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MicroRNA mir-34 provides 
robustness to environmental stress 
response via the DAF-16 network in 
C. elegans
Meltem Isik1,2, T. Keith Blackwell2 & Eugene Berezikov1,3

Diverse stresses and aging alter expression levels of microRNAs, suggesting a role for these 
posttranscriptional regulators of gene expression in stress modulation and longevity. Earlier studies 
demonstrated a central role for the miR-34 family in promoting cell cycle arrest and cell death following 
stress in human cells. However, the biological significance of this response was unclear. Here we show 
that in C. elegans mir-34 upregulation is necessary for developmental arrest, correct morphogenesis, 
and adaptation to a lower metabolic state to protect animals against stress-related damage. Either 
deletion or overexpression of mir-34 lead to an impaired stress response, which can largely be explained 
by perturbations in DAF-16/FOXO target gene expression. We demonstrate that mir-34 expression is 
regulated by the insulin signaling pathway via a negative feedback loop between miR-34 and DAF-16/
FOXO. We propose that mir-34 provides robustness to stress response programs by controlling noise in 
the DAF-16/FOXO-regulated gene network.

During severe and long term stress conditions, an altered metabolic state accompanied by structural modification 
of tissues is a necessary adaptation that provides organisms with a greater chance of survival. Recent studies have 
shown that microRNAs (miRNAs), which are a class of ~22 nucleotide short non-coding RNAs, play key roles 
in mediating stress responses1. Although loss of function of many individual miRNAs in flies and worms does 
not cause detectable phenotypes2–4, synthetic phenotypes can develop when these mutant animals are subjected 
to accompanying genetic mutations, environmental perturbations, or the aging process. For instance, shifts in 
temperature cause development defects in the eyes of miR-7 mutant flies5, cardiac overload leads to decrease in 
survival of miR-208 mutant mice6, and osmotic stress response is impaired in miR-8 mutant zebrafish7. Therefore, 
miRNA mutants that do not have obvious phenotypes under normal conditions may exhibit phenotypic defects 
in stress conditions, giving clues about their stress related functions inside cells.

mir-34 is one of the miRNAs that shows elevated expression upon stress conditions, such as starvation, dauer 
formation and aging in C. elegans8–11. Notably, mir-34 expression is also elevated with age in Drosophila and mam-
mals12–14. In mammals, the miR-34 family is linked to diverse developmental processes, such as cell-cycle arrest, 
apoptosis, lipid metabolism, metabolic homeostasis and insulin secretion15–24. Two feedback inhibition loops that 
involve p53/mir-34a/SIRT1 and MK5/Myc/FOXO3a/mir-34b/c have been elucidated and shown to be involved 
in regulating cellular proliferation in mammals. In Drosophila and zebrafish, mir-34 is maternally inherited and 
plays a role in the development of the neuronal system14,25. Furthermore, mir-34 loss triggers a gene profile of 
accelerated brain aging and decline in survival, while mir-34 upregulation extends median lifespan and mitigates 
neurodegeneration induced by a pathogenic human polyglutamine disease protein14. In Caenorhabditis elegans 
loss-of-function mutations in the mir-34 gene have an abnormal cellular survival response to radiation; these 
animals are highly radiosensitive in the soma and radioresistant in the germline, as determined by these tissues’ 
innate mode of cell death post-irradiation26.
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Despite the growing body of evidence supporting the hypothesis that miR-34 family members (miR-34a, 
miR-34b, and miR-34c) are important tumor suppressors and mediators of p53 function, mice carrying targeted 
deletion of the entire miR-34 family do not display increased susceptibility to spontaneous, irradiation-induced, 
or c-Myc–initiated tumorigenesis27. In this study, we used C. elegans as a model organism to investigate the effects 
of mir-34 mutation and overexpression on the phenotype and transcriptome of animals. We determined that 
upregulation of mir-34 under stress conditions and in dauers is necessary to induce a stress related gene expres-
sion state that enhances survival. For this purpose, mir-34 expression is upregulated by DAF-16 – the main down-
stream transcription factor of the insulin signaling pathway, and its cofactor PQM-1. In turn, miR-34 targets 
functional insulin signaling receptor-dependent pathways, which are necessary for regulation of growth, correct 
morphogenesis of tissues and induction of a low metabolic state to allocate energy resources for preserving tissue 
functions under stress conditions. Furthermore, mir-34 expression is regulated by a negative feedback loop; con-
sistent with our observations that both mutation and overexpression of mir-34 under stress conditions can lead 
to decreased survival rates in adults and dauers. We propose that mir-34 is a major regulator of stress response 
pathways, and that its expression is tightly regulated to control gene expression programs that enhance adaptation 
to stressful environments.

Results
mir-34 expression is regulated by the dauer larva gene expression program. To study the rela-
tionship between mir-34, cell cycle arrest and stress, we focused on the dauer stage of C. elegans, which is the 
stress-resistant diapause stage that forms under harsh environmental conditions such as crowding, high tempera-
tures and starvation28,29. Stress-induced upregulation of mir-34 expression was observed in starved worms, dauers 
and older adults26,31, which was recapitulated by our Pmir-342.2kb::gfp transgenic line (Fig. 1A–D). In predauers, 
Pmir-342.2kb::gfp expression was increased in amphid neurons, especially in AWC neurons. Higher expression 
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Figure 1. Pmir-342.2kb::gfp is expressed in various tissues during development of C. elegans and its 
expression is upregulated in dauers. (A) Expression of Pmir-342.2kb::gfp reporter at different stages of animal 
development. (B) Changes in the expression pattern of Pmir-342.2kb::gfp from predauer to dauer stage and 
detailed expression pattern of Pmir-342.2kb::gfp at dauer stage. (C) Elevated Pmir-342.2kb::gfp expression is 
associated with the dauer larva gene expression program. i, WT, ii and iii, insulin-like signaling pathway 
mutants: daf-2(e1370), pdk-1(sa680), respectively. iv, v and vi, TGF-β  signaling pathway mutants: daf-1(e1287), 
daf-3(mgDf90), daf-7(e1372). vii, DAF-12/NHR signaling: daf-9(e1406). viii, daf-16(mu86);daf-7(e1372).  
(D) Pmir-342.2kb::gfp expression levels are increase by various stress factors. (i) Three days old animal grown at 
20 °C. (ii) One day old animal grown at 25 °C, (iii) Three days old animal starved for two days. (iv) Ten days old 
animal grown at 20 °C.
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levels were later observed in the excretory canal, seam cells and vulval precursor cells, and in ventral and dorsal 
nerve cord and tail neurons (Fig. 1B). Hypodermal expression appeared in day 1 dauers, and reached the high-
est level at the 2nd day of the dauer stage, when dauers shed their cuticle. The same expression patterns were 
observed in dauers of the transgenic Pmir-345kb::gfp reporter26, suggesting that all crucial regulatory elements for 
dauer related upregulation of mir-34 were located within the 2.2 kb upstream region. In mutants that enhance 
temperature-induced dauer formation, the Pmir-342.2kb::gfp transgene expression patterns were similar to those 
seen in the wild-type (WT) background, implying that high mir-34 expression derived from differential gene 
expression at the dauer stage, and not from starvation conditions (Fig. 1C). The highest expression levels were 
observed with insulin signaling pathway mutant dauers (Fig. 1C ii and iii), suggesting the possibility for the 
involvement of DAF-16/FOXO in the regulation of mir-34 expression. Since daf-16(mu86) null mutants cannot 
form dauers, this mutation was introduced into the daf-7(e1372);Pmir-342.2kb::gfp strain, which is dauer consti-
tutive at 25 °C, in order to investigate whether the high expression of mir-34 in daf-7(e1372) mutant dauers was 
dependent upon DAF-16. The dauers formed by the daf-16(mu86);daf-7(e1372) double mutant had highly dimin-
ished reporter expression at dauer stage (Fig. 1C, viii). The same expression pattern was observed with partial 
dauers of daf-2(e1370);daf-16(mu86) double mutants, which form with low frequency under stress conditions 
(data not shown). These results suggest that mir-34 upregulation is dependent upon DAF-16 in the dauer stage.

mir-34 regulates dauer morphogenesis and survival dependent upon the insulin signaling path-
way. We investigated the role of mir-34 upregulation in dauers by studying dauer morphogenesis and survival 
in mir-34 mutants. Around 80% (250 dauers tested) of mir-34(gk437) dauers that were selected from starved plates 
had locomotion defects, and were rolling along their body axis. 80% (50 dauers tested) of these dauers showed 
alae defects and bulges in their hypodermis (Fig. S1). A mir-34 rescue strain, which has a single copy insertion of 
mir-34 and restores expression of miR-34 to 70% of the wild type level (Fig. 2A), as well as a mir-34 overexpression 
strain (mir-34OE), which has 4 copies of mir-34 and expresses miR-34 3-fold higher than wild type (Fig. 2A), 
rescue these morphological defects (Fig. S1). Additionally, compared to WT dauers, mir-34(gk437) mutants had a 
shorter body size, and worms that overexpress mir-34 had a slightly longer body size (Fig. 2B). Furthermore, mir-
34(gk437) mutant dauers exhibited a lower survival rate (at both 20 °C and 25 °C) than WT dauers (Fig. 2C). These 
dauer body length and survival phenotypes were partially rescued in the rescue strain (Fig. 2C). Intriguingly, the 
rates of the locomotion phenotype were significantly different in daf-2(e1370);mir-34(gk437) dauers compared 
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Figure 2. Native levels of mir-34 expression are required for correct morphogenesis of dauers and dauer 
survival. (A) qPCR confirmation of miR-34 expression levels in the rescue and the overexpression strains. Error 
bars represent SD. N =  300, **P <  0.01, ***P <  0.0001, unpaired two-tailed t test. (B) Differences in body sizes of 
WT, mir-34(gk437), mir-34OE and rescue strains. Error bars represent SD. *P <  0.05, **P <  0.01, ****P <  0.0001, 
unpaired two-tailed t test. (C) Differences in dauer survival of mir-34(gk437) and mir-34OE dauers at 20 °C and 
25 °C. Error bars represent SD. 250 animals are scored per experiment, 3 replicate experiments per condition. 
Statistical significance of differences between N2 and other genetic backgrounds at a given temperature is 
calculated using unpaired two-tailed t test. **P <  0.01, ***P <  0.001, ****P <  0.0001. (D) Differences in dauer 
formation rates of mir-34(gk437) dauers in daf-2(e1370) and daf-7(e1372) backgrounds. Error bars represent 
SD. 250 animals were assayed per condition, experiments were performed in triplicate. Statistical significance is 
calculated by two-tailed unpaired t test. **P <  0.01.
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to daf-2(e1370) dauers: rolling was observed in 75% of daf-2(e1370) dauers and in 95% of daf-2(e1370);mir-
34(gk437) dauers (250 animals tested in each condition, P <  10−6, chi-square test). At the same time, there was 
no significant difference between daf-2(e1370) and daf-2(e1370);mir-34(gk437) worms in terms of body size and 
survival (data not shown). Additionally, the mir-34(gk437) mutation enhanced dauer formation in daf-7(e1372) 
mutant background but it did not have an effect on dauer formation in daf-2(e1370) mutants (Fig. 2D). We con-
clude that mir-34 upregulation is necessary for inducing developmental arrest with correct morphogenesis and 
enhanced survival of dauers, and that this role of mir-34 relies on a functional insulin signaling receptor, DAF-2.

mir-34 is regulated by DAF-16, PQM-1 and DAF-12. The insulin signaling pathway regulates 
dauer-related phenotypes and responses to stress conditions by regulating nuclear localization of its downstream 
target transcription factor, DAF-16/FOXO32,33. PQM-1 complements DAF-16 by directly binding to the DAF-
16-associated element (DAE), and balancing developmental and stress response programs34. We identified the 
minimal promoter region responsible for mir-34 upregulation by generating several Pmir-342.2kb::gfp strains 
with shorter upstream regions relative to the initial 2.2 kb promoter (Fig. 3A). The analysis of these strains indi-
cated that sequences between 0.5 kb and 1.2 kb upstream of mir-34 gene are essential for its regulation (Fig. 3B). 
According to ChIP-seq data available from modENCODE35, this region is bound among others by the DAF-16, 
PQM-1 and DAF-12 transcription factors (Fig. 3A). Small internal promoter deletions in the region bound by 
these TFs revealed that DAF-12 binding elements, insulin response element (IRE) and GA-repeats were required 
for mir-34 expression in hypodermis and seam cells (Fig. S2), and DAF-16 was necessary for activation of Pmir-
342.2kb::gfp expression in dauers (Fig. 1C and Fig. S3A) and in amphid neurons, especially AWC neurons of adults 
(Fig. S3D). Pmir-342.2kb::gfp levels were similar to WT levels in daf-2(e1370);daf-16(mu86) background (Fig. S3D),  
suggesting that other factors were also involved in mir-34 induction upon inhibition of insulin signaling pathway. 
Furthermore, analysis of Pmir-342.2kb::gfp in excretory gland cells in various mutant background showed a direct 
correlation between DAF-16 levels and reporter expression (Fig. S3B,C). In contrast to its effect in AWC neurons, 
DAF-16 was required for Pmir-342.2kb::gfp induction in excretory gland cells only under stress conditions and in 
sensitized genetic backgrounds, where DAF-16 is active and nuclearly localized36–38. Additionally, glucose sup-
plementation reduced Pmir-342.2kb::gfp levels (Fig. S3C), and prolonged stress conditions resulted in reduction of 
Pmir-342.2kb::gfp expression in many tissues of the worms.

miR-34 targets daf-16. To understand the molecular programs underlying phenotypic changes observed 
in the mir-34 mutant and overexpression strains, we identified experimentally supported targets of miR-34 using 
Argonaute crosslinking and immunoprecipitation (AGO-CLIP) data generated by Grosswendt et al.39, in com-
bination with miRNA target predictions calculated by MIRZA software40. In total, we identified 1304 genes with 
a MIRZA score above 100, of which 214 are also supported by AGO-CLIP data (Table S1). The daf-16 gene was 
among the top 20 targets that showed the highest MIRZA scores and were supported by AGO-CLIP evidence. The 
predicted miR-34 target region is located in the last coding exon of daf-16, not far from the stop codon (Fig. 3C). 
It has a MIRZA score of 625, and exhibits perfect complementarity to nucleotides 1–8 of the mature miR-34 
sequence (Fig. 3D). The combination of AGO-CLIP evidence and highly-scoring MIRZA prediction suggests 
that daf-16 is very likely regulated by miR-34 and suggests existence of a negative feedback-loop between daf-16 
and mir-34.

Transcriptome analysis reveals the crosstalk between DAF-16 and mir-34. To investigate the pos-
sible crosstalk between mir-34 and DAF-16, we performed microarray gene expression analysis for several genetic 
backgrounds and stress conditions (Table S1, Fig. 4). In mir-34OE and mir-34 mutant dauers a large number of 
genes were differentially expressed compared to WT dauers (1157 and 4652, respectively; Fig. 4B), consistent 
with the observed phenotypes and upregulated mir-34 expression pattern in dauers. Genes that were expressed 
higher in the absence of mir-34 were significantly enriched for DAF-16 binding elements (DBE) and AGO-CLIP 
supported miR-34 targets, whereas genes which were expressed higher in the wild-type dauers were significantly 
depleted for DAF-16 binding but enriched for PQM-1 binding the DAE (Fig. 4B). The DAF-16 enrichment was 
reversed when expression of mir-34OE and WT dauers was compared, although the overall number of differ-
entially expressed genes decreased (Fig. 4B). These data suggest that differential expression of genes between 
wild-type and mutant dauers is the result of both direct regulation by miR-34 and indirect regulation via DAF-16/
PQM-1 binding.

The number of differentially expressed genes was highly diminished in mir-34(gk437) mutants when the 
comparison was done in the daf-2(e1370) background, where nuclear DAF-16 levels are saturated (Fig. 4C). 
This finding was in line with the lower amount of phenotypic changes observed between daf-2(e1370) and daf-
2(e1370);mir-34(gk437) mutant worms.

Earlier studies identified sets of genes that are either up-regulated (class 1) or down-regulated (class 2) in 
long-lived daf-2 mutants41, and genes that are differentially expressed in dauers and non-dauers42. We observed 
a large overlap between class 1 genes, dauer related genes, and genes that were up-regulated in mir-34(gk437) 
dauers, and between class 2 genes, non-dauer genes, and genes that were down-regulated in mir-34(gk437) dau-
ers (Fig. S4). As expected, these relationships were reversed for mir-34OE dauers. Thus, a strong daf-2/dauer 
transcriptional signature is present in mir-34(gk437) mutant dauers, as it is also evident from our transcriptome 
analysis (Fig. S5A (i, ii)).

GO term analysis of genes that were upregulated in the mir-34(gk437) dauer background and had ALG-1 bind-
ing sites and/or MIRZA scores higher than 100 revealed upregulation of genes encoding glycoproteins, cytoskele-
tal genes, intermediate filaments, extracellular matrix proteins, transmembrane and transport proteins (Table S2). 
Upregulation of mir-34 in hypodermis and seam cells and the morphological defects of mir-34(gk437) mutants 
correlate with these GO terms. Additionally, there was an upregulation of glycolysis/gluconeogenesis related 
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genes (Table S2), which is in line with the findings that glycolytic and gluconeogenic pathways are upregulated in 
dauers43. Consistent with these C. elegans results, RNA-Seq analysis of a published GEO dataset for hippocampus 
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PQM-1 modENCODE ChIP-seq peaks in black. (B) Expression patters of Pmir34::gfp strains with different 
promoter length. (C) Last exon and 3′ UTR of daf-16 transcript (in blue), location of AGO-CLIP regions (in 
green) from Grosswendt et al.39 and highly-scoring MIRZA miR-34 target prediction (in red). (D). Detailed 
MIRZA alignment of the miR-34 target in daf-16 mRNA shown in panel C. (E) Expression of DAF-16::GFP 
is elevated with temperature in amphid neurons (indicated by arrows) in mir-34(gk437) mutants but not in 
wild-type animals. (F) Quantification of fluorescence density of DAF-16::GFP in wild-type and mir-34(gk437) 
background at 27.5 °C. Data are expressed in arbitrary fluorescence units. Error bars represent SD. Statistical 
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of wild-type adult male C57BL/6 mice44 revealed upregulation of genes related to extracellular matrix, cell 
adhesion, basement membrane and anti-apoptosis when mir-34 was knocked down by adeno-associated viral 
(AAV)-delivered mir-34 sponges (180 upregulated and 36 downregulated genes, FDR <  0.01) (Table S3).

miR-34 expression is necessary for inducing stress response programs. Next, we investigated how 
temperature stress influences gene expression at the adult stage. Dauer formation and heat stress in adults resulted 
in highly overlapping gene expression patterns (Fig. S4, S5A (i, iii)), revealing the stress response genes that are com-
monly regulated under these conditions45. While in wild-type animals temperature shift from 20 °C to 25 °C resulted 
in 1891 and 2425 down- and up- regulated genes respectively (Fig. 4D), the number of differentially expressed genes 
was smaller in mir-34(gk437) (1192/1709 genes) and mir-34OE (1008/1442) backgrounds (Fig. 4D). This suggests 
that precise levels of miR-34 are required to elicit proper response to heat stress, and that deviations from these levels 
impair the stress response program. Indeed, impaired stress response was observed in mir-34(gk437) and mir-34OE 
compared to WT worms at the transcriptome level in adult stage (Fig. S5A (iii, iv, v)).

In line with these results, both mir-34(gk437) and mir-34OE adults were more sensitive to hypoxia, heat stress, 
and starvation. The rescue strain partially rescued the phenotypes observed in these assays (Fig. S5B–D).

If miR-34 expression helps in establishing the stress response program, then gene expression changes when 
mir-34 is overexpressed under normal conditions should overlap with stress response genes that are observed 
in WT animals grown under heat stress. Indeed, we observed an overlap of 105 and 215 genes in up- and 
down-regulated sets, respectively (Fig. 4F,G), and both results are highly statistically significant (P <  10−24, 
hypergeometric probability). These results suggest that indeed mir-34 plays a direct role in establishing the stress 
response program.

A B

D

Adult, 20oC Dauer, 20oC

WT vs mir-34 del WT vs mir-34 OE WT vs mir-34 del WT vs mir-34 OE

EXPR 56 / 60
EXPR 336 / 687
DAF-16 ↓ / ns

EXPR 2135 / 2517
DAF-16 ↓ / ns

DBE ns / ↑
PQM-1 ↑ / ns

DAE ↑ / ns
ALG ns / ↑

EXPR 554 / 603
DAF-16 ↑ / ns

Dauer, 25oC

daf-2 vs daf2;mir-34 del

WT vs mir-34 OE

E Adult, 25oC

WT vs mir-34 del

EXPR 171 / 115
DAE ↑ / ns

EXPR 489 / 886
DAF-16 ns / ↑
PQM-1 ns / ↑

EXPR 244 / 312
PQM-1 ns / ↑
DAE ns / ↑
ALG ns / ↑

C

20oC vs 25oC

adult WT adult mir-34 del adult mir-34 OE
EXPR 1891 / 2425

DAF-16 ↑ / ↓
DAE ↓ / ↑

MDL-1 ↑ / ↓
MIRZA ns / ↓

EXPR 1192 / 1709
DAE ns / ↑

MDL-1 ns / ↓

EXPR 1008 / 1442
PQM-1 ns / ↑
MDL-1 ns / ↓

F G

H

upregulated
in adult WT

20oC vs 25oC

upregulated
in adult 20oC

WT vs mir34 OE

P(X≥105) = 7.0x10-25

231 105 1786
downregulated

in adult WT
20oC vs 25oC

downregulated
in adult 20oC

WT vs mir34 OE

P(X≥215) = 2.4x10-33

472 215 2210

downregulated
in adult WT

20oC vs 25oC

upregulated in
adult mir-34 del
20oC vs 25oC

mdl-1, mxl-3

1164 28 2397

Figure 4. Effects of mir-34 deletion or overexpression on gene expression under various conditions. (A–E) 
Number of differentially expressed genes (EXPR) and enrichment statistics for several regulatory signals. DAF-
16, PQM-1 and MDL-1, occupancy in promoter regions based on modENCODE ChIP-seq data for respective 
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calculated by Pearson’s Chi-squared test with Yates’ continuity correction and adjusted for multiple  
comparisons by Bonferroni correction. Adjusted P <  0.01 was considered as significant. ns – not significant. 
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Which genes might be particularly sensitive to miR-34 levels in this stress response program? To address this 
question, we looked for genes that responded oppositely to heat stress in WT and mir-34(gk437) animals. There 
were only 28 such genes for which expression increased with temperature in WT animals but decreased in mir-
34(gk437) animals (Fig. 4H), including mdl-1 and mxl-3. mdl-1 is a basic helix-loop-helix (bHLH) transcription 
factor that acts as a part of the Myc-like interaction network in C. elegans. Similar to vertebrate MAD, MDL-1 
dimerizes with MXL-1 and MXL-3 and plays a role in integrating diverse longevity signals46–48. The mdl-1 gene 
promoter is bound by DAF-16 and PQM-1, according to modENCODE data35, and the mdl-1 mRNA is targeted by 
miR-34 according to AGO-CLIP data39 and MIRZA prediction, although the MIRZA score is modest (Table S1).  
This suggests that the C. elegans myc network may play an important role in modulating a stress response pro-
gram downstream of mir-34. Indeed, differentially expressed genes from various comparisons appear to exhibit 
statistically significant under- or over-representation of MDL-1 ChiP-seq binding in their promoters (Fig. 4D).

Other transcription factors, which showed same pattern as mdl-1 in terms of sensitivity to mir-34 levels 
included nhr-23, egl-13 and zip-7. NHR-23 is a critical co-regulator of functionally linked genes involved in 
growth and molting. EGL-13 is required for maintenance of the uterine pi cell fate and mutations in egl-13 affect 
the cell fusion process that makes the vulval-uterine connection and consequently egg laying. These transcrip-
tion factors may also be responsible for miR-34 dependent transcriptome and phenotypic changes under stress 
conditions.

Further evidence for a DAF-16-mir-34 feedback inhibition loop. Finally, we sought additional evi-
dence for daf-16 regulation by miR-34 in a daf-16::gfp reporter strain and in gene expression data. We observed 
higher DAF-16::GFP levels in mir-34(gk437) mutants grown at high temperatures (P =  0.0175, t test), accompa-
nied by higher levels of nuclear localization of the translational fusion protein in amphid neurons, however, there 
were no significant differences under normal growth conditions (Fig. 3E,F). miRNAs mainly act by translational 
repression of their target mRNAs and may also decrease their levels by destabilization, but the extent of mRNA 
destabilization may vary49–53. The levels of daf-16 mRNA decreased by 12% and 8%, respectively, in adults and 
dauers overexpressing miR-34 at 20 °C, although the statistical significance of these changes is low (adjusted P 
value 0.41 and 0.58 respectively). At 25 °C, overexpression of miR-34 in adults results in a 17% decrease of daf-16 
levels (adjusted P =  0.161). Furthermore, in N2 animals shift from 20 °C to 25 °C does not significantly change 
daf-16 levels (6% change, P =  0.523) but overexpression of miR-34 at 25 °C leads to a 25% downregulation of daf-
16 compared to WT at 20 °C (P =  0.012). Although the observed changes in daf-16 expression upon miR-34 over-
expression are not large, combined with the experimental AGO-CLIP data39 and DAF-16::GFP reporter analysis 
results, they suggest direct regulation of daf-16 by miR-34.

Discussion
The biological functions of many miRNAs can only be elucidated in a context-specific manner1, suggesting that 
many miRNAs function in cellular stress responses. For example, mir-34 deletion mutants do not show any 
abnormal morphological, developmental or biological phenotypes under standard laboratory culture conditions. 
However, miR-34 is critical in the DNA damage response in both mammals and C. elegans. Additionally, in 
mammals, mir-34 expression is transcriptionally regulated by p53 in response to numerous forms of DNA dam-
age17,54,55 and in C. elegans mir-34 mutants exhibit developmental defects related to cell migrations under stress 
conditions56.

In this study, we demonstrated that miR-34 levels are upregulated to sustain a gene expression program that 
is associated with morphological and metabolic adaptation of stress. We showed that mir-34 mutation results 
in morphogenesis defects of dauers, which correlates with our transcriptome analysis results that shows dereg-
ulation of cell adhesion, cytoskeleton, ECM and basement membrane related gene categories both in of mir-34 
mutant dauers and mir-34 knockdown mouse hippocampus. Although mir-34 mutant dauers exhibit more a 
dauer-related transcriptional signature, changes in gene category representation are accompanied by the body 
defects and short survival rates of mir-34 mutants. Therefore, we think that upregulation of mir-34 is necessary 
for correct morphogenesis of tissues to ensure long survival of dauers.

According to a previous study the autophagy-related mRNA ATG9A was regulated by mir-34 in mammalian 
cells57. However, we found that in C. elegans atg-9 mRNA expression was lower in mir-34 and daf-2;mir-34 back-
grounds, and did not observe a significant change in atg-9 transcript levels in adult stages (Table S1). Additionally, 
ATG9A did not show a significant change in expression levels in mir-34 knockdown in male mouse hippocampus 
(Table S3). However, several other autophagy-related genes (lgg-1, atg-13, atg-16.2, unc-51, bec-1) were downreg-
ulated in mir-34OE dauers compared to mir-34 mutants (Table S1), which may suggest autophagy inhibition by 
mir-34 as was proposed in the aforementioned study57.

Both miR-34 and daf-16 expression levels were shown to be increased upon dauer formation26,58 and also 
in adults in an age-dependent manner59,60, suggesting a link between these regulators of gene expression. By 
engineering promoter truncations we showed that an IRE sequence, which binds DAF-16, is present in mir-34 
promoter. We also observed that upregulation of Pmir-342.2kb::gfp in dauers is abolished by mutating this region, 
and in the daf-16(mu86) background. Furthermore, according to our combined analysis of MIRZA scores and 
AGO-CLIP data, one of the top predicted miR-34 targets is daf-16/FOXO. We demonstrated DAF-16 dependent 
changes in the transcriptomes of animals that lack and overexpress mir-34. The survival defect of mir-34 mutants 
required a functional insulin signaling pathway, where DAF-16 nuclear localization levels are not saturated, 
and probably DAF-16 activity is more prone to regulation by mir-34. Additionally, mdl-1 and mxl-3, from the 
Myc-like interaction network in C. elegans, showed mir-34 dependent downregulation under high temperature 
growth, suggesting that the myc network is a part of the stress response pathway that is modulated by daf-16 and 
mir-34. Thus, our results suggest that mir-34 is involved in a feedback inhibition loop that includes the daf-16 and 
myc networks to regulate a stress response program in C. elegans (Fig. S6). According to this regulatory loop, if 
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miR-34 becomes upregulated above threshold levels, mir-34 expression is lowered via the feedback inhibition of 
DAF-16, which results in reduced stress resistance. We observed reduced stress resistance in both mir-34 mutants 
and overexpressors, supporting the role of this feedback inhibition loop in regulation of mir-34 and DAF-16 levels 
to reduce the fluctuations in daf-16 and myc network target expression levels under stress conditions.

Such a regulatory loop that involves miR-34b/c, FOXO3a and Myc was previously described in mammalian 
cells61. According to the model, MK5 activates mir-34b/c expression via phosphorylation of FOXO3a, thereby 
promoting nuclear localization of FOXO3a and enabling it to induce mir-34b/c expression and arrest prolifera-
tion. Expression of MK5 in turn is directly activated by Myc, forming a negative feedback loop. In line with these 
findings, our results suggest that mir-34 has an evolutionarily conserved function in orchestrating responses to 
stresses, by modulating expression levels of DAF-16/FOXO and the Myc network. We speculate that the reported 
increase in mir-34 mutations in tumors62–64 may impair the functioning of this network.

Methods
Strains. All C. elegans strains (Table S4) were maintained and handled as described previously65.

Construction of GFP reporters. Mir-34 promoter was selected using UCSC genome browser as a 2.2 kb 
sequence upstream of mir-34 precursor sequence and amplified by primers with flanking restriction enzyme 
sites, AflII and NotI. Amplified sequence was cloned into modified pCFJ151 vector that has unc-119 gene and 
gfp sequence with let-858 3′ UTR sequence. Truncated mir-34 promoter sequences were amplified using primers 
with flanking AflII and NotI restriction enzyme sites and cloned in the same way. For deletions up to 100 bp we 
used Quickchange site directed mutagenesis. For longer deletions primers were designed for the amplification of 
the whole plasmid excluding the region that is desired to be deleted. Transgenic lines were made by microparticle 
bombardment66 of unc-119(ed3) animals with promoter::gfp;unc-119(+ ), and the transformants were screened for 
stable integration. The resulting strains for each construct are listed in Table S4. Sequences of all oligonucleotides 
used in the study are listed in the Table S5.

Construction of mir-34 rescue and overexpression strains. Pmir-342.2kb::mir-34 was cloned into 
MosSCI plasmid and isolated plasmid was microinjected into N2 worms together with marker plasmids. 
Integrated worms were selected from plates and sequenced for the transgene.

qPCR validation of miR-34 expression. qPCR was performed on N2, mir-34(gk437) and N2 and mir-
34(gk437) worms carrying Pmir-342.2kb::mir-34 transgene by using TaqMan kit.

Dauer locomotion assay. Dauers were selected from starved plates by 1% SDS treatment and placed 
on humid NGM plates with no bacteria. The locomotion of dauers were observed and recorded as rollers and 
non-rollers.

Dauer formation assay. Parents raised continuously on food were transferred from 20 °C to plates without 
food to lay eggs and then removed after 4–6 hr. Plates were incubated at 22 °C for 54 hours for both daf-2(e1370) 
and daf-7(e1372) backgrounds and dauer and non-dauer animals were counted. This permitted correct scoring 
of transient dauers that recover rapidly67. Dauers were distinguished by 1% SDS treatment. An average of 300 
animals was assayed per condition in triplicate experiments.

Dauer survival assay. Dauers were selected from a plate that was starved for five days by 1% SDS treatment. 
Wells of a 24-well plate were filled with 300 μ L water and 50 dauers were distributed per well. Plates were incu-
bated at 20 °C and 25 °C for 60 days or 30 days respectively. Dauers were transferred to agar plates and scored for 
viability by touching.

Stress assays. For all the stress assays, gravid adult worms of each tested strain were allowed to lay eggs on 
NGM plates seeded with OP50 for 2–3 h to produce relatively synchronous populations of progeny. All assays 
were repeated at least three times.

Heat stress assay. Day 3 adult worms grown on OP50-NGM plates were shifted to 35 °C. Duplicate plates 
for each strain were scored for each time point. Because the scoring was done at room temperature, once the 
worms were pulled from 35 °C and scored for survival, they were discarded to avoid the complication of recovery 
from heat shock during the time of scoring.

Hypoxic stress assay. Day 3 adult worms grown on OP50-NGM plates were placed in 0.5 mL Eppendorf 
tubes with M9. The tubes were filled completely with M9 and the lids were closed after making sure that no air 
bubbles were left inside the tubes. 6–7 tubes (20 worms per tube) were prepared per each strain. Alive worms were 
counted after 28 hr incubation at 20 °C.

Starvation stress assay. FUDR treated day 3 adult worms were placed in M9 solution without any bacteria 
and worms were scored for survival after 7 days of incubation on shaker.

Oxidative stress assay. Day 3 adult worms grown on OP50-NGM plates were placed in 100 μ L of 200 mM 
paraquat solution in a 96 well plate (25 worms per well). At least 120 worms were used per each strain. Alive 
worms were counted at 2 hr intervals.
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Imaging and quantification of GFP. To examine changes in expression of GFP reporters in different 
mutant backgrounds, we picked 20 worms and then measured the level of GFP expression using quantitative 
fluorescence microscopy. Specifically, we used pixel intensity to quantify the level of GFP expression in WT and 
mutant backgrounds. Comparison of all images was carried out on the same day with the same microscope set-
tings. Images were analyzed using Adobe Photoshop and ImageJ software. Phenotypic analysis of the worms was 
done by Nomarski optics.

Microarray analysis. Microarray data were generated using Agilent single-color platform according to the 
manufacturer protocols. Total RNA was prepared from three independent biological replicates using TRIzol rea-
gent, DNase treated and purified by Qiagen RNeasy mini kit. RNA labeling, hybridization and microarray pro-
cessing was performed by the Genomics Core Facility, EMBL, Heidelberg. Results were analyzed using limma 
package in R68.

RNA-Seq analysis. GEO dataset with accession number GSE68884 was used for the analysis of the effect 
of AAV-delivered mir-34 sponges on male mouse hippocampus compared to GFP sponges. HISAT269 was 
used for the alignment of reads to the mouse genome using the following options: “$HISAT2_HOME/hisat2 
-p 25 –phred33 –rna-strandness R –trim5 5 -q -x./Genome_mouse/grcm38_snp_tran/genome_snp_tran -U 
SRR20253xx.fastq.gz -S SRR20253xx.sam”. Quality control analysis of the data and count reads for EdgeR anal-
ysis were obtained by running QoRTs70 package in cluster with the following options: “java -jar./QoRTs-master/
QoRTs_1.1.8/QoRTs.jar QC –minMAPQ 60–maxReadLength 45 –singleEnded –stranded –seqReadCt xxxxxxxx 
SRR20253xx.bam /Mus_musculus.GRCm38.83.gtf SRR20253xx_QoRTs/”. EdgeR analysis was done in R using 
glmLRT method71.

miRNA target predictions. For target predictions, we used a recently published algorithm MIRZA40, and 
next to C. elegans genes, we included prediction for human genes. In this algorithm, the whole miRNA sequence 
is considered, not only 3′ UTR, since there is growing evidence for functional targeting in coding sequence72–76. A 
good target would have a MIRZA score above 50, and Table S1 also lists how many miR-34 targets were found in 
a gene, and their cumulative MIRZA score.

ChiP-seq enrichment analysis. Data for DAF-16, PQM-1, DAF-12, MDL-1 and MML-1 ChIP regions 
were extracted from cumulative gff3 files downloaded from modENCODE website (datasets modENCODE_591, 
modENCODE_2623, modENCODE_3381, modENCODE_2601 and modENCODE_2943 respectively). Gene 
list was filtered to contain only protein coding genes according to WS220 GTF annotation, and promoter regions 
were defined in the window − 300:+ 100 relative to TSS. ChIP regions overlapping defined promoter regions were 
counted and enrichment calculations were performed using R.

Statistical analysis. Statistical analysis was performed using Graphpad Prism 7 and R. Unpaired or paired 
t-tests were used to determine significance in experiments in which only two groups with large sample size and 
approximately normal distribution were compared.

GO-term enrichment analysis. GO-term enrichment analysis was performed by using DAVID 
Bioinformatics Database77,78.

Accession numbers. Microarray data presented in this study is available in GEO under accession number 
GSE76413.
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