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Background: Inhibition of complex sphingolipid synthesis by inositol starvation activates the PKC-MAPK signaling
pathway.
Results: Sir2p-dependent telomeric silencing is activated by interrupting sphingolipid synthesis and requires theMAPK, Slt2p.
Conclusion: Telomeric silencing is regulated by PKC-MAPK signaling in response to interruption of sphingolipid synthesis.
Significance: Sphingolipid metabolism plays an important role in regulating silencing and chronological life span.

Depriving wild type yeast of inositol, a soluble precursor for
phospholipid, phosphoinositide, and complex sphingolipid syn-
thesis, activates the protein kinase C (PKC)-MAPK signaling
pathway, which plays a key role in the activation of NAD�-de-
pendent telomeric silencing. We now report that triggering
PKC-MAPK signaling by inositol deprivation or by blocking
inositol-containing sphingolipid synthesis with aureobasidin A
results in increased telomeric silencing regulated by theMAPK,
Slt2p, and the NAD�-dependent deacetylase, Sir2p. Consistent
with the dependence on NAD� in Sir2p-regulated silencing, we
found that inositol depletion induces the expression of BNA2,
which is required for the de novo synthesis of NAD�. Moreover,
telomeric silencing is greatly reduced in bna2� and npt1�

mutants,which are defective indenovo and salvage pathways for
NAD� synthesis, respectively. Surprisingly, however, omitting
nicotinic acid from the growth medium, which reduces cellular
NAD� levels, leads to increased telomeric silencing in the
absence of inositol and/or at high temperature. This increase in
telomeric silencing in response to inositol starvation is corre-
lated to chronological life span extension but is Sir2p-independ-
ent. We conclude that activation of the PKC-MAPK signaling
by interruption of inositol sphingolipid synthesis leads to
increased Sir2p-dependent silencing and is dependent upon the
de novo and salvage pathways for NAD� synthesis but is not
correlated with cellular NAD� levels.

Microarray studies have revealed that the transcript levels of
hundreds of genes in yeast are affected by the availability of the
phospholipid precursor, inositol (1–4). The INO1 gene, encod-
ing inositol-3-phosphate synthase, and other genes involved in

lipid metabolism are repressed by the Opi1p repressor in
response to the presence of exogenous inositol (5–10). How-
ever, the majority of the genes that are regulated in response to
inositol availability in wild type cells are not involved in phos-
pholipidmetabolismand are not under the control of theOpi1p
repressor (1, 2). Many of genes that are induced in the absence
of inositol are targets of stress response pathways that have
been shown to be activated in the absence of exogenous inosi-
tol, including the unfolded protein response and the protein
kinase C (PKC) pathway (1–3, 11–13). Moreover, mutations in
these same stress response pathways confer inositol auxotro-
phy (Ino� phenotype) indicating that signaling through these
pathways is essential for survival of cells experiencing stress
associated with inositol deprivation (3, 11–14). Thus, growth in
the absence of inositol is an inherently stress-activating condi-
tion, analogous to growth at elevated temperature, high or low
osmolarity, and/or exposure to agents such as tunicamycin, caf-
feine, or calcofluor white (3, 8, 13). In wild type cells, inositol
deprivation also results in dramatic changes in lipid metabo-
lism, including rapid depletion of phosphatidylinositol (15, 16).
Phosphatidylinositol serves as precursor to all other inositol-
containing lipids in the cell, including important signaling lip-
ids such as the inositol-containing sphingolipids and phos-
phatidylinositol phosphates (8, 17–19), as well as inositol
phosphates and pyrophosphates derived from phosphatidyl-
inositol phosphates (20, 21). In a previous study (13), we dem-
onstrated that the slowing of synthesis of the inositol-contain-
ing sphingolipids is responsible for triggering activation of PKC
signaling in inositol-depleted wild type cells. Furthermore, the
phosphatidylinositol 4-phosphate and phosphatidylinositol
4,5-biphosphate pools on the plasmamembrane were shown to
be essential to the activation of PKC signaling in the absence of
inositol (13).
Strikingly, the PKC pathway has also been shown to play a

key role in activation of NAD�-dependent gene silencing (22–
24). The Sir complex, consisting of Sir2p, Sir3p, and Sir4p, con-
trols silencing at telomeric regions of chromosomes and at the
silent mating type lociHMR andHML in yeast (25–28). Sir3p is
a specific phosphorylation target of Slt2p, the MAPK of the
PKC pathway (22, 24), and hyper-phosphorylation of Sir3p
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strengthens telomeric silencing (29). NAD� is essential to the
activity of NAD�-dependent histone/protein deacetylases (Fig.
1), named “sirtuins” after Sir2p (silent information regulator 2
protein), the foundingmember of this class of proteins (30–32).
Saccharomyces cerevisiae has five sirtuins, Sir2p, Hst1p, Hst2p,
Hst3p, and Hst4p (33). In the absence of exogenous nicotinic
acid (NA)4 (Fig. 1), the Hst1p sirtuin is responsible for activa-
tion ofBNA2, which encodes the enzyme that catalyzes the first
step in the pathway for the de novo synthesis of NAD� from
tryptophan (Fig. 1) (34, 35). However, BNA2 was also found to
be up-regulated in microarray studies of cells grown in the
absence of inositol (1, 2) and in cells grown at 37 °C (36), a stress
condition that, similar to inositol starvation, activates PKC sig-
naling (37).
We now report that wild type cells grown inmedium lacking

inositol exhibit significant strengthening of Sir2p-dependent
telomeric silencing. In contrast, the slt2� mutant, defective in
PKC signaling, exhibited a loss of silencing relative to wild type
under these same growth conditions. Whereas increased telo-
meric silencing triggered by inositol starvation was dependent
on both the de novo and salvage pathways forNAD� biosynthe-
sis, it was not tightly correlated to overall NAD� levels.We also
confirmed, as reported previously (29, 38), that Sir2p-depen-
dent telomeric silencing is enhanced at 37 °C in wild type cells
and that deletion of the SLT2 gene resulted in a loss of silencing
at this growth temperature. Previously, we demonstrated that
activation of PKC signaling during inositol starvation was spe-
cifically triggered by slowing of synthesis of the complex inosi-
tol-containing sphingolipids, rather than the build up of sphin-
goid bases (13). Strikingly, we demonstrate here that blocking

sphingolipid synthesis with aureobasidin A (AbA) strengthens
Sir2p-dependent telomeric silencing in a fashion similar to the
effects observed in cells growing in the absence of inositol and
that this response is also mediated by an active PKC pathway.
We also report that strengthening of telomeric silencing in wild
type cells in the absence of inositol is correlated to increase
chronological life span. We conclude that increased Sir2p-de-
pendent telomeric silencing in the absence of inositol requires
an active PKC signaling pathway and is dependent on the de
novo and salvage pathways for NAD� biosynthesis but is not
correlated with absolute cellular NAD� levels.

EXPERIMENTAL PROCEDURES

Media and Growth Conditions—Strains were maintained on
plates containing 1% yeast extract, 2% bactopeptone, 2% glu-
cose, and 2% agar (YEPD medium). All experiments were car-
ried out using defined syntheticmedia containing (per liter) the
following: 20 g of glucose, 5 g of ammonium sulfate, 1 g of
potassium phosphate, 0.5 g of magnesium sulfate, 0.1 g of
sodium chloride, 0.1 g of calcium chloride, 0.5 mg of boric acid,
0.04 mg of cupric sulfate, 0.1 mg of potassium iodide, 0.2 mg of
ferric chloride, 0.4 mg of manganese sulfate, 0.2 mg of sodium
molybdate, 0.4 mg of zinc sulfate, 2 �g of biotin, 400 �g of
calciumpantothenate, 2�g of folic acid, 200�g of p-aminoben-
zoic acid, 400 �g of pyridoxine hydrochloride, 200 �g of ribo-
flavin, 400 �g of thiamine, 20 mg of adenine sulfate, 20 mg of
arginine, 20 mg of histidine, 60 mg of leucine, 230 mg of lysine,
20 mg of methionine, 300 mg of threonine, 20 mg of trypto-
phan, and 40 mg of uracil. The medium described above lacks
both inositol (I) and nicotinic acid (NA) and is therefore
referred to as I�NA� medium. Where indicated, I�NA�

medium was supplemented with 75 �M inositol (I�NA�

medium) or 3.25 �M nicotinic acid (I�NA� medium) or both
(I�NA� medium). Plates containing these media also con-
tained 2% agar.
Yeast Strains—All strains (Table 1) were derived from the

S288C genetic background and were either purchased from
Research Genetics (Invitrogen) or were constructed from strains
in the SC288C background. All strains obtained from Research
Genetics were crossed and subjected to tetrad analysis to confirm
that all phenotypes segregated 2:2.
Measurement of Total Cellular NAD� Levels—500-ml cul-

tures were grown continuously in the four different growth
media (i.e. I�NA�, I�NA�, I�NA�, and I�NA�) to A600 nm �
1.0 at 30 or 37 °C as indicated. Cells were harvested by filtration
and stored at �80 °C. Harvested cells were extracted with 250
�l of ice-cold 1 M formic acid saturatedwith butanol for 30min.
62.5 �l of trichloroacetic acid (TCA) was added, and samples
were precipitated on ice for 15 min. Samples were centrifuged
for 5 min, and the acid-soluble supernatants were collected.
The pellets were washed with 125 �l of 20% TCA and centri-
fuged. These supernatants were combined with the superna-
tants obtained from the 100% TCA extraction (39, 40). 150-�l
aliquots of extract were reacted with 10 �l of 5 mg/ml alcohol
dehydrogenase and 840 �l of Tris/lysine Buffer (pH 9.7), which
contained 0.24% ethanol. This mixture was incubated for 20
min at room temperature to allow NAD� to be converted into
NADH, which was measured as absorbance at 340 nm (40, 41).

4 The abbreviations used are: NA, nicotinic acid; AbA, aureobasidin A; Fam,
6-carboxyfluorescein; Tamra, tetramethylrhodamine.
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FIGURE 1. NAD� in S. cerevisiae is synthesized from NA via the salvage
pathway and from tryptophan through the de novo pathway. NA and
tryptophan imported from the growth medium serve as precursors of NAD�.
A gray box indicates the activity of sirtuins (Sir2p and Hst1p-4p), NAD�-de-
pendent protein deacetylases, which hydrolyze NAD� into nicotinamide and
ADP-ribose, in a reaction coupled with protein/histone deacetylation. The
enzymes involved in the salvage pathway for NAD� synthesis are primarily
localized in the nucleus (52, 62), whereas the enzymes in the de novo pathway
are distributed in the nucleus and cytoplasm (52). The de novo pathway con-
verts tryptophan to nicotinic acid mononucleotide in a series of reactions
catalyzed by Bna1p– 6p. Nicotinic acid mononucleotide is the point of con-
vergence for the de novo and salvage pathways for NAD� biosynthesis.
Abbreviations used are as follows: NAD�, nicotinamide adenine dinucleotide;
NA, nicotinic acid; NAM, nicotinamide; NaMN, nicotinic acid mononucleotide;
NaAD, deamido-NAD.
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The absorbance was converted to NAD� molar concentration
using the NADH extinction coefficient (6220 M�1cm�1), and
the molar concentration in the extract was calculated using a
factor of 6.67 and a haploid cell assumed volume of 7 � 10�14

liters (42). All NAD� molar concentration values were cor-
rected for recovery efficiency as described by Sporty et al. (43).
Measurement of BNA2 and THI4 Expression; RNA Isolation

and RT-PCR Analysis—To measure expression of the BNA2
gene, cells were grown in medium containing inositol with and
withoutNA tomid-logarithmic phase at 30 or 37 °C.AtA600 nm�
0.5–0.6, cultures were divided in half. One-half of each cul-
ture was filtered, washed with prewarmed medium containing
inositol, and resuspended in new media containing inositol
with and without NA, maintaining the same temperature. The
other half was also filtered, washed with prewarmed medium
lacking inositol, and resuspended in newmedia lacking inositol
with and without NA at its original incubation temperature of
30 or 37 °C. Samples were harvested by filtration at 3 h follow-
ing themedia shift, flash-frozen in dry ice, and stored at�80 °C.
Total RNAwas isolated usingRNeasy�mini kit, includingDNA
digestion with RNase-free DNase set (Qiagen). cDNA was syn-
thesized from 1 �g of total RNA using oligo(dT)12–18 primer
(0.5 �g), PCR grade dNTP mix (0.5 �M), First strand buffer
(1�), DTT (10 mM), and 100 units of SuperScript� II reverse
transcriptase (Invitrogen). Real time PCR was performed on a
StepOnePlusTM Real Time PCR system (Applied Biosystems)
using TaqMan� universal PCR master mix, No AmpErase�
UNG (Applied Biosystems), and the following TaqMan�
probes and primers: BNA2, TaqMan� probe, 5�-Fam-ATG
GGC TGG ATG TCT-Tamra-3�; forward primer (5�-AAG
GTG CGG AGC GTC ATC-3�) and reverse primer (5�-GCC
CAA GAT CGT CTC ATC CA-3�); THI4, TaqMan� probe,
5�-Fam-TTC TGC GCC AAG AGA ATC GTC GAC ATT-
Tamra-3�; forward primer (5�-CGGTCATGATGGTCCATT
TG-3�) and reverse primer (5�-CGCCCAATTTTTGGTTTT
GA-3�). TheACT1 gene was used as an endogenous control for
normalization of RNA levels. In brief, the reaction mix in a
volume of 25 �l consisted of 0.5 �M primers, 0.2 �M TaqMan�
probe, 1�MasterMix, and 5 ng of cDNA.Nontemplate control
(5 ng of RNA) and nonreaction control (diethyl pyrocarbonate/
water) were routinely performed. The thermal program for the
PCR included stage 1 as follows: 95 °C, 10min; stage 2, 95 °C, 0.5
min, and 60 °C, 1 min for a total of 40 cycles. Relative gene
expression levels were calculated as 2���CT. ��CT was calcu-
lated as follows: (geneCTS�ACT1 CTS)� (gene CTR�ACT1
CTR) and represents the change in mRNA expression after
ACT1 normalization relative to mRNA derived from the wild

type control. “Gene” represents the mRNA under study (BNA2
or THI4). “S” refers to the strain from which the mRNA to be
testedwas derived (i.e.wild type), grown under several different
growth conditions (I�NA�, I�NA�, I�NA�, or I�NA� media
at 30 or 37 °C). In the formula above, “R” refers to the control
mRNA derived from the wild type strain grown in I�NA�

medium to mid-logarithmic phase at 30 °C. CT (cycle thresh-
old) is defined as the number of cycles required for the fluores-
cent signal to cross the threshold (i.e. to exceed background
level). Each RT-PCR experiment was performed at least in
triplicate.
SilencingAssayUsing theURA3ReporterGene—The plasmid

pV-UCA, which carries the URA3 reporter gene inserted adja-
cent to the right end of chromosome V (telomere VR on a
HindIII fragment) was kindly provided by T. Petes. The EcoRI
fragment of pV-UCA derived from this plasmid was trans-
formed into wild type, bna2�, npt1�, slt2�, and sir2� cells.
Using the strains carrying this construct, silencing was assessed
by measurement of expression of the URA3 reporter gene by
RT-PCR, using methods described above for BNA2 and THI4,
using ACT1 as an endogenous control for normalization of
RNA levels. The TaqMan� probes and primers for URA3 were
as follows: TaqMan� probe, 5�-Fam-CCG CTA AAG GCA
TTA TCC GCC AAG TAC A-Tamra-3�, forward primer (5�-
TTC CAT GGA GGG CAC AGT TAA-3�) and reverse primer
(5�-GTA TTA CCA ATG TCA GCA AAT TTT CTG-3�);
ACT1, TaqMan� probe, 5�-Fam-TGC AAA CCG CTG CTC
AAT CTT CTT CAA T-Tamra-3�, forward primer (5�-CGC
CTT GGA CTT CGA ACA AG-3�) and reverse primer (5�-
GAC CAT CTG GAA CTT CGT AGG ATT-3�).
For RT-PCR analysis, strains carrying the URA3 construct

were grown on synthetic medium (I�NA� or I�NA�) at 30 or
37 °C until mid-logarithmic phase and diluted back to A600 nm �
0.2 while maintaining NA supplementation level and growth
temperature constant. Cells precultured in I�NA� media were
shifted to fresh I�NA� and I�NA�; cells cultured in I�NA�

were shifted to fresh I�NA� or I�NA� media in each case
maintaining the preculture temperature and allowed to grow
until they again reached an A600 nm of 1.0. Where indicated,
AbAwas added to a final concentration of 2�g/ml immediately
following a shift for 120 min to I�NA�. There was little signif-
icant difference in the growth rate of any of these strains in any
of themedia and/or at either temperature, or in response to the
addition of AbA, during the interval specified for each experi-
ment. Total RNA isolation, cDNA synthesis, and RT-PCRwere
performed as described above.

TABLE 1
Yeast strains used in this study

Strain Genotype Source or Ref.

BY4742 MAT�; his3�1 leu2�0 lys2�0 ura3�0 Invitrogen
SLY44 MAT�; his3�1 leu2�0 lys2�0 ura3�0 bna2�::kanMX Invitrogen
SLY43 MAT�; his3�1 leu2�0 lys2�0 ura3�0 npt1�::kanMX Invitrogen
SLY30 MAT�; his3�1 leu2�0 lys2�0 ura3�0 sir2�::kanMX Invitrogen
SJY804 MAT�; his3�1 leu2�0 lys2�0 ura3�0 slt2�::HIS3 This study
SLY72 MAT�; his3�1 leu2�0 lys2�0 ura3�0 TELVR::URA3 This study
LGY441 MAT�; his3�1 leu2�0 lys2�0 ura3�0 bna2�::kanMX TELVR::URA3 This study
SLY75 MAT�; his3�1 leu2�0 lys2�0 ura3�0 sir2�::kanMX TELVR::URA3 This study
LGY450 MAT�; his3�1 leu2�0 lys2�0 ura3�0 slt2�::HIS3 TELVR::URA3 This study
SLY73 MAT�; his3�1 leu2�0 lys2�0 ura3�0 npt1�::kanMX TELVR::URA3 This study

Inositol and Telomeric Silencing

SEPTEMBER 27, 2013 • VOLUME 288 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 27863



Chronological Life Span—Yeast longevity can bemeasured as
replicative life span, defined as the number of daughter cells
produced by a mother cell (44), and/or chronological life span,
defined as the number of days that nondividing cells maintain
viability in a saturated culture or while resuspended in water
(45). Because Huang et al. (46) recently reported that complex
inositol sphingolipids are involved in chronological life span
extension in yeast and we had observed that interruption of
synthesis of inositol-containing sphingolipids activates PKC
signaling, we monitored chronological life span in cells grown
in the presence or absence of inositol. Chronological life span of
cells incubated in either I� or I� medium was measured as
described previously (45). In brief, one colony from a fresh I�
plate was inoculated in 10 ml of I� or I� medium. The over-
night culture was diluted in 50ml of I� or I� medium, and cells
were allowed to grow until saturation. Cell survival was mea-
sured every 2 days by diluting yeast cultures and plating an
appropriate number of cells onto YEPD plates to monitor the
colony-forming units (CFUs). The number ofCFUs at day 2was
considered to be the initial survival (100%) and was used to
determine the age-dependent mortality.

RESULTS

Telomeric Silencing Increases Significantly inWild Type Cells
Grown in the Absence of Inositol and/or at 37 °C—Telomeric
silencing was measured by analyzing the expression of a URA3
reporter inserted near the right end of chromosome V (47, 48)
as described under “Experimental Procedures.” We found
increases in silencing in response to both inositol deprivation
and growth at 37 °C, as depicted in Fig. 2,A and B. The data are
shown as log2 ratios so that relative changes in expression of
URA3, both positive and negative, can be observed and com-
pared in similar scales on the same graph. In this assay, an
increase inURA3 expression is indicative of decreased silencing
of the reporter gene relative to the wild type control, whereas
decreased expression is indicative of increased silencing.
Wild type cells growing in I� medium at 30 °C, exhibited an

approximate 3-fold decrease, log2 scale, inURA3 expression as
compared with the control growing in I� medium at 30 °C (Fig.
2A). Growth at 37 °C also resulted in an increase in silencing in
wild type cells, regardless of the presence of inositol, as shown
by a decrease of �3.5-fold, log2 scale, in URA3 expression, in
both I� and I� media (Fig. 2B). This increase in silencing
observed at 37 °C is consistent with the reports of Stone and
Pillus (29) and Bi et al. (38), who reported that telomeric silenc-
ing is strengthened at higher growth temperatures.
Increased Silencing in the Absence of Inositol and/or at 37 °C

IsDependent onBoth Sir2p and on Slt2p, theTerminalMAPKof
the PKC Stress Response Pathway—The sir2� mutant, as
expected and consistent with its primary defect in silencing (48,
49), exhibited a significant loss of silencing in comparison with
the wild type, as indicated by 2.5–3.5-fold higher expression
(log2 scale) of theURA3 reporter. The loss of silencing in sir2�
was not significantly improved by growth in the absence of ino-
sitol (Fig. 2), indicating that the increases in silencing observed
inwild type cells in the absence of inositol are Sir2p-dependent.
Similar to the sir2� mutant, the slt2� mutant exhibited ele-
vated expression of theURA3 reporter comparedwithwild type

under all conditions tested (Fig. 2). These results suggest that
the increase in silencing in response to inositol deprivation in
wild type cells is also dependent on Slt2p. However, at 37 °C,
in comparison with 30 °C, a slight, but significant, decrease in
URA3 expression was observed in the slt2� mutant, whether
inositol was present or not, suggesting that aminor component
of the observed increase in silencing seen at 37 °C in wild type
cells may be Slt2p-independent.
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FIGURE 2. Increased silencing in the absence of inositol and/or at 37 °C is
dependent on Sir2p and Slt2p. Wild type, sir2�, and slt2� strains carrying
the TELVR::URA3 construct were grown on I� medium until mid-logarithmic
phase, diluted back to A600 nm � 0.2 in I� and I� media at 30 or 37 °C, and
allowed to grow until an A600 nm of 1.0. Gene expression levels were examined
by RT-PCR and calculated using the comparative CT method (��CT) as
described under “Experimental Procedures.” The changes in URA3 expression
levels are log2 ratios of the level of expression measured by RT-PCR in a spe-
cific strain, under the given growth condition, relative to URA3 expression in
the control culture. The asterisk refers to the mRNA derived from the wild type
control grown in I�NA� medium at 30 °C and served as a reference (unit � 1)
for measuring relative URA3 expression levels. A indicates the strains grown at
30 °C. B indicates the strains grown at 37 °C. Data represent the mean � S.E. of
three independent experiments, n � 3.
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Interruption of Synthesis of Inositol-containing Sphingolipids
Activates PKC Signaling, Resulting in Increased Silencing—Pre-
viously, we reported that the synthesis of complex sphingo-
lipids is substantially reduced in yeast cells grown in the absence
of inositol (13). In these experiments, interruption of sphingo-
lipid synthesis whether by inositol deprivation or exposure to
AbAwas responsible for activation of PKC signaling.Given that
increased silencing in the absence of inositol is dependent on
Slt2p, we questioned if interruption in the synthesis of inositol-
containing sphingolipids was also responsible for the strength-
ening of silencing that we observed in the absence of inositol.
Indeed, inhibition of synthesis of inositol-containing sphingo-
lipids by the addition of AbA to cells growing in the presence of
inositol resulted in an increase in silencing in wild type cells
relative to untreated control (Fig. 3). This pattern is similar to
the strength in silencing that we observed in the absence of
inositol (Figs. 2A and 3). In contrast towild type, the presence of
AbA did not lead to an increase in silencing in the slt2� strain.
In the slt2� strain, the high level of URA3 expression observed
in both I� and I� medium remained unchanged when cells
were grown in the presence ofAbA in I�medium, indicating no
restoration of silencing when sphingolipid synthesis is blocked.
These results indicate that activation of Slt2p-dependent PKC
signaling resulting from a reduction in the synthesis of inositol-
containing sphingolipids is responsible for the increase in
silencing in wild type cells grown in the absence of inositol.
Sir2p-dependent Telomeric Silencing Is Lost in npt1� and

bna2� Mutants under All Conditions Tested—To determine
whether NAD� synthesis through the de novo and/or salvage

pathways for NAD� biosynthesis (Fig. 1) is required to support
the increased Sir2p-dependent telomeric silencing observed,
we tested the expression of the telomere-associated reporter
URA3 gene in the npt1� and bna2� strains in NA-containing
medium at both growth temperatures, with and without inosi-
tol. At 30 °C in I� medium, the bna2� and npt1�mutants both
exhibited increases of 3.5- to 3.0-fold log2 ratio inURA3 expres-
sion relative to wild type (Fig. 4A), indicative of decreases in
silencing similar inmagnitude to those seen in the sir2�mutant
(Fig. 2). At 30 °C, lack of inositol supplementation had little
effect on the loss of silencing in the npt1� strain, although the
bna2�mutant exhibited a significant decrease inURA3 expres-
sion when inositol was absent (Fig. 4A). However, at 37 °C,
URA3 expression levels were significantly reduced in both
strains. In bna2�, the reduction in URA3 expression at 37 °C
wasmost pronounced in the absence of inositol, and the effects
of inositol deprivation and growth at 37 °C on the reduction in
URA3 expression appeared to be additive (Fig. 4A). In the
npt1� strain, the reduction in URA3 expression at 37 °C was
greatest in medium lacking inositol, despite the lack of any
apparent effect of inositol deprivation on URA3 expression at
30 °C (Fig. 4A).
Previously, a loss of silencing was reported in wild type cells

growing in the absence of NA, an important precursor in the
synthesis of NAD� (41). Consistent with these prior results, we
found decreased silencing in wild type cells grown in medium
lacking NA but containing inositol (I�NA� medium) at 30 °C
(Fig. 4B). However, surprisingly wild type cells growing at 30 °C
in medium lacking both inositol and NA exhibited increased
silencing (Fig. 4B). Growth at 37 °C also resulted in increased
silencing in wild type cells growing in the absence of NA (Fig.
4B). Importantly, when both inositol andNA (I�NA�medium)
were omitted from the medium at 37 °C, a further increase in
silencing occurred. Overall, in I�NA� medium at 37 °C,URA3
expression was about 5-fold lower, log2 scale, than in the
I�NA� control at 30 °C indicative of the highest level of silenc-
ing observed in these experiments (Fig. 4B). Thus, both inositol
starvation and increased growth temperature resulted in
increased silencing independent of NA supplementation.
BNA2 Expression inWild Type Cells Is Increased in an Addi-

tive Fashion in Response to Inositol Deprivation and Growth at
37 °C in the Presence or Absence of NA—The decrease in silenc-
ing in the bna2� mutant suggested that the expression of this
gene is important for satisfying the cellular demands for NAD�

generated by the observed increase in telomeric silencing in the
absence of inositol and/or growth at 37 °C. To analyze BNA2
expression, we grew wild type cells on medium containing ino-
sitol with and without NA to mid-logarithmic phase at 30 or
37 °C. The cultures were then divided in half and shifted to new
medium containing or lacking inositol as described under
“Experimental Procedures.” In wild type cells grown in I�NA�

medium at 37 °C,BNA2 expressionwas elevated about 5-fold in
comparison with cells grown in the samemedium at 30 °C (Fig.
5A). In addition and consistent with the report of Bedalov et al.
(35), we confirmed that BNA2 expression was about 40-fold
higher in cells grown in I�NA� relative to cells grown in
I�NA� medium. Moreover, the effects of the higher growth
temperature and the lack ofNAonBNA2 expressionwere addi-
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URA3 expression levels. Data represent the mean � S.E.) of three independent
experiments, n � 3.
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tive. Thus, in the wild type strain, the overall increase in expres-
sion of BNA2 in I�NA� medium at 37 °C, in comparison with
its expression in I�NA�mediumat 30 °C,was over 50-fold (Fig.
5, A and B).
Following a shift of wild type cells to I� medium at 30 °C in

the presence of NA, consistent with our earlier microarray
studies (1, 2), we observed an almost 10-fold increase in BNA2
expression (Fig. 5A). In cells shifted to I�NA� at 37 °C, BNA2
expression reached a level 5-fold higher than the cells shifted to
fresh I�NA� medium at 37 °C. Overall, BNA2 expression was
some 50-fold higher in the cells shifted to I�NA� medium at
37 °C than in the I�NA� cultures at 30 °C (Fig. 5A). Thus, the
effects of inositol deprivation and growth at 37 °C on BNA2
expression appeared to be additive when NA was present.
An increase inBNA2 expressionwas also observedwhenwild

type cells growing in I�NA� medium were shifted to I�NA�

medium at 30 or 37 °C (Fig. 5B). Under these conditions, the
shift to I� NA� medium resulted in BNA2 expression levels
about 80-fold higher than the I�NA� cultures at 30 °C (Fig. 5,A
andB). Cells shifted to I�NA�medium at 37 °C also underwent
a further increase of about 2-fold in BNA2 expression, reaching
levels some 100-fold higher than those observed in wild type
cells grown at 30 °C in I�NA� medium (Fig. 5B). Thus, shifting
wild type cells to inositol-free medium resulted in increased
BNA2 expression at both 30 and 37 °C,whetherNAwas present
or not. Moreover, the effects of higher growth temperature and
the absence of NA and inositol on BNA2 expression appeared
to be additive (Fig. 5, A and B).

The Hst1p sirtuin, which was shown by Bedalov et al. (35) to
regulate BNA2 expression in response to NA, also regulates
THI4 and other genes in thiamine biosynthesis in response to
NA (50). To confirm that the pattern of BNA2 regulation we
observed in response to inositol and temperaturewas also char-
acteristic of Hst1p-regulated genes, we examined THI4 expres-
sion in wild type cells under these same growth conditions.
Up-regulation of THI4 expression in response to both inositol
deprivation and elevated growth temperature (Fig. 5C) was
similar in pattern, although less dramatic in overall fold
changes, than BNA2 (Fig. 5A). These observations are consist-
ent with the model of coordinate regulation of genes in thia-
mine and NAD� biosynthesis by the Hst1p sirtuin (50).
Cellular NAD� Levels Increase in the Wild Type Strain in

the Absence of Exogenous Inositol When NA Is Present—As
described in the Introduction, telomeric silencing and regula-
tion of BNA2 expression are processes dependent on the activ-
ity of two differentNAD�-dependent sirtuins, Sir2p andHst1p,
respectively. Reduced NAD� levels in wild type cells grown in
the absence of NA were found to be associated with increased
expression of BNA2 and other genes under the control of the
Hst1p sirtuin (35, 51). Consistent with these previous reports,
we found that total cellular NAD� levels in cells grown in NA�

medium, at both 30 and 37 °C, were at least 50% lower in wild
type cells grown in NA� medium as compared with NA�

medium whether inositol was present or not (Fig. 6, A and B).
However, at 30 °C cellular NAD� levels were elevated about

25% in wild type cells grown in the absence of inositol (I�NA�
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medium), in comparison with the same cells grown in I�NA�

medium (Fig. 6A). Growth temperature also affected NAD�

levels in wild type cells, but again only whenNAwas present. In
I�NA� medium at 37 °C, wild type cells exhibitedNAD� levels
about 25% higher than the levels observed in cells grown in the
same medium at 30 °C (Fig. 6A). The level of cellular NAD�

observed in wild type cells growing in I�NA� medium at 37 °C

was almost identical to the level seen in the same cells growing
in the absence of inositol (i.e. in I�NA� medium) at 30 °C (Fig.
6A). However, NAD� levels in cells growing in I�NA� 37 °C
were not significantly different from the levels seen in the same
cells growing at 37 °C in I�NA� medium (Fig. 6A). Thus, the
effects of inositol deprivation and growth at 37 °C on NAD�

levels in wild type cells growing in NA� medium were not
additive.
To determine whether the increased NAD� levels observed

in wild type cells grown at 37 °C and/or in the absence of inosi-
tol were dependent on up-regulation of the de novo NAD�

and/or the salvage biosynthetic pathways, we examined the
NAD� content of bna2� and npt1� mutant strains. Because
the bna2� strain is auxotrophic for NA, it could only be tested
in medium containing NA. We found that the NAD� levels in
bna2� were slightly but significantly lower than in wild type
cells under all growth conditions tested, with the possible
exception of cells growing in I�NA�medium at 37 °C (Fig. 6A).
In general, the bna2� mutant, similar to wild type, exhibited
nonadditive increases in cellular NAD� levels in response to
growth at 37 °C and inositol deprivation, indicating that the
increased NAD� levels observed in wild type cells under these
conditions are, at least in part, independent of induction of
enzymes of de novoNAD� biosynthesis. The data do, however,
indicate that Bna2p contributes to maintenance of the overall
NAD� levels achieved in wild type cells when NA is present.

In contrast to the de novo pathway, the salvage pathway for
NAD� biosynthesis clearly plays a more important role,
because NAD� levels in the npt1� strain were severely reduced
in comparison with both the wild type and bna2� strains and
were not influenced greatly by either temperature or inositol
(Fig. 6A). Indeed, as reported by Bedalov et al. (35) the overall
levels of NAD� in the npt1� strain (Fig. 6A), with and without
inositol supplementation at both temperatures, resembled
those observed in wild type cells growing in the absence of NA
(Fig. 6B). Thus, although both pathways are involved in main-
taining NAD� levels in wild type cells, it appears that the sal-
vage pathway plays the more important role under all the con-
ditions we examined. This is consistent with the results
reported by Sandmeier et al. (52) in synthetic completemedium
at 30 °C.
Chronological Life Span Is Extended inWild Type Cells in the

Absence of Inositol—The effect of the inositol deprivation in
wild type cells on telomeric silencing suggested that inositol
might also influence the extent of chronological life span in
yeast cells. Accordingly, we tested the effect of inositol supple-
mentation on chronological life span in wild type, sir2�, slt2�,
bna2�, and npt1� strains. Strikingly, wild type cells growing in
the absence of inositol exhibited an extended chronological life
span, as compared with cells growing in medium containing
inositol (Fig. 7A). However, no significant difference in chron-
ological life span was observed between the wild type control
and the sir2�mutant, with orwithout inositol supplementation
(Fig. 7B). Although the slt2�, bna2� and npt1� strains exhib-
ited significant decreases in telomeric silencing in comparison
with wild type (Figs. 2 and 4), the effects of these mutations on
chronological life span were distinctively different (Fig. 7). The
slt2� strain exhibited a shorter chronological life span in com-
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parisonwithwild type, whether inositol was present or not (Fig.
7C), whereas the bna2� and npt1� mutants exhibited chrono-
logical life span extension relative to wild type (Fig. 7,D and E).
However, similar to wild type, the slt2�, bna2�, and npt1�

strains had a relatively shorter chronological life span when
grown in the presence of inositol as comparedwith growth in its
absence (Fig. 7, C–E). Thus, the increase in chronological life
span observed in wild type cells in the absence of inositol
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appears to be at least partially independent of the SLT2, BNA2,
and NPT1 gene products.

DISCUSSION

It has long been known that inositol-containing sphingolipid
synthesis is reduced during inositol starvation (13, 53–55). It
has also been shown that treating cells with AbA (56) inhibits
inositol phosphorylceramide synthase activity leading to a
reduction in inositol-containing sphingolipid synthesis (57).
Previous work from our laboratory established that reduction
in the synthesis of sphingolipids in the absence of inositol or by
treatment with either AbA or myriocin triggers the activation
of Slt2p, the terminal MAPK of the PKC pathway (13). How-
ever, PKC activation resulting from interruption of sphingo-
lipid synthesis by treatment with myriocin was shown to be
significantly attenuated by supplementation of dihydroxy-
sphingosine and phytosphingosine, yet these sphingoid bases did
not restore PKC signaling in cells treated with AbA (13). More-
over, supplementation of untreated wild type cells with exoge-
nous dihydroxysphingosine or phytosphingosine did not lead
to activation of PKC signaling. Together, these prior results
strongly supported the conclusion that activation of PKC sig-
naling by inhibition of sphingolipid synthesis, whether by ino-
sitol deprivation or treatment with myriocin or AbA, is due to
the reduced synthesis of inositol-containing sphingolipids and
not by increased levels of sphingoid bases (13).
In this study we have presented evidence for the first time

that growth of wild type cells in medium lacking inositol, or
treatmentwithAbA, also leads to increased telomeric silencing.
This process is dependent on both Sir2p and Slt2p (Figs. 2 and
3). These results indicate that PKC activation induced by a
reduction in the synthesis of inositol-containing sphingolipids
promotes Sir2p-dependent telomeric silencing in wild type
cells. Growth at 37 °C, as reported previously by Stone and Pil-
lus (29) and Bi et al. (38), also resulted in increased Sir2p-de-
pendent telomeric silencing (Fig. 2). Increased silencing in
response to both inositol deprivation and growth at 37 °C is
dependent on the activity of the de novo and salvage pathways
for NAD� biosynthesis (Fig. 4) but is not correlated to absolute
cellular NAD� levels (Fig. 6). The strengthening of telomeric
silencing in wild type cells in the absence of inositol is corre-
lated with chronological life span extension under this growth
condition (Fig. 7). These observations are discussed below in
the context of the effects related to activation of PKC signaling
in response to inositol starvation.
Absence of Inositol Triggers Sir2p-dependent Telomeric

Silencing—Wehave shown that depleting wild type cells of ino-
sitol or treating themwithAbApromote Sir2p-dependent telo-
meric silencing (Figs. 2 and 3). We also point out that inositol
deprivation capable of triggering this response is expected to
occur in any study using synthetic complete media based on
yeast nitrogen base for continuous growth. Hanscho et al. (58)
reported that the concentration of inositol (10 �M) in yeast
nitrogen base is too low to sustain fast proliferation of yeast
until glucose is exhausted. Their findings are consistent with
the report ofHirsch andHenry (59) that INO1 is derepressed by
mid-logarithmic phase in wild type cells grown in yeast nitro-
gen basemedia containing 10�M inositol. To avoid the exhaus-

tion of inositol in themedia, 75–100�M inositol should be used
to avoid the derepression of INO1 as well as activation of hun-
dreds of genes controlled by stress response pathways, includ-
ing PKC, which are induced by inositol deprivation (1, 2, 13)
Earlier studies have shown that Slt2p phosphorylates Sir3p

(22, 24), a key component of the Sir complex containing Sir2p
(25, 26, 28). Moreover, phosphorylation of Sir3p is associated
with strengthening of silencing (29). Thus, the loss of silencing
that we observed in the slt2� mutant is consistent with its
reported role of activation of Sir3p by phosphorylation. Thus,
our data are consistent with a mechanism by which inositol
deprivation activates Slt2p, as shown by Jesch et al. 2010 (13),
which in turn is expected to result in phosphorylation of Sir3p,
as reported by Stone and Pillus (29), resulting in an increase in
silencing. However, the slight decrease in telomeric silencing at
37 °C that we observed in the slt2� strain suggests that a sec-
ondary mechanism such as super-coiling of DNA, independent
of Sir3p phosphorylation as reported previously by Bi et al. (38),
could also be involved.
Increased Sir2p-dependent Telomeric Silencing in the

Absence of Inositol and at 37 °C Is Dependent on Ongoing Syn-
thesis of NAD� but Is Not Correlated to Absolute Cellular
NAD� Levels—In yeast, cellular levels of NAD� aremaintained
by a variety of mechanisms, including regeneration of NAD�

from nicotinamide via the salvage pathway, as well as activity of
the de novo pathway for synthesis of NAD� when exogenous
NA is unavailable (Fig. 1). The activity of Sir2p and its function
in silencing are sensitive to cellular NAD� concentration (31,
60). Accordingly, we found that the activities of both the
de novo and salvage pathways for NAD� biosynthesis were
required to maintain high levels of Sir2p-dependent telomeric
silencing in response to high growth temperature as well as
a lack of inositol (Figs. 4 and 5). Consistent with previous
microarray studies (1, 2, 36), we observed that expression of the
BNA2 gene increased in response to growth at 37 °C and to the
absence of inositol, even in the presence of NA (Fig. 5). Given
the well established mechanism of regulation of BNA2 by the
Hst1p sirtuin (35), these results suggest that wild type cells
experience higher NAD� demand under these conditions.
Indeed, the highest level of BNA2 induction occurred in cells

growing at 37 °C in medium lacking both NA and inositol (Fig.
5), a condition under which we observed low cellular levels of
NAD� (Fig. 6), consistent with the report of Bedalov et al. (35).
However, given that NAD� levels were reported to regulate the
enzymatic activity of Sir2p (61), we were surprised that the
highest level of Sir2p-dependent telomeric silencing also
occurred under this growth condition (Fig. 4). However, it has
been shown that calorie restriction, a condition that enhances
Sir2p activity, does not result in increased cellular NAD� levels
(62–64). Another study supports the idea that alterations in the
NAD�/NADH ratio regulate Sir2p activity (65). Our findings
indicate that even though Sir2p-dependent telomeric silencing
is strengthened in the absence of both NA and inositol in cells
growing at 37 °C, the cellular pool of NAD� does not increase.
Despite these observations, we found that the de novo and sal-
vage NAD� biosynthetic pathways are both required to sustain
the high level of telomeric silencing seen in wild type cells both
at high growth temperature and under inositol starvation.
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Growth in the Absence of Inositol Leads to Chronological Life
Span Extension in Wild Type—The absence of inositol is a
stress-activating condition (3, 8, 13), analogous to growth at
elevated temperature, high or low osmolarity, and calorie or
amino acid restriction. In yeast, many of these stresses are asso-
ciated with chronological life span extension (63, 66). Consist-
ent with the view that inositol deprivation is a stress provoking
growth condition in yeast, we found thatwild type cells growing
in medium lacking inositol exhibit increased chronological life
span (Fig. 7A). Yet, this increase in chronological life span is not
dependent on Sir2p, because no significant difference in chron-
ological life span was observed when the wild type control and
the sir2� mutant were compared (Fig. 7B). Similarly, Sir2p is
not required for calorie restriction-mediated chronological life
span extension in yeast (66, 67). Instead, our results are consist-
ent with other studies that found that blocking sphingolipid
synthesis leads to chronological life span extension. For exam-
ple, yeast strains lacking mannosyl-di-inositol phosphocer-
amide, including single and double deletions mutants in IPT1
and/or SKN1, exhibit increased chronological life span (68).
Likewise, down-regulation of sphingolipid synthesis by myri-
ocin treatment or by using the tetO7-LCB1 or tetO7-LCB2
strains has been reported to prolong yeast chronological life
span (46). Together, those results and the results reported here
suggest that the decrease in complex sphingolipid synthesis in
the absence of inositol (13) could be mediating the chronolog-
ical life span extension. Future studies are necessary to under-
stand how sphingolipid metabolism mediates the increase in
chronological life span in wild type yeast and how life span
extension is influenced by various forms of cellular stress.
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