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COMPONENTS REQUIRED FOR THE DEATH AND DEGRADATION OF THE LINKER

CELL IN C. ELEGANS

Lena Marlise Kutscher, Ph.D.

The Rockefeller University 2018

Programmed cell death (PCD) is an important process in the development of
multicellular organisms. Apoptosis, a form of PCD characterized morphologically by
chromatin condensation, membrane blebbing, and cytoplasm compaction, and
molecularly by the activation of caspase proteases, has been extensively investigated.
Studies in C. elegans, Drosophila, mice, and the developing chick have revealed,
however, that developmental PCD also occurs through other mechanisms,
morphologically and molecularly distinct from apoptosis. One prominent cell death
program, linker cell-type death (LCD), is morphologically conserved, and independent of
the key genes that drive apoptosis. Instead, LCD functions, in part, through the stress-
related protein HSF-1, and subsequent upregulation of members of the ubiquitin
proteasome system. How exactly HSF-1 is post-translationally regulated to either
commit to cell survival or cell death is not currently known. Using a protein interaction
screen and classical genetic studies, | propose that the homeodomain protein kinase
HPK-1 is required to activate the heat shock function of HSF-1, thereby indirectly

inhibiting its cell death role. | hypothesize that PQN-41C, a polyglutamine protein



necessary for linker cell death, binds HPK-1 to limit its HSF-1 interactions, and pushes
the cell towards death.

Downstream of cell death, the linker cell must be phagocytosed and degraded by
engulfing cells. This process does not rely on canonical apoptotic factors, so | carried
out a forward genetic screen to identify genes involved in corpse degradation. |
discovered a key protein network involved in linker cell corpse engulfment and
degradation and revealed that two small GTPases, RAB-35 and ARF-6, and their
regulators ensure timely phagocytosis and phagosome maturation. | also determined
that the caspase CED-3 and its upstream regulator CED-4 are required not for cell
death, but for proper cell corpse removal. This new role of caspase in cell corpse
disposal offers an alternative function for the role of caspases in cell death, and
suggests how apoptotic and non-apoptotic forms of cell death may work together to

remove cells during animal development.



To Luka and Elias:

“Think and wonder,

wonder and think.”
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1. Introduction

1.1. Programmed cell death

The term Programmed Cell Death (PCD) was first coined to describe cell
elimination that occurs at precise locations and times during development [1], although
cell death as a phenomenon had been described as early as the 1885 [2]. This process
is key for sculpting tissues and organs, for removing excess or unnecessary cells,
and for tissue homeostasis. The reproducible and consistent patterns of cell death in
developing animals led to the idea that specific genes are driving the phenomenon.
Indeed, genes promoting apoptosis, a form of PCD characterized by chromatin
condensation, membrane blebbing, and cytoplasm compaction [3,4] (Figure 1-1),
were initially isolated in Caenorhabditis elegans [5]. The discovery that the C. elegans
caspase gene ced-3is required for developmental apoptosis, and the subsequent
realization that caspase homologs in Drosophila and in vertebrates also promote
apoptosis, demonstrated that underlying the stereotypical morphological signature
is a conserved molecular program [6,7]. In species as diverged as C. elegans and
the mouse, apoptosis is mediated by caspase proteases, activated by a conserved
scaffolding protein called CED-4 in C. elegans and APAF1 in mice. Bcl-2 family proteins
act upstream of CED-4/APAF1 to control its activation. This occurs by direct binding in
C. elegans [8], or through release of mitochondrial cytochrome C, which oligomerizes

APAF1 in mammals [9].

1.2. A brief introduction to developmental apoptosis in C. elegans and
Drosophila
In C. elegans, a BH3-only-like protein, EGL-1, inhibits CED-9, a Bcl-2-
like protein [10] (Figure 1-2a). This removes the inhibition that CED-9 places on
CED-4, an APAF1 homolog [11]. Activated CED-4 cleaves CED-3, a caspase, into



| Figure 1-1. Morphology of an apoptotic corpse.
; In apoptosis, chromatin is highly condensed and darkly
o /. staining, but the nuclear envelope remains round
g, k... (C.elegans cell, courtesy of Yun Lu).

its functional form [5]. Later, molecular apoptosis was confirmed and expanded in
Drosophila melanogaster and in mouse [12,13].

In Drosophila, apoptotic stimuli gather Inhibitor of Apoptosis Proteins (IAP)
antagonists, including Reaper, Hid, Grim, to the mitochondria, to inhibit the IAP,
Diap1 [13-16]. IAPs were found to negatively inhibit caspases in Drosophila and other
organisms [17,18] (Figure 1-2b). Inhibition of IAPs allows for the APAF1-like protein Ark
to activate the Caspase-9-like protein Dronc [19-21]. Downstream of Dronc, caspases

DrICE and Dcp1 promote apoptosis [22,23].

1.3. A brief introduction to developmental apoptosis in mammals and
evidence of alternative cell death pathways

In mammals, the core components of the apoptosis pathway combine aspects of
the pathways from worms and flies, with molecular paradigms upstream of mitochondria
similar to C. elegans, and those downstream of the mitochondria similar to Drosophila
(Figure 1-2c). For example, BH3-only proteins inhibit Bcl-2 family members upon
activation by an apoptotic stimulus [24], similar to C. elegans. This lifts the negative
inhibition that Bcl-2 family members place on Bax and Bak at the mitochondria [25],
allowing these proteins to form pores on the outer mitochondrial membrane and
release cytochrome C [26,27]. Blocking Bax and Bak is thought to inhibit all forms of
intrinsic apoptosis [28]. Additionally, this also releases IAP-binding partners to promote

apoptosis [29,30], similar to Drosophila. Cytochrome C release leads to the activation



of the apoptosome containing multimeric APAF1, which activates the initiator caspase,
caspase-9; this in turn activates the executioner caspases, caspases -3 and -7 [30,31].
Although initial reports of mice harboring knockout mutations in caspase genes,
in Apaf1, or in both Bax and Bak suggested that these genes play important roles in
vertebrate developmental cell death [13,32-36], breeding mutants onto different genetic
backgrounds revealed that homozygous knockout mice were not only born, but could
survive to adulthood, often exhibiting only minor defects [36-39]. For example, while
initial reports suggested that mice defective in Apaf1 exhibit inappropriate webbing
between the digits of the pentadactyl! limb, later analysis revealed only a delay in
the process, with complete culling of the webbing within two days [34,35]. Mutations
in Caspase-3 or Caspase-9 do not affect this process [33,40]. Furthermore, while
persistence of small webs are observed in Bax; Bak double mutants, this surviving
tissue is a small fraction of what survives in Bmp mutants, in which cell death is
indirectly blocked [41,42].
Similarly, early studies of Caspase-3 mutants revealed mice with apparent skull
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Figure 1-2. Core components of the apoptosis pathway are conserved in worms,
flies, and mammals.

Figure adapted from [46].



fractures and protruding brain tissue, suggesting a vast excess of neurons in the brain,
consistent with the observation that in some brain regions up to 80% of cells that are
originally produced are thought to undergo PCD [13,43]. Subsequent examination,
however, revealed no increase in neuronal cell number [44]. Rather, defects in the
sutures that bind skull bones together appear to be the cause of skull disruption [45],
and oozing of brain tissue is likely a consequence of the release of intracranial pressure
to which the brain is normally subjected.

Although the absence of massive cell survival in Caspase-3 or Caspase-9
mutants could be explained by redundant activities of these enzymes, as the mouse
harbors 13 caspase genes [46], only a single Apaf1 gene is found in the murine genome
[34]. Furthermore, studies of Bax; Bak double mutants suggest that developmental
apoptosis is nearly entirely abrogated, yet some animals still develop normally to
adulthood [36]. Thus, an alternative explanation may be the existence of caspase-
independent non-apoptotic processes. Cells dying with non-apoptotic features during
animal development have been extensively described [47], yet little is known about
the underlying molecular effectors of these alternative death programs, or their in vivo

relevance.

1.4. Non-apoptotic developmental cell death
While most developmental cell death in Drosophila and C. elegans proceeds via
apoptosis, these organisms also provide highly amenable settings for non-apoptotic

pathway discoveries.

1.4.1. Germ cell death in Drosophila males
Pre-meiotic male germ cells undergo stochastic PCD in the adult fly testes, and
dying cells display some apoptotic features, including cytoplasmic compaction and

chromatin condensation [48] (Figure 1-3a). Dying germ cells are also TUNEL-positive,
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Figure 1-3. Germ cell death in Drosophila males.

(a) In adult males, germ cell death occurs within the testes (green). (b) Dronc, a
Caspase-9-like protease, functions in an apoptosome-independent fashion to perhaps
trigger lysosome membrane permeabilization (LMP), allowing the release of the
protease CathepsinD and the nuclease DNasell. At the mitochondria, Bcl-2 family
members Debcl and Buffy function on the outer membrane, and the Parkinson-related
protein Pink1 functions within. ROS may trigger release of the serine protease HirA2/
Omi and the nuclease EndoG [48].

suggesting chromosomal DNA fragmentation. Surprisingly, these wild-type cells are
not stained with an antibody against cleaved Caspase-3, which binds the executioner
caspases Drice and Dcp-1 [48]. Furthermore, cells still die when these caspases are
knocked down, suggesting that germ cell death is non-apoptotic. Correspondingly,
unlike apoptotic cells, mitochondria of dying wild-type germ cells appear deformed and
swollen [48].

Although germ cell death does not employ executioner caspases, it does require
an APAF1-independent function of the initiator caspase Dronc [48]. Mutations in the
Apaf1 homolog, ark, in fact, increase cell death, perhaps because more Dronc is how
available to induce non-apoptotic death [48,49]. Mutations in dronc result in a 40%-60%
decrease in death. This defect is specific, as lesions in the initiator caspases strica
and dredd have no effect. The mechanism of Dronc action here is not fully understood.

However, lysosomal biogenesis proteins and the lysosomal protease cathepsinD are



required for efficient demise, and an increase in reactive oxygen species (ROS), and
acidification of the cytoplasm occur [48]. ROS and Dronc may promote lysosome
membrane permeabilization, allowing release of cathepsinD and DNasell into the
cytosol [48] (Figure 1-3b). The release of DNasell may explain TUNEL staining in the
absence of cleaved Caspase-3.

Yacobi-Sharon and colleagues discovered that the mitochondrial protease HtrA2/
Omi plays an important role in germ cell death [48]. Drosophila carrying deletions of
either one or both htrA2/omi copies are viable, but exhibit male sterility associated with
a decrease in germ cell death. htrA2/omi encodes a multi-domain protein containing
a mitochondrial targeting sequence, an IAP-binding motif (IBM), a serine protease
domain, and a protein-interaction domain. Structure-function analysis revealed that
the catalytic domain, but not the IBM, is crucial for death [48]. Remarkably, htrA2/omi
lesions in humans are associated with Parkinson’s disease [48], and mutations in the
Parkinson’s disease- and mitochondrial-associated gene pink1 also cause a decrease
in Drosophila germ cell death. Overexpression of a cytosolic version of HtrA2/Omi
promotes caspase-independent cell death in mammalian cells [51], accompanied by
morphological similarities to Drosophila germ-cell death, although nuclear changes
are not evident [48,51]. Roles for mitochondria in Drosophila germ cell death are
also supported by the findings that the Bcl-2 family proteins Debcl and Buffy, and the
mitochondrial nuclease EndoG, promote death [48] (Figure 1-3b).

Additionally, GCD does not function completely independent of caspases, but it
provides a good model for how both caspase-dependent and independent mechanisms
can work together to kill cells. Aspects of GCD may be conserved in some mammalian
necrotic pathways. For example, in immortalized mouse embryonic fibroblasts (MEFs),
introduction of tumor necrosis factor (TNF) can induce a non-apoptotic cell death
program that does not utilize executioner caspases [52]. Instead, like GCD, lysosomes

and caspase-9, but not APAF1, are required [52]. The upstream signaling and some



molecular components of TNF-induced cell death differ from GCD, but the similarities
are striking nonetheless. In addition, LMP, like that observed in GCD, is important for
mammary gland epithelial cell death after weaning [53].

In rodents, male germ cells also undergo stochastic cell death that may be
caspase independent [54,55]. Mutations in the pro-apoptotic gene Bax do not block
these deaths, suggesting possible involvement of non-apoptotic programs [56,57].
Furthermore, mutations in the testes-specific serine protease inhibitor spink2 result in
increased germ cell death in male mice [55]. These observations provide circumstantial
evidence that conserved pathways may control stochastic germ cell death in males

across species.

1.4.2. Nurse cell death in Drosophila females

In the Drosophila ovary, 15 nurse cells provide a developing oocyte with proteins,
mMRNA, and organelles [58] (Figure 1-4a). After extruding their cytoplasmic contents
into the oocyte, nurse-cell remnants die. Dying wild-type cells exhibit chromatin
condensation, but also autophagosomes, ruptured lysosomes, and larger vacuolar
structures [59,60]. Dying cells stain with acidification markers, autophagic markers, and
TUNEL [59-62], raising the possibility that more than one cell death program is involved.

Whether caspases promote nurse cell death is debated. Some studies report no
activated caspases in dying cells [63,64], whereas others report immunoreactivity using
an activated Caspase-3 antibody [61,62]. Mutants in Drosophila inducers of apoptosis
(hid, reaper, grim) do not exhibit nurse cell survival, suggesting a caspase-independent
process [65,66], and some studies suggest that overexpression of the caspase
inhibitors diap1 or p35 also does not perturb nurse cell death [62,63]. However, other
studies suggest that such overexpression weakly blocks death [67].

Genetic studies demonstrate that nurse cell death still proceeds in dronc, dredad,

strica, dcp-1, or drice caspase single mutants [23,67,68]. However, dredd; strica or
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Figure 1-4. Nurse cell death in Drosophila females.

(a) In the female adult fly, nurse cell death occurs within the ovaries (purple). (b) The
surrounding follicle cells may induce nurse cell death, using the engulfment receptors
Draper and Ced-12 via phagoptosis. Downstream events may lead to lysosome
membrane permeabilization (LMP) and the release of the lysosomal fusion protein
Spinster and the nuclease DNasell. Caspases and autophagy may be minimally
involved.

dcp-1; drice double mutants exhibit weak survival, suggesting that caspases may be
relevant, but functionally redundant [67]. Congruently, mutants in Apafi/ark, which
functions upstream of initiator caspases, also exhibit weak nurse cell death defects [66].

In developing nurse cells in vitro, the Caspase-3-inhibitor Z-DEVD-FMK blocks
DNA fragmentation but not chromatin condensation [69]. While mutations in inhibitor
of caspase-activated DNase (ICAD) cause a decrease in cleaved DNA, as assessed
by a PCR assay, nurse cells still clear their DNA efficiently [70]. In another study,
however, mutants in dICAD displayed weak nuclear persistence, similar to Apafi/ark
mutants [66]. Together, these data suggest that caspases may play some role in nurse
cell death.

The role of autophagy in nurse cell death is also unclear. Despite the presence
of autophagosomes, autophagy-related protein levels are not increased in dying

cells [60,63]. However, one study reported that nurse cell nuclei persist in mutants of



the autophagy genes atg1 and atg13[61]. This defect, however, is not fully penetrant,
suggesting other processes are probably involved [61]. atg7; dcp-1 double mutants
exhibit similar defects to atg7 single mutants [71], indicating that these other pathways
may be caspase independent.

Lysosomes may play important roles in nurse cell death and removal
(Figure 1-4b). Mutants in the lysosomal nuclease DNasell and the lysosomal trafficking
protein deep orange/Vps18 exhibit persisting nurse cell nuclei [60,71], as do mutants
in the lysosomal fusion protein Spinster and the lysosomal protease CathepsinD [60].
While Deep Orange is required in the engulfing follicle cells, DNasell and Spinster
appear to function cell autonomously [60]. Thus, lysosomes may have multiple activities
in nurse cell death, although these results are complicated by the fact that some of
these mutants perturb cytoplasm transfer to the oocyte, which may delay or impede
death [59].

Recent research raises the possibility that the primary nurse-cell-death
mechanism may be phagoptosis (primary phagocytosis), such that death of nurse cells
is non-autonomously promoted by surrounding follicle cells [72]. Consistently, mutants
in the engulfment genes draper and ced-12 display nurse cell survival, and Draper is
required for nurse cell acidification [72]. Furthermore, ablation of surrounding follicle
cells strongly inhibits nurse cell death, although cytoplasm transfer is also blocked,
complicating interpretation of the persistent nuclei phenotype [72]. However, it is

possible that nurse cell death may be an example of assisted suicide.

1.4.3. Salivary gland cell death in Drosophila larvae

Drosophila salivary glands are larva-specific structures that are rapidly degraded
after puparium formation [73,74] (Figure 1-5a). Dying wild-type cells exhibit apoptotic
features, but also an abundance of autophagosomes, and nuclear separation from

the cytoplasm [75,76]. Both autophagy and caspase genes are induced during
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Figure 1-5. Salivary gland cell death in Drosophila larvae.

(a) After puparium formation, large larval salivary glands (blue) die and degrade before
the adult fly hatches. (b) The engulfment gene Draper is required cell-autonomously
within the salivary glands to drive cell death, and may lead to downstream activation of
autophagy genes like Atg18. Caspases may work in parallel.

salivary gland cell death [77,78], although the precise contribution of each is not fully
understood. Caspases may be dispensable for cell death. Loss-of-function mutants

in dronc or drice caspase genes or in Apafi/ark do not strongly perturb salivary gland
death and degradation [74,79]. While expression of the caspase inhibitor p35 halts DNA
fragmentation and nuclear lamin cleavage [75,76], it does not result in intact cells [78].
Instead, fragments appear to persist inappropriately [74], suggesting a cell degradation
role for caspases.

Autophagy is induced prior to salivary gland cell death, and in the absence of the
autophagy-related gene atg18, salivary glands are not properly degraded, exhibiting
vacuolated cell fragments [74] (Figure 1-5b). These findings provide in vivo evidence
for a role of autophagy in degrading dying cells [74]. Combining autophagy and
caspase inhibition blocks gland degradation further, but not cell death, suggesting these
pathways function in parallel [74]. Cell death can be inhibited by overexpression of the
PI3K active subunit Dp110 and p35, suggesting involvement of a PI3K target [74].

The salivary glands are large structures, and their phagocytosis by neighboring
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cells is not well understood. The engulfment gene draper is required to induce
autophagy cell-autonomously in the salivary gland cells, and not for engulfment [76,80],
suggesting an unexpected and intimate connection between engulfment and
degradation genes. Such a connection had been described for nurse cell death (see
above) [72]. In C. elegans, engulfment genes also appear important in some contexts

for promoting nuclease activation for cell degradation [81].

1.4.4. Linker cell death in C. elegans

The C. elegans male-specific linker cell leads gonad elongation. During the L4
larva-to-adult transition, the cell dies, allowing gonad-cloaca fusion for sperm release
and male fertility (Figure 1-6a). The dying linker cell is engulfed by its neighboring
U.l/rp cells [82]. Morphologically, wild-type linker cell death is non-apoptotic: chromatin
is not condensed, the nuclear envelope becomes crenellated, and mitochondria and
endoplasmic reticulum swell [82] (Figure 1-7). Death proceeds even when all four
C. elegans caspase genes are inactivated, and mutations in other core apoptotic genes
also fail to prevent death [82,83]. Thus, linker cell death represents the first example
of a non-apoptotic caspase-independent cell death process required for development.
The morphology of dying linker cells is frequently seen in vertebrate development, and
we have termed this appearance linker cell-type death (LCD). Importantly, although
invaginated membranes are often artifacts of EM fixation, this is not the case for linker
cell nuclear crenellation, as this feature is detected in the living animal under light
microscopy. In vertebrate settings, LCD ultrastructural features are distinguished from
EM artifacts or natural variability as they are seen only at specific developmental times,
and accompany only populations of dying cells and not their neighbors (see below).

Work in the lab revealed multiple control pathways promoting linker cell death.
This death must be tightly regulated, as premature demise blocks gonad elongation,

resulting in sterility [84]. Two opposing Wnt pathways control death onset (Figure 1-6b).
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Figure 1-6. The linker cell dies independent of caspases.

(a) The linker cell (green) is a male-specific cell that leads the elongation of the
developing gonad. Once it reaches its destination, it dies, and is engulfed by the U.I/

rp cells (purple), allowing fusion of the gonad with the cloaca. (b) Multiple regulatory
pathways are required to ensure the linker cell dies at the proper place and time. These
pathways include two antagonistic Wnt pathways (blue), the developmental timing
protein LIN-29 (red), Sarm/TIR-1, the MAPKK SEK-1, and the polyglutamine protein
PQN-41 (green), and the nuclear hormone receptor NHR-67 (purple). These pathways
converge on the heat shock factor HSF-1, which acts in parallel with the SET-16 histone
methyltransferase complex (orange). The pro-death function of HSF-1 competes with
its pro-survival function. HSF-1 may transcriptionally upregulate the E2 ubiquitin-
conjugating enzyme LET-70 (purple). The transfer of ubiquitin from the E1 UBA-1,
through LET-70, to an E3 complex may confer substrate specificity leading, perhaps to
degradation of key proteins by the proteasome, resulting in linker cell death.
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