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Abstract

RNA stability control contributes to the proper expression of gene products. Messenger
RNAs (mRNAs) in eukaryotic cells possess a 5’ cap structure and the 3’ poly(A) tail which
are important for mRNA stability and efficient translation. The Ccr4-Not complex is a major
cytoplasmic deadenylase and functions in mRNA degradation. The CLB1-6 genes in Sac-
charomyces cerevisiae encode B-type cyclins which are involved in the cell cycle progres-
sion together with the cyclin-dependent kinase Cdc28. The CLB genes consist of CLB1/2,
CLB3/4, and CLB5/6 whose gene products accumulate at the G2-M, S-G2, and late G1
phase, respectively. These Clb protein levels are thought to be mainly regulated by the tran-
scriptional control and the protein stability control. Here we investigated regulation of CLB1-
6 expression by Ccr4. Our results show that all CLB7-6 mRNA levels were significantly
increased in the ccr4A mutant compared to those in wild-type cells. Clb1, Clb4, and Clb6
protein levels were slightly increased in the ccr4A mutant, but the Clb2, CIb3, and CIb5 pro-
tein levels were similar to those in wild-type cells. Since both CLB6 mRNA and CIb6 protein
levels were most significantly increased in the ccr4A mutant, we further analyzed the cis-ele-
ments for the Ccr4-mediated regulation within CLB6 mRNA. We found that there were
destabilizing sequences in both coding sequence and 3’ untranslated region (3° UTR). The
destabilizing sequences in the coding region were found to be both within and outside the
sequences corresponding the cyclin domain. The CLB6 3’ UTR was sufficient for mRNA
destabilization and decrease of the reporter GFP gene and this destabilization involved
Ccr4. Our results suggest that CLB6 expression is regulated by Ccr4 through the coding
sequence and 3 UTR of CLB6 mRNA.

Introduction

The cells contain the same DNA, but each cell contains a different subset of expressed genes.
There are different points at which cells determine which genes are copied into RNA and
translated to proteins [1]. Once the mRNA has been made, it gradually moves to the ribosome
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where it is translated and the regulation via RNA-binding proteins and small regulatory RNA
molecules is a common mechanism for developmental control [1]. Eukaryotic pre-mRNAs are
initially modified at the 5’ and 3’ ends. At the 5" end, several enzymes synthesize the 5’ cap, a
7-methylguanylate that protects an mRNA from enzymatic degradation and assist in cyto-
plasm transport. At the 3’ end, it is cleaved by an endonuclease to yield a free 3’-hydroxyl
group wherein a sequence of adenylic acid residues is added by a poly(A) polymerase [1].
Gene expression can be regulated at many steps in the pathway from DNA to protein, one of
which is selectively destabilizing certain mRNA molecules in the cytoplasm or called mRNA
degradation control [1]. mRNA degradation is modulated by small RNA molecules or RNA-
binding proteins [1,2].

RNases are responsible for mediating the processing, decay, and quality control of RNA [3].
The stability of mRNA largely depends on the mRNA sequence, which affects the accessibility
of various RNA-binding proteins or small RNAs to the mRNAs [4]. Most mRNAs including
the AU-rich element (ARE)-containing mRNAs involves 3’ untranslated region (UTR) desta-
bilizing elements [5]. Most mRNAs undergo a deadenylation-dependent decay where the poly
(A) tail is removed by a deadenylase activity of the Ccr4-Not complex [6]. The deadenylated
mRNAs are further degraded by decapping enzymes and 5’-3’ exonuclease, or 3’-5’
exonucleases.

The Ccr4-Not complex is the main deadenylase in all eukaryotes including the budding
yeast, Saccharomyces cerevisiae [5-8]. This is a multi-subunit protein complex which has a big
contribution to regulate RNA metabolism from synthesis to decay [8]. Several studies have
shown its role in mRNA decay in S. cerevisiae. First, Pumilio-homology domain Family (Puf)
protein, which binds to the 3’ UTR of target mRNA, recruits the Ccr4-Not complex to the tar-
get mRNA and stimulates deadenylation [9]. Next, the Ccr4-Not complex contributes to septin
organization via the deadenylation of the mRNAs encoding the septin regulators [10]. Our lab
also reported the role of Ccr4 in the regulation of LRGI mRNA in which Ccr4 regulates not
only the mRNA level through poly(A) shortening, but also its translation [11]. Recently, we
also reported that the polyA-binding protein (Pab1)-binding protein, Pbpl, mediates the
growth defect caused by the deletion of ccr44 and pop2A [12]. Indeed, the Ccr4-Not complex
is a global regulator of gene expression from yeast to human [8,13].

The cell cycle progression is regulated by cyclin-dependent protein kinases (Cdk) [1]. Cdkl
is present at a constant level during the cell cycle. Cyclin protein levels vary in concentrations
and act as a signal for the transition between phases [1]. In S. cerevisiae, 6 Cyclin B genes
(CLB) are classified into 3 types with different stages of accumulation: CLB1/CLB2 CLB3/
CLB4, and CLB5/CLB6 accumulate during the G2 and M, S and G2 and late G1 phase, respec-
tively [1,14,15]. Cyclin degradation is essential for the cell cycle progression [1]. It was previ-
ously reported that Cyclin B is degraded by the ubiquitin pathway which is the most selective
degradation pattern in eukaryotic cells [1,16] and the proteolysis of cyclin potentially plays a
role in proper cell cycle progression [17-19]. However, this claim is still unclear or unknown
whether mRNA stability regulation is involved in Clb protein level. It was previously reported
that CLB mRNA accumulation is dependent on the heterogeneous nuclear ribonucleoprotein
arginine methyltransferase (Hmt1) [20]. Another study also showed that mRNA stability of
CLB2 is controlled in its promoter-dependent manner [21]. Lastly, it was also demonstrated
that the endoribonuclease MRP cleaves the CLB2 mRNA in its 5 UTR for rapid 5 to 3’ degra-
dation by the Xrn1 nuclease [22].

In this study, we investigated the role of Ccr4 on the expression of CLBI-6 mRNAs. By cre-
ating multiple gene cassettes of CLB1-6 genes, we were able to determine which region is
responsible for its recognition by Ccr4 for degradation. Our results show that CLB6 expression
is regulated by Ccr4 through the coding sequence and 3° UTR of CLB6 mRNA.
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Materials and methods
Strains and media

Escherichia coli DH50. strain was used for DNA manipulations. The yeast strains used in this
study are isogenic derivatives of the W303 strain and listed in S1 Table. Gene deletions were
conducted to replace the target gene with resistance cassettes by homologous recombination
using standard PCR-based method [23]. Colony PCR was conducted with forming clones to
confirm complete deletion at the expected locus. The media used in this study included YPD
(1% yeast extract, 2% peptone, and 2% glucose) and SC (synthetic minimal medium). SC
media lacking amino acids or other nutrients (e.g. SC-ura corresponding to SC lacking uracil)
were used to select the transformants. General procedures were performed as described previ-
ously [24].

Plasmids

Plasmids used in this study are listed in S2 Table. pCgLEU2, pCgHIS3, and pCgTRP1 are
pUCI9 carrying the Candida glabrata LEU2, HIS3, and TRP1I genes, respectively [25].

Plasmids YCplac33-CLBx-HA-CLBx 3" UTR, YCplac33-CLBx-HA-ADHI1 3’ UTR, and
YCplac33-MCM2 promoter-GFP-CLBx 3” UTR were created using standard PCR-based
method previously described [26]. Primers used for plasmid construction are listed in S3, 54,
and S5 Tables. The process of creating the 3xHA tag gene construct was done in two sequential
steps. First, the CLBx-HA-ADH]1 3’ UTR was constructed by using a pFA6-3xHA-kanMX6
plasmid (Addgene plasmid # 39292). Next, the CLBx-HA-CLB 3’ UTR is constructed by using
the gene template from the first step where primers are prepared by pairing the 5 UTR prim-
ers with the HA-CLBx 3’ UTR region after the stop codon.

Deletions of CLB6 coding sequence and 3” UTR were prepared by using the gene constructs
of CLB6-HA-CLB6 3’ UTR and MCM?2 promoter-GFP-CLB6 3’ UTR for the coding region and
3’ UTR, respectively. Primers used for plasmid construction are listed in S6 and S7 Tables.
Starting from the second base pair, 50 amino acids were deleted per sequence for the coding
region, overlapping the middle 25™ for the consecutive number (e.g. deletion 1 is from amino
acid 2 to 50 while deletion 2 is from amino acid 25 to 75) with a total of 15 deletions. For the 3’
UTR, 30 bases were deleted per sequence, overlapping the middle 5™ for the consecutive num-
ber (e.g. deletion 1 is from 2 to 12 while deletion 2 is from 7 to 17) with a total of 6 deletions.

Cell sampling, sample preparation, and RNA extraction

Yeast cells without plasmids were grown overnight at 28°C using YPD medium. It is then
inoculated into 30 ml fresh YPD medium to 0.5 OD. Cell samples of OD,, were collected
after 4 hours. Yeast cells harboring plasmids were grown overnight at 28°C using SC-ura
medium. It is then inoculated into 30 ml fresh SC-ura medium to 0.5 OD. Cell samples of
OD,, were collected after 4 hours. The cells are washed, spun down and is ready for sample
preparation.

The RNA isolation procedure are as follows. After washing, the cells were immersed using
ISOGEN reagent (Nippon Gene, Toyama, Japan). It was then mashed using a Micromash MS-
100R (Tomy, Japan) for 2x. Chloroform is added, mixed and centrifuged. The aqueous top
layer was collected (with the RNA sample) and was precipitated with Isopropanol. The RNA
samples were placed at 4°C overnight. On the next day, the cDNAs were prepared using a Pri-
mescript RT reagent Kit with gDNA Eraser (Takara, Japan). The cDNAs are finally ready for
qRT-PCR analysis.
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qRT-PCR analysis and microarray data

For qRT-PCR, the QuantStudio 5 real-time RT-PCR systems (Applied Biosystems, MA, USA)
with SYBR Premix Ex Taq (Takara, Shiga, Japan) was used. The mRNA fold changes in
mRNA level were computed using the 27**“* method and normalized against the ACT1 refer-
ence gene. Primers are listed on S8 Table. The microarray analysis was performed by the KUR-
ABO Bio-Medical Department (Osaka, Japan) using the Agillent-016322 Yeast (V2) Gene
Expression 8X15K Microarray. Microarray data sets are available at the Gene Expression
Omnibus at http://www.ncbi.nlm.nih.gov/geo (GEO accession number GSE198743).

Western blot analysis

Yeast cells were cultivated first overnight (16-hours), then a solution having ODg¢go = 0.5 was
prepared. For every sampling time, 10 OD of cells was collected from the cultured liquid
media to be used for protein extraction. The cells (ODgy = 10) of the collected cells were
treated with sodium hydroxide for protein extraction [27]. Protein samples were loaded onto
an 8% SDS-PAGE gel for protein electrophoresis and then transferred to a PDVF membrane
(Merck Millipore, Molsheim, France) for Western blot analysis. The Biomolecular imager
LAS-4000 (Fuji Film, Tokyo, Japan) and ODYSSEY CLx (LI-COR, Japan) were used to capture
the samples Protein levels were quantified by immunoblotting with anti-HA, anti-GFP and
anti-Pgk1 antibodies. The loading control used for the entire study was Pgkl. The protein fold
changes in protein level were measured by normalizing with the wild-type.

Cell cycle synchronization by a-factor block and release

For synchronizing cell cycle, we performed the pheromone-induced cell cycle synchronization
procedure previously reported [28]. MATa barIA strains were used to prevent degradation of
a-factor. After the overnight culture in YPD medium at 28°C, yeast strains were transferred
into fresh YPD medium, and cultured until mid-exponential phase. Then, o-factor was added
into the medium and strains were incubated for 2 hours. After the 2-hour exposure to o-factor,
0-minute sample was collected and cells remaining were washed with fresh YPD medium by
centrifuge and released by transferring into fresh YPD medium and incubated at 28°C. After
start releasing, samples were collected by centrifuge every 10 minutes to 120 minutes.

Determination of half-lives of CLB mRNAs

The half-lives (t;/,) of CLB mRNAs were investigated by thiolutin-induced inhibition of tran-
scription. We followed the procedure previously reported [29,30]. The barIA and the barIA
ccr4A mutant cells were pre-cultured in YPD medium at 28°C overnight, and transferred into
fresh YPD medium, and cultured until mid-exponential phase. Then, thiolutin (2 mg/ml dis-
solved in DMSO) was added, and samples were collected by centrifuge at 0, 1, 2, 5, 10, 20, 40,
80 minutes after exposure to thiolutin. The mRNA levels at each time point were determined
by qRT-PCR. The half-lives (t,,) were calculated using Microsoft Excel.

Results
The ccr44 mutation showed a synthetic growth defect with the mihiA
mutation

It has been suggested that Ccr4 is involved in the cell cycle progression [10,31]. To investigate
a possible involvement of Ccr4 in the cell cycle progression, we first examined genetic interac-
tions between CCR4 and the genes involved in G2-M transition, MIHI (mitotic inducer
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homolog 1), and SWEI (Saccharomyces weel) [32,33]. Since the growth defect of the ccr4A
single mutant strain is difficult to detect, we used the ccr4A khdI1A double mutant strain
[34,35] (Fig 1). Tetrad analysis revealed that the mih1A mutant had no obvious phenotype at
room temperature, while the ccr4A mutant grew slowly. We found that the ccr4A mihlA dou-
ble mutant showed slower growth than the ccr4A single mutant (Fig 1A). The ccr4A4 khd1A
double mutant strain also showed slower growth than the ccr4A single mutant, and the ccr44
khdlA mihlA triple mutant strain was never germinated (Fig 1A). On the other hand, the
ccrdA khdlA swelA triple mutant showed better growth than the ccr4A khdlA double mutant
strain (Fig 1B). The ccr4A swelA double mutant showed a similar growth with the ccr4A single
mutant (Fig 1B). These results suggest that Ccr4 may have a role in G2-M progression together
with Mihl1.

The CLB1-6 mRNA levels were significantly increased in the ccr44 mutant

To investigate a possible role of Ccr4 in G2-M progression, we examined endogenous mRNA
levels of CLBI-6 in wild-type and the ccr4A mutant cells. All CLBI-6 mRNA levels were
increased in the ccr4A mutant compared to those in wild-type cells, but its ratio differed in the
genes (Fig 2, Table 1). The CLB2 and CLB6 mRNA levels were increased about 7.5-fold; the
CLB1, CLB3, and CLB4 mRNA levels were increased about 5-fold; the CLB5 mRNA level was
increased 3-fold (Fig 2, Table 1). In contrast, the PGKI mRNA level was similar in wild-type
and the ccr4A mutant cells. Our previous microarray analyses [12] also support our current
results (Table 1): CLB1, CLB2, CLB4, and CLB6 mRNA levels are increased in the ccr4A mutant
compared to wild-type, while CLB3 and CLB5 mRNA levels are not (Table 2). The mRNA lev-
els of G1 cyclin genes, CLN1-3, are not increased in the ccr44 mutant (Table 2). Thus, Ccr4
contributes to the levels of CLB mRNAs, but not those of CLN mRNAs.

Ccr4 is a catalytic subunit of the Ccr4-Not deadenylase complex [8]. To investigate whether
other components of the Ccr4-Not complex are involved in the increase of the CLB mRNA lev-
els, we examined endogenous mRNA levels of CLBI-6 in the pop2A, notl (cdc39), not2 (cdc36),
and not4A mutant cells. Pop2, also known as Cafl, is an exonuclease of the DEDD super family
that is another catalytic subunit of the Ccr4-Not deadenylase complex, Not1/Cdc39 is a scaf-
fold protein, Not2/Cdc36 is one of core proteins, and Not4 is an E3 ubiquitin ligase [8]. As
expected from the observation that the pop24 mutant is similar to the ccr4A mutant [34,35], all
CLBI1-6 mRNA levels were increased in the pop2A mutant compared to those in wild-type cells
(Fig 3). Similar to the ccr4A mutant, the increase of CLB6 mRNA level, approximately 18-fold
increase, was most prominent. The CLBI, CLB2, and CLB5 mRNA levels were increased about
4 to 5-fold, and the CLB3 and CLB4 mRNA levels were increased about 3-fold. On the other
hand, some CLB mRNA levels were slightly increased in the not44 mutant, and no CLB
mRNA level was increased in the notIA or not2A mutant (Fig 3, Table 1). Thus, two catalytic
subunits of the Ccr4-Not complex, Ccr4 and Pop2, are mainly involved in the levels of CLB
mRNAs.

The CLB6 mRNA level was significantly increased in the ccr4A4 mutant in
synchronized culture

CLBs expression is known to be regulated during the cell cycle [1,14,15]. The increase in CLBs
mRNA levels by the ccr44 mutation may be due to the ccr4A mutant being delayed in a partic-
ular phase during cell cycle. To examine this possibility, we analyzed a cell cycle progression of
the ccr44 mutant and also examined the CLB1-6 mRNA levels in synchronized cultures. For
this purpose, we utilized the MATa barlA and MATa barlA ccr4A cells, in which o-factor pro-
tease Barl was absent [28]. The MATa barlA and MATa barlA ccr4A cells were arrested in G1
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khd1A  swel1A | khd1A
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swelA  khd1A  swelA
:;:Z;AA ccrdA ccrdA
khd1A | khd1A
swelA

Fig 1. The ccr44 mutation showed a synthetic growth defect with the mih14 mutation. The strains that were
heterozygous for favorite alleles were sporulated, and tetrads were dissected onto YPD plate. The growth of segregants
after 4 days at 30°C is shown. Genotypes are indicated on both sides. More than 50 tetrads were dissected, and
representative data are shown. (A) Tetrad analysis of strain 10BD-c4k1m1 that was heterozygous for ccr4A, khd1A, and
mihlIA alleles. The ccr4A khd1A double mutant strain showed slower growth than the ccr4A single mutant, and the
ccr4A khd1A mih1A triple mutant strain was never germinated. (B) Tetrad analysis of strain 10BD-c4k1s1 that was
heterozygous for ccr4A, khdlA, and swelA alleles. The ccr4A khdIA swelA triple mutant showed better growth than the
ccr4A khdlA double mutant strain.

https://doi.org/10.1371/journal.pone.0268283.9001
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Fig 2. Expression of CLB1, CLB2, CLB3, CLB4, CLB5, and CLB6 in wild-type and ccr44 mutant cells. The mRNA
levels of CLBI (A), CLB2 (B), CLB3 (C), CLB4 (D), CLB5 (E), and CLB6 (F) in ccr4A mutant strain growing in YPD
media relative to the wild-type strain. PGK1 (G) was used as a control. mRNA levels were quantified by qRT-PCR
analysis, and the relative mRNA levels were calculated using 2**“' method normalized to ACT1 reference gene. The
data show mean + SEM (n = 3) of fold change of mRNA level from wild-type cells at 4 h of culture in YPD. *P < 0.05,
**P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.g002

phase with o-factor. The cells were then released from the G1 arrest by several washes with
fresh media and allowed to progress into the S phase. In the barIA cell, the S phase marker
RNRI peaked at 30 minutes, which was considered to be the S phase (Fig 4A). CLB5 and CLB6
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Table 1. Summary of endogenous CLB mRNA levels in various mutant. All values written are standardized to their respective wild-type values.

CLBI
CLB2
CLB3
CLB4
CLB5
CLB6
PGK1

https://doi.org/10.1371/journal.pone.0268283.t001

ccrd4A
4.69 + 1.62
7.68 + 0.67
4.66 + 0.56
4.89+0.78
3.02 +0.81
7.57 +1.28
0.91 +0.08

pop2A4
3.72+0.25
4.12+0.04
2.46 £ 0.20
3.36 +0.29
4.83+0.37
18.06 + 1.64
0.66 + 0.05

notl (cdc39) not2 (cdc36) not4A whi3A caf20A eaplA caf20A eaplA
1.44 + 0.84 1.54 + 0.90 2.05+0.23 1.59 £ 0.27 0.88 + 0.15 0.88 £ 0.17 1.04 £ 0.16
1.01 £ 0.58 0.86 + 0.53 1.76 £ 0.08 1.68 £0.24 1.10 £ 0.06 1.10 £ 0.08 1.18 £ 0.07
0.88 £ 0.55 0.73 £ 0.42 1.45 £ 0.16 1.75 £ 0.20 0.79 £0.10 0.85+0.11 0.78 £ 0.05
1.14£0.70 0.73 £ 0.44 2.57 £0.16 1.68 £0.14 0.91 £ 0.08 0.87 £ 0.02 0.86 £ 0.10
1.45+0.20 1.17 £ 0.15 3.67 £0.22 1.49£0.11 0.89 £ 0.17 0.92 + 0.04 1.02 £ 0.10
1.79 £ 0.26 1.54 £ 0.21 3.00 £ 0.37 1.63 £0.19 0.84 £ 0.13 1.06 £ 0.13 0.77 £ 0.05
0.88 £ 0.08 1.36 £ 0.14 0.67 £ 0.08 0.91 + 0.07 0.94 £ 0.03 0.70 + 0.08 0.80 £ 0.08

also peaked at this time (Fig 4G and 4H). The peak of RNRI of the barlA ccr4A mutant was
slightly delayed compared to that of the barIA strain and reached the peak at about 50 minutes
(Fig 4A). The peak of the M phase marker, SICI, in the barlA ccr4A mutant was also delayed
in comparison with that in the barlA strain (Fig 4B).

In these synchronous cultures, the CLB6 mRNA level, which had the largest increase in the
ccr4A mutant in the asynchronous culture (Fig 2F), was significantly increased in the barlA
ccr4A mutant compared to those in the barIA cells over the cell cycle (Fig 4H). The CLB4
mRNA level was a little higher in the barIA ccr4A mutant than those in the barlA cells (Fig
4F). On the other hand, there were no significant increases in the CLB1, CLB2, CLB3, and
CLB5 mRNA levels in the synchronous barlA ccr4A mutant (Fig 4C, 4D, 4E and 4G). Thus,
the increase in CLBs mRNA levels by the ccr44 mutation in asynchronous culture seemed to
be partly due to the ccr4A mutant being delayed in cell cycle. However, since the mRNA levels
of CLB6 and CLB4 were elevated in the barlA ccr4A mutant over the cell cycle, it was also likely
that mRNA degradation by Ccr4 regulates CLB levels.

Table 2. Comparative expression levels of CLB and CLN genes from the microarray data (GEO accession number
GSE198743). The data show the relative microarray values of each gene obtained from wild-type and the ccr44 mutant
strains. These values were normalized against their corresponding wild-type value which reflects the fold change in
expression (values in parenthesis).

GENE wild-type ccrdA
CLBI 5902.6 15973
(1) (2.71)
CLB2 4399.6 8455
(1) (1.92)
CLB3 11321.7 12249.2
(1) (1.08)
CLB4 3163 6157.5
(1) (1.95)
CLB5 6176.6 7216.7
(1) (1.17)
CLB6 2147.7 8633.2
(1) (4.02)
CLN1 20929.4 19665.2
(1) (0.94)
CLN2 5327.4 4789.2
(1) (0.90)
CLN3 3867.8 3119.8
(1) (0.81)
ACT1 150502.4 166707.8
(1) (1.11)
PGK1 263333.2 260814
(1) (0.99)

https://doi.org/10.1371/journal.pone.0268283.t002
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Fig 3. Expression of CLB1, CLB2, CLB3, CLB4, CLB5, and CLB6 in wild-type, pop2A, notl, not2, and not4A
mutant cells. The mRNA levels of CLBI (A), CLB2 (B), CLB3 (C), CLB4 (D), CLB5 (E), and CLB6 (F) in pop2A, not1A,
not2A, and not4A mutant strains growing in YPD media relative to the wild-type strain. PGK1 (G) was used as a
control. mRNA levels were quantified by QRT-PCR analysis, and the relative mRNA levels were calculated using 2
method normalized to ACT1I reference gene. The data show mean + SEM (n = 3) of fold change of mRNA level from
wild-type cells at 4 h of culture in YPD. *P < 0.05, “*P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.g003
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Fig 4. The cell-cycle regulated expression of CLBs in the ccr44 mutant. The qRT-PCR analysis data of RNR1 mRNA, SIC1
mRNA, and CLB mRNAs in the cell cycle synchronized bar1A mutant (black circle) and bar1A ccr4A mutant (gray square).
Cell cycle was arrested in G1 phase by a-factor, and, after release, cells were collected from Omin (just before releasing) to
120min. The fold change of RNR1 mRNA, S phase marker, (A) and SIC1 mRNA, late M phase marker, (B) show cell cycle
successfully progress both in the barlA mutant and the bar1A puf5A mutant. The fold change of B-type cyclin mRNAs, CLB1
mRNA (C), CLB2 mRNA (D), CLB3 mRNA (E), CLB4 mRNA (F), CLB5 mRNA (G), CLB6 mRNA (H) are presented.

https://doi.org/10.1371/journal.pone.0268283.9004

To examine whether Ccr4 is involved in mRNA degradation of CLB mRNAs, we analyzed
the half-lives of CLB mRNAs after transcription inhibition with thiolutin (Fig 5). The half-lives
of CLB1-6 mRNAs in wild-type cells were 3 to 7 min, and those were clearly extended in the
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Fig 5. The half-lives of CLB1-CLB6 mRNAs in wild-type and the ccr4A mutant. The barIA and the barlA ccr4A mutant cells were pre-cultured in YPD
medium at 28°C overnight, and transferred into fresh YPD medium, and cultured until mid-exponential phase. Then, thiolutin was added, and samples were
collected by centrifuge at 0, 1, 2, 5, 10, 20, 40, 80 minutes after exposure to thiolutin. The mRNA levels at each time point were determined by qRT-PCR. The
half-lives (t;/,) were calculated using Microsoft Excel. “P < 0.05, **P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.g005

ccr4A mutant (Fig 5). It was surprising that the effects of the ccr4A mutation on the mRNA
half-lives was similar in all CLBI-6 mRNAs. The significant increase of the CLB6 mRNA levels
may be caused by the multiple effects of the ccr4A mutation, including mRNA degradation,
cell cycle delay, or transcription.

CLBG6 expression is reported to be changed by various stresses, such as replication stress
[30]. Then we examined whether the ccr44 mutation affects the CLB6 mRNA levels in the rep-
lication stress condition. The MATa barlA and MATa barlA ccr4A cells synchronized in G1
with o-factor were synchronously released into the S phase in the presence of hydroxy urea
(HU), a reagent that generates replication stress by depleting the pool of ANTPs. As shown in
Fig 6C, the CLB6 mRNA level peaked at 30 min in the barlA cells and was kept at a high level.
The CLB6 mRNA levels were increased more in the barlA ccr4A mutant (Fig 6C). While the
CLB5 mRNA level was not increased in the barlA ccr4A mutant without replication stress (Fig
4G), the CLB5 mRNA level was also increased in the HU-treated barlA ccr4A mutant cells (Fig
6B). Thus, Ccr4 seems to contribute the CLB5 and CLB6 mRNA levels in replication stress
condition.

The CIb protein levels are not significantly increased in the ccr4A4 mutant

To examine whether the increased CLB mRNA levels by the ccr44 mutation confer the
increased CIb protein levels, we next constructed the CLBx-HA-CLBx 3 UTR plasmids (Fig 7).
Using these plasmids, we measured the CLBx-HA mRNA levels and the Clbx-HA protein lev-
els in wild-type and the ccr44 mutant cells. We used a specific primer to detect CLBx-HA
mRNA, but not endogenous CLBx mRNA. Generally, all the CLBI-6-HA mRNA levels were
increased in the ccr4A mutant compared to those in wild-type cells (Fig 7A, CLBx-HA mRNA,
Table 3). The ratios were somewhat different from the results of endogenous CLB mRNAs.
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Cell cycle was arrested in G1 phase by o-factor, and, after releasing in the presence of HU, cells were collected from 0
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mRNA (G), CLB6 mRNA (H) are presented.

https://doi.org/10.1371/journal.pone.0268283.9006
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quantified by qRT-PCR analysis, and the relative mRNA levels were calculated using 2

-AACt

method normalized to ACT1 reference gene. The data show

mean + SEM (n = 3) of fold change of mRNA level from wild-type cells at 4 H of culture in SC-ura. Protein levels were quantified by preparing cell extracts
collected at log phase (4 H) for immunoblotting with anti-HA and anti-Pgk1 antibodies where Pgkl was used as the loading control. The data show
mean + SEM (n = 3) of fold change of pr level from wild-type cells at 4 H of culture in SC-ura. *P < 0.05, **P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.g007

The CLB6-HA mRNA level was increased about 7-fold; the CLB1-HA, CLB2-HA, and
CLB5-HA mRNA levels were increased about 4-fold; the CLB3-HA and CLB4-HA mRNA lev-
els were increased less than 2-fold. In contrast to the results of the increased mRNA levels, we
found that the Clb1-6-HA protein levels were not significantly increased in the ccr4A mutant
compared to those in wild-type cells (Fig 7B, Clb1-6-HA protein, Table 3). The Clb6-HA pro-
tein level was increased about 2-fold; the Clb1-HA and CIb4-HA protein levels were increased
about 1.5-fold; the Clb2-HA, Clb3-HA. and CIb5-HA protein levels were not increased. These

Table 3. Summary of ccr4A/wild-type ratio of mRNA and protein levels on different gene constructs. All values written are standardized to their respective ccr4A/

wild-type ratio.

Gene CLBx-HA-CLBx 3’'UTR CLBx-HA-ADH1 3’UTR MCM2-GFP CLBx 3’UTR -
mRNA protein mRNA protein mRNA protein

CLBI 4.13+1.76 1.60 + 0.41 4.70 £ 0.90 1.24 £ 0.42 3.41 £ 0.87 14.88 + 2.75
CLB2 4.09 +1.12 0.84 +0.37 2.67 £ 0.36 0.97 £ 0.14 4.32+0.76 12.00 + 2.63
CLB3 1.83 £ 0.41 0.71 £ 0.38 1.66 * 0.46 0.89 + 0.28 2.48 +0.80 5.36 +£2.21
CLB4 1.59 + 0.57 1.41 +£0.23 2.74+1.01 1.62 + 0.56 2.60 £ 0.93 10.72 + 4.85
CLB5 3.83+1.16 1.06 + 0.42 1.79 £ 0.59 0.96 + 0.24 3.39+0.46 8.43+2.10
CLB6 6.67 +0.59 2.01+0.80 3.29+1.01 3.15+1.31 6.48 £2.11 15.42 +3.30

https://doi.org/10.1371/journal.pone.0268283.t003
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results indicated that Ccr4 contributes the levels of CLB mRNAs, but the CIb protein levels are
not increased in the ccr4A mutant (summarized in Table 3).

The coding sequences of CLB mRNAs are involved in the Ccr4-dependent
regulation

Although it was reported that mRNA decay is usually mediated at the 5 UTR and 3’ UTR ends
[36], we examined whether the coding sequences of CLB genes are involved in mRNA levels.
This was done by constructing the CLBx-HA-ADHI 3’ UTR plasmids (Fig 8). The same
method of estimating the mRNA level by qRT-PCR using the HA primers and protein level by
HA tagging were done.

First, we examined the CLBx-HA-ADH1 3" UTR mRNA levels in wild-type and the ccr44
mutant cells (Fig 8). All the CLBI-6-HA-ADH]I 3’ UTR mRNA levels were increased in the
ccr4A mutant compared to those in wild-type cells (Fig 8A, CLBx-HA mRNA). The
CLBI-HA-ADHI 3’ UTR mRNA level was increased about 5-fold; the CLB2-HA-ADH1 3
UTR, CLB4-HA-ADHI]1 3’ UTR, and CLB6-HA-ADH]1 3’ UTR mRNA levels were increased
about 3-fold; the CLB3-HA-ADH]1 3’ UTR and CLB5-HA-ADHI 3’ UTR mRNA levels were
increased with less than 2-fold.
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CLBx promoter

CODING REGION 3xHA

A mRNA level

CLB1

Fold change
w

WT ccr4A

CLB4

Fold change
w —
*
—

N

1
,

WT ccrdA

ADH1 3’ UTR
CLB2 CLB3 B Protein level
6 6
Clb1 Clb2 Clb3
5 5 5 5 5
4 4
) *k §> 4
£3 £3 o ® o
5 5 5
z 2 T 22 Z2 Z2
8 8 2
1 1 T
. . 1 1 T 1 x
: : . ] , L
wr cerdd wi cerda WT ccrdA WT ccrdA WT ccrdA
CLB5 CLB6
6 6 Clb4 Clb5 Clb6
5 5 5 5 5 *
* %
4 4 4 4 4
53 £3 23 23 g3
bl * ] 8 s e
K o S S ; 2
2 T 2 32 . 32 2
o | . 1 1 ' .
0 0 0 . 0 . 0
WT ccr4A WT ccr4A WT ccrdlA WT ccr4A WT ccrdA

Fig 8. Expression of CLBI-HA, CLB2-HA, CLB3-HA, CLB4-HA, CLB5-HA, and CLB6-HA in wild-type and ccr44 mutant cells harboring the CLBx-
HA-ADH1 3’ UTR plasmid. The mRNA (A) and protein (B) levels of CLBI-HA, CLB2-HA, CLB3-HA, CLB4-HA, CLB5-HA and CLB6-HA in wild-type (WT)
and ccr44 mutant strain growing in SC-ura media. The strains harboring the CLBx-HA-ADH]I 3’ UTR plasmid were grown at 28°C. mRNA levels were
quantified by qRT-PCR analysis, and the relative mRNA levels were calculated using 2"**“* method normalized to ACTI reference gene. The data show

mean + SEM (n = 3) of fold change of mRNA level from wild-type cells at 4 h of culture in Sc-ura. Protein levels were quantified by preparing cell extracts
collected at log phase (4 H) for immunoblotting with anti-HA and anti-Pgk1 antibodies where Pgk1 was used as the loading control. The data show

mean + SEM (n = 3) of fold change of protein level from wild-type cells at 4 H of culture in SC-ura. “P < 0.05, **P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.g008
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When we compared the results of the CLBx-HA-CLBx 3’ UTR plasmids and the CLBx-
HA-ADH1 3’ UTR plasmids (Figs 7A and 8A, Table 3), the increased fold of CLB5 and CLB6
mRNAs in ccr44 mutant was different. In the CLBx-HA-CLBx 3’ UTR plasmids, the CLB6-HA
mRNA level was increased about 7-fold; CLB5-HA mRNA levels was increased about 4-fold
(Fig 7A, Table 3). However, in the CLBx-HA-ADH]1 3’ UTR plasmids, CLB6-HA-ADH1 3’
UTR mRNA levels was increased about 3-fold; CLB5-HA-ADH1 3" UTR mRNA level was
increased with less than 2-fold (Fig 8A, Table 3). These results suggest that the coding sequence
of CLB6, but not that of CLB5, may have a role in mRNA level and that the 3° UTRs of CLB5
and CLB6 may have a role in mRNA level.

Then we examined the Clbx-HA protein levels from the CLBx-HA-ADH]I 3’ UTR plasmids
in wild-type and the ccr44 mutant cells (Fig 8B, Clb1-6-HA protein). The Clb6-HA protein
level was increased about 3-fold; the Clb4-HA protein level was increased about 1.7-fold; the
Clb1-HA, Clb2-HA, Clb3-HA and Clb5-HA protein levels were not increased.

These results indicated that the coding sequences of some CLB mRNAs are involved in the
Ccr4-dependent regulation, but again the Clb protein levels are not simply dependent on the
mRNA levels (summarized in Table 3).

The 3’ UTR sequences of CLB mRNAs are involved in the Ccr4-dependent
mRNA destabilization

The 3> UTR of an mRNA is reported to be crucial for degradation, and this is conserved
throughout eukaryotes [36]. Here, we assumed that the 3° UTRs of CLBI-6 are also a key for its
stability. To confirm this assumption, we constructed the MCM2 promoter-GFP-CLBx 3° UTR
plasmids which express the GFP-CLBx 3’ UTR mRNAs and GFP proteins from MCM?2 pro-
moter (Fig 9). Mcm2 protein is present through the cell cycle [37], the MCM2 promoter activ-
ity is not strong [38], and the changes in mRNA and protein levels are easy to detect. The
different CLBx 3" UTRs were compared with ADH1 3’ UTR by using GFP primers for
qRT-PCR and GFP antibody for Western blot.

First, we compared the GFP-CLB1-6 3’ UTR mRNA levels with the GFP-ADHI 3’ UTR
mRNA level in wild-type cells. Generally, all the GFP-CLBI1-6 3° UTR mRNA levels were
decreased than the GFP-ADHI 3’ UTR mRNA level, but its ratio differed in the genes (Fig 9A,
GFP mRNA, Table 4). The CLB1, CLB2, and CLB6 3’ UTRs gave about 0.30-fold decrease; the
CLB3, CLB4, and CLB5 3’ UTRs gave about 0.60-fold decrease. Then we examined the GFP
protein levels from the MCM2 promoter-GFP-CLBx 3° UTR plasmids in wild-type (Fig 9B,
GFP protein, Table 4). In this case, it is consistent with the results of mRNA levels, the GFP
protein levels from the CLBI-6 3’ UTR constructs were decreased than that of the ADHI
3’UTR construct. The CLB1, CLB2, and CLB6 3’ UTRs gave about 0.20-fold decrease of GFP
protein level; the CLB3, CLB4, and CLB5 3’ UTRs gave about 0.60-fold decrease of GFP protein
level. These decreases of GFP protein levels were correlated with GFP mRNA levels (Fig 9A
and 9B, Table 4). These results indicated that the CLBx 3’'UTRs have destabilizing sequence
and the instability caused by the 3> UTR sequence simply contributes the decrease of protein
level in the GFP reporter construct.

To investigate mRNA stability control of CLB1-6 3’'UTR sequence involves Ccr4, we exam-
ined the GFP-CLBx 3’ UTR mRNA levels and the GFP protein levels in wild-type and the
ccr4A mutant cells (Fig 10, Table 3). All GEP-CLBx 3’ UTR mRNA levels were increased in the
ccr4A mutant compared to those in wild-type cells, while the GFP-ADHI1 3’ UTR mRNA level
was not (Fig 10A, GFP mRNA, Table 3). The GFP-CLB6 3’ UTR was about 6.5-fold increase in
the ccr4A mutant compared to that in wild-type cells; the GFP-CLB2 3’ UTR was about 4-fold
increased; the GFP-CLBI1 3’ UTR and GFP-CLB5 3’ UTR were about 3-fold increased; the
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Fig 9. Expression of GFP mRNA and protein in wild-type strain harboring the MCM2 promoter-GFP-CLBx 3’-
UTR plasmids. The mRNA (A) and protein (B) levels of in wild-type (WT) strains harboring the MCM2 promoter-
GFP-CLBx 3’ UTR plasmids were grown at 30°C in SC-ura media. mRNA levels were quantified by qRT-PCR analysis,
and the relative mRNA levels were calculated using 2"*“* method normalized to ACT1 reference gene. The data show
mean + SEM (n = 3) of fold change of mRNA level from wild-type cells at 4 H of culture in Sc-ura. Protein levels were
quantified by preparing cell extracts collected at log phase (4 H) for immunoblotting with anti-GFP and anti-Pgk1
antibodies where Pgkl was used as the loading control. The data show mean + SEM (n = 3) of fold change of protein
level from wild-type cells at 4 H of culture in SC-ura. P < 0.05, **P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.9g009

PLOS ONE | https://doi.org/10.1371/journal.pone.0268283 May 6, 2022 16/29


https://doi.org/10.1371/journal.pone.0268283.g009
https://doi.org/10.1371/journal.pone.0268283

PLOS ONE Regulation of CLB6 expression by Ccr4

Table 4. Summary of GFP mRNA and protein levels of different 3’-UTRs of CLB. All gene constructs were trans-
formed into wild-type strain and standardized on ADHI 3’-UTR.

mRNA protein
CLBI 0.377 + 0.06 0.168 +0.139
CLB2 0.295 + 0.056 0.146 +0.151
CLB3 0.553 +£0.179 0.594 + 0.320
CLB4 0.570 £ 0.158 0.608 + 0.303
CLB5 0.525 = 0.050 0.571 £ 0.220
CLB6 0.288 £ 0.032 0.120 £ 0.171

https://doi.org/10.1371/journal.pone.0268283.t1004

GFP-CLB3 3’ UTR and GFP-CLB4 3’ UTR were about 2.5-fold increased. Consistent with the
results of mRNA levels, the GFP protein levels from the MCM2 promoter-GFP-CLBx 3° UTR
constructs were increased in the ccr4A mutant than those in wild-type cells (Fig 10B, GFP pro-
tein). The GFP protein level from the GFP-ADH]I 3’ UTR construct was similar in the ccr4A
mutant and wild-type cells (Fig 10B, GFP protein, Table 3). The GFP protein levels derived
from GFP-CLBI 3’ UTR and GFP-CLB6 3’ UTR were about 15-fold-increased in the ccr44
mutant compared to that in wild-type cells; the GFP protein levels derived from GFP-CLB2 3’
UTR and GFP-CLB4 3’ UTR were about 12-fold-increased; the GFP protein level derived from
GFP-CLB5 3’ UTR was about 9-fold-increased; the GFP protein level derived from GFP-CLB3
3’ UTR was about 6-fold-increased (Fig 10B, GFP protein, Table 3). These results indicated
that mRNA instability mediated by CLBI-6 3’ UTR involves Ccr4 and that the instability
caused by the 3° UTR sequence simply contributes the decrease of protein level in the GFP
reporter construct (summarized in Table 3). This result is different from that of the CLBx-HA
plasmid (summarized in Table 3).

The CLB6 coding sequence contains the three regions for nRNA
destabilization

From the above results of the CLB6-HA-ADH]1 3’ UTR plasmid, we have shown that CLB6
mRNA and protein levels were most increased in the ccr4A mutant (Fig 8A and 8B, Table 3).
We suspected that a certain sequence within the coding region is responsible for the destabili-
zation of the CLB6 mRNA. To determine the sequence for mRNA instability, we constructed a
series of deletions in the CLB6-HA-CLB6 3’ UTR gene construct, deletions of 150 base pairs
corresponding 50 amino acids starting from the 2" bp after the start codon with a total of 15
deletions (Fig 11A). We then compared the mRNA level by qRT-PCR and protein level by
western blot using the HA tag.

First, we investigated the mRNA level. Our results showed that certain deletion sequences
significantly increased the CLB6 mRNA by 1.5 to 2-fold. These were the sequences, D4 and
D5, D9 and D10, and D14 (Fig 11B). As for the other deletions, we suspect that they are not
crucial for destabilization as they showed incomparable results with that of the complete
sequence.

Next, we investigated the protein level. Unsurprisingly, the same deletion sequences with
the increase in mRNA level also showed an increase in protein level. That is, D4 and D5, D9
and D10, and D14 by 3 to 9-fold increase (Fig 11C). The other deletions did not show any sig-
nificant difference with the complete sequence. From these data, we were able to deduce the
certain sequences within the coding region have an immense effect on the destabilization of
CLB6.
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Fig 10. Expression of GFP mRNA and protein in wild-type and ccr44 mutant cells harboring the MCM2 promoter-GFP-CLBx 3’ UTR plasmids. The
mRNA (A) and protein (B) levels of GFP in wild-type (WT) and ccr4A strains harboring the MCM2 promoter-GFP-CLBx 3’ UTR plasmids were grown at 28°C
in SC-ura media. mRNA levels were quantified by qRT-PCR analysis, and the relative mRNA levels were calculated using 2"*““" method normalized to ACT1
reference gene. The data show mean + SEM (n = 3) of fold change of mRNA level from wild-type cells at 4 H of culture in Sc-ura. Protein levels were quantified
by preparing cell extracts collected at log phase (4 H) for immunoblotting with anti-GFP and anti-Pgk1 antibodies where Pgk1 was used as the loading control.
The data show mean + SEM (n = 3) of fold change of protein level from wild-type cells at 4 H of culture in SC-ura. *P < 0.05, “*P < 0.01 as determined by

Tukey’s test.
https://doi.org/10.1371/journal.pone.0268283.9010

The 3’ UTR sequence is crucial for CLB6 expression

Comparing the CLBI-6 3’ UTR, we have shown that CLB6 3> UTR was significantly decreased
by Ccr4 both on the mRNA and protein level (Fig 10A and 10B, Table 4). This implicated that
CLB6 3’ UTR contains a sequence responsible for proper degradation. To test this hypothesis,
we constructed multiple deletions at the 3> UTR of CLB6. We used the MCM?2 promoter-
GFP-CLB6 3’ UTR plasmid and prepared deletions of 30 base’s starting from the 2" bp after
the start of 3 UTR (Fig 12A). Then we measured both the mRNA level and protein level by
qRT-PCR and western blot, respectively. Comparing the mRNA level among the deletion con-
structs, there was no significant difference in all deletion constructs (Fig 12B). Though, D3 and
D4 showed slightly higher mRNAs which were almost close to being significant. The lowest
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https://doi.org/10.1371/journal.pone.0268283.9011
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“*P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.9012
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was deletion 1 which was close to the undeleted sequence. However, the increase was shown at
the protein level on D3 and D4 (Fig 12C). This may further explain that the control mediated
by the 3> UTR only happens at the protein level and not on the mRNA. This elucidates that
those regions have a specific sequence critical for the degradation of CLB6.

The increase of CLB6 expression in the ccr44 mutant is not dependent on
the Puf protein

Puf family RNA-binding proteins are known to recruit the Ccr4-Not deadenylase complex to
the mRNAs promote decay [9,39,40]. From the previous results, we have shown that CLB6 was
significantly destabilized by Ccr4 on both the coding and 3’ UTR regions. Using the MCM2
promoter-GFP-CLB6 3’ UTR plasmid, we investigated the GFP mRNA and protein level on the
deletion strains of PUF1-6 genes and compare them with the ccr4A mutant. Results showed
that there was no significant increase for both the mRNA (Fig 13A) and protein level (Fig 13B)
on the pufl-6A mutants. These results suggest that Puf proteins are not involved in the
Ccr4-dependent mRNA destabilization of CLB6.

The deletion of WHI3 showed an increased level of endogenous CLB
mRNA

To further investigate the possible involvement of other RNA-binding proteins on the expres-
sion of CLB genes, we prepared several deletion strains, whi3A, caf204, and eap1A mutants.
Whi3 and Caf20 are reported to interact with CLB mRNA [41,42]. Eap1 was also selected
because Eapl is an eIF4E-binding protein, similar to Caf20 [43]. Using the same primers for
the endogenous mRNA of CLBI to CLB6, we measured the mRNA levels. Comparing the dif-
ferent deletion strains, we found that the whi3A mutant showed a significant increase in all
CLB mRNAs (Fig 14, Table 1). These results suggest that Whi3 may have a role in mRNA
destabilization of CLB mRNAs.

Discussion
Ccr4 is involved in the expression of CLB genes

In this study, we examined CLBI-6 mRNA levels in the ccr44 mutant. The first experiment
was to investigate the significance of Ccr4 on the endogenous CLBI-6 mRNAs. The data in Fig
1 showed that all CLB1-6 mRNA levels were increased in the ccr4A mutant. Although the
increase in mRNA happens for all the CLBI-6 genes, it was most prominent in CLB6. While
the levels of CLBI1-6 mRNAs are increased in the ccr44 mutant compared to wild-type, the
mRNA levels of G1 cyclin genes, CLN1-3, are not increased in the ccr44A mutant (Table 1).
Recent analyses [44] showed that poly A tail lengths of CLBI-6 mRNA are increased in the
ccr4A mutant (poly A tail lengths in wild-type/ccr4A, CLBI: 36.5/48.4, CLB2: 38.8/ 46.8, CLB3:
50.7/ 49.7, CLB4: 33.0/ 49.7, CLB5: 38.1/ 54.4, CLB6: 0.01/ 51.7). These data are consistent with
our observation that CLBI-6 mRNA levels are increased in the ccr4A mutants and that CLB6
mRNA level is most affected by the ccr44 mutation. The CLB6 mRNA level was also signifi-
cantly increased in the ccr4A mutant in synchronized culture (Fig 3). On the other hand, the
half-lives of CLBI-CLB6 mRNAs are similar: 3 to 7 mins in wild-type, 10-15 mins in the ccr4A
mutant. The significant increase of the CLB6 mRNA level may be caused by the multiple effects
of the ccr4A mutation, including mRNA degradation, cell cycle delay, or transcription.

We also examined whether the Clb1-6 protein levels were also affected by the ccr44 muta-
tion. Unexpectedly, although the CLBI-6 mRNA levels were increased in the ccr4A mutant,
only CIb2, Clb4, and CIb6 protein levels showed a slight increase in the ccr44 mutant. Since we
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https://doi.org/10.1371/journal.pone.0268283.9013
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Fig 14. Expression of CLBI1, CLB2, CLB3, CLB4, CLB5, and CLB6 in whi3A, caf20A, eap1A and caf20A eap1A
strains. The mRNA levels of CLBI (A), CLB2 (B), CLB3 (C), CLB4 (D), CLB5 (E), and CLB6 (F) in ccr4A mutant strain
growing in YPD medium relative to the wild-type strain. PGK1 (G) was used as positive control. mRNA levels were
quantified by qRT-PCR analysis, and the relative mRNA levels were calculated using 2"*““* method normalized to
ACT]1 reference gene. The data show mean + SEM (n = 3) of fold change of mRNA level from wild-type cells at 4 H of
culture in YPD. *P < 0.05, **P < 0.01 as determined by Tukey’s test.

https://doi.org/10.1371/journal.pone.0268283.9014

have previously shown that Ccr4 plays more important role in the regulation of gene expres-
sion in the stationary phase than in the log phase [11], elevated mRNA levels may not be
important in the log phase but may be more important in the stationary phase. Since it is
reported that translation efficiency is coupled with mRNA stability [45], the translation effi-
ciency of CLB mRNAs may be involved in both mRNA and protein levels. Indeed, codon
adaptation index of Clb proteins is relatively low: Clb1 0.14, CIb2, 0.12, Clb3 0.13, Clb4 0.13,
ClIb5 0.13, CIb6 0.17, Pgkl 0.81. Inefficient translation would account for the observation that
increased mRNA levels do not confer the increase in the CIb protein levels. Recent study
shows that the Ccr4-Not complex monitors the translating ribosome for codon optimality and
links the decoding efficiency with mRNA stability [46]. Thus, Ccr4 may be directly involved in
not only mRNA degradation but also translation efficiency.

Both coding sequence and 3’ UTR of CLB6 mRNA are involved in gene
expression

We investigated the role of the coding region of CLBs in mRNA expression using the CLBx-
HA-ADH1 3’ UTR plasmid and the CLBx-HA-CLBx 3’ UTR plasmid. Since all the CLBI-
6-HA-ADH1 3’ UTR mRNA levels were increased in the ccr44 mutant compared to those in
wild-type cells, the coding region of CLBs seems to have a role in mRNA expression. We sus-
pected that a certain sequence within the coding region is responsible for the destabilization of
the CLB mRNAs. Then we examined the region responsible for mRNA destabilization within
CLBG6 coding sequence. We found that the CLB6 coding sequences have three regions, 76-150
(the regions of D4 and D5), 201-278 (the regions of D9 and D10), and 201-278 (the region of
D14) (Fig 7). Of these regions, 76-150 (the regions of D4 and D5) are different from the
regions that encode the cyclin domain. The regions 201-278 (the regions of D9 and D10) and
201-278 (the region of D14) are the regions that encode the cyclin domain. The region encod-
ing the cyclin domain may be involved in degradation at the mRNA level as well as at the pro-
tein level.

From the comparison of the results of the CLBx-HA-CLBx 3’ UTR plasmids and the CLBx-
HA-ADH1 3’ UTR plasmids (Figs 7 and 8, Table 3), we found that the 3> UTRs of CLB5 and
CLB6 may have a role in mRNA level. This was further confirmed with the experiments using
the MCM2 promoter-GFP-CLBx 3’ UTR plasmids. Since the CLB6 3° UTR has the strongest
effect, we examined the region responsible for mRNA destabilization within CLB6 3> UTR. We
found that the CLB6 3’ UTR has a region 37-83 (the regions of D3 and D4) (Fig 12). The
results of D3 and D4 showed that the mRNA level did not rise so much, but the protein level
rose significantly (Fig 12). Therefore, CLB6 3’ UTR controls both mRNA stability and transla-
tion efficiency. Our results suggest that the presence of sequences that control the amount of
mRNA in both the coding region and the 3 UTR determines the total amount of mRNA.

Whi3, but not Puf proteins, is involved in the expression of CLB mRNA

Puf family RNA-binding proteins are known to recruit the Ccr4-Not deadenylase complex to
the mRNAs promote decay [9,39,40]. However, our results using the MCM2 promoter-
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GFP-CLBx 3’ UTR plasmids suggested that Puf1-6 proteins are not involved in the Ccr4-de-
pendent mRNA destabilization of CLB6. We found that Whi3 has a role in mRNA destabiliza-
tion of CLB mRNAs. Whi3 is identified to have a role in stress-dependent RNA processing on
various stress conditions [47] and a post-transcriptional control regulator of genes involved in
cell division [48]. Whi3 is also known to bind to the CLN3 mRNA and can cause sterility in
old yeast cells [49]. Our results show that there was a significant increase in endogenous CLB
mRNA with the deletion of this protein. Whi3 is known to have a protein-mRNA interaction
with CLB6 and this is a possible candidate as a regulatory-binding protein which interacts with
Ccr4.

In this study, we have demonstrated the role of Ccr4 on the regulation of CLB expression.
We have shown that this protein is a rate-limiting step on post-transcriptional regulation. Of
all the CLB genes, it was CLB6 which showed a potential to be degraded by Ccr4 by recogniz-
ing both its coding region and 3’ UTR. For further study, we plan to detect how exactly Ccr4
stabilizes the initiation of DNA synthesis stage, specifically the activation of Cdc28 via CLB6.

Supporting information

S1 Fig. Expression of Clb1-HA, Clb2-HA, Clb3-HA, Clb4-HA, Clb5-HA, and CLb6-HA
proteins in wild-type and ccr4A mutant cells harboring the CLBx-HA-CLBx 3’ UTR plas-
mid.

(TIFF)

S2 Fig. Expression of Clb1-HA, Clb2-HA, CIb3-HA, Clb4-HA, CIb5-HA, and CLb6-HA
proteins in wild-type and ccr4A mutant cells harboring the CLBx-HA-ADH1 3’ UTR plas-
mid.

(TIFF)

S3 Fig. Expression of GFP protein in wild-type strain harboring the MCM2 promoter-
GFP-CLBx 3’ UTR plasmids.
(TIFF)

S4 Fig. Expression of GFP protein in wild-type and ccr44 mutant cells harboring the
MCM?2 promoter-GFP-CLBx 3’ UTR plasmids.
(TIFF)

S5 Fig. Deletion analysis of the CLB6 coding sequence using the CLB6-HA-CLB6 3’ UTR
plasmid. Protein levels were quantified by preparing cell extracts collected at log phase (4 H)
for immunoblotting with anti-HA and anti-Pgkl antibodies where Pgk1l was used as the load-
ing control.

(TIFF)

S6 Fig. Deletion analysis of the CLB6 3’ UTR using the MCM2 promoter-GFP-CLB6 3’-
UTR plasmid. Protein levels were quantified by preparing cell extracts collected at log phase (4
H) for immunoblotting with anti-GFP and anti-Pgkl antibodies where Pgkl was used as the
loading control.

(TIFF)

S1 Table. Strains used in this study.
(DOCX)

$2 Table. Plasmids used in this study.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0268283 May 6, 2022 25/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s008
https://doi.org/10.1371/journal.pone.0268283

PLOS ONE

Regulation of CLB6 expression by Ccr4

S3 Table. Primers used for cloning of CLBx 3’ UTR.
(DOCX)

S4 Table. Primers used for constructing CLBx-HA-ADH1 3’ UTR plasmid.
(DOCX)

S5 Table. Primers used for constructing CLBx-HA-CLBx 3’ UTR plasmid.
(DOCX)

S6 Table. Primers used for the deletion sequences of CLB6 coding region of 50 amino acids
each.
(DOCX)

S7 Table. Primers used for the deletion sequences of CLB6 3’ UTR of 30 bases each.
(DOCX)

S8 Table. Primers for RT-PCR used in this study.
(DOCX)

Acknowledgments

We thank the members of Molecular Cell Biology Laboratory for valuable discussions.

Author Contributions

Conceptualization: Jastin Edrian Cocuangco Revilleza, Megumi Sato, Kenji Irie.
Data curation: Kenji Irie.

Formal analysis: Jastin Edrian Cocuangco Revilleza, Kenji Irie.

Funding acquisition: Kenji Irie.

Investigation: Jastin Edrian Cocuangco Revilleza, Megumi Sato, Kaoru Irie, Kenji Irie.
Project administration: Kenji Irie.

Supervision: Kenji Irie.

Validation: Jastin Edrian Cocuangco Revilleza, Megumi Sato.

Visualization: Jastin Edrian Cocuangco Revilleza, Megumi Sato.

Writing - original draft: Jastin Edrian Cocuangco Revilleza.

Writing - review & editing: Yasuyuki Suda, Tomoaki Mizuno, Kenji Irie.

References

1. Lodish H, Berk A, Kaiser CA, Krieger M, Bretscher A, Ploegh H, et al. Molecular Cell Biology Eight Edi-
tion. W.H. Freeman and Company 2016.

2. Valencia-Sanchez MA, Liu J, Hannon GJ, Parker R. Control of translation and mRNA degradation by
miRNAs and siRNAs. Genes Dev 2006 Mar 1’ 20(5):515-24. https://doi.org/10.1101/gad. 1399806
PMID: 16510870

3. Arraiano CM, Andrade JM, Domingues S, Guinote IB, Malecki M, Matos RG, et al. The critical role of
RNA processing and degradation in the control of gene expression. FEMS Microbiology Reviews V 34
(5) 2010. https://doi.org/10.1111/j.1574-6976.2010.00242.x PMID: 20659169

4. Boo SH, Kim YK. The emerging role of RNA modifications in the regulation of mRNA stability. Experi-
mental & Molecular Medicine 52:400-408. 2020. https://doi.org/10.1038/s12276-020-0407-z PMID:
32210357

PLOS ONE | https://doi.org/10.1371/journal.pone.0268283 May 6, 2022 26/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0268283.s014
https://doi.org/10.1101/gad.1399806
http://www.ncbi.nlm.nih.gov/pubmed/16510870
https://doi.org/10.1111/j.1574-6976.2010.00242.x
http://www.ncbi.nlm.nih.gov/pubmed/20659169
https://doi.org/10.1038/s12276-020-0407-z
http://www.ncbi.nlm.nih.gov/pubmed/32210357
https://doi.org/10.1371/journal.pone.0268283

PLOS ONE

Regulation of CLB6 expression by Ccr4

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Schoenberg DR, Maquat LE. Regulation of cytoplasmic mRNA decay. Nature Reviews Genetics 13,
246-259. 2012. https://doi.org/10.1038/nrg3160 PMID: 22392217

Garneau NL, Wilusz J, Wilusz CJ. The highways and byways of mMRNA decay. Nature Reviews Molecu-
lar Cell Biology 8, 113—126. 2007. https://doi.org/10.1038/nrm2104 PMID: 17245413

Tucker M, Valencia-Sanchez MA, Staples RR, Chen J, Denis CL, Parker R. The transcription factor
associated Ccr4 and Caf1 proteins are components of the major cytoplasmic mRNA deadenylase in
Saccharomyces cerevisiae. Cell 104 (3) 377-386. 2001. https://doi.org/10.1016/s0092-8674(01)
00225-2 PMID: 11239395

Collart MA. The Ccr4-Not complex is a key regulator of eukaryotic gene expression. WIREs RNA (7)
438-454. 2016. https://doi.org/10.1002/wrna.1332 PMID: 26821858

Goldstrohm AC, Seay DJ, Hook BA, Wickens M. PUF Protein-mediated Deadenylation Is Catalyzed by
Ccrdp. Journal of Biological Chemistry 282 (1) 109—114 2007. https://doi.org/10.1074/jbc.M609413200
PMID: 17090538

Traven A, Beilharz TH, Lo TL, Lueder F, Preiss T, Heierhorst J. The Ccr4-Pop2-NOT mRNA Deadeny-
lase Contributes to Septin Organization in Sacharocymes cerevisiae. Genetics 182 (4) 955-966 2009.
https://doi.org/10.1534/genetics.109.104414 PMID: 19487562

Duy DL, Suda Y, Irie K. Cytoplasmic deadenylase Ccr4 is required for translational repression of LRG1
mRNA in the stationary phase. PLoS one 12 (2) 2017. https://doi.org/10.1371/journal.pone.0172476
PMID: 28231297

Valderrama AL, Fuijii S, Duy DL, Irie K, Mizuno T, Suda Y, et al. Pbp1 mediates the aberrant expression
of genes involved in growth defect of ccr4A and pop2A mutants in yeast Saccharomyces cerevisiae.
Genes Cells 26 (6) 381-398 2021. https://doi.org/10.1111/gtc.12846 PMID: 33764672

Collart MA. Global control of gene expression in yeast by Ccr4-Not complex. Gene 313 1-16 20083.
https://doi.org/10.1016/s0378-1119(03)00672-3 PMID: 12957374

Surana U, Robitsch H, Price C, Schuster T, Fitch |, Futcher AB, et al. The role of CDC28 and cyclins
during mitosis in the budding yeast S. cerevisiae. Cell. 1991 Apr 5; 65(1):145-61. https://doi.org/10.
1016/0092-8674(91)90416-v PMID: 1849457

Schwob E, Nasmyth K. CLB5 and CLB6, a new pair of B cyclins involved in DNA replication in Saccha-
romyces cerevisiae. Genes Dev. 1993 Jul; 7(7A):1160-75. https://doi.org/10.1101/gad.7.7a.1160
PMID: 8319908

Hershko A. Mechanisms and regulation of the degradation of cyclin B. Philos Trans R Soc Lond B Biol
Sci 354(138):1571-5 1999. https://doi.org/10.1098/rstb.1999.0500 PMID: 10582242

Holder J, Mohammed S and Barr FA. Ordered dephosphorylation initiated by the selective proteolysis
of cyclin B drives mitotic exit. Elife 9:e59885 2020. https://doi.org/10.7554/eLife.59885 PMID:
32869743

Tokumoto T, Hossain F, Jyoti MS, Ali H, Hossain B, Acharjee M, et al. Two-Step Mechanism of Cyclin B
Degradation Initiated by Proteolytic Cleavage with the 26S Proteasome in Fish. Sci Rep 10(1):8924
2020. https://doi.org/10.1038/s41598-020-65009-w PMID: 32488101

Amon A. Regulation of B-type cyclin proteolysis by Cdc28-associated kinases in budding yeast. EMBO
J 10:2693-702 1997. https://doi.org/10.1093/emboj/16.10.2693 PMID: 9184216

Messier V, Zenklusen D, Michnick SW. A nutrient-responsive pathway that determines M phase timing
through control of B-cyclin mRNA stability. Cell 153(5) 1080—93 2013. https://doi.org/10.1016/j.cell.
2013.04.035 PMID: 23706744

Trcek T, Larson DR, Moldon A, Query CC, Singer RH. Single-molecule mRNA decay measurements
reveal promoter-regulated mRNA stability in yeast. Cell 147(7) 1484-97 2011. https://doi.org/10.1016/
j.cell.2011.11.051 PMID: 22196726

Gill T, Cai T, Aulds J, Wierzbicki S, Schmitt ME. RNAse MRP cleaves the CLB2 mRNA to promote cell
cycle progression: novel method of mMRNA degradation. Mol Cell Biol 24(3) 945-53 2004. https://doi.
org/10.1128/MCB.24.3.945-953.2004 PMID: 14729943

Longtine MS, Mckenzie A 1ll, Demarini DJ, Shah NG, Wach A, Brachat A, et al. Additional modules for
versatile and economical PCR-based gene deletion and modification in Saccharomyces cerevisiae.
Yeast. 1998; 14: 953-961. https://doi.org/10.1002/(SICI)1097-0061(199807)14:10<953::AID-
YEA293>3.0.CO;2-U PMID: 9717241

Amberg DC, Burke D, Strathern JN, Burke D, Cold Spring Harbor Laboratory. Methods in yeast genet-
ics: a Cold Spring Harbor Laboratory course manual [Internet]. Cold Spring Harbor Laboratory Press;
2005. Available: https://books.google.co.jp/books/about/Methods_in_Yeast_Genetics.html?id=
47zspjkKkCwC&redir_esc=y.

PLOS ONE | https://doi.org/10.1371/journal.pone.0268283 May 6, 2022 27/29


https://doi.org/10.1038/nrg3160
http://www.ncbi.nlm.nih.gov/pubmed/22392217
https://doi.org/10.1038/nrm2104
http://www.ncbi.nlm.nih.gov/pubmed/17245413
https://doi.org/10.1016/s0092-8674%2801%2900225-2
https://doi.org/10.1016/s0092-8674%2801%2900225-2
http://www.ncbi.nlm.nih.gov/pubmed/11239395
https://doi.org/10.1002/wrna.1332
http://www.ncbi.nlm.nih.gov/pubmed/26821858
https://doi.org/10.1074/jbc.M609413200
http://www.ncbi.nlm.nih.gov/pubmed/17090538
https://doi.org/10.1534/genetics.109.104414
http://www.ncbi.nlm.nih.gov/pubmed/19487562
https://doi.org/10.1371/journal.pone.0172476
http://www.ncbi.nlm.nih.gov/pubmed/28231297
https://doi.org/10.1111/gtc.12846
http://www.ncbi.nlm.nih.gov/pubmed/33764672
https://doi.org/10.1016/s0378-1119%2803%2900672-3
http://www.ncbi.nlm.nih.gov/pubmed/12957374
https://doi.org/10.1016/0092-8674%2891%2990416-v
https://doi.org/10.1016/0092-8674%2891%2990416-v
http://www.ncbi.nlm.nih.gov/pubmed/1849457
https://doi.org/10.1101/gad.7.7a.1160
http://www.ncbi.nlm.nih.gov/pubmed/8319908
https://doi.org/10.1098/rstb.1999.0500
http://www.ncbi.nlm.nih.gov/pubmed/10582242
https://doi.org/10.7554/eLife.59885
http://www.ncbi.nlm.nih.gov/pubmed/32869743
https://doi.org/10.1038/s41598-020-65009-w
http://www.ncbi.nlm.nih.gov/pubmed/32488101
https://doi.org/10.1093/emboj/16.10.2693
http://www.ncbi.nlm.nih.gov/pubmed/9184216
https://doi.org/10.1016/j.cell.2013.04.035
https://doi.org/10.1016/j.cell.2013.04.035
http://www.ncbi.nlm.nih.gov/pubmed/23706744
https://doi.org/10.1016/j.cell.2011.11.051
https://doi.org/10.1016/j.cell.2011.11.051
http://www.ncbi.nlm.nih.gov/pubmed/22196726
https://doi.org/10.1128/MCB.24.3.945-953.2004
https://doi.org/10.1128/MCB.24.3.945-953.2004
http://www.ncbi.nlm.nih.gov/pubmed/14729943
https://doi.org/10.1002/%28SICI%291097-0061%28199807%2914%3A10%26lt%3B953%3A%3AAID-YEA293%26gt%3B3.0.CO%3B2-U
https://doi.org/10.1002/%28SICI%291097-0061%28199807%2914%3A10%26lt%3B953%3A%3AAID-YEA293%26gt%3B3.0.CO%3B2-U
http://www.ncbi.nlm.nih.gov/pubmed/9717241
https://books.google.co.jp/books/about/Methods_in_Yeast_Genetics.html?id=47zspjkKkCwC&redir_esc=y
https://books.google.co.jp/books/about/Methods_in_Yeast_Genetics.html?id=47zspjkKkCwC&redir_esc=y
https://doi.org/10.1371/journal.pone.0268283

PLOS ONE

Regulation of CLB6 expression by Ccr4

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Sakumoto N, Mukai Y, Uchida K, Kouchi T, Kuwajima J, Nakagawa Y, et al. A series of protein phospha-
tase gene disruptants inSaccharomyces cerevisiae. Yeast. 1999; 15: 1669—1679. https://doi.org/10.
1002/(SICI)1097-0061(199911)15:15<1669::AID-YEA480>3.0.CO;2-6 PMID: 10572263

Adam AC, Gonzales-Blasco G, Rubio-Texeira M and Polaina J. Transformation of Escherichia coli with
DNA from Saccharomyces cerevisiae Cell Lysates. Appl Environ Micriobol 65(12) 5303-306 1999.
https://doi.org/10.1128/AEM.65.12.5303-5306.1999 PMID: 10583980

Kushnirov VV. Rapid and reliable protein extraction from yeast. Yeast. 2000; 16(9):857—60. https://doi.
org/10.1002/1097-0061(20000630)16:9<857::AlID-YEA561>3.0.CO;2-B PMID: 10861908.

Futcher B. Cell cycle synchronization. Methods Cell Sci. 1999; 21(2-3):79-86. https://doi.org/10.1023/
a:1009872403440 PMID: 10728640

Mulder KW, Winkler GS, Timmers HT. DNA damage and replication stress induced transcription of
RNR genes is dependent on the Ccr4-Not complex. Nucleic Acids Res. 2005; 33(19):6384—6392. Pub-
lished 2005 Nov 7. https://doi.org/10.1093/nar/gki938 PMID: 16275785

Palou G, Palou R, Guerra-Moreno A, Duch A, Travesa A, Quintana DG. Cyclin regulation by the s
phase checkpoint. J Biol Chem. 2010; 285(34):26431-26440. https://doi.org/10.1074/jbc.M110.138669
PMID: 20538605

Manukyan A, Zhang J, Thippeswamy U, Yang J, Zavala N, Mudannayake MP, et al. Ccr4 alters cell
size in yeast by modulating the timing of CLN1 and CLN2 expression. Genetics. 2008 May; 179(1):345—
57. https://doi.org/10.1534/genetics.108.086744 PMID: 18493058

Russell P, Moreno S, Reed SI. Conservation of mitotic controls in fission and budding yeasts Cell. 1989
Apr 21; 57(2):295-303. https://doi.org/10.1016/0092-8674(89)90967-7 PMID: 2649252

Booher RN, Deshaies RJ, Kirschner MW. Properties of Saccharomyces cerevisiae wee1 and its differ-
ential regulation of p34CDC28 in response to G1 and G2 cyclins EMBO J. 1993 Sep; 12(9):3417-26.
PMID: 8253069

Ito W, Li X, Irie K, Mizuno T, Irie K. RNA-binding protein Khd1 and Ccr4 deadenylase play overlapping
roles in the cell wall integrity pathway in Saccharomyces cerevisiae. Eukaryot Cell. 2011; 10(10):
1340-7. https://doi.org/10.1128/EC.05181-11 PMID: 21873511.

Kimura Y, Irie K, Irie K. Pbp1 is involved in Ccr4- and Khd1-mediated regulation of cell growth through
association with ribosomal proteins Rpl12a and Rpl12b. Eukaryot Cell. 2013; 12(6): 864—74. https:/
doi.org/10.1128/EC.00370-12 PMID: 23563484.

Parker R. RNA Degradation in Saccharomyces cerevisae. Genetics 191(3) 671-702 2012. https://doi.
org/10.1534/genetics.111.137265 PMID: 22785621

Young MR, Tye BK. Mcm2 and Mcm3 are constitutive nuclear proteins that exhibit distinct isoforms and
bind chromatin during specific cell cycle stages of Saccharomyces cerevisiae. Mol Biol Cell. 1997 Aug;
8(8): 1587—-1601. https://doi.org/10.1091/mbc.8.8.1587 PMCID: PMC276178 PMID: 9285827.

Mizuno T, Masuda Y, Irie K. The Saccharomyces cerevisiae AMPK, Snf1, Negatively Regulates the
Hog1 MAPK Pathway in ER Stress Response. PLoS Genet. 2015 Sep 22; 11(9):e1005491. https://doi.
org/10.1371/journal.pgen.1005491 eCollection 2015. PMID: 26394309

Wilinski D, Qiu C, Lapointe CP, Nevil M, Campbell ZT, Tanaka Hall TM, et al. RNA regulatory networks
diversified through curvature of the PUF protein scaffold. Nat Commun. 2015; 6: 8213. https://doi.org/
10.1038/ncomms9213 PMID: 26364903.

Tadauchi T, Matsumoto K, Herskowitz |, Irie K. Post-transcriptional regulation through the HO 3’-UTR
by Mpt5, a yeast homolog of Pumilio and FBF. Embo J 20(3) 552—61 2001. https://doi.org/10.1093/
emboj/20.3.552 PMID: 11157761

Holmes KJ, Klass DM, Guiney EL, Cyert MS. Whi3, an S. cerevisiae RNA-binding protein, is a compo-
nent of stress granules that regulates levels of its target mMRNAs. PLoS One. 2013 Dec 27; 8(12):
€84060. https://doi.org/10.1371/journal.pone.0084060 eCollection 2013. PMID: 24386330

Gay S, Piccini D, Bruhn C, Ricciardi S, Soffientini P, Carotenuto W, et al. A Mad2-Mediated Transla-
tional Regulatory Mechanism Promoting S-Phase Cyclin Synthesis Controls Origin Firing and Survival
to Replication Stress. Mol Cell. 2018 May 17; 70(4):628—638.e5. https://doi.org/10.1016/j.molcel.2018.
04.020 PMID: 29775579

Cosentino GP, Schmelzle T, Haghighat A, Helliwell S, Hall MN, Sonenberg N. Eap1p, a novel eukary-
otic translation initiation factor 4E-associated protein in Saccharomyces cerevisiae. Mol Cell Biol. 2000
Jul; 20(13):4604—13. https://doi.org/10.1128/MCB.20.13.4604-4613.2000 PMID: 10848587

Tudek A, Krawczyk PS, Mroczek S, Tomecki R, Turtola M, Matylla-Kulinska K, et al. Global view on the
metabolism of RNA poly(A) tails in yeast Saccharomyces cerevisiae. Nat Commun. 2021 Aug 16; 12
(1):4951. https://doi.org/10.1038/s41467-021-25251-w PMID: 34400637

PLOS ONE | https://doi.org/10.1371/journal.pone.0268283 May 6, 2022 28/29


https://doi.org/10.1002/%28SICI%291097-0061%28199911%2915%3A15%26lt%3B1669%3A%3AAID-YEA480%26gt%3B3.0.CO%3B2-6
https://doi.org/10.1002/%28SICI%291097-0061%28199911%2915%3A15%26lt%3B1669%3A%3AAID-YEA480%26gt%3B3.0.CO%3B2-6
http://www.ncbi.nlm.nih.gov/pubmed/10572263
https://doi.org/10.1128/AEM.65.12.5303-5306.1999
http://www.ncbi.nlm.nih.gov/pubmed/10583980
https://doi.org/10.1002/1097-0061%2820000630%2916%3A9%26lt%3B857%3A%3AAID-YEA561%26gt%3B3.0.CO%3B2-B
https://doi.org/10.1002/1097-0061%2820000630%2916%3A9%26lt%3B857%3A%3AAID-YEA561%26gt%3B3.0.CO%3B2-B
http://www.ncbi.nlm.nih.gov/pubmed/10861908
https://doi.org/10.1023/a%3A1009872403440
https://doi.org/10.1023/a%3A1009872403440
http://www.ncbi.nlm.nih.gov/pubmed/10728640
https://doi.org/10.1093/nar/gki938
http://www.ncbi.nlm.nih.gov/pubmed/16275785
https://doi.org/10.1074/jbc.M110.138669
http://www.ncbi.nlm.nih.gov/pubmed/20538605
https://doi.org/10.1534/genetics.108.086744
http://www.ncbi.nlm.nih.gov/pubmed/18493058
https://doi.org/10.1016/0092-8674%2889%2990967-7
http://www.ncbi.nlm.nih.gov/pubmed/2649252
http://www.ncbi.nlm.nih.gov/pubmed/8253069
https://doi.org/10.1128/EC.05181-11
http://www.ncbi.nlm.nih.gov/pubmed/21873511
https://doi.org/10.1128/EC.00370-12
https://doi.org/10.1128/EC.00370-12
http://www.ncbi.nlm.nih.gov/pubmed/23563484
https://doi.org/10.1534/genetics.111.137265
https://doi.org/10.1534/genetics.111.137265
http://www.ncbi.nlm.nih.gov/pubmed/22785621
https://doi.org/10.1091/mbc.8.8.1587
http://www.ncbi.nlm.nih.gov/pubmed/9285827
https://doi.org/10.1371/journal.pgen.1005491
https://doi.org/10.1371/journal.pgen.1005491
http://www.ncbi.nlm.nih.gov/pubmed/26394309
https://doi.org/10.1038/ncomms9213
https://doi.org/10.1038/ncomms9213
http://www.ncbi.nlm.nih.gov/pubmed/26364903
https://doi.org/10.1093/emboj/20.3.552
https://doi.org/10.1093/emboj/20.3.552
http://www.ncbi.nlm.nih.gov/pubmed/11157761
https://doi.org/10.1371/journal.pone.0084060
http://www.ncbi.nlm.nih.gov/pubmed/24386330
https://doi.org/10.1016/j.molcel.2018.04.020
https://doi.org/10.1016/j.molcel.2018.04.020
http://www.ncbi.nlm.nih.gov/pubmed/29775579
https://doi.org/10.1128/MCB.20.13.4604-4613.2000
http://www.ncbi.nlm.nih.gov/pubmed/10848587
https://doi.org/10.1038/s41467-021-25251-w
http://www.ncbi.nlm.nih.gov/pubmed/34400637
https://doi.org/10.1371/journal.pone.0268283

PLOS ONE

Regulation of CLB6 expression by Ccr4

45.

46.

47.

48.

49.

Presnyak V, Alhusaini N, Chen Y-H, Martin S, Morris N, Kline N, et al. Codon optimality is a major deter-
minant of mMRNA stability. Cell. 2015 Mar 12; 160(6): 1111—1124. https://doi.org/10.1016/j.cell.2015.02.
029 PMID: 25768907

Buschauer R, Matsuo Y, Sugiyama T, Chen Y-H, Alhusaini N, Sweet T, et al. The Ccr4-Not complex
monitors the translating ribosome for codon optimality. Science. 2020 Apr 17; 3 68 (6488): eaay6912.
https://doi.org/10.1126/science.aay6912 PMID: 32299921

Schladebeck Sand Mdsch Hans-Ulrich. The RNA-binding protein Whi3 is a key regulator of develop-
mental signaling and ploidy in Saccharomyces cerevisiae. 195(1):73-86 2013. https://doi.org/10.1534/
genetics.113.153775 PMID: 23770701

Schlisell G, Krzyzanowski MK, Caudron F, Barral Yves J. Aggregation of the Whi3 protein, not loss of
heterochromatin, causes sterility in old yeast cells. Science 355(6330):1184—-87 2017. https://doi.org/
10.1126/science.aaj2103 PMID: 28302853

Gari E, Volpe T, Wang H, Gallego C, Futcher B and Aldea M. Whi3 binds the mRNA of the G1 cyclin
CLNS3 to modulate cell fate in budding yeast. Genes Dev 15(21):2803—-8 2001. https://doi.org/10.1101/
gad.203501 PMID: 11691832

PLOS ONE | https://doi.org/10.1371/journal.pone.0268283 May 6, 2022 29/29


https://doi.org/10.1016/j.cell.2015.02.029
https://doi.org/10.1016/j.cell.2015.02.029
http://www.ncbi.nlm.nih.gov/pubmed/25768907
https://doi.org/10.1126/science.aay6912
http://www.ncbi.nlm.nih.gov/pubmed/32299921
https://doi.org/10.1534/genetics.113.153775
https://doi.org/10.1534/genetics.113.153775
http://www.ncbi.nlm.nih.gov/pubmed/23770701
https://doi.org/10.1126/science.aaj2103
https://doi.org/10.1126/science.aaj2103
http://www.ncbi.nlm.nih.gov/pubmed/28302853
https://doi.org/10.1101/gad.203501
https://doi.org/10.1101/gad.203501
http://www.ncbi.nlm.nih.gov/pubmed/11691832
https://doi.org/10.1371/journal.pone.0268283

