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Abstract: Calcineurin is a calcium- and calmodulin-dependent serine/threonine protein phosphatase,
and the target of immunosuppressive agent tacrolimus (TAC). The dysfunction of calcineurin,
or clinical applications of tacrolimus, have been reported to be associated with dyslipidemia.
The underlying mechanisms of calcineurin and tacrolimus in lipid metabolism are largely unknown.
Here, we showed that mutations of tax-6 and cnb-1, which respectively encode the catalytic subunit
and the regulatory subunit of calcineurin, together with tacrolimus treatment, consistently led to
decreased fat accumulation and delayed growth in the nematode Caenorhabditis elegans. In contrast,
disruption of the AMP-activated protein kinase (AMPK) encoded by aak-1 and aak-2 reversed the
above effects in worms. Moreover, calcineurin deficiency and tacrolimus treatment consistently
activated the transcriptional expression of the lipolytic gene atgl-1, encoding triglyceride lipase.
Furthermore, RNAi knockdown of atgl-1 recovered the decreased fat accumulation in both calcineurin
deficient and tacrolimus treated worms. Collectively, our results reveal that immunosuppressive
agent tacrolimus and their target calcineurin may antagonize AMPK to regulate ATGL and lipolysis,
thereby providing potential therapy for the application of immunosuppressive agents.

Keywords: calcineurin; tacrolimus; AMP-activated protein kinase (AMPK); triglyceride lipase
ATGL; lipolysis

1. Introduction

The Ca?*/calmodulin-dependent phosphatase calcineurin is a heterodimer that consists of
a catalytic calmodulin-binding subunit calcineurin A (CnA) and a regulatory Ca?*-binding subunit,
calcineurin B (CnB) [1,2]. As a phosphatase, calcineurin acts with many proteins involved in
Ca?*-dependent signal transduction, as well as numerous cellular processes and physiologies.
Dysfunction of calcineurin has been reported to be associated with a number of diseases, such as
cardiac and kidney hypertrophy [3,4], Alzheimer’s disease [5], schizophrenia [6], Duchenne muscular
dystrophy [7], and diabetes [4,8]. In addition, deletion of CNA1 leads to reduced levels of lipids with
short-chain fatty acids in yeast [9]. Similarly, mice lacking calcineurin A CnAB(~/~) display consistent
hyperlipidemia with elevated levels of plasma triglyceride, cholesterol, and free fatty acids [10].

Calcineurin is the target of the immunosuppressant drug tacrolimus (TAC) [11], which has
been widely used for organ transplantation because of its ability to prevent immune responses.
Tacrolimus (TAC) binds and inhibits calcineurin, thereby interfering with T-cell responses to
antigen [12-14]. However, clinical applications of immunosuppressant drug tacrolimus (TAC)
have been reported to be accompanied with unexpected side effects, especially the development
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of metabolic complications, such as dyslipidemia [15,16]. Tacrolimus (TAC) has also been associated
with lower LDL-c, apolipoprotein B, and triglyceride levels [17,18]. Taken together, these studies
have coherently demonstrated that the immunosuppressant drug tacrolimus (TAC), as well as its
target calcineurin, apparently participate in the process of regulating lipid metabolism, whereas the
underlying mechanisms still remains largely unknown.

The sequences and functions of calcineurin are highly conserved from yeast to human [2].
The nematode, Caenorhabditis elegans contains tax-6 and cnb-1 genes that encode the catalytic subunit
and the regulatory subunit with high amino acid identities to respective human calcineurin A and
calcineurin B [19-21]. Similar to its mammalian homologues, C. elegans calcineurin also plays pivotal
roles in regulating a variety of cellular processes involving in development, fertility, proliferation,
behaviors, and lifespan [20,22]. However, whether or not TAX-6 or CNB-1 is also involved in lipid
metabolism has not been characterized.

In this study, we took the advantages of C. elegans as a genetically-tractable model to investigate
the roles of calcineurin as well as its inhibitor tacrolimus (TAC) in lipid metabolism. We showed that
either calcineurin-deficient mutants or tacrolimus (TAC)-treated worms displayed consistent reduction
of fat accumulation. Furthermore, we found that the inactivation of AMP-activated protein kinase
AMPK or its target adipose triglyceride lipase ATGL-1 reverses the fat-lowering effect of calcineurin
and its inhibitors.

2. Results

2.1. Genetic Disruption of Calcineurin Reduces Fat Accumulation in C. elegans

To examine whether calcineurin plays a role in regulating lipid metabolism in C. elegnas,
we investigated the fat storage of calcineurin deficient mutants with the established methodologies
of Nile Red staining of fixed worms, as well as thin-layer chromatography and gas chromatography
(TLC/GC) [23-26]. In C. elegans, tax-6 and cnb-1 genes encode the catalytic subunit and the regulatory
subunit of calcineurin, respectively [19-21]. Nile Red staining of fixed worms showed that all
three calcineurin deficient mutants tax-6(0k2065), tax-6(p675), and cnb-1(jh103) displayed apparently
reduced fat accumulation compared to that of the wild-type N2 (Figure 1A). Quantification of lipid
droplets (LDs) further revealed that tax-6(0k2065), tax-6(p675) and cnb-1(jh103) mutant worms displayed
a dramatic increase in the percentage of smaller size LDs (<1 pum), but decreased percentage of middle
(1-2 um) and larger LDs (>2 pum) (Figure 1B), leading to significantly reduced LD size (Figure 1C).
The average LD size was 1.56 & 0.03 um in N2, while those in tax-6(0k2065), tax-6(p675), and cnb-1(jh103)
mutants were 0.60 £ 0.05, 0.62 £ 0.05, and 0.82 = 0.08 um, respectively (Figure 1C). Likewise, lipid
analysis by TLC/GC further confirmed that the levels of triacylglyceride (TAG) significantly decreased
in tax-6(0k2065) (37.9 £ 2.7%), tax-6(p675) (43.9 £ 1.5%), and cnb-1(jh103) (40.9 £ 1.5%) mutant worms
compared to that in N2 worms (51.8 & 0.7%) (Figure 1D).

To confirm the effects of CNA-1/TAX-6 on fat accumulation, we crossed the Ex[pAK-13]
(Ptax-6::tax-6::¢fp) strain [27] into the tax-6(0k2065) mutant, which is a deletion mutation with more
pronounced effects on fat content and growth rate than another two mutations tax-6(p675) and
cnb-1(jh103) (Figure 1D,E). We found that the fat storage indicated by Nile Red staining of fixation and
quantified by both the TLC/GC, as well as the size of LD in tax-6(0k2065);Ex[pAK-13](Ptax-6::tax-6::gfp)
worms, were comparable to that of N2 (Figure 1A-D). In addition to the previous reports [19-21], all
three calcineurin-deficient mutants displayed retarded development compared to the development of
N2 (Figure 1E). Remarkably, the growth rate of tax-6(0k2065);Ex[pAK-13](Ptax-6::tax-6::gfp) worms was
very similar to that of the N2 worms (Figure 1E). Taken together, these results demonstrate that genetic
disruption of calcineurin definitely leads to reduced fat accumulation, which suggests that calcineurin
plays a conserved role in regulating of lipid metabolism in C. elegans.
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Figure 1. Loss-of-function of calcineurin genes tax-6 or cnb-1 exhibited a remarkable reduction in fat
accumulation. (A) Nile Red staining of fixed worms. Representative animals with stained lipid droplets
(LDs) in the posterior region. In all of the represented animals, the anterior is indicated on the left and
the posterior is indicated on the right. Scale bar represents 10 um; (B) Distribution of the lipid droplets
(% lipid droplets) were measured from Nile Red staining of fixed worms from (A), n = 10 for each
worm strain; (C) The average size of the lipid droplets (LD) were measured from Nile Red staining of
fixed worms from (A), n = 10 for each worm strain; (D) percentage of triacylglycerol (TAG) in total
lipids (TAG + phospholipids). Data are presented as the means & SD of at least three biological repeats;
and (E) The growth rate of N2, tax-6(0k2065), cnb-1(jh103) and tax-6(p675) worms. n > 150 worms. Data
are presented as the means + SD. * indicates significant difference between wild-type N2 and a specific
worm strain, * p < 0.05, * p < 0.01, *** p < 0.001. # indicates significant difference between two indicated

worm strains, p <0.001.

2.2. Calcineurin Inhibitor Mimics the Effects of Calcineurin Mutations on Fat Accumulation

Calcineurin is the target of the immunosuppressant drug tacrolimus (TAC) [11], which has been
reported to cause dyslipidemia in clinical applications [7,16]. To examine the effects of tacrolimus (TAC)
on fat accumulation in C. elegans, we treated wild-type N2 and tax-6(0k2065) L1 worms with tacrolimus
at concentrations of 0 (control), 50, and 100 pg/mL, and collected worms when they reached adulthood.
The Nile Red staining of fixation (Figure 2A) and the quantifications of the average LD size (Figure 2B)
showed that the average LD sizes of young adult N2 worms treated with 50 and 100 pg/mL tacrolimus
(TAC) were 1.11 £ 0.13 and 1.09 £ 0.04 pm, which were significantly smaller than that of worm treated
without tacrolimus (1.65 & 1.17 um, 0 ug/mL), indicating that tacrolimus (TAC) displayed the ability
to reduce the fat accumulation in N2 worms. However, the reduction effects on fat accumulation and
LD size by tacrolimus (TAC) apparently disappeared in tax-6(0k2065) mutant worms (Figure 2A,C).
Additionally, the percentage of L4 among N2 worms treated with 50 and 100 ug/mL tacrolimus (TAC)
for 48 h were 85.69 £ 3.26% and 75.61 + 4.83%, which were significantly lower than those treated
without tacrolimus (TAC) (98.51 & 1.96%) (Figure 2D). However, there was no difference in growth
rate among tax-6(0k2065) worms receiving treatments or no treatment of tacrolimus (TAC) (Figure 2E),
suggesting that calcineurin is required for the growth inhibition of tacrolimus (TAC). Collectively, these
data clearly indicate that pharmacological inhibition of calcineurin via the immunosuppressant drug
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tacrolimus (TAC), like the genetic disruption of calcineurin, will result in reduced fat accumulation
and delayed development in C. elegans.
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Figure 2. Tacrolimus (TAC) decreases fat accumulation via calcineurin. (A) Nile Red staining of fixed
worms treated with different concentrations of tacrolimus (TAC). Representative animals are shown
with stained lipid droplets (LDs) in the posterior region. In all of the represented animals, the anterior
is indicated on the left and the posterior is indicated on the right. Scale bar represents 10 um; (B) The
average size of the lipid droplet (LD) in N2 were measured from Nile Red staining of fixed worms
from (A). n = 10 for each worm strain; (C) The average size of the lipid droplet (LD) tax-6(0k2065)
were measured from Nile Red staining of fixed worms from (A). n = 10 for each worm strain; (D) the
growth of wild type N2 upon tacrolimus (TAC) treatment or not; and (E) The growth of tax-6(0k2065)
upon tacrolimus (TAC) treatment or not. Data are presented as the means £ SD. * indicates significant
difference between worms treated with and without tacrolimus (TAC), *** p < 0.001. n > 150 worms.

2.3. AMPK Antagonizes Calcineurin to Regulate Fat Metabolism

Phosphatases and kinases generally play opposite actions to fine-tune cellular events. In mammals,
calcineurin acts with the AMP-activated kinase (AMPK) antagonistically to regulate energy
homeostasis and endoplasmic reticulum stress. Similarly, it also regulates lifespan and adaptive
autophagy during oxidative stress [22,28] in an opposite way in C. elegans. In C. elegans, aak-1 and aak-2
encode for the catalytic subunit of AMPK [29,30]. To examine whether the AMPK signaling pathway
might antagonize calcineurin in regulating lipid metabolism, we generated aak-2(0k524);tax-6(0k2065)
and aak-1(tm1944);tax-6(0k2065) double mutants. We found that both aak-2(0k524);tax-6(0k2065) and
aak-1(tm1944);tax-6(0k2065) double mutant worms showed increased fat accumulation and lipid droplet
size compared to those of tax-6(0k2065) single mutant worms (Figure 3A,B), in which aak-2(0k524)
mutation displayed a better rescue effect than aak-1(tm1944) mutation.

Similarly, the lipid droplet size and fat accumulation of cnb-1(jh103) mutant worms and
tacrolimus (TAC) treated worms also apparently improved in aak-1 and aak-2 mutant backgrounds
(Figure 3A,B). Consistently, the TAG levels (Figure 3C), as well as the growth rate (Figure 3D) of
aak-2(0k524);tax-6(0k2065) and aak-2(0k524);cnb-1(jh103) double mutant worms, were significantly
improved than those of tax-6(0k2065) and cnb-1(jh103) single mutant worms alone. Taken together,
these results suggest that AMPK antagonizes calcineurin to regulate fat accumulation and growth.
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Figure 3. AMPK antagonizes calcineurin to regulate fat metabolism and growth rate. (A) Nile Red
staining of fixed worms. Representative animals are shown with stained lipid droplets (LDs) in the
posterior region. In all of the represented animals, the anterior is indicated on the left and the posterior
is indicated on the right. Scale bar represents 10 um; (B) the average size of the lipid droplets (LD) were
measured from Nile Red staining of fixed worms from (A). n = 10 for each worm strain; and (C) the
percentage of triacylglycerol (TAG) in total lipids (TAG + phospholipids). Data are presented as the
means £ SD of at least three biological repeats; and (D) the growth rate of worms. n > 200 wormes.
Data are presented as the means + SD. * indicates significant difference between wild-type N2 and
a specific worm strain, *** p < 0.001. * indicates significant difference between two indicated worm
strains, # p < 0.05, * p < 0.01, ## p < 0.001.

2.4. Calcineurin Promotes Lipolysis via Adipose Triglyceride Lipase (ATGL-1)

Lipid homeostasis is determined by the balance of lipogenesis and lipolysis. Calcineurin was
reported to be involved in insulin/IGF-1 signaling pathway [27], which plays important roles in
regulating lipogenesis and fat accumulation in C. elegans [31,32]. Calcineurin inhibits the nuclear
translocation of forkhead box O (FOXO) transcription factor DAF-16 [33], and the longevity and
dauer formation of the tax-6(0k2065) mutant was reported to be partially dependent on the DAF-16
activity [27]. However, the Nile Red staining showed that the fat accumulation, lipid droplet size, as
well as the growth rate of the daf-16(mu86);tax-6(0k2065) double mutants were similar to that of the
tax-6(0k2065) single mutant (Figure S1A-D), suggesting that the altered fat accumulation and growth
is likely to be independent of DAF-16.

Desnutrin/ ATGL hydrolyzes the TAG in the initial rate-limiting step during lipolysis. ATGL has
been reported to be a direct target of AMPK [30,34,35]. Since aak-1 and aak-2 mutant could restore
fat accumulation of calcineurin mutants and inhibitors, we thereby asked whether ATGL was also
involved in calcineurin to regulate fat accumulation. We found that the mRNA expression of atgl-1 was
significantly upregulated in tax-6(0k2065), cnb-1(jh103) and tacrolimus (TAC) treated worms compared
to that of N2 worms (Figure 4A), suggesting that calcineurin inhibits the transcriptional expression
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of atgl-1. Furthermore, RNAi knockdown of atgl-1 significantly increased the lipid droplet size and
the fat accumulation in N2 worms as well as in tax-6(0k2065) and cnb-1(jh103) mutants and tacrolimus
(TAC)-treated worms (Figure 4B-D). Taken together, these lines of results indicate that calcineurin
represses ATGL-1 and lipolysis to maintain lipid homeostasis.
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Figure 4. Calcineurin represses ATGL expression and lipolysis. (A) The mRNA level of atgl-1 in
wild-type, tax-6(0k2065) and tacrolimus (TAC) treated worms; (B) Nile Red staining of fixed wormes.
Representative animals are shown with stained lipid droplets (LDs) in the posterior region. In all of
the represented animals, the anterior is indicated on the left and the posterior is indicated on the right.
Scale bar represents 10 um; (C) the average size of the lipid droplets (LD) were measured from Nile Red
staining of fixed worms from (A). n = 10 for each worm strain; and (D) the percentage of triacylglycerol
(TAG) in total lipids (TAG + phospholipids). Data are presented as the means & SD of at least three
biological repeats. * indicates significant difference between two indicated worm strains, * p < 0.05,
**p <0.01.

3. Discussion

Dysfunction of calcineurin in yeast and rodents leads to dyslipidemia. Here, we showed that
the genetic disruption of calcineurin consistently reduces the fat accumulation in model organism C.
elegans. Meanwhile, clinical application of the immunosuppressant drug tacrolimus (TAC), which target
calcineurin to inhibit its function [11], causes dyslipidemia [15,16]. Concordantly, we confirmed that
treatments of tacrolimus (TAC) also decreases fat accumulation in worms, completely phenocopying
the calcineurin mutants. Thus, calcineurin indeed plays an evolutionarily-conserved role in regulating
lipid metabolism from yeast, C. elegans to mammals.

A well-recognized function of calcineurin is the dephosphorylation of the transcription factor
Nuclear Factor of Activated T Cells (NFAT) [36]. Nevertheless, C. elegans lacks NFAT homologues [37].
The FOXO transcription factor DAF-16 plays critical roles in regulating lifespan, development and
metabolism [38]. Previous work has shown that calcineurin and Ca?* /calmodulin-dependent protein
kinase II (CAMII) reversely phosphorylated the transcription factor DAF-16 to regulate C. elegans
lifespan [33]. However, we found that the daf-16 mutant failed to recover the reduced fat accumulation
of the tax-6(0k2065) mutant (Figure S1), suggesting that the calcineurin regulation of lipid metabolism
is distinct from its DAF-16-dependent lifespan regulation.
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Calcineurin was previously reported to antagonize AMPK to regulate lifespan [22], and also
suppresses adaptive autophagy during oxidative stress by downregulating the AMPK signaling
pathway in C. elegans [28]. In this study, we found that the reduced fat accumulation in tax-6(0k2065)
and cnb-1(jh103) mutants, as well as in tacrolimus (TAC) treated worms was significantly increased for
the AMPK aak-2(0k524) mutant (Figure 3). Therefore, AMPK has the ability to antagonize calcineurin
to regulate lipid metabolism, implying the possibility that dysfunction of AMPK may counteract the
dyslipidemia effect of tacrolimus (TAC).

The lipase ATGL is a direct target of AMPK [30,34,35]. We found that calcineurin and its inhibitor
repress the mRNA expression of atgl-1. In mice, disruption ATGL has been shown to increase
triglyceride accumulation within multiple tissues [39]. Consistently, RNAi knockdown of atgl-1 led to
fat accumulation in C. elegans. Meanwhile, similar to the aak-2(0k524) mutant, the RNAi knockdown
of atgl-1 improved the decrease in fat accumulation of calcineurin-defective mutants. In addition,
therapeutic concentrations of calcineurin inhibitor tacrolimus (TAC) increase the phosphorylation of
hormone-sensitive lipase HSL, which hydrolyzes triglycerides and inhibits lipid storage in human
adipose tissue [40]. Therefore, these lines of evidences suggest that calcineurin, as well as its inhibitors,
probably regulate lipolysis to modulate lipid metabolism.

In summary, our finding in C. elegans revealed a conserved role of calcineurin in the regulation of
lipid metabolism, in which calcineurin as well as its inhibitor tacrolimus (TAC) repress lipolysis to
maintain lipid homeostasis. Moreover, our works may also provide potential treatment to alleviate
tacrolimus (TAC) caused dyslipidemia through antagonizing the AMPK signaling pathway.

4. Materials and Methods

4.1. Nematode Strains and Growth Conditions

Standard nematode growth media (NGM) was used to maintain C. elegans with the Escherichia
coli OP50 at 20 °C, unless otherwise indicated. All of the strains were cultured and handled
using standard methods [41]. N2 Bristol was used as the wild-type strain. The strains used in
this study were tax-6(0k2065)1V, tax-6(p675)IV, Ex[pAK-13](Ptax-6::tax-6::gfp) [27,42], cnb-1(jh103)V,
aak-2(0k524)X, aak-1(tm1944)I1l, and daf-16(mu86)l. The following strains were made for this
study: aak-1(tm1944)11L;tax-6(0k2065)1V, tax-6(0k2065)1V;aak-2(0k524)X, aak-1(tm1944)l11;cnb-1(jh103)V,
cnb-1(jh103)V;aak-2(0k524)X, and tax-6(0k20651V;Ex[pAK-13](Ptax-6::tax-6::gfp).

4.2. RNAi Interferance

RNAI interferance assays were performed at 20 °C using the feeding method as previously
described [43,44]. Feeding RNAi was performed on NGM plates supplemented with 100 pug/mL
ampicillin and 2 mM isopropyl-3-D-thiogalactopyranoside (IPTG) and different RNAi bacteria.
Synchronized L1 worms were placed onto above plates with corresponding RNAIi bacteria, unless
otherwise indicated. E. coli HT115 transformed with L4440, an empty RNAi vector, used as a control.
The RNAi bacterial strains were obtained from the Ahringer RNAi library(The Wellcome CRC Institute,
University of Cambridge, Cambridge, England).

4.3. Nile Red Staining of Fixed Nematodes

Young adult nematodes were washed off from the NGM plates, and then fixed and stained with
Nile Red as previously described [23,44]. Images were captured using identical settings and exposure
time, unless specifically indicated otherwise. At least 15 animals were imaged for each repeat, and
three biological repteats were performed.

4.4. Lipid Extraction and Analysis

C. elegans lipids extraction, separation of triacylglycerol and phospholipids by thin-layer
chromatography (TLC), and the analysis of fatty acids by gas chromatography (GC) were performed
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as previously described [25]. Approximately 100,000 one-day-old young adults were harvested for
lipid extration and analysis. Lipids were extracted following the standard procedure. Five milliliters
of ice-cold chloroform:methanol (1:1) were added to worm pellets and incubated overnight at —20 °C
with occasional shaking. Then, 2.2 mL of Harja’s solution (0.2 M H3PO,4 and 1 M KCI) was added to
each sample and shaken vigorously. After centrifugation, the organic phase was removed and dried
under nitrogen, then re-suspended in chloroform. Samples were loaded in triplicate on TLC plates,
then developed to the top of the plate in the solvent system hexane:diethylether:acetic acid (80:20:2).

Lipids were visualized under UV light after spraying the plate with 0.005% primuline, and spots
corresponding to TAG and the major phospholipids were scraped, spiked with a known standard
(C15:0), and transesterified for GC analysis to determine the relative levels of TAG and phospholipid
fractions. Determination of the fatty acids were run with an Agilent 7890 series gas chromatographer
equipped with a 30 x 0.25-mm SP-2380 column (Supelco, Bellefonte, PA, USA), with nitrogen as the
carrier gas at 1.4 mL/min, and a flame ionization detector. Four biological replicates were performed
for TLC/GC analysis.

4.5. Growth Rate

Synchronized L1s were placed onto NGM plates seeded with E. coli strain OP50. The number of
adults and the total number of worms were scored under a microscope at various time points.

4.6. Treatment of Calcineurin Inhibitor

Calcineurin inhibitor tacrolimus (TAC) was purchased from Selleck Chemicals (Houston, TX,
USA, Code S5003). Tacrolimus was dissolved in ethanol, and then the solution was poured to the
surface of the NGM plates seeded with OP50. Later, synchronized L1 worms were placed and cultured
on these plates for further analysis, including visulization of fat accumulation by post-fixed Nile Red
staining, determination of fat content by TLC/GC, and growth rate observation, etc.

4.7. Quantitative RT-PCR Anaylsis

For RT-qPCR analysis, L4 stage worms were washed with dH,O for at least three times to
remove the bacteria. dH;O was removed as much as possible, and 1 mL RNAiso plus (Takara,
Tokyo, Japan, Code 9108) was added and then quickly frozen in liquid nitrogen. RNA extraction was
carried out, as previously described [45]. Concentration and purity of RNA samples were determined
with a NanoDrop spectrophotometer and gel electrophoresis, respectively. Samples were stored
at —80 °C for future use. Reverse transcription was performed with 1 pg RNA per sample using
PrimeScript® RT reagent Kit with gDNA Eraser (Takara, Tokyo, Japan, Code RR047A). Diluted cDNA
and custom-designed primers were mixed with SYBR Green (TransStart TipTop Green qPCR SuperMix,
TransGen Biotech, Beijing, China, Code AQ141), and samples were analysed using a ABI 7900HT
analyzer (Applied Biosystems, Foster City, CA, USA). RT-qPCR data presented were from at least three
independent biological replicates, and all values were normalized to tubulin as an internal control.

4.8. Statistical Analysis

All experiments were conducted at with least three or four biological replicates. Data were
analyzed using the software SPSS (SPSS Inc., Chicago, IL, USA), and the results were presented as
the mean =+ SD. Statistical significance was determined by Student’s ¢ test for comparison between
the means of two groups, or by a one-way analysis of variance (ANOVA) followed by Tukey’s honest
significant difference tests for equal variances and Dunnett’s T3 tests for unequal variances at the
o = 0.05 level of significance among multiple groups. Differences were considered as significant when
p <0.05.



Molecules 2017, 22, 1062 9of 11

Supplementary Materials: Supplementary Materials are available online.

Acknowledgments: We greatly appreciate Mengqiu Dong (National Institue of Biological Sciences, Beijing)
for providing the worm strain of Ex[pAK-13]. Other strains were obtained from the CGC, which is funded
by the NIH Office of Research Infrastructure Programs (P40 OD010440). This work was supported by the
Strategic Priority Research Program of the Chinese Academy of Sciences (XDB13030600), National Natural Science
Foundation of China (31600963, 31671230, 31171134, U1202223, 31401014, 31460268), Yunnan Natural Science
Foundation (2013FA042), and Yunnan Provincial Science, Technology Department (2014HB022), and Yunnan
Oversea High-level Talents Program (2015HA040).

Author Contributions: Bin Liang, Yanli Wang and Cangsang Xie conceived and designed the experiments.
Yanli Wang, Cangsang Xie and Zhiqing Diao performed the experiments. Bin Liang and Yanli Wang analyzed the
data. Yanli Wang, Cangsang Xie, and Bin Liang contributed reagents/materials/analysis tools. Bin Liang and
Yanli Wang wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Klee, C.B; Krinks, M.H. Purification of cyclic 3’,5'-nucleotide phosphodiesterase inhibitory protein by affinity
chromatography on activator protein coupled to Sepharose. Biochemistry 1978, 17, 120-126. [CrossRef]
[PubMed]

2. Rusnak, F; Mertz, P. Calcineurin: Form and function. Physiol. Rev. 2000, 80, 1483-1521. [PubMed]

3. Molkentin, J.D.; Lu, J.R.; Antos, C.L.; Markham, B.; Richardson, J.; Robbins, J.; Grant, S.R.; Olson, E.N.
A calcineurin-dependent transcriptional pathway for cardiac hypertrophy. Cell 1998, 93, 215-228. [CrossRef]

4. Gooch, J.L,; Pergola, P.E.; Guler, R.L.; Abboud, H.E.; Barnes, J.L. Differential expression of calcineurin A
isoforms in the diabetic kidney. J. Am. Soc. Nephrol. 2004, 15, 1421-1429. [CrossRef] [PubMed]

5. Asai, M.; Kimura, S.; Mori, R.; Kawakubo, T.; Shirotani, K.; Yagishita, S.; Maruyama, K.; Iwata, N. Perturbed
calcineurin-NFAT signaling is associated with the development of Alzheimer’s Disease. Biol. Pharm. Bull.
2016, 39, 1646-1652. [CrossRef] [PubMed]

6. Miyakawa, T.; Leiter, L.M.; Gerber, D.J.; Gainetdinov, R.R.; Sotnikova, T.D.; Zeng, H.; Caron, M.G.;
Tonegawa, S. Conditional calcineurin knockout mice exhibit multiple abnormal behaviors related to
schizophrenia. Proc. Natl. Acad. Sci. USA 2003, 100, 8987-8992. [CrossRef] [PubMed]

7. Sundaram, J.S.; Rao, V.M.; Meena, A.K.; Anandaraj, M.P. Decreased calcineurin activity in circulation of
Duchenne muscular dystrophy. Clin. Biochem. 2007, 40, 443-446. [CrossRef] [PubMed]

8.  Goodyer, W.R.; Gu, X,; Bottino, R.; Crabtree, G.R.; Kim, S.K. Neonatal beta cell development in mice and
humans is regulated by calcineurin/NFAT. Dev. Cell 2012, 23, 21-34. [CrossRef] [PubMed]

9. Da Silveira Dos Santos, A.X.; Riezman, I.; Aguilera-Romero, M.A.; David, E; Piccolis, M.; Loewith, R.;
Schaad, O.; Riezman, H. Systematic lipidomic analysis of yeast protein kinase and phosphatase mutants
reveals novel insights into regulation of lipid homeostasis. Mol. Biol. Cell 2014, 25, 3234-3246. [CrossRef]
[PubMed]

10. Suk, H.Y,; Zhou, C,; Yang, T.T.; Zhu, H.; Yu, R.Y;; Olabisi, O.; Yang, X.; Brancho, D.; Kim, J.Y.; Scherer, PE.; et al.
Ablation of calcineurin Abeta reveals hyperlipidemia and signaling cross-talks with phosphodiesterases.
J. Biol. Chem. 2013, 288, 3477-3488. [CrossRef] [PubMed]

11. Liu, J.; Farmer, ].D.; Lane, ] W.S; Friedman, J.; Weissman, I.; Schreiber, S.L. Calcineurin is a common target of
cyclophilin-cyclosporin A and FKBP-FK506 complexes. Cell 1991, 66, 807-815. [CrossRef]

12.  Cohen-Kutner, M.; Yahalom, Y.; Trus, M.; Atlas, D. Calcineurin controls Voltage-Dependent-Inactivation
(VDI) of the normal and timothy cardiac channels. Sci. Rep. 2012, 2, 366. [CrossRef] [PubMed]

13. Sheftic, S.R.; Page, R.; Peti, W. Investigating the human Calcineurin Interaction Network using the piLxVP
SLiM. Sci. Rep. 2016, 6, 38920. [CrossRef] [PubMed]

14. Breuder, T.; Hemenway, C.S.; Movva, N.R.; Cardenas, M.E.; Heitman, J. Calcineurin is essential in cyclosporin
A- and FK506-sensitive yeast strains. Proc. Natl. Acad. Sci. USA 1994, 91, 5372-5376. [CrossRef] [PubMed]

15. Subramanian, S.; Trence, D.L. Immunosuppressive agents: Effects on glucose and lipid metabolism.
Endocrinol. Metab. Clin. N. Am. 2007, 36, 891-905. [CrossRef] [PubMed]

16. Chakkera, H.A.; Mandarino, L.J. Calcineurin inhibition and new-onset diabetes mellitus after transplantation.
Transplantation 2013, 95, 647-652. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/bi00594a017
http://www.ncbi.nlm.nih.gov/pubmed/201280
http://www.ncbi.nlm.nih.gov/pubmed/11015619
http://dx.doi.org/10.1016/S0092-8674(00)81573-1
http://dx.doi.org/10.1097/01.ASN.0000128076.91545.BB
http://www.ncbi.nlm.nih.gov/pubmed/15153553
http://dx.doi.org/10.1248/bpb.b16-00350
http://www.ncbi.nlm.nih.gov/pubmed/27725441
http://dx.doi.org/10.1073/pnas.1432926100
http://www.ncbi.nlm.nih.gov/pubmed/12851457
http://dx.doi.org/10.1016/j.clinbiochem.2007.01.006
http://www.ncbi.nlm.nih.gov/pubmed/17328882
http://dx.doi.org/10.1016/j.devcel.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22814600
http://dx.doi.org/10.1091/mbc.E14-03-0851
http://www.ncbi.nlm.nih.gov/pubmed/25143408
http://dx.doi.org/10.1074/jbc.M112.419150
http://www.ncbi.nlm.nih.gov/pubmed/23258544
http://dx.doi.org/10.1016/0092-8674(91)90124-H
http://dx.doi.org/10.1038/srep00366
http://www.ncbi.nlm.nih.gov/pubmed/22511998
http://dx.doi.org/10.1038/srep38920
http://www.ncbi.nlm.nih.gov/pubmed/27974827
http://dx.doi.org/10.1073/pnas.91.12.5372
http://www.ncbi.nlm.nih.gov/pubmed/7515500
http://dx.doi.org/10.1016/j.ecl.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17983927
http://dx.doi.org/10.1097/TP.0b013e31826e592e
http://www.ncbi.nlm.nih.gov/pubmed/23076551

Molecules 2017, 22, 1062 10 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Jindal, RM.; Popescu, I; Emre, S.; Schwartz, M.E.; Boccagni, P.; Meneses, P.; Mor, E.; Sheiner, P.; Miller, C.M.
Serum lipid changes in liver transplant recipients in a prospective trial of cyclosporine versus FK506.
Transplantation 1994, 57, 1395-1398. [CrossRef] [PubMed]

Maes, B.D.; Vanrenterghem, Y.F. Cyclosporine: Advantages versus disadvantages vis-a-vis tacrolimus.
Transplant Proc. 2004, 36 (Suppl. 2), 405—49S. [CrossRef] [PubMed]

Wheelan, S.J.; Boguski, M.S.; Duret, L.; Makalowski, W. Human and nematode orthologs—Lessons from the
analysis of 1800 human genes and the proteome of Caenorhabditis elegans. Gene 1999, 238, 163-170. [CrossRef]
Bandyopadhyay, J.; Lee, J.; Lee, J.; Lee, ].I; Yu, ].R; Jee, C.; Cho, ] H.; Jung, S.; Lee, M.H.; Zannoni, S.; et al.
Calcineurin, a Calcium/Calmodulin-dependent Protein Phosphatase, Is Involved in Movement, Fertility,
Egg Laying, and Growth in Caenorhabditis elegans. Mol. Biol. Cell 2002, 13, 3281-3293. [CrossRef] [PubMed]
Ahn, D.H; Singaravelu, G; Lee, S.; Ahnn, J.; Shim, Y.H. Functional and phenotypic relevance of differentially
expressed proteins in calcineurin mutants of Caenorhabditis elegans. Proteomics 2006, 6, 1340-1350. [CrossRef]
[PubMed]

Mair, W.; Morantte, I.; Rodrigues, A.P.C.; Manning, G.; Montminy, M.; Shaw, R.J.; Dillin, A. Lifespan
extension induced by AMPK and calcineurin is mediated by CRTC-1 and CREB. Nature 2011, 470, 404-408.
[CrossRef] [PubMed]

Brooks, K.K.; Liang, B.; Watts, J.L. The influence of bacterial diet on fat storage in C. elegans. PLoS ONE 2009,
4,e7545. [CrossRef] [PubMed]

Liang, B.; Ferguson, K.; Kadyk, L.; Watts, J.L. The role of nuclear receptor NHR-64 in fat storage regulation
in Caenorhabditis elegans. PLoS ONE 2010, 5, €9869. [CrossRef] [PubMed]

Shi, X,; Li, J.; Zou, X.; Greggain, ].; Rodkaer, S.V.; Faergeman, N.J.; Liang, B.; Watts, ].L. Regulation of lipid
droplet size and phospholipid composition by stearoyl-CoA desaturase. |. Lipid Res. 2013, 54, 2504-2514.
[CrossRef] [PubMed]

Watts, J.L.; Browse, J. Dietary manipulation implicates lipid signaling in the regulation of germ cell
maintenance in C. elegans. Dev. Biol. 2006, 292, 381-392. [CrossRef] [PubMed]

Dong, M.Q.; Venable, ].D.; Au, N.; Xu, T; Park, SK.; Cociorva, D.; Johnson, ]J.R.; Dillin, A.; Yates, J.R., III.
Quantitative mass spectrometry identifies insulin signaling targets in C. elegans. Science 2007, 317, 660-663.
[CrossRef] [PubMed]

He, H.; Liu, X,; Lv, L; Liang, H.; Leng, B.; Zhao, D.; Zhang, Y.; Du, Z.; Chen, X,; Li, S.; et al.
Calcineurin suppresses AMPK-dependent cytoprotective autophagy in cardiomyocytes under oxidative
stress. Cell Death Dis. 2014, 5, €997. [CrossRef] [PubMed]

Apfeld, J.; O’Connor, G.; McDonagh, T.S.; DiStefano, P.S.; Curtis, R. The AMP-activated protein kinase
AAK-2 links energy levels and insulin-like signals to lifespan in C. elegans. Genes Dev. 2004, 18, 3004-3009.
[CrossRef] [PubMed]

Narbonne, P.; Roy, R. Caenorhabditis elegans dauers need LKB1/AMPK to ration lipid reserves and ensure
long-term survival. Nature 2009, 457, 210-214. [CrossRef] [PubMed]

Kimura, K.D.; Tissenbaum, H.A; Liu, Y.X.; Ruvkun, G. daf-2, an insulin receptor-like gene that regulates
longevity and diapause in Caenorhabditis elegans. Science 1997, 277, 942-946. [CrossRef] [PubMed]

Perez, C.L.; van Gilst, M.R. A 13C isotope labeling strategy reveals the influence of insulin signaling on
lipogenesis in C. elegans. Cell Metab. 2008, 8, 266-274. [CrossRef] [PubMed]

Tao, L.; Xie, Q.; Ding, YH.; Li, S.T.; Peng, S.; Zhang, Y.P,; Tan, D.; Yuan, Z.; Dong, M.Q. CAMKII and
calcineurin regulate the lifespan of Caenorhabditis elegans through the FOXO transcription factor DAF-16.
eLife 2013, 2, e00518. [CrossRef] [PubMed]

Ahmadian, M.; Abbott, M.J.; Tang, T.; Hudak, C.S.; Kim, Y.; Bruss, M.; Hellerstein, M.K.; Lee, H.Y,;
Samuel, V.T,; Shulman, G.I; et al. Desnutrin/ATGL is regulated by AMPK and is required for a brown
adipose phenotype. Cell Metab. 2011, 13, 739-748. [CrossRef] [PubMed]

Kim, S.J.; Tang, T.; Abbott, M.; Viscarra, J.A.; Wang, Y.; Sul, H.S. AMPK Phosphorylates Desnutrin/ ATGL
and Hormone-Sensitive Lipase to Regulate Lipolysis and Fatty Acid Oxidation within Adipose Tissue.
Mol. Cell. Biol. 2016, 36, 1961-1976. [CrossRef] [PubMed]

Li, H.; Rao, A.; Hogan, P.G. Interaction of calcineurin with substrates and targeting proteins. Trends Cell Biol.
2011, 21, 91-103. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/00007890-199405150-00020
http://www.ncbi.nlm.nih.gov/pubmed/7514317
http://dx.doi.org/10.1016/j.transproceed.2004.01.038
http://www.ncbi.nlm.nih.gov/pubmed/15041305
http://dx.doi.org/10.1016/S0378-1119(99)00298-X
http://dx.doi.org/10.1091/mbc.E02-01-0005
http://www.ncbi.nlm.nih.gov/pubmed/12221132
http://dx.doi.org/10.1002/pmic.200500315
http://www.ncbi.nlm.nih.gov/pubmed/16402360
http://dx.doi.org/10.1038/nature09706
http://www.ncbi.nlm.nih.gov/pubmed/21331044
http://dx.doi.org/10.1371/journal.pone.0007545
http://www.ncbi.nlm.nih.gov/pubmed/19844570
http://dx.doi.org/10.1371/journal.pone.0009869
http://www.ncbi.nlm.nih.gov/pubmed/20360843
http://dx.doi.org/10.1194/jlr.M039669
http://www.ncbi.nlm.nih.gov/pubmed/23787165
http://dx.doi.org/10.1016/j.ydbio.2006.01.013
http://www.ncbi.nlm.nih.gov/pubmed/16487504
http://dx.doi.org/10.1126/science.1139952
http://www.ncbi.nlm.nih.gov/pubmed/17673661
http://dx.doi.org/10.1038/cddis.2013.533
http://www.ncbi.nlm.nih.gov/pubmed/24434520
http://dx.doi.org/10.1101/gad.1255404
http://www.ncbi.nlm.nih.gov/pubmed/15574588
http://dx.doi.org/10.1038/nature07536
http://www.ncbi.nlm.nih.gov/pubmed/19052547
http://dx.doi.org/10.1126/science.277.5328.942
http://www.ncbi.nlm.nih.gov/pubmed/9252323
http://dx.doi.org/10.1016/j.cmet.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/18762027
http://dx.doi.org/10.7554/eLife.00518
http://www.ncbi.nlm.nih.gov/pubmed/23805378
http://dx.doi.org/10.1016/j.cmet.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21641555
http://dx.doi.org/10.1128/MCB.00244-16
http://www.ncbi.nlm.nih.gov/pubmed/27185873
http://dx.doi.org/10.1016/j.tcb.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21115349

Molecules 2017, 22, 1062 11 of 11

37.

38.

39.

40.

41.
42.

43.

44.

45.

Graef, I.A.; Gastier, ].M.; Francke, U.; Crabtree, G.R. Evolutionary relationships among Rel domains indicate
functional diversification by recombination. Proc. Natl. Acad. Sci. USA 2011, 98, 5740-5745. [CrossRef]
[PubMed]

Murphy, C.T. The search for DAF-16/FOXO transcriptional targets: Approaches and discoveries.
Exp. Gerontol. 2006, 41, 910-921. [CrossRef] [PubMed]

Haemmerle, G; Lass, A.; Zimmermann, R.; Gorkiewicz, G.; Meyer, C.; Rozman, J.; Heldmaier, G.; Maier, R.;
Theussl, C.; Eder, S.; et al. Defective lipolysis and altered energy metabolism in mice lacking adipose
triglyceride lipase. Science 2006, 312, 734-737. [CrossRef] [PubMed]

Pereira, M.].; Palming, J.; Rizell, M.; Aureliano, M.; Carvalho, E.; Svensson, M.K.; Eriksson, ].W. The
immunosuppressive agents rapamycin, cyclosporin A and tacrolimus increase lipolysis, inhibit lipid storage
and alter expression of genes involved in lipid metabolism in human adipose tissue. Mol. Cell. Endocrinol.
2013, 365, 260-269. [CrossRef] [PubMed]

Brenner, S. The genetics of Caenorhabditis elegans. Genetics 1974, 77, 71-94. [PubMed]

Kubhara, A.; Inada, H.; Katsura, I.; Mori, I. Negative regulation and gain control of sensory neurons by the
C. elegans calcineurin TAX-6. Neuron 2002, 33, 751-763. [CrossRef]

Kamath, R.S.; Fraser, A.G.; Dong, Y.; Poulin, G.; Durbin, R.; Gotta, M.; Kanapin, A.; Le Bot, N.; Moreno, S.;
Sohrmann, M.; et al. Systematic functional analysis of the Caenorhabditis elegans genome using RNAi. Nature
2003, 421, 231-237. [CrossRef] [PubMed]

Zhang, Y.; Zou, X,; Ding, Y.; Wang, H.; Wu, X,; Liang, B. Comparative genomics and functional study of lipid
metabolic genes in Caenorhabditis elegans. BMC Genom. 2013, 14, 164. [CrossRef] [PubMed]

Ding, Y,; Zou, X,; Jiang, X.; Wu, J.; Zhang, Y.; Chen, D.; Liang, B. Pu-erh tea down-regulates sterol regulatory
element-binding protein and stearyol-CoA desaturase to reduce fat storage in Caenorhaditis elegans. PLoS ONE
2015, 10, e0113815. [CrossRef] [PubMed]

Sample Availability: Sample of the tacrolimus was purchased from Selleck Chemicals (Houston, TX, USA,
Code S5003).

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.101602398
http://www.ncbi.nlm.nih.gov/pubmed/11344309
http://dx.doi.org/10.1016/j.exger.2006.06.040
http://www.ncbi.nlm.nih.gov/pubmed/16934425
http://dx.doi.org/10.1126/science.1123965
http://www.ncbi.nlm.nih.gov/pubmed/16675698
http://dx.doi.org/10.1016/j.mce.2012.10.030
http://www.ncbi.nlm.nih.gov/pubmed/23160140
http://www.ncbi.nlm.nih.gov/pubmed/4366476
http://dx.doi.org/10.1016/S0896-6273(02)00607-4
http://dx.doi.org/10.1038/nature01278
http://www.ncbi.nlm.nih.gov/pubmed/12529635
http://dx.doi.org/10.1186/1471-2164-14-164
http://www.ncbi.nlm.nih.gov/pubmed/23496871
http://dx.doi.org/10.1371/journal.pone.0113815
http://www.ncbi.nlm.nih.gov/pubmed/25659129
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Genetic Disruption of Calcineurin Reduces Fat Accumulation in C. elegans 
	Calcineurin Inhibitor Mimics the Effects of Calcineurin Mutations on Fat Accumulation 
	AMPK Antagonizes Calcineurin to Regulate Fat Metabolism 
	Calcineurin Promotes Lipolysis via Adipose Triglyceride Lipase (ATGL-1) 

	Discussion 
	Materials and Methods 
	Nematode Strains and Growth Conditions 
	RNAi Interferance 
	Nile Red Staining of Fixed Nematodes 
	Lipid Extraction and Analysis 
	Growth Rate 
	Treatment of Calcineurin Inhibitor 
	Quantitative RT-PCR Anaylsis 
	Statistical Analysis 


