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Recently, nine Caenorhabditis elegans genes, grouped into two pathways/clus-
ters, were found to be implicated in healthspan in C. elegans and their
homologues in humans, based on literature curation, WormBase data
mining and bioinformatics analyses. Here, we further validated these
genes experimentally in C. elegans. We downregulated the nine genes via
RNA interference (RNAi), and their effects on physical function (locomotion
in a swim assay) and on physiological function (survival after heat stress)
were analysed in aged nematodes. Swim performance was negatively
affected by the downregulation of acox-1.1, pept-1, pak-2, gsk-3 and
C25G6.3 in worms with advanced age (twelfth day of adulthood) and heat
stress resistance was decreased by RNAI targeting of acox-1.1, daf-22, cat-4,
pig-1, pak-2, gsk-3 and C25G6.3 in moderately (seventh day of adulthood)
or advanced aged nematodes. Only one gene, sad-1, could not be linked to
a health-related function in C. elegans with the bioassays we selected.
Thus, most of the healthspan genes could be re-confirmed by health
measurements in old worms.

Human life expectancy has increased in recent decades worldwide. For
example, in Germany, life expectancy at birth was 66.69 years in 1950. By
2020, this had increased by 22% to 81.41 years [1]. However, the age at
onset of morbidity and ageing-associated diseases has not changed as much
[2]. Thus, people spend more time in poor health: in the UK, the time in
poor health increased from 15.4/18.1 to 16.1/19.1 years for males/females
between 2000/2002 and 2012/2014 (https://www.gov.uk/government/ publi-
cations/health-profile-for-england / chapter-1-life-expectancy-and-healthy-life-

expectancy). Furthermore, in a global study, male and female healthy life
expectancy at birth was 54.8 and 58.7 years, respectively, in 1990 and 59 and
63.2 years, respectively, in 2010 [3]. This corresponds to an increase of health-
span by 4.2 and 4.5 years, respectively, whereas the life expectancy during the
same time period increased by 4.7 and 5.1 years, respectively. To increase our
understanding of the genetic basis of health and ageing, the model organism
Caenorhabditis elegans is frequently used. This nematode is about 1 mm-long
(measured at the first day of adulthood [4]) and characterized by easy hand-
ling, cheap maintenance, a simple body plan, a short generation time and
easy storage. While key genetic players for an extended lifespan are known
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in C. elegans, few researchers have examined whether
extended lifespan is accompanied by extended healthspan,
with conflicting results [5,6].

Recently, we calculated ‘healthspan pathway maps’ and
their overlap in humans and C. elegans [7]. To compile the
maps, we first defined healthspan as the time spent in the
absence of disease and dysfunction [8]. Based on literature,
gene/protein interaction and annotation data, we could
then infer two healthspan pathway maps (human and
worm), and their overlap comprised nine human genes,
arranged in two interconnected sets. These were ACOX1,
SCP2, GCH1, SLC15A1 and MELK, PAK4, BRSK2, GSK3B,
CDKN2B and their C. elegans homologues were acox-1.1, daf-
22, cat-4, pept-1 and pig-1, pak-2, sad-1, gsk-3, C25G6.3. Here,
we test the two overlaps of the healthspan pathway maps by
health-related bioassays.

To validate that the nine genes play a role in the mainten-
ance of health in C. elegans, health-relevant phenotypes were
measured in aged nematodes after downregulation via RNA
interference (RNAi) [9]. According to Fuellen et al. [8], the
most important features of health that decline during
ageing can be categorized as belonging to physiological,
physical, cognitive or reproductive functions. Here, we test
the hypothesis that downregulation of each of the nine
genes will lead to changes in stress resistance (physiological
function) and locomotion (physical function) in aged
worms. Furthermore, it is assumed that the genes involved
in stress resistance are similarly involved in lifespan
determination. We recently found a very high correlation
between lifespan and stress resistance in C. elegans [10].
These findings corroborated previous studies with similar
results [11].

2. Material and methods

(@) Maintenance and treatment of Caenorhabditis

elegans

The wild-type N2 Bristol C. elegans strain was obtained from
the Caenorhabditis Genetics Center (Minneapolis, MN, USA)
and maintained at 22°C on NGM agar plates according to
Brenner [12]. Sodium hypochlorite (3%) treatment, inspired by
T. Stiernagle [13], was performed to synchronize the population.
Nematodes were fed with Escherichia coli HT115 bacteria strains
containing an empty vector (EV) (Ahringer Library, Source Bio-
Science, Nottingham, UK). From the fourth larval stage (L4)
on, nematodes were distributed to NGM plates containing
100 pM floxuridine (FUdR), 1 mM isopropyl B-p-1-thiogalacto-
pyranoside (IPTG) and 2 mg ml™" carbenicillin as well as the
appropriate RNAi feeding strain to downregulate the target
genes. The acox-1.1 and pig-1 feeding strains were constructed
by restriction-based plasmid cloning. The target sequences
from genomic C. elegans DNA were amplified using the follow-
ing primer pairs including restriction sites: acox-1.1 forward
(GCAGTCCTCGAGGCACAGATTTATGGGGGAGA) and rever-
se (GGCGGCAGATCTTGATCTTTGCATGTGGTGGT) primer,
as well as pig-1 forward (GCAGTCCTCGAGAATGTCGGTGAG
GAGCAGTG) and reverse (GGCGGCAGATCTTGTTGGTTTT
CTCGACGGTA) primer, and ligated into a L4440 plasmid. The
plasmid was first transformed into E. coli DH5¢ cells and finally
into E. coli HT115 cells for feeding C. elegans. The other feeding
strains were obtained from the Ahringer library [14], and all
strains were sequenced to verify the correct plasmid insert
sequences.

Prior to use, fresh feeding bacteria were treated with 1 mM
IPTG for 2 h, subsequently washed with 3 g 17" NaCland adjusted
to a density of ODsgs = 9. Nematodes fed with EV-feeding bacteria
served as a control. Animals were kept in the dark until the
third (A3), seventh (A7) and twelfth (A12) day of adulthood.
The efficiencies of the RNAi treatments were tested via
RT-qPCR (see electronic supplementary material, data).

(b) Heat stress assay

At the chosen ages (A3, A7, Al12), a heat stress assay was per-
formed by incubating the worms for 3 h at 37°C. From the next
day on, animals were counted blinded as dead or alive and
lost animals were noted. For statistical evaluations, the log-rank
test with subsequent Bonferroni correction provided by OASIS
2 [15] was used. Significance is deemed to be reached if the
p-value is less than 0.05.

(c) Swim assay

In addition, a swim assay was carried out at ages A3, A7 and
A12 by transferring the animals into wells (0.5 mm deep and
10 mm diameter) on object slides, which were filled with 42 nl
of M9 buffer. The wells were covered with a coverslip, and the
movement of the nematodes was filmed for 60 s. Videos were
recorded with a Miiller Optronic MicroAnalytics HD camera
and software (MHDC-500 microscope camera) with a 9.5 times
magnification. Every other frame of each MP4 video was con-
verted into a jpg file, which was edited with Adobe Photoshop
to obtain binary and inverted pictures. The pictures were ana-
lysed with the program CeleST (v. 3.1, [16]), which tracks the
movement of nematodes and calculates, among others, the par-
ameters: ‘wave initiation rate’, ‘body wavenumber’, ‘brush
stroke” and ‘activity index’. An unpaired t-test with subsequent
Bonferroni correction was performed to evaluate significance,
i.e. if the corrected p-value is below 0.05.

3. Results

(a) Downregulation of acox-1.1, daf-22, cat-4, pig-1,
pak-2, gsk-3 and (25G6.3 leads to a decreased
thermal tolerance in aged nematodes

Stress resistance is a key feature for the maintenance of
healthspan and declines with age in C. elegans as well as in
humans [17-19]. Therefore, heat stress resistance was selected
to assess the health status of the nematodes. The experiments
were conducted separately for the first (acox-1.1, daf-22, cat-4
and pept-1) and the second (pig-1, pak-2, sad-1, gsk-3 and
C25G6.3) overlap. Following the heat stress, we observed a
significantly lower thermal tolerance in A12-old animals trea-
ted with RNAIi for daf-22, pig-1, pak-2 and gsk-3 or C25G6.3
(figure 1la—d). While untreated animals survived for 3.22
(figure 1c) to 3.5 (figure 1d) days after application of heat
stress, the decreased mean survival of treated animals
ranged from 1.57 days (gsk-3) to 3.04 days (pig-1) (table 1).
Interestingly, nematodes with downregulation in pept-1 and
sad-1 displayed no significant differences in their mean survi-
val at any tested age after heat stress, compared to the control
group. However, a slight but significant decrease of median
and minimum survival was triggered by the downregulation
of pept-1 at A7 and A12, respectively (table 1). Therefore,
these two genes may not be strongly involved in thermal tol-
erance. The role of acox-1.1 and cat-4 appears to depend on
age. Nematodes deficient in cat-4 displayed a remarkably
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Figure 1. Survival after heat stress. Nematodes at the L4 stage were treated with nine different RNAi strains or the EV strain. On the third, seventh and twelfth day
of adulthood, they were exposed to heat stress at 37°C for 3 h, prior to monitoring their survival. The mean survival + s.e.m. is plotted (a,b) and differences
compared to control were considered significant at p < 0.05 (¥) by using a two-sided log-rank test and subsequent Bonferroni correction. In addition, survival
curves are shown for nematodes which were heat shocked on the twelfth day of adulthood (c,d). The number of tested individuals is collected in table 1.

decreased mean survival in young (-30%) and A7 old (—-15%)
adults, whereas acox-1.1 deficient animals only revealed a
decreased survival at the age A7 (—29%) compared to the
untreated group. It should be noted that all nine treatments
led to a decreased survival at A12, although not all reached
the significance level (table 1).

(b) ACOX-1.1, PEPT-1, (25G6.3 and GSK-3 are important
to maintain locomotor fitness in old nematodes

The reduction of physical function during ageing is a serious
health deterioration in humans and represents also a clear
sign of ageing in nematodes [16]. Therefore, the movement
of RNAi-treated nematodes was evaluated by analysing
four age-dependent swim parameters: the wave initiation
rate (figure 2a) indicates the speed of movement by determin-
ing the number of body thrashes per minute; the body
wavenumber (figure 2b) reflects the waviness of the body at
each time point by counting the waves per body; the brush
stroke (figure 2¢) indicates the flexibility of the body by sum-
marizing the number of pixels that are covered by the body
during one stroke; and the activity index (figure 2d) is an
indicator for the vigorousness of bending over time measured
by the number of pixels that are covered by the body
per minute.

As shown in Restif et al. [16] and in figure 2, only the
body wavenumber increases with age, whereas the other
parameters decrease. Thus, the RNAi treatments targeting
acox-1.1, pept-1 and gsk-3 appear to accelerate ageing given
the decreased wave initiation rate, brush stroke and activity
index (figure 2a,c,d) as well as the increased body wavenum-
ber (figure 2b) in A12-old worms compared to the respective
EV-control. The strongest changes were observed after gsk-3
RNAI treatment at A12, with a reduction of up to —60% in

the wave initiation rate and activity index. At A3 and A7,
the downregulation of gsk-3 resulted in similar, but not
always significant, effects, whereas pept-1 and acox-1.1 target-
ing RNAi led to contrasting phenotypes at A3 or A7,
respectively. C25G6.3-deficient nematodes worsened the
body wavenumber and activity index at Al2. Interestingly,
the downregulation of pak-2 solely led to an increase of
waves per body at A12 (figure 2b) and cat-4 targeted RNAi
led to contrasting changes of the wave initiation rate at A3
and A7 (figure 24). In addition, worms treated with daf-22
RNAi showed locomotion improvements at A3 (figure 2c,
d). RNAi treatments targeting pig-1 and sad-1 did not provoke
any significant changes in swimming behaviour.

4. Discussion

Several proteins encoded by the genes in our study are
involved in lipid metabolism, which is known to affect life-
as well as healthspan in model organisms and humans [20].
ACOX-1.1 belongs to the class of acyl-coenzyme A oxidases
that are important in lipid metabolism; thus, the knockout
of acox-1.1 via mutation leads to increased intestinal fat
deposits [21]. DAF-22 exhibits propanoyl-CoA C-acyltransfer-
ase activity. This enzyme participates in a signalling pathway
including transcription factors called peroxisome proliferator-
activated receptors, which (among others) regulate lipid
metabolism [22]. The peptide transporter PEPT-1 interacts
with the sodium—proton exchanger NHX-2 to regulate intra-
cellular pH, which is important for the influx of free fatty
acids. Furthermore, the absence of PEPT-1 in a C. elegans
mutant strain leads to a twofold increase in total body fat
[23]. The last member of the first overlap, CAT-4, is involved
in dopamine biosynthesis, as shown with the aid of mutant
strains [24], and its expression was decreased in skn-1(RNAi)
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Table 1. Heat stress survival characteristics during RNAi treatments. Differences compared to control were considered significant at p < 0.05 (¥). p-value n
determination was realized with log-rank test and subsequent Bonferroni correction for the mean survival and Fisher's Exact test for specific time points. n =
number of worms; min./med./max. = minimum/median/maximum; s.e.m. = standard error of the mean.

days until deaths of population reached

age at heat
stress RNAi 25% (min.
exposure treatment survival) survival)
third day of Ev 157 238 348
adulthood  acox-1.7 151 190% 287
win o 1
cat-4 152 1.43* 241*
‘pepf-lw o aw 3w
EvV 244 4.05 471
plgl ...... o i s
pak-2 240 4.26* 521*
e m se ae
gsk-3 w389 5.32%
seventh day of EV 158 1.81 2.73
adulthood  acor-.7 153 126% 1.88*
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wr s 1 e
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cat-4 157 093 189
“pepf-lw e e 1
EvV 193 1.63 2.65
pak-2 178 1.16* 1.89*%
e 1w e
gsk-3 155 0.41* 0.82*

worms, thus it is a target of the stress-related transcription
factor SKN-1 [25].

PIG-1, PAK-2, SAD-1 and GSK-3 all exhibit serine/threo-
nine kinase signalling activity. Furthermore, SAD-1 and PIG-
1 are involved in neuronal development as shown in mutant
analyses [26,27], and PIG-1 and GSK-3 in apoptotic processes,
proven via RNAi and mutant strains [28-30]. In addition,
GSK-3 also plays a role in Wnt signalling [31]. Finally, gene
expression studies suggest a role of pak-2 during ageing [32]
and C25G6.3 during pathogenic stress [33]. Of note, analyses

50% (med.

mean change
90% (max. survival relative to
survival) (days) s.e.m. control [%]
5.55 3.96 0.13
517 3.49 0.13 —13.47
4.65 3.05% 0.12 —29.84
o v ot an
8.28 5.85 0.13
Ce e am e
8.57 6.24 0.13 +6.25
e e o s
8.46 6.15 0.13 +4.88
0 e o s
434 3.3 0.09
4% 257% 008 —2869
397 2.78% 0.09 —16.19
3.98 3.03 0.09 —6.60
e om0
5.47% 3.61% 0.10 =21.70
o am s S
6.71 4.63 0.12 +0.43
on s b oo
6.41 4.08 0.12 -12.99
s i o
448 2.93 0.12 —9.90
260 160 008 —101.25
481 2.83 0.14 —13.78
5.89 3.50 0.13
e o s
442 2.75% 0.12 -21.27
e
2.32% 1.57% 0.07 —122.93
v e o1 o

based on RNAI can differ from results obtained with mutant
strains, due to unspecific effects elicited by the RNAi vector
L4440 [34], or off-target effects of the dsRNA [35]. Further-
more, in mutant analyses, the knockout of the target
usually impacts the complete larval development phase,
whereas RNAIi treatments are often started in older larvae
or even adults.

Despite their health-related evidence, the effect of down-
regulating the nine target genes on health parameters in aged
worms was not studied previously. Interestingly, all RNAi
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Figure 2. Swim performance of C. elegans after RNAi treatment. Nematodes at the L4 stage were treated with nine different RNAi strains or the EV strain. Wave
initiation rate (a), body wavenumber (b), brush stroke (c) and activity index (d) were determined on the third, seventh and twelfth days of adulthood. The mean
values + s.e.m. are plotted and differences compared to control were considered significant at p < 0.05 (*) by using a two-sided t-test with subsequent Bonferroni
correction. Each bar represents n > 42 nematodes from two independent trials (concrete details are presented in the electronic supplementary material, raw data).

treatment effects on swim performance (acox-1.1, pept-1, pak-2,
gsk-3 and C25G6.3) at A12 and stress resistance (acox-1.1, daf-
22, cat-4, pig-1, pak-2, gsk-3 and C25G6.3) at A7 and A12 were
deleterious. Remarkably, such effects were mostly absent or
negligible in young worms or are even contrary in loco-
motion parameters of young or middle-aged worms. Thus,
it is suggested that the corresponding gene products are ben-
eficial to locomotion and/or stress resistance in ageing C.
elegans. The reasons for the age dependence of the observed
effects are not fully understood so far. However, it is assumed
that ageing-related treatments show stronger phenotypic
expressions in older individuals that feature at least first
signs of ageing. Furthermore, in older individuals, the
respective treatment had much more time to produce any
effect compared to young worms (see also [10]).

The downregulation of sad-1 did not significantly affect
the performance of the worms, which might be related to
poor RNAI efficiency. In conclusion, eight of the nine
genes implicated in healthspan were shown to be relevant
for physical and/or physiological function, in line with
Moller et al. [7].
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