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Abstract. The rok1 gene encodes the ATP‑dependent RNA 
helicase Rok1, which is involved in regulating the maturation 
of small subunit ribosomal RNA and thus ribosome biogen‑
esis. However, the regulation of cellular mitotic dynamics 
by the rok1 gene deletion is currently unclear. In the present 
study, fluorescent protein labeling and live cell imaging tech‑
niques were used to investigate the effects of rok1 deletion on 
the dynamics of microtubules, actin and kinetochores during 
mitosis at 25 and 37˚C, and RNA‑sequencing and bioinfor‑
matics analyses were used to reveal the key genes. Analysis 
of the live cell imaging results revealed that, in mitosis, the 
initiation length and contraction length of actin rings were both 
shortened and the contraction rate was decreased at 25 and 
37˚C. The separation process of kinetochores was inhibited at 
25 and 37˚C, and the inhibition was more severe at the higher 
temperature of 37˚C. Analysis of RNA sequencing results 
showed that upregulation of myo51 and blt1 resulted in delayed 
actin ring assembly and slowed actin ring contraction in the 
rok1Δ strain. In addition, psm1 and psc3 were upregulated and 

are key genes affecting the ability of kinetochores to move on 
the spindle and the cohesion of sister chromatids. The present 
study revealed that the Rok1 protein not only influences the 
actin polymerization process, participate in the regulation of 
actin ring assembly and contraction, and cytoplasmic division, 
but also affects the migration ability of kinetochores on the 
spindle and participate in the regulation of the formation and 
maintenance of cohesion between sister chromatids, which 
provides a certain scientific basis for further exploring the 
function of the Rok1 protein in cell division.

Introduction

The course of the eukaryotic cell cycle is regulated by genes 
and accompanied by periodic fluctuations in the expression 
levels of a number of genes (1). Maintaining cell cycle homeo‑
stasis requires coordinated interactions between proteins such 
as tubulin  (2), actin  (3) and cellular structures. Cell cycle 
dysregulation leads to genomic instability which leads to cell 
death, diseases and malignancies, such as breast cancer (4), 
esophageal cancer  (5), and head and neck squamous cell 
carcinoma (6,7). Schizosaccharomyces pombe (S. pombe) is a 
eukaryotic organism with well‑defined cell shapes and highly 
active homologous recombination mechanisms, making it a 
high‑quality model organism in biology (8,9). The growth of 
fission yeast cells is susceptible to environmental changes; in 
conditions such as high temperatures or nutritional deficien‑
cies, cells trigger a stress response that regulates cell cycle 
checkpoints to delay or arrest the mitotic process, disrupting 
cell cycle homeostasis (10). For example, when fission yeast 
cells are cultured at a suitable temperature (such as 25˚C), 
protein function in the cells is normal; however, when 
cultured at higher temperatures (such as 37˚C), protein func‑
tion during mitosis is disturbed and cell cycle homeostasis is 
destroyed (11,12).

Almost all aspects of eukaryotic gene expression and 
its regulation involve ATP‑dependent RNA helicases. The 
DEAD box protein family of RNA helicases is a key regulator 
of RNA splicing, mRNA export and ribosome biosynthesis. 
Mutations and dysregulation of the DEAD box protein family 
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have been associated with a variety of diseases, such as cancer 
and neurological disorders (13). The ATP‑dependent RNA 
helicase Fal1 of the S. pombe DEAD box protein family is 
involved in the constitution of the exon junction complex 
subunit that recognizes and degrades mis‑spliced mRNAs in 
the nucleus during the cell cycle. The fal1 gene deletion results 
in the formation of ascus with more or fewer than four spores 
and abnormal mitosis  (14,15). Ste13 has ATP‑dependent 
histone chaperone activity that regulates the involvement of 
histone chaperones in chromatin assembly and de‑assembly. 
The ste13 mutant cannot enter the G0 phase of the cell cycle 
or initiate sexual reproduction to produce spores (16). Dbp2 
has RNA helicase activity and binds ATP and mRNA; it is 
involved in the composition of the ribonucleoprotein complex 
and regulates ribosome biogenesis. Deletion of the dbp2 gene 
results in reduced localization of proteins to chromatin and 
mitotic cell cycle abnormalities (15). Translation initiation 
RNA helicase, Ded1, has translation initiation factor activity. 
In response to stress, Ded1 inhibits the activity of the Cdc25 
protein in mitosis and activates the mitotic G2/M checkpoint; 
however, under high temperature conditions, ded1 mutant 
cells are unable to enter S phase and mitotic processes (11,17). 
Prp19 complex WD repeat protein Prp5, which is involved in 
the composition of the Prp19 complex, regulates DNA repair, 
recombination and spore formation, but at high temperatures, 
prp5 mutations result in abnormal cell morphology, defective 
cell cycle proteins and cell cycle arrest at mitosis or the G2/M 
border (18,19). The uap56 gene encodes the TREX complex 
subunit, ATP‑dependent RNA Uap56, which is involved in 
the mRNA metabolic process by catalyzing the attachment 
of RNA fragments through the spliceosome. Under high 
temperature conditions, the mitotic cell cycle of the uap56Δ 
strain is abnormal (15).

The rok1 gene encodes the ATP‑dependent RNA helicase 
Rok1 in S.  pombe, which is a member of the DEAD box 
protein family (Fig. 1). In cells, the Rok1 protein is localized 
in the nucleolus and is involved in regulating the maturation of 
small subunit ribosomal RNA (rRNA) and thus the process of 
ribosome biogenesis (20). In budding yeast, the Rok1 protein 
binds to ATP, stabilizes the binding of its cofactor Rrp5 to 
the 40S ribosome (21) and is involved in rRNA processing 
and control of cell cycle progression in budding yeast (22). 
In fission yeast, rok1 gene deletion results in decreased cell 
growth under high‑temperature conditions and in media with 
galactose, maltose, sucrose or xylose as the carbon source, 
increased growth in media with lysine, proline or serine as 
the nitrogen source and increased susceptibility to bleomycin, 
brefeldin A, cycloheximide, diamide, formamide and sodium 
dodecyl sulfate. Abnormal chromosome segregation during 
meiosis was also observed in rok1∆ cells (23). In addition, the 
rok1 gene is closely associated with human diseases, and Rok1 
and Cd168 accelerate the progression of androgen‑independent 
(AI) prostate cancer and accelerate the invasion and metastasis 
of AI cells in the endothelial layer of human bone marrow (24).

To the best of our knowledge, the effects of fission yeast 
rok1 gene deletion on cell mitosis under normal and stress 
temperature conditions and its molecular mechanisms have 
not been reported. In the present study, the effects of rok1 
gene deletion on cell growth, sporulation and spindle, actin, 
kinetochores and centromere protein dynamics in mitosis 

were investigated using the fission yeast as a research model. 
RNA‑sequencing (RNA‑Seq) and bioinformatics analyses 
also revealed key genes and pathways of the abnormal growth 
of the rok1Δ strain, providing a scientific basis for further 
revealing the role of Rok1 protein in cell division.

Materials and methods

Experimental strains. The strains used in the present study 
are listed in Table I (25,26). All strains constructed in this 
experiment were engineered with fluorescent labels via spore 
production, as later described.

Culture media and main reagents. YE5S Liquid Medium 
was prepared by adding 2.5 g Yeast Extract (Thermo Fisher 
Scientific, Inc.), 0.01125 g Amino Acids (Ade/Leu/Ura/His/Lys) 
(Merck KGaA), 15 g Dextrose (Shanghai Aladdin Biochemical 
Technology Co., Ltd.) and 500 ml ultrapure Water. YE5S 
Solid Medium was prepared by adding 8.5 g agar (BioFroxx; 
neoFroxx GmbH) to the liquid medium. G418, HygR or 
NatMx Resistance Selection Medium were prepared by 
adding 0.3 mg/ml G418 (Guangzhou Saigou Biotech Co., Ltd.), 
0.3 mg/ml HygR (Shanghai Macklin Biochemical Co., Ltd.) 
or 0.1 mg/ml NatMx (Beijing Solarbio Science & Technology 
Co., Ltd.) to YE5S solid medium. Leu‑deficient medium was 
prepared by removing Leu from YE5S solid medium. 1X 
snail enzyme solution was prepared by mixing 100X snail 
enzyme buffer with 10 g/ml snail enzyme (Shanghai Yuanye 
Bio‑Technology Co., Ltd.) and 990 µl ultrapure water. The 
100X Snail Enzyme Buffer contains 1 mol/l sorbitol (Shanghai 
Yuanye Bio‑Technology Co., Ltd.), 100  mmol/l EDTA 
(Shanghai Macklin Biochemical Co., Ltd.) and 14 mmol/l 
β‑mercaptoethanol (Merck KGaA). All media and reagents 
were prepared at room temperature and sterilized prior to use.

Fluorescent protein labeling construction. The wild‑type strain 
with fluorescent marker (PT2514, PT3850, YL20, YL24, YL26) 
and the opposite mating‑type rok1Δ strain (2125‑A or 2125‑B) 
(Table I) were inoculated onto YE5S solid medium and were 
activated at 25˚C for 3 days. The activated h+ and h‑ strains were 
then mixed on EMM‑N nitrogen‑deficient medium for sporula‑
tion (27) and incubated at 25˚C for 2 days. Colonies were picked 
and examined using an OLYMPUS BX51 microscope (Olympus 
Corporation) to monitor sporulation. Upon confirmation of spore 
formation, the cells were treated with 1 ml prepared 1X snail 
enzyme working solution (28,29) to release the spore suspen‑
sion. The suspension was spread onto YE5S solid medium and 
incubated at 25˚C for 2 days to allow spore germination and 
single colony formation. Colonies were subsequently transferred 
using the replica plating method onto nutrient‑deficient or 
antibiotic‑containing media (30). Positive clones obtained were 
expanded through serial passages, stored with 30% glycerol as 
cryoprotectant in an 80˚C ultra‑low temperature freezer (Thermo 
Fisher Scientific, Inc.) for future use.

Live cell imaging. Live cell imaging of the experimental strains 
was performed using a TCS‑SP8 laser confocal microscope 
(Leica Microsystems GmbH) at 25 and 37˚C. The parameters 
were set as follows: Green fluorescence received in the wave‑
length range of 493‑545 nm, red fluorescence received in the 
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wavelength range of 584‑736 nm, pixels of 512x512 µm, seven 
optical slices with a pitch of 6.02 µm, exposure time of 400 
msec, shooting interval of 2 min and total shooting time of 
120 min.

Outlier detection. Measurements of the dynamics of cellular 
mitotic spindle, actin, kinetochore, and centrosome proteins 
were analyzed using ImageJ (version 1.51s; National Institutes 
of Health). Potential outliers were identified and excluded 
based on the Z‑score method. The Z‑score was calculated 
as Z=(χ‑µ)/σ, where χ is the measured value, µ is the mean 
of measurements and σ is the population standard deviation. 
Data points with Z>2 were considered outliers (31). To ensure 
data consistency across all metrics including microtubule, 
actin, kinetochore and centrosomal protein data, each initially 
collected from 20 cells (No. 1‑No. 20), if a cell was identified 
as an outlier in any metric, all measurement data from that cell 
were excluded.

For example, using actin ring data from rok1Δ strains 
cultured at 25˚C, six metrics were analyzed: Actin ring 
length, total time from assembly to complete disappearance, 
assembly time, contraction time, total contraction rate from 
assembly to complete disappearance and contraction rate 
during the contraction phase. After Z‑score normalization 
of measurements from the 20 cells, three outliers (Z>2) were 
identified: The contraction rate of the No. 4 cell and both 
the total duration and assembly time of the actin ring of the 
No. 14 cell. Consequently, all six parameters from the No. 4 
and the No. 14 cells were excluded. Following this procedure, 
data from 5 cells were excluded for each metric, ultimately 
retaining a uniform set of 15 cells per metric for subsequent 
analysis.

Statistical analysis. Data analysis was performed using SPSS 
Statistics 26 (International Business Machines Corporation). 
The Shapiro‑Wilk test assessed data normality, and the unpaired 
Student's t‑test analyzed differences between wild‑type and 
rokI∆ strains. Differentially expressed genes were identified 
using an adjusted P<0.05, log2 fold change >0 (32) as screening 

criteria. RT‑qPCR data were analyzed using the 2‑∆∆Cq rela‑
tive quantification method (33) to describe the transcriptional 
expression changes of target genes in the rok1Δ strain relative 
to the wild‑type strain. P<0.05 was considered to indicate a 
statistically significant difference.

RNA‑Seq. The PT287 and 2125 strains were cultured at 25˚C 
and 37˚C until the cells entered the logarithmic growth phase, 
and then the organisms were collected and frozen. Total RNA 
was extracted using the Yeast total RNA kit (Omega Bio‑Tek, 
Inc.) according to the manufacturer's standard protocol, and 
sent to Beijing Novogene technology Co., Ltd. for quality 
testing and RNA‑Seq. Reference genes were compared using 
Hisat2 v2.0.5 software (34); gene expression was quantified 
using Feature Counts and Stringtie (1.3.3b) software  (35); 
and differential significance of gene expression of samples 
was analyzed using DESeq2 (1.20.0) and EdgeR (3.22.5) 
software  (36). Differential genes were processed by Gene 
Ontology (GO) function enrichment (37), Kyoto Encyclopedia 
of Genes and Genomes (KEGG) (38) pathway enrichment 
analysis was performed using Cluster Profile software (version 
3.8.1) (39).

Reverse transcription‑quantitative PCR (RT‑qPCR). PT287 
and 2125 strains were cultured at 25 and 37˚C until the 
cells reached the logarithmic growth phase, then collected 
and frozen. Total RNA was extracted using the Yeast Total 
RNA Kit and reverse‑transcribed into cDNA using the 
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher 
Scientific, Inc.) at 42˚C for 60 min. The qPCR conditions 
were as follows: 95˚C pre‑denaturation for 30 sec, followed 
by 39  cycles of 95˚C denaturation for 5  sec and 60˚C 
annealing/extension for 30 sec. The melting curve analysis 
stage consisted of 95˚C for 10 sec, 65˚C for 5 sec and 95˚C 
for 5 sec. The act1 gene was used as the internal control, 
and qPCR was performed using the CFX96 Real‑Time PCR 
Detection System (Bio‑Rad Laboratories, Inc.) to analyze 
gene expression levels. The primer sequences used are 
listed in Table II.

Figure 1. Location, protein structure and protein conserved domain of rok1. (A) Location of rok1. (B) Structure of the Rok1 protein. (C) Conserved domains 
of the Rok1 protein.

https://www.spandidos-publications.com/10.3892/etm.2026.13145
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Results

Changes in cell growth and spore production in the rok1Δ 
strain. The growth rates of the wild‑type strain and the rok1Δ 
strain were compared and the results showed that there was 
no significant difference in growth rates between the two over 
the period of 0‑4 h at 25˚C and 37˚C (all P>0.05). After 6 h, 
the wild‑type strain entered the logarithmic growth phase and 
the growth rate of the rok1Δ strain significantly decreased. 
At 25˚C, optical density (OD)595 at 12 h was 0.68±0.00 and 
0.33±0.02 for the wild‑type and rok1Δ strains, respectively. 
At 37˚C, OD595 at 12 h was 0.89±0.01 and 0.61±0.07 for the 
wild‑type and rok1Δ strains, respectively (Fig. 2A and B), 
which were significantly different (P<0.01). The aforemen‑
tioned results indicated that rok1 gene deletion significantly 
decreased the cell growth rate.

The results of spore number production showed that 
99.33±0.31% of the wild‑type strains produced 4 spores, 
whereas the percentage of the rok1Δ strain producing 4 spores 
was 96.60±0.92%, which was a significant difference. In addi‑
tion, there were 2.00±0.72% of the rok1Δ strain producing 
3 spores (Fig. 2C and D). The results showed that the rok1Δ 

strain produced an abnormal number of spores compared to 
the wild‑type strain, with a significant decrease in the number 
of spores. It is noteworthy that the high temperature of 37˚C 
significantly impacts spore production. Previous studies 
have reported that at 37˚C, gene‑deleted fission yeast either 
fail to produce spores or exhibit a low probability of spore 
formation (40). Therefore, spore production was investigated 
exclusively at 25˚C.

A significant decrease in the growth rate of the rok1Δ 
strain was found by growth rate measurements; therefore, 
the mitosis‑related protein dynamics of the rok1Δ strain was 
investigated.

Changes of spindle during mitosis of rok1Δ strain under 
different temperature conditions. During mitosis, microtubule 
proteins assemble to form the spindle, which is responsible 
for the accurate segregation of chromosomes during cell divi‑
sion (41). Live‑cell imaging of wild‑type and rok1Δ cells with 
green fluorescent protein (GFP)‑Atb2‑tagged microtubule 
proteins was used to assess spindle properties. The analysis of 
spindle dynamics at 25˚C showed that the spindle elongation 
lengths of the wild‑type strains at the prophase, metaphase 

Table I. Strains and genotypes used in the present study.

Strain	 Genotype	 Source

PT286	 h‑ wt	 Lab of Trana

PT287	 h+ wt	 Lab of Trana

PT2514	 h‑ Mis12‑GFP:Leu/mC‑Atb2:HygR	 Lab of Trana

PT3850	 h+ Pact1‑LifeAct‑mGFP:LEU1	 Lab of Trana

YL20	 h‑ Sid4‑GFP:NatMX/mC‑Atb:HygR	 Ding Zhang (25)
YL24	 h‑ mC‑Atb2:HygR/Cut11‑GFP :HygR	 Ding Zhang (25)
YL26	 hb GFP‑Atb2:HygR/Hht1‑RFP:HygR	 Yu et al (26)
2125‑A	 h+ rok1∆:kanR	 Lab of Trana

2125‑B	 h‑ rok1Δ:kanR	 Lab of Trana

2125‑1	 hb rok1Δ:KanR/Mis12‑GFP:Leu/mC‑Atb2:HygR	 Present study
2125‑2	 hb rok1Δ:KanR/Pact1‑LifeAct‑mGFP:LEU1	 Present study
2125‑3	 hb rok1Δ:KanR/Sid4‑GFP:NatMX/mC‑Atb:HygR	 Present study
2125‑4	 hb rok1Δ:KanR/mC‑Atb2:HygR/Cut11‑GFP :HygR	 Present study
2125‑5	 hb rok1Δ:KanR/GFP‑Atb2:HygR/Hht1‑RFP:HygR	 Present study

aLaboratory of Associate Professor Phong Tran. bThe sex of yeast strain was not identified. GFP, green fluorescent protein; RFP, red fluorescent 
protein; wt, wild‑type.

Table II. Primer sequences used for quantitative PCR.

Gene	 Forward primer (5'→3')	 Reverse primer (5'→3')

psc3	 CGTTCAGCCTCAAGAACGGA	 AATTGCGATACGAGCTAGGC
psm1	 ATCAACGCTGAGTTACGCCA	 CTAACTGCGCAGAGTCTCGT
myo51	 TCGGTAGGCTCGGAATGTTG	 AAGGCGACTCTGATTGACCG
blt1	 TGACGGTTCATCCATCGTTT	 ACTGGGCGTTTTCGTCTTCT
act1	 CCCAAATCCAACCGTGAGAAG	 CCAGAGTCCAAGACGATACC
		  AGTG
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and anaphase were 0.68±0.27, 0.63±0.23 and 8.82±0.62 µm 
and for the rok1Δ strain they were 0.75±0.22, 0.61±0.19 and 
8.57±0.80 µm, respectively (Fig. 3A‑D). The rok1Δ strain 
exhibited no significant changes in spindle elongation length 
compared to the wild‑type strain in all phases (all P>0.05). 
Further analysis revealed (Fig. 3E and F) that the spindle elon‑
gation times of the wild‑type strains at prophase, metaphase 
and anaphase were 3.33±1.45, 4.80±1.47 and 11.07±1.03 min 
and for the rok1Δ strain they were 4.27±1.83, 5.07±1.67 and 
10.40±1.12 min, respectively. The spindle elongation rates of 
the wild‑type and rok1Δ strains at the prophase, metaphase and 
anaphase were 0.22±0.10, 0.14±0.05 and 0.80±0.10 µm/min 
and 0.19±0.08, 0.13±0.04 and 0.83±0.09 µm/min, respectively. 
There was no significant difference in the elongation time 
and elongation rate of the spindle in all periods between the 
wild‑type and rok1Δ strains (all P>0.05). These results indi‑
cate that the deletion of the rok1 gene does not affect spindle 
dynamics at 25˚C.

The spindle elongation lengths at 37˚C showed that 
compared with the wild‑type there was a significant decrease 
in the spindle elongation length of the rok1Δ strains at anaphase 

(10.38±1.02 vs. 9.33±0.83 µm, respectively); however, there 
were no significant changes in spindle elongation length at 
prophase or metaphase. Further analysis revealed that this trend 
was consistent for the spindle elongation time with wild‑type 
strains displaying significantly longer elongation times compare 
with rok1Δ strains at anaphase (12.13±2.56 vs. 10.40±1.12 min, 
respectively), with no significant changes observed at prophase 
and metaphase (P>0.05) (Fig. 3E). In addition, there was no 
significant difference in spindle elongation rates between 
the wild‑type and rok1Δ strains at prophase (0.26±0.06 vs. 
0.23±0.05 µm/min, respectively), metaphase (0.10±0.06 vs. 
0.08±0.05 µm/min, respectively) and anaphase (0.88±0.17 vs. 
0.90±0.09 µm/min), respectively (both P>0.05) (Fig. 3F).

These results indicate that the rok1 gene deletion deceler‑
ated the spindle elongation process at 37˚C. Comparison of 
25˚C and 37˚C revealed that a high temperature stress of 37˚C 
had an inhibitory effect on the spindle elongation process.

Changes of actin during mitosis of rok1Δ strain under 
different temperature conditions. During mitosis, actin fila‑
ments co‑assemble with myosin II to form an actomyosin 

Figure 2. Effects of rok1 deletion on cell growth and ascospores. (A) Growth rate analysis of wt and rok1Δ strains at 25˚C. (B) Growth rate analysis of wt and 
rok1Δ strains at 37˚C. (C) Spore morphology of wt and rok1Δ strains at 25˚C. (D) Number of spores in wt and rok1Δ strains. *P<0.05 and **P<0.01; n=1,200. 
wt, wild‑type; OD, optical density.

https://www.spandidos-publications.com/10.3892/etm.2026.13145
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ring that help the cell complete cytoplasmic division  (42). 
Live‑cell imaging was performed of wild‑type and rok1Δ 
cells with Pact1‑LifeAct‑mGFP‑tagged actin. Analysis of 
actin rings at 25˚C indicated that the actin ring length was 
significantly decreased (3.75±0.17 vs. 3.52±0.15 µm), total 
time from assembly to complete disappearance was signifi‑
cantly increased (28.70±2.84 vs. 31.40±1.29 min) and total 
contraction rates were significantly decreased (0.11±0.02 vs. 
0.09±0.01 µm/min), in the rok1Δ strain compared with the 
wild‑type stain (Fig. 4A‑F). Further analysis results indicated 
that the assembly times of the actin rings in the wild‑type and 
rok1Δ strains were 13.31±2.46 and 16.70±1.78 min, respec‑
tively, which was a significant difference (Fig. 4E). Entering 
the contraction phase, the actin rings of the wild‑type and 
rok1Δ strains contracted for 15.39±0.85 and 14.70±1.92 min, 
respectively, and the contraction rates were 0.19±0.02 and 
0.18±0.02  µm/min, respectively (Fig.  4F); there were no 
significant differences in contraction time and contraction rate 
(both P>0.05). These results indicate that rok1 gene deletion 
prolongs the actin ring assembly process at 25˚C.

At 37˚C the contraction lengths were 4.09±0.38 vs. 
3.50±0.26 µm and the total contraction rate of the actin ring 
was 0.12±0.02 vs. 0.09±0.01 µm/min for the wild‑type and 
rok1Δ strains, respectively. Both actin ring length and total 
contraction rate were significantly decreased in the rok1Δ 
strain compared with the wild‑type. However, the actin ring 
assembly time was 11.07±2.25 and 11.20±1.47 min for the 
wild‑type and rok1Δ strains, respectively, which was not a 
significant difference (Fig.  4A‑F). Entering the contrac‑
tion phase, the contraction time and rate of the actin ring 
for the wild‑type and rok1Δ strains were 15.60±3.22 vs. 
15.33±1.95 min and 0.20±0.03 vs. 0.17±0.03 µm/min, respec‑
tively. The actin ring contraction rate of the rok1Δ strain was 
significantly decreased compared with the wild‑type, and 
there was no significant difference in the contraction time 
(Fig. 4E and F). These results indicate that rok1 gene dele‑
tion affected the contraction process of actin rings at 37˚C. 
Comparison of results at 25˚C and 37˚C revealed that rok1 
gene deletion both decreased the initiation length and contrac‑
tion length of the actin ring and decreased the contraction 

Figure 3. Effects of rok1 deletion on spindle dynamics during mitosis in fission yeast. (A) Images of spindles during mitosis in wt and rok1Δ cells at 25˚C 
and 37 .̊ (B) Spindle length changes of wt and rok1Δ cells during mitosis at 25˚C. (C) Spindle length changes of wt and rok1Δ cells during mitosis at 37˚C. 
(D) Spindle elongation lengths of wt and rok1Δ cells at different phases. (E) Spindle elongation time of wt and rok1Δ cells at different phases. (F) Spindle elon‑
gation rates of wt and rok1Δ cells at different phases. *P<0.05 and **P<0.01; n=15. GFP, green fluorescent protein; RFP, red fluorescent protein; wt, wild‑type.
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rate. Unlike at 37˚C, rok1 gene deletion prolonged the actin 
ring assembly process at 25˚C.

Changes of kinetochores during mitosis of rok1Δ strain at 
different temperature conditions. The kinetochores interact 
with spindle microtubules to assist in the correct segregation of 

chromosomes during mitosis. Live‑cell imaging of wild‑type 
and rok1Δ cells with Mis12‑GFP‑tagged kinetochore proteins. 
The analysis of kinetochore dynamics at 25˚C showed that the 
time from the separation to localization at the spindle poles of 
kinetochores in the wild‑type and rok1Δ strains was 6.67±0.07 
vs. 8.40±0.83  min, respectively, which was a significant 

Figure 4. Effects of rok1 deletion on actin dynamics during mitosis. (A) Images of the actin ring during mitosis in wt and rok1Δ cells at 25˚C and 37˚C. 
(B) Actin ring length changes of wild‑type and rok1Δ cells during mitosis at 25˚C. (C) Actin ring length changes of wild‑type and rok1Δ cells during mitosis 
at 37˚C. (D) The length of the actin ring of wild‑type and rok1Δ cells. (E) The time of the actin ring formation and contraction of wild‑type and rok1Δ cells at 
different phases. (F) The rate of the actin ring contraction of wild‑type and rok1Δ cells at different phases. *P<0.05 and **P<0.01; n=15. GFP, green fluorescent 
protein; wt, wild‑type.
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difference (Fig.  5A‑D). Further analysis showed that the 
separation distance (9.44±0.78 vs. 10.06±0.67 µm) and separa‑
tion time (11.87±1.60 vs. 13.87±2.07 min) were significantly 
increased in rok1Δ strains compared with wild‑type, but there 
was no significant change in separation rates (0.81±0.11 vs. 
0.74±0.10 µm/min) of kinetochores (Fig. 5E‑G). These results 
indicate that rok1 gene deletion prolonged the separation 
distance and separation time of kinetochores as well as the 
time for kinetochores to reach the poles of the spindle at 25˚C.

The time from the separation to localization at the spindle 
poles of kinetochores in the wild‑type and rok1Δ strains was 
5.60±1.12 and 6.63±0.92 min, respectively, at 37˚C, which was 
a significant difference (Fig. 5A‑D). Further analysis indicated 
that the kinetochores separation distances of wild‑type and 
rok1Δ strains were 10.08±0.78 and 10.45±0.08 µm, respec‑
tively, which was not significant difference (Fig. 5E). The 
separation time was significantly increased (11.60±1.12 vs. 
13.73±2.12 min; Fig. 5F) and the rate of kinetochores was 
significantly decreased (0.88±0.09 vs. 0.78±0.13 µm/min; 
Fig. 5G) in rok1Δ strains compared with wild‑type. These 
results indicate that rok1 gene deletion delayed the kineto‑
chore separation process at 37˚C. At 25˚C and 37˚C, rok1 
gene deletion prolonged the kinetochore segregation time, the 
time from the separation to localization at the spindle poles 
of kinetochores and thus delayed the kinetochore segregation 
process. The inhibition of the kinetochore segregation process 
was more effective with temperature stress at 37˚C.

Changes of centrosomes during mitosis of rok1Δ strain at 
different temperatures. During mitosis, centrosomes assist 
in the completion of microtubule assembly and influence the 
organization and function of the spindle. Live‑cell imaging of 
wild‑type and rok1Δ cells with Sid4‑GFP‑tagged centromere 
proteins was used to investigate changes in the centrosomes. 
The analysis of centrosome dynamics at 25˚C indicated 
that the total separation time was unchanged (19.87±0.52 
vs. 19.87±1.92 min); however, the final separation distances 
(10.40±0.43 vs. 11.17±1.06 µm) and the total centrosome 
separation rates (0.52±0.03 vs. 0.56±0.02  µm/min) were 
significantly increased in rok1Δ strains compared with 
wild‑type strains (Fig. 6A‑F). Further analysis of the centro‑
some separation process revealed that the centrosome 
separation time of the wild‑type and rok1Δ strains at the 
prophase were 6.00±1.07 and 5.07±1.28 min, at metaphase 
they were 4.13±0.52 and 4.40±1.12  min and at anaphase 
they were 9.73±1.03 and 10.40±1.35  min, respectively 
(Fig. 6E). The centrosome separation rates at prophase were 
0.18±0.03 and 0.23±0.05 µm/min, at metaphase they were 
0.11±0.06 and 0.16±0.08 µm/min and at anaphase the rates 
were 0.89±0.13 and 0.88±0.07 µm/min in the wild‑type and 
rok1Δ strains, respectively. The centrosome separation time 
of rok1Δ strains at prophase was significantly decreased and 
the separation rate at prophase was significantly increased 
when compared with the wild‑type. These results indicated 
that at 25˚C, rok1 gene deletion resulted in increased centro‑
mere separation distance and increased separation rate.

When the experiments were conducted at 37˚C, the total 
separation time was not significantly altered (22.80±4.20 vs. 
22.53±1.77 min); on the other hand, there was a significant 
decrease in both the final separation distance (12.90±1.44 

vs. 10.82±0.63  µm) and the total centrosome separation 
rates (0.57±0.06 vs. 0.48±0.04 µm/min) in the rok1Δ strains 
compared with wild‑type. Further analysis of the centrosome 
separation process revealed that the centrosome separation 
time of the wild‑type and rok1Δ strains at different phases 
were as follows: Prophase, 4.53±1.41 and 7.07±2.12  min; 
metaphase, 4.80±1.82 and 3.87±1.60  min; and anaphase, 
13.47±2.88 and 11.60±1.12  min, in wild‑type and rok1Δ 
strains, respectively. The centrosome separation rates were 
as follows: Prophase, 0.23±0.06 and 0.16±0.05  µm/min; 
metaphase, 0.19±0.06 and 0.10±0.04 µm/min; and anaphase, 
0.81±0.10 and 0.79±0.10 µm/min, in wild‑type and rok1Δ 
strains, respectively. The centrosome separation time at 
prophase in the rok1Δ strain was significantly increased, but 
the separation time at anaphase was significantly decreased 
compared with the wild‑type. Furthermore, the separation rate 
of the rok1Δ strain was significantly decreased at prophase 
and metaphase compared with the wild‑type. These results 
indicated that at 37˚C, rok1 gene deletion shortened the centro‑
some separation distance and decreased the separation rate. 
Comparison of results at 25 and 37˚C revealed that 37˚C high 
temperature stress reversed the effect of rok1 gene deletion on 
the centrosome segregation process.

Sequencing quality analysis. Combining the three replicates, 
the total number of bases in the high‑quality analyzed data 
for the wild‑type‑25˚C strain, the wild‑type‑37˚C strain, 
the rok1Δ‑25˚C strain and the rok1Δ‑37˚C strain were 6.80 
Giga bases (G), 6.67 G, 6.88 G and 6.74 G, respectively. The 
Qphred20 (percentage of bases with a phred score >20, where 
Phred=‑10·log10(e) and e represents the sequencing error 
rate) (43) value of all four groups of samples was >98.00%, 
the Qphred30 (percentage of bases with a Phred score >30) 
value was >94%, the GC content was between 41‑43% and the 
sequencing error rate was <0.03%. These results suggest that 
the sequencing data were accurate and reliable and could be 
analyzed and studied subsequently.

Highly expressed gene analysis. Gene expression levels 
were quantitatively analyzed, with FPKM <1 as low or 
no gene expression, FPKM >1 as genes expressed, FPKM 
>60 as genes highly expressed and FPKM >5,000 as genes 
very highly expressed (35,44). The results indicated that 
there were 4,950, 7,757, 4,997 and 7,488 genes expressed 
in the wild‑type‑25˚C strain, the wild‑type‑37˚C strain, the 
rok1Δ‑25˚C strain and the rok1Δ‑37˚C strain, respectively, 
which accounted for 39.00, 61.11, 39.37 and 59.00% of 
the total genes capable of expression in fission yeast. In 
addition, there were 1,966, 2,181, 1,811 and 2,176 highly 
expressed genes, accounting for 15.17, 17.18, 14.27 and 
17.14% of the total genes, respectively. From these highly 
expressed genes, representative genes exhibiting statisti‑
cally significant expression differences between the rok1∆ 
strain and the wild‑type strain were further selected for 
display (Fig. 7A and B; Tables III and IV).

Among the genes expressed to a very high level in both 
wild‑type and rok1∆‑25˚C strains, the FPKM value of the 
zym1 gene decreased by 1.629‑fold compared to the wild‑type 
strain (P<0.01). The FPKM values of the tdh1 and pgk1 
genes increased by 1.1621‑ and 1.5047‑fold, respectively 
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(both P<0.01). Among the genes that were expressed at very 
high levels in both wild‑type and rok1∆‑37˚C strains, the 
FPKM value of the rpl3202 gene increased 1.6323‑fold in the 
wild‑type strain (P<0.05). The FPKM values of trx1 and plr1 
genes were decreased by 0.4418‑fold (P<0.05) and 0.5132‑fold 
(P<0.01), respectively.

Analysis of differentially expressed genes. The differentially 
expressed genes of the wild‑type strain and the rok1Δ‑25˚C 
and rok1Δ‑37˚C strains were analyzed. The results indicated 
that there were 3,034 and 1,695 differentially expressed 

genes in the rok1Δ‑25˚C and rok1Δ‑37˚C strains, respectively, 
compared with the wild‑type strains, which included 1,482 
and 705 upregulated genes and 1,552 and 990 downregulated 
genes, respectively (Fig. 7C and D).

Compared with the wild‑type strain, in the rok1Δ‑25˚C 
strain, mei2, map2, map3 and psc3 gene expression were upreg‑
ulated by 1.2866‑, 1.8764‑, 2.7593‑ and 1.3973‑fold, respectively 
(Table V). In the rok1Δ‑37˚C strain, gpa2, rgs1, myo51 and blt1 
gene expression was upregulated by 1.9694‑, 2.1606‑, 0.7366‑ 
and 1.0046‑fold, respectively (Table VI). In the rok1Δ‑25˚C 
strain, ddx27 and pas1 gene expression were downregulated 

Figure 5. Effects of rok1 deletion on kinetochore dynamics during mitosis in fission yeast. (A) Images of kinetochore during mitosis in wild‑type and rok1Δ 
cells at 25˚C and 37˚C, white arrows indicated the position of kinetochores. (B) Kinetochore separation distance changes of wild‑type and rok1Δ cells 
during mitosis at 25˚C. (C) Kinetochore separation distance changes of wild‑type and rok1Δ cells during mitosis at 37˚C. (D) Time from the separation of 
the kinetochore to localize at the ends of the spindle in the wild‑type and rok1Δ cells. (E) Kinetochore separation distance of wild‑type and rok1Δ cells. 
(F) Kinetochore separation time of wild‑type and rok1Δ cells. (G) Kinetochore separation rates of wild‑type and rok1Δ cells. *P<0.05 and **P<0.01; n=15. 
GFP, green fluorescent protein; wt, wild‑type.
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by 1.7320‑ and 1.6148‑fold, respectively (Table VII). In the 
rok1Δ‑37˚C strain, rho5, wos2, apc14, and pas1 genes were 
downregulated by 1.4299‑fold, 1.1209‑fold, 0.7467‑fold, and 
1.3259‑fold, respectively. arp1, dil1, cmk1 and mfr1 gene 
expression were downregulated by 0.9087‑, 1.6737‑, 1.3417‑ and 
1.1414‑fold, respectively (Table VIII). Notably, although arp1, 
dli1, cmk1, and mfr1 genes were all significantly downregulated, 
the downregulation factor for arp1 was 0.9087‑fold, lower than 
that of the other genes (>1). This result indicates that while the 
deletion of the rok1 gene broadly suppresses the transcription 
of these genes, its inhibitory effect on arp1 is relatively weaker.

Differential gene expression validation. Analysis of differen‑
tially expressed genes from the transcriptomic data revealed 

that psc3 and psm1 were key genes at 25˚C, whereas myo51 
and blt1 were key genes at 37˚C. To validate the expression 
changes of these genes, specific primers were designed using 
act1 as the reference gene and verified for specificity through 
the NCBI Primer‑BLAST tool. The results demonstrated that 
in the S. pombe (taxid: 4896) genome, the primers for psc3, 
psm1, myo51, blt1 and act1 all specifically matched unique 
target sequences, confirming the validity of the primer design 
and their suitability for RT‑qPCR experiments.

The RT‑qPCR results showed that the expression levels 
of psc3 and psm1 were significantly upregulated at 25˚C 
(Fig.  8A); in addition, myo51 and blt1 were significantly 
upregulated at 37˚C (Fig. 8B) with rok1 deletion compared 
with the wild‑type. These findings were consistent with the 

Figure 6. Effects of rok1 deletion on centrosome dynamics during mitosis in fission yeast. (A) Images of centrosome during mitosis in wt and rok1Δ cells at 
25˚C and 37˚C, white arrows indicated the position of centrosome. (B) Centrosome separation distance changes of wt and rok1Δ cells during mitosis at 25˚C. 
(C) Centrosome separation distance changes of wt and rok1Δ cells during mitosis at 37˚C. (D) Centrosome separation distance in the wt and rok1Δ cells at 
spindle breakage. (E) Centrosome separation time of wt and rok1Δ cells at different phases. (F) Centrosome separation rates of wt and rok1Δ cells at different 
phases. *P<0.05 and **P<0.01; n=15. GFP, green fluorescent protein; wt, wild‑type.
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RNA‑Seq data, confirming the reliability of the transcriptomic 
results. These results suggest that rok1 regulate the expression 
of these key genes, thereby influencing the dynamics of mitotic 
progression.

Differential gene GO functional enrichment analysis. 
GO enrichment analysis of differentially expressed genes 
was performed in wild‑type and rok1Δ strains, and the 10 
categories with the most significant up‑ and downregulated 
differentially expressed genes were selected and plotted as bar 
graphs. The analysis revealed that at 25˚C, the rok1Δ strain 
was enriched for differential genes up to 303 GO branches 
(P≤0.05), including 230 biological processes, 41 cellular 
components and 32 molecular functions, compared with the 
wild‑type strain. Among the biological processes, upregulated 
genes were enriched in ‘sister chromatid segregation’ and 
‘reproductive process’. In cellular components, upregulated 
genes were enriched in ‘chromosomes, centromeric region’ 
and ‘condensed chromosome inner kinetochore’ regions. 
In molecular function, upregulated genes were enriched 
in ‘nucleoside‑triphosphatase activity’ and ‘translation 

elongation factor activity’ (Fig. 9A). In addition, downregu‑
lated differential genes were enriched in ‘purine‑containing 
compound metabolic process’ and ‘actin cortical patch organi‑
zation’, ‘actin cortical patch’ and ‘plasma membrane’ regions 
in cellular components, with ‘transmembrane transporter 
activity’ and ‘oxidoreductase activities’ in molecular functions 
(Fig. 9B).

At 37˚C, the differential genes of the rok1Δ strain were 
enriched in 28 GO branches (P≤0.05), including 3 biological 
processes and 25 cellular components. compared with the 
wild‑type strain. upregulated genes were enriched in ‘trans‑
membrane transport’ and ‘ribosome biogenesis’ during 
biological processes; in cellular components, upregulated 
genes were enriched in the ‘ribosome’; in molecular func‑
tion, upregulated genes were enriched in ‘transmembrane 
transporter activity’ and ‘RNA polymerase II transcription 
factor activity, sequence‑specific DNA binding’ (Fig. 10A). In 
addition, downregulated differential genes were enriched in 
‘protein folding ‘and ‘actin filament‑based’ processes, ‘mito‑
chondrial outer membrane’ and ‘proteasome core complex’ 
regions in cellular components and ‘hydrolase activity, acting 

Figure 7. Analysis of highly expressed genes and differentially expressed genes. (A) Differential analysis of highly expressed genes in the wt and rok1Δ strains 
at 25˚C. (B) Differential analysis of highly expressed genes in the wt and rok1Δ strains at 37˚C. (C) Volcano plot of differently expressed genes in the wt and 
rok1Δ strains at 25˚C. (D) Volcano plot of differently expressed genes in the wt and rok1Δ strains at 37˚C. *P<0.05 and **P<0.01. n=3. FPKM, fragments per 
kilobase million; wt, wild‑type.
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on glycosyl bonds’ in molecular functions (Fig. 10B). The 
GO enrichment results indicate that the ribosome biogen‑
esis process of the rok1Δ strain was affected, the mitotic 
cytoskeleton was abnormal and the normal cell growth and 
reproduction process was disrupted.

Differential gene KEGG enrichment analysis. KEGG enrich‑
ment analysis was performed on the differentially expressed 
genes of the wild‑type strain and the rok1Δ strain, and the top 
10 pathways of selected upregulated genes and downregulated 
genes were plotted as bar graphs (Fig. 11A and B). The results 
indicated that 1,634 differential genes were enriched in 80 
pathways in the rok1Δ‑25˚C strain. The upregulated genes were 
enriched in pathways such as ‘ribosome’, ‘cell cycle‑yeast’ and 
‘proteasome’, whereas the downregulated genes were enriched 
in pathways such as ‘MAPK signaling pathway‑yeast’ and 
‘citrate cycle (TCA cycle)’. The rok1Δ‑37˚C strain was enriched 
for 787 differential genes in 89 pathways. Upregulated genes 
were enriched in pathways such as ‘ribosome’, ‘ribosome 

biogenesis in eukaryotes’ and ‘DNA replication’, whereas 
downregulated genes were mainly enriched in pathways such 
as ‘autophagy‑yeast’ and ‘protein processing in endoplasmic 
reticulum’. At 25˚C, the ‘cell cycle‑yeast’ pathway was 
enriched for 27 upregulated genes (Fig. 11A). The genes that 
were upregulated in this pathway included spo4, rad17, psm1, 
mis4 and mad1. At 37˚C, the ‘autophagy‑yeast’ pathway was 
enriched for 18 downregulated genes (Fig. 11B). The major 
genes with downregulated expression in this pathway included 
pas1, atg17, atg13, atg15 and arc1.

Discussion

In transcriptomic analysis, highly expressed genes indicate 
the core functions and active metabolic pathways of cells 
under specific conditions, serving as a crucial entry point 
and a central analytical step for uncovering cellular functions 
and adaptive mechanisms. Among the genes expressed to a 
very high level in both wild‑type and rok1Δ‑25˚C strains was 

Table III. Highly expressed genes in the wt‑25˚C and rok1Δ‑25˚C strains.

Gene	 FPKM (wt)	 FPKM (rok1Δ)	 Description

zym1	 13,760.91	 8,448.89	 Metallothionein, Zym1
gpd3	 15,353.45	 6,483.99	 Glyceraldehyde 3‑phosphate dehydrogenase, Gpd3
tdh1	 5,679.17	 6,599.78	 Glyceraldehyde‑3‑phosphate dehydrogenase, Tdh1
fba1	 6,012.45	 4,059.26	 Fructose‑bisphosphate aldolase, Fba1
eno101	 5,927.17	 4,461.72	 Enolase
tef103	 4,107.47	 6,054.25	 Translation elongation factor EF‑1 α, Ef1a‑c
pgk1	 4,919.32	 6,107.86	 Phosphoglycerate kinase, Pgk1
gpm1	 3,555.49	 1,041.72	 BPG‑dependent phosphoglycerate mutase (PGAM), 
			   Gpm1
ubi3	 2,068.30	 2,770.01	 Ribosomal‑ubiquitin fusion protein, Ubi3
tpi1	 2,552.69	 3,237.18	 Triosephosphate isomerase

FPKM, fragments per kilobase million; wt, wild‑type.

Table IV. Highly expressed genes in the wt‑37˚C and rok1Δ‑37˚C strains.

Gene	 FPKM (wt)	 FPKM (rok1Δ)	 Description

oga1	 2,229.10	 3,462.16	 Ribosome preservation factor, Stm1 homolog, Oga1
trx1	 1,644.48	 726.54	 Cytosolic thioredoxin, Trx1
hsp10	 2,983.73	 964.69	 Mitochondrial heat shock protein, Hsp10
hsp16	 2,031.58	 187.98	 Heat shock protein, Hsp16
ght5	 762.67	 2,620.96	 Plasma membrane high‑affinity proton symporter, 
			   Ght5
rpl3202	 687.85	 1,122.77	 60S ribosomal protein L32
idp1	 346.51	 292.29	 Isocitrate dehydrogenase, Idp1
tif302	 427.34	 604.58	 Translation initiation factor eIF3b (p84)
plr1	 351.44	 180.39	 Pyridoxal reductase, Plr1
cts1	 424.50	 722.51	 CTP synthase, Cts1

FPKM, fragments per kilobase million; wt, wild‑type.
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Table V. Upregulated differentially expressed genes in the wild‑type‑25˚C and rok1Δ‑25˚C strains.

Gene	 log2FoldChange	 Adjusted P‑value	 Length, bp	 Description

hsp90	 1.5155	 3.25x10‑266	 2,600	 Hsp90 chaperone
ght2	 1.2251	 6.59x10‑138	 2,245	 Hexose transmembrane transporter, Ght2
map3	 2.7593	 3.18x10‑115	 2,888	 Pheromone M‑factor receptor, Map3
bip1	 1.0174	 1.60x10‑110	 2,805	 ER heat shock protein, BiP
mei2	 1.2866	 1.24x10‑104	 4,033	 RNA‑binding protein involved in meiosis, Mei2
map2	 1.8764	 1.91x10‑53	 3,726	 P‑factor pheromone Map2
tef101	 0.7861	 5.12x10‑53	 1,569	 Translation elongation factor EF‑1 α, Ef1a‑a
wtf25	 1.5509	 1.45x10‑51	 2,271	 Wtf element
psc3	 1.3973	 3.73x10‑40	 3,989	 Mitotic cohesin complex, non‑SMC subunit, Psc3
ctt1	 0.6184	 1.83x10‑39	 2,212	 Catalase

bp, base pair; ER, endoplasmic reticulum.

Table VI. Upregulated differentially expressed genes in the wild‑type‑37˚C and rok1Δ‑37˚C strains.

Gene	 log2FoldChange	 Adjusted P‑value	 Length, bp	 Description

ppk1	 2.4226	 6.88x10‑15	 3,072	 Serine/threonine protein kinase, Ppk1
rgs1	 2.1606	 1.98x10‑9	 1,446	 Regulator of G‑protein signaling, Rgs1
put4	 3.1716	 3.38x10‑8	 1,659	 Plasma membrane proline transmembrane 
				    transporter, Put4
snoR54b	 2.5113	 7.20x10‑7	 96	 Small nucleolar RNA, snR54b
uck2	 1.6349	 9.23x10‑7	 663	 Uracil phosphoribosyltransferase, Uck2
gpa2	 1.9694	 6.84x10‑6	 1,065	 Heterotrimeric G protein α‑2 subunit, Gpa2
myo51	 0.7366	 1.52x10‑2	 4,416	 Myosin type V
fib1	 0.7617	 1.74x10‑2	 918	 Fibrillarin, rRNA and histone methyltransferase
blt1	 1.0046	 3.53x10‑2	 2,103	 Ubiquitin domain‑like protein, Blt1
tif11	 0.6131	 3.54x10‑2	 417	 Translation initiation factor eIF1A

bp, base pair; rRNA, ribosomal RNA.

Table VII. Downregulated differentially expressed genes in the wild‑type‑25˚C and rok1Δ‑25˚C strain.

Gene	 log2FoldChange	 Adjusted P‑value	 Length, bp	 Description

bgl2	 ‑1.8472	 7.99x10‑305	 1,654	 Glucan β‑glucosidase, Bgl2
mae2	 ‑1.6447	 3.56x10‑296	 2,080	 Malic enzyme, malate dehydrogenase, Mae2
ddx27	 ‑1.7320	 5.34x10‑200	 2,423	 ATP‑dependent RNA helicase, Ddx27/Drs1
prz1	 ‑1.7525	 2.89x10‑187	 3,442	 Calcineurin responsive transcription factor, Prz1
gal7	 ‑2.1082	 3.39x10‑186	 1,566	 Galactose‑1‑phosphate uridylyltransferase, 
				    Gal7
pas1	 ‑1.6148	 1.99x10‑165	 3,109	 Cyclin, Pas1
sgf73	 ‑3.2303	 5.61x10‑151	 1,416	 SAGA complex subunit, Sgf73
per1	 ‑1.5861	 5.54x10‑139	 2,963	 Plasma membrane amino acid permease, Per1
shd1	 ‑0.7636	 1.83x10‑47	 4,782	 Cytoskeletal protein binding protein Sla1 family, 
				    Shd1
mbx1	 ‑1.2067	 1.88x10‑45	 3,183	 MADS‑box transcription factor, Mbx1

bp, base pair.
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the zym1 gene. This encodes the metallothionein Zym1, and 
deletion of the zym1 gene results in aberrant segregation of 
meiotic chromosomes and aberrant spore formation (14,23). 
The FPKM values of zym1 were decreased in the rok1Δ‑25˚C 
strain, which is in agreement with the spore production 
anomaly in the present study. The tdh1 gene encodes the glyc‑
eraldehyde‑3‑phosphate dehydrogenase Tdh1, which physically 
binds to the response regulator Mcs4 and the stress‑responsive 
MAPKKK and is involved in the positive regulation of the 
MAPK cascade response. Through phosphorylation, the 

MAPK pathway delivers model factors that regulate biological 
growth and division‑related signaling (45). The pgk1 gene 
encodes the phosphoglycerate kinase Pgk1, which can be 
phosphorylated by the cell cycle protein‑dependent kinase 
CDK1, and thus participates in cellular glycolysis as well as 
gluconeogenesis, providing energy for cell division, growth, 
and protein synthesis (46). FPKM values of tdh1 and pgk1 
were upregulated in the rok1Δ‑25˚C strain, which suggested 
that phosphorylation of the MAPK signaling pathway and 
glycolytic processes was being compensated.

Table VIII. Downregulated differentially expressed genes in the wild‑type‑37˚C and rok1Δ‑37˚C strain.

Gene	 log2FoldChange	 Adjusted P‑value	 Length, bp	 Description

rho5	 ‑1.4299	 1.39x10‑6	 603	 Rho family GTPase, Rho5
mbx1	 ‑1.8473	 1.56x10‑6	 1,374	 DNA‑binding transcription factor, MADS‑box, 
				    Mbx1
adg1	 ‑1.8871	 1.73x10‑6	 501	 Schizosaccharomyces pombe specific protein, Adg1
vip1	 ‑1.2490	 1.50x10‑3	 774	 RNA‑binding protein, Vip1
wos2	 ‑1.1209	 1.54x10‑3	 561	 p23 homolog, Hsp90 co‑chaperone, Wos2
mug125	 ‑1.0961	 1.56x10‑3	 858	 Schizosaccharomyces pombe specific protein, 
				    Mug125
pas1	 ‑1.3259	 9.58x10‑3	 1,236	 Cyclin, Pas1
apc14	 ‑0.7467	 3.10x10‑2	 324	 Anaphase‑promoting complex subunit, Apc14
arp1	 ‑0.9087	 3.44x10‑2	 1,140	 Dynactin complex subunit, centractin family 
				    actin‑like protein, Arp1
dli1	 ‑1.6737	 4.40x10‑2	 1,083	 Meiotic dynein intermediate light chain, Dli1
cmk1	 ‑1.3417	 4.60x10‑5	 1,008	 Calcium/calmodulin‑dependent protein kinase, 
				    Cmk1
mfr1	 ‑1.1414	 8.59x10‑4	 1,266	 Meiotic APC activator, Mfr1

bp, base pair.

Figure 8. RT‑qPCR verification of key differentially expressed genes. (A) Relative mRNA expression of psc3 and psm1 determined by RT‑qPCR at 25˚C. 
(B) Relative mRNA expression of myo51 and blt1 determined by RT‑qPCR at 37˚C. *P<0.05 and **P<0.01. RT‑qPCR, reverse transcription quantitative PCR; 
wt, wild‑type.
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Figure 9. GO enrichment results of differentially expressed genes in the wild‑type and rok1Δ strains at 25˚C. (A) GO enrichment results for upregulated 
differential genes at 25˚C. (B) GO enrichment results for downregulated differential genes at 25˚C. GO, Gene Ontology; BP, biological process; CC, cellular 
component; MF, molecular function.

https://www.spandidos-publications.com/10.3892/etm.2026.13145
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Figure 10. GO enrichment results of differentially expressed genes in the wild‑type and rok1Δ strains at 37˚C. (A) GO enrichment results for upregulated 
differential genes at 37˚C. (B) GO enrichment results for downregulated differential genes at 37˚C. GO, Gene Ontology; BP, biological process; CC, cellular 
component; MF, molecular function.
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Figure 11. KEGG enrichment results of differentially expressed genes in the wild‑type and rok1Δ strains. (A) KEGG enrichment results for upregulated 
and downregulated differential genes at 25˚C. (B) KEGG enrichment results for upregulated and downregulated differential genes at 37˚C. KEGG, Kyoto 
Encyclopedia of Genes and Genomes.

https://www.spandidos-publications.com/10.3892/etm.2026.13145
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Among the genes that were expressed at very high levels 
in both wild‑type and rok1Δ‑37˚C strains was the trx1 gene, 
which encodes the cytosolic thioredoxin Trx1, whose dele‑
tion results in abnormal DNA replication checkpoints in 
mitosis and spore formation (23,47). The plr1 gene encodes 
the pyridoxal reductase Plr1, which is involved in the process 
of pyridoxal biosynthesis, whereas plr1 gene deletion results 
in abnormal sporulation (23). The FPKM values of trx1 and 
plr1 were downregulated in the rok1Δ‑37˚C strain, which 
indicated abnormal cell cycle progression and sporulation, 
which was consistent with the abnormalities of cell division 
in the rok1Δ‑37˚C strain. The rpl3202 gene encodes the 60S 
ribosomal protein L32, which participates in ribosome compo‑
sition and cytoplasmic translation processes as a cytosolic 
large ribosomal subunit component and directs mitotic protein 
synthesis (48). The FPKM value of rpl3202 was increased in 
the rok1Δ‑37˚C strain, which suggested that ribosome compo‑
sition and translation processes had been compensated.

Differential gene analysis can directly reveal the molecular 
mechanisms, key regulatory pathways, and potential functional 
targets underlying phenotypic differences by deciphering 
the dynamic changes in gene expression under different 
conditions (49). In this study, we conducted further analysis 
of differentially expressed genes between the wild‑type and 
rok1Δ strains. The results showed that among the genes 
upregulated in the rok1Δ‑25˚C strain, the mei2 gene encodes 
the RNA‑binding protein involved in meiosis Mei2, which 
switches the cell from a mitotic cell cycle to a meiotic cell 
cycle by dephosphorylation, allowing the cell to stably express 
meiosis‑specific mRNAs (50). The map2 gene encodes the 
P‑factor pheromone Map2 and map3 encodes the pheromone 
M‑factor receptor Map3. Both Map2 and Map3 are involved in 
the pheromone‑responsive MAPK cascade; map2 is involved 
in the positive regulation of cell fusion coupling through 
signaling (51‑53). The psc3 gene encodes the STAG protein 
subunit Psc3 of the mitotic cohesin complex, which assembles 
with Rad21, Psm1 and Psm3 into a functional complex. This 
complex maintains the connection between sister chromatids 
through physical interactions, participates in establishing and 
sustaining sister chromatid cohesion, and ensures accurate 
chromosome segregation (54). The psc3 gene is consistent 
with the lagging of centromeres observed in this study at 25˚C, 
suggesting that the Rok1 protein participates in regulating 
the formation and maintenance of cohesion between sister 
chromatids.

Among the genes upregulated in the rok1Δ‑37˚C strain 
(Table VI), the gpa2 gene encodes a protein that is a struc‑
tural component of the mitotic spindle pole body, and Gpa2 
is involved in the regulation of mitotic progression (55). The 
rgs1 gene encodes the regulator of G‑protein signaling Rgs1, 
and rgs1 gene deletion affects the pheromone‑responsive 
MAPK cascade response process and results in aberrant 
protein localization in the actin fusion focus (56). The myo51 
gene encodes a type V myosin whose motor domain and tail 
domain interact with actin filaments, effectively mediating the 
integration of nodes into the actin filament network, thereby 
regulating the actin ring assembly and cytokinesis (57‑59). 
Myo51 can participate in CAR assembly and cytokinesis 
process together with myosin II. Studies have shown that at 
29˚C, cells lacking myo51 can maintain normal morphology 

and growth rate, whereas overexpression of myo51 leads to 
elongated cells and failure to form functional septa, exhibiting 
phenotypes similar to those observed in the present study; 
this indicates that Myo51 plays a non‑essential role in cytoki‑
nesis (60). Further research has revealed that Myo51 primarily 
plays a critical role in the assembly phase of the contractile 
ring but cannot independently drive ring contraction during 
the constriction phase (61). The present findings demonstrate 
a slowed contraction rate of the actin ring, accompanied by 
upregulated expression of myo51 according to transcriptomic 
data; however, the specific molecular mechanisms under‑
lying this phenomenon require further investigation. The blt1 
gene encodes the ubiquitin domain‑like protein Blt1, which 
possesses cytoskeletal protein‑membrane anchoring activity. 
It recruits the Nod1‑Gef2 complex to form a cell division 
node, assembles the mitotic actomyosin contractile ring, and 
participates in cytokinesis (62,63). In summary, the upregu‑
lation of myo51 and blt1 may be a key factor underlying the 
impaired actin ring assembly observed in the rok1Δ strain 
at 37˚C in this study. These findings suggest that the Rok1 
protein may influence actin polymerization, thereby partici‑
pating in the regulation of actin ring assembly, contraction, 
and cytokinesis.

Among the genes downregulated in the rok1Δ‑25˚C strain, 
the ddx27 gene encodes the ATP‑dependent RNA helicase 
Ddx27/Drs1, which regulates rRNA processing during ribo‑
some biogenesis, and deletion of the ddx27 gene results 
in abnormal mitotic cell cycle (15). The pas1 gene encodes 
the cyclin Pas1, which as a partner protein of the cell cycle 
protein‑dependent protein kinase Pho85/PhoA‑like Pef1, is 
involved in the negative regulation of sister chromatid cohe‑
sion together with Pef1 (64). The downregulation of the pas1 
gene correlates with the observed lagging of centromeres at 
25˚C in this study, suggesting that the Rok1 protein partici‑
pates in regulating the formation and maintenance of cohesion 
between sister chromatids.

Among the genes downregulated in the rok1Δ‑37˚C strain, 
the rho5 gene encodes the Rho family GTPase Rho5, which is 
localized to the terminal end of interphase cells and the inter‑
mediate region of mitotic cells and participates in the regulation 
of the actin cytoskeletal organization and the synthesis of the 
cell wall (65). The wos2 gene encodes the p23 homolog, the 
Hsp90 co‑chaperone Wos2, which is involved in the regula‑
tion of protein‑containing complex assembly, and deletion of 
the wos2 gene results in cell lysis and abnormal mitotic cell 
cycle (15). The anaphase‑promoting complex subunit Apc14 is 
involved in anaphase‑promoting complex‑dependent catabolic 
process and mitotic sister chromatid segregation, and apc14 
gene deletion results in reduced mitotic checkpoint complex 
binding (66,67). The downregulation of apc14 may account for 
the delayed separation of centromeres during mitosis in the 
rok1Δ strain at 37˚C in this study. This suggests that the Rok1 
protein may influence the ability of centromeres to migrate 
along the spindle.

The arp1 gene encodes the dynactin complex subunit, 
the centractin family actin‑like protein Arp1. In S. pombe, 
Arp1, Mug5 and Jnm1 constitute core components of the 
dynactin complex, with Arp1 localizing to dynein anchoring 
sites at the cell cortex. Arp1, Mug5, Jnm1 and the dynactin 
microtubule‑binding subunit Ssm4, which interacts with 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  31:  151,  2026 19

Mug5, participate in dynein anchoring and regulation of 
microtubule contraction. Deletion of the arp1 gene results 
in reduced microtubule depolymerization rates (68). The 
dli1 gene encodes the meiotic dynein intermediate light 
chain Dli1, which facilitates the increased expression of 
the dynein complex core molecule Dhc1. This enhancement 
promotes the binding of dynein to both the spindle pole 
body (SPB) and microtubules (MTs), thereby facilitating 
MT elongation  (69). The mfr1 gene encodes the meiotic 
APC activator Mfr1; Mfr1 binds to the meiosis‑specific 
protein Mes1, and its expression can rescue the entry 
defect at meiosis II in mes1Δ cells (70). Additionally, Mfr1 
mediates the rapid degradation of Cdc13 cyclin at the end 
of meiosis II, ensuring proper exit from meiosis. Mfr1 
null mutants complete meiosis II but maintain high levels 
of Cdc13 and Cdc2 kinase activity, resulting in delayed 
exit from cell division  (71). The cmk1 gene encodes the 
Ca2+/calmodulin‑dependent kinase Cmk1; Cmk1 phosphor‑
ylates the M‑phase inducer Cdc25 phosphatase, regulating 
Cdk1 activity, and levels are closely associated with spindle 
dynamics: During metaphase when Cdk1 activity is high, the 
microtubule site clamping complex subunit Mde4 is phos‑
phorylated at its Cdk1 phosphorylation sites and localizes 
to kinetochores; during anaphase, decreased Cdk1 activity 
leads to Mde4 dephosphorylation and translocation to the 
spindle, promoting spindle elongation and maintaining 
its integrity (72). Furthermore, cmk1 gene expression was 
downregulated in rok1Δ cells at 37˚C, accompanied by 
shortened spindle elongation length and reduced centro‑
mere separation distance. However, RNA‑Seq revealed no 
differential expression of centromere‑related genes, with 
changes only detected in genes involved in the microtubule 
assembly pathway, such as cmk1. These results indicate that 
although prominent phenotypic alterations were observed 
at the centromere level, the underlying cause likely does not 
originate from aberrant expression of centromere‑associated 
proteins. The findings suggest that Rok1 more plausibly 
influences centromere phenotypic variation indirectly by 
modulating the microtubule assembly process, in which 
Cmk1 appears to serve a representative role.

KEGG, as a systematic pathway database, provides 
standardized biological pathway annotations and enrich‑
ment analysis for differentially expressed genes, serving 
as a core tool for deciphering the molecular mechanisms 
underlying high‑throughput data (38). Cell cycle regulation 
is a process required to ensure the maintenance of genome 
integrity, and mitotic abnormalities caused by cell cycle 
dysregulation trigger autophagy through various protein 
interactions. Autophagy combines cell growth with cell 
division to maintain the integrity of the nuclear and mito‑
chondrial genomes. Defective autophagy leads to defective 
cell growth and is associated with abnormal mitosis (73). 
At 25˚C, in the cell cycle‑yeast pathway, the Spo4 protein 
has protein serine/threonine kinase activity and is involved 
in the reorganization of specific spindle pole bodies during 
meiosis, regulating ascospore formation; Spo4 protein 
deficiency results in abnormal prospore membrane forma‑
tion and chromosome segregation (23,74). The rad17 gene 
encodes the replication factor C‑related checkpoint protein 
Rad17, which is localized in the nucleus by binding to 

chromatin; Rad17 is involved in regulating mitotic DNA 
replication checkpoint and DNA damage checkpoint 
signaling in G2 phase  (75). The mad1 gene encodes the 
mitotic spindle checkpoint protein Mad1, which recruits 
Cut7 proteins to the mismatched kinetochore in chromo‑
somes, promotes chromosome sliding on the spindle and 
is involved in the mitotic spindle assembly checkpoint 
signaling process (76). The psm1 gene encodes the ATPase 
subunit Psm1 of the mitotic/meiotic cohesin complex, 
which participates in establishing sister chromatid cohesion 
during mitosis. The Psm1‑Psm3 head domain heterodimer, 
Mis4 and the N‑terminal helical domain of Rec8 bound 
to the coiled‑coil region of Psm3 collectively form the 
primary chromatin‑binding region of the cohesin complex. 
By recruiting Plo1 kinase, this complex promotes the phos‑
phorylation of Rec8, thereby ensuring the mono‑orientation 
of sister kinetochores (77,78). The cohesin loading factor 
(adherin) Mis4/Scc2, which has ATPase activator activity, 
forms a tertiary complex with cohesins on DNA and is 
involved in the regulation of mitotic sister chromatid 
cohesion and chromosome segregation. Abnormalities in 
the Mis4 protein lead to abnormal cell cycle arrest and 
premature sister chromatid segregation in mitosis (79,80). 
Abnormal expression of cell cycle pathway genes suggested 
that the cytokinesis process was affected in the rok1Δ‑25˚C 
strain. This was consistent with the abnormal results of 
spore formation and mitosis in the rok1Δ‑25˚C strain, and 
with the results of GO enrichment analysis (Fig. 9).

At 37˚C, the autophagy‑yeast pathway, the pas1 gene 
encodes the cell cycle protein Pas1, which is involved in the 
composition of the cyclin‑dependent protein kinase holo‑
enzyme complex that negatively regulates the mitotic cell 
cycle G1/S transition and sister chromatid cohesion (64). 
Atg17 participates in cellular autophagosome assembly 
as an autophagy associated protein kinase activator to 
remove its own damaged cellular structures; deletion of 
Atg17 results in a decreased sporulation frequency and an 
abnormal G1 to G0 transition (81,82). Atg13 is co‑localized 
with other Atg machinery proteins at the phagocytic vesicle 
assembly site in the proximal endoplasmic reticulum and 
is involved in cellular autophagosome assembly; atg13 
gene deletion results in abnormal spore formation and 
autophagy processes  (83). The atg15 gene encodes the 
autophagy‑associated lysophospholipase Atg15, which 
is involved in the regulation of microautophagy of the 
nucleus. Chromosome segregation and cellular autophagy 
are abnormal in atg15Δ strains, and the frequency of spore 
formation is decreased  (23,83). The arc1 gene encodes 
the Arp2/3 actin organizing complex WD repeat subunit 
Sop2, which is involved in the composition of the Arp2/3 
protein complex to mediate actin polymerization; aberrant 
Sop2 protein decreases protein localization to actomyosin 
contractile ring during mitosis  (84). Abnormal expres‑
sion of the autophagy pathway indicated impaired mitotic 
processes in the rok1Δ‑37˚C strain. This was consistent 
with the abnormal results of actin formation and contrac‑
tion and kinetochore separation in the rok1Δ‑37˚C strain, 
as well as with the results of GO enrichment analysis. In 
addition, although the ribosomal pathway was upregulated 
in both rok1Δ‑25˚C and rok1Δ‑37˚C strains, few genes were 
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upregulated in both. Therefore, rok1 gene deletion mainly 
regulated the mitotic process through up‑ and downregula‑
tion of different pathways at 25 and 37˚C.

Temperature is a critical factor inf luencing protein 
synthesis and function in cells. In the present study, two 
culture temperatures, 25 and 37˚C, were selected to 
investigate the potential biological functions of the rok1 
gene deletion under heat stress to amplify the phenotypic 
effects results. This experimental approach has been widely 
adopted in related studies; for instance, Codlin et al (85) 
discovered that btn1‑deficient cells exhibited only mild 
proliferation defects under normal growth conditions at 
25˚C, whereas severe depolarization and cell lysis were 
observed under heat stress at 37˚C. This revealed the role 
of Btn1p in the F‑actin‑dependent endocytosis‑polarized 
growth coupling pathway. Similarly, Hoya  et  al  (86) 
identified functional overlap between exomer and GGA22 
by analyzing the synthetic growth defects of the gga22Δ 
cfr1Δ double mutant under both low‑temperature (22˚C) 
and high‑temperature (36˚C) stress conditions. It is 
important to note that phenotypic variations in strains at 
different temperatures are a common phenomenon and 
are generally not defined as temperature‑sensitive strains. 
Temperature‑sensitive strains specifically refer to those 
that exhibit complete growth arrest or total loss of protein 
function at a restrictive temperature  (87). Such strains 
show 100% growth inhibition under non‑permissive condi‑
tions; therefore, the rok1Δ strain investigated here is not a 
temperature‑sensitive strain.

Notably, no widespread ribosome biosynthesis dysfunc‑
tion was observed in the rok1Δ strain in the present study; 
mitotic progression remained normal and transcriptomic 
analysis did not reveal a global decline in protein translation 
levels. Instead, only specific alterations in the expression of 
actin‑related proteins were detected. Based on comprehensive 
review of literature on the rok1 gene in fission yeast, to the best 
of our knowledge, there is currently no evidence indicating 
that rok1 directly affects protein translation through ribosome 
biosynthesis. Therefore, the present study proposes a novel 
mechanism: The decreased translation levels of actin‑related 
proteins represent a direct consequence of rok1 deletion, 
rather than being secondary to ribosome biogenesis defects, 
revealing a previously unrecognized role of the rok1 gene in 
mitotic dynamics.

Currently, research on the rok1 gene in fission yeast has 
primarily focused on its role in ribosome biogenesis, while 
its mechanism in regulating mitotic dynamics remains 
unclear. There is a particular lack of studies investigating 
the effects of rok1 deletion on mitosis and its molecular 
mechanisms under both normal and stress temperature 
conditions. Using fission yeast as a model, the present study 
demonstrated that rok1 deletion leads to slow cell growth, 
abnormal spore numbers, shortened spindles and centro‑
mere separation distance, delayed actin ring assembly 
and blocked migration of the kinetochores on the spindle. 
Integrated RNA‑Seq and bioinformatics analyses suggest 
that the Rok1 protein regulates actin polymerization, 
thereby participating in actin ring assembly, contraction 
and cytokinesis, while potentially influencing kinetochore 
mobility on the spindle or contributing to the establishment 

and maintenance of sister chromatid cohesion. Notably, this 
novel function of Rok1 appears independent of its canonical 
RNA helicase activity and may instead be linked to differ‑
ential expression of genes such as myo51, blt1, psm1 and 
psc3 in rok1Δ cells.

The present study preliminarily reveals potential func‑
tional associations between rok1 and these differentially 
expressed genes. However, the specific interaction relation‑
ships and regulatory mechanisms have not yet been directly 
validated at the protein level, which represents a major limi‑
tation of the current research. To further clarify the roles of 
these genes within the Rok1 regulatory network, subsequent 
plans involve screening key target genes through overexpres‑
sion or knockout experiments combined with phenotypic 
analysis. Building upon this foundation, in‑depth studies 
on protein interactions and functional validation will be 
conducted.
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