::;,0:4 e Life RESEARCH ARTICLE 8 @

Figures and figure supplements
Stress resets ancestral heritable small RNA responses

Leah Houri-Zeevi et al

Houri-Zeevi, Teichman, et al. eLife 2021;10:e65797. DOI: https://doi.org/10.7554/eLife.65797 10f18


https://doi.org/10.7554/eLife.65797
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

e Llfe Research article

Chromosomes and Gene Expression | Genetics and Genomics

A.

Germline
GFP
expression [yl yAY:lele]g

trl HSOsm Str Ctrl HS Osm Str

C. Stress Nostress No stress
I E2 E3
L'L‘ 6 r * kkk kkk kkk khkdk hkk dkk k¥ *
o
'_
Q
2
o 4r
-
(0]
(&)
c
(0]
(&)
wn
o2} ,
o ¢
2 ‘
L . i
& TS D I |
O

Initiation of a heritable silencing response

PO
o« X R
Control Heat Osmotic
Shock Stress
F1 I SN N RN
; 3 Stress i
v \ 4 v
v v v
No stress

Anti-gfp RNAI

No stress
E4

khkk kkk kkk

No stress
F6

n.s. n.s. n.s.

No stress
F5

*kk kk kk%k

()
sm Str

trl H

Figure 1. Stress resets heritable small RNA silencing. (A) Experimental scheme. Heritable small RNA responses are initiated at the first generation, and
the F1 progeny are then subjected to three different stress types (heat shock {HS}, hyperosmotic stress {Osm}, starvation {Str}). Inheritance of the

ancestral response is scored both in the stressed generation and in the next generations which were grown under regular growth conditions. (B)
Representative images of worms containing the Pmex-5::gfp transgene, treated with empty vector containing bacteria (left) or with anti-gfp dsRNA-
producing bacteria (right). (C) Heritable exo-siRNAs silencing is reset by stress. The graph displays the measured germline GFP fluorescence levels of

individual worms (y-axis) across generations under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the
median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers
indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. (***) indicates q < 0.001 (see Materials and methods).
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Figure 1—figure supplement 1. Multiple durations and magnitudes of stress can induce resetting of small RNAs. (A) Both 3 day long and 6 day long
starvation lead to resetting of a heritable RNAi response. Each condition was tested separately, and they are displayed side-by-side for readability. The
graph displays the measured germline GFP fluorescence levels of wild-type worms (y-axis) under the indicated condition (x-axis). Each dot represents
the value of an individual worm. Shown are the median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch
representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn'’s test.
Not significant (ns) indicates g > 0.05, (*) indicates g < 0.05, (**) indicates q < 0.01, and (***) indicates g < 0.001 (see Materials and methods). (B) Both
200 mM NaCl and 350 mM NaCl osmotic stresses lead to resetting of a heritable RNAi response. Each condition was tested separately, and they are
displayed side-by-side for readability. The graph displays the measured germline GFP fluorescence levels of wild-type worms (y-axis) under the
indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of each group, with box limits representing the
25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected
values were obtained using Dunn's test. Not significant (ns) indicates g > 0.05, (*) indicates q < 0.05, (**) indicates g < 0.01, and (***) indicates

q < 0.001, (see Materials and Methods). (C) Both 75 min 34-degree and 120 min 37-degree heat shock lead to resetting of a heritable RNAI response.
Each condition was tested separately, and they are displayed side-by-side for readability. The graph displays the measured germline GFP fluorescence
levels of wild-type worms (y-axis) under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of
each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating
Q1-1.5*ICR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. Not significant (ns) indicates g > 0.05, (*) indicates q < 0.05, (**)
indicates g < 0.01, and (***) indicates q < 0.001 (see Materials and methods).
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Figure 1—figure supplement 2. Starvation and hyperosmotic stress do not affect the basal expression level of the GFP reporter. (A) Hyperosmotic
stress does not affect the basal expression level of the GFP reporter. The graph displays the measured germline GFP fluorescence levels of wild-type
worms which were not exposed to RNAI (y-axis) under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are
the median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and
whiskers indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn'’s test. Not significant (ns) indicates q > 0.05, (*)
indicates g < 0.05, (**) indicates g < 0.01, and (***) indicates g < 0.001 (see Materials and methods). (B) Starvation does not affect the basal expression
level of the GFP transgene. The graph displays the measured germline GFP fluorescence levels of wild-type worms which were not exposed to RNAJ (y-
axis) under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of each group, with box limits
representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR and Q3
+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. Not significant (ns) indicates g > 0.05, (*) indicates g < 0.05, and (***) indicates

q < 0.001 (see Materials and methods).
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Figure 1—figure supplement 3. stress expedites the typical diminishment of heritable small RNA responses. (A) Heritable exogenous small RNA
silencing is reset by stress. The graph displays the measured germline GFP fluorescence levels of worms (y-axis) across generations (x-axis). Shown are
the median of each group, with whiskers indicating the upper limit of a 95% confidence interval. (B) Most worms do not return to baseline expression
level of the GFP reporter six generations after the initiation of RNAi. The graph displays the measured germline GFP fluorescence levels of individual
worms (y-axis) across generations under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of
each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating
Q1-1.5*ICR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. (***) indicates q < 0.001 (see Materials and methods).
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Figure 1—figure supplement 4. Stress resets heritable small RNAs even when applied during adulthood. Stress applied during adulthood leads to
resetting of heritable silencing in the next generation. The graph displays the measured germline GFP fluorescence levels of individual worms (y-axis)
across generations under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of each group,
with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR
and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn'’s test. Not significant (ns) indicates g > 0.05 and (***) indicates q < 0.001

(see Materials and Methods).
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Figure 1—figure supplement 5. Resetting of heritable small RNA responses can only occur during the F1
generation. Stress applied two generations after the initiation of the heritable small RNAs response does not reset
the inheritance. Upper panel: Experimental scheme. A heritable anti-gfp small RNA response is initiated at the first
generation and the progeny are then subjected to three different stress types (heat shock, hyperosmotic stress,
starvation). Stress is applied at the first generation (F1) or the second generation (F2) after the initiation of the
heritable response. Inheritance of the ancestral response is scored at the F2 generation. Lower panel: The ability
of stress to reset heritable small RNAs depends on the generation during which stress is applied. Worms which
were stressed two generations after the initiation of RNAI did not show any altered inheritance dynamics. The
graph displays the measured GFP fluorescence levels of individual worms (y-axis) across generations under the
indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of each
group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence
interval, and whiskers indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s
test. Not significant (ns) indicates g > 0.05 and (***) indicates g < 0.001 (see Materials and methods).
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Figure 2. Stress resets endo-siRNAs and piRNAs-induced silencing. (A) Representative images of worms expressing endo-siRNAs sensor (left) or the
piRNAs sensor (right) under control or stress (HS) conditions. (B) The graph displays the measured GFP (left, endo-siRNAs sensor) or mCherry (right,
piRNAs sensor) fluorescence levels of individual worms (y-axis) across generations under the indicated condition (x-axis). Each dot represents the value
of an individual worm. Shown are the median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a
95% confidence interval, and whiskers indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn'’s test. Not significant
(ns) indicates g > 0.05, (*) indicates g < 0.05, and (***) indicates q < 0.001 (see Materials and methods).
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Figure 3. Resetting of heritable small RNA responses is induced specifically by stress, also when experienced prior to initiation of RNAI. (a) Shifting
from stress to non-stress conditions fails to reset small RNA inheritance. Upper panel: Experimental scheme. Worms grown in regular growth conditions
(20°C, control) or in high temperatures (25°C, stress) are exposed to an anti-gfp RNA trigger. The next generation are then grown either in similar
conditions (control to control, stress to stress) or transferred to the other growth condition (control to stress, stress to control). Lower panel: Stress, and
not any change in the environment, resets heritable small RNAs. Worms which were exposed to high temperatures at the next generation reset the
RNAi-induced gfp silencing regardless of the growth conditions at the previous generation. The graph displays the measured GFP fluorescence levels
of individual worms (y-axis) under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of each
group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating Q1-
1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. Not significant (ns) indicates g > 0.05, (**) indicates q < 0.01 and (***)
indicate g < 0.001 (see Materials and methods). (b) Worms exposed to stress prior to the initiation of RNAI also reset the heritable response. Upper
panel: Experimental scheme. In the generations prior to the RNAI trigger, worms were either grown in regular growth conditions, starved for one
generation, or starved for three consecutive generations (P-3 — P-1). The worms were then exposed to an RNA: trigger (P0). The F1 progeny of
previously starved worms were grown in regular growth conditions (‘Stress Before RNA’, ‘Recurring Stress Before RNAI"). The F1 progeny of previously
unstressed worms were grown in either regular growth (‘Ctrl") conditions or were starved ('Stress After RNAI). All worms were then grown in regular
growth conditions in the F2 generation. Lower panel: Stress, when experienced prior to the initiation of RNAI, also resets the heritable response.
Worms which were exposed to starvation one or more generations before the initiation of RNAI reset the RNAi-induced gfp silencing in the next
generations. The graph displays the measured GFP fluorescence levels of individual worms (y-axis) under the indicated condition (x-axis). Each dot
represents the value of an individual worm. Shown are the median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles,
notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR and Q3+1.5*|QR. FDR-corrected values were obtained using Dunn'’s
test. Not significant (ns) indicates g > 0.05, (**) indicates g < 0.01 and (***) indicate q < 0.001 (see Materials and methods).
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Figure 4. Genome-wide small RNA changes following stress. (A) Experimental scheme. Worms were exposed to stress during their first larval stage and
were collected for RNA extraction and small RNA sequencing on the first day of adulthood. The next generation was grown under normal conditions
Figure 4 continued on next page
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Figure 4 continued

(see Materials and methods). (B) Changes in total small RNA levels aligning to various genomic features. Presented are the Log, fold-change values (y-
axis) for each condition (color coded) when compared to the control. Each dot represents one independent biological repeat.

S = stressed generation. P = progeny (C) Clustering of the 281 stress-affected small RNA targets, based on their normalized total number of reads in
each sample (four different conditions in three independent biological repeats). Hierarchical clustering was performed with Spearman'’s rank correlation
as a distance metric and 'average’ linkage. The data have been standardized across all columns for each gene, so that the mean is 0 and the standard
deviation is 1. (D) An example of a stress-affected small RNAs target. The F31E9.11 gene is covered by small RNAs which are reset across all stress
conditions. Shown are the normalized read counts (y-axis) as function of genomic location (x-axis) of small RNAs targeting the F31E9.11 gene. Exons
appear on a gray background. (E) Overlap of targets of stress-affected small RNAs with known targets of different small RNA pathways. Each square
represents the proportional overlap of reset (upper row) or upregulated (bottom row) small RNA targets with known targets of the indicated small RNA
pathways. Shown are results for MUT-16-dependent small RNA targets (Zhang et al., 2011), NYN-1;2/RDE-8-dependent small RNA targets (Tsai et al.,
2015), CSR-1-bound small RNA targets (Claycomb et al., 2009) and HRDE-1-bound small RNA targets (Buckley et al., 2012).
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Figure 5. The MAPK pathway and the SKN-1 transcription factor regulate small RNAs resetting in response to stress. (A) Mutants defective in stress-
responsive genes display altered heritable RNA/ dynamics. Heatmap representing the log,-fold change of GFP fluorescence levels (color coded and
Figure 5 continued on next page
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Figure 5 continued

indicated values) in mutants worms compared to WT at the F1 (upper panel) and F2 (lower panel) generations after RNAi. Shown are results under
normal conditions (no stress). FDR-corrected values were obtained using Dunn'’s test. The comparison values of each mutant were calculated based on
its independent experiments (see full results in Figure 5—figure supplements 1 and 2). (B) Members of C. elegans’ MAPK pathway, found to influence
resetting of small RNAs. Based on Ewbank, 2006; Inoue et al., 2005; Kim et al., 2004, Mizuno et al., 2008 (C) Mutants defective in the MAPK
signaling pathway do not reset heritable RNAI responses following stress. The graphs display the measured germline GFP fluorescence levels of mutant
worms (y-axis) across generations under the indicated condition (x-axis). Each dot represents the value of an individual worm. Each mutant was
examined in an independent experiment. Shown are the median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles,
notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn'’s
test. Not significant (ns) indicates q > 0.05, (*) indicates g < 0.05, (**) indicates g < 0.01, and (***) indicates q < 0.001, (see Materials and Methods). Full
results (including the side-by-side wild-type results of each experiment) can be found in Figure 5—figure supplements 1 and 2. (D) Neuronal rescue of
sek-1 is sufficient to restore stress-induced resetting of piRNAs-induced silencing. The graph displays the measured mCherry fluorescence levels of
individual worms (y-axis) across generations under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the
median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers
indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. Not significant (ns) indicates g > 0.05, (**) indicates

g < 0.01, and (***) indicates g < 0.001 (see Materials and methods). Effect size estimates (shown above the asterisks) were obtained using the Cliff's
Delta estimate (see Materials and methods).
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Figure 5—figure supplement 1. Multiple stress signaling and processing pathways affect heritable RNAi dynamics and stress-induced resetting of
heritable silencing. The graphs display the measured germline GFP fluorescence levels of mutant worms (y-axis) across generations under the indicated
condition (x-axis). Each dot represents the value of an individual worm. Each mutant was examined in an independent experiment. Shown are the
median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers
indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. Not significant (ns) indicates g > 0.05, (*) indicates

g < 0.05, (**) indicates g < 0.01, and (***) indicates q < 0.001, (see Materials and methods). Each mutant strain was examined side-by-side with WT
worms. a.sek-T mutants do not reset a heritable silencing response following stress b.pmk-1 mutants do not reset a heritable silencing response
following stress c.mek/sek-1 mutants do not reset a heritable silencing response following stress d.kgb-T mutants do not reset a heritable silencing
response following stress e.skn-1 hypomorphs do not reset a heritable silencing response following stress f.skn-1,daf-2 double hypomorph mutants do
not reset a heritable silencing response following stress.
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Figure 5—figure supplement 2. Mutants of the daf-16, aak-1/2 and daf-2 genes are capable of stress-induced resetting of heritable responses. The
graphs display the measured germline GFP fluorescence levels of mutant worms (y-axis) across generations under the indicated condition (x-axis). Each
dot represents the value of an individual worm. Each mutant was examined in an independent experiment. Shown are the median of each group, with
box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR and
Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. Not significant (ns) indicates g > 0.05, (*) indicates g < 0.05, (**) indicates g < 0.01,
and (***) indicates q < 0.001, (see Materials and methods). Each mutant strain was examined side-by-side with WT worms. (a) daf-16 mutants show
regular RNAI inheritance dynamics and reset a heritable silencing response following stress. (b) aak-1/2 mutants show regular RNAi inheritance
dynamics and reset a heritable silencing response following stress. (c) daf-2 mutants show enhanced RNAI inheritance dynamics and reset a heritable
silencing response following stress. (d) daf-2;daf-16 double mutants show defective RNAI inheritance dynamics and reset a heritable silencing response
following stress. (e) hsf-1 mutants show defective RNAI inheritance dynamics and reset a heritable silencing response following stress.
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Figure 5—figure supplement 3. Mutants in the MAPK pathway, the transcription factor SKN-1, and the putative H3K9 methyltransferase MET-2 do not
affect the basal expression of the GFP reporter. The graphs display the measured germline GFP fluorescence levels of worms which were not exposed
to RNAI (y-axis) under the indicated genotype (x-axis). Each dot represents the value of an individual worm. Shown are the median of each group, with
box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR and
Q3+1.5*IQR. FDR-corrected values were obtained using Dunn’s test. Not significant (ns) indicates g > 0.05 (see Materials and methods). (A) Mutation in
the gene sek-1 does not affect the basal expression level of the GFP reporter. (B) Mutation in the genes pmk-1 or skn-1 do not affect the basal
expression level of the GFP reporter. (C) Mutation in the gene kgb-1 does not affect the basal expression level of the GFP reporter. (D) Mutation in the
gene met-2 or double-mutation in the genes mek/sek-1 do not affect the basal expression level of the GFP reporter.
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Figure 6. Stress-induced small RNA resetting depends on the H3K9 methyltransferase MET-2. (A) Targets of stress-affected small RNAs show
significantly increased H3K9me2 marks. An analysis of H3K9me2 signal (based on published data from McMurchy et al., 2017). Presented is the
averaged H3K9me2 signal (y-axis) of all protein coding genes (blue) and target genes of stress-affected small RNAs (red). All genes are aligned
according to their Transcription Start Sites (TSS), and the regions of 500 base pairs upstream and downstream of the TSS are shown on the x-axis. Each
gray line (right panel) represents the average of a random set of genes (500 iterations) equal in size to the set of target genes of stress-affected small
RNAs. (B) met-2 mutant worms do not reset heritable small RNAs in response to stress. The graph displays the measured germline GFP fluorescence
levels of wild-type and met-2 mutant worms (y-axis) across generations under the indicated condition (x-axis). Each dot represents the value of an
individual worm. Shown are the median of each group, with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95%
confidence interval, and whiskers indicating Q1-1.5*IQR and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn'’s test. Not significant (ns)
indicates g > 0.05, (*) indicates q < 0.05, and (***) indicates g < 0.001 (see Materials and methods). (C) A model summarizing stress-induced resetting
of heritable small RNAs. Small RNAs from both endogenous and exogenous sources are reset in response to stress. Resetting is mediated by the
MAPK pathway, the SKN-1 transcription factor and the H3K9 methyltransferase MET-2. Endogenous small RNAs which are encoded in the genome are
re-synthesized in the next generations, while small RNAs from exogenous sources and transient responses are eliminated.
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Figure 6—figure supplement 1. Targets of stress-affected small RNAs show unique H3K? marks and the H3K9 methyltransferase met-2 is required for
the execution of small RNA resetting. Refers to Figure 6. (A) Targets of stress-affected small RNAs show significantly different H3K9me2 and H3K9me3
marks. An analysis of H3K9me2 and H3K9me3 signals (based on published data from McMurchy et al., 2017). All genes are aligned according to their
Transcription Start Sites (TSS), and the regions of 500 base pairs upstream and downstream of the TSS are shown on the x axis. The y axis shows the
averaged signal of the H3K9me2 (left panel) and H3K9me3 (right panel) modifications as a function of distance from the TSS. The chromatin
modification profile is shown for three genes sets: all protein coding (yellow), set of genes that are up-regulated in stress (blue) and set of genes that
are down-regulated in stress (red). Each gray line represents the average of a random set of genes equal in size to the set of up-regulated (upper
panels) or down-regulated (lower panels) genes. (B) met-2 mutants do not reset heritable silencing even when weaker RNAI inheritance responses are
induced. WT and met-2 worms are exposed at the PO generation to dsRNA-producing bacteria of varying concentrations (either OD = 2 or OD = 0.5)
and examined for stress-induced resetting at the F1 generation. The graphs display the measured germline GFP fluorescence levels of WT and met-2
mutant worms (y-axis) under the indicated condition (x-axis). Each dot represents the value of an individual worm. Shown are the median of each group,
with box limits representing the 25th (Q1) and 75th (Q3) percentiles, notch representing a 95% confidence interval, and whiskers indicating Q1-1.5*IQR
and Q3+1.5*IQR. FDR-corrected values were obtained using Dunn's test. Not significant (ns) indicates g > 0.05, (**) indicates g < 0.01, and (***)
indicates g < 0.001 (see Materials and methods).
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