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Abstract

Caspases are cysteine proteases with critical roles in apoptosis. The Caenorhabditis elegans
caspase CED-3 is activated by autocatalytic cleavage, a process enhanced by CED-4. Here we
report that CED-3 zymogen localizes to the perinuclear region in C. elegans germ cells and that
CED-3 autocatalytic cleavage is held in check by C. elegans nuclei and activated by CED-4. The
nuclear pore protein NPP-14 interacts with the prodomain of CED-3 zymogen, colocalizes with
CED-3 in vivo, and inhibits CED-3 autoactivation /n vitro. Several missense mutations in the
CED-3 prodomain result in stronger association with NPP-14 and reduced CED-3 activation by
CED-4 in the presence of nuclei or NPP-14, leading to cell death defects. Those same mutations
enhance autocatalytic cleavage of CED-3 jn vitro and increase apoptosis /n7 vivo in the absence of
npp-14. Our results reveal a critical role for nuclei and nuclear membrane proteins in regulating
activation and localization of CED-3.

Apoptotic caspases are a family of conserved cysteine proteases that play central roles in
activating and executing apoptosis in diverse organisms:2. They are initially synthesized as
inactive zymogens, containing an N-terminal prodomain or caspase recruitment domain
(CARD) and two catalytic subunits known as the large and the small subunits. In cells that
receive cell death stimuli, caspase zymogens either undergo autoproteolytic activation
through induced dimerization or oligomerization of the zymogens, or are proteolytically
activated by upstream caspases or proteases!:2. The activated caspases then act by cleaving a
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plethora of cellular proteins, leading to self-destruction of the cell, including nuclear
membrane breakdown, chromosome fragmentation, apoptotic body formation, and clearance
by phagocytes3. Given the critical roles of caspases in apoptosis, the activation and activity
of caspases are tightly regulated at multiple levels and by both positive and negative
regulators so that they are suppressed in cells that live, but swiftly activated in cells that need
to undergo apoptosist-2.

The C. elegans ced-3 gene is essential for apoptosis and encodes a caspase that is the
founding member of the apoptotic caspases*°. The analysis of CED-3 activation and
regulation during apoptosis has provided critical insights into the activation and functions of
caspases and apoptosis in general. In C. elegans cells that live, the CED-4 protein, a
homolog of the human apoptotic protease activating factor-1 (Apaf-1)87, is complexed with
the cell death inhibitor CED-9 in a 2:1 stoichiometric ratio and tethered to the surface of
mitochondria through CED-98-12, During apoptosis, the cell-death initiator EGL-1 is
transcriptionally upregulated, binds to CED-9, and triggers dissociation of the CED-4 dimer
from CED-911-13, Released CED-4 dimers subsequently oligomerize and translocate to the
perinuclear region to activate apoptosis1:12.14 |t is not understood why CED-4 relocates to
nuclei during apoptosis.

Related to the dynamic movement of CED-4 during apoptosis, several key questions
regarding CED-3 remain unanswered. In particular, the subcellular localization of CED-3 in
C. elegans, which will shed light on how CED-3 is activated and how it acts to cause
apoptosis, has been a major mystery. In addition, the role of the prodomain of the CED-3
zymogen in C. elegans apoptosis is an enigmatic issue, as the prodomain of CED-3 appears
to be completely dispensable for CED-3 activation and activities 77 vitro*>16, but is critical
for the killing activity of CED-3 in vivo™17.

In this study, we set out to investigate where CED-3 localizes and how the prodomain of
CED-3 affects apoptosis. We find that CED-3 also localizes to the perinuclear region in C.
elegans germ cells, which provides a causal link for the translocation of CED-4 oligomers to
nuclei during apoptosis. Moreover, we identify a nuclear pore protein NPP-14 that is critical
not only for the perinuclear localization of CED-3 but also for inhibiting CED-3 zymogen
autoactivation in living cells. Finally, we demonstrate that several unique CED-3 prodomain
mutations enhance binding of the CED-3 zymogen with NPP-14, leading to inhibition of
CED-4-induced CED-3 activation /n7 vitro and apoptosis /in vivo.

CED-3 prodomain mutations can enhance CED-3 autoactivation

Several loss-of-function (/f) mutations in ced-3 (n718, n1040and n2439) result in single
amino acid substitutions (G65R, L27F and L30F, respectively) in the prodomain of the
CED-3 caspase*17. These mutations cause strong reduction of apoptosis, as monitored by
the number of persistent cell corpses in a ced-1(e1735) mutant background that is defective
in cell corpse clearance (Table 1)18. For example, an average of 31 persistent cell corpses
were observed in ced-1(el1735) embryos, whereas virtually no cell corpse was detected in
ced-1(e1735),; ced-3(n718 G65R ) embryos (Table 1), indicating that ced-3(n718 G65R)
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animals are defective in cell death. Similarly, reduced numbers of persistent cell corpses
were seen in ced-1(e1735),; ced-3(n10401.27F) and ced-1(e1735), ced-3(n2439 L30F)
embryos (13 and 7 cell corpses on average, respectively)(Table 1). We confirmed these
observations by quantifying the number of cells that failed to undergo apoptosis in the
anterior pharynx of these animals (16 cells are programmed to die in this region of wild-type
animals)’. ced-1(e1735); ced-3(n718 G65R), ced-1(e1735); ced-3(n1040 1. 27F ), and
ced-1(e1735),; ced-3(n2439 L.30F ) larvae have an average of 12.6, 10.3 and 12.0 extra
undead cells, respectively, indicating strong cell death defects (Supplementary Table 1).
Because the prodomain of CED-3 appears to be dispensable for CED-3 activity or activation
in vitrot>18 | these results raise important questions regarding the role of the CED-3
prodomain in regulating CED-3 activation, activity, or apoptosis /in vivo.

We first performed /n vitro assays to examine if these prodomain mutations affect CED-3
zymogen autoproteolytic activation or CED-3 activation induced by oligomeric CED-4, the
activated form of CED-412, In CED-3 autoactivation assays, 3°S-Methionine-labeled CED-3
zymogen synthesized in the rabbit reticulocyte lysate initially existed as an unprocessed
precursor and was slowly autocleaved to generate some processed forms, including one that
was visible at the 41 kD position by the 90-min time point (Fig. 1a, lanes 1-4, and
Supplementary Fig. 1a,c)1219. In contrast, CED-3(L27F), CED-3(L30F) and CED-3(G65R)
zymogens displayed much stronger autoproteolytic activation and were mostly
autoprocessed by the 90-min time point (Fig. 1a, lanes 5-12, 17-20, and Supplementary Fig.
1a,c). This is surprising, because /n vivo these mutations strongly reduce rather than promote
cell death (Table 1 and Supplementary Table 1). Another CED-3 prodomain mutation, 72449
(R51H), caused a barely detectable cell death defect (Table 1 and Supplementary Table 1),
and the CED-3(R51H) zymogen was indistinguishable from the wild-type CED-3 zymogen
in the CED-3 autoactivation assay (Fig. 1a, lanes 13-16, and Supplementary Fig. 1a,c).

Prodomain mutations do not impair CED-3 activation by CED-4

Given the strong cell death defects caused by these three CED-3 prodomain mutations, we
examined whether they might impair the activation of the CED-3 zymogen induced by
CED-4. Oligomeric CED-4 greatly accelerated autoproteolytic activation of both the wild-
type CED-3 zymogen and the CED-3(R51H) zymogen (Fig. 1b, lanes 1-4, 13-16 and
Supplementary Fig. 1b,c)12:1520  |eading to the activation of some of the CED-3 zymogens
at the 25-min time point (Fig. 1b, lanes 1), when there was no sign of any CED-3 activation
in the absence of CED-4 (Fig. 1a, lanes 1). In comparison, oligomeric CED-4 only mildly
enhanced autoproteolytic activation of CED-3(L27F), CED-3(L30F) and CED-3(G65R)
zymogens (Fig. 1b, lanes 5-12, 17-20, and Supplementary Fig. 1b,c), which already self-
activated strongly /n vitro without CED-4 (Fig. 1a, lanes 5-12, 17-20, and Supplementary
Fig. 1a,c). Therefore, in the presence of oligomeric CED-4, all five CED-3 zymogens were
activated to a similar level. In contrast, a catalytic-site mutation in CED-3 (G360S)
conferred by a strong /fmutation 72433 completely blocked CED-3 zymogen activation
with or without CED-4 (Table 1 and Supplementary Fig. 1d). These results indicate that the
three CED-3 prodomain mutations (G65R, L27F and L30F) unexpectedly enhance CED-3
autoproteolytic activation and do not affect CED-4-induced CED-3 activation /n vitro. These
findings are inconsistent with the strong cell death defects caused by these mutations and
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suggest that they must impair CED-3 activation or activity /n vivo through a more complex
mechanism that was not recapitulated in the /n vitro assays.

CED-3 displays perinuclear localization in germ cells

To understand how CED-3 acts to kill the cell, we examined the subcellular localization
pattern of CED-3 in C. elegans using a low-copy integrated transgene expressing a CED-3
translational GFP fusion (P s.y.3c€0-3::91p), which was generated by biolistic
bombardment?L. This transgene fully rescued the cell death defect of the strong
ced-3(n2433) mutant (Supplementary Table 2), indicating that this CED-3::GFP fusion is
functional and likely localizes to the proper subcellular sites. Interestingly, we observed a
perinuclear localization pattern of CED-3::GFP in C. elegans germ cells (Fig. 2a), which
was not seen when GFP was expressed in germ cells (Supplementary Fig. 2a,b). This
perinuclear localization pattern of CED-3::GFP was lost and became diffuse in apoptotic
germ cells (Supplementary Fig. 2c), probably due to breakdown of nuclear membrane during
apoptosis3. Although CED-3::GFP expressed from a high-copy number transgene was
observed in the cytoplasm of some dying cell and its mother in C. efegans embryos?2, we
could not detect clearly visible GFP signal in live somatic cells of C. elegans embryos,
larvae, or adults carrying this low-copy P .o4.35ce0-3::gfp transgene. Multiple efforts to
generate antibodies to CED-3 failed to produce an antibody that could detect the endogenous
CED-3 expression in C. elegans either by immunoblotting or by immunohistochemistry (see
Online Methods).

C. elegans nuclei inhibit CED-3 autoactivation in vitro

Given the perinuclear localization pattern of CED-3, we examined if C. elegans nuclei might
play a role in regulating CED-3 activation or activity. We purified nuclei from wild-type
animals (Supplementary Fig. 2d and see Online Methods)?3 and included them in CED-3
activation or activity assays. In the absence of oligomeric CED-4, the limited self-activation
of the wild-type CED-3 zymogen and the CED-3(R51H) zymogen was inhibited by C.
elegans nuclei (Fig. 3a,b, lanes 1-4, 13-16, and Supplementary Fig. 3a,b,d). Similarly, the
originally robust autoactivation of CED-3(L27F), CED-3(L30F) and CED-3(G65R)
zymogens was markedly suppressed by purified nuclei (Fig. 3a,b, lanes 5-12, 17-20, and
Supplementary Fig. 3a,b,d), resulting in loss of the processed catalytic subunits at
approximately 15-17 kD positions'2-19. On the other hand, purified nuclei did not inhibit
cleavage of CED-9, a known CED-3 substrate?4, by the active CED-3 protease
(Supplementary Fig. 2e), indicating that nuclei do not affect the activity of active CED-3.
These results suggest that C. efegans nuclei inhibit autoactivation of both wild-type and
mutant CED-3 zymogens /n vitro and could serve as a negative regulator to inhibit CED-3
autoproteolytic activation /n vivo.

During apoptosis, CED-4 is released from the CED-4 and CED-9 inhibitory complex
tethered on the outer mitochondrial membrane and subsequently oligomerizes to promote
CED-3 activation and cell killing!112, When CED-4 oligomers were included in the CED-3
activation assays with the nuclei, both wild-type CED-3 and CED-3(R51H) zymogens were
strongly activated (Fig. 3c, lanes 1-4, 13-16, and Supplementary Fig. 3c,d), indicating that
CED-4 oligomers overcome the inhibitory effect of nuclei to induce robust activation of the
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CED-3 and CED-3(R51H) zymogens. In contrast, CED-4 oligomers were unable to reverse
the inhibition of nuclei to restore strong activation of the CED-3(L27F), CED-3(L30F) and
CED-3(G65R) zymogens, and in particular, generation of catalytic subunits at
approximately 15-17 kD positions (Fig. 3c, lanes 5-12, 17-20, and Supplementary Fig.
3c,d). These /in vitro results are consistent with the findings that CED-3 prodomain
mutations, L27F, L30F and G65R, but not R51H, cause strong cell death defects in C.
elegans (Table 1 and Supplementary Table 1).

NPP-14 inhibits cell death in a ced-3 allele-specific manner

We investigated how CED-3 localizes to the perinuclear region and whether inhibition of the
CED-3 zymogen activation by nuclei is mediated by a nuclear membrane protein. Because
the CED-3 G65R mutation significantly enhanced CED-3 zymogen autoactivation in the
absence of C. efegans nuclei (Fig. 3a,b, lanes 17-20), we reasoned that RNA interference
(RNAI) knockdown of the nuclear membrane protein that mediates inhibition of CED-3
zymogen autoactivation by nuclei would cause increased cell death in ced-3(n718 G65R)
animals. Therefore, we performed a candidate-based RNAI screen on ced-1(e1735),
ced-3(n718 G65R ) animals and looked for RNAI treatment that increased the number of
persistent cell corpses in ced-1(e1735),; ced-3(n718 G65R ) embryos. Thirty-eight C. elegans
genes, encoding nuclear membrane proteins or proteins known to associate with the nuclear
envelope?3:25-29 \were screened (Table 2). RNAI of one gene, nop-14, which encodes a
nuclear pore protein, caused appearance of 1-2 cell corpses in 67% of ced-1(e1735),
ced-3(n718 G65R ) 4-fold stage embryos (7=15), while virtually no cell corpse was seen in
ced-1(e1735),; ced-3(n718 G65R ) embryos treated with RNA. to other genes (Table 2). We
confirmed this result using a loss-of-function npp-14 mutation (sm160), which results in
substitution of Glutamine 641 of the NPP-14 protein by an Ocher stop codon (see Online
Methods). npp-14(sm160) significantly increased the number of persistent cell corpses not
only in ced-1(e1735),; ced-3(n718 G65R ) embryos, but also in ced-1(e1735), ced-3(n1040
L27F)and ced-1(e1735); ced-3(n2439 L30F ) embryos (Table 1). For instance, in the
ced-1(e1735),; ced-3(n10401.27F ) double mutant, a mean of 13 cell corpses was seen in 4-
fold stage embryos, but in the npp-14(sm160) ced-1(e1735),; ced-3(n1040L27F )triple
mutant, the number of cell corpses almost doubled (a mean of 23 cell corpses; Table 1),
indicating markedly increased cell death. In line with these observations, npp-14(sm160)
reduced the number of extra cells in the anterior pharynx of ced-1(e1735), ced-3(n718
G65R), ced-1(e1735), ced-3(n10401.27F ), and ced-1(e1735); ced-3(n2439 L30F ) animals
(Supplementary Table 1). On the other hand, loss of npp-14did not induce any cell death in
ced-1(e1735),; ced-3(n2433 G360S) embryos, which have the catalytic-dead CED-3 protein
(Table 1 and Supplementary Fig. 1d), and did not increase the number of persistent cell
corpses in ced-1(e1735),; ced-3(n2449R51H ) embryos, which have a CED-3 zymogen
indistinguishable from the wild-type CED-3 zymogen in autoactivation /n vitro (Fig. 1a,b).
Neither did loss of npp-14 alter the extra cell numbers in ced-1(e1735), ced-3(n2433 G360S)
and ced-1(e1735), ced-3(n2449 R51H ) animals (Supplementary Table 1).

Similarly, inactivation of npp-14 significantly increased germ cell death in ced-1(e1735),
ced-3(n10401.27F ) and ced-1(e1735), ced-3(n2439 L.30F ) animals (Supplementary Table 3)
and resulted in a greater increase of germ cell death when these animals were subjected to
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ultraviolet (UV) irradiation (Supplementary Table 4). As in somatic cells, loss of npp-14did
not increase germ cell death in ced-1(e1735); ced-3(n2433 G360S) or ced-1(e1735);
ced-3(n2449 R51H ) animals with or without UV irradiation (Supplementary Tables 3 and 4).
Taken together, these results show that pp-14 plays an important, allele-specific cell death
inhibitory role in three ced-3 mutants (17718, n1040and n2439) that have CED-3 zymogens
with enhanced autoactivation activity.

NPP-14 is critical for CED-3 perinuclear localization

To investigate if npp-14 affects CED-3 subcellular localization, we introduced the

P ceq-3c€0-3..gfp integrated transgene into the npp-14(sm160) mutant and found that CED-3
largely lost its perinuclear localization (Fig. 2b). This result indicates that NPP-14, a nuclear
membrane protein, is critical for localization of CED-3 to the perinuclear region. We
generated a low-copy number integrated transgene that expressed rpp-14 translational fusion
with dsRed from its endogenous promoter (P 5. ;/NPP-14::dsRed) by biolistic
bombardment and found that NPP-14::dsRed was colocalized with CED-3::GFP in C.
elegans germ cells (Fig. 2c). We then tested if NPP-14 directly interacted with CED-3 using
GST fusion protein pull-down assays. GST-NPP-14, but not GST alone, bound full-length
CED-3 (residues 1-503; Supplementary Fig. 4a) and the prodomain of CED-3 (residues 1—
220)(Fig. 4a, lanes 8 and 9), but failed to interact with a fragment of CED-3 containing both
catalytic subunits (residues 206-503; Supplementary Fig. 4a). Interestingly, GST-NPP-14
displayed significantly stronger binding to the CED-3 prodomain harboring the L27F, L30F,
or G65R mutation than to the wild-type CED-3 prodomain or the mutant CED-3(R51H)
prodomain (Fig. 4a, lanes 10-14, Fig. 4b, and Supplementary Fig. 4b). These results
together indicate that NPP-14 plays an important role in tethering the CED-3 zymogen to the
nuclear membrane through binding to the CED-3 prodomain. The finding that NPP-14
shows stronger binding to three CED-3 zymogens with prodomain mutations that cause
strong cell death defects /n vivois consistent with the observations that these three mutant
zymogens were poorly activated by oligomeric CED-4 in the presence of nuclei /n vitro (Fig.
3c, lanes 5-12, 17-20, and Supplementary Fig. 3c,d).

NPP-14 regulates CED-3 autoactivation in vitro

We last tested whether NPP-14 inhibited CED-3 autoactivation /n vitro like C. elegans
nuclei. When recombinant NPP-14 was included in the CED-3 activation assays, the limited
self-activation of CED-3 and CED-3(R51H) zymogens was blocked (Fig. 4c,d, lanes 1-4,
13-16, and Supplementary Fig. 5a,b,d) and the strong self-activation of CED-3(L27F),
CED-3(L30F) and CED-3(G65R) zymogens was mostly suppressed (Fig. 4c,d, lanes 5-12,
17-20, and Supplementary Fig. 5a,b,d). Consistent with this /n vitro observation,
overexpression of NPP-14 in C. elegans inhibited cell death during embryogenesis
(Supplementary Fig. 4c). However, when CED-4 oligomers were included in the reactions
with NPP-14, the autoproteolytic activation of CED-3 and CED-3(R51H) zymogens was
greatly enhanced (Fig. 4e, lanes 1-4, 13-16, and Supplementary Fig. 5¢,d). By contrast, the
activation of the CED-3(L27F), CED-3(L30F), or CED-3(G65R) zymogen remained largely
suppressed (Fig. 4e, lanes 5-12 and lanes 17-20, and Supplementary Fig. 5c,d). Like nuclei,
NPP-14 did not inhibit the activity of the active CED-3 protease (Supplementary Fig. 2f).
Therefore, NPP-14 mimics nuclei in suppressing CED-4-induced activation of three CED-3
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zymogens with prodomain mutations that cause stronger association of CED-3 with NPP-14,
but does not affect active CED-3 protease. These results nicely account for the paradoxical
observations that CED-3(L27F), CED-3(L30F) and CED-3(G65R) zymogens self-activate
strongly in vitro, but have a greatly reduced proapoptotic activity /n vivo.

DISCUSSION

Caspases play pivotal roles in the initiation and execution of apoptosis in diverse
organisms1-3:30, The activation and activities of caspases need to be tightly controlled to
ensure proper animal development and tissue homeostasis=330, As the prototype of the
apoptotic caspases and the key cell-killing protein in C. elegans, how the CED-3 caspase is
regulated so that it is safely constrained in living cells and specifically activated in apoptotic
cells has been a major topic of study. The central unresolved issue is the physical location of
the CED-3 zymogen, which governs how it might be activated and how it acts to trigger
apoptosis.

In this study, we report that the C. elegans CED-3 zymogen is tethered to the nuclear
membrane in live germ cells through its interaction with a nuclear pore component NPP-14,
This protein interaction and the nuclear membrane association block autoactivation of the
CED-3 zymogen /n vitro and appear to protect cells from inadvertent apoptosis /n vivo. In
cells destined to undergo apoptosis, the activated CED-4 oligomers translocate from
mitochondria to the perinuclear region1:12 or accumulate in the perinuclear regionl4, where
they induce robust activation of the CED-3 zymogen by overcoming the inhibitory effect of
NPP-14 and nuclei, leading to the activation of apoptosis. These findings unravel the long-
standing questions of how autoactivation of the CED-3 zymogen is curbed in cells that live
and why CED-4 needs to translocate to the perinuclear region to activate apoptosis. This is
also the first report that a caspase zymogen is targeted to the perinuclear region in living
cells and that nuclei play a direct and critical role in regulating appropriate activation of a
caspase zymogen.

In mammals, caspase zymogens have not been reported to localize to the perinuclear region
or associate with the nuclear membrane. However, several caspases, including caspase-2 and
caspase-3, have been found in nuclei or in the nuclear fractions31-33, although the
importance of such localization to apoptosis and caspase activation is unclear. Moreover,
several nuclear pore proteins, such as Nup210, Nup214 and Nup107, have been implicated
in suppressing apoptosis in mammalian cells34-36. In particular, Nup210 plays an
antiapoptotic role to promote skeletal muscle differentiation by suppressing the caspase
cascade induced by endoplasmic reticulum (ER) stress accompanying the differentiation
process34. Further investigation is needed to examine if association with nuclear membrane
proteins represents a conserved mechanism for regulating apoptosis and caspase activation
across organisms.

The prodomains or the CARD domains of caspases in mammals play a critical role in
caspase activation by recruiting caspase zymogens to specific death-activation complexes,
such as the apoptosome or the death receptor signaling complexes, leading to their
autocatalytic activationl:2:30, It is thus intriguing that the prodomain of CED-3 appears to be

Nat Struct Mol Biol. Author manuscript; available in PMC 2017 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 8

dispensable for CED-3 activation /in vitro*>16, yet multiple mutations in the prodomain,
including three examined in this study (1718, n1040, and n2439), cause strong cell death
defects in vivo*17. In this study, we show that these three prodomain mutations result in
stronger association of the CED-3 zymogens with NPP-14, which deters not only CED-3
autocatalytic activation but also CED-3 activation induced by CED-4 oligomers (Figs. 3, 4).
This finding provides the mechanistic insight into why these mutations cause strong cell
death defects /n vivo. On the other hand, these three prodomain mutations also cause
enhanced CED-3 autoactivation /n vitro, and consistent with that finding, increased
apoptosis /n vivo in the absence of npp-14 (Fig. 1). These findings squarely place NPP-14
and C. elegans nuclei as the key regulator of CED-3 activation and apoptosis in C. elegans
and raise the possibility that a similar mechanism may control caspase activation and
apoptosis in other organisms.

METHODS

Methods and any associated references are available in the online version of the paper.

ONLINE METHODS

Strains

Strains of C. eleganswere cultured at 20°C using standard procedures3’. Most of the alleles
used in this study have been described previouslyl”-18, except the npp-14(sm160) allele.

Isolation of the npp-14(sm160) mutation

Ethyl methane sulfonate (EMS) mutagenesis was performed on ced-9(n2812), ced-3(n717)
animals carrying an extrachromosomal transgene array (SmEx588) containing

P hs,CED-4::GFP and pRF4, a transgenic marker causing the Rol phenotype. Upon heat-
shock treatment, CED-4::GFP localizes to the nuclear membrane due to loss of ced-9.
sm160was isolated as a recessive mutation that prevents CED-4::GFP localization to the
nuclear membrane and was found to cause a C to T transition in the npp-14 gene that
generates a stop codon at amino acid 641 (Q6410cher).

Quantification of cell corpses

Somatic cell corpses in the head region of 3-fold transgenic embryos or 4-fold stage
embryos were scored using Nomarski optics, as previously described38. The number of germ
cell corpses in the pachytene region of one gonad arm of hermaphrodite animals was scored
using Nomarski optics. 15 animals were scored at 24 hours or 48 hours post L4 to the adult
molt for each strain.

Quantification of extra cells

The number of extra cells in the anterior pharynx of L4 larvae was scored using Nomarski
optics, as previously described38. 20 animals were scored for each strain.
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Quantification of germ cell death induced by UV irradiation

To assess the effect of UV irradiation on germ cell death, hermaphrodite animals were
allowed to develop to the young adult stage (24 hours after L4 to the adult molt) at 20°C and
treated with 100 J/m? UV on non-seeded NGM plates using a Stratalinker (Stratagene, Inc.).
Immediately after UV irradiation, animals were transferred to freshly seeded NGM plates
and germ cell corpses were scored 6 hours or 24 hours later as inidcated.

Generation of transgenic animals

P hspiipp-14 (25 pg/ml each) and P, sg7p (25 pg/ml), which was used as a transgenic
marker, were injected into ced-1(e1735) animals to generate transgenic lines. To express
GFP in C. elegans germ line under the control of the heat-shock promoters, a mixture of the
following DNA constructs were injected into the N2 animals to create complex transgenic
arrays that facilitate gene expression in the germ line: the P 55,97 expression constructs
linearized with Hind /11 (1 ug/ml each), the pRF4 construct linearized with £coR /(1 pg/ml)
and the Pg,.smcherry construct (1 pg/ml), which serve as transgenic markers, and wild-type
C. elegans genomic DNA digested with Sca /(60 pg/ml). F3, F4 and F5 generations of
Roller transgenic animals were examined and imaged for the expression of GFP in the germ
line after the heat-shock treatment.

Heat-Shock Treatment

Roller transgenic animals were placed at 33°C for 60 minutes and let recover at 20°C for 3
hours before imaging.

Molecular Biology

To generate the P o4.3ced-3::gfp translational fusion construct for biolistic bombardment, we
first replaced the stop codon of the ced-3 coding region in the pJ40 vector with an Nhe /site
through site-directed mutagenesis?, which contains 2387 bp of the ced-3 promoter and 2275
bp of 3’ untranslated region. A GFP coding region was then inserted into the modified vector
through the newly created Nhe /site. A 10 kb Bam HI/Apa I fragment containing the
ced-3..gfp fusion was excised from the vector and inserted into a vector used for biolistic
bombardment, which also contains the C. elegans unc-119 gene. To generate the

P npp-1411Pp-14:.dsRed fusion construct for biolistic bombardment, a 7173 bp PCR fragment
containing the npp-14 coding region including 2603 bp of the npp-14 promoter was inserted
into a modified pPD95.77 vector, in which the GFP coding region was replaced by the
dsRed coding region. A 8.7 kb Pst I/Spe / fragment containing the npp-14...dsRed fusion was
excised from the resulting construct and inserted into the same bombardment vector
described above.

Protein expression and purification

CED-4 oligomers were expressed and purified as previously described!2. A partial cDNA
clone (yk1144d07) containing rpp-14 and a cDNA fragment containing the part of npp-14
that is missing in the yk1144d07 clone, which was generated by reverse transcription
polymerase chain reaction (RT-PCR), were used to assemble the full-length npp-14 cDNA
clone. The full-length npp-14 cDNA fragment was subcloned into the pET-15b vector via its
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Nde and Xho /sites and the resulting construct was used to express NPP-14 in the bacterial
strain BL21(DE3) as an N-terminal Hisg-tagged protein. After 3 hour induction at 22°C,
cells were collected and lysed. Hisg-NPP-14 was purified from the soluble fraction using a
NiZ*-NTA column (GE Healthcare) and further dialyzed by a buffer containing 25 mM Tris
(pH8.0), 150 mM NaCl, 1 mM DTT, and 10% (v/v) Glycerol. The ced-3 cDNA fragments
encoding amino acids 1-220 (wild-type or with prodomain mutations) with a C-terminal
Hisg tag were subcloned into the pET-3a vector via its AMde /and BamH /sites to generate
the CED-3(1-220)-Hisg expression constructs (wild-type or mutant). CED-3(1-220)-Hisg
proteins (wild-type or mutant) were expressed in the bacterial strain BL21(DE3), and after 4
hour induction at 22°C, cells were collected and lysed. CED-3(1-220)-Hisg proteins (wild-
type or mutant) were purified from the soluble fraction using a Ni2*-NTA column and were
eluted from the column in a buffer containing 100 mM Tris (pH8.0), 250 mM NacCl, 0.5mM
Sucrose, 0.04% NP-40, 1 mM DTT, 250mM Imidazole and 10% (v/v) Glycerol. The
concentrations of purified proteins were determined by spectroscopic measurement at 280
nm.

CED-3 zymogen activation assays in vitro

The CED-3 expression vector, pTRI-CED-312, was used to generate other pTRI-CED-3
vectors carrying the prodomain mutations, L27F, L30F, R51H, G65R, or G360S, using a
QuickChange Site-Directed Mutagenesis kit (Stratagene). All constructs were confirmed by
DNA sequencing.

CED-3 zymogens (wild-type or mutant) were synthesized and labeled with 35S-Methionine
in the TNT Transcription/Translation coupled system (Promega) at 30°C for 20 min. CED-4
oligomers, C. elegans nuclei, purified NPP-14, or buffer controls were then added to the
reactions. At different time points, an aliquot was taken out and SDS sample loading buffer
was added to stop the reaction. The samples were resolved by 15% SDS polyacrylamide gels
(PAGE), which were fixed, dried and subjected to autoradiography. CED-4 buffer contains
25 mM Tris (pH8.0), 200 mM NaCl, and 10% (v/v) Glycerol. The nuclei buffer contains 20
mM HEPES (pH 7.6), 20 mM KCI, 3 mM MgCly, 2 mM EGTA, 0.5 M sucrose, 10% (v/v)
Glycerol, and 1 mM DTT. The NPP-14 buffer contains 25 mM Tris (pH8.0), 150 mM NaCl,
1 mM DTT, and 10% (v/v) Glycerol.

CED-3 activity assays in vitro

CED-9 was synthesized and labeled with 3S-Methionine in the Transcription & Translation
coupled system (Promega) for 1 hour at 30°C as described above. 10 ng of purified, active
CED-3 were incubated with 3°S-Methionine-labeled CED-9 in the presence of C. efegans
nuclei, recombinant NPP-14, or the caspase inhibitor (iodoacetic acid) for 1 hour at 30°C.
After that, SDS loading buffer was added to stop the reaction. The samples were resolved by
15% SDS-PAGE and subjected to autoradiography. CED-3 buffer contains 100 mM Tris
(pH8.0), 250 mM NacCl, 0.5 mM sucrose, 7.5mM beta-mercaptoethanol, 0.04% (v/v) NP-40,
and 10% (v/v) Glycerol.
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Quantifying the intensity of CED-3 bands from gel images

SDS-PAGE gels were dried and then subjected to autoradiograpghy to obtain corresponding
gel images, which were converted by scanner to images that could be opened in Image J
software (https://imagej.nih.gov/ij/). The intensity of CED-3 bands of interest was measured
and recorded for further quantification.

Isolation of C. elegans nuclei

Isolation of C. elegans nuclei was carried out using a previously described protocol with
minor modifications?3. Wild-type C. elegans animals carrying an integrated transgene
ccls4810%°, which expresses a lamin GFP fusion and allows quantification of isolated nuclei,
were used to isolate nuclei. Adult cc/s4810animals were harvested, washed with M9 buffer,
resuspended in an equal volume of cold PBS, snap-freeze in liquid nitrogen, and stored at
—-80°C overnight. The animals were thawed and immediately transferred to a pre-chilled
Wheaton stainless-steel tissue grinder and homogenized in an equal volume of cold 2X
nuclei preparation buffer [20 mM HEPES (pH 7.6), 20 mM KCI, 3 mM MgCly, 2 mM
EGTA, 0.5 M sucrose, 1 mM DTT, and protease inhibitors]. Debris was spun down at 1000
rpm for 1 min to remove unbroken worm bodies and supernatants containing nuclei were
collected. Homogenization and collection of nuclei were repeated twice. Supernatants from
the first and the second collections were pooled and centrifuged at 3000 rpm for 10 min to
obtain the nuclei in the pellets. Nuclei were then washed twice using the nuclei TNT assay
buffer [20 mM HEPES (pH 7.6), 20 mM KCI, 3 mM MgCl,, 2 mM EGTA, 0.5 M sucrose,
10% (v/v) Glycerol, and 1 mM DTT] and resuspended in 4 volumes of nuclei TNT assay
buffer.

Imaging CED-3 and NPP-14 localization in germ cells

The subcellular localization of CED-3::GFP as well as NPP-14::dsRed was examined in
dissected gonads from P ey 3c€0-3.::g1p, npp-14(5m160), P coq.3c€0-3::g1p, and

P ceq-3c60-3:.910, P ppp-147Pp-14.:dsRed adult hermaphrodites. Gonads were gently dissected
out from 24-hour old adult hermaphrodites by cutting them at the head region on a slide
while immersed in a gonad dissection buffer [60 mM NaCl, 32 mM KCI, 3 mM NayHPOy, 2
mM MgCl,, 20 MM HEPES, 10 mM Glucose, 33% (w/v) fetal calf serum, and 2 mM
CaCl,]*0. 5 uM of Hoechst33342 were then added to the buffer containing the dissected
gonads. The dissected gonads were mounted on the slide and visualized using a Nomarski
microscope equipped with epifluorescence.

RNAI screen

The bacteria feeding protocol was used in all RNAi experiments®l. Approximately 30 L4-
stage larvae were transferred to RNAI plates. Progeny of RNAI-treated animals were scored
for persistent cell corpses at the 4-fold embryonic stage. To determine the survival rate in
each RNAI experiment, 30 L3-L4 larvae were transferred from a plate seeded with OP50
bacteria to an RNA. plate. Two days later, 20 adult animals were transferred from the
original RNAI plate to a new RNA. plate. The adult animals were allowed to lay eggs for 1
hour before they were removed and the number of eggs laid on the plate was recorded. Three
days later, the number of eggs that hatched out to become larvae was scored and used to
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determine the survival rate. RNAi knockdown of multiple genes resulted in different degrees
of embryonic lethality, but allowed scoring of cell corpses in some surviving embryos.

GST fusion protein pull-down assays

GST was expressed from the expression vector, pPGEX-4T-1. The full-length ngp-14 cDNA
was subcloned into the pPGH vector (a derivative of pGEX-4T-2) via its Nde /and Hind 111
sites to generate the GST-NPP-14 expression construct. cDNA fragments encoding full-
length CED-3 or residues 206-503 of CED-3 with an A449V mutation that inactivates the
activity of the CED-3 proteasel® and a C-terminal FLAG tag were subcloned into the pET-3a
vector via its Mde /and BamH [sites. The A449V mutation was generated using a two-step
PCR procedure and allows synthesis of CED-3 in bacteria without autoproteolytic cleavage.
Bacterial lysate containing GST or GST-NPP-14 was incubated with the glutathione
Sepharose beads (GE Healthcare) in the reaction buffer containing 50 mM Tris (pH8.0), 100
mM NacCl, 0.1% (v/v) NP-40, 10% (v/v) Glycerol, and 2 mM DTT at 4°C for 1 hour before
washed five times with the binding buffer [50 mM Tris (pH8.0), 300 mM NaCl, 0.2% (v/v)
NP-40, 1 mM DTT, and 5 mg/ml BSA]. The glutathione Sepharose beads with immobilized
GST or GST-NPP-14 were then incubated with 4 nM of purified wild-type CED-3(1-220)-
Hisg or CED-3(1-220)-Hisg carrying the indicated mutation or bacterial lysate containing
3.5 nM CED-3(A449V)-FLAG or CED-3(206-503, A449V)-FLAG at 4°C for 1 hour in 1
ml binding buffer. Subsequently, the Sepharose beads were washed five times with the
washing buffer [50 mM Tris (pH8.0), 300 mM NaCl, 0.2% (v/v) NP-40, and 1 mM DTT]
and the bound proteins were resolved by 15% SDS-PAGE, transferred to a PVDF
membrane, and detected by immunoblotting.

Immunoblotting

The CED-3(1-220)-Hisg proteins (wild-type or mutant) bound to the Sepharose beads in the
pull-down assays were resolved by 15% SDS-PAGE and transferred to the PVDF membrane
(Millipore). The membrane was first blocked with 5% nonfat dry milk (Bio-Rad) in PBS-T
(PBS with 0.1% Tween 20) for 1 hour and then incubated with a mouse anti-Hisg antibody
(Proteintech, Cat. no. 66005-1-1g) in 1:6000 dilution for 2 hour at room temperature. The
membrane was washed three times with PBS-T for 5 min each. HRP-conjugated goat anti-
mouse IgG antibody (Bio-Rad, Cat. no. 170-5047) was then added to the membrane in
1:5000 dilution for 1 hour at room temperature. The membrane was then washed three more
times with PBS-T and the proteins were detected with enhanced chemiluminescent substrate
(Pierce). For anti-FLAG immunoblotting, a mouse anti-FLAG antibody (CWhiotech, Cat.
no. CW0287A) was used in 1:2000 dilution and HRP-conjugated goat anti-mouse IgG (Bio-
Rad cat. no. 170-5047) was used in 1:5000 dilution. For immunoblotting analyses to
examine purified nuclei, adult cc/s4810 animals were harvested from NGM plates with M9,
centrifuged at 500 g to remove bacteria, and sonicated in PBS buffer to generate the worm
lysate. 2x SDS loading buffer was added to purified cc/s4810nuclei and cc/s4810 lysate.
The samples were then resolved with 12% SDS-PAGE, transferred to a PVDF membrane,
and detected using different antibodies. For the GFP immunoblot (a nuclear membrane
marker), a rabbit anti-GFP antibody was used in 1:1500 dilution (Proteintech, Cat. no.
50430-2-AP) and a HRP-conjugated goat anti-rabbit 1gG (CWhiotech, Cat. no. CW0103)
was used in 1:5,000 dilution. For the a-tubulin immunoblot (a cytoskeletal marker), a mouse
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anti-a-tubulin antibody (Developmental Studies Hybridoma Bank, Cat. no. AA4.3) was
used in 1:5,000 dilution and a HRP-conjugated goat anti-mouse 1gG (Bio-Rad, Cat. no.
170-5047) was used in 1:5,000 dilution. For the DLG-1 immunoblot (a plasma membrane
marker)#2, a mouse anti-DLG-1 antibody (Developmental Studies Hybridoma Bank, Cat. no.
DLG1) was used in 1:1000 dilution and a HRP-conjugated goat anti-mouse IgG (Bio-Rad
cat. no. 170-5047) was used in 1:5,000 dilution. For the HSP-60 immunoblot (a
mitochondrial marker)#2, a mouse anti-HSP-60 antibody (Developmental Studies
Hybridoma Bank, Cat. no. HSP60) was used in 1:200 dilution and a HRP-conjugated goat
anti-mouse 1gG (Bio-Rad cat. no. 170-5047) was used in 1:5,000 dilution. For the HDEL
immunoblot (an ER marker), a mouse anti-HDEL antibody (Santa Cruz Biotechnology, cat.
no. sc-53472, validated by 1DegreeBio) was used in 1:100 dilution and a HRP-conjugated
goat anti-mouse IgG (Bio-Rad cat. no. 170-5047) was used in 1:5,000 dilution.

Generation of CED-3 antibodies

Purified CED-3(206-503; A449V)-Hisg was used to immunize four rabbits, two rats, and
multiple mice to generate either polyclonal or monoclonal antibodies against CED-3. None
of the serum, even after affinity purification using CED-3, and none of the monoclonal
antibodies from eight different hybridoma cell lines, could detect the CED-3 protein in C.
elegans either by immunoblotting or by immunohistochemistry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Three unique CED-3 prodomain mutations affect CED-3 autoactivation /in vitro. (a,b)

Autoradiographs of SDS-PAGE showing time-course of CED-3 activation /n vitro. The
indicated CED-3 zymogens (wild-type or mutant, synthesized and labeled with 3°S-
Methionine /n vitro, see Online Methods) were incubated for different times before stopping
the reaction. In a, samples were incubated with buffer; in b, samples were incubated with
oligomeric CED-4 (100 nM final concentration). The cartoon below shows deduced CED-3
processed products derived from cleavage at D221 and D37419. The deduced CED-3
processed bands on gels are indicated with corresponding color arrows. The 15 kDa and 17
kDa bands could not be resolved clearly on the gels. The original gel images are shown in
Supplementary Data Set 1.
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Figure 2.
CED-3 localizes to the perinuclear region in C. elegans germ cells. (a,b) Images of GFP,

Hoechst33342, and GFP/Hoechst33342 merged from the exposed gonads of hermaphrodite
adult animals with the indicated genotypes are shown. (c) Images of GFP, dsRed, and GFP/
dsRed merged from the exposed gonad of an N2 hermaphrodite adult carrying the integrated
P cea-3cea-3:.gfp and P . 141pp-14..d5Red transgenes. Scale bars indicate 10 pm.
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Figure 3.

C. elegans nuclei inhibit CED-3 zymogen autoactivation /in vitro. (a-c) Autoradiographs of
SDS-PAGE showing time-course of CED-3 activation /n vitro, performed as described in
Fig. 1. CED-3 zymogens were incubated with buffer (a), C. elegans nuclei (b), or oligomeric
CED-4 (4 nM final concentration) and C. efegans nuclei (c). The deduced CED-3 processed
bands on gels are indicated as described in Fig. 1. The original gel images are shown in
Supplementary Data Set 1.
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Figure 4.

NPP-14 interacts with the prodomain of CED-3 to inhibit CED-3 zymogen activation. (a)
Results of pull-down experiments between GST or GST-NPP-14 and 4 nM of purified
CED-3(1-220)-Hisg (wild-type or mutant, see Online Methods). Lanes 1 and 2 show
Coomassie Blue staining. Lanes 3—-14 show immunoblotting using an antibody to the Hisg
tag. (b) The relative binding affinity of NPP-14 to different CED-3 prodomains. The average
intensity of the CED-3(1-220)-Hisg bands shown in Fig. 4a in 5 independent pull-down
experiments was determined by Image J (see Online Methods). In each experiment, the
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binding between wild-type CED-3(1-220)-Hisg and NPP-14 was set as 100. Error bars are
s.d. ™ P<0.01. " P<0.05 (two-sided #tests). (c—e) Autoradiographs of SDS-PAGE
showing time-course of CED-3 activation /in vitro, performed as described in Fig. 1. CED-3
zymogens were incubated with buffer (c), NPP-14 (125 nM final concentration, d), or
oligomeric CED-4 (80 nM final concentration) and NPP-14 (125 nM final concentration)(e).
The original gel images are shown in Supplementary Data Set 1.
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Loss of npp-14 causes increased cell death in several ced-3mutants carrying specific prodomain mutations.

Genotype No. of cell corpses  Range of cell corpses
ced-1(e1735) 31.3+2.2 27-34
npp-14(sm160) ced-1(e1735) 2944217 26-34
ced-1(e1735); ced-3(n2433 G360S) 0+0 0-0
npp-14(sm160) ced-1(e1735), ced-3(n2433 G360S) 0+0 0-0
ced-1(e1735); ced-3(n718 G65R) 0.1+0.4 0-1
npp-14(sm160) ced-1(e1735), ced-3(n718 G65R) 2.9+0.8*" 2-4
ced-1(e1735); ced-3(n1040L.27F) 13.2+1.6 11-16
npp-14(sm160) ced-1(e1735), ced-3(n1040L27F) 22.9+1.6 %% 21-26
ced-1(e1735); ced-3(n2439L30F) 7.240.9 6-9
npp-14(sm160) ced-1(e1735); ced-3(n2439 L30F) 11.3+1.8™* 9-15
ced-1(e1735), ced-3(n2449R51H) 29.2+2.6 26-35
npp-14(sm160) ced-1(e1735); ced-3(n2449 R51H) 28.0+1.5 26-31

Cell corpses were scored in 4-fold stage embryos. Data shown are mean + s.d. (7= 15 embryos). The significance of difference in cell corpse
numbers between two strains with and without npp-14(sm160) was determined by two-sided #tests.

*ok
P<0.0001.

*
P<0.05.

Others have > 0.05.
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An RNAI screen to identify the nuclear membrane protein involved in inhibition of CED-3 autoactivation

Gene Protein

RNAI phenotype

Cell corpse number

Survival rate

npp-1 Nuclear pore complex protein
npp-2 Nuclear pore complex protein
npp-3 Nuclear pore complex protein
npp-4 Nuclear pore complex protein
npp-5 Nuclear pore complex protein
npp-6 Nuclear pore complex protein
npp-7 Nuclear pore complex protein
npp-8 Nuclear pore complex protein
npp-9 Nuclear pore complex protein
npp-10  Nuclear pore complex protein
npp-12  Nuclear pore complex protein
npp-14  Nuclear pore complex protein
npp-15  Nuclear pore complex protein
npp-16  Nuclear pore complex protein
npp-17  Nuclear pore complex protein
npp-18  Nuclear pore complex protein
npp-19  Nuclear pore complex protein
npp-20  Nuclear pore complex protein
npp-21 Nuclear pore complex protein
npp-23  Nuclear pore complex protein
unc-84  Inner nuclear membrane protein
sun-1  Inner nuclear membrane protein
unc-83  Outer nuclear membrane protein
anc-1  Outer nuclear membrane protein

zyg-12  Outer nuclear membrane protein

lem-2 Lamin-binding protein
lem-3 Lamin-binding protein
emr-1 Lamin-binding protein
ran-1 Nuclear import/export
ran-2 Nuclear import/export
ran-3 Nuclear import/export
ran-4 Nuclear import/export
ran-5 Nuclear import/export
ima-1 Importin alpha family
ima-2 Importin alpha family
ima-3 Importin alpha family
imb-2 Importin beta family

imb-6 Importin beta family

lethal

lethal

lethal

lethal

lethal
+

lethal
lethal
lethal

0.06
0
ND
0.06
0.06

ND
ND
ND
ND
0.11
0.73
0.13
0.07

0.07
ND
ND
ND

0.10

0.06

0.13
0.13
0.12

0.06
ND

0.07

0.07
0.18
0
0.07
0.07
0.13

37%
4%
0%
6%

23%
4%
0%
0%
0%
0%

65%

37%

13%

36%

51%

78%
0%
0%
0%

78%

71%

10%

70%

74%
2%

73%

2%

78%
0%

67%

74%

11%

61%

67%

13%

27%

48%

67%

At least 12 ced-1(e1735); ced-3(n718 G65R ) embryos were scored in each RNAI experiment. Animals treated with control RNAI had a mean of
0.07 cell corpses (/7=15). “~" indicates RNAI treatment with no detectable effect. “+” indicates RNAI treatment that substantially increased the
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number of persistent cell corpses. RNAi knockdown of several genes resulted in the “lethal” phenotype with no progeny, which prevented cell
corpse counting (not determined or ND).
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