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Abstract

SBF (Swi4/Swi6 Binding Factor) complex is a crucial regulator of G1/S transition in 

Saccharomyces cerevisiae. Here, we show that SBF complex is required for myriocin resistance, 

an inhibitor of sphingolipid synthesis. This phenotype was not shared with MBF complex 

mutants nor with deletion of the Swi4p downstream targets, CLN1/CLN2. Based on data mining 

results, we selected putative Swi4p targets related to sphingolipid metabolism and studied their 

gene transcription as well as metabolite levels during progression of the cell cycle. Genes 

which encode key enzymes for the synthesis of long chain bases (LCBs) and ceramides were 

periodically transcribed during the mitotic cell cycle, having a peak at G1/S, and required 

SWI4 for full transcription at this stage. In addition, HPLC-MS/MS data indicated that swi4Δ 
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cells have decreased levels of sphingolipids during progression of the cell cycle, particularly, 

dihydrosphingosine (DHS), C24-phytoceramides and C24-inositolphosphoryl ceramide (IPC) 

while it had increased levels of mannosylinositol phosphorylceramide (MIPC). Furthermore, we 

demonstrated that both inhibition of de novo sphingolipid synthesis by myriocin or SWI4 deletion 

caused partial arrest at the G2/M phase. Importantly, our lipidomic data demonstrated that the 

sphingolipid profile of WT cells treated with myriocin resembled that of swi4Δ cells, with lower 

levels of DHS, IPC and higher levels of MIPC. Taken together, these results show that SBF 

complex plays an essential role in the regulation of sphingolipid homeostasis, which reflects in the 

correct progression through the G2/M phase of the cell cycle.

Graphical Abstract

Interaction between cell cycle progression and sphingolipid synthesis.

Transcriptional activation of sphingolipid genes during G1 to S transition, followed by oscillation 

of sphingolipid metabolites during progression of the cell cycle, in a Swi4p dependent manner.
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1. INTRODUCTION

Sphingolipids are versatile molecules that can have a structural and a bioactive function. 

As bioactive molecules they are considered potential targets for cancer treatment, since 

changes in sphingolipid homeostasis are particularly observed in cells that do not respond 

to cell cycle checkpoint signals [1–5]. Sphingolipid signaling is diverse and can have 

antagonizing effects during cell division. For example, in human cell lines, dihydroceramide 

accumulation leads to autophagy, endoplasmic reticulum stress and delayed G1/S transition 

[6]. In contrast, sphingosine-1-phosphate is a lipid second messenger that signals cellular 

proliferation [7,8] and loss of sphingosine kinase (Sphk1) inhibits chromosome segregation, 

through regulation of PI3-AKT pathway and thus delays mitotic progression [9,10]. In 

mammals, ceramide has a potent antiproliferative effect mediated by protein phosphatases 

that regulate the cell cycle modulators retinoblastoma protein (Rb) and cell cycle dependent 

kinases [11–13] which can be suppressed by sphingosine-1-phosphate [10]. In yeast, 

survival during heat stress is mediated by the induction of phosphorylated sphingoid bases, 

which cause a cell cycle arrest at G1 [14], while synthesis of complex ceramides is 

crucial for correct cytokinesis [15]. These reports indicate that long chain bases (LCBs) 

and ceramides are signals that govern the correct progression of the cell cycle. However, 

knowledge on the regulation of sphingolipid metabolism by the cell cycle remains to be 

studied. Cerbón and colleagues [16] showed that inhibition of the first step in sphingolipid 

synthesis, catalyzed by the serine-palmitoyl transferase complex (SPT) (Fig. 1), delays 

G1/S cell cycle progression. They also demonstrated that entry into G1 phase reduces 

the levels of dihydrosphingosine (DHS) while the level of phytosphingosine (PHS) and 

inositol phosphoceramide is increased [16]. A recent work showed that Swe1p kinase, 

which regulates G2/M transition and is a morphogenesis checkpoint, regulates sphingolipid 

biosynthesis [17] which might link cell cycle with sphingolipid homeostasis.

Based on these studies, it was tempting to study the role of the cell cycle G1 checkpoint on 

the synthesis of sphingolipids. During the mitotic cell cycle in yeast, two major transcription 

factor complexes coordinate the G1/S checkpoint: the SBF (Swi4p Binding Factor) and 

MBF (Mbp1p Binding Factor) composed by the transcription factors Swi4p and Mbp1p, 

respectively. Both transcription factors have a common binding partner, Swi6p [18,19]. 

Although these complexes regulate an overlapping group of genes, they own specific 

functions [20,21]. For example, transcription of genes related to morphogenesis such as 

the septin ring are specifically regulated by the SBF complex (CRCGAAA binding site), 

while transcription of genes involved in DNA repair and replication are regulated by 

the MBF complex (ACGCGT binding site) [22]. The activity of yeast and mammalian 

G1/S complexes is regulated by Whi5p or retinoblastoma protein (Rb), respectively, which 

bind to SBF or E2F1 complexes, inhibiting their activity [23]. Despite lacking structural 

similarity, E2F1, the mammalian orthologue of Swi4p, regulates a similar group of genes, 

indicating a high degree of conservation of the regulatory mechanism of the cell cycle 

progression [19,24]. As both complexes are functionally conserved, we chose yeast as a 

model to investigate the molecular mechanisms that link the synthesis of ceramides with the 

mitotic cell cycle. In this study, we provide evidence that SBF transcription factor regulates 
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genes involved in the sphingolipid synthesis, playing an essential role in the regulation of 

sphingolipid homeostasis during cell cycle.

2. MATERIALS AND METHODS

2.1. Materials.

The chemicals used were obtained from the following sources: myriocin (Sigma-Aldrich), 

PHS (Avanti lipids), high-capacity cDNA reverse transcription kit (Applied Biosystems) and 

Power SYBR™ Green master mix (Thermo Fisher Scientific). Primers were obtained from 

Exxtend Biotecnologia (Brazil). All other reagents were obtained from Sigma-Aldrich.

2.2. Strains and growth medium.

S. cerevisiae strain BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and the MATa deletion 

library were obtained from Open Biosystems. To obtain the double mutant cln1Δ/cln2Δ, the 

CLN1 gene was deleted in a cln2Δ background, by homologous recombination using the 

His3MX6 module [25]. The primers used are listed (Supplementary Information, Table S1). 

Yeast transformation was performed following the protocol described by Gietz and Woods 

[26]. Yeast cells were grown in YPD liquid medium (1% yeast extract, 2% peptone, 2% 

dextrose) or synthetic dextrose medium (SD) (2% glucose, 6.7 g/L yeast nitrogen base and 

the needed supplements according to the strain auxotrophic markers). 2% agarose was added 

when solid media was prepared.

2.3. Growth assays in the presence of myriocin.

Cells were grown in YPD media to early stationary phase (24 hours), and serially diluted 

in water (ABS600 nm =0.3, 0.03 and 0.003), spotted with a 48-pin replicator in solid SD 

medium in the absence or presence of the indicated concentrations of myriocin (dissolved in 

DMSO) or PHS (dissolved in ethanol). Cells were also treated with serine or palmitate, both 

at concentration of 0.4% w/v (palmitate was dissolved in 1%Tween 40, Fig. 2D). Plates were 

incubated at 30 °C for 3 days and then photographed using a Canon 20D camera. Images 

were processed using Adobe Photoshop software. For lipidomic experiments in the presence 

of myriocin, cells were grown in YPD to stationary phase (24 hours) and then an aliquot of 

approximately 108 cells was inoculated in SD medium in the absence or presence of 1 μg. 

mL−1 of myriocin. Cells were then analyzed both by FACS and HPLC-MS/MS after 5 hours 

of growth at 30 °C.

2.4. Search for putative Swi4 target genes.

The YEASTRACT database [27] was used to find putative Swi4p target genes using 

three parameters: 1) genes with the Swi4p binding sequences reported in their promoter 

regions CACGAAA or CGCGAAA [22]. 2) genes with documented “binding evidence”; 

or 3) genes with documented “expression regulation evidence” (Last access in November 

2019). Genes related to the cellular process “Lipid metabolic processes” were selected 

using the gene ontology Slim Mapper tool at Saccharomyces Genome Database (https://

www.yeastgenome.org/goSlimMapper). The complete list of target genes is found in 

Supplementary Information, Table S2.
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2.5. Cell cycle synchronization and DNA content analysis.

To study gene transcription and lipid metabolite levels during cell cycle progression, cells 

were grown to stationary phase. After this, cells were seeded in YPD and grown to mid-log 

phase (5 hours) and then treated for 2 hours with alpha-factor (4 μg. mL−1 for WT cells 

and 6 μg. mL−1 for swi4Δ cells). To remove alpha-factor, cells were rapidly washed three 

times with distilled cold water by centrifugation and seeded in fresh medium at a density 

of approximately 7 × 106 cells/ml at 30º C. Aliquots for DNA content, gene transcription 

and lipidomic analysis were taken at 0, 45, 60 and 75 minutes from the same experiment 

and kept at −70˚ C. Analysis of the DNA content was performed as in[28]. Briefly ~7 × 

106 cells were fixed overnight with 70% ethanol at −20°C. After fixation, cells pellets were 

resuspended in 50μl of 50mM sodium citrate buffer, pH 7.0, followed by treatment for 2 h 

at 40°C with 200μg. mL−1 RNAse diluted in sodium citrate buffer and then treated at 50°C 

for 2 h with 2mg. mL−1 proteinase K diluted in 50μM Tris-HCl, 1mM CaCl2, pH 8.0. Cells 

were stained with 5μg. mL−1propidium iodide. DNA content was analyzed with a BD FACS 

Calibur (BD Biosciences) cytometer and data was analyzed using the Flowing software v.2 

(Cell Imaging Core, Turku Centre for Biotechnology).

2.6. Gene transcription analysis.

Total RNA was isolated using the phenol-chloroform extraction method [29]. cDNA 

was synthesized using the high-capacity cDNA reverse-transcription kit according to the 

manufactureŕs guidelines (Applied Biosystems). Transcriptional levels were analyzed by 

quantitative PCR (qPCR) using the Power SYBR™ Green master mix (Thermo Fisher 

Scientific) and a 7500 real-time PCR system (Applied Biosystems) instrument. The ABI 

7500 SDS software was used to analyze the data. Gene transcription was normalized to the 

transcription of the housekeeping ACT1 gene, and the relative mRNA levels were calculated 

using the 2-ΔCt method [30]. The primers used for each gene are listed in Supplementary 

Information, Table S3).

2.7. Sphingolipid analysis by HPLC-MS/MS.

Aliquots of approximately 108 cells were harvested, washed two times with distilled water 

and then lyophilized before lipid extraction. Prior to cell lysis, C17-sphingolipids standards 

were added to the lyophilized pellets [31,32], and Mandala extraction was carried out as 

described previously [33], followed by Bligh and Dyer Extraction [34]. A quarter of each 

sample obtained from the Bligh and Dyer extraction was reserved for inorganic phosphate 

(Pi) determination, so the relative sphingolipid signal was normalized by the Pi abundance. 

The organic phase was transferred to a new tube and submitted for alkaline hydrolysis of 

phospholipids [35]. Finally, the organic phase was dried and used for mass spectrometry 

analysis [36].

2.8. Statistics.

Experiments were repeated at least three times. Data are shown as mean ± S.D., and 

significant differences were analyzed usually using one-way or two-way analysis of variance 

(ANOVA). Analyses for mRNA levels during cell cycle were performed with two-way 

ANOVA, using Dunnett’s and Sidak’s post-test. Analyses for sphingolipid content were 
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performed with paired T-test. Cell cycle analyses were performed with Sidak’s post-test. 

All tests were performed in GraphPrism 6.0 software and significant differences were 

considered if p < 0.05.

3. Results

3.1. Myriocin induced growth defect in SBF mutants.

To investigate the possible role of the G1/S transcription factor Swi4p in the regulation 

of sphingolipid metabolism, we compared growth of WT and swi4Δcells in the presence 

of 0.6 μg. mL−1 myriocin (Fig.2). Growth impairment by myriocin was notably higher 

in swi4Δcells when compared to WT (Fig. 2A). As a control, we included the myriocin­

hypersensitive strain slm1Δ, [37] whose growth was completely inhibited by the drug. 

We also included the WT strain transformed with the plasmid pKANr, which confers 

geneticin resistance, to test whether the presence of this marker could lead to pleiotropic 

drug resistance, but it was unaffected. The growth defect of swi4Δcells was related 

to sphingolipid synthesis inhibition, since addition of exogenous PHS, an intermediary 

metabolite of the sphingolipid synthesis pathway (Fig. 1), reverted myriocin-induced growth 

arrest.Next, we calculated the IC50 values in liquid synthetic minimal liquid and confirmed 

that swi4Δ was more sensitive to myriocin than WT (0.26 μg. mL−1 and 0.37 μg. mL−1 

respectively. Fig.2B).

To study whether other mutants related to G1/S and M/G1 transition were also more 

sensitive to myriocin, we tested myriocin sensitivity of swi6Δ, mbp1Δ, nrm1Δ (G1/S 

transition) and ace2Δ (M/G1 transition) strains (Fig. 2C). Results show that only swi4Δ and 

swi6Δ strains were hypersensitive to myriocin, suggesting that SBF complex is specifically 

involved with sphingolipid synthesis regulation.

We next compared growth in the presence of myriocin between SBF mutants and the 

sphingolipid metabolism mutants tsc3Δ, sur2Δ and lac1Δ (Fig. 2C) in which the first 

reaction of sphingolipid synthesis, C4 hydroxylation of DHS and dihydroceramides and 

partial ceramide synthesis is inhibited, respectively (Fig. 1). The tsc3Δ and sur2Δ mutants 

showed a similar growth defect comparable to swi4Δ, while lac1Δ strain was not more 

sensitive than WT, probably because its homolog, Lag1p, has a similar enzymatic function 

(Fig. 1). As serine also has a regulatory role in sphingolipid homeostasis [38], we also 

tested if serine or palmitate could rescue the growth phenotype observed during myriocin 

treatment. Results show that addition of 0.4% serine rescued growth of WT as well as 

swi4Δ, lac1Δ, sur2Δ, and to a lower extent that of tsc3Δ strain, while 0.4% palmitate 

partially rescued growth. However, treatment with both serine and palmitate did not have 

additional effects on growth rescue. These results show that the effect of myriocin was 

specific for inhibition of SPT and not to a secondary effect (Fig. 2D).

Next, to evaluate whether swi4Δ growth impairment by myriocin was associated to 

decreased transcription of cyclins (known SBF targets), we tested the myriocin tolerance 

of null mutants of G1 cyclins (CLN1, CLN2, CLN3), S cyclins (CLB5, CLB6) and G2/M 

cyclins (CLB2) (Fig. 2E). Of these strains, only clb5Δ showed increased sensitivity to 

myriocin compared to the WT strain, while the mutant of CLB2 gene, an inhibitor of SBF at 
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M phase, was more resistant to myriocin. Altogether, these results show that the inhibition of 

the sphingolipid biosynthetic pathway induces a growth defect of SBF mutants and suggest a 

direct role for SBF on the regulation of sphingolipid biosynthesis.

3.2. Identification of putative Swi4p target genes involved in sphingolipid biosynthetic 
pathway.

To identify whether Swi4p target genes are related to sphingolipid biosynthetic 

pathway, we sought for Swi4p regulated genes in YEASTRACT (http://www.yeastract.com/

formfindregulated.php), a database that associates transcription factors to target genes 

in Saccharomyces cerevisiae [27,39]. These associations are based on three categories 

depending on the experimental evidence: (i) “Binding evidence”, which includes data 

on binding of transcription factors to promoter regions of their targets, (ii) “Expression 

evidence”, which includes genes differentially expressed after transcription factordeletion or 

overexpression, and (iii) “Potential evidence” which includes genes with the transcription 

factors target sequence on its promoter region, but that have not been proven to be controlled 

by Swi4p. After gathering the results for Swi4p targets in the three classifications, they were 

grouped by GO process (https://www.yeastgenome.org/goSlimMapper) (Fig. 3A). We found 

52 genes related to lipid metabolism (out of 1051) as putative Swi4p targets, which represent 

only 5.28% of all genes related to lipid metabolism (Supplementary Information, Table 

S2). Out of these, 9 genes are directly associated with sphingolipid biosynthesis (LCB2, 
TSC10, SUR2, LAC1, SCS7, AUR1, CSH1, SUR1 and IPT1) and two with ceramide 

degradation (YDC1 and YPC1) corresponding to almost 80% of the total sphingolipid 

synthetic metabolism (Fig. 1 and 3B). CSH1 and IPT1 promoters are reported to bind 

Swi4p, while AUR1, TSC10, YDC1 and YPC1are differentially expressed when SWI4 
transcription is altered. LAC1, SUR1 and SUR2 are reported in both categories (Fig. 3B) 

[21,40,41]. Additionally, LCB2, SUR2, SCS7 and SUR1 have Swi4 target sequence located 

in their promoters (Fig 3B). SUR1 and SUR2 are the genes with strongest association 

with Swi4p, since they are placed in all groups (Fig 3B). Overall, these results support the 

hypothesis that Swi4p may control transcriptionally the sphingolipid biosynthetic pathway 

(Fig 1).

3.3 Cell cycle-dependent transcriptional regulation of sphingolipid synthesis related 
genes and metabolite levels.

To confirm whether Swi4p is a positive regulator of the sphingolipid biosynthetic pathway, 

we analyzed cell cycle progression, gene transcription and sphingolipid metabolites in 

alpha-factor synchronized cells. For this purpose, cells were grown to exponential phase 

in YPD medium and synchronized at G1 for two hours with alpha-factor. Cells were then 

released in minimal medium (SD medium), to avoid possible sphingolipid contamination 

from YPD medium. Three different aliquots were taken at different time points for mRNA 

transcription, cell cycle and metabolite analysis (Fig 4A). We followed the transcription of 

the CLN2 gene, a canonical target of Swi4p [24] during cell cycle progression and observed 

a wave with a peak at 45 minutes, which ended after 75 minutes of growth. Analysis of the 

DNA content revealed that after pheromone treatment WT and swi4Δ cells were arrested 

at G1, and that after 75 minutes 50% and 30% of their content was at the G2/M stage 
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respectively (Fig 4C–D). Aliquots of each time point were analyzed for RNA transcription 

by q-PCR and different classes of sphingolipids identified by HPLC-MS/MS.

The transcriptional analysis was focused on the genes previously identified in the 

bioinformatic analysis (Fig. 3). We observed a cell cycle-dependent transcription of the 

sphingoid base synthesis genes, LCB2, TSC10 and SUR2, with LCB2 and SUR2 being 

induced in early and late G1 phase and TSC10 at late G1 (Fig. 5). From these, TSC10 
transcription (Fig 5B) was markedly reduced in swi4Δ cells, while transcription of LCB2 
and SUR2 was delayed in swi4Δ cells (Fig 5A–C). However, in swi4Δ cells, DHS levels 

were significantly lower throughout the cell cycle and PHS content was lower only after 75 

minutes (Fig. 5 G and H). We also measured transcription of phytoceramidase gene YPC1 
and results showed that it was repressed in WT cells while this repression failed to occur in 

the swi4Δ strain (Fig 5D).

Next, we analyzed the transcription of LAC1 and SCS7 genes which encode enzymes 

responsible for ceramide synthesis and ceramide hydroxylation, respectively. Like SUR2 
and LCB2, both were induced at early G1 phase. LAC1 transcription was only modestly 

repressed in swi4Δ cells unlike SCS7 which was not induced after 30 minutes (Fig 5 E, F). 

At the metabolite level, we could not find differences in the total levels of ceramides, but 

the lack of difference was driven by C26 OH-phytoceramide, the most abundant ceramide 

in our analysis (Supplemental figure 2B). However, most of the minor ceramides and OH­

ceramides species were regulated during the progression of the cell cycle. Particularly, we 

found that swi4Δ strain has reduced levels of C24 phytoceramide during G1 and S stages, 

while the level of its hydroxylated derivate was lower at G2/M, when compared to the WT 

strain (Fig 5I, J).

Next, we analyzed the transcription of genes involved in complex ceramide synthesis 

(AUR1, CHS1, SUR1 and IPT1). Interestingly, we observed induction of their transcription 

at G1, however only SUR1 transcription was repressed in swi4Δ strain (Fig 6D). The 

only gene involved in the synthesis of complex ceramides that was repressed during cell 

cycle progression in the WT strain was IPT1 gene, and it showed a significative lower 

transcription in the first time point on the swi4Δ strain (Supplemental figure 1). The levels 

of IPCs were upregulated by the cell cycle, especially the ones derived from very long 

chain phytoceramides which were less abundant in the swi4Δ mutant, despite the lack of 

difference in AUR1 transcripts (Fig 6A–C and supplemental figure 3). Surprisingly, the 

metabolite levels of MIPCs were higher in swi4Δcells, irrespective of the lower transcription 

of SUR1 gene (Fig 6D–H). Altogether these results are consistent with the notion that there 

might be a coordinate, G1/S up-regulation of sphingolipid biosynthesis genes by Swi4p.

3.4. Myriocin induced arrest at G2/M transition.

Our results so far indicate that transcription of sphingolipid-related genes are regulated 

during cell cycle progression, some in a Swi4p dependent manner. These data are supported 

by our sphingolipid measurements, which demonstrate that swi4Δ cells are also unable to 

properly control sphingolipid levels during cell cycle. Based on the fact that PHS reverses 

the myriocin induced growth defect of swi4Δ cells (Fig. 2), we tested whether reversion of 

low sphingolipid levels by PHS or C12-phytoceramide could result in reversion of swi4Δ 
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induced G1/S arrest or/and of its partial G2/M arrest [42]. Results showed that addition of 

PHS or C12-phytoceramide did not reverted the defect in G1/S progression of the swi4Δ 
strain (Supplemental figure 4). We also assayed mitotic cell cycle progression in sur2Δ and 

lac1Δ cells and confirmed they do not have a significative block at G1/S (Supplemental 

figure 4). We also found that myriocin did not affect progression of the cell cycle in G1 

synchronized cells (Supplemental figure 5 A, B). In an effort to find other viable mutants 

of sphingolipid metabolism that displayed altered cell cycle progression, we cultivated cells 

to mid-logarithmic phase and analyzed their DNA content using an approach similar to 

the one used by Polymenis and colleagues [43]. However, none of these strains presented 

significative differences (Supplemental figure 5C). These results led us to study whether 

sphingolipid synthesis impacts progression at a later stage of the cell cycle. To investigate 

the contribution of sphingolipids in G2/M progression, exponential growing cells were 

grown in the presence of myriocin (1μg.mL−1) during 5 hours (Fig. 7). Results showed 

that after 5 hours, myriocin treatment increased 2-fold the G2/M population in WT cells, 

different from what was observed on swi4Δ strain, (Fig 7A). It must be noted that swi4Δ 
strain presented 40% more cells arrested at G2/M without myriocin treatment at exponential 

phase (Fig 7A). This effect was only possible to observe after at least more than one round 

of cell division where G2/M to G1 transition occurred, differently from results in Figs. 4C 

and D where only one cell cycle was completed and the transition G2/M to G1 was not 

observed. These results suggest that both SWI4 deletion and myriocin treatment arrest cells 

at G2/M.

To identify which class of sphingolipids are modified by myriocin treatment or SWI4 
deletion, we performed sphingolipid analysis in these same growth conditions (Fig 7B–I). 

We found that either myriocin treatment or SWI4 deletion reduce DHS levels (Fig 7B) and 

that myriocin treatment does not further reduce DHS levels in swi4Δ strain (Fig 7B). Similar 

results were found for C24 species of phytoceramide and inositol phosphorylceramide (Fig 

7C–E). Some MIPC levels increased after myriocin treatment and were particularly higher 

in swi4Δ cells (Fig 7F–I), in a similar pattern found in G1/S lipidomic analysis (Fig 6F–

H). These results show that swi4Δ strain behaves similarly to myriocin treated WT cells, 

strongly suggest that the sphingolipid biosynthetic pathway is regulated during cell cycle 

progression at G1 phase in a Swi4p-dependent fashion, and that reduction of sphingolipid 

levels are associated to a block in G2/M stage.

4. Discussion.

Sphingolipids are important components of the plasma membrane, affecting its biophysical 

properties and forming enriched microdomains, which are important for vesicle transport 

[44]. Besides its structural role their involvement in cell proliferation has been well 

established in mammalian cells [9], while in yeast several studies have shown that 

sphingolipids play an essential role in endocytosis [45] and cell cycle arrest induced by 

the heat stress response [46]. However, the regulation of sphingolipid synthesis during 

cell cycle progression has not been well characterized in yeast. For this purpose, we 

have studied the involvement of the master regulator of G1/S transition, Swi4p, on the 

regulation of transcription of sphingolipid biosynthesis related genes and on the dynamics of 

sphingolipids.
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We found that deletion of SBF components caused a growth defect in the presence of 

myriocin (Fig. 2). This effect could be directly related to inhibition of SPT or to a pleiotropic 

effect, but results suggest that growth defect is related to SPT inhibition as addition of PHS, 

an intermediate of sphingolipid metabolism, could suppress myriocin effects. Furthermore, 

addition of serine and palmitate, substrates of SPT, could also suppress myriocin effects. 

The suppressive effect of SPT substrates may be counterintuitive since myriocin should 

be inhibiting SPT. However, we believe that at the concentration used, myriocin is not 

completely inhibiting SPT activity, because it is not lethal, as deletion of SPT. So, partial 

inhibition of SPT would allow the suppressive effect of the substrates on myriocin effect 

(Fig 2D).

Cell cycle studies use different strategies for cell synchronization at G1 (e.g., alpha-factor 

treatment or elutriation). The first and more conventional is alpha-factor treatment using 

bar1Δ background strains. This strategy is advantageous because it reduces the amount of 

pheromone needed for synchronization and could potentially avoid the problem of changes 

in sphingolipid levels duo to the pheromone treatment [47]. However, the generation time of 

the double deleted strain bar1Δ/swi4Δ was 3-fold higher than the WT strain, which impaired 

the use of bar1Δ background (data not shown). It is important to mention that to attain G1 

synchronization, we used 1.5-fold more pheromone in swi4Δ than in WT, probably because 

ceramides, which levels are lower in swi4Δcells (Fig 5 and Supplemental figure 2), are 

required for alpha-factor signaling [47,48]. The second strategy is to elutriate cells, sorting 

them according to their size, in a way that newborn cells are smaller than late G2/M cells 

[49]. However, since swi4Δ strain is 2-fold larger that WT (data not shown), it turns the 

comparison of these two cells difficult during elutriation experiments. For these reasons, we 

decided to use alpha-factor treatment in BY4741 background, except for experiments shown 

in supplementary figure 5.

After setting the cell cycle synchronization methodology, we reported that transcription of 

the sphingoid base related genes LCB2,TSC10 and SUR2 (related also to phytoceramide 

synthesis) are differentially expressed in swi4Δ cells. These results correlated to the lower 

levels of DHS and C24 and C26 phytoceramides (Fig. 5 and Supplemental figure 2) 

observed in swi4Δ strain. However, although we observed an oscillatory transcription 

of these genes in WT, the levels of sphingoid bases were not oscillatory. These results 

are in contrast to a recent report where both mRNA transcription and the metabolites 

3-ketodihydrosphingosine, DHS and PHS bases peaked at S phase [50]. This discrepancy 

might be due to a slight difference in cell cycle synchronization as they used a bar1Δ 

background [50]. Although we did not observe a cyclic oscillation of LCB metabolites, we 

provided evidence that Swi4p transcription factor plays a key role in DHS homeostasis.

Different from DHS and PHS, we observed oscillation of very long chain phytoceramides 

along the cell cycle that matches the transcription pattern of LAC1 gene (Fig 5E, I and 

Supplemental figure 2). Our results also show that in WT cells, the C24 phytoceramide 

decreases after G1 (45 min), while the levels of PHS increase. This balance could act as a 

switch for G1/S progression of the cell cycle as it has been shown that ceramide induces 

G1 phase arrest of cells via a Sit4p protein phosphatase-dependent pathway [51]. Thus, 

lowering the ceramide levels could promote G1/S cell cycle progression. Together with 
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these findings, we showed that swi4Δcells have a delayed transcriptional inhibition of YPC1 
ceramidase and a delay in activation of LAC1 transcription, which combined may reflect in 

the metabolite levels of PHS as well as phytoceramides (Fig 5), which could explain, at least 

in part G1/S arrest in swi4Δ strain.

We also reported that Swi4p regulates the levels of IPCs, independently of a transcriptional 

control of AUR1 gene. The influence of Swi4p regulation was particularly noticed in IPCs 

derived from very-long chain phytoceramides, whose levels also oscillate following an 

AUR1 transcription pattern (Figure 6 A–C, Supplemental figure 3). Supporting our findings, 

it was already reported that IPCs are synthetized at the G1/S phase of the cell cycle, which 

also increases the levels of diacylglycerol, a product of their synthesis [16].

A miscorrelation between transcripts and the corresponding metabolite levels was especially 

found between SUR1 gene and MIPĆs levels as SUR1 transcription is activated at early G1 

in WT and delayed in swi4Δ cells but the level of MIPĆs in swi4Δ cells is significantly 

higher than WT (Fig 6D–H). An increase in MIPĆs was also found when WT cells were 

treated with myriocin (Fig. 7). These results suggest that inhibition of SPT contributes to 

altered levels of MIPCs and could be linked to a stress response induced by the drug. 

Interestingly, MIPCs are involved in the maintenance of cell wall integrity pathway [52], 

and upon cell wall stress, the SBF complex is activated through MAP kinase signaling [53]. 

As swi4Δ cells have a defective cell wall, the increased levels of MIPC might partially be 

explained as response to this phenotype [53].

Furthermore, it was investigated whether sphingolipids influence cell cycle progression. We 

were unable to show that addition of PHS or phytoceramide to swi4Δ cells could revert G1/S 

blockage. These results might be explained by the fact that swi4Δ cells are able to synthetize 

PHS and also that deletion of SWI4 impacts the levels of very long chain ceramides, not 

C12 phytoceramide, that was used in our experiments. We also observed that myriocin 

treatment did not affect the first round of cell division (Supplemental figure 5), however 

after five hours of drug treatment, it caused a G2/M arrest in WT cells (Fig.7A). These 

results suggest that myriocin only affects sphingolipid levels significantly after two or more 

rounds of cell division. One explanation is that cells can maintain sphingolipid homeostasis 

through degradation of complex ceramides [54]. In fact, after 5 hours of growth several 

changes were observed, mainly at DHS, C24 phytoceramide, C24 OH-phytoceramide 

and C24 inositol phosphorylceramide levels, that were reduced after myriocin treatment, 

while different classes of MIPC were accumulated (Fig.7 B–I). These results indicate that 

cell cycle progression requires more than just one sphingolipid species and therefore, a 

single mutation is not sufficient to disrupt cell division (Fig. 7 and Supplemental figure 

5C). The fact that DHS, C24 phytoceramide, C24 OH-phytoceramide and C24 inositol 

phosphorylceramide are both regulated by Swi4p during cell cycle and myriocin treatment, 

sheds light upon their specific role in cell division. Phytoceramides are important for proper 

formation of nuclear envelope diffusion barrier, which controls daughter cell heritage and 

allows to receive only healthy or new synthesized components, with direct implications on 

cell longevity [55,56]. C24 and C26 ceramides also constitute membrane microdomains 

that are important for protein sorting and improves membrane bending by interdigitation 

[57–59]. Lysosphingolipids as well as diacylglycerol, product of IPC synthesis, modulate 
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the activity of Protein Kinase C (Pkc1) in mammals and some fungi species, such as C. 
neoformans [60,61]. Pkc1 targets are involved in process such as cell division and response 

to stress [62], giving a perspective of future research to establish the targets of sphingolipid 

signaling during cell cycle.

Overall, Swi4p transcription factor is an important regulator of sphingolipid homeostasis and 

future research will help to discern whether changes in sphingolipid levels during G1/S stage 

act as signaling events and/or structural components of the plasma membrane.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• G1/S cell cycle checkpoint mutants are sensitive to myriocin

• Swi4p transcription factor regulates synthesis of sphingoid bases and 

ceramides

• Reduction of sphingolipid levels are associated to a block in G2/M stage

Matos et al. Page 18

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Major pathway of sphingolipid synthesis in Saccharomyces cerevisiae.
Scheme shows the enzymes of sphingolipid synthesis in S. cerevisiae (Dickson et al, 1998) 

[63]. The first step is catalyzed by serine-palmitoyl transferase complex (SPT), which 

catalyzes the condensation of a L-serine and palmitoyl-CoA to 3-ketodihydrosphingosine, 

CoA and CO2 (Pinto et al, 1992) [64]. This reaction takes place in the endoplasmic 

reticulum [63] and its activity is inhibited by myriocin [65]. 3-ketodihydrosphingosine is the 

precursor of the long chain bases (LCBs) dihydrosphingosine (DHS) and phytosphingosine 

(PHS). These are N-acylated to form either dihydro- or phytoceramide. The novo pathway 

is catalyzed by the ceramide synthases Lag1p, Lac1p and Lip1p [66]. Sphingoid bases 

can also be formed by degradation of ceramides by activation of Ydc1p and Ypc1p 

ceramidases [63]. These first group of reactions are conserved during evolution among 

the eukaryotic kingdom [67,68] but the formation of dihydroceramide and phytoceramide is 

different, as hydroxylation of DHS to form PHS and phytoceramide catalyzed by Sur2p 

is unique to yeast [69]. In S. cerevisiae, unlike mammalian cells, inositol phosphate 

and mannose are incorporated to form complex ceramides, inositol phosphoceramides 

(IPC), mannosylinositolphosphoceramide (MIPC) and mannosyldiinositolphosphoceramide 

(M(IP)2C). We highlighted in blue boxes the enzymes which were found to be 

transcriptionally regulated in swi4Δ cells (see Fig. 4) which are Lcb2p (subunit of SPT 

complex), Tsc10p (3-ketosphinganine reductase), Sur2p (sphinganine C4-hydroxylase), 
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Lac1p (ceramide synthase component), , Ydc1p (alkaline dihydroceramidase), Aur1p 

(phosphatidylinositol: ceramide phosphoinositol transferase), Scs7p (sphingolipid α­

hydroxylase and desaturase), Sur1p (mannosylinositol phosphorylceramide synthase 

subunit), Csh1p (mannosylinositol phosphorylceramide synthase subunit) and Ipt1p (inositol 

phosphotransferase).
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Fig. 2. Growth inhibition of SBF mutants by myriocin.
(A) Strains slm1Δ, WT (BY4741), WTtransformed with plasmid containing geneticin 

resistance (pKANr), and swi4Δ were spotted in serial dilutions and grown in synthetic 

minimal medium (SD) at 30ºC for 2 days (control). 15μM PHS and 0. 6μg.ml−1 myriocin 

were added where indicated. (B) The myriocin IC50 values for WT and swi4Δ strains were 

determined in SD medium. (C) Strains related to SBF (swi4Δ, swi6Δ,), MBF (mbp1Δ, 
nrm1Δ) M/G1 regulator (ace2Δ) and ceramide synthesis (sur2Δ, lac1Δ and tsc3Δ) were 

grown as in A. (D) Reversion of myriocin growth phenotype by the addition of 0.4% serine 

and 0.4% palmitate. (E) Strains related to G1 (cln1Δ, cln2Δ, cln3Δ), S (clb5Δ, clb6Δ) and 

G2/M cyclins (clb2Δ) were grown in the presence of myriocin as in A.
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Fig. 3. Regulatory associations between Swi4 and sphingolipid synthesis genes.
(A) The potential Swi4p putative targets, derived from YEASTRACT database (http://

www.yeastract.com/formfindregulated.php) were grouped according to their function, by 

using Gene Ontology Slim Mapper tool (http://www.yeastgenome.org/). Among 1051 genes, 

52 were associated with lipid metabolism. (B) From those target genes, 11 were directly 

associated with sphingolipid metabolism, from which YEASTRACT database provided 

binding, expression and potential evidence, displayed on a Venn diagram.
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Fig. 4. Designed assay for cell synchronization and cell cycle studies.
(A) Cells were cultivated to exponential phase in YPD medium and G1 synchronized with 

alpha factor. YPD was used for synchronization as swi4Δ cells do not synchronize after 

two hours in SD medium. Cells then were seeded in fresh minimal medium SD and three 

different aliquots were taken at the time points indicated to measure cell cycle stage, mRNA 

transcripts, and sphingolipid metabolites. (B) Transcription of CLN2, canonical target of 

SBF during cell cycle. WT (●) and swi4Δ cells (■). (C, D) DNA content (FACS), indicating 

the % of cells at each stage of the cell cycle, relative to total cells.

Matos et al. Page 23

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. SWI4 deletion reduces transcriptional activation and metabolite levels of LCBs and 
ceramides.
Aliquots of WT (●) and swi4Δ cells (■) were harvested at indicated time points after alpha 

factor release, as shown in Fig. 4A. (A-F) Relative mRNA changes during cell cycle. Gene 

transcription was normalized to actin. *p≤0.05; n=2. (G-J) Metabolite changes during cell 

cycle, * p≤0.05. n=2. Data were normalized by phosphate levels (pi).
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Fig. 6. SWI4 deletion reduces transcriptional activation and metabolite levels of complex 
ceramides.
Aliquots of WT (●) and swi4Δ cells (■) were harvested at indicated time points after alpha 

factor release, as shown in Fig. 4A. (A-E) Relative mRNA changes during cell cycle. Gene 

transcription was normalized to actin. *p≤0.05. N=3. (F-I) Metabolite changes during cell 

cycle. Data were normalized by phosphate levels (pi). * p≤0.05. N=2.
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Fig. 7. Effects of myriocin treatment on cell cycle progression and metabolites related to 
sphingolipids.
WT and swi4Δ cells were pre-grown in YPD to stationary phase (24 hours) and seeded 

in SD medium in the absence or presence of 1 μg. mL−1 of myriocin for five hours at 30 

°C. (A) G2/M arrest caused by myriocin treatment in both WT and swi4Δ. Cells were then 

analyzed by FACS * p<0. 05. N=3. (B-I) Changes in the sphingolipid levels after myriocin 

treatment. HPLC-MS/MS lipidomic analysis. Data were normalized by phosphate levels 

(pi). Gray bars indicate WT cells and red bars swi4Δ strain. * p<0. 05. N=2.
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