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SUMMARY

Polarized cells (such as neurons) have distinct compartments with differing functions, subcellular architecture,
and microenvironments. Like many cell types, they are subject to programmed elimination as a part of normal
development and homeostasis. We investigated the mechanism of specialized cell elimination by studying the
embryonic cell death program, compartmentalized cell elimination (CCE), in the scaffolding tail-spike epithelial
cell (TSC) of C. elegans. CCE, also seen in Cephalic male (CEM) sensory neurons, is stereotyped and ordered,
with distinct programs eliminating each cell compartment—the soma and two segments of the single process,
the latter resembling neurite pruning. Here, we report the atypical, compartment-specific roles of two kinesins
in mitochondrial transport to regulate CCE. We show that UNC-116/Kinesin-1 is required to transport mito-
chondria out of the TSC process and that its absence results in distal mitochondrial retention and process
persistence. We describe UNC-104/Kinesin-3 in the non-canonical role of mitochondrial transport that is nega-
tively regulated by CED-3/caspase. We identify a degenerative hub of the TSC at the junction of the cell soma
and process, characterized by local CED-3/caspase activity, Ca®* increase, and membrane severing. In the
absence of CED-3/caspase, early morphological hallmarks of CCE are seen; however, UNC-104/Kinesin-3 is
permitted to carry mitochondria that take up local Ca®*, leading to the reversal of CCE and cell recovery.
Our study, by highlighting the involvement of region-specific Ca®* signaling and caspase activity, the different
contributions of mitochondria to cytoprotection, and the atypical roles of kinesin motors, sheds light on the mo-
lecular machinery of specialized cell elimination, with implications for cellular resilience.

INTRODUCTION

Programmed cell death is a vital feature of normal development
and homeostasis." For instance, the programmed elimination of
supernumerary neurons in the early brain is a critical facet of neu-
rodevelopment.”® Specialized cells such as neurons present an
especially intriguing setting to study cell elimination, given their
vastly distinct compartments and hence likely differing elimination
machineries. By definition, specialized cells bear distinct domains
that differ in structure, function, subcellular architecture, and
microenvironment. The compartmentalized nature of specialized
cells is thus a major consideration in understanding how such cells
are eliminated. Aside from neurons, other cell types exhibit
morphological complexity and can die. Epithelial cells are also
polarized into distinct structural and functional domains, and
epithelial cell death is commonplace during development and
tissue homeostasis, such as in the gut epithelium during inflam-
mation.” The molecular mechanisms of compartment-specific
regressive events, broadly, are still being elucidated.

Transport of cargo across the compartments of polarized cells
such as neurons is important for the delivery of appropriate
cargo to distant sites of function.® Such transport occurs via mo-
tors such as kinesins and dynein microtubule (MT) motors®'°
that carry various cargo along the cytoskeleton. Cargo can
include synaptic vesicles and organelles such as lysosomes
and mitochondria.'" How the regulation of transport of specific
cellular cargo across different compartments drives specialized
cell elimination is poorly understood.

Of known cell elimination programs, apoptosis is the best char-
acterized, with defined morphological hallmarks and genetics, and
the core components known to be conserved across species’ and
relevant for disease, such as in cancer therapeutics.'? The genetic
regulation of apoptosis was first delineated in the nematode Cae-
norhabditis elegans.'®'* A cardinal molecular feature of apoptotic
cell death is its regulation by cysteine proteases, caspases.'®'®
Caspases have both apoptotic and non-apoptotic func-
tions.'>'7"'® Many caspase substrates have been implicated by
in vitro proteomic studies,'® though few caspase-regulated factors
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Figure 1. Spatiotemporal map of CCE and UNC-116/Kinesin-1 promotes CCE

(A-F) Steps of CCE, with schematic of embryo stages. The TSC is labeled with a membrane marker.

(A) 1.5-fold embryo stage (elongating TSC).

(B) 2-fold embryo stage (elongating TSC).

(C) An intact TSC, prior to CCE initiation.

(D) The TSC at the spj membrane nicking and severing stage.

(E) The TSC at the proximal process beading stage showing a rounded soma, a beading and fragmenting p, a distal node, and a retracting distal process tip.
(F) The TSC with the proximal process eliminated, with a remaining soma corpse and distal process remnant yet to be cleared. s, soma; p, proximal process; d,
distal process; dN, distal node. n = 20 biologically independent animals with similar results.

(G) Spatiotemporal map of the TSC based on the stereotyped morphological changes observed during CCE. Red text indicates key CCE events in the relevant
region. UNC-116/Kinesin-1 promotes CCE.

(H) unc-116 gene structure.

(I) L1 unc-116(ns827) mutant.

(J) TSC elimination defects in indicated genotypes. n, sample sizes for statistics for each bar >50, with n referring to number of biologically independent animals.
(K) Expression of unc-116 as seen using a transcriptional reporter for unc-116 in TSC. n = 20 biologically independent animals with similar results.

(L) unc-116(ns827) mutant TSC-specific rescue. n sample sizes for statistics = 50 with n referring to number of biologically independent animals.

(legend continued on next page)
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have been validated in vivo.?**' Several forms of non-apoptotic,
caspase-independent cell death modalities have also been
described,?” and caspases have also been shown to play a local-
ized role in developmental pruning.® In C. elegans, the main cas-
pase is CED-3 (cell death abnormality),%* which, in apoptotic cells,
is regulated by a conserved pathway.

We probed how fundamental features of polarized cells, such
as the presence of disparate compartments, cargo transport,
and local signaling events, cooperate to execute specialized
cell elimination. We have previously introduced the embryonic
cell death phenomenon, Compartmentalized Cell Elimination
(CCE),?® taking place in both the embryonic tail-spike
epithelial cell (TSC) and sex-specific Cephalic male (CEM) sen-
sory neurons of C. elegans. CCE is a caspase-dependent, non-
canonically apoptotic, ordered and organized program whereby
different cell compartments exhibit distinctive elimination mor-
phologies that include those akin to developmental-region-spe-
cific neurite pruning.>?°?® The proximal process undergoes
beading and fragmentation, and the d undergoes withdrawal or
retraction.”® We adopted an unbiased forward genetic approach
in the nematode C. elegans to define fundamental principles of
complex cell elimination and to identify novel regulators.

In this work, we describe how two kinesins compartment-spe-
cifically regulate CCE by transporting cytoprotective mitochon-
dria. We show that UNC-116/Kinesin-1 is required for mitochon-
dria to be transported out of the TSC process. The latter persists
and harbors mitochondria in the absence of UNC-116. We also
describe an atypical function of UNC-104/Kinesin-3, canonically
known to carry synaptic vesicles, in mitochondrial transport, and
its negative regulation by local function of CED-3/caspase. We
show that local Ca2* increase and CED-3 caspase activity are
early CCE events. UNC-104/Kinesin-3 is negatively regulated,
directly or indirectly, via proteolytic activity of CED-3/caspase.
In the absence of CED-3/caspase, UNC-104/Kinesin-3 can
transport mitochondria to take up Ca®* via the mitochondrial
Ca?* uniporter (MCU)-1; although earlier steps are seen, CCE re-
verts to yield a surviving cell. In the presence of CED-3, local
Ca?" is seen, but UNC-104 is not seen, and CCE is completed.
UNC-104 and UNC-116 have compartment-specific roles in
the transport of mitochondria, with mitochondria promoting the
preservation of the TSC in the relevant compartment. Our in vivo
study reveals involvement of caspase activity and local Ca®*
signaling, differential region-specific contributions of mitochon-
dria to cytoprotection, and atypical roles and regulation of kine-
sin motors, thereby broadening our understanding of how
specialized cell elimination is orchestrated.

RESULTS

Higher-resolution analysis defines CCE degenerative
dynamics in greater spatiotemporal detail

We performed a more detailed analysis of CCE of the TSC with
higher spatial and temporal resolution. This has allowed us to
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define 5 TSC compartments with distinct degenerative morphol-
ogies across the sequential stages of CCE (Figure 1). As previ-
ously reported, the TSC has a cell body and a posteriorly directed
MT-rich process that scaffolds the tail-tip®**>*° (Figures 1A-1C).
Based on the subsequent degenerative dynamics of the TSC
(Figures 1D-1F), we constructed a spatiotemporal map where
distinct TSC cell regions are defined based on CCE steps
(Figure 1G). From anterior to posterior, the key TSC regions are
the soma (s), the soma-process junction (spj), the proximal pro-
cess segment (p), and the distal process (d). The spj shows the
first discernable sign of CCE, an initial membrane “nicking” event
that is followed by “severing” of the process from the soma (mem-
brane “nicking and severing,” Figures 1D and 1G). This is followed
by the “beading” stage (Figure 1E), where dramatic CCE events
are evident in each TSC compartment.”®> The soma appears
rounded and the proximal segment of the process (posterior to
the membrane nicking-severing point) undergoes beading, mem-
brane thinning, and fragmentation. The distal process develops a
new compartment, the distal node, into which the rest of the distal
process appears to retract. Ultimately, the proximal process is
removed first (Figure 1F), and the soma and distal process
remnant are cleared stochastically by different neighboring
phagocytes.?*25:2°

UNC-116/Kinesin-1 is required for proper CCE

We previously performed a forward genetic screen seeking to
uncover factors regulating CCE, employing a membrane marker
labeling the TSC (TSC-myrGFP).?> From this screen, we recov-
ered a mutant, ns827, in which the distal segment of the TSC
process persists in first larval stage (L1) animals, when the TSC
would normally be absent following its embryonic elimination
(Figures 1H and 1l). Following whole-genome sequencing, single
nucleotide polymorphism (SNP) mapping, and genomic DNA
rescue, we identified the causative lesion to be an A to G splice
donor after exon 1 of the gene unc-116 (Figures 1H and 1J). The
gene unc-116 encodes the nematode homolog of the mamma-
lian MT plus-end-directed motor KIF5/Kinesin-1.>° We found
unc-116 to be expressed in the TSC by examining a transcrip-
tional reporter for unc-116 (unc-116pro::mKate2) (Figure 1K).
We next performed cell-specific rescue experiments and found
that UNC-116/Kinesin-1 functions in the TSC cell-autonomously
(Figure 1L). We endogenously tagged UNC-116 with GFP via
CRISPR-Cas9 and found that UNC-116 can be seen in the
TSC s and process at the 1.5-fold embryo stage (Figures 1A
and 1M; Video S1), but only in the s in the 2-fold embryo stage
(Figures 1B and 1N; Video S1). This suggests that UNC-116/
Kinesin-1 functions in transporting cargo from the TSC process
toward the s.

UNC-116/Kinesin-1 transports mitochondria from the
TSC process to the s to promote CCE

We next sought to identify the cargo UNC-116/Kinesin-1 and its
role in CCE. Kinesin-1 is known to carry mitochondria,®" and

(M and N) Endogenously tagged (GFP, green) UNC-116/Kinesin-1 showing localization in TSC distal process (magenta) at the 1.5-fold embryo stage (yellow
arrow) (M) and 2-fold embryo stage (yellow arrow) (N). n = 10 biologically independent animals with similar results. Data in J and L are mean + S.E.M. Statistics:
two-tailed unpaied t-test. ns (not significant) p > 0.05, “p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Scale bar, 5m.

See also Video S1.
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Figure 2. UNC-116/Kinesin-1 transports
mitochondria from TSC process to s to pro-
mote CCE

(A-C) Image showing persisting mitochondria in
L1 unc-116(ns827) (yellow arrow). n = 20 biologi-
cally independent animals with similar results.

o

Intact

(D) Mitochondria position across CCE stages in
TSC in still images. n = 10 biologically indepen-
dent animals with similar results.

(J-L) Frames (1, 4, and 8) from time-lapse video of
mitochondrial transport in TSC (yellow arrow). n =
2 biologically independent animals with similar

results.

(M-P) Mitochondria-specific rescues of unc-116
mutant CCE defect using UNC-116-TOMM-7
chimeric proteins. Chimeric protein structure with
full-length  UNC-116 (M) and corresponding
rescue graph (N); chimeric protein structure with
tail-less UNC-116 (O) and corresponding rescue
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mitochondria are associated with both cell survival and destruc-
tion.>* Prior studies in C. elegans show UNC-116/Kinesin-1-
dependent mitochondria to be important for neurite preservation
following injury.*®> We asked whether mitochondria may be the
relevant UNC-116/Kinesin-1 cargo in CCE. We generated a re-
porter for mitochondria (TSC-specific Mito-Matrix-GFP) against
a red membrane marker and found mitochondria to be consis-
tently present in the persisting TSC distal process remnant of
unc-116 mutants (30/30 animals) (Figures 2A-2C). We next
tested the idea that this mutant defect is reflective of a mitochon-
drial transport defect that prevents mitochondria from their
normal trajectory toward the s. We examined TSC-Mito::GFP
in wild-type embryos first as still images at specific time points
(Figures 2D-2I). We found mitochondria only in the process
distally at or before the 1.5-fold embryo stage (Figures 1A and
2D) and not at later 2-fold (Figures 1B and 2E), or TSC intact
(Figures 1C and 2F), nicking and severing (Figures 1D and 2G),

unc-116(ns827)
TSCp::mito (unc-116-MD)

Transgenic

S

graph (P). n, sample sizes for statistics for each
bar = 50 with n referring to number of biologically
independent animals. Data in N and P are mean +
S.E.M. Statistics: two-tailed unpaired t-test. ns
(not significant) p > 0.05, *p < 0.05, **p < 0.01, *™p
< 0.001, ***p < 0.0001. Scale bar, 5pm.

See also Figures S1and S2 and Videos S2 and S3.

Linker

and beading (Figures 1E, 2H, and 2I)
CCE 3-fold embryo stages. We validated
that mitochondria are indeed transported
into the s in wild-type embryos via
time-lapse imaging using light-sheet
microscopy (Figures 2J-2L and S1;
Videos S2 and S3). We next performed
a rescue experiment using “TSCp::Mito-
UNC-116” in which UNC-116/Kinesin-1
is linked to the outer membrane protein
TOMM-7 such that this motor can
I only transport mitochondria as cargo,
based on a previously used design®®
(Figures 2M and 2N). We saw strong
rescue with “TSCp::Mito-UNC-116,”
suggesting that the transport of mito-
chondria by UNC-116/Kinesin-1 can specifically allow for
proper CCE. We confirmed that this rescue is exclusively owed
to the presence of mitochondria by testing a chimeric motor
composed only of the motor domain and the first coiled-coil
domain of UNC-116 (tail-less UNC-116) fused to TOMM-7
(Figures 20 and 2P). Here, too, we found significant rescue.
This data, together with our observation that UNC-116 localizes
at the tip of the TSC d at the 1.5-fold embryo stage (Figures 1A
and 1M; Video S1), and then at the s later on at the 2-fold embryo
stage (Figures 1B and 1N; Video S1), suggest that UNC-116
transports mitochondria from the TSC process to the s to pro-
mote CCE.

v Q),“o
N

The TSC spj displays local CED-3 caspase activity and
absence of mitochondria

Next, we examined our mitochondrial reporter at later
embryonic stages. We found that as the TSC matures and
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CCE progresses, we do not observe mitochondria at the spj
(Figures 1A-1F; 3A-3D’; Video S4). Importantly, the spj is
the site of membrane “nicking and severing,” whereby the
TSC process is detached from the s. We hypothesized that
mitochondria could preserve the spj if they are not transported
away from this region. To test this idea, we examined a
mutant for the main C. elegans caspase CED-3. CED-3 is
essential for CCE, though it is regulated in a non-canonical
manner, independent of EGL-1/BH3-only of the canonical
apoptotic pathway.®* In the absence of CED-3, TSC is intact
in larva.?>** We examined TSC-Mito-GFP in null mutants for
ced-3 embryos (Figures 3E-3H’; Video S4) and made two
striking observations. First, unlike the wild type (Figures 3A-
3D’; Video S4), we find mitochondria at the spj. Second, we
found the appearance of most CCE hallmarks—s rounding,
proximal process beading, and distal node formation.
However, the membrane nicking-severing event seen at the
spj in wild-type embryos remains incomplete (Figures 1D,
3F, and 3F’), with only evidence of nicking, not progressing
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Figure 3. CED-3 caspase activity and
absence of mitochondria at the TSC spj
(A-H’) Stills from video showing mitochondrial
movement during CCE in wild-type (A-D’) and
ced-3(n717) (E-H’) embryos, showing mitochon-
dria entering spj in ced-3(n717) mutants (E-G')
(yellow arrowhead). n = 2 biologically independent
animals with similar results.

(I-M) Caspase activity reporter GFP::C3Ai dy-
namics across CCE stages in wild type (I and J)
(yellow arrow) and ced-3(n717) (K and L), and
quantification of fluorescence intensity (M). n = 20
biologically independent animals with similar re-
sults. Data are mean + S.E.M. Statistics: two-
tailed unpaired t-test. ns (not significant) p > 0.05,
*p <0.05, **p <0.01, **p < 0.001, ***p < 0.0001.
Scale bar, 5um.

See also Videos S4 and S5.

to detachment of the process from the
s. Strikingly, the TSC appears to revert
to its original intact morphology
(Figures 3H and 3H’) and remains as
such after hatching. To test directly
whether region-specific caspase
proteolytic activity of CED-3 is impor-
tant for TSC spj membrane nicking-
severing, we tested a TSC-specific
GFP::C3Ai caspase activity reporter®
in wild-type and ced-3(n717) mutants.
We observed a sharp and specific
signal at the spj in wild-type
(Figures 3l, 3J, and 3M; Video S5) but
not in ced-3(n717) (Figures 3K, 3L,
and 3M; Video S5), suggesting that

*k¥k

ég \,\\ CED-3 caspase activity is at play at
\6\ the spj during CCE. This suggests (1)

eggq’ removal of mitochondria from the spj

¢ is important for membrane nicking to

severing, (2) that the membrane nick-
ing-severing event is required for CCE to proceed to comple-
tion, and (3) that CED-3/caspase activity is important for
this step.

UNC-104/Kinesin-3 promotes TSC survival and is
negatively regulated by CED-3/caspase

We next tested the idea that CED-3/caspase regulates mito-
chondrial motor function to remove mitochondria from the spj
and permit membrane nicking-severing. We have previously re-
ported that the ced-3(n2427) hypomorph has a 40% CCE defect
of inappropriate TSC persistence.?® We tested for changes in
TSC persistence with additional mutations in genes encoding
different motor proteins.*® We reasoned that, if a double mutant
suppresses this ced-3 hypomorphic CCE defect, the motor pro-
tein being tested is negatively regulated by CED-3/caspase. First
we compared ced-3(n2427) hypomorph TSC persistence with
that of single mutants for various mitochondrial motor-encoding
genes® and only found TSC persistence in the unc-116(ns827)
mutant as described above (Figure 4A). In addition to
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Figure 4. UNC-104/Kinesin-3 promotes TSC survival and is negatively regulated by CED-3/caspase

(A) Graph of TSC persistence of unc-116(ns827), ced-3(n2427), and their double mutant.

(B) Graph of TSC persistence of single mutants for mitochondrial motor genes. n, sample sizes for statistics for each bar > 50 with n referring to number of
biologically independent animals.

(C) Graph comparing TSC persistence ced-3(n2427) hypomorph with double mutants for motor genes. n, sample sizes for statistics for each bar > 50 with
n referring to number of biologically independent animals.

(D) TSC-specific rescue of unc-104. n, sample sizes for statistics for each bar = 50 with n referring to number of biologically independent animals.

(E-G) Expression of UNC-104 in the TSC as shown by GFP insertion into endogenous locus of unc-104, green, UNC-104 TSC, magenta (E) top plane, (F) middle
plane, and (G) bottom plane.

(H) S UNC-104 (endogenously tagged with GFP) signal in wild type at 1.5-fold embryo stage (red arrow).

(I) S/spj UNC-104 at 1.5-fold stage of ced-3(n717) (yellow arrow).

(J) S/spj UNC-104 at nicking-severing stage of ced-3(n717) (yellow arrow).

(K) Absence of UNC-104 signal in wild type at CCE nicking and severing stage. n = 10 biologically independent animals with similar results.

(L) Graph of TSC persistence in the unc-116 single and unc-116;unc-104 double mutants. n, sample sizes for statistics for each bar = 50 with n referring to number
of biologically independent animals. Data in A-D and L are mean + S.E.M. Statistics: two-tailed unpaired t-test. ns (not significant) p > 0.05, *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001. Scale bar, 5m.

See also Video S6.
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UNC-116, RIC-7 is essential for axonal mitochondrial localiza-
tion.*>® However, we found no CCE defects in ric-7(n2567) mu-
tants (Figure 4B) nor do we see a difference between ced-3
(n2427) and ced-3(n2427);ric-7(n2567) (Figure 4C). Next, we
tested mutants for miro-1/Miro, trak-1/Trak, and dhc-1/dynein,
other motors, and saw no CCE defect (Figure 4B). We then
compared ced-3(n2427) hypomorph TSC persistence with dou-
ble mutants for these various motors (Figure 4C).

Next, we widened our candidates to other MT motors. We
considered UNC-104, the nematode homolog of mammalian
Kinesin-3, known for its role in synaptic vesicle transport.®” We
did not see CCE defects in unc-104(e1265) single mutants
(Figure 4B). However, double mutants for ced-3(n2427); unc-
104(e1265) showed a significantly reduced CCE defect compared
with the single mutant ced-3(n2427) (Figure 4C). We re-introduced
TSC-specific unc-104 into the double mutant and found TSC
persistence back to the level of the ced-3(n2427) single mutants,
suggesting a cell-autonomous function of UNC-104 to promote
CCE in the absence of CED-3 (Figure 4D). Next, we sought to
view unc-104 expression and how CED-3 may affect the UNC-
104 protein. To this end, we generated endogenously tagged
(GFP at C terminus) unc-104 using CRISPR-Cas9 in ced-3(n717)
mutants. We found that UNC-104 is indeed expressed in the
TSC (Figures 4E-4G). As expected, the UNC-104::GFP signal per-
sisted in the TSC spj across stages in ced-3(n717) mutants
(Figures 41-4K; Video S6), which is consistent with a lack of cas-
pase activity in ced-3(n717) mutants at this region (Figures 3K
and 3L). As a control, we looked at UNC-104::GFP in the wild-
type background in which CED-3 would be present, where we
see local caspase activity in the spj consistently (Figures 3l and
3J). As expected, we did not see the UNC-104 signal at the spj
at CCE onset (Figure 4J; Video S6). Surprisingly, at earlier stages,
we do see the UNC-104 signal in the TSC. However, this is remote
from the spj at other sites in the s (Figure 4H; Video S6). These data
suggest that CED-3 promotes CCE by negatively regulating UNC-
104/Kinesin-3 protein at the TSC spj, and that this may be spatially
and temporally regulated.

UNC-104/Kinesin-3 transports mitochondria in the
absence of CED-3/caspase

Next, we tested whether mitochondria are a bona fide cargo of
UNC-104/Kinesin-3 in the TSC, given that UNC-104 is a more
established motor for synaptic vesicles.>” We adopted three
strategies. First, we generated “TSCp::Mito-UNC-104" where,
as above for UNC-116, UNC-104 is linked to the outer mem-
brane protein TOMM-7 to transport only mitochondria. We intro-
duced TSCp::Mito-UNC-104 into ced-3(n2427);unc-104(e1265)
mutants and found significant rescue (Figure 5A). Second,
we then tested for colocalization between mCherry-tagged
UNC-104/Kinesin-3 and MitoGFP in ced-3 mutant L1 larva
(Figures 5B-5D) and found colocalization specifically at the spj.
Interestingly, time-lapse imaging shows that in the TSC s,
UNC-104 approaches mitochondria that are separating, associ-
ating with each fragment consecutively, appearing to further
their separation (Figures 5E-5I; Video S7). Third, we looked at
TSC-MitoGFP in ced-3(n717) larva, in which UNC-104/Kinesin-
3 is presumed to be stable, and found mitochondria in the pro-
cess (Figures 5J and 5N). We looked at a ced-3(n717);unc-116
(ns827) double mutant, where mitochondria also cannot exit
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the process into the s. Mitochondria were heavily enriched in
the process in this background (Figures 5K and 5N). We next
compared this to a triple mutant for ced-3(n717);unc-104
(e1265);unc-116(ns827) (Figures 5L and 5N) and found mito-
chondria to be in significantly lower number, suggesting that
UNC-104/Kinesin-3 is necessary for the enhanced mitochondrial
presence in the double mutant. We also looked at ced-3(n717);
dhc-1(js319);unc-116(ns827) but did not find a decrease in mito-
chondria number in the process (Figures 5M and 5N). Our inter-
pretation of the data in Figures 5K-5M is schematically repre-
sented in Figure S2. We suggest that UNC-104 can transport
mitochondria to the TSC spj in the absence of CED-3 in the em-
bryo (Figures S2A and S2B) and can transport mitochondria
farther into the process as the TSC matures to L1 (Figure S2C).
This transport is balanced by s-ward transport of mitochondria
by UNC-116. In the absence of UNC-116, mitochondria can
enter the process via UNC-104 but cannot exit, leading to accu-
mulation of mitochondria in the process (Figure S2D). In the
absence of UNC-104, no new mitochondria enter, and mito-
chondria already present remain in the absence of UNC-116
(Figure S2E). Loss of DHC-1 does not affect the number of mito-
chondria in the TSC process (Figure S2F). Collectively, these
data support a model in which UNC-104/Kinesin-3 can carry
mitochondria in the TSC in the absence of CED-3/caspase.

Mitochondria are protective via Ca%* uptake in a
compartment-specific manner

Our data suggest that mitochondria are protective against CCE
through roles in the TSC process and TSC spj. We also propose
that transport by UNC-116/Kinesin-1 and UNC-104/Kinesin-3 is
important to regulate cell elimination via mitochondrial transport.
We next addressed what aspect of mitochondrial function con-
tributes to this protective role. We first tested whether mitochon-
drial energy production gives mitochondria the ability to preserve
the TSC. We tested clk-1, which encodes co-enzyme Q, a
component of the oxidative phosphorylation pathway,*® against
the ced-3(n2427) hypomorphic background (Figure 6A). Surpris-
ingly, the double mutant had the same proportion of CCE-defec-
tive animals as the ced-3 hypomorph, suggesting mitochondrial
energy production may not explain why mitochondria need to be
removed from the process for its elimination. We next tested an
alternative hypothesis that the ability of mitochondria to act as
Ca®* sinks may give them cell-protective capability. We
therefore tested a mutant for the gene encoding MCU-1
(mitochondrial calcium uniporter), a Ca®*-selective mitochon-
drial ion channel®® in the ced-3 hypomorphic background. Inter-
estingly, in this instance, we did see a partial, but significant,
suppression of the ced-3 hypomorphic CCE defect (Figure 6B).
This suggests that the ability of mitochondria to import cytosolic
Ca?* may give it a protective role in CCE. Supporting this, when
we re-introduced TSC-specific mcu-1 in a ced-3(n2427);mcu-1
(ju1154) double mutant, we found the phenotype to be rescued
(Figure 6C).

Our genetics suggest a role for Ca®?* in CCE, suggesting
changes in Ca®* levels are regulated by mitochondrial Ca®* up-
take. We examined a TSC-specific cytosolic GCaMP5a"® (genet-
ically encoded calcium indicator) reporter to visualize Ca2*
spikes in the TSC. Interestingly, in wild-type embryos, we de-
tected local cytosolic Ca?* spikes at the spj most visible in the
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Figure 5. UNC-104/Kinesin-3 transports mitochondria in the absence of CED-3/caspase

(A) TSC mitochondria-specific rescue of unc-104 mutant CCE defect. n, sample sizes for statistics for each bar = 50 with n referring to number of biologically
independent animals.

(B-D) Colocalization of UNC-104 and mitochondria in L1 larva of ced-3(n717). n = 15 biologically independent animals with similar results.

(E-I) Time-lapse of co-labeled UNC-104 (magenta) and mitochondria (green) as seen in the TSC s, showing transient association of UNC-104 with apparently
fragmenting mitochondria (green arrow), n = 3.

(J) Presence of mitochondria in the TSC process in ced-3(n717) single mutants (yellow arrow).

(K) Enrichment of mitochondria in TSC process of ced-3(n717);unc-116(ns827) double mutants (yellow arrow).

(L) Loss of this enrichment of mitochondria in TSC process of ced-3(n717);unc-116(ns827);unc-104(e1265) triple mutants (yellow arrow).

(M) Enrichment of mitochondria in TSC process of ced-3(n717);unc-116(ns827);dhc-1(js319) triple mutants (yellow arrow).

(N) Graph for (J)-(M). n, sample sizes for statistics for each bar = 30 with n referring to number of biologically independent animals. Datain Aand N are mean + S.E.
M. Statistics: two-tailed unpaired t-test. ns (not significant) p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Scale bar, 5pm.

See also Figure S2 and Video S7.
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Figure 6. Compartment-specific protective function mitochondria via local Ca?* uptake

(A) Graph showing CLK-1 does not regulate CCE. n, sample sizes for statistics for each bar >50 with n referring to number of biologically independent animals.
(B) Graph showing MCU-1/MCU prevents CCE. n, sample sizes for statistics for each bar >50 with n referring to number of biologically independent animals.
(C) Graph showing MCU-1 functions in the TSC cell-autonomously to repress CCE. n, sample sizes for statistics = 50 with n referring to number of biologically
independent animals.

(D-K) Localization of GCaMP5 Ca?* sensor in TSC at the intact and nicking/severing stage of CCE in wild type (yellow arrow) (D and E), ced-3(n717) (F and G),
ced-3(n717);unc-104(e1265) double mutant (yellow arrow) (H and I), and ced-3(n717);mcu-1(ju1154) double mutant (yellow arrow) (J and K).

(L) Quantification of fluorescence intensity of (D)-(K). n = 14 biologically independent animals with similar results.

(M) Graph comparing TSC persistence between unc-116(ns827) single and unc-116(ns827);mcu-1(ju1154) double mutants, n, sample sizes for statistics > 50 with
n referring to number of biologically independent animals.

(N) GCaMP reporter as in whole TSC to show lack of signal in process but presence in spj (yellow arrow). Data in A-C and L-M are mean + S.E.M. Statistics: two-
tailed unpaired t-test. ns (not significant) p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Scale bar, 5pm.

See also Figure S3 and Videos S8 and S9.
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intact to membrane nicking-severing stage (Figure 6D, 6E, and
6L; Video S8). We did not see such a signal in ced-3 mutants
(Figures 6F, 6G, and 6L; Video S8). In both the ced-3(n2427);
unc-104(e1265) double mutants (Figures 6H, 6l, and 6L;
Video S8) and ced-3(n2427);mcu-1(ju1154) double mutants
(Figures 6d, 6K, and 6L; Video S8), the local GCaMP signal
was restored. These data suggest that local Ca?* increase at
the spj is involved in CCE and is prevented by mitochondrial
Ca?* uptake and that UNC-104 promotes mitochondrial trans-
port to the spj in the absence of CED-3. In the presence of
CED-3, mitochondria remain remote from the spj, permitting
local Ca®* increase, membrane nicking-severing, and the pro-
gression of CCE. We propose that the TSC spj is preserved in
the absence of CED-3 by mitochondrial Ca?* uptake facilitated
by UNC-104.

We tested whether the TSC d persistence of unc-116 mutants
is suppressed by loss of mcu-1 as with the ced-3 hypomorph.
Surprisingly, and contrary to our original model, we found no
difference between unc-116 single and unc-116;mcu-1 double
mutants (Figure 6M), suggesting that the protective nature of
mitochondria in the d remnant of unc-7176 mutants is not a func-
tion of mitochondria Ca2* uptake as for ced-3 mutants. This is,
however, consistent with our observation that we did not see
GCaMP signal in the TSC d (Figure 6N; Video S9). We do further
note that, as we have previously shown,”® ced-3 hypomorphs
have a range of CCE defects, including an intact proximal pro-
cess alone. Interestingly, this lone process harbors mitochondria
(Figure S3) and, as shown, the overall phenotype is partially
reduced with the additional loss of mcu-1 (Figure 6B) but not
clk-1 (Figure 6A). In both these double mutants, UNC-116 is pre-
sumably functional such that it can transport mitochondria to the
s. We note that the CCE defect of the unc-116 mutants and ced-
3(n2427);unc-116(ns827) double mutants are not significantly
different (Figure 4A). This is consistent with the model that mito-
chondrial transport to the s via UNC-116 occurs prior to CED-3-
dependent CCE onset.

The TSC process is preserved if UNC-116 is unable to trans-
port mitochondria out of the process toward the s. The localiza-
tions of UNC-116 and UNC-104, two MT plus-end-directed pro-
teins, are consistent with a model of compartment-specific
cytoprotective capabilities of mitochondria. UNC-116 is present
at the TSC d tip early on (Figures 1A and 1M), and then at the s
later (Figures 1B and 1N), and UNC-104 (Figures 4l and 4K) at
the spj in ced-3 mutants. Given our observation that loss of
unc-104 suppresses the ced-3 hypomorph CCE defect, we
examined whether TSC process persistence of unc-116 mutants
is also suppressed by loss of unc-104. Interestingly, we found no
difference in TSC persistence in the unc-116 single and unc-116;
unc-104 double mutants (Figure 4L). This suggests that UNC-
104’s protective role in CCE requires an absence of CED-3
and that the absence of UNC-116 is not sufficient. It also sup-
ports the idea that the contributions of UNC-104 and UNC-116
to CCE regulation may be compartment specific.

Compartment specificity of MT polarity, mitochondrial
function, and transport dynamics

To further understand the differential contributions of UNC-104
and UNC-116 in TSC elimination, we evaluated MT orientation
in the TSC process compartments. We generated a TSC-
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specific reporter for the MT plus-end-binding protein EBP-2.*
Interestingly, we observed compartment-specific differences in
MT polarity. We found EBP-2 comets to be directed both to
and away from the s, close to the spj. Further distally, we find
EBP-2 comets directed toward the s. Interestingly, at the very
distal tip of the TSC process where it forms the spike, we observe
plus-end-out polarity (Figures 7A and 7B; Video S10). This re-
gion-specific diversity on MT polarity is likely related to the func-
tion and elimination modality of each compartment. Interest-
ingly, mixed MT polarity, as seen proximally, is a characteristic
of dendrite architecture, and CCE is also seen in CEM sensory
neurons, which have single dendrites.?®

Collectively, our data allow us to construct a model (Figure 7C)
whereby the elimination of the TSC is achieved by compartment-
specific regulatory events involving mitochondrial transport.
Mitochondria are transported out of the process via UNC-116/
Kinesin-1 and kept remote from the spj via direct or indirect inhi-
bition of UNC-104/Kinesin-3 by CED-3/caspase. At the spj, mito-
chondria take up Ca2*, preventing membrane nicking-severing
and the progression of CCE. Here, two kinesins play compart-
ment-specific roles, with UNC-104/Kinesin-3 in an atypical role
as a mitochondrial motor. We propose that while UNC-116 can
transport mitochondria toward the s along the full length of the
process, how far UNC-104 can traffic mitochondria into the pro-
cess depends on its developmental stage, mainly restricted to
the spj in the embryo. Our work highlights region-specific contri-
butions of differential MT orientation, mitochondrial transport
and protective capacity, local caspase function, and Ca?* in CCE.

DISCUSSION

Previous work in C. elegans demonstrates that, following injury,
mitochondria can protect axons from degeneration®® and can
aid in regeneration.”” Mitochondria can protect against cell
death through elevated mitochondrial activity,”® as well as via
enhanced mitochondrial Ca?* uptake.** Conversely, excess
mitochondrial Ca®* uptake, can also trigger cell death.*® Here,
we present a role for mitochondria in cytoprotection during
development through local Ca®* uptake (Figure 6). We also intro-
duce the intriguing idea that mitochondria contribute differently
to the preservation of the distinct cell compartments, highlighting
further the compartment-specific regulation of specialized cell
death. We note that mitochondria are protective for the TSC
d and spj, but not the s. This may be due to fundamental differ-
ences between these cell compartments structurally and how
they respond to mitochondrial function. We also observe that
the protective impact of mitochondria depends on the cell
compartment in which the mitochondria are located: distal mito-
chondria can only protect the cell locally and mitochondria in the
spj can save the entire cell. One reason for these differences may
be the distinctive MT orientation at the different segments of the
TSC process. Compartment-specific specialization at the level
of the cytoskeleton may dictate the importance of that domain
to CCE and how its dismantling is regulated. We speculate
that there is a correlation between cytoskeleton function
and elimination strategy for different TSC compartments. The
spj has mixed MT polarity; farther distal it is plus-end-in, and
distal-most is plus-end-out. Each region is eliminated in a
different way, at a different time.
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Figure 7. Compartment specificity of MT po-
larity in the TSC and model for mitochondrial
function and transport dynamics during CCE
(A) Kymograph of TSC promoter-driven EBP-2::
GFP in ced-4(n1162) mutant L1 larvae. White ar-
rows mark EBP-2 comets directed toward the TSC
s; yellow arrows mark EBP-2 comets directed away
from the TSC s; thin yellow arrows, EBP-2 comets
plus-end-out of distal-most tip. Scale bar, 5pm.
(B) Graph of ratio of comets directed away from the
TSC s versus total number of comets. n = 10 bio-
logically independent animals with similar results.
Data are mean + S.E.M. Statistics: two-tailed un-
paired t-test. ns (not significant) p > 0.05, *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001.

(C) Model for roles of UNC-116/Kinesin-1 and
UNC-104/Kinesin-3 in transporting mitochondria in
the context of CCE. UNC-116/Kinesin-1 transports
mitochondria out of the TSC process toward the s
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Our work also highlights the importance of local Ca®* and re-
gion-specific caspase activity in promoting CCE (Figure 4l). The
precise role of this Ca2* in CCE is yet to be determined and is an
important future direction. Whether CED-3/caspase targets
UNC-104/Kinesin-3 for cleavage directly or via a partner or
adaptor remains to be examined. Our observation of region-spe-
cific caspase activity is consistent with our prior studies showing
a range of compartment-specific defects of the ced-3 hypo-
morph, suggesting that CED-3/caspase acts independently in
the different TSC sub-compartments.?® Region-specific pruning
has also been reported to be regulated by caspase gradients.”
Uncovering what potentiates region-specific caspase activity
and the relevant caspase substrates merits future study. The
reversible nature of the caspase-independent steps of the non-
canonically apoptotic program of CCE presents us with a new
setting in which to understand the molecular mechanism of
cellular resilience. Interestingly, neuronal apoptosis has been
shown to be reversible.*®

We present in this study atypical roles for two well-known
MT motors. Kinesin-1 is classically known as an anterograde mo-
tor.®" In C. elegans, UNC-116/Kinesin-1°° maintains mitochondrial
density in motor neurons and touch receptor neurons®**’ via
anterograde axonal transport, and protects the axon from degen-
eration following injury.*® Our work in the TSC presents UNC-116
in an essentially opposite role, serving in region-specific exclusion
of cytoprotective mitochondria by transporting mitochondria s-
ward (Figure 7C).

We also present UNC-104/Kinesin-3 in an atypical role of car-
rying mitochondria as cargo (Figure 7C). UNC-104 is the found-
ing member of the kinesin-3 family®” canonically known to
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nonical function of short-range mitochondrial
transport to the spj. Mitochondria so-transported
take up cytosolic Ca?* via the uniporter MCU-1 and
CCE can reverse resulting in survival of the TSC.
See also Video S10.

transport much smaller pre-synaptic vesicles.*® Mammalian
Kinesin-3/KIF1A is neuron specific and functions in the fast
anterograde axonal transport of synaptic vesicle precursors.*®
There is a precedent for other members of the kinesin-3 family
to carry cargo other than synaptic vesicles, including dense
core granules by neuron-specific KIF1A,*° Nkin2/Nkin3 in
Neurospora crassa,”® and KLP-6°" in C. elegans. KIF1B has
been previously shown to localize to mitochondria in vivo.* Prior
studies in C. elegans have shown that mitochondrial localization
is not altered in neurons of the unc-104 mutant.®® Moreover, the
cargo-binding tail domains of Kinesin-3 family members such as
KLP-6 and KIF1Balpha are distinct from KIF1A.% As such, previ-
ous studies do not support the notion that UNC-104 can trans-
port mitochondria in neurons tested thus far. How C. elegans
UNC-104/Kinesin-3 associates with mitochondria remains an
open question for future studies. It is possible that this specific
cargo transport role of UNC-104 is exclusive to the TSC in
ced-3 mutants. Further studies in various neuron subtypes,
including the CEM neurons, will be interesting to pursue to
further investigate the versatility of UNC-104 as a motor. It is
possible that it acts in conjunction with an adaptor specific to
the TSC. Structure-function studies of UNC-104/Kinesin-3’s
conserved pleckstrin homology (PH) domain,®* which acts as a
lipid-binding domain for cargo, may provide insights into poten-
tial cargo adaptability of this kinesin family. Selective KIF1A
cargo trafficking has been suggested to be regulated by specific
adaptors, such as motor-cargo linkage proteins or even other
motors, post-translational modification of the motor,**:°°°¢ or
dimerization/clustering.”” Interestingly, data suggest that UNC-
104 in C. elegans mechanosensory neurons is degraded when
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not bound to cargo.’® We also observe a potentially new role of
UNC-104, wherein UNC-104, via its short-range transport
function, follows and cooperates with the mitochondrial fission
machinery®® to ensure mitochondrial fragments generated do
not re-connect.

Given that UNC-104 and UNC-116 are both MT plus-end-
directed motors, an outstanding question is why and how these
motors occur at specific poles of the TSC moving toward
opposing cell compartments (Figures 1M, 41, and 7). The differ-
ential MT orientation in different TSC process segments offers
an explanation as to how this is possible. Identifying what cues
specifically direct transport toward a particular cell region is an
important future goal. In addition, the lack of involvement of
DHC-1/dynein was surprising but may explain why we observe
UNC-116 and UNC-104 in atypical roles in the context of
the TSC.

We note that the TSC, while polarized, is an epithelial cell and
not a neuron. The TSC epithelial cell is indeed functionally
and physiologically distinct from neurons, serving a physical
scaffolding role for the worm tail rather than in transmitting in-
formation by generating action potentials or forming synapses.
Neurons are also subject to death or regression, both develop-
mentally’ and under pathological®® or injury contexts.®’ Like
neurons, the TSC is morphologically complex and is a valuable
platform for studying facets of neurons pertaining to their struc-
tural complexity, such as organellar transport®®® and compart-
mentalization.®%* Additionally, we have previously shown that
the C. elegans hermaphrodites’ CEM sensory neurons also un-
dergo CCE.?® Of note, the hermaphrodite CEM neurons die
before their axon can form, with only a single dendrite that
shows CCE hallmarks of the TSC process. Future work
exploring the roles of mitochondrial transport in the axon and
dendrite during CEM neuron death will further illuminate our un-
derstanding of specialized cell death in the specific context of
neurons.
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KEY RESOURCES TABLE
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
trioxsalen Sigma Cat#T2137
sodium azide VWR Cat#BDH7465-2
ethyl methanesulfonate Sigma Cat#M0880
Experimental models: Organisms/strains
C. elegans: Strain FX03150: miro-3(tm3150)/I NBRP WormBase: miro-3
C. elegans: Strain CB1265: unc-104(e1265)/1 CGC WormBase: unc-104
C. elegans: Strain FF41: unc-116e2310)/Ill CGC WormBase: unc-116
C. elegans: Strain MT2547: ced-4(n1162)/lll CGC WormBase: ced-4
. elegans: Strain MQ130: clk-1(qm30)/Il CGC WormBase: clk-1
. elegans: Strain MT1522: ced-3(n717)/IV CGC WormBase: ced-3
elegans: Strain MT7004 ced-3(n2427)/IV Shaham Lab WormBase: ced-3
elegans: Strain CZ19982: mcu-1(ju1154)/IV CGC WormBase: mcu-1
elegans: Strain FX01966: miro-1(tm1966)/IV NBRP WormBase: miro-1
elegans: Strain MT6924: ric-7(n2567)/V CGC WormBase: ric-7

elegans: Strain NM1489: dhc-1(js319)X

elegans: Strain miro-2(tm2933)/X

elegans: Strain unc-116(ns827)/Ill

. elegans: Strain TSC6: unc-116(e2310)/Ill; nsls435; nsls435=aff-1p::myrGFP

. elegans: Strain TSC16: ced-3(n717)/IV; nsls435; mccEx006;
mccEx006=pPG245; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC17: ced-3(n717)/IV; nsls435; mccEx007;
mccEx007=pPG245; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC32: unc-116(ns827)/Ill; mccEx019; mccEx019=pPG246;
nsls435=aff-1p::myrGFP

C. elegans: Strain TSC33: unc-116(ns827/)/lll; mccEx020; mccEx020=pPG246;
nsls435=aff-1p::myrGFP

C. elegans: Strain TSC40: unc-116(ns827/Ill); nsls686; mccls005;
mccls005=pPG112; nsls686=aff-1p::mKate2

C. elegans: Strain TSC66: ced-3(n717)/IV; nsls686; mccls005;
mccls005=pPG112; nsls686=aff-1p::mKate2

C. elegans: Strain TSC74: unc-104(e1265)/Il; ced-3(n2427); nsls435;
nsls435=aff-1p::myrGFP

C. elegans: Strain TSC89: unc-104(e1265)/Il; nsls435; nsls435=aff-1p::myrGFP
C. elegans: Strain TSCO0: trak-1(tm1572)/I; ced-3(n2427); nsls435;
nsls435=aff-1p::myrGFP

C. elegans: Strain TSC91: trak-1(tm1572)/I; nsls435; nsls435=aff-1p::myrGFP
C. elegans: Strain TSC96: unc-116(ns827)/Ill;ced-3(n2427);nsls435;
nsls435=aff-1p::myrGFP

C. elegans: Strain TSC98: unc-116(ns827)/Ill; nsls435; mccEx047;
mccEx047=pPG174; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC99: unc-116(ns827)/Ill; nsls435; mccEx048;
mccEx048=pPG174; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC100: unc-116(ns827)/lll; nsls435; mccEx049;
mccEx049=pPG174; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC105: unc-104(e1265)/Il; ced-3(n2427)/IV; nsls435;
mccEx053; mccEx053=pPG294; nsls435=aff-1p::myrGFP
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REAGENT or RESOURCE SOURCE IDENTIFIER
C. elegans: Strain TSC106: unc-104(e1265); ced-3(n2427); nsls435; mccEx054;  This Paper N/A
mccEx054=pPG294; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC107: unc-104(e1265)/Il; ced-3(n2427)/IV; nsls435; This Paper N/A
mccEx055; mccEx055=pPG294; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC260: ced-3(n717)/IV; nsls532; nsls532=pPG114 This Paper N/A
C. elegans: Strain TSC261; ced-3(n717)/IV; nsls560 nsls560=pPG113 This Paper N/A
C. elegans: Strain TSC264; unc-116(ns827)/lll; ced-3(n717)/IV; nsls686; This Paper N/A
mccls005; mccls005=pPG112; nsls686=aff-1p::mKate2

C. elegans: Strain TSC277: ced-3(n2427)/IV; dhc-1(js319)/X; nsls435; This Paper N/A
nsls435=aff-1p::myrGFP

C. elegans: Strain TSC304: unc-104(e1265)/Il; ced-3(n2427)/IV; nsls435; This Paper N/A
mccEx156; mccEx156=pPG331; nsis435=aff-1p::myrGFP

C. elegans: Strain TSC305:unc-104(e1265)/Il; ced-3(n2427)/IV; nsls435; This Paper N/A
mccEx157; mccEx157=pPG331; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC306; unc-104(e1265)/Il; ced-3(n2427)/IV; nsls435; This Paper N/A
mccEx158; mccEx158=pPG331; nsis435=aff-1p::myrGFP

C. elegans: Strain TSC386: unc-116(ns827)/lIll; ced-3(n717)/IV; nsls686; This Paper N/A
mccls005; mcc27; mcc27=Small deletion few nucleotides upstream PAM site;

mccls005=pPG112; nsls686=aff-1p::mKate2

C. elegans: Strain TSC404: ced-3(n717)/IV; mcc28; mcc28=GFP inserted just This Paper N/A
before stop codon (C terminus)

C. elegans: Strain TSC405: ced-3(n717)/IV; mcc28; mccls094; mcc28=GFP This Paper N/A
inserted just before stop codon (C terminus);

mccls094=mccEx207=aff-1p(small)::TSC myrmCherry

C. elegans: Strain TSC407:ced-4(n1162)lll; nsls686; mccls015; This Paper N/A
mccls015=pPG274; nsls686=aff-1p::mKate2

C. elegans: Strain TSC409:clk-1(qm30)lll; ced-3(n2427)/IV; nsls435; This Paper N/A
nsls435=aff-1p::myrGFP

C. elegans: Strain TSC459: unc-116(mcc33)/lll; mcc33=[UNC-116::GFP] N2; This Paper N/A
CRISPR mutant, GFP insertion after UNC-116

C. elegans: Strain TSC472: clk-1(gm30)/Ill; nsls435;nsls435=aff-1p::myrGFP This Paper N/A
C. elegans: Strain TSC489: N2; mcc33; mccEx207; mcc33=[UNC-116::GFP] N2; This Paper N/A
CRISPR mutant, GFP insertion after UNC-116; mccEx207=aff-1p::myrmCherry

C. elegans: Strain TSC514: ced-3(n717)/IV; mccls002; mccls050; This Paper N/A
mccls002=pPG112; mccls050=pPG401

C. elegans: Strain TSC521: dhc-1(js319)/X; nsls435; nsls435=aff-1p::myrGFP This Paper N/A
C. elegans: Strain TSC522:mcu-1(ju1154)/IV; nsls435; nsls435=aff-1p::myrGFP  This Paper N/A
C. elegans: Strain TSC577: N2; mcc28/Il; mccls094; mcc28=UNC-104::GFP This Paper N/A
inserted just before stop codon (C terminus); mccls094=aff-1p::myrmCherry

C. elegans: Strain TSC580: ced-3(n717)/IV; mcc28/Il; mccls100; This Paper N/A
mcc28=UNC-104::GFP inserted just before stop codon (C terminus);

mccls100=aff-1p::myrmCherry

C. elegans: Strain TSC581: N2; mcc33/Ill; mccls094; mcc33=[UNC-116::GFP] This Paper N/A
N2; CRISPR mutant, GFP insertion after UNC-116;

mccls094=aff-1p::myrmCherry

C. elegans: Strain TSC582: N2; mcc33/Ill; mccls100; mcc33=[UNC-116::GFP] This Paper N/A
N2; CRISPR mutant, GFP insertion after UNC-116;

mccls100=aff-1p::myrmCherry

C. elegans: Strain TSC681: ced-(n717)/IV; nsls560; nsls560=pPG113 This Paper N/A
C. elegans: Strain TSC682: ced-(n717)/IV; mcu-1(ju154)/IV; nsls560; This Paper N/A
nsls560=pPG113

C. elegans: Strain TSC683: ced-(n717)/IV; unc-104(e1265)/Il; nsIs560; This Paper N/A

nsls560=pPG113

(Continued on next page)

Current Biology 35, 4932-4945.e1-e4, October 20, 2025 e2




¢? CellPress

OPEN ACCESS

Current Biology

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
C. elegans: Strain TSC685: mcu-1(syb6842)/IV; ced-3(n2427)/IV; nsls435; This Paper N/A
mccEx276;mccEx276=pPG445; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC686: mcu-1(syb6842)/IV; ced-3(n2427)/IV; nsls435; This Paper N/A
mccEx277;mccEx277=pPG445; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC688: mcu-1(syb6842)/1V; ced-3(n2427)/IV; nsls435; This Paper N/A
mccEx279; mccEx279=pPG445; nsls435=aff-1p::myrGFP

C. elegans: Strain TSC693: ced-3(n717)/IV; unc-104(e1265)/Il; nsls686; This Paper N/A
mccls005; mccls005=pPG112; nsIs686=aff-1p::mKate2

C. elegans: Strain 0S8095: ced-3(n717)/IV; nsls435; nsls435=aff-1p::myrGFP This Paper N/A

C. elegans: Strain 0S9235:ced-3(n2427)/IV; nsls435; nsls435=aff-1p::myrGFP This Paper N/A

C. elegans: Strain 0S9985: N2; nsls532; nsls532=pPG114 This Paper N/A

C. elegans: Strain 0S10204: N2; nsls560; nsls560=pPG113 This Paper N/A

C. elegans: Strain OS11918:unc-116(ns827)/lll; nsls435; This Paper N/A
nsls435=aff-1p::myrGFP

C. elegans: Strain PHX6842: mcu-1(syb6842)/IV; ced-3(n2427)/IV This Paper N/A
Oligonucleotides

crRNA for UNC-104 CRISPR GFP- 5’-GCAATTGAAGATGATGATGT-3’. This Paper N/A

crRNA for UNC-116 CRISPR GFP 5’- GTTAAATTTGATAATACGGT-3'. This Paper N/A
Primers for Recombinant DNA, see Table S1 This Paper N/A
Recombinant DNA

pPG294; TSCp::unc-104 cDNA (cell specific rescue) This Paper N/A
pPG331; TSCp::unc-104GFP_tomm7 (mito rescue) This Paper N/A
pPG445; TSCp::mcu-1 cDNA (cell specific rescue) This Paper N/A
pPG245unc-116p::mKate2 (expression) This Paper N/A
pPG246; TSCp::unc-116 cDNA (cell specific rescue) This Paper N/A
pPG401; TSCp::UNC-104::mCherry This Paper N/A
pPG274; TSCp::EBP-2::GFP This Paper N/A
pPG174; TSCp::unc116GFP_tomm7 This Paper N/A
pPG115; TSCp::GCaMP5a_SL2_myrmcherry This Paper N/A
pPG113; TSCp::GFP::C3Ai_SL2::myrmCherry This Paper N/A
pPG112; TSCp::mitoGFP This Paper N/A
pPG114; TSCp::mitoGFP_SL2_myrmcherry This Paper N/A
Software and algorithms

ImagedJ NIH https://imagej.nih.gov/ij/
Prism 10 Graphpad https://www.graphpad.com/
NIS Elements Nlkon https://www.microscope.healthcare.

nikon.com/products/software/nis-elements

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C. elegans culture

C. elegans strains were cultured per standard methods and were grown at 20°C.%° Wild-type animals were of the Bristol N2 subspe-
cies. For most tail-spike cell (TSC) experiments, one of three integrated reporters were used: ns/s435, nsls431, or nsIs686. Integration
of extrachromosomal arrays was performed using UV and trioxsalen (Sigma T2137). Larvae were scored at 20°C at the L1 stage. All
wild-type, mutant and transgenic strains used are listed in key resources table.

METHOD DETAILS

Germline transformation and rescue experiments

Germline transformation was carried out as previously described.®® All plasmids were injected at between 1 and 20ng/uL. pBSK was
used to adjust the DNA concentration of injection mixtures if necessary. All rescue experiments were done with myo-2p::GFP as a co-

injection marker along with cdh-3p::mCherry to label the TSC.
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Primers and plasmid construction

Plasmids were generated by either Gibson Cloning or restriction digest. Primer sequences and information on the construction of
plasmids used in this study are provided in Table S1. The full length or fragment of the aff-7 promoter was used in generating con-
structs for TSC expression.

CRISPR-Cas9 genome editing

To generate TSC404, GFP was introduced to the C-terminus of unc-104 via CRISPR-Cas9 using the crBNA- 5’-GCAATTGAAGATGA
TGATGT-3'. To generate TSC459, GFP was introduced to the C-terminus of unc-116 via CRISPR/Cas9 using the crRNA 5’- GTT
AAATTTGATAATACGGT-3’. Mutants were generated using a co-injection strategy.®” Guide crRNA, repair single-stranded DNA oli-
gos, tracrRNA, and buffers were ordered from IDT. The strain PHX6842, mcu-1(syb6842);ced-3(n2427);nsls435, was made by delet-
ing base pairs 468 to 1364 from the gene mcu-1 in the background of ced-3(n2427);nsls435 and was generated by Suny Biotech
(Suzhou, Jiangsu, China 215028).

Scoring of TSC/CCE defects

TSC death was scored at the L1 stage. Animals were synchronized allowing gravid hermaphrodites to lay eggs overnight, washing off
larvae the next day and waiting 5 hours for hatched L1s. L1s synchronized were then mounted on slides on 2% agarose-water pads,
anaesthetized in 10 mM sodium azide and examined on a wide-field Axioscope A1 (Zeiss) at 40X magnification (NA 1.3). The TSC was
identified by fluorescence (from reporter transgenes) as well as by its location and morphology.

Mutagenesis and mutant identification

nsls435 animals were mutagenized using 75 mM ethyl methanesulfonate (M0880, Sigma) for 4 hours at 20°C. Approximately 27,000
F2 progeny were screened for TSC persistence on a Zeiss Axio-Scope A1 at 40X. unc-116(ns827) was identified from analysis of
SNP-mapping,®® Whole Genome Sequencing data, fosmid rescue and candidate gene analysis.

Microscopy and image processing

Images were collected on a Nikon TI2-E Inverted microscope using a CFI60 Plan Apochromat Lambda 60x Oil Immersion Objective
Lens, N.A. 1.4 (Nikon) and a Yokogawa W1 Dual Cam Spinning Disk Confocal. Images were acquired using NIS-Elements Advanced
Research Package. For still embryo imaging, embryos were anesthetized using 0.5M sodium azide. Larvae were paralyzed with
10mM sodium azide.

Light sheet imaging was performed using a customized ASI diSPIM®° equipped with symmetric 40X Nikon CFI APO NIR objectives
and imaged onto Hamamatsu Orca Fusion (C14440-20UP) cameras equipped with Hamamatsu W-View Gemini channel splitters for
simultaneous two-color imaging. Imaging was performed with a single view 1 micron z-spacing and volumes were acquired every
3 minutes using the diSPIM control plug-in for Micro-Manager 1.4”° and a uniform background subtraction of 100 counts was applied
using Imaged.

EBP-2 imaging was done on ced-3(n717) mutant L1 larvae following previously published protocol”" on the Nikon TI2-E Inverted
microscope above. Kymographs were generated using ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSES
Descriptions of statistical tests and group sizes are provided in figure legends.

Quantification of mitochondria
Length of TSC process and number of mitochondria in the TSC process was counted using ImageJ using analyze particle tool. Mito-
chondria number/TSC process length was calculated in Excel, and these values were input in GraphPad to generate graph.

Quantification of Fluorescence Intensity

Sum intensity projections of fluorescent reporters in relevant cell regions were generated by following TSC membrane signal in Im-
aged software, and GFP intensity was measured. Corrected Total Cell Fluorescence (CTCF) was calculated using Microsoft Excel
and graphed using GraphPad Prism. Statistical analysis: unpaired two-tailed t-test for comparison between wild-type and mutant
animals.

Statistics and reproducibility

The sample sizes and statistical tests were selected based on previous studies with similar methodologies. Sample sizes were not
determined using statistical methods. All experiments were repeated at least two to three times, as indicated, giving similar results.
Independent transgenic lines were treated as independent experiments. Quantification of TSC persistence was done using an un-
paired two-tailed t-test (GraphPad). For all Figures, mean + standard error of the mean (s.e.m.) is represented.
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Mito TSC

Figure S1. A second example of light-sheet acquired time-lapse of mitochondria entering the TSC soma
from the process of a of a wild-type at the 1.5-fold embryo stage. Related to Figure 2. (A) Mitochondria distal
in process. (B, C) Mitochondria progressed further towards soma. (D) Mitochondria at soma-process junction. (E)
Mitochondria removed from process. Yellow arrow, mitochondria. (Video S3). Scale bar, 5um. Images taken every 1
minute.
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Figure S2. Schematic of proposed mitochondrial transport events in TSC. Related to Figure 2 and 5. (A) In wild-type
embryos, UNC-104 is not present to transport mitochondria to the soma process junction. UNC-116 removes mitochondria
from the process, soma-ward. (B) In ced-3(n717) embryos, UNC-104 transports mitochondria to the soma process junction.
UNC-116 removes mitochondria from the process, soma-ward. (C) In ced-3(n717) L1 larva UNC-104 and UNC-116 act as
two opposing motors. UNC-104 transports mitochondria to the soma process junction. Mitochondria can progress farther into
the process. UNC-116 removes mitochondria from the process, soma-ward. (D) In ced-3(n717);unc-116(ns827) L1 larva,
UNC-104 transports mitochondria to the soma process junction and mitochondria can progress farther into the process. In
absence of UNC-116, mitochondria already present or newly entering cannot exit the process. (E) In
ced-3(n717);unc-116(ns827);unc-104(e1265) L1 larva, due to absence of UNC-104, mitochondria cannot reach to the
soma-process junction or progress farther into the process. In absence of UNC-116, mitochondria already present cannot
exit the process. (F) ced-3(n717);unc-116(ns827);dhc-1(js319) L1 larva, UNC-104 transports mitochondria to the soma
process junction and mitochondria can progress farther into the process. In absence of UNC-116, mitochondria already
present or newly entering cannot exit the process. Absence of DHC-1 does not appear to influence how these motors
function.



TSC MITO

Figure S3. Mitochondria (green) seen in persisting process (magenta, TSC membrane marker) of
ced-3(n2427) hypomorph. Related to Figure 6. These persisting mitochondria are hypothesized from
this study to be qualitatively different (take up Ca2+ to preserve cell fragment) from those seen in the
distal process remnant of unc-116(ns827) mutant (FIGURE 2A-C; FIGURE 6M). Scale bar, 5um.



Gibson Cloning

Plasmid | Plasmid Insert Insert Backbone Backbone | Insert Backbone
name Description | Forward Reverse Forward Reverse Template | Template
Primer Primer Primer Primer
pPG294 | TSCp::unc- tctagaggatc | GGCGCGC | tccatactttctca | tacctttgggtc pSM::SL2::

104 cDNA cccgggattgg | Cgttccgaata | tttcataatattcg | ctttggccaat mCherry
(cell specific | ccaaag ttatgaaatg gaacGGCGC | cccggggatc
rescue) GCCaaaATG | ctctagaTTA
TCATCGGT | TGAAGCA
TAAAGTAG | GCAATTG
CTGTACG AAGATGA
TGATG
pPG331 | TSCp::unc- tccatactttctc | TACTgcttcc | agtactageggt | GGCGCG | unc-104 | pPG174
104GFP_tom | atttcataatatt | gccggtacctc | ggcagtggagg | CCgttccga | cDNA (below)
m7 (mito cggaacGGC | cactgccaccg | tac atattatgaaa
rescue) GCGCCaaa | ctagtactTGA tg
ATGTCATC | AGCAGCA
GGTTAAAG | ATTGAAGA
TAGCTGTA | TGATGATG
CG TG
pPG445 | TSCp::mcu-1 | tccatactttctc | tacctttgggtc | GGCGCGC | tctagaggat | mcu-1 pSM::SL2::
cDNA (cell atttcataatatt | ctttggccaatc | Cgttccgaatatt | ccccgggatt | cDNA mCherry
specific cggaacGGC | ccggggatect | atg ggc
rescue) GCGCCaaa | ctagaTTAC
ATGAGGAA | TTTTCAGC
TGGCCGA | TTCCAAAT
TGCTTGGT | TGGATAAA
G TAG
pPG245 | unc- GATCCTCT | GCTTCATA | ATGGTCTC | GATCCTC |unc-116 | pPG146=c
116p::mKate | AGAGTCG | TGCATGTT | CGAGCTCA | TAGAGTC | genomic | dh-
2 ACCTGCA | TTCgTTAAT | TTAACGAAA | GACCTGC | DNA 3p::mKate2
(expression) | GGC GAGCTCG | AC AGGC
GAGACCAT
tttcagagaata
atgatcaccag
ttggc
pPG246 | TSCp::unc- tccatactttctc | Tacctttgggtc pSM::SL2::
116 cDNA atttcataatatt | ctttggccaatc mCherry
(cell specific | cggaacGGC | ccggggatect
rescue) GCGCCaaa | ctagacgatga
ATGGAGC | gttgatgtigttg
CGCGGAC | ttgggagac
AGACGGA
G
pPG401 | TSCp::UNC- | ATTGAAAT | caagttggtaat | ctctattctcaca | ggagaaaga | pPG331 pPG270=T
104::mCherr | CTCCAACA | ggtagcgacc | aaaaacatatg | gcatgtagg (above) SCp::Inp-1
y TCATCATC | ggcgctcagtt cDNA _SL2
TTCAATTG | gGAATTCT ::mCherry
CTGCTTCA | TActigtacag




GGAGCAT | ctecgtccatgee (unpublish
CGGGAGC | gc ed)
CTCAGGA
GCATCGAT
GGTGagca
agggcgagga
ggataaca
pPG274 | TSCp::EBP- | tccatactttctc | caagttggtaat | GGCGCGC | GAATTCca | Pklp- pPG270
2:.GFP atttcataatatt | ggtagcgacc | Cgttccgaatatt | actgagcgec | 6::epb-
cggaacGGC | ggcgctcagtt | atg ggtc 2::gfp (A
GCGCCttca | gGAATTCct gift grom
gaaaccgagg | atttgtatagttc Maureen
caaaATGGT | atccatgccat Barr)
CG gt
pPG482 | TSCp_unc- tccatactttctc | TACTgcttcc | agtactageggt | GGCGCG | pPG174 | Truncated
116 atttcataatatt | gccggtacctc | ggcagtggagg | CCgttccga UNC-116
motor_CC1_ | cggaacGGC | cactgccaccg | tacc atattatgaaa synthesize
GFP- GCGCCAT | ctagtactagc tg d by gene
TOMM7 Gggtgtccag | acgccagegt universal
gtattttgtcgtat | gaaagttccaa
tc a
Restriction Digest Based Cloning
Plasmid | Plasmid Insert Insert Vector Insert Template
name Description | Forward Reverse
Primer Primer
pPG174 | TSCp::unc11 | cccccGGCC | ccaatccecggg | Punc-47::unc- aff-1 promoter 1393 bp
6GFP_tomm | GGCCctattg | gatcctctaga | 116_GFP::tomm-7 (Fse-1, Ascl)
7 acgataacca | GGCGCGC
ccttacaaac Cggggag
pPG115 | TSCp::GCa ccceeccGGC | cecececcGGC | pSM::SL2::mCherry GCaMP5a synthesized
MP5a_SL2_ | CGGCCctat | GCGCCqgttc
myrmcherry | tgacgataacc | cgaatattatga
accttacaaac | aatgagaaag
acc tatgG
pPG113 | TSCp::GFP:: | ccccccGGC | ggggggGTT | pSM::SL2::mCherry GFP::C3Ai synthesized
C3Ai_SL2::m | GCGCCaaa | AACTTAAT
yrmCherry ATGATCAA | TCGGCAG
GATTGCCA | ATTGTCGA
CACGGAA | CGCGCAT
ATAT
pPG112 | TSCp::mitoG | ccccccGGC | ggggggGTC | pglr-1::mitoGFP (Ghose et | aff-1 promoter 1391 bp
FP GCGCCaaa | GACTTTGT | al, 2013) (Ascl, Sall)
ATGGCACT | ATAGTTCA
CCTGCAAT | TCCATGCC
CACGTCTC | ATGTGTAA
C TC




pPG114

TSCp::mitoG
FP_SL2 myr
mcherry

cceeecggege
gccaaaATG
GCACTCCT
GCAATCAC
GTC

ccccccagtta
actaggtgaaa
gtaggatgag
acaggatatc

pSM::SL2::mCherry

pPG112 (Ascl, EcoRV)

Table S1. Plasmids used in this study. Related to STAR Methods.
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