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Abstract

The Developmental Origins of Health and Disease hypothesis postulates that early-life stressors can predispose people to disease later
in life. In the roundworm Caenorhabdiitis elegans, prolonged early-life starvation causes germline tumors, uterine masses, and other go-
nad abnormalities to develop in well-fed adults. Reduction of insulin/insulin-like growth factor (IGF) signaling (IIS) during larval develop-
ment suppresses these starvation-induced abnormalities. However, molecular mechanisms at play in formation and suppression of
starvation-induced abnormalities are unclear. Here we describe mechanisms through which early-life starvation and reduced IIS affect
starvation-induced abnormalities. Transcriptome sequencing revealed that expression of genes in the Wnt signaling pathway is upregu-
lated in adults starved as young larvae, and that knockdown of the insulin/IGF receptor daf-2/InsR decreases their expression. Reduction
of Wnt signaling through RNAi or mutation reduced starvation-induced abnormalities, and hyperactivation of Wnt signaling produced
gonad abnormalities in worms that had not been starved. Genetic and reporter-gene analyses suggest that Wnt signaling acts down-
stream of IIS in the soma to cell-nonautonomously promote germline hyperproliferation. In summary, this work reveals that IIS-depend-
ent transcriptional regulation of Wnt signaling promotes starvation-induced gonad abnormalities, illuminating signaling mechanisms

that contribute to adult pathology following early-life starvation.
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Introduction

Early-life adversity can predispose an individual to a variety of dis-
eases later in life (Gillman 2005; Suzuki 2018). Collectively, the
ways in which developmental perturbations cause disease are re-
ferred to as Developmental Origins of Health and Disease
(DOHaD). Nutrient stress during early development can exert sub-
stantial impacts on adult physiology. For instance, human popu-
lations exposed to malnutrition in utero experience higher rates of
cardiovascular disease, obesity, diabetes, and breast cancer in
adulthood (Roseboom et al. 2001; Painter et al. 2006; Barker 2007;
Fentiman et al. 2007; Walker and Ho 2012). However, the regula-
tory mechanisms through which early-life malnutrition causes
disease later in life are unclear.

The nematode Caenorhabditis elegans takes about 3 days to de-
velop from embryo to adult in laboratory conditions (Corsi et al.
2015), facilitating its use as a model for DOHaD. Additionally,
C. elegans reversibly arrest development in the first larval stage
(L1 arrest or L1 diapause) upon hatching in the absence of food
(Baugh 2013). Worms can survive L1 arrest for weeks, and they re-
cover and initiate postembryonic development upon feeding.
However, worms subjected to extended L1 arrest (~1 week)

followed by recovery with replete food develop gonad abnormal-
ities, including both hyperproliferative germ-cell tumors and
teratoma-like uterine masses (collectively referred to as gonad ab-
normalities or starvation-induced abnormalities), which decrease
their reproductive success (Jobson et al. 2015; Jordan et al. 2019,
co-submitted).

There is a single known insulin/insulin-like growth factor (IGF)
receptor in C. elegans, daf-2/InsR, which signals through a con-
served phosphatidylinositol-3-kinase (PI3K) transduction path-
way to antagonize the forkhead transcription factor DAF-16/
FoxO (Murphy and Hu 2013). We showed that reducing IGF signal-
ing (IIS) with daf-2 RNAIi during larval development after extended
L1 arrest suppresses starvation-induced abnormalities, and sup-
pression depends on daf-16/FoxO (Jordan et al. 2019). Our compan-
ion manuscript shows that early-life starvation and IIS affect
adult lipid metabolism to promote starvation-induced abnormal-
ities (Jordan et al. co-submitted). However, other mechanisms
through which IIS and daf-16/FoxO affect starvation-induced ab-
normalities are unknown.

The widely conserved Wnt signaling pathway regulates import-
ant developmental processes in both vertebrates and inverte-
brates, including cell-fate specification, establishment of the

Received: March 25, 2022. Accepted: October 31, 2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the Genetics Society of America. All rights reserved. For permissions, please e-mail:

journals.permissions@oup.com


https://orcid.org/https://orcid.org/0000-0003-2148-5492
mailto:ryan.baugh@duke.edu
https://doi.org/10.1093/genetics/iyac173

2 | GENETICS, 2023, Vol. 223, No. 2

anterior—posterior axis, regulation of neural development, and or-
ganogenesis (Komiya and Habas 2008). In many cases, Wnt signal-
ing maintains stem-cell niches (Zhan et al. 2017; Nabhan et al.
2018). However, excessive Wnt activity at these sites can cause
dysregulated stem-cell division eventually resulting in tumor for-
mation (Zhan et al. 2017; Nabhan et al. 2018). Wnt signaling also
promotes epithelial-to-mesenchymal transition, a common char-
acteristic of metastatic and invasive cancers (Basu et al. 2018).
Consequently, overactive Wnt signaling has been linked to
many cancers, including colorectal cancer, leukemia, melanoma,
breast cancer, and lung cancer (Zhan et al. 2017).

In C. elegans, Wnt signals are responsible for induction of cell
polarity, embryonic cell-fate specification, vulval precursor cell-
fate specification and neuronal development (Eisenmann et al.
1998). Wnt signals also maintain the proliferative state of
stem-cell-like seam cells in larvae (Joshi et al. 2010; Gorrepati
et al. 2015). The canonical Wnt signaling pathway is initiated
when a Wnt ligand binds to a Frizzled receptor (Sawa and
Korswagen 2013). This inhibits the degradation of the transcrip-
tion factor B-catenin by a destruction complex consisting of
Axin, APC, CK1, and GSK3B. B-Catenin can then enter the nucleus,
bind T-cell factor (TCF), and activate the expression of Wnt-target
genes (Sawa and Korswagen 2013). Notably, the C. elegans genome
encodes multiple homologs of Wnt, Frizzled, and p-catenin.

Interestingly, FoxO proteins and IIS can affect Wnt signaling.
Direct binding between p-catenin and FoxO has been shown to en-
hance FoxO activity while competitively inhibiting p-catenin ac-
tivity in worms and mammalian cells (Essers et al. 2005;
Hoogeboom et al. 2008). Insulin signaling also increases Wnt sig-
naling in mouse hepatocytes that have undergone starvation
and refeeding (Cabrae et al. 2020).

We describe signaling mechanisms linking early-life starvation
and IIS to formation of germline tumors and other developmental
abnormalities in adults. Gene expression analysis suggests that
early-life starvation and IIS promote Wnt signaling through tran-
scriptional regulation of pathway components, and genetic ana-
lysis shows that Wnt signaling contributes to starvation-induced
abnormalities. This work elucidates how early-life starvation
causes adult pathology, advancing understanding of the ways in
which developmental homeostasis is affected by early-life nutri-
ent availability and IIS.

Materials and methods
Worm maintenance

Worms were maintained under standard laboratory conditions at
20°C unless otherwise noted. Animals were passaged regularly to
avoid starvation or dietary restriction for at least three genera-
tions prior to performing experiments.

Strains used in this study

N2 (Bristol), RB763 cwn-1(0k546) I1., MT5383 lin-44(n1792) 1., RB1162
(fz-2(0k1201) V., MT8904 lin-17(n3091) 1., CB3303 mig-1(e1787) 1.,
HS2329 0sEx397 [cwn-1p::cwn-1::Venus], JK3025 gld-1(q485) 1/hT2
[bli-4(e937) let-? (q782) qls48] (I; III)., KN53 hsp-16.2pro:: ANTbar-1,
LRB406 gld-1(q485) 1/hT2 [bli-4(e937) let-? (q782) qls48] (I; III);
hsp-16.2pro::  ANTbar-1, NL2098 rrf-1(pk1417) 1., LRB424
cwn-1(ok546) 1I; gld-1(q485) I/hT2 [bli-4(e937) let-? (q782) qls48] (I;
1I)., NL2550 ppw-1(pk2505) 1., BX107 fat-5(tm420) V., EU308
+/szT1 [lon-2(e678)] I, mom-1(or10) dpy-6(e14)/szT1 X.

Starvation and recovery assay

Caenorhabditis elegans embryos were obtained through sodium
hypochlorite treatment, washed three times with virgin S-basal
(no ethanol or cholesterol), and allowed to hatch and enter L1 ar-
rest on a tissue culture roller drum at approximately 22°C
(Hibshman et al. 2021). Worms were cultured for 1 or 8 days after
sodium hypochlorite treatment before plating on lawns of E. coli
HT115 bacteria. Animals were incubated at 20°C for 72 or 90 h,
as indicated, before scoring gonad abnormalities.

Scoring gonad abnormalities and large mitotic
tumors

Adult worms were selected at random and placed onto 4% noble
agar pads containing 2.4 mM sodium azide. The animals were ob-
served using Differential Interference Contrast (Nomarski) mi-
croscopy on a Zeiss Axiolmager compound microscope at 200x
magnification. Worms were scored on a binary scale based on
the presence of any gonad abnormality (germ-cell tumor or uter-
ine mass, abnormal) or complete absence of gonad abnormalities
(normal) (Jordan et al. co-submitted.). For assessment of large mi-
totic tumors in gld-1 mutant worms, worms were scored on a bin-
ary scale based on the presence of enlarged masses of germ cells
in the gonad (tumor) or complete absence of masses (no tumor).
For assessment of gonad abnormalities in mom-1(or10)/+ worms
(strain EU308), Dpy hermaphrodites and Lon males were excluded
from scoring.

Gonad imaging

Worms were imaged with an AxioCam camera on a Zeiss
Axiolmager compound microscope using Zen software. Images
were taken at 200x or 400x magnification as indicated. Gonads
were outlined using Adobe Photoshop software, and images
were cropped using Inkscape.

Heat shock

For experiments involving heat-shock activation of bar-1, worms
were starved and recovered as described above. After 36 h of re-
covery, worms were incubated at 34°C (heat shock) or 20°C (no
heat shock) for 1h in an incubator. Worms were then returned
to 20°C and scored 90 h after the start of the initial recovery.

Introduction of truncated, heat-shock-inducible
bar-1 into gld-1 background

To create the LRB406 hsp-16.2pro:: ANTbar-1; gld-1(q485) I/hT2
[bli-4(e937) let-? (q782) qls48] (I; III) strain used in this study,
JK3025 gld-1(q485) 1/hT2 [bli-4(e937) let-? (q782) qIs48] (I; III) males
were allowed to mate with KN53 hsp-16.2pro:: ANTbar-1 hermaph-
rodites. A single hermaphrodite with the hT2 balancer (confirmed
phenotypically by expression of GFP in the pharynx) was selected
and allowed to self-fertilize. Twenty progenies were then singled
and allowed to self-fertilize. A plate-level phenotype (slow
growth) was used to identify worms homozygous for the bar-1
overexpression allele. A single hermaphrodite homozygous for
bar-1 overexpression and possessing the hT2 balancer was al-
lowed to mate with a JK3025 male, and 20 progenies were singled
and allowed to self-fertilize. These progenies were then singled for
a second round of self-fertilization, and worms with mutant
gld-1(q485) over the hT2 [bli-4(e937) let-? (q782) qls48] balancer,
and homozygous for the hsp-16.2pro:: ANTbar-1 allele were identi-
fied phenotypically.
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Introduction of cwn-1 mutation into gld-1
background

To create the LRB424 cwn-1(0k546) II; gld-1(q485) I/hT2 [bli-4(e937)
let-? (q782) qls48] (I, III) strain used in this study, JK3025
gld-1(q485) I/hT2 [bli-4(e937) let-? (q782) qIs48] (I; IIl) males were al-
lowed to mate with RB763 cwn-1(0k546) II hermaphrodites. One
hermaphrodite expressing the hT2 balancer (confirmed pheno-
typically) was selected from the progeny and allowed to mate
again with JK3025 males. Ten hermaphrodite worms expressing
the hT2 balancer were selected from the progeny of this mating
event, separated, and allowed to self-fertilize. The presence of
the gld-1 mutation was identified by the presence of some off-
spring which demonstrated the germ-cell differentiation-defi-
cient phenotype. Eight hermaphrodites with intact germ-cell
differentiation were selected from each of five of these self-
fertilizations that retained the gld-1 mutation. The presence of a
homozygous deletion in cwn-1 was identified through PCR ampli-
fication of the cwn-1 gene in each of the selected worms, and the
presence of the gld-1 mutation was reconfirmed phenotypically.

RNA interference

To prepare RNAI bacteria, E. coli HT115 with plasmids that express
double-stranded RNA of various genes were grown on 100 pg/ml
carbenicillin and 12.5 pg/ml tetracycline LB plates. Single colonies
from these plates were used to inoculate LB starter cultures with
100 pg/ml carbenicillin and 12.5 pg/ml tetracycline. These were
transferred into larger cultures containing 50 pug/ml carbenicillin.
Cells from large cultures were spun down at 4°C, then resuspended
at a concentration of 25 ug/ml in 15% glycerol S-complete medium.
The resulting suspensions were separated into aliquots and stored
at —80°C. Aliquots were thawed once and seeded onto nematode
growth medium plates containing 25 pg/ml carbenicillin and 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG). Bacteria was grown
overnight at ~22°C before plating worms. RNAi plasmids used in-
clude empty vector (pAD12), daf-2 (pAD48), and daf-16 (pAD43).
daf-18 RNAI bacteria used is from the Open Biosystems library.

Quantitative image analysis

Strain HS2329 0sEx397 [cwn-1p::cwn-1::Venus] was cultured, hypo-
chlorite treated, starved for 8 days, and recovered on empty vector
or daf-2 RNAi food as described above. Forty-eight hours after plat-
ing on food, worms were washed from plates in S-basal, anesthe-
tized with sodium azide, and transferred to black, clear-bottom
96-well plates for imaging on a Molecular Devices ImageXpress
Nano with a 4x Nikon objective. Using the MetaXpress software
(Molecular Devices), worms were identified as objects in bright-
field to create masks. In the fluorescent channel, masks were
used to calculate background pixel intensities across the entire
field minus the objects (masked areas). Background intensity
was subtracted from pixel intensities for each object, and the
background-corrected average pixel intensity was calculated for
each object. Objects that intersected the edge of the field were
not included, and images were manually curated so that objects
that were not single worms were excluded.

Statistical analyses

All statistical tests were performed in R. When performing t-tests,
Bartlett’s test was first performed to determine if there was a sig-
nificant difference in variance among conditions that were com-
pared. If the variances were not significantly different, a t-test
with pooled variances was performed. Otherwise, a t-test with
empirical (unpooled) variance was performed. For quantitative

image analysis of CWN-1::VENUS expression, a pairwise linear
mixed-effects model was used with conditions as fixed effect
and replicate as random effect. All plots were produced with the
R package ggplot2 (Wickham 2016).

Results

Early-life starvation and IIS affect Wnt pathway
gene expression

We confirmed that worms starved for 8 days as L1-stage larvae (L1
arrest) and recovered in replete conditions (with E. coli as food) de-
velop gonad abnormalities, including proximal germ-cell tumors
and uterine masses, as adults (starvation-induced abnormalities;
Fig. 1a;Jordanetal. 2019, co-submitted). Reduction of IIS after star-
vation during development with daf-2/InsR RNAi suppresses
starvation-induced abnormalities (Jordan et al. 2019, co-
submitted). To identify genes that contribute to development of
or suppression of starvation-induced abnormalities, we per-
formed an mRNA sequencing (RNA-seq) experiment to determine
the effects of early-life starvation and IIS on adult gene expression
(primary results published in Jordan et al., co-submitted). Samples
were collected at egg-laying onset as whole worms that had been
previously starved for 1 day (control) or 8 (starved) days during L1
arrest and then cultured on empty vector (negative control) or
daf-2 (reduced I1IS) RNAI food. These results revealed prominent
effects on lipid metabolism and membrane biology, as described
in our companion manuscript (Jordan et al. co-submitted).

Given extensive roles that Wnt signaling plays in development
and cancer, we wondered if early-life starvation and IIS affect Wnt
pathway gene expression. Figure 1b displays components of the ca-
nonical Wnt signaling pathway in C. elegans (Sawa and Korswagen
2013). Of the nine C. elegans Wnt ligands and receptors, eight (all
but mom-2) had significantly increased relative mRNA expression
in adults that had been starved as larvae compared with controls
(P<0.05; Fig. 1c). Notably, daf-2/InsR RNAi decreased expression of
all eight of these genes in starved worms back to baseline levels,
with the decrease being statistically significant in six cases.
Furthermore, no ligand or receptor had significantly different ex-
pression between control and starved worms recovered on daf-2
RNAI (Fig. 1c). The ligand-encoding gene mom-2 is the notable excep-
tion to these trends, since it did not significantly deviate from control
expression levels in any condition. We examined other genes in-
volved in the Wnt signaling pathway, including pry-1/Axin, four
B-catenin homologs, and pop-1/Tcf. The only one of these with signifi-
cant differential expression in any condition was bar-1/p-catenin,
which had significantly increased expression in starved worms
(Fig. 1c). Consistent with the patterns seen for Wnt ligands and re-
ceptors, bar-1 did not have increased expression in starved worms
recovered on daf-2 RNAi food. These expression patterns suggest
that Wnt signaling is increased following early-life starvation but
that it is decreased with reduced IIS during larval development.

Based on the expression patterns of Wnt ligands and receptors,
we wondered whether Wnt signaling activity is increased follow-
ing early-life starvation. To assess Wnt signaling activity, we in-
terrogated expression levels of genes that are downregulated in
bar-1/p-catenin loss-of-function mutant worms (Van Der Bent
et al. 2015). bar-1 activates expression of these genes, and they
were collectively expressed at significantly higher levels in starved
worms compared with control worms at egg-laying onset, sug-
gesting increased Wnt signaling activity (Fig. 1d). We also won-
dered whether the increase in apparent Wnt activity is IIS
dependent. The same bar-1 target genes were collectively ex-
pressed at significantly lower levels in starved worms fed daf-2
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Fig. 1. Expression of multiple Wnt ligands and receptors is affected by early-life starvation and IIS. a) Representative images of wild-type worms starved 1
day (control) or 8 days (starved) as L1 larvae and recovered for 90 h at 20°C with plentiful E. coli HT115 are presented. Dashed lines indicate
starvation-induced abnormalities in the gonadal region, with dashes circumscribing uterine masses and germ-cell tumors. Scale bar represents 50 pm.
The letter “v” indicates the vulva. b) Cartoon depicting the canonical Wnt signaling pathway is shown in the absence (left) and presence (right) of a Wnt
ligand. Boxes include the genes in C. elegans that encode each component of the pathway. Adapted with permission from WormBook.org (Sawa and
Korswagen 2013). c) mRNA counts per million for genes involved in the Wnt signaling pathway is plotted. The exactTest in EdgeR was used for statistics: *P
<0.05; **P <0.01; **P < 0.001. d) Cumulative distributions of fold changes in mRNA expression levels for starved vs control worms at egg-laying onset are
plotted for genes activated by bar-1 (inred; all detected genes in black). e) Cumulative distributions of fold changes in mRNA expression levels for starved
daf-2 RNAI vs starved empty vector worms at egg-laying onset is plotted for genes activated by bar-1. c-e) Samples were collected at egg-laying onset for
worms starved for 1 day (control) or 8 days (starved) and recovered on empty vector or daf-2 RNAi food, as indicated in the legend (primary results are
published in Jordan et al. co-submitted). d and e) The Kolmogorov-Smirnov test was used for statistics: **P < 0.001. ev, empty vector.
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Fig. 2. Wnt signaling promotes starvation-induced gonad abnormalities. a) Frequency of all gonad abnormalities for worms starved 1 day (control) or 8
days (starved) as L1 larvae and recovered for 72 h on the indicated RNAi food is plotted. There were at least 40 worms per replicate. b) Frequency of all
gonad abnormalities for control and starved worms of the indicated genotypes recovered for 72 h. There were at least 35 worms per replicate. c)
Representative images of control and starved wild-type worms recovered for 90 h on bar-1 or pop-1 RNAIi are presented. Images were taken at 200x total
magnification. d) Representative images of control and starved gld-1(q485) mutant worms recovered for 90 h on empty vector, bar-1, or pop-1 RNAi are
presented. Visible portions of the gonad are outlined with a dotted line. Images were taken at 400x total magnification. e) Frequency of large mitotic
tumors for control and starved gld-1(q485) worms recovered for 90 h on empty vector, bar-1, or pop-1 RNAi are plotted. There were at least 12 worms per
replicate; most replicates have >50 worms. a, b, and e) Circles represent biological replicates. Cross bars reflect the mean. *P < 0.05; *P < 0.01; **P < 0.001;
t-tests on means of replicates between empty vector RNAi and the indicated genotype or condition. c and d) Scale bars are 50 um. The letter “v” indicates
the location of the vulva. ev, empty vector.

RNAI food during recovery than starved worms fed empty vector co-submitted; Fig 2a). RNAi of Wnt ligands cwn-1, lin-44, and
RNAI during recovery (Fig. le). Together these results support mom-2, and of receptors cfz-2, lin-17, and mig-1 significantly reduced
the hypothesis that Wnt signaling activity is increased following the frequency of starvation-induced abnormalities (Fig. 2a).

early-life starvation and that it is suppressed by reducing IIS in Notably, RNAi was administered during larval development after
previously starved worms. starvation, indicating that gene function during recovery rather
than L1 starvation itself affects formation of starvation-induced
Wnt signaling promotes development of abnormalities. However, suppression of abnormalities was
starvation-induced abnormalities consistently smaller than with daf-2 RNAi. The smaller effect size
We hypothesized that increased Wnt signaling in previously is consistent with other pathways downstream of IIS promoting
starved worms promotes starvation-induced abnormalities. To starvation-induced abnormalities (Jordan et al. co-submitted) and
test this, we used RNAi and mutations to disrupt Wnt signaling in possibly functional redundancy among Wnt pathway genes.
control and starved worms. daf-2 RNAIi significantly reduced We assayed mutants affecting the Wntligands and receptors that

starvation-induced abnormalities, as expected (Jordan et al. 2019, significantly decreased starvation-induced abnormalities with
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RNAI. Of the five genes examined (cwn-1, lin-44, cfz-2, lin-17, and
mig-1), mutation of all but lin-17 suppressed starvation-induced ab-
normalities (Fig. 2b). These results corroborate our RNAi results.
Notably, several phenotypes which resemble starvation-induced ab-
normalities were observed in control lin-17 mutants, including pro-
truding vulvae and uterine masses, potentially explaining the
apparent lack of suppression of starvation-induced abnormalities
with the mutant despite suppression with RNAi. The protruding vul-
va phenotype is consistent with previous characterizations of lin-17,
reflecting its role in vulva development (Sawa et al. 1996). Together
these results suggest that Wnt signaling promotes starvation-
induced abnormalities.

We sought to determine whether global reduction of Wnt signal-
ing could reduce starvation-induced abnormalities more effective-
ly than knockdown of individual ligands and receptors. We chose to
target the gene bar-1/4-catenin and the gene pop-1/Tcf because both
are important for canonical Wnt signal transduction, and the ex-
pression data (Fig. 1c) suggest that bar-1 activity may be increased
by early-life starvation. However, RNAIi of bar-1 and pop-1 produced
confounding phenotypes in a wild-type background, consistent
with the role of Wnt signaling in vulva development (Sawa and
Korswagen 2013). Control worms exposed to bar-1 or pop-1 RNAi ex-
hibited substantial retention of eggs, and eventually eggs hatching
within the parent (bagging; Fig. 2c). Starved worms exposed to bar-1
RNAI during recovery also exhibited substantial bagging, although
the phenotype was delayed, consistent with delayed development
(Jobson et al. 2015). These phenotypes interfered with reliable iden-
tification of starvation-induced abnormalities.

To circumvent the confounding phenotypes produced by
bar-1 and pop-1 RNAI in wild-type worms, we used a germ-cell
differentiation-deficient gld-1 mutant (Jeong et al 2011).
Following early-life starvation, these worms develop large mi-
totic germ-cell tumors in the gonad without uterine masses or
fertilized embryos (since these phenotypes require differenti-
ation; Fig. 2d; Jordan et al. 2019). Disruption of vulva develop-
ment therefore does not interfere with scoring starvation-
induced gonad abnormalities in this mutant. The frequency of
large mitotic tumors in gld-1 mutant worms that had been
starved as L1 larvae was significantly decreased by exposure to
bar-1 or pop-1 RNAi during recovery (Fig. 2d, ). Because gld-1 mu-
tants are germ-cell differentiation deficient, the observed reduc-
tion of large mitotic tumors provides evidence that Wnt
signaling promotes starvation-induced abnormalities at least
in part by increasing germ-cell proliferation.

Wnt signaling functions downstream of insulin/
IGF signaling

Because daf-2/InsR signaling promotes Wnt pathway gene expres-
sion (Fig. 1c, e), we hypothesized that reduced IIS suppresses
starvation-induced abnormalities by reducing Wnt signaling. To
test this, we performed genetic epistasis analysis. We used a strain
carrying a heat-shock-inducible, truncated bar-1/-catenin gene.
Truncation of BAR-1 prevents its degradation by the p-catenin de-
struction complex, causing constitutive activation of Wnt signaling
upon heat shock (Jackson et al. 2014). Following heat shock, these
worms displayed phenotypes resembling the abnormalities caused
by early-life starvation (Fig. 3a). Specifically, the worms developed
protruding vulvae and uterine masses. Although daf-2 RNAi during
recovery significantly reduced the frequency of starvation-induced
abnormalities in wild-type and truncated bar-1 overexpression back-
grounds without heat shock, it did not alter the frequency of
starvation-induced abnormalities produced by bar-1 overexpression
in control worms (Fig. 3b). That daf-2 RNAi fails to reduce

starvation-induced abnormalities when Wnt signaling is constitu-
tively active suggests that Wnt signaling acts downstream of IIS to
promote development of gonad abnormalities. However, it is pos-
sible that the gonad abnormalities resulting from truncated bar-1
overexpression arise through different molecular mechanisms
than starvation-induced abnormalities despite similar appearances.

We also investigated the effect of truncated bar-1 overexpres-
sion in gld-1 mutant worms. This background allowed us to focus
on alteration of germ-cell proliferation while avoiding confound-
ing effects of bar-1 on vulva development. Heat-shock-induced
overexpression of truncated bar-1 produced large mitotic tumors
in control worms (Fig. 3c, d), suggesting that Wnt signaling pro-
motes germ-cell proliferation. Furthermore, daf-2 RNAi during re-
covery significantly decreased the frequency of large mitotic
tumors in starved worms but did not alter the frequency of large
mitotic tumors caused by bar-1 overexpression. These results sup-
port the conclusion that Wnt signaling acts downstream of IIS to
promote excessive germ-cell proliferation as a driver of
starvation-induced abnormalities.

We extended our epistasis analysis by simulating increased IIS
(with daf-16 RNAI) and reduced Wnt signaling (with mutation of
cwn-1) in wild-type and gld-1 mutant backgrounds. We chose the
cwn-1 mutant for these experiments because RNAi and mutation
of it consistently suppressed starvation-induced abnormalities
(Fig. 2a, b). This approach also avoided the confounding pheno-
types of bar-1 and pop-1 (Fig. 2c). daf-16 RNAi had no effect on
the frequency of gonad abnormalities in wild-type or cwn-1 mu-
tant backgrounds (Fig. 3e). We obtained essentially the same re-
sult for large mitotic tumor frequencies when we replicated
this experiment in a gld-1 mutant background (Fig. 3f). The lack
of an effect of daf-16 RNAIi in the cwn-1 mutant, in either a
wild-type or gld-1 mutant background, further supports our con-
clusion that Wnt signaling acts downstream of IIS to promote
starvation-induced abnormalities. However, it should be noted
that there is no evidence that daf-16 RNAi was effective in this ex-
periment, though we routinely use it in this context (Jordan et al.
2019, co-submitted).

We used daf-18/PTEN RNAI as a complementary way to in-
crease IIS for epistasis analysis with the cwn-1 mutant. daf-18 en-
codes the phosphatase and tensin homolog PTEN, which
dephosphorylates phosphatidylinositol (3,4,5)-trisphosphate to
antagonize PI3K signaling, effectively increasing IIS (Ogg and
Ruvkun 1998). daf-18 RNAI significantly increased the frequency
of starvation-induced gonad abnormalities, supporting the con-
clusion that elevated IIS promotes these abnormalities (Fig. 3g).
Notably, daf-16 RNAi did not increase the frequency of abnormal-
ities (Fig. 3e, f), but PI3K antagonizes SKN-1/Nrf in parallel to
DAF-16/FoxO (Tullet et al. 2008), and like daf-16, skn-1 functions
downstream of daf-2/InsR to suppress starvation-induced abnor-
malities (Jordan et al. 2019). daf-2 RNAi and mutation of cwn-1 sup-
pressed the frequency of starvation-induced abnormalities
(Fig. 3g), as expected (Figs. 2a, b and 3b, d-f). However, daf-18
RNAi did not increase the frequency of abnormalities in the
cwn-1 mutant background, and daf-2 RNAi did not suppress abnor-
malities in the cwn-1 mutant background (Fig. 3g). Together with
the other epistasis results presented, these results support the
conclusion that IIS increases Wnt signaling to promote
starvation-induced gonad abnormalities.

RNA-seq suggests that early-life starvation and IIS promote ex-
pression of cwn-1 and other Wnt pathway components, suggesting
transcriptional regulation as a mechanism for the epistatic rela-
tionship between IIS and cwn-1. To test this hypothesis, we ana-
lyzed a cwn-1 translational reporter gene (Yamamoto et al. 2011).
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Fig. 3. Wnt signaling functions downstream of IIS to promote starvation-induced gonad abnormalities. a) Representative images of wild-type and
heat-shock-inducible truncated bar-1 overexpression worms (conditional gain-of-function; abbreviated “bar-1 OE”) exposed to the indicated conditions
and recovered for 90 h. Images taken at 200x total magnification. b) Frequency of all gonad abnormalities in control and starved worms recovered for 90 h
in the indicated conditions. There were at least 37 worms per replicate. c) Representative images of gld-1(q485) mutant and gld-1(q485); bar-1
overexpression worms exposed to the indicated conditions and recovered for 90 h. Images taken at 400x total magnification. d) Frequency of large mitotic
tumors for control and starved worms recovered for 90 h in the indicated conditions is plotted. There were at least 36 worms per replicate. e) Frequency of
all gonad abnormalities for control and starved wild-type and cwn-1(0k546) mutant worms recovered for 90 h in the indicated conditions is plotted. There
were at least 45 worms per replicate. f) Frequency of large mitotic tumors for control and starved gld-1(q485) and gld-1(q485); cwn-1(0k546) worms
recovered for 90 h in the indicated conditions is plotted. There were at least 30 worms per replicate. g) Frequency of all gonad abnormalities for starved
wild-type and cwn-1(0k546) mutant worms recovered for 72 hin the indicated conditions is plotted. There were at least 28 worms with an average of 45 per
replicate. a and c) Scale bars represent 50 pm. The letter “v” indicates the location of the vulva. b, d, e, f, and g) Circles represent biological replicates. Cross
bars indicate the mean. *P<0.05; P <0.01; **P < 0.001; t-test on means of replicates. ev, empty vector; ns, not significant.

CWN-1::VENUS displayed graded expression in the posterior of
developing larvae, as reported. Multiple replicates of qualitative
analysis of fluorescence levels suggested that CWN-1::VENUS is
more abundant in starved than control worms 48 h after recov-
ery from starvation and that daf-2/InsR RNAI decreases expres-
sion levels (data not shown). Quantitative image analysis
supported these observations, revealing a significant increase
in CWN-1::VENUS expression following starvation and a signifi-
cant decrease with daf-2 RNAI (Fig. 4). These results support the

conclusion that IIS promotes cwn-1 expression, accounting for
their epistatic relationship.

Wnt signaling functions in somatic tissues to
promote gonad abnormalities

We sought to determine whether Wnt signaling acts cell autono-
mously to promote starvation-induced abnormalities. To address
this, we used RNAI to knockdown expression of Wnt ligand cwn-1
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significant.

and receptor ¢fz-2 in wild-type worms as well as somatic RNAi-de-
ficient r7f-1 mutants and germline RNAi-deficient ppw-1 mutants
(Tijsterman et al. 2002; Grishok et al. 2005; Kumsta and Hansen
2012). RNAI of cwn-1 and cfz-2 significantly reduced the frequency
of starvation-induced abnormalities in both wild-type and ppw-1
mutant worms but had no apparent effect in r7f-1 mutant worms
(Fig. 5). The finding that RNAi of a Wntligand and receptor in som-
atic RNAi-deficient worms fails to suppress starvation-
induced abnormalities suggests that Wnt signals both originate
in and target somatic tissues to promote gonad abnormalities,

implying cell-nonautonomous effects on germ-cell proliferation
and possibly other developmental processes.

Discussion

Our results support a model linking early-life starvation, IIS, and
Wnt signaling to development of germline tumors and other go-
nad abnormalities in adult C. elegans. We show that expression
of Wnt pathway genes increases following early-life starvation
and that it decreases with reduced daf-2/InsR function. Genetic
analysis suggests that Wnt signaling promotes starvation-
induced abnormalities, thatit does so atleastin part by promoting
germ-cell proliferation, that it functions downstream of 1IS, and
that it acts in somatic cells. Together with our companion manu-
script (Jordan et al. co-submitted), this work reveals consequences
of early-life starvation on gene-regulation and signaling that re-
sult in adult pathology.

Transcriptional regulation of Wnt signaling

We show elsewhere that early-life starvation and IIS have over-
lapping effects on adult gene expression and lipid metabolism
(Jordan et al. co-submitted). Thatis, nearly 2,000 genes are upregu-
lated in adults starved as L1 larvae, and about half of those are
downregulated when starved larvae are recovered on daf-2 RNAi
food. The fatty-acid synthetase fasn-1/FASN exemplifies this ex-
pression profile, it promotes development of starvation-induced
abnormalities, and it contributes substantially to the effects of
early-life starvation and IIS on adult gene expression (Jordan
et al. co-submitted). However, with such widespread effects on
gene expression and metabolism, it is likely that early-life starva-
tion and IIS impinge on additional regulatory mechanisms to pro-
mote pathological outcomes in adults subjected to early-life
starvation.
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Results presented here suggest that early-life starvation and IIS
also affect Wnt signaling, and that Wnt signaling promotes
starvation-induced abnormalities. mRNA expression analysis
shows that nearly all the Wnt ligands and receptors as well as
bar-1/p-catenin are upregulated in adults starved as L1 larvae but
downregulated when such starved worms are recovered on daf-2
RNAi food. This pattern of regulation was confirmed with a
cwn-1 reporter gene. These Wnt pathway genes have not been
identified as targets of IIS (Tepper et al. 2013), but the magnitude
of the effect of daf-2 RNAI on their expression is relatively small
in worms that had not been subjected to L1 starvation. This obser-
vation highlights the importance of studying worms subjected to
early-life starvation and the novelty of our results. We have not
identified transcriptional mechanisms affecting Wnt pathway
gene expression, but we believe the transcription factor DAF-16/
FoxO is involved based on epistasis analysis (here and in our cam-
panion manuscript; Jordan et al. co-submitted). DAF-16 is the ma-
jor effector of DAF-2/InsR signaling, and daf-16 is required for daf-2
RNAI to suppress starvation-induced abnormalities (Jordan et al.
2019). DAF-16 is thought to function as a transcriptional activator
(Schuster et al. 2010), but our data suggest it represses Wnt path-
way gene expression. DAF-16 antagonism of the transcription fac-
tor PQM-1 contributes to repression of DAF-16 class II targets
(Tepper et al. 2013), suggesting pgm-1 could also be involved. In
addition, the transcription factor SKN-1/Nrf is also an effector of
DAF-2/InsR signaling, and skn-1 is required for daf-2 RNAI to sup-
press starvation-induced abnormalities (Jordan et al. 2019), sug-
gesting that it too could contribute to transcriptional regulation
of Wnt pathway genes.

We provide evidence that Wnt signaling activity is increased
following early-life starvation and that Wnt signaling promotes
starvation-induced abnormalities. Expression of Wnt-target
genes displays the same pattern as Wnt pathway components,
with upregulation following early-life starvation and downregula-
tion with reduced IIS, based on RNA-seq. We used RNAi and mu-
tations to show that disruption of two Wnt ligands and three
different receptors suppresses starvation-induced abnormalities,
as does RNAI of bar-1/p-catenin or pop-1/TCF. Furthermore, consti-
tutive activation of Wnt signaling phenocopies the effects of early-
life starvation on gonad development in control worms (without
extended starvation). Multiple approaches to epistasis analysis
also suggest that Wnt signaling functions downstream of IIS in
promoting starvation-induced abnormalities. Furthermore,
reporter-gene analysis of cwn-1 show that its expression is pro-
moted by daf-2/InsR. Together these results suggest that early-life
starvation and IIS increase Wnt signaling to promote develop-
ment of germline tumors and other gonad abnormalities.

Somatic regulation of germline proliferation
We used a germ-cell differentiation-defective gld-1 mutant to fo-
cus on mitotic germline proliferation as opposed to other develop-
mental mechanisms that could contribute to starvation-induced
gonad abnormalities. This mutant background revealed that
Wnt signaling promotes excessive germline proliferation follow-
ing early-life starvation (based on loss-of-function and
gain-of-function Wnt signaling mutants). Excessive germline pro-
liferation tentatively explains starvation-induced germline tu-
mors in wild-type worms, and it could also lead to dysregulation
of critical signaling interactions between germ cells and the som-
atic gonad causing additional gonad abnormalities observed
(Jordan et al. 2019).

We used tissue-specific RNAi to show that a Wnt ligand- and
receptor-encoding gene (cwn-1 and cfz-2, respectively) both

function in somatic cells to promote starvation-induced abnor-
malities. Likewise, mRNA was barely detectable in L2 germ cells
but abundant in a variety of somatic cell types for both genes
based on single-cell RNA-seq data (Cao et al. 2017). However, it
should be noted that we tested only a single ligand and receptor,
so we do not know if the same is true for the others.
Nonetheless, this result argues against cell-autonomous regula-
tion of germline proliferation by Wnt signaling, instead suggesting
that Wnt signaling affects at least one additional signaling path-
way from the soma to influence germline proliferation. It is well
established that mitotic germline proliferation is controlled by
Delta-Notch signaling from the somatic gonad to germ cells, and
that perturbation of this signaling can resultin formation of germ-
cell tumors (Albert Hubbard and Schedl 2019). It is attractive to
speculate that Wnt signaling targets the somatic gonad to affect
production of Notch ligands. Notably, daf-16/FoxO expression in
the epidermis of an otherwise null daf-16 mutant is sufficient for
strong suppression of starvation-induced abnormalities, and ex-
pression in the intestine and nervous system also suppress
starvation-induced abnormalities (Jordan et al. 2019). The somatic
gonad was not tested for daf-16 function in these experiments.
The epidermis, nervous system, and intestine are also important
sites of daf-16 function for starvation resistance and aging
(Libina et al. 2003; Zhanget al. 2013; Kaplan et al. 2015). Itis unclear
if Wnt signaling also functions in a widely distributed anatomical
fashion or if signaling in a particular tissue or set of cells is suffi-
clent to drive germline proliferation and formation of gonad
abnormalities.

Insulin/IGF and Wnt signaling in other systems

This work resonates with findings in other systems, revealing
complexity in the regulation of Wnt signaling. In mice, fasting
and refeeding results in transcriptional upregulation of Fasn and
Scdl (Cabrae et al. 2020). We also see increased mRNA expression
of fasn-1/FASN and fat-5/SCD1 in well-fed worms following early-
life starvation, and disruption of either suppresses
starvation-induced abnormalities (Jordan et al. co-submitted).
Notably, FASN and SCD1 increase abundance of palmitoleic
acid, which is used by PORCN to acylate Wnt and increase signal-
ingactivity (Cabrae et al. 2020). These feeding-dependent effects in
mice that had been fasted are dependent on insulin and mTOR
signaling. Future work on the consequences of early-life starva-
tion in C. elegans should investigate mTOR signaling, but there
are nonetheless striking parallels between these two models.
Furthermore, there is evidence of cross-talk between insulin and
Wnt signaling (Essers et al. 2005; Palsgaard et al. 2012), and that
Wnt signaling may increase sensitivity to insulin (Abiola et al.
2009). Additional work is needed to unravel the complex relation-
ship between these critical signaling pathways at the interface of
nutrient availability and developmental regulation.

Conclusion

We add to a body of work showing that early-life starvation and IIS
promote developmental pathology in well-fed worms, establish-
ing a valuable invertebrate model for developmental origins of
adult health and disease (Jobson et al. 2015; Jordan et al. 2019;, co-
submitted). Early-life malnutrition causes adult cancer in hu-
mans, and this work could lead to predictive diagnostics of disease
or therapeutic interventions. Caenorhabditis elegans have remark-
ably robust starvation responses, and the species thrives despite
fluctuations in nutrient availability. Nonetheless, this work sheds
light on the limits of developmental homeostasis, revealing me-
chanisms of dysregulation that result in adult pathology and



10 | GENETICS, 2023, Vol. 223, No. 2

reduced reproductive success following early-life starvation.
Nutrient stress is ubiquitous in nature, and the pathways we im-
plicate are widely conserved among metazoa, suggesting that in-
sights made in worms will translate to other animals.
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