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Abstract The precise and controlled regulation of gene
expression at transcriptional and post-transcriptional levels
is crucial for the eukaryotic cell survival and functions. In
eukaryotes, more than 100 types of post-transcriptional RNA
modifications have been identified. The N®-methyladenosine
(m®A) modification in mRNA is among the most common
post-transcriptional RNA modifications known in eukary-
otic organisms, and the m®A RNA modification can regulate
gene expression. The role of yeast m®A methyltransferase
(Ime4) in meiosis, sporulation, triacylglycerol metabolism,
vacuolar morphology, and mitochondrial functions has
been reported. Stress triggers triacylglycerol accumulation
as lipid droplets. Lipid droplets are physically connected
to the different organelles such as endoplasmic reticulum,
mitochondria, and peroxisomes. However, the physiologi-
cal relevance of these physical interactions remains poorly
understood. In yeast, peroxisome is the sole site of fatty
acid p-oxidation. The metabolic status of the cell readily
governs the number and physiological function of peroxi-
somes. Under low-glucose or stationary-phase conditions,
peroxisome biogenesis and proliferation increase in the cells.
Therefore, we hypothesized a possible role of Ime4 in the
peroxisomal functions. There is no report on the role of Ime4
in peroxisomal biology. Here, we report that IME4 gene
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deletion causes peroxisomal dysfunction under stationary-
phase conditions in Saccharomyces cerevisiae; besides, the
ime4A cells showed a significant decrease in the expression
of the key genes involved in peroxisomal p-oxidation com-
pared to the wild-type cells. Therefore, identification and
determination of the target genes of Ime4 that are directly
involved in the peroxisomal biogenesis, morphology, and
functions will pave the way to better understand the role of
m®A methylation in peroxisomal biology.
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Introduction

The precise transcriptional and post-transcriptional regula-
tions of gene expression are crucial for the eukaryotic cell
survival and functions. The RNA-binding proteins play an
important role in post-transcriptional regulation by control-
ling the mRNA levels (Jin and Neiman 2016; Berchowitz
et al. 2013). In eukaryotes, availability of specific metabo-
lites such as S-adenosylmethionine (SAM) and cellular
growth phase also regulates metabolic status and cellular
functions (Saint-Marc et al. 2015; Chavez et al. 2016). SAM
is the sole methyl donor for the methylation of histones,
nucleic acids, and phospholipids (Ding et al. 2015). In
eukaryotes, unlike protein and DNA post-synthetic modi-
fications, RNA modifications are not well studied, and our
knowledge about their function and biological relevance is
limited (Schwartz et al. 2013; Blanco and Frye 2014). The
deposition of N®-methyladenosine (m®A) into mRNA is
among the most common post-transcriptional RNA modi-
fications known in eukaryotes (Schwartz et al. 2013; Yue

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00294-017-0769-5&domain=pdf

418

Curr Genet (2018) 64:417-422

et al. 2015). N®-Adenosyl methyltransferases that introduce
mPA into mRNA are found to be present in almost all king-
doms of eukaryotic life (Yue et al. 2015; Dominissini et al.
2012). Since the m®A methyltransferases are fundamentally
conserved, the budding yeast Saccharomyces cerevisiae is
used as a model organism to understand the physiological
significance of m®A methylation.

Like protein and DNA modifications, mPA RNA modifi-
cation is also governed by the growth phase and metabolic
status of the cells. Maintenance of metabolic status of the
cells under low-glucose or stationary-phase conditions
requires energy homeostasis. As fatty acid catabolism via
B-oxidation provides energy in response to low-glucose or
stationary-phase conditions. It is obvious that biogenesis
and proliferation of organelle involved in f-oxidation may
increase under glucose-limiting or stationary-phase condi-
tions. In yeast, peroxisomes are the sole site of fatty acid
B-oxidation (Hiltunen et al. 2003; Manzanares-Estreder et al.
2017; Pascual-Ahuir et al. 2017). In yeast, the metabolic sta-
tus of the cell readily governs the number and physiological
function of peroxisomes. Under low-glucose or stationary-
phase conditions, peroxisome biogenesis and proliferation
increase in cells (Rajvanshi et al. 2017; Lefevre et al. 2013).
Under high-glucose conditions, both number and functions
of yeast peroxisomes are low, while in the presence of a
non-fermentable carbon source, peroxisomal proliferation
takes place rapidly (Sibirny 2016). Peroxisomal function and
adaptation in response to different stresses such as salt stress
and sugar limitation are crucial for the cell survival (Man-
zanares-Estreder et al. 2017; Pascual-Ahuir et al. 2017).
Sugar limitation triggers a metabolic shift from fermenta-
tion to respiration that is fuelled by the elevated peroxisomal
oxidation of internally stored fatty acids.

The expression of lipid droplets- and peroxisomes-local-
ized long-chain fatty acyl-CoA synthetase (Faal) increases
upon stress conditions (Manzanares-Estreder et al. 2017).
Among four long-chain acyl-CoA synthetases Faal-Faa4,
Faal is the major contributor, accounting for >90% of
the activity (Black and DiRusso 2007). Faal supplies the
acyl-CoA for triacylglycerol (TAG) biosynthesis; besides,
Faal is required for the mobilization of fatty acids from
lipid droplets (LDs). In the previous study, we have shown
that yeast m®A methyltransferase Ime4 epitranscriptionally
regulates TAG accumulation and formation of LDs through
its target FAAI. IME4 gene deletion causes a significant
increase in the expression of the FAAI gene (Yadav and
Rajasekharan 2017a). Different stresses such as nutrient
stress, glucose limitation, and stationary-phase conditions
cause TAG accumulation in LDs (Yadav and Rajasekharan
2016a; Horvath et al. 2011). Several studies have shown
that LDs are physically connected to the endoplasmic retic-
ulum, mitochondria, and peroxisomes (Martin and Parton
2006; Goodman 2008; Murphy et al. 2009). However, the
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physiological relevance of these contacts remains poorly
understood. Recently, we have shown that IME4 gene
deletion produces mitochondrial dysfunction (Yadav and
Rajasekharan 2017b). Upon stress, the number of peroxi-
somes attached to the mitochondria increases (Manzanares-
Estreder et al. 2017). In addition, studies have shown that
Ime4 has stationary-phase-related functions when glucose
is used up (Yadav and Rajasekharan 2017a; Hongay et al.
2006). Therefore, keeping the above points in mind, we
hypothesize a possible role of Ime4 in the peroxisomal
functions.

In the present study, we report that IME4 gene deletion
causes a significant decrease in number of peroxisomes.
Our data showed that IME4 gene deletion causes reduced
expression of important genes involved in peroxisomal fatty
acid p-oxidation under stationary growth phase conditions.
In addition, we have demonstrated that like transcriptional
regulators (Msn2/Msn4) of peroxisome biogenesis and func-
tion (Rajvanshi et al. 2017), deletion of epitranscriptional
regulator Ime4 causes the accumulation of free fatty acids
(FFA) due to the defective peroxisomal p-oxidation under
stationary-phase conditions. Like peroxisomal p-oxidation-
defective strains, the ime4A strain is found to be sensitive to
fatty acid toxicity. It will be interesting to identify the target
genes of Ime4 that are directly involved in the peroxisomal
biogenesis, morphology, and functions.

The yeast m6A methyltransferase and peroxisomal
functions

As glucose is being used up, the diauxic shift occurs fol-
lowed by the stationary phase, involving an increase in the
expression of nuclear genes responsible for peroxisome bio-
genesis and proliferation increase in cells (Rajvanshi et al.
2017; Lefevre et al. 2013). In yeast cells, fully developed
and functional peroxisomes are characteristic features of
stationary phase (Rajvanshi et al. 2017; Lockshon et al.
2007). Therefore, in the present work, the stationary-phase-
grown yeast cells were harvested to understand the role of
Ime4 in peroxisomal functions. The yeast deletion strains
used in this study were procured from Euroscarf. The per-
oxisomal targeting pUG36-RFP-PTS1 plasmid used in this
study is a kind gift from Professor Jeffrey E. Gerst, Depart-
ment of Molecular Genetics, Weizmann Institute of Sci-
ence, Israel. The primers used here, POXI qRT (forward
5" GCAGGAGAGAGGTGCCACTT 3’ and reverse 5' CAG
CCCTAGTCTGCAGCTGG 3'), FOX2 qRT (forward 5'
CTCCCAATGAACAAGGCTCAG 3’ and reverse 5' CCA
GATTGCATGAGACTTCCC'), and POTI qRT (forward
5" GGAGAGCGCCATGGGTAAG 3’ and reverse 5' CGA
TGGCAGACCTGTTAGCA 3') were the same as reported
previously (Rajvanshi et al. 2017). The plasmid constructs,
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YEp357-POXIpro, YEp357-FOX2pro, and YEp357-POT-
Ipro, were the same as reported previously (Rajvanshi et al.
2017). The growth and culture conditions were the same
as reported previously (Rajvanshi et al. 2017; Yadav and
Rajasekharan 2016b). Briefly, a single colony of the yeast
strains was precultured in 5 ml of yeast extract peptone
dextrose (YPD) liquid medium at 30 °C and subcultured in
the required volume of synthetic minimal medium (SM) at
30 °C. The stationary-phase yeast cells grown in SM were
harvested to assess the peroxisomal morphology and func-
tions. For peroxisomal microscopic imaging, wild-type and

A PTS1-RFP

msn2Amsn4A

ime4A

Fig. 1 Effect of IME4 gene deletion on peroxisomal status and func-
tions. a IME4 gene deletion and peroxisomal status. Stationary-phase
yeast cells expressing peroxisomal targeting PTS1-RFP protein were
imaged by a confocal microscope. The optimum brightness and con-
trast were adjusted in the images as per requirement. Merged super-
imposed panel of fluorescence and DIC (differential interference
contrast), bar 5 pm, WT wild-type, PTS1-RFP pUG36-RFP-PTSI. b
A schematic diagram representing the key genes POXI, FOX2, and
POT1I involved in peroxisomal B-oxidation. ¢ Compared to the WT
strain, an analysis of the expression of the key genes involved in per-
oxisomal fatty acid p-oxidation in the ime4A strain. Yeast cells were
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ime4A cells were transformed with the pUG36-RFP-PTSI
construct, which has a PTS1-RFP sequence for peroxisomal
localization. For microscopic imaging, a Zeiss LSM 700
confocal laser scanning microscope was used. Our RFP-
PTS1 localization study showed that like peroxisomal-defec-
tive msn2Amsn4A strain, the ime4A strain has a low number
of peroxisomes (Fig. 1a). The quantitative real-time (qRT)
analyses and p-galactosidase assays showed that IME4 gene
deletion causes a significant decrease in the expression of
key genes POXI, FOX2, and POT]I involved in peroxiso-
mal PB-oxidation (Fig. 1b—d). As in peroxisome-defective
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harvested from the stationary phase, and gene expression analyses
were performed. The horizontal dotted line represents the expression
in the WT strain. The values are represented as fold changes. d Com-
pared to the WT strain, p-galactosidase activities for the key genes
involved in peroxisomal f-oxidation in the ime4A strain. Cells were
collected, and p-galactosidase activity assays were performed. The
obtained ime4A strain values were represented in comparison with
the obtained WT values which were set to 100% (represented by the
horizontal dotted line in the graph). The values are presented as the
mean +SEM (n=3). Significance was determined at **p <0.01
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strains, the peroxisomal oxidation of internally stored fatty
acids is reduced, and we hypothesized that peroxisome-
defective strains might cause accumulation of FFA. Thin
layer chromatographic (TLC) analyses showed that like
peroxisomal-defective msn2Amsn4A strain, the ime4A strain
has an increased level of FFA compared to wild-type cells
(Fig. 2a, b). The qRT analyses, p-galactosidase assays, and
TLC analyses were performed as reported earlier (Yadav
and Rajsekharan 2017a). Yeast strains that are defective in
peroxisome functions and fatty acid metabolism are una-
ble to grow fatty acid-supplemented medium (Rajvanshi
et al. 2017; Lockshon et al. 2007; Faergeman et al. 2001).
Therefore, we checked the effect of fatty acid toxicity on
the ime4A strain. For fatty acid toxicity test, a single colony
of wild-type or the ime4A strain was precultured in 5 ml of

Fig. 2 Effect of the IME4 gene A 2504 *%
on the free fatty acids accumu-
lation and fatty acids toxicity.
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YPD medium and allowed to grow at 30 °C for 24 h with
constant shaking. An equal amount of cells was taken from
preculture and subcultured in 5 ml of SM medium contain-
ing 0.5 mM oleic acid and 0.4% glucose at 30 °C for 18 h.
After adaptation in the liquid medium, an equal amount of
cells (Agpo=1) was taken, and cells were serially diluted and
spotted on a SM agar plate having 0.5 mM oleic acid and
0.4% glucose. Agy,=0.1, cells were used as neat and other
dilutions were 1:10, 1:100, 1:1000, and 1:10,000. The plates
were kept at 30 °C and images were taken on the 3rd and 8th
day for glucose-grown and oleic acid + glucose-grown cells,
respectively. Our data showed that ime4A strain is sensi-
tive to fatty acid toxicity and exhibited a significant growth
defect on oleic acid containing SM agar plate (Fig. 2c¢).
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Discussion and future perspectives

In the present study, we report that IME4 gene deletion
causes peroxisomal dysfunction under stationary-phase con-
ditions in S. cerevisiae. Identification and determination of
the target genes of Ime4 that are directly involved in the per-
oxisomal biogenesis, morphology, and functions will pave
the way to understand the role of m®A methylation in peroxi-
somal biology. The peroxisomes are dynamic organelles of
the living eukaryotic cells. Low-glucose or stationary-phase
conditions trigger peroxisome biogenesis and proliferation
in yeast cells (Rajvanshi et al. 2017; Lefevre et al. 2013).
Peroxisomal activity is an important event for the successful
adaptation to different stresses such as salt stress, glucose
limitation, and stationary-phase conditions. Glucose is the
preferred carbon source and is required for exponential cell
division. Glucose depletion triggers the yeast cells to enter
into the diauxic shift followed by the stationary phase. Our
work provides an evidence for the role of ime4 in main-
taining energy homeostasis during carbon source starvation
stress via regulation of the genes involved in peroxisomal
fatty acid metabolism. Fatty acid catabolism via f-oxidation
is an important process to maintain fatty acid homeostasis,
but an excess free fatty acids are toxic to the cells. Defec-
tive fatty acid metabolism causes lipotoxicity in yeast (Raj-
vanshi et al. 2017; Lockshon et al. 2007; Faergeman et al.
2001). Therefore, the cells direct free fatty acids toward the
synthesis of nonpolar lipids such as TAG and steryl esters
(SE) to avoid fatty acid toxicity (Kohlwein 2010). Previ-
ously, we have reported that ime4A and msn2Amsn4A strains
are nonpolar lipids accumulators (Yadav and Rajsekharan
2017a; Rajvanshi et al. 2017). The present study also shows
that fatty acid oxidation-defective strains are TAG and SE
accumulators (Fig. 2a, b), which further validates the above
finding.

Acylation of free fatty acids is an evolutionarily con-
served process to avoid fatty acid toxicity (Petschnigg et al.
2009; Kurat et al. 2006). All organisms can sense different
stresses and undergo many molecular changes that allow
them to adapt and survive (Nostramo and Herman 2016; Ho
and Gasch 2015). Any abnormality in the cell homeostasis
triggers nutrient sensing and signaling pathways. Energy
extraction and mobilization from different sources are vital
processes for any organism; in fact, dedicated, evolution-
ary conserved pathways exist across eukaryotic organisms
(Conrad et al. 2014; Efeyan et al. 2015). Any abnormalities
in these pathways cause metabolic disorders. For example,
any defect in glucose sensing and signaling processes causes
diabetes and related diseases (Resnick and Howard 2002).
Abnormalities in lipid sensing and signaling processes cause
obesity and related diseases in eukaryotes. An abnormality
in peroxisomal fatty acid B-oxidation causes peroxisomal
disorders (Steinberg et al. 2006; Wierzbicki et al. 2002).

In our earlier studies, we have reported that IME4
gene deletion causes organelle dysfunction such as LDs-,
vacuole-, and mitochondrial dysfunction (Yadav and
Rajasekharan 2017a, b), while in the present study, IME4
gene deletion produces the peroxisomal dysfunction. There-
fore, we propose that the m®A methyltransferases may play
a key role in organelle biogenesis, morphology, and func-
tions (Fig. 2d). The determination of the role of Ime4 and its
targets in organelle biogenesis, morphology, and functions
probably could help in the development of therapeutic strate-
gies focused on the m®A methyltransferases.
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