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Embryo integrity regulates maternal
proteostasis and stress resilience

Ambre J. Sala, Laura C. Bott, Renee M. Brielmann, and Richard I. Morimoto

Department of Molecular Biosciences, Rice Institute for Biomedical Research, Northwestern University, Evanston,
Mlinois 60208, USA

The proteostasis network is regulated by transcellular communication to promote health and fitness in metazoans.
In Caenorhabditis elegans, signals from the germline initiate the decline of proteostasis and repression of cell stress
responses at reproductive maturity, indicating that commitment to reproduction is detrimental to somatic health.
Here we show that proteostasis and stress resilience are also regulated by embryo-to-mother communication in
reproductive adults. To identify genes that act directly in the reproductive system to regulate somatic proteostasis,
we performed a tissue targeted genetic screen for germline modifiers of polyglutamine aggregation in muscle cells.
We found that inhibiting the formation of the extracellular vitelline layer of the fertilized embryo inside the uterus
suppresses aggregation, improves stress resilience in an HSF-1-dependent manner, and restores the heat-shock re-
sponse in the somatic tissues of the parent. This pathway relies on DAF-16/FOXO activation in vulval tissues to
maintain stress resilience in the mother, suggesting that the integrity of the embryo is monitored by the vulva to
detect damage and initiate an organismal protective response. Qur findings reveal a previously undescribed trans-

cellular pathway that links the integrity of the developing progeny to proteostasis regulation in the parent.
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Proteostasis relies on an extended network of protective
machineries composed of molecular chaperones and
protein degradation pathways that together prevent the
accumulation of misfolded and aggregated proteins (Sala
et al. 2017; Hipp et al. 2019). When proteostasis capacity
becomes limited, the presence of misfolded proteins can
activate cell stress responses, such as the heat-shock re-
sponse (HSR), which induce the expression of proteosta-
sis network (PN) components (Korennykh and Walter
2012; Li et al. 2017; Shpilka and Haynes 2018). In multi-
cellular organisms, cell stress responses are controlled by
transcellular communication to allow the coordinated
regulation of PN components and promote organismal
proteostasis and fitness. During heat stress, the HSR is
controlled by the thermosensory neuronal circuitry in
C. elegans (Prahlad et al. 2008). Localized stress or imbal-
ances in specific tissues, such as changes in the expres-
sion level of a molecular chaperone, constitutive
activation of a cell stress response, or perturbation of mi-
tochondrial function, can trigger compensatory cell-non-
autonomous responses that lead to the activation of PN
components in distinct tissues (Owusu-Ansah et al.
2013; Taylor and Dillin 2013; van Oosten-Hawle et al.
2013; Williams et al. 2014).
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The reproductive system has an important role in the
cell-nonautonomous regulation of organismal proteosta-
sis and health. The functionality of the PN declines in ear-
ly aging in C. elegans, resulting in protein misfolding and
aggregation (Ben-Zvi et al. 2009; Walther et al. 2015). This
event is preceded by the repression of the HSR and other
cell stress responses at the onset of reproduction, which
is initiated by signals from the germline stem cells
(GSC) (Shemesh et al. 2013; Labbadia and Morimoto
2015). Removal of the GSC prevents this repression and
leads to improved stress resilience, reduced protein aggre-
gation, and increased life span (Hsin and Kenyon 1999;
Flatt et al. 2008; Shemesh et al. 2013). Therefore, cell-non-
autonomous regulation by the reproductive system initi-
ates a program that prioritizes the generation of healthy
progeny over maintenance of somatic proteostasis in the
reproductive adult.

To obtain further insight into the regulation of proteo-
stasis by the reproductive system, we performed a genetic
screen for germline-specific modifiers of somatic proteo-
stasis in C. elegans. We found that inhibiting key compo-
nents of the vitelline layer—the extracellular coat that
surrounds the developing embryo—activates a transcellu-
lar pathway that prevents protein aggregation and restores
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the HSR in the mother. This pathway relies on DAF-16 in
the vulva and HSF-1 in somatic tissues to promote stress
resilience in reproductive adults. Our findings reveal a
transcellular pathway that regulates maternal proteosta-
sis when embryo integrity is compromised.

Results

Inhibition of the germline-specific gene cbd-1 enhances
proteostasis in somatic tissues

The reproductive system is an important regulator of or-
ganismal proteostasis. To identify cell-nonautonomous
pathways that act in germline tissues to distantly control
somatic proteostasis, we developed a screening strategy
based on existing strains for tissue targeted RNA interfer-
ence (RNAi) and monitored proteostasis in muscle cells of
C. elegans (Espelt et al. 2005; Marré et al. 2016). Using an
aggregation-prone polyglutamine (polyQ) peptide fused to
yellow fluorescent protein (Q35::YFP) expressed in body-
wall muscle as a readout of proteostasis (Supplemental
Fig. SIA-D), we screened a library of 93 suppressors of
Q35::YFP aggregation previously identified in a systemic
RNAI screen (Silva et al. 2011) for modifiers that act in
the germline to improve proteostasis in muscle (see Mate-
rials and Methods for details). This strategy identified six
germline-specific candidates that reduced the number of
Q35::YFP foci in body-wall muscle (Supplemental Fig.
S1E,F). Since loss of GSC enhances proteostasis (Ben-Zvi
et al. 2009; Shemesh et al. 2013; Labbadia and Morimoto
2015), we assessed the effect of these candidate genes on
the number of cells in the mitotic region of the germline
to exclude those genes whose knockdown alters GSC ho-
meostasis. Five of the germline-specific candidates corre-
spond to genes involved in essential processes and
knockdown caused defects in the mitotic region of the
germline (Supplemental Fig. S1G,H), whereas the sixth
gene, cbd-1 (chitin-binding domain protein 1), showed
no detectable effect on the number of cells in the mitotic
zone of the germline upon RNAI (Supplemental Fig. S1H,
I). We concluded that cbd-1 inhibition enhances muscle
proteostasis via a mechanism that is distinct from GSC
loss.

In metazoans, the developing embryo is surrounded by
an extracellular coat that forms around the egg following
fertilization, providing physical protection to the embryo
and functioning as the interface with the environment
(Olson et al. 2012). In C. elegans, this coat is known as
the eggshell and cbd-1 encodes a key component of the
outermost layer of the eggshell, the vitelline layer (John-
ston et al. 2010). As cbd-1 is a germline-specific gene
(Johnston et al. 2010), we used systemic RNAIi for the
rest of our study. Knockdown of cbd-1 (90% reduction
in cbd-1 mRNA levels; Supplemental Fig. S1J) suppressed
the age-dependent accumulation of Q35::YFP aggregates
in muscle cells by 20%-40% compared with the empty
vector control (Fig. 1A; Supplemental Figs. S1F, S2A). To
examine the effect of cbd-1 RNAIi on the folding and func-
tion of an endogenous protein, we used a strain harboring
a temperature-sensitive allele of the myosin heavy chain
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Figure 1. Inhibition of cbd-1 enhances somatic proteostasis and
stress resilience in reproductive adults. (A) Quantification of
muscle Q35::YFP aggregates in day 4 adults treated with either
control (empty vector) or cbd-1 RNAi. Control, n=86; cbd-1
RNAI, n=76.(B) Motility of unc-54(e1301) temperature-sensitive
(ts) mutants at 25°C (n=3, 35 animals per trial). (C) Quantifica-
tion of intestinal Q44::'YFP aggregates in day 5 adults. Control,
n=105; cbd-1 RNAi, n=84. (D) Heat stress survival of wild-
type animals exposed to a 35°C heat shock on the indicated
days of adulthood and allowed to recover for 48 h at 20°C (n=
3). (E) Heat stress survival of wild-type (WT) or cbd-1(0k2913) an-
imals (n=3). Error bars represent SEM. Statistical significance
based on unpaired t-test (A-C) or two-way ANOVA with Sidak
correction and pairwise comparisons relative to control RNAi
(D-E). (**) P<0.01; (***) P<0.001. For A and C, n is total number
of animals analyzed in three independent experiments. For B,
D, and E, n denotes biological replicates of population analysis.

gene unc-54 that causes paralysis when the mutant
UNC-54 protein misfolds (Gidalevitz et al. 2006). Motility
of unc-54(e1301) animals was improved fourfold in cbd-1
RNAi-treated animals compared with control (Fig. 1B). To
determine whether the beneficial effects of cbd-1 knock-
down extend to other somatic tissues, we used an intesti-
nal polyQ model and found that animals treated with cbd-
1 RNAi showed a 75% reduction in Q44::YFP foci com-
pared with control (Fig. 1C; Supplemental Fig. S2B). These
results indicate that inhibition of the vitelline layer com-
ponent CBD-1 suppresses protein misfolding and aggrega-
tion in multiple somatic tissues of the parent.

Inhibition of cbd-1 restores stress resilience and the
heat-shock response in reproductive adults

Resistance to heat stress in C. elegans decreases dramati-
cally during the first day of adulthood when animals begin
to produce progeny (Labbadia and Morimoto 2015). We
thus asked whether cbd-1 inhibition could also modulate
stress resilience in reproductive adults, and exposed ani-
mals treated with cbd-1 or control RNAIi to acute heat
shock on different days of adulthood. As expected, control
animals exhibited a 50% decline in heat stress survival
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after day 1 that extended to an 85% decline in viability on
day 4 of adulthood (Fig. 1D). In contrast, cbd-1 RNAI-
treated animals maintained elevated levels of heat stress
survival through day 4 of adulthood compared with prere-
productive day 1 adults (Fig. 1D). We confirmed these ob-
servations in animals harboring the cbd-1(0k2913)
hypomorph allele (Supplemental Fig. S2C; Gonzailez
et al. 2018), which exhibited elevated heat stress survival
in adulthood to levels similar to cbd-1 RNAI (Fig. 1E). No-
tably, cbd-1 inhibition had no effect on the stress resil-
ience of prereproductive day 1 animals (Supplemental
Fig. S2D), or in mutants lacking gonads (Supplemental
Fig. S2E), in agreement with the function of the cbd-1
gene product in eggshell formation. Collectively, these re-
sults indicate that inhibition of cbd-1 restores stress resil-
ience in reproductive adults.

Repression of the HSR at the transition to reproductive
maturity underlies reduced stress resilience (Labbadia and
Morimoto 2015). To test whether maintained stress resil-
ience in adulthood upon cbd-1 RNAI is accompanied by
elevated HSR, we monitored the expression level of three
inducible heat-shock genes corresponding to hsp-70
(C12C8.1), hsp-70(F44E5.4), and hsp-16.11, following
heat shock. As expected, heat-inducible expression of all
three genes declined by ~60% between day 1 and day 2
of adulthood in animals grown on control RNAi (Fig.
2A-C). In contrast, animals grown on cbd-1 RNAi main-
tained the expression of heat shock genes through day 4
of adulthood. Basal expression of heat-shock genes was
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Figure 2. Inhibition of cbd-1 restores the heat-shock response in
reproductive adults. (A—C) Expression of heat-shock genesrelative
to cdc-42 in wild-type animals exposed for 30 min to 33°C heat
shock on the indicated days of adulthood (n=4). (D) Basal expres-
sion of heat-shock genes relative to cdc-42 (n=3). (E) Heat stress
survival of wild-type (WT) or hsf-1(sy441) day 2 adults (n = 3). Error
bars represent SEM. Statistical significance based on two-way
ANOVA with Sidak correction and pairwise comparisons relative
to control RNAi (A-D)or multiple t-tests with Holm-Sidak correc-
tion (E). (*) P <0.05; (**) P<0.01; (***) P <0.001; (ns [nonsignificant|)
P>0.05. n denotes biological replicates of population analysis.
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unchanged upon cbd-1 RNAi (Fig. 2D; Supplemental
Fig. S2F), indicating that the induction of the HSR was se-
lectively affected. We therefore asked whether the benefi-
cial effects of cbd-1 inhibition on stress resilience required
HSEF-1, the central regulator of the HSR that controls or-
ganismal stress resistance and cellular proteostasis (Mor-
ley and Morimoto 2004), and found that the elevated
heat stress resistance upon cbd-1 knockdown was
completely suppressed in the hsf-1(sy441) mutant back-
ground (Fig. 2E). Thus, inhibition of cbd-1 acts in an
HSF-1-dependent manner to improve stress resilience
and restore the HSR in reproductive adults.

Impairment of the vitelline layer of fertilized embryos
in the uterus enhances maternal stress resilience
and proteostasis

CBD-1 is secreted in oocytes and incorporated into the vi-
telline layer of the eggshell (Johnston et al. 2010; Gonzélez
et al. 2018). To visualize the expression pattern of the
CBD-1 protein, we introduced an enhanced green fluores-
cent protein (eGFP) tag upstream of the stop codon of cbd-1
using CRISPR-Cas9 to generate CBD-1::eGFP (Supple-
mental Fig. S3A,B). As expected, CBD-1::eGFP expression
was restricted to the germline of adult animals (Fig. 3A),
and specifically detected at the periphery of maturing oo-
cytes and fertilized eggs (Fig. 3B,C). cbd-1 RNAI resulted
in a loss of structural integrity of fertilized eggs, while
the rest of the germline seemed unaffected (Fig. 3D; John-
ston et al. 2010). Consistently, we found that cbd-1 inhibi-
tion by either RNAi or in the cbd-1(0k2913) mutant
reduced brood size by >95% and 80% respectively, in
agreement with previous findings that loss of eggshell in-
tegrity is deleterious to embryo viability (Supplemental
Fig. S3B,C; Johnston et al. 2006; Gonzilez et al. 2018). To
determine whether the beneficial effects of cbd-1 inhibi-
tion require fertilized eggs, we used the fog-2(¢71) mutant
in which hermaphrodites produce oocytes but not sperm
and therefore lack fertilized eggs unless they are mated
to males (Schedl and Kimble 1988). Unmated fog-2(q71)
hermaphrodites grown on cbd-1 RNAI exhibited levels of
heat stress survival similar to control RNAi (Fig. 3E). In
contrast, mated fog-2 mutants showed enhanced heat
stress survival upon cbd-1 knockdown, similar to wild-
type animals (Fig. 3E). These results indicate that the pres-
ence of oocytes is insufficient for cbd-1 inhibition to im-
prove organismal stress resilience and that fertilized eggs
are required for this effect. Together, these results suggest
that loss of vitelline membrane integrity inside the uterus
is sensed by the mother to trigger a systemic protective
response.

Given the link between CBD-1 and somatic proteosta-
sis, we next asked whether this observation extends to
other components of the eggshell. CBD-1 forms a complex
with PERM-2 and PERM-4 in the vitelline layer, which is
established first and corresponds to the outermost layer of
the eggshell (Fig. 3F; Gonzalez et al. 2018). Like CBD-1,
PERM-2 and PERM-4 are found on the surface of oocytes
in the gonad before fertilization and on the surface of the
embryo after fertilization, and knockdown results in a loss
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Figure 3. Impairment of the vitelline layer
of fertilized embryos in the uterus enhances
maternal stress resilience and proteostasis.
(A) Fluorescence and DIC images showing
a gravid adult and an L4 stage larvae harbor-
ing the cbd-1::egfp allele. Scale bar, 100 pm.
(B) Schematic structure of the C. elegans go-
nad. (C) Epifluorescence image showing one
gonad arm of a gravid adult expressing CBD-
50 1::eGFP. Arrowheads indicate unfertilized
o & oocytes and arrows indicate fertilized eggs.
o Scale bar, 20 pm. (D) Confocal images show-
1 i ing one gonad of gravid day 1 adults express-
20 % i R ing fluorescent markers for the plasma
LT membrane [GFP:PH(PLCAl); cyan| and
chromosomes (mCherry::HIS-58; magenta)
in the germline. White arrowheads indicate
< normal eggs in the uterus and orange arrow-
heads indicate eggs with abnormal shape.

(E) Heat stress survival of day 3 adult hermaphrodites. fog-2(q71) were either separated from males at L4 larval stage (unmated) or not
(mated) (n=3). (F) Schematic of the eggshell following fertilization. (G) Heat stress survival of wild-type day 3 adults grown on indicated
RNAIi (n=4). (H) Quantification of intestinal Q44::YFP aggregates in day 5 wild-type adults grown on indicated RNAi. Control, n=105;
perm-2 RNAI, n=99; perm-4 RNAI, n=88. Error bars represent SEM. Statistical significance based on multiple ¢-tests with Holm-Sidak
correction (E) or one-way ANOVA with Dunnett correction relative to control RNAi (G, H). (*) P <0.05; (***) P <0.001; (ns [nonsignificant])
P>0.05. For E and G, n denotes biological replicates of population analysis, while in H, n is the total number of animals analyzed in three

independent experiments.

of structural integrity of fertilized eggs (Gonzilez et al.
2018). We found that perm-2 and perm-4 RNAI also in-
creased survival following heat stress, whereas RNAI of
chs-1, egg-1, or egg-3, which are involved in the formation
of the chitin layer of the eggshell that is produced follow-
ing fertilization (Fig. 3F; Maruyama et al. 2007), had no ef-
fect (Fig. 3G), suggesting that modulation of stress
resilience upon disruption of the eggshell is specific to
components of the vitelline layer. We next examined
whether inhibition of perm-2 and perm-4 also restores
somatic proteostasis and found that RNAi of either
perm-2 or perm-4 suppressed the age-dependent aggrega-
tion of intestinal Q44::YFP by >50% (Fig. 3H; Supplemen-
tal Fig. S3D). The impact of perm-2 and perm-4 RNAi on
brood size was less severe than cbd-1 RNAi (Supple-
mental Fig. S3C), consistent with the lower effect of
knockdown of these genes on stress resilience and polyQ
aggregation. Thus, damage specifically to the vitelline
layer surrounding the embryo initiates a response that
promotes maternal stress resilience and prevents aggrega-
tion in somatic tissues.

cbd-1 inhibition triggers a DAF-16 response specifically
in the vulva

Similar to the systemic response caused by damage to the
vitelline layer observed here, GSC removal also prevents
the decline of the HSR and somatic proteostasis (Shemesh
et al. 2013; Labbadia and Morimoto 2015), and therefore
we asked whether they act via the same pathway. GSC
loss activates the expression of a set of genes involved in
diverse processes including stress resistance, fat metabo-
lism, and protein degradation (Antebi 2013). We examined
the expression of representative genes of these pathways

previously shown to be induced by GSC loss correspond-
ing to sod-3, gst-4, Igg-1, fat-6, and fard-1. We found that
only sod-3 was constitutively induced (approximately
threefold), both by cbd-1 RNAi and in the cbd-1
(0k2913) mutant (Fig. 4A; Supplemental Fig. S4A), sug-
gesting that the organismal response upon damage to
the vitelline layer of the embryo is distinct from the
GSC pathway. Furthermore, whereas GSC ablation ex-
tends life span (Hsin and Kenyon 1999), the cbd-1 muta-
tion did not extend life span beyond that of wild-type
animals (Supplemental Fig. S4B).

The finding of selective induction of sod-3 following
cbd-1 inhibition led us to investigate the role of DAF-16,
which is known to bind directly to the promoter region of
sod-3 to regulate its transcription (Oh et al. 2006). Induc-
tion of sod-3 upon cbd-1 RNAi was abolished in the loss-
of-function daf-16(mu86) mutant (Fig. 4B). We found that
expression levels of other known DAF-16 targets dod-8,
gpd-2, hsp-12.6, and hsp-16.2 (Zhang et al. 2013) were not
affected by cbd-1 knockdown or cbd-1(0k29313) hypo-
morph mutation (Fig. 4C; Supplemental Fig. S4C). As these
targets are known to be regulated by DAF-16 in the context
of reduced insulin/IGF-1 signaling (IIS) in a daf-2 mutant
background (Zhang et al. 2013), these results suggest that
cbd-1 knockdown induces a DAF-16 program that is dis-
tinct from IIS. Interestingly, expression of an sod-3p::GFP
reporter was also induced upon cbd-1 RNAIi and in the
cbd-1(0k2913) mutant, and its expression appeared to be
restricted to the vulva (Fig. 4D-F; Supplemental Fig.
S5A), as confirmed by cross-referencing to vulva-specific
markers (Inoue et al. 2002). Importantly, this expression
pattern differs from the systemic sod-3 induction observed
inthe daf-2(e1370) mutantin which DAF-16is activatedin
most tissues (Supplemental Fig. S5B; Libina et al. 2003).

GENES & DEVELOPMENT 681


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.335422.119/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 26, 2024 - Published by Cold Spring Harbor Laboratory Press

Sala et al.

A wmcontrol mcbd-1RNAT B

(¢}
| U

Figure 4. cbd-1 inhibition triggers a DAF-
16 response specifically in the vulva. (A) Ex-
pression of indicated genes relative to cdc-
42 in wild-type day 2 adults normalized to
control RNAIi (n=3). (B) Expression of sod-
3 relative to cdc-42 in day 2 adults normal-
ized to wild-type animals grown on control
RNAi (n=3). (C) Expression of indicated
genes relative to cdc-42 in wild-type day 2
adults normalized to control RNAi (n=3).
(D,E) Representative confocal images of
day 2 adults expressing the sod-3p::GFP re-
porter. Arrows indicate the tissues in which
ns the reporter is detected. (V) Vulva; (VNC)
ventral nerve cord; (P) pharynx; (N) nerve
ring; (I) intestine. Scale bars: D, 50 num; E,
100 pm. (F) Quantification of the sod-3p:
GFP reporter fluorescence in the indicated

o

el e
Wi
H
i

GFP fluorescence (a. u.) @)
>

25 -
3 T
§ 8 2f &8 5
2 5 2
(=] 73 o
g 215 g i
X o ° x Q
o ‘5_ o Q.
2 1 o 2 2
© o ©
kol 2 © o
& §o5 ? & @
Q
o
0
WT  daf-16
(mugé) L
— cbd-1 RNAI
10 15 25
3 il ns ns
o8 — 20 —
& 3 10] . :
& c6 . 15] e
& 2 o=
3 g4 : 10] ¥
T S 5] o = ol
s | = & "
a2, = 5
5} * .
0 0
Vulva Head Tail

o control = chd-1RNAi

o

regions of wild-type animals (see the Mate-
feisy  rial and Methods for details). Control, =
35; c¢bd-1 RNAi, n=34 (G) Quantification
of sod-3p::GFP in whole animals. WT con-

=
3

trol, n=35; WT cbd-1 RNAI, n=34; daf-16(mu86) control, n=24; daf-16(mu86) cbd-1 RNAI, n=28. Error bars represent SEM. Statistical
significance based on two-way ANOVA followed by Sidak correction and pair-wise comparisons with control RNAi (A,C), multiple t-tests
with Holm-Sidak correction (B), or unpaired t-test (F,G). (**) P<0.01; (***) P<0.001; (ns [nonsignificant]) P>0.05. In A-C, n denotes bio-
logical replicates of population analysis, and in F and G, n is the total number of animals analyzed in three independent experiments.

The expression of sod-3 was further induced by cbd-1
knockdown in daf-2(e1370) mutant, further suggesting
that the response is independent from the IIS pathway (Sup-
plemental Fig. S5C,D). Reporter induction upon cbd-1
knockdown was not detected in the daf-16(mu86) mutant
(Fig. 4G; Supplemental Fig. S5E), indicating that DAF-16is
required for the vulva-specific induction of sod-3 expres-
sion in response to cbd-1 inhibition.

DAF-16 is required in the vulva for the beneficial effects
of vitelline damage on organismal Stress resilience

Given the tissue selectivity of sod-3 induction, we hy-
pothesized that the vulva-specific DAF-16 response is es-
sential for embryo-to-mother communication following
damage to the vitelline layer. To test this, we asked
whether the vulva is required for the beneficial effects of
cbd-1 inhibition on organismal stress resistance. The de-
velopment of the vulva has been studied extensively in
C. elegans, and many mutants defective in vulva induc-
tion have been characterized (Sternberg and Horvitz
1986; Sharma-Kishore et al. 1999; Sherwood and Stern-
berg 2003; Gupta et al. 2012). Vulvaless mutants produce
viable progeny but are unable to lay eggs and die prema-
turely as a result of internal hatching (Ferguson and Hor-
vitz 1985; Sternberg and Horvitz 1989). We examined
the effect of cbd-1 knock-down on the stress resilience
of two vulvaless mutants, lin-2(e1309) and lin-7(n308)
(Simske et al. 1996), in reproductive day 1 adults that are
past the collapse of stress resilience (Labbadia and Mori-
moto 2015) but do not yet exhibit internal hatching. In
both mutants, elevated heat stress survival was complete-
ly suppressed upon cbd-1 RNAI (Fig. 5A).

We next asked whether DAF-16 is required for the pro-
tective effects of cbd-1 inhibition and found that the ele-
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vated heat stress survival upon cbd-1 RNAi was
abolished in the daf-16(mu86) mutant (Fig. 5B). We fur-
ther asked whether the maintained HSR in adulthood
upon cbd-1 inhibition also relies on DAF-16. The expres-
sion of both hsp-70 (F44E5.4) and hsp-16.11 following heat
shock was strongly reduced on the empty vector control
as compared with day 1 young adults for both the wild-
type and daf-16(mu86) mutant, as expected (Fig 5C,D).
Upon cbd-1 RNAi, the expression of both heat-shock
genes was reduced in daf-16(mu86) compared with wild-
type animals, although the response was not completely
abolished in the daf-16 mutant compared with the empty
vector control (Fig. 5C,D). In order to demonstrate that
DAF-16 is required in the vulva for the beneficial effects
of vitelline damage on organismal stress resilience, we in-
troduced the deletion corresponding to the cbd-1(0k2913)
allele into a strain in which RNAi is restricted to the vulva
precursor cells (Barkoulas et al. 2013) that differentiate to
form vulval tissue in the adult (Gupta et al. 2012). As ex-
pected, the resulting strain exhibited elevated stress resis-
tance compared with the parental strain carrying the wild-
type cbd-1 allele. We found that daf-16 RNAi abolished
such elevated heat stress resistance, similar to the cbd-1
(0k2913) strain with systemic RNAI (Fig. 5E). Collective-
ly, these results suggest that DAF-16 activation in the vul-
va is required to elicit the protective systemic response
upon loss of embryo integrity.

Discussion

The germline initiates the repression of cellular stress
responses and the subsequent decline of proteostasis
at reproductive maturity in C. elegans (Shemesh et al.
2013; Labbadia and Morimoto 2015), indicating that
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commitment to reproduction is detrimental to somatic
health. Here, we show that progeny quality also regulates
proteostasis and stress resilience in reproductive mothers.
This represents a previously undescribed mode of trans-
generational regulation in which compromised embryo
integrity triggers a protective response in the parent that
prevents the decline of the HSR and thereby improves
somatic proteostasis.

Transcellular signaling pathways coordinate cell stress
responses and organismal proteostasis regulation in re-
sponse to a variety of physiological and environmental
cues (Sala et al. 2017; Morimoto 2019). The cell-nonau-
tonomous regulation of the HSR and unfolded protein re-
sponses can occur through neuronal control (Prahlad et al.
2008; Taylor and Dillin 2013; Williams et al. 2014; Tatum
et al. 2015), between somatic tissues (van Oosten-Hawle
et al. 2013; O’Brien et al. 2018), and from the germline
to the soma (Shemesh et al. 2013; Labbadia and Morimoto
2015). While our previous studies indicated that repres-
sion of the HSR occurs at reproductive maturity in re-
sponse to signals from the GSC (Labbadia and Morimoto
2015), we now demonstrate that the HSR and proteostasis
are restored upon damage to the vitelline layer of the de-
veloping embryo in the uterus of reproductive animals.
Previous studies in C. elegans have shown that DNA dam-
age in germ cells also triggers a systemic response that re-
lies on innate immunity and elevated proteasome activity
in somatic tissues to promote organismal stress resistance
(Ermolaeva et al. 2013). While DNA damage likely affects
every cell type of the germline, our study specifically links
the quality of the fertilized embryo to parental stress resil-
ience. By coordinating the status of the developing proge-

ny with somatic maintenance, the embryo-to-mother
pathway described here is consistent with the disposable
soma theory of aging, which states that allocation of or-
ganismal resources is prioritized to maximize fitness by
offspring production, and that maintenance of the soma
is only ensured until successful passage of the genetic ma-
terial to the next generation (Kirkwood 1977). Increased
somatic stress resilience in response to compromised em-
bryos could therefore represent a strategy to reassess com-
mitment to reproduction, perhaps to promote survival of
the animal until conditions for successful reproduction
are met.

We show that inhibiting the expression of either cbd-1,
perm-2, or perm-4—the three genes known to encode pro-
teins that reside within the vitelline layer of the eggshell
—improves stress resilience and enhances proteostasis
in the somatic tissues of the parent. In contrast, knock-
down of genes involved in the formation of the chitin layer
of the eggshell did not improve maternal stress resilience,
suggesting that the embryo-to-mother pathway is specific
to the vitelline layer. In all metazoans, the fertilized egg is
coated with an extracellular matrix that provides physical
protection to the developing embryo, known as the egg-
shell in C. elegans (Stein and Golden 2018). The eggshell
is composed of six different layers, of which the vitelline
layer is established first and is required for the proper as-
sembly of the subsequent layers (Johnston et al. 2010).
The observation that inhibiting the formation of the vitel-
line layer but not the chitin layer improves stress resil-
ience is in agreement with the fact that sterility per se
does not prevent the decline of the HSR, as mutants
devoid of eggs or sperm still undergo repression of the
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HSR (Shemesh et al. 2013; Labbadia and Morimoto 2015).
Indeed, while knockdown of either vitelline or chitin
layer components compromises reproduction, the benefi-
cial effects on somatic proteostasis are specific to disrup-
tion of the vitelline layer. This suggests that a signal
released upon damage to the vitelline layer is responsible
for the organismal response. CBD-1, PERM-2, and PERM-
4 form a multimeric protein complex in the vitelline layer
of the eggshell (Gonzalez et al. 2018), which may directly
signal to adjacent maternal tissues to initiate the transcel-
lular pathway upon perturbation. Alternatively, since dis-
ruption of the vitelline layer compromises the eggshell
as a whole, we can speculate that exposure of the embryo
plasma membrane to the uterine environment allows the
release of a signal that is normally blocked by the eggshell
(e.g., hormone, extracellular vesicles, or a stress signal
such as reactive oxygen species). Finally, because disrup-
tion of the vitelline layer has the most deleterious conse-
quence on eggshell structure (Johnston et al. 2010), loss of
integrity of the embryo surface could be sensed mechani-
cally by surrounding tissues.

The embryo-to-mother pathway described here in-
volves two conserved cell stress response transcription
factors, HSF-1 and DAF-16/FOXO, that are central to or-
ganismal stress resilience and longevity. Our data suggest
that damage to the vitelline layer of the eggshell acts via
HSF-1 in the somatic tissues of the parent to increase
stress resilience. Whether vitelline damage reverses the
repression that occurs at reproductive maturity via the ac-
cumulation of repressive chromatin marks at heat-shock
gene loci (Labbadia and Morimoto 2015) or acts via a dis-
tinct mechanism to improve the HSR remains to be deter-
mined. We report a vulva-specific role for DAF-16 upon
damage to the vitelline layer of the embryo, which is dis-
tinct from the systemic activation of DAF-16 during
reduced IIS (Hsu et al. 2003), and likely to be an IIS-inde-
pendent process. The localized DAF-16 response suggests
that vulva tissues could monitor embryo integrity to
detect and relay damage. How DAF-16 initiates the trans-
cellular response that leads to improved stress resistance,
and to what extent DAF-16 in the vulva acts upstream of
HSF-1 in somatic tissues, remain to be elucidated. We pro-
pose that impairment of the vitelline layer signals to the
vulva where it activates a DAF-16-dependent stress re-
sponse, which could subsequently release secondary sig-
nals to other somatic tissues leading to organismal
stress resilience (Fig. 5F).

The identification of a transgenerational embryo-to-
mother pathway that communicates progeny health to
the reproductive adult to prolong the period of stress resil-
ience and proteostasis provides additional insight into the
regulation of cell protective stress responses for organis-
mal biology, to adapt not only to environmental and phys-
iological cues, but also to the quality of the developing
progeny. Our work also uncovered a new role for the extra-
cellular vitelline layer of the fertilized embryo as an inter-
face in the communication of its health status to
influence maternal resilience, which may be shared with
other metazoans in which vitelline structures are func-
tionally conserved.
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Materials and methods

C. elegans strains and maintenance

Standard C. elegans methods were used as described previously
(Brenner 1974). Worms were maintained on solid nematode
growth medium (NGM) seeded with E. coli OP50 or for RNAi ex-
periments, HT115 transformed with appropriate plasmids. All ex-
periments were performed at 20°C unless stated otherwise. The
following strains were used in this study: wild-type (N2 Bristol),
AM140 rmls132 [unc-54p::Q35::YFP] I, AMJ345 jamSi2 [mex-
5purde-1(+)] II; rde-1(ne219) V, VP303 kbls7 [nhx-2p:rde-1+
r0l-6(su1006)]; rde-1(ne219) V, CB1301 unc-54(¢1301) I, AM738
rmlIs297[vha-6p::Q44::YFP;  rol-6(sul006)], VC2258 cbd-1
(0k2913) 1V, OD95 unc-119(ed3) III; 1tIs37 [(pAA64) pie-1p::
mCherry::his-58 +unc-119(+)] IV; ItIs38 [pie-1p::GFP::PH
(PLC1deltal) + unc-119(+)], CB4108 fog-2(q71) V, PS3551 hsf-1
(sy441) I, AM722 rmlIs288[C12C8.1p::mCherry;myo-2p::CFP],
CF2253 gon-2 (q388), CF1038 daf-16(mu86) I, CF1553 muls84
[(pAD76) sod-3p::GFP +rol-6(su1006)], CF1874 daf-16(mu86) I;
muls84, CF1580 daf-2(e1370) I1I; muls84, CB1370 daf-2(e1370)
I, CB1309 lin-2(e1309) X, MT308 lin-7(n308) II, JU2039
mfIs70 [lin-31p::rde-1+myo2p::GFP]; rde-1(ne219) V, and
AMI1227 mfIs70 [lin-31p::rde-1+myo2p::GFP]; rde-1(ne219) V;
¢bd-1(rm19) IV. Strain VC2258 was generated by the C. elegans
Gene Knockout Consortium, and was backcrossed six times to
the wild-type strain before use. All other strains were either gen-
erated in our laboratory or obtained from the Caenorhabditis Ge-
netics Center (CGC). The rmIs132 [unc-54p::Q35::YFP] transgene
from strain AM140 was crossed into the genetic background of
tissue targeted rde-1 strains AMJ345 and VP303 to generate
strains AM1223 and AM1224, respectively. The cbd-1(0k2913)
allele was crossed into the sod-3p::GFP reporter strain CF1553, re-
sulting in strain AM1225. The introduction of egfp at the 3’ end of
cbd-1, and the deletion corresponding to the cbd-1(0k2913) allele
into the JU2039 strain, were performed using CRISPR/Cas9 ge-
nome editing and resulted in strains AM1226 cbd-1(rm18/cbd-
1:egfp]) IV and AM1227 mfIs70 [lin-31p:rde-1+myo2p::GFP];
rde-1(ne219) V; cbd-1(rm19) IV, respectively (see the Supplemen-
tal Material).

Genetic screen

For the tissue targeted RNAi screen, the AMJ345 strain, which
expresses the RNAi essential gene rde-1 under the control of
the germline promoter mex-5 in an otherwise rde-1-deficient
background, was crossed into Q35::YFP (Morley et al. 2002; Marré
et al. 2016), and we confirmed that the resulting strain (AM122.3)
was resistant to yfp RNAi (Supplemental Fig. S1A,C). Our labora-
tory previously identified a set of modifiers that suppress Q35::
YFP aggregation upon systemic RNAI (Silva et al. 2011). To test
whether a subset of these act cell-nonautonomously from the
germline, we used an RNAI library of 93 clones that correspond
to the modifiers that suppressed aggregation of both Q35::YFP
and either Q37::YFP or SOD-1%%3A:.YFP (Silva et al. 2011). Bacte-
ria were inoculated in LB containing Ampicillin in a 96-well im-
aging plate (Falcon), grown overnight at 37°C, and production of
dsRNA was induced with 5 mM IPTG for 3 h. Synchronized L1
stage animals were added (~15 per well) and incubated at 20°C
with gentle shaking. At day 3 of adulthood (5 d after L1 stage), an-
imals were immobilized by adding 2 mM levamisole to the wells
and Z stacks were captured using an ImageXpress confocal micro-
scope with a x10 objective. Q35::YFP foci per animals were visu-
ally counted from maximum intensity projections generated
from the confocal images. Aggregates were defined as bright fluo-
rescent foci clearly distinct from background YFP fluorescence.
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This analysis resulted in 35 candidates that significantly reduced
the number of Q35::YFP aggregates as compared with the empty
vector control (¢-test P-value <0.01 in two rounds) (Supplemental
Fig. S1E). The AMJ345 strain was shown to have leaky RNAi ac-
tivity in the intestine (Marré et al. 2016), and we thus performed a
counter-screen using the strain AM1224, which results from
crossing VP303, in which RNAI is restricted to the intestine
(nhx-2 promoter driving rde-1 expression) to Q35::YFP (validation
of the strain shown in Supplemental Fig. S1B,D). Using the same
procedure, we found 19 intestinal modifiers of muscle Q35::YFP
aggregation (Supplemental Fig. S1E). After subtracting the intes-
tinal modifiers from the candidates obtained in the initial screen,
as well as RNAI clones that led to severe growth defects, we per-
formed two rounds of validation on NGM plates in the AM1223
strain, which resulted in six final germline hits (Supplemental
Fig. S1F). The genetic screen, counter-screen, and validation
were performed in a blinded manner with respect to RNAi
condition.

RNAI treatments

For RN Ai-mediated knockdown of indicated genes, synchronized
L1 stage animals were plated on E. coli strain HT115(DE3) con-
taining the appropriate RNAi vectors obtained from the Ahringer
RNAIi library and using L4440 as the empty vector control
(Kamath et al. 2003). To prepare RNAi NGM plates, overnight
cultures were diluted 1/50 in the morning, allowed to grow for
3 h at 37°C, and induced with 5 mM IPTG for 3 h.

Quantification of polyglutamine aggregates

Populations of at least 25 synchronized animals were grown at
20°C until the day of adulthood indicated, transferred to fresh
plates, and the number of polyQ::YFP aggregate per animal was
visually determined using a fluorescence microscope. Aggregates
were defined as bright fluorescent foci clearly distinct from back-
ground YFP fluorescence. Experiments were repeated three
times.

Fluorescence microscopy

For epifluorescence images, age-synchronized animals were
mounted on 3% agarose pads in 2 mM levamisole and imaged
with a Zeiss Axiovert 200 microscope using either a 10x or 40x
objective lens. Images were captured using Zeiss Axiovision soft-
ware and processed in Image] (NIH). For confocal microscopy,
age-synchronized animals were mounted on 3% agarose pads in
25 mM sodium azide and imaged with a Zeiss LSM 800 confocal
microscope using a 10x or 20x objective lens and the Zen imaging
software. For the sod-3p::GFP reporter analysis, maximum inten-
sity projection images were generated from Z stacks and fluores-
cence intensity was measured by tracing either whole animals or
regions of interest using Image] software. The “head” region was
defined from the nose to the beginning of the intestine and the
“tail” as the posterior region down from the vulva (excluded).

Heat stress survival assay

Synchronized animals (50 per plate) were grown at 20°C until the
day of adulthood indicated, transferred to new plates, sealed with
parafilm and incubated for 4 h in a water bath equilibrated at
35°C. Worms were allowed to recover for 48 h at 20°C, or 72 h
for gravid day 1 analysis, and scored for survival. Animals were
scored as dead in the absence of pharyngeal pumping or touch re-
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sponse, and animals with prolapsed gonads were censored from
the analysis. Experiments were repeated at least three times.

Heat shock for expression analysis

Plates containing ~100 age-synchronized animals were wrapped
with parafilm and heat shocked in a water bath for 30 min at
33°C. Animals were collected immediately following heat shock
and snap-frozen in liquid nitrogen. Heat-shock experiments and
real-time qPCR were performed at least in triplicate.

RNA extraction and real-time gPCR

RNA extraction was performed on populations of at least 100 an-
imals per replicate using TRIzol (Invitrogen) and RNA purified
with QIAGEN RNeasy MinElute columns as described previous-
ly (Labbadia and Morimoto 2015). mRNA was reverse transcribed
using the iScript cDNA synthesis kit (Bio-Rad) and real-time
quantitative PCR was performed using iQ SYBR Green Supermix
(Bio-Rad) in a Bio-Rad CFX384 real-time PCR system. Relative ex-
pression was determined from cycle threshold values using the
standard curve method and the expression of genes of interest
was normalized to cdc-42. The primers used are listed in Supple-
mental Table S1.

Statistical analyses

For all experiments, at least three independent biological repli-
cates were performed unless stated otherwise. Data are presented
as mean values + SEM. P-values were calculated using GraphPad
Prism with either one-way ANOVA with Dunnett correction and
pairwise comparison of groups, two-way ANOVA followed by
Sidak correction for pairwise comparisons, multiple t-tests with
Holm-Sidak correction, or two-tailed Student’s t-test as stated
in the figure legends. Single asterisks denote P <0.05, double as-
terisks denote P<0.01, triple asterisks denote P<0.001, and
“ns” stands for nonsignificant and denotes P >0.05.
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