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Abstract
The actin cytoskeleton is a three-dimensional scaffold of proteins that is a regula-
tory, energyconsuming network with dynamic properties to shape the structure and 
function of the cell. Proper actin function is required for many cellular pathways, 
including cell division, autophagy, chaperone function, endocytosis, and exocyto-
sis. Deterioration of these processes manifests during aging and exposure to stress, 
which is in part due to the breakdown of the actin cytoskeleton. However, the reg-
ulatory mechanisms involved in preservation of cytoskeletal form and function are 
not well-understood. Here, we performed a multipronged, cross-organismal screen 
combining a whole-genome CRISPR-Cas9 screen in human fibroblasts with in vivo 
Caenorhabditis elegans synthetic lethality screening. We identified the bromodomain 
protein, BET-1, as a key regulator of actin function and longevity. Overexpression of 
bet-1 preserves actin function at late age and promotes life span and healthspan in 
C. elegans. These beneficial effects are mediated through actin preservation by the 
transcriptional regulator function of BET-1. Together, our discovery assigns a key role 
for BET-1 in cytoskeletal health, highlighting regulatory cellular networks promoting 
cytoskeletal homeostasis.
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1  |  INTRODUC TION

The actin cytoskeleton is composed of a complex network of fila-
ments held together by actin-binding proteins. Historically, the actin 
cytoskeleton has been viewed as merely the structural framework 
of the cell, with its primary function being ascribed to cell division 
and the sorting and transport of cellular cargo. However, actin 
function is also required for many other cellular pathways, includ-
ing autophagy, chaperone function, and transcriptional regulation 
(Balch et al., 2008; Blanpied et al., 2003; Caviston & Holzbaur, 2006; 
Higuchi-Sanabria et al.,  2014; McCray & Taylor,  2008). The func-
tional significance of actin in cellular health and disease is highlighted 
by clinical data, showing that loss of actin function is observed in 
clinical manifestations, including neurodegeneration and muscle 
myopathies (Acsadi et al., 1991; Alim et al., 2002; Alim et al., 2004), 
and during aging (Baird et al., 2014; Higuchi-Sanabria et al., 2018; 
Sing et al., 2021). Specifically, actin filaments show loss of stability 
and marked deterioration during aging in both single-celled yeast 
(Sing et al., 2021) and multiple cell-types of the multicellular nema-
tode Caenorhabditis elegans (Higuchi-Sanabria et al., 2018), whereas 
changes in β-actin expression have been documented in mammals 
(Moshier et al., 1993). Here, we hypothesize that still unidentified 
pathways may promote actin function, which can be tailored to 
protect the cytoskeleton, and their function might be compromised 
with age, contributing to decline in cellular and organismal health.

One recently identified mechanism by which the cell protects its 
cytoskeleton during stress is through the heat-shock response (HSR), 
mediated by the heat-shock transcription factor, HSF-1. HSF-1 is 
activated under thermal stress and promotes protein homeostasis 
through the upregulation of chaperones and other genes related to 
protein quality control (Morley & Morimoto, 2004). Overexpression 
of hsf-1 is sufficient to confer an increase in thermal stress tolerance 
and life span in C. elegans, and alleviates the toxic effects associated 
with aging (Morley & Morimoto,  2004). Interestingly, overexpres-
sion of a truncated variant of hsf-1 lacking the capacity to upregulate 
heat-shock chaperones was also sufficient to extend life span (Baird 
et al., 2014). Overexpression of this truncated form of hsf-1 upreg-
ulated genes involved in the maintenance of the actin cytoskeleton, 
including the troponin C/calmodulin homolog, pat-10, which is both 
sufficient and necessary for HSF-1-mediated thermotolerance and 
longevity (Baird et al., 2014). However, many actin-regulating genes 
are not bona fide targets of HSF-1, suggesting the existence of other 
master regulators, which function independently or in parallel with 
HSF-1 to modulate actin and protect the cytoskeleton. For example, 

the general regulation of actin is governed by key actin nucleation 
factors that fall into three major classes: (1) the Arp2/3 (actin-
related protein 2/3) complex that builds branched actin networks 
(Machesky et al., 1994; Machesky et al., 1999); (2) formins that build 
unbranched actin filaments (Pruyne et al.,  2002); and (3) tandem-
monomer binding nucleators, which bring monomers together to 
form actin nucleation seeds (Quinlan et al., 2005; Sagot et al., 2002). 
All three types of actin nucleation factors were not found to be reg-
ulated by HSF-1, and the beneficial effect of hsf-1 overexpression 
was actually independent of the tropomyosin, lev-11 (LEVamisole 
resistant) (Baird et al., 2014).

To identify previously unidentified regulators of actin function, 
we adopted a multipronged, cross-organismal screening approach. 
Since actin is one of the most highly conserved proteins, both in 
terms of sequence and functional homology, we held the rationale 
that an evolutionary-conserved perspective could provide a power-
ful method to identify key regulators of actin function. We first uti-
lized a CRISPR/Cas9-driven growth-based genetic screen in human 
cells to identify genes required for survival under actin stress. Actin 
stress was applied by exposure to cytochalasin D, a drug that inhibits 
actin polymerization by binding to F-actin filaments and preventing 
the addition of actin monomers (May et al., 1998). We then per-
formed a secondary screen of the top ~500 candidate genes in the 
multicellular nematode, C. elegans, allowing us not only to explore its 
cellular contributions, but also to associate physiological manifes-
tations in a multicellular organism. Our secondary screen consisted 
of a synthetic lethality screen to identify genes that when knocked 
down cause lethality in animals exposed to a sublethal knockdown of 
actin. These screens identified bet-1 (two bromodomain family pro-
tein), which promotes actin function, longevity, and healthspan in a 
multicellular eukaryote.

2  |  RESULTS

2.1  |  Cross-species screening to identify novel 
regulators of Actin health

In our work to identify genes critical for actin function, we chose 
to inhibit actin polymerization using the chemical drug, cytocha-
lasin D. Cytochalasin D prevents actin polymerization by binding 
to F-actin filaments and blocking the addition of actin monomers 
(May et al., 1998). We screened for a concentration of cytochalasin 
D that only mildly affected growth rate (Figure S1a) and performed a 

F I G U R E  1 Multiplex screening reveals bet-1 is involved in regulation of actin. (a) Schematic of cross-species screening. CRISPR-Cas9 
screening was performed in BJ fibroblasts with 0.1 μM cytochalasin D and top hits were screened in Caenorhabditis elegans with 90% 
candidate RNAi and 10% act-1 RNAi. (b) Images of N2 animals grown on 90% candidate RNAi mixed with either 10% empty vector (EV) or 
10% act-1. Hits were defined as those that exhibit an observable phenotype when combined with act-1 RNAi, but not with EV. Scale bar is 
500 μm. (c) LifeAct::mRuby is expressed specifically in the body wall muscle cells with the myo-3 promoter. LifeAct::mRuby binds to F-actin 
filaments to allow visualization of actin. Representative fluorescent images of body wall muscle actin are shown. Animals were grown on 
RNAi from hatch. Animals were heat-shocked for 1 h at 37°C and immediately imaged. Images were captured on a Zeiss AxioObserver.Z1. 
Scale bar is 10 μm.
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CRISPR/Cas9-driven reverse genetic screen in BJ fibroblasts, a kar-
yotypically normal human fibroblast line. A whole-genome CRISPR 
knockout screen was performed using the AVANA pooled sgRNA 
library (Schinzel et al., 2019; Shalem et al., 2014) in cells treated with 
0.1  μM cytochalasin D (Figure  1a), which we confirmed does not 
impact cell survival (Figure S1b). We compared gene-based deple-
tion p-values between control and treatment arms to curate a list 
of genes that were enriched or depleted in our cytochalasin-treated 
cells (Tables  S1 and S2, Figure  S2a). Importantly, one of the most 
significantly depleted genes was the actin-encoding gene, ACTB. 
Moreover, gene ontology (GO) analysis (Chen et al., 2013; Kuleshov 
et al., 2016; Xie et al., 2021) revealed actin cytoskeleton, the gen-
eral cytoskeleton, and actin filaments as significantly enriched GO 
terms for the top depleted genes (Figure S2b, Table S3). These data 
provide confidence that our screen is revealing genes important for 
actin function. Interestingly, many mitochondrial genes were found 
amongst significantly enriched genes (Figure S2c, Table S4), though 
this is consistent with many findings that have previously revealed 
actin-mitochondrial interactions (Fehrenbacher et al., 2004; Higuchi 
et al., 2013; Moehle et al., 2021; Tharp et al., 2021).

To follow up on the identified hits and link their contribution 
to cellular and organismal physiology, we opted for performing a 
cross-species analysis in the nematode C. elegans with the ratio-
nale that genes important for surviving actin stress in two species 
must be critical regulators of actin function. Indeed, we found in a 
previous study that similar cross-species screening approaches pro-
vided more biologically meaningful data than computational meth-
ods alone to identify candidate genes that impact life span (Moehle 
et al., 2021). Therefore, we searched the top ~500 enriched and de-
pleted genes from our screen for evolutionary-conserved orthologs 
in C. elegans (Kim et al., 2018) and identified a list of ~400 genes. 
Next, we performed a synthetic lethality screen for these candidate 
genes, searching for genes that when knocked down, caused a syn-
thetic sick or synthetic lethal phenotype when combined with a sub-
lethal knockdown of actin (10% act-1 RNAi) (Figure 1a). Importantly, 
the selected RNAi sequence of act-1 shows overlap with all 5 iso-
forms of actin in C. elegans (act-1 through act-5) and exhibits visible 
perturbations of actin function without affecting whole organismal 
physiology. Animals treated with 10% act-1 RNAi develop normally 
to adulthood but display notable perturbations of actin quality in 
muscle cells (Figure 1a). Therefore, we proceeded with our synthetic 
lethality screen by performing RNAi knockdown of candidate genes 
mixed with act-1 RNAi in a 9:1 ratio, respectively.

Our secondary screen revealed 5 potential candidate genes with 
varying phenotypes (Figure  1b). RNAi knockdown of bet-1, egrh-
1 (Early Growth factor Response factor Homolog), F53B6.5, and 
ikb-1 (I Kappa B homolog) resulted in delayed development when 
combined with 10% act-1 RNAi but exhibit no physiological phe-
notypes when knocked down alone. RNAi knockdown of ZK512.4 
did not exhibit a developmental defect but showed sterility (no 
eggs were visible on the plate at day 1 of adulthood) when com-
bined with 10% act-1 RNAi, despite showing visible progeny forma-
tion when knocked down alone. ZK512.4 is a predicted ortholog of 

human SRP9 (signal recognition particle), a critical part of protein 
targeting to the endoplasmic reticulum (ER; Mary et al., 2010), with 
no known association with the cytoskeleton, though studies have 
shown that actin can impact ER dynamics (Korobova et al.,  2013; 
Poteryaev et al., 2005). egrh-1 is the ortholog of human EGR1 (early 
growth response 1), a major transcription factor that has been im-
plicated in multiple diseases including cancer (Wang et al.,  2021), 
neuropsychiatric disorders (Duclot & Kabbaj, 2017), and Alzheimer's 
disease (Qin et al., 2016). F53B6.5 is a predicted ortholog of human 
methionyl aminopeptidase 2 (METAP2), which removes methionine 
residues from nascent polypeptide chains and are also implicated in 
cancer (Yin et al., 2012). bet-1 is the ortholog of human BRD4, a bro-
modomain protein involved in cell fate decisions in both C. elegans 
(Shibata et al., 2010) and mammals (Lee et al., 2017; Linares-Saldana 
et al.,  2021), and also implicated in cancer progression (Huang 
et al., 2016).

Next, we sought to determine which of our candidate genes 
directly impacted actin integrity and life span. To directly measure 
actin organization, we used animals expressing LifeAct::mRuby in the 
muscle. Here, the F-actin binding protein, LifeAct is fused to a flu-
orescent molecule to allow robust visualization of actin integrity in 
muscle cells (Higuchi-Sanabria et al., 2018). RNAi knockdown of bet-
1 consistently resulted in decreased life span, whereas RNAi knock-
down of egrh-1, F53B6.5, and ikb-1 resulted in inconsistent changes 
to life span (Figure S3a, Tables S6 and S7). Moreover, a bet-1 mutant 
generated by introducing a premature stop codon at amino acid 17, 
consistently showed a significant decrease in life span (Figure S3b). 
Surprisingly, RNAi knockdown of any of the five candidate genes 
had no impact on actin integrity (Figure 1c, top). However, our pre-
vious work showed that RNAi knockdown of hsf-1, which has dra-
matic effects on organismal health and life span (Hsu et al., 2003; 
Morley & Morimoto, 2004), also did not impact actin organization in 
the muscle in young, unstressed adults, and instead only exhibited 
measurable phenotypes during stress or aging (Higuchi-Sanabria 
et al., 2018). Therefore, we applied an acute exposure to heat stress 
(1 h at 37°C), which has no measurable effect on actin organization 
in wild-type animals. However, RNAi knockdown of bet-1—and no 
other candidate genes—resulted in a dramatic loss of actin integ-
rity and organization under acute heat stress (Figure  1c, bottom). 
Therefore, as a gene that directly impacts actin integrity and aging, 
we pursued bet-1 for follow-up analysis.

2.2  |  BET-1 is a bonafide regulator of actin health 
during aging

Our data suggest that loss of bet-1 results in decreased stability of 
actin, such that acute exposure to stress is sufficient to perturb actin 
function. In addition, we find that knockdown of bet-1 resulted in the 
premature breakdown of actin during aging, such that muscle actin 
showed marked deterioration as early as day 4, compared to wild-
type animals that only start to show mild signs of actin disorganiza-
tion between day 7–10 (Figure 2a). The RNAi knockdown of bet-1, as 
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validated by reduced transcript levels using RT-PCR (Figure S3c,d), 
also caused a decrease in life span (Figure 2b). Surprisingly, overex-
pression of the primary isoform of bet-1, bet-1A, previously shown 
to be required for its canonical function in maintenance of cell fate 
(Shibata et al., 2010) had no impact on life span. Similarly, overex-
pression of the alternative isoform bet-1C did not impact life span. 
Instead, overexpression of the bet-1 isoform bet-1B significantly 
increased life span (Figure 2c), which was reversed by bet-1 RNAi, 
suggesting that this is not due to an off-target effect (Figure  2b). 
Importantly, overexpression of bet-1B also protected actin filaments 
at advanced age, as animals with bet-1B overexpression display no 
measurable changes to actin filaments as late as day 13 when wild-
type animals show obvious collapse (Figure 2a). This increase in actin 
filament stability also results in increased muscle function, which 
can be measured by increased motility both at young and old age 
(Figure 6b, see blue and green), in agreement with a previous study, 
which described a premature loss of motility in bet-1 loss of function 

animals (Fisher et al., 2013). Finally, we find that overexpression of 
bet-1B solely in muscle cells is sufficient to result in a significant in-
crease in life span (Figure 3a). These data provide direct evidence 
that bet-1 is a bona fide regulator of actin function in muscle cells, 
which has direct implications in organismal health and longevity. 
Importantly, bet-1A overexpression, which did not extend life span, 
had no effect on actin integrity at late age (Figure S4), adding ad-
ditional support to the model that protecting actin filaments is cor-
related with increased longevity.

To determine whether the effects of BET-1B on actin function 
were limited to the muscle, we next measured the impact of bet-1B 
overexpression on actin organization in the intestine and hypoder-
mis, which both show breakdown during aging similar to muscle 
cells (Higuchi-Sanabria et al., 2018). RNAi knockdown of bet-1 re-
sults in premature breakdown of the actin cytoskeleton in intestinal 
cells (Figure 3b), which is generally visualized as mislocalization of 
LifeAct away from the microvilli and accumulation in the cytoplasm 

F I G U R E  2 Bet-1 expression directly impacts actin function and life span. (a) Representative fluorescent images of adult animals 
expressing LifeAct::mRuby from a muscle-specific promoter, myo-3p. N2, wild-type animals were grown on empty vector (EV) or bet-1 
RNAi from hatch, and bet-1B overexpression animals (bet-1p::bet-1B) were grown on EV from hatch. All animals were imaged at day 1, 4, 
7, 10, and 13 of adulthood. Images were captured on a Zeiss AxioObserver.Z1. Scale bar is 10 μm. (b) Life spans of N2 (blue) and bet-1B 
overexpression (green) animals grown on EV or bet-1 RNAi (N2, red; bet-1B overexpression, purple) from hatch. N2, EV (blue) vs. bet-1p::bet-
1B, EV (green) = p < 0.0001; N2 bet-1 RNAi (red) vs. bet1p::bet-1, bet-1 RNAi (purple) = not significant. See Tables S6 and S7 for complete life 
span statistics. (c) Life spans of N2 (EV, blue) and overexpression of bet-1A (bet-1p::bet-1A, red), bet-1B (bet1p::bet-1B, array, green), and bet-1C 
(bet-1p::bet-1C, array, purple) grown on EV from hatch. N2 (blue) vs. bet-1p::bet-1B (green) = p < 0.001; N2 (blue) vs. bet-1p::bet-1A (red) or 
bet1p::bet-1C (purple) = not significant. See Tables S6 and S7 for complete life span statistics.
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(Egge et al., 2019). Consistently, we see a decrease in LifeAct accu-
mulation at day 9 in the cytoplasm in bet-1B overexpressing animals 
compared to wild-type animals, suggesting that actin integrity is 

preserved. To determine whether this increase in actin integrity is 
correlated with increased actin function, we next tested the effect 
of bet-1B overexpression on gut barrier integrity. The intestinal lining 
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of C. elegans is protected by actin-mediated tight junctions, and the 
breakdown of this barrier due to agedependent loss of actin func-
tion results in bacterial colonization of the gut (Egge et al., 2019). 
Indeed, we find that bet-1B overexpression protects animals from 
bacterial colonization at late age (Figure 3c,d). Finally, overexpres-
sion of bet-1B solely in the intestine is sufficient to result in a mild, 
but significant life span extension (Figure 3a).

Surprisingly, in complete opposition to effects in the muscle 
and intestine, we find that bet-1B overexpression in the hypoder-
mis results in a decrease in life span (Figure 3a). Therefore, we im-
aged actin filaments in the hypodermis and see bet-1 RNAi results 
in complete loss of actin filaments in the hypodermis. However, 
bet-1B overexpression results in formation of filaments, which is an 
unusual structure in the hypodermis, which normally show star-like 
structures (Figure 3e). In our model, we posit that overexpression 
of bet-1B results in hyperstabilization of actin filaments. While this 
may be beneficial for cells like the muscle or intestine, it is possi-
ble that this may be detrimental to the hypodermis where actin is 
more dynamic (Higuchi-Sanabria et al., 2018). To further test this 
hypothesis, we determined the impact of bet-1B overexpression on 
the only cells that are proliferating in adult animals, the gametes and 
embryos, as cell division is a process that requires dynamic reorgani-
zation of actin. As expected, bet-1B overexpression animals display 
a significant decrease in brood size (Figure 3f), which suggests that 
cell division, a process highly dependent on actin dynamics, may also 
be disrupted in animals with bet-1B overexpression.

Next, we sought to determine whether effects of BET-1 on cy-
toskeletal function was conserved in human cells. Considering the 
identification of BRD4/BET-1 in our initial CRISPR-Cas9 screen, we 
were confident that BRD4 is important for sensitivity to the actin 
destabilizing agent, cytochalasin D. Moreover, taking into account 
our data on the differences between stable versus dynamic actin in 
various cell types, studying BRD4/BET-1 function in dividing cells 
may have several confounding factors. Therefore, we turned to a 
senescent cell model. Here, we used human IMR-90 cells treated 
with the DNA damaging agent, etoposide (50 μM) for 24 h to induce 

senescence (Vizioli et al., 2020). Similar to C. elegans adult tissue, se-
nescent cells are nondividing cells. Moreover, senescent cells require 
a stabilized actin network to maintain adherence, which is critical for 
cell survival (Shin et al., 2020). Therefore, we inhibited BRD4 func-
tion in senescent cells using three methods: a chemical BET inhibitor 
(CPI-203) (Liang et al., 2019), and the BET proteolysis targeting chi-
meras, BETd-260 (Zhang et al., 2019) and ARV-825 (He et al., 2022), 
which cause cleavage and degradation of BET proteins. Similar to C. 
elegans muscle and intestine, we see that inhibition of BRD4 in non-
dividing human cells show destabilization of actin as visualized by 
decreased F-actin staining (Figure 4a–c). Moreover, this resulted in a 
loss of adherence of cells (Figure 4d-f) and increased senescent cell 
death (Figure 4g–i). These data suggest that the impact of BET-1/
BRD4 on actin function is conserved in human cells.

2.3  |  BET-1 affects actin as a 
transcriptional regulator

BET-1 is a conserved double bromodomain protein that functions 
as a transcriptional regulator to maintain stable cell fates (Shibata 
et al., 2010). Specifically, it recognizes lysine residues of histone tails 
acetylated by the MYST family of acetyltransferases (MYST HATs), 
and loss of mys-1 and mys-2 results in mislocalization of BET-1 and 
loss of BET-1 function (Shibata et al., 2010). To determine whether 
the functional role of BET-1 in aging and cytoskeletal maintenance 
were similar to those of cell fate decisions, we first synthesized a 
GFP-tagged variant of BET-1B. Indeed, GFP::BET-1B also localize 
primarily to the nucleus and creates distinct punctae, consistent 
with previous studies (Figure S5a) (Shibata et al., 2010). In contrast 
to cell fate decisions, mys-1 RNAi was not sufficient to fully pheno-
copy loss of bet-1, as animals did not exhibit premature deteriora-
tion of actin organization (Figure S6a) despite having a comparable 
decrease in life span, which were not additive with bet-1 knockdown 
(Figure S5b). This may be due to less effective knockdown of mys-1 
via RNAi (Figure S3c,e). Indeed, previous studies have shown that 

F I G U R E  3 Cell-type specific effects of bet-1B overexpression. (a) Life spans of N2 (blue) and bet-1B overexpression in muscle (myo-3p, 
red), intestine (gly-19p, green), and hypodermis (col-19p, purple) grown on empty vector (EV) from hatch. p-Values versus N2 control: myo-
3p::bet-1B (red) = p < 0.0001; gly-19p::bet-1B (green) = p < 0.0001; col-19p::bet-1B (purple) = p < 0.0001. See Tables S6 and S7 for complete 
life span statistics. (b) Representative fluorescent images of adult animals expressing LifeAct::mRuby from an intestine-specific promoter, 
gly-19p. N2, wild-type animals were grown on EV or bet-1 RNAi from hatch, and bet-1B overexpression animals (bet-1p::bet-1B) were grown 
on EV from hatch. All animals were imaged at day 1, 5, and 9 of adulthood. Images were captured on a Leica Stellaris 5 confocal. Scale bar is 
10 μm. (c) Representative fluorescent images of adult animals grow on mCherry expressing bacteria as described in Materials and Methods. 
Wild-type N2 and bet-1B overexpression (bet-1B) animals were grown on empty vector (EV) or a 90/10 mix of ev/act-1 RNAi mixed with 
20% mCherry bacteria from hatch. Animals were clarified on OP50 for 2 h prior to imaging at day 1, 5, and 9 of adulthood. Scale bar is 
500 μm. (d) Quantification was performed across 2 technical replicates each of 3 biological replicates for a total of 6 replicates. The % of 
animals exhibiting gut colonization of fluorescent bacteria were quantified per replicate and each dot represents a technical replicate. Lines 
represent mean and interquartile range. **p < 0.01, n.s. = p > 0.05 using student t-test. (e) Representative fluorescent images of adult animals 
expressing LifeAct::mRuby from a hypodermis-specific promoter, col-19p. N2, wild-type animals were grown on EV or bet-1 RNAi from hatch, 
and bet-1B overexpression animals (bet-1p::bet1B) were grown on EV from hatch. All animals were imaged at day 1, 5, and 9 of adulthood. 
Images were captured on a Leica Thunder Imager. Scale bar is 10 μm. (f) Brood assay was measured by counting number of live progeny 
born by a single parent as described in Materials and Methods in N2 wild-type (blue) and bet-1B overexpressing (green) animals. Each dot 
represents a single animal and lines represent median and interquartile range. ***p < 0.001 measured by non-parametric Mann–Whitney 
testing. Data is representative of 3 independent trials.
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mys-1 is an essential gene and its knockout causes lethality (Shibata 
et al., 2010), whereas RNAi knockdown of mys-1 did not exhibit le-
thality even when performed from hatch. Alternatively, it is possi-
ble that mys-1 knockdown has pleiotropic effects as altering histone 
acetylation status is likely to affect more than just BET-1 function. 
However, RNAi knockdown of mys-1 suppressed the life span exten-
sion and protection of the cytoskeleton at late age found in bet-1B 
overexpression animals (Figure  S6), which does suggest that al-
though some differences exist, similar to cell fate decisions, BET-1 
promotes actin integrity and life span downstream of MYST HATs, 
likely as a transcriptional regulator.

To directly test a functional role for BET-1 in transcriptional reg-
ulation of cytoskeletal gene programs, we performed RNA-seq in 
bet-1 loss of function and bet-1B overexpression animals. We used 
both RNAi knockdown and the newly generated bet-1 mutant. As 
expected, we observed a high correlation between the expression 
profiles of the knockdown and knockout of bet-1 (Figure  S7a–c). 
However, since bet-1 RNAi targets all isoforms of bet-1, we focused 
our analysis on the bet-1B overexpression (Figure 5a) and found that 
genes associated with the general cytoskeleton and the actin cyto-
skeleton were among the most enriched GO terms (Figure 5b), sim-
ilar to enrichments observed in the initial human fibroblast screen 

F I G U R E  4 BRD4 Is required for maintenance of F-Actin and adherence in senescent cells. All measurements were made in IMR-90 
senescent cells produced by etoposide treatment as described in Materials and Methods. F-Actin filaments were stained with 165 nM Alexa 
Fluor 488 Phalloidin and integrated fluorescence of F-Actin staining was normalized against nuclear staining via DAPI in cells treated with 
varying concentrations of CPI-203 (a), BETd-260 (b), and ARV-825 (c) to inhibit BRD4. Adherence was measured by the fluorescence from 
the Calcein AM labeled cells and % of adherent cells were measured in cells treated with CPI-203 (d), BETd-260 (e), and ARV-825 (f). % 
Survival was measured using MTS assay and measured in cells treated with CPI-203 (g), BETd-260 (h), and ARV-825 (i). Dots represent mean 
and lines are standard deviation across 3 replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 using student t-test.



    |  9 of 24GARCIA et al.

(Figure S2). Other enriched terms included microtubules, chromatin, 
and vesicle-associated terms. Congruent with our observations from 
our cytoskeletal imaging data, these data suggest that BET-1-mediated 
longevity was through its effects on the cytoskeleton. Therefore, we 
further focused on all genes related to actin function as previously 
annotated (Holdorf et al., 2020). We found that out of the five actin 
genes in C. elegans, the expression of act-3 was significantly induced. 
Furthermore, we observed additional changes, including induction 
and repression, of genes involved in the actin cytoskeleton (Figure 5c), 
with many opposing effects between the loss of function and bet-1B 
overexpression datasets across different cytoskeleton-related gene 
groups (Figure S7d). Strikingly, these transcriptional changes were de-
pendent on mys-1, as mys1 knockdown reversed most of the induction 
and repression of differentially expressed genes, including the induc-
tion in act-3 (Figure S7e,f). These data are consistent with a model 
whereby BET-1 impacts life span and actin function through its role as 
a transcriptional regulator downstream of MYS-1.

We then tested whether other protective pathways that have 
been linked to longevity were altered upon bet-1B activation. We 
could not find activation of the mitochondrial unfolded protein re-
sponse (UPRMT), the heat-shock response (HSR), or oxidative stress 
response. We did observe a mild activation of genes involved in the 
endoplasmic reticulum UPR (UPRER). These data were further verified 
by direct comparison with a dataset identifying targets of the UPRER 
transcription factor, XBP-1 (Figure 5d). Consistent with these findings, 
we find that the life span extension we find in bet-1B overexpressing 
animals is dependent on the major UPRER regulator, XBP-1, as RNAi 
knockdown of xbp-1 fully suppressed the life span extension of these 
animals (Figure S8a). We next tested whether bet-1B overexpression 
directly impacts ER stress resilience, as UPRER induction has previously 
been shown to increase resistance to tunicamycin, which induces 
ER stress by blocking N-linked glycosylation (Daniele et al.,  2020; 
Higuchi-Sanabria et al., 2020; Taylor & Dillin, 2013). Similar to xbp-1s 
overexpression, bet-1B overexpression significantly increased ER 
stress resilience (Figure S8b), suggesting that a functional UPRER is 
also activated by BET-1B.

To further test the response of bet-1B overexpressing animals to 
stress, we next measured the sensitivity of these animals to para-
quat, which induces synthesis of reactive oxygen species in the mi-
tochondria to induce mitochondrial and oxidative stress (Castello 
et al.,  2007). Interestingly, we find that bet-1B overexpression re-
sults in a significant increase in resistance to paraquat treatment 
(Figure S8c). However, since paraquat induces both oxidative and 
mitochondrial stress, we next measured the effect of bet-1B over-
expression on response to mitochondrial stress using the UPRMT 
reporter, hsp-6p::GFP (Yoneda et al., 2004) and to oxidative stress 
using the SKN-1 reporter, gst-4p::GFP (Link & Johnson,  2002). 
Interestingly, we find that bet-1B overexpression has no impact on 
either basal or stress-induced oxidative stress response (Figure S8d). 
However, we did see that bet-1B overexpression resulted in a mild in-
crease in stress-induced UPRMT (Figure S8e), suggesting that bet-1B 
overexpressing animals are better able to induce UPRMT under stress, 
which may be the cause of the increased resistance to paraquat.

We also compared our dataset to a previously published gene 
expression dataset of daf2(e1370) (Zarse et al., 2012), a mutant with 
a reduced function of the insulin/IGF-1 receptor signaling, which has 
been implicated in aging. We found that 71 out of 106 differentially 
expressed genes overlapped between worms overexpressing bet-1B 
and the long-lived daf2(e1370) (Figure  5e). Consistent with these 
findings, the life span extension of bet-1B overexpressing animals 
is also fully dependent on daf-16 (Figure  S9a), which encodes the 
key longevity transcription factor in response to insulin/insulin-like 
growth factor signaling and is critical for the extreme life span ex-
tension of daf-2 mutant animals (Murphy et al.,  2003). Finally, we 
tested whether the life span promoting effects of bet-1B overex-
pression were dependent on HSF-1, the heat-shock transcription 
factor, as overexpression of HSF-1 has previously been shown to 
recruit DAF-16 (Douglas et al., 2015). Moreover, hsf-1 overexpres-
sion has also been shown to promote actin function during aging 
(Baird et al., 2014; Higuchi-Sanabria et al., 2018). Shockingly, we find 
that bet-1B overexpressing animals still significantly extend life span, 
even in the absence of hsf-1 (Figure S9b), suggesting that the mech-
anisms of action of BET-1 and HSF-1 are distinct.

2.4  |  The beneficial effects of bet-1B 
overexpression are dependent on effects on Actin

Among the genes unique to the bet-1B overexpressing worms was 
act-3 (Figure 5f). Interestingly, our investigation of genes that were 
significantly induced in the bet-1B overexpressing worms showed a 
similar transcriptional signature to that induced by knockdown of the 
transcription factor ets-4/SPDEF (erythroblast transformation specific/
SAM pointed domain containing ETS transcription factor), which has 
been previously linked to aging (Thyagarajan et al., 2010), potentially 
through regulation of the actin cytoskeleton via VASP (vasodilator-
stimulated phosphoprotein) (Bear et al.,  2002; Ye et al.,  2020) 
(Figure 5g). In addition, we also observed a similarity with genes af-
fected by knockdown of the methyl demethylase spr-5 (suppressor of 
presenilin), another gene whose reduction has been linked to longevity 
(Greer et al., 2016). Together, these data provide further evidence that 
the pro-longevity transcriptional program induced by bet-1B is at least 
in part due to a dedicated program to promote cytoskeletal health.

To experimentally validate our findings from transcriptome anal-
ysis, we tested the impact of destabilizing the actin cytoskeleton on 
the beneficial effects of bet-1B overexpression. Importantly, pertur-
bations of actin function completely suppressed the life span exten-
sion found in bet-1B overexpression animals (Figure 6a). Specifically, 
actin function was perturbed by 10% act-1 RNAi, similar to condi-
tions used for our synthetic lethality screens. 10% act-1 RNAi results 
in a significant decrease in life span extension, and overexpression 
of bet-1B has no impact on life span in these animals. Thus, the life 
span extension of bet-1B overexpression is indeed dependent on its 
alterations of the actin cytoskeleton, as knockdown of actin was 
sufficient to reverse the longevity phenotype. Similarly, perturba-
tion of actin function suppressed the beneficial effects of bet-1B 
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F I G U R E  5 Overexpression of bet-1B drives changes in cytoskeletal regulatory genes. (a) Differentially expressed genes upon 
overexpression of bet-1B: Volcano plot of the genome-wide changes in gene expression upon overexpressing bet-1B, as compared to 
an N2 wild-type control. (b) Gene ontology enrichments (Chen et al., 2013) for differentially expressed genes (p-value < 0.05) in worms 
overexpressing bet-1B. (c) log2(fold changes) for all genes annotated as cytoskeleton: Actin function in WormCat (Holdorf et al., 2020). (d) 
Gene expression changes in groups of genes linked to longevity: endoplasmic reticulum UPR (UPRER) GO:0030968; mitochondrial UPR 
(UPRMT) GO:0034514; heat-shock response (HSR) GO:0009408; oxidative stress response GO:0006979; and XBP-1 targets as previously 
defined (Urano et al., 2002). (e) Comparison of differentially expressed genes (p-value < 0.05) in bet-1B overexpressing worms as compared 
to a long-lived daf-2(e1370) mutant (Zarse et al., 2012) reveals a group of 35 unique genes, plotted in (f) see Table S5 for all differentially 
expressed genes. (g) WormExp (Yang et al., 2016) analysis integrating previously published datasets reveals significant enrichment for the 
annotated perturbations.
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overexpression on motility (Figure  6b) and gut barrier function 
(Figure 3c,d). These data suggest that the beneficial effects of bet-1B 
are primarily due to its role in promoting cytoskeletal function, likely 
as a transcriptional regulator.

3  |  DISCUSSION

The actin cytoskeleton is a complex and dynamic cellular organelle, 
which requires a tight regulation of the biosynthesis of its build-
ing blocks, their polymerization, disassembly, and breakdown. The 
dynamic rearrangements of actin underlie many cellular functions, 
and have critical implications on organismal phenomena, such as 
disease states and overall health. Many previous works focused on 
understanding the interactions between the players which directly 
take part in the cytoskeleton. For example, a competition model 
has been proposed to exist between actin assembly factors and 
monomeric actin (Davidson & Wood, 2016). Inspired by the pro-
tein homeostasis pathways of other organelles (Dutta et al., 2022), 
we were intrigued to explore whether a master transcriptional 
regulator may exist, which drives and promotes cytoskeletal 
health. Interestingly, our cross-species screen revealed poten-
tially evolutionarily conserved regulators of actin homeostasis be-
tween mammals and C. elegans. Through CRISPR-Cas9 screening 

in karyotypically normal human fibroblasts, we identified genes 
that when knocked out impact survival under actin destabilization 
caused by exposure to cytochalasin. Cytochalasin D is a mycotoxin 
that inhibits actin polymerization by binding to F-actin and pre-
venting polymerization of actin monomers (May et al., 1998). Gene 
ontology analysis of our significantly depleted genes identified 
actin cytoskeletal organization as the highest enriched gene set, as 
well as genes involved in cell-matrix adhesion, cell motility, wound 
healing, intracellular transport, and autophagy. These pathways all 
mechanistically require a properly functional actin cytoskeleton, 
which gave us high confidence in our initial screen. However, a 
few limitations of our screen are that we used the Avana sgRNA 
KO library, which since its production has been outperformed by 
some other libraries, especially CRISPR interference (CRISPRi) or 
CRISPR activation (CRISPRa) platforms, which can enable more 
flexible gene modulation (Sanson et al., 2018). In addition, our uti-
lization of cytochalasin D can be limiting due to the wide-range 
effects of the drug (Foissner & Wasteneys, 2007).

Rather than optimize our primary screen with alternative librar-
ies or other actin-destabilizing drugs (e.g., latrunculin), we opted for 
a secondary screening platform in C. elegans. We reasoned that as 
one of the most highly conserved genes/proteins across eukaryotes 
in sequence and function, a cross-species approach would be opti-
mal to identify critical regulators of actin. In addition, C. elegans are 

F I G U R E  6 Bet-1 overexpression promotes life span and healthspan through effects on actin. (a) Life spans of wild-type, N2 (EV, blue) 
and bet-1b overexpression (BET-1p::bet-1B, green) animals grown on EV or 10% act-1 RNAi (N2, red; bet-1B overexpression, purple) from 
hatch. N2, EV (blue) vs. bet-1p::bet-1B, EV (green) = p < 0.0001; N2 act-1 RNAi (red) vs. bet-1p::bet-1B, act-1 RNAi (purple) = not significant. 
See Tables S6 and S7 for life span complete statistics. (b) Thrashing assays were performed on N2 (EV, blue) and bet-1B overexpression 
(bet-1p::bet-1B, green) animals grown on EV or 10% act-1 RNAi (N2, red; bet-1B overexpression, purple) from hatch. Animals were grown 
on FUDR to prevent progeny development and assayed on day 1, 5, and 9 of adulthood. Recordings were performed in M9 solution on a 
Leica M205FCA stereomicroscope with a Leica K5 camera and thrashing was scored manually over a 10 s recording. Data is representative 
of three independent trials. n = 36–54 worms per condition. ***p < 0.001; *p < 0.05; ns = p > 0.05 calculated using non-parametric Mann–
Whitney testing. Each dot represents a single animal and lines represent median and interquartile range. (c) Model for BET-1 regulation 
of Actin. MYS-1 acetylates histones (Ceol & Horvitz, 2004), allowing recruitment of BET-1 to chromatin (Shibata et al., 2010). BET-1 
recruitment to chromatin allows for recruitment of transcription initiation factors like P-TFEb, which allows recruitment of RNA pol II (Jang 
et al., 2005) to promote transcription of Actin regulatory genes, which promotes Actin function and life span.
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an in vivo whole animal model, free from some of the restrictions 
or caveats of an in vitro cell culture system, such as major changes 
to actin cytoskeletal integrity when grown in a plastic dish (Tharp 
et al., 2021). Finally, phenotypic analysis in C. elegans is not limited 
solely to growth rate, and has multiple levels of phenotyping, includ-
ing development, motility, fecundity, size, and overall physiological 
health, all of which can be rapidly screened simultaneously. For our 
secondary screen, we used a genetic screening method whereby 
we performed partial knockdown of all actin genes using RNAi. We 
opted for this method as the thick cuticle of C. elegans lead to low 
permeability of many drugs (Xiong et al., 2017), making the usage 
of cytochalasin D not only cost-prohibitive for this study, but low 
confidence in maintaining a homogenous effect. Moreover, the actin 
cytoskeleton is important for cuticle development in worms (Costa 
et al., 1997) further compounding on this problem, and thus screen-
ing for regulators of actin using a drug may introduce several caveats 
that can bias hits for those involved in cuticle development. Overall, 
our two-species screening platform attempted to make use of two 
robust platforms equipped with a unique set of benefits that allowed 
for identification of evolutionary-conserved regulators of actin.

Through our cross-species approach, we identified bet-1, the C. 
elegans ortholog of human BRD2 and BRD4. bet-1 encodes a double 
bromodomain protein that has been originally characterized for its 
role in cell fate decisions (Shibata et al.,  2010). In addition, BET-1 
has been found to directly impact muscle myosin levels during aging, 
likely as a transcriptional regulator (Fisher et al.,  2013). Actin fila-
ments are usually in direct association with myosin (Cooper, 2000) 
and actin-myosin interactions are critical for C. elegans body wall 
muscle structure and function (Gieseler et al.,  2017). Moreover, 
BRD4 has been implicated in cancer aggression as an angiogenesis 
promoting factor, a process that directly involves actin polymeriza-
tion (Huang et al., 2016). Interestingly, BRD2 (an alternative homolog 
of bet-1) dosage has been previously linked to longevity in C57B6/J 
mice, although the underlying molecular basis was not identified 
(Pathak et al., 2020). While these previous studies showed potential 
correlation of BET1/BRD2/BRD4 with actin function and/or longev-
ity, our study has now provided evidence that expression of bet-1 
directly impacts actin organization and function, which has direct 
significance in longevity. Specifically, loss of function of bet-1 results 
in premature breakdown of actin structure during aging, while its 
overexpression protects actin filaments at late age and promotes 
both healthspan and life span. Importantly, we find that these ef-
fects are conserved in human cells, as inhibition of BRD4 in non-
dividing, human senescent cells result in decreased actin filaments, 
decreased adhesion, and decreased cell survival.

What was intriguing was that BET-1's impact on actin function 
is seemingly context dependent. We found that bet-1B overexpres-
sion protected actin filaments in the muscle and intestine, which 
promoted longevity, but had negative effects on the hypodermis. 
Our prediction in this discrepancy across cell types is that the pri-
mary requirement of actin is different in each cell. For example, in 
the muscle, actin is required for contractile movement of the muscle 
along myosin filaments, and muscle actin structures are highly stable 

(Higuchi-Sanabria et al., 2018). Similarly, intestinal actin structures 
are highly stable and make up the gut barrier (Egge et al.,  2019). 
However, actin in the hypodermis is required for very dynamic pro-
cesses, including wound healing (Xu & Chisholm, 2011) and endo-
cytosis (Higuchi-Sanabria et al., 2018). Thus, it is entirely possible 
that overexpression of bet-1B promotes actin stability, which might 
be detrimental to cells like the hypodermis where it is imperative 
for actin to remain highly dynamic. Consistent with this hypothesis, 
we also found that bet-1B overexpression significantly decreased re-
production, a process highly dependent on actin turnover for cell 
division. Our data suggests that bet-1B promotes actin stability, 
which will benefit highly stable actin environments (e.g., muscle and 
intestinal actin), but may be detrimental where actin dynamics are 
required (e.g., dividing cells and hypodermis).

Since we see that all visible BET-1B protein is found within the 
nucleus and localizes to puncta which in no way resembles actin fila-
ments, we believe that BET-1B does not impact actin through direct 
interactions. Moreover, the beneficial effects of BET-1B on actin and 
life span are dependent on MYS HATs, which acetylate histones at 
specific lysine residues, allowing BET-1B binding to alter gene ex-
pression (Shibata et al., 2010, p. 1). Thus, BET-1B likely impacts actin 
function as a transcriptional regulator that promotes expression of 
actin regulatory genes (Figure 4c). Indeed, our transcriptome analy-
sis revealed that cytoskeletal regulators make up a large majority of 
upregulated genes in bet-1 overexpressing animals, with act-3 specif-
ically being highly induced. We also observed changes in other cy-
toskeletal genes, including different regulatory factors. These genes 
showed opposing effects when compared to bet-1 loss of function 
animals and were largely dependent on the HAT, mys-1. Importantly, 
the transcriptional changes induced by BET-1B were largely distinct 
from the UPRMT, HSR, and the oxidative stress response.

However, we did observe a mild overlap with UPRER genes and a 
mutant with reduced daf-2 function. In addition, we found that the ben-
eficial effects of bet-1B overexpression on life span were dependent on 
the UPRER component, XBP-1. These findings were not entirely surpris-
ing as XBP-1 has previously been shown to regulate cytoskeletal tar-
gets (Shen et al., 2005), which suggests that perhaps there are some 
overlaps between UPRER and actin regulation. Consistent with these 
findings, bet-1B overexpression also significantly increased resilience 
to ER stress. Of future interest would be to determine whether bet-1B 
improves ER stress resilience solely by activating UPRER components, or 
whether actin health and function has direct ramifications in ER quality 
control and/or ER stress resilience. In other instances, actin function has 
been correlated with ER dynamics: for example, increases in intracellular 
calcium levels, which induces polymerization of actin at the ER (Wales 
et al., 2016) can have direct effects on ERmitochondrial contacts to drive 
mitochondrial dynamics (Chakrabarti et al., 2018; Korobova et al., 2013). 
Interestingly, we also found that bet-1B overexpression improved resis-
tance against paraquat, which induces both mitochondrial and oxida-
tive stress by promoting synthesis of superoxide in the mitochondria. 
However, we found that this was likely due to increases in UPRMT in-
duction rather than improved oxidative stress resilience. Overall, these 
data beg the question of whether improved actin homeostasis through 
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BET-1B can improve overall organismal stress resilience and a tantalizing 
hypothesis that BET-1B drives an Actin Cytoskeletal Stress Response 
(ACSR), which can impact organismal health. An exciting area of future 
work is to investigate whether a BET-1B driven ACSR – possibly in co-
ordination of other cytoskeletal regulators including DAF-16 and HSF-1 
– can drive overall stress resilience and longevity.

Finally, we found that the life span extension of bet-1B overex-
pression was dependent on the insulin/IGF-1 transcription factor, 
DAF-16. While DAF-16 itself has not been directly tied to cytoskele-
tal function, FOXO transcription factors have direct impacts on actin 
function in mammalian systems (Birnbaum et al.,  2019), and this is 
likely a conserved phenomenon in C. elegans. Despite these overlaps, 
a third of the genes induced by BET-1 were unique and included cy-
toskeletal and chromatin-related genes, suggesting that at least part 
of BET-1's transcriptional program is independent of DAF-2/DAF-16.

In both mammals and C. elegans, BET-1/BRD4 has been shown 
to directly bind chromatin (Dey et al.,  2000; Floyd et al.,  2013; 
Shibata et al., 2010) and play an active role in gene expression (Fisher 
et al., 2013; Lovén et al., 2013). In mammals, BRD4 has direct chroma-
tin decompaction activity. Specifically, BRD4 can act as a HAT to di-
rectly acetylate histones H3 and H4, resulting in nucleosome clearance 
and chromatin decompaction (Devaiah et al., 2016). BRD4 can also re-
cruit transcription super-complexes that promote RNA-PolII activity to 
stimulate transcription (Donati et al., 2018). While mammalian research 
has progressed in characterizing a mechanism whereby BRD4 impacts 
transcription, work on how BET-1 modulates transcription in C. elegans 
has yet to be discovered. Since both BRD4 and BET-1 bind chromatin 
at histones acetylated at similar lysine residues (H3 K14 or H4 K5/K12 
in mammals (Chiang, 2009; Dey et al., 2000); H4 K5, K8, K12, and K16 
in C. elegans (Shibata et al., 2010)) through conserved bromodomains, it 
is feasible that the mechanisms of action are similar between mammals 
and worms. However, additional work is necessary to uncover the di-
rect mechanism whereby BET-1 modulates transcription.

Together, our cross-species approach identified a unique function 
for BET-1 in actin cytoskeletal maintenance during aging, likely through 
a conserved function as a transcriptional regulator. Whether BET-1 can 
directly sense perturbations to cytoskeleton health, or whether the in-
formation is relayed by an upstream cytoplasmic sensor, remains to 
be explored. These findings assign BET-1 a key role as a regulator of 
cytoskeleton homeostasis, possibly linking previous associations with 
disease states to this underlying cellular function.

4  |  METHODS

4.1  |  Culturing BJ fibroblasts and cytochalasin 
screen

The immortalized human foreskin fibroblast line BJ ATCC CRL-2522 (BJ 
fibroblasts) expressing hTERT and Cas9 were used for the CRISPR-Cas9 
based screen as previously described (Schinzel et al., 2019). Cells were 
cultured in gelatin-coated dishes in Dulbecco's modified. Eagle's medium 
(DMEM), 15% fetal bovine serum (FBS), 1% glutamax, 1% non-essential 

amino acids (NEAA), and 1% penicillin/streptomycin. For splitting, cells 
were washed with PBS, trypsinized, and replated at 1:3 or 1:6 ratios 
based on confluence. Fresh media was applied every other day.

For the CRISPR-Cas9 screen, cells were transduced with the 
AVANA genome-wide sgRNA lentiviral library (Doench et al., 2016; 
Shalem et al.,  2014) and selected for 2 weeks with puromycin to 
maximize genome editing and target protein depletion. Cells were 
then split into a control (DMSO) arm and 0.1 μM cytochalasin D 
treatment arm and harvested after 2 weeks of treatment for se-
quencing. Genomic DNA (gDNA) extraction was performed on a 
frozen cell pellet in a 15 ml conical tube on 3 × 107–5 × 107 cells. 
Cells were lysed in 50 mM Tris, 50 mM EDTA, 1% SDS, 0.1 mg/ml 
Proteinase K overnight at 55°C. Then RNAse A was added to a final 
concentration of 50 μg/ml and incubated at 37°C for 30 min. Next, 
ammonium acetate was added to a final concentration of 2.5 M to 
precipitate proteins, samples were vortexed at max speed for 20 s 
and centrifuged at 4,000 g for 10 min. The supernatant was care-
fully removed and genomic DNA was extracted with cold 100% 
isopropanol, washed with cold 70% ethanol, air dried for 30 min to 
remove excess ethanol, and resuspended in Tris-EDTA. Sequencing 
was performed using Illumina Next Generation Sequencing as pre-
viously described (Shalem et al., 2014). Raw sgRNA counts are pro-
vided in Table S5.

CellTiter-Glo was used to estimate cell density for titration 
of cytochalasin D as previously described (Schinzel et al.,  2019). 
Briefly, cells were treated with indicated concentrations of cyto-
chalasin D or a DMSO vehicle control. Plates were washed 1x with 
PBS to eliminate excess media and CellTiter-Glo media was added 
to each cell in a 1:3 dilution into cell/PBS mix. Mix was incubated 
for 30 min at 37°C and luminescence was measured using a Tecan 
M1000.

For Annexin V staining, BJ fibroblasts were treated with cytocha-
lasin D at 0–10 μM concentrations for 24 h and 3-h treatment with 
30 mM H2O2 was used as a positive control for cell death. Annexin 
V FITC (Biolegend, 640906) and live/dead Aqua (ThermoFisher, 
L34966) staining was performed as per manufacturer's protocol. 
Briefly, cells were stained with both dyes for 20 min at room tempera-
ture in Annexin V binding buffer (Cayman Chemical, 600302). Dyes 
were washed once with Annexin V binding buffer, resuspended with 
Annexin V binding buffer, and flow cytometry (Attune, ThermoFisher) 
was used to quantify staining. For statistical analysis, two-way ANOVA 
with Dunnett's test was used to compare the ratio of live cells be-
tween the 0 μM control against each drug-treated group. 3 technical 
replicates of 2 biological replicates were performed.

4.2  |  Culturing and experiments with 
senescent cells

Human primary IMR-90 fibroblasts were grown in DMEM, supple-
mented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 
and 2 mM glutamine at 37°C in a humidified atmosphere with 5% CO2 
and 3.5% oxygen (Vizioli et al., 2020). For inducing senescence, cells 
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were treated with DNA damaging agent etoposide (50 μM) for 24 h. 
The etoposide-media was then replaced with DMSO and BET inhibi-
tor/degrader drug-containing media. Old media were replaced with 
new media containing DMSO and drugs every 2–3 days, and cells were 
harvested after 8 days for cell survival, adhesion, and actin polymeriza-
tion assay.

To check the cell viability, we performed an MTS assay as per man-
ufacturer's protocol with modifications. Briefly, approximately 12000 
IMR90 cells were seeded per well of 96-well plate. Senescence induc-
tion and drug treatments were performed as aforementioned. MTS 
assay solution was prepared by adding 20 μl CellTiter 96® AQueous 
One Solution Reagent (Promega, Cat. No. G3580) per 100 μl culture 
medium. The old medium from senescent IMR-90 cells was aspirated 
and 120 μl MTS assay solution per well was added. After 2 h incuba-
tion, 100 μl MTS assay solution aspirated from the plate in a fresh 96-
well clear plate and the absorbance at 495 nm was taken immediately 
using Microplate Reader.

To examine the adhesion capacity of senescent cells after drug 
treatments, VybrantTM Cell Adhesion Assay Kit (Molecular Probes, 
Cat. No. V-13181) was used according to the manufacturer's proto-
col with modification. Briefly, 30–40% confluent IMR-90 cells were 
treated with etoposide and BET inhibitor/degraders drugs in 6-wells 
plates as previously mentioned. After 8 days, cells from each well 
were trypsinized and pelleted down after neutralizing the trypsin 
with complete media. The cells were washed once with PBS and re-
suspended in 1 ml serum free DMEM containing 5 μM Calcein AM 
solution for 30 min. Then cells were washed twice with complete 
media to remove the excess Calcein AM. Finally, the Calcein AM la-
beled cells were suspended in 700 μl complete media and 100 μl of 
suspension was seeded per well in a PhenoPlate-96 (PerkinElmer). 
Cells from each treatment were seeded in total 6 wells of 96 wells. 
After 4 h incubation, 3 wells from each treatment were washed 3 
times with PBS to assay the adhering cells and 3 wells were main-
tained without washing to assay the total cells. Fluorescence was 
measured using Clariostar Multi-Mode Microplate Reader using 
FITC channel. The percentage of adhered cells were calculated from 
the fluorescence of adhered cells against total cells seeded after 
background subtraction.

To detect the level of actin polymerization, we used Alexa Fluor 
488 Phalloidin (Life Technologies, A12379), because this bicyclic 
peptide specifically binds to polymerized F-actin. Approximately 
12,000 IMR90 cells were seeded in a PhenoPlate-96 (PerkinElmer) 
and treated with etoposide and drugs, as previously mentioned. 
After 8 days of etoposide treatment, cells were fixed with 4% para-
formaldehyde. After washing the fixed cells with PBS three times, 
cells were permeabilized with 0.2% Triton-X and blocked with 1% 
BSA solution in PBS for 30 min to reduce the background staining. 
After blocking, F-Actin of the cells was stained with 165 nM Alexa 
Fluor 488 Phalloidin for 1 h at room temperature. Cells were washed 
with PBS three times and nuclei were stained with DAPI. The fluo-
rescence of the wells was measured by using Clariostar Multi-Mode 
Microplate Reader.

4.3  |  Caenorhabditis elegans strains and 
maintenance

All strains used in this study are derivatives of the N2 wild-type 
worm from the Caenorhabditis Genetics Center (CGC) and are listed 
below. Worms are maintained at 15°C on OP50 E. coli B strain and 
switched to growth at 20°C on HT115 E. coli K strain for all experi-
mentation. HT115 bacteria carrying a pL4440 empty vector con-
trol or expressing double-stranded RNA containing the sequence 
against a specific target gene were used for all experimentation. 
Experiments are performed on age-matched animals synchronized 
using a standard bleaching protocol (Bar-Ziv et al.,  2020). Briefly, 
animals are collected using M9 solution (22 mM KH2PO4 monoba-
sic, 42.3 mM Na2HPO4, 85.6 mM NaCl, 1 mM MgSO4) and bleached 
in 1.8% sodium hypochlorite and 0.375 M KOH diluted in M9 until 
all carcasses were digested. Intact eggs were then washed 4× with 
M9 solution followed by L1 synchronization by floating eggs in M9 
overnight in a 20°C incubator on a rotator for a maximum of 16 h. 
Synchronized animals are always grown on standard RNAi plates 
(1 mM CaCl2, 5 μg/ml cholesterol, 25 mM KPO4, 1 mM MgSO4, 2% 
agar w/v, 0.25% Bacto-Peptone w/v, 51.3 mM NaCl, 1 μM IPTG, and 
100 μg/ml carbenicillin; HT115 E. coli K strain containing pL4440 
vector control or pL4440 with RNAi of interest).

For bet-1 overexpression, isoforms A, B, and C were defined as per 
(Shibata et al., 2010) and sequences are provided below. Coding se-
quences were cloned from cDNA synthesized via reverse transcriptase 
using RNA isolated from N2 worms, the endogenous bet-1 promoter 
was cloned from gDNA isolated from N2 worms, and an unc-54 3′UTR 
was cloned from gDNA isolated from N2 worms. Plasmids were in-
jected into N2 worms using a standard microinjection protocol as de-
scribed (Garcia et al., 2022) with 10 ng/μl of overexpression plasmid, 
2.5  ng/μl of pEK2 (myo-2p::tdtomato) as a co-injection marker, and 
100 ng/μl of pD64 vehicle as filler DNA. Worms positive for the flu-
orescent pharynx were selected to identify stable arrays. Integration 
was performed by gamma irradiation where L4 worms were irradi-
ated with 4000–4400 rems of radiation and integration events were 
selected by finding animals that maintained 100% frequency of co-
injection marker in the F3 generation. Lines were then backcrossed 
into N2 a minimum of 8x to eliminate mutations. For overexpres-
sion of 3xHA::GFP::bet-1B, a GFP sequence containing introns and a 
3xHA cassette was cloned upstream of the bet-1B coding sequence. 
Injection and integrations were performed by SUNY Biotech.

To synthesize the bet-1(uth41) mutant line, we used a Cas9-RNA 
protocol as published on the IDT website via the Dernberg lab. Briefly, 
a mixture of 15 μM trRNA, and 22 μM crRNA (accatgggcaagtccgcgac) 
were incubated for 5 min at 95°C, cooled, then mixed with 24 μM Cas9 
protein and left at room temperature for 5°C. 2.5 ng/μl of pEK2 (myo-
2p::tdtomato) was added as a co-injection marker and this mixture was 
injected into C. elegans gonads. All progeny positive for the co-injection 
marker were selected, then sequenced for INDELs that incorporated a 
premature stop codon. The bet-1(uth41) mutant has a premature stop 
codon at amino acid 17.
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Strains used in this study

C. elegans: Bristol (N2) strain as wild-type (WT) CGC N2

C. elegans: CL2166: dvIs19[pAG15(gst4p::GFP::NLS)] III CGC

C. elegans: AGD1988: zcIs13[hsp-6p::GFP] This study SJ4100 6x backcross

C. elegans: AGD2051: bet-1(uth41) I This study N/A

C. elegans: AGD2161: uthIs505(bet-1p::bet1A::unc-54 UTR; 
myo-2p::tdTomato)

This study N/A

C. elegans: AGD2414: uthIs 498 (bet-1p::bet1B::unc-54 UTR; 
myo-2p::tdTomato)

This study N/A

C. elegans: AGD2498: unc-119(ed3) III; uthSi7[myo-
3p::LifeAct::mRuby::unc-54 3′UTR::cbunc-119(+)] IV; uthIs498 
(bet-1p::bet-1BCDS::unc54 UTR; myo-2p::tdTomato)

This study N/A

C. elegans: AGD2332: uthEx907(bet-1p::bet1C::unc-54 UTR; 
myo-2p::tdTomato)

This study N/A

C. elegans: AGD2936: uthIs498[bet-1p::bet1b(CDS)::unc-54 UTR; myo-
2p::tdTomato]; dvIs19[pAF15(gst-4p::GFP::NLS)]

This study N/A

C. elegans: AGD2937: uthIs498[bet-1p::bet1b(CDS)::unc-54 UTR; myo-
2p::tdTomato]; zcIs13[hsp-6p::GFP]

This study N/A

C. elegans: RHS01c: sybIS4029(bet1p::3xHA::GFP::bet-1B) This study PHX4031

C. elegans: RHS41: uthSi7[myo- 3p::LifeAct::mRuby::unc-54 3′UTR::cb-
unc-119(+)] IV

Higuchi-Sanabria et al. (2018) AGD1651 4x backcross

C. elegans: RHS42: uthSi10[col- 19p::LifeAct::mRuby::unc-54 
3′UTR::cb-unc-119(+)] IV

Higuchi-Sanabria et al. (2018) AGD1654 4x backcross

C. elegans: RHS43: uthSi13[gly- 19p::LifeAct::mRuby::unc-54 
3′UTR::cb-unc-119(+)] IV

Higuchi-Sanabria et al. (2018) AGD1657 4x backcross

C. elegans: RHS44: uthSi10[col- 19p::LifeAct::mRuby::unc-54 
3′UTR::cb-unc-119(+)] IV; uthIs499 [bet-1p::bet-1b(CDS)::unc-54 
UTR; myo-2p::tdTomato]

This study N/A

C. elegans: RHS47: uthIs499[bet-1p::bet1b(CDS)::unc-54 UTR, 
myo-2p::tdTomato]; uthSi13[gly-19p::LifeAct::mRuby::unc-54 
3′UTR::cbunc-119(+)] IV

This study N/A

4.4  |  bet-1A

ATGTC TGAGGGCAGCGGAGACCA ATCACA ACA ACGACCA​
TGGGCAAGTCCGCGACAGCAA

CCAATCAAAGGAATCGTACAGCCACGAGTACTTCCACCAT​
TCGGAAAGCCAACACGACACA

CAAACAAACTGGACTACATTATGACAACAGTACTCAAAGAGG​
CTGGAAAACATAAACATGT

CTGGCCGTTTCAGAAGCCCGTCGATGCGGTTGCTTTAT​G​TAT​
TC​CTCTATATCACGAGAGA

GTCGCCCGACCAATGGACTTGAAAACAATCGAGAATAGACT​
GAAAAGTACTTATTACACAT

GTGC TCA AGA ATGCAT TGATGATATCGA A ACAGT T T TC​
CAAAACTGCTACACATTCAATGGG

AAAGAGGACGACGTGACAATTATGGCCCAAAAT​GT​GCAC​
GAAGTGATAAAAAAGTCACTGG

A AC A AG C ACC TCG CG A AG AG C ATG ATATG G ATG T T T​
ATTGGGGAAAAAATAAGAAAAA

ACC GGCAAAAAGTGACGGTG​GATCG​AAATC​TTCGTCGAG​CA​
A​GAAG​AATG​ATGCTCGTGGACC

ATCTGAAGCACCGTCAGAGG
CTGGAAGTGAAGTT​TCGTCT​G​TA​ACA​ACAGCATCAGCAGC 

AG CCCCG ACG G T T TC TG A​G TC ​TG CG ​AG TG T TG C​CG CG​
AAGCCAGAACGAAAAGTGGCCG

GAAAGAAGACGGGAAAACGAAAAGCCGAATCAGAAGAT​
GACGAGAAGCCGGAACCTTTGA GAGCA​AAACGAGAGGTGGCTG​
TTGTCAAAAAAG​AAG​TTCATCAGCCATTGCTCCCAAGTAT

GAAGCCCTGTCTGAAGCTGCTCAATGATTTTTCTACA​AAAA​A​
ATATCAGG​AATTTGCTTGGC CATTCAACGA​ACCA​GTAG​AC​GC​T​G​
A​ACAACTGGGACTCCATGATTATCATAAAATTATCAAA

GAACCAATGGATCTGAAATCAATGAAAGCAAAAATGGA​
AAGTGGAGCATACAAGGAACCTT

C A G A T T T C G A G C A T G A T G T T C G T T T A A T G C T C A G​
GAATTGTTTTCTTTATAATCCAGTCGGT

GATCCGGTTCACAGTTTTGGTCTTAGGTTTCAAGAAGTTTTT​
GATAGACGATGGGCTGAACT

AG G TG AT TC G AG T TC TC G TG C T TC ATC AG T TG C AC C​
TCAATCAGCTCCGATTGCTCCAACT

CCGA A AGTAGCA A A ATCA AGTGCTCCA A A AGA ACCGA​
AAGAGTCTCGAAAAGAGCATAAAA
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A G G A G A C G A C T T T T G A A G C A A G C G G T G C A A A AT C​
GGAGGATTTAATGCAGATAAACAACGC

GTTGAGCATGATTCGAGAACGTGAGGAAAAGCTTA​AAGC​
AG​AG​CTC​GCCG​CTGCACAAGC GATAAAGGATAAACTGAC​GAGT​
GTG​AAG​AATC​GA​CGAGAAGATAA​TCCGAAT​GAGCCATTT

CCGGAGAAGCTTATCAATGAGACAAGAGCCTTGTGCACG​
ACGCAAGTTGGACAAAATGCTT

C A AGT TC T TC AGC T TC T TC TGC TGC T T TGAGGA ACGG​
ACGAAGCAAAAAAGCAGCATCCGC

ACGTC TC TATGGT TACGA AT T TGAT TCGGATGATGAGG​
ATAATAAGATGGCACTGACTTATG

AGGA A A A ACGA A AC T TGAGC A ATC TGAT TA ATA AT T T​
ACCCAACAATCAACTCAACACCATA

AT T TCGAT TAT TCA ACGGAGAGA ACGA AGCGCTCTGAT​
GCAACAACAACTCGATGACAGTG

AGGTTGAACTGGATTTCGAATCACTTGGAGATATGTGCC​
TGAGAGAAATGGGTGCATTTAT

C A A A AC A AT TCC A AC AT TA A ACGGA A ATGGCGATGAT​
GAGAAGCCGAAAACGTCTTCGAATC​CGA​CAT​CTTCT​GGAGCA​
ACAGGATCAAAGGGTTCG​TC​GTCGTTGGAGAG​CAAAA​ATGGA 
AAGA​​AAAAGAAAA​ACTTCAATATG​TCCGAATCCT​CGGATG​
ATGAGA​CGTCGAATAGTCGAA

A ACG TCGA A AGAGAGAGAGC AG TGA AT​C AC AGAGC T​
CTTCGTCCAGTGATGATGATTCAGA

TGATGAGGATAGGCCGAGTATTCCCC​GTAAATCAGGTCA​
ACCACCATCAACATCACGTGAA

TGGAATCAATCATCAGCTCCTCCA​CCACGAATGGGAG​GAA​
TGGGAGGACAACCACCAATG

TCACGAGTACCTGCATCATCATCCACATC​TGTATCAGCA​
ATCGGAAAGAACAACGCAGCCG

CCTCGTCGA AT TCATATCA AGCTCCA A ​A ACC​TGC​ACCA​
GTACC​AGCACCAACATCATCAAG

ACCTCCGGCAGCACCGAGAC​CACCGTCAAAAC​CAAAGA​
AAACGG​GTGGAGCGAGTATTCT

TGATACTCTACT TCCAGATACAT T TGG​AGCATCACCTCC​
CCAGTTTTTCCAGTCGC​AACCAA

C A ACGTCGGC TACGAT TAGATC ACC A ACG​GA A AGCC A​
ACCCGGG​AATGGTGAAGACGAGC

AG ACC AG G AT TC AG AG G ATG ​CG G ATG G AG G C ​A A AG​
CGAGCCC​GCCAAAA​AGAAGACGAA

GGCAGTGTCTCGTTGTCAAACCAAA​TGGAAATGATGG​CTG​
CATTTGAATTTGATAATACATA

TTAA

4.5  |  bet-1B

ATGTCTGAGGGCAGCGGAGA​CCAATCACAACAACG​ACC​A​T​
GGGCAAGTCCGCGACAGCAA

CC A ATC A A AGGA ATCGTAC AGCC AC​GAGTAC T TCC ​AC​
CATTCGGAAAGCCAACACGACACA

CAAACAAACTGGACTACATTATGA​CAACAGTACTCAAAGA​
GGCTGGAAAACATAAACATGT

CTGGCCGT T TCAGA AGCCCGTCGATGCGGT TG​CT T TAT​
GTATTCCTCTATATCACGAGAGA

GTCGCCCGACCAATGGACTTGAAAACAATCG​AG​AATA​GAC​
TG​AAAAGTACTTATTACACAT

GTGCTCAAGAATGCATTGATGATATCGA​AACAGTTTTCCAAA​
ACT​GCTACACATTCAATGGG

AAAGAGGACGACGTGACAATTATGGCCCA​AAATGTGCA​CGA​
AGTGATAAAAAAGTCACTGG

AACAAGCACCTCGCGAAGAGCATGAT​ATG​GAT​GT​TTA​TT​
GGGGAAAAAATAAGAAAAAACC G​G​CAAAAAGTG​AC​GG​TGG​AT​C​​​A​
A​ATCTTCGTCGAGCAAGAAGAATGATGCTCGTGGACC

ATC TGA AGCACCGTCAGAGG​C TGGA AGTGA AGT T TCG​
TCTGTAACAA​CAGCATCAGCAGC AGCCCCGAC​GGTTTCTGA​GTC​
T​GCGAGTGT​TGCCGCGAAGCCAGAACGAAAAGTGGCCG

GAAAGA​AGACGGGAAAACGAA​AAGCCGAA​TCAGA​AGA​
TGACGAGAAGCCGGAACCTTTGA GAG​CAAAAC​G​AGAGGTGG​CT​
G​TT​GT​CAAAAAAGAAGTTCATCAGCCATTGCTCCCAAGTAT

GAAGCCCTGTCTGAAGCTGCTCAATG​ATTTTTC​TACAA​AA​
AAATATCAGGAATTTGCTTGGC

CATTCAACGAACCAGTAGACGCTG​AACAACTGGGACT​CC​
ATGATTATCATAAAATTATCAAA

GA ACCA ATGGATCTGA A ATCA A​TGA A AGCA A A ​A ATG​G​
AAAGTGGAGCATACAAGGAACCTT

CAGATTTCGAGCATGATGTTCGTT​TAATGCTCAGGAA​TTGTT​
TTC​TTTATAATCCAGTCGGT

GATCCGGTTCACAGTTTTGGTCTTAGGTTTCAAGA​AGTTTT​
TGATAGACGATGGGCTGAACT

AGGTGAT TCGAGT TCTCGTGCT TCATCAGT TG​CAC​CTC​
AATCA​GCTCCGATTGCTCCAACT

CCGAAAGTAGCAAAATCAAGTGCTCCAAAAGAACC​GAA​
AGAGTCTCGAAAAGAGCATAAAA

AGGAGACGACTTTTGAAGCAAGCGGTGCAAAAT​CGG​AG​
GATTTAATGCAGATAAACAACGC

GTTGAGCATGATTCGAGAACGTGAGGAAAAGCTTAAAG​
CAGAGC​TCGCCGCTGCACAAGC

G ATA A A G G ATA A A C T G A C G A G T G T G A A G A AT C G A C​
GAGAAGATAATCCGAATGAGCCATTT

CCGGAGAAGCTTATCAATGAGACAAGAGCCTT​GT​GCA​C​
GACGCAA​GTTGGACAA​AATGCTT CAAGTT​CTTCAG​CT​TC​TT​CTG​
CTGCT​TTGAGGAACGGA​CGAAGC​AAAAA​AGCAGCATCCGC

ACGTCTCTATGGTTACGAATTTGATTCGGATGATGA​GGAT​
AATAAGATGGCACTGACTTATG

AGGAAAAACGAAACTTGAGCAATCTGATTAA​TA​ATT​TAC​
CCAACAATCAACTCAACACCATA

ATTTCGATTATTCAACGGAGAGAACGAAGCGCTCTG​ATGC​
AACAACAACTCGATGACAGTG

AGGTTGAACTGGATTTCGAATCACTT​GGAGATATGTGCCT​
GAGAGAA​ATGGGTGCATTTAT

CAAAACAATTC​CAACATTAAACG​GAAATGG​CGATG​ATGAG​
A​AGCCGAAA​ACGTCTTCGAAT CCGACATCTTCTGGAGCAAC​AG​
G​ATC​AAA​GGGTTCGTCGTCGTTGGAGAGCAAAAATGGA AAG​
AAAAAGAAAAACTTCA​ATATGTCCGAA​TCCT​CGG​ATGATGA​GAC​
GT​C​GAATAGTCGAA
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AACGTCGAAAGAGAGAGAGCAGTGAAT​CACAGAGCTCTTC​
GTCCAGTGATGATGATTCAGA

TGATGAGGATAGGCCGAGTATTCCCCGTAAATCAG​GTCA​
ACCAC​CATCAACATCACGTGAA

TGGAATCAATCATCAGCTCCTCCACCACG​AATGGGAGG​AAT​
GGGAGGACAACCACCAATG

TCACGAGTACCTGCATCATCATCCACATCTGTATCAG​CA​AT​
CGGA​AAGAACAACGCAGCCG

CC TCG TCG A AT TC ATATC A A A A AT T T TATA AT TG T T T​
TCACAGTTATACTCCACCTTTAAAAG

TTGAAAAAAAAATCATCAAATTACTGGTAAATTTTTGTTAA 
bet-1C

ATGTCTGAGGGCAGCGGAGACCAATCACAACA​AC​GACCAT​
GGGCAAGTCCGCGACAGCAA

CCAATCAAAGGAATCGTACAG​CCACGAGTACT​TCCACC​AT​
TCG​GA​AAGCCAACACGACACA

CAAACAAACTGGACTACATTATGACAACAGTACTCA​AAGA​
GGCTGG​AAAACATAAACATGT

CTGGCCGTTTCAGAAGCCCGTCGATGCGGT​TGCTTTATGTAT​
TCCT​CTATATCACGAGAGA

GTCGCCCGACCA ATGGACTTGA A A ACA ATCGAGA ATAG​
ACTGA​AAAGTACTTATTACACAT

GTGCTCA AGA ATGCATTGATGATATCGA A ACAGTTTTCC​
AAAACTGCTACACATTCAATGGG

A A AGAGGACGACGTGACA ATTATGGCCCA A A ATGTGCA​
CGAAGTGATAAAAAAGTCACTGG

A A C A A G C A C C T C G C G A A G A G C AT G ATAT G G AT G T​
TTATTGGGGAAAAAATAAGAAAAAACC

GGCAAAAAGTGACGGTGGATCGAAATCT​TCGTCGA​GCA​
AGAAGAATGATGCTCGTGGACC

ATCTGA AGCACCGTCAGAGG​CTGGA AGTGA ​AG​T T TCG​
TCTGTA​ACAACAGCATC​AGCAGC AGCCCC​G​AC​GG​T​TT​CTGA​GTC​
TGCGAGTGTT​GCCGCGA​AGCCAGAACGAAAAGTGGCCG

GAAAGAAGA​CGGGAAAACGAAAAGCCG​AATCAGAAG​ATG​
AC​G​A​GAA​G​CCGGAACCTTTGA GAGCAAAA​​CGAGAG​G​T​​GGCT​
G​TTG​TCAAAAAAGAAGTTCATCAGCCATTGCTCCCAAGTAT GA​
AGCCCTGTCTGAAGCTGCTCAATGATTTTTCTACA​AAAAAA​TATC​
A​GGA​​ATT​T​GC​TTG​GC

C AT TC A ACG A ACC AG TAG ACG C TG A AC A AC T​G G G AC​
TCCATGATTATCATAAAATTATCAAA

GAACCAATGGATCTGAAATCAATGAA​AGCAAAAA​TGGAA​
AGTG​G​AGCATACAAGGAACCTT

CAGATTTCGAGCATGATGTTCGTTTAATGCTCAGGAA​TT​G​TT​
TT​CT​TTATAATCCAGTCGGT

GATCCGGTTCACAGTTTTGGTCTTAGGTTTCAAGAAGT​TT​
TTGA​TAGACGATGGGCTGAACT

AGGTGATTCGAGTTCTCGTGCTTCATCAGTTGCACCTCAAT​C​
A​G​CTCC​GATTGCTCCAACT

CCGAAAGTAGCAAAATCAAGTGCTCCAAAAGAACCGAA​AGA​
GTC​TCGAAAAGAGCATAAAA

AGGAGACGACTTTTGAAGCAAGCGGTGCAAAATCGGAGG​
ATTT​AATGCAGATAAACAACGC

GTTGAGCATGATTCGAGAACGTGAGGAAAAGCT​TAAAGCAG​
AGCTCGCCGCTGCACAAGC

GATA A AGGATA A AC TGACGAGTGTGA AGA ATCGAC​GA​
GAAGAT​AATCCGAATGAGCCATTT

CCGGAGAAGCTTATCAATGAGACAAGAGCCTT​GTGCACG​
ACGCAAGTTGGACAAAATGCTT

CA AGTTCTTCAGCTTCTTCTGCTGCTTTGAGGA A​CGG​A​
CGAAGCAAAAAAGCAGCATCCGC

ACGTCTCTATGGTTACGAATTTGATTCG​GATGATG​AGG​AT​
AATAAGATGGCACTGACTTATG

AGGAAAAACGAAACTTGAGCAATCTGATT​AATAA​TT​TAC​
CCAACAAT​CAACTCAACACCATA

ATTTCGATTATTCAACGGAGAGAACGAAGCGCTCT​GATGCA​
ACA​ACAACTCGATGACAGTG

AGGTTGAACTGGATTTCGA​ATCACTTGGAG​ATATGTGC​CTGA​
GA​GA​AATGGGTGCATTTAT

C A A A AC A AT TCC A AC AT TA A ACGGA A ATGGC​GATGAT​
GAGAAG​CCGAAAAC​GTCTTCGAAT CCGACATC​TTCTGGAGCAAC​
AGGATCAAAGGGTTCGT​CGTCGTTGGAGAGCAAAAATGGA

AAGAAAATAA

4.6  |  bet-1p

CACAGGTCTCTAGTGTATCCACTTCGAATGCGAT​GCC​CGAA​AC​
CTCTTCATCCATCCGTCT

CCTTCTCGCTCTCTCTCTCTCTCTCTCT​TCTCCATCTCT​CTCC​
AC​ATTTTGCCTGCTATCTCG

TGATTGTCGTCCCGTCCGTGTTCCGCCGCACACAC​TGCC​TG​
TCTT​CTCTTAACCGTGTGTC

GATCAACTCCCAAACCGCTACGCTATTTCTCTCTCCCTC​TCT​
CTCTCTCTTCGGCGGTGAC

ATTTCTGACTAGATGGTCATACAAA​ACGCGTGCTGC​GC​GCG​
CGCTCCGCAAAAATCGACG

CGAATCGATTAATGTGCGTCTCGTTTCTCTATCTCTGA​CC​GC​
CC​CCGCTTCAACCTAACACT

ATTTTTGAATGCTTTTCAACTGTAACTTGCAGCTAATTAGA​AG​
TT​GAGAGATAACCTGTTGC

GATTGGCTCCGGGCAAGGGTTGGGAGGTCGCACCAGAAA​
TTT​TAGAGCTCTAGGATTTCA

AATTTTTGGGTTTCAAGACCGTAACATGATTTTCTTGGAAA​
TTTA​TCACAAATCATGTAGAAA

ATCGATATCAGTAAGAGGGAGTGAGTGATCTATCATTTTTTA​
TC​TTTC​GATCTGAAATTCCA

CAGCGAAGGTTTTCTGCCGAAATTTCGAAATTGGTAT​TT​TG​A​
A​C​T​ATCCGATAATTCGTAGA

ACATCAAGATAAAGTGTCAACCTATAGAA​AATCACATGATT​CG​
TCAGAAAATAACATTAATTT

CATATGA A ATAGTTGAGA A AGTGCTCA A A A ATGGC​CTA​
AAATTATC​CAATAATCGACATTTG

ACAACTTTCAGCACACTTTTGAACCGTTTATCAATTGTTTC​TG​
CT​GAAATAGACGTATTTTTC
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GGACGAATCGAGTGATTTCCTATAGTTTTACACTGAT​TTT​
TGACAA​AAAAATATTGATAGAAC

ATGGTGCATTAGGCAATTTTT​TAGAATT​GCCG​TCTAC​ACCTGA​
TTTCGATGGGTCCTCGTGA

CAAGAC​CCAAAATTTTATTATTTTTATCGT​TGAAAAAAATC​A​
A​ATCAATAACACCGCAATCAC CATTTGCA​AAGTTTAATTAAAT​AC​
A​AT​TT​TTATTAAAATATTTCAGGAATA​AAAATATTAGTCA

GAATAATCCCATGTT​CTTCTAGCGATTTCAACTAATTC​T​TT​GA​
A​AATAACATT​TCTTGGAATT TAAGAATACGAAAA​TAG​TCA​​C​T​TCT​
T​TGTATT​CTAGAA​ACGCTAAT​TC​CT​GCAAC​CGA​CAAA TTAAAAGT​
ACAAAAAATGA​TACG​GCAAGCGCGCTCCAAT​TCAAATCGAG​
TCTCCCGCCTTC

CTTGACG​TCATTGCTAACAGCTGC​TTCGGT​TTTT​TCCT​CC​AA​
AT​​TTCGTGGTT​CAAATTTTAT TTTTAA​TTG​AAT​TT​TAAC​A​AA​A​T​A​
G​​GA​​AGCTAG​TT​GAGTAA​CATTT​ATT​ATTA​ATTTTGTAAAA

TATTCTGCAAATTCGGCG​T​TTTCTTTTAATTC​AAATAAAAGT​
TTT​C​AATAAAAAAAATC​GATAT

TTTCAG

4.7  |  unc-54 3′ UTR

CATCTCGCGCCCGTGCCTCTGACTTCTAAGTCCAATTACTCT​
TCAACATCCCTACATGCTCT

TTCTCCCTGTGCTCCCACCCCCTATTTTTGTT​ATTATCAAAA​
AACT​TCTCTTAATTTCTTTGTT

TTTTAGCTTCTTTTA AGTCACCTCTA AC​A ATGA A ATTGT​
GTAGATTCAAAAATAGAATTAATT

CGTAATAAAAAGTCGAAAAAAATTGTGCTCCCT​CCCCCCATT​
AATAATAATTCTATCCCAAA

ATCTACACAATGTTCTGTGTACACTTCTTATGTT​TTTTACT​
TCTGATAAATTTTTTTGAAACAT

C ATAG A A A A A AC C G C AC AC A ​A A ATAC C T TATC ATAT​
GTTACGTTTCAGTTTATGACCGCAAT

TTTTATTTCTTCGCACGTC​TGGGCCTCT​CATG​ACGTCAAATC​
ATGCTCA​TCGTGAAAAAGTT

TTGGAGTATTTTTGGAATTTTTCAATCAAGTGAA​AGTTTATGA​
AAT​TAATTTTCCTGCTTTTG

CTTTTTGGGGTTTCCCCTATTGTTTGTCAAGATTT​CGAGGAC​
GGCGTTTTTCTTGCTAAAAT

CACAAGTATTGATGAGCACGATGCAAGAAAGAT​CGGAAG​
AAG​G​TTTGGGTTTGAGGCTCA GTGGAAG

4.8  |  GFP used in GFP::3xHA::bet-1 construct 
(introns are lower case, stop codon removed)

ATGAGTA A AGGAGA AGA ACTTTTCACTGGAGTT​GTCCCA A​
TTCTTGTTGAATTAGATGGTGA

TGTTAATGGGCACAAATTTTCTGTCAGT​GGAGAGGGT​GAAG​
G​TGATGCAACATACGGAAAA

CTTACCCTTAAATTTATTTGCACTACTGGA​AAA​CT​ACC​TG​TTC​
CATGGgtaagtttaaacatatatatac taacta​ac​cctg​attat​ttaaat​tt​tcag​CCAA​
CAC​TTG​TCACTACTTTCT​GTTATGG​TGTTCAA​TG​CT​TCTC

GAGATACCCAGATCATATGAAACG​GCATGACTTTTTCA​AG​AG​
T​GCCATGCCCGAAGGTTAT GTACAGGAAAGAAC​TA​TAT​TTT​TC​
A​A​AG​A​T​GACGGGA​A​CTACAAGACACgtaagttt​aaaca​gttcgg tacta-
actaaccata​catatttaaa​ttttcagGTGCTGA​AGT​CA​AG​TTT​G​AAGGTGAT​
AC​CCTT​GTTAATAGA ATCGAGTTAA​A​AG​GTATTGATTTTAA​AG​
AA​GAT​GGAAA​CAT​TCTTGGACAC​AAATTGGAATA CAACTATAA​
C​T​CA​C​A​CAATGTATAC​ATCAT​GGCA​G​​ACAAA​CAAA​AGAATGGA​
ATCA​AAGTTgt

aagtt taaacatgatt t tactaactaactaatc ​tgatt taaatt t tcagA AC​
TTCAAAATTAGACACAACATTGAAGATG

G A AG CG T TC A AC TAG C AG ACC AT TATC A ​AC A A A ATA​
CTCCAATTGGCGATGGCCCTGTCCT

T T TACCAGACA ACCAT T​ACC TGTCCACACA ATC TGCCC​
TTTCGAAAGATCCCA​ACGAAAAGA

GAGACCACATGGTCCTTCTTGAG​TTTG​TAACAGCTGCT​GGGA​
TTA​CACATGGCATGGATGA

ACTATACAAA

4.9  |  3xHA

TATCCATATGACGTGCC​GGACTACGCGTAC​CCGTATGATGTTCCA​
GACTACG​CCTATCCGT
ACGACGTAC​CAGATTATGCA

4.10  |  bet-1 RNAi

CAGCA ACCA ATCA A AGGA ATCGTA​CAGCCACGA​GTACT​TC​
CACCATTCGGAAAGCCAACAC

G AC AC AC A A AC A A AC TG G AC TA​C AT TATG ​AC A AC AG​
TACTCAAAG​AGGCTGGAAAACATAA

ACATGTCTGGCCGTTTCAG​AAGCCCGTCGATGCGGTTGC​
TTTATGTATTCCTCTATATCAC

GAGAGAGTCG​CCCGACCAATGGACTTG​AAAACAATCGAG​
AATAGACTGAAAAGTACTTATT

A C A C AT G C G C T C A A G A AT G C AT ​T G AT G ATAT C G A​
AACAGTTTTCCAAAACTGCTACACATTC

AATGGGAAAGA​GGACGACGTGACAATTATGGCCCAAAATG​
TGCACGAAGTGA​TAAAAAAGT

C A C T G G A A C A A G ​C A C C T C G C G A A G A G C AT G ATAT​
GGATGTTTATTGGGGAAAAAATAAGAA

AAAACCGGCAAAAAGTGA​CGGTGGATCGAAATCTTCGT​
CGAGCAAGAAGAATGATGCTCG

TGGACCATCTGAAGCACCGTCAGA​GGCTGGAAGTG​AAGT​
TTCGTCTGTAACAACAGCATCA

GCAGCAGCCCCGACGGTTTCTGAGTCTGCGAGTGTTGCCG

4.11  |  mys-1 RNAi

AAAAAAGCAGGCTTGACCGA​GCCGA​AGAAGGAGATT​ATA​GAGG​
AC​​G​AAAATCATGGAATAT CCAAGAAAATA​CCAAC​AGATC​CCA​GG​
C​A​ATACGAGAAAGTTAC​AGAGGGAT​GCCGGTTATT
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GGTCATGATGGCTTCACAAGAA​GAAGAAAGATGG​GCCG​
AAGTTATTTCAAGAT​GCCGAGCT

GCAAATGGTTCAATTAAATTCTA​TGTCCATT​ATATCGATTG​
CAACCGAAGACTTGACGAATG

GGTTCAGTCT​G​ATAGGCTCAATTTAGCGTCGTG​TGAGCTACC​
AAA​AAAAGGAGGAAAGAAA

G G A G C A C A C T T G C G G G A ​A G A A A AT C G A G AT T C G A​
ATGAAAAT​GAAGGAAAGAAAAGCGGC

CGAAAACGAAAG​ATTCCA​CTACTTCCGATGGAT​GATCTCAA​
GG​CGGAATCCGTAGATCCAT

TACAAGCAATTTCAACGATGACCAG​CGGATCTACTCCAA​GTC​
TTCG​AGGTTCCATGTCGAT

GGTCGGCCATAGTGAAG​ATGCAATGACA​AGGATCCGA​AATG​
TCGAATGCATTGAACTAGG

AAGATCACGAATTCAGCCATGGTACTTT​GCACCTT​ATCCACA​
ACAATTGACAAGTTTGGATT

GTATTTATAT​TTGCGAATTTTGTC​TGAAATATCTAAAGT​CG​
AAA​AC​TTGTCTG​AAACGGCAC

NTGGAAAAATGTGCAATGTG​TCACCCACCTGGC​AATCA​
AATCTACAGTCACGATAAACTTTC

ATTTTTTGAAATCGACGGC​CGC​AAAAACAAAAGCTAT​G​
CTCAGAAT​CTATGCCTGCTTGCCA AACTT

4.12  |  Caenorhabditis elegans screen

C. elegans orthologs of human genes from the cytochalasin screen were 
identified using Ortholist 2 (Kim et al., 2018). RNAis were isolated from 
the Vidal (Reboul et al., 2001) or Ahringer (Lee et al., 2003) RNAi li-
braries and sequence-verified using standard sanger sequencing. RNAi 
constructs that matched the expected sequences at a bp length > 150 
were included in the screen. For synthetic lethality screens, RNAi cul-
tures were grown in a deep-well 96-well plate to saturation and were 
mixed at a 10%/90% ratio of act-1 RNAi to candidate gene RNAi. 
Animals were grown on these 10%/90% mix and grown at 20°C and 
screened at day 1 of adulthood. All hits are defined as those that show 
any observable difference between the 10%/90% act-1/gene mix in 
comparison to 100% candidate gene RNAi alone. All screening was 
performed with the researcher blind to the identity of each RNAi and 
was screened by two independent researchers. Only hits that had phe-
notypes scored as positive by both researchers were included as hits 
and images are made available in Figure 1.

4.13  |  Caenorhabditis elegans microscopy

Animals were always imaged at the specified ages in figure legends 
using standard bleaching protocols for synchronization. For all aging 
experiments, animals were aged on RNAi plates supplemented with 
FUDR from day 1 of adulthood until the desired stage. 100 μl of 
10 mg/ml FUDR were spotted on the bacterial lawn. At least 1 rep-
licate was performed without FUDR and manual picking of animals 
away from their progeny as previously described (Higuchi-Sanabria 

et al., 2018) to ensure that measurable effects were independent of 
FUDR. For all microscopy, representative images of three independ-
ent biological replicates are shown.

For high magnification live-cell imaging, animals are picked off 
of plates and mounted directly onto a microscope slide containing 
M9 +  0.1  M sodium azide. For standard wide-field microscopy (myo-
3p::LifeAct and col-19p::LifeAct), images were acquired on either a Zeiss 
AxioObserver.Z1 microscope equipped with a lumencor sola light engine 
and Ziess axiocam 506 camera driven by Zeiss ZenBlue software using 
a 63x/1.4 PlanApochromat objective, standard dSRed filter (Zeiss filter 
set 43), and a DFC9000 camera; or a Leica Thunder Imager equipped 
with a 63x/1.4 Plan AproChromat objective, standard dsRed filter 
(11525309), Leica DFC9000 GT camera, a Leica LED5 light source, and 
run on LAS X software. For confocal microscopy (gly-19p::LifeAct), imag-
ing was performed on a Stellaris 5 confocal microscope equipped with a 
white light laser source and spectral filters, HyD detectors, 63x/1.4 Plan 
ApoChromat objective, and run on LAS X software.

For imaging of GFP::BET-1, animals were bleached to isolate eggs. 
100 μl of egg/M9 mix was mixed with 500 μl of 4% PFA diluted in PBS 
and fixed at room temperature on an orbital shaker for 11 min. Samples 
were frozen at −80°C until imaging. Prior to imaging, PFA was washed 
using 1 ml of PBS and shaking on an orbital shaker for 10 min at room 
temperature. A total of 3x PBS washes was performed. For staining, sam-
ples were submerged in 1 ml of PBS, then 0.75 μl of 5 mg/ml DAPI dis-
solved in DMSO was added. Eggs were incubated with DAPI for 50 min 
at room temperature on an orbital shaker. Excess DAPI was washed 
with 3x PBS washes at 10 min each at room temperature on the orbital 
shaker. 5 μl of egg/PBS mix was mounted onto a slide and mixed with 
5 μl of VectaShield mounting media and imaged on a Stellaris 5 confo-
cal microscope equipped with a white light laser source, HyD detector, 
63x/1.4 Plan ApoChromat objective, and run on LAS X software.

For imaging of fluorescent transcriptional reporters, animals 
were synchronized via bleaching and grown on standard RNAi 
plates and imaged at day 1 of adulthood. For imaging, animals were 
moved onto standard NGM plates without bacteria containing 5 μl 
of 100 mM sodium azide to paralyze worms. Paralyzed worms were 
lined up and imaged immediately on a Leica M205FCA automated 
fluorescent stereoscope equipped with a standard GFP filter and 
Leica K5 camera and run on LAS X software. 3 biological replicates 
were performed per experiment with n  > 12 per replicate. All de-
tailed protocols are available at (Bar-Ziv et al., 2020), but also briefly 
described: For hsp-6p::GFP, animals were grown on RNAi plates until 
day 1 and imaged immediately. For gst-4p::GFP, animals were grown 
on RNAi plates until the L4 stage, washed off plates with M9, treated 
with 1 mM tertbutyl hydroperoxide for 4 h (or equivalent water for 
controls) floating in M9 in a rotator at 20°C, then washed 3x with M9 
and plated on standard OP50 plates for 24 h, then imaged.

4.14  |  Gut bacteria invasion assay

To measure gut bacteria invasion, animals were synchronized via 
bleaching and plated from hatch on RNAi of choice mixed with 20% 
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HT115 bacteria expressing mCherry as previously described (Egge 
et al.,  2019). At the desired age, animals are transferred by hand 
onto a standard OP50 plate and allowed to feed on OP50 for 2 h 
at 20°C to clarify excess mCherry bacteria. For imaging, animals are 
lined up on a standard NGM plate without bacteria in M9 + 0.1 M 
sodium azide. Images were acquired on a Leica M205FCA equipped 
with a standard dsRed filter and Leica K5 camera and run on LAS X 
software. For each of 3 biological replicates, 2 technical replicates 
of 12+ animals per replicate were imaged. For each technical and 
biological replicate, the % of animals with bacterial invasion were 
quantified and plotted. Statistical analysis was performed across all 
replicates using a standard t-test using Prism software.

4.15  |  Caenorhabditis elegans RT-PCR and RNA-
seq analysis

For RNA isolation, all RNA collection was performed at day 1 of 
adulthood. ~1000 animals were harvested from RNAi plates using 
M9. Animals were pelleted by gravity by allowing adult worms to 
settle to the bottom of the tube and aspirating off eggs and L1. 
Animals were washed and gravity settled 3x to remove a major-
ity of progeny, then animals were placed into Trizol solution and 
worms were freeze/thawed 3x with liquid nitrogen with a 30 sec 
vortexing step between each freeze cycle. After the final thaw, 
chloroform was added at a 1:5 chlorform/trizol ratio and aqueous 
separation of RNA was performed via centrifugation in a heavy 
gel phase-lock tube (VWR, 10847–802). The aqueous phase was 
mixed 1:1 with isopropanol then applied to a Qiagen RNeasy Mini 
Kit (74106) and RNA purification was performed as per manufac-
turer's directions.

Library preparation was performed using a Kapa Biosystems 
mRNA Hyper Prep Kit sequencing was performed at the Vincent J 
Coates Genomic Sequencing Core at the University of California, 
Berkeley using an Illumina HS4000 mode SR100. Four biological 
replicates were measured per condition. Reads per gene were 
quantified using kallisto (Bray et al., 2016), with WBcel235 as the 
worm reference genome. Fold changes were determined using 
DESeq2 (Love et al.,  2014). XBP-1 gene targets were defined as 
previously experimentally determined (Urano et al.,  2002). GO 
enrichment was calculated using WormEnrichr (Chen et al., 2013). 
bet-1B overexpression, bet-1 RNAi, and bet-1(uth41) mutants were 
compared to N2 wild-type control. In addition, bet-1B overexpress-
ing worms were grown on mys-1 RNAi and compared to a mys-1 
RNAi control.

For RT-PCR, cDNA synthesis was performed using the QuantaBio 
cDNA supermix Qscript (101414-102) using 1 μg of RNA. RT-PCR 
was performed using NEB Q5 DNA polymerase as per manufactur-
er's guidelines using primers listed below. Four biological replicates 
were performed per condition. Image quantification was performed 
using ImageJ by drawing an ROI 974 of equal size around each band 
and quantifying for integrated density. Data was normalized to a 975 
tba-1 loading control.

Primers used in this study

Primer name Primer sequence Primer purpose

bet-1 qPCR F CCAACCCGGGAAT 
GGTGAAGAC

Forward primer to 
RT-PCR/qPCR 
bet-1 without 
overlapping with 
RNAi sequence

bet-1 qPCR R CCATCATTTCCATT 
TGGTTTGACAACG

Reverse primer to 
RT-PCR/qPCR 
bet-1 without 
overlapping with 
RNAi sequence

mys-1 qPCR F CAGATCATGTTCT 
AGCAACAACG

Forward primer to 
RT-PCR/qPCR 
mys-1 without 
overlapping with 
RNAi sequence

mys-1 qPCR R GATAGCGTAAGCT 
TTTCGGTG

Reverse primer to 
RT-PCR/qPCR 
mys-1 without 
overlapping with 
RNAi sequence

tbas-1 qPCR F TCAACACTGCCAT 
CGCCGCC

Forward primer to 
RT-PCR/qPCR tba-1 
loading control

tba-1 qPCR R TCCAAGCGAGACC 
AGGCTTCAG

Reverse primer to 
RT-PCR/qPCR tba-1 
loading control

4.16  |  Caenorhabditis elegans thrashing assay

Thrashing assays were performed on animals synchronized via 
bleaching and aged on plates containing FUDR from day 1. 100 μl 
of 10 mg/ml FUDR were spotted on the bacterial lawn. At the de-
sired age, plates containing adult animals were flooded with 100 μl 
of M9 solution, and 30 sec videos were acquired on an M205FCA 
stereomicroscope equipped with a Leica K5 microscope and run on 
LAS X software. Thrashing was measured by eye over a 10 s period. 
A single trash is defined as bending of >50% of the animal's body 
in the opposite direction. Representative data of three independent 
biological replicates are presented. Dot plots were generated using 
Prism 7 software where every dot represents a single animal and 
lines represent median and interquartile range. All statistics were 
performed using nonparametric Mann–Whitney testing.

4.17  |  Caenorhabditis elegans brood size assay

A synchronized population of animals were collected via bleaching 
and 10 L4 animals were moved onto individual plates. Every 12 h, an-
imals were moved onto fresh plates and plates containing eggs were 
stored in a 15°C incubator for 2–3 days. All live progeny on every 
egg-lay plate were scored and summed to determine brood size. Dot 
plots were generated using Prism 7 software where every dot rep-
resents a single animal and lines represent median and interquartile 
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range. All statistics were performed using non-parametric Mann–
Whitney testing.

4.18  |  Caenorhabditis elegans life span assay

Caenorhabditis elegans life span assays were performed on standard 
RNAi plates and were all performed at 20°C as previously described 
(Bar-Ziv et al., 2020). Adult worms were moved away from progeny 
daily onto fresh RNAi plates until no progeny were visible (~7–8 days). 
Animals were then scored every other day until all animals were 
scored as either dead or censored. All animals exhibiting bagging, 
intestinal leaking out of the vulva, or other age-unrelated death were 
censored and removed from quantification. For life spans on FUDR, 
animals were grown on RNAi plates supplemented with FUDR from 
day 1 of adulthood until the desired stage. 100 μl of 10 mg/ml FUDR 
were spotted on the bacterial lawn. At least 1 replicate for every 
life span was performed in the absence of FUDR. For tunicamycin 
and paraquat survival assays, animals are grown on RNAi plates until 
day 1 of adulthood. At day 1, animals are moved onto RNAi plates 
containing 25 μg/ml tunicamycin or 2.5 mM paraquat as previously 
described (Castro Torres et al., 2022). All statistical analysis was per-
formed using Prism7 software using LogRank testing. All life span 
experiments were performed with researchers blinded to sample 
conditions. Representative data are represented in figures and all 
replicates are made available in Tables S6 and S7.
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