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The small GTPase RAB-35 facilitates the initiation of phagosome maturation and
acts as a robustness factor for apoptotic cell clearance
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ABSTRACT

We recently identified the novel function of the small GTPase RAB-35 in apoptotic cell clearance in
Caenorhabditis elegans, a process in which dying cells are engulfed and degraded inside phago-
somes. We have found that RAB-35 functions in two separate steps of cell corpse clearance, cell
corpse recognition and the initiation of phagosome maturation. During the latter process, RAB-35
facilitates the removal of phosphatidylinositol-4,5-bisphosphate (PI(4,5)P,) from the membranes of
nascent phagosomes and the simultaneous production of phosphatidylinositol-3-P (PI(3)P) on
these same membranes, a process that we have coined the PI(4,5)P, to PI(3)P shift. RAB-35 also
promotes the recruitment of the small GTPase RAB-5 to the phagosomal surface. During these
processes, the activity of RAB-35 is controlled by the candidate GTPase-activating protein (GAP)
TBC-10 and the candidate guanine nucleotide exchange factor (GEF) FLCN-1. Overall, RAB-35 leads
a third pathway during cell corpse clearance that functions in parallel to the two known pathways,
one led by the phagocytic receptor CED-1 and the other led by the CED-10/Rac1 GTPase. Here, we
further report that RAB-35 acts as a robustness factor that maintains the clearance activity and
embryonic viability under conditions of heat stress. Moreover, we obtained additional evidence
suggesting that RAB-35 acts upstream of RAB-5 and RAB-7. To establish a precise temporal pattern
for its own dissociation from phagosomal surfaces, RAB-35 controls the removal of its own GAP.
We propose that RAB-35 defines a largely unexplored initial phase of phagosome maturation.
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Introduction and errant inflammation caused by secondary necrosis
from apoptotic cells, promotes proper neuronal and
embryonic development, and maintains proper homoeos-
tasis [20,25]. In C. elegans, defects in apoptotic cell clear-
ance cause a persistence and accumulation of apoptotic
cell corpses that is known as a Ced (Cell death abnormal)
phenotype [26].

We have identified RAB-35 in a screen to identify Rab
GTPases that are required for apoptotic cell clearance
among all thirty predicted Rabs in the C. elegans genome
[27]. RAB-35 is enriched on extending pseudopods and
exhibits a burst of further enrichment shortly after the
pseudopods fuse to form a phagosome [27]. Using time
lapse recording and epistasis analysis, we found that the
phagosomal localization of RAB-35 is primarily con-
trolled by TBC-10, a C. elegans ortholog of the mamma-
lian GAPs TBC1D10A/B/C, and FLCN-1, a C. elegans
ortholog of the mammalian GEF folliculin [27,28]. Both
TBC-10 and FLCN-1 are transiently enriched on the
phagosomal surface at the start of maturation [27].
GAPs are typically known to promote the removal of
their partner Rabs from the membrane [29]. However, it

Mammalian Rab35 and its Caenorhabditis elegans ortho-
log RAB-35 have been of particular interest to researchers
in recent years. Rab35 has been known to function in
vesicle trafficking and cytoskeleton remodelling, regulat-
ing processes such as endocytosis and endocytic recycling
[1-5], exocytosis [6,7], cytoskeletal rearrangement [8-10],
cytokinesis [8,11,12], autophagy [13], and cell migration
[14,15]. Mammalian Rab35 has also been implicated in
phagocytosis, although many of the underlying mechan-
isms remain unknown [16-19]. Phagocytosis, a process
that includes the recognition, engulfment, and degrada-
tion of target cells by other cells known as phagocytes, is
an essential process for the clearance of apoptotic cells
from animal bodies (reviewed in [20]). In an adult
human, an estimated one million cells die every second
as part of normal homoeostasis [21], whereas 300-500
germ cells and 131 somatic cells undergo apoptosis
throughout the development of C. elegans [22-24].
Apoptotic cell clearance is essential for the proper turn-
over of ageing, unwanted, or damaged cells and thus aids
in wound healing, helps to prevent auto-immune diseases
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is unclear whether RAB-35 is involved in the rapid
removal of TBC-10 and FLCN-1 from the phagosome.
We have found that RAB-35 plays multiple roles in
apoptotic cell clearance, not only facilitating the recog-
nition of apoptotic cells by engulfing cells, but also
promoting the subsequent maturation of a nascent pha-
gosome that contains the apoptotic cell [27].
Surprisingly, RAB-35 functions in parallel to both of
the canonical apoptotic cell clearance pathways, the
ced-1/6/7/dyn-1 pathway and the ced-2/5/10/12 pathway
[27]. The former pathway is composed of the ABC
transporter homolog CED-7, which facilitates the expo-
sure of the ‘eat me’ signal phosphatidylserine (PS), the
phagocytic receptor CED-1, its adaptor CED-6, and the
dynamin ortholog DYN-1 [30-35]; the latter pathway is
defined by the Racl ortholog CED-10, its bipartite GEF
composed of CED-5 and CED-12, and the adaptor
protein CED-2 [36-40]. Consequently, RAB-35 defines
a third and comparatively unexplored genetic pathway
involved in phagocytosis [27]. While our work has
provided evidence that RAB-35 likely functions down-
stream of the integrins INA-1, PAT-2, and PAT-3,
which have previously been implicated in apoptotic
cell clearance, it is possible that RAB-35 enables cell
corpse recognition through other means [27,41,42].
Phagosome maturation is a process where a nascent
phagosome incorporates early endosomes and lysosomes,
gradually becomes more acidic, and eventually becomes
a mature phagolysosome that degrades the encapsulated
apoptotic cell [43,44]. We have identified that RAB-35
functions in a process known as the PI(4,5)P, to PI(3)P
shift [27]. Initially, the membrane of a nascent phagosome
containing an apoptotic cell in a C. elegans embryo exhibits
a high level of PI(4,5)P, inherited from the pseudopod
membrane; within minutes, PI(4,5)P, disappears from
phagosomal surfaces, and PI(3)P appears on phagosomal
surfaces [45-48]. MTM-1, a PI(3)P phosphatase and
a PI(4,5)P, effector, was reported to antagonize the pro-
duction of PI(3)P [45,47]. The removal of PI(4,5)P, is
proposed to release MTM-1 from the surface of the nascent
phagosome [45]. PI(3)P is produced on the phagosome
through the sequential function of the kinases PIKI-1 and
VPS-34 [45,47]. rab-35 loss of function mutants exhibit
a delay in the first wave of phagosomal PI(3)P, and this
delay correlates with the persistent presence of PI(4,5)P,
and MTM-1 on the surface of the nascent phagosome [27].
We have proposed that RAB-35 facilitates PI(3)P produc-
tion on phagosomal surfaces by promoting the turnover of
phagosomal PI(4,5)P, [27]. Recently, C. elegans RAB-35
was also found to promote the degradation of the male
linker cell, which undergoes non-apoptotic developmental
cell death after its engulfment [49]. RAB-35 was also
reported to drive the removal of PI(4,5)P, from the surface
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of phagosomes carrying the engulfed linker cell, consistent
with our report [27,49].

A major driving force of phagosome maturation is the
sequential function of multiple Rabs, primarily RAB-5 and
RAB-7 (reviewed in [43]). Among RAB-2, RAB-5, RAB-7,
and RAB-35, four C. elegans Rab proteins that function in
phagosome maturation, RAB-35 is the first to appear on
phagosomal surfaces [27]. RAB-5 begins to appear on
phagosomes roughly 30-60 seconds after the burst of
RAB-35 localization. Furthermore, the enrichment of
RAB-5 on the phagosomal surface is promoted by the
additive activities of both the RAB-35 and CED-1 pathways
[27,50]. On the surface of nascent phagosomes, RAB-5
facilitates the production of PI(3)P [47], promotes the
incorporation of early endosomes into phagosomes (our
unpublished observation), and aids the recruitment of
RAB-7 to phagosomes [51]. Based on our observation
that RAB-35 is required for the timely recruitment of
RAB-5 on phagosomal membranes, and on the epistasis
analysis results that place RAB-35 in the same pathway as
RAB-5, we concluded that RAB-35 functions upstream of
RAB-5 in the context of phagosome maturation. However,
whether overexpression of either RAB-5 or its downstream
partner RAB-7 would affect apoptotic cell clearance in rab-
35(b1013) mutants has not yet been tested.

Although RAB-35 acts in both the recognition of apop-
totic cells and phagosome maturation, rab-35 loss of func-
tion mutants exhibit relatively modest cell corpse clearance
phenotypes, suggesting that it might make a relatively
minor contribution in apoptotic cell clearance [27].
However, inactivating rab-35 greatly enhances the clear-
ance phenotypes of null or strong loss-of-function mutants
in the genes of the ced-1/6/7/dyn-1 and ced-2/5/10/12 path-
ways, indicating that RAB-35 function may be more
important when the canonical pathways of apoptotic cell
clearance are compromised [27]. rab-35(b1013) mutants,
but not wild-type animals, exhibit a moderate enhance-
ment of the Ced phenotype in response to heat stress [27].
This, in part, has led us to propose that RAB-35 functions
as a robustness factor for apoptotic cell clearance, having
a minor impact on its own but ensuring the proper func-
tion of cell clearance when the underlying mechanisms are
compromised. In such a scenario, rab-35(b1013) loss of
function would be expected to enhance the Ced defects in
response to different types of stress.

Building on our previously reported observations [27],
additional temperature variants were tested. Here we
report that C. elegans RAB-35 increases the robustness
of apoptotic cell clearance in response to heat stresses.
These results strengthen the notion that RAB-35 leads
a third, independent pathway to enhance the robustness
of apoptotic cell clearance. Additionally, RAB-35 facili-
tates phagosome maturation in a manner that cannot be
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compensated by overexpression of either RAB-5 or RAB-
7. Moreover, we have identified a novel, RAB-35-
mediated mechanism that regulates TBC-10. Coupled
with our recent findings [27], our work indicates that
RAB-35 acts in the initial step of phagosome maturation
immediately following the completion of engulfment. In
addition to its role in apoptotic cell clearance, we identi-
fied a novel role of RAB-35 in supporting embryonic
development under conditions of heat stress. We propose
that RAB-35 acts as a robustness factor under stress con-
ditions in multiple developmental aspects.

Materials and methods
Mutations, strains, and transgenic arrays

C. elegans strains were grown at 20°C as previously
described [52]. The N2 Bristol strain was used as the
reference wild-type strain. Mutations and integrated arrays
were previously described [27,53]. Plasmids were injected
alongside the co-injection marker punc-76(+) into unc-76
(e911) mutant adult hermaphrodites as previously
described, with non-Unc animals being identified as trans-
genic animals [27]. rab-7(ok511) m™z~ embryos, which lack
both the maternal (m) and zygotic (z) activities of rab-7, are
progeny of rab-7(ok511) m'z" mothers. These rab-7
(0k511) m'z  animals, in turn, are produced from
a strain of balanced rab-7(0k511) heterozygotes [48].

Nomarski DIC microscopy

DIC microscopy was performed using an Axionplan 2
compound microscope (Carl Zeiss, Thornwood, NY)
equipped with Nomarski DIC optics, a digital camera
(AxioCam MRm; Carl Zeiss), and imaging software
(AxioVision; Carl Zeiss) as described previously [27].
Somatic embryonic cell corpses were scored in the head
region of embryos at the 1.5-fold and late 4-fold embryo-
nic stages, which correspond to embryos ~420 min and
700-800 min after the first cell division, respectively.
Germ cell corpses were scored in one of the two gonadal
arms of adult hermaphrodites 48 hours after the mid-14
stage of development. For the prolonged heat and cold
treatment, plates were incubated at 25°C for 36-48 hours
and at 15°C for 72 hours, respectively. Embryos at the
1.5-fold and late 4-fold stages were scored for the number
of cell corpses. For the heat shock treatment, one plate
containing eggs was incubated at 33°C for 2 hours fol-
lowed by incubation at room temperature for 1 hour, at
which point 1.5-fold stage embryos were scored for the
number of cell corpses. Another plate containing eggs was
incubated at 33°C for 3.5 hours followed by incubation at
room temperature for 3.5 hours, at which point late 4-fold

stage embryos were scored for the number of cell corpses.
The protocol for the cold shock treatment is the same as
described above, except that the shock temperature is 10°
C instead of 33°C.

Measuring embryonic lethality

C. elegans strains were initially grown at 20°C.
Hermaphrodites at the mid-L4 stage of development
were singled out on agar plates seeded with E. coli; in
total, 5-10 worms were isolated for each strain that was
analysed. These hermaphrodites were then incubated at
either 20°C or 25°C for 24 hours, at which point each
hermaphrodite was transferred to a new seeded plate.
This process was repeated 48 hours after the hermaph-
rodites were initially singled out, producing three sets
of plates representing eggs laid between 0-24 hours
post-isolation, 24-48 hours post-isolation, and
48-72 hours post-isolation, respectively. After the
removal of the mother, each set of plates was allowed
to incubate for an additional 24 hours at either 20°C or
25°C, respectively. Each plate was then scored for the
number of hatched and unhatched embryos, with the
latter annotated as having died during embryonic
development. The data for all three plates (0-24 hours,
24-48 hours, 48-72 hours) were aggregated for each
individual hermaphrodite to calculate the fraction of
each brood that died during embryonic development.

Fluorescence microscopy and quantification of cell
corpse clearance events

An Olympus IX70-Applied Precision DeltaVision micro-
scope equipped with a DIC imaging apparatus and
a Photometris Coolsnap 2 digital camera was used to cap-
ture fluorescence and Differential Interference Contrast
(DIC) images, while Applied Precision SoftWoRxV soft-
ware was utilized for image deconvolution and processing
as described previously [27]. The dynamics of various GFP,
mRFP, mKate2, and mCherry reporters during the engulf-
ment and degradation of cell corpses C1, C2, and C3 were
examined using an established time-lapse recording proto-
col [48,54]. Recordings typically lasted 60-180 minutes,
with an interval of 30 secs to 2 mins. At each time point,
10-16 serial z-sections at 0.5-um intervals were recorded.
Signs such as embryo elongation and embryo turning prior
to comma stage were closely monitored under DIC to
ensure that the embryo being recorded was developing
normally. For animals bearing the transgene co-
expressing P, rab-5(S33N) and P4 ; gfp::rab-35, gravid
mothers were placed onto a new plate and allowed to lay
eggs for 1 hour before they were removed. The plate was



then incubated at 33°C for 2 hours, after which embryos
were subjected to time-lapse recording.

Results

A dominant-negative form of CED-1 greatly
enhances the Ced phenotype of rab-35 null
mutants

Previously, we have observed that rab-35(b1013) null
mutants exhibit a comparatively mild Ced phenotype
and correspondingly mild defects in cell corpse recogni-
tion and phagosome maturation [27]. Despite the mild
Ced phenotype of the rab-35 single mutants, the rab-35
(b1013) mutation significantly enhanced the Ced pheno-
types of ced-1(n1506) and ced-6(n2095) mutants, as well
as that of ced-5(n1812), ced-10(n1993), and ced-12(n3261)
mutants, which represent the canonical ced-1/6/7/dyn-1
and ced-2/5/10/12 pathways involved in apoptotic cell
clearance, respectively [27]. These observations are the
basis for the hypothesis that RAB-35 leads a third and
independent cell corpse clearance pathway. To further
understand the functional relationship between RAB-35
and CED-1, we analysed the transgenic lines that over-
expressed a multi-copy transgene ced-1AC::gfp in engulf-
ing cells under the control of the P, ; promoter [31].

CED-1AC is a truncated form of CED-1 missing
the C-terminal intracellular domain. Consequently,
CED-1AC retains the ability of CED-1 to associate
with phosphatidylserine yet loses its ability to activate

a 1.5-Fold Embryos
Il +[None] [ +[CED-1AC]
[ +[CED-1C]

# Cell Corpses

rab-35

ced-1 ced-1;
(b1013) (n1506) rab-35

0
Genotype wild-type
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downstream cell corpse clearance events [31,55]. By
effectively sequestering the ‘eat me’ signal phosphati-
dylserine, CED-1AC::GFP causes a weak dominant
negative effect in cell corpse clearance in the wild-
type background [31,55]. Our cell corpse counts per-
formed in 1.5-fold stage embryos and adult gonads
(Materials & Methods) verified the weak dominant
negative effect of CED-1AC (Figure 1). In contrast,
overexpression of CED-1C::GFP, the GFP-tagged
C-terminal intracellular domain of CED-1, under the
P..q.; promoter does not result in any persistent cell
corpses in a wild-type background (Figure 1) [48].
This demonstrates that unlike CED-1AC::GFP, CED-
1C::GFP does not interfere with the function of
endogenous CED-1. Overexpression of CED-1AC:
GFP failed to further enhance the Ced phenotype in
ced-1(n1506) null mutants, suggesting that CED-1AC
specifically interferes with the function of endogen-
ous CED-1 (Figure 1).

Expression of CED-1AC::GFP in a rab-35(b1013)
null mutant background greatly increases the number
of cell corpses in both 1.5-fold embryos and adult
gonads, whereas the expression of CED-1C::GFP does
not (Figure 1). In the adult gonad, the number of
persistent germ cell corpses is similar to that
observed from the ced-1(n1506); rab-35(b1013) dou-
ble mutants (Figure 1B), although this dominant
negative effect is considerably less pronounced in
embryos (Figure 1A) [27]. Moreover, as expected
for its specific inhibitory effect targeting endogenous

b Adult Gonad
[l +None]  [+ICED-1AC]
[ +[CED-1C]

75¢ r]

# Germ Cell Corpses

0
Genotype wild-type rab-35 ced-1 ced-1;

(61013) (n1506) rab-35

Figure 1. Overexpression of CED-1AC:GFP enhances the rab-35 phenotypes in cell corpse clearance.

Animals carrying the P.q; ced-1AC::gfp or P47 ced-1C:gfp transgenic arrays as well as the non-transgenic animals were scored for the
number of cell corpses in 1.5-fold embryos (a) and adult gonads (b). Somatic cell corpses were scored in 1.5-fold stage embryos. Germ cell
corpses were scored in one gonadal arm of each 48 hour-post L4 stage adult hermaphrodite. For each data point, at least 15 animals were
scored. Bar graphs and error bars represent mean and standard deviation (sd), respectively. Brackets above the bars indicate the samples
that are compared by the Student t-test. p-values are summarized as such: ***, p < 0.00001; ns, no significant difference.



192 (&) R HALEY AND Z. ZHOU

CED-1, CED-1AC::GFP does not further worsen the
Ced phenotype in ced-I; rab-35 double mutant
embryos or adults (Figure 1). The above results indi-
cate that, in the context of apoptotic cell clearance,
suppressing endogenous ced-1 function through the
expression of CED-1AC:GFP impairs cell-corpse
removal in parallel to rab-35 loss of function. These
results further support the hypothesis that that rab-35
and ced-1 act in two parallel and partially redundant
pathways to promote cell corpse clearance.

Rab-35 functions upstream of rab-5 and rab-7 in
apoptotic cell clearance, and neither RAB-5 nor
RAB-7 overexpression rescues the rab-35 loss-of-
function phenotype

To further explore RAB-35’s functional relationship
with RAB-5 and RAB-7, we examined the rescuing
effect of gfp::rab-5 and gfp::rab-7 expressed in engulf-
ing cells under the control of P4 ; [48,50]. In rab-35
mutants, gfp::rab-5 or gfp::rab-7 failed to rescue cell
corpse clearance defects in either embryos of differ-
ent stages or in adult gonads (Figure 2A(b)).
Additionally, overexpression of gfp:rab-5 or gfp:
rab-7 did not change the cell corpse counts in wild-
type worms (Figure 2A(a)).

Using an established time lapse recording protocol
(Materials & Methods), we further monitored the
dynamic phagosomal enrichment pattern of the
GFP::RAB-35 reporter when endogenous rab-5 or
rab-7 was inactivated [27]. Overexpression of rab-5
(S33N), a dominant-negative form of rab-5, was used
to inactivate endogenous rab-5 in wild-type embryos
[27]. We found that this overexpression did not sig-
nificantly affect the duration of GFP:RAB-35 on
phagosomal surfaces (Figure 2B). Similarly, rab-7
(0k511) null mutants exhibit a normal temporal pat-
tern of the phagosomal localization of GFP::RAB-35
(Figure 2C). These results suggest that neither the
overexpression nor inactivation of rab-5 or rab-7
affect the behaviour of RAB-35.

Recently, we have reported that the rab-35 null
mutation significantly delays the recruitment of
GFP:RAB-5 to phagosomal surfaces [27], indicating
that the function of RAB-35 is required for the
proper recruitment and the resulting phagosomal
function of RAB-5. Epistasis assay results also indi-
cate that rab-35 and rab-5 act in the same genetic
pathway for cell corpse clearance [27]. Together, the
results presented in Figure 2 and our previous obser-
support the notion that RAB-35 acts
upstream of RAB-5 in the pathway, promoting the
degradation of cell corpses.

vations

RAB-35 regulates the dynamic phagosomal
targeting of TBC-10

GAPs stimulate the GTPase activity of Rab proteins
[29]. The GTP-bound form of Rabs typically localize
to their target membranes, whereas their GDP-bound
form is evenly distributed in the cytoplasm; this is
because the GDP-bound form is a prime target for
GDP dissociation inhibitors (GDIs), which remove
Rabs from their target membranes [29]. We pre-
viously found that, among the three GAPs implicated
to function for rab-35 (tbc-7, tbe-10, and tbe-13), only
thc-10 acts in the same genetic pathway as rab-35 in
the context of cell corpse clearance [27]. In addition,
in the tbc-10 loss-of-function mutant background,
GFP:RAB-35 displays prolonged association with
phagosomal surfaces, indicating that RAB-35 stays
in its GTP-bound form longer than in the wild-type
background [27]. Together, these results indicate that
TBC-10 likely functions as a GAP for RAB-35.

TBC-10 is transiently enriched on the extending
pseudopods and nascent phagosomes during apopto-
tic cell clearance, displaying a temporal pattern that
is relatively coincidental to RAB-35 [27]. Here we
examined whether RAB-35 played any role in the
phagosomal enrichment of TBC-10. We found that
in rab-35(b1013) mutant embryos, GFP::TBC-10 [27]
persists on the phagosomal surface (Figure 3A,C). In
wild-type embryos, TBC-10:GFP is transiently
enriched on phagosomal surfaces, persisting for
10 minutes or less in all of the phagosomes observed
(Figure 3C). On the contrary, in rab-35(b1013)
mutant embryos, TBC-10:GFP is removed from
only 18.75% of observed phagosomes within this
same time frame (Figure 3C). Collectively, these
results suggest that RAB-35 acts to regulate the pha-
gosomal targeting of TBC-10. Interestingly, overex-
pression of the putatively GTP-bound form GFP:
RAB-35(Q69L) [27] in a wild-type background does
not alter either the frequency or the timing of the
removal of TBC-10::RFP from the surfaces of nascent
phagosomes (Figure 3B,D). Thus, the removal of
TBC-10 from phagosomes requires RAB-35 activity,
yet is not further affected by excessive RAB-35
activity.

In rab-35 mutants, cell corpse clearance is
hypersensitive to high temperature

The ideal living temperature for C. elegans in
a laboratory setting is between 15°C and 25°C, the
optimal temperature being 20°C [56]. After
a prolonged incubation at 25°C, neither 1.5-fold nor
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Figure 2. Analysing RAB-35's relationship with RAB-5 and RAB-7 during the phagosome maturation process.

(a) Overexpression of GFP::RAB-5 or GFP::RAB-7 fails to rescue the Ced phenotype of rab-35(b1013) mutants. Wild-type (a) and rab-35(b1013)
mutant (b) animals expressing either P..s.; gfp:rab-5, P..q; gfp:rab-7, or no transgene at all were analysed. The numbers of somatic cell
corpses were scored in 1.5-fold and late 4-fold stage embryos. The numbers of germ cell corpses were scored in 48 hour-post L4 stage adult
hermaphrodites. The bars and error bars represent mean and sd. For each data point, at least 15 animals were scored. Brackets above the
bars cover the samples that are compared by the Student t-test. ns, no significant difference in the p-values.(B) Time-lapse recording during
and after the formation of the C3 phagosome in wild-type embryos that express either P..y.; mrfp:rab-35 (top) or P..q.; mKate2::rab-35 and
Pced-1 rab-5(5S33N) (bottom). (a) Time-lapse images. ‘0 min’ is the moment when a phagosome is just formed. Arrowheads mark extending
pseudopods, white arrows mark phagosomes where either RFP::RAB-35 or mKate2::RAB-35 is visible, and yellow arrows indicate the first
time point when either RFP::RAB-35 or mKate2::RAB-35 are no longer visible on phagosomes. (b) Histograms displaying the distribution of
time periods during which RAB-35 is enriched on the surface of phagosomes bearing C1, C2, and C3 in wild-type embryos that express Py,
rab-5(533N). The P .4.; gfp::rab-35 transgene is used to monitor the dynamic localization of RAB-35 on phagosomes. The duration of RAB-35
is defined as the period between the time point when GFP:RAB-35 exhibits a burst of phagosomal enrichment (‘0 min’) and the first time
point when GFP::RAB-35 signal can no longer be observed on the phagosome. At least 15 phagosomes were scored.(d) Time-lapse recording
during and after the formation of the C3 phagosome in wild-type embryos that express P .q.1 gfp::rab-35 in a wild-type (top) or rab-7(ok511)

z~ (bottom) background. (a) Time-lapse images. ‘0 min’ is the moment when a phagosome is just formed. Arrowheads mark extending
pseudopods, white arrows mark phagosomes where GFP::RAB-35 is visible, and yellow arrows indicate the first time point when GFP::RAB-35
is no longer visible on phagosomes. (b) Histograms displaying the distribution of time periods during which RAB-35 is enriched on the
surface of phagosomes bearing C1, C2, and C3 in rab-7(0k511)m™z" embryos. The P, ; gfp:rab-35 transgene is used to monitor the
dynamic localization of RAB-35 on phagosomes. The duration of RAB-35 is defined as the period between the time point when GFP::RAB-35
exhibits a burst of phagosomal enrichment (‘0 min’) and the first time point when GFP::RAB-35 signal can no longer be observed on the
phagosome. At least 15 phagosomes were scored.
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late 4-fold stage wild-type embryos exhibit any  (Figure 4A,B) (Materials & Methods). On the other
increase in the number of cell corpses hand, 1.5-fold stage rab-35(b1013) embryos exhibit
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Figure 3. In rab-35 mutants, the disappearance of TBC-10 from phagosomal surfaces is significantly delayed.

(a) Time-lapse images during and after the formation of the C3 phagosome in wild-type and rab-35(b1013) embryos expressing P e.; tbc-
10::gfp. ‘0 min’ is the moment when a phagosome is just formed. Arrowheads mark extending pseudopods, white arrows mark phagosomes
where TBC-10::GFP is visible, and yellow arrows indicate the first time point when TBC-10:GFP is no longer visible on phagosomes.(B) Time-
lapse images during and after the formation of the C3 phagosome in wild-type embryos that coexpressed P4 ; tbc-10::mrfp and P eq.; gfp::
rab-35(Q69L). ‘0 min’ is the moment when a phagosome is just formed. Arrowheads mark extending pseudopods, white arrows mark
phagosomes where either TBC-10::RFP or GFP::RAB-35(Q69L) is visible, and yellow arrows indicate the first time point when either TBC-10::
RFP or GFP::RAB-35(Q69L) are no longer visible on phagosomes.(c-d) Histogram displaying the range of time that TBC-10::GFP is observed
on the surface of phagosomes bearing C1, C2, and C3 in wild-type and rab-35(b7013) mutant embryos (c), and in wild-type mutant embryos
that either express no transgene or express Peeq.1 gfp:rab-35(Q69L) (d). The time interval is defined as that between when TBC-10::GFP is
first observed on the phagosome (‘0 min’) and the first time point when this GFP:TBC-10 signal can no longer be observed. For each
genotype, at least 15 phagosomes were scored.

a mild increase (~25%) in their average number of  (Figure 4C,D). The ced-5(n1812); rab-35(b1013) dou-

cell corpses (Figure 4A). In late 4-fold stage rab-35
(b1013) mutant embryos, 25°C incubation induces
a greater enhancement of the Ced phenotype
(~62%) (Figure 4B). Similar results were found
using heat shock treatment - a short incubation at
33°C - where 1.5-fold and 4-fold embryos exhibited
a 13% and 57% enhancement in their average num-
ber of cell corpses, respectively (Figure 4A,B).

In contrast to the results observed in rab-35
(b1013) mutants, prolonged incubation at 25°C failed
to produce any enhancement in the number of cell
corpses in either ced-1(el735) or ced-5(n1812) mutant
embryos

ble mutants displayed a more severe Ced phenotype
at 25°C than at 20°C (Figure 4C,D), consistent with
the observation that loss of rab-35 function specifi-
cally results in an enhanced cell corpse clearance
defect at 25°C. The ced-1(el1735); rab-35(b1013) dou-
ble mutants exhibit nearly 100% embryonic lethality
at 25°C (Figure 4E and next section), and conse-
quently the Ced phenotype of these mutant embryos
could not be scored under this condition (Figure 4E
and next section). Altogether, these results suggest
that compromising the rab-35 pathway, but not the
ced-1 or ced-5 pathways, makes apoptotic cell clear-
ance less robust with respect to modest heat stress.
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Figure 4. Apoptotic cell clearance in rab-35 mutants and embryonic viability are sensitive to increases in temperature.

(a-d) The mean numbers of apoptotic cell corpses were scored in response to heat stress in both 1.5-fold embryos (a, b) or 4-fold embryos
(c, d) of various mutant backgrounds. For each data point, at least 15 animals were scored. Error bars indicate sd. Student t-test was used for
data analysis: *, 0.005 < p < 0.05; **, 0.00001 < p < 0.005; ***, p < 0.00001; ns, no significant difference. Part of (a) and (b) was reported
previously [27]. 25°C data was not available for ced-1; rab-35 double mutants in (c) and (d) because of the synthetic embryonic lethality.(e)
The fractions of embryos of different mutant backgrounds that died during development were scored at two different temperatures. For
each data point, 5-10 broods were scored. Error bars indicate sd. Student t-test was used for data analysis: *, 0.005 < p < 0.05; **,
0.00001 < p < 0.005; *** p < 0.00001; ns, no significant difference.

A cold shock treatment - a short incubation at 10°C
(Materials and Methods) - failed to produce a similar
phenotype in either wild-type or rab-35(b1013) mutant
worms (Figure 5A,B). Moreover, a prolonged incubation

at 15°C failed to produce any increase in the number of cell
corpses in any of the aforementioned mutant backgrounds
(Figure 5C,D). These observations indicate that the loss of
function of rab-35, ced-1, or ced-5 renders cell corpse
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Figure 5. Apoptotic cell clearance in rab-35 mutants is not affected by decreases in temperature.

The mean numbers of apoptotic cell corpses were scored in response to cold stress in both 1.5-fold embryos (a, b) and 4-fold embryos (c, d)
of various mutant backgrounds. For each data point, at least 15 animals were scored. Error bars indicate sd. Student t-test was used for data
analysis: *, 0.005 < p < 0.05; **, 0.00001 < p < 0.005; ***, p < 0.00001; ns, no significant difference.

clearance more sensitive to increases, but not decreases, in
temperature.

Rab-35 and ced-1 mutants are synthetic lethal at
high temperature

To investigate whether RAB-35 plays any additional roles
in embryonic development besides the clearance of apop-
totic cells, we quantified the embryonic lethality of rab-35
and other mutants at different temperatures (Materials
and Methods). We found that at 20°C, larger fractions of
embryos failed to hatch in rab-35, ced-1, and ced-5 single
null mutants compared to wild-type embryos, indicating
that all three genes contribute to the completion of
embryonic development. The percentage of embryonic
lethality increases in the order of ced-1 (6.6%), rab-35
(15.4%), and ced-5 (23.1%) mutants, indicating the quan-
titative difference in the contribution of each gene.
Raising the temperature to 25°C resulted in 2-3 fold
increases of lethality in wild-type and ced-I and rab-35
mutants (Figure 4E), indicating that high temperature
generates additional stress for embryonic development,
and that both rab-35 and ced-1 play roles in maintaining
normal embryonic development under conditions of

stress. Remarkably, the ced-1; rab-35 double null mutants
display a drastically increased embryonic lethality (99%)
at 25°C in comparison to 20°C and to that of each single
mutant at 25°C (Figure 4E). This synthetic lethality indi-
cates that RAB-35 and CED-1 act synergistically to ensure
normal embryonic development under heat stress.
Unlike ced-1 and rab-35 null mutants, the embryonic
lethality of ced-5 null mutants at 20°C (23.1%) is not
further increased at 25°C (25.3%) (Figure 4E), suggesting
that ced-5 is not involved in response to heat stress. The
rab-35; ced-5 double null mutants display a higher
embryonic lethality than each of the single mutants at
20°C, suggesting lack of functional interaction. Consistent
with the ced-5 single mutant phenotype, the rab-35; ced-5
double mutants phenotype is not further increased when
temperature is increased from 20°C to 25°C (Figure 4E).

Mutations in the small GTPase ARF-6 do not impair
the clearance of apoptotic cells in embryos

A recent report indicates that the small GTPase ARF-6
blocks the clearance of the male linker cell, and that
RAB-35 antagonizes this inhibitory effect [49]. We have
analysed both the loss-of-function (tm1447) and gain-of-



function (ns388) alleles of arf-6 [49] for the presence of
persistent cell corpses in both the mid-stage (1.5-fold) and
late-stage (late 4-fold) embryos. The cell corpse counts in
neither mutant strain is significantly different from that of
the wild-type strain. Specifically, at 1.5-fold stage, wild-
type, arf-6(tm1447), and arf-6(ns388) mutant embryos con-
tain on average 12.3 £ 1.9, 12.4 £ 2.0, and 124 * 1.5 cell
corpses, respectively; in addition, at late 4-fold stage, wild-
type, arf-6(tm1447), and arf-6(ns388) mutant embryos con-
tain on average 0.2 + 0.4, 0.4 £ 0.5, 0.3 % 0.5 cell corpses,
respectively. For each sample point, >15 embryos were
scored. These data indicate that ARF-6 does not play an
important role in the removal of embryonic cell corpses.

Discussion

Considering that the CED-1 and RAB-35 pathways both
control the recognition and degradation of apoptotic cells,
we characterized the genetic relationship between rab-35
and ced-1 in multiple clearance-related events [27]. The
rab-35 null mutation significantly enhances the following
defects characteristic of a ced-I mutant background: (i)
cell corpse recognition; (ii) the removal of PI(4,5)P, and
its effector MTM-1 from nascent phagosomes; (iii) the
production of PI(3)P on phagosomal surfaces; (iv) the
recruitment of RAB-5; and (v) the recruitment of early
endosomes to phagosomes [27]. In this report, we found
that the Ced phenotype of rab-35 null mutants, but not
that of ced- I null mutants, is significantly enhanced by the
overexpression of CED-1AC:GFP, a truncated, domi-
nant-negative form of CED-1. This new result further
indicates that rab-35 and ced-1 function in two indepen-
dent and parallel pathways, both of which regulate many
of the same events essential for cell corpse clearance.

To better place RAB-35 in the pathways for cell
corpse engulfment, we further investigated RAB-35’s
functional relationship with RAB-5 and RAB-7, two
Rab GTPases that form a Rab cascade required for the
proper progression of phagosome maturation and the
degradation of engulfed cell corpses (reviewed in [43]).
Our previous epistasis data suggested that rab-35 and
rab-5 function in the same genetic pathway to promote
phagosome maturation [27]. The phagosomal enrich-
ment of RAB-35 immediately precedes that of RAB-5,
and a loss-of-function mutation of rab-35 delays the
phagosomal recruitment of RAB-5, collectively indicat-
ing that RAB-35 function is required for the timely
recruitment of RAB-5 [27]. Here, we further report
that inactivating rab-5 or rab-7 does not affect the
enrichment of RAB-35 on phagosomal surfaces, and
that the overexpression of RAB-5 or RAB-7 fails to
rescue the Ced phenotype of rab-35 null mutants, con-
sistent with the conclusion that rab-35 acts upstream of
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the rab-5/rab-7 cascade in the regulation of phagosome
maturation. All of these aforementioned observations,
coupled with the early recruitment of RAB-35 to pseu-
dopods and nascent phagosomes and the ability of
RAB-35 to modulate the PI(4,5)P, to PI(3)P shift
immediately after phagosomal formation, indicate that
RAB-35 is the earliest acting and most upstream Rab
GTPase in cell corpse degradation. Phagosomes labelled
with RAB-35 represent an important, but largely unex-
plored, phase of phagosome maturation that precedes
later stages of maturation marked by the presence of
RAB-5 and RAB-7. This early phase of phagosomal
development is likely driven by RAB-35 effectors,
which have yet to be identified in the context of apop-
totic cell clearance.

By activating the GTPase activity of the Rab GTPases,
GAPs prime the corresponding Rab proteins for removal
from the membrane [29]. We found that RAB-35 must
cycle between GTP- and GDP-bound states for promot-
ing cell corpse removal [27]. As expected, the null muta-
tion of tbc-10, which encodes the RAB-35 GAP, causes
GFP:RAB-35 to persist for a period longer than normal
on phagosomal surfaces [27]. Remarkably, here we
observe that the dissociation of TBC-10 from phagosomal
surfaces also depends on RAB-35 activity. Intriguingly,
wild-type embryos that express the putative constitutively
active and GTP-locked GFP:RAB-35(Q69L) mutant pro-
tein exhibit normal timing of TBC-10 removal from the
phagosome, indicating that excessive RAB-35 activity
does not alter the transient phagosomal enrichment pat-
tern of TBC-10. The mutual dependence between RAB-35
and TBC-10 suggests that the association between RAB-
35 and TBC-10 is required for the proper dissociation of
both proteins from the phagosomal surface. Alternatively,
an unknown effector of RAB-35 might act to facilitate the
dissociation of TBC-10 from phagosomal surfaces.
Regardless, this mechanism could act to prevent either
an excessive accumulation of TBC-10 on - or an acceler-
ated removal of RAB-35 from - phagosomal surfaces.
Coupled with the fact that RAB-35 is gradually removed
after TBC-10 is no longer visible on phagosomal surfaces,
these observations suggest a novel mechanism that pre-
cisely controls the timing and speed of RAB-35 dissocia-
tion from phagosomal membranes.

The cell corpse clearance phenotypes of the rab-35 null
mutants are relatively mild, which provokes the question
regarding the physiological significance of RAB-35 in cell
corpse clearance. Remarkably, loss of rab-35 function
strongly enhances the Ced phenotype of single null mutants
in the ced-1/-6/-7 and ced-2/-5/-10/-12 pathways as well as
those of double mutants that inactivate both of these cano-
nical pathways [27]. This suggests that the pathway led by
rab-35 is essential in maintaining the cell corpse clearance
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activity when the function of one - or both - of the
canonical pathways is compromised [27]. We thus pro-
posed that RAB-35 functions as a ‘robustness factor’ that
helps to maintain the stability and effectiveness of apoptotic
cell corpse removal [27]. In this report, we provide further
experimental evidence that support this ‘robustness factor’
function of RAB-35. Although prolonged incubation at

25°C does not increase the number of cell corpses observed
in the wild-type, ced-1, or ced-5 null mutant animals relative
to incubation at 20°C, we found that rab-35 null mutants
exhibited an enhancement in their observed Ced phenotype
under these same conditions. Collectively, these results
suggest that the pathway defined by RAB-35 plays
a unique role in ensuring that cell corpse removal occurs
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Figure 6. Model of RAB-35 action during apoptotic cell clearance.

Diagram illustrating the various roles of RAB-35 during the recognition of apoptotic cells and the subsequent phagosome maturation and
cell corpse degradation. See the ‘Discussion’ section for more details. During physiologically stressful conditions such as heat stress, RAB-35
functions to maintain the proper apoptotic cell clearance activity. RAB-35, CED-1, and CED-5 function redundantly in cell corpse recognition,
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efficiently under physiologically stressful conditions
(Figure 6). Consistent with this model, the double mutant
ced-5(n1812); rab-35(b1013) displayed a more severe Ced
phenotype at 25°C than at 20°C.

Although modest increases in temperature have been
found to enhance the efficiency of phagocytosis in human
leukocytes [57,58], more extreme temperatures have been
found to compromise this process in an irreversible and
time dependent manner [59]. However, while mammalian
Rab35 has been implicated in the regulation of actin remo-
delling [8-10,16,18], a process that is adversely impacted by
incubation at 30-34°C [60], neither RAB-35 nor its mam-
malian ortholog have previously been implicated in heat
stress resistance. Our work represents a novel role of RAB-
35 and unveils a series of mechanisms that increase the
robustness of apoptotic cell clearance. Essentially, while
rab-35 is mostly dispensable in a wild-type background, it
becomes considerably more important under conditions
where apoptotic cell clearance is compromised, either due
to increases in temperature or due to mutations in the
pathways defined by ced-1 or ced-5.

Remarkably, at a higher temperature, ced-1 or rab-35
null mutations increase the low-level embryonic lethality
observed at 20°C; furthermore, inactivation of both ced-1
and rab-35 results in a synergistically enhanced, nearly
100% embryonic lethality (99%). This is the first time
such important developmental role of CED-1 is revealed.
Although currently the molecular roles of RAB-35 and
CED-1 in embryonic development are unknown, since
neither the ced-5 single mutation nor rab-35; ced-5 double
mutations result in such severe embryonic lethality under
the same condition, CED-1 and RAB-35 are likely to reg-
ulate essential embryonic developmental events in addition
to apoptotic cell clearance, in particular under heat stress.
RAB-35 was known to function in receptor recycling [5],
although whether rab-35 mutations cause any lethality was
not reported previously. ced-1 mutations were not reported
to affect viability. Synergistic genetic interaction is known
to arise between genes that act in redundant pathways or
two pathways that converge at a critical step of certain
regulatory or metabolic network [61]. Further investigation
is needed to reveal these novel stress-response functions of
RAB-35 and CED-1.

Besides acting in a third pathway as a robustness
factor for the removal of apoptotic cells ([27] and this
report), RAB-35 has recently been found to promote the
engulfment and degradation of the male linker cell,
which undergoes a non-apoptotic developmental cell
death process [49]. Unlike the clearance of apoptotic
cells, the removal of the linker cell does not involve either
the ced-1 or the ced-5 pathway; thus, in this particular
event, RAB-35 plays a non-redundant role [49]. In addi-
tion, while Kutscher et al. [49] found that the small
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GTPase ARF-6 inhibits the removal of the linker cell,
a process that is negatively regulated by RAB-35, our
results suggest that the removal of apoptotic cells do
not involve ARF-6. Together, the findings made by
Kutscher et al. and by us have demonstrated that RAB-
35 plays different physiological roles under different
developmental contexts [27,49]. Despite its modest phe-
notype when knocked out under favourable conditions,
our research has demonstrated that RAB-35 becomes
a vital component of apoptotic cell clearance when the
system is compromised either through genetic mutations
or through physiological stress.
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