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Lipid droplets (LD) are storage sites for neutral lipids that can be used as a source of energy during nutrient
starvation, but also function as hubs for fatty acid (FA) trafficking between organelles. In the yeast Saccharomyces
cerevisiae, the absence of LD causes a severe disorganization of the endomembrane network during starvation.
Here we show that cells devoid of LD respond to amino acid (AA) starvation by activating the serine/threonine
phosphatase calcineurin and the nuclear translocation of its target protein Crz1. This activation was inhibited by
treatments that restore a normal endomembrane organization, i.e. inhibition of FA synthesis with cerulenin or
deletion of the inhibitory transcription factor Opil. Activation of calcineurin increased the lifespan of LD-
deficient cells during AA starvation. Indeed, deletion of its regulatory or catalytic subunits accelerated cell
death. Surprisingly, calcineurin activation appeared to be calcium-independent. An increase in intracellular
calcium was observed in LD-deficient cells during AA starvation, but its inhibition by genetic deletion of MID1 or
YVCI did not affect calcineurin activity. In contrast, calcineurin activation required the direct regulator of

calcineurin Renl and its activating (GSK-3)-related protein kinase Mck1.

1. Introduction

To face variations in nutrient availability, cells can store energy in
the form of neutral lipids, in organelles called lipid droplets (LDs). LDs
contain a hydrophobic core mainly composed of triacylglycerols (TAG)
and steryl esters (STE) surrounded by a monolayer of phospholipids and
associated proteins (reviewed in Ref. [1]). These organelles play a key
role in the turnover of lipids. Contact sites between LDs and other or-
ganelles such as endoplasmic reticulum (ER), mitochondria and perox-
isomes control fatty acid (FA) trafficking and metabolism (reviewed in
Ref. [2]). The number and size of LDs can vary depending on physio-
logical conditions, as a result of a tight control of the metabolic flux of
FAs into TAGs or phospholipids (PLs). Under stress or starvation con-
ditions, cells can store FAs in their LDs. When nutrients are abundant,
FAs can be released from LDs and used to initiate PL synthesis for
membrane biogenesis [3]. By buffering free FAs, LDs play a role in
lowering lipotoxicity. In keeping with their role in FA homeostasis, LDs
are involved in a number of diseases affected by lipid imbalances [4].

In Saccharomyces cerevisiae a mutant lacking LDs (designed here as «

RS4A») has been generated by deleting the genes encoding the four
enzymes involved in TAG and STE synthesis: DGA1, LRO1, ARE1 and
ARE2 [5]. This yeast mutant is viable, but is highly sensitive to excess
unsaturated FAs, in particular oleic acid (OA) [6,7] which causes a se-
vere ER membrane proliferation and mitochondrial necrotic cell death
[7,8]. We showed recently that LD-deficient yeasts were unable to un-
dergo autophagy in response to amino acid (AA) starvation [9]. How-
ever, the absence of LDs did not have a general impact on the ability of
these cells to generate autophagosomes because the RS4A mutant was
perfectly able to achieve autophagy in response to ammonium starva-
tion or rapamycin treatment [9-11]. Rather, we found that the auto-
phagy impairment during AA starvation was due to a mitochondrial
dysfunction [9]. Another set of studies have shown that aberrant
respiration and overproduction of ROS by mitochondria could cause the
activation of calcineurin (CN) and the inhibition of AA
starvation-induced autophagy in yeast [12]. Calcineurin is a calcium
calmodulin-dependent serine/threonine phosphatase composed of a
catalytic subunit (Cnal or Cna2 in Saccharomyces cerevisiae) and a pos-
itive regulatory subunit (Cnb) (reviewed in Ref. [13]). The CNA subunit

Abbreviations: AA, amino acid; CN, calcineurin; ER, endoplasmic reticulum; FA, fatty acids; GFP, green fluorescent protein; GSK-3, glycogen synthase kinase 3; LD,
lipid droplet; OA, oleic acid; ROS, reactive oxygen species; STE, steryl esters; TAG, triacylglycerols.
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contains an autoinhibitory domain which is inactivated by interaction
with a complex composed of CNB, Ca®" and calmodulin [14]. In yeast,
CN is activated in response to various stresses. It dephosphorylates the
transcription factor Crzl, which then translocates to the nucleus and
activates the transcription of target genes encoding ion pumps, signaling
proteins, cell wall biosynthetic enzymes and the regulator of calcineurin
Renl [15-17]. In addition to Crzl, CN dephosphorylates a number of
other targets including its own regulator Renl [18,19].

In the present study, we show that CN activity is significantly
increased in LD-deficient yeasts submitted to amino acid starvation. This
activation appeared to occur as a result of the perturbed lipid meta-
bolism and the major ER disorganization that has previously been
described in these cells during AA starvation, but it was not the cause of
their inability to undergo autophagy. On the contrary, CN appeared to
have a positive effect on RS4A cells because it improved their survival in
AA starvation conditions. Unexpectedly CN activation did not require
changes in intracellular Cat levels, but it relied mainly on the (GSK-3)-
related protein kinase Mck1 and the regulator of calcineurin Renl.

2. Materials and methods
2.1. Yeast strains, oligonucleotides, plasmids and growth conditions

All yeast strains described in this study are derived from BY (Euro-
scarf). BY4742 was used as the wild-type strain. RS4A (BY4742 deriv-
ative; MATa arel are2 lrol dgal ura3 trpl leu2 lys2 his3 metl5) was
kindly provided by Dr Schneiter.

Deletion of CNA1, CNA2, CNB1, CRZ1, INO1, MCK1, MID1, OPI1,
RCN1 and YVCI, were performed by PCR-based targeted homologous
recombination, replacing the entire ORF with the URA3 cassette [20].
The oligonucleotides used for these deletions are listed in Table 1.
PCR-mediated GFP tagging of Opil was performed as described with
pYM28 [21].

Plasmid pMR346 containing the DGA1 gene was isolated from a
Yepl3 genomic library kindly provided by Dr. Schneiter. Plasmid
PKK249 expressing GFP-Crz1 [22] was kindly provided by Dr. Martha
Cyert. Plasmid pEVP11-AEQ expressing APOAEQUORIN was kindly
provided by Dr. Patrick Masson [23]. The two CEN plasmids, pTJK512
expressing CNB1 (CN regulatory subunit) under control of its own pro-
moter [24] and plasmid pTJK517 expressing CNA1 (CN catalytic sub-
unit) under control of its own promoter [24] were purchased from
Addgene.

Yeast strains were cultured in minimal YNB medium (yeast nitrogen
base with ammonium sulfate and 2 % glucose) supplemented with the

Table 1
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appropriate Dropout mix (Takara), or complete YPD medium (1 % yeast
extract, 1 % peptone, 2 % dextrose). For amino acid starvation experi-
ments, cultures in selective medium were inoculated in YPD medium
and maintained in exponential growth phase for at least two genera-
tions; cells were harvested by centrifugation, washed with distilled
water and inoculated in YNB medium without amino acid. When indi-
cated, the calcineurin inhibitor FK506 (Santa-Cruz, sc-24649) or the
fatty acid synthase inhibitor cerulenin (Santa-Cruz, sc-200827) were
solubilized in DMSO and added to the culture medium at a final con-
centration of 3 pM or 18 pM respectively. Oleic acid (Santa-Cruz, sc-
200797) was diluted in DMSO and used at a final concentration of
0.001 % (v/v).

2.2. Fluorescence microscopy

Cells expressing GFP-tagged proteins (Crzl or Opil) were fixed for
15 min at 4 °Cin 3.7 % formaldehyde and washed twice with PBS before
the microscopic observations. In Suppl. Fig. 1, cells expressing GFP-Crz1
were fixed and stained for 20 min at room temperature with 2 pg/ml
DAPI (Sigma).

Microscopy was performed on a FV3000 Olympus confocal micro-
scope using a 60X oil immersion lens (NA 1.42), for GFP-Crz1, or a 100x
oil immersion lens (NA 1.5), for Opil-GFP and for GFP-Crz1+DAPI in
Suppl. Fig. 1., both coupled to a 2.0X numerical zoom (0.13 pm per pixel
for 60X, 0.06 pm per pixel for 100X). The excitation wavelength was set
to 488 nm for GFP and 405 nm for DAPI.

For GFP-Crz1, the percentage of cells with a nuclear labelling was
estimated with the cell counter tool on the Image J software, in at least 5
random microscopic fields in one optical section, with 50-200 cells per
field for each condition. The values in the micrographs (Figs. 1, 2, 4 and
6) are from one representative experiment and indicate the percentage
of cells with nuclear GFP-Crz1 labelling (mean + standard deviation).
All the experiments have been repeated at least two times.

2.3. RNA extraction, reverse transcription (RT) and real-time PCR

RNA extraction and reverse transcription were performed as previ-
ously described [9]. For each sample, a control reaction was run without
reverse transcriptase to estimate the amount of contaminating DNA.
Real-time qPCR was performed in a LightCycler® apparatus and SYBR
Green mix (Roche Applied Science, Meylan, France), with the primers
listed in Table 2. Each primer pair gave a single PCR product by melting
curve analysis and agarose gel electrophoresis. The PCR steps were:
enzyme activation at 95 °C for 10min followed by 40 cycles (for ACT1)

Oligonucleotides used for gene knock-out (5’ to 3’ orientation; sequences from SGD= Saccharomyces Genome Database).

Name Sequence

SGD reference

CNA1-KO Forward
CNA1-KO Reverse
CNA2-KO Forward
CNA2-KO Reverse
CNB1-KO Forward
CNB1-KO Reverse
CRZ1-KO Forward
CRZ1-KO Reverse
INO1-KO Forward
INO1-KO Reverse
MCK1-KO Forward
MCK1-KO Reverse
MID1-KO Forward
MID1-KO Reverse
OPI1-KO Forward
OPI1-KO Reverse
RCN1-KO Forward
RCN1-KO Reverse
YVC1-KO Forward
YVC1-KO Reverse

TCTTTTTTTTTTGACGTATTAGCTCAGCTGCCATAAAACACTCTCAACGCCACAGCTGAAGCTTCGTACGC
AAGAATTCGATGTTGCATCTCATAGGAATAAAAAAGAATAAAATGAGATTTAGCATAGGCCACTAGTGGATCTG
CCTTCCCTCCCATAGAGTCACACAGGAGCCAGTACTTCTTCTTGAACCCGCACAGCTGAAGCTTCGTACGC
AATGCAACTTACTTACTTATTGAAGTATGTACAGTGGAAATAGGAGCTTTCTGCATAGGCCACTAGTGGATCTG
CTTGGTAACTCAATGGTGATCAGAATCCATAGAAGCATTTTTATTTCTTAAACAGCTGAAGCTTCGTACGC
TCTTTTCTTAAAAATATTGGCATACCATAAATGAATGAAGTGTCCCCTAGTCGCATAGGCCACTAGTGGATCTG
TAGGTTGTATTTTTAGTCTCGATTGGAAGTTTCGTCAGACAGTACAAGGAAGCAGCTGAAGCTTCGTACGC
TATTATATAGAAAAAAAAAATTCCTATTCAAAGCTTAAAAAAACAAAAATAAGCATAGGCCACTAGTGGATCTG
CTTGATTTATTCTGTTTCATTCCCTTTTTTTTCCAGTGAAAAAGAAGTAACACAGCTGAAGCTTCGTACGC
TTGTTTTTTTATAGGTAGGCGGAAAAAGAAAAAGAGAGTCGTTGAAATGAGAGCATAGGCCACTAGTGGATCTG
TCAATTTTCTTTTTATTTTCCGAAACCCCCACTCCATCACATTCTAGTACATCAGCTGAAGCTTCGTACGC
TTTTGTTCATTAAATTTTCCGAGGGGAAAGAGAACAAATTAATAGAAAATTAGCATAGGCCACTAGTGGATCTG
GTAAAACCCGTAACACTACAATTTCTGTCCAGCGGCAGTATTATTTCTAAGGCAGCTGAAGCTTCGTACGC
ATGTACTTATGCATTTAAATCGTTCAATTTTTTTGTGATAGTTCGGTCTCTTGCATAGGCCACTAGTGGATCTG
GATTAAAGCGTGTGTATCAGGACAGTGTTTTTAACGAAGATACTAGTCATTGCAGCTGAAGCTTCGTACGC
GTATAATATTATTACTGGTGGTAATGCATGAAAGACCTCAATCTGTCTCGGGCATAGGCCACTAGTGGATCTG
GCCAAAAAGATCAAGCAATAAACCAACCGATATATAAAACACAGAACTGCAGCAGCTGAAGCTTCGTACGC
CAACCACCCGTAAGCATTTAAGTCTCTTAAGCCAACAAATCGCCTCGCCATCGCATAGGCCACTAGTGGATCTG
TAAGGCAATAGAATTCAGTTATAAAATATAATATTACTAGAACAGGAGCATTCAGCTGAAGCTTCGTACGC
ATATATATGGATTTCTGAGAAATTAATTAAGCAGTATTTGAACACATGTCGTGCATAGGCCACTAGTGGATCTG

S000004425
5S000004425
5000004521
$S000004521
000001673
S000001673
S000004972
S000004972
S000003689
S000003689
000005251
000005251
$000005235
S000005235
000001012
5000001012
5S000001642
S000001642
S000005613
$000005613
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Fig. 1. Crzl is activated in response to amino acid starvation in lipid droplet-deficient cells. Wild-type (WT) or lipid droplet-deficient cells (RS4A) expressing a GFP-
Crzl fusion protein were grown to log-phase (To) and switched for 2h in a medium without amino acids (-AA). A. The GFP-Crz1 fusion protein was observed by
fluorescence microscopy. Arrows indicate nuclear accumulation of GFP-Crz1. B. Kinetics of GFP-Crz1 nuclear accumulation during AA starvation. In C, AA starvation
was performed in the presence of the calcineurin inhibitor FK506 (3 pM) or in a RS4A strain with a genetic deletion of CNB1. Magnification bar in A and C: 5 ym. D.
FKS2 mRNA levels were measured by real-time RT-qPCR in various strains. Values were normalized to ACTI mRNA levels and are expressed as mean =+ SD.

or 45 cycles (for FKS2, INO1 and KAR2) comprising 10s at 95 °C, 10s at
60 °C (ACT1) or 66 °C (FKS2 and KAR2) or 63 °C (INO1), and 10s (ACT1)
or 20s (FKS2, INO1 and KAR2) at 72 °C. Each of the PCR products were
gel-purified, sequenced and used to establish standard curves with
known quantities of each template. We verified that all the PCR sigmoids
had a linear distribution (r > 0.99) with an efficiency of 1.92-1.97.
Reverse transcripts (RT) copy numbers were calculated from the stan-
dard curves. PCR reactions on non reverse-transcribed RNA samples
were used to calculate the copy numbers of contaminant genomic DNA
in each sample (always less than 1/100) and these were subtracted from
the calculated RT copy numbers. ACT1 was used as the reference gene to
normalize the results. The values indicated in the graphs (Figs. 1 and 4,
Tables 3 and 4) are from one representative experiment performed in
duplicate (mean =+ standard deviation). All the experiments have been
repeated at least two times.

2.4. Trypan Blue viability assay

Cells submitted to AA starvation were harvested at intervals and
stained for 4 min in an equal volume of 0.4 % Trypan Blue solution
(Sigma, T8154). After a brief centrifugation the cells were washed once
in PBS and were immediately observed under bright-field microscopy on
a Nikon Eclipse Ts2R microscope, using a 100X oil immersion lens.
Photographs were taken in at least 10 random microscopic fields (DS-Fi3
Camera coupled to the NIS-Elements Advanced Research software) and
the number of blue (dead) and white (alive) cells was counted with the
cell counter tool of the Image J software. The experiment was repeated
three times with similar results.

2.5. Measurements of cytosolic calcium

To monitor changes in intracellular calcium levels in response to
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A RS4A RS4A + DGA1

-AA + Cerulenin -AA

37% t6

B WT RS4A RS4A/cnb1A
OA + FK506 OA

Fig. 2. Calcineurin activation is linked to the absence of lipid droplets and the dysregulation of lipid metabolism. Cells expressing a GFP-Crz1 fusion protein were
grown to log-phase in complete medium and were either transferred for 2h in a medium without amino acids (-AA, panel A) or kept in the complete medium for 1h
with 0.001 % oleic acid (OA, panel B). A: when indicated, AA starvation was performed in the presence of 4 pg/ml (18 uM) cerulenin or in RS4A re-expressing DGA1.
B: when indicated, OA treatment was performed in the presence of 3 pM FK506 or in RS4A cells lacking Cnb1l. A, B: The GFP-Crz1 fusion protein was observed by
fluorescence microscopy. The percentage of cells with a nuclear labelling (arrows) is indicated (mean + SD). Magnification bar in A and B: 5 pm.

with 10 pl of 590 pM coelenterazine (C-2944, InVitrogen) in order to
reconstitute functional AEQUORIN in the cells. Excess coelenterazine
was removed by washing the cells 2 times with culture medium and the
baseline luminescence (T, value) was measured 3 times for 3 s for each
group of cells in a luminometer (GloMax™20/20, Promega). Values
ACT1 Forward CCGGTGATGGTGTTACTC $000001855 were reported as relative luminescence units/s (RLU/s). Then the cells

Table 2
Oligonucleotides used for qPCR (5' to 3’ orientation; sequences from SGD=
Saccharomyces Genome Database).

Name Sequence SGD reference

ACT1 Reverse CAAATCTCTACCGGCCAAAT 5000001855 were harvested by centrifugation, washed with distilled water and
FKS2 Forward GTCGAGGTCTCGTGTTACTCG 5000003264 resuspended in YNB medium without amino acid (-AA). Luminescence
FKS2 Reverse GCAAATGATGATACGTAAGGTGG 5000003264 P . . ) .
INO1 Forward AAAGGCAACGTAACCACGAGG 5000003689 was then recorded every 15 min as described above, for a total of 90 min.
INO1 Reverse ACACCTTCCAAGATAGATGCTG S000003689 At the end of the experiment, the total amount of reconstituted aequorin
KAR2 Forward GGATATCAAGCACTTGCCATTTAA 5000003689 in each group of cells was assessed by lysing cells with 0.5 % Triton X-
KAR2 Reverse ACAGTAACGACAGCATGGGTA S000003689

100. The RLU/s values measured during the starvation experiment were
then expressed relative to this maximum luminescence value. Results in

Fig. 6 are presented as fold-increase over the Ty value. Experiments were
amino acid starvation, cells transformed with the pEVP11-AEQ plasmid repeated at least two times with similar results.

were grown to log phase in selective medium lacking leucine and 200 pl
aliquots were incubated for 20 min at room temperature in darkness

Table 3

INO1 gene expression measured by real time RT-qPCR, in control RS4A or RS4A/0pilA cells (Ctrl) or in cells submitted to AA starvation or treatment with 0.001 % OA.
Values indicate the levels of INO1 mRNA normalized to ACT1 mRNA levels. Values in brackets indicate the mean fold-increase compared to control levels. The AA
starvation and OA experiments were performed on different days and are presented separately due to variations of basal levels.

Strain Ctrl 2h -AA Ctrl 1h OA

RS4A 0.0005 + 0.0001 (1) 0.10 £+ 0.03 (204 0.002 + 0.000 (1) 0.71 £+ 0.01 (356)

RS4A/opilA 0.47 + 0.00 (942) 0.41 + 0.06 (826) 1.79 + 0.66 (895) 2.70 + 0.08 (1353)
Table 4

KAR2 gene expression was measured by real time RT-qPCR, before (T0) or after 6h of AA starvation (6h-AA). The strains used were: RS4A, RS4A lacking the CNB1 gene
(RS4A/cnb1A), RS4A lacking the CNA1 and CNA2 genes (RS4A/cnalA/cna2A), RS4A lacking the CNB1 gene but transformed with a plasmid expressing CNB1 (RS4A/
cnblA + CNB1) and RS4A lacking the CNA1 and CNA2 genes but transformed with a plasmid expressing CNA1 (RS4A/cnalA/cna2A + CNA1). Values indicate the
levels of KAR2 mRNA normalized to ACT1 mRNA levels.

4A 4A/cnblA 4A/cnb1A + CNB1 4A/cnalA/cna2A 4A/cnalA/cna2A + CNAI
To 0.19 + 0.02 0.18 + 0.04 0.12 £ 0.04 0.27 + 0.06 0.15 + 0.04
6h-AA 0.23 + 0.01 0.28 + 0.08 0.09 £ 0.01 0.24 + 0.01 0.15 + 0.01
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3. Results
3.1. Calcineurin is activated by amino acid starvation in LD-deficient cells

We monitored CN activity by studying the subcellular localization of
a GFP-Crz1 fusion protein, by fluorescence microscopy. The transcrip-
tion factor Crz1 is known to be cytosolic in control conditions, but be-
comes nuclear after dephosphorylation by CN [16]. When cells were
submitted to amino acid starvation (AA starvation), a nuclear trans-
location of GFP-Crz1l was observed in ~1/3 of lipid droplet-deficient
RS4A cells (mean + S.E.M.: 33.5 % =+ 1.6 % in 19 independent experi-
ments), but not in wild-type cells (WT) (Fig. 1A and Suppl. Fig. 1).
Contrary to the nuclear translocation of Crzl in response to high
extracellular Ca%t, which was rapid but transient in wild-type cells as
well as in RS4A cells ([16]and Suppl. Fig. 2), the nuclear accumulation
of Crzl in response to AA starvation was rather slow and steady
(Fig. 1B). This activation of Crzl was completely blocked by the
calcineurin-specific inhibitor FK506, or by genetic deletion of either the
regulatory subunit Cnb1 (Fig. 1C) or the catalytic subunits Cnal and
Cna2 (Suppl. Fig. 3). Re-expression of the missing subunits (Cnbl or
Cnal) in the respective deleted strains allowed to restore the
starvation-induced Crzl activation (Suppl. Fig. 3). To determine
whether the endogenous Crz1 protein was activated in the same way as
the plasmid-expressed GFP-Crz1, we measured the expression of FKS2, a
well-known Crz1 target gene, by RT-qPCR (Fig. 1D). We found that FKS2
mRNA was indeed increased by AA starvation in the RS4A mutant and
this rise was inhibited by FK506 and CNB1 deletion. A very modest in-
crease in FKS2 mRNA was observed in wild-type cells as well as in cnb14
cells. Together, these results indicate that AA starvation selectively ac-
tivates CN in lipid droplet-deficient cells.

3.2. Calcineurin activation is caused by a dysregulation of lipid
metabolism and correlates with a disorganization of the endomembrane
system

As demonstrated in previous studies, RS4A cells placed under star-
vation conditions exhibit increased FA synthesis and alterations in PL
composition [10,11,25]. This, combined with their inability to store FA
in LDs, causes a major perturbation of the ER and mitochondrial mem-
brane network, which participates to the inhibition of autophagy. Here
we show that limiting FA synthesis with a low dose of cerulenin or
restoring lipid droplets by re-expressing diacylglycerol acyltransferase
(Dgal) dramatically reduced the nuclear translocation of Crz1 (Fig. 2A).

To -AA
N - -
To -AA
\ Ir'd
RS4A
e .4
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On the opposite, incubating RS4A cells with 0.001 % oleic acid (OA)
caused an activation of Crzl similar to the one obtained with AA star-
vation (Fig. 2B and Suppl. Fig. 1). This OA-induced Crz1 activation was
abolished by FK506 or CNB1 deletion, and was not observed in wild-type
cells (Fig. 2B). This demonstrated that CN activation was directly related
to the absence of lipid droplets and to the dysregulation of lipid
metabolism.

Alterations in PL content have been reported in the RS4A mutant
such as a decrease in phosphatidic acid (PA) and an increase in phos-
phatidylinositol (PI) and diacylglycerol (DAG) [11,25]. Phospholipid
synthesis is negatively controlled at transcriptional level by the inhibi-
tory transcription factor Opil. When PA levels are high, Opil is excluded
from the nucleus and retained on ER membranes [26]. This causes an
increase in the transcription of several genes encoding enzymes involved
in PL synthesis, in particular the INO1 gene which encodes the inositol
synthesizing-enzyme Inol [26-28]. Here we found that Opil
epitope-tagged with GFP was located in the nucleus both in wild-type
and in RS4A cells grown to log phase in complete medium (Fig. 3).
After 1h of AA starvation Opil remained nuclear in wild-type cells but
became clearly extra-nuclear in the RS4A mutant. In these cells the Opil
labelling was either associated with the nuclear ER (perinuclear label-
ling) or appeared in the form of intense spots spread in the cytoplasm.
These spots are reminiscent of the tangled ER membranes that have
previously been described in the starved RS4A cells [10,11,25]. This
suggests that Opil could be associated with these disorganized ER
membranes. When RS4A cells were treated with cerulenin during AA
starvation, the spots were rarely observed and Opil remained mostly
nuclear (Fig. 3). Since cerulenin decreases FA synthesis, it may have
lowered PA levels, thereby increasing the chances of Opil to stay in the
nucleus. In RS4A cells cultured with OA, Opil localization had the same
pattern as in starved cells, but with a stronger intensity of the spots and
of the perinuclear labelling (Fig. 3). In contrast, Opil remained nuclear
in OA-treated wild-type cells. In correlation with the subcellular local-
ization of Opil in RS4A cells, INO1 mRNA levels increased ~200-fold
after AA starvation and up to 600-fold in response to OA, while it
increased only ~10-fold in cells treated with cerulenin during AA star-
vation (Fig. 4A). We did not observe any strong variations of INO1
mRNA in wild-type cells grown in the same conditions (Fig. 4B).
Although AA starvation caused a major rise in INO1 expression that
correlated with the exclusion of Opil from the nucleus, the genetic
deletion of OPI1 in RS4A cells caused a further 4-fold increase in INO1
mRNA in response to both AA starvation and OA treatment (Table 3).

The massive rise in INO1 expression was not the cause of CN

1h OA

-AA + Cerulenin 1h OA

Fig. 3. Opil is excluded from the nucleus in lipid droplet-deficient cells submitted to amino acid starvation. Wild-type (WT) or lipid droplet-deficient cells (RS4A)
containing an integrated copy of the OPI1 transcription factor tagged with GFP were grown to log-phase in complete medium (Ty) and switched for 1h in a medium
without amino acids (-AA) or kept in the complete medium for 1h with 0.001 % oleic acid (OA). When indicated, AA starvation was performed in the presence of 4
pg/ml (18 pM) cerulenin. The Opil-GFP fusion protein was observed by fluorescence microscopy. Arrows indicate the perinuclear labelling. Magnification Bar: 5 pm.
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Fig. 4. INO1 expression is strongly induced by amino acid starvation in lipid droplet-deficient cells, but is not responsible for calcineurin/Crz1 activation. A, B: INO1
mRNA levels were measured by quantitative RT-PCR and normalized to ACTI mRNA levels. Lipid droplet-deficient cells (RS4A) or wild-type cells (WT) grown to log-
phase in complete medium (T,) were transferred in a medium without amino acids (-AA, 2h, plus or minus 4 pug/ml cerulenin) or kept in complete medium with
0.001 % oleic acid (OA, 1h). C: RS4A cells (native or lacking the INO1 or the OPII gene) expressing a GFP-Crz1 fusion protein were grown to log-phase in complete
medium and transferred for 2h in a medium without amino acids. The GFP-Crz1 fusion protein was observed by fluorescence microscopy. Magnification bar: 5 pm.
Values indicated in the micrographs represent the percentage of cells with a nuclear labelling (mean + SD).

activation, because the genetic deletion of INO1 in the RS4A mutant did
not interfere with the nuclear translocation of GFP-Crz1 in response to
AA-starvation (Fig. 4C). On the contrary, CN/Crzl activation was
inhibited by the deletion of OPI1, which exacerbated INO1 over-
expression (Fig. 4C).

Together, these results indicate that CN activation in RS4A cells
occurred in experimental conditions that caused the accumulation of
free FAs and the formation of tangled ER membranes, i.e. starvation or
incubation with external FA [6,7,10,11,25]. On the opposite, CN acti-
vation was prevented in situations that allowed to limit free FA accu-
mulation and to maintain a normal ER organization during starvation, i.
e. partial inhibition of FA synthesis with cerulenin or increase in PL
synthesis by OPI1 deletion [10,11,25].

3.3. Calcineurin activation does not preclude autophagy but improves the
survival of lipid droplet-deficient cells during amino acid starvation

To investigate the possible implication of CN in the autophagy
blockade, previously observed in these cells [9], we monitored the
cleavage of a GFP-Atg8 fusion protein by western blot. We found that the
RS4A/cnb1A cells behaved exactly like the RS4A mutant, i.e. they were
able to perform autophagy in response to ammonium starvation, but not

50
—e— 4A
£ 407 ——O—- 4BJcnb1A
Y
2 30 A --@-- 40/cnb1A+CNB1
8
E 20 4 —a&— 4A/cnalh/cna2n
3
10 4 —/\— 4A/cnall/cna2A + CNA1
0

Time (h)

Fig. 5. Calcineurin activation improves LD-deficient cell survival during AA
starvation. Yeast cells were grown to log-phase in complete medium, switched
to a medium without amino acids and stained with Trypan Blue at different
time points. The yeast strains used were: RS4A/cnbIA (RS4A cells lacking the
CNB1 gene encoding the regulatory subunit of CN); RS4A/cnblA + CNBI
(RS4A/cnb1A cells transfected with a plasmid expressing CNB1); RS4A/cnalA/
cna2A (RS4A cells lacking both the CNA1 and the CNA2 genes encoding the two
alternative catalytic subunits of CN); RS4A/cnalA/cna2A + CNA1 (RS4A/
cnalA/cna2A cells transfected with a plasmid expressing CNAI). Values indi-
cate the percentage of dead (=blue) cells (mean + SD).
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Fig. 6. Calcineurin/Crz1 activation does not rely on a calcium rise. A, B, C: Yeasts were grown to log-phase in complete medium and switched to a medium without
amino acids (AA starvation). When indicated, AA starvation was performed in the presence of 4 ug/ml cerulenin. Four different strains were used: wild-type (WT),
RS4A cells or RS4A lacking the MID1 or the YVCI gene. Intracellular Ca®" levels were measured at different time points (see methods for details). Values are
expressed as fold-increase over the To Ca®" levels. D: RS4A cells lacking MID1 or YVC1 and expressing a GFP-Crz1 fusion protein were grown to log-phase in complete
medium and transferred for 2h in a medium without AA. The GFP-Crz1 fusion protein was observed by fluorescence microscopy (magnification bar: 5 pm). The

percentage of cells with a nuclear labelling is indicated in each micrograph.

in response to AA starvation (Suppl. Fig. 4). The same results were ob-
tained after deleting the CRZ1 gene, indicating that neither CN nor Crz1
were responsible for the inability of lipid droplet-deficient yeasts to
perform autophagy.

Previous studies reported that CN was activated in response to an ER
stress and facilitated the long-term survival of yeast cells under these
conditions [29]. Here we found that mortality of RS4A cells during AA
starvation was indeed enhanced when either the regulatory subunit
(CNBI) or the catalytic subunits (CNA1 and CNA2) of CN were deleted
(Fig. 5). On the opposite, when these mutant strains were transformed
with plasmids to re-express CNB1 or CNA1 their survival rate was higher
than that of the original RS4A. It seemed unlikely that CN acted by
inducing an unfolded protein response (UPR), because expression of the
mRNA encoding the Kar2 chaperone did not vary significantly in
response to AA starvation and was not dependent on the presence or
absence of the CN subunits (Table 4).

3.4. Calcineurin activation induced by AA starvation does not depend on
a rise of intracellular calcium

Since calcineurin is known to be activated by Ca?*/calmodulin, we
sought to determine whether Ca?* was involved in the response of RS4A
cells to AA starvation. Intracellular Ca>* monitored with aequorin did
not vary significantly in wild-type cells submitted to AA starvation,
while a significant increase was observed in RS4A cells (Fig. 6A). The
Ca?* fluctuations varied in amplitude and kinetics between experiments
(Fig. 6A-C), but they somehow paralleled Crzl activation (Fig. 1B).
Interestingly, cerulenin which inhibited Crz1l translocation (Fig. 2A) did
not have any effect on Ca’" levels (Fig. 6B). In contrast, the Ca’" rise
was strongly diminished by the deletion of MID1 (a membrane channel
which is part of the high-affinity calcium uptake system [30]) or YVC1
(the main channel involved in vacuolar Ca®t release [30]) (Fig. 6C).
However, despite their dramatic effect on intracellular Ca>* levels, these
deletions did not prevent CN/Crzl activation (Fig. 6D). Altogether,
these results indicated that the CN activation observed in LD-deficient

cells during AA starvation was not functionally connected to this Ca®*
rise.

3.5. Calcineurin is activated by the Mck1/Rcnl pathway

To gain a better insight into the mechanism that led to calcineurin
activation in the RS4A mutant, we studied another possible pathway.
Calcineurin activity can be regulated by direct interaction with proteins
called Regulators of Calcineurin (RCN) [31]. In yeast, Renl was shown
to have opposite effects on CN depending on its concentration. Over-
expression of RCN1 inhibits CN, but moderate expression has a stimu-
latory effect and loss of RCN1 diminishes CN signaling [32]. The
stimulation of CN by Renl in response to Ca2" requires its phosphory-
lation by the (GSK-3)-related protein kinase Mck1 [18]. Here we found
that genetic deletion of MCK1 or RCN1 both reduced CN-dependent Crz1
activation following AA starvation (Fig. 7). These data indicate that the
CN activation observed in AA-starved RS4A cells relies for a large part
on the activation of the Mck1/Renl pathway.

4. Discussion

The present study shows that a dysregulation in lipid homeostasis,
that arises in lipid droplet-deficient cells following AA starvation, causes
the activation of calcineurin in a calcium-independent manner, through
a pathway involving the Mck1 kinase and the direct regulator of calci-
neurin Renl. This activation of calcineurin is beneficial to the lipid
droplet-deficient cells because it improves their survival under AA
starvation conditions.

Lipid droplets play a major role in lipid homeostasis, not only by
storing neutral lipids and steryl esters, but also by communicating with
other organelles [2]. Studies conducted by independent groups have
reported several anomalies in yeast cells devoid of lipid droplets. One of
them is an impairment of their ability to undergo autophagy, in
particular in response to AA starvation. The second one is a severe
perturbation of the endomembrane organization (ER, Golgi and
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Fig. 7. Calcineurin/Crzl activation upon amino acid starvation involves the
Mck1/Renl pathway. RS4A cells lacking MCK1 or RCN1 and expressing a GFP-
Crz1 fusion protein were grown to log-phase in complete medium and trans-
ferred for 2h in a medium without amino acids. The GFP-Crz1 fusion protein
was observed by fluorescence microscopy (magnification bar: 5 pm). (A). In B,
the percentage of cells with a nuclear labelling was counted in each strain.
Histograms represent the mean + S.E.M. of independent experiments (n = 7 for
RS4A or RS4A/mck1A; n = 6 for RS4A/rcnlA).

mitochondria), in starvation conditions. These defects are not merely
coincidental, because treatments that allow to maintain a normal or-
ganization of the endomembrane network (reduction of FA acid syn-
thesis with cerulenin, deletion of Opil or stimulation of mitochondrial
biogenesis by respiratory conditions) also improve the ability of the lipid
droplet-deficient cells to execute autophagy [9-11,25].

The present study provides a new piece of information on the
behavior of LD-deficient yeasts during AA starvation, which is the
activation of calcineurin and the nuclear translocation of the tran-
scription factor Crzl. Contrary to our first intuition, this event is not
responsible for the autophagy blockade previously observed in these
cells, but it appears to be related to the same cause: a disorganization of
ER membranes. Here we observed that experimental conditions that
were previously shown to improve the endomembrane network during
starvation, i.e. cerulenin treatment and genetic deletion of OPII, also
allowed to reduce the activation of CN/Crzl. Cerulenin was shown to
have a positive effect on ER membranes organization, because it limited
the increase in FA synthesis that occurred in lipid droplet-deficient
yeasts during starvation [9,11,25], thereby preventing the accumula-
tion of free FAs in these cells. Opil, on the other hand, is a transcription
factor that represses the expression of genes involved in PL synthesis
[26-28]. In wild-type yeasts, its deletion was shown to cause an
expansion of ER membranes that helped alleviate an ER stress [33]. This
membrane expansion was due to an increase in PL synthesis, because it
required the presence of the activating transcription factors Ino2 and
Ino4, that are normally inhibited by Opil [34,35]. More recently,
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studies on LD-deficient cells have shown that the deletion of OPI1 pre-
vented the appearance of ER lumps under starvation conditions [11,25]
and it was assumed that OPI1 deletion had also caused an increase in PL
synthesis in these cells, that allowed to buffer free FA. The data obtained
in our study somehow modulate this interpretation, because we showed
that AA starvation actually caused the exclusion of Opil from the nu-
cleus and a ~200-fold-increase in INO1 expression in RS4A cells. A
dramatic increase in INO1 mRNA was also observed in response to
external OA (up to 600-fold), another condition that generates lumps
and threads of ER membranes [7]. The deletion of OPI1 in the RS4A cells
further increased INO1 overexpression (~4-fold) during AA starvation
or OA treatment, indicating that PL synthesis was not fully derepressed
under these conditions. Nevertheless, these data demonstrate that the
disorganization of ER membranes can occur in RS4A cells, although PL
synthesis is strongly activated. This suggests that the role played by Opil
on ER membrane homeostasis may not merely reflect its ability to
repress the transcription of genes encoding PL biosynthesis enzymes.

It was previously shown, in wild-type yeasts, that CN could be acti-
vated in response to an ER stress and that it actually facilitated the long-
term survival of the cells under these conditions [29]. Here, we also
found that CN activation improved the survival of lipid droplet-deficient
cells under amino acid starvation, but we detected major differences
both in the mechanism causing CN activation and in the mechanism
through which CN promotes survival. Regarding the latter issue, the
study from Bonilla et al. [29] showed that CN activity was required to
sustain the UPR signaling in response to a prolonged ER stress. Here, we
did not detect a UPR activation during AA starvation, in spite of the fact
that starvation causes severe defects in the ER organization of RS4A
cells. This absence of correlation between changes in ER organization
(tangles or expansion) and UPR activation was already reported in other
works on RS4A cells [25,33]. Another intriguing aspect of our finding is
the non-canonical pathway that causes CN activation during AA star-
vation and which appears to be Ca?*- independent. Indeed, a significant
Ca* rise was actually observed in response to AA starvation, but the
deletion of the Ca?" channels Mid1 or Yvel, which strongly inhibited
this Ca®" increase, did not impair CN activation. Conversely, the inhi-
bition of FA synthesis with cerulenin, which was previously shown to
prevent the formation of tangled ER membranes in RS4A cells [9,11,25]
and which strongly decreased CN activation, did not have any effect on
the Ca®" rise. Although activation by Ca2* is observed in most examples
of CN-regulated events, several studies have reported alternative
mechanisms. In Dictyostelium discoideum, long chain FAs were shown to
directly activate CN by competing with Ca2t/Calmodulin [36]. Exper-
iments on purified rat CN demonstrated that the CNB regulatory subunit
can bind to and activate the CNA catalytic subunit at a basal level, even
in the absence of Ca?' [37]. Finally, in rat cardiomyocytes
leptin-induced hypertrophy involves a RhoA pathway which activates
CN independently of Ca®* [38]. In our study, the pathway leading to CN
activation in the lipid-droplet deficient cells submitted to AA starvation
appeared to rely mostly on the direct regulator of calcineurin Renl and
on its activating GSK3-related kinase Mck1.

Although the origin of Mck1 activation in the starved RS4A cells still
remain elusive, a link between Mckl and lipid metabolism emerged
from studies showing that Mckl was part of the lipid asymmetry
signaling pathway [39]. Lipid asymmetry generally refers to the uneven
distribution of some PLs in the two leaflets of biological membranes.
However, lipid asymmetry can also occur when LDs emerge from the
cytosolic leaflet of the ER. Indeed, it was shown that wild-type yeasts
grown with 0.1 % OA had an overproduction of LDs that causes a
depletion of PLs in the cytosolic leaflet of ER membranes [40]. To
compensate this asymmetric usage of PL, ER membranes were reshaped
and the cells displayed an aberrant ER morphology in the form of lumps
or threads. In RS4A cells which cannot produce LDs, a similar ER
disorganization was reported at a lower concentration of 0.001 % OA
[7]1. This suggests that in cells devoid of LDs, an excess of fatty acids,
such as the one that occurs in starved RS4A cells, may generate an
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asymmetry within the ER lipid bilayer which might activate Mck1.

To summarize, our work provides new insights on the events that
take place in LD-deficient yeasts during AA starvation. Previous studies
have shown that the severe disorganization of their endomembrane
network inhibits the autophagic process that should occur in these
conditions and consequently causes premature cell death. Here we show
that these endomembrane defects also cause the activation of the
phosphatase calcineurin, through a non-canonical pathway that does
not require calcium but involves the direct regulator of calcineurin Renl
and its GSK3-related kinase Mck1. This activation of calcineurin extends
the lifespan of the LD-deficient cells during AA starvation. Further in-
vestigations will be required to elucidate the precise mechanism
involved in this cell survival.

Funding
This work was funded by the French Ministry of Research.
Data availability statement

The authors agree to make any materials, data and protocols avail-
able upon request.

CRediT authorship contribution statement

Marianne Bernard: Writing — original draft, Visualization, Valida-
tion, Methodology, Investigation, Formal analysis, Conceptualization.
Thierry Berges: Writing — review & editing, Visualization, Resources.
Stéphane Sebille: Writing — review & editing, Visualization. Matthieu
Régnacq: Writing - review & editing, Supervision, Methodology,
Investigation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors are grateful to Anne Cantereau for her expert technical
assistance and to ImageUp microscopic platform (University of Poitiers,
France) for fluorescence imaging. We would like to thank Jenny Colas
(PRETI, Poitiers, France) for her technical assistance at several steps of
this work. We would like to thank Dr. Roger Schneiter (University of
Fribourg, Switzerland) for providing the RS4A strain and Yepl3
genomic library. We are also very grateful to Dr. Martha Cyert (Stanford
University, CA, USA) and Patrick Masson (University of Wisconsin-
Madison, WI, USA) for respectively providing plasmids pKK249 and
pEVP11-AEQ used in this study.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.bbrc.2024.150670.

References

[1] S.-O. Olofsson, P. Bostrom, L. Andersson, M. Rutberg, J. Perman, J. Borén, Lipid
droplets as dynamic organelles connecting storage and efflux of lipids, Biochim.
Biophys. Acta 1791 (2009) 448-458, https://doi.org/10.1016/j.
bbalip.2008.08.001.

[2] M.F. Renne, H. Hariri, Lipid droplet-organelle contact sites as hubs for fatty acid
metabolism, trafficking, and metabolic channeling, Front. Cell Dev. Biol. 9 (2021)
726261, https://doi.org/10.3389/fcell.2021.726261.

[3] J. Zanghellini, K. Natter, C. Jungreuthmayer, A. Thalhammer, C.F. Kurat, G. Gogg-
Fassolter, S.D. Kohlwein, H.-H. von Griinberg, Quantitative modeling of
triacylglycerol homeostasis in yeast-metabolic requirement for lipolysis to

[4]

[5]

(6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Biochemical and Biophysical Research Communications 735 (2024) 150670

promote membrane lipid synthesis and cellular growth, FEBS J. 275 (2008)
5552-5563, https://doi.org/10.1111/j.1742-4658.2008.06681.x.

J.D. Pressly, M.Z. Gurumani, J.T. Varona Santos, A. Fornoni, S. Merscher, H. Al-Ali,
Adaptive and maladaptive roles of lipid droplets in health and disease, Am. J.
Physiol.: Cell Physiol. 322 (2022) C468-C481, https://doi.org/10.1152/
ajpcell.00239.2021.

L. Sandager, M.H. Gustavsson, U. Stdhl, A. Dahlqvist, E. Wiberg, A. Banas,

M. Lenman, H. Ronne, S. Stymne, Storage lipid synthesis is non-essential in yeast,
J. Biol. Chem. 277 (2002) 6478-6482, https://doi.org/10.1074/jbc.M109109200.
J. Garbarino, M. Padamsee, L. Wilcox, P.M. Oelkers, D. D’Ambrosio, K.V. Ruggles,
N. Ramsey, O. Jabado, A. Turkish, S.L. Sturley, Sterol and diacylglycerol
acyltransferase deficiency triggers fatty acid-mediated cell death, J. Biol. Chem.
284 (2009) 30994-31005, https://doi.org/10.1074/jbc.M109.050443.

J. Petschnigg, H. Wolinski, D. Kolb, G. Zellnig, C.F. Kurat, K. Natter, S.D. Kohlwein,
Good fat, essential cellular requirements for triacylglycerol synthesis to maintain
membrane homeostasis in yeast, J. Biol. Chem. 284 (2009) 30981-30993, https://
doi.org/10.1074/jbc.M109.024752.

P. Rockenfeller, J. Ring, V. Muschett, A. Beranek, S. Buettner, D. Carmona-
Gutierrez, T. Eisenberg, C. Khoury, G. Rechberger, S.D. Kohlwein, G. Kroemer,

F. Madeo, Fatty acids trigger mitochondrion-dependent necrosis, Cell Cycle 9
(2010) 2836-2842, https://doi.org/10.4161/cc.9.14.12267.

P. Voisin, M. Bernard, T. Berges, M. Régnacq, Amino acid starvation inhibits
autophagy in lipid droplet-deficient cells through mitochondrial dysfunction,
Biochem. J. 477 (2020) 3613-3623, https://doi.org/10.1042/BCJ20200551.

M. Régnacq, P. Voisin, Y.Y. Sere, B. Wan, V.M.S. Soeroso, M. Bernard,

N. Camougrand, F.-X. Bernard, C. Barrault, T. Berges, Increased fatty acid synthesis
inhibits nitrogen starvation-induced autophagy in lipid droplet-deficient yeast,
Biochem. Biophys. Res. Commun. 477 (2016) 33-39, https://doi.org/10.1016/j.
bbrc.2016.06.017.

A.P. Velazquez, T. Tatsuta, R. Ghillebert, I. Drescher, M. Graef, Lipid droplet-
mediated ER homeostasis regulates autophagy and cell survival during starvation,
J. Cell Biol. 212 (2016) 621-631, https://doi.org/10.1083/jcb.201508102.

A. Vlahakis, N. Lopez Muniozguren, T. Powers, Calcium channel regulator Mid1
links TORC2-mediated changes in mitochondrial respiration to autophagy, J. Cell
Biol. 215 (2016) 779-788, https://doi.org/10.1083/jcb.201605030.

T.P. Creamer, Calcineurin, Cell Commun. Signal. 18 (2020) 137, https://doi.org/
10.1186/512964-020-00636-4.

B.A. Perrino, L.Y. Ng, T.R. Soderling, Calcium regulation of calcineurin
phosphatase activity by its B subunit and calmodulin. Role of the autoinhibitory
domain, J. Biol. Chem. 270 (1995) 340-346, https://doi.org/10.1074/
jbc.270.1.340.

A.M. Stathopoulos, M.S. Cyert, Calcineurin acts through the CRZ1/TCN1-encoded
transcription factor to regulate gene expression in yeast, Genes Dev. 11 (1997)
3432-3444, https://doi.org/10.1101/gad.11.24.3432.

A. Stathopoulos-Gerontides, J.J. Guo, M.S. Cyert, Yeast calcineurin regulates
nuclear localization of the Crzlp transcription factor through dephosphorylation,
Genes Dev. 13 (1999) 798-803, https://doi.org/10.1101/gad.13.7.798.

M.S. Cyert, Calcineurin signaling in Saccharomyces cerevisiae: how yeast go crazy
in response to stress, Biochem. Biophys. Res. Commun. 311 (2003) 1143-1150,
https://doi.org/10.1016/s0006-291x(03)01552-3.

Z. Hilioti, D.A. Gallagher, S.T. Low-Nam, P. Ramaswamy, P. Gajer, T.J. Kingsbury,
C.J. Birchwood, A. Levchenko, K.W. Cunningham, GSK-3 kinases enhance
calcineurin signaling by phosphorylation of RCNs, Genes Dev. 18 (2004) 35-47,
https://doi.org/10.1101/gad.1159204.

J. Roy, M.S. Cyert, Identifying new substrates and functions for an old enzyme:
calcineurin, Cold Spring Harbor Perspect. Biol. 12 (2020) a035436, https://doi.
org/10.1101 /cshperspect.a035436.

U. Gueldener, J. Heinisch, G.J. Koehler, D. Voss, J.H. Hegemann, A second set of
loxP marker cassettes for Cre-mediated multiple gene knockouts in budding yeast,
Nucleic Acids Res. 30 (2002) e23, https://doi.org/10.1093/nar/30.6.e23.

C. Janke, M.M. Magiera, N. Rathfelder, C. Taxis, S. Reber, H. Maekawa, A. Moreno-
Borchart, G. Doenges, E. Schwob, E. Schiebel, M. Knop, A versatile toolbox for PCR-
based tagging of yeast genes: new fluorescent proteins, more markers and promoter
substitution cassettes, Yeast 21 (2004) 947-962, https://doi.org/10.1002/
yea.1142,

K.A. Kafadar, M.S. Cyert, Integration of stress responses: modulation of calcineurin
signaling in Saccharomyces cerevisiae by protein kinase A, Eukaryot. Cell 3 (2004)
1147-1153, https://doi.org/10.1128/EC.3.5.1147-1153.2004.

AF. Batiza, T. Schulz, P.H. Masson, Yeast respond to hypotonic shock with a
calcium pulse, J. Biol. Chem. 271 (1996) 23357-23362, https://doi.org/10.1074/
jbc.271.38.23357.

S. Connolly, D. Quasi-Woode, L. Waldron, C. Eberly, K. Waters, E.M. Muller, T.
J. Kingsbury, Calcineurin regulatory subunit calcium-binding domains
differentially contribute to calcineurin signaling in Saccharomyces cerevisiae,
Genetics 209 (2018) 801-813, https://doi.org/10.1534/genetics.118.300911.

D. Li, S.-G. Yang, C.-W. He, Z.-T. Zhang, Y. Liang, H. Li, J. Zhu, X. Su, Q. Gong,
Z. Xie, Excess diacylglycerol at the endoplasmic reticulum disrupts endomembrane
homeostasis and autophagy, BMC Biol. 18 (2020) 107, https://doi.org/10.1186/
512915-020-00837-w.

C.J.R. Loewen, M.L. Gaspar, S.A. Jesch, C. Delon, N.T. Ktistakis, S.A. Henry, T.
P. Levine, Phospholipid metabolism regulated by a transcription factor sensing
phosphatidic acid, Science 304 (2004) 1644-1647, https://doi.org/10.1126/
science.1096083.

M.J. White, J.P. Hirsch, S.A. Henry, The OPI1 gene of Saccharomyces cerevisiae, a
negative regulator of phospholipid biosynthesis, encodes a protein containing
polyglutamine tracts and a leucine zipper, J. Biol. Chem. 266 (1991) 863-872.


https://doi.org/10.1016/j.bbrc.2024.150670
https://doi.org/10.1016/j.bbrc.2024.150670
https://doi.org/10.1016/j.bbalip.2008.08.001
https://doi.org/10.1016/j.bbalip.2008.08.001
https://doi.org/10.3389/fcell.2021.726261
https://doi.org/10.1111/j.1742-4658.2008.06681.x
https://doi.org/10.1152/ajpcell.00239.2021
https://doi.org/10.1152/ajpcell.00239.2021
https://doi.org/10.1074/jbc.M109109200
https://doi.org/10.1074/jbc.M109.050443
https://doi.org/10.1074/jbc.M109.024752
https://doi.org/10.1074/jbc.M109.024752
https://doi.org/10.4161/cc.9.14.12267
https://doi.org/10.1042/BCJ20200551
https://doi.org/10.1016/j.bbrc.2016.06.017
https://doi.org/10.1016/j.bbrc.2016.06.017
https://doi.org/10.1083/jcb.201508102
https://doi.org/10.1083/jcb.201605030
https://doi.org/10.1186/s12964-020-00636-4
https://doi.org/10.1186/s12964-020-00636-4
https://doi.org/10.1074/jbc.270.1.340
https://doi.org/10.1074/jbc.270.1.340
https://doi.org/10.1101/gad.11.24.3432
https://doi.org/10.1101/gad.13.7.798
https://doi.org/10.1016/s0006-291x(03)01552-3
https://doi.org/10.1101/gad.1159204
https://doi.org/10.1101/cshperspect.a035436
https://doi.org/10.1101/cshperspect.a035436
https://doi.org/10.1093/nar/30.6.e23
https://doi.org/10.1002/yea.1142
https://doi.org/10.1002/yea.1142
https://doi.org/10.1128/EC.3.5.1147-1153.2004
https://doi.org/10.1074/jbc.271.38.23357
https://doi.org/10.1074/jbc.271.38.23357
https://doi.org/10.1534/genetics.118.300911
https://doi.org/10.1186/s12915-020-00837-w
https://doi.org/10.1186/s12915-020-00837-w
https://doi.org/10.1126/science.1096083
https://doi.org/10.1126/science.1096083
http://refhub.elsevier.com/S0006-291X(24)01206-3/sref27
http://refhub.elsevier.com/S0006-291X(24)01206-3/sref27
http://refhub.elsevier.com/S0006-291X(24)01206-3/sref27

M. Bernard et al.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

S.A. Jesch, X. Zhao, M.T. Wells, S.A. Henry, Genome-wide analysis reveals inositol,
not choline, as the major effector of Ino2p-Ino4p and unfolded protein response
target gene expression in yeast, J. Biol. Chem. 280 (2005) 9106-9118, https://doi.
org/10.1074/jbc.M411770200.

M. Bonilla, K.K. Nastase, K.W. Cunningham, Essential role of calcineurin in
response to endoplasmic reticulum stress, EMBO J. 21 (2002) 2343-2353, https://
doi.org/10.1093/embo;j/21.10.2343.

M.S. Cyert, C.C. Philpott, Regulation of cation balance in Saccharomyces
cerevisiae, Genetics 193 (2013) 677-713, https://doi.org/10.1534/
genetics.112.147207.

Z. Hilioti, KW. Cunningham, The RCN family of calcineurin regulators, Biochem.
Biophys. Res. Commun. 311 (2003) 1089-1093, https://doi.org/10.1016/50006-
291x(03)01515-8.

T.J. Kingsbury, K.W. Cunningham, A conserved family of calcineurin regulators,
Genes Dev. 14 (2000) 1595-1604.

S. Schuck, W.A. Prinz, K.S. Thorn, C. Voss, P. Walter, Membrane expansion
alleviates endoplasmic reticulum stress independently of the unfolded protein
response, J. Cell Biol. 187 (2009) 525-536, https://doi.org/10.1083/

jcb.200907074.

S. Schwank, R. Ebbert, K. Rautenstrauss, E. Schweizer, H.J. Schiiller, Yeast
transcriptional activator INO2 interacts as an Ino2p/Ino4p basic helix-loop-helix
heteromeric complex with the inositol/choline-responsive element necessary for
expression of phospholipid biosynthetic genes in Saccharomyces cerevisiae,
Nucleic Acids Res. 23 (1995) 230-237, https://doi.org/10.1093/nar/23.2.230.

10

[35]

[36]

[37]

[38]

[39]

[40]

Biochemical and Biophysical Research Communications 735 (2024) 150670

C. Wagner, M. Dietz, J. Wittmann, A. Albrecht, H.J. Schiiller, The negative
regulator Opil of phospholipid biosynthesis in yeast contacts the pleiotropic
repressor Sin3 and the transcriptional activator Ino2, Mol. Microbiol. 41 (2001)
155-166, https://doi.org/10.1046/j.1365-2958.2001.02495.x.

U. Kessen, R. Schaloske, A. Aichem, R. Mutzel, Ca(2+)/calmodulin-independent
activation of calcineurin from Dictyostelium by unsaturated long chain fatty acids,
J. Biol. Chem. 274 (1999) 37821-37826, https://doi.org/10.1074/
jbc.274.53.37821.

J. Li, Z. Jia, W. Zhou, Q. Wei, Calcineurin regulatory subunit B is a unique calcium
sensor that regulates calcineurin in both calcium-dependent and calcium-
independent manner, Proteins 77 (2009) 612-623, https://doi.org/10.1002/
prot.22474.

V. Rajapurohitam, F. Izaddoustdar, E. Martinez-Abundis, M. Karmazyn, Leptin-
induced cardiomyocyte hypertrophy reveals both calcium-dependent and calcium-
independent/RhoA-dependent calcineurin activation and NFAT nuclear
translocation, Cell. Signal. 24 (2012) 2283-2290, https://doi.org/10.1016/j.
cellsig.2012.07.025.

M. Ikeda, A. Kihara, A. Denpoh, Y. Igarashi, The Rim101 pathway is involved in
Rsb1 expression induced by altered lipid asymmetry, Mol. Biol. Cell 19 (2008)
1922-1931, https://doi.org/10.1091/mbc.e07-08-0806.

A. Chorlay, L. Monticelli, J. Verissimo Ferreira, K. Ben M’barek, D. Ajjaji, S. Wang,
E. Johnson, R. Beck, M. Omrane, M. Beller, P. Carvalho, A. Rachid Thiam,
Membrane asymmetry imposes directionality on lipid droplet emergence from the
ER, Dev. Cell 50 (2019) 25-42.e7, https://doi.org/10.1016/j.devcel.2019.05.003.


https://doi.org/10.1074/jbc.M411770200
https://doi.org/10.1074/jbc.M411770200
https://doi.org/10.1093/emboj/21.10.2343
https://doi.org/10.1093/emboj/21.10.2343
https://doi.org/10.1534/genetics.112.147207
https://doi.org/10.1534/genetics.112.147207
https://doi.org/10.1016/s0006-291x(03)01515-8
https://doi.org/10.1016/s0006-291x(03)01515-8
http://refhub.elsevier.com/S0006-291X(24)01206-3/sref32
http://refhub.elsevier.com/S0006-291X(24)01206-3/sref32
https://doi.org/10.1083/jcb.200907074
https://doi.org/10.1083/jcb.200907074
https://doi.org/10.1093/nar/23.2.230
https://doi.org/10.1046/j.1365-2958.2001.02495.x
https://doi.org/10.1074/jbc.274.53.37821
https://doi.org/10.1074/jbc.274.53.37821
https://doi.org/10.1002/prot.22474
https://doi.org/10.1002/prot.22474
https://doi.org/10.1016/j.cellsig.2012.07.025
https://doi.org/10.1016/j.cellsig.2012.07.025
https://doi.org/10.1091/mbc.e07-08-0806
https://doi.org/10.1016/j.devcel.2019.05.003

	Calcineurin activation improves cell survival during amino acid starvation in lipid droplet-deficient yeasts
	1 Introduction
	2 Materials and methods
	2.1 Yeast strains, oligonucleotides, plasmids and growth conditions
	2.2 Fluorescence microscopy
	2.3 RNA extraction, reverse transcription (RT) and real-time PCR
	2.4 Trypan Blue viability assay
	2.5 Measurements of cytosolic calcium

	3 Results
	3.1 Calcineurin is activated by amino acid starvation in LD-deficient cells
	3.2 Calcineurin activation is caused by a dysregulation of lipid metabolism and correlates with a disorganization of the en ...
	3.3 Calcineurin activation does not preclude autophagy but improves the survival of lipid droplet-deficient cells during am ...
	3.4 Calcineurin activation induced by AA starvation does not depend on a rise of intracellular calcium
	3.5 Calcineurin is activated by the Mck1/Rcn1 pathway

	4 Discussion
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


