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Abstract

Upon desiccation, some tardigrades enter an ametabolic dehydrated state called anhydrobio-
sis and can survive a desiccated environment in this state. For successful transition to anhydro-
biosis, some anhydrobiotic tardigrades require pre-incubation under high humidity conditions,
a process called preconditioning, prior to exposure to severe desiccation. Although tardigrades
are thought to prepare for transition to anhydrobiosis during preconditioning, the molecular
mechanisms governing such processes remain unknown. In this study, we used chemical
genetic approaches to elucidate the regulatory mechanisms of anhydrobiosis in the anhydro-
biotic tardigrade, Hypsibius dujardini. We first demonstrated that inhibition of transcription or
translation drastically impaired anhydrobiotic survival, suggesting that de novo gene expres-
sion is required for successful transition to anhydrobiosis in this tardigrade. We then screened
81 chemicals and identified 5 chemicals that significantly impaired anhydrobiotic survival after
severe desiccation, in contrast to little or no effect on survival after high humidity exposure only.
In particular, cantharidic acid, a selective inhibitor of protein phosphatase (PP) 1 and PP2A,
exhibited the most profound inhibitory effects. Another PP1/PP2A inhibitor, okadaic acid, also
significantly and specifically impaired anhydrobiotic survival, suggesting that PP1/PP2A activity
plays an important role for anhydrobiosis in this species. This is, to our knowledge, the first
report of the required activities of signaling molecules for desiccation tolerance in tardigrades.
The identified inhibitory chemicals could provide novel clues to elucidate the regulatory mecha-
nisms underlying anhydrobiosis in tardigrades.

Introduction

For terrestrial organisms, desiccation is one of the most commonly encountered environmental
stresses. To avoid deleterious water loss, most animals escape from a desiccated environment
using their mobility, and retain their body water by the proper intake of water and by
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preventing surface water evaporation [1,2]. In contrast, some small animals, whose mobility is
limited and whose large surface/volume ratio enhances evaporation, have adapted to tolerate a
loss of body water in order to withstand a desiccated environment [3]. When encountering des-
iccation, these animals lose water and enter a metabolically inactive dehydrated state referred
to as anhydrobiosis, and resume their metabolic activity upon rehydration.

Tardigrades are tiny animals comprising the phylum Tardigrada, in which more than 1000
species have been reported [4]. All tardigrades are principally aquatic and require surrounding
water to grow and reproduce, though some species have anhydrobiotic abilities. When desic-
cated, anhydrobiotic tardigrades contract their bodies longitudinally with the loss of body
water, to form a compact shape called a tun, and are able to tolerate almost complete dehydra-
tion [5].

For successful transition to anhydrobiosis, many anhydrobiotic animals require pre-expo-
sure to high humidity conditions, called preconditioning, prior to severe dehydration [6-9].
During preconditioning, animals are thought to sense environmental desiccation and prepare
for upcoming severe dehydration. Some anhydrobiotic animals, such as the sleeping chirono-
mid, Polypedilum vanderplanki, and the anhydrobiotic nematode, Aphelenchus avenae, accu-
mulate huge amounts of a non-reducing disaccharide, trehalose, reaching almost 10% to 18%
of the dry weight during the preconditioning period [10,11]. The accumulated trehalose is
thought to contribute to protect biomolecules from dehydration stress [12]. In the anhydrobio-
tic tardigrade Richtersius coronifer, trehalose is accumulated up to 2.3% of the dry weight upon
desiccation, though the accumulated amounts in tardigrades are generally much lower than
those in anhydrobiotic arthropods or nematodes [13]. Additionally, energy deprivation by
treatment with a mitochondrial uncoupler severely impairs the anhydrobiotic survival of R.
coronifer, suggesting the presence of energetically controlled processes during the transition to
anhydrobiosis [14]. To date, most studies of the molecular mechanisms of anhydrobiosis in
animals have focused mainly on protective molecules, such as trehalose [12,13], molecular
chaperones [15,16], and putative protective intrinsically disordered proteins, including late
embryogenesis abundant proteins [17,18] and abundant heat-soluble proteins unique to tardi-
grades [19,20]. In contrast, the regulatory mechanisms governing the production of such pro-
tective molecules and inducing the orchestrated transformation to an adaptive dehydrated
state remain largely unknown.

Although preparation for anhydrobiosis would start with sensing surrounding water evapo-
ration, the mechanisms of sensing desiccation are likely species dependent. Larvae of P. vander-
planki, can tolerate severe desiccation (less than 5% relative humidity [RH]) after 48 h
preconditioning, and surprisingly, brain-deprived larvae also exhibit similar tolerance, suggest-
ing that the central nervous system plays no role in sensing desiccation in this animal [10]. In
contrast, dauer larvae of Caenorhabditis elegans can tolerate desiccation at 23% RH or above
after preconditioning at 98% RH for 4 days [21], and their desiccation tolerance largely
depends on two genes, osm11 and osm9, which are expressed in head neurons and required for
osmotic avoidance, suggesting that certain head neurons participate in their desiccation toler-
ance [22]. Therefore, the regulatory mechanisms of desiccation tolerance likely vary among
animal species. Tardigrades accumulate only small amounts of trehalose upon desiccation [13],
and an anhydrobiotic tardigrade, Ramazzottius varieornatus, produces huge amounts of
unique heat soluble proteins [19,20], suggesting that tardigrades also have distinct regulatory
mechanisms of anhydrobiosis. Almost nothing is known, however, about the anhydrobiotic
regulatory mechanisms in tardigrades. Hypsibius dujardini is an anhydrobiotic tardigrade
which requires longer preconditioning in a high humidity condition to acquire tolerance
against severe desiccation [6]. This implies the presence of regulatory mechanisms to induce
anhydrobiosis in this species in response to preconditioning. H. dujardini is easy to maintain
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in the laboratory, and the strain is established [23] and used for expressed sequence tag and
genomic projects, providing plenty of genetic information (http://www.ncbi.nlm.nih.gov/
nucest/?term=hypsibius+dujardini). Therefore, this species is suitable for molecular dissection
of the regulatory mechanisms of anhydrobiosis in tardigrades.

Here, we used a chemical genetic approach and suggested that de novo gene expression is
required for entering anhydrobiosis in H. dujardini. In addition, we identified 6 chemicals that
significantly and specifically impaired the anhydrobiotic survival of this tardigrade. Two inhib-
itors against protein phosphatase (PP) 1 and PP2A exhibited the most profound inhibitory
effects, suggesting an important role of PP1/PP2A activity in anhydrobiosis in this species.
This is, to our knowledge, the first report of required activities of signaling molecules for desic-
cation tolerance in tardigrades, and the inhibitory chemicals identified in this study could be
powerful tools for further elucidation of the molecular regulatory mechanisms of tardigrade
anhydrobiosis.

Materials and Methods
Animals

The Z151 strain of H. dujardini was purchased from Sciento (UK) and maintained at 18°C.
Tardigrades were reared on 1.2% agar plates overlaid with volvic water containing Chlorococ-
cum sp. (Sciento, UK) as food. Water and food were replaced once or twice a week.

Chemicals

o-Amanitin, cycloheximide, J-8, and cantharidic acid were purchased from Enzo Life Sciences
(USA). Triptolide was purchased from MedChem Express (USA). 3,4-Methylenedioxy-f-
nitrostyrene (MNS), 2-aminoethyl diphenylborinate (2-APB), and okadaic acid were pur-
chased from Santa Cruz Biotechnologies (USA). The 81 chemicals used for the screening were
provided by the Drug Discovery Initiative, The University of Tokyo (Japan) and are listed in S1
Table. All chemicals were dissolved in dimethyl sulfoxide (DMSO; Wako Pure Chemical,
Japan; special grade) as a stock solution and stored at -20°C. Chemical solutions at the appro-
priate concentrations were prepared by diluting stock solutions in sterilized Milli-Q (stMQ)
water just prior to chemical treatment. The final concentration of DMSO in all chemical solu-
tions was adjusted to 1%.

Desiccation tolerance assay

All procedures were essentially performed at the rearing temperature (18°C). For desiccation, a
nylon net filter (Millipore, USA; pore size 11 um, 25 mm in diameter) was placed on Whatman
3MM filter paper (GE Healthcare, UK; 25 mm diameter) in a plastic dish (35 mm diameter), and
tardigrades were dropped onto the net filter with 125 pl of stMQ water. Approximately 20 H.
dujardini were placed on each filter in the experiments other than screening. For precondition-
ing, the dishes were immediately transferred in a sealed plastic box moistened at a defined RH
and incubated for 0 to 4 days. RH was controlled by equilibrium with 60% glycerol (62% RH) or
saturated solutions of potassium nitrate (95% RH), potassium chloride (85% RH), or magnesium
chloride (33.5% RH) [24,25]. After preconditioning, the animals were exposed to 10% RH in the
presence of activated silica gel for 2 days to dehydrate. The dehydrated tardigrades were humidi-
fied in 95% RH for 1 day and rehydrated with 2 ml of stMQ water. The number of recovered ani-
mals was counted at 1 h and 24 h after rehydration. We defined recovered animals as those
exhibiting spontaneous movements or at least responding to touch stimuli. Recovery rates were
calculated as the percentage of recovered animals in each population. When necessary, the shapes
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of the dehydrated tardigrades were observed, and the number of tun-shaped individuals was
counted for calculation of the tun formation rates. Animals that were markedly stretched or
twisted after desiccation were considered to have non-tun shapes.

Chemical treatment

The stock solutions were diluted to an appropriate concentration with stMQ water with an
adjustment of the DMSO concentration to 1% just prior to chemical treatment. Tardigrades
were transferred with 3 pl stMQ water into 50 pl chemical solution of the defined concentration
and thus, tardigrades were exposed to slightly diluted concentration of the chemicals (94% of
the defined concentration). Tardigrades were incubated in chemical solution for 5 h, except
incubation in okadaic acid was for 10 h. Tardigrades in 53 pl solution were then dropped onto
anylon filter placed on the filter paper, and lightly washed with an additional 72 pul stMQ water
(total volume: 125 ul) and subjected to desiccation tolerance assays.

Chemical screening

We screened 81 chemicals that were provided to us by Drug Discovery Initiative, The Univer-
sity of Tokyo (Japan) as a numbered list of compounds. We were blinded to the identification
of the compounds. We were not able to analyze all 81 chemicals simultaneously, due to limita-
tion in animal supply and too laborious task. Thus, the 81 chemicals were divided into 20
groups and each group was separately assayed with control treatment (1% DMSO). Ten to 30
H. dujardini were treated with each chemical solution as described above and subjected to a
desiccation series of 95% RH for 2 days, 10% RH for 2 days, and 95% RH for 1 day. Three or
four dishes of 10 to 30 tardigrades/dish were assayed for each chemical. The detailed conditions
for each group are listed in S1 Table. The recovery rates for each chemical were normalized to
the mean recovery rates of tardigrades treated with 1% DMSO (control) in the same group.

Statistics

Statistical tests were performed using Statcel 3 (OMS, Japan). Specific inhibitory effects on
anhydrobiotic survival were examined using the Tukey-Kramer test, comparing four condi-
tions for each chemical. To detect significant inhibition in the chemical screening, the Student’s
t-test or Dunnett’s test were performed against the DMSO control in the same group.

Results

H. dujardini Z151 strain requires preconditioning to tolerate low humidity
exposure

In a previous study, Wright (1989) examined the tolerability of the tardigrade identified as H.
dujardini with an uncertain origin and reported that this species requires pre-incubation at
85% RH for 150 to 200 min to tolerate exposure to a low RH environment (25-31% RH) [6].
The Z151 strain of H. dujardini was established in 1987 [23] and recently used for various stud-
ies, including evo-devo analyses [26] and an expressed sequence tag/genome project, and is
thus one of the most suitable tardigrade strains for analyzing the molecular mechanisms acti-
vated during preconditioning. Whether the Z151 strain has a similar tolerability as described
for H. dujardini in the previous work, however, is unclear. To address this, we examined the
desiccation tolerance of the Z151 strain in a low humidity environment with varying lengths of
preconditioning periods (Fig 1A). Without preconditioning, the Z151 strain cannot tolerate
exposure to 10% RH (Fig 1B and 1C). A 1-day preconditioning at 95% RH dramatically
improved recovery rates to more than 90% and no further differences were detected for longer
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Fig 1. Effects of preconditioning conditions on anhydrobiotic survival in Z151 strain of H. dujardini. (A) Experimental scheme of the desiccation
tolerance assay. Tardigrades in aqueous fluid were dropped onto a nylon filter placed on filter paper, and preconditioned at 95% RH for O to 4 days. After
preconditioning, they were desiccated at 10% RH for 2 days and humidified at 95% RH for 1 day prior to rehydration. Recovery rates were examined at 1 h
after rehydration. (B, C) Effects of various preconditioning periods on anhydrobiotic survival at 1h (B) and 24h (C). Data are shown as mean + SD (N = 4; 20
tardigrades each). (D, E) Effects of relative humidity exposure during preconditioning on anhydrobiotic survival at 1h (D) and 24h (E). The preconditioning
period was fixed as 1 day, and tardigrades were exposed to 33.5%, 62%, 85%, or 95% RH as preconditioning. Data are shown as mean + SD (N = 4; 20

tardigrades each).

doi:10.1371/journal.pone.0144803.g001

preconditioning periods of up to 4 days (Fig 1B and 1C). We further examined the effect of
varying levels of humidity during the preconditioning period and found that tardigrades pre-
conditioned at 33.5% or 62% RH had no or very low survival after exposure to 10% RH (Fig 1D
and 1E). In contrast, tardigrades preconditioned at 85% RH could tolerate 10% RH at levels
similar to those at 95% RH (Fig 1D and 1E), though we observed an occasional decrease in the
recovery rates when they were preconditioned at 85% RH (data not shown). These findings
indicated that the Z151 strain of H. dujardini requires preconditioning at high humidity,
>85% RH, to tolerate severe desiccation (10% RH). Preconditioning at 95% RH for 1 day was
more reliably sufficient to confer tolerance to exposure to 10% RH for this strain.

De novo gene expression is required for anhydrobiotic survival in H.
dujardini

Many anhydrobiotic animals induce the expression of putative protection molecules upon des-
iccation, such as late embryogenesis abundant proteins [17,22]. Accordingly, we hypothesized
that H. dujardini also induced the expression of protection molecules necessary for transition
to anhydrobiosis during the preconditioning period. To examine this possibility, we pre-treated
the tardigrades with the transcription inhibitor a-amanitin [27] for 5 h prior to precondition-
ing (Fig 2A). Treatment with the transcription inhibitor dramatically reduced the recovery
rates from severe desiccation (Fig 2B and 2C). To confirm whether the inhibitor specifically
impaired anhydrobiotic survival rather than having general toxic effects, we also examined the
effect of the transcription inhibitor on survival after high-humidity treatment, in which expo-
sure to low humidity (10% RH) was replaced with exposure to high humidity (95% RH; Fig
2A). When the tardigrades were exposed to high humidity only, the transcription inhibitor
hardly affected their recovery rates, suggesting that o-amanitin specifically impaired anhydro-
biotic survival (Fig 2B and 2C). We also examined the effect of the translation inhibitor cyclo-
heximide [28], which had similar results (Fig 2D and 2E). Taken together, these findings
suggest that H. dujardini requires de novo transcription and translation for successful transi-
tion to anhydrobiosis. The tardigrade likely produces gene products necessary for survival in a
low humidity environment during preconditioning periods.

Pre-incubation for 5 h with chemicals was sufficient for both inhibitors against transcription
and translation to interfere with anhydrobiotic survival. Thus, we conclude that this experi-
mental scheme is useful for evaluating the effects of various chemicals on anhydrobiotic sur-
vival in H. dujardini.

Identification of inhibitors of anhydrobiotic survival in H. dujardini

The requirement of de novo gene expression for anhydrobiotic survival prompted us to postu-
late the presence of signal transduction pathways connecting desiccation stimuli to responsive
expression of genes related to desiccation tolerance. To elucidate such signaling pathways, we
conducted chemical screening to identify chemicals that inhibit anhydrobiotic survival in H.
dujardini. We selected 81 chemicals as candidates from available inhibitory chemicals whose
target molecules were known, based on knowledge of the stress-responsive pathways in other
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tolerance assay. Tardigrades were incubated in a chemical solution or 1% DMSO solution (control) for 5 h. After chemical treatment and 1 day
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preconditioning at 95% RH, one group was exposed to low relative humidity (10% RH) for 2 days (Low humidity exposure). The other group was exposed to

high relative humidity (95% RH) for same period (High humidity exposure). (B, C) Effects of a transcription inhibitor (10 pM a-amanitin) on recovery rates at 1
h (B) and 24 h (C) after rehydration. Mean + SD (N = 4; 20 tardigrades each). (D, E) Effects of translation inhibitor (250 uM cycloheximide) on recovery rates

at 1 h (D) and 24 h (E) after rehydration. Mean + SD (N = 3; 10 tardigrades each). Statistically significant differences among samples were determined by the
Tukey-Kramer test (¥, P<0.05; **, P<0.01). Low humidity, low humidity exposure; High humidity, high humidity exposure.

doi:10.1371/journal.pone.0144803.g002

organisms, general signaling molecules, and the gene repertoire encoded in the tardigrade
genome (S1 Table). Chemical treatment was performed mostly at predefined concentrations
such as 100 pM or 20 uM, depending on the solubility of the chemicals in DMSO. When the
animals appeared immotile after chemical treatment, the concentration was decreased to avoid
immobility of the animals. After screening the 81 chemicals, we identified 5 chemicals that sig-
nificantly inhibited anhydrobiotic survival (Fig 3 and S1 Table). These five chemicals included
a calmodulin antagonist (J-8) [29], an immunosuppressive agent (triptolide) [30], a Syk and
Src kinase inhibitor (MNS) [31], a PP1 and PP2A inhibitor (cantharidic acid) [32], and a cal-
cium release modulator (2-APB) [33]. Triptolide and cantharidic acid exhibited much stronger
inhibitory effects than the other three chemicals at 1 h as well as 24 h after rehydration (Fig 3B,
3G, 3F and 3G), suggesting that their target molecules play an important role in the transition
to anhydrobiosis. For MNS and 2-APB, significant inhibition of the recovery rates was detected
only at 1 h after rehydration (Fig 3D, 3E, 3H and 3I).

Identified chemicals specifically impaired anhydrobiotic survival in H.
dujardini

To elucidate whether the identified chemicals specifically impaired anhydrobiotic survival
rather than having nonspecific toxicity, we examined the effects of the chemicals on survival of
tardigrades exposed only to high humidity (95% RH) instead of exposure to low humidity
(10% RH). At the appropriate concentrations, all five chemicals exhibited significant inhibitory
effects specifically on survival after exposure to low humidity, with little effect on survival after
exposure to only high humidity (Fig 4 and S1 Fig). These findings suggest that all five identified
chemicals have specific inhibitory effects on anhydrobiotic survival.

Inhibition of PP1/PP2A activity impaired anhydrobiotic survival in H.
dujardini

Among the five identified chemicals, cantharidic acid and triptolide exhibited the most pro-
found inhibitory effects on anhydrobiotic survival (Fig 4A-4D and SIA-S1D Fig). Cantharidic
acid is a highly selective inhibitor against PP1 and PP2A [32], while triptolide interacts with
various biologic molecules and thus it is difficult to determine the important target for anhy-
drobiosis [34-37]. Therefore, we focused on PP1/PP2A, the target of cantharidic acid. To con-
firm whether PP1/PP2A activity is required for anhydrobiosis, we examined the effect of
another potent PP1/PP2A inhibitor, okadaic acid [38]. Okadaic acid also significantly inhibited
recovery from severe desiccation, whereas no toxic effects were observed when the tardigrades
were exposed to high humidity only, suggesting that okadaic acid also specifically impaired
anhydrobiotic survival (Fig 5). Taken together with the effect of cantharidic acid, these findings
suggest that PP1/PP2A activity plays an important role in anhydrobiotic survival in H.
dujardini.

Discussion

The findings of the present study indicated that inhibiting either transcription or translation
severely impaired anhydrobiotic survival of H. dujardini (Fig 2). To our knowledge, this is the
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doi:10.1371/journal.pone.0144803.9003

first report to clarify the requirement of de novo gene expression for successful transition to
anhydrobiosis in tardigrades. In addition, we identified six additional chemicals that specifi-
cally inhibited survival from severe desiccation (Figs 3-5 and S1 Table), and two inhibitors
against PP1/PP2A exhibited particularly profound inhibitory effects, suggesting an important
role of PP1/PP2A activity in anhydrobiosis of tardigrades.

Requirement of de novo gene expression suggests that tardigrades sense mild desiccation
during preconditioning and synthesize new transcripts to prepare the necessary molecules to
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Fig 4. Specific inhibition of anhydrobiotic survival by identified chemicals. The specificity of the inhibitory effects on anhydrobiotic survival was
examined for the five identified chemicals using essentially the same experimental scheme shown in Fig 2A. Effects on recovery rates are shown for 0.75 yM
cantharidic acid (CA) (A, B); 50 uM triptolide (C, D); 75 uM J-8 (E, F); 50 uM MNS (G, H); and 0.06 uM 2-APB (|, J). Recovery rates were examined at both 1 h
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(A,C,E,G,l)and 24 h (B, D, F, H, J) after rehydration. Mean = SD (N = 4; 20 tardigrades each). Statistically significant differences among samples were
determined by the Tukey-Kramer test (**, P<0.01). Low humidity, low humidity exposure; High humidity, high humidity exposure.

doi:10.1371/journal.pone.0144803.g004

tolerate severe dehydration. This implies that newly synthesized transcripts during precondi-
tioning are candidate molecules involved in the transition to anhydrobiosis, and thus, based on
this evidence, comparative analyses of gene expression during preconditioning appears to be a
promising strategy for identifying anhydrobiosis-related genes using this tardigrade. In the
present study, we used o-amanitin, a selective inhibitor of RNA polymerase II [27], and thus
synthesized messenger RNA is a primary candidate molecule involved in anhydrobiosis. This
does not rule out the possible roles of other RNA molecules transcribed by other polymerases,
such as some non-coding RNAs transcribed by RNA polymerase III [39]. Chemical inhibition
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Fig 5. Inhibition of PP1/PP2A activity impaired anhydrobiotic survival. The effects of another potent
PP1/PP2A inhibitor, okadaic acid, on anhydrobiotic survival were examined using essentially the same
scheme shown in Fig 2A, with a longer chemical treatment period (10 h). Either 40 pM or 20 uM okadaic acid
specifically inhibited recovery rates after low humidity exposure at both 1 h (A) and 24 h (B) after rehydration.
Mean + SD (N = 4; 20 tardigrades each). Statistically significant differences among samples were determined
by the Tukey-Kramer test. Different letters indicate significant differences (P<0.01). Low humidity, low
humidity exposure; High humidity, high humidity exposure.

doi:10.1371/journal.pone.0144803.9005
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of RNA polymerase III, however, also affects the synthesis of transfer RNA, making it difficult to
clarify the role of such non-coding RNA in anhydrobiosis because inhibition of translation itself
affected anhyrobiotic survival (Fig 2D and 2E). Therefore, total RN A-seq analyses would be the
most suitable strategy for identifying differentially expressed genes, including noncoding RNA.

In addition to transcriptional regulation, our chemical screening suggested that multiple sig-
naling pathways are also required for successful anhydrobiosis, possibly in the signal transduc-
tion of desiccation stimuli to appropriate gene expression. Especially, dephosphorylation by
PP1/PP2A could play an important role in acquiring tolerance against severe desiccation in H.
dujardini, because two independent PP1/PP2A inhibitors, cantharidic acid and okadaic acid,
exhibited profound inhibitory effects on anhydrobiotic survival (Figs 4 and 5 and S1 Fig).
Although these inhibitors suppressed survival only when animals were exposed to low humid-
ity condition, suggesting their specific inhibitory effects, we could not exclude the possibility
that nonspecific toxic action of these inhibitors might reach lethality only when animals were
exposed to severe desiccation in low humidity condition. This is limitation of chemical
approaches and other loss of function experiments, such as knock down by RNAi, will consoli-
date the requirement of corresponding signaling molecules, including PP1/PP2A. PP1/PP2A
are multimeric serine/threonine protein phosphatases composed of a highly conserved catalytic
subunit and various regulatory subunits, and PP2A also contains a scaffolding subunit [40,41].
Cantharidic acid and okadaic acid inhibit both catalytic subunits of PP1 and PP2A [40]. Regu-
latory subunits determine the substrate specificity of PP1/PP2A holoenzymes and are thus
involved in specific biologic processes. In budding yeast, Saccharomyces cerevisiae, one regula-
tory subunit of PP2A, Cdc55, is required for full activation of osmotic stress response genes via
indirect regulation of stress-responsive transcription factors Msn2/Msn4 [42]. Because mild
dehydration during preconditioning likely causes osmotic stress, tardigrades might possess a
similar pathway contributing to anhydrobiosis. In various animals, PP2A is involved in the
positive regulation of forkhead transcription factor, FOXO, via inactivation of Akt kinase or
direct dephosphorylation [43-47]. FOXO is an important transcription factor involved in lon-
gevity, stress-resistance, and regulation of metabolism downstream of insulin/insulin-like
growth factor signaling [48]. Especially, FOXO upregulates the transcription of antioxidant
enzymes such as manganese superoxide dismutase, and increases resistance to oxidative stress
[49,50]. Desiccation stress enhances the accumulation of reactive oxygen species [51,52], and
thus FOXO activation through PP2A might be involved in the anhydrobiotic response during
preconditioning in tardigrades.

In addition to PP2A, PP1 activity may also be involved in anhydrobiosis. In dauer larvae of C.
elegans, myosin light chain (MLC) is clearly dephosphorylated during the preconditioning period
[22], although its significance in desiccation tolerance remains elusive. Dephosphorylation of
MLC is mostly catalyzed by MLC phosphatase, whose catalytic subunit is the same as that of
PP1, the target of cantharidic acid and okadaic acid [40]. Thus, dephosphorylation by PP1 could
be a common process during preconditioning in H. dujardini and dauer larvae of C. elegans.

In addition to phosphatase inhibitors, MNS, a protein tyrosine kinase inhibitor, also signifi-
cantly inhibited anhydrobiotic survival (Fig 4G and 4H and S1G and S1H Fig). MNS is a selective
inhibitor of Syk and Src kinases [31]. In vertebrates, Syk and Src are involved in the response to
oxidative stress [53-55], and Syk is also involved in the response to osmotic stress in chicken B
cells [56]. As described above, oxidative and osmotic stresses likely occur during desiccation stress;
thus, Syk and Src might be involved in mitigation of these stresses during preconditioning in tardi-
grades. Their contributions to anhydrobiosis, however, might only be partial, because the inhibi-
tory effect of MNS was rather moderate compared to that of cantharidic acid (Fig 4 and S1 Fig).

Mitogen-activated protein kinase (MAPK) pathways are representative phosphorylation sig-
naling pathways involved in various environmental stress responses [57,58]. These pathways are
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highly conserved in eukaryotic organisms and are well-studied. In an anhydrobiotic nematode,
Panagrolaimus superbus, pre-treatment with MAPK inhibitors against JNK (SP600125; 50 uM or
100 uM) and p38 (SB239063; 50 uM or 100 uM) partially inhibits anhydrobiotic survival only
when nematodes were exposed to 10% RH without preconditioning [59]. In the same report,
however, anhydrobiotic survival after preconditioning was almost unaffected by these MAPK
inhibitors [59]. Correspondingly, we detected no significant effects of the same MAPK inhibitors,
such as SP600125 (JNK; Chemical ID 1) and SB239063 (p38; Chemical ID 50), and also no signif-
icant effect by U0126 (MEK1/MEK2; Chemical ID 47) [60] at the same concentration of 100 uM
of these inhibitors (S1 Table). Thus, MAPK signaling is likely not essential for anhydrobiosis in
preconditioned tardigrades as well as preconditioned nematodes. We cannot, however, exclude
the possibility that in the tardigrade, these chemicals could not effectively penetrate or inhibit the
target kinases or concentrations used in this study were not appropriate.

Triptolide was another chemical with strong inhibitory effects (Fig 4C and 4D and S1C and
S1D Fig). This compound was originally identified as an immunosuppressive agent. Triptolide
indirectly interferes with the NF-«kB pathway and suppresses immune responses [30]. After its
discovery, many other target molecules were identified for triptolide, e.g., calcium channel
polycystin-2 [34-37]. One of the target proteins is XPB, a subunit of the core transcription fac-
tor TF-II H, and triptolide also inhibits general transcription [37,61]. Therefore, the strong
suppression of triptolide on anhydrobiotic survival could be due to its inhibitory effect on tran-
scription, which is consistent with the effects of a-amanitin (Fig 2B and 2C). Inhibitory effects
on other targets could also contribute to suppression of anhydrobiotic survival.

The other two identified inhibitors, J-8 and 2-APB, are a calmodulin antagonist and calcium
release modulator, respectively [29,33]. These findings suggest that calcium signaling is
involved in anhydrobiotic survival in H. dujardini, in part because their inhibitory effects were
relatively weak (Fig 4 and S1 Fig). Calcium is a general signaling molecule that regulates the
activities of various enzymes, mostly through binding with a partner protein, calmodulin
(CaM). Recent work revealed that CaM regulates c-Src kinase activity, and the CaM antagonist
W-7 inhibits the activation of c-Src in response to hydrogen peroxide-induced oxidative stress
[62]. As described above, the Src inhibitor MNS also inhibited anhydrobiotic survival at a level
comparable to that of the CaM antagonist J-8 (Fig 4 and S1 Fig). Calcium signaling and c-Src
might play a role in the same pathway in anhydrobiosis in the tardigrade. We could not detect
significant effects of various inhibitors against other CaM-regulated enzymes (S1 Table), such
as CaMK?2 (Chemical ID 15) [63], calcineurin (Chemical ID 29) [64], nitric oxide synthase
(Chemical ID 55) [65], phosphodiesterase type 1 (Chemical ID 43) [66], and MLC kinase
(Chemical ID 80) [67], nor inhibitors against other calcium-related proteins, like calcium chan-
nels (e.g., Chemical ID 5) [68], possibly due to their small contribution to anhydrobiosis or to
insufficient inhibition of target proteins in tardigrades.

In summary, the findings of the present study suggested the requirement of de novo gene
expression in anhydrobiosis, and provide evidence that comparative transcriptome analyses
are a promising strategy for identifying anhydrobiosis-related genes. The newly identified six
inhibitory chemicals, including two PP1/PP2A inhibitors, could become powerful tools for the
molecular dissection of the regulatory mechanisms of anhydrobiosis in tardigrades.

Supporting Information

S1 Fig. Specific inhibition of anhydrobiotic survival by identified chemicals. Specific inhibi-
tory effects on anhydrobiotic survival were reproduced for all five identified chemicals. The
optimal concentration varied slightly for J-8 and 2-APB (see Fig 4), possibly due to the physio-
logic condition of the cultured tardigrades. Effects on recovery rates are shown as mean + SD
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for 0.75 uM cantharidic acid (CA) (A, B); 50 uM triptolide (C, D); 50 uM J-8 (E, F); 50 uM
MNS (G, H); and 0.02 pM 2-APB (I, J). Recovery rates were examined at both 1 h (A, C, E, G,
I) and 24 h (B, D, F, H, ]) after rehydration. N = 4 unless otherwise stated; 20 tardigrades each.
Statistically significant differences among samples were determined by the Tukey-Kramer test
(*, P<0.05; **, P<0.01). Low humidity, low humidity exposure; High humidity, high humidity
exposure.

(TIF)

S2 Fig. Variable effects of identified chemicals on tun formation. The effects of identified
chemicals on tun formation were examined. The effects on tun formation are generally much
smaller than those on anhydrobiotic survival, and the significance of the effects varied among
experiments, suggesting that these chemicals have subtle inhibitory effects on tun formation, if
any. Tun formation rates are shown for experiments corresponding to Fig 4A, 4C, 4E, 4G and
4T and S1B, S1D, S1F, S1H, S1]J Fig). (A, B) cantharidic acid (CA), (C, D) triptolide, (E, F) J-8,
(G, H) MNS, and (L, J) 2-APB. N = 4 unless otherwise stated; 20 tardigrades each. Statistically
significant differences among samples were determined by the Tukey-Kramer test (*, P<0.05;
**, P<0.01). Low humidity, low humidity exposure; High humidity, high humidity exposure.
(TTF)

S1 Table. List of chemicals assayed in the screening and results. The effects of 81 chemicals
on anhydrobiotic survival were examined. The 81 chemicals were divided into 20 groups and
each group was assayed independently with a separate DMSO-treated control for each group.
Tardigrades were treated with chemical solution or 1% DMSO solution (control; blue
highlighting) for 5 h prior to the desiccation tolerance assay. After chemical treatment, they
were preconditioned at 95% RH for 2 days, followed by dehydration at 10% RH for 2 days, and
humidification at 95% RH for 1 day. Recovery was examined at 1 h and 24 h after rehydration.
In the list, recovery rates are shown as raw data as well as relative values normalized with that
of DMSO-treated control (% of DMSO) in the same group (N = 3 or 4; 10 to 30 tardigrades
each). For each group, statistically significant differences compared with the DMSO-treated
control were determined using Dunnett’s test (Groups 1-15) or Student’s t-test (Groups 16—
20). Pink highlighting indicates five chemicals that exhibited significant inhibitory effects
(P<0.01). With regard to the other chemicals that did not exhibit significant inhibitory effects,
we cannot exclude the possibility that concentrations used in the screening were not appropri-
ate and/or had insufficient effects on the tardigrade.

(XLS)

Acknowledgments

The chemicals used for screening in this work were provided by Platform for Drug Discovery,
Informatics, and Structural Life Science from the Ministry of Education, Culture, Sports, Sci-
ence and Technology, Japan.

Author Contributions

Conceived and designed the experiments: KK T. Kubo T. Kunieda. Performed the experiments:
KK. Analyzed the data: KK T. Kunieda. Contributed reagents/materials/analysis tools: KK.
Wrote the paper: KK T. Kunieda.

References
1. Dingle H. Migration: the biology of life on the move. Oxford University Press; 1996. pp. 474.

PLOS ONE | DOI:10.1371/journal.pone.0144803 December 21,2015 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144803.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144803.s003

@ PLOS | one

Chemical Genetics in Tardigrade Anhydrobiosis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Machin J. Structural adaptation for reducing water-loss in three species of terrestrial snail. J Zool. 1967;
152: 55-65. doi: 10.1111/j.1469-7998.1967.tb01638.x

Watanabe M. Anhydrobiosis in invertebrates. Appl Entomol Zool. 2006; 41: 15-31. doi: 10.1303/aez.
2006.15

Degma P, Bertolani R, Guidetti R. Actual checklist of Tardigrada species. 2015. Available: http://www.
tardigrada.modena.unimo.it/miscellanea/ActualchecklistofTardigrada.pdf

Mabjerg N, Halberg KA, Jergensen A, Persson D, Bjgrn M, Ramlgv H, et al. Survival in extreme envi-
ronments—on the current knowledge of adaptations in tardigrades. Acta Physiol. 2011; 202: 409-420.
doi: 10.1111/j.1748-1716.2011.02252.x

Wright JC. Desiccation tolerance and water-retentive mechanisms in tardigrades. J Exp Biol. 1989;
142: 267-292.

Lapinski J, Tunnacliffe A. Anhydrobiosis without trehalose in bdelloid rotifers. FEBS Lett. 2003; 553:
387-390. doi: 10.1016/S0014-5793(03)01062-7 PMID: 14572656

Crowe JH. The physiology of cryptobiosis in tardigrades. Mem. Ist. Ital. Idrobiol. 1975; 32: 37-59.

Shannon AJ, Browne JA, Boyd J, Fitzpatrick DA, Burnell AM. The anhydrobiotic potential and molecular
phylogenetics of species and strains of Panagrolaimus (Nematoda, Panagrolaimidae). J Exp Biol.
2005; 208: 2433-2445. doi: 10.1242/jeb.01629 PMID: 15939782

Watanabe M, Kikawada T, Minagawa N, Yukuhiro F, Okuda T. Mechanism allowing an insect to survive
complete dehydration and extreme temperatures. J Exp Biol. 2002; 205: 2799-2802. PMID: 12177145

Higa LM, Womersley CZ. New insights into the anhydrobiotic phenomenon: The effects of trehalose
content and differential rates of evaporative water loss on the survival of Aphelenchus avenae. J Exp
Zool. 1993; 267: 120—-129. doi: 10.1002/jez.1402670205

Crowe LM. Lessons from nature: the role of sugars in anhydrobiosis. Comp Biochem Physiol A Mol
Integr Physiol. 2002; 131:505-513. doi: 10.1016/S1095-6433(01)00503-7 PMID: 11867276

Westh P, Ramlgv H. Trehalose accumulation in the tardigrade Adorybiotus coronifer during anhydro-
biosis. J Exp Biol 1991; 258: 303—-311. doi: 10.1002/jez.1402580305

Halberg KA, Jargensen A, Mgbjerg N. Desiccation tolerance in the tardigrade Richtersius coronifer
relies on muscle mediated structural reorganization. PloS One. 2013; 8: €85091. doi: 10.1371/journal.
pone.0085091 PMID: 24391987

Jonsson KI, Schill RO. Induction of Hsp70 by desiccation, ionising radiation and heat-shock in the
eutardigrade Richtersius coronifer. Comp Biochem Physiol Biochem Mol Biol. 2007; 146: 456—460.
doi: 10.1016/j.cbpb.2006.10.111

Gusev O, Cornette R, Kikawada T, Okuda T. Expression of heat shock protein-coding genes associ-
ated with anhydrobiosis in an African chironomid Polypedilum vanderplanki. Cell Stress Chaperones.
2011; 16:81-90. doi: 10.1007/s12192-010-0223-9 PMID: 20809134

Browne J, Tunnacliffe A, Burnell A. Anhydrobiosis: plant desiccation gene found in a nematode. Nature.
2002; 416: 38-38. doi: 10.1038/416038a PMID: 11882885

Hand SC, Menze MA, Toner M, Boswell L, Moore D. LEA proteins during water stress: not just for plants
anymore. Annu Rev Physiol. 2011; 73: 115-134. doi: 10.1146/annurev-physiol-012110-142203 PMID:
21034219

Yamaguchi A, Tanaka S, Yamaguchi S, Kuwahara H, Takamura C, Imajoh-Ohmi S, et al. Two novel
heat-soluble protein families abundantly expressed in an anhydrobiotic tardigrade. PloS One. 2012; 7:
€44209. doi: 10.1371/journal.pone.0044209 PMID: 22937162

Tanaka S, Tanaka J, Miwa Y, Horikawa DD, Katayama T, Arakawa K, et al. Novel Mitochondria-Tar-
geted Heat-Soluble Proteins Identified in the Anhydrobiotic Tardigrade Improve Osmotic Tolerance of
Human Cells. PloS One. 2015; 10: e0118272. doi: 10.1371/journal.pone.0118272 PMID: 25675104

Erkut C, Penkov S, Khesbak H, Vorkel D, Verbavatz JM, Fahmy K, et al. Trehalose renders the dauer
larva of Caenorhabditis elegans resistant to extreme desiccation. Curr Biol. 2011; 21: 1331-1336. doi:
10.1016/j.cub.2011.06.064 PMID: 21782434

Erkut C, Vasilj A, Boland S, Habermann B, Shevchenko A, Kurzchalia TV. Molecular strategies of the
Caenorhabditis elegans dauer larva to survive extreme desiccation. PloS One. 2013; 8: €82473. doi:
10.1371/journal.pone.0082473 PMID: 24324795

Gabriel WN, McNuff R, Patel SK, Gregory TR, Jeck WR, Jones CD, et al. The tardigrade Hypsibius
dujardini, a new model for studying the evolution of development. Dev Biol. 2007; 312: 545-559. doi:
10.1016/j.ydbio.2007.09.055 PMID: 17996863

Winston PW, Bates DH. Saturated solutions for the control of humidity in biological research. Ecology.
1960; 232-237. doi: 10.2307/1931961

PLOS ONE | DOI:10.1371/journal.pone.0144803 December 21,2015 15/18


http://dx.doi.org/10.1111/j.1469-7998.1967.tb01638.x
http://dx.doi.org/10.1303/aez.2006.15
http://dx.doi.org/10.1303/aez.2006.15
http://www.tardigrada.modena.unimo.it/miscellanea/ActualchecklistofTardigrada.pdf
http://www.tardigrada.modena.unimo.it/miscellanea/ActualchecklistofTardigrada.pdf
http://dx.doi.org/10.1111/j.1748-1716.2011.02252.x
http://dx.doi.org/10.1016/S0014-5793(03)01062-7
http://www.ncbi.nlm.nih.gov/pubmed/14572656
http://dx.doi.org/10.1242/jeb.01629
http://www.ncbi.nlm.nih.gov/pubmed/15939782
http://www.ncbi.nlm.nih.gov/pubmed/12177145
http://dx.doi.org/10.1002/jez.1402670205
http://dx.doi.org/10.1016/S1095-6433(01)00503-7
http://www.ncbi.nlm.nih.gov/pubmed/11867276
http://dx.doi.org/10.1002/jez.1402580305
http://dx.doi.org/10.1371/journal.pone.0085091
http://dx.doi.org/10.1371/journal.pone.0085091
http://www.ncbi.nlm.nih.gov/pubmed/24391987
http://dx.doi.org/10.1016/j.cbpb.2006.10.111
http://dx.doi.org/10.1007/s12192-010-0223-9
http://www.ncbi.nlm.nih.gov/pubmed/20809134
http://dx.doi.org/10.1038/416038a
http://www.ncbi.nlm.nih.gov/pubmed/11882885
http://dx.doi.org/10.1146/annurev-physiol-012110-142203
http://www.ncbi.nlm.nih.gov/pubmed/21034219
http://dx.doi.org/10.1371/journal.pone.0044209
http://www.ncbi.nlm.nih.gov/pubmed/22937162
http://dx.doi.org/10.1371/journal.pone.0118272
http://www.ncbi.nlm.nih.gov/pubmed/25675104
http://dx.doi.org/10.1016/j.cub.2011.06.064
http://www.ncbi.nlm.nih.gov/pubmed/21782434
http://dx.doi.org/10.1371/journal.pone.0082473
http://www.ncbi.nlm.nih.gov/pubmed/24324795
http://dx.doi.org/10.1016/j.ydbio.2007.09.055
http://www.ncbi.nlm.nih.gov/pubmed/17996863
http://dx.doi.org/10.2307/1931961

@ PLOS | one

Chemical Genetics in Tardigrade Anhydrobiosis

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Johnson CG. The maintenance of high atmospheric humidities for entomological work with glycerol-
water mixtures. Ann Appl Biol. 1940; 27: 295-299. doi: 10.1111/j.1744-7348.1940.tb07499.x

Tenlen JR, McCaskill S, Goldstein B. RNA interference can be used to disrupt gene function in tardi-
grades. Dev Genes Evol. 2013; 223: 171-181. doi: 10.1007/s00427-012-0432-6 PMID: 23187800

Lindell TJ, Weinberg F, Morris PW, Roeder RG, Rutter WJ. Specific inhibition of nuclear RNA polymer-
ase Il by a-amanitin. Science. 1970; 170: 447—449. doi: 10.1126/science.170.3956.447 PMID:
4918258

Schneider-Poetsch T, Ju J, Eyler DE, Dang Y, Bhat S, Merrick WC, et al. Inhibition of eukaryotic transla-
tion elongation by cycloheximide and lactimidomycin. Nat Chem Biol. 2010; 6: 209-217. doi: 10.1038/
nchembio.304 PMID: 20118940

MacNeil S, Griffin M, Cooke AM, Pettett NJ, Dawson RA, Owen R, et al. Calmodulin antagonists of
improved potency and specificity for use in the study of calmodulin biochemistry. Biochem Pharmacol.
1980; 37:1717-1723. doi: 10.1016/0006-2952(88)90434-0

Liu Q. Triptolide and its expanding multiple pharmacological functions. Int Immunopharmacol. 2011;
11: 377-383. doi: 10.1016/j.intimp.2011.01.012 PMID: 21255694

Wang WY, Wu YC, Wu CC. Prevention of platelet glycoprotein llb/llla activation by 3, 4-methylene-
dioxy-B-nitrostyrene, a novel tyrosine kinase inhibitor. Mol Pharmacol. 2006; 70: 1380—1389. doi: 10.
1124/mol.106.023986 PMID: 16837624

Li YM, Mackintosh C, Casida JE. Protein phosphatase 2A and its [3 H] cantharidin/[3 H] endothall
thioanhydride binding site: Inhibitor specificity of cantharidin and ATP analogues. Biochem Pharmacol.
1993; 46: 1435—-1443. doi: 10.1016/0006-2952(93)90109-A PMID: 8240393

Bootman MD, Collins TJ, MacKenzie L, Roderick HL, Berridge MJ, Peppiatt CM. 2-aminoethoxydiphe-
nyl borate (2-APB) is a reliable blocker of store-operated Ca2+ entry but an inconsistent inhibitor of
InsP3-induced Ca2+ release. FASEB J. 2002; 16: 1145—1150. doi: 10.1096/f].02-0037rev PMID:
12153982

Leuenroth JS, Okuhara D, Shotwell DJ, Markowitz SG, Yu Z, Somlo S, et al. Triptolide is a traditional
Chinese medicine-derived inhibitor of polysistic kidney disease. PNAS. 2007; 104: 4389—4394. doi:
10.1073/pnas.0700499104 PMID: 17360534

McCalluma C, Kwona S, Leavitta P, Shenb DM, Liuc W, Gurnetta A. Triptolide binds covalently to a 90
kDa nuclear protein. Role of epoxides in binding and activity. Immunobiology. 2007; 212: 549-556.
doi: 10.1016/j.imbio.2007.02.002 PMID: 17678712

Soundararajan R, Sayat R, Robertson SG, Marignani PA. Triptolide: An inhibitor of a disintegrin and
metalloproteinase 10 (ADAM10) in cancer cells. Cancer Biol Ther. 2009; 8: 2054-2062. doi: 10.4161/
cbt.8.21.9803 PMID: 19783906

Titov DV, Gilman B, He QL, Bhat S, Low WK, Dang Y, et al. XPB, a subunit of TFIIH, is a target of the
natural product triptolide. Nat Chem Biol. 2011; 7: 182—188. doi: 10.1038/nchembio.522 PMID:
21278739

Haystead TAJ, Sim ATR, Carling D, Honnor RC, Tsukitani Y, Cohen P, et al. Effects of the tumour pro-
moter okadaic acid on intracellular protein phosphorylation and metabolism. Nature. 1989; 337: 78-81.
doi: 10.1038/337078a0 PMID: 2562908

White RJ. Transcription by RNA polymerase IlI: more complex than we thought. Nat Rev Genet. 2011;
12: 459-463. doi: 10.1038/nrg3001 PMID: 21540878

Shi Y. Serine/threonine phosphatases: mechanism through structure. Cell. 2009; 139: 468—484. doi:
10.1016/j.cell.2009.10.006 PMID: 19879837

Janssens V, Goris J. Protein phosphatase 2A: a highly regulated family of serine/threonine phospha-
tases implicated in cell growth and signalling. Biochem. J. 2001; 353: 417—439. PMID: 11171037

Reiter W, Klopf E, De Wever V, Anrather D, Petryshyn A, Roetzer A, et al. Yeast protein phosphatase
2A-Cdc55 regulates the transcriptional response to hyperosmolarity stress by regulating Msn2 and
Msn4 chromatin recruitment. Mol Cell Biol. 2013; 33: 1057—1072. doi: 10.1128/MCB.00834-12 PMID:
23275436

Padmanabhan S, Mukhopadhyay A, Narasimhan SD, Tesz G, Czech MP, Tissenbaum HA. A PP2A
regulatory subunit regulates C. elegans insulin/IGF-1 signaling by modulating AKT-1 phosphorylation.
Cell. 2009; 136:939-951. doi: 10.1016/j.cell.2009.01.025 PMID: 19249087

Vereshchagina N, Ramel MC, Bitoun E, Wilson C. The protein phosphatase PP2A-B’ subunit Wide-
rborst is a negative regulator of cytoplasmic activated Akt and lipid metabolism in Drosophila. J. Cell
Science. 2008; 121: 3383-3392. doi: 10.1242/jcs.035220 PMID: 18827008

Narasimhan SD, Mukhopadhyay A, Tissenbaum HA. InAKTivation of insulin/IGF-1 signaling by
dephosphorylation. Cell Cycle. 2009; 8: 3878-3884. doi: 10.4161/cc.8.23.10072 PMID: 19901535

PLOS ONE | DOI:10.1371/journal.pone.0144803 December 21,2015 16/18


http://dx.doi.org/10.1111/j.1744-7348.1940.tb07499.x
http://dx.doi.org/10.1007/s00427-012-0432-6
http://www.ncbi.nlm.nih.gov/pubmed/23187800
http://dx.doi.org/10.1126/science.170.3956.447
http://www.ncbi.nlm.nih.gov/pubmed/4918258
http://dx.doi.org/10.1038/nchembio.304
http://dx.doi.org/10.1038/nchembio.304
http://www.ncbi.nlm.nih.gov/pubmed/20118940
http://dx.doi.org/10.1016/0006-2952(88)90434-0
http://dx.doi.org/10.1016/j.intimp.2011.01.012
http://www.ncbi.nlm.nih.gov/pubmed/21255694
http://dx.doi.org/10.1124/mol.106.023986
http://dx.doi.org/10.1124/mol.106.023986
http://www.ncbi.nlm.nih.gov/pubmed/16837624
http://dx.doi.org/10.1016/0006-2952(93)90109-A
http://www.ncbi.nlm.nih.gov/pubmed/8240393
http://dx.doi.org/10.1096/fj.02-0037rev
http://www.ncbi.nlm.nih.gov/pubmed/12153982
http://dx.doi.org/10.1073/pnas.0700499104
http://www.ncbi.nlm.nih.gov/pubmed/17360534
http://dx.doi.org/10.1016/j.imbio.2007.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17678712
http://dx.doi.org/10.4161/cbt.8.21.9803
http://dx.doi.org/10.4161/cbt.8.21.9803
http://www.ncbi.nlm.nih.gov/pubmed/19783906
http://dx.doi.org/10.1038/nchembio.522
http://www.ncbi.nlm.nih.gov/pubmed/21278739
http://dx.doi.org/10.1038/337078a0
http://www.ncbi.nlm.nih.gov/pubmed/2562908
http://dx.doi.org/10.1038/nrg3001
http://www.ncbi.nlm.nih.gov/pubmed/21540878
http://dx.doi.org/10.1016/j.cell.2009.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19879837
http://www.ncbi.nlm.nih.gov/pubmed/11171037
http://dx.doi.org/10.1128/MCB.00834-12
http://www.ncbi.nlm.nih.gov/pubmed/23275436
http://dx.doi.org/10.1016/j.cell.2009.01.025
http://www.ncbi.nlm.nih.gov/pubmed/19249087
http://dx.doi.org/10.1242/jcs.035220
http://www.ncbi.nlm.nih.gov/pubmed/18827008
http://dx.doi.org/10.4161/cc.8.23.10072
http://www.ncbi.nlm.nih.gov/pubmed/19901535

@ PLOS | one

Chemical Genetics in Tardigrade Anhydrobiosis

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Yan L, Lavin VA, Moser LR, Cui Q, Kanies C, Yang E. PP2A regulates the pro-apoptotic activity of
FOXO1. J Biol Chem. 2008; 283: 7411-7420. doi: 10.1074/jbc.M708083200 PMID: 18211894

Singh A, Ye M, Bucur O, Zhu S, Santos MT, Rabinovitz I. et al. Protein phosphatase 2A reactivates
FOXOB3a through a dynamic interplay with 14-3-3 and AKT. Mol Biol Cell. 2010; 21: 1140-1152. doi:
10.1091/mbc.E09-09-0795 PMID: 20110348

Van der Horst A, Burgering BM. Stressing the role of FoxO proteins in lifespan and disease. Nat Rev
Mol Cell Biol. 2007; 8: 440-450. doi: 10.1038/nrm2190 PMID: 17522590

Kops GJ, Dansen TB, Polderman PE, Saarloos I, Wirtz KW, Coffer PJ, et al. Forkhead transcription fac-
tor FOXO3a protects quiescent cells from oxidative stress. Nature. 2002; 419: 316-321. doi: 10.1038/
nature01036 PMID: 12239572

Ambrogini E, Aimeida M, Martin-Millan M, Paik JH, DePinho RA, Han L, et al. FoxO-mediated defense
against oxidative stress in osteoblasts is indispensable for skeletal homeostasis in mice. Cell Metab.
2010; 11:136-146. doi: 10.1016/j.cmet.2009.12.009 PMID: 20142101

de Jesus Pereira E, Panek AD, Eleutherio ECA. Protection against oxidation during dehydration of
yeast. Cell Stress Chaperones. 2003; 8: 120. PMCID: PMC514863 PMID: 14627197

Contreras-Porcia L, Thomas D, Flores V, Correa JA. Tolerance to oxidative stress induced by desicca-
tion in Porphyra columbina (Bangiales, Rhodophyta). J Exp Bot. 2011; 62: 1815—-1829. doi: 10.1093/
jxb/erq364 PMID: 21196477

Ding J, Takano T, Gao S, Han W, Noda C, Yanagi S, et al. Syk is required for the activation of Akt sur-
vival pathway in B cells exposed to oxidative stress. J Biol Chem. 2006; 275: 30873-30877. doi: 10.
1074/jbc.M004813200

Abe JI, Takahashi M, Ishida M, Lee JD, Berk BC. c-Src is required for oxidative stress-mediated activa-
tion of big mitogen-activated protein kinase 1 (BMK1). J Biol Chem. 1997; 272: 20389—-20394. doi: 10.
1074/jbc.272.33.20389 PMID: 9252345

Pal R, Palmieri M, Loehr JA, Li S, Abo-Zahrah R, Monroe TO, et al. Src-dependent impairment of autop-
hagy by oxidative stress in a mouse model of Duchenne muscular dystrophy. Nat Commun. 2014; 5.
doi: 10.1038/ncomms5425

Qin S, Minami Y, Kurosaki T, Yamamura H. Distinctive functions of Syk and Lyn in mediating osmotic
stress-and ultraviolet C irradiation-induced apoptosis in chicken B cells. J Biol Chem. 1997; 272:
17994—-17999. doi: 10.1074/jbc.272.29.17994 PMID: 9218426

Cowan KJ, Storey KB. Mitogen-activated protein kinases: new signaling pathways functioning in cellu-
lar responses to environmental stress. J Exp Biol. 2003; 206: 1107—1115. doi: 10.1242/jeb.00220
PMID: 12604570

Manning G, Plowman GD, Hunter T, Sudarsanam S. Evolution of protein kinase signaling from yeast to
man. Trends Biochem Sci. 2002; 27: 514-520. doi: 10.1016/S0968-0004(02)02179-5 PMID:
12368087

Banton MC, Tunnacliffe A. MAPK phosphorylation is implicated in the adaptation to desiccation stress
in nematodes. J Exp Biol. 2012; 215: 4288—4298. doi: 10.1242/jeb.074799 PMID: 22972886

DeSilva DR, Jones EA, Favata MF, Jaffee BD, Magolda RL, Trzaskos JM, Scherle PA. Inhibition of
mitogen-activated protein kinase kinase blocks T cell proliferation but does not induce or prevent
anergy. J Immunol. 1998; 160: 4175-4181. PMID: 9574517

Bensaude O. Inhibiting eukaryotic transcription. Which compound to choose? How to evaluate its activ-
ity? Which compound to choose? How to evaluate its activity? Transcription. 2011; 2: 103—-108. doi:
10.4161/trns.2.3.16172 PMID: 21922053

Stateva SR, Salas V, Anguita E, Benaim G, Villalobo A. Ca 2+/Calmodulin and Apo-Calmodulin Both
Bind to and Enhance the Tyrosine Kinase Activity of c-Src. PloS One. 2015; 10: e0128783. doi: 10.
1371/journal.pone.0128783 PMID: 26058065

Hashimoto Y, Nakayama T, Teramoto T, Kato H, Watanabe T, Kinoshita M, et al. Potent and preferen-
tial inhibition of Ca 2+/calmodulin-dependent protein kinase Il by K252a and its derivative, KT5926. Bio-
chem Biophys Res Commun. 1991; 181: 423-429. doi: 10.1016/S0006-291X(05)81436-6 PMID:
1659814

Waters V, Sokol S, Reddy B, Soong G, Chun J, Prince A. The effect of cyclosporin A on airway cell
proinflammatory signaling and pneumonia. Am J Respir Cell Mol Biol. 2005; 33: 138—144. doi: 10.
1165/rcmb.2005-00050C PMID: 15879161

Raman CS, Li H, Martasek P, Southan G, Masters BSS Poulos, TL. Crystal structure of nitric oxide
synthase bound to nitro indazole reveals a novel inactivation mechanism. Biochemistry. 2001; 40:
13448-13455. doi: 10.1021/bi010957u PMID: 11695891

PLOS ONE | DOI:10.1371/journal.pone.0144803 December 21,2015 17/18


http://dx.doi.org/10.1074/jbc.M708083200
http://www.ncbi.nlm.nih.gov/pubmed/18211894
http://dx.doi.org/10.1091/mbc.E09-09-0795
http://www.ncbi.nlm.nih.gov/pubmed/20110348
http://dx.doi.org/10.1038/nrm2190
http://www.ncbi.nlm.nih.gov/pubmed/17522590
http://dx.doi.org/10.1038/nature01036
http://dx.doi.org/10.1038/nature01036
http://www.ncbi.nlm.nih.gov/pubmed/12239572
http://dx.doi.org/10.1016/j.cmet.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20142101
http://www.ncbi.nlm.nih.gov/pubmed/14627197
http://dx.doi.org/10.1093/jxb/erq364
http://dx.doi.org/10.1093/jxb/erq364
http://www.ncbi.nlm.nih.gov/pubmed/21196477
http://dx.doi.org/10.1074/jbc.M004813200
http://dx.doi.org/10.1074/jbc.M004813200
http://dx.doi.org/10.1074/jbc.272.33.20389
http://dx.doi.org/10.1074/jbc.272.33.20389
http://www.ncbi.nlm.nih.gov/pubmed/9252345
http://dx.doi.org/10.1038/ncomms5425
http://dx.doi.org/10.1074/jbc.272.29.17994
http://www.ncbi.nlm.nih.gov/pubmed/9218426
http://dx.doi.org/10.1242/jeb.00220
http://www.ncbi.nlm.nih.gov/pubmed/12604570
http://dx.doi.org/10.1016/S0968-0004(02)02179-5
http://www.ncbi.nlm.nih.gov/pubmed/12368087
http://dx.doi.org/10.1242/jeb.074799
http://www.ncbi.nlm.nih.gov/pubmed/22972886
http://www.ncbi.nlm.nih.gov/pubmed/9574517
http://dx.doi.org/10.4161/trns.2.3.16172
http://www.ncbi.nlm.nih.gov/pubmed/21922053
http://dx.doi.org/10.1371/journal.pone.0128783
http://dx.doi.org/10.1371/journal.pone.0128783
http://www.ncbi.nlm.nih.gov/pubmed/26058065
http://dx.doi.org/10.1016/S0006-291X(05)81436-6
http://www.ncbi.nlm.nih.gov/pubmed/1659814
http://dx.doi.org/10.1165/rcmb.2005-0005OC
http://dx.doi.org/10.1165/rcmb.2005-0005OC
http://www.ncbi.nlm.nih.gov/pubmed/15879161
http://dx.doi.org/10.1021/bi010957u
http://www.ncbi.nlm.nih.gov/pubmed/11695891

" ®
@ ' PLOS ‘ ONE Chemical Genetics in Tardigrade Anhydrobiosis

66. AhnHS, Crim W, Romano M, Sybertz E, Pitts B. Effects of selective inhibitors on cyclic nucleotide
phosphodiesterases of rabbit aorta. Biochem Pharmacol. 1989; 38: 3331-3339. doi: 10.1016/0006-
2952(89)90631-X PMID: 2554921

67. Ito S, Kume H, Honjo H, Kodama |, Katoh H, Hayashi H, Shimokata K. ML-9, a myosin light chain kinase
inhibitor, reduces intracellular Ca 2+ concentration in guinea pig trachealis. Eur J Pharmacol. 2004;
486: 325—-333. doi: 10.1016/j.ejphar.2004.01.013 PMID: 14985055

68. HarperJL, Camerini-Otero CS, Li AH, Kim SA, Jacobson KA, Daly JW. Dihydropyridines as inhibitors
of capacitative calcium entry in leukemic HL-60 cells. Biochem Pharmacol. 2003; 65: 329-338. doi: 10.
1016/S0006-2952(02)01488-0 PMID: 12527326

PLOS ONE | DOI:10.1371/journal.pone.0144803 December 21,2015 18/18


http://dx.doi.org/10.1016/0006-2952(89)90631-X
http://dx.doi.org/10.1016/0006-2952(89)90631-X
http://www.ncbi.nlm.nih.gov/pubmed/2554921
http://dx.doi.org/10.1016/j.ejphar.2004.01.013
http://www.ncbi.nlm.nih.gov/pubmed/14985055
http://dx.doi.org/10.1016/S0006-2952(02)01488-0
http://dx.doi.org/10.1016/S0006-2952(02)01488-0
http://www.ncbi.nlm.nih.gov/pubmed/12527326

