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ABSTRACT There are many studies suggesting an age-associated decline in the actin cyto-
skeleton, and this has been adopted as common knowledge in the field of aging biology.
However, a direct identification of this phenomenon in aging multicellular organisms has not
been performed. Here, we express LifeAct::mRuby in a tissue-specific manner to interrogate
cytoskeletal organization as a function of age. We show for the first time in Caenorhabditis
elegans that the organization and morphology of the actin cytoskeleton deteriorate at
advanced age in the muscles, intestine, and hypodermis. Moreover, hsf-1 is essential for
regulating cytoskeletal integrity during aging, so that knockdown of hsf-1 results in prema-
ture aging of actin and its overexpression protects actin cytoskeletal integrity in the muscles,
the intestine, and the hypodermis. Finally, hsf-1 overexpression in neurons alone is sufficient

to protect cytoskeletal integrity in nonneuronal cells.
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INTRODUCTION

The cytoskeleton plays a fundamental role in cellular pathways, in-
cluding chaperone function, trafficking, and autophagy (Berry et al.,
1992; Young et al., 2003; Caviston and Holzbaur, 2006; Mooren
et al., 2012; Higuchi et al., 2013). Loss of function of the actin cyto-
skeleton has been observed in clinical manifestations, including
neurodegeneration and muscle myopathies (Acsadi et al., 1991;
Alim et al., 2002, 2004). Recently, attention has been turned to the
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link between the actin cytoskeleton and aging. Cytoskeletal integ-
rity has been shown to decline as a function of age, and preserving
the cytoskeleton can have a beneficial impact on lifespan. Specifi-
cally, overexpression of the heat-shock transcription factor, HSF-1,
can protect cytoskeletal integrity during stress and aging (Baird
et al., 2014). However, a direct link of HSF-1 to preserving cytoskel-
etal integrity during aging is lacking. Rather, HSF-1 has been shown
to transcriptionally up-regulate a subset of cytoskeletal compo-
nents, and one of these targets, pat-10, has been shown to be re-
sponsible for HSF-1-mediated lifespan extension. Here, we show
directly that overexpression or knockdown of HSF-1 can affect cyto-
skeletal organization and morphology during aging.

RESULTS AND DISCUSSION

The actin cytoskeleton shows a marked decline in structure
and organization during aging in adult worms

Actin microfilaments are a primary cytoskeletal component that is
important for cell viability and physiology. In addition to providing
structural support, the actin cytoskeleton has long been understood
to play important roles in intracellular organelle and cargo move-
ment. Although several studies have shown that protection of the
actin cytoskeleton can beneficially impact lifespan (Higuchi et al.,
2013; Baird et al., 2014), a direct characterization of actin cytoskele-
tal organization and integrity as a function of age in multicellular or-
ganisms is lacking. This is likely due to the difficulty of visualizing the
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FIGURE 1: LifeAct is a robust and reliable reporter for tissue-specific visualization of actin in live
animals. (A) Left: schematic for tissue-specific LifeAct expression in C. elegans. LifeAct is fused
to the red fluorescent protein, mRuby, and expressed in worms using a tissue-specific promoter,
such as myo-3p for muscle expression. Right: schematic of the location where LifeAct-mRuby is
expressed and visualized in muscles, intestine, and hypodermis. (B) LifeAct-mRuby stained
structures colocalize with Alexa Fluor 488 phalloidin staining. Transgenic worms expressing
LifeAct-mRuby under tissue-specific promoters for muscles (myo-3p), intestine (gly-19p), and
hypodermis (col-19p) were grown to day 1 on empty vector (EV) RNAi from hatch, fixed, and
stained as described in the Supplemental Resources and Methods. All scale bars are 5 um.

(C-E) LifeAct-mRuby stained actin is susceptible to disruption by actin-destabilizing conditions,
such as heat shock, cytochalasin D, and act-1 RNAI, in muscles (C), intestine (D), and hypodermis
(E). Transgenic worms were grown to D1 for muscles and intestine and D4 for hypodermis on
EV RNAI. Worms were heat-shocked at 34°C for 2-6 h on solid agar or treated with 0.5-2.5 yM
cytochalasin D spinning in M9 solution for 4 h at 20°C. For actin RNAi, worms were grown from
hatch until L4 on EV RNAi and then moved to act-1 RNAi for 24 h and imaged on D1. Images for
act-1 RNAi were contrast-enhanced separately from other images for ease of visualization of
phenotypes. Scale bars are 5 ym.

actin cytoskeleton in live organisms. Early studies revealed that ac-
tin-fusion proteins are functionally impaired, presumably due to the
requirement for every surface of the actin monomer in protein—
protein interactions to form filaments (Doyle and Botstein, 1996;
Yamada et al., 2005). Here, we have adapted the use of LifeAct in
Caenorhabditis elegans to visualize actin organization as a function
of age in a tissue-specific manner. LifeAct is the first 17 amino acids
of a yeast actin-binding protein, Abp140p, which binds to F-actin
filaments and can be used to visualize the F-actin network in live
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cells by fusing it to a fluorescent protein
(Riedl et al., 2008). We created stable trans-
genic lines expressing LifeAct::mRuby in
various tissues.

We used the mosSCI system to gener-
ate worms expressing a single copy of
LifeAct::mRuby driven by tissue-specific pro-
moters (Frokjaer-Jensen et al., 2008). These
transgenic worms exhibit robust staining of
the actin in the muscles, intestine, and hypo-
dermis (Figure 1, A and B). LifeAct::mRuby
signal colocalizes with the traditional F-actin
dye phalloidin, illustrating specific visualiza-
tion of actin. This system overcomes pheno-
typic consequences of traditional visualiza-
tion of actin in live cells, such as the toxic
effects of phalloidin. Moreover, tissue-spe-
cific expression allows robust analysis of actin
in specific populations of cells without bleed-
through or interfering signal from neighbor-
ing cells with a stronger fluorescent signal.
Destabilization of actin by knockdown of ac-
tin expression through RNA interference
(RNAV), heat shock, or treatment with drugs
that alter actin polymerization results in per-
turbations of LifeAct::mRuby structures, pro-
viding further evidence that LifeAct:mRuby
labels bona fide actin structures in worms
(Figure 1, C-E). The actin cytoskeleton in
muscle cells can be visualized as linear stria-
tions of filamentous actin parallel to muscle
fibers. These actin structures in the muscle
show signs of disorganization beginning at
day 7 of adulthood (D7), with progressive de-
cline and decreased thickness through D10
and D13 (Figure 2A; Supplemental Figure
S1A). Similarly, we find loss of cytoskeletal
organization and structure within intestinal
cells as early as D7, with significant aberra-
tions in structural organization by D13 (Figure
2B). To our surprise, we have not been able
to visualize significant cytoskeletal structures
in the neurons or in the pharynx (unpublished
data; strains are available and tested—see
the Supplemental Resources and Methods).

A dramatically different phenomenon is
apparent in the hypodermal actin during ag-
ing. The outer hypodermal layer under the
cuticle of the worm has a large amount of
actin throughout adulthood, but the inner
hypodermal syncytium shows little to no cy-
toskeletal structure at D1. However, by D4,
there are significant cytoskeletal structures

in these cells that appear starlike (Figure 2C). These structures show
loss of organization by D7 and complete resolution by D10. Using
LAMPro technology, the fluorescent intensity of these starlike struc-
tures was quantified using positional information from a COPAS bio-
sort (see Daniele et al., 2017, for detailed methods). Briefly, staged
worms are run through a COPAS biosort to obtain fluorescent inten-
sity along the anterior—posterior axis of the worm. This measurement
is quantified and displayed as the median fluorescent intensity at
multiple positions along the anterior—posterior axis, such that each
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FIGURE 2: The actin cytoskeleton shows loss of structure and integrity as a function of age.
Cytoskeletal integrity was monitored in muscles (A), intestine (B), and hypodermis (C) of live

C. elegans at various stages of adulthood (D1, D4, D7, D10, D13), using transgenic worms
expressing LifeAct-mRuby under tissue-specific promoters as described in Figure 1. Worms were
grown on EV RNAi from hatch and aged by three different methods: flotation, FUDR treatment,
or hand picking, as described in the Supplemental Resources and Methods. All three methods
show similar trends. Representative data from hand picking are shown. Scale bars are 5 pm.

line represents a specific segment of the worm. At D1, there is a high
level of cytoplasmic LifeAct::mRuby signal. However, by D4, a major-
ity of the fluorescent signal is represented by the starlike actin struc-
tures (see Figure 2C). In agreement with fluorescent microscopy,
LAMPro quantification shows that the highest level of starlike actin
structures exists in the hypodermis at D4, which show a rapid decline
of these structures from D7 to D13, providing evidence that this is
not just a feature of a small number of worms, but is representative
across a large population (Supplemental Figure S1, B and C). Finally,
RNAI knockdown of actin or actin-regulatory genes perturbs the for-
mation of these structures (Supplemental Figure S2A). Moreover,
treatment with the actin-destabilizing drugs, CK-666, cytochalasin
D, latrunculin A, and SMIFH2, results in disruption of hypodermal
actin structures (Supplemental Figure S2B). These data suggest that
the starlike actin structures contain functional filamentous actin.
Next, we tested whether these structures are associated with en-
docytic vesicles. The actin cytoskeleton is a critical element for traf-
ficking of endocytic vesicles, and endosomes found in Saccharomy-
ces cerevisiae, called actin patches, have been shown to be
decorated with a coat of F-actin, which is required for their traffick-
ing along actin cables (Pruyne et al., 1998). Therefore, we tested
whether the starlike actin cytoskeletal structures were endocytic
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19p::Lifeact::mRuby C col-

19p::Lifeact::mRuby vesicles coated with F-actin for trafficking.
We treated worms with RNAI against genes
essential for endocytosis (dyn-1, erp-1,
sphk-1, unc-57) and found that knockdown
of endocytic components perturbed the for-
mation of these actin structures. This was
not due to a developmental delay found in
some endocytosis mutants, as these mu-
tants also failed to form hypodermal actin
structures through D7 (Supplemental Figure
S2C). These data support the hypothesis
that these starlike actin species found in hy-
podermal cells may be in contact with endo-
cytic vesicles. Yet to be determined is why
these cytoskeletal structures appear in hy-
podermal cells between D4 and D7. In S.
cerevisiae, actin patches form in the bud
and are believed to be essential for recy-
cling membrane components (Pruyne et al.,
1998). It is possible that these structures are
endosomes that are critical for recycling
components in these cells.

HSF-1 affects actin cytoskeletal
integrity during aging

HSF-1 is a conserved master regulator for cy-
tosolic heat shock response and its activation
results in the induction of genes involved in
protein refolding (e.g., chaperones) and pro-
tein degradation (e.g., proteasomes and au-
tophagy), as reviewed in Labbadia and
Morimoto (2015) and Higuchi-Sanabria et al.
(2018). Moreover, HSF-1’s role in protein ho-
meostasis is critical for lifespan regulation,
and its down-regulation results in a decrease
in lifespan (Garigan et al., 2002; Steinkraus
et al., 2008), while its overexpression is suffi-
cient to extend lifespan (Hsu et al., 2003;
Morley and Morimoto, 2004). Beyond these
canonical roles, additional studies have im-
plicated HSF-1 in the maintenance of the cytoskeleton in C. elegans:
HSF-1 promotes the induction of genes involved in cytoskeletal
organization, including the troponin-like calcium-binding protein,
PAT-10. Overexpression of hsf-1 or its downstream target, pat-10, is
sufficient to promote thermotolerance and extend lifespan (Baird
et al., 2014). However, a direct characterization of HSF-1’s role in cy-
toskeletal maintenance has yet to be performed. Here, we performed
knockdown of hsf-1 in transgenic worms with tissue-specific
LifeAct::mRuby expression to determine directly whether HSF-1 is
essential for cytoskeletal maintenance in various tissues. We find that
hsf-1knockdown results in premature aging of the actin cytoskeleton
in muscle cells. In D1 adults, hsf-1 knockdown worms have thinner
actin cables, which show signs of disorganization as early as D4, with
dramatic disruption by D7, compared with wild-type worms, which
only begin to show subtle signs of disorganization at D7 (Figure 3A).
Similarly, hsf-1 knockdown results in a disordered organization of ac-
tin in the intestine as early as D4, with complete loss of structural in-
tegrity by D7 (Figure 3B). Finally, hsf-1 knockdown results in loss of
structural integrity of the starlike actin structures in hypodermal cells,
with few or no visible cytoskeletal structures by D7 (Figure 3C). These
data provide direct evidence that hsf-1 is essential for cytoskeletal
maintenance during aging.
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HSF-1 is required for maintenance of cytoskeletal integrity. Cytoskeletal integrity

pression of hsf-1 in muscles, intestine, and
hypodermis was sufficient to protect cyto-
skeletal integrity autonomously in the same
tissue (Figure 3, D-F). However, overexpres-
sion of hsf-1 in the intestine or hypodermis is
not sufficient to protect cytoskeletal integ-
rity in the muscles (Supplemental Figure
S3A). Similarly, overexpression of hsf-1in the
muscles or hypodermis did not protect cyto-
skeletal integrity in intestinal cells (Supple-
mental Figure S3B), and overexpression of
hsf-1 in the muscles or intestine did not
protect cytoskeletal integrity in hypodermal
cells (Supplemental Figure S3C). These data
suggest that hsf-1 can function autono-
mously in the same tissue to protect cyto-
skeletal integrity in muscles, intestine, and
hypodermis, but these cells do not commu-
nicate hsf-1 signaling to other tissues.

In contrast to other tissues, neuronal
overexpression of hsf-1 has been shown to
communicate HSF-1 signaling to distal tis-
sue (Douglas et al., 2015; Tatum et al.,
2015). Moreover, overexpression of hsf-1 in
neurons alone is sufficient to promote ther-
motolerance and lifespan in C. elegans.
Therefore, we tested whether neuronal
overexpression of hsf-T was also sufficient to
protect cytoskeletal integrity in distal tissue.
Indeed, neuronal overexpression of hsf-1
was sufficient to delay the age-associated
decline of the actin cytoskeleton in distal tis-
sue. Animals overexpressing hsf-1 in neu-
rons only begin to show signs of cytoskeletal
aging at D10, with clear disruption in the
structure and organization at D13, in con-
trast to wild-type animals showing obvious

was monitored in muscles (A), intestine (B), and hypodermis (C) of transgenic worms expressing
LifeAct::mRuby under tissue-specific promoters. Transgenic worms were grown on either EV or
hsf-1 RNAI from hatch. Worms were aged by three different methods: flotation, FUDR
treatment, or hand picking. Representative data from hand picking are shown. Imaging was
stopped at D7 due to a large number of deaths in worms grown on hsf-1 RNAi beyond D10.
(D) Cytoskeletal integrity was measured in muscles of wild-type and myo-3p::hsf-1 worms at D1,
D4, D7, D10, and D13. (E) Cytoskeletal integrity was measured in the hypodermis of wild-type
and col-19p::hsf-1 worms at D1, D4, D7, D10, and D13. (F) Cytoskeletal integrity was measured
in the intestines of wild-type and gly-19p::hsf-1 worms at D1, D4, D7, D10, and D13. For A-C,
worms were plated on EV RNAi from hatch and aged by flotation, growth on FUDR, or hand
picking. Representative images from hand picking are shown. Scale bars are 5 pm.

defects at D10 (Figure 4A). Similarly, intesti-
nal actin is preserved in animals overex-
pressing hsf-1 in neurons, with dysfunction
starting at D7 and becoming readily appar-
ent only after D10 (Figure 4B). Neuronal
overexpression of hsf-1 does not delay the
formation of the starlike actin structures in
the hypodermal cells, which are readily ap-
parent at D4, similarly to those in wild-type
animals (Figure 4C). However, animals over-

To determine whether overexpression of hsf-1 was sufficient to
protect cytoskeletal integrity during aging, we performed tissue-
specific overexpression of hsf-1. Previous reports have shown that
overexpression of hsf-1in neurons was sufficient to promote benefi-
cial effects on both thermotolerance and lifespan (Douglas et al.,
2015). This is due to neurons signaling nonautonomously to activate
transcription of HSF-1 targets in distal tissues. Because systemic
overexpression of hsf-1 in all tissue would also include the effects of
neuronal nonautonomous HSF-1 signaling, we created lines overex-
pressing hsf-1 in single tissues to determine the function of autono-
mous hsf-1 upon cytoskeletal regulation. hsf-1 was overexpressed
in muscle, intestinal, and hypodermal cells using promoters identical
to those used for tissue-specific LifeAct::mRuby expression. Overex-
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expressing hsf-1in neurons results in a delay
in the resolution of these structures, which
begin at D10 and are still visible at D13, in contrast to wild-type ani-
mals at D7. This is different from overexpression of hsf-1 directly in
the hypodermis (compare with Figure 3F). Animals with hypodermal
hsf-1 overexpression still have starlike actin structures in the hypo-
dermis at D4, but peak in the quantity of these structures at D7,
whereas animals overexpressing hsf-1 in neurons do not increase
the quantity of actin structures past D4. It is unclear what results in
the subtle differences between autonomous and nonautonomous
HSF-1 signaling in regulation of hypodermal actin structures, but it
is clear that both result in preservation of these actin elements at a
later age compared with that in wild-type animals.
Considering that the nervous system is a major source of signals
throughout an organism, it is not surprising that neurons can send
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FIGURE 4: HSF-1 overexpression in neurons is sufficient to protect cytoskeletal integrity in
nonneuronal tissue. Cytoskeletal integrity was monitored in muscles (A), intestine (B), and
hypodermis (C) of transgenic worms expressing LifeAct::mRuby under tissue-specific promoters
and overexpressing hsf-1 in neurons (rab-3p::hsf-1). Transgenic worms were grown on EV RNAi
from hatch and were aged by three different methods: flotation, FUDR treatment, or hand
picking. Representative data from hand picking are shown. Scale bars are 5 pm.

stress signals to distal tissues. However, we were interested to find
that a beneficial signal cannot be sent to distal tissue when hsf-1 is
overexpressed in muscles, intestine, or hypodermis (Supplemental
Figure S3, A-C). Taken together, these data suggest that hsf-1 is
important in regulating cytoskeletal integrity, but can only act non-
autonomously from neurons to distal tissue.

HSF-1's role in lifespan regulation is dependent on actin
homeostasis
As a master regulator, hsf-1 functions in many different pathways be-
yond cytoskeletal maintenance, including immunity, autophagy, and
the heat-shock response (Morley and Morimoto, 2004; Singh and
Aballay, 2006; Steinkraus et al., 2008; Kumsta et al., 2017). Because
hsf-1 is required for cytoskeletal maintenance, we tested whether
perturbations of cytoskeletal integrity could abrogate the lifespan ex-
tension found in long-lived, neuronal hsf-T-overexpressing animals.
We find that nonlethal actin knockdown results in a significant decline
in lifespan, and that neuronal overexpression of hsf-1 has no effect on
these animals (Supplemental Figure S4A). These data suggest that
the beneficial effects of nonautonomous HSF-1 signaling from neu-
rons to intestine are dependent on cytoskeletal maintenance.
Finally, we tested whether nonneuronal tissue-specific overex-
pression of hsf-1 was sufficient to extend lifespan. These animals can
preserve cytoskeletal integrity autonomously in cells overexpressing
hsf-1, but fail to signal nonautonomously to distal tissue. Intrigu-
ingly, worms overexpressing hsf-1 in muscles, intestine, or hypoder-
mis have a mild extension in lifespan compared with those showing
neuronal overexpression of hsf-1, suggesting that HSF-1 regulates
lifespan by protecting actin cytoskeletal integrity in all tissues (Sup-
plemental Figure S4B). This is consistent with previous work per-
forming tissue-specific overexpression of hsf-1 using different pro-
moters (Morley and Morimoto, 2004). Therefore, neuronal
overexpression of hsf-1, which promotes cytoskeletal integrity in
several distal tissues, has a more profound effect on lifespan than
preservation of actin in a single tissue.
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Concluding remarks

Here, we provide a platform for interrogat-
ing cytoskeletal integrity in multiple tissue
types in C. elegans using LifeAct::mRuby.
Using this system, we have characterized
the decline in actin cytoskeletal structure
and organization as a function of age in
muscle, intestine, and hypodermal cells.
Specifically, the muscles and intestine show
signs of deterioration as early as D7, with
significant loss of structural integrity by D10
and D13. However, hypodermal cells are
unique and show formation of starlike actin
structures at D4, which resemble endocytic
vesicles decorated with actin. These struc-
tures begin to resolve by D7 and are com-
pletely absent after D10.

We also find that modulation of hsf-1 ex-
pression has a direct effect on cytoskeletal
regulation during aging. Knockdown of hsf-
1 results in premature aging of the actin cy-
toskeleton, while overexpression of hsf-1
can protect cytoskeletal integrity during ag-
ing. Moreover, overexpression of hsf-1 in
neurons is sufficient to preserve cytoskeletal
integrity in muscles, intestine, and the hypo-
dermis during aging. However, overexpres-
sion of hsf-1in nonneuronal cells can only protect cytoskeletal integ-
rity autonomously in tissues harboring the overexpression, and is
insufficient to protect cytoskeletal integrity in distal tissues. Still to
be identified is how neuronal hsf-1 can function distally in protecting
cytoskeletal integrity in peripheral tissue.
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