The
-t University
&> Of

e

s Sheffield.

This is a repository copy of Proximity labeling of DAF-16 FOXO highlights aging regulatory
proteins.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/235896/

Version: Published Version

Article:

Artan, M., Schoen, H. and de Bono, M. orcid.org/0000-0001-8347-0443 (2025) Proximity
labeling of DAF-16 FOXO highlights aging regulatory proteins. Nature Communications,
16. 11355. ISSN: 2041-1723

https://doi.org/10.1038/s41467-025-66409-0

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

N\ White Rose o
university consortium eprints wr_nterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1038/s41467-025-66409-0
https://eprints.whiterose.ac.uk/id/eprint/235896/
https://eprints.whiterose.ac.uk/

nature communications

Article

https://doi.org/10.1038/s41467-025-66409-0

Proximity

labeling of DAF-16 FOXO

highlights aging regulatory proteins

Received: 6 December 2024

Accepted: 6 November 2025

Published online: 11 December 2025

M Check for updates

Murat Artan2( <, Hanna Schoen' & Mario de Bono ®'

Insulin/insulin-like growth factor signaling inhibits FOXO transcription factors
to control development, homeostasis, and aging. Here, we use proximity
labeling to identify proteins interacting with the C. elegans FOXO DAF-16. We
show that in well-fed, unstressed animals harboring active insulin signaling,
DAF-16 forms a complex with the PAR-1/MARK serine/threonine kinase, a key
regulator of cell polarity. PAR-1 inhibits DAF-16 accumulation and promotes
DAF-16 phosphorylation at S249, at a conserved motif that PAR-1/human
MARK2 phosphorylates in vitro. DAF-2 insulin-like receptor signaling stimu-
lates DAF-16 S249 phosphorylation, suggesting DAF-2 activates PAR-1. DAF-2

also promotes PAR-1 expression by inhibiting DAF-16. PAR-1 knockdown, or
DAF-16 S249A, prolong lifespan, whereas phosphomimetic DAF-16 S249D
suppresses the longevity of daf-2 mutants. At low insulin signaling, DAF-16
proximity labeling highlights transcription factors, chromatin regulators, and
DNA repair proteins. One interactor, the zinc finger/homeobox protein ZFH-2/
ZFHX3, forms a complex with DAF-16 and prolongs lifespan. Our work pro-
vides entry points for hypothesis-driven studies of FOXO function and

longevity.

Animals have evolved mechanisms to re-program their physiology in
the face of stresses and privations, and thus increase their longevity.
FOXO/DAF-16 transcription factors (TFs) are prominent mediators of
such adaptation, and play this role across metazoa'. FOXO activity is
negatively regulated by the insulin/insulin-like growth factor signaling
(1IS) pathway, and is one of the main outputs of lIS. In C. elegans (Ce),
ample food and favorable growth conditions promote high insulin-like
signaling, activating the DAF-2 insulin/IGF receptor. This triggers a
kinase cascade in which activation of the phosphatidylinositol-3-kinase
(PI3K) AGE-1** stimulates 3-phosphoinositide-dependent kinase 1
(PDK-1)’, likely by increasing the PI(3, 4, 5)Ps/Pl(4, 5)P, ratio®. PDK-1 in
turn stimulates AKT-1 and AKT-2, kinases belonging to the Akt/protein
kinase B (PKB) family, which phosphorylate and inhibit DAF-16/FOXO
by causing its cytolasmic sequestration by 14-3-3 proteins®’.

Stress or starvation downregulates IS, allowing depho-
sphorylated DAF-16/FOXO to enter the nucleus and alter expression of
target genes that include chaperones, antioxidants, and

antimicrobials®’. This reprogramming increases the animal’s stress
resistance and prolongs its lifespan. Given the importance of FOXO
functions, elucidating the different ways these TFs are regulated, and
how they collaborate with co-factors to exert their many functions,
have become key goals'® ™.

Several studies have used targeted co-immunoprecipitation (co-
IP), or co-IP combined with proteomic analysis, to identify DAF-16
binding partners’®”®?, We recently optimized TurbolD-mediated
proximity labeling in C. elegans”* and speculated this approach
would offer a useful alternative to identify DAF-16 regulators and
effectors. TurbolD biotin ligase fused to DAF-16 should biotinylate
proteins within a-10nm radius®. Biotin’s femtomolar affinity for
streptavidin permits affinity purification of these biotinylated proteins
under harsh, denaturing conditions, contrasting with the gentle
extraction and washing required to retain complex integrity during co-
IP. TurboID’s high activity allows detection of transient or weak
interactors® and highlights proximity at any point in the life of the
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tagged protein. Unlike co-IP, proximity labeling does not necessarily
mean two proteins are in a complex, but in vivo proximity is often
biologically meaningful.

Here, we used CRISPR to functionally tag endogenous DAF-16 with
TurbolD. We then performed in vivo proximity labeling of DAF-16/
FOXO under normal and low IIS conditions. This allowed us to identify
potential interactors of both cytosolic and nuclear DAF-16. We selected
two interactors for detailed study, and these have provided insights
into the control of FOXO function and longevity. Notably, we find that
the cell polarity kinase PAR-1, the ortholog of human MARK kinases,
participates in IIS signaling. PAR-1 forms a complex with DAF-16 in vivo
and promotes its phosphorylation at serine 249 in a conserved
sequence motif. Recombinant PAR-1 and human MARK2 can phos-
phorylate synthetic peptides corresponding to this motif in DAF-16
and human FOXO03a. PAR-1 knockdown triggers DAF-16 nuclear entry
and extends lifespan, as does mutating DAF-16 S249 to alanine. Con-
versely, phosphomimetic DAF-16 S249D suppresses phenotypes
exhibited by loss-of-function mutants of the daf-2 insulin receptor,
including constitutive dauer formation, reduced brood size, and
extended lifespan. At low IIS, we find that the zinc finger and homeo-
box protein ZFH-2, the worm ortholog of the ZFHX3 tumor sup-
pressor, forms a complex with DAF-16 in the nucleus and, like DAF-16,
extends lifespan. Other potential DAF-16 interactors we identify merit
future study.

Results

Using TurbolD to identify potential DAF-16/FOXO interactors at
different insulin/IGF receptor signaling levels

The DAF-16/FOXO transcription factor shuttles from the nucleus to the
cytoplasm in response to signaling from the DAF-2 insulin/IGF
receptor’. In well-fed, unstressed animals, high DAF-2 signaling
keeps DAF-16 cytoplasmic. Stress suppresses DAF-2 signaling, causing
DAF-16 to accumulate in the nucleus. We used TurbolD-mediated
proximity labeling” to characterize proteins that interact with DAF-16
in well-fed, unstressed, wild-type animals (cytosolic DAF-16) and in daf-
2 mutants (nuclear DAF-16).

We edited the endogenous daf-16 gene by inserting sequences
encoding TurbolD::mNeongreen::3xFLAG (TbID::mNG) in frame just
upstream of the stop codon (Fig. 1a and Supplementary Fig. 1a).
Although daf-16 expresses multiple isoforms, all should be tagged
since they share their C-terminus. We used fluorescence microscopy to
visualize DAF-16::TbID::mNG subcellular localization in wild-type and
daf-2(e1370) hypomorphic mutants. As expected, DAF-16::TbID::mNG
was predominantly cytoplasmic in a wild-type background (which we
will refer to as cytoDAF-16), and nuclear in a daf-2(e1370) mutant
background (which we refer to as nucDAF-16) (Fig. 1b). We used these
strains to perform proximity labeling (see “Methods”*). As a control,
we processed extracts from wild-type animals that did not express
TurbolD. This allowed us to identify and discard proteins that non-
specifically bound the affinity column under the extraction conditions
we used. Applying a cut-off value of Log, 2, we identified 948 proteins
significantly enriched, and 76 proteins significantly depleted (p < 0.05)
when we compared mass spectrometry data obtained from extracts
made from daf-16::TbID::mNG animals to data from wild-type (no TbID)
extracts (Fig. 1c and Supplementary Data 1). Most proteins whose
signal increased compared to the no TbID control were found in both
the cytoDAF-16 and nucDAF-16 experiments (Supplementary Fig. 1b, ¢
and Supplementary Data 1).

To focus our further studies, we next highlighted proteins whose
interaction with DAF-16::TbID::mNG changed according to daf-2 sig-
naling status. We identified 240 potential interactors significantly
enriched in nucDAF-16 vs cytoDAF-16, and 21 proteins significantly
depleted for the same comparison (Fig. 1d-f and Supplementary
Data 1). Gene ontology (GO) analysis categorized most proteins
proximal to DAF-16 when daf-2 signaling was low as nuclear (Fig. 1g), as

expected. These proteins included the conserved transcription factors
DPFF-1/DPF2 and ZFH-2/ZFHX3, the RNA Pol Il phosphatase FCP-1/
CTDP1, the DNA binding protein LIN-9/LIN9, the chromatin remodel-
ing complex subunit PBRM-1/PBRM1, the histone lysine methyl-
transferases SET-26/MLL5 and ZFP-1/MLLTI1O, and the SWI/SNF
complex subunits SWSN-1/SMARCC1-2 and SWSN-4/ SMARCA2/4,
with the last two previously reported to physically interact with DAF-
16" (Fig. 1d, e and Supplementary Data 1). Grainyhead 1/GRH-1, another
potential interactor, has been linked to insulin signaling and lifespan,
but was not previously shown to interact with DAF-16*. We also
identified the DNA damage recognition and repair proteins XPC-1/XPC
(Xeroderma pigmentosum group C), RFC-4 (replication factor C sub-
unit 4), and SEL-13 (ortholog of human ZNF830). These nuclear pro-
teins may functionally interact with DAF-16 on chromatin to regulate
transcription or DNA repair.

A distinct set of proteins selectively interacted with cytoplasmic
DAF-16::TbID::mNG, in animals with wild-type DAF-2 signaling. These
proteins included the serine/threonine kinase PAR-1 (the ortholog of
human MARK kinases), which is a key regulator of cell polarity and
microtubule dynamics, the MTCL1 (microtubule crosslinking factor 1)
ortholog MTCL-1, the kinesins UNC-104/KIF1A and OSM-3/KIF17, the
TOMI (target of mybl membrane trafficking protein) ortholog TMYB-1,
the vesicular transport adapter protein APT-9 (which is the Ce ortholog
of human GGAI1-3), and the presynaptic protein SYD-1 (the ortholog of
human SYDE, synapse defective Rho GTPase homolog) (Fig. 1d, f and
Supplementary Data 1). These proteins are implicated in vesicular
traffic and microtubule function. They hint at mechanisms that move
DAF-16 around the cell when insulin signaling is high, although this
needs to be investigated.

By searching the literature, we identified 17 proteins that are not
listed in Fig. 1e, f but are known to co-IP with DAF-16. We could detect
and quantify 12 of these proteins in our proximity labeling data. Six,
SIR-2.1, HCF-1, SGK-1, AKT-1/2, and PRMT-1, were significantly enriched
proximal to DAF-16 compared to control (Supplementary Data 2). Two
of these, SIR-2.1 and HCF-], interacted significantly more with DAF-16
when daf-2 was defective (Supplementary Data 2), but below the
threshold for inclusion in Fig. 1e. These data help benchmark the co-IP
and proximity labeling approaches.

Altered labeling of highlighted proteins by DAF-16::TbID::mNG
could reflect 1IS-dependent changes in their expression. To test this,
we used quantitative RT-PCR (qRT-PCR) to compare mRNA expression
in wild-type, daf-2, and daf-2; daf-16 mutants (Supplementary Fig. 1d).
We focused on 10 genes encoding potential DAF-16 interactors with
human homologs. As controls we included two genes known to be
regulated by DAF-2 and DAF-16, mtl-1 (metallothionein 1) and sod-3
(superoxide dismutase 3) (Supplementary Fig. 1e). For 5 genes, we did
not observe any changes in mRNA levels (Supplementary Fig. 1d).
Levels of xpc-1 mRNA doubled in daf-2 mutants, whereas par-1 mRNA
levels halved, and both these changes required functional DAF-16
(Supplementary Fig. 1d). We also observed a small decrease in zfh-2
mRNA levels in daf-2 mutants but this was only partly daf-16-depen-
dent (Supplementary Fig. 1d). The modest changes in the mRNA levels
of the genes tested, or lack thereof, suggests altered expression does
not account for the daf-2-dependent changes we observed in our DAF-
16 proximity labeling data.

Characterizing putative DAF-16 interactors

To test whether proteins we identified as proximal to DAF-16 impacted
DAF-16 function, we first performed an RNAi secondary screen.
Metallothioneins protect against heavy metal toxicity and oxidative
stress, and previous work has shown that DAF-16 promotes expression
of the metallothionein mtl-1%**. To create a reporter that recapitulates
the physiological expression of mtl-1, we knocked in sequences
encoding mNG::3xFLAG just upstream of the mtl-1 stop codon (Sup-
plementary Fig. 2a, b). Using available clones from the Ahringer RNAi
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library®, and focusing on genes conserved beyond Nematoda, we
knocked down 17 potential DAF-16 interactors in WT or daf-2(e1370)
strains that also harbored the edited mtl-1:mNG::3xFLAG gene. As
controls, we used an empty vector and daf-16 RNAi. To quantify
changes in MTL-1:mNG::3xFLAG expression, we used Western blots.
RNAi-mediated knockdown of pfs-2, par-1, zfh-2, mtcl-1, and lin-9
increased MTL-1::mNG::3XFLAG expression in both wild-type (Fig. 2a,
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b) and daf-2(e1370) mutant backgrounds (Supplementary Fig. 2c, d). By
contrast, knocking down dpff-1 decreased MTL-1:mNG::3xFLAG
expression in both tested backgrounds (Fig. 2a, b and Supplementary
Fig. 2c, d). For other knockdowns, we only observed significantly
altered MTL-1:mNG::3xFLAG expression in one genetic background.
These data suggest many of the potential DAF-16 interactors we
identified regulate stress responses.
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Fig. 1| Proximity labeling of DAF-16 at normal and low DAF-2 insulin receptor
signaling. a Schematic showing knock-in of a TurbolD::mNG::3xFLAG cassette just
upstream of the daf-16 stop codon. b Fluorescence images of the head region from
gene-edited animals from (a) expressing DAF-16::TbID::mNG in a daf-2(+) (cytoDAF-
16, left) or daf-2(e1370) (nucDAF-16, right) genetic background. 7 wild-type and 6
daf-2(e1370) animals were imaged with similar results. Scale bars: 50 um. ¢ Volcano
plot showing log, fold changes in the levels of detected proteins in streptavidin
purified extracts from cytoDAF-16 compared to WT (no TurbolD expression). The
bait protein, DAF-16, is marked with a red circle. Statistical analysis comparing
experiments was performed using the Linear Models for Microarray Analysis
(LIMMA, version 3.54.2) package in R. Moderated t-statistics were calculated using
the limma-trend method with batch correction using the replicate number as batch,

and multiple testing correction was applied using the Benjamini-Hochberg (BH)
method. d Volcano plot showing log, fold changes in the levels of detected proteins
in streptavidin purified extracts from nucDAF-16 compared to cytoDAF-16. The
identities of a subset of proteins, marked with a red circle, are indicated. Statistical
analysis was as in (c). e, f Interactome plots of proteins enriched in nucDAF-16 vs
cytoDAF-16 (e) or cytoDAF-16 vs nucDAF-16 (f). For panel (e) we used cut-off values
of log, >3 and p < 0.05; for (f) we used cut-off values of log, <-2 and p<0.05.
Contaminant proteins and proteins without human orthologs are not included.

g Gene ontology (GO) analysis of enriched proteins in the nucDAF-16 vs cytoDAF-16
dataset. See also Supplementary Data 1, which provides an Excel file listing all data
plotted in (c, d) with effect size and significance noted for each gene.

ZFH-2 and DAF-16 form a complex, and ZFH-2 promotes
longevity

Of the candidates predicted to be close to nuclear DAF-16, we further
characterized ZFH-2, which belongs to a conserved family of TFs with
multiple zinc finger and homeobox domains. We chose ZFH-2 because
of the large (>20-fold) increase in ZFH-2 labeling by DAF-16::TbID at
low IIS (Fig. 2¢ and Supplementary Data 1), and since its mammalian
ortholog ZFHX3 is a tumor suppressor®, regulates nervous system
development”, and has been associated with obesity®. In C. elegans,
null mutations in zfh-2 cause lethality®. To visualize ZFH-2 expression
and manipulate its function in time and space, we knocked in DNA
encoding mScarlet(mSc)::AID::3xFLAG (AID, auxin-inducible degron)
into the zfh-2 locus, immediately upstream of the stop codon (Sup-
plementary Fig. 2e). This should tag all predicted ZFH-2 isoforms, since
they share their C-termini. ZFH-2:mSc::AID::3XxFLAG was strongly
expressed in most neurons, in sperm, and, to a lesser extent, in
hypodermis and distal intestinal cells, and localized to the nucleus in
all these cell types (Fig. 2d). To confirm our RNAi data, we analyzed
MTL-1::mNG::3xFLAG expression in ZFH-2-depleted worms. AID-
mediated knockdown*® of ZFH-2 starting from the late L3 stage
strongly induced MTL-1:mNG:3xFLAG expression (Fig. 2e, f). The
much larger effect of AID compared to RNAi knockdown is consistent
with RNAi by feeding working poorly in C. elegans neurons**%

The proximity labeling data suggested ZFH-2 and DAF-16 could be
part of a complex. To test this, we asked if they co-
immunoprecipitated. We tagged DAF-16 by knocking in sequences
encoding an mNG::HA tag just upstream of the daf-16 stop codon. We
grew daf-2(e1370) mutant animals expressing either daf-16::mNG::HA or
zfh-2:mSc::3xFLAG, or both, and immunoprecipitated ZFH-
2::mSc::3XFLAG. We then probed for co-IP of DAF-16::mNG::HA. DAF-16
and ZFH-2 consistently co-immunoprecipitated (Fig. 2g).

When DAF-2 receptor signaling is low, nuclear DAF-16 reprograms
gene expression, and this substantially increases organismal lifespan®’.
To extend our biochemical data, we tested if ZFH-2 functionally
interacts with DAF-2 and DAF-16 to regulate lifespan. Depleting ZFH-2
from early adulthood using AID substantially decreased the long life-
span of daf-2(e1370) mutants (Fig. 2h and Supplementary Table 1). By
contrast, depleting ZFH-2 only marginally decreased lifespan in an
otherwise WT background (Fig. 2i). ZFH-2 and DAF-16 likely act in the
same pathway, since depleting ZFH-2 did not further decrease the
lifespan either of daf-16(mgDf50), daf-2(e1370) or of daf-16(mgDf50)
mutants (Fig. 2h, i).

DAF-2 and DAF-16 appear to regulate the expression of ZFH-2.
Western blots showed that disrupting daf-2 shifted the series of ZFH-
2::mSc::3XFLAG bands that likely represent different splice isoforms to
higher molecular weights. This upshift was reversed when the daf-2
mutants lacked daf-16 (Supplementary Fig. 2f). A simple interpretation
is that changes in IIS alter the levels of specific ZFH-2 isoforms in a DAF-
16-dependent way.

Many genes regulated by DAF-16 have been identified®. Three
such genes are mtl-1, the superoxide dismutase sod-3, and the alcohol

dehydrogenase adh-1 (previously called dod-11). We performed RT-
gPCR analysis to probe if ZFH-2 regulates these genes. ZFH-2::AID
knockdown reduced mRNA levels for sod-3 but not for mtl-1 or adh-1
(Supplementary Fig.2g). Together, our data suggest that ZFH-2 and
DAF-16 form a complex and cooperate to promote longevity when
DAF-2 signaling is low, but further experiments are needed to establish
how ZFH-2 regulates lifespan.

DAF-2 promotes formation of a PAR-1-DAF-16 complex that
inhibits DAF-16 and shortens lifespan

DAF-16 subcellular localization is regulated by phosphorylation,
notably by the AKT-1 and AKT-2 kinases, whose activation by DAF-2
receptor signaling promotes cytosolic localization of DAF-16>*% Our
proximity labeling experiments detected AKT-1 and AKT-2 but did not
highlight a DAF-2-regulated interaction between them and DAF-16
(Supplementary Data 1, 2). By contrast, proximity labeling suggested
DAF-2 signaling increased DAF-16’s interaction with the PAR-1 (parti-
tioning defective gene 1) kinase 8-fold (Fig. 3a).

PAR-1, and its mammalian orthologs, the microtubule affinity
regulating kinases (MARK), play critical roles in establishing animal cell
polarization and regulating cytoskeletal dynamics*>. MARK kinases are
expressed broadly in mammals, and mouse mutants defective in
MARK kinases have a range of phenotypes, including reduced adip-
osity, defective gluconeogenesis, and altered growth, fertility, meta-
bolism, and learning and memory**. Our TurbolD data led us to
speculate that IIS regulates PAR-1/MARK kinase signaling, and that in
turn, PAR-1I/MARK kinase regulates DAF-16/FOXO function. We deci-
ded to test this hypothesis, since if correct, it would link two inten-
sively studied signaling pathways. Moreover, since PAR-1is a kinase, its
potential physical interaction with DAF-16 would predict it regulates
DAF-16 via phosphorylation, which is readily testable.

In C. elegans, PAR-1 is required to establish cell asymmetries
during early embryonic divisions, and par-I null mutations confer
lethality*. We therefore knocked down PAR-1 post-embryonically
using AID. To target all 13 PAR-1 isoforms, we used gene-editing to
insert sequences encoding mSc::AID::3xFLAG in frame into the 11™ par-
1 exon (between A895 and A896 in isoform a), which is common to all
isoforms (Supplementary Fig. 3a). Edited animals showed no overt
phenotype, and expressed PAR-1::mSc::AID::3xFLAG in hypodermis
and neurons, with notable enrichment in the nerve ring, an area of
dense neuropil and extensive synaptic contacts (Fig. 3b and Supple-
mentary Fig. 3b). AlID-mediated somatic depletion of PAR-1 from
hatching caused a small developmental delay and resulted in adult
animals having a protruding vulva (P-vul phenotype). To avoid this, we
depleted PAR-1starting from later stages. Depleting PAR-1 after the late
L3 stage significantly increased MTL-1:mNG:3xFLAG expression,
consistent with our RNAi data (Fig. 3c, d).

To investigate if DAF-16 and PAR-1 form a complex, we performed
co-IP experiments using our epitope-tagged alleles. Although kinases
and their protein substrates often interact transiently, we could con-
sistently co-IP DAF-16::mNG::HA and PAR-1::mSc::FLAG (Fig. 3e). Thus,
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in vivo proximity labeling and ex vivo co-IP suggest DAF-16 and PAR-1
strongly interact and are in a complex.

To test if DAF-16 activity is regulated by PAR-1, we first compared
the subcellular localization of DAF-16:mNG::HA in different genetic
backgrounds: daf-2(e1370), akt-1(0k525) and a strain grown on auxin
that expresses the par-1:mSc::AlID::3xFLAG knockin together with ubi-
quitous somatic expression of TIRL. PAR-1 knockdown significantly
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increased nuclear localization of DAF-16:mNG:HA (Fig. 3f, g see
Supplementary Fig. 3¢ for scoring of DAF-16 localization). These data
suggest that PAR-1, like AKT-1 and AKT-2, promotes cytoplasmic
localization of DAF-16. Additionally, Western blot analyses revealed
that PAR-1 knockdown increased DAF-16 protein levels twofold com-
pared to controls (Fig. 3h, i), but did not alter daf-16 mRNA levels
(Supplementary Fig. 3d). These data suggest PAR-1destabilizes DAF-16.
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Fig. 2 | The obesity-related zinc finger and homeobox transcription factor ZFH-
2 forms a complex with DAF-16 and has pro-longevity functions. a Western blot
showing levels of FLAG-tagged MTL-1 following RNAi knockdown of potential DAF-
16 interactors identified by TurbolD. An empty vector (Ctrl) and daf-16 RNAi are
included as controls. RNAi knockdown is in a WT genetic background. a-tubulin
provides a loading control. b MTL-1::FLAG band intensity (see panel a) is normal-
ized first to the a-tubulin loading control and then to the empty vector RNAi control
(n=3 independent biological repeats). ¢ DAF-16::TurbolD proximity labeling
detects ZFH-2 20-fold more strongly in a daf-2(e1370) mutant (nucDAF-16) than a
wild-type (cytoDAF-16) genetic background. See Supplementary Data 1. d Confocal
images of a transgenic animal expressing gene edited ZFH-2::mSc::AID::3xFLAG.
ZFH-2 is expressed in many neurons, in the germline, and weakly in the hypodermis
and posterior gut. White arrowheads indicate neuronal, blue arrowheads hypo-
dermal, and yellow arrowheads distal gut cell nuclei. The yellow dashed line out-
lines the spermatheca. 9 animals were imaged with similar results. Scale bar:

100 um. e AID-mediated depletion of ZFH-2 increases expression of FLAG-tagged
MTL-1 as assayed by Western blot. a-tubulin provides a loading control. f MTL-
1::FLAG band intensity (see panel e) is normalized to the a-tubulin loading control
(n=3 independent biological repeats). Animals were grown on NGM plates to the
late L3 stage and transferred to auxin-containing NGM plates for 12 h before har-
vesting for Western blot analysis. g HA-tagged DAF-16 forms a complex with FLAG-
tagged ZFH-2. Experiments were conducted in a daf-2(e1370) mutant background.
DAF-16::HA consistently co-immunoprecipitates with ZFH-2::FLAG (n =3 indepen-
dent biological repeats). h, i Knockdown of ZFH-2 using AID shortens the lifespan of
daf-2 mutants (h), but not of wild-type animals, daf-16 mutants (i), or daf-16; daf-2
double mutants (h). Knockdown was initiated by transferring animals to auxin
plates at the L4/young adult stage. TIR1 was expressed ubiquitously in the soma.
See Supplementary Table 1 for values and statistical analyses of lifespan assays.
Source data are provided as a Source Data file.

To test the physiological effects of PAR-1 depletion on DAF-16
function, we measured organismal lifespan. A previous study showed
that RNAi knockdown of par-1 lengthened lifespan, but suggested that
daf-16 and daf-2 were not involved in this regulation*. We selectively
depleted PAR-1 from late L4/early adulthood by transferring animals to
auxin plates at this time. As a control, we measured the lifespan of
animals kept on auxin but lacking the TIR1 co-factor required for AID-
mediated degradation. Depleting PAR-1 significantly increased C. ele-
gans lifespan (Fig. 3j). This extended lifespan phenotype was fully
dependent on DAF-16: depleting PAR-1 did not alter the lifespan of daf-
16 deletion mutants, consistent with PAR-1 and DAF-16 acting in the
same pathway (Fig. 3j). Moreover, depleting PAR-1 did not further
increase the lifespan of daf-2(e1370) mutants (Fig. 3k). Together, these
data suggest that PAR-1 participates in IIS and exerts its effects on
longevity by regulating DAF-16, including inhibiting DAF-16 nuclear
localization and protein levels.

Pharmacological extension of lifespan by a MARK / PAR-1 kinase
inhibitor

PAR-1 exerts its effects predominantly via its kinase activity. To extend
our PAR-1-AID-knockdown analysis, we asked if pharmacologically
inhibiting PAR-1 kinase activity prolonged organismal lifespan in a
DAF-16-dependent manner. Compound 39621 is a highly selective
inhibitor of MARK family kinases*’. It acts by competing with ATP for
binding the kinase active site, with an IC50 of 3.6 uM at an ATP con-
centration of 100 uM. Since 39621 is cell-permeable, we expected C.
elegans tissues to take it up from the medium. We transferred wild-
type and daf-16(mgDf50) null mutants at the L4/young adult stage to
NGM plates containing 20 pM compound 39621, and kept them on the
compound while we performed lifespan assays. This concentration of
39621 strongly inhibits MARK?2 in tissue culture cells*’. Like PAR-1-AID
knockdown, this treatment significantly extended C. elegans lifespan in
a DAF-16-dependent way (Fig. 3I).

DAF-2 and PAR-1 promote DAF-16 phosphorylation at a con-
served $249 residue

Our co-IP data suggested that PAR-1 and DAF-16 form a complex. Our
genetic epistasis studies placed PAR-1 in the DAF-2 insulin receptor
signaling pathway, regulating DAF-16 activity and lifespan. Our phar-
macology suggested that PAR-1’s effects on longevity required its kinase
activity and were DAF-16-dependent. We therefore examined whether
disrupting PAR-1 altered DAF-16 phosphorylation. For comparison, we
also included daf-2 and akt-1 mutants in our proteomic analysis.

We grew animals that expressed the CRISPR-edited daf-
16:mNG::HA gene in four genetic backgrounds: wild-type, daf-2(e1370),
akt-1(0k525), and par-1:mSc::AID::3xFLAG; eft-3p::TIR1::tagBFP (on
auxin-supplemented plates). For all genotypes, animals were grown in
well-fed and uncrowded conditions at a room temperature of 21 °C; we
observed no significant dauer formation under these conditions in any

strain. We affinity purified DAF-16:mNG::HA from each strain and
looked for changes in DAF-16 phosphorylation by mass spectrometry.
DAF-16 was strongly and consistently hypophosphorylated at residues
T102, S249, T273, S345 and S348 (notation refers to isoform h) in daf-
2(e1370) mutants compared to wild-type animals (Fig. 4a and Supple-
mentary Data 3). We observed a similar strong loss of phosphorylation
at S249 in PAR-1 depleted worms (Fig. 4a and Supplementary Data 3).
In akt-1(0k525) mutants, we observed reduced phosphorylation of DAF-
16 at residues T102 and S179 but not S249 (Fig. 4a and Supplementary
Data 3; see Supplementary Data 3 for the MS2 spectra of all phos-
phosites identified). Residue S249 is located towards the end of the
FOXO DNA binding domain of DAF-16, in a stretch of residues highly
conserved among FOXO proteins encoded by the worm, fly, mouse
and human genomes (Fig. 4b). Bioinformatic analysis predicts a PAR-1/
MARK phosphorylation site at S249 (www.phosphosite.org/
kinaseLibraryAction).

A phosphomimetic $249D mutation inhibits DAF-16 function
and promotes its cytoplasmic localization

To investigate whether phosphorylation at S249 alters DAF-16 sub-
cellular location and physiological function, we further edited the daf-
16:mNG:HA gene to change codon 249 to encode either a non-
phosphorylatable alanine (S249A) or a phosphomimetic aspartate
(5249D). We then compared the subcellular localization of DAF-
16(WT)::mNG, DAF-16(S249A)::mNG, and DAF-16(S249D)::mNG pro-
teins in wild-type and daf-2(e1370) backgrounds using well-fed,
unstressed animals. In a wild-type background, DAF-16 S249A:mNG
showed significantly higher nuclear localization than DAF-
16(WT):mNG and DAF-16(S249D)::mNG, which were both excluded
from the nucleus (Fig. 4c, d). The subcellular localization of the dif-
ferent DAF-16 variants in a daf-2(e1370) genetic background was age-
dependent. In larvae and young adults, all three proteins localized to
the nucleus. However, in Day 4 and Day 10 adults, DAF-
16(S249A):mNG was more localized to the nucleus than DAF-
16(WT)::mNG, whereas DAF-16(5249D)::mNG was less nuclear (Fig. 4e
and Supplementary Fig. 4a). These data are consistent with our find-
ings that DAF-16:mNG accumulates in the nucleus in PAR-1-AID
knockdown animals, and suggest that phosphorylation of $S249 pro-
motes cytoplasmic localization of DAF-16.

To test how S249 phosphorylation alters DAF-16 function, we first
studied dauer formation. Dauers are a stress-resistant alternative larval
stage formed by C. elegans when conditions are unfavorable for
reproductive growth*®, The developmental decision to form a dauer is
regulated by food availability, population density, and temperature.
Wild-type animals grown at low population density with plentiful food
at 25°C form few dauers. By contrast, mutants defective in IIS, for
example, daf-2(e1370) animals, form close to 100% dauers under these
conditions*®, Dauer formation in daf-2(e1370) animals depends on
functional DAF-16: daf-2(e1370); daf-16(null) animals do not form
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dauers*®. The daf-16(5249D) allele almost fully suppressed the con-
stitutive dauer formation phenotype of daf-2(e1370) mutants, whereas
the daf-16(5249A) allele had no detectable effect (Fig. 4f). Thus, phos-
phomimetic DAF-16 S249D is unable to induce dauer formation when
DAF-2 signaling is defective, despite localizing to the nucleus in larvae.

Days of adulthood

Disrupting daf-2 also reduces brood size*. In a daf-2(+) back-
ground, both daf-16(5249D) and daf-16(52494) animals had a nor-
mal brood size (Supplementary Fig. 4b). However, the daf-
16(5249D) allele, but not daf-16(5249A), restored a normal brood
size to daf-2(e1370) mutants (Supplementary Fig. 4b), again
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Fig. 3 | PAR-1 kinase forms a complex with DAF-16 and inhibits its activity.

a Proximity labeling by DAF-16::TurbolD detects PAR-1 8-fold more strongly in daf-
2(+) animals (cytoDAF-16) compared to daf-2(e1370) mutants (nucDAF-16). See
Supplementary Data 1. b Confocal image of an animal expressing PAR-1::mScarle-
t::AID:3XFLAG from the CRISPR-edited par-I locus. 8 animals were imaged with
similar results. Scale bar: 100 um. ¢ AID-mediated knockdown of PAR-1 increases
expression of FLAG-tagged MTL-1 as assayed by Western blot. Protein bands
marked with # correspond to different PAR-1isoforms. a-tubulin provides a loading
control. d MTL-1::FLAG band intensity (see panel ¢) normalized to the a-tubulin
loading control. Animals were grown on NGM plates until the late L3 stage and then
transferred to auxin-containing NGM plates for 12 h prior to harvesting for Western
blot analysis (n =3 independent biological repeats). e HA-tagged DAF-16 is in a
complex with FLAG-tagged PAR-1. Inmunoprecipitating PAR-1::FLAG consistently
pulls down DAF-16::HA (n =3 independent biological repeats). f Confocal images of
DAF-16:mNG::HA expressed from the edited daf-16 gene in wild-type (WT), daf-
2(e1370), akt-1(0k525) and par-1::mSc::AID; TIRI (+auxin) backgrounds. DAF-16 is
cytoplasmic in wild-type animals but nuclear in the mutants or AID knockdown.
Worm were imaged at the L4 stage. Scale bars: 100 um. g, Quantification of DAF-16
nuclear localization (see f) in wild-type (Ctrl), daf-2(e1370), akt-1(0k525) and par-

1::mSc::AID; TIRI (+auxin) backgrounds at L4 stage (n =3 independent biological
repeats, total > 50 animals were scored per condition). Error bars represent s.e.m;
Statistical comparisons are to the control; **p < 0.001. p-values were calculated
using the chi-squared test. h AID-mediated knockdown of PAR-1 increases levels of
HA-tagged DAF-16 as assayed by Western blot. a-tubulin provides a loading control.
i DAF-16::HA band intensity (see panel h) is normalized to the a-tubulin loading
control. Animals were grown on NGM plates until the early L3 stage and then
transferred to auxin-containing NGM plates overnight prior to harvesting for
Western blot analysis (n =4 independent biological repeats). j Depleting PAR-1
using AID from young adulthood significantly increases the lifespan of daf-2(+)
animals. This lifespan extension was fully dependent on daf-16. k Depleting PAR-1 as
in (j) did not further extend the lifespan of daf-2(e1370) animals. The par-1::AID and
par-1::AID; TIRI data is the same as in (j). See Supplementary Table 2 for values and
statistical analyses of lifespan assays. I Inhibiting PAR-1 kinase activity from young
adulthood using the MARK2 inhibitor 39621 significantly increases the lifespan of
wild-type animals. This lifespan extension was fully dependent on daf-16. See
Supplementary Table 3 for values and statistical analyses of lifespan assays. Source
data are provided as a Source Data file.

suggesting that the phosphomimetic S249D substitution reduces
DAF-16 activity.

We next examined lifespan. Compared to control animals
expressing wild-type DAF-16:mNG, animals expressing DAF-
16(S249A)::mNG exhibited a modest but significant increase in lifespan
(Fig. 4g and Supplementary Fig. 4c). By contrast, animals that
expressed DAF-16(S249D):mNG showed a decreased lifespan com-
pared to the control worms (Fig. 4g and Supplementary Fig. 4c). We
also examined lifespan in a daf-2(e1370) mutant background. As
expected, daf-2(e1370); daf-16::mNG animals lived twice as long as daf-
2(+) controls (Fig. 4h). The daf-16(5249A):mNG allele did not alter this
long lifespan, but the daf-16(5249D)::mNG allele shortened it sub-
stantially (Fig. 4h and Supplementary Fig. 4d). These data suggest that
the S249A substitution partially uncouples DAF-16 activity from
negative regulation by DAF-2, whereas the phosphomimetic S249D
substitution leads to constitutively inhibited DAF-16, even when DAF-2
is defective. These data are consistent with a model in which phos-
phorylation of S249 by PAR-1 in well-fed, unstressed animals inhibits
DAF-16 activity.

DAF-16 S249D prevents PAR-1 knockdown from extending
lifespan

If PAR-1 inhibits DAF-16 predominantly via phosphorylation of S249,
then knocking down par-1 should not change the longevity of animals
expressing DAF-16(S249D). To test this, we compared the lifespans of
animals expressing DAF-16(WT):mNG or DAF-16(S249D):mNG in a
daf-2(+) or daf-2(e1370) background when we depleted PAR-1. In a daf-
2(+) background, PAR-1 depletion increased the lifespan of daf-16(WT)
but not of daf-16(5249D) mutant worms (Fig. 5a and Supplementary
Fig. 5a). In addition, PAR-1 depletion did not extend the lifespans of
daf-2(e1370); daf-16(WT) or daf-2(e1370); daf-16(5249D) worms (Fig. 5b
and Supplementary Fig. 5b). These data are consistent with the effects
of PAR-1 on lifespan being mediated via phosphorylation of DAF-16
$249, and support a model in which PAR-1 is normally activated by IIS
to regulate lifespan. Not all effects of PAR-1 knockdown are, however,
mediated via phosphorylation of S249. Whereas AID knockdown of
PAR-1 caused a 2-fold increase in DAF-16(WT)::mNG protein levels
(Fig. 3h, i), the levels of the non-phosphorylatable DAF-
16(S249A)::mNG were only marginally elevated compared to DAF-
16(WT)::mNG, and DAF-16(S249D)::mNG levels were unaltered (Sup-
plementary Fig. 5c, d). Moreover, knockdown of PAR-1 by AID
increased the levels of DAF-16 S249A, DAF-16 S249D and DAF-16(WT)
proteins similarly (Supplementary Fig. 5e, f), suggesting PAR-1 reg-
ulates DAF-16 protein levels independently of S249 phosphorylation
state. These data may help explain why the lifespan extension

conferred by DAF-16 S249A appears smaller than that conferred by
PAR-1 knockdown (compare data in Fig. 3j and Supplementary Fig. 4c
with Fig. 4g and Supplementary Fig. 5a).

In canonical IIS, AKT-1 and AKT-2 phosphorylate DAF-16, leading
to its exclusion from the nucleus and inhibiting its function. To dissect
the relationship between the regulation of DAF-16 by AKT-1/AKT-2 on
the one hand, and by PAR-1 on the other, we analyzed the lifespan of
akt-1; akt-2 double mutants that express wild-type daf-16 or daf-
16(5249D). As reported previously*, loss of akt-1 and akt-2 substantially
increased the lifespan of worms expressing wild-type DAF-16 (Fig. 5¢c
and Supplementary Fig. 5g). Disrupting akt¢-1 and ak¢-2 also extended
the lifespan of animals expressing DAF-16(S249D) but to a much lesser
extent (Fig. 5d and Supplementary Fig. 5h). This contrasts with our
results with PAR-1 knockdown, where the lifespan extension conferred
by PAR-1 knockdown was completely suppressed by the daf-16(5249D)
allele (Fig. 5a and Supplementary Fig. 5a). Thus, AKT-1 and AKT-2 can
regulate lifespan independently of DAF-16 phosphorylation at S249.

Regulation of PAR-1

Extensive studies of cell polarization in the early embryo have deli-
neated intricate regulation of PAR-1 activity*>*°. One critical PAR-1
regulator is the atypical protein kinase C, PKC-3, which phosphorylates
PAR-1 at threonine 983 and thereby inhibits PAR-1 kinase activity*"**
This inhibition is blocked in a PAR-1 T983A mutant. To probe if PKC-3
regulates PAR-1 to impact lifespan, we studied animals expressing a
par-1(T983A) allele. These animals showed a shortened lifespan, con-
sistent with increased PAR-1 T983A activity reducing DAF-16 func-
tion (Fig. 5e).

A second mechanism that regulates PAR-1 activity involves the
C-terminal KA1 domain®*****, KA1 contains a basic surface that binds
negatively charged phospholipids and targets PAR-1 to membranes.
The same basic amino acids inhibit PAR-1 kinase activity, and phos-
pholipid binding relieves this inhibition. Deleting the KAl domain
(PAR-1 AKAl), or disrupting the KAl basic surface (PAR-1 K1170S
R1171S), increases basal PAR-1 kinase activity in vitro*°. To investigate
whether the PAR-1 KAl domain influences DAF-16 activity and long-
evity, we asked if par-1(AKA1) or par-1(KRSS) mutations altered lifespan.
Both alleles reduced lifespan (Fig. 5f). Together, these data are con-
sistent with a model in which inhibition of PAR-1 kinase activity, partly
by PKC-3, impacts lifespan. Further work is required to identify path-
ways that regulate lifespan by modulating PKC-3.

PAR-1 and MARK?2 phosphorylate DAF-16 in vitro
While our mass spectrometry analyses suggested that PAR-1 knock-
down reduced phosphorylation at DAF-16 S249, it did not address
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whether the effect was direct or indirect. To probe this, we performed
in vitro kinase assays using recombinant PAR-1 (aa 1-482; T325E kinase
active form ref. 55; Supplementary Fig. 6a) and human MARK2 kinases
and synthetic peptides that correspond to sequences from DAF-16 and
FOXO03a surrounding the S249 residue as substrates. As a positive
control, we showed that both PAR-1 and MARK2 efficiently phos-
phorylated a purified MEX-5 fragment (Fig. 6a-c and Supplementary

Days of adulthood

Fig. 6b), an RNA-binding protein known to be directly phosphorylated
by PAR-1*. MARK2 phosphorylated both the FOX03a and S249WT
peptide (Fig. 6a, b). Phosphorylation was significantly reduced when
we used a synthetic peptide with an S249A substitution, and was at
baseline levels with a peptide harboring S249A S250A substitutions,
suggesting that MARK2 phosphorylates S249, and to a lesser extent
S250 (Fig. 6b). Basal level of phosphorylation in the absence of a
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Fig. 4 | PAR-1 promotes DAF-16 phosphorylation and its accumulation in
cytoplasm. a Fold decrease in DAF-16 phosphorylation at indicated residues in daf-
2(e1370), akt-1(0k525) and par-1::mSc::AID genetic backgrounds compared to wild-
type (WT) controls. See also Supplementary Data 3. Residue numbers refer to DAF-
16 isoform h (www.wormbase.org). b Alignment of the DAF-16 S249 phosphoryla-
tion site with homologous sequences from FOXO orthologs. Ce Caenorhabditis
elegans; Dm Drosophila melanogaster; Mm Mus musculus; Hs Homo sapiens. *
completely conserved;: conserved in ¥ sequences. ¢ Confocal images of L4 animals
showing localization of the indicated DAF-16 variants, expressed from the gene-
edited endogenous daf-16 locus, in an N2 (wild-type) or daf-2(e1370) genetic
background. d, e Nuclear localization of the indicated DAF-16 variants quantified in
an N2 (wild-type) or daf-2(e1370) genetic background. d Late L4/Young adults (n=3

independent biological repeats, > 65 animals were scored per condition); e, 4- and
10- day old adults (n =3 independent biological repeats, >70 animals were scored
per condition). Error bars represent s.e.m; ns, *p > 0.05; **p < 0.001, chi-squared
test. f Dauer formation of wild-type (N2), daf-16(WT)::mNG, daf-2(e1370); daf-
16(WT)::mNG, daf-2(e1370); daf-16(S249A)::mNG or daf-2(e1370); daf-16(5249D)::mNG
gene-edited animals. n = 3 biological repeats and > 1500 animals for each condition.
Error bars represent s.e.m; ***p < 0.001, two-tailed Student’s ¢ test. g Lifespan ana-
lysis of wild-type (N2), daf-16(WT):mNG, daf-16(5249A)::mNG or daf-16(5249D)::mNG
gene-edited animals. h Lifespan analysis of daf-16(WT):mNG, daf-2(e1370); daf-
16(WT)=:mNG, daf-2(e1370); daf-16(5S249A)::mNG and daf-2(e1370); daf-
16(5249D)::mNG transgenic animals. The daf-16(WT):mNG data are the same as in
(g). See Supplementary Table 4 for values and statistical analyses of lifespan assays.

peptide substrate suggested autophosphorylation by MARK2 (Fig. 6b).
Although less active than MARK2, PAR-1 also phosphorylated FOX03a
and S249WT peptides (Fig. 6¢). Phosphorylation was also dependent
on the S249 and S250 residues (Fig. 6¢). Autophosphorylation of PAR-1
was higher than for MARK?2 (Fig. 6b, ). Together, our data suggest that
PAR-1 can phosphorylate the DAF-16 S249 residue, and that MARK
kinases may similarly regulate human FOXOs.

Discussion

Using proximity labeling, we identified proteins that preferentially
interact with the pro-longevity transcription factor DAF-16/FOXO
either when DAF-2 insulin receptor signaling is active or when it is
disrupted. By studying two of these potential interactors, we highlight
pathways previously not known to regulate C. elegans longevity.

Canonically, DAF-2 insulin receptor signaling negatively regulates
DAF-16 primarily by activating the AKT-1 and AKT-2 kinases. These
kinases phosphorylate DAF-16 and lead to its exclusion from the
nucleus. We show here that in well-fed, unstressed animals, the PAR-1/
MARK kinase, extensively studied in the context of cell polarity, pro-
vides additional, functionally important inhibition of DAF-16 down-
stream of DAF-2 receptor signaling. DAF-2 signaling promotes the
formation of a PAR-1/DAF-16 complex and stimulates PAR-1-dependent
phosphorylation of DAF-16 S249. S249 lies in the Forkhead DNA
binding domain, in a sequence highly conserved across FOXO tran-
scription factors. Knocking down PAR-1 promotes DAF-16 nuclear
entry and extends C. elegans lifespan in a DAF-16-dependent manner,
but does not extend the lifespan of daf-2 mutants; it also doubles DAF-
16 protein levels independently of S249 phosphorylation or altered
daf-16 mRNA levels. These data are consistent with PAR-1 inhibiting
DAF-16 in response to DAF-2 signaling to regulate lifespan.

Studies of gene-edited animals expressing phosphomimetic
DAF16 S249D, or phosphorylation-incompetent DAF-16 S249A, sug-
gest that an important way PAR-1 inhibits DAF-16 function is by pro-
moting S249 phosphorylation. DAF-16 S249D reduces the lifespan of
both wild-type and long-lived daf-2 mutants. It also suppresses the
dauer-constitutive phenotype and reduced brood size of daf-2
mutants, and promotes cytoplasmic localization of DAF-16. Con-
versely, DAF-16 S249A shows increased nuclear localization and pro-
longs the lifespan of otherwise wild-type animals, although not to the
same extent as PAR-1 knockdown. Recombinant human MARK2 and C.
elegans PAR-1 can phosphorylate FOX0O3a- and DAF-16-derived pep-
tides harboring S249 in vitro, suggesting that DAF-16 is directly
phosphorylated by PAR-1 in vivo, and that MARK kinases phosphor-
ylate FOXO transcription factors in humans.

Disrupting the DAF-2 receptor, like knocking down PAR-1, reduces
DAF-16 phosphorylation at S249. This suggests that DAF-2 signaling
promotes PAR-1 kinase activity. A study that analyzed changes in the
phosphoproteome of C. elegans in insulin/IGF-1 pathway mutants™
supports this conclusion: predicted PAR-1 substrates showed reduced
phosphorylation in daf-2(e1370) animals, consistent with generally
reduced PAR-1 activity*®.

How does DAF-2 signaling activate PAR-1? Studies of cell polarity
have delineated a network of interactions that regulate PAR-1/MARK
kinases***°. In the early C. elegans embryo, the atypical protein kinase
PKC-3 phosphorylates PAR-1 at T983 to inhibit PAR-1 kinase activity,
impede its localization at the plasma membrane, and enhance its
binding to 14-3-3 adapter proteins. In addition, the C-terminal KAl
domain of PAR-1 is autoinhibitory, but inhibition can be relieved by
phospholipid binding™. Both these regulatory mechanisms appear to
impact aging. Animals expressing PAR-1(T983A) or PAR-1(AKAl)
mutant proteins have shorter lifespans than controls, consistent with
the associated disinhibition of PAR-1 activity reducing DAF-16 function.
Further work is required to elucidate how DAF-2 signaling regulates
PAR-1. In other contexts, insulin receptor signaling activates aPKC by
stimulating PDK; this would be expected to repress, not activate,
PAR-1”.

Nuclear-to-cytosol shuttling of DAF-16 is regulated by several
kinases including AKT-1, AKT-2, SGK-1, AMPK, CST-1 and JNK-1%°%¢,
All of these kinases, except JNK-1, were detected by our DAF-16
proximity labeling. However, their labeling by DAF-16::TurbolD was
unaltered when DAF-2 signaling was disrupted. Perhaps these kinases
interact more transiently with DAF-16 than PAR-1. Previous work has
predicted multiple phosphorylation sites in DAF-16*%. A subset of
these predicted sites, T54, S271, T273 and S348, are predicted Akt
phosphorylation sites*’. Simultaneously mutating all of these residues
to alanine causes DAF-16 to accumulate in the nucleus, but does not
extend lifespan in wild-type worms®. Thus, the AKT-1/2 phosphoryla-
tion site/s on DAF-16 relevant for influencing lifespan are not known.

A previous study reported that RNAi knockdown of PAR-1 extends
C. elegans lifespan but suggested PAR-1 exerts its effects independently
of insulin signaling and DAF-16*. They suggested instead that PAR-1
acts through the nutrient-responsive Sé kinase and the AMP-activated
protein kinase alpha-subunit (AMPKa) AAK-2 to regulate lifespan. In
particular, they reported that PAR-1 knockdown activates AAK-2 in
older animals. Increased AAK-2 activity is known to increase C. elegans
lifespan by both DAF-16-dependent and independent mechanisms®~
Further work is required to understand how PAR-1 inhibits AAK-2.

DAF-16 proximity labeling in animals with low DAF-2 activity,
when DAF-16 is nuclear, highlighted multiple transcription regulators
and chromatin modifiers. A few of these were previously implicated in
regulating either DAF-16 activity, such as the chromatin remodeller
SWI/SNF (PBRM-1; SWSN-3; PHD-10)" or stress responses, such as the
double PHD finger transcription factor DPFF-1°, and Grainyheadl
(GRH-1), which is required for daf-2 lifespan extension and has an
evolutionarily conserved role in 1IS*. Other potential interactors
mediate responses known to be regulated by DAF-16, but have not
previously been shown to interact biochemically with DAF-16. For
example, DAF-16 helps mediate DNA damage responses®, and we
identify the DNA damage recognition and repair factors XPC-1 (Xer-
oderma pigmentosum group C), RFC-4 (replication factor C subunit 4),
and SEL-13 (ortholog of human ZNF830) as prominent DAF-16 inter-
actors at low DAF-2 activity. We speculate DAF-16 directly participates
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Days of adulthood

Fig. 5 | PAR-1 participates in IIS and regulates lifespan via DAF-16. a Lifespan
assay of animals expressing daf-16(WT)::mNG or daf-16(5249D)::mNG with or with-
out PAR-1 depletion using AID. Animals were transferred to auxin plates at the
young adult stage. Depleting PAR-1 increases the lifespan of daf-16(WT):mNG but
not daf-16(5249D)::mNG animals. b Lifespan assay of daf-2(e1370) mutants expres-
sing daf-16(WT)::mNG or daf-16(S249D)::mNG with or without PAR-1 depletion using
AID. Animals were transferred to auxin plates at the young adult stage. Depleting
PAR-1 does not alter the lifespan of daf-2(e1370) mutants regardless of the daf-16
allele. The daf-16(WT); par-1::AID data are the same as in (a). c Lifespan assay of
gene-edited animals expressing daf-16(WT)::mNG in wild-type or akt-1(0k525); akt-
2(0k393) double mutants. d Lifespan assay of gene-edited animals expressing daf-
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16(WT)::mNG or daf-16(5249D)::mNG in an akt-1(0k525); akt-2(0k393) double mutant
background. Note that data for daf-16(WT); akt-1(0k525); akt-2(0k393) are the same
as in (c). e Lifespan assay of gene-edited animals expressing wild-type PAR-
1::mEGFP or PAR-1(T983A)::mEGFP. Phosphorylation of PAR-1 by PKC-3 at T983 was
previously shown to inhibit PAR-1 kinase activity. f Lifespan assay of gene-edited
animals expressing versions of PAR-1: PAR-1(WT)::mEGFP, PAR-1(K1170S,
R1171S):mEGFP in which two conserved basic residues in the KA1 domain are
mutated to serine, and PAR-1(AKA1)::mEGFP which lacks the KA1 domain. Note that
data for par-I1(WT) are the same as in (e). See Supplementary Tables 5-7 for values
and statistical analyses of lifespan assays.
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in the repair processes mediated by these proteins. Previous work in
mammalian tissue culture cells with a different DNA repair protein, the
ataxia-telangiectasia mutated (ATM) serine/threonine kinase, has
shown that the DAF-16 ortholog FOX03a directly binds and regulates
ATM DNA repair activity®. Many potential interactors we identify,
however, have not been studied in the context of DAF-16/FOXO
function. Here, we studied the transcription factor ZFH-2 in detail,

which we find forms a complex with DAF-16 and is required for the
longevity of daf-2 mutants. The zfh-2 locus expresses several large
proteins with multiple zinc finger (zf) and homeobox (h) domains, and
is the ortholog of human ZFHX3 and ZFHX4. Mutations in ZFH-2 and
ZFHX3 are associated with obesity®®®’, a phenotype also associated
with defects in DAF-2/insulin receptor signaling, and ZFHX3 regulates
cell proliferation, differentiation and neoplastic development.
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Fig. 6 | Recombinant PAR-1 and MARK2 can phosphorylate the DAF-16 and
FOXO03a S249 site in vitro. a Amino acid sequences of peptides used for the

in vitro kinase assay: MEX-5 (positive control), human FOXO3a, C. elegans S249WT,
S249A and S249AS250A. The S249 and S250 residues (or their alanine substitu-
tions) are highlighted. b In vitro kinase assay showing phosphorylation (or lack
thereof) of peptide substrates by recombinant human MARK2 (n =3 independent
biological reactions). Error bars represent s.e.m; ns: not significant; *p < 0.05,

***p <0.001, two-tailed Student’s ¢ test. ¢ in vitro kinase assay showing phosphor-
ylation (or lack thereof) of peptide substrates by recombinant activated PAR-1 (aa 1-

482, T325E) (n =3 independent biological reactions). Error bars represent s.e.m; ns:
not significant; *p < 0.05, **p < 0.01, two-tailed unpaired Student’s ¢ test. In (b, c),
shaded circles indicate reagents added to the assay. d. Model. In wild-type animals,
DAF-2 signaling activates PAR-1 by an unknown mechanism. PAR-1 inhibits DAF-16
by phosphorylating it at S249 and promoting its nuclear exclusion. Separately, PAR-
1 destabilizes DAF-16. Inhibition of DAF-16 de-represses par-1 expression and
restricts longevity. At low DAF-2 signaling, PAR-1 activity is low, stabilizing DAF-16
and promoting its nuclear entry, inhibiting par-1 expression and increasing long-
evity. Source data are provided as a Source Data file.

Unexpectedly, disrupting daf-2 alters expression of ZFH-2, implying a
more intricate involvement of this protein in DAF-2 signaling.

In summary, we identify a signaling link between the DAF-2 insu-
lin/IGF1 receptor, PAR-1/MARK kinases, and DAF-16/FOXO transcrip-
tion factors. Since insulin/IGF signaling regulates cell metabolism,
neural plasticity, and proteostasis, our observations raise the possibi-
lity that PAR-1/MARK kinases participate in these important biological
processes downstream of insulin receptor signaling. Conversely, since
PAR-1/MARK kinases regulate cell polarity and control microtubule
dynamics, our findings suggest that DAF-2/insulin receptor signaling
could regulate these processes in part by activating PAR-1.

In mammals, the four MARK kinases are expressed very broadly,
and mouse mutants defective in different MARK kinases have a range
of phenotypes*'. Their functional importance is likely even broader,
since different MARK kinases can, to a certain extent at least, substitute
for each other. The activity of MARK kinases is highly regulated. For
example, LKBI (Liver kinase B1), TAO-1 (thousand and one) kinases,
and DAPK death-associated protein kinase) activate MARK kinases®®7°
whereas GSK3b and aPKC inhibit them**>”, Our findings suggest
routes by which these upstream kinases can indirectly regulate FOXO
activity. Having PAR-I/MARK kinases embedded in these complex
kinase networks could thus provide a brake to keep DAF-16/FOXOs in
check. For example, by activating both AMPK, which activates FOXOs,
and MARK kinases, which would inhibit them, LKB1 can more finely
tune the activity of these important TFs.

Both MARK kinases and FOXO transcription factors are implicated
in devastating human diseases, notably neurodegeneration (e.g., Alz-
heimer’s) and cancer, and are drug targets. This makes the links we
identify between these pathways potentially relevant in these disease
contexts.

Methods

Worm strains

C. elegans were grown on Nematode Growth Media (NGM) plates
seeded with E. coli OP50 as described previously”. For all experiments,
we used animals grown in well-fed and uncrowded conditions. Animals
were grown at a room temperature of 21°C, unless otherwise stated.
Some strains used in this study were obtained from the Caenorhabditis
Genetics Center (CGC), which is funded by the NIH Office of Research
Infrastructure (P40 OD010440). All C. elegans strains used in this study
are listed in Supplementary Data 4.

CRISPR/Cas9-mediated genome editing

Genome editing followed published CRISPR editing protocols™. The
AX8342 strain was generated by knocking in a DNA cassette encoding
TurboID::mNG::3xFLAG in frame immediately upstream of the daf-16
stop codon. AX8623 was generated by knocking in a DNA cassette
encoding mScarlet::AID::3xFLAG in frame into the 11" exon of par-I;
exon 11 is included in all par-1 splice isoforms (personal communica-
tion, Dr. Diane Morton). AX8625 was generated by knocking in the
mScarlet::AID::3xFLAG cassette in frame immediately upstream of the
stop codon of the zfh-2 gene. AX8947 was generated by knocking in
DNA encoding an mNG::HA cassette in frame immediately upstream of

the stop codon of the daf-16 gene. AX8764 was generated by knocking
in DNA encoding an mNG::3xFLAG cassette immediately upstream of
the stop codon of the mtl-1 gene. AX9134 and AX9136 were generated
by mutating the codon encoding serine 249 of AX8947 daf-
16:mNG::HA animals to one encoding alanine or aspartate, respec-
tively. See Supplementary Data 5 for a complete list of crRNA and
primer sequences used in this study.

RNAIi screen of putative DAF-16 interactors

We used RNAi to examine whether knockdown of potential DAF-16
interactors identified by TurbolD altered MTL-1::mNG expression. We
grew the corresponding RNAi bacterial clones from the Ahringer
library”® in 2xTY medium supplemented with Ampicillin and first
confirmed plasmid identity by sequencing. We then seeded NGM
plates with an overnight bacterial culture of each clone, kept the plates
at room temperature for 3-4 days, then added isopropyl B-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 1mM and
kept them overnight at room temperature. Gravid adults from the mtl-
1:mNG:3xFLAG or daf-2(e1370); mtl-1:mNG::3xFLAG gene-edited worm
strains were bleached’, the eggs transferred to the RNAi plates, and
the worms harvested at the L4/YA stage. Collected worms were snap-
frozen using liquid N, in 1 x NUPAGE LDS sample buffer (ThermoFisher
Scientific) containing 1x NUPAGE Sample Reducing Agent (Thermo-
Fisher Scientific) and stored at — 20 °C for western blot analyses.

Lifespan assays

Lifespan assays were conducted at 20 °C on E. coli OP50-seeded NGM
plates. For AID knockdown experiments, both experimental and con-
trol plates contained 1mM auxin (IAA, indole-3-acetic acid, Sigma)
starting at day 1 of adulthood. Unless stated otherwise, age-
synchronized pre-fertile young adult worms were transferred to
plates containing 5-fluoro-2’-deoxyuridine (FUdR, Sigma-Aldrich, 5 uM)
to prevent progeny growth. All lifespan assays were conducted at least
twice per condition. At least four plates were used for each condition;
contaminated plates were discarded. Animals that ruptured, bagged,
or crawled off the plate were censored but included in the lifespan
analysis as censored worms. OASIS 2 (online application for survival
analysis, http://sbi.postech.ac.kr/oasis and http://sbi.postech.ac.kr/
oasis2) was used for statistical analysis of the data”, and p-values
were calculated using the log-rank (Mantel-Cox) test. The lifespan
assays and associated statistical values used in this study are listed in
Supplementary Tables 1-7.

Auxin-inducible degradation (AID)

AID assays were conducted as described*’. Age-synchronized animals
were grown on E. coli OP50-seeded NGM plates in the presence of
1 mM auxin (IAA, indole-3-acetic acid, Sigma). For all AID experiments
involving par-1 and zfh-2, including Western blot analyses, qRT-PCR
analyses, mass spectrometry analyses, and microscopy of DAF-16
subcellular localization, we transferred animals to auxin plates to
initiate knockdown at the L3 stage. For all AID lifespan assays involving
par-1 and zfh-2, we transferred the animals to auxin plates as young
adults. The TIR1 version we used is from ref. 76.
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Immunoprecipitation from C. elegans

Co-immunoprecipitation experiments, including worm lysis, affinity
purification and Western blotting, were performed as described
previously””%, with some modifications. Briefly, synchronized popu-
lations of C. elegans grown on E. coli OP50 were harvested at the L4 or
young adult stage, washed three times in M9 buffer and once with co-
IP lysis buffer (50 mM HEPES, pH 7.4, 100 mM KClI, 0.5% NP40, 1 mM
DTT, 1ImM PMSF and 1 complete EDTA-free proteinase inhibitor
cocktail tablet per 12ml) and frozen in co-IP lysis buffer by adding
dropwise to liquid N, to obtain frozen worm ‘popcorn’. A SPEX 6875D
cryogenic mill was used to grind frozen C. elegans to a fine powder,
which was then stored at — 80 °C. Frozen worm powder was thawed at
room temperature, centrifuged for 30 minutes at 20000 x g at 4 °C,
and the supernatant collected. For immunoprecipitation, the lysate
was incubated with anti-FLAG M2 magnetic beads (M8823 Sigma)
supplemented with 10 U/ml benzonase for 1h at 4 °C, washed three
times with wash buffer (50 mM HEPES and 100 mM KClI) and eluted by
heating at 90°C in 1x NUPAGE LDS sample buffer (ThermoFisher
Scientific) containing 1x NUPAGE Sample Reducing Agent (Thermo-
Fisher Scientific) for 10 min.

Post-translational modifications of DAF-16

Animals from indicated genetic backgrounds expressing DAF-
16:mNG::HA were harvested, ground, lysed, and DAF-16:mNG::HA
affinity purified for phosphorylation analyses as described
previously””’®. Briefly, synchronized populations of C. elegans grown
on E. coli OP50 were washed off NGM plates at late L3 stage using M9
buffer, collected in Falcon tubes, and transferred to NGM plates
seeded with OP50 and supplemented, if necessary, with 1 mM auxin.
After an 8-hour incubation, the worms were collected with M9 buffer,
washed three more times in M9 buffer, once in cold 1 X TBS buffer
and frozen in 1 X TBS buffer supplemented with 1 mM PMSF, 1 cOm-
plete EDTA-free proteinase inhibitor cocktail tablet (Roche) and 1
phosSTOP phosphatase inhibitor cocktail (Roche) per 12 ml by add-
ing dropwise into liquid N, to obtain frozen worm ‘popcorn’. A SPEX
6875D cryogenic mill was used to grind frozen C. elegans to a fine
powder, which was then stored at — 80 °C. Frozen worm powder was
thawed at 4 °C, placed on ice, topped with 10% NP-40 to adjust the
final concentration of NP-40 to 0.5%, and the samples sonicated for
1 min using a probe sonicator microtip (QSonica 700, microtip 4417,
1.6 mm and an amplitude setting of 50/max). The samples were
centrifuged at 125000 x g for 30 minutes at 4 °C using a benchtop
ultracentrifuge Optima MP and MLA-80 rotor (Beckman), and the
clear supernatant between the pellet and surface lipid layer trans-
ferred to a new tube. The protein concentration was measured using
Pierce™ 660 nm protein assay reagent supplemented with lonic
Detergent Compatibility Reagent (IDCR) (ThermoFisher Scientific).
Pierce anti-HA magnetic beads (ThermoFisher Scientific) were
washed three times with 1X TBS-T buffer, mixed with lysate (a total of
10 mg protein) in a 15 ml Falcon tube and incubated on a tube roller
for1hat4 °C.To collect beads from the lysate, a Neodymium magnet
was taped to the side of the Falcon tube and incubated on a rocking
platform for 15 min. The supernatant was removed, and the beads
transferred to a 1.5 ml protein LoBind tube by washing with cold TBS-
T. After washing the beads twice more with cold TBS-T, the buffer was
removed and the beads were eluted by heating at 90 °C for 10 min in
1x NUPAGE LDS sample buffer (ThermoFisher Scientific) containing
1x NuPAGE Sample Reducing Agent (ThermoFisher Scientific). The
entirety of the eluted samples were loaded and separated with
electrophoresis using Bolt 4-12% Bis-Tris Plus gels (Thermofisher
Scientific), and stained with InstantBlue (Expedeon) for visualization.
Gel slices corresponding to the most prominent DAF-16 isoforms
were cut out and sent for mass spectrometry analysis. 45% of the
proteins obtained from every gel slice was injected into the mass
spectrometer.

Immunoblotting

Synchronized populations of C. elegans grown on E. coli OP50 were
harvested at the L4 or young adult stage and washed three times in M9
buffer. The resulting packed worm suspension was adjusted to 1x final
concentration of 4 x NUPAGE LDS sample buffer (ThermoFisher Scien-
tific) containing 1x NUPAGE Sample Reducing Agent (ThermoFisher
Scientific), and flash-frozen. The samples were then thawed, heated for
10 minutes at 90 °C, vortexed mildly for 10 minutes, centrifuged for
30 minutes at 20000 x g at 22 °C and the supernatant collected. Proteins
were transferred to a PVDF membrane (Thermofisher Scientific) fol-
lowing electrophoresis using Bolt 4-12% Bis-Tris Plus gels (Thermofisher
Scientific). Membranes were blocked for 1h at room temperature with
1% Casein blocking buffer, and incubated for 1h at room temperature
with HRP-conjugated antibodies. Membranes were then washed 3 times
with TBS-T. The following antibodies were used for this study: Anti-FLAG
M2-HRP mouse (1:5000 in 1% Casein buffer) (A8592 Sigma), anti-alpha
tubulin-HRP mouse (1:10000 in 1% Casein buffer) (DM1A Abcam
ab40742), anti-HA-HRP rat (1:5000 in 1% Casein buffer) (Clone 3F-10
Roche). Membranes were imaged using the ChemiDoc Imaging System
(Model MP, Bio-Rad). Relative protein band intensities were quantified
using ImageJ software (Rasband, W. S., Image]J, U. S. National Institutes of
Health, Bethesda, Maryland, USA, http://rsbweb.nih.gov/ij/).

Light microscopy

Confocal microscopy images of gene-edited C. elegans expressing
fluorescent proteins were acquired using a Leica (Wetzlar, Germany)
SP8 inverted laser scanning confocal microscope with a 20 x 0.75 Dry
objective or a 40 x 1.1 water objective, using the LAS X software plat-
form (Leica), or using a Zeiss (Germany) LSM800 inverted laser scan-
ning confocal microscope with a 40 x 1.2 water objective, using the Zen
3.8 software platform (Zeiss). The Z-project function in Image J (Ras-
band, W. S., ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://rsbweb.nih.gov/ij/) was used to obtain images.
Animals were mounted on 2% agarose pads and immobilized with
12.5 uM of Levamisole.

Subcellular localization of DAF-16::mNG

DAF-16:mNG subcellular localization was quantified as previously
described”. Scorers were blind to genotype, and subcellular localiza-
tion is shown as a percentage of total worms. Data were analyzed using
GraphPad Prism version 10.0.0 for Windows (GraphPad Software,
Boston, Massachusetts, USA, www.graphpad.com). p-values were cal-
culated using the chi-squared test.

Dauer assay

Dauer formation assays were performed as described previously*®”’.
Gravid adult worms were allowed to lay eggs on NGM plates at 25 °C for
5 h, to synchronize progeny. The F1 progeny were analyzed for dauer
formation after 3 days of incubation at 25°C. Dauers were scored
visually using a Leica S9i dissecting stereo microscope (Leica, Wetzlar,
Germany).

Quantitative real time PCR

Total RNA was extracted from synchronized worms using Trizol
(15596029, Life Tech OCI). RNA concentration was measured using a
Nanodrop UV spectrophotometer (Implen) and 1-2 ul SuperScript™ IV
Reverse Transcriptase (ThermoFisher Scientific). PowerTrack™ SYBR
Green Master Mix (ThermoFisher Scientific) was used to perform qPCR
on a Lightcycler machine (Roche 480). Tubulin was used as a reference
gene for the quantification of gene expression. Primers used for qPCR
experiments are listed in Supplementary Data 5.

Brood size
Brood size was measured as described previously’”®. An L4 hermaph-
rodite was placed on an NGM plate seeded with OP50 and maintained
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at 20 °C. Each worm was transferred to a fresh plate daily until it
stopped laying eggs. The number of progeny from a single hermaph-
rodite that reached adulthood was counted as its brood size. Statistical
analyses used Welch’s unequal variances ¢ test.

Purification of recombinant PAR-1 and MEX-5

Recombinant MBP-1::PAR-1(aa 1-482, T325E) and 6xHis:MBP::MEX-
5(aa 445-468) were expressed in E. coli Rosetta 2 cells as previously
reported with some modifications®**. Briefly, E. coli Rosetta 2 cells
transformed with plasmids encoding MBP-1::PAR-1(aa 1-482, T325E) or
6xHis::MBP::MEX-5(aa 445-468) were grown at 37 °C until the ODggo
reached 0.6, then induced with 250 uM IPTG and grown overnight at
16 °C. The cells were spun at 4000 RPM at 4 °C, and the resulting cell
pellet flash-frozen in liquid N, and stored at — 70 °C.

The cell pellet containing MBP-1::PAR-1(aa 1-482, T325E) was
resuspended in 50 ml lysis buffer (20 mM Tris, 500 mM NaCl, 1 mM
EDTA, 10% glycerol, 1mM DTT, pH 7.4) supplemented with protease
inhibitor cocktail (1:50), 1 mM MgCl,, benzonase, 2 mM benzamidine
and 1 mM PMSF, and incubated on ice for 30 minutes. The lysate was
sonicated on ice at 40% amplitude (no microtip) for 4 min (pulse on
1second, pulse off 4 s), centrifuged at 20.000 RPM for 30 min at 4 °C,
and the supernatant collected.

Affinity chromatography of MBP-1::PAR-1(aa 1-482, T325E) used an
MBPTrap affinity column (5ml bed volume) with an Akta Purifier 10
FPLC system. The column was equilibrated with equilibration buffer
(20 mM Tris, 500 mM NaCl, 1 mM EDTA, 10% glycerol, 1mM DTT, pH
7.4; flow rate 3 ml/min.). Supernatant containing MBP-1::PAR-1(aa 1-
482, T325E) was applied to the MBPTrap affinity column (flow rate 1 ml/
min.), washed with washing buffer (20 mM Tris, 500 mM NacCl, 1 mM
EDTA, 10% glycerol, 1mM DTT, pH 7.4) and eluted with elution buffer
(20 mM Tris, 500 mM NaCl, 1mM EDTA, 10% glycerol, 1 mM DTT,10
mM maltose pH 7.4). Pooled fractions were loaded onto a HiLoad 16/
600 Superdex column and run using Akta 9 (flow rate 0.5 ml/min.).
Collected samples were frozen at —70 °C.

The cell pellet containing 6xHis:MBP::MEX-5(aa 445-468) was
resuspended in 50 ml lysis buffer (20 mM HEPES, 200 mM NaCl,
20 mM imidazole, 1mM TCEP, pH 8) supplemented with protease
inhibitor cocktail (1:50), 1 mM MgCl,, benzonase, 2 mM benzamidine,
and incubated on ice for 30 min. The lysate was sonicated on ice at 40%
amplitude (no microtip) for 4 minutes (pulse on 1s, pulse off 45s),
centrifuged at 20.000 RPM for 30 min at 4 °C and the supernatant
collected.

Affinity chromatography of 6xHis::MBP::MEX-5(aa 445-468) used
a HisTrap affinity column (5 ml bed volume) with an Akta Purifier 10
FPLC system. The column was equilibrated with equilibration buffer
(20 mM HEPES, 200 mM NaCl, 20 mM imidazole, 1 mM TCEP, pH 8;
flow rate 3 ml/min.). Supernatant containing 6xHis::MBP::MEX-5(aa
445-468) was applied to a HisTrap affinity column (flow rate 2 ml/
min.), washed with washing buffer (20 mM HEPES, 500 mM NaCl,
20 mM imidazole, 0.2% w/v Triton-X100, 1 mM TCEP, pH 8) and eluted
with elution buffer (20 mM HEPES, 200 mM NaCl, 250 mM imidazole,
1mM TCEP, pH 7.6). Pooled fractions were loaded onto a Superdex
200 Increase 10/300 column and run with an Akta 10 (flow rate 0.5 ml/
min.). Collected samples were frozen at —70 °C.

In vitro kinase assay

The MARK2 kinase enzyme activity detection kit, utilizing the ADP-
Glo™ system (VA7215, Promega), was used for in vitro kinase assays
which were performed according to the manufacturer’s protocol.
Briefly, recombinant human MARK?2 or C. elegans PAR-1 was diluted to
30 ng/ul in 1x kinase buffer D (40 mM Tris pH 7.5, 20 mM MgCl,,
0.1 mg/ml BSA, 50 uM DTT, 1% DMSO). 2.5x ATP/peptide substrate mix
was prepared so as to contain 0.5 ug/ul peptide and 25uM of ATP in
2.5x kinase buffer D. 2 ul of the 2.5x ATP/substrate mix was transferred
to the wells of a 384-well white plate (200 ng/ul peptide and 10 uM of

ATP final reaction concentration). 1l of 1x kinase buffer D and 2 ul of
MARK?2 or PAR-1in 1x kinase buffer D (60 ng of enzyme per well) were
added to the wells and incubated at room temperature for 40 minutes.
5ul of ADP-Glo™ reagent was added to the wells and the plate was
incubated for another 40 minutes at room temperature. Lastly, 10 ul of
Kinase Detection Reagent was added to the wells, the plate was incu-
bated for 30 minutes at room temperature, and luminescence recor-
ded using a BMG Clariostar plate reader.

TurbolD proximity labeling and extraction of biotinylated pro-
teins from C. elegans

Gravid adult worms were bleached, and around 20,000 eggs trans-
ferred to each of 15-20 90 mm NGM plates seeded with E. coli
MGI1655, to obtain synchronized populations of well-fed unstressed
worms. The animals were harvested at L4 or young adult stage,
washed three times in M9 buffer, and incubated at room temperature
(21°C) in M9 buffer supplemented with 1mM biotin and E. coli
MG1655 for 2 h unless stated otherwise. The worms were then washed
3x in M9 buffer and allowed to settle on ice. After completely aspir-
ating the M9 buffer, an equal volume of 2x TBS buffer supplemented
with 1 mM PMSF and cOmplete EDTA-free protease inhibitor cocktail
(Roche Applied Science) was added to the packed worms. The ani-
mals were again allowed to settle on ice and then added dropwise to
liquid N, to obtain frozen worm ‘popcorn’. A Spex 6875D cryogenic
mill was used to grind the C. elegans popcorn to a fine powder, which
was then stored at — 80 °C. A total of 12.5 mg of protein was used for
affinity purification of biotinylated proteins for each sample. Protein
extraction, depletion of endogenously-biotinylated protein, and
affinity purification of biotinylated proteins was performed as
described previously®.

Bioinformatic analyses and software

Gene ontology (GO) analyses used custom software available at
https://uniprot-batch-requester.science.ista.ac.at/. Volcano plots were
made using Amica software version 3.0.1°°. Data in Fig. le, f, were
plotted using Cytoscape software (https://cytoscape.org). Figures
were prepared using Adobe Illustrator version 28.5. GraphPad Prism 10
was used to generate bar graphs and statistical analyses.

Statistics and reproducibility

The sample size used in each experiment was not predetermined or
formally justified for statistical power. Sample sizes used in our
experiments followed the conventions used in the field. No data were
excluded from analysis. The number of replicates for each experiment
is indicated in the relevant figure legend or supplemental table. For all
mass spectrometry, Western blot and co-IP analyses, entire popula-
tions of worms were used. For microscopy imaging, DAF-16 subcellular
localization and lifespan assays, random animals at the indicated
developmental stages were picked for experiments. The experiments
in Figs. 3g, 4d, e were performed blind.

On bead digestion for Mass spectrometry analysis of DAF-16
proximity labeling

Streptavidin beads were resuspended in 50 uL 1M urea and 50 mM
ammonium bicarbonate. Disulfide bonds were reduced with 2 uL of
250 mM dithiothreitol (DTT) for 30 min at room temperature before
adding 2 uL of 500 mM iodoacetamide and incubating for 30 min at
room temperature in the dark. The remaining iodoacetamide was
quenched with 1L of 250 mM DTT for 10 min. Proteins were digested
with 150 ng LysC (mass spectrometry grade, FUJIFILM Wako chemi-
cals) at 25 °C overnight. The supernatant was transferred to a new tube
and digested with 150 ng trypsin (Trypsin Gold, Promega) in 1.5puL
50 mM ammonium bicarbonate at 37 °C for 5 h. The digest was stop-
ped by the addition of trifluoroacetic acid (TFA) to a final concentra-
tion of 0.5 %, and the peptides desalted using C18 Stagetips®..
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Liquid chromatography-Mass spectrometry data acquisition of
DAF-16 proximity labeling
Peptides were separated on an Ultimate 3000 RSLC nano-flow chro-
matography system (ThermoFisher), using a pre-column for sample
loading (Acclaim PepMap C18, 2cm x 0.1 mm, 5pum, ThermoFisher),
and a C18 analytical column (Acclaim PepMap C18, 50 cm x 0.075 mm,
2 um, ThermoFisher), applying a segmented linear gradient from 2% to
35% and finally 80% solvent B (80 % acetonitrile, 0.1 % formic acid;
solvent A 0.1 % formic acid) at a flow rate of 230 nL/min over 120 min.
Eluting peptides were analyzed on an Exploris 480 Orbitrap mass
spectrometer (ThermoFisher) coupled to the column with a FAIMS pro
ion-source (ThermoFisher) using coated emitter tips (PepSep, MSWil)
with the following settings: The mass spectrometer was operated in
DDA mode with two FAIMS compensation voltages (CV) set to — 45 or
- 60 and 1.5s cycle time per CV. The survey scans were obtained in a
mass range of 350-1500 m/z, at a resolution of 60 k at 200 m/z, and a
normalized AGC target at 100%. The most intense ions were selected
with an isolation width of 1.2 m/z, fragmented in the HCD cell at 28%
collision energy, and the spectra recorded for max. 100 ms at a nor-
malized AGC target of 100% and a resolution of 15k. Peptides with a
charge of +2 to +6 were included for fragmentation, the peptide
match feature was set to preferred, the exclude isotope feature was
enabled, and selected precursors were dynamically excluded from
repeated sampling for 45s.

Data analysis of DAF-16 proximity labeling
MS raw data, split for each CV using FreeStyle 1.7 (ThermoFisher), were
analyzed using the MaxQuant software package (version 2.1.0.0)*? with
the Uniprot Caenorhabditis elegans reference proteome (version
202202, www.uniprot.org), as well as a database of most common
contaminants. The search was performed with full trypsin specificity
and a maximum of two missed cleavages at a protein and peptide
spectrum match false discovery rate of 1%. Carbamidomethylation of
cysteine residues was set as fixed, and oxidation of methionine and
N-terminal acetylation as variable modifications. For label-free quanti-
fication, the “match between runs” only within the sample batch and the
LFQ function were activated - all other parameters were left at default.
MaxQuant output tables were further processed in R 4.2.1 (https://
www.R-project.org) using Cassiopeia LFQ (https://github.com/
maxperutzlabs-ms/Cassiopeia LFQ). Reverse database identifications,
contaminant proteins, protein groups identified only by a modified
peptide, protein groups with less than two quantitative values in one
experimental group, and protein groups with less than 2 razor pep-
tides were removed from further analysis. Missing values were
replaced by randomly drawing data points from a normal distribution
model on the whole dataset (data mean shifted by -1.8 standard
deviations, a width of the distribution of 0.3 standard deviations).
Statistical analysis comparing experiments was performed using the
Linear Models for Microarray Analysis (LIMMA, version 3.54.2)%
package in R. Moderated t-statistics were calculated using the limma-
trend method with batch correction using the replicate number as
batch, and multiple testing correction was applied using the
Benjamini-Hochberg (BH) method.

Sample preparation for mass spectrometry analysis of DAF-16
phosphorylation

Coomassie stained gel bands were cut and destained with a mixture of
acetonitrile (ACN) and 50 mM ammonium bicarbonate. Disulfide
bridges were reduced using dithiothreitol and free SH-groups were
subsequently alkylated by iodoacetamide. The digestion with trypsin
(Trypsin Gold, Mass Spec Grade, Promega, V5280) was carried out
overnight at 37 °C, while the digestion with chymotrypsin was carried
out at 25°C for 5 hours. Digestion was then stopped by adding 10%
formic acid to a final concentration of approximately 5%. Peptides were
extracted from the gel with 5% formic acid by repeated sonication.

Liquid chromatography-mass spectrometry analysis of DAF-16
phosphorylation

45% of the gel-extracted peptides were used for analysis. Peptides were
separated on an Ultimate 3000 RSLC nano-flow chromatography sys-
tem (ThermoFisher), using a pre-column for sample loading (Acclaim
PepMap C18, 2 cm x 0.1 mm, 5 um, ThermoFisher), and a C18 analytical
column (Acclaim PepMap C18, 50 cm x 0.75 mm, 2 um, ThermoFisher),
applying a segmented linear gradient from 2% to 35% and finally 80%
solvent B (80 % acetonitrile, 0.1 % formic acid; solvent A 0.1 % formic
acid) at a flow rate of 230 nL/min over 60 min.

Eluting peptides were analyzed on an Exploris 480 Orbitrap mass
spectrometer (ThermoFisher) coupled to the column using coated
emitter tips (PepSep, MSWil) with the following settings. The mass
spectrometer was operated in DDA mode with a cycle time of 2s. The
survey scans were obtained in a mass range of 375-1500 m/z, at a
resolution of 120 k at 200 m/z, and a normalized AGC target at 300%.
The most intense ions were selected with an isolation width of 1.2 m/z,
fragmented in the HCD cell at 28% collision energy, and the spectra
recorded for max. 200 ms at a normalized AGC target of 200% and a
resolution of 15 k. Peptides with a charge of + 2 to + 6 were included for
fragmentation, the peptide match feature was set to preferred, the
exclude isotope feature was enabled, and selected precursors were
dynamically excluded from repeated sampling for 20s.

Data analysis of DAF-16 phosphorylation

The RAW MS data were first analyzed with FragPipe (20.0), using
MSFragger (3.8)**, lonQuant (1.9.8)%, and Philosopher (5.0.0)*°. The
default FragPipe workflow for label free quantification (LFQ-MBR) was
used, except “Normalize intensity across runs” was turned off. Clea-
vage specificity was set to Trypsin/P, with two missed cleavages
allowed. The protein FDR was set to 1%. A mass of 57.02146 (carba-
midomethyl) was used as fixed cysteine modification; methionine
oxidation and protein N-terminal acetylation were specified as variable
modifications. MS2 spectra were searched against the Caenorhabditis
elegans 1 protein per gene reference proteome from Uniprot (Pro-
teome ID: UP0O00001940, release 2023.03), concatenated with a
database of 382 common laboratory contaminants (release 2023.03,
https://github.com/maxperutzlabs-ms/perutz-ms-contaminants).

For the post-translational modification (PTM) analysis, the raw MS
data was searched against 495 proteins identified in the 1°* search with
more than 10 combined spectra count in FragPipe (20.0), using the same
settings, with additional variable modifications including phosphoryla-
tion (STY), GlyGly(K), acetylation(K) and methylation(K). MS/MS spectra
of a selection of identified modified peptides were manually validated.

Computational analysis was performed using Python and the in-
house developed Python library MsReport (version 0.0.23). Only non-
contaminant proteins identified with a minimum of two peptides and
quantified in at least three replicates of one experiment were con-
sidered for the analysis. LFQ protein intensities reported by FragPipe
were log2-transformed and normalized to the DAF-16 protein intensity
using the MedianNormalizer from MsReport. Missing values were
imputed by drawing random values from a normal distribution. Sigma
and mu of this distribution were calculated per sample from the
standard deviation and median of the observed log2 protein intensities
(1 = median sample LFQ intensity - 1.8 standard deviations of the
sample LFQ intensities, o = 0.3 x standard deviation of the sample LFQ
intensities).

Statistical analysis comparing experiments was performed using
the Linear Models for Microarray Analysis (LIMMA, version 3.54.2)%
package in R. Moderated t-statistics were calculated using the limma-
trend method with batch correction using the replicate number as
batch, and multiple testing correction was applied using the
Benjamini-Hochberg (BH) method. The in-house Python library
XlsxReport (0.1.0) was used to create a formatted Excel file summar-
izing the results of protein quantification (Supplementary Data 3).
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Ethics statement

This work used the free-living nematode C. elegans, for which there is
no requirement for review and approval from an institutional animal
care and use committee. Gene editing and transgenic experiments
were carried out following ISTA guidelines for such work.

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

Data availability

Source data are provided with this paper. The mass spectrometry
proteomics data for DAF-16 phosphorylation analysis have been
deposited at the ProteomeXchange Consortium via the PRIDE® part-
ner repository with the data set identifier PXD053590. The mass
spectrometry proteomics data for DAF-16 proximity labeling analysis
have been deposited at the ProteomeXchange Consortium via the
PRIDE® partner repository with the data set identifier
PXD053591. Source data are provided in this paper.
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