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ABSTRACT

Saccharomyces cerevisiae is an excellent model organism for lipid research. Here, we have used yeast haploid RAdiation
Damage (RAD) deletion strains to study life span and lipid storage patterns. RAD genes are mainly involved in DNA repair
mechanism and hence, their deletions have resulted in shorter life span. Viable RAD mutants were screened for non-polar
lipid content, and some of the mutants showed significantly high amounts of triacylglycerol (TAG) and steryl ester, besides
short chronological life span. Among these, RAD50, MRE11 and XRS2 form a complex, MRX that is involved in homologous
recombination that showed an increase in the amount of TAG. Microarray data of single MRX deletions revealed that
besides DNA damage signature genes, lipid metabolism genes are also differentially expressed. Lipid biosynthetic genes
(LPP1, SLC1) were upregulated and lipid hydrolytic gene (TGL3) was downregulated. We observed that rad50�, mre11�, xrs2�

and mrx� strains have high number of lipid droplets (LDs) with fragmented mitochondria. These mutants have a short
chronological life span compared to wild type. Aged wild-type cells also accumulated TAG with LDs of ∼2.0 μm in diameter.
These results suggest that TAG accumulation and big size LDs could be possible markers for premature or normal aging.
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INTRODUCTION

The DNA damage phenomenon can be studied using budding
yeast cells, Saccharomyces cerevisiae as a model organism. Global
transcript analyses of aging and apoptotic yeast cells clearly
underline the fact that DNA damage and mitochondrial dys-
function are important components of both aging and apoptosis
(Laun et al. 2005). Aging is an irreversible and continuous process

in all living organisms and it is believed to be steered bymultiple
factors, including the DNA. DNA damage can dysregulate gene
expression, cell cycle and trigger programmed cell death (Lom-
bard et al. 2005; Freitas and de Magalhaes 2011). Increased levels
of DNA damage may trigger cell signaling pathways that result
in faster depletion of stem cells, contributing to accelerated ag-
ing. An excessive DNA damage without timely repair can, be-
sides causing cancer, also quicken physiological decline and the
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development of age-related diseases. DNA repair pathways such
as nucleotide excision repair and non-homologous end joining
have a strong correlation with premature aging phenotypes in
mice (Ruzankina et al. 2007; Maynard et al. 2009). However, a re-
versal of aging process by decreasing the levels of DNA dam-
age or improving the system’s response to DNA damage has not
been possible due to the complexity of the pathways. Studies
on how to modify DNA damage repair and response systems to
delay the aging process are not available (Freitas and de Magal-
haes 2011). With short chronological life spans (CLS) imminent
whenever there is a defect in DNA damage response, we were
interested to know if there are any biological indications for the
aging phenomenon in general, and of that caused by DNA dam-
age, in particular.

In S. cerevisiae, RAD (RADiation sensitive) genes are involved
in DNA repair that may occur under different environmental
conditions and mutagenic agents. RAD genes play a vital role in
maintaining genome integrity based on the efficient DNA repair
because unrepaired DNA could lead to cellular lethality (Ivanov
and Haber 1997). There are 36 RAD genes in yeast that are in-
volved in three independent pathways to overcome DNA re-
pair. In homologous recombination or RAD52 epistasis groups,
which are mainly involved in the double-strand break (DSB) re-
pair, the members are RAD50, RAD51, RAD52, RAD54, RDH54,
RAD55, RAD57, MRE11 (RAD58), RAD59 and XRS2. These genes
are implicated in the formation and processing of DSBs during
meiotic recombination (Heyer, Ehmsen and Liu 2010). Of these,
Mre11p, Rad50p and Xrs2p work together as a complex called
MRX. Functions of this complex include DNA binding, endonu-
clease activities and DNA end recognition. In addition to the re-
pair processes, the MRX complex also facilitates DSB repair via
non-homologous end joining as well as introduction of DSBs in
meiosis, DNAdamage checkpoint activation, telomerase recruit-
ment and maintenance of telomere length (D’Amours and Jack-
son 2002). These genes are highly conserved in eukaryotes and
lead to genetic disorders in humans. Mutations in RAD54, RAD51
and RAD58 genes are responsible for non-Hodgkin lymphoma,
susceptibility to breast cancer and ataxia-telangiectasia-like dis-
order, respectively (Yuen et al. 2007).

A prematurely aging yeast mutant (dna2-1), with a defect in
DNA replication, showed a significant upregulation of energy
storage genes (Lesur and Campbell 2004). Importantly, the genes
involved in gluconeogenesis, glyoxylate cycle, lipid and glycogen
production are upregulated in the old yeast cells, signifying a
shift frommetabolism towards energy storage (Lesur and Camp-
bell 2004). In humans, the premature aging syndrome or the
progeroid syndrome has been extensively studied and reviewed.
While some of these syndromes or their clinical manifestations
have been attributed to DNAdamage, some like theHutchinson–
Gilford progeria syndrome is not related to DNA damage (Burt-
ner and Kennedy 2010). Thus, the effect of DNA damage on pre-
mature aging is still unproven.

Of the other factors that have been reported in cellular aging,
it is well documented that lipidmetabolism is involved in the ag-
ing of yeast, worms, fruit flies andmice (Goldberg et al. 2009a). It
is also known that autophagy plays a crucial role in longevity of
Caenorhabditis elegans and Drosophila melanogaster (Jia and Levine
2007; Juhasz and Neufeld 2008). In yeast, an upregulation of au-
tophagy genes have resulted in increased life span. Autophagy
is a process inwhich degradation of cellular components and or-
ganelles happen within the vacuole. The genes involved in the
autophagy pathway are highly conserved across the eukaryotes.
Different types of autophagy have been reported in S. cerevisiae
(Reggiori and Klionsky 2013). Inhibiting the TOR pathway using

very low levels of rapamycin has been shown to induce the au-
tophagy genes and increase the CLS of yeast (Alvers et al. 2009a).

Aging in yeast cells is determined either by studying their
CLS or replicative life span (RLS) (Longo and Fabrizio 2012). The
study of CLS of wild-type yeast cells in nutrient-rich medium
showed an accumulation of triacylglycerol (TAG) and ethyl es-
ters in their lipid droplets (LDs) (Goldberg et al. 2009b). LDs are
typically spherical structures ranging from 0.2 to 0.4 μm in di-
ameter in stationary grown wild-type cells while some mutants
have large sized LDs of about 0.5–1.5 μm in diameter (Fei et al.
2008). On the other hand, the de letion of TAG synthesis enzyme,
DGAT1 (acyl-CoA: diacylglycerol acyltransferase 1) in mice was
shown to promote leanness and extension of lifespan (Streeper
et al. 2012). Lipid-induced cell death was reviewed extensively
in yeast (Eisenberg and Buttner 2014). Confined deposition and
degradation of one non-polar lipid in fat storage tissues in the
form of LDs describe aging in multicellular eukaryotic organ-
isms, and LDs have been shown to play an essential role in
longevity regulation (Goldberg et al. 2009a).

Apart from nuclear DNA, yeast also has organellar DNA in
the form of mitochondrial DNA (mtDNA), and some of the RAD
genes are also involved in its repair, besides the repair of the
former (Kalifa et al. 2012). mtDNA inheritance and generation
of mtDNA deletions in aging cells have been recently reported
(Chen 2013). Alteration in mitochondrial structure and function
has been observed during yeast chronological aging (Volejnikova
et al. 2013). The role of mitochondria in aging is apparent, where
accumulation of oxidative damage due to increase in reactive
oxygen species (ROS) within the mitochondria occurs (Lee and
Wei 2007). In aging process, preserving mtDNA and its func-
tion is very important for efficient energy production (Richard
et al. 2013). The importance of mtDNA integrity has been well
demonstrated in humans (Falk and Sondheimer 2010). When
compared to the nuclear genome,mtDNA has a highermutation
rate (Brown, George and Wilson 1979; Howell 1996). Recently, it
has been shown that MRX complex has a direct role in repair-
ing mitochondrial DSBs (Kalifa et al. 2012). Besides, Mre11p and
Rad50p have been reported to be localized in yeastmitochondria
(Sickmann et al. 2003). Mammalian Mre11p binds to the mtDNA
to play a role in its DNA damage repair (Dmitrieva, Malide and
Burg 2011). Hence, a defect in MRX complex is likely to affect the
integrity of the mitochondria in S. cerevisiae.

To understand the relationship between DNA damage (nu-
clear and mitochondrial), CLS and lipid accumulation, we have
screened RAD gene deleted mutants for lipid content and mi-
tochondrial integrity, besides confirming their shortened life
spans. Of the deletions studied, rad50�, mre11� and xrs2� mu-
tants of the MRX complex have more LDs. Microarray analyses
of the three single mutants revealed that some DNA damage
signature genes, cell cycle genes and lipid biosynthetic genes
were upregulated, while autophagy genes were downregulated.
It was also seen that the mitochondrial integrity was compro-
mised in these cells. Aging and a corresponding increase in TAGs
and steryl ester (SE) was confirmed in the triple mutant of MRX
also. While the deletions start to age rapidly, the wild-type cells
too show a gradual decline in CLS with time, with a correspond-
ing increase in lipids. This report on lipid accumulation in ag-
ing yeast cells could help in understanding the adaptive strategy
used by the cells to tide over unfavorable conditions like nutri-
tion depletion as in the case of normal aging cells, or slow cellu-
lar metabolism owing to impending death as in the case of cells
with defects, by storing lipids. While it is unclear if increased
lipids lead to shortened life span, or envisaging an early death
and slow deprivation of nutrients, cells tend to stock lipids to
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survive until death, we propose that lipid levels could serve as an
indicator for aging, provided more light is thrown on the mech-
anism involved therein.

MATERIALS AND METHODS

Materials

Yeast deletion strains on a BY4741 haploid background (MATa;
his3�1; leu2� 0; met15�0; ura3�0) were purchased from EU-
ROSCARF, Germany. W3031-A (MATa; leu2-3, 112 trp1-1can1-100
ura3-1 ade2-1 his3-11, 15[phi+]) and mrx� (W303-1A, xrs2::LEU2
mre11::HIS3 rad50::TRP1) in W303-1A background were kind gifts
from Dr Rodney Rothstein and Prof. Steve Jackson, respectively.
[14C]Acetate (51mCimmol−1) was purchased fromAmerican Ra-
diolabeled Chemicals. Silica gel 60 F254 TLC plates were from
Merck. Chemicals and solvents, if notmentioned otherwisewere
purchased from Sigma-Aldrich.

Yeast media and growth conditions

Yeast cells were grown in YPD medium (1% yeast extract, 2%
bactopeptone and 2% dextrose) overnight and diluted to an ab-
sorbance (A600) of 0.4 in synthetic minimal medium (SM) (6.7
g L−1 of yeast nitrogen base (Difco), 1.92 g L−1 of yeast synthetic
drop-out (Sigma) and 2% dextrose). Cells were grown at 30◦C
with rotational shaking at 180 rpm.

[14C]Acetate labeling of yeast deletion strains

The deletion strains were grown in SM containing 2% dextrose.
To this, [14C]acetate was added at 0.2 μCi mL−1 and the cells
were allowed to grow to stationary phase. Equal amounts of
cells were taken for lipid extraction (Bligh and Dyer 1959), with
chloroform: methanol (2:1). The extracted lipids were separated
on a silica-TLC plate using petroleum ether:diethyl ether:acetic
acid (70:30:1, v/v) as the solvent system. Lipids were qualita-
tively identified by their comigration with the standards. The ra-
dioactivity associated with the lipids was quantified by scraping
out the bands and counting using a Beckman liquid scintillation
counter with a toluene-based scintillation cocktail. In instances
where the cells were not labeled, the profiles were visualized by
MnCl2 charring (Connerth et al. 2010).

Microscopic analysis of LDs

Stationary grown cells and aged cells were fixed with 3%
formaldehyde for 15 min and then washed twice with PBS. Cells
were stained with BODIPY 493/503 (1 μg mL−1) (Szymanski et al.
2007), for 30 min at room temperature. After a brief wash with
PBS, cells were resuspended in 50% glycerol, and LDs were ob-
served under 100× oil immersion using a Leica SP8 laser scan-
ning confocal microscope. The images were deconvoluted using
Huygen’s Professional software v.4.4. The LD number and the LD
size were quantified by screening >50 cells for each set of exper-
iment. Each experiment was repeated three times, and the data
are represented as mean ± SD.

RNA isolation, probe preparation and microarray
hybridization

RNAwas extracted from yeast cells grown to stationary phase at
30◦C in SM using the TRIzol reagent (Invitrogen). The extracted
RNA was used to prepare cDNA for hybridization using the Agi-

Table 1. List of quantitative RT-PCR primer pairs used in the present
study.

Gene
name Primers Utility

1. CCT5 Forward-5′ -TGTCGATTGCTTAGGTTACG-3′ RT-PCR
Reverse-5′ -TCAATACTCATCTTTACCACTA-3′

2. TGL3 Forward-5′ -ACCCCAGAAAATGCCAACAA-3′ RT-PCR
Reverse-5′ -GGTCTCGCCAAAGAAACAATG-3′

3. LPP1 Forward-5′ -AGCTCTAGTAGTAATGGTTTC-3′ RT-PCR
Reverse-5′ -GGTGAAGGAAGTATGTCTCT-3′

4. SLC1 Forward-5′ -CTTTGAAGGAGATTGGCTAC-3′ RT-PCR
Reverse-5′ -TGGGTATTGACATCGTTGCT-3′

5. DGK1 Forward-5′ -GGGACCGAAGATGCCATTG-3′ RT-PCR
Reverse-5′ -ACTTTCGCCGAGACTTGATGA-3′

lent Gene Expression hybridization kit (Part Number 5188–5242).
Data extraction from images was done using Feature Extraction
software v 10.7 of Agilent. The extracted data were analyzed us-
ing GeneSpring GX version 11 software from Agilent. Normal-
ization of the data was done using the GeneSpring GX software
(Brazma et al. 2001). Heat maps were prepared from these data
keeping 2-fold expression as the benchmark on both sides.

Quantitative real-time RT- PCR

Total RNA from stationary phase grown yeast cells was isolated
using RiboPure RNA purification kit (Life Technologies). The RNA
concentrations were determined, and the purity of the RNA
(A260/A280) was confirmed. cDNAwere synthesized using the Su-
perScript First-Strand Synthesis System for RT-PCR (Life Tech-
nologies). The primer length was selected in the range of 18–24
nucleotides and GC content ranged between 50% and 60%. The
melting temperature of the primers was in the range of 58◦C –
60◦C and Primer3Plus software was used to design the primers
(Table 1). Relative mRNA levels were determined by quantitative
real-time RT-PCR using SsoFast Evagreen R© Supermix (Bio-Rad
Laboratories, Catalogue No. # 172–5201AP). Plates and film seal-
ers were also procured from Bio-Rad Laboratories (Catalogue No.
#HSP9655 & MSB1001).

The polymerase chain reactions (PCR) were set up with final
reaction volumes of 20 μl containing the 1X SsoFast Evagreen
Supermix, 250 nm of forward and reverse primers and the re-
actions were allowed to proceed in CFX96 Touch real-time PCR
detection system (Bio-Rad Laboratories). PCR was initiated with
enzyme activation at 95◦C for 30 s followed by 40 cycles of 95◦C
for 5 s, 60◦C for 5 s and melt curve was initiated with 65–95◦C
for 2–5 s/step. Assays were conducted in triplicates with yeast
housekeeping gene CCT5 as an internal control. The efficiency
of all the primers used was in the range of 95%–105%. The pres-
ence of no-template control wells was ensured in all reaction
plates. Cq values for no-template control were excluded since
values were greater than 35 or not detected. The 2−��Ct calcu-
lation was used to determine relative mRNA levels (Bustin et al.
2009).

Visualization of mitochondria morphology

Yeast strains were transformed following the standard pro-
tocol (Ito et al. 1983), with mitochondrial-targeted GFP plas-
mid (pVT100U-mtGFP) (Westermann and Neupert 2000), and
plated on SM-URA. Transformed cells were grown on SM-URA to
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logarithmic phase, and the mitochondria morphology was ob-
served under 100× oil immersion using a Leica SP8 laser scan-
ning confocal microscope. Z-stack acquisition was done using
Leica LAS AF and the merged image of all the individual slices
of the Z-stack was used for deconvolution and representation.

Oleate toxicity

Cells were grown in synthetic medium to log phase. Serial di-
lutions were made and spotted onto SM plates amended with
1 mM sodium oleate (Connerth et al. 2010) and grown for 2 days
at 30◦C.

Determination of chronological aging in yeast

Yeast cultures were grown overnight in 10 mL YPD. The cells
were then washed twice with water and equal amounts of cells
were resuspended in 100 mL of SM and grown for 28 days. Equal
amount of cells were taken at regular intervals (14, 21, 28 days)
and serially diluted. The diluted cells were plated in duplicate
onto the YPD plates containing 2% glucose and incubated for 2
days at 30◦C and the numbers of colony forming units (CFU) per
plate were counted (Fabrizio and Longo 2007). For labeling exper-
iments, [14C]acetate was added at the rate of 0.2 μCi mL−1 of SM
and the cells were allowed to grow up to 28 days, with A600 = 20
cells taken out at regular intervals. Lipid extraction was done as
mentioned above.

Data analysis

Student’s t test was used to analyze quantitative data and differ-
ence at P< 0.05was considered as statistically significant. Sigma
Stat software was used to analyze the data.

RESULTS

Yeast RAD gene deletions accumulate TAG

To assess the influence of DNA damage repair on growth and
lipid accumulation in S. cerevisiae, all viable, haploid RAD dele-
tion strains (30 strains) were cultured to stationary phase, and
equal amount of cells were taken for lipid extraction and re-
solved on a silica-TLC plate using non-polar lipid solvent system
followed by MnCl2 charring. Of the 30 strains, seven deletions
(rad18�, rad27�, rad50�, rad52�, rad55�, mre11� and radh1�)
showed >2-fold increase in TAG levels as compared to wild type.
To confirm, all the 30 RAD deletion strains were cultured to sta-
tionary phase, and the cells were stained with BODIPY 493/503,
a dye commonly used to stain LDs. All seven deletions that
showed high TAG also had higher number of LDs when com-
pared towild type. A representative set of the TLC profile (Fig. 1a)
and microscopic images (Fig. 1b) of the 30 strains are presented.
Based on these observations, all 30 viable RAD deletion strains
were categorized as low (less than wild-type), moderate (equal
or near equal to wild-type) or high (>2-fold increase compared
to wild-type) TAG accumulators (Table 2).

MRX deletions show high TAG accumulation

Deletions in two RAD genes, namely, RAD50 and MRE11 re-
sulted in high TAG accumulation. These genes along with a non-
RAD member, XRS2, form a complex called MRX, which plays
a significant role in DNA damage response. Our further stud-
ies, therefore, focused on theMRX deletion strains, either single

or triple deleted. Mutants were grown in a medium containing
[14C]acetate until stationary phase and lipids from equal density
of cells were resolved on a TLC to understand the non-polar lipid
profile. TAG was >2-fold, and SE was >3-fold than in wild-type
cells (Fig. 2a and b). This observation corroborated with LD num-
bers, with higher number of LDs in MRX deletions when com-
pared to wild type (Fig. 2c and d). To confirm further the influ-
ence of the total lack of DNA damage repair on lipid accumu-
lation, MRX triple deletion was also studied for non-polar lipid
profile. Since this deletion is available only on aW303-1A genetic
background, it was always studied in comparisonwithwild-type
W303-1A. Like the single deletions, the triple deletion,mrx� also
showed higher number of LDs, with TAG levels 2-fold more and
SE levels 1.5-fold more than wild-type W303-1A cells (Fig. 2e–g).

DNA damage, cell cycle, aging and metabolic genes are
upregulated and autophagy genes are downregulated
in MRX deletions

To understand the difference in gene expression levels in
the three deletions under this study, we performed the mi-
croarray of stationary phase grown cells of the three single
deletions, rad50�, mre11�, xrs2�, and the data were analyzed
for differential gene expression levels in MRX deletions as com-
pared to wild type. Many metabolic, cell cycle and the meiotic
pathway-related genes were upregulated in these deletions
compared to wild-type cells by >2-fold (Table 3). The microarray
data are deposited in NCBI’s Gene Expression Omnibus, and
the same is accessible through accession number GSE48538
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE48538).

MRX complex is involved in DNA damage repair and hence
we checked the expression levels of some of the important DNA
signature genes such as DUN1 (DNA-damage uninducible-1),
DIN7 (DNA-damage inducible 7) and RAD51 in these deletions
and their expressions were increased more than 2-fold (Fig. 3a).
Hexose transporters (HXT 1, 4 and 15) that are required to in-
crease the glucose transport were also upregulatedmore than 3-
fold. Cell wall mannoproteins such as CCW12 (covalently linked
cell wall protein 12) and SCW10 (soluble cell wall protein 10)
were upregulated more than 3-fold. ERG4, a C-24(28) sterol re-
ductase involved in the final step of ergosterol formationwas up-
regulated >2-fold. Non-polar lipid biosynthetic genes LPP1 (lipid
phosphate phosphatase), SLC1 (lysophosphatidic acid acyltrans-
ferase) and fatty acid elongase (SUR4) were upregulated. We
also found some of the important cell-cycle-related transcrip-
tion factors such as TOS4, CLN2, CLN1, PLM2, MSA2 and FKH1
were upregulated in MRX deletions; most of these factors and
the genes they regulate are involved in the G1 phase of cell cycle.
DGK1 (diacylglycerol kinase) which is involved in the conversion
of DAG to PA, and TGL3 (triacylglycerol lipase) which is a TAG
hydrolytic gene was found to be downregulated.

Since MRX deletions lack partly the DNA damage repair ma-
chinery and hence may face early death, we looked at the levels
of some genes that are involved in lifespan, apart from lipid-
related genes. Heat maps representing the expression of TAG
biosynthetic genes (Fig. 3b), age-related genes (Fig. 3d) and au-
tophagy genes (Fig. 3e) are presented. There is no expression
change in aging genes except SGS1 (slow growth suppressor1).
Autophagy genes such as ATG7, ATG9 and ATG5 are downreg-
ulated. To validate the microarray data, we confirmed the ex-
pression levels of few lipid biosynthetic and hydrolytic genes us-
ing quantitative RT-PCR in which mRNA levels were normalized
to that of CCT5, since the widely used housekeeping gene ACT1
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Figure 1. Screening of RAD family of haploid yeast deletion strains for TAG accumulation. (a) A total of 30 viable RAD yeast deletions were grown in synthetic media,

and lipids extracted from stationary phase grown cells (A600 = 20) were resolved on a silica-TLC plate using petroleum ether: diethyl ether: acetic acid (70:30:1, v/v) as
the solvent system and charred with MnCl2. Profiles of some of the members are represented (SE, steryl ester; TAG, triacylglycerol; FFA, free fatty acids). (b) LDs stained
with BODIPY 493/503 were visualized by confocal microscopy. Confocal images of some of the members are represented. Scale bar 2 μm. a, BY4741; b, rad4�; c, rad6�;
d, rad10�; e, rad16�; f, rad23�; g, rad24�; h, rad28�; i, rad26�; j, rad17�.

showed a differential expression. SLC1, LPP1, DGK1 and TGL3 are
important genes involved in the biosynthesis and hydrolysis of
TAG. SLC1 and LPP1 geneswere upregulated ∼2-fold inMRX dele-
tions and DGK1 and TGL3 were downregulated ∼1.5-fold in MRX
deletions (Fig. 3c).

MRX deletions show disintegrated mitochondria:
an aging event

Mitochondrial function and integrity play an important role in
the CLS of yeast cells; we studied the organelle’s integrity upon
aging, by transforming the cells with plasmid for expression of

mitochondria targeted GFP. Confocal microscopy of the cells at
various stages (1, 7, 14, 21 and 28 days) revealed fragmented mi-
tochondria in deletion strains as early as the first day, compared
to the intact fibrillar structures seen in their wild-type counter-
parts. However, with time, wild-type cells too started to show
fragmented mitochondria (Fig. 4a), and very few (∼2%) live cells
with intact mitochondria. Since this is a self-constitutive GFP
expression, we were unable to see any fluorescence in W303-
1A and mrx triple deletion cells in 28-day-old cells, suggesting
<0.5% or no surviving cells in these strains, while there were a
few cells (∼2%) that fluoresced in the BY4741 and the single dele-
tion mutants. In corroboration with this observation, we found
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Figure 2.MRX deletion strains accumulate TAG. (a) RAD50,MRE11 and XRS2 yeast deletion strains in BY4741 backgroundwere grown in synthetic media in the presence

of [14C]acetate (0.2 μCi mL−1). Lipids extracted from cells (A600 = 20) were resolved on a silica-TLC plate using petroleum ether: diethyl ether: acetic acid (70:30:1, v/v)
as the solvent system. (b) Quantification of TAG and SE. The TLC plates were subjected to autoradiography and spots pertaining to TAG and SE were scraped, and
radioactivity was measured in cpm using a liquid scintillation counter. Values are mean of three biological replicates ± SD.∗ , P < 0.05 compared with wild type. (c)
LDs were visualized using BODIPY 493/503 stain. Scale bar 2 μm (d) LD numbers were counted from 50 randomly selected cells and shown as mean ± SD. ∗, P < 0.05

compared with wild type. (e) Lipids were extracted from mrx� and wild-type W303-1A (A600 = 20) and resolved on a silica-TLC plate using petroleum ether:diethyl
ether:acetic acid (70:30:1, v/v) as the solvent system and charred with MnCl2. (f) LDs of the triple deletionmrx� and its background wild-type W303-1A were visualized
using BODIPY 493/503 stain. Scale bar 2 μm. (g) LD numbers were counted from 50 randomly selected cells and shown as mean ± SD. ∗ , P < 0.05 compared with wild

type.
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Table 2. Classification of RAD family of haploid yeast deletion strains
based on their TAG content.

TAG levels RAD deletion strains

Low rad1�, rad4�, rad7�, rad10�, rad16�,
rad23�, rad24�, rad28�, rad51�

Moderate rad2�, rad9�, rad14�, rad17�, rad34�,
rad54�, rad57�, rad59�, rad5�, rad6�,
rad26�, rad30�, rad33�, rad61�

High rad50�, mre11�, rad18�, rad27�, rad52�,
rad55�, radh1�

that mitochondria-related genes (MDM30 and FIS1) showed dif-
ferential expression in the three deletions that were microar-
rayed (Fig. 4b). In order to understand the role of beta oxida-
tion genes in TAG accumulation, we studied oleate toxicity in
these strains, by spotting serially diluted cells on medium con-
taining oleate. We observed that the mutants were susceptible
to oleate (Fig. 4c). This was in contrast to the varied expression
levels of some of the peroxisome-related genes (Fig. 4d), in these
deletions.

Together, these results suggested that cells with disinte-
grated (non-functional) mitochondria also showed accumula-
tion of TAG (stored reserves of excess energy).

MRX deletions show premature aging and the aged
cells accumulate TAG

Yeast chronological aging is defined as the length of time a
yeast cell can survive in a non-dividing state resembling aging
in post-mitoticmammalian cells.Wild-type yeast andMRX dele-
tion (single) mutants were grown in SM (with 2% dextrose) for 28
days with no addition of nutrients during incubation. The por-
tion of living cells was monitored by counting the number of

CFUs. While the cell survival rate decreased drastically from 5
to 7 days in the case of the mutants, after 14 days, the cell sur-
vival rate of wild-type cells also started to decrease steeply, with
only few live cells in 28-day-old cultures (Fig. 5a). [14C]Acetate la-
beling of MRX deletions at 14, 21 and 28 days showed a gradual
accumulation of non-polar lipids while wild-type cells showed
an increased TAG accumulation at 28 days. A long-lived mutant,
ipt1� (Inositol phosphotransferase), as reported by Aerts et al.
(2006) was used as a positive control (Fig. 5b). To validate fur-
ther, cells from 28-day-old cultures of BY4741, rad50�, mre11�

and xrs2� were stained with BODIPY, and LDs were visualized
under a confocal microscope. Deletion strains had more LDs
compared to the wild type, but surprisingly, we observed large
size LDs (∼200 to 2000 nm in diameter) in aged wild-type cells
(Fig. 5c–f).

A similar study was carried out with the triple deletion and
itswild-type genetic background,W303-1A. Old cells (28-days) of
the mutant showed an increase in TAG and more LDs compared
to wild type. However, the size of LDs ranged from 200 to 2400
nm in diameter in both wild-type and mutant cells (Fig. 6a–e).

DISCUSSION

DNA damage in cells is in the order of 1000 to 1000 000 le-
sions/cell/day in humans (Lodish et al. 2000) the cause for the
damage being endogenous, such as reactive oxygen or nitro-
gen species. However, cells have a repair mechanism to over-
come the damage and several genes such as the RAD genes are
involved in this repair mechanism, which could be base exci-
sion repair or nucleotide excision repair, depending on the le-
sion they recognize (Vose and Mitchell 2011). The DNA repair
functions are conserved across evolution and mammalian ho-
mologs of these RAD genes have also been studied (Ivanov and
Haber 1997). The human Rad51 protein interacts with the tu-
mor suppressor protein p53 and is involved in cancer biology
(Sturzbecher et al. 1996).

Table 3. Genes from major pathways that are upregulated in rad50�, mre11� and xrs2�.

Pathways Deletion strains Genes

Metabolic rad50� RNR1, IMD2, CYS3, ADH4, CDC21, PNP1, ERG4, SAM1, DPB2, MCD4, CAR1, ALG5, ALG14,
POL1

mre11� ARG1, ARG3, IMD2, ARG56, ERR3, ERR1, DPB2, YJL216C, CYS3, CDC21, HOM3, GAL10, PNP1,
RNR1, DAK2, ERG4, CPA1, CTA1, SAM1, IRC7, ARO7, PMI40, ARO8, MAL12

xrs2� IMD2, RNR1, CYS3, SAM1, ERG4, CDC21, AAH1, DPB2, BSC1, PNP1, MAL12, SUR2, ALG5,
MAL32, GAL10, MIS1, ADE12, TKL1, ARO4, HXK2, ALG7, ACO2, ALG3, HEM13, GFA1, PSA1,
LYS9, MCD4, DAK2, IMD3, ALG14, SER2, GUA1, ERG6, IMD4, POL1, PAN6, DCD1, PIS1

Cell cycle rad50� DUN1, DBF2, SPO12, CDC45, CLB2, HSL1, CLB1, CLN2, FAR1, SWE1, PCL1, YOX1, CDC20,
CLN1, SLK19, CDC28, GIN4

mre11� DUN1,DBF2, SPO12, CLN2, HSL1, CDC45, SWE1, CDC20, YOX1, CLB6, CLB2, CLB1, CLB4,
CLN1, SLK19, CDC28, GIN4, SMC1, IRR1

xrs2� DUN1, CLN2, SPO12, DBF2, CDC45, HSL1, CLB6, SWE1, CLB2, CLB1, CDC20, PCL1, GIN4,
YCS4, CLN1, MCM5, CLB4, PCL2, CDC28, MCM2, SLK19, YOX1

Meiosis rad50� HXT4, HXT1, SPO12, CDC45, HXT15, CLB1, CLN2, HXT3, SWE1, CDC20, DMC1, HXT2,
SLK19, CDC28, HXT17

mre11� HXT4, HXT1, SPO12, CLN2, CDC45, HOP1, SWE1, HXT3, CDC20,CLB6,DMC1, CLB1, CLB4,
SLK19, CDC28, HXT15, SMC1, IRR1

xrs2� HXT4, HXT1, CLN2, SPO12, CDC45, CLB6, SWE1, CLB1, HXT15, HXT3, CDC20, MCM5, CLB4,
HXT13, CDC28, MCM2, HXT17, HOP1, SLK19, HXT16, DMC1, RED1
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Figure 3. Expression profile of DNA damage signature genes and lipid genes in rad50�, mre11� and xrs2�. (a) Expression levels of DNA damage signature genes.
(b) Expression levels of TAG biosynthetic genes in rad50�, mre11� and xrs2� shown on the heat map. Genes shown in red are upregulated, and those in green are
downregulated. (c) Relative mRNA levels of LPP1, SLC1, TGL3 and DGK1. Total RNA was isolated from the stationary phase grown cells in synthetic medium and gene

expression levels were determined by quantitative RT-PCR using CCT5 as an internal control. (d) Relative mRNA levels of aging signature genes. (e) Relative mRNA
levels of autophagy genes.

DNA damage could compromise on the genomic stability of
an organism, making the cells take a multifaceted response to
the damage, which includes cell cycle arrest, alterations in gene
expression, DNAdamage repair and cell death (Gasch et al. 2001).
In lower eukaryotes such as yeast, the DSBs are repaired almost
exclusively by the homologous recombinationmachinery (Haber
1995), and mostly involve RAD genes. Deficiency in these genes
results in loss of repair of radiation damaged DNA, and hence
subsequent changes in the cell metabolism. Here we report for
the first time, a change in lipid metabolism and subsequent cell
death in cells challenged with DNA damage.

We found that seven of the yeast RAD deletions taken in
this study accumulated more TAG than their wild-type coun-
terparts and all these strains were reported to have short CLS.
Those strains that showed less TAG in this study, however, were
reportedly having longer life spans (ranking between 140 and
2150 on a 4759 scale) (Powers et al. 2006). Since RAD deletions
are partially or fully deficient in DNA repair, most of these mu-
tants showed slow growth and premature aging phenomena, as
has been reported in other organisms including humans (Park,
Defossez and Guarente 1999, Gray et al. 2004, Yu et al. 2012,
Tonini et al. 2013, Sheibani et al. 2014). However, it is still unclear
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Figure 4. Impact of MRX deletion on mitochondria and peroxisome. (a) Mitochondria morphology of rad50�, mre11�, xrs2� and mrx� was studied. Cells were trans-
formed with pVT100U-mtGFP plasmid targeted towards mitochondria and plated in SM-uracil. Single colony was inoculated in SM-uracil media and grown at 30◦C
and 180 rpm for 28 days. Scale bar 2 μm. (b) Relative mRNA levels of mitochondria-related genes in rad50�, mre11� and xrs2�. (c) Oleate toxicity in MRX deletions.
Cells were serially diluted and spotted on SM plates amended with 1 mM sodium oleate and grown for 2 days. (d) Relative mRNA levels of peroxisome-related genes

in rad50�, mre11� and xrs2�.
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Figure 5. TAG accumulation and chronological aging in rad50�, mre11� and xrs2� strains. (a) Survival percentage of wild-type (BY4741), rad50�, mre11� and xrs2�.

Cells were grown in synthetic medium for 28 days, and an equal amount of cells was serially diluted in regular intervals and spotted on YPD plates, and incubated

at 30◦C for 48 h. Number of CFU was counted to calculate the survival percentage. (b) rad50�, mre11�, xrs2� and ipt1� strains were grown in a synthetic medium in
the presence of 0.2 μCi of [14C]acetate/mL of medium for 28 days. Lipids were extracted at regular intervals (14, 21, 28 days) from cells (A600 = 20) and resolved on
a silica-TLC plate using petroleum ether:diethyl ether:acetic acid (70:30:1, v/v) as the solvent system (lanes - 1,6,11 – BY4741; lanes - 2,7,12 – rad50�; lanes - 3,8,13

– mre11�; lanes - 4,9,14 – xrs2�; lanes - 5,10,15 – ipt1�). ipt1� is reported to be a long-lived mutant. (c) LDs in aged wild-type (BY4741), rad50�, mre11� and xrs2�

were visualized under a confocal microscope. (d) Large sized LDs were present in aged wild-type cells (BY4741). Scale bar 2 μm. (e) LD numbers were counted from 50
randomly selected cells and represented as mean ± SD. ∗ , P < 0.01 compared with wild type. (f) Scatter plot showing the LD size of stationary phase cells as well as
1-month-old cells. A total of 50 cells were randomly selected for analysis and shown as mean ± SD.

if the non-polar lipid accumulation triggers shortened lifespan
or vice versa. The main storage forms of non-polar lipid are
TAG and SE, which are confined together to form LDs (Grillitsch
et al. 2011). Non-polar lipid accumulation happens through the
upregulation of lipid biosynthetic or by the downregulation of
lipid degradation genes. In chronologically aging yeast, the fatty
acid β-oxidation genes responsible for the degradation of fatty
acids are repressed, thereby promoting non-polar lipid accumu-
lation (Goldberg et al. 2009a). Interestingly, we observed that RAD

deletions that accumulated non-polar lipids have short CLS and
showed premature aging.

Of the RAD genes, S. cerevisiae mutants of genes encoding
the MRX or Mre11 complex, namely, MRE11, RAD50 and XRS2,
were hypersensitive to DNA damage and showed identical phe-
notypes like telomere shortening and inability to carry outmeio-
sis (D’Amours and Jackson 2002). However, Mre11-complex mu-
tants have been shown to carry out homologous recombina-
tion as efficiently as wild-type cells (Saeki, Machida and Nakai
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Figure 6. TAG accumulation in aged mrx� strains. (a) Lipids were extracted from 28 days old mrx� and wild-type W303-1A (A600 = 20) and resolved on a silica-TLC
plate using petroleum ether:diethyl ether:acetic acid (70:30:1, v/v) as the solvent system and charred with MnCl2. (b) LDs in aged (28 days old) wild-type (W303-1A)
and mrx� were visualized under a confocal microscope. (c) Big sized LDs were present in the aged wild-type cells (W303-1A). (d) LD numbers were counted from 50

randomly selected cells and represented as mean ± SD. ∗, P < 0.05 compared with wild type. (e) Scatter plot showing the LD size of stationary phase cells as well as
1-month-old cells. A total of 50 cells were randomly selected for analysis and shown as mean ± SD.
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1980, Zakharov, Kasinova and Koval’tsova 1983, Ivanov, Korolev
and Fabre 1992, Ajimura, Leem and Ogawa 1993, Ivanov et al.
1994, Malkova et al. 1996, Bressan, Baxter and Petrini 1999), sug-
gesting that homologous recombination is probably only one
of the repair mechanisms in which this complex is involved
(Moore and Haber 1996), the others being the base excision
and non-homologous end-joining mechanisms (Steininger et al.
2010, Munoz-Galvan et al. 2013). These three genes are involved
as a complex in all types of repair mechanisms; our further
studies were limited to this complex, the three genes and their
deletions, so as to ensure that there is an overall defect in the
repair. We observed an accumulation of TAG and SE in these
three single deletions. In addition, higher number of LDs in the
stationary phase grown cells were observed compared to their
wild-type counterparts. However, the expression levels of the
genes involved in lipid metabolism were not significantly aber-
rant in these deletions as seen in theirmicroarrays, barring a few
biosynthetic genes (SLC1 and LPP1) and hydrolytic gene (TGL3).
TAG accumulation and the increase in LD were observed in the
triple deletion mutant, further confirming the fact that lack of
DNA repair resulted in an altered cell metabolism, leading to in-
creased lipid accumulation.

Like in higher mammals, the defect in DNA repair leads to
shortening of life span in yeast cells (Chen 2013). While both
RLS and CLS studies have been reported in yeast, under calorie-
restricted or non-calorie restricted (NCR) conditions (Kyryakov
et al. 2012, Mei and Brenner 2015), here we report the impact of
lack of DNA damage response on the CLS of some of the mutant
yeast cells under NCR conditions. By assessing the response of
haploid yeast strains deficient in some of the DNA repair genes,
we have identified few events that could lead to shortened CLS
or vice versa. The cascade of events seems to begin with the in-
duction of cell cycle genes, DNA damage signature genes, lipid
metabolism genes and cell wall integrity genes, accompanied
by downregulation of autophagy genes. It has been shown that
autophagy plays an important role in chronological longevity
of yeast (Gelino and Hansen 2012). Yeast viable mutants defi-
cient of autophagy genes atg8�, atg12�, atg7�, atg5�, atg16�

and atg18� revealed shortened CLS (Matecic et al. 2010), while
atg1� and atg7� have shown reduced life span when grown in
synthetic media compared to wild type (Alvers et al. 2009b). In C.
elegans, disruption of autophagy inhibited the extension of lifes-
pan caused by daf2� or caloric restriction (Melendez et al. 2003,
Hansen et al. 2008). In the present study, MRX deletions showed
downregulation of autophagy genes that could also be the cause
for premature aging.

Individuals defective in DNA repair show hypersensitivity to
DNA damaging agents. In humans, it is considered as a predis-
position to cancer. One of the major sources of DNA damage is
exposure to ROS, resulting in oxidative stress and aging (De Bont
and van Larebeke 2004), although the underlying mechanism of
ROS in aging is not clear (Yu et al. 2012). RAD deletion rad27�

had elevated ROS levels and shortened CLS (Ringvoll et al. 2007),
and our results also indicated that rad27� had 2-fold increase in
TAG. Growth defects were observed when these TAG accumulat-
ing MRX deletions were exposed to oleate, suggesting that TAG
accumulation in these deletions may not be due to the repres-
sion of fatty acid β-oxidation genes. These yeast cells with im-
paired DNA repairmechanism showed distinct characteristics of
premature aging, lipid accumulation, cell morphology andmito-
chondrial morphology.

Deficiency in DGAT1 in female mice has been shown to pro-
vide a model for leanness and extended lifespan, which are
independent of calorie restriction (Streeper et al. 2012). The phi-

losophy being increased energy expenditure results in main-
taining leanness, which activates a metabolic program that
increases longevity. However, the study used DGAT1 deficient
models and was unable to clearly state whether the decrease in
TAG and associated lipidmetabolites alone resulted in increased
lifespan, or it could be attributed to the changes in other path-
ways that involve DGAT1. The authors concluded that any strat-
egy to promote leanness may prolong lifespan in human and
retard age-related metabolic diseases. A reverse phenomenon
of this study wherein the lipid hydrolysis was activated to de-
crease fat mass in the fat cells and extend lifespan in C. elegans
was reported earlier (Wang, O’Rourke and Ruvkun 2008). These
authors suggested that fat metabolism, reproduction and aging
are intertwined regulatory axes, although the exact mechanism
of action is not known.

Subsequently in 2011, a FoxO1-mediated transcriptional reg-
ulation ofATGL by SIRT1 in humans was reported. Thus, involve-
ment of lipid pathway in the extension of lifespan is by activat-
ing the expression of ATGL and hence the lipolytic activity in the
adipocytes. This results in depletion of TAG, which is an evo-
lutionarily conserved longevity signal (Xie 2008, Kenyon 2010),
making us speculate that ATGL may perhaps represent the ‘life-
extending lipase’ (Chakrabarti et al. 2011).

On the contrary, we observed progressive accumulation of
non-polar lipids in MRX deletions with days, indicating aging or
shortened lifespan. The same was observed in aged wild-type
cells. Stationary phase grown wild-type cells have LDs of the
range 0.2–0.4 μm in diameter. Recently, it was reported that in
fld1� strain, supersized LDs of up to 1.5 μm in diameter were
observed, while in aged cells, the LD size was between ∼0.2 and
1.9 μm in diameter (Fei et al. 2008). Several large LDs were re-
ported on the upper layer of a 20-day-old multilayered yeast
colony. The transcriptome of these colonies showed upregula-
tion of lipid metabolism genes such as CHO1, FAA1 and INO4
(Cap et al. 2012). It may perhaps be possible that the synthesis
of non-polar lipids in chronological aging yeast cells acts as a
buffer for younger cells in the colony to survive, wherein the ag-
ing cells exhibit an altruistic nature (Fabrizio and Longo 2008,
Longo and Fabrizio 2012).

Previous studies indicate that MRX complex has a redun-
dant role in mitochondria genome maintenance. Deletion of all
three proteins of MRX complex has a 4.5-fold decreased rate
of mitochondria DRMD (direct repeat mediated deletions) and
2.4-fold increase in respiration deficient cells compared to wild-
type cells (Kalifa et al. 2012). In our study, we observed that
mitochondria gets fragmented in single and triple deletions of
MRX complex during the logarithmic phase itself, which may
be due to respiration loss and short CLS. It has also been re-
ported that during the course of yeast aging, tubular mitochon-
dria gets fragmented from day 1 to day 4. As aging progresses,
mitochondria become smaller dots or larger patches at day 10
(Volejnikova et al. 2013). A similar observation was made in our
study.

In summary, our studies indicate that prematurely aging
MRX deletions had a short CLS, fragmented mitochondria and
increased TAG. While the expression pattern of the autophagy
genes in these deletions suggests a short CLS as per earlier re-
ports, a gene expression-based conclusion is not yet possible
with reference to the mitochondria and TAG. Since these fea-
tures were also observed in normally aging wild-type yeast cells,
we suggest that a fragmented mitochondria and increased TAG
are indirect responses fromunknown complex events that could
serve as markers in cellular aging. Further research to evaluate
these various complex responses involved in the aging process
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like shortening of telomeres, mitochondrial function, etc. and
their relationship to lipid metabolism is required.
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