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Nutritional vitamin B12 regulates RAS/
MAPK-mediated cell fate decisions through
one-carbon metabolism

Ana Cristina Laranjeira1, Simon Berger1,2, Tea Kohlbrenner1, Nadja R. Greter 1 &
Alex Hajnal 1

Vitamin B12 is an essential nutritional co-factor for the folate and methionine
cycles, which together constitute one-carbonmetabolism. Here, we show that
dietary uptake of vitamin B12 modulates cell fate decisions controlled by the
conserved RAS/MAPK signaling pathway in C. elegans. A bacterial diet rich in
vitamin B12 increases vulval induction, germ cell apoptosis and oocyte dif-
ferentiation. These effects are mediated by different one-carbon metabolites
in a tissue-specific manner. Vitamin B12 enhances via the choline/phosphati-
dylcholine metabolism vulval induction by down-regulating fat biosynthesis
genes and increasing H3K4 tri-methylation, which results in increased
expression of RAS/MAPK target genes. Furthermore, the nucleoside metabo-
lism and H3K4 tri-methylation positively regulate germ cell apoptosis and
oocyte production. Using mammalian cells carrying different activated KRAS
and BRAF alleles, we show that the effects of methionine on RAS/MAPK-
regulated phenotype are conserved inmammals. Our findings suggest that the
vitamin B12-dependent one-carbon metabolism is a limiting factor for diverse
RAS/MAPK-induced cellular responses.

The cell metabolism regulates physiological processes and cancer cell
growth by controlling catabolic and anabolic reactions and transcrip-
tional activity1. Diet influences metabolism directly and, as a result,
cells must constantly adapt to variations in diet. One example is vita-
min B12 (cobalamin), an essential micronutrient that requires dietary
intake. Vitamin B12 is an important metabolic co-factor in two meta-
bolic pathways, the mitochondrial propionate breakdown pathway
and one-carbon metabolism formed by the methionine and folate
cycles (Fig. 1a). In the canonical propionate breakdown pathway,
vitamin B12 acts as a co-factor for methyl malonyl-CoA mutase (MUT,
MMCM-1 in C. elegans)2–4, and in themethionine cycle, it serves as a co-
factor for methionine synthase (MS, METR-1 in C. elegans) (Fig. 1a)2–4.

One-carbon metabolism transfers single carbon units necessary
for nucleotide biosynthesis through the folate cycle and produces S-
adenosyl-methionine (SAM), the main methyl donor in cells. In the
methionine cycle, homocysteine is methylated by MS to form

methionine, which is then converted into SAM5,6. SAM is required for
phosphatidylcholine (PC) synthesis (Fig. 1a)5. PC is a polyunsaturated
fatty acid that can be produced via the Kennedy/CDP-choline pathway
using choline as a precursor or by the sequentialmethylation pathway,
which depends on SAM-methyl groups (Fig. 1a)7,8. In addition, SAM
provides the methyl donors necessary for DNA, RNA, histone and
protein methylation. Histone methylation, especially histone H3 tri-
methylation at lysine 4 (H3K4me3), which is associated with active
transcription at the promoter region, is particularly sensitive to SAM
levels9,10.

In this study, we have used the nematode C. elegans to investigate
the nutritional impact of a bacterial diet on development. E. coli OP50
is the commonly used bacterial diet, which is low in vitamin B12.
Comamonas aquatica DA1877, on the other hand, is a vitamin B12-rich
diet3. A ComamonasDA1877 diet affects different aspects of C. elegans
behavior by modulating gene expression, reproduction, and
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Fig. 1 | The Comamonas DA1877 diet promotes VPC and germ cell differentia-
tion through the vitamin B12 metabolism. a Schematic representation of one-
carbon metabolism. b Illustrations of the observed phenotypes: germ cell apop-
tosis (corpses), oocyte differentiation, or vulval induction. Scale bar: 10 µm. Num-
berof corpses (c) or oocytes (d) inwild-typeanimals. eVulval induction index of let-
60(gf) animals. c–e Animals were fed with E. coli OP50 (gray), Comamonas DA1877
(blue), or E. coliOP50 supplemented with 64nM B12 (pink). Number of corpses (f),
oocytes (g) and vulval induction index (h) for indicatedgenotypes fed eitherwith E.
coli OP50 (gray) or Comamonas DA1877 (blue). Number of corpses (i), oocytes (j)

and vulval induction index (k) for indicated genotypes fed with E. coli OP50 and
supplemented with 64 nM B12. Dots (in c, d, f, g, i, j) represent individual corpses/
oocytes or animals (in e, h, k) from two independent biological replicates; number
of animals in brackets. Boxplots show 25-75 percentiles and median; whiskers
represent min and max values. **P <0.005, ***P <0.0005, ****P <0.0001 using one-
way ANOVA followed by Dunnett’s multiple comparison tests in c, d, i and j, two-
way ANOVA followed by a Tukey’s multiple comparison test in f, g and h and a
Kruskal-Wallis test for non-parametric data followed by a Dunn’s multiple com-
parison test in e and k. Source data are provided as a Source Data file.
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longevity11,12. Vitamin B12 metabolism also regulates H3K4
methylation10, affecting C. elegans fertility and lipid accumulation,
which is linked to longevity13,14.

Here, we focused on how the vitamin B12-dependent one-carbon
metabolism modulates cell fate decisions mediated by the conserved
RAS/Mitogen-activated protein kinase (RAS/MAPK) pathway. The RAS/
MAPK pathway is highly conserved between C. elegans and mammals,
and it is a prevalent oncogenic signaling pathway in humans, being
hyper-activated in around one-third of all tumors. Gain-of-function (gf)
mutations in RAS genes (mostly in KRAS) occur in 30% of all cancers,
and mutations in BRAF (mostly the V600E substitution) are found in
8% of all human cancers15,16. Gain-of-function mutations in let-60, the
single C. elegans ras ortholog, hyperactivate RAS/MAPK signaling and
cause enhanced germ cell death, oocyte over-production, and excess
vulval induction17–19.

During larval development, the growth factor LIN-3 (an EGF-like
ligand) is secretedby the gonadal anchor cell (AC). LIN-3 activates RAS/
MAPK signaling via the LET-23 EGF receptor in the vulval precursor
cells (VPCs) to induce their differentiation20,21. P6.p, the VPC closest to
the AC, receives the highest concentration of LIN-3 and adopts the
primary (1°) vulval cell fate, while P5.p and P7.p receive less LIN-3 signal
and adopt the secondary (2°) cell fate in response to a lateral LIN-12
Notch signal. These three induced VPCs then start to proliferate and
differentiate into 22 vulval cells forming the vulva20,21.

During adulthood, RAS/MAPK regulates germ cell progression
and death in the gonads. Hermaphrodites have two symmetric,
U-shaped tubular gonad arms that are connected to a common
uterus. In the distal region of each gonad arm, mitotic stem cells
constantly proliferate to supply new germ cells. Germ cells in the late
pachytene region, near the gonad loop, activate the RAS/MAPK
pathway, which is required for the pachytene to diplotene transition,
cell membrane integrity, chromosomal synapsis, apoptosis, and
oocyte differentiation17,18,22,23. Around half of the germ cells enter the
proximal gonad arm and begin to differentiate into oocytes, while
the remaining germ cells undergo apoptosis. Germ cell apoptosis is a
physiological and stochastic process that eliminates half of all germ
cells to maintain gonad homeostasis24,25. Dying germ cells activate
the core apoptotic machinery triggering the CED-3 caspase24,25 and
are engulfed by the sheath cells of the somatic gonad26.

By examining three RAS/MAPK-mediated phenotypes, vulval
development, germ cell death, and oocyte differentiation, we show
that the activity of the vitamin B12-dependent one-carbonmetabolism
is a limiting factor for RAS/MAPK-induced cell fates. Switching animals
to a vitaminB12-richComamonasDA1877diet enhances all phenotypes
caused by hyperactive RAS/MAPK signaling via the methionine syn-
thetase METR-1. One-carbon metabolism affects the different RAS/
MAPK-mediated cell fate decisions through distinct, tissue-specific
mechanisms. The folate cycle promotes germ cell differentiation and
death through nucleotide biosynthesis, while the methionine cycle
affects vulval induction by repressing fatty acid synthesis. In addition,
the methionine cycle regulates the PC metabolism and globally
increases H3K4me3 levels. Finally, using mammalian cells carrying
different activating KRAS alleles, we show that the methionine-
dependency of RAS/MAPK-induced phenotypes is conserved.

Results
Dietary vitamin B12 enhances germ cell and vulval development
To investigate how the vitamin B12 metabolism affects RAS/MAPK-
controlled cell fate decisions, we fed animals with the Comamonas
DA1877diet, rich in vitamin B12, andquantified germcell death, oocyte
and VPC differentiation (Fig. 1b). Using a CED-1::GFP reporter to label
engulfed apoptotic cells27, we found that wild-type worms fed with the
Comamonas DA1877 diet or E. coli OP50 supplemented with vitamin
B12 had a 2 to 3-fold increase in apoptotic germcells (Fig. 1c). Although
animals fed with the Comamonas DA1877 diet have a smaller brood

size11, a B12-rich diet increases the number of oocytes in the proximal
arm of one-day-old adults (Fig. 1d).

Since Comamonas DA1877-fed worms reach adulthood on aver-
age 12 h earlier (Supplementary Fig. 1a)11, we tested whether these
effects were due to changes in developmental timing. Sixty-two hours
after L1 arrest, ComamonasDA1877-fed animals were approximately at
the same developmental stage as animals fed on E. coli OP50 for 72 h.
However,ComamonasDA1877-fedwormshadmore apoptotic corpses
and oocytes than E. coli OP50-fed animals at the matching develop-
mental stages (i.e., 62 h vs. 72 h and 72 h vs. 82 h, Supplementary
Fig. 1b, c), suggesting that the Comamonas DA1877 effects are inde-
pendent of developmental time.

Germ cell apoptosis can either be physiological or a response to
DNA damage24,28. To distinguish between these two possibilities, we
used cep-1 loss-of-function (lf) mutants, which do not induce DNA
damage-induced apoptosis27. The effect of the Comamonas DA1877
diet on germ cell death was still present in cep-1(lf) mutants (Supple-
mentary Fig. 1d). We also examined pch-2(lf)mutants29 to exclude that
the enhanced germ cell apoptosis in Comamonas DA1877-fed animals
was due to defects in synaptonemal complex assembly (Supplemen-
tary Fig. 1e). In both mutant backgrounds fed with the Comamonas
DA1877 diet, the levels of germ cell death were only slightly decreased
compared to the wild-type, suggesting that the Comamonas DA1877
diet predominantly induces physiological germ cell death and causes
only low levels of genotoxic stress. In contrast, a ced-3(lf) mutation
completely suppressed the effect of the Comamonas DA1877 diet,
indicating that the canonical apoptotic caspasepathway is activatedby
the diet (Supplementary Fig. 1f).

To study the effect of the Comamonas DA1877 diet on VPC
induction during vulval development, we used a let-60 ras gain-of-
function mutation (let-60(n1046), abbreviated let-60(gf)), as a sensi-
tized genetic background. let-60(gf) animals grown on E. coli OP50
contained on average 4.3 ± 0.9 (SD) induced VPCs per animal (vulval
induction index). let-60(gf) larvae fed with Comamonas DA1877 or
supplementedwith vitamin B12 showed an increase in vulval induction
to 5.0 ± 0.7 and 5.0 ±0.8, respectively (Fig. 1e). Wild-type larvae always
had three induced VPCs irrespective of the bacterial diet.

To test if the effect of the Comamonas DA1877 diet was caused by
bacterially produced B12, we used the B12 synthesis-deficient Coma-
monas DA1877 mutants ΔcbiA/cobB and ΔcbiB3. Germ cell apoptosis in
animals fedwithComamonasDA1877ΔcbiA/cobBorΔcbiBmutantswas
comparable to E. coli OP50-fed animals, indicating that the increase in
dietary B12 is the main cause for the enhanced apoptosis (Supple-
mentary Fig. 1g). To determine, which metabolic pathway (i.e., the
propionate breakdown or one-carbon metabolism) mediates the
effects of the Comamonas DA1877 diet or B12 supplementation, we
examined metr-1(lf) and mmcm-1(lf) mutants. Both mutations sup-
pressed the effect of the Comamonas DA1877 diet and vitamin B12 on
germ cell apoptosis and oocyte differentiation, though the suppres-
sion by mmcm-1(lf) was weaker (Fig. 1f, g, i, j). Only metr-1(lf) mutants
showed a reduction in VPC induction in animals fed with the Coma-
monas DA1877 diet or supplemented with vitamin B12 (Fig. 1h, k). To
determine if the effects of vitamin B12 on germ cell differentiation are
cell-autonomous, we expressedmetr-1 andmmcm-1 in the soma using
extra-chromosomal arrays, which are silenced in the germline. The
somatic expression of metr-1 rescued the reduced vulval induction in
let-60(gf) double mutants (Supplementary Fig. 1h), but the somatic
expression of metr-1 or mmcm-1 did not affect germ cell death on the
Comamonas DA1877 diet (Supplementary Fig. 1i).

Furthermore, we examined duct cell specification during larval
development as a fourth phenotype controlled by RAS/MAPK
signaling19. Eighty-one percent of let-60(gf) animals fed with E. coli
OP50 showed a duplication of the duct cell, whereas 98% of the ani-
mals fed with the Comamonas DA1877 diet had two duct cells (Sup-
plementary Fig. 1j, j’).
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In conclusion, the vitamin B12-dependent one-carbonmetabolism
is a major factor in enhancing multiple RAS/MAPK-induced cell fates
on the Comamonas DA1877 diet.

Vitamin B12-rich diet accelerates germ cell differentiation
Given that the Comamonas DA1877 diet affected both germ cell death
and oocyte differentiation, we tried to decouple the two phenotypes.
Using apoptosis-deficient ced-3(lf)mutants, we found that the increase
in oocyte number in Comamonas DA1877-fed worms was independent
of apoptosis (Fig. 2a). However, we were not able to determine if the
reverse was also true.

Themitoticproliferation of germline stemcells in thedistal gonad
region depends on RAS/MAPK signaling in the soma30. We, therefore,
tested if the Comamonas DA1877 diet up-regulates germ cell pro-
liferation, which would increase germ cell number and potentially
apoptosis. Themitotic index (i.e., the fraction ofM-phase germ cells in
the mitotic region) in adult animals was not changed by the DA1877
diet, by somatic hyper-activation of RAS/MAPK, or by loss of metr-1
(Fig. 2b). However, ComamonasDA1877-fed worms contained a longer
mitotic zonewithmoremitotic cells and an increased absolute number
of cells in M-phase (Supplementary Fig. 2a), which is consistent with
the overall increase in gonad size observed in ComamonasDA1877-fed
animals. By contrast, let-60(gf) and metr-1(lf) mutants contained a
shorter mitotic zone (Supplementary Fig. 2a). This suggests that the
Comamonas DA1877 diet may affect the germline by expanding the
pool of mitotic cells earlier during larval development without
increasing the mitotic rate during adulthood. Thus, accelerated germ
cell proliferation is unlikely to be responsible for the Comamonas
DA1877-induced increase in apoptotic corpse and oocyte numbers.

We next focused on the pachytene region, where RAS/MAPK
activation regulates both germ cell apoptosis and pachytene exit17,18,24.
We used an H2B::GFP marker to label the germ cell nuclei and deter-
mine the border between the pachytene and diplotene zones (P-D)
(Fig. 2c). We counted the average number of pachytene cells over 15-
cell rows distal to the P-D border. Comamonas DA1877-fed animals
contained more pachytene germ cells (Fig. 2d), consistent with an
enlarged gonad. To hyper-activate RAS/MAPK signaling in the germ-
line, we examined temperature-sensitive let-60(ga89) mutants, abbre-
viated let-60(gf ts), grown for 4 h at 25 °C31. The let-60(gf ts) andmetr-1(lf)
mutations did not significantly alter germ cell number (Fig. 2d).
ComamonasDA1877-fedworm and let-60(gf ts)mutants also showed an
increased density of pachytene cells (i.e., shorter 15-cell rows), but cell
density was not changed in metr-1(lf) mutants (Fig. 2e). Thus, neither
cell number nor density seems to correlate with germ cell apoptosis or
oocyte differentiation. However, Comamonas DA1877-fed worms
showed a distal shift of the P-D border before the loop, whereas let-
60(gf ts) mutants showed a proximal shift after the loop (Fig. 2c, f).

The distal shift of the P-D border in Comamonas DA1877-fed
worms might be due to a change in germline length, a shift of the
borders between the different meiotic zones or altered dynamics of
the germ cells progressing through the gonads. Immunohistochemical
staining of dissected gonads with markers for the different meiotic
zones indicated that the boundary between the transition zone and
early pachytenewas shifted distally inComamonasDA1877-fed animals
(when corrected for different gonad length), but the proximal border
of the late pachytene zone was not changed (Supplementary Fig. 2b).
By contrast, the nuclear morphology visualized with the H2B::GFP
marker pointed to a distal shift of the P-D border (Fig. 2c, f). In
agreement with previous results22, let-60(gf ts) worms had a shorter
mid-pachytene zone and no change in the proximal border of the late
pachytene zone, despite the proximal shift of the P-D border deter-
minedwith theH2B::GFPmarker (Supplementary Fig. 2b and Fig. 2c, f).
This suggests that the different meiotic zones determined by mole-
cular markers do not always match the meiotic stage of individual
germ cells scored by their nuclear morphology.

We, therefore, hypothesized that the changes in germ cell death
and differentiation caused by the Comamonas DA1877 diet or the let-
60(gf ts) mutation might be caused by an altered speed at which indi-
vidual germ cells move through the different meiotic zones. We
therefore tracked individual germ cell nuclei progressing from
pachytene to diplotene by live imaging31. Germ cells progressed faster
through the pachytene region in Comamonas DA1877-fed animals and
let-60(gf ts) mutants (Fig. 2g and Supplementary Fig. 3a, b for the
individual trackings). Moreover, Comamonas DA1877-fed worms ovu-
lated more frequently (Fig. 2h and Supplementary Fig. 3c for the
individual animals), indicating that the higher oocyte number is not
due to reduced ovulation.

In summary, the Comamonas DA1877 diet or hyper-activation of
the RAS/MAPK pathway resulted in a faster progression of germ cells
through pachytene, which could explain the increased number of
oocytes in the proximal gonads. Whether the accelerated progression
through pachytene might also increase the rate of germ cell apoptosis
remains unclear. It seems likely that the combination of the changes in
gonad morphology and dynamics caused by the Comamonas DA1877
diet accounts for the increase in germ cell death.

One-carbonmetabolismenhancesMAPK target gene expression
To characterize the interactions between one-carbon metabolism and
RAS/MAPK signaling, we combined the metr-1(lf) and let-60(gf) muta-
tions.metr-1(lf) rescued the let-60(gf ts)-dependent increase in germ cell
apoptosis and oocyte number in animals fed with E. coliOP50, even in
germline-specific metr-1(lf) mutants (Fig. 3a, b and Supplementary
Fig. 4a, b). Furthermore, the gonads in let-60(gf ts) animals grown for
18 h at 25 °C shrank, resulting in a reduced rachis diameter18,29, which
was suppressed by metr-1(lf) (Fig. 3c). Also, the increased VPC differ-
entiation in let-60(gf)mutants fed with E. coliOP50 was suppressed by
metr-1(lf) (Fig. 1h and 3d). Together, these results show that inhibiting
themethionine cycle reduces the penetrance of phenotypes caused by
RAS/MAPKhyper-activation in different tissues. On the other hand, the
Comamonas DA1877 diet enhanced the effects of let-60(gf ts) on germ
cell apoptosis and oocyte differentiation (Fig. 3e, f). To further exam-
ine the influence of the Comamonas DA1877 diet on RAS/MAPK sig-
naling, we used the temperature-sensitive mpk-1(ga111 ts) allele32,
rescued in the soma with an extra-chromosomal mpk-1(+) array to
inhibit RAS/MAPK specifically in the germline29. The reduced germ cell
apoptosis and oocyte number in germline-specificmpk-1(lf ts)mutants
were partially suppressed by the Comamonas DA1877 diet (Fig. 3g, h).
This suggested that the RAS/MAPK pathway and the methionine cycle
have synergistic effects, or that the methionine cycle performs a lim-
iting function downstream of the RAS/MAPK pathway.

Next, we examined whether the methionine cycle directly reg-
ulates RAS/MAPK pathway activity. Neither immunostaining of dis-
sected gonads norWestern blot analysis of total animal extracts with a
di-phospho-ERK-specific antibody showed an increase in MAPK phos-
phorylation in animals fed with the Comamonas DA1877 diet (Fig. 3i, j
and Supplementary Fig. 4c for the Western blots used for quantifica-
tion). Accordingly, metr-1(lf) did not cause a decrease in MAPK phos-
phorylation (Supplementary Fig. 4d, e). Also, using an ERK biosensor
to quantify RAS/MAPK pathway activity in the VPCs33 we observed no
significant difference in activity between worms fed with the E. coli
OP50 or Comamonas DA1877 diet (Fig. 3k). Together, these results
indicate that the Comamonas DA1877 diet does not increase RAS/
MAPK pathway activity but rather the cellular responses to MAPK
activation.

We thus tested whether the Comamonas DA1877 diet changes the
expression of RAS/MAPK signaling target genes during vulval devel-
opment. We used endogenous GFP reporters for lin-1, which encodes
an ETS-family transcription factor phosphorylated by MPK-1, and lin-
39, which encodes a hox gene regulated by LIN-134. The Comamonas
DA1877 diet increased LIN-1::GFP and LIN-39::GFP expression in the
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Fig. 2 | The ComamonasDA1877 diet changes germ cell number and dynamics.
a Oocyte number for indicated genotypes. Dots represent individual oocytes.
b Mitotic index for indicated genotypes. Dots represent individual animals.
c Fluorescence images showing the pachytene-to-diplotene (P-D) transition (yellow
dashed lines) for indicated genotypes; germ cell nuclei are marked with H2B::GFP.
Gonads are outlined by white dashed lines. Scale bar: 10 µm. d Number of cells
inside an area starting from the P-D and ending 15 cell-rows distally of indicated
genotypes; P-D was determined based on the nuclear marker shown in c; in let-
60(gf) animals the loop region was used as the starting point. e Length of 15-cell
rows for indicated genotypes. f Distance from the P-D to the loop region for

indicated genotypes. d–f dots represent individual animals. g Speed of germ cell
progression through the pachytene region for indicated genotypes; for individual
tracking see Supplementary Fig. 2. Dots represent the speed of individual cells.
h Ovulation time for indicated genotypes. Dots represent individual oocytes. Bars
represent mean ± SD. a–h Animals were fed with E. coliOP50 (gray) or Comamonas
DA1877 (blue). Number of animals in brackets. Boxplots show25-75 percentiles and
median; whiskers represent min and max values. ****P <0.0001 using two-way
ANOVA followed by uncorrected Fisher’s LSD multiple comparison test in a, one-
wayANOVA followedbyDunnett’smultiple comparison tests inb,d–h. Source data
are provided as a Source Data file.
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proximal VPCs of let-60(gf) larvae (Fig. 3l, m), but it had no significant
effect in wild-type worms (Supplementary Fig. 4f, g).

Thus, the interaction between the methionine cycle and the RAS/
MAPK pathway most likely occurs at the level of the target genes.
Furthermore, the methionine cycle appears to limit vulval induction
only in the context of a hyper-activated RAS/MAPK pathway.

Tissue-specific effects of one-carbon metabolites
Since loss ofmetr-1 function suppressed the effects of the Comamonas
DA1877 diet (Fig. 1f, g, i, j), we supplemented the growth medium with

different one-carbon metabolites to test if they would mimic the
dietary effects on RAS/MAPK-induced cell fates. Specifically, we tested
folinic acid, a derivative of folic acid that is converted into the different
THF metabolites to enhance the folate cycle, as well as L-methionine
and choline to enhance the methionine cycle and phospholipid
metabolism, respectively (Fig. 1a).

Wild-type animals fed with E. coliOP50 and exposed to one of the
threemetabolites hadmore apoptotic corpses and oocytes (Fig. 4a, b).
Moreover, each of the three metabolites was sufficient to bypass the
inhibitory effects of metr-1(lf) on germ cell differentiation (Fig. 4a, b).
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Only choline significantly enhanced VPC induction in let-60(gf) single
mutants, but methionine and choline both reversed the effect ofmetr-
1(lf) on vulval induction (Fig. 4c). In contrast, folinic acid did not affect
vulval induction (Fig. 4c).

Since the folate cycle is involved in nucleotide production, we
tested twobacterial strains that producemorenucleotides, E. coli E. coli
OP50cytR- and E. coliHT11535. In thewild-typebackground, both strains
enhanced germ cell apoptosis and oocyte differentiation (Supple-
mentary Fig. 5a, b). Sincemetr-1(lf) worms showed an abnormal gonad
development when grown on these two bacterial strains, we examined
somatically rescued metr-1(lf) mutants, which showed an increase in
apoptotic corpse and oocyte numbers when fed with E. coli cytR- or E.
coliHT115 (Supplementary Fig. 5a, b), suggesting that nucleotide levels
affect both processes. Vulval induction, on the other hand, was not
enhanced by the two nucleotide-rich bacterial strains (Supplementary
Fig. 5c). Furthermore, supplementing the growth medium with
nucleosides caused an increase in apoptotic corpses and oocyte
numbers in both wild-type animals and somatically rescued metr-1(lf)
mutants (Fig. 4d, e), but did not affect vulval induction (Fig. 4f).

Analogous to the Comamonas DA1877 diet, supplementing cho-
line or nucleosides partially suppressed the effects of germline-specific
loss of mpk-1 on germ cell apoptosis and oocyte development (Sup-
plementary Fig. 5d, e), indicating that thesemetabolites enhance RAS/
MAPK signaling. Taken together, folate and methionine cycle meta-
bolites affect germ cell differentiation and death, whereas vulval
induction is only sensitive to methionine cycle metabolites.

Phosphatidylcholine (PC) biosynthesis depends on choline and
methyl groups provided by the methionine cycle to methylate phos-
phatidylethanolamine (PE) (Fig. 1a). Since choline supplementation
had a strong effect on all processes examined (Fig. 4a–c), we hypo-
thesize that PC levelsmight regulate germcell and VPCdifferentiation.
PC produced via the SAM-dependent pathway requires the pmt-1 and
pmt-2 methyltransferases, while the choline-dependent pathway
involves cka-1 and cept-1 activity8,36 (Fig. 1a).We therefore usedRNAi to
test if the two PC synthesis pathways are necessary for the vitamin B12
effect on RAS/MAPK-controlled cell fates. Down-regulation of either
cka-1 or cept-1 suppressed the vitamin B12-dependent increase in
oocyte number and vulval induction (Fig. 4g, h). Due to the loss of the
CED-1::GFP reporter signal in RNAi-treated animals, we could not score
germcell apoptosis. Sincepmt-2RNAi induced larval arrest, we treated
larvaewith pmt-2RNAi bacteria dilutedwith empty vector (EV) starting
at the L1 stage or exposed L4 larvae to undiluted pmt-2 RNAi bacteria.
In both treatments, pmt-2 RNAi caused a reduction in oocyte number
of wild-type animals supplemented with vitamin B12 (Fig. 4i). pmt-2
RNAi also reduced vulval induction in let-60(gf) animals supplemented
with vitamin B12 (Fig. 4j).

Together, these findings indicate that PC biosynthesis mediates
the effects of vitamin B12 supplementation on oocyte and VPC dif-
ferentiation, suggesting that the effects of choline aremediated by PC.

The lipid metabolism represses vulval differentiation
Since one-carbonmetabolism positively regulates germline and vulval
development, and the Comamonas DA1877 diet alters gene
expression11,37,38, we hypothesized that the Comamonas DA1877 diet
enhances germ cell and VPC differentiation by changing the expres-
sion of genes that modulate the cellular responses to RAS/MAPK sig-
naling. RNAseq analysis of adult wild-type and let-60(gf ts) animals fed
with the E. coli OP50 or Comamonas DA1877 diet identified in total
389 significantly down-regulated and 394 significantly up-regulated
genes in Comamonas DA1877-fed animals (Fig. 5a, b and Supplemen-
tary Data 1). The Comamonas DA1877 diet caused similar changes in
the transcriptome of wild-type and let-60(gf ts) worms (Fig. 5b). Speci-
fically, vitamin B12-, methionine cycle- and PC biosynthesis-related
genes (nhr-114, pmp-5, metr-1, sams-1, pmt-1 and pmt-2) were down-
regulated in Comamonas DA1877-fed worms (Fig. 5a, b and Supple-
mentary Fig. 6a), suggesting a negative feedback response to
increased levels of dietary vitamin B1211,37,38. Furthermore, we did not
detect significant changes in the expression levels of RAS/MAPK
pathway genes (Supplementary Fig. 6a). Pathway network analysis
showed that the Comamonas DA1877 diet regulates several genes
involved in innate immune response and fatty acid biosynthesis (fat-5,
fat-6 and fat-7) (Supplementary Fig. 6b). Previous work has shown that
diet-induced changes in geneexpression candiffer between young and
gravid adult worms11. We, therefore, tested if the Comamonas DA1877
dietmight influence gene expression in an age-dependentmanner.We
performed transcriptomic analysis of wild-type and let-60(gf) larvae at
the mid-L3 stage, the stage when vulval induction occurs. The larval
transcriptome showed smaller but similar changes in gene expression
as observed in adults, as SAM, PC, and fatty acidmetabolismwere also
among the most strongly affected pathways in L3 larvae (Supple-
mentary Fig. 7a–c and Supplementary Data 2). We did not observe
significant changes in lin-1 and lin-39 expression (Supplementary
Fig. 7c), possibly because bulk RNAseqmay not be sensitive enough to
detect tissue-specific changes.

Previous work established a connection between vitamin B12, the
methionine cycle and fat metabolism39. Given that genes controlling
the lipidmetabolism (i.e., the lipidΔ9-desaturases fat-5, fat-6 and fat-7)
were among themost strongly down-regulated genes, we explored the
effect of the Comamonas DA1877 diet on the lipid metabolism and its
consequences on RAS/MAPK-induced cell fates. Quantification of lipid
droplet size using the dhs-3::gfp reporter40 indicated that the intestines
of Comamonas DA1877-fed animals contained smaller lipid droplets
than E. coliOP50-fed animals (Fig. 5c, c’). Choline supplementation had
a similar effect (Fig. 5c, c’), suggesting the Comamonas DA1877 diet’s
effect on lipid droplet size is choline-dependent. The fat genes are
involved in different fatty acid desaturation and elongation pathways.
fat-5 is responsible for palmitoleic acid (C16:1n7) production, whereas
fat-6 and fat-7 are responsible for oleic acid (C18:1n9)41.We tested if fat-
5, fat-6 or fat-7 RNAi affected vulval induction and oocyte

Fig. 3 | Interaction between one-carbon metabolism and the RAS/MAPK
pathway. a, b Corpse and oocyte numbers for indicated genotypes grown at 15 °C
and transferred to 25 °C 4 h before quantification, or grown at 20 °C and trans-
ferred to 25 °C 18 h. cDIC images of gonads of indicated genotypes grown at 20 °C
and transferred to 25 °C 18 h before quantification. Numbers indicate mature
oocytes. Scale bar: 10 µm. d Vulval induction index for indicated genotypes.
a–d Animals were fed with E. coli OP50. e, f Corpse and oocyte numbers for indi-
cated genotypes grown at 15 °C and transferred to 25 °C 4 h before quantification.
g, h Corpse and oocyte numbers for indicated genotypes grown at 20 °C and
transferred to 25 °C 5 h before quantification. e–h Animals were fed with E. coli
OP50 (gray) or Comamonas DA1877 (blue). i dpERK intensity profiles in gonads of
wild-type fed with E. coliOP50 (gray) or ComamonasDA1877 (blue), and let-60(gf ts)
fed with E. coliOP50 (orange). x-axis represents normalized gonad length. Average
intensities ± SD (shaded) are shown. Data from three independent biological
replicates. j Western blot quantification of the somatic and germline isoform of

dpERK for indicated genotypes. Bars represent mean ± SD normalized to the con-
trol (wild-type E. coli OP50) from three independent biological and technical
replicates. See Supplementary Fig. 4 for the individual WB. k ERK-nKTR biosensor
quantification. Dots represent individual animals from 2 independent biological
replicates. Data show median ± min and max. l–m Normalized intensity of LIN-
1::GFP or LIN-39::GFP at the Pn.px stage in 1° and 2° VPCs of let-60(gf) animals. Data
were normalized to the control (E. coli OP50). Dots represent individual animals
from two independent biological replicates. j–mAnimalswere fedwith E. coliOP50
(gray) or Comamonas DA1877 (blue). Number of animals is in brackets. In a-
h, j, l,m, boxplots show 25–75 percentiles andmedian; whiskers representmin and
max values. *P <0.05, **P <0.005, ***P <0.0005, ****P <0.0001 using one-way
ANOVA followedbyDunnett’smultiple comparison tests in a andb, aKruskal-Wallis
test for non-parametric data in d, two-way ANOVA followed by a uncorrected
Fisher’s LSDmultiple comparison tests in e–h and j and unpaired, two-tailed t-tests
in l and m. Source data are provided as a Source Data file.
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differentiation. Single or double knock-down of fat-6 and fat-7
increased vulval induction in let-60(gf) animals, but fat-5 knock-down
had no significant effect (Fig. 5d). Oocyte development was not
affected by fat-5, fat-6 or fat-7 RNAi (Fig. 5e). Finally, we supplemented
palmitoleic acid and sodium oleate to animals fed with E. coli OP50 or
Comamonas DA1877. Supplementing sodium oleate to let-60(gf) ani-
mals fedwith theComamonasDA1877 diet reduced vulval induction to
the levels observed in E. coli OP50-fed animals (Fig. 5f). However,
oocyte differentiation was not changed by fatty acid supplementation,
irrespective of the diet (Fig. 5g).

In summary, the down-regulation of unsaturated fatty acid bio-
synthesis by the Comamonas DA1877 diet, especially oleic acid, posi-
tively regulated vulval induction, but it did not affect germ cell
differentiation.

A vitamin B12-rich diet increases histone H3K4 methylation
Since the methionine cycle is the main methyl donor in cells, we
investigated whether changes in histone methylation might regulate
germ cell and VPC differentiation. We focused on histone H3K4me3
because this type of histone modification is sensitive to diet, particu-
larly a high-fat diet39, as well as changes in methionine cycle
activity10,14,42. Western blot analysis showed higher global H3K4me3
levels in worms fed with Comamonas DA1877 or supplemented with
choline and slightly reduced levels inmetr-1(lf)mutants fed with E. coli
OP50 (Fig. 6a and Supplementary Fig. 8a for theWestern blots used for
quantification). Since the ComamonasDA1877 diet down-regulated fat
biosynthesis (Fig. 5c), we tested if inhibiting fat genes affected histone
methylation. H3K4me3 levels did not increase after fat-6or fat-7 single
or double RNAi, indicating that the oleic acid metabolism does not
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regulate H3K4me3 levels (Fig. 6b and Supplementary Fig. 8b for the
Western blots used for quantification).

To test if the increase in H3K4me3 levels caused by the Coma-
monas DA1877 diet contributed to vulval induction and germ cell
differentiation, we inhibited by RNAi the four H3K4 demethylases
amx-1, lsd-1, rbr-2 and spr-5 (which might mimic the Comamonas
DA1877 diet in E. coli OP50-fed animals) and the four H3K4

methylases ash-2, set-2, set-16 and wdr-5.1 (which might suppress the
vitamin B12 effect). RNAi of the demethylases amx-1 and spr-5
increased, and RNAi of the methylase wdr-5.1 decreased vulval
induction in let-60(gf) animals supplemented with vitamin B12
(Fig. 6c). The effect of wdr-5.1 RNAi appeared to be specific to
enhanced one-carbon metabolism, since wdr-5.1 RNAi caused no
reduction in vulval induction without vitamin B12 supplementation
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(Supplementary Fig. S8c). Oocyte differentiation was also increased
by amx-1, lsd-1 and spr-5 RNAi and decreased by set-2 and wdr-5.1
RNAi (Fig. 6d). Both, set-2 and wdr-5.1 are important for oocyte
development, since knock-down of both genes reduced oocyte
numbers without vitamin B12 supplementation (Supplementary
Fig. S8d).

Finally, we tested if changes in H3K4 methylation might alter RAS/
MAPK target gene expression by quantifying LIN-1::GFP levels after RNAi
knock-down of amx-1, spr-5 and wdr-5.1 (Supplementary Fig. S8e, f).
We observed no significant changes in LIN-1::GFP expression, suggest-
ing that altering H3K4 methylation alone is not sufficient to change
RAS/MAPK target gene expression.

We conclude that a vitamin B12-rich diet causes a global increase
in H3K4me3 levels, which together with one-carbon metabolites con-
tribute to enhanced vulval induction and oocyte differentiation.

Methionine-dependency of KRAS-transformedmammalian cells
To investigate if the role of the methionine cycle in regulating RAS/
MAPK-induced cell fates is conserved in mammals, we cultured
human cancer cell lines carrying activating mutations in KRAS in
growth medium without methionine We first performed collective
cell migration assays with A549 lung cancer cells that carry a KRAS
G12S mutation, to test if methionine restriction (MR) interfered with
cell migration. To exclude possible effects of reduced cell pro-
liferation, we performed these assays with cells arrested in the G1
phase by double thymidine blockade43. A549 cells grown in MR
(without methionine but supplemented with its precursor homo-
cysteine) migrated at a lower speed than cells without MR
(Fig. 7a–a”). The addition of the MEK inhibitors MEK162 and LGX818
without MR reversibly blocked cell migration, indicating that RAS/
MAPK signaling is necessary for the migration of A549 cells, and
removal of the MEK inhibitors 8 h after starting the assay allowed the
cells to resume migration (Fig. 7a–a”), indicating that the reduced
migration was not caused by increased cell death.

We next used A431 epidermoid carcinoma cells, which over-
express the EGFR and strongly respond to EGF stimulation by forming
filopodia in a MAPK-dependent manner43. Since filopodia formation is
difficult to assess quantitatively, we categorized cellularmorphologies
into three classes; 0 for cells without filopodia, 1 for cells with small
filopodia covering part of the cortex, and 2 for cells with long filopodia
coveringmost of the cortex (Supplementary Fig. 9a). Class 1 and 2 cells
were scored as stimulated and class 0 cells as unstimulated. Without
EGF stimulation, most cells did not form filopodia, while 90% of the
cells stimulated with EGF in the presence of methionine formed filo-
podia (Fig. 7b, b’ and Supplementary Fig. 9b). By contrast, 55% of cells
withMRand stimulatedwith EGF didnot formfilopodia (Fig. 7b, b’ and
Supplementary Fig. 9b), indicating that methionine is required for
A431 cells to fully respond to EGF stimulation. Treatmentwith theMEK
inhibitors in the presence of methionine strongly reduced EGF-
induced filopodia formation (Fig. 7b, b’).

Since human cancer cell lines such as A459 carry many additional
mutations besides the KRAS mutations, we used primary mouse
embryonic fibroblasts (MEFs), in which the three RAS genes had been

deleted and replaced with vectors expressing wild-type, G12C, G12V
KRAS, or V600E BRAF in the same genetic background43. Without MR,
the KRAS mutant MEFs showed the same migration speed as KRAS
wild-type control cells, suggesting that hyper-activation of the RAS/
MAPK pathway alone is not sufficient to accelerate collective cell
migration (Fig. 7c, c’). However, KRAS G12V and G12V cells migrated
significantly slower with MR, whereas KRAS wild-type MEFs migrated
at the same speed with or without MR (Fig. 7d, d’), suggesting that
methionine levels are limiting in the context of hyper-active RAS/
MAPK signaling. V600E BRAF mutant MEFs showed a similar effect,
though the reduction in migration caused by MR was smaller.

Taken together, these results suggested that the methionine-
dependency of RAS/MAPK-induced phenotypes may be conserved in
mammalian cells.

Discussion
Diet has a major impact on the cellular metabolism. Therefore, cells
must adapt their metabolism to the available nutrition to ensure sur-
vival in changing environments. Here, we focused on the vitamin B12-
dependent one-carbon metabolism and its effects on cell fate deci-
sions controlled by the oncogenic RAS/MAPK signaling pathway
(Fig. 6e). A bacterial diet rich in vitamin B12 (Comamonas DA1877) or
direct vitamin B12 supplementation enhanced germ cell apoptosis,
oocyte differentiation and VPC induction, which are all controlled by
the RAS/MAPK pathway. However, it should be noted that our data do
not exclude potential vitamin B12-independent effects that may be
caused by feeding a Comamonas DA1877 diet.

Different one-carbon metabolites have tissue-specific effects, as
the folate cycle only affected germline development, whilemethionine
cycle metabolites enhanced all RAS/MAPK-induced phenotypes. Cho-
line and phosphatidylcholine (PC) are key mediators of vitamin B12-
dependent effects by regulating histone H3K4me3 methylation and
repressing fatty acid biosynthesis (Fig. 6e). We thus propose that
methionine cycle activity is a limiting factor for different phenotypes
caused by RAS/MAPK hyper-activation, by modulating the expression
of downstream RAS/MAPK target genes. Finally, we show that
methionine cycle activity is also a limiting factor in mammalian cells
carrying activating mutations in KRAS, pointing to a conserved role of
one-carbon metabolism in regulating cell RAS/MAPK-induced
cell fates.

Folinic acid and nucleoside supplementation positively regulated
germ cell death and oocyte differentiation, but not vulval induction.
Since the purine and pyrimidine metabolisms are important for cell
proliferation the E. coli HT115 or Comamonas DA1877 diets may pro-
mote germline proliferation by increasing folate levels35. Accordingly,
Comamonas DA1877-fed animals contained more M-phase cells.
However, the Comamonas DA1877 diet did not accelerate cell cycle
progression because the number of germ cells in M-phase relative to
the total number of mitotic cells remained constant in a vitamin B12-
rich diet. However, the vitamin B12-rich diet accelerated germ cell
transition through pachytene into diakinesis.

The increase in oocyte numbers is not linked to enhanced germ
cell apoptosis since the apoptosis-deficient ced-3(lf) caspase mutants

Fig. 5 | Dietary effects on gene expression and lipidmetabolism. aDifferentially
expressed genes in adult wild-type animals fed with E. coli OP50 or Comamonas
DA1877. Genes with a p-value < 0.05 and a log2-fold change > 2.5 are highlighted.
p-values were calculated as described in the methods. b Top 50 differentially
expressed genes for the indicated conditions. c Fluorescence images of dsh-3::gfp
marking intestinal lipid droplets (LD) in animals fed with E. coli OP50 (gray),
Comamonas DA1877 (blue), or E. coli OP50 supplemented with 40mM choline
(yellow). Scale bar: 10 µm. c’ Area of intestinal LD; dots represent individual droplet
areas of 100 droplets per animal, from two independent biological replicates. Bars
represent mean with SD. vulval induction index of let-60(gf) (d) or oocyte number
of wild-type animals (e) fed with indicated RNAi clones and control (EV – empty

vector). f Vulval induction index of let-60(gf) and g, oocyte number of wild-type
animals fed with E. coli OP50 (gray) or Comamonas DA1877 (blue), supplemented
with indicated fatty acids. d–g dots represent individual gonads (e, g) or animals
(d, f) from two independent biological replicates. Boxplots show 25–75 percentiles
and median; whiskers represent min and max values. Number of animals in
brackets. **P <0.005, ***P <0.0005, ****P <0.0001 using one-way ANOVA followed
by Dunnett’s multiple comparison test in c’ and e, two-way ANOVA followed by a
Tukey’s multiple comparison test in f and g and a Kruskal-Wallis test for non-
parametric data followed by a Dunn’s multiple comparison test in d, h, i. Source
data are provided as a Source Data file.
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still showed the increase inoocyte number causedby theComamonas
DA1877 diet. While the mechanism by which nucleosides enhance
germ cell apoptosis is not clear, we hypothesize that increasing
nucleoside levels could promote oocyte differentiation by enhancing
maternal mRNA production44. Oocyte differentiation is controlled
by a meiotic checkpoint established by the HORMA complex.
RAS/MAPK signaling regulates this checkpoint by controlling HTP-1

phosphorylation22. It is therefore possible that the B12 metabolism
enhances HTP-1 phosphorylation and thereby increases the rate of
oogenesis.

The effects of the vitamin B12-rich diet are associated with
increased choline and PC levels. PC biosynthesis has previously been
implicated in RAS/MAPK signaling in the survival of the uv1 cells under
excitotoxic cell death45. Hyper-activation of the RAS/MAPKpathway by
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LET-23 EGFR leads to uv1 cell survival, which requires PC biosynthesis.
Choline supplementation not only increased vulval induction but also
enhanced physiological germ cell death and oocyte differentiation.
Low choline or PC levels have previously been associated with stress-
or radiation-induced apoptosis, which is mediated by ceramide
signaling46,47. In this context, our results point to a distinct regulatory
mechanism of physiological germ cell apoptosis controlled by the
choline metabolism. Given that PC is one of the most abundant
phospholipids in cell membranes and that RAS/MAPK signaling is
required for membrane integrity during oogenesis23, choline could
also promote oocyte production by facilitatingmembraneproduction.
This is consistent with our observation that germ cells in animals fed
with the Comamonas DA1877 diet exited pachytene faster, which may
reflect a higher availability of membrane components.

A vitamin B12-rich diet resulted in the global downregulation of
the fat genes that are necessary for the biosynthesis of mono-
unsaturated fatty acids (MUFAs). The fat genes are regulated by
different transcription factors such as SBP-1, NHR-49, NHR-80, and
MDT-15. Interestingly, the methionine cycle and choline metabo-
lism were previously reported to affect lipogenesis controlled by
SBP-1 (a homolog of the mammalian sterol regulatory element-
binding protein, SREBP)10,36,48. Moreover, in human cancer cells,
RAS/MAPK signaling can regulate SREBP activity49. These interac-
tions are consistent with our data indicating that a vitamin B12-rich
diet increases PC levels and reduces the size of lipid droplets in the
intestine, probably by down-regulating fat-5, fat-6, and fat-7
expression. The relationship between PC and fat metabolism is
not exclusive to C. elegans, as PC supplementation suppresses
obesity-related phenotypes in mice fed with a high-fat diet50, and a
choline-deficient diet enhances liver fat levels in rats51. The fatty acid
metabolism influences C. elegans at the organismic level by reg-
ulating survival, developmental time, reproduction, ferroptosis,
and modulating drug effects52,53. However, our data indicate that
fatty acid levels also affect developmental cell fate decisions spe-
cifically, as only oleic acid inhibited VPC differentiation. Since fatty
acids can act as signalingmolecules41, we hypothesize that oleic acid
may regulate vulval induction via a specific signaling pathway.
Especially, oleic acid was reported to activate stress-induced sig-
naling pathways in mammalian immune cells54.

A Vitamin B12-rich diet or choline supplementation increased
global histone H3K4me3 levels, consistent with previous reports in
worms and mammals indicating that the methionine cycle promotes
H3K4 methylation9,55. Choline can be oxidized to betaine, functioning
as a methyl donor to regenerate SAM56. However, the C. elegans gen-
ome does not encode an ortholog of choline oxidase57, and choline
supplementation does not bypass the reduction in H3K4me3 levels in
intestinal cells caused by sams-1 knock-down10. Since phosphatidy-
lethanolamine (PE) is a major consumer of methyl groups6, SAM and
thereby also H3K4me3 levels may increase if PC production is shifted
to the Kennedy/CDP-choline pathway (Fig. 1a). Thus, choline supple-
mentation may promote histone methylation indirectly by reducing
the competition for availablemethyl donors between histones and PE-
dependent PC biosynthesis. Alternatively, choline could act directly as
a methyl donor for H3K4 methylation.

TheH3K4methyltransferases SET-16 andWDR-5.1were previously
reported to regulate VPC differentiation58. Here, we show that only
WDR-5.1 is required tomediate the effects of dietary vitamin B12, while
the demethylases the AMX-1 and SPR-5 appear to counteract WDR-5.1.
Enhancing methionine cycle activity may modulate chromatin acces-
sibility of RAS/MAPK target genes by increasingH3K4me3methylation
of these loci by WDR-5.1, and thereby enhancing the transcriptional
responses to MAPK activation.

In summary, we propose that the methionine cycle is a limiting
factor for RAS/MAPK-induced cell fate decisions in several tissues of C.
elegans.

The importance of RAS/MAPK signaling during oncogenic trans-
formation is well documented, stimulating tumor cell proliferation,
migration, and invasion15,16. Also, the methionine-dependency of can-
cer cells has been known since 195959,60. The exact reason why cancer
cells depend on methionine is not completely understood. One pos-
sible explanation is that cancer cells have a reduced ability to use
endogenous methionine for SAM synthesis due to a reallocation of
homocysteine to the trans-sulfuration pathway61. It is also possible that
cancer cells have an increased demand formethionine and SAMdue to
more methylation reactions or to a SAM-dependent methylation
check-point that regulates cell cycle progression through interactions
with MCM, Cdc6, or Cdk261. Moreover, MR globally decreases histone
methylation, particularly H3K4me3 levels, which could attenuate the
expression of RAS/MAPK target genes9,62. The relationship between
one-carbon metabolism and cancer is also used for cancer therapy, as
multiple chemotherapeutic drugs such as 5-fluorouracil (5-FU) or
methotrexate inhibit one-carbon metabolism5.

Here, we show that different RAS/MAPK-regulated cellular pro-
cesses depend on methionine. Using MEFs expressing different KRAS
mutations as their only sourceof RAS activity, we observed remarkable
differences in their sensitivity to MR. In the presence of methionine,
KRAS mutant MEFs were indistinguishable from wild-type MEFs, but
with MR only MEFs carrying activating KRAS mutations exhibited
reduced cellmigration. Thesefindings support the ideaof an increased
dependency of RAS-transformed cancer cells on methionine cycle
metabolites and mirror our findings with C. elegans let-60 ras(gf)
mutants,which indicated that reducingmethionine cycle activity limits
the strength of the different phenotypes caused by RAS/MAPK hyper-
activation. MR in cancer cells may attenuate RAS/MAPK signaling
through one or several of the mechanisms we identified in the C. ele-
gansmodel, i.e. by decreasing H3K4me3 methylation, increasing oleic
acid biosynthesis or reducing nucleoside production. Taken together,
these findings suggest that the mechanisms regulating this key carci-
nogenic signaling pathway by one-carbon metabolism may be con-
served between worms and mammals.

Methods
C. elegans culture and bacterial strains used
C. elegans strains were maintained at 20 °C on standard nematode
growth medium (NGM) plates seeded with Escherichia coli OP50. C.
elegans N2 (Bristol) strain was used as wild-type63. Before an experi-
ment, wormswere synchronized by bleaching gravid adults and letting
the embryos hatch without food. Comamonas aquaticaDA1877, E. coli

Fig. 7 | Methionine dependency of RAS/MAPK-induced phenotypes in
mammalian cells. a Collective migration of A459 cells grown with MR (0 µM Met;
400 µMHcy) (blue), without MR (200 µMMet; 400 µMHcy) (gray), or treated with
1 µMMEK162 and 1 µMLGX818MEK inhibitors (pink); yellow dashed lines represent
the migrating front over time. a’ Normalized percentage of the area closed over
time. Symbols indicate mean± SD from four independent biological replicates. a”,
Migration speed was calculated as the slope of graphs shown in a’. Bars represent
themean ± SD.b Staining of A431 cells withDAPI (blue) andphalloidin (green), with
and without EGF stimulation or MR. Scale bar: 10 µm. For additional examples and
the scoring criteria, see Fig. S9. b’ Percentage of stimulated cells with filopodia

under indicated conditions. Bars represent mean ± SD from three independent
biological replicates; total number of cells scored in brackets. c-d’Quantification of
collectivemigration inMEFs expressing different KRAS and BRAFmutations grown
without c andwithMRd. c,dNormalized percentage of area closedover time. Data
representsmean ± SD from three independent biological replicates. c’,d’Migration
speed was calculated as the slope of graphs shown in c and d, respectively. Bars
represent the mean± SD. *P <0.05, **P <0.005, ***P <0.0005 using one-way
ANOVA followed byDunnett’smultiple comparison test in a”, c’ andd’. Source data
are provided as a Source Data file.
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OP50, E. coli HT115, and E. coli cytR- were obtained from CGC. C.
aquatica DA1877 ciA-/conB- and C. aquatica DA1877 cbiB-3 were
obtained from the Walhout lab. All bacterial strains were grown over-
night at 37 °C in liquid culture containing streptomycin (100 µg/ml) for
ComamonasDA1877, kanamycin (50 µg/ml) for cytR- and streptomycin
(100 µg/ml) and gentamycin (20 µg/ml) for both Comamonas DA1877
mutants. Supplementary Data 3 contains a list of all C. elegans strains
used in this study.

Microscopy
Live C. elegans were mounted either on 3% agarose pads or in custom-
made microfluidic devices for high-throughput and long-term
imaging31,64. Nomarski (DIC) and epifluorescence images were
acquired on one of three microscope systems: a DMRA2 (Leica)
microscope equipped with a sCMOS camera (Prime BSI, Photo-
metrics), a multicolor fluorescence light source (Spectra, Lumencor)
and a piezo objective drive (MIPOS 100 SG, Piezosystems Jena); a
DMRA (Leica) microscope equipped with two sCMOS cameras
(C11440-42U30 Hamamatsu), an image splitter (TwinCam, Cairn
Research), a multicolor fluorescence light source (Spectra, Lumencor)
and a piezo objective drive (MIPOS 100 SG, Piezosystems Jena); or an
inverted Ti-U (Nikon) equipped with a sCMOS camera (Prime 95B,
Photometrics), a multicolor fluorescence light source (LedHub, Omi-
cron Laserage Laserprodukt GmbH) and a piezo objective drive (Nano-
F100, Mad City Labs). Images were acquired using a 20x air objective
(HC PL APO 20x/0.80, Leica), a 40x oil objective (HCX PL APO 40x/
1.32, Leica; CFI Plan Fluor 40XOil, Nikon) or a 63xoil objective (HCXPL
APO 63x/1.32-0.60, Leica). Confocal images were acquired on a spin-
ning disk confocal (SDC) system consisting of a BX61 (Olympus)
microscope equipped with an X-light V2 spinning disc unit, an EMCCD
camera (iXon Ultra 888, Andor), two high-power LEDs (UHP-T-460-DI
and UHP-T-560-DI, Prizmatix) for GFP and RFP excitation, a mercury
vapor lamp (X-Cite exacter, Excelitas TechnologiesCorp) forDAPI, CFP
and YFP excitation and a piezo objective drive (MIPOS 100 SG, Piezo-
systems Jena). Imageswere acquired using a 40xoil objective (UplanFL
N 40x/1.30, Olympus) or a 60x oil objective (UPlanAPO 60x/1.40,
Olympus).

Germ cell apoptosis and oocyte numbers
Unless stated otherwise, all experiments were performed in one-day-
old adult animals (72 h post L1 starvation) grown at 20 °C. To score
germ cell apoptosis in temperature-sensitive let-60(ga89) (gf ts) ani-
mals, all wormswere initially grownat 15 °Cand transferred to 25 °C for
4 h before corpse scoring. Germ cell apoptosis was scored using the
bcIs39[Plim-7::ced-1::gfp] reporter27 and quantified in one gonad armby
counting CED-1::GFP positive cells. To count oocytes with the let-
60(ga89) (gf ts) allele, worms were initially grown at 20 °C and trans-
ferred to 25 °C for 18 h before counting oocyte numbers. Oocytes were
scored in DIC images or using the SYN-4::GFP membrane marker,
counting the number of completely cellularized oocytes in the prox-
imal gonad arm.

Vulval induction
All vulval induction experiments were conducted in the let-60(n1046gf)
background. Vulval induction was scored in L4 animals (46-48 h post-
L1) usingDIC images65. The vulval induction index, the average number
of induced VPCs per animal, was calculated by assigning a score of 1 to
a VPC that had undergone three rounds of cell divisions, and a score of
0.5 when only one of the two VPC descendants had differentiated.

Metabolites, nucleoside and fatty acid supplementation
Vitamin B12, metabolites, and nucleosides were added to freshly pre-
paredNGMplates. Vitamin B12 (#V2876, Sigma-Aldrich)was dissolved
inwaterat1mMstockconcentrationandaddedatafinalconcentration
of 64 nM unless indicated otherwise. All of the metabolites were

directly added to theNGMplates at the followingfinal concentrations:
40mM for choline (#401757, Sigma-Aldrich), 5mM for L-methionine
(#1.05707, Sigma-Aldrich), and 100 µMfor folinic acid (#F7878, Sigma-
Aldrich). Uridine (#U3003-50G, Sigma-Aldrich), thymidine #T9250-
25G, Sigma-Aldrich), guanosine (#G6264-25G, Sigma-Aldrich), and
cytidine (#C4654-5G, Sigma-Aldrich)were also addeddirectly at afinal
concentration of 1mM each. Sodium oleate (#O3880, Merk) was like-
wise added directly at a final concentration of 0.1 and 0.5mM, and
palmitoleic acid (#P9417-100,Merk) at a final concentration of0.5 and
2.5mM. For fatty acid supplementation, 1 µM tergitol (NP40S)
(#MFCD01779855, Merk) was included in the final mix for
solubilization.

Long-term image acquisition
Long-term imaging experiments were performed as described by
Berger et al.31. Briefly, E. coli OP50 or Comamonas DA1877 bacteria
were grown overnight at 37 °C in LB medium. Bacterial cultures
were then washed three times with S-Basal buffer and con-
centrated to 1 ml. For E. coli OP50, the bacterial culture was re-
suspended in 650 µl of Optiprep (#D1556, Sigma-Aldrich) and
332 µl of S-Basal supplemented with 1% Pluronic F127 (#D1556,
Sigma-Aldrich) and for Comamonas DA1877 in 600 µl of Optiprep
and 380 µl of S-Basal supplemented with 1% Pluronic F127. The
bacterial suspension was filtered using a 10 µm strainer (pluriS-
trainer Mini 10 um, PluriSelect). Worms were washed three times
with S-Basal before loading on the chip. Animals were loaded as
described, and immobilized by the microfluidic device channel
and two on-chip hydraulic valves31. Epifluorescence images were
acquired using a 40x oil objective, at an interval of 10min for
germ cell tracking, and 5min to measure ovulation rates. Wild-
type animals were imaged at 20 °C, and let-60(ga89) animals at
25 °C, with animals shifted from 20 °C to 25 °C two hours before
the start of the experiment. The temperature was controlled
(±0.5 °C) by either the room’s air conditioning system or a
microscope cage incubator (H201-T-UNIT-BL-CRYO and H201-
ENCLOSURE-CRYO, Okolab).

Germ cell tracking
Wormmovement during long-term imaging acquisition was corrected
using a custom-built MATLAB script. Briefly, sample drift in the
z-direction was compensated for each time point assuming linear
sample drift within the device channel. Image registration was initially
performed on the channel outlining the germ cell membrane, with the
derived transformation applied to all other channels. Sample shift in
between time points was compensated by visually identifying the
gonad’s loop region and cropping the original image to a final size of
750×250 pixels from the loop. For each time point, a maximum
intensity z-projection of 5-10 slices was created.

Germcellmigrationwas trackedover 2 h,manually identifying the
position of individual germ cells in each projection. Germ cells were
tracked using the SYN-4::GFPmembranemarker alone for let-60(ga89)
(gf ts) or combined with the mCherry::H2B marker for the wild-type.
Since germ cells migrate collectively, at least 10 individual cells dis-
tributed over the distal gonad arm were tracked per worm, and eight
worms per genotype were analyzed.

RNA interference
RNAi plates were prepared by adding ampicillin (100 µg/ml) and IPTG
(1mM) to the NGM mixture. E. coli HT115 RNAi cultures were grown
overnight at 37 °C with shaking in LB medium supplemented with
ampicillin (100 µg/ml) and tetracycline (10 µg/ml). Before plating the
bacteria on the RNAi plates, the overnight liquid culturewas diluted 1:1
with fresh LB (supplemented with ampicillin, tetracycline and IPTG)
and bacteria were allowed to grow for 3-5 h at 37 °C with shaking
(except for the pmt-2 RNAi clone). 400 µl of bacterial culture were
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seeded on each plate, and plates were incubated at 37 °C overnight.
RNAi cloneswereobtained fromeither theAhringer RNAi library or the
ORFeome RNAi library (both from Source BioScience). All RNAi clones
were sequenced before the experiments.

ERK-nKTR biosensor quantification
MPK-1 activity in the VPCs wasmeasured in mid-L2 larvae (1-cell-stage)
using the ERK-nKTR biosensor described in de la Cova et al.33. Worms
fed on E. coli OP50 were imaged 20-23 h post L1 and worms fed on
Comamonas DA1877 were imaged 19-21 h post L1. The developmental
stagewasdeterminedbymeasuring gonad length (35-75 µminmid-L2).
Epifluorescence images were acquired with a 0.25 µm z-step, using a
63x oil objective described as above.

Image analysis was performed using a custom-built MATLAB
script. Acquired images were flat-field corrected, after which the in-
focus slice was identified using the mCherry::H2B nuclear signal. The
images were then z-projected (sum intensity) around the in-focus slice
(two slices above and below) and individual VPCs were identified. The
red/green fluorescence intensity ratio was calculated for each VPC
except P3.p and normalized to the average intensity ratio of all VPCs
for each animal.

Mitotic Index of germ cells
Themitotic zone of dissected gonadswas identifiedbyHIM-3 antibody
staining (see Gonad dissection and immunostaining for sample pre-
paration). Mitotic cells were counted using Fiji software66 based on
nuclear DAPI staining. The number of pH3-positiveM phase nuclei was
divided by the total number of mitotic cells to calculate the mitotic
index. Images were acquired using a confocal microscope with a 60x
objective.

mRNA isolation and sequencing
For transcriptome analysis by RNAseq, animals were collected from
plates seeded with either E. coliOP50 or Comamonas DA1877 bacteria.
For adults, approximately 500 animals (wild-type or let-60(ga89) (gf ts))
were collected. For larval analysis, 1500 animals (wild-type or let-
60(n1046gf)) were collected. Before sample collection, adult worms
were transferred to 25 °C for 4 h. Three biological replicates were used
per condition. Animals were washed off plates with M9 and snap-
frozen in liquid nitrogen. Samples were stored at −80 °C until RNA
extraction. Total mRNA extraction was performed for all samples at
the same time with trizol, and samples were purified using a Rneasy
Mini Kit (QIAGEN). Quality control (Agilent DNF-471 RNA kit), cDNA
library preparation, and whole exome sequencing (Illumina Novaseq
6000 system) were performed by the transcriptomics service of the
Functional Genomics Center Zurich (FGCZ). Between 15 and 30million
reads were obtained per sample. Bioinformatic and statistical analysis
was performed using the FGCZ in-house bioinformatics pipeline
SUSHI, using the open-source tools STAR for read alignment and
EdgeR for differential gene expression analysis. p-values were calcu-
lated by paired two-tailed t-tests and corrected with the Benjamini-
Hochberg method to control the false discovery rate (FDR).

Western blot analysis
One hundredwormswerewashed three times in ice-coldM9 and lysed
in 50 µl 2x SDS PAGE buffer (containing 200mM β-MCE) for 5min at
95 °C. Genomic DNA was digested by adding 2 µl of Rnase-free Dnase
(QIAGEN) for 5min at room temperature followed by a 5-minute
incubation at 95 °C. Samples were kept at 4 °C overnight or −20 °C for
longer periods before loading. Before loading, samples were heated to
95 °C, and 15 µl were loaded onto 4-12% gradient polyacrylamide gels.

For MAPK, histone H3, and histone H3 tri methyl K4 quantifica-
tion, the membrane was treated with transfer buffer containing 20%
methanol and blocked with 5% Bovine Serum Albumin (BSA)
(#10735086001, Merk) for anti-MAPK and 5% milk for anti-histone

blots. Samples were incubated with anti-dephosphorylated ERK 1&2
(1:2000 dilution, #M8159, Sigma-Aldrich), anti-MAPK (1:10’000 dilu-
tion, #T6074, Sigma-Aldrich), anti-histone H3 (1:1000 dilution,
#ab1791, Abcam), anti-histone H3 tri methyl K4 (1:1000 dilution,
#ab8580, Abcam) and anti-alpha tubulin (1:10’000 dilution, #ab18251,
Abcam) at 4 °C overnight. Secondary antibodies HRP conjugated anti-
rabbit (1:2000 dilution, #111-035-144, Jackson Immuno Research) and
HRP conjugated anti-mouse (1:2000 dilution, #115-035-146, Jackson
ImmunoResearch)were incubated for 2 h atRT. TheHRPwas detected
by incubating the membrane with a chemiluminescence assay Super-
Signal West Dura Extended Durantion Substrate (#34075, Thermo
Fisher Scientific) or SuperSignal West Pico PLUS Chemiluminescent
Substrate (#34577, Thermo Fisher Scientific) for 4min. For MAPK
quantification, the membrane was then incubated with sodium azide
(1:10) for 1 h to inactivate the HRP-conjugates, and re-stained for alpha
Tubulin, followed by incubation with HRP-conjugated secondary
antibodies, as well as the chemiluminescence assay.

Signal levels were quantified bymeasuring band intensities using
a built-in tool in Fiji66. For MAPK quantification, both total MAPK and
phospho-MAPK were normalized to the tubulin loading control.
Phospho-MAPK levels were then normalized by total MAPK levels.
Uncropped blots are shown in the Western blot raw data file in the
Source Data.

Gonad dissection and immunostaining
Gonad dissection was performed in PBS containing 0.2mM tetra-
misole. Dissected gonads were transferred to siliconized 2ml Eppen-
dorf tubes and fixed in 4% formaldehyde for 10-60min. For HIM-3 and
pH3 staining, gonads were washed three times with PBS-T (0.05%
Tween 20) and permeabilized with 0.5% Triton for 12min. All gonads
were washed three times with 0.05% PBS-T and post-fixed for 5min at
−20 °C in 100%methanol. Dissected gonads were blocked for 2–4 h at
room temperature in PGB buffer (PBS-T, 1% BSA, 0.2% gelatin) or 1%
BSA. Primary antibodies were diluted in PGB buffer or BSA and incu-
bated overnight at 4 °C, except for pH3 staining, which was incubated
for 4 h at room temperature after primary incubation with HIM-3
overnight at 4 °C. Gonads were stained for anti-dephosphorylated ERK
1&2 (1:2000 dilution, #M8159, Sigma-Aldrich), anti-XND-1 (1:2000
dilution, Judith Yanowitz lab), anti-SUN-1 (pS8) (1:700 dilution, Verena
Jantsch lab), anti-GLD-1 (1:100 dilution, Judith Kimble lab), anti-HIM-3
(1:500 dilution, Monique Zetka lab) and anti-phospho-histone H3
(Ser10) (1:400 dilution, #05-806, Merk). Secondary antibodies anti-
rabbit alexa 568 (1:1000 dilution, #A-10042, Invitrogen), anti-guinea
pig Alexa 594 (1:1000 dilution, #A-11076, Invitrogen), and anti-mouse
Alexa 488 (1:1000 dilution, #A-11001, Invitrogen) were incubated for
2 h at room temperature. After secondary incubation, gonads were
washed three times with PBS-T. To stain germ cell nuclei DAPI dihy-
drochloride was added (1:10’000) during the second wash for 10min.
Gonads were mounted in Mowiol (pH 8.3) (#20211125, DABCO) on a
glass slide and polymerized overnight at 4 °C. Epifluorescence images
were acquired using a 20x air objective as described above.

Before quantification, images were flat-field corrected using a
custom-built MATLAB script. To correct for differences in gonad
length, the length of the distal armwas normalized such that the distal
tip cell (DTC) corresponded to 0 and the loop region to 1. Intensity
profiles from the DTC to the loop weremeasured along each gonad in
sum-intensity projections using Fiji66.

Quantification of reporter gene expression
LIN-1::GFP and LIN-39::GFP fluorescence intensity were scored in VPC
descendants at the 2-cell Pnp.x stage (mid-L3). Wild-type worms fed
with E. coli OP50 were imaged 29-30 h post L1; wild-type worms fed
with Comamonas DA1877 were imaged 27-29 h post L1; let-60(n1046)
(gf) worms fed with E. coli OP50 were imaged 32-33 h post-L1; and let-
60(n1046) (gf) worms fed with Comamonas DA1877 were imaged 29 h
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post L1. Imageswere acquired onanepifluorescencemicroscope using
a 63x oil-immersion lens, as described above. Before quantification,
images were flat-field corrected using a custom-built MATLAB script.
VPC nuclei were manually selected and the average fluorescence
intensity was measured on an in-focus z-slice using built-in tools in
Fiji66. Fluorescence intensities for each pair of VPC descendants were
averaged. The data for each VPC was normalized to the average value
obtained from E. coli OP50-fed animals (i.e., P5.p on Comamonas
DA1877 or E. coliOP50 divided by the average of P5.p on E. coliOP50).

Quantification of lipid droplet size
Lipid droplet size was measured using the DHS-3::GFP reporter40.
Twenty worms were analyzed per condition, and the area of 100 dro-
plets was measured in the posterior section of the intestine of each
worm. Imageswere acquired using a confocalmicroscope using a 100x
oil-immersion lens as described above. The lipid droplet area was
measured by manually selecting lipid droplets using Fiji66.

Generation of transgenic C. elegans
Somatic rescue ofmetr-1was achieved by creating extrachromosomal
arrays in the metr-1(lf) background. Microinjections were performed
according to67. Purified PCR DNA was injected at a concentration of
20 ng/µl. Two co-injection markers were used: 2.5 ng/µl of pCFJ90
(Pmyo-2>mCherry)68 and 100ng/µl of pBluescript-KS. Three indepen-
dent lines were generated and characterized.

Mammalian cell culture
For cell culture experiments, we used the human lung carcinoma
epithelial cell line A459, the epidermoid carcinoma A431 cell line
(#85090402, Sigma-Aldrich) and four mouse embryonic fibroblast
(MEFs) lines: KRAS 4B WT (#RPZ26216, National Cancer Institute),
KRAS4BG12C(#RPZ26186,NationalCancer Institute),KRAS4BG12V
(#RPZ26425, National Cancer Institute) and BRAF V600E
(#RPZ26275, National Cancer Institute). All cell lines were tested for
mycoplasma and kept at 5%CO2, 98% relative humidity and 37 °C in a
modified DMEM with high glucose and sodium pyruvate
(#41966029, Thermo Fisher Scientific), containing 10% fetal calf
serum (FCS) (#10500-064, Gibco).

For methionine restriction (MR) experiments, cells were kept in a
modified DMEMmedium with high glucose, no glutamine, no methio-
nine, and no cysteine (#21013024, Thermo Fisher Scientific). For
methionine-positive conditions (no-MR), the medium was supple-
mented with 200 mM L-Glutamine (#A29168-01, Thermo Fisher Scien-
tific), 200 µML-Methionine (#J61904.18, Thermo Fisher Scientific), 100
mML-Cysteine dihydrochloride (#J62292.14, Thermo Fisher Scientific),
400 µM DL-Homocysteine thiolactone hydrochloride (#L09077.14,
Thermo Fisher Scientific) and 100mM sodium pyruvate (#11360070,
Thermo Fisher Scientific). For methionine-restricted (MR) conditions,
themediumwas equally supplemented except for methionine.

Cell migration assays
G1-arrested A549 cells and MEFs were used for migration assays. Cells
were seeded at 80’000 cells/ml density in DMEM medium with or
without methionine. After 32 h, cells were exposed to thymidine (1:50)
to arrest the cell cycle as described in ref. 43 (first thymidine block).
16 h after, the first thymidine block was released by replacing the
medium. 8 h after, cells were transferred to ibidi 2-well silicon culture
inserts at a density of 400’000 cells/ml and again exposed to a med-
ium containing thymidine (second thymidine block). Cells remained in
the silicon culture inserts for 16 h after which the inserts were removed
and pictures were taken every hour for 8 h. For experiments with MEK
inhibitors, cells were exposed to 1 µM MEK162 (binimetinib)
(#606143.89-9, Selleckchem) and 1 µM LGX818 (ecorafenib)
(#1269440-17-6, MedChemExress) during the first thymidine block.
The relative migration was calculated as R[%] = (R0—Rn)/R0×100[%],

where R0 represents the initial open area and Rn represents the
remaining open area at each time point. Linear regression was used to
determine migration rates shown in the bar graphs (Fig. 7a”).

EGF stimulation and immunostaining of A431 cells
The A431 cell line was used to analyze filopodia formation upon EGF
stimulation. Cells were exposed to no-methionine restriction (no-MR,
200 µMmethionine + 400 µMhomocysteine) orMR (0 µMmethionine +
400 µM homocysteine) 24h before the experiment. Cells were then
seeded on glass slides in 24-well plates at 114’000 cells/ml density in no-
MR or MR conditions. After 24h, cells were serum starved and treated
with 1 µM MEK162 (binimetinib) and 1 µM LGX818 (ecorafenib). After
another 16 h, cells were stimulated with 100ng/ml of EGF for 10min at
37 °C67, followed by 15min fixation in 4% PFA at 37 °C. Cells were per-
meabilized for 5min with 0.2% Triton X-100% and 0.5% BSA and then
blocked for 1 h in 0.5% BSA and 0.2% gelatine. Fixed cells were stained
with Phalloidin 568 for 40min and 0.1 µg/ml DAPI for 5min. Glass slides
were mounted with ProLong Gold Antifade Mountant (Thermo Fisher
Scientific).

Statistical analysis and reproducibility
No statistical method was used to predetermine the sample size. Ani-
mals were randomly selected for analysis, and no data were excluded
from the analyses. The Investigators were not blinded to allocation
during experiments and outcome assessment. Statistical analysis was
performed using GraphPad Prism 10. When comparing two samples,
an unpaired t-test was used. For multiple samples, data was analyzed
by one-way ANOVA followed by Dunnett’s multiple comparison test,
by two-way ANOVA followed by Tukey’s multiple comparison test for
parametric data, by two-way ANOVA followed by an uncorrected
Fisher’s LSD multiple comparison test for interactions between mul-
tiple conditions or a Kruskal-Wallis test for non-parametric data fol-
lowed by a Dunn’s test for multiple comparisons. The specific tests
used and the number of biological and technical replicates obtained
are specified in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The transcriptomic data generated in this study have been deposited
in the European Nucleotide Archive under accession number
PRJEB67437. Source data are provided in this paper.

Code availability
Image processing scripts are available at Zenodo https://doi.org/10.
5281/zenodo.13383462 (https://www.zenodo.org).
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