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Summary 

FOXO transcription factors are highly conserved effectors of insulin and insulin-like growth 

factor signaling, that are crucial for mounting responses to a broad range of stresses. Key 

signaling step is the stress-induced translocation of FOXO proteins to the nucleus, where 

they induce expression of stress response genes. Insulin signaling and FOXO proteins 

often control responses that impact the entire organism, such as growth or starvation-

induced developmental arrest, but how body-wide coordination is achieved is poorly 

understood. Here, we leverage the small size of the nematode C. elegans, to quantify 

translocation dynamics of DAF-16, the sole C. elegans FOXO transcription factor, with 

single-cell resolution, yet in a body-wide manner. Surprisingly, when we exposed 

individual animals to constant levels of stress that cause larval developmental arrest, DAF-

16/FOXO translocated between the nucleus and cytoplasm in stochastic pulses. Even 

though the occurrence of translocation pulses was random, they nevertheless exhibited 

striking synchronization between cells throughout the body. DAF-16/FOXO pulse 

dynamics were strongly linked to body-wide growth, with isolated translocation pulses 

causing transient reduction of growth and full growth arrest observed only when pulses 

were of sufficiently high frequency or duration. Finally, we observed translocation pulses 

of FOXO3A in mammalian cells under nutrient stress. The link between DAF-16/FOXO 

pulses and growth provides a rationale for their synchrony, as uniform proportions are 

only maintained when growth and, hence, pulse dynamics are tightly coordinated between 

all cells. Long-range synchronization of FOXO translocation dynamics might therefore be 

integral also to growth control in more complex animals. 
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Introduction 

FOXO transcription factors (TFs) are effectors of the insulin/insulin-like growth factor sig-

naling (IIS) pathway that are essential for survival under adverse conditions [1], strongly 

linked to longevity [2,3] and implicated in diseases such as diabetes and cancer [4-6]. 

Surprisingly, in mammals only four distinct FOXO TFs are responsible for integrating sig-

nals for a highly diverse range of stresses, such as oxidative stress, nutrient depletion and 

DNA damage [7-9], to mount a response that is both tailored to the type of stress encoun-

tered and proportional to stress magnitude. The key step of IIS is signaling-induced trans-

location of FOXO TFs from the cytoplasm into the nucleus [10,11], where they induce 

stress-specific gene-expression programs.  

So far, IIS and FOXO nuclear translocation are studied predominantly in cell culture, fo-

cusing on cellular responses to stress, such as cell cycle arrest and apoptosis [7-9]. How-

ever, a striking aspect of IIS is that it often elicits strong organismal responses. Both in 

Drosophila and mice, IIS and FOXO mutants show delayed body-wide growth [11-14], 

and IIS is responsible in Drosophila for adapting the rates of body-wide growth and devel-

opment to changes in nutrients levels [15,16]. Moreover, in mammals FOXO TFs mediate 

the well-known metabolic response to changes in blood insulin level that is tightly coordi-

nated between musculature, liver and adipose tissue [17]. However, FOXO nuclear trans-

location dynamics has barely been studied on the level of the entire organism.  

Due to its small size and cell number, the nematode Caenorhabditis elegans is in principle 

ideally suited for studying cellular dynamics at the level of an entire body. Moreover, the 

IIS pathway is highly conserved from C. elegans to mammals (Fig. 1A), with a single C. 

elegans FOXO TF, DAF-16, controlling the response to stresses ranging from starvation, 

oxidative stress, osmotic shock to heat [18-21]. DAF-16/FOXO likely also controls organ-

ism-level decisions: for example, DAF-16/FOXO is required for developmental arrest of 

C. elegans larvae exposed to high stress [22-24]. However, the dynamics of nuclear DAF-

16/FOXO translocation was never analyzed during developmental arrest, due to the diffi-

culty of microscopy imaging in moving larvae. Instead, IIS and DAF-16/FOXO were only 

studied on the population level, by counting the fraction of animals with nuclear DAF-
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16/FOXO localization under different stresses. A puzzling result emerging from such stud-

ies is that even under constant, high stress, a substantial fraction (20-60%) of animals 

show no or little nuclear DAF-16/FOXO [21,25,26], hinting at a so far unresolved variability 

in DAF-16/FOXO response between individual larvae.  

Using a unique approach that allows time-lapse microscopy with single-cell resolution in 

freely-moving C. elegans larvae [27], we demonstrate here that, upon constant stress, 

DAF-16/FOXO enters and exits the nucleus in stochastic pulses of 1-2 hr duration, reveal-

ing that the perceived variability of nuclear DAF-16/FOXO levels between individuals in 

fact reflects stochastic pulse dynamics in time within each individual. Pulse dynamics also 

differed qualitatively between applied stresses, ranging from stochastic oscillations (star-

vation) to random pulses (osmotic shock) or a single pulse of fixed duration (heat shock). 

Surprisingly, we find that, despite their stochasticity, pulses are strikingly synchronized 

between DAF-16/FOXO expressing cells throughout the body: even when the exact time 

of a translocation pulse could not be predicted, it occurred simultaneously in all cells within 

<5 mins, pointing to a strong, but unknown synchronizing mechanism operating within 

individual animals. Moreover, we found that DAF-16/FOXO pulses were directly linked to 

body-wide growth arrest: individual DAF-16/FOXO translocation pulses often immediately 

(<0.5 hr) caused a transient halt in growth of body length. Moreover, full growth arrest 

occurred only when DAF-16/FOXO nuclear localization was of high frequency and/or long 

duration, suggesting that this arrest depends on DAF-16/FOXO translocation pulse inte-

gration. Finally, we show FOXO translocation pulses, which had so far not been observed 

in any model system, occur also in mammalian cells under nutrient deprivation, suggest-

ing that they are a general feature of FOXO TFs. 

The link between DAF-16/FOXO translocation pulses and C. elegans body growth pro-

vides a rationale for its synchronization, as it is essential that this stress response is exe-

cuted uniformly throughout the entire organism. Strong body-wide synchrony might also 

be essential for stress responses unrelated to growth. Given our observation of translo-

cation pulses also for mammalian FOXOs, we expect this novel, dynamic picture of syn-

chronized nuclear translocation pulses to be important for understanding the key role of 

FOXO in mammalian biology, both at the cellular and organismal level.  
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Results 

 

Synchronized, stochastic DAF-16/FOXO nuclear translocation pulses 

To investigate organism-wide DAF-16/FOXO dynamics, we studied the C. elegans L1 

arrest, a developmental arrest larvae enter when they encounter high stresses, including 

starvation, osmotic shock and heat, directly after hatching and that is under control of IIS 

[20,22-24,28,29] (Fig. 1A). Under unstressed conditions, high insulin-like peptide (ILP) 

levels activate the insulin receptor DAF-2, causing phosphorylation and cytoplasmic 

localization of DAF-16/FOXO [30-32]. Upon stress, low ILP levels result in DAF-2 

inactivation, DAF-16/FOXO dephosphorylation and its subsequent translocation into in 

the nucleus, where it induces stress response genes [33-35] and regulators of cell 

proliferation [22], ultimately leading to developmental arrest. 

We visualized DAF-16/FOXO nuclear localization using a transgenic line expressing a 

functional DAF-16::GFP fusion protein that tags the DAF-16a/b isoforms [36] and is a 

standard reporter for studying DAF-16/FOXO activation [23,37-40]. When we examined a 

population of starved L1 larvae 12 hours after hatching, DAF-16::GFP was nuclear in most 

animals, as expected, yet 20-40% of animals instead showed cytoplasmic localization 

(Fig. 1B), consistent with previous observations [21,25,26]. Similar variability was seen 

for 300 mM osmotic shock, while even for conditions that elicited a strong response (32°C 

heat shock or daf-2(e1368) mutants under starvation) still 5-10% of animals displayed 

cytoplasmic localization.   

So far, this variability in DAF-16::GFP nuclear localization has only been studied on the 

population level, leaving open its activation dynamics in individual animals. We therefore 

performed time-lapse microscopy on animals hatched from eggs placed in 0.2x0.2 mm 

hydrogel microchambers [27] without food, allowing us to examine starvation-induced 

DAF-16/FOXO translocation dynamics in individual larvae (SI Fig. 1A). Upon hatching in 

absence of nutrients, DAF-16::GFP translocated from the cytoplasm to the nucleus within 

~2 hr in most animals, as expected. Surprisingly, DAF-16::GFP typically moved back into 

the cytoplasm after ~1 hr (Fig. 1C) and continued to shuttle between the nucleus and the 
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cytoplasm in pulses with ~2 hr duration (SI Movie 1), even as starvation conditions were 

constant. Strikingly, even though timing and duration of DAF-16::GFP translocation pulses 

varied in time, DAF-16::GFP translocation was highly synchronized between daf-16-

expressing cells throughout the body (Fig. 1D, SI Movie 1). We observed similar 

synchronized nuclear translocation pulses in a strain carrying a DAF-16::GFP 

endogenous CRISPR/Cas9 knock-in fusion (DAF-16::GFPsc) [41] (Fig. 1E), confirming 

that these translocation pulses were not an artefact of the DAF-16::GFP transgenic line. 

Because DAF-16::GFPsc fluorescence was much dimmer than DAF-16::GFP, we used 

DAF-16::GFP for quantifying pulse dynamics, even though its relative brightness indicated 

that it likely overexpresses DAF-16/FOXO. 

We quantified DAF-16/FOXO nuclear translocation dynamics by measuring the ratio R 

between nuclear and cytoplasmic fluorescence (SI Fig. 1B, see Methods for details). We 

focused on intestinal cells, that form a stereotypical array along the antero-posterior (A-P) 

axis spanning approximately half the body length of L1 larvae. Most animals displayed 

initial oscillation-like translocation pulses (Fig. 1F,G), followed by more persistent DAF-

16::GFP nuclear localization (R>1) as stress persisted, although brief pulses of 

translocation to the cytoplasm remained visible even at this stage. In general, R displayed 

clear variability between individual animals, in terms of both frequency and number of 

translocation pulses, underlining their stochastic nature. Yet, despite this individual 

variability, R dynamics always showed strong similarity between intestinal cells at 

markedly different positions along the A-P axis (Fig. 1G), revealing a degree of synchrony 

that was unexpected for such an intrinsically variable process.       

We observed no DAF-16::GFP translocation pulses when eggs hatched in microchambers 

filled with plentiful food (SI Fig. 1C), indicating that they are a specific response to 

starvation. In daf-2(e1368) animals, that carry a mutation in the ligand binding domain of 

the DAF-2 insulin receptor [42] and therefore displayed a higher fraction of animals with 

nuclear DAF-16 in population-level measurements (Fig. 1B), we found that R dynamics 

was also changed: upon hatching without food, DAF-16::GFP was localized primarily in 

the nucleus and exhibited infrequent ~1 hr pulses of translocation into the cytoplasm (Fig. 

1H), indicating that DAF-16::GFP pulse dynamics was controlled by IIS. Overall, these 
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measurements reveal that the animal-to-animal variability in DAF-16::GFP nuclear 

localization under constant stress, that was previously observed on the population level, 

in fact reflects stochastic DAF-16::GFP translocation pulses occurring with high internal 

synchrony within each individual. 

  

Synchrony of DAF-16/FOXO translocation pulses is independent of stress type 

We next asked if similar DAF-16::GFP nuclear translocation pulses were also seen for 

other types of stress. We exposed L1 larvae hatched in microchambers filled with food 

either to heat or osmotic shock, which are both known to induce DAF-16 nuclear 

translocation [23,36]. For osmotic shock, larvae were hatched in microchambers soaked 

in 200 or 300 mM NaCl, while for heat shock, larvae were shifted from 20°C to 32°C within 

5 hrs after hatching (SI Fig. 2A-D, see Methods for details). Interestingly, both stress 

treatments resulted in DAF-16::GFP translocation pulses but with qualitative differences 

in dynamics, as will be examined in more detail further below. In particular, compared to 

starvation (Fig. 1F,G), translocation pulses under osmotic shock appeared more variable, 

both in time and between individuals (Fig. 2A), while heat shock induced a single 

translocation pulse that varied much less between individuals (SI Fig. 2E). Nevertheless, 

for both stresses the dynamics of R was still highly synchronized between intestinal cells. 

This was particularly striking for animals under 200 mM NaCl osmotic shock, where 

translocation pulses were often infrequent and of short duration, yet simultaneous in all 

cells examined. 

To put an upper bound on the degree of synchrony, we imaged DAF-16::GFP pulses with 

high, 30 s time resolution in animals under starvation stress and quantified R in the 

intestinal cells Int2-Int8, excluding the four Int1 and two Int9 cells where DAF-16::GFP 

was difficult to resolve in single cells (Fig. 2B). At this increased time resolution, we could 

observe gradual nuclear translocation of DAF-16::GFP over a ~20 min time interval. 

Moreover, we found that R displayed a shift in time between different cells, although the 

magnitude of the shift was small compared to the timescale of translocation. To quantify 

the shift, we cross-correlated R between each pair of cells (Fig. 2C). Here, the lag time at 
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which the cross-correlation peaked represented an estimate of the delay in pulses 

between the two cells, with the error in the delay estimated through Monte-Carlo 

simulations (SI Fig. 3A-D). 

We found that cells in close physical proximity within the body, such as Int2V and Int2D 

that have the same A-P position, showed no clear delay (Fig. 2C-E). However, we found 

that the cross-correlation showed a peak at positive lag time when we compared anterior 

cells to more posterior cells (Fig. 2C), with the magnitude of the delay increasing with the 

distance between the cells (Fig. 2D,E). Notably, the sign of the delay indicated an anterior-

to-posterior order in DAF-16::GFP pulse dynamics, that was consistent between different 

animals, with pulse dynamics initiating in the Int2 cells ~3 min before the Int8 cells. When 

analysing high time resolution data obtained for osmotic shock, we found an equally strong 

synchronization, with delays between cells of <3 min (Fig. 2E). Intriguingly, the nature of 

the delay was more complex than the simple anterior-to-posterior order seen for 

starvation, and instead reflected a partial dorsal-ventral ordering. For example, the 

anterior but ventral cells Int2V, Int3V and Int4V had pulse dynamics delayed compared to 

the more posterior but dorsal cells Int4D and Int5L (SI Fig. 3E, F). Overall, this suggests 

that the synchronizing mechanism depends at least partially on stress type. 

 

DAF-16/FOXO translocation dynamics encodes both stress type and magnitude 

We then more systematically examined the differences in DAF-16::GFP translocation 

dynamics between different stresses. Given the observed synchrony between different 

intestinal cells, we here only compared R dynamics quantified over all intestinal cells. 

Differences in DAF-16::GFP translocation dynamics were already apparent when we 

compared population-averaged translocation dynamics, 〈𝑅〉, between stresses (Fig. 3A): 

for 32°C heat shock, 〈𝑅〉 exhibited a single translocation peak ~1.5 hrs after stress onset, 

consistent with our observation of a single, stereotypical translocation pulse in individuals 

(SI Fig. 2E), followed by a more gradual increase in nuclear localization as stress 

persisted. A similar immediate peak in 〈𝑅〉 was visible upon starvation, but here followed 

by additional peaks, consistent with our earlier observation of more regular, oscillation-
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like translocation pulses in individual animals (Fig. 1F-G). In contrast, no clear peaks in 

〈𝑅〉 were visible for 300 mM NaCl osmotic shock, as would in principle be expected for the 

random translocation pulses we observed in individuals (Fig. 2A, 3C). 

To further differentiate R dynamics between starvation and osmotic shock, we determined 

the autocorrelation of R (Fig. 3B). Indeed, for starvation the autocorrelation in individual 

animals was oscillatory with exponentially decreasing envelope, a signature of stochastic 

oscillations. The population-averaged autocorrelation decayed more rapidly, showing only 

two peaks, at 2 and 4.25 hr, due to variation in pulse period and number of pulses between 

individuals. In contrast, the autocorrelation of R for osmotic shock showed simple 

exponential decay, both in individuals and averaged over all animals (Fig. 3B), consistent 

with random pulse dynamics. 

Inspecting R dynamics in individuals highlighted the increased variability in number and 

duration of translocation pulses for osmotic shock, compared to starvation (Fig. 1F, 3C). 

For heat shock, we found that, even though the nature of the induced translocation 

dynamics was more stereotypical than for starvation or osmotic shock, substantial 

individual variability still remained. First, 6/21 animals failed to display a DAF-16::GFP 

pulse directly after shifting to 32°C. In addition, the gradual increase in 〈𝑅〉 after the initial 

peak did not reflect a stereotypical increase in DAF-16::GFP nuclear localization in all 

individuals, but rather an increasing frequency and duration of pulses of increased nuclear 

localization that otherwise occurred stochastically within each individual.    

In contrast to starvation, for osmotic and heat shock we could vary stress magnitude and 

examine the impact on DAF-16::GFP pulse dynamics. For osmotic shock, we hatched 

larvae in microchambers soaked with salt concentrations increasing from 200 to 400 mM 

NaCl. For 200 mM NaCl, we found that DAF-16::GFP displayed infrequent and short (<1 

hr) pulses of nuclear localization, while increasing NaCl levels led to a proportional 

increase in the fraction of time DAF-16::GFP was nuclearly localized (Fig. 3C). This was 

due mainly to an increase in pulse duration (Fig. 3D), rather than pulse frequency (SI Fig. 

4A,B), and occurred without any concomitant increase in pulse amplitude (Fig. 3E), i.e. 

the degree of nuclear enrichment. 
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For heat shock, we shifted hatched L1 larvae from 20°C to temperatures ranging from 

31°C to 33°C. DAF-16::GFP dynamics displayed similar characteristics both for 31°C and 

32°C heat shocks: most animals displayed a single transient pulse of strong nuclear 

translocation directly after the shift to high temperature, followed by dynamic pulse-like 

changes in nuclear DAF-16::level (Fig. 3F). However, both the amplitude and duration of 

the initial translocation pulse increased with higher temperature (Fig. 3G, SI Fig. 4C). In 

addition, the nuclear localization pulses that followed the initial pulse increased with 

temperature both in frequency and duration, resulting in a higher fraction of time  that 

DAF-16::GFP was strongly nuclear (R >1.05, Fig. 3H). Following a 33°C heat shock, in 

contrast, we no longer observed a transient pulse, but found that DAF-16::GFP, after 

translocating, remained highly enriched in the nucleus for the duration of the experiment 

(Fig. 3F). In conclusion, for both osmotic and heat shock, higher stress magnitude was 

apparent through the increased fraction of time that DAF-16::GFP was nuclear.        

Overall, this showed that DAF-16::GFP nuclear translocation dynamics was not only 

distinct for different types of stress (starvation, osmotic shock or heat shock), but also 

informed on stress magnitude. As DAF-16/FOXO mediates stress response primarily by 

binding to promoters of target genes and upregulating their expression [34,35,43], which 

crucially depends on DAF-16/FOXO nuclear localization, these observed differences in 

DAF-16/FOXO translocation dynamics thus likely impact stress response gene 

expression, in a manner that depends on stress type and magnitude. 

 

DAF-16/FOXO pulses are causally linked to arrest of body growth 

We then examined possible functional roles of DAF-16/FOXO translocation pulses, 

focusing on the most prominent feature of L1 arrest, namely the arrest of body growth 

[22,28]. IIS and DAF-16/FOXO have a well-established role in inducing cell cycle arrest 

during starvation [22,44]. However, this by itself does not explain growth arrest, as body 

growth in larvae is primarily driven by cell volume growth, rather than cell proliferation [45]. 

On the other hand, growth arrest does not simply reflect a lack of food: it is observed not 

only for starvation, but also for stresses such as heat or osmotic shock, where in principle 
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sufficient food is present to support growth [23,24]. Therefore, we examined if body growth 

itself was also actively regulated by IIS and DAF-16/FOX. 

As measure of body growth, we quantified the length of animals along their A-P axis as 

function of time, for unstressed and different stressed conditions. In the absence of stress, 

body length increased approximately linearly over the course of the L1 larval stage, as 

described previously [27,46,47], but such extension was absent upon starvation (SI Fig. 

5A,B). While body growth was similarly arrested for 300 mM NaCl osmotic stress (SI Fig. 

5C), we observed a surprising variability in growth arrest for 200 mM NaCl (Fig. 4A), with 

some animals showing fully linear growth, albeit at lower rate than without stress, while 

others displayed complete growth arrest or intermediate growth. Strikingly, we found that 

the amount of growth depended on the number and duration of DAF-16::GFP pulses (Fig. 

4A, SI Fig. 5D). Animals with approximately normal growth typically showed few or no 

DAF-16::GFP pulses, while fully arrested animals showed persistent DAF-16::GFP pulse 

trains. Moreover, especially for intermediate growth, individual pulses often coincided with 

a temporary halt in growth. This indicated that DAF-16::GFP translocation itself was 

directly linked to body growth.           

To further examine the relation between DAF-16::GFP pulses and growth, we quantified 

each animal’s average growth rate and compared it to the fraction of time  that DAF-

16::GFP was nuclear (defined as R>1.03), for animals exposed to 200, 250 and 300 mM 

NaCl (Fig. 4B). The measured growth rate for animals under osmotic stress was always 

lower than for non-stressed animals, even when no DAF-16::GFP pulses were observed, 

and was negative for animals in 300 mM NaCl. Both observations likely reflected the 

known reduction in body volume induced by osmotic shock [48] that is independent of 

growth arrest. For frequent DAF-16::GFP pulses (>0.2), we found that animals ceased 

growth completely, consistent with growth arrest. However, for few DAF-16::GFP pulses 

(<0.2), most animals showed persistent growth, with a rate that was largely independent 

of . Variability in growth arrest and intermediate growth phenotypes were seen at the 

border between these two regimes. Interestingly, while  varied significantly between 

animals under the same osmotic stress conditions, the measured growth rates for animals 

under all osmotic stress conditions appeared to fall onto a single curve that only depended 
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on , indicating that each animal’s  is a better predictor of growth rate than external stress 

conditions per se. Overall, these observations imply that animals integrate over DAF-

16::GFP pulse dynamics, meaning that growth arrest is only enacted when the animal 

experiences a sufficient number of pulses, or pulses with sufficiently long duration, within 

a certain interval of time.  

We observed similar patterns, with some differences, for heat shock (Fig. 4C). In contrast 

to osmotic shock, most animals at 31°C initially grew with a rate similar to unstressed 

animals, despite DAF-16::GFP exhibiting its first, transient translocation pulse. However, 

pulses in DAF-16::GFP nuclear enrichment occurring after ~5 hr typically coincided 

directly with cessation of growth (Fig. 4C, SI Fig. 5E). Consistently, the earlier occurrence 

of such nuclear enrichment pulses seen for animals on 32°C was accompanied by an 

earlier growth arrest. Finally, for 33°C, when DAF-16::GFP showed high nuclear 

enrichment in all animals, we observed full growth arrest immediately after onset of heat 

stress (Fig. 4C). 

The striking coincidence of DAF-16::GFP nuclear translocation pulses and (transient) halt 

in growth (Fig. 4A, =0.1 and 0.18) strongly suggested that DAF-16 nuclear localization 

directly drove growth arrest. However, it could also be explained by an alternative 

hypothesis, namely that DAF-16::GFP nuclear translocation and growth arrest were 

controlled independently and in parallel by an upstream stress signal. To differentiate 

between these two scenarios, we placed animals carrying a daf-16(mu86) null allele under 

the same stress conditions. We found that daf-16(mu86) animals exposed to osmotic 

shock (250 or 300 mM NaCl) or heat shock (33°C) showed significantly higher growth 

than wild-type animals, which typically showed full growth arrest under these conditions 

(Fig. 4D, E). These results indicate that stress-induced growth arrest requires DAF-16 

function and, thus, that the DAF-16 translocation pulses cause the growth arrest. 

 

FOXO3A nuclear translocation pulses in human cells 

Stochastic translocation pulses had so far not been observed for FOXO TFs in general, 

yet our findings suggest that such pulses are an inherent feature of insulin signaling. To 
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investigate whether this is conserved across animals, we turned to human cell culture. 

DAF-16 has four homologs in humans, FOXO1, FOXO3A, FOXO4 and FOXO6. Among 

these, FOXO3 is associated with longevity [2], and has been proposed to retain ancestral 

functions [1]. We therefore transfected the human osteosarcoma U2OS cell line with a 

plasmid carrying FOXO3A::GFP (Methods). We subjected the culture to serum 

starvation, a condition that activates FOXO3A [8], by transferring cells from 10 % FBS to 

0 % FBS, and followed FOXO3A::GFP subcellular localization for ~20 hours. Indeed, we 

observed that in many cells FOXO3A translocated between the nucleus and cytoplasm in 

repeated pulses (Fig. 5A,B). These pulses occurred at a slower pace than in C. elegans, 

with a ~5-10 h period. Unlike in the C. elegans experiments, which did not permit titration 

of the starvation signal, the media concentration of FBS could be systematically adjusted. 

This allowed us to investigate whether pulse dynamics depended on stress magnitude, 

by placing cells in 1% and 0.1% FBS. Indeed, we observed that 0.1% FBS reduced the 

amplitude of the pulses, and 1% FBS resulted in mostly cytoplasmic localization (Fig. 5C). 

These results suggest that, depending on the concentration of growth factors and 

nutrients, the pulses can be modulated to control the time that FOXO3A spends in the 

nucleus. Overall, our results indicate that pulsatile regulation by FOXO transcription 

factors might be a general feature of the insulin signaling pathway.  

 

Discussion 

FOXO TFs, including DAF-16/FOXO in C. elegans, are currently assumed to remain 

cytoplasmic under favorable conditions and become nuclearly localized upon unfavorable 

conditions, where they induce genes required for stress resistance and inhibit genes for 

proliferation and growth [7,22,36,49,50]. Here, our dynamic measurements of DAF-

16/FOXO translocation dynamics during stress-induced L1 arrest revealed a strikingly 

different picture. We found that under constant stress (starvation, osmotic shock or heat), 

DAF-16/FOXO entered and exited the nucleus in distinct pulses that were highly 

synchronized between the different cells in the body (Figs. 1,2). While DAF-16/FOXO 

nuclear localization increased with stress magnitude, DAF-16/FOXO pulse dynamics 

differed qualitatively between different types of stress at all stress magnitudes examined 
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(Fig. 2). We observed similar nuclear translocation pulses of FOXO3A in a human cell 

line upon nutrient stress (Fig. 5), indicating that such pulses are a general feature of 

FOXO TFs. In general, these result show that studying FOXO translocation by examining 

single microscopy snapshots is insufficient and that, instead, dynamic measurements are 

essential.  

A surprising aspect of DAF-16/FOXO translocation pulses is that they are inherently 

stochastic, with the incidence of an individual pulse typically difficult to predict, yet occur 

simultaneously in all daf-16 expressing cells throughout the body. Our results identified a 

function for such synchronized pulses, namely in coordinating body-wide growth. This is 

based on the close relationship observed between DAF-16/FOXO pulse dynamics and 

growth arrest (Fig. 4), especially for animals under osmotic stress: for short (< 0.5 h), 

isolated pulses animals did not show any growth arrest, while sufficiently persistent DAF-

16/FOXO pulse trains resulted in complete lack of growth. This was further supported by 

our observation of intermediate cases, where an isolated DAF-16/FOXO pulse of longer 

duration (> 0.5 hr) caused an immediate, but transient growth arrest. Overall, these results 

suggest that cells integrated over DAF-16/FOXO pulses, so that growth arrest was only 

induced upon sustained DAF-16/FOXO nuclear localization and not induced by transient 

translocation pulses. This observed link between DAF-16/FOXO pulse dynamics and 

body-wide growth provides a compelling rationale for the observed synchrony: to maintain 

uniform proportions, (arrest of) cell volume growth and, hence, pulse dynamics, must be 

tightly synchronized between all cells.  

The lack of observed growth arrest in daf-16 loss-of-function mutants under osmotic stress 

and heat shock (Fig. 4) indicated that cessation of growth was a direct consequence of 

DAF-16/FOXO nuclear translocation. While the role of DAF-16/FOXO in C. elegans 

developmental arrest is well-established, it was so far only linked to arrest of the cell cycle 

[22,44] rather than of cell volume increase, which is the main driver of body growth [45]. 

Our finding that DAF-16/FOXO controls body-wide growth of C. elegans larvae is therefore 

novel. It also matches earlier results that Drosophila IIS regulates organ and cell size 

[13,51-54]. These previous studies left unaddressed how FOXO proteins control size. One 

proposed mechanism is that IIS impacts cell size through direct control of protein 
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synthesis, by impacting proteins, such as initiation factors or ribosomal proteins, that set 

translation rates [53,54]. In the alternative mechanism, growth is controlled more 

indirectly, by FOXO inducing large-scale changes in gene expression, including of 

metabolic genes, and the resulting rerouting of metabolism impacting growth [43,55]. Our 

work now provides the first examination of IIS activity and body-wide growth at high time 

resolution. Strikingly, we observed several cases where DAF-16/FOXO nuclear 

translocation was rapidly (within 0.5 h) followed by full arrest in body length extension, in 

particular for osmotic shock (Fig. 4A, SI Fig. 5D). In contrast, full induction of L1 arrest-

specific gene expression, including many metabolic genes, was shown to require 3-6 h 

[43,56], too long to explain the rapid impact on growth we observed. Our results thus favor 

a mechanism where IIS controls growth directly, on timescales short compared to 

expression of metabolic genes.  

Individual FOXO family members respond to multiple stresses, by inducing stress-specific 

gene-expression programs [7-9,49]. Indeed, in C. elegans the majority of genes 

expressed under osmotic shock were not induced under starvation [23], even though in 

both cases stress response is mediated by IIS and DAF-16/FOXO nuclear translocation. 

How a single signaling pathway, such as IIS, can respond to different stresses with a 

tailored gene expression response is an important, unresolved question. In general, it has 

been speculated that stress-specificity of FOXO-induced gene expression is achieved by 

interaction with other TFs [29,49,57,58]. In C. elegans, for example, the TFs HSF-1 and 

HCF-1 were proposed to direct DAF-16/FOXO to specifically induce expression of either 

heat-shock (HSF-1) or oxidative stress (HCF-1) response genes [59,60]. Our observation 

that DAF-16/FOXO translocation dynamics differed qualitatively between stress types 

(Fig. 2), ranging from stochastic oscillations (starvation) to random pulses (osmotic shock) 

or a single pulse of fixed duration (heat shock), now suggests an alternative mechanism 

for stress discrimination. Given that the ability of DAF-16/FOXO to induce gene expression 

depends crucially on its nuclear localization, differences in the duration or frequency of 

DAF-16/FOXO translocation between stresses will likely impact gene expression. Indeed, 

while novel for FOXO TFs, pulsatile translocation dynamics has been discovered in recent 

years more broadly in signaling networks linked to stress response [61,62], and single-

cell studies have shown that stress-specific differences in TF nuclear translocation 
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dynamics are sufficient to induce expression of different genes [62,63]. For example, 

transient and sustained nuclear TF localization often leads to expression of distinct sets 

of genes [64,65], while changes in number and duration of TF translocation pulses can 

cause expression of different genes, depending on the nature of their promoters [66]. 

Hence, we speculate that the observed stress-specificity of translocation dynamics are 

key in explaining how a single TF, in this case DAF-16/FOXO, induces a stress response 

that is specific to stress type. 

While pulses in nuclear translocation dynamics have been observed for pathways, such 

as Erk and P53, that govern developmental processes and stress response in animals 

[65,67], they have so far only been examined in isolated cells. Here, we used C. elegans 

to study, for the first time, TF translocation pulses on the cellular level, but within the 

context of the animal’s body. Our observation that DAF-16/FOXO translocation pulses 

were variable between individual animals, yet strongly synchronized throughout the 

animal’s body (Figs. 1,2) implies the action of a communication mechanism that maintains 

strong synchrony between cells long after the shift to stressed conditions. Our 

measurements indicate that this communication must be fast, as delays in DAF-16/FOXO 

translocation between intestinal cells were of order 1-3 min (Fig. 2), much shorter than 

the ~20 min required for DAF-16/FOXO to transition from cytoplasmic to nuclear, or vice 

versa. Our data for starvation revealed that DAF-16/FOXO translocation occurred slightly 

earlier in anterior versus posterior intestinal cells, suggestive of a head-to-tail signal 

responsible for synchronization and consistent with proposed long-range signals 

emanating from head neurons that detect starvation [68]. However, synchronization could 

arise without long-range signals purely through local coupling between cells, as was 

demonstrated for example for the collective, wave-like gene expression oscillations in 

somitogenesis [69]. 

A compelling open question concerns the molecular identity of the synchronizing signal. 

An intriguing candidate are the insulin-like peptides (ILPs). While C. elegans has only a 

single insulin-like receptor, DAF-2, its genome encodes 40 ILPs that function as either 

agonists or antagonists of IIS [70]. ILPs are excreted by multiple tissues, including 

neurons, intestine and hypodermis [29]. Moreover, it was shown that DAF-16/FOXO 
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activation by IIS in one tissue induced ILP expression that in turn impacted IIS in other 

tissues [71,72]. In principle such inter-tissue IIS interactions appear sufficiently complex 

to synchronize and possibly even generate DAF-16/FOXO translocation pulses, through 

body-wide modulation of ILP secretion. However, IIS-mediated changes in ILP expression 

were shown to require 1-6 h [71], which is relatively slow compared to the observed 

timescale of DAF-16/FOXO translocation pulses (<1 h). It will therefore be interesting to 

examine whether IIS can impact ILP excretion also on shorter timescales. 

The molecular machinery of IIS is maintained from nematodes to mammals, with a 

conserved role in organizing body-wide responses. Our unexpected observation of 

nuclear translocation pulses both for DAF-16/FOXO in C. elegans and for FOXO3A in 

human cell lines indicate that such pulses are likely a broadly conserved feature of FOXO 

signaling. It will be important to establish whether FOXO translocation pulses, including 

long-range synchronization to ensure body-wide coordination, also function in higher 

organisms.  
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Figures 

 

 

Figure 1. Synchronized, stochastic DAF-16/FOXO nuclear translocation pulses. 

(A) Schematic representation of the Insulin/insulin-like growth factor-1 signaling (IIS) 

pathway. (B) Fraction of L1 larvae with nuclear DAF-16::GFP localization for wild-type and 

daf-2(e1368) animals under starvation, and wild-type animals exposed to heat or osmotic 

shock. For each condition we performed 3 replicates of n>48 animals. Error bars are 

standard error of the mean (S.E.M.) over replicates. (C) Straightened fluorescence images 

of a starved L1 animal, carrying a DAF-16::GFP integrated transgene, showing alternating 

nuclear and cytoplasmic DAF-16 localization. Hours indicate time after hatching in 
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microchambers without food. Dashed yellow line indicates animal’s outline. Scale bar: 20 

µm. Arrowheads indicate intestinal cells Int2D/V (magenta), Int4D/V (orange), Int7L/R 

(green) and Int8L/R (cyan), used for single-cell quantification. (D),(E) DAF-16::GFP 

nuclear translocation dynamics in head muscle cells, intestinal cells, or tail hypodermal 

cells upon constant starvation stress. Both for DAF-16::GFP (D) and a single-copy, 

endogenously-tagged DAF-16::GFPsc strain (E), translocation occurred in pulses that 

were synchronized between the different tissues. Scale bar: 20 µm. Images in (C)-(E) 

were computationally straightened for clarity. (F) Heatmaps of DAF-16::GFP nuclear 

localization R, calculated as the ratio of DAF-16::GFP intensity in the nucleus and 

cytoplasm, over time. Rows represent individual, starved animals. Color intensity 

corresponds to R, as averaged over all intestinal cells. (G) DAF-16::GFP nuclear 

localization R measured for different intestinal cells, for two starved individuals. Despite 

variability between individuals, R is synchronized between cells. Tracks are averaged over 

two cells at the same antero-posterior (A-P) location, e.g. Int2D and Int2V, and are shifted 

along the y-axis for clarity. Dashed line is R =1.03, corresponding to 105% of the average 

DAF-16::GFP nuclear localization in non-stressed animals. (H) Nuclear localization R, 

averaged over all intestinal cells, for starved daf-2(e1368) mutants with constitutively low 

IIS activity. 
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Figure 2. Synchrony of DAF-16/FOXO translocation dynamics in intestinal cells. 

(A) Synchronized DAF-16::GFP nuclear localization R in intestinal cells of animals 

exposed to 200 mM NaCl osmotic shock. (B) DAF-16::GFP nuclear localization R in 

intestinal cells of a starved L1 animal, imaged at 30-second time resolution (markers). 

Lines are data smoothed with a Savotsky-Golay (S-G) filter. Individual tracks are shifted 

along the y-axis for clarity. (C) Cross-correlation of R for int2D and intestinal cell pairs at 

the same (int2V) or increasing A-P distance (int4D and int8L, respectively). Data is for n=4 

animals. The lag time T at which the cross-correlation peaks, corresponds to the average 

delay in R between cells. (D) Measured delay T2D between Int2D and all other intestinal 

cells. Error bars are 95% confidence intervals of the peak centroid distributions obtained 

from Monte-Carlo simulations (n=4 animals). (E) Heatmap showing the delay T between 

all pairs of intestinal cells for starvation (left, n=4 animals) and osmotic shock (right, n=4). 

Squares denoted by * indicate a delay that is significantly different from 0 (T=0 lies outside 

95% confidence interval). Outlined squares correspond to the curves in (C). 
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Figure 3. DAF-16/FOXO nuclear translocation dynamics depends on stress type and 

magnitude. 

(A) Population-averaged nuclear localization R for starvation (black, n=13), 300 mM 

osmotic shock (blue, n=18) and 32°C heat shock (red, n=21). Error bars are S.E.M. 

Arrowsheads indicate the population-average oscillation period of DAF-16::GFP 
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translocated as determined in (B). (B) Population-averaged autocorrelation of R for 

starvation (black, n=13) and 300 mM osmotic shock (blue, n=18). Inset shows 

autocorrelation for an individual animal. Error bars are S.E.M. Peaks in autocorrelation 

(indicated by arrows) correspond to oscillatory DAF-16::GFP translocation dynamics. (C) 

Individual tracks (left) and population view heatmaps (right) of R for increasing osmotic 

shock. Individual tracks (left) are compared with the standard deviation for the population 

(shaded regions). (D),(E) Distribution of peak duration (D) and peak amplitude (E) of DAF-

16::GFP nuclear translocation pulses for osmotic shock. Increasing osmotic shock leads 

to more prolonged pulses without affecting amplitude. (F) Same as (C), but for increasing 

heat shock. For 33°C heat shock, observation time is limited to ~10 h due to heat-induced 

shrinkage of the hydrogel microchambers. (G),(H) Distribution of amplitude of the first 

DAF-16::GFP translocation peak (G) and fraction of time 𝜙 that DAF-16::GFP is strongly 

nuclear (H) for increasing heat shock. 
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Figure 4. DAF-16/FOXO translocation pulses cause arrest of body growth. 

(A) Body length (top) and DAF-16::GFP nuclear localization (R, bottom) for individual 

animals under 200 mM NaCl osmotic shock, for increasing fractions of time 𝜙 that DAF-

16::GFP was nuclear. Black markers are individual measurements. Orange line is length 

data for the animal with 𝜙=0.08 smoothened with a S-G filter, shown for comparison. 

Sustained pulses or trains of shorter pulses correspond to times of reduced body growth. 

(B) Growth rate as function of 𝜙 for different magnitude of osmotic shock. Growth rate is 

defined as Δ𝐿/Δ𝑇, where Δ𝐿 is the change in body length over the measured time interval 

Δ𝑇. Each marker represents an individual animal. Red line is smoothed growth rate data 

(S-G filter). The apparent negative growth rate for 𝜙>0.3 is due to osmotic-shock driven 

decrease in body volume that is independent of growth. (C) Same as (A) but for individuals 

under increasing heat shock. Dashed line is time of temperature shift. Body length is 

measured relative to length at time of heat shock, which in each individual occurs at a 

different time relative to hatching. (D) Boxplots comparing growth rate for wild-type and 
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daf-16(mu86) animals under various stress conditions. daf-16(mu86) mutants sustain 

growth under all stress conditions, meaning that DAF-16 is required for reduced or 

arrested growth under osmotic stress or heat shock. *:P<1⋅10−3, **:P<1⋅10−4, 

***:P<1⋅10−5, N.S.: not significant (Welch's t-test). (E) Body length for two wild-type (grey) 

and two daf-16(mu86) animals exposed to 250 mM NaCl (top) and 33°C (bottom). Length 

data was smoothened as in (A).  
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Figure 5. Stress-induced FOXO3A nuclear translocation pulses in human cells. 

(A) Fluorescence images of FOXO3A::GFP in a single U2OS cell under nutrient starvation 

(0% FBS in the medium), at different times since the start of the experiment. Scale bar: 

25 µm. (B) FOXO3A::GFP nuclear localization R for the cell imaged in (A), with 

arrowheads indicating the time of each image.  R =1 corresponds to equal FOXO3A::GFP 

intensity in nucleus and cytoplasm. (C) Individual cell tracks and (D) population-view 

heatmaps (right) of R, for increasing nutrient starvation (decreasing % FBS). Individual 

tracks are compared with the standard deviation for the cell population (shaded regions). 
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Supplementary Figures 

 

SI Figure 1. Automated quantification of DAF-16 pulse dynamics. 

(A) Single L1 larva imaged in a microchamber. Time is hours relative to hatching. Scale 

bar: 100 m. (B) Fluorescence images of DAF-16::GFP (top panel) and intestinal marker 

H1-wCherry (middle panel) in the intestinal cells of an L1 larva. Bottom panel shows the 

binary mask of the nuclei (gray) and cytoplasm (red) of the intestinal cells for which the 

DAF-16::GFP fluorescence intensity was calculated. Note that the cytoplasmic mask only 

covers a narrow strip of cytoplasm directly surrounding each nucleus. Scale bar: 20m. 

(C) Individual tracks (left) and population view heatmaps (right) of DAF-16::GFP nuclear 

localization R averaged over all intestinal cells, for animals on food. DAF-16::GFP remains 

cytoplasmic at almost all times, as expected.  
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SI Figure 2. DAF-16 dynamics under osmotic and heat stress 

(A) Fluorescence images of DAF-16::GFP in the intestinal cells of an L1 larva subject to 

osmotic stress (300 mM NaCl). Time is hours since the onset of osmotic shock at the time 

of hatching. Images were computationally straightened for clarity. Scale bar: 20 µm. (B) 

DAF-16::GFP nuclear localization R of the animal in (A), averaged over all intestinal cells. 

Arrowheads correspond to the time points in (A). (C) Fluorescence images of DAF-

16::GFP in the intestinal cells of an L1 larva under 32°C heat shock. Time in hours relative 

to the onset of heat stress. Animals under heat shock are larger that animals under 

osmotic shock both because the former entered L1 arrest at the time of the temperature 

shift, rather than immediately upon hatching, and because animals shrink under osmotic 

shock. Scale bar: 20 µm. (D) DAF-16::GFP localization trajectory R for the animal in (C), 

averaged over all intestinal cells. Arrowheads correspond to the time points shown in (C), 

with the red line indicating the time of shift from 20°C to 32°C. (E) Same animal as (C) 

and (D), but here R is shown for individual intestinal cells. Trajectories are shifted for 

clarity. 
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SI Figure 3. DAF-16::GFP translocation delay between intestinal cells. 

(A) Cross-correlations of DAF-16::GFP localization trajectories between Int2V and Int8R 

cells. The 10 different curves are generated from 10 different subsets randomly sampled 

from a single worm using Monte Carlo simulations. The average peak position or delay (τ, 

solid black line) clearly differs from 0 (dashed gray line). (B) Distribution of peak positions 

or delays for 1000 cross-correlation random subsets. (C) Cross-correlations of scrambled 

DAF-16 localization trajectories (see Methods), between Int2V and Int8R. (D) Distribution 

of peak positions or delays for 1000 cross-correlation subsets of scrambled trajectories. 

For the scrambled data there is no delay, which indicates that the delay observed between 

cells with unshuffled data is not an artifact. (E) Example of an animal outlining dorsal 

location of Int4D, 5L and ventral location of Int2V, Int3V and Int4V. Fluorescence is an 

intestinal nuclear marker. Dashed lines indicate the relevant part of the body outline. (F) 

Example trajectories of nuclear localization R showing dorsal-ventral order in DAF-

16::GFP translocation dynamics upon osmotic shock. Black arrow marks an example of a 

DAF-16::GFP nuclear translocation pulse that occurs in Int5L before Int2V. 
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SI Figure 4. Quantification of pulse characteristics under osmotic and heat stress 

(A), (B) Distributions of (A) the fraction of time 𝜙 that DAF-16::GFP is nuclear and (B) 

pulse frequency, both for increasing osmotic shock. (C) Distributions of peak duration of 

the first DAF-16::GFP translocation peak for increasing heat shock.  
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SI Figure 5. Growth arrest coincides with DAF-16 pulses 

(A) Body length (top) and DAF-16::GFP nuclear localization (R, bottom) for two individuals 

in absence of stress. Animals grow at a constant rate, which decreases as they approach 

ecdysis. The smoothened length data (orange, Savitzky-Golay filter) of the animal in the 

left panel is also shown in the right panel for comparison. (B),(C) Same as (A), but under 

starvation (B) or osmotic stress (C). For starvation, animals do not show any growth. 

Under 300 mM NaCl osmotic shock, most animals at the end of imaging have not 

noticeably grown, and in many cases even shrunk. Orange line is length data for the 

unstressed animal in (A), shown here for comparison. (D) Individuals under 200 mM NaCl 

osmotic shock. Growth rate is linked to number and duration of DAF-16 pulses, with timing 

of growth arrest coinciding with DAF-16 pulses. Orange line is smoothened length data of 
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the animal with =0.07 and sustained growth, shown in other panels for comparison. (E) 

Individuals exposed to different heat stresses. Upon heat shock, animals do not arrest 

growth after the first DAF-16::GFP pulse, but only after secondary pulse(s). Orange line 

is smoothened length data of the animal with sustained growth in the left panel, shown in 

other panels for comparison. 
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