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Abstract: LSM4 is an essential yeast gene encoding a component of different LSM complexes involved in the 
regulation of mRNA splicing, stability and translation. In previous papers we reported that the expression in 
S. cerevisiae of the K. lactis Lsm4 gene lacking the C-terminal Q/N-rich domain in a Lsm4 null strain S. cerevisiae 
(Sclsm4∆1) restored cell viability. Nevertheless, in this transformed strain we observed some phenotypes which 
are typical markers of regulated cell death, Reactive Oxygen Species and oxidated RNA accumulation. In this 
paper we report that a similar truncation operated in the S. cerevisiae LSM4 gene confers to cells the same 
phenotypes observed with the K.lactis LSM4∆1 gene. Up to now there was no evidence on the direct 
involvement of LSM4 in autophagy. Here we found that the Sclsm4∆1 mutant showed defects in the induction 
of autophagy and it was very sensitive to nitrogen starvation or treatment with low doses of rapamycin, an 
inducer of autophagy. Moreover, both during nitrogen starvation and ageing, the Sclsm4∆1 mutant 
accumulated cytoplasmic autophagy-related structures, suggesting a role of Lsm4 in Phagophore Assembly 
Site (PAS) processing and/or vacuolar autophagosome internalization 

Keywords: autophagy; ageing; LSM4; yeast 
 

1. Introduction 

The LSM (like-Sm) protein family is a group of evolutionarily conserved proteins that have been 
found in a wide range of organisms, from bacteria to yeast and humans [1]. LSM4 is an essential gene 
and Lsm4 is a component of different LSM complexes, which are involved in the regulation of mRNA 
splicing, stability and translation [2].  

LSM4 has also been found to be upregulated in several types of cancer, such as breast cancer, 
and in early-stage pancreatic ductal adenocarcinoma, where it is associated with poor prognosis [3–
5]. 

We previously reported that Lsm4 is involved in ageing and apoptosis in the yeast Saccharomyces 

cerevisiae, in that cell expressing a truncated protein of the KlLsm4, from the related yeast 
Kluyveromyces lactis (Kllsm4∆1) age prematurely and undergo regulated cell death [6,7]. We 
demonstrated that the C-terminal Q/N-rich domain of KlLSM4 is needed for efficient RNA 
degradation [7,8] and for P-bodies localization [9,10], while others reported that this region of ScLSM4 
is important only together with the Edc3 protein [11]. These differences could be explained by the 
use of slightly different constructions and the use of yeast strains that can have different genetic 
backgrounds. 

Although the C-terminal domain of Lsm4 in most eukaryotes consists of an arginine–glycine–
glycine repeat (RGG) domain rather than a Q/N-rich region and, despite a great degree of variation 
in the primary sequence, some functions seem conserved through evolution, while others were not. 
It has been reported that low-complexity polypeptide regions of proteins, including R/G-rich regions, 
were involved in protein polymerization and aggregation, suggesting a role for Lsm4 C-terminus in 
these processes [12].  
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contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 July 2023                   doi:10.20944/preprints202307.1337.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202307.1337.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

Actually, as observed in yeast, the C-terminal RGG domain of human Lsm4 plays an important 
role in Processing bodies (P-bodies, PB) accumulation but, differently from yeast, it is not required 
for the association to Lsm1-7 complex [13].  

Similarly to yeast, this region is important for efficient histone mRNA degradation [14,15], but 
it has also been shown that the Lsm4 RGG domain is not limiting for the degradation of histone H2A 
mRNA [13]. These contradictory results should be further investigated. 

Both genetic and mRNA capture analysis revealed an involvement of Lsm proteins in the 
autophagic process [16–18] and in last years it became clear that mRNA degradation pathways and 
autophagy are intimately connected [19].  

In mutant cells lacking the RNA helicase Dhh1 or the decapping protein Dcp2, autophagy in the 
presence of nutrients was increased. In fact, when nutrients are present, TORC1 is able to 
phosphorylate a serine residue on the Dcp2 that, together with the RCK-Dhh1 complex binds 
messenger RNAs of the ATG genes promoting the removal of the cap and their degradation by the 
exoribonuclease Xrn1 [20]. When nutrients are scarce or absent, the catalytic activity of TORC1 is 
reduced and, consequently, the phosphorylation levels of Dcp2p is reduced, leading to decreased 
decapping activity and stabilization of ATG genes transcripts. Nevertheless, the DHH1 and DCP2 
gene were shown to have no influence on the mRNA degradation levels of ATG genes in the absence 
of nutrients, suggesting that the decapping machinery promotes the degradation of ATG transcripts 
only in the presence of nutrients, when the autophagy is not necessary [20].  

In a more recent study, it was reported that cells lacking the DHH1 gene (dhh1Δ) rapidly lose 
viability after prolonged nitrogen starvation, indicating that under these conditions there would be 
a defect in autophagy induction [21]. 

Dhh1 would therefore be a bidirectional regulator of autophagy: a) under nutrient-rich 
conditions, Dhh1 coordinates with the mRNA decapping machinery to degrade ATG mRNAs to 
maintain autophagy at a basal level, b) upon nitrogen starvation, Dhh1 changes its role to facilitate 
autophagy by promoting the translation of ATG1 and ATG13 mRNAs [21]. 

A similar bidirectional role in autophagy seems to be played by the CCR4/NOT complex, which 
under nutrient-rich conditions directly targets some ATG genes mRNAs promoting their degradation 
through deadenylation while upon starvation, Ccr4-Not switches its role to promote the expression 
of a different subset of ATG genes required for autophagy induction [22]. 

Along with the decapping process followed by degradation in the 5’→3’ direction, mRNAs can 
also be degraded in the 3’→5’ direction by the exosome complex. Although both 5’→3’ and 3’→5’ 
RNA degradation mechanisms have been extensively studied, little is known about the relationship 
between the two pathways. The RNA-binding protein Pat1/Mrt1 has been proposed as a possible link 
between 5’→3’ and 3’→5’ mRNA degradation. Pat1 interacts with the ring-shaped heptameric 
complex Lsm1-Lsm7 proteins, to form the Pat1-Lsm complex that binds to the 3’ untranslated region 
(UTR) of oligoadenylated mRNA [23,24] and acts as a decapping enhancer, in protecting the 3’ end 
of oligoadenylated mRNA from trimming, and in protecting the 3’ end of mRNA from exosome-
dependent 3’-5’ degradation [25–28]. 

During nitrogen starvation, the Pat1/Lsm complex binds preferentially to an mRNA subset of 
the ATG genes, protecting them from degradation by the exosome and promoting their accumulation 
to ensure a robust autophagic response [28]. Indeed, mutants in the LSM1 or PAT1 genes show 
evident defects in the induction of the autophagic process induced by nitrogen starvation. 

The role of Pat1/Lsm complex in protecting from exosome degradation is specific for some ATGs 
mRNA, in that bulk and specific degradation of subset of mRNAs, notably those encoding amino 
acid biosynthesis and ribosomal proteins, occurs by nitrogen starvation or rapamycin-induced 
autophagy in yeast [29,30].  

As reported before, the Lsm4 C-terminal Q/N-rich domain is involved in maintaining cell 
viability during chronological Life Span (CLS). In its absence, we observed all typical markers of 
regulated cell death, together with Reactive Oxygen Species (ROS) and oxidated RNA accumulation 
[31]. As these phenotypes were observed expressing the heterologous truncated Kllsm4 gene of K. 

lactis in the deletion mutant of S. cerevisiae, we decided to construct the corresponding truncated 
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mutant of the LSM4 gene of S. cerevisiae. The expression of truncated S. cerevisiae protein in the 
absence of LSM4, recapitulated all the phenotypes observed in Kllsm4∆1 mutant [6] suggesting a role 
for LSM4 C-terminus in maintaining viability during CLS. We found that the Sclsm4∆1 mutant 
showed defects in the induction of autophagy and it was very sensitive to nitrogen starvation or 
treatment with low doses of rapamycin.  

Moreover, both during nitrogen starvation and ageing, the Sclsm4∆1 mutant accumulated 
cytoplasmic autophagy-related structures, suggesting a role for Lsm4 in vacuolar Phagophore 
Assembly Site (PAS), internalization.  

2. Results 

2.1. Sclsm4∆1 mutant shows regulated cell death markers and premature ageing 

We previously reported that a truncated form of the KlLSM4 gene from the yeast K. lactis 
(Kllsm4∆1) was able to restore viability in a S. cerevisiae strain not expressing LSM4. Nevertheless, 
cells lost viability very soon and showed the markers of regulated cell death [6]. In order to 
investigate this phenotype in a homologous scenario, we constructed the corresponding Kllsm4∆1 
mutant of the S. cerevisiae LSM4 gene (Sclsm4∆1), and we expressed it in the S. cerevisae MCY4 strain, 
which contained the LSM4 gene under the control of Gal1-10 promoter. This strain can grow in 
galactose, but it cannot grow when glucose is the only carbon source. The expression in such a strain 
of the Sclsm4∆1 gene from a centromeric plasmid restored growth on glucose, as also reported when 
present Kllsm4∆1.  Aimed to check if the phenotypes of the Sclsm4∆1 mutant were similar to those 
described for Kllsm4∆1, we analysed nuclei morphology, intracellular ROS production and 
maintenance of viability during stationary phase, also defined as Chronological Life Span (CLS). As 
shown in Figure 1, panel A and B, highly fragmented, enlarged and diffused nuclei, indicative of 
regulated cell death, were observed in more than 15% of exponentially growing cells and in almost 
40% of cells during stationary phase. These percentages are much higher compared to the wild type, 
which show about 3% and 12% of cells with fragmented nuclei in exponential and stationary phase 
cells, respectively. 

Concerning intracellular ROS accumulation, the percentage of ROS positive cells during 
exponential phase was about 2% and 12% for the WT and the Sclsm4∆1 mutant cells. In the latter, the 
percentage of ROS positive cells during stationary phase reached 60%, about six time more than the 
WT (Figure1, panels C and D).   

One particular phenotype of Kllsm4∆1 was the early loss of viability during ageing and high 
sensitivity to oxidative stress. As shown in Figure 1E, also Sclsm4∆1 cells show a very short CLS, and 
high sensitivity to hydrogen peroxide treatments (Figure 1, panel E and F). 

As a control, to verify that these phenotypes were not due to the expression of Sclsm4∆1 gene 
from a centromeric plasmid, we also expressed in the MCY4 strain the full legth gene ScLSM4. As 
shown in Figure 1E and 1F, the expression of the ScLSM4 gene restored both CLS and hydrogen oxide 
sensitivity at the same level of the WT strain. 

Finally, as also reported for Kllsm4∆1, Sclsm4∆1 showed sensitivity to caffeine and acetic acid 
and lower growth on glycerol medium (Figure 1, panel G). Altogether, these results show that 
Sclsm4∆1 mutant recapitulates all the phenotypes showed by Kllsm4∆1, regard to regulated cell death 
and premature ageing [32]. 
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Figure 1. Sclsm4∆1 mutant recapitulates the same pleiotropic phenotypes as described for Kllsm4∆1 
mutant. (A) DAPI staining of the CML39-11A (wild type) and Sclsm4Δ1 mutant cells in both 

exponential and stationary phase. (B) percentage of fragmented nuclei over total cells for the same 
strains and conditions as in (A) from three independent experiments. (C) Dihydrorhodamine 123 
(DHR123) staining of the CML39-11A (wild type) and Sclsm4Δ1 mutant cells in both exponential 
and stationary phase. (D) Percentage of ROS positive cells over total cells for the same strains and 

conditions as in (C) from three independent experiments. Data are represented as mean percentage 
of 700 cells per set ± standard deviation. ***p-value<0.001, ****p-value<0.0001 (E) Chronological life 
span of the CML39-11A (wild type) and MCY4 expressing Sclsm4Δ1 mutant or the full length LSM4 

protein (ScLSM4) cells. Data are represented as the mean of three independent experiments ± 
standard deviation. (F) Cell viability of the CML39-11A (wild type) and MCY4 expressing Sclsm4Δ1 
mutant or the full length LSM4 protein (ScLSM4) cells was measured after exposure to H2O2 at the 

indicated concentrations for 4 h. Data are represented as the mean of three independent experiments 
± standard deviation. *p-value<0.05, **p-value<0.01 (G) 10-fold dilution were spotted on complete 
solid media containing 2% glycerol (YPY), YPD containing 60 mM acetic acid and 0,25% caffeine 

and plates were incubated at 28°C for 3 days. YPD was used as growth control. 

2.2. Sclsm4∆1 mutant is defective in autophagy induction 

We previously reported that the over-expression of NEM1, which codes for the catalytic subunit 
of the yeast nuclear membrane-resident protein phosphatase complex Nem1/Spo7, can suppress most 
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of the mutant phenotypes in the S. cerevisiae lsm4 mutant expressing Kllsm4∆1 [33]. It has been 
reported that Nem1 is required for autophagy induction after TORC1 inactivation [34], so we 
assessed if Lsm4 was involved in the macroautophagy flux through a GFP-Atg8 processing assay [35]. 
As GFP β-barrel structure is more resistant than Atg8p to vacuolar hydrolysis, the presence of free 
GFP on western blot indicates that the autophagic process has occurred. Autophagy can be induced 
under a variety of deprivation conditions, such as depletion of nitrogen and during post-diauxic shift 
[36]. The autophagic flux has been evaluated upon nitrogen deprivation and during the post-diauxic 
growth phase, both in wild type and Sclsm4∆1 mutant cells. 

As shown in Figure 2A, during exponential growth autophagy was not observed in the wild 
type nor in the mutant (Exp, lanes 1 and 4) as only the GFP-Atg8 fusion protein was detected. Protein 
extracts obtained from cells in the post-diauxic phase (PD, lanes 2 and 5) and nitrogen starvation (SD-
N, lanes 3 and 6) showed that free GFP production was reduced in Sclsm4∆1 cells, suggesting a defect 
in this mutant in inducing macroautophagy. 

 

Figure 2. Sclsm4∆1 mutant shows defects in autophagy induction. (A) CML39-11A (WT) and mutant 
Sclsm4Δ1 cells were grown exponentially in SD medium (Exp), then the same amount of cells was 
centrifuged and resuspended in SD and in SD-N (nitrogen deprivation, -N) medium and further 

incubated for 16 hours (PD: Post-diauxic phase). Ponceau red staining has been used as a load 
control. One of three independent experiments is shown. (B) Percentage of autophagy activation 
was measured as the ratio between free GFP/GFP-ATG8 in three independent experiments. *p-

value<0.05. (C) Chronological life span of CML39-11A (WT) and mutant Sclsm4Δ1 cells cultured in 
standard synthetic medium (SD) or in nitrogen deprived medium (SD-N). Data are represented as 

the average and standard deviation of three independent experiments and one representative 
experiment is shown. 

Macroautophagy is important for survival during nutrient starvation, and mutants defective in 
autophagy rapidly lose cell viability after nitrogen starvation [37]. In fact, defective autophagy cells 
fail to maintain physiological levels of amino acids, and their inability to synthesize new proteins 
may explain, at least in part, most of the phenotypes associated with autophagy mutants [38]. As 
from the GFP-Atg8 assay the Sclsm4∆1 mutant seemed to have important defects in inducing 
autophagy, we determined the CLS in nitrogen starvation conditions. As shown in Figure 2C, 
nitrogen starvation increased CLS in a wild type strain. On the contrary, Sclsm4∆1 cells in SD-N 
showed a drop in viability already after 1 day and, completely lost viability at day 4, one day before 
cells maintained in SD. 

Another known inducer of autophagy is the antibiotic rapamycin [35]. We found that the 
Sclsm4Δ1 mutant was highly sensitive even to low doses of rapamycin in that exponential growing 
cells exposure to 6 nM rapamycin reduced cell viability to 4% within 4 hours, while this is not the 
case for the wild-type strain, which maintained cell viability equal to untreated cells (Figure 3A). 
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Figure 3. Sclsm4∆1 and lsm1 mutants are highly sensitive to rapamycin. (A) Cell viability of the 
CML39-11A (wild type) and MCY4 expressing Sclsm4Δ1 was measured every hour after treatment 

with 6 nM of rapamycin in SD medium for 4 hours. Data are represented as the mean of three 
independent experiments ± standard deviation. **p-value<0.01, ***p-value<0.001 (B) 10-fold dilution 

of MCY4 expressing Sclsm4Δ1 mutant cells, lsm1Δ mutant and their wild types (CML39-11A and 
BMA38) were spotted on YPD solid media containing 6 nM rapamycin and incubated at 28°C for 3 

days. YPD was used as growth control. 

Similar sensitivity to this drug was found in the lsm1∆ mutant, which is a component of the 
heptameric ring-shaped complex formed by Lsm1 to Lsm7 [39]. As reported in Figure 3B, the serial 
dilution assay showed the high sensitivity to 6nM rapamycin of both Sclsm4∆1 and lsm1∆ cells, 
compared to their respective wild types CML39-11A and BMA38, suggesting that in both lsm mutant 
strains autophagy is impaired. 

Oxidative stress can induce autophagy both in yeast and in mammalian cells [40] ; at the same 
time, it has been reported that rapamycin-induced autophagy, confers neuroprotection against aging-
induced oxidative stress in old rats [41]. We explored if low doses of rapamycin could protect cells 
from hydrogen peroxide induced cell death. As shown in Figure 4, the presence of 6nM rapamycin 
did not protect wild type cells from oxidative stress, as the differences in viability of the treated and 
untreated samples after exposure to different concentration of H2O2 were not statistically significant. 
On the other hand, it was not possible to evaluate the protective action of rapamycin in the Sclsm4∆1 

mutant due to its high toxic effect.  
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Figure 4. Treatment with low dose of rapamycin does not protect the cells from oxidative stress. Cell 
viability of the CML39-11A (wild type) and Sclsm4Δ1 mutant was measured after exposure to H2O2 
at the indicated concentrations for 4 h. 6nM rapamycin was added 4h prior exposure to H2O2. Data 

are represented as the mean of three independent experiments ± standard deviation. ****p-
value<0.0001. 

During autophagy, bulk cytoplasmic material is sequestered by the phagophore, a double-
membrane structure which expands around the cargo forming a sealed, double-membrane vesicle 
known as the autophagosome (AP). The autophagosome fusion to the vacuole leads to degradation 
and recycling of the cargo. Autophagic flux can be monitored by the localization of GFP-Atg8, which 
is delivered to the vacuoles to be degraded. With the aim to have more information on the autophagic 
step blocked in the Sclsm4∆1 mutant, we followed the localization of the fusion protein GFP-Atg8 by 
fluorescence microscopy.   

During exponential phase of growth in SD around 1% and 7% of the WT and Sclsm4฀ 1 mutant 
cells, respectively, had a single GFP-Atg8 dot denoting the PAS localized near the vacuole membrane 
(Figure5A, SD exp), being most of the fluorescence uniformly distributed into the cytoplasm. During 
this growth phase, in the Sclsm4Δ1 mutant there is observed a small percentage of cells showing two 
or more GFP-Atg8 dots per cell (Figure 5B). 

After 4 hours of nitrogen starvation (SD-N) the differences between the wildtype and the mutant 
increased, with a mean percentage of GFP-Atg8 dots around 3% for the wildtype and 25% for the 
Sclsm4∆1 mutant (Figure 5A, SD-N 4h). Moreover, also the number of cells showing ≥2 GFP-Atg8 
dots increased in the mutant cells to about 12%, representing half of cell population with GFP-Atg8 
dots (Figure 5B).  

In the post-diauxic phase there was a little increase in autophagy (Figure 2A) and, as expected, 
most of the GFP was localized inside the vacuole in the wild type (Figure 5C, PD), with about 3% of 
cells showing GFP-Atg8 dots. Concerning Sclsm4∆1 mutant, the percentage of cells showing GFP-
Atg8 dots increased up to about 20%, with very few cells showing intravacuolar fluorescence.  

After 16h in nitrogen starvation (Figure 5C, SD-N 16h) it was observed a slight increase of cells 
showing dots in the wild type, while about 35% of Sclsm4∆1 mutant cells showed cytoplasmic dots 
and half of them presented 2 or more dots per cell (Figure 5D).  

After three days of growth in SD more than 90% of Sclsm4∆1 mutant cells showed GFP-Atg8 
dots, being the number of the wild type cells presenting dots about 13% of the population (Figure 5E, 
quantification in 5F). This percentages increases a little bit in the wild type incubated for 3 days in 
SD-N medium, while in the Sclsm4∆1 mutant cells those presenting GFP-Atg8 dots after 3 days in 
SD-N medium were the same as after 16h of incubation in SD-N (about 40%, Figure 5F). This could 
be due to the rapid loss of viability of the Sclsm4∆1 mutant in SD-N observed already at day 1 (Figure 
2C). These data altogether, indicated that Sclsm4∆1 mutant cells accumulated autophagy-related 
structures when autophagy was induced by nitrogen starvation or during ageing.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 July 2023                   doi:10.20944/preprints202307.1337.v1

https://doi.org/10.20944/preprints202307.1337.v1


 8 

 

The same experiments were carried out with the lsm1∆1 mutant with similar results 
(Supplementary Figure 1), suggesting that the observed autophagy defects are a feature of lsm 
mutants.  

 

Figure 5. Sclsm4Δ1 mutant shows defects in autophagy-related structures transport to the vacuole, 
as indicated by a higher percentage of GFP-ATG8 dots in the cytoplasm during nitrogen starvation 

and CLS. Wild type CML39-11A and mutant Sclsm4Δ1 cells expressing the fusion protein GFP-
ATG8 were observed at the fluorescence microscope during exponential phase in both SD and SD-N 

medium for 4h (A), during post diauxic phase (PD) and in SD-N for 16h (C) and after 3 days of 
growth in SD (SD stat) or SD-N (SD-N stat) (E). GFP-Atg8 dots per cell were quantified from three 
biological replicates (n ≥ 300 cells), and the mean of cells containing one or ≥2 dots was plotted in 

(B), (D) and (F). Error bars represent standard deviation. *p-value<0.05 **p-value<0.01 ***p-
value<0.001 ****p-value<0.0001. 

3. Discussion 

The Sclsm4Δ1 mutant of S. cerevisiae, which expresses a truncated form of the essential gene 
LSM4, showed premature ageing, fragmented nuclei and ROS accumulation. The Sclsm4Δ1 mutant 
showed also high sensitivity to the regulated cell death-inducers acetic acid and caffeine, the same 
phenotypes as those previously shown for the Kllsm4Δ1 mutant of K. lactis [6,7,42]. It has been 
reported that mutants hypersensitive to caffeine can also have defects in autophagy [43].  

Human LSM4 was indicated among the Differentially Expressed  Autophagy-Related-Genes 
(DE-ARGs) in a study that aimed to find interactions between autophagy and hepatocellular 
carcinoma (HCC) pathogenesis [44] but, up to now, there is no evidence on the direct involvement of 
LSM4 in autophagy [44]: our results shown here demonstrate, by mean of GFP-ATG8 fusion protein, 
that a defect in autophagy induction upon nitrogen starvation was present in the Sclsm4Δ1 mutant. 
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A confirmation that the Sclsm4Δ1 mutant is defective in autophagy induction is the quick loss of 
viability in nitrogen starvation and in the presence of low doses of rapamycin.  

Rapamycin is known to have a protective effect against oxidative stress, but at 6nM 
concentration it didn’t exert a protective effect on the wild type cells challenged with hydrogen 
peroxide, probably because rapamycin concentration employed in this experiment was too low. In 
the case of the Sclsm4Δ1 mutant it was not possible draw any conclusion due to the elevated toxicity 
of rapamycin in this mutant. High rapamycin sensitivity was also observed in the deletion mutant of 
LSM1, encoding a unit of the heptameric ring-shaped complex formed by Lsm1 to Lsm7, which, 
together with Pat1, is involved in mRNA degradation. 

We also investigated the autophagic flux in our mutants by following by fluorescence 
microscopy the GFP-ATG8 fusion protein, which is a marker for phagophore assembly site (PAS) and 
autophagosome formation. We showed that GFP-ATG8 dots accumulate in the Sclsm4Δ1 mutant 
during nitrogen starvation, the diauxic phase and ageing.   

It has been reported that under starvation conditions cell death in autophagy-defective yeast 
mutants is caused by mitochondria dysfunction [45]. Actually mitochondrial defects were described 
for Kllsm4Δ1 mutant in that it accumulated ROS, showed growth arrest on respiratory carbon sources 
and an aberrant mitochondrial morphology, with a punctuate distribution instead of the normal 
tubular shape [8,14].  

The fact that Sclsm4Δ1 accumulates ROS intracellularly could be associated with autophagy 
induction defects, as it has been reported that the Atg4 protease activity is inhibited by oxidation in 
a H2O2 concentration-dependent manner [46]. Nevertheless, autophagosome formation is abolished 
in atg4Δ cells [47] while the Sclsm4Δ1 mutant, as also lsm1∆  mutant, showed an accumulation of 
GFP-Atg8 dots, suggesting that the autophagic defects are principally due to defects in a late stage of 
autophagosome formation preceding the fusion of mature autophagosomes with the vacuole or in 
the autophagosomes-vacuole fusion process itself. 

There are evidences that Pat1-Lsm complex could be involved in these steps as, upon nitrogen 
starvation, the Pat1-Lsm complex binds and stabilizes a subset of ATG mRNA by preventing their 
exosome-mediated 3’→5’ degradation. Among these there is Atg1, a serine/threonine kinase homolog 
to human ULK-Kinase [28,40] that is considered a key regulator of autophagy. Atg1 phosphorylates 
the Atg4 protease, keeping it inactive preventing the premature release of Atg8 from autophagic 
membranes, and Ykt6, keeping this SNARE in an inactive state and so regulating also the 
autophagosome–vacuole fusion [48,49]. Another Atg1 target is Vps34, a class III phosphatidylinositol 
3-kinase whose phosphorylation is important for full autophagy activation and cell survival [50]. 
Vps34, was mislocalized in mutants of the Nem1/Spo7–Pah1 axis, but localized at the right 
compartments after rapamycin treatment suggesting that Nem1/Spo7complex supports autophagy 
induction after TORC1 inactivation by nutrient starvation, probably via membrane synthesis [34].  

We previously reported that in the Kllsm4∆1 mutant the ER appear aberrant and the 
overexpression of NEM1, the catalytic subunit of the Nem1/Spo7–Pah1 axis, could rescue the 
Kllsm4∆1 mutant phenotypes, suggesting that the Nem1/Spo7–Pah1 axis could be compromised in 
the Sclsm4∆1 mutant [33].  

The defects in the Nem1/Spo7–Pah1 axis, together with the possible high degradation of ATG1 
mRNA, could concur to the observed autophagy defects in the Kllsm4∆1 mutant. Nevertheless, to 
date it is still not possible to determine which is the main pathway affected in the observed Sclsm4∆1 
mutant defects and further investigations will be needed to clarify this important point.  

It has been recently reported that phosphorylation of Edc3, a p-bodies component, has an effect 
on tumours growth and invasion through controlling P-body formation and dynamics [51]. In a 
genome wide analysis, it has been reported that Atg1 could phosphorylate also Lsm4 [52]. As LSM4 
is also involved in some cancers, it will be interesting to use the simple yeast model to find LSM4-
targets for the development of antitumoral molecules. 

4. Materials and Methods 

4.1. Yeast strains, growth conditions and plasmids construction 
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S. cerevisiae strains used in this work are described in Table 1. Cells were grown at 28°C in YPD 
(1% yeast extract (BD, #212750), 2% bacto-peptone (BD, #211677), 2% glucose), SD (0,67% yeast 
nitrogen base without aminoacids (BD, #291940), 2% glucose) supplemented with auxotrophic 
requirements. For autophagic induction by nitrogen starvation cells were grown in SD-N (0,17% yeast 
nitrogen base without aminoacids and ammonium sulphate (BD, #233520), 2% glucose). Solid media 
were obtained by the addition of 2% Bactoagar (BD, #214010). 

Plasmid pRS313/Sclsm4Δ1 was obtained by amplifying 868 bp of the ScLSM4 gene, comprising 
the promoter region and the gene portion encoding the first 84 aminoacids, and then cloning the PCR 
fragment with BamH1/SacI extremities in the specific site of the vector (primers listed in Table 2). E. 

coli DH5α cells were used to amplify the vector. MCY4 transformation to give the strain 
MCY4/Sclsm4Δ1 was performed by ONE-STEP method [53] with ONE-STEP buffer (PEG 3350 40%, 
LiAc 0,2 M, DTT 0,1 M and ssDNA carrier 0,1 μg/μl (Sigma-Aldrich, D1626)) as transformation mix. 

Plasmid pRS313/ScLSM4 was obtained by amplifying 1308 bp of the ScLSM4 gene, comprising 
the promoter region and the complete coding region, and then cloning the PCR fragment with 
BamH1/SacI extremities in the specific site of the vector (primers listed in Table 2). E. coli DH5α cells 
were used to amplify the vector. MCY4 transformation was performed by ONE-STEP method [53] to 
give the strain MCY4/ScLSM4.  

Plasmid pUG36/ATG8 was a courtesy of Tobias Eisenberg and colleagues [54]. Transformation 
of the selected strains was performed by ONE-STEP method [53].  

Table 1. S. cerevisiae strains used in this work. 

Strain  Genotype Source 

MCY4 MATα, ade1-101, his3-Δ1, trp1-289, ura3, LEU-GAL1-SDB23 [56] 
MCY4/Sclsm4

Δ1 

MATα, ade1-101, his3-Δ1, trp1-289, ura3, LEU-GAL1-SDB23 
pRS313/Sclsm4Δ1 

This work 

CML39-11A MATa, ade1-101, his3-Δ1, leu2, ura3, trp1-289 [8] 
MCY4/ScLSM

4 

MATα, ade1-101, his3-Δ1, trp1-289, ura3, LEU-GAL1-SDB23 
pRS313/ScLSM4 

This work 

MCY4/Sclsm4

Δ1 
pUG36/ATG8 

MATα, ade1-101, his3-Δ1, trp1-289, ura3, LEU-GAL1-SDB23 
pRS313/Sclsm4Δ1, pUG36/ATG8 

This work 

CML39-11A 

pUG36/ATG8 

MATa, ade1-101, his3-Δ1, leu2, ura3, trp1-289          

pUG36/ATG8 
This work 

MCY4/ScLSM

4 

pUG36/ATG8 

MATα, ade1-101, his3-Δ1, trp1-289, ura3, LEU-GAL1-SDB23 
pRS313/ScLSM4, pUG36/ATG8 

This work 

BMA38 
Matα, ura3-1, leu2-3, -112, ade2-1, can1-100, his3-11, -15, 

trp1Δ1 
[39] 

BMA38 lsm1Δ 
Matα, ura3-1, leu2-3, -112, ade2-1, can1-100, his3-11, -15, 

trp1Δ1, lsm1Δ::TRP1 
[39] 

 

Table 2. Amplification and cloning of the N-terminus truncated ScLSM4 gene. 

Primer Name Oligonucleotide Sequence  

BamH1-

ScLSM4/Sclsm4Δ1 Fw 
5’-AAAAAAGGATCCGTACGCAGTCACAATGCGG-3’ 

SacI-ScLSM4 Rv 5’-GGGGGGAGCTCACCTGTAAACTAAAGGAAAGCTCG-3’ 

SacI-Sclsm4Δ1 Rv 

5’-
GGGGGGAGCTCTTATCTTGCAATTTGATAAACTTGATAAA

AGTCC-3’ 
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4.2. Viability assays 

Stationary cultures of strain MCY4/Sclsm4Δ1 and CML39-11A were tested for microcolony 
forming ability during chronological lifespan in SD and SD-N media. 3x104 cells were daily plated on 
a YPD coated slide and analysed with optic microscope after 1-2 days of incubation at 28°C. Cell 
viability was calculated as the percentage of microcolony forming cells [55].  

4.3. Rapamycin treatment 

Strains MCY4/Sclsm4Δ1 and CML39-11A were tested for the microcolony forming ability after 
treatment with 6 nM of rapamycin (Sigma-Aldrich, R8781). Cells were inoculated in SD medium 
(controls) or SD supplemented with 6 nM of rapamycin (test samples). After 1, 2, 3 and 4 hours of 
treatment, 3x104 cells were plated on a YPD coated slide and analysed with optic microscope after 1-
2 days of incubation at 28°C. Cell viability was calculated as the percentage of microcolony forming 
cells. 

4.4. H2O2 sensitivity test 

0,2-0,3 OD600 of culture was incubated for 4h at 28°C with 0,8 mM, 1,2 mM, 3 mM of H2O2 (Sigma-
Aldrich, #216763) and then grown on a YPD coated slide for 24h and analysed with optic microscope. 
Cell viability was calculated as the percentage of microcolony forming cells.  

4.5. Caffeine, acetic acid and rapamycin sensitivity test 

Serial dilutions of strains CML39-11A and MCY4/ScLSM4 were spotted on YPD, YPY, 
YPD+0,25% caffeine, YPD+60 mM acetic acid or YPD+6 nM rapamycin and their viability was 
detected after 2-3 days of incubation at 28°C.  

4.6. Fluorescence microscopy  

Nuclear morphology was detected with DAPI (Sigma-Aldrich, D8417) staining of exponentially 
growing cells fixed with 70% (v/v) ethanol. Oxygen reactive species (ROS) were detected by 
incubating the cells with 5 μg/ml of DHR (Sigma-Aldrich, D1054) for 4h at 28°C and then analysed at 
fluorescence microscopy (Axioskop 2, Carl Zeiss, Germany).  The visualisation of autophagosome 
formation and translocation was performed using the reporter plasmid pUG36/ATG8 and analysed 
at the same fluorescence microscopy. The percentage of GFP-ATG8 dots was calculated among the 
total number of fluorescent-positive cells.  

4.7. Protein extraction and Western Blot analysis of autophagy induced cells 

Decapping mutant and the wild type strain were grown on SD and SD-N media supplemented 
with auxotrophic requirements (except for SD-N) at 28°C and then harvested at their logarithmic 
growth phase (Exp) and post-diauxic phase (after 16h). The amount of cells corresponding to 4 OD600 

were washed with H2O, resuspended in 200 μl of NaOH 2 M/β-mercaptoethanol 5% and then chilled 
on ice for 10′. Protein precipitation was performed with TCA at a final concentration of 8,3%, 
centrifugation at 13000 rpm for 15′ and pellet suspended in 100 μl of loading buffer (50 mM Tris-HCl 
pH6,8; 100 mM β-mercaptoethanol; 2% SDS, 0,1% bromophenol blue; 10% glycerol). Samples were 
then boiled for 5′ and loaded into 12% acrylamide SDS-PAGE gel. A protein marker was loaded in 
the first lane (Thermo-Fisher, LC5925). Separated proteins were transferred onto nitrocellulose 
membrane through electroblotting. Ponceau red staining was used as a loading control (0,1% 
Ponceau S (Sigma-Aldrich, P-3504), 5% acetic acid). Autophagic cargo processing was studied via 
immunoblotting analysis using anti-GFP antibody (α-mouse-GFP, Santa Cruz Biotechnology, sc-
9996) to detect GFP-Atg8, as described [35]. The secondary antibody HRP-associated was sc-2060 
Santa Cruz anti-mouse (goat).  
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Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: lsm1Δ mutant shows defects in autophagy-related structures transport to the 
vacuole. 
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