internalization
of antibody-opsonized cells®®. Dynamin has also been shown to play a role in receptor-
mediated endocytosis and protein trafficking®® and to form an endogenous complex with
Arp2/3 and other actin binding proteins®°. However, the exact function of dynamin during
remodeling of the actin cytoskeleton in the context of engulfment is unclear80. In the nematode,
DYN-1 is involved in cytokinesis and is required for synaptic vesicle transport®3 61, We
decided to focus on DYN-1 for further study, as corpses in dyn-1(If) worms appeared arrested
in abnormal phagosome structures and a role for dynamin in phagosome maturation had yet to
be described. DYN-1 has also been linked to corpse internalization2; however, as described
below, our careful analyses in C. elegans and mammalian cells suggest no obvious role for
dynamin in internalization of apoptotic cells per se, rather an important role for dynamin in
phagosome maturation subsequent to internalization of the corpse.

DYN-1 is recruited to the phagosome downstream of corpse internalization

dyn-1(RNAI) resulted in an accumulation of refractile corpses in the adult hermaphrodite gonad
(Figure 3f, g and Supplementary Table S1, S2). A dyn-1 mutant, ky51, with a proline to serine
substitution (residue 70) in the GTPase domain has been described; this mutant dynamin
protein is inactivated within 2 minutes at the non-permissive temperature (25AC)®3. dyn-1
(ky51) mutant worms also showed increased AO negative apoptotic corpses at 25AC,
suggesting that DYN-1 function is required early during corpse removal. To further investigate
the role of DYN-1 in engulfment, we generated YFP- or CFP-tagged DYN-1 constructs and
assayed localization of DYN-1 during corpse removal. We detected enrichment of DYN-1 in
punctate structures surrounding early apoptotic cells at the stage during which active
phagocytosis occurs?? (Figure 3, I, m, and Supplementary Figure S5). These DYN-1::CFP
structures colocalized with the YFP::actin meshwork that forms around early apoptotic cells
(Figure 3, v) during corpse internalization. We could not detect enrichment of DY N-1 adjacent
to the apoptotic cell in ced-1 mutant worms (Figure 3, n, 0), suggesting that DYN-1 is recruited
at a stage following corpse recognition. Finally, in ced-5 or ced-6 mutant worms (Figure 3, p,
q), and other genetic backgrounds deficient for corpse internalization (Supplementary Figure
S5), DYN-1 enrichment adjacent to apoptotic cells was also greatly decreased compared to
wild type. These results suggested that DYN-1 is recruited to the apoptotic cell following
recognition and at a late stage during or following internalization of the corpse. Earlier studies
have proposed that the ced-2, -5, -12 pathway was dispensable for DYN-1 recruitment during
embryogenesis®?; however, this work utilized a group of cells that require a single pathway
(comprised of ced-1, -6, -7) for efficient corpse internalization, whereas the adult
hermaphrodite gonads uses both pathways for corpse removal3%: 35, Our more rigorous analysis
suggests that the coordinated activity of both engulfment pathways results in recruitment of
DYN-1 to the phagosome. We also noted that DYN-1 recruitment to apoptotic corpses was
transient: DYN-1 is not found on SYTO41-staining phagosomes, which contain AlateA
apoptotic cell corpses (Figure 3, wAz and Supplementary Figure S2), suggesting DYN-1 is
rapidly removed from the phagosome membrane following corpse internalization and actin
disassembly.
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DYN-1 is required for phagosome maturation and maintenance of the actin cytoskeleton

One of the best known roles for dynamin during endocytosis is in pinching off vesicles from
the plasma membrane (membrane scission)®0. A similar but phenotypically and molecularly
distinct process occurs when the phagocytic cup fully extends around the apoptotic cell and
then fuses to completely encompass the apoptotic cell. To test whether apoptotic cells are
engulfed in dyn-1(ky51) mutant worms and to monitor phagocytic cup closure, we monitored
CED-1::GFP and YFP::CED-6 localization, which are enriched at the cell membrane around
apoptotic cells during corpse internalization2%: 29, Both CED-1::GFP and YFP::CED-6 were
efficiently recruited around apoptotic cells in dyn-1(ky51) mutant worms (Figure 4, aAd,
quantitated in Supplementary Table S3), and the phagocytic cup appeared to be completely
closed around the apoptotic cell (Figure 4, d, inset), suggesting DYN-1 is not required for
pseudopod extension or phagosome closure. In wild-type worms, CED-1 is rapidly removed
from the phagosome following corpse internalization (Figure 4b)20: 29, However, in dyn-1
(ky51) mutants the total number of CED-1- and CED-6-staining phagosomes was increased
compared to wild type, consistent with early defects in phagosome maturation (Figure 4, d and
Supplementary Table S3). We also monitored actin recruitment to the phagocytic cup: worms
deficient in DYN-1 showed similar numbers of corpses undergoing internalization (as
measured by actin recruitment to the phagocytic cup) as wild type nematodes (Figure 4, eAh,
quantitated in g). In contrast, internalization was not seen in ced-1(If) (Figure 4, i, j), which
has previously been linked to actin rearrangement during corpse recognition29, Taken together,
these results suggest that the refractile corpses in dyn-1(ky51) mutant worms were arrested in
phagosomes at a stage following corpse internalization.

Inarecent report, Yu et al. showed that approximately 40% of the corpses present in the gonad
of dyn-1(RNAI) worms persist un-engulfed®2. However, our studies suggested no obvious
defect in corpse internalization per se but instead that DYN-1 may act during phagosome
maturation. Our studies use the ky51 temperature sensitive allele, whereas those of Yu et al use
dyn-1(RNAI), which would inactivate DYN-1 function over a much longer timeframe. We
addressed whether the time point when the animals were scored may be the source of the
discrepancy between our two studies. In fact, we did observe a potential phagocytic defect in
24- and 48-hour adult gonads in dyn-1(ky51) and dyn-1(RNAi) worms, as measured by
decreased numbers of observed actin halos (Figure 4, g and data not shown). However, the
caveat with scoring at this time point is that loss of dynamin function has been associated with
defects in the actin cytoskeleton in mammalian cells°®A%8: 60, thus the phenotype seen could
have been a secondary effect. In our analysis, loss of DYN-1 in C. elegans also seems to affect
integrity of the actin cytoskeleton at late timepoints (24- and 36-hours post-shift to 25AC),
with gross alterations in F-actin staining [Figure 4, m and camera lucida, n compared to wild
type (k, I) or dyn-1(ky51) (o, p)]. At these later times, we cannot say whether DYN-1 plays a
AdirectA role in corpse internalization (which would be less sensitive to gene inactivation by
RNAI and temperature shift) or whether this might be a secondary effect of accumulated defects
in the actin cytoskeleton. Thus, to avoid potential unintended secondary defects, we have
performed all our nematode assays here at the 12-hour adult stage following dyn-1(ky51)
inactivation.

Dynamin function during phagosome maturation is evolutionarily conserved

We next addressed the role of dynamin in phagosome maturation in the mammalian context.
There are three mammalian dynamins: dynamin-2 is ubiquitously expressed, while
dynamin-1 and dynamin-3 show a more restricted expression (brain and testes,
respectively63). Since most cell types possess the ability to engulf, we chose to focus on the
role of dynamin-2. In both J774 macrophages and NIH3T3 fibroblasts (models for professional
and nonprofessional phagocytes, respectively) we observed recruitment of endogenous
dynamin around apoptotic cells (Figure 5, aAh) with kinetics similar to those observed for actin
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polymerization (Figure 50’ Supplementary Figure S6). Observed dynamin staining originated
from phagocytes and not from targets being engulfed, as apoptotic cells not undergoing
internalization showed no obvious dynamin staining (Figure 5, a, b, arrowhead). Recruitment
of dynamin into the phagocytic cup was also specific, and not due to a general recruitment of
proteins involved in actin organization or proteins involved in endocytosis; for example,
cortactin, a dynamin-interacting protein6%, was excluded from the phagocytic cup
(Supplementary Figure S7).

To better address dynamin localization within the phagocytic cup, we acquired confocal z-
stacks and reconstructed xz- or yz-planes. In the absence of phagocytic cup formation, bound
apoptotic cells (at either 4 AC or 37 AC) showed no observable dynamin staining
(Supplementary Figure S6). Apoptotic cells being internalized by phagocytes showed punctate
staining within the phagocytic cup (Figure 5, j, I, m and camera lucida, n). Dynamin staining
appeared to be excluded from the leading edge, suggesting that dynamin is likely not involved
in membrane extension around the apoptotic cell. Consistent with these observations, we could
not detect any defect in internalization using either a dominant negative Dyn2X44A construct,
which has impaired GTPase activity®4, or siRNA-mediated knockdown of dynamin
(Supplementary Figure S8). As in the nematode, dynamin recruitment during engulfment was
transient, as staining was rapidly lost from the phagosome following corpse internalization
(Figure 50 and Figure 4).

We next addressed whether the role of mammalian dynamin, similar to DYN-1 in C.
elegans, would also regulate phagosome maturation. While apoptotic thymocytes appear to be
internalized normally by NIH3T3 cells, corpses within NIH3T3 cells expressing dominant
negative Dyn2K44A or treated with dyn2 siRNA did not mature into acidic endosomes, as
determined by Lysotracker Red staining (Figure 6aAh, quantitated in u, v). This phenotype
was unlikely due to general defects in endocytosis, as Dyn2SIRNA did not affect clathrin pit
resolution (Supplementary Figure S8). Taken together, these data suggested a critical role for
mammalian dynamin during phagosome maturation after internalization of apoptotic cells.
Since this function of dynamin appeared to be roughly at a step when Rab5 localization to the
phagosome would occur, this suggested an exciting possibility that dynamin and/or Vps34
could provide the missing upstream link to Rab5 recruitment/retention to nascent phagosomes
during apoptotic cell processing.

Dynamin regulates recruitment/retention of Rab5 to the nascent phagosome

Phagosomes in dynamin-deficient cells appear arrested in abnormal, unacidified lysosomal
structures. Unlike control transfected NIH/3T3 cells, in which Rab5 was efficiently recruited
to apoptotic cell-containing phagosomes (Figure 6, mAp, quantitated in w), NIH/3T3 cells
transfected with dominant negative Dyn2K44A showed a significant decrease in the percent of
apoptotic cells in Rab5-positive phagosomes (p < 0.001) (Figure 6, gAt, w). This suggests that
dynamin is required for efficient maturation of a nascent phagosome containing internalized
apoptotic cells into Rab5-positive phagosomes. Consistent with this hypothesis, cells
expressing dominant negative Rab5534N had decreased numbers of internalized apoptotic cells
staining with Lysotracker Red (Figure 6, iAl, quantitated in u), confirming that phagosomes
must become Rab5-positive before becoming acidified.

We next asked whether C. elegans DY N-1 would also regulate RAB-5 or RAB-7 recruitment.
In dyn-1(ky51) worms at the nonpermissive temperature, phagosomal RAB-5 staining was
decreased, suggesting a defect in recruitment of RAB-5 to the maturing phagosome (Figure 7,
e, fvs. wild type, a, b; quantitated in g). In addition, phagosomes in dyn-1(ky51) mutant worms
were abnormally large compared to those seen in wild-type worms (Figure 7, e vs. a,
arrowheads, quantitated in s); these enlarged phagosomes resemble structures observed in
mammalian cells that are the result of abnormal fusion events®. In contrast, uninternalized
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cell corpses in ced-1 or ced-5 mutant worms did not show a similar increase in corpse volume
(Figure 7, s, Supplementary Figure S1). RAB-7 halos were also greatly decreased in dyn-1
(ky51) mutant worms, consistent with a block in phagosome maturation (Figure 7, g, h vs. wild
type, ¢, d, quantitated in g). It is noteworthy that RAB-5 and RAB-7-positive endosomes, likely
resulting from receptor-mediated endocytosis, appeared normal (Supplementary Figure S1),
suggesting a more stringent requirement for DYN-1 in the recruitment of RAB-5 and RAB-7
to phagosomes containing apoptotic cells. Taken together, these data suggest a specific and
evolutionarily conserved role for dynamin homologues in regulation of maturation of
phagosomes containing apoptotic cells upstream of RAB-5.

VPS-34 functions downstream of dynamin and is required for Rab5 recruitment to the

phagosome

We next asked whether DYN-1 functions upstream or downstream of VPS-34. In vps-34
(RNAI) worms, DYN-1::YFP was still efficiently recruited to apoptotic corpses (Figure 3, rAs),
suggesting that DYN-1 likely functions upstream of (or in parallel to) VPS-34 during
engulfment. Since our localization studies suggested that DYN-1 might function upstream of
VPS-34, we next looked at recruitment of RAB-5 in vps-34-deficient nematodes (Figure 7,
iAl). Knockdown of vps-34 also resulted in defects in RAB-5 recruitment or stabilization on
the nascent phagosomes (Figure 7, r), essentially similar to dyn-1(ky51) mutant worms. This
suggested that DYN-1 and VPS-34 function at a step upstream of RAB-5 recruitment to the
nascent phagosome. However, how these proteins might function together to mediate RAB-5
recruitment was unclear (Figure 7t).

During endocytosis, Vps34 is thought to function downstream of Rab5, mediating recruitment
of Rab5 effectors. However, our genetic studies above place Vps34 upstream of Rab5
recruitment. To further investigate the timing of VVps34 function, we transiently transfected
NIH3T3 cells with a FLAG-tagged Vps34 construct and monitored Vps34 recruitment to the
forming phagosome. Consistent with our genetic studies, we found that VVps34 was recruited
to the phagocytic cup, where it co-localized with endogenous Dyn2 (Figure 8, aAd). Since both
DYN-1 and VVPS-34 seemed to function genetically at the same stage, we next asked whether
Vps34 localization might be affected by decreased dynamin activity. Cells expressing either
GFP (as transfection control, Figure 8, 0) or Dyn2WT (Figure 8, eAi, quantitated in 0) showed
robust recruitment of VVps34 to forming phagosomes. However, in cells expressing dominant-
negative Dyn2X44A (Figure 8, jAn, 0), Vps34 recruitment was significantly reduced (Figure
8, 0, p < 0.001). Taken together with our previous studies showing that DYN-1 is properly
localized in vps-34(RNAI) worms, this data strongly suggests that VVps34 functions downstream
of dynamin, but upstream of RAB-5 recruitment.

A Dyn2-Vps34 complex mediates Rab5 recruitment to the nascent phagosome

Mammalian Vps34 has previously been detected in a complex with Rab5%6; thus, it was
possible that VVps34 served as the link between dynamin and Rab5. We first observed that Dyn2
could bind Vps34 when transiently overexpressed in 293T cells (Figure 8, p). Under these
conditions Vps34 did not associate with other proteins involved in the engulfment of apoptotic
cells, such as Dock180 (Figure 8, p), ELMO1, GULP, or Crkll (data not shown). To determine
whether Dyn2 physically binds VVps34 or if the two are part of a larger complex, we produced
GST-Vps34 in bacteria and asked if this could bind purified Dyn2. In this case, Dyn2 could
be precipitated with GST-Vps34 (but not GST-ELMO1), suggesting that Dyn2 and Vps34
directly interact (Figure 8, g and Supplementary Figure S10).

We next tested whether Dyn2, Vps34 and Rab5 could form a complex and made several
interesting observations. First, we could detect a complex containing Dyn2, VVps34, and
Rab5534N, which mimics the GDP-bound form of Rab5 (Figure 8, r). Dyn2 did not interact
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with Rab5 in the absence of Vps34, suggesting a bridging role for Vps34 in linking dynamin
and Rab5. Consistent with our biochemical studies, we found that DYN-1::YFP and
CFP::RAB-5 can co-localize on phagosomes in the nematode (Figure 9, aAd, arrow).
Importantly, DYN-1::YFP did not co-localize to a significant extent with CFP::RAB-7 (Figure
9, mAp, arrows vs. arrowheads). Knockdown of vps-34 disrupted co-localization between
DYN-1and RAB-5, supporting a role for VPS-34 in mediating DYN-1-RAB-5 interaction and
recruitment of RAB-5 to the phagosome (Figure 9, iAl, arrows).

Our studies suggest that DYN-1 is transiently recruited to the phagosome and may define an
intermediate structure prior to RAB-5 recruitment. Notably, in rab-7(RNAi) worms, where
phagosomes were arrested at the RAB-5(+) stage, we also found that although most
phagosomes stain with CFP::RAB-5, only a subset stain with DYN-1::YFP (Figure 9, eAh).
Thus, DYN-1 and RAB-5 appear to mark distinct, but overlapping stages during phagosome
maturation.

VPS-34 kinase activity is regulated by RAB-5

The function of many proteins is modified following recruitment to their sites of action,
providing an additional level of regulation beyond protein recruitment. Our data suggests
VPS-34 is required for RAB-5 recruitment; in vitro studies have suggested an additional level
of protein regulation, where Rab5C TP promotes optimal \VVPS34 activity®’. To further narrow
down the mechanism of VVps34 function, we created transgenic nematodes expressing a YFP::
2xFYVE fusion construct. The FYVE domains have been shown to specifically bind PtdIns
(3)P generated by VPS-34 on endosomes®8. We found that this marker was recruited to
phagosomes containing apoptotic cells in wild type (Figure 9, g, gA, arrows, quantitated in w),
but not in worms deficient in ced-1 or ced-6 (Figure 9, r, rA and w), suggesting that staining
occurs only following corpse internalization. Staining was also greatly reduced in vps-34
(RNAI) animals (Figure 9, t, tA), consistent with a known role for VVps34 in generation of PtdIns
(3)P. The YFP::2xFYVE construct was not recruited around apoptotic cells in dyn-1(ky51)
mutant worms (Figure 9, n, nA), confirming that VPS-34 functions downstream of DYN-1.
Interestingly, in rab-5(RNAI) treated worms, YFP::2xFYVE recruitment to phagosomes was
greatly reduced (Figure 9, u, uA\), suggesting that RAB-5 is required for VPS-34 activity.
Knockdown of rab-7 resulted in the accumulation of YFP::2xFYVE-positive phagosomes
(Figure 9, v, vA), confirming that \VPS-34 functions upstream of RAB-7 during phagosome
maturation. Taken together, these data define an evolutionarily conserved pathway in mammals
and worms, wherein dynamin and VVps34 localize to phagosomes containing internalized
apoptotic corpses and mediate recruitment of Rab5. This is followed by a Rab5-dependent
activation of Vps34 kinase activity. subsequent recruitment of FYVE-domain containing
proteins, and the maturation of this phagosome to a RAB-7 positive state coupled with
acidification of the phagosome.

Discussion

In this report, through a combination of genetic, biochemical and cell biological studies in C.
elegans and mammalian cells, we have identified several players important for maturation of
phagosomes containing apoptotic cells and corpse degradation. Through in-depth analysis of
the candidate genes identified in the unbiased genetic screens, we now define a novel
mechanism wherein the large GTPase DYN-1 (dynamin) and the PtdIns(3)-kinase VPS-34
(Vps34) are recruited to the nascent phagosome and then regulate recruitment of Rab5 (Figure
9, X). We identify for the first time a novel and direct physical interaction between dynamin
and Vps34 and the binding of Rab5CPP to this complex. Our work also suggests that an as-yet
unidentified GEF would convert Rab5 to Rab5¢ TP, resulting in activation of Vps34 kinase
activity, and subsequent recruitment of FY'VE-domain-containing proteins that bind PtdIns(3)
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P, the product of Vps34 enzymatic activity8” 69. We also identify further maturation steps,
leading to RAB-7 recruitment and the importance of HOPS complex proteins in regulating
phagosome maturation during apoptotic cell clearance. Taken together, our studies identify a
number of new evolutionarily conserved players involved in corpse processing subsequent to
internalization. This work also identifies the temporal order of recruitment/function for many
of these components, and highlights the importance of these heretofore unappreciated
downstream components for proper corpse processing (Figure 9, X, y).

Surprisingly, we also find that many proteins commonly used as markers for phagosome
structures (such as EEA-1 and other Rab5 effectors) are not required for corpse degradation;
however, that does not mean that these genes do not play a minor (or potentially redundant)
role in phagosome maturation. It was also possible that RNAi (when a mutant was not available)
was not efficient enough to produce a phenotype. We were also not able to identify a GEF that
would regulate Rab5 activation. All known Rab5 GEFs contain a canonical Rab5-GEF domain,
termed the Vps9 domain, after the yeast Rab5 homologue®?. It is then somewhat surprising
that none of the three predicted Vps9-domain-containing proteins in the nematode, rme-6,
rabx-5, or tag-333, were required individually or redundantly for corpse removal. We are not
comfortable suggesting that there is no GEF for Rab5 during this process, we are compelled
to suggest that there may exist a class of Rab5 GEFs with a novel architecture, lacking the
Vps9 domain, that may specifically regulate phagosomes maturation.

It has been loosely assumed that once the corpse is internalized, phagosomes containing the
Aapoptotic cargoA would feed into common endocytic machinery. This is not necessarily the
case for bacterial pathogens; our work clearly highlights several features of phagosome
maturation during apoptotic cell clearance that are distinct from classical endocytosis. For
example, worms deficient in clathrin light and heavy chains (clc-1 and clhc-1, respectively),
show increased germ cell apoptosis, but no defects in corpse engulfment (Supplementary Table
S4). Additionally, we found that members of the exocyst complex were not required for corpse
removal (data not shown). Moreover, knockdown of nsf-1 and mutations in eea-1 and rabs-5
did not inhibit corpse removal, even though they have been shown to regulate fusion pore
formation in yeast and mammalian cells, and proper receptor-mediated endocytosis, These
results, combined with our other observations that the Rab5 GEFs rme-6 and rabx-5 are not
required for corpse clearance, suggest that classical endocytosis and apoptotic cell clearance
not only use distinct internalization processes but likely use different post-internalization
maturation pathways.

We also assessed DYN-1 localization after disruption of RME-8, another candidate that was
isolated in the screen as having increased numbers of refractile corpses in the gonad. rme-8
was initially identified in a screen for genes defective in receptor-mediated endocytosis;
RME-8 localizes to the early endosome, though its exact mechanism of function is
unknown’0A72, In rme-8(b1023ts) worms, DYN-1::YFP was efficiently recruited around
corpses, further suggesting that DYN-1 may function between corpse internalization and an
early phagosome structure. Additionally, rme-8 was also required for recruitment of RAB-5
and RAB-7 to the phagosome (Figure 3, t, u and 7, mAp). Little is known about how rme-8
functions in endocytosis, but our studies suggest that rme-8 (and our other identified candidate
proteins) play a role during an early stage of phagosome maturation.

We also identified members of the HOPS complex, a multifunctional protein complex that
regulates multiple stages of endocytosis, in our targeted screen. vps-16, vps-18, vps-33, and
vps-41 are components of a SNARE complex, which function with syntaxins to direct vesicles
to their appropriate organelle?®: 49: vps-39 is a likely GEF for Rab7. The yeast orthologue of
vps-11 has been shown to interact with vps-39, though the significance of this is uncertain’3.
The HOPS complex has been implicated in S. cerevisiae as being part of a tethering complex,
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which would direct the fusion of vesicles to the endosome. Here, we show that knockdown of
vps-11, vps-16, vps-18, vps-33, vps-39 and vps-41 result in phagosome arrest at the RAB-7(+)
stage. This is consistent with studies suggesting these proteins likely function as a tether for
site of vesicular fusion, though it is uncertain whether fusing vesicles would be derived from
existing lysosomes or would be targeted from the Golgi to create de novo lysosomes. Loss of
the HOPS complex would then render RAB-7(+) phagosomes unable to mature into later
lysosomal structures. Other studies have shown that the recruitment of Rab7 to endosomes is
linked to Rab5 activity; hence, HOPS complex members can also be found in a complex3? with
Rab5CTPAS, We find that knockdown of one complex member, vps-41 resulted in an increase
in the number of corpses in RAB-5(+) phagosomes, suggesting that in the nematode, VPS-41
may be involved in the recruitment of the HOPS complex to maturing RAB-5(+) phagosomes.
Our current studies could not identify arole for the final member of the HOPS complex, VPS-45
(a Sec1-family member39), as this gene appears to function downstream of RAB-7 loss from
the phagosome. Interestingly, studies on endocytosis have suggested that the HOPS complex
primarily functions to mediate ARab conversionA of Rab5(+) phagosomes39, again
highlighting that while phagosome maturation utilizes a subset of the endocytic machinery, it
appears to use them in a novel fashion.

Recent studies have also suggested a controversial role for the fusion of phagosomes with the
endoplasmic reticulum (ER) during phagosome maturation’4. Other groups have suggested
that this may be due to contamination of phagosome preparations with ER-derived
membrane75. rab-5(RNAI) has also been shown to affect integrity of the ER, making it formally
possible that our knockdown may have identified a role for the ER is corpse removal. RET-1
and YOP-1 (nematode homologues of RTN4a/NogoA and DP1/REEPS, respectively) are
required for new tubulation of the ER®, which would be required for entry of apoptotic cells
into an ER structure. ret-1(gk242); yop-1(RNAi) worms did not show defects corpse removal,
suggesting that, at least in the worm, the ER may not play a direct role in phagosome biogenesis
or corpse degradation.

In both mammalian cells and in C. elegans, a feedback regulation between internalization and
degradation of the apoptotic cell corpse have been implied® 77A80, However, the protein
machinery that connects these events is unknown. Here, we have identified dynamin, which is
recruited to the phagocytic cup at the early stages of engulfment, but whose function is required
later for maturation of the internalized corpse into an acidic, Lysotracker/SYTO staining
compartment. We also identified several homologues of sorting nexins in our screen, including
Ist-4, which appears to function in the internalization phase of corpse removal (data not shown).
Intriguingly, dyn-1 mutants may also show a potential feedback into corpse internalization,
and Ist-4 may represent a point of intersection between internalization of apoptotic cells and
their degradation. Further study of these proteins should provide interesting insights into the
control of complex processes.

In addition to a simple Agarbage disposalA function, phagosome maturation is essential for
the proper function of the cellular immune system. Apoptotic cells are not trafficked into MHC
class II-containing phagosomes32, and the inability to properly degrade apoptotic cells has also
been linked to autoimmune disease. This opens the possibility that blocking corpse degradation
via the AstandardA pathway results in inappropriate presentation of antigens derived from
apoptotic cells®. Thus, the components of the phagosome maturation pathway described here,
along with several previously unrecognized players identified through the reverse genetic
screens in C. elegans (Supplementary Table 1) may allow further characterization of the
process of apoptotic cell clearance with significant implications for tolerance to apoptotic cell-
derived self antigens and autoimmunity.
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Nematode Strains and Reagents

Nematode strains were cultivated as previously described'2. Mutations used were as follows:
LGI: gla-3(op216), ced-12(k149), ced-1(e1735); LGIII: ced-6(n1813), ced-7(n1996); LGIV:
ced-2(n1994), ced-10(n3246), opls110[Pjim-7::yfp::act-5]; LGV: bcls39[P)im.7::ced-1::gfp],
LGX: dyn-1(ky51). opls160[Pceq-6::yfp::ced-6, unc-119(+)], Integration sites of opls220
[Peft-3::dyn-1::yfp, unc-119(+)], opls223[Pe.3::yfp::rab-7, unc-119(+)], opls282
[Peeg-1::yfp::rab-5, unc-119(+)], and opls334 [Pceg-1::yfp::2XxFYVE, unc-119(+)] were not
mapped. Unless noted otherwise mutations were previously described*l. opEx1278
[Peft-3::yfp:irab-7, unc-119(+)], opEx1279[Peft.3::cfp::rab-5, unc-119(+)], opEx1304
[Peeg-1::yfp::rab-5, unc-119(+), opEx1303[Pgeqg-1::yfp::rab-7, unc-119(+)], viEx130
[Peeg-1::cfp::rab-7, unc-69(+)], VEx123 [Pceg-1::dyn-1::yfp, unc-69(+)], vfEx129
[Peeg-1::dyn-1::yfp, Peeg-1::Cfp::rab-5, unc-69(+)] and VIEx128 [Peeg-1::yfp::nsf-1; rol-6
(su1006)] are extrachromosomal arrays.

Reagents used in this study were Alexa-647 phalloidin, Hoechst 33342, SYTOA41, SYTO59,
acridine orange (Invitrogen), anti-FLAG clones M2 (Western) and M5 (immunofluorescence)
(Sigma), anti-clathrin light chain CON-1, anti-cortactin, anti-dynamin-2 C-18 (used for
Western analyses), anti-HA F-7 (Santa Cruz), anti-dynamin Hudy1 (Upstate), anti-dynll (BD
Bioscience) (used for immunofluorescence), Alexa 488, 555 anti-mouse, and Alexa 555 anti-
rabbit (Invitrogen); all secondary antibodies were highly cross-adsorbed to minimize cross
reactivity between species. Plasmids pcDNA-HA-Dyn2WT and pcDNA-HA-Dyn2K44A were
a gift from Dorothy Schaffer, pcDNA5-FLAG-Vps3481 were a gift of Jae Jung, and pGreen
Lantern-Rab5534N and pGreen Lantern-Rab5Q7%- were a gift of Jim Casanova.

Reverse genetic screening

Feeding RNAI was performed as described®® with the following modifications. Plates
containing NGM-agarose and 1A5mM IPTG (ARNAI platesA) were inoculated with 300 AL
of appropriate bacterial cultures (transformed with constructs for generation of double stranded
RNA under the control of the T7 promoter) were incubated for 8A12 hours before addition of
worms. Between 30 and 60 synchronized gla-3(op216) L1 stage worms (which was used to
increase the number of apoptotic germ cells) were placed on each RNAI plate and left for 72h
at 20AC. Worms on plates were then stained with Acridine Orange3® and scored for percent
of worms showing AO staining of apoptotic cell corpses under an M2Bio epifluorescence
dissecting microscope (Zeiss). Candidate genes were grouped into functional classes as
previously described®0. To eliminate genes that reduce the number of apoptotic cell corpses in
the germ line (either directly or indirectly), we compared our candidates to the results of other
RNA. screens and removed candidates whose knockdown resulted in delayed morphogenesis
or sterility. Number of germ cell corpses was then scored by DIC microscopy for each candidate
where possible (Supplementary Table S1).

The following dsRNA-synthesizing bacteria were used as positive controls for each RNAI
experiment: bir-1(RNAIi), which gives rise to high embryonic lethality, unc-22(RNAi), which
results in an Uncoordinated phenotype, and ced-3(RNAI), which potently suppresses germ cell
apoptosis. Worms fed with HT115(DH3) bacteria transformed with the original L4440 RNA.
vector containing no insert were used as a reference strain.

DIC and Fluorescence microscopy (Nematode)

Worms were placed on 2% agarose pads in M9, anaesthetized with 3A5mM levamisole (Sigma)
and mounted under a cover slip for observation using a Leica DM-RA or Zeiss Axiovert 200
microscope equipped with DIC (Nomarski) optics and standard epifluorescence with filtersets
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appropriate for visualization of YFP, CFP/SYTO 41, SYTO 59 or GFP. Images were false-
colored in OpenLab or Adobe Photoshop 7.0, which was also used to optimize brightness/
contrast.

Staining of worms with Acridine Orange (Molecular Probes) was performed as previously
described?®. To visualize engulfed cells, gonads were dissected in PBS supplemented with
12.5AM of SYTO 41 or SYTO 59, then incubated in the dark for 10 minutes prior to
observation.

Synchronization and C. elegans phagocytosis assays

To score apoptotic corpses in the hermaphrodite germ line, clean worms were synchronized
by picking hermaphrodites at the L4 larval stage (Christmas tree vulva). These worms were
incubated for 24 hours at 20 AC then scored for persistent cell corpses and fluorescent halos
where appropriate unless otherwise noted. Inactivation of DYN-1 in dyn-1(ky51) mutant
worms occurs in less than a minute following shift to the nonpermissive temperature®3. For all
experiments using the temperature sensitive dyn-1(ky51) and rme-8(b1023) allele worms were
shifted to 25 AC as L4s and scored after 12, 24 and 36 hours for persistent cell corpses and
fluorescent haloes. At the nonpermissive temperature, dyn-1(ky51) mutants exhibits pleiotropic
phenotypes and only worms exhibiting a gonad morphology as close to wild-type as possible
were chosen for scoring. For all experiments using the temperature sensitive rme-8(b1023)
worms were grown at 15AC and were shifted to 25AC as L4s. For most animals only one
gonad arm was scored, as the other arm was concealed by the intestine.

Immunofluorescence in mammalian cells

Cells were incubated overnight in Lipofectamine 2000 as previously described®2, then washed
and incubated in DMEM + 10% serum ~8 hours before engulfment assay was conducted. For
SiRNA experiments, cells were transfected using Amaxa program U-30 and Kit R for NIH/
3T3 cells or T-21 and Kit V for J774 macrophages (Amaxa, Germany) with an siRNA
SMARTpool containing 4 siRNAs targeting mouse dynamin-2 (Dharmacon cat #
M-044919-01), elmol (M-041254-00) or a noncoding SMARTpool (Dharmacon cat #
D-001206-13) using 1.2 Ag of total siRNA (0.3 Ag of each individual siRNA) as previously
described®3, then incubated 48 hours to recover. Images were acquired using a Zeiss 510-UV
laser scanning confocal microscope with 405, 488, 543, and 633 lasers (Zeiss AG, Germany).
For z reconstruction experiments, confocal z sections were acquired every 0.3 Am; z-axis was
reconstructed in LSM and subsequently deconvolved.

Apoptotic thymocytes and Jurkat cells were generated as previously described84; apoptotic
thymocytes (5 x 10° cells per condition) were stained with either CMFDA, TAMRA, or
BODIPY 630 (Invitrogen) and added to NIH/3T3 cells in 4-well Labtek Il culture chambers
followed by a brief centrifugation to pellet cells onto the slide. Of the cells that bind to the
phagocyte monolayer, ~98% are apoptotic by anti-active caspase-3 staining (data not shown).
Thymocytes were allowed to be engulfed for 30 minutes; unbound apoptotic thymocytes were
gently washed off DMEM + 10% FBS, and then subsequently incubated for 2 hours. Jurkat
cells were induced to die with etoposide (30 AM). For Lysotracker staining, cells were
incubated with apoptotic cells in DMEM + 10% FBS containing 1/10,000 dilution of
Lysotracker Red. Cells were then fixed with 3% paraformaldehyde (Sigma) in PBS for 30
minutes, permeabilized with 0.1% Triton X-100 (Sigma) and blocked with 5% milk that had
been clarified by high speed centrifugation. Antibody staining was then done as previously
described®2.
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Generation of transgenic nematodes

Transgenic worms were obtained by microparticle bombardment in a Biolistic PDS-1000 (Bio-
Rad) transformation (opEx and opls alleles) or microinjection as previously described®: €6,
unc-119 or unc-69 was used as a transformation marker. opls220 [Pes.3::dyn-1::yfp] was found
to rescue the temperature sensitive persistent cell corpse phenotype of the dyn-1(ky51) mutants.
For opEx1278 [Pef-3::yfp::rab-7] and opEx1279 [Pesi.3::cfp::rab-5] we observed an
accumulation of the fluorescent proteins into vesicular structures suggesting that the fusion
proteins are functional (Supplementary Figure S1). Similar vesicular structures were observed
in worms carrying opEx1304[Pceg-1::yfp::rab-5; unc-119(+)], opEx1303[Pgeg-1::yfp::rab-7;
unc-119(+)], opls282[Peq.1::yfp::rab-5; unc-119(+)], opls334 [Pceg-1::yfp::2XFYVE,
unc-119(+)], vfEx130 [Pgeg.1::cfp::rab-7, unc-69(+)], viEx123 [Pgeg-1::dyn-1::yfp, unc-69
()], VIEx129 [Pceg-1::dyn-1::yfp, Pgeg-1::cfp::rab-5, unc-69(+)] and vfEx128
[Pceg-1::yfp::nsf-1; rol-6(sul006)].

Immunoprecipitations

293T cells (in 10 cm dishes) were transiently transfected with 1A4 Ag of each appropriate
constructs. After 36 h, the cells were lysed in a 4AC environment room (in 1% Triton X-100,
50mM Tris and 150mM NaCl, 10mM MgCl,) and immunoprecipitated using anti-FLAG
(clone M2, Sigma) or anti-GFP (clone B-2, Santa Cruz) antibody directly coupled to sepharose.
Vps34 was cloned as a Kpnl-Notl fragment from pcDNA5-FLAG-Vps34 into pGEX4T-2, then
transformed into Arctic Express competent cells, which were induced with 0.1 mM IPTG at
10 AC overnight. Bacteria were lysed in cell lysis buffer, sonicated, and GST-Vps34 protein
was purified from the lysate using glutathione sepharose (GE Healthcare). Approximately 10
Ag of purified Dyn2 (gift of D Shafer) was incubated with GST-Vps34 or GST-ELMO187 in
IP buffer (0.5% Triton X-100, 50 mM Tris, 150 mM NaCl, 10mM MgCls,, 0.1% milk), then
washed (0.1% Triton X-100, 50 mM Tris, 150 mM NaCl, 10mM MgCl,) and processed for
Western blotting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RAB-5 and RAB-7 are required for efficient corpse clearance

Bright field images represent DIC micrographs. Arrows and arrowheads indicate apoptotic
germ cells or the indicated fluorescently tagged protein localized around apoptotic germ cells
in dissected gonads. Chart shows number of halos normalized to corpse number; Error bars
represents.e.m. n>10 animals for each condition. SYTO41 or SYTO59 dye was used according
to spectral requirements for co-localization with YFP or CFP. Size bar, 10 Am.

(aAl) In wild-type worms, CFP::RAB-5 (aAd) and YFP::RAB-7 (eAh) highlight SYTO-
positive, late stage internalized germ cell corpses (d, h, arrowheads) as well as corpses that
stain weakly with SYTO dyes (c, g). Occasionally, more than one corpse can be seen as RAB-5
or RAB-7 positive structures (d, h, asterisks). YFP::RAB-5 (j, arrows) and CFP::RAB-7 (K,
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arrowheads) stain distinct sets of phagosomes (1), though the two makers are occasionally
seen on the same phagosome (1, asterisk).

(mAn) 1.5-fold embryos were assessed for localization of YFP::RAB-5 (m, mA,
arrowheads) and YFP::RAB-7 (n, nA, arrowheads) around phagosomes containing apoptotic
cells arising during developmental morphogenesis.

(oAr) Mutation of either ced-1 or ced-5 severely reduces recruitment of CFP::RAB-5 (0A,
pA) and YFP::RAB-7 (gA, rA) around apoptotic cell corpses (0Ar, arrowheads).

(s) RAB-5 and RAB-7 stain discrete stages during corpse engulfment, with RAB-5
preferentially localizing around early corpses and RAB-7 localizing around late apoptotic cell
corpses (quantitated in s). Corpse staging is described in Supplementary Figure S2.

(tAw) RNA interference against either rab-5 (t) or rab-7 (u), but not control RNAI (v and data
not shown) resulted in increased numbers of undegraded refractile corpses in the adult
hermaphrodite gonad or during developmental morphogenesis (w). Note: rab-5(RNAi) resulted
in incompletely penetrant larval arrest; the animals scored (t) represent escapers that grew into
adults. Corpse number is quantitated in Table 1.

(x) Schematic of the pathway for phagosome maturation containing apoptotic cells, based on
the data above.
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Figure 2. The HOPS complex functions downstream of RAB-7 during maturation of phagosomes
containing apoptotic cells

Bright field images represent DIC micrographs. Arrows and arrowheads indicate apoptotic
germ cells or protein localized around apoptotic germ cells; asterisks represent RAB-7 staining
phagosomes that contain non-refractile, partially degraded apoptotic cells. Error bars represent
s.d. Size bar represents 10 Am.

(aAf) RNA interference against indicated members of the HOPS complex resulted in increased
numbers of undegraded, refractile cell corpses in the gonad.

(9) Theincrease in number of YFP::RAB-5and YFP::RAB-7 positive phagosomes (as a marker
for arrest in maturation of phagosomes containing corpses) was quantitated in animals treated
with RNAI targeting ced-1, rab-7 or indicated members of the HOPS complex In rab-7
(RNAI) animals, there is an accumulation of corpses in RAB-5(+) phagosomes, while the failure
to see halos in ced-1 RNA.I is due to defects in early stages of engulfment.

(hAs) The number of RAB-5-positive phagosomes in animals treated with vps-11 and
vps-39 RNAI (m,q) were similar to control RNAI treated nematodes (i), while the number of
RAB-7-positive phagosomes (0, s) were increased compared to control (k). Quantitated in
(9)-

(t) Schematic of the genetic pathway for phagosome maturation containing apoptotic cells,
based on the data above.
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Figure 3. A reverse genetic screen identifies DYN-1, which is required for efficient corpse removal
and localizes around apoptotic cells in the adult hermaphrodite gonad

Bright field images represent DIC micrographs. Arrows/arrowheads indicate refractile cell
corpses in the DIC images or the indicated protein for localization around apoptotic cells in
the fluorescence images. dyn-1(ky51) mutant worms are shown at the nonpermissive
temperature. Scale bar, 10 Am.

(aAd) In wild-type worms (a, b), acridine orange (AO) preferentially stains engulfed apoptotic
cells present in acidic compartments. In worms mutant for genes required for efficient removal
of apoptotic cells, refractile cell corpses persist but do not stain with AO [ced-1(e1735), c, d].
(e) Schematic of reverse genetic screen. Worms were fed bacteria expressing dsRNA as at the
L1 larval stage, then stained with AO as adults. AO negative candidates were then compared
to previous RNAI screens to exclude false negatives due to sterility or other gonadal defects.
Genes identified were assigned to categories based on proposed function (e.g., cell
architecture). Finally, refractile cell corpses were scored in the 12-hour adult hermaphrodite
gonad by DIC microscopy (Supplementary Table S1).

(fAK) Inactivation of candidate genes identified in the screen, e.g. dyn-1(ky51) (f, g) and vps-34
(RNAI) (h, i) showed persistent corpses without AO staining (g, i, arrowheads). rab-7
(ok511) showed corpses arrested in AO-staining phagosomes (j, k).
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(IAu) DYN-1 is recruited around the apoptotic cell during phagocytosis (I, m, arrowhead), but
not when the engulfment process is disrupted, as in ced-1 (n, o) and ced-5 (p, q) deficient
worms. In vps-34 (r, s) and rme-8 (t, u) deficient worms, DYN-1 is still recruited, suggesting
DYN-1 may function upstream of VPS-34 and RME-8 during corpse removal. Quantitation
of the data presented here is shown in Supplementary Table S2.

(v) DYN-1 is recruited to the phagocytic cup and associated with early phagosomes.
DYN-1::CFP colocalizes with YFP::actin around early/intermediate stage apoptotic cell
corpses (v and the appropriate subpanels).

(wAz) DYN-1 is recruited around SYTO 41-negative (early) apoptotic cell corpses (W, X, z,
overlay, inset, arrow) and is not present on late, SYTO41-positive corpses (y, overlay, inset,
arrowhead). SYTO 41, like acridine orange, preferentially stains late-stage, internalized
apoptotic cells.
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Figure 4. Apoptotic cells are efficiently internalized in dyn-1 mutant worms

Bright field images represent DIC micrographs. dyn-1(ky51) mutant worms are scored at the
nonpermissive temperature (25AC) unless otherwise stated. Arrows, arrowheads indicate
apoptotic cells. Scale bar, 10 Am. Error bars represent s.d.

(aAj) Normal recruitment of CED-1 and actin polymerization around corpses in dyn-1(ky51)
mutant worms at 25AC. Both CED-1::GFP recruitment, which marks the phagocytic cup (b,
inset), and actin reorganization (e, arrows) during engulfment appear normal in dyn-1(ky51)
worms at the non-permissive temperature (d, h, arrows), while ced-1(e1735) mutant worms
display a severe defect in actin polymerization and internalization of the apoptotic cell (j,
arrows). Residual staining in the sheath cells represents cortical actin filaments or G-actin.
Quantitation of this data is presented in (q).

(kAp) In wild type worms, actin stress fibers tend to run longitudinally in the proximal gonad
(k and camera lucida, I). However, after long-term knockdown with dyn-1(RNAI) (48

hours), animals show distorted, disoriented actin fibers (m, n), which may have resulted in the
phagocytic detected at these time points (Supplementary Figure S5). In dyn-1(ky51) mutant
worms, incubated for 24 hours at 25AC, the actin fiber pattern appears as wild type (0,p).
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Figure 5. Dynamin in phagocytes is recruited around apoptotic cells coincident with corpse
internalization

CFSE/TAMRA stains the cytoplasm of apoptotic cells, frequently resulting in a lunette of
staining around the nucleus. Arrows and asterisks indicate apoptotic cells. Scale bar, 10 Am.
Error bars represent s.d.

(aAh) J774 macrophages (aAd) or NIH/3T3 fibroblasts (eAh) were incubated with apoptotic
thymocytes or apoptotic Jurkat cells, respectively, and localization of endogenous dynamin
(green) and polymerized actin (red) were monitored. Dynamin was recruited to the phagocytic
cup with actin in J774 (15 min) (d, merge) and NIH/3T3 cells (30 min) (h, merge) (indicated
by arrow), but was not recruited around bound apoptotic cells (d, arrowhead).

(iAn) Confocal z-sections were reconstructed to generate yz planes (m, n). J774 macrophages
incubated with apoptotic cells at 4 AC did not show phagocytic cup formation or enrichment
of endogenous dynamin around the apoptotic cell (Supplementary Figure S6). Cells incubated
at 37 AC showed dynamin localized in the phagocytic cup (m, arrowhead and n, camera lucida)
adjacent to the apoptotic cell in a punctate pattern (j, k, inset). Dotted lines (l) indicate plane
of yz reconstruction.

(o) Time course of endogenous dynamin recruitment around the apoptotic cell corpse in J774
macrophages. Cells that had bound apoptotic cells were scored positive for dynamin
recruitment if a AhaloA of dynamin was seen to surround the apoptotic cell. 4 AC, n=100 (4
experiments); 37 AC, n=200 (8 experiments).
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Figure 6. Dynamin is required for maturation of engulfed apoptotic cells into Rab5-coated
endosomes

Arrows and arrowheads indicate apoptotic cells or protein recruited around engulfed apoptotic
cells in phagosomes. Neither Dyn2K44A nor Dyn2RNAI had any obvious effect on staining of
endogenous endosomal/lysosomal structures with Lysotracker Red or Rab5. Error bars
represent s.d. Scale bar, 10 Am.

(aAl) NIH/3T3 fibroblasts transfected with GFP (aAd), HA-Dyn2X44A (eAh), or GFP-
Rab5534N (iAl) were incubated with apoptotic thymocytes in the presence of Lysotracker Red
to determine the efficiency of phagosome maturation. In the majority of GFP-transfected cells,
internalized apoptotic thymocytes (arrows) co-stained with Lysotracker red (d, inset); cells
transfected with Dyn2K44A (h, inset) or Rab5534N (1, inset) showed decreased numbers of
engulfed thymocytes co-staining with Lysotracker. Apoptotic cells incubated at 4 AC with
phagocytes did not stain strongly with Lysotracker Red (u, Supplementary Figure S9). HA-
Dyn2K44A expressing cells were stained with anti-HA and an Alexa 488-conjugated secondary
antibody for visualization of transfected cells.

(mAt) Apoptotic cells were incubated with NIH/3T3 fibroblasts, transfected with either GFP
alone (as control) or HA-Dyn2X44A and the localization of endogenous Rab5 was monitored.
The majority of engulfed apoptotic thymocytes inside GFP-transfected cells were in endosomes
coated with Rab5 (0, arrowheads, p, inset). In Dyn2K44A transfected cells, phagosome
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maturation was disrupted and decreased numbers of engulfed thymocytes were in Rab5 coated
endosomes (s, t, arrowhead, inset). Apoptotic cells incubated at 4 AC with phagocytes did not
stain strongly for Rab5 (w, Supplementary Figure S9)

(u) Quantitation of experiment shown in (aAl). 4 AC n=20 (2 experiments), 37 AC, n=60 (3
experiments).

(v) NIH/3T3 fibroblasts were electroporated with a control SiRNA or dynamin-2 (dyn2) siRNA
and assayed as in (aAl). Dyn2SiRNA cells showed decreased co-localization with Lysotracker
as compared to controlSIRNA cells. n=50 (2 experiments).

(w) Quantitation of experiment shown in (mAt). 4 AC n=20 (2 experiments), 37 AC, n=60 (4
experiments).
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Figure 7. DYN-1 is required for efficient recruitment of RAB-5 and RAB-7 to phagosomes
containing engulfed apoptotic cells in the C. elegans gonad

Bright field images represent DIC micrographs. Arrows and arrowheads indicate apoptotic
germ cells or protein localized around apoptotic germ cells. dyn-1(ky51) worms are shown at
the nonpermissive temperature (25 AC) unless otherwise stated. Scale bar, 10 Am. n >10 for
each transgenic. Error bars represent s.e.m.

Compared to wild type (aAd), CFP::RAB-5 (e,f) and YFP::RAB-7 (g,h) halos are decreased
in the gonad of dyn-1(ky51) mutant worms (f,h, arrowheads); quantitated data is presented in
(q). Further, phagosomes appear larger in dyn-1(ky51) mutant worms (e, g, arrowhead and
volume quantitated in (s). Nematodes deficient in vps-34 (iAl) or rme-8 (mAp) showed similar
decreases in the number of RAB-5 or RAB-7 corpses (quantitated in r).

(t) Schematic of the genetic pathway for phagosome maturation containing apoptotic cells,
based on the data presented above and in earlier figures.
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Figure 8. Vps34 functions downstream of Dyn2 and mediates the interaction between Dyn2 and
Rab5

Arrows indicate localization of phagocytic cup or co-localizaiton of indicated proteins. Size
bar, 10 Am. Apoptotic cells were stained with CMHC, whose fluorescence becomes less
detectable when the apoptotic cells are engulfed (g, arrowhead).

(aAd) Apoptotic Jurkat cells were incubated with NIH/3T3 fibroblasts transiently transfected
with FLAG-Vps34 and the localization of endogenous Dyn2 (a) and FLAG-Vps34 (b) in
phagocytic cups containing apoptotic cells (c) were monitored. Both proteins co-localize in
the phagocytic cup (d, overlay, arrow)

(eAn) Apoptotic Jurkat cells were incubated with NIH/3T3 fibroblasts transfected with either
GFP alone (as control, not shown) or HA-tagged Dyn2WT (e) or Dyn2X44A (j) and the
localization of FLAG-tagged Vps34 (f, k) on phagocytic cups containing apoptotic cells (g,
I) was monitored. In Dyn2K44A transfected cells, recruitment of FLAG-Vps34 to the forming
phagosome was disrupted (k, arrow), while Vps34 was efficiently recruited to the phagocytic
cup in Dyn2WT (f) or GFP-transfected cells (not shown). Phalloidin-stained cells are included
to better discriminate phagocytic cups (i, n), which are enriched in actin. Quantitation of these
data are presented in (0).

(p) 293T cells were transiently transfected with the indicated proteins, lysed and
immunoprecipitated using anti-Flag conjugated agarose beads and assessed by immunaoblotting
for the indicated proteins.

(q) GST-tagged Vps34 or ELMOL1 proteins were expressed in bacteria and purified using GST-
sepharose. Approximately 10 Ag purified His-Dyn2 was added to approximately 2 Ag of each
GST-tagged protein. Protein interaction was assessed by immunoblotting.

(r) 293T cells were transiently transfected with the indicated proteins, lysed and
immunoprecipitated using anti-GFP conjugated agarose beads and assessed by
immunoblotting for the coprecipitating proteins. Rab5Q79- and Rab5534N are considered to
mimic for GTP and GDP-bound Rab5, respectively.
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Figure 9. DYN-1 co-localizes with RAB-5 and is required for VPS-34 activity

Bright field images represent DIC micrographs. Arrows and arrowheads indicate apoptotic
germ cells or protein localized around apoptotic germ cells. dyn-1(ky51) worms are shown at
the nonpermissive temperature (25 AC) unless otherwise stated. Scale bar, 10 Am. n >10 for
each transgenic. Error bars represent s.e.m.

(aAp) DYN-1::YFP (b, arrow) and CFP::RAB-5 (c, arrow) co-localize on phagosomes
containing apoptotic cells (a, arrow and d, overlay) at similar times. In rab-7(RNAi) worms,
phagosome-containing corpses (e) are arrested at the RAB-5(+) stage (g, arrows and
arrowheads); a population of these stain with DYN-1::YFP (f, h, arrows), suggesting proteins
transiently stain the same phagosome as it matures. vps-34(RNAI) inhibits co-localization of
DYN-1::YFP (j, I, arrowheads) and CFP::RAB-5 (k, |, arrowheads). DYN-1::YFP and
CFP::RAB-7 did not co-localize on apoptotic cell containing phagosomes (mAp, arrowheads).
(gAv) The YFP::2xFYVE construct specifically binds domains enriched in PtdIns(3)P. YFP::
2xFYVE is recruited to phagosomes containing early apoptotic corpses (q, pre-refractile
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corpse, arrow), while it is excluded from phagosomes containing late corpses (refractile, arrow
head). 2xFYVE::YFP is recruited to phagosomes (g, gA, arrows) in wild type worms; this
recruitment is greatly decreased in ced-6(n1813) (r, rA), dyn-1(ky51) (s, sA), and rab-5
(RNAI) (u, uA) worms. Recruitment to phagosomes is greatly decreased in vps-34(RNAI)
worms (t, tA), consistent with a role for VPS-34 in generation of PtdIns(3)P. 2xFYVE::YFP
is still recruited in rab-7(RNAI) (v, VA). These data were quantitated in (w).

(x, y) Potential model for maturation of phagosomes containing apoptotic cells based on cell
biological (x) and genetic studies (y) in C. elegans and mammals presented here.
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A targeted screen identifies genes required for phagosome maturation

Table 1

Genotype Corpse Number (DIC) n
wild type 23A07 10
wild type 25AC 34A14 15
ced-1(e1735) 182A 4.4 10
ced-1(RNAI) 112A31 10
rab-5(RNAI) 10.1A 46 30
rab-7(RNAI) 254493 30
vps-34(RNAI) 84A21 30
nsf-1(RNAI) 15A08 15
Rab5 GEFs (Vps9-domain containing proteins)

tag-333(gk431) (RIN1) 1.6 A0.7 20
rme-6(b1014) (RabEx-5) 21A09 10
rabx-5(RNA) (RabEx-5) 1.8A09 30
rabx-5(tm512) 15A08 20
rme-6(b1014); rabx-5(RNAi) 20A09 10
tag-333(gk431); rme-6(b1014) 14A1.0 20
tag-333(gk431); rme-6(b1014); rabx-5(RNAI) 1.5A07 15
VPS/HOPS complex

vps-11(RNAI) 108A 26 25
vps-16(RNAI) 13.7A 38 30
vps-18(RNAI) 127A41 30
vps-33(RNAI) 6.1A24 30
vps-39(RNAI) 11.8A 4.2 40
vps-41(RNAi) 131A70 30
vps-45(RNAI) 11.4A53 40
FYVE-domain containing proteins

aka-1(0k707) (SARA) 1.4A07 20
rabs-5(ok1513) (Rabenosyn-5) (25AC) 1.1A05 20
VT23B5.2(0k912) (BWF1) 14A09 20
eea-1(0k1040) (EEAL) 1.8A09 30
tag-77(gk206) (FGD6) 15A07 20
mtm-6(ok330) (MTM6) 1.3A08 20
exc-5(rh232) (FGD1) 12A11 20
ZK632.12(RNAI) (Pafin2) 21A11 30
hgrs-1(RNAI) (HRS) 17A15 20
Ist-2(RNAI) (LZ-FYVE) 18A11 30
F22G12,4(RNAI) (Rabankyrin) 23A10 20
mtm-3(RNAI) (MTM3) 1.9A09 30
wdfy-2(RNAI) (WDFY2) 24A21 20
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Genotype Corpse Number (DIC) n
ppk-3(RNAI) (PIP5K) 23A17 30
PX-domain containing proteins

Y116A8c.26(RNAI) (sorting nexin 13) 74A34 45
F17H10.3 (RNAI) (sorting nexin 17) 65A28 39
Ist-4(RNAI) (sorting nexin 18) 80A27 30
F55C5.7(RNAI) (ribosomal S6 kinase) 25A22 35
F13E9.1(RNAI) (Nischarin) 25A13 15
F25H2.2 (RNAI) (sorting nexin 27) 23A11 15
tag-157(RNAI) (sorting nexin 12) 27A27 25
Y59A8b.22\(RNAI) (sorting nexin 5) 21A10 15
Y48E1b.14(RNAI) (sorting nexin 14) 23A16 15
snx-1(RNAI) (sorting nexin 1) 1.4A08 15
pld-1(RNAI) (phospholipase D) 1.7A1.0 15
F39B1.1(RNAI) (PI3KC2a) 15A07 15

Page 34

Number of refractile cell corpses were scored in the 12-hour adult hermaphrodite gonad. Whether a particular gene was analyzed through the use of
existing mutant strains or through RNAI is indicated. Mammalian homologue is shown in parentheses next to gene name (when different from nematode
name). rab-5 worms arrest during larval development; worms scored represent escapees. Data shown is average A s.d. Mutations used were backcrossed

at least twice.
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