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Abstract: Pre-mRNA splicing plays a key role in the regulation of gene expression. Recent discov-
eries suggest that defects in pre-mRNA splicing, resulting from the dysfunction of certain splicing
factors, can impact the expression of genes crucial for genome surveillance mechanisms, including
those involved in cellular response to DNA damage. In this study, we analyzed how cells with
a non-functional spliceosome-associated Gpl1–Gih35–Wdr83 complex respond to DNA damage.
Additionally, we investigated the role of this complex in regulating the splicing of factors involved in
DNA damage repair. Our findings reveal that the deletion of any component within the Gpl1–Gih35–
Wdr83 complex leads to a significant accumulation of unspliced pre-mRNAs of DNA repair factors.
Consequently, mutant cells lacking this complex exhibit increased sensitivity to DNA-damaging
agents. These results highlight the importance of the Gpl1–Gih35–Wdr83 complex in regulating
the expression of DNA repair factors, thereby protecting the stability of the genome following
DNA damage.
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1. Introduction

The process of pre-mRNA splicing is essential for regulating gene expression in
eukaryotes. During the splicing, the pre-mRNAs are processed to ensure the removal of
noncoding sequences (introns) and the joining of the coding sequences (exons) to produce
the mature messenger RNAs (mRNAs) encoding functional proteins [1–3].

Several evidences suggest that mutations in spliceosome components or their dys-
regulation are associated with defects in pre-mRNA splicing. For example, mutation in
serine-arginine rich splicing factor SRSF2 was found to change its binding affinity from
G-rich motifs to C-rich motifs. This causes the retention of introns in the integrator com-
plex subunit 3 (INTS3) transcript, generating its isoforms with premature termination
codons [4–6]. Other splicing factors, that deregulation is known to alter pre-mRNA splic-
ing, are heterogeneous nuclear ribonucleoproteins (hnRNPs). The upregulation of hnRNPs
allows them to bind to their own transcripts, promoting skipping of exons and generating
hnRNPs isoforms with premature termination codons [7,8].

Except for the functions of splicing factors in pre-mRNA splicing, some splicing factors
also have functions unrelated to splicing. For example, a depletion of the well-recognized
splicing factor SRSF1 has been found to have a hypermutagenic phenotype, causing the
accumulation of R-loops, which are structures considered to be one of the major threats to
genome stability [9–11]. It has been revealed that the interaction of SRSF1 with DNA repair
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factor FANCD2 plays a critical role in suppressing the formation of R-loops via mRNA
export regulation [12]. Similarly, the spliceosome-associated protein Nrl1 in S. pombe has
been found to be required for the suppression of homologous recombination-dependent
R-loop formation [13]. Another splicing factor interacting with DNA repair proteins is the
G-patch protein NTR1. Its interaction with XRCC4 was shown to abrogate the formation
of an active enzyme complex between XRCC4 and LIG4, thus reducing the DNA damage
repair by non-homologous end joining pathway (NHEJ) [14]. It was also shown that
the interactions between the splicing factor SFPQ and RAD51 recombinase, TopBP1 and
Matrin3 secure their recruitment to sites of DNA damage thus stimulating DNA damage
repair by NHEJ and homologous recombination [15–18].

Among the numerous factors involved in pre-mRNA splicing, the RNA helicases have
a specific position. In addition to their role as ATP-dependent motors that drive transitions
between spliceosomal complexes, they also control fidelity of splicing through kinetic
proofreading [19]. For example, Prp22 helicase competes with the exon ligation reaction by
pulling on the 3′ exon in the spliceosomal C* complex [20]. Furthermore, Prp43 helicase,
in complex with Ntr1 and Ntr2, can disassemble early spliceosomal complexes formed
on suboptimal substrates [21]. As RNA helicases play central roles in most processes of
pre-mRNA splicing, their activities are tightly regulated.

The specific cofactor proteins regulating RNA helicase are the G-patch proteins. These
proteins are characterized by the presence of a specific glycine-rich 45–50 amino acids long
G-patch domain [22–24]. It has been shown that G-patch proteins can directly interact with
RNA helicases. For example, in S. cerevisiae, Cmg1, Ntr1, Pxr1 and Sqs1 bind to helicase
Prp43, and Spp2 associates with Prp2 helicase [21,22,25–28]. In human cells, the G-patch
proteins CMTR1, GPATCH2, NKRF, PINX1, RBM5, RBM17, TFIP11 and ZGPAT interact
with DHX15 helicase and GPKOW interact with DHX16 helicase [29–32]. In S. pombe, the
G-patch proteins Ntr1 and Gpl1 were found to interact with Prp43 and Gih35 helicases,
respectively [33–35]. Concerning the G-patch proteins and their role in regulating pre-
mRNA splicing, it has been shown that Spp2 is required for spliceosome activation prior to
the first transesterification reaction [28,36]. On the other hand, the Ntr1 protein was found
to potentiate the activity of Prp43 helicase within the spliceosomal NTR complex [21,37,38].
It has also been revealed that G-patch proteins modulate domain motility of Prp43 helicase
by inducing an open conformation of its RecA domains, thus facilitating ADP release
and enabling processive translocation and unwinding [39,40]. Furthermore, it has been
found that dysfunction of G-patch protein GPKOW, which interacts with DHX16 helicase,
results in impairment of pre-mRNA splicing [32,41]. Finally, the interacting partners of
DHX15 helicase, the G-patch proteins SUGP1, RBM5, RBM17 or ZGPAT, have been found
to participate in correct branch site recognition, regulation of alternative splicing or in the
regulation of tri-snRNP maturation [24,42–45].

Despite these findings, our current understanding of the biological significance of
G-patch proteins in the regulation of RNA helicases is still limited, and further studies are
needed. Recently, we reported that the poorly characterized G-patch protein Gpl1 in the
fission yeast S. pombe forms a ternary complex with RNA helicase Gih35 and WD repeat pro-
tein Wdr83. We showed that Gpl1 binds to both Gih35 and Wdr83, allowing the association
of these two proteins with the spliceosome. Additionally, we found that dysfunction of the
Gpl1–Gih35–Wdr83 complex affects the efficiency of pre-mRNA splicing [35]. Importantly,
the study by Larson et al. proposed that a depletion of Gpl1 in S. pombe results in global
splicing defects [46].

Here, we present the results of a study designed to better characterize the importance
of the Gpl1–Gih35–Wdr83 complex in regulating pre-mRNA splicing and the maintenance
of genome stability in S. pombe. We tested the sensitivity of deletion mutants of this complex
to DNA damage and analyzed the efficiency of splicing of genes encoding DNA damage
repair factors.
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2. Results and Discussion
2.1. Dysfunction of the Gpl1–Gih35–Wdr83 Complex Does Not Affect the Response of Mutant
Cells to Acute Hydroxyurea (HU) Treatment but Makes These Cells Highly Sensitive to Chronic
HU Treatment and DNA Damage

We have previously reported that the G-patch protein Gpl1, the RNA helicase Gih35
and the WD repeat protein Wdr83 in the fission yeast S. pombe form a ternary Gpl1–Gih35–
Wdr83 complex that binds to the spliceosome. Further analysis revealed that removing
the components of this complex leads to inefficient splicing and increased intron retention
in selected reference genes [35]. Previously, mutants with a deletion of gpl1 have been
shown to exhibit canonical splicing defects, with broad increases in pre-mRNA isoforms
and decreases in mature mRNAs [46].

Since dysfunction of certain splicing factors can affect the expression and splicing of
genes involved in the maintenance of genome stability [47–50], we decided to analyze how
the deletion mutants of the Gpl1–Gih35–Wdr83 complex respond to DNA damage. First,
we assessed the sensitivity of these mutants to acute hydroxyurea (HU) treatment. We
found that in the presence of HU, the wild-type cells were arrested at the G1/S phase in
4 h (Figure 1A, 4 h point of HU block). Under similar conditions, single gpl1∆, gih35∆ and
wdr83∆, double gpl1∆ gih35∆, gpl1∆ wdr83∆, and gih35∆ wdr83∆ and triple gpl1∆ gih35∆
wdr83∆ mutants, were also arrested in G1/S phase in 4 h. After releasing the cells from HU
block, both the wild-type cells and deletion mutants behave similarly and completed the
bulk of DNA synthesis in 1.5 to 2 h after release from HU block (Figure 1A, 5.5 h and 6 h
points of HU release). These results suggest that mutants of the Gpl1–Gih35–Wdr83 are
relatively insensitive to acute HU treatment, and after acute HU treatment, they arrest in
the G1/S phase of the cell cycle similarly to wild-type cells. Furthermore, the HU block and
release experiment suggest that the DNA replication checkpoint, which plays an important
role in the response of cells to the HU-induced replication stress [51,52], is fully functional
in the mutants of the Gpl1–Gih35–Wdr83 complex.

Despite the relative insensitivity of the deletion mutants of the Gpl1–Gih35–Wdr83
complex to acute HU treatment, we next investigated their sensitivity to chronic HU expo-
sure and DNA damage caused by camptothecin (CPT), a drug which targets topoisomerase
I, and DNA alkylating agent methyl methanesulfonate (MMS) [53,54]. As presented, the
single gpl1∆, gih35∆ and wdr83∆ or double gpl1∆ gih35∆, gpl1∆ wdr83∆ and gih35∆ wdr83∆
mutants were insensitive to DNA damage induced by HU and CPT compared with wild-
type cells. In the case of MMS, mild sensitivities of single gpl1∆ and wdr83∆, or double
gpl1∆ gih35∆ mutants, were detected. Interestingly, the gpl1∆ gih35∆ wdr83∆ mutant, was
shown to be highly sensitive to all tested DNA-damaging agents (Figure 1B). We found
that the sensitivity of the triple deletion mutant of the Gpl1–Gih35–Wdr83 complex to
DNA damaging agents was comparable to the rad51∆ mutant. It is known that rad51
mutants are highly sensitive to DNA lesions induced by MMS, γ- or UV-irradiation. Rad51
is recombinase that forms nucleoprotein filaments on resected single-stranded DNA tails
and catalyzes DNA strand exchange with undamaged sister chromatids, which serve as
the templates for homologous recombination repair [55–58].

Although we did not detect any DNA repair factors to copurify within the Gpl1–Gih35–
Wdr83 complex, we cannot exclude the possibility that dysfunction of the Gpl1–Gih35–
Wdr83 complex affects DNA damage repair indirectly. Previously, we found that this com-
plex copurifies with the Nrl1 protein and, conversely, that the Nrl1 protein copurifies within
the Gpl1–Gih35–Wdr83 complex. We have shown that the spliceosome-associated Nrl1
protein plays an important role in suppressing the accumulation of genome-threatening R-
loops. We also found that the deletion of nrl1 increases the susceptibility of S. pombe cells to
DNA damage, likely due to the sequestration of DNA repair factors near R-loop sites [13,34].
Despite these interesting findings, further studies are needed to demonstrate the existence
of a functional link between the Gpl1–Gih35–Wdr83 complex and the Nrl1 protein.
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droxyurea (HU) treatment (block of cells in G1/S phase using 12 mM HU), followed by releasing the 
cells from the block by growing cells in the fresh YE + 5S media (HU release). Red dot lines indicate 
the cells with a 1C DNA content and black dashed lines indicate the cells with a 2C DNA content. 
Exponentially growing asynchronous cells (0 h) represent the cells before the HU treatment. (B) The 
sensitivity of wild-type cells (wt) and deletion mutants of gpl1, gih35 and wdr83 to various DNA-dam-
aging agents was examined by the standard spot test. The rad51∆ mutant was used as a positive con-
trol. Serially diluted cells were spotted onto standard YE + 5S plates and YE + 5S plates supplemented 
with indicated concentrations of HU, CPT or MMS, and incubated for 4 days at 32 °C. Note: The results 
shown are from one experiment. The data are representative of two independent experiments. 

Based on the findings that dysfunction of the Gpl1–Gih35–Wdr83 complex leads to 
global splicing defects and the accumulation of improperly spliced pre-mRNA [35,47], we 
hypothesize that dysfunction of the Gpl1–Gih35–Wdr83 complex might also affect splic-
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2.2. Dysfunction of the Gpl1–Gih35–Wdr83 Complex Affects the Splicing of DNA Damage 
Repair Genes 

To analyze if the increased sensitivity of cells with a dysfunctional Gpl1–Gih35–
Wdr83 complex to DNA-damaging agents is related somehow to the ability of these cells 
to process the pre-mRNA of genes participating in the maintenance of the genome stabil-
ity, we evaluated the splicing efficiency of several genes, focusing in particular on ssb1, 
ssb2, ssb3, swi5, rad16 and rad57, which encode DNA damage repair factors. It is known 
that DNA replication factor A subunits Ssb1, Ssb2 and Ssb3, and DNA repair endonucle-
ase XPF Rad16 participate in double-strand break repair via homologous recombination, 

Figure 1. Analysis of the response of deletion mutants of the Gpl1–Gih35–Wdr83 complex to DNA
damage. (A) Cell cycle analysis of the progression of cells through the cell cycle after acute hydroxyurea
(HU) treatment (block of cells in G1/S phase using 12 mM HU), followed by releasing the cells from the
block by growing cells in the fresh YE + 5S media (HU release). Red dot lines indicate the cells with a 1C
DNA content and black dashed lines indicate the cells with a 2C DNA content. Exponentially growing
asynchronous cells (0 h) represent the cells before the HU treatment. (B) The sensitivity of wild-type cells
(wt) and deletion mutants of gpl1, gih35 and wdr83 to various DNA-damaging agents was examined by
the standard spot test. The rad51∆ mutant was used as a positive control. Serially diluted cells were
spotted onto standard YE + 5S plates and YE + 5S plates supplemented with indicated concentrations of
HU, CPT or MMS, and incubated for 4 days at 32 ◦C. Note: The results shown are from one experiment.
The data are representative of two independent experiments.

Based on the findings that dysfunction of the Gpl1–Gih35–Wdr83 complex leads to
global splicing defects and the accumulation of improperly spliced pre-mRNA [35,47], we
hypothesize that dysfunction of the Gpl1–Gih35–Wdr83 complex might also affect splicing
of DNA damage repair genes. This, in turn, could affect the ability of deletion mutants of
the Gpl1–Gih35–Wdr83 complex to cope with DNA damage.

2.2. Dysfunction of the Gpl1–Gih35–Wdr83 Complex Affects the Splicing of DNA Damage
Repair Genes

To analyze if the increased sensitivity of cells with a dysfunctional Gpl1–Gih35–Wdr83
complex to DNA-damaging agents is related somehow to the ability of these cells to
process the pre-mRNA of genes participating in the maintenance of the genome stability,
we evaluated the splicing efficiency of several genes, focusing in particular on ssb1, ssb2,
ssb3, swi5, rad16 and rad57, which encode DNA damage repair factors. It is known that
DNA replication factor A subunits Ssb1, Ssb2 and Ssb3, and DNA repair endonuclease XPF
Rad16 participate in double-strand break repair via homologous recombination, nucleotide
excision repair, base-excision repair or mismatch repair. Additionally, recombination
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mediator Swi5 and RecA family ATPase Rad57 participate in the regulation of DNA
recombination, which is important for DNA damage repair [59–65].

By analyzing deletion mutants of the Gpl1–Gih35–Wdr83 complex, we found that
these mutants exhibit splicing defects in genes encoding DNA damage repair factors.
Evaluating the ratio of spliced mRNA to total mRNA, we observed a significant decrease
in the amount of properly spliced mRNA for all tested DNA damage repair genes. We
detected a decreased amount in spliced mRNA ranging from 4.2 to 8.4% for ssb1, 2.9 to
5.3% for ssb2, 2.0 to 6.5% for ssb3, 9.7 to 38.7% for swi5, 3.1 to 8.4% for rad16 and 8.8 to 13.2%
for rad57 (Figure 2A,B).
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Figure 2. Analysis of splicing efficiency in deletion mutants of the Gpl1–Gih35–Wdr83 complex.
(A) RT-PCR experiment showing spliced mRNAs (smaller PCR amplicon marked with arrow) and
unspliced pre-mRNAs (larger PCR amplicon marked with arrow) of ssb1, ssb2, ssb3, swi5, rad16, rad57,
cdc2 and ppk8 genes. (B) Analysis of the splicing efficiency of analyzed genes. The changes in the
amount of unspliced pre-mRNA and spliced mRNA for analyzed genes were quantified using ImageJ
software, version number 1.53q, and are expressed as the ratio of spliced mRNA (intensity of smaller
PCR amplicon) versus total mRNA (intensities of spliced mRNA and unspliced pre-mRNA, smaller
and larger PCR amplicons). The primers to amplify the splicing products of analyzed genes are listed
in Supplemental Table S1. The data represent mean values ± S.D. from three independent biological
replicates. Statistical significance between wild-type cells and mutants was determined using the
two-tailed Student’s t-test (p-values: *—p ≤ 0.05, **—p ≤ 0.01, ***—p ≤ 0.001).

Similarly, analysis of the splicing of ppk8 and cdc2, genes encoding the serine/threonine
protein kinase Ppk38 and the cyclin-dependent protein kinase Cdc2 [66,67], which were
used as controls of pre-mRNA splicing in the deletion mutants of the Gpl1–Gih35–Wdr83
complex, revealed an important role for the Gpl1–Gih35–Wdr83 complex in the regulation
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of pre-mRNA splicing. In this case, we detected an accumulation of improperly spliced
pre-mRNA isoforms of ppk8 and cdc2, and a decreased ratio in spliced mRNA ranging
from 7.2 to 18.2% for cdc2 and 5.5 to 12.0% for ppk8 (Figure 2A,B). A similar, albeit more
pronounced, decreased ratio in properly spliced pre-mRNA was detected in the saf5∆
mutant, which was used as a positive control for splicing defects when analyzing the
splicing of ssb1 (31.3%), ssb2 (20.5%), ssb3 (17.9%), swi5 (47.4%), rad16 (51.6%), rad57 (13.8%),
cdc2 (9.9%) and ppk8 (4.7%) (Figure S1). Saf5 factor of S. pombe is known to be critical for
efficient snRNP production and pre-mRNA splicing [68].

Overall, analysis of splicing efficiency in deletion mutants of the Gpl1–Gih35–Wdr83
complex revealed significant splicing defects. This is evidenced by the accumulation
of pre-mRNA isoforms for all analyzed genes, including those encoding DNA damage
repair factors.

Our findings suggest that S. pombe cells with a non-functional Gpl1–Gih35–Wdr83
complex accumulate improperly spliced pre-mRNA isoforms. It is known that an increase
in the rate of intron retention can have significant downstream effects on gene expression,
protein functions and cellular processes, including the alteration of mRNA stability and the
generation of non-functional or aberrant proteins that interfere with the function of normal
proteins. Previously, it has been shown that the MTREC complex, which specifically binds to
cryptic unstable transcripts, meiotic mRNAs or improperly spliced pre-mRNA transcripts,
interacts with the nuclear exosome and cooperates with various RNA-binding proteins
and RNA-processing complexes to target improperly spliced RNAs for degradation [69].
Interestingly, our previous studies on the interactomes of Gpl1, Gih35 and Wdr83 proteins
identified Mtl1 and Ctr1 proteins of the MTREC complex, Nrl1 protein, as well as the
intron-specific pre-mRNA splicing-ubiquitin fusion protein Sde2, to copurify as part of
their interactomes [34,35]. This might suggest that the functions of the Gpl1–Gih35–Wdr83
complex are interconnected with the regulation of these proteins, either by regulating
the Sde2 protein, which participates in the excision of introns [62,63], by participating in
regulation of the Nrl1 protein, which suppresses accumulation of genome-threatening R-
loop structures [13] or by modulating the function of proteins of the MTREC complex, which
ensure the timely degradation of improperly spliced RNAs by the nonsense-mediated RNA
decay (NMD) pathway [70,71]. To further support these hypotheses, additional studies
investigating the interconnections between the Gpl1–Gih35–Wdr83 complex, other splicing
factors and the proteins comprising the MTREC complex are warranted.

3. Materials and Methods
3.1. Yeast Strains and Primers

The S. pombe strains were cultured at 32 ◦C in a complete yeast extract medium
(YE + 5S; 5.0 g/L yeast extract, 3.0% glucose, 0.1 g/L L-leucine, 0.1 g/L L-lysine hydrochlo-
ride, 0.1 g/L L-histidine, 0.1 g/L uracil and 0.15 g/L adenine sulfate). S. pombe strains
carrying gene deletions were constructed as described previously [35,72]. Strains and
primers used in this study are listed in Supplemental Table S1.

3.2. Testing Response of Cells to Acute Hydroxyurea Treatment

To test the response of cells to acute HU treatment, the overnight cultures of wild-type
cells and deletion mutants were diluted into fresh YE + 5S media to OD600 = 0.2 and
grown at 32 ◦C while shaking. After reaching OD600 = 0.55, HU was added to the liquid
cell cultures at a final concentration of 12 mM. The cells were then incubated for 4 h to
arrest them at the G1/S phase. Then, cultures were centrifuged (32 ◦C, 3000× g, 3 min),
supernatants were discarded and cells were resuspended in fresh liquid YE + 5S media.
At indicated time points, 500 µL of cell cultures were collected by centrifugation (3000× g,
1 min) and fixed in 1 mL of 70% ethanol (4 ◦C).
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3.3. Flow Cytometry Analysis

The fixed cells (0.1 mL) were added to 3 mL of 50 mM sodium citrate buffer, incubated
for 10 min and collected by centrifugation (3000× g, 3 min). Then, the cells were resus-
pended in 0.5 mL of 50 mM sodium citrate buffer supplemented with 0.1 mg/mL RNase
and incubated at 37 ◦C for 2 h. Next, 0.5 mL of 50 mM sodium citrate buffer containing
2 µM SYTOX Green dye was added (final concentration of 1 µM) to stain the DNA. Flow
cytometry measurements were performed using a FACS Canto II flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA). The SYTOX Green dye was excited with a 488 nm
laser, and fluorescence emission was measured using a bandpass filter set of 530 nm. For-
ward/side light scatter characteristics were used to eliminate cell debris from the analysis.
For each analysis, 10,000 cells were acquired. The flow cytometry results were analyzed
using FlowJoTM v10.8.1 software (BD Life Sciences, Franklin Lakes, NJ, USA).

3.4. Drug Sensitivity

DNA damage drug sensitivity was determined by the standard spot test, which
allows a chronic drug exposure of cells. Briefly, YE + 5S plates containing 1, 2.5, 5 mM
hydroxyurea (HU), 2.5 µM, 5 µM, 10 µM camptothecin (CPT) and 0.005%, 0.01% and 0.02%
methyl methanesulfonate (MMS) were freshly prepared 3 days before the experiment. Cells
were grown on YE + 5S plates overnight, diluted in fresh YE + 5S media to OD600 = 0.2, and
grown for 6 h at 32 ◦C. Then, cells were resuspended in sterile water, and their concentration
was determined using a Burker chamber. After diluting the cells in sterile water in 10-fold
steps, 6 µL of cell suspension was spotted onto standard YE + 5S plates and YE + 5S plates
supplemented with HU, CPT and MMS. The plates were incubated for 4 days at 32 ◦C and
then photographed.

3.5. Isolation of RNA and Preparation of cDNA

The cells were inoculated into 20 mL of overnight culture in YE + 5S media. The
next morning, the overnight cultures were diluted into 50 mL of fresh YE + 5S media
(OD600 = 0.2) and cultivated on a shaker (32 ◦C) until reaching the exponential phase
(OD600 = 0.5–0.6). Then, cell cultures (26 mL) were harvested by centrifugation (3000× g,
4 ◦C), the collected cells were washed once with ice-cold DEPC water, and cell pellets were
stored at −80 ◦C. Next, cell pellets were resuspended in 1×TE and broken by vortexing
with glass beads. Total RNA was isolated using Thermo Fisher Scientific kits (GeneJET
RNA Purification Kit; RapidOut DNA Removal Kit) (Thermo Fisher Scientific, Waltham,
MA, USA). cDNA was prepared from 1 µg total RNA using the Lunascript RT SuperMix
Kit (NEB, Ipswich, MA, USA) according to the manufacturer‘s instructions.

3.6. Analysis of Splicing Defects

To analyze the splicing defects, semiquantitative RT-PCR was used. The conditions
for each pair of primers and corresponding gene were optimized to bind (Tm) and amplify
(number of cycles) the spliced mRNA and unspliced pre-mRNA for cdc2, ppk8, rad16, rad57
ssb1, ssb2, ssb3 and swi5 (Supplemental Table S1). Genomic DNA (gDNA) was used as
a control to position the PCR products of unspliced pre-mRNA. Actin (act1) was used
as an internal control to monitor the efficiency of the PCR amplification. The amount of
spliced mRNA and unspliced pre-mRNA was quantified as intensities of corresponding
PCR amplicons using ImageJ software (version number 1.53q). Briefly, the images of PCR
amplicons were converted to a grey scale format. Then, the regions of PCR amplicons
corresponding to unspliced pre-mRNAs and spliced mRNAs were selected using a rect-
angular selection tool and plotted. The intensities of the PCR amplicons were quantified
by measuring the total area of their respective peaks. The total mRNA of a specific gene
was calculated by summing the intensities of its unspliced pre-mRNA and spliced mRNA.
Splicing efficiency was determined as the ratio of intensity of spliced mRNA and intensity
of total mRNA (spliced mRNA and unspliced pre-mRNA).
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3.7. Statistical Analysis

The statistical analysis was performed on three independent biological replicates.
Results are presented as the mean values ± standard deviations. Statistical significance
between wild-type cells and mutants was determined using a two-tailed Student’s t-test.
Significance was defined as p < 0.05.

4. Conclusions

Despite the evidence that the Gpl1–Gih35–Wdr83 complex plays an important role in
the regulation of pre-mRNA splicing in S. pombe, including the splicing of genes encoding
DNA damage repair factors, our understanding of how this ternary complex is implicated
in the regulation of pre-mRNA splicing is still limited. Further structural and mechanistic
studies to determine how this complex participates in the dynamic rearrangements of the
spliceosome and possibly regulates other aspects of pre-mRNA splicing, or how it affects
the response of cell to DNA damage, are highly warranted.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms25084192/s1.

Author Contributions: Conceptualization, I.C. and L.C.; methodology, I.C., M.J., T.S., L.O.L., J.J. and
L.C.; software, I.C.; validation, I.C. and L.C.; formal analysis, I.C., J.J. and L.C.; investigation, I.C.,
M.J., T.S., L.O.L., J.J. and L.C.; writing—original draft preparation, I.C. and L.C.; writing—review and
editing, I.C., M.J., T.S., L.O.L., J.J. and L.C.; visualization, I.C., T.S. and L.C.; supervision, I.C. and L.C.;
project administration, I.C. and L.C.; funding acquisition, I.C. and L.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Slovak Research and Development Agency Contract
no. APVV-20-0141 and VEGA grant 2/0059/23.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Adams, M.D.; Rudner, D.Z.; Rio, D.C. Biochemistry and regulation of pre-mRNA splicing. Curr. Opin. Cell Biol. 1996, 8, 331–339.

[CrossRef]
2. Wahl, M.C.; Will, C.L.; Lührmann, R. The spliceosome: Design principles of a dynamic RNP machine. Cell 2009, 136, 701–718.

[CrossRef]
3. Lee, Y.; Rio, D.C. Mechanisms and Regulation of Alternative Pre-mRNA Splicing. Annu. Rev. Biochem. 2015, 84, 291–323.

[CrossRef]
4. Zhang, J.; Lieu, Y.K.; Ali, A.M.; Penson, A.; Reggio, K.S.; Rabadan, R.; Raza, A.; Mukherjee, S.; Manley, J.L. Disease-associated

mutation in SRSF2 misregulates splicing by altering RNA-binding affinities. Proc. Natl. Acad. Sci. USA 2015, 112, E4726–E4734.
[CrossRef]

5. Yoshimi, A.; Lin, K.T.; Wiseman, D.H.; Rahman, M.A.; Pastore, A.; Wang, B.; Lee, S.C.W.; Micol, J.B.; Zhang, X.J.; de Botton, S.;
et al. Coordinated Alterations in RNA Splicing and Epigenetic Regulation Drive Leukaemogenesis. Nature 2019, 574, 273–277.
[CrossRef]

6. Rahman, M.A.; Lin, K.T.; Bradley, R.K.; Abdel-Wahab, O.; Krainer, A.R. Recurrent SRSF2 Mutations in MDS Affect Both Splicing
and NMD. Genes Dev. 2020, 34, 413–427. [CrossRef] [PubMed]

7. Rahman, M.A.; Krainer, A.R.; Abdel-Wahab, O. SnapShot: Splicing Alterations in Cancer. Cell 2020, 180, 208–208.e1. [CrossRef]
8. Ni, J.Z.; Grate, L.; Donohue, J.P.; Preston, C.; Nobida, N.; O’Brien, G.; Shiue, L.; Clark, T.A.; Blume, J.E.; Ares, M. Ultraconserved

Elements Are Associated with Homeostatic Control of Splicing Regulators by Alternative Splicing and Nonsense-Mediated Decay.
Genes Dev. 2007, 21, 708–718. [CrossRef] [PubMed]

9. Li, X.; Manley, J.L. Inactivation of the SR protein splicing factor ASF/SF2 results in genomic instability. Cell 2005, 122, 365–378.
[CrossRef]

10. Huertas, P.; Aguilera, A. Cotranscriptionally formed DNA:RNA hybrids mediate transcription elongation impairment and
transcription-associated recombination. Mol. Cell 2003, 12, 711–721. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms25084192/s1
https://www.mdpi.com/article/10.3390/ijms25084192/s1
https://doi.org/10.1016/S0955-0674(96)80006-8
https://doi.org/10.1016/j.cell.2009.02.009
https://doi.org/10.1146/annurev-biochem-060614-034316
https://doi.org/10.1073/pnas.1514105112
https://doi.org/10.1038/s41586-019-1618-0
https://doi.org/10.1101/gad.332270.119
https://www.ncbi.nlm.nih.gov/pubmed/32001512
https://doi.org/10.1016/j.cell.2019.12.011
https://doi.org/10.1101/gad.1525507
https://www.ncbi.nlm.nih.gov/pubmed/17369403
https://doi.org/10.1016/j.cell.2005.06.008
https://doi.org/10.1016/j.molcel.2003.08.010


Int. J. Mol. Sci. 2024, 25, 4192 9 of 11

11. Santos-Pereira, J.M.; Aguilera, A. R loops: New modulators of genome dynamics and function. Nat. Rev. Genet. 2015, 16, 583–597.
[CrossRef] [PubMed]

12. Olazabal-Herrero, A.; He, B.; Kwon, Y.; Gupta, A.K.; Dutta, A.; Huang, Y.; Boddu, P.; Liang, Z.; Liang, F.; Teng, Y.; et al. The
FANCI/FANCD2 complex links DNA damage response to R-loop regulation through SRSF1-mediated mRNA export. Cell Rep.
2024, 43, 113610. [CrossRef] [PubMed]

13. Aronica, L.; Kasparek, T.; Ruchman, D.; Marquez, Y.; Cipak, L.; Cipakova, I.; Anrather, D.; Mikolaskova, B.; Radtke, M.; Sarkar, S.;
et al. The spliceosome-associated protein Nrl1 suppresses homologous recombination-dependent R-loop formation in fission
yeast. Nucleic Acids Res. 2016, 44, 1703–1717. [CrossRef] [PubMed]

14. Herrmann, G.; Kais, S.; Hoffbauer, J.; Shah-Hosseini, K.; Brüggenolte, N.; Schober, H.; Fäsi, M.; Schär, P. Conserved interactions of
the splicing factor Ntr1/Spp382 with proteins involved in DNA double-strand break repair and telomere metabolism. Nucleic
Acids Res. 2007, 35, 2321–2332. [CrossRef]

15. Morozumi, Y.; Takizawa, Y.; Takaku, M.; Kurumizaka, H. Human PSF binds to RAD51 and modulates its homologous-pairing
and strand-exchange activities. Nucleic Acids Res. 2009, 37, 4296–4307. [CrossRef]

16. Rajesh, C.; Baker, D.K.; Pierce, A.J.; Pittman, D.L. The splicing-factor related protein SFPQ/PSF interacts with RAD51D and is
necessary for homology-directed repair and sister chromatid cohesion. Nucleic Acids Res. 2011, 39, 132–145. [CrossRef] [PubMed]

17. Kuhnert, A.; Schmidt, U.; Monajembashi, S.; Franke, C.; Schlott, B.; Grosse, F.; Greulich, K.O.; Saluz, H.P.; Hanel, F. Proteomic
identification of PSF and p54(nrb) as TopBP1-interacting proteins. J. Cell. Biochem. 2012, 113, 1744–1753. [CrossRef] [PubMed]

18. Salton, M.; Lerenthal, Y.; Wang, S.Y.; Chen, D.J.; Shiloh, Y. Involvement of Matrin 3 and SFPQ/NONO in the DNA damage
response. Cell Cycle 2010, 9, 1568–1576. [CrossRef]

19. Semlow, D.R.; Staley, J.P. Staying on message: Ensuring fidelity in pre-mRNA splicing. Trends Biochem. Sci. 2012, 37, 263–273.
[CrossRef]

20. Liu, S.; Li, X.; Zhang, L.; Jiang, J.; Hill, R.C.; Cui, Y.; Hansen, K.C.; Zhou, Z.H.; Zhao, R. Structure of the yeast spliceosomal
postcatalytic P complex. Science 2017, 358, 1278–1283. [CrossRef]

21. Fourmann, J.B.; Tauchert, M.J.; Ficner, R.; Fabrizio, P.; Lührmann, R. Regulation of Prp43-mediated disassembly of spliceosomes
by its cofactors Ntr1 and Ntr2. Nucleic Acids Res. 2017, 45, 4068–4080. [CrossRef]

22. Heininger, A.U.; Hackert, P.; Andreou, A.Z.; Boon, K.L.; Memet, I.; Prior, M.; Clancy, A.; Schmidt, B.; Urlaub, H.; Schleiff, E.; et al.
Protein cofactor competition regulates the action of a multifunctional RNA helicase in different pathways. RNA Biol. 2016, 13,
320–330. [CrossRef]

23. Aravind, L.; Koonin, E.V. G-patch: A new conserved domain in eukaryotic RNA-processing proteins and type D retroviral
polyproteins. Trends Biochem. Sci. 1999, 24, 342–344. [CrossRef] [PubMed]

24. Bohnsack, K.E.; Ficner, R.; Bohnsack, M.T.; Jonas, S. Regulation of DEAH-box RNA helicases by G-patch proteins. Biol. Chem.
2021, 402, 561–579. [CrossRef] [PubMed]

25. Lebaron, S.; Papin, C.; Capeyrou, R.; Chen, Y.L.; Froment, C.; Monsarrat, B.; Caizergues-Ferrer, M.; Grigoriev, M.; Henry, Y. The
ATPase and helicase activities of Prp43p are stimulated by the G-patch protein Pfa1p during yeast ribosome biogenesis. EMBO J.
2009, 28, 3808–3819. [CrossRef]

26. Guglielmi, B.; Werner, M. The yeast homolog of human PinX1 is involved in rRNA and small nucleolar RNA maturation, not in
telomere elongation inhibition. J. Biol. Chem. 2002, 277, 35712–35719. [CrossRef]

27. Hamann, F.; Enders, M.; Ficner, R. Structural basis for RNA translocation by DEAH-box ATPases. Nucleic Acids Res. 2019, 47,
4349–4362. [CrossRef]

28. Warkocki, Z.; Schneider, C.; Mozaffari-Jovin, S.; Schmitzová, J.; Höbartner, C.; Fabrizio, P.; Lührmann, R. The G-patch protein
Spp2 couples the spliceosome-stimulated ATPase activity of the DEAH-box protein Prp2 to catalytic activation of the spliceosome.
Genes Dev. 2015, 29, 94–107. [CrossRef] [PubMed]

29. Lin, M.L.; Fukukawa, C.; Park, J.H.; Naito, K.; Kijima, K.; Shimo, A.; Ajiro, M.; Nishidate, T.; Nakamura, Y.; Katagiri, T.
Involvement of G-patch domain containing 2 overexpression in breast carcinogenesis. Cancer Sci. 2009, 100, 1443–1450. [CrossRef]

30. De Maio, A.; Yalamanchili, H.K.; Adamski, C.J.; Gennarino, V.A.; Liu, Z.; Qin, J.; Jung, S.Y.; Richman, R.; Orr, H.; Zoghbi, H.Y.
RBM17 interacts with U2SURP and CHERP to regulate expression and splicing of RNA-processing proteins. Cell Rep. 2018, 25,
726–736. [CrossRef]

31. Yoshimoto, R.; Kataoka, N.; Okawa, K.; Ohno, M. Isolation and characterization of post-splicing lariat-intron complexes. Nucleic
Acids Res. 2009, 37, 891–902. [CrossRef] [PubMed]

32. Zang, S.; Lin, T.Y.; Chen, X.; Gencheva, M.; Newo, A.N.; Yang, L.; Rossi, D.; Hu, J.; Lin, S.B.; Huang, A.; et al. GPKOW is essential
for pre-mRNA splicing in vitro and suppresses splicing defect caused by dominant-negative DHX16 mutation in vivo. Biosci.
Rep. 2014, 34, e00163. [CrossRef] [PubMed]

33. Raut, S.; Yadav, K.; Verma, A.K.; Tak, Y.; Waiker, P.; Sahi, C. Co-evolution of spliceosomal disassembly interologs: Crowning
J-protein component with moonlighting RNA-binding activity. Curr. Genet. 2019, 65, 561–573. [CrossRef] [PubMed]

34. Cipakova, I.; Jurcik, M.; Rubintova, V.; Borbova, M.; Mikolaskova, B.; Jurcik, J.; Bellova, J.; Barath, P.; Gregan, J.; Cipak, L.
Identification of proteins associated with splicing factors Ntr1, Ntr2, Brr2 and Gpl1 in the fission yeast Schizosaccharomyces
pombe. Cell Cycle 2019, 18, 1532–1536. [CrossRef] [PubMed]

https://doi.org/10.1038/nrg3961
https://www.ncbi.nlm.nih.gov/pubmed/26370899
https://doi.org/10.1016/j.celrep.2023.113610
https://www.ncbi.nlm.nih.gov/pubmed/38165804
https://doi.org/10.1093/nar/gkv1473
https://www.ncbi.nlm.nih.gov/pubmed/26682798
https://doi.org/10.1093/nar/gkm127
https://doi.org/10.1093/nar/gkp298
https://doi.org/10.1093/nar/gkq738
https://www.ncbi.nlm.nih.gov/pubmed/20813759
https://doi.org/10.1002/jcb.24045
https://www.ncbi.nlm.nih.gov/pubmed/22213094
https://doi.org/10.4161/cc.9.8.11298
https://doi.org/10.1016/j.tibs.2012.04.001
https://doi.org/10.1126/science.aar3462
https://doi.org/10.1093/nar/gkw1225
https://doi.org/10.1080/15476286.2016.1142038
https://doi.org/10.1016/S0968-0004(99)01437-1
https://www.ncbi.nlm.nih.gov/pubmed/10470032
https://doi.org/10.1515/hsz-2020-0338
https://www.ncbi.nlm.nih.gov/pubmed/33857358
https://doi.org/10.1038/emboj.2009.335
https://doi.org/10.1074/jbc.M205526200
https://doi.org/10.1093/nar/gkz150
https://doi.org/10.1101/gad.253070.114
https://www.ncbi.nlm.nih.gov/pubmed/25561498
https://doi.org/10.1111/j.1349-7006.2009.01185.x
https://doi.org/10.1016/j.celrep.2018.09.041
https://doi.org/10.1093/nar/gkn1002
https://www.ncbi.nlm.nih.gov/pubmed/19103666
https://doi.org/10.1042/BSR20140142
https://www.ncbi.nlm.nih.gov/pubmed/25296192
https://doi.org/10.1007/s00294-018-0906-9
https://www.ncbi.nlm.nih.gov/pubmed/30467716
https://doi.org/10.1080/15384101.2019.1632126
https://www.ncbi.nlm.nih.gov/pubmed/31219728


Int. J. Mol. Sci. 2024, 25, 4192 10 of 11

35. Selicky, T.; Jurcik, M.; Mikolaskova, B.; Pitelova, A.; Mayerova, N.; Kretova, M.; Osadska, M.; Jurcik, J.; Holic, R.; Kohutova, L.; et al.
Defining the Functional Interactome of Spliceosome-Associated G-Patch Protein Gpl1 in the Fission Yeast Schizosaccharomyces
pombe. Int. J. Mol. Sci. 2022, 23, 12800. [CrossRef] [PubMed]

36. Bai, R.; Wan, R.; Yan, C.; Jia, Q.; Lei, J.; Shi, Y. Mechanism of spliceosome remodeling by the ATPase/helicase Prp2 and its
coactivator Spp2. Science 2021, 371, eabe8863. [CrossRef] [PubMed]

37. Tanaka, N.; Aronova, A.; Schwer, B. Ntr1 activates the Prp43 helicase to trigger release of lariat-intron from the spliceosome.
Genes Dev. 2007, 21, 2312–2325. [CrossRef]

38. Christian, H.; Hofele, R.V.; Urlaub, H.; Ficner, R. Insights into the activation of the helicase Prp43 by biochemical studies and
structural mass spectrometry. Nucleic Acids Res. 2014, 42, 1162–1179. [CrossRef] [PubMed]

39. Enders, M.; Ficner, R.; Adio, S. Regulation of the DEAH/RHA helicase Prp43 by the G-patch factor Pfa1. Proc. Natl. Acad. Sci.
USA 2022, 119, e2203567119. [CrossRef]

40. Enders, M.; Ficner, R.; Adio, S. Conformational dynamics of the RNA binding channel regulates loading and translocation of the
DEAH-box helicase Prp43. Nucleic Acids Res. 2023, 51, 6430–6442. [CrossRef]

41. Hegele, A.; Kamburov, A.; Grossmann, A.; Sourlis, C.; Wowro, S.; Weimann, M.; Will, C.L.; Pena, V.; Lührmann, R.; Stelzl, U.
Dynamic protein-protein interaction wiring of the human spliceosome. Mol. Cell 2012, 45, 567–580. [CrossRef] [PubMed]

42. Agafonov, D.E.; Deckert, J.; Wolf, E.; Odenwälder, P.; Bessonov, S.; Will, C.L.; Urlaub, H.; Lührmann, R. Semiquantitative
proteomic analysis of the human spliceosome via a novel two-dimensional gel electrophoresis method. Mol. Cell Biol. 2011, 31,
2667–2682. [CrossRef] [PubMed]

43. Lallena, M.J.; Chalmers, K.J.; Llamazares, S.; Lamond, A.I.; Valcárcel, J. Splicing regulation at the second catalytic step by
Sex-lethal involves 3′ splice site recognition by SPF45. Cell 2002, 109, 285–296. [CrossRef] [PubMed]

44. Niu, Z.; Jin, W.; Zhang, L.; Li, X. Tumor suppressor RBM5 directly interacts with the DExD/H-box protein DHX15 and stimulates
its helicase activity. FEBS Lett. 2012, 586, 977–983. [CrossRef] [PubMed]

45. Zhang, J.; Huang, J.; Xu, K.; Xing, P.; Huang, Y.; Liu, Z.; Tong, L.; Manley, J.L. DHX15 is involved in SUGP1-mediated RNA
missplicing by mutant SF3B1 in cancer. Proc. Natl. Acad. Sci. USA 2022, 119, e2216712119. [CrossRef] [PubMed]

46. Larson, A.; Fair, B.J.; Pleiss, J.A. Interconnections Between RNA-Processing Pathways Revealed by a Sequencing-Based Genetic
Screen for Pre-mRNA Splicing Mutants in Fission Yeast. G3 (Bethesda) 2016, 6, 1513–1523. [CrossRef] [PubMed]

47. Adamson, B.; Smogorzewska, A.; Sigoillot, F.D.; King, R.W.; Elledge, S.J. A genome-wide homologous recombination screen
identifies the RNA-binding protein RBMX as a component of the DNA-damage response. Nat. Cell Biol. 2012, 14, 318–328.
[CrossRef] [PubMed]

48. Cevher, M.A.; Kleiman, F.E. Connections between 3′-end processing and DNA damage response. Wiley Interdiscip. Rev. RNA 2010,
1, 193–199. [CrossRef] [PubMed]

49. Wickramasinghe, V.O.; Venkitaraman, A.R. RNA Processing and Genome Stability: Cause and Consequence. Mol. Cell 2016, 61,
496–505. [CrossRef]

50. Klaric, J.A.; Wüst, S.; Panier, S. New Faces of old Friends: Emerging new Roles of RNA-Binding Proteins in the DNA Double-
Strand Break Response. Front. Mol. Biosci. 2021, 8, 668821. [CrossRef]

51. Lopes, M.; Cotta-Ramusino, C.; Pellicioli, A.; Liberi, G.; Plevani, P.; Muzi-Falconi, M.; Newlon, C.S.; Foiani, M. The DNA
replication checkpoint response stabilizes stalled replication forks. Nature 2001, 412, 557–561. [CrossRef]

52. Sogo, J.M.; Lopes, M.; Foiani, M. Fork reversal and ssDNA accumulation at stalled replication forks owing to checkpoint defects.
Science 2002, 297, 599–602. [CrossRef]

53. Beranek, D.T. Distribution of methyl and ethyl adducts following alkylation with monofunctional alkylating agents. Mutat. Res.
1990, 231, 11–30. [CrossRef] [PubMed]

54. Hsiang, Y.H.; Hertzberg, R.; Hecht, S.; Liu, L.F. Camptothecin induces protein-linked DNA breaks via mammalian DNA
topoisomerase I. J. Biol. Chem. 1985, 260, 14873–14878. [CrossRef]

55. Muris, D.F.; Vreeken, K.; Carr, A.M.; Broughton, B.C.; Lehmann, A.R.; Lohman, P.H.; Pastink, A. Cloning the RAD51 homologue
of Schizosaccharomyces pombe. Nucleic Acids Res. 1993, 21, 4586–4591. [CrossRef] [PubMed]

56. San Filippo, J.; Sung, P.; Klein, H. Mechanism of eukaryotic homologous recombination. Annu Rev. Biochem. 2008, 77, 229–257.
[CrossRef] [PubMed]

57. Luo, S.C.; Yeh, H.Y.; Lan, W.H.; Wu, Y.M.; Yang, C.H.; Chang, H.Y.; Su, G.C.; Lee, C.Y.; Wu, W.J.; Li, H.W.; et al. Identification
of fidelity-governing factors in human recombinases DMC1 and RAD51 from cryo-EM structures. Nat. Commun. 2021, 12, 115.
[CrossRef]

58. Sauvageau, S.; Stasiak, A.Z.; Banville, I.; Ploquin, M.; Stasiak, A.; Masson, J.Y. Fission yeast rad51 and dmc1, two efficient DNA
recombinases forming helical nucleoprotein filaments. Mol. Cell. Biol. 2005, 25, 4377–4387. [CrossRef]

59. Ono, Y.; Tomita, K.; Matsuura, A.; Nakagawa, T.; Masukata, H.; Uritani, M.; Ushimaru, T.; Ueno, M. A novel allele of fission yeast
rad11 that causes defects in DNA repair and telomere length regulation. Nucleic Acids Res. 2003, 31, 7141–7149. [CrossRef]

60. Cavero, S.; Limbo, O.; Russell, P. Critical functions of Rpa3/Ssb3 in S-phase DNA damage responses in fission yeast. PLoS Genet.
2010, 6, e1001138. [CrossRef]

61. Prudden, J.; Evans, J.S.; Hussey, S.P.; Deans, B.; O’Neill, P.; Thacker, J.; Humphrey, T. Pathway utilization in response to a
site-specific DNA double-strand break in fission yeast. EMBO J. 2003, 22, 1419–1430. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms232112800
https://www.ncbi.nlm.nih.gov/pubmed/36361590
https://doi.org/10.1126/science.abe8863
https://www.ncbi.nlm.nih.gov/pubmed/33243853
https://doi.org/10.1101/gad.1580507
https://doi.org/10.1093/nar/gkt985
https://www.ncbi.nlm.nih.gov/pubmed/24165877
https://doi.org/10.1073/pnas.2203567119
https://doi.org/10.1093/nar/gkad362
https://doi.org/10.1016/j.molcel.2011.12.034
https://www.ncbi.nlm.nih.gov/pubmed/22365833
https://doi.org/10.1128/MCB.05266-11
https://www.ncbi.nlm.nih.gov/pubmed/21536652
https://doi.org/10.1016/S0092-8674(02)00730-4
https://www.ncbi.nlm.nih.gov/pubmed/12015979
https://doi.org/10.1016/j.febslet.2012.02.052
https://www.ncbi.nlm.nih.gov/pubmed/22569250
https://doi.org/10.1073/pnas.2216712119
https://www.ncbi.nlm.nih.gov/pubmed/36459648
https://doi.org/10.1534/g3.116.027508
https://www.ncbi.nlm.nih.gov/pubmed/27172183
https://doi.org/10.1038/ncb2426
https://www.ncbi.nlm.nih.gov/pubmed/22344029
https://doi.org/10.1002/wrna.20
https://www.ncbi.nlm.nih.gov/pubmed/21956914
https://doi.org/10.1016/j.molcel.2016.02.001
https://doi.org/10.3389/fmolb.2021.668821
https://doi.org/10.1038/35087613
https://doi.org/10.1126/science.1074023
https://doi.org/10.1016/0027-5107(90)90173-2
https://www.ncbi.nlm.nih.gov/pubmed/2195323
https://doi.org/10.1016/S0021-9258(17)38654-4
https://doi.org/10.1093/nar/21.19.4586
https://www.ncbi.nlm.nih.gov/pubmed/8233794
https://doi.org/10.1146/annurev.biochem.77.061306.125255
https://www.ncbi.nlm.nih.gov/pubmed/18275380
https://doi.org/10.1038/s41467-020-20258-1
https://doi.org/10.1128/MCB.25.11.4377-4387.2005
https://doi.org/10.1093/nar/gkg917
https://doi.org/10.1371/journal.pgen.1001138
https://doi.org/10.1093/emboj/cdg119
https://www.ncbi.nlm.nih.gov/pubmed/12628934


Int. J. Mol. Sci. 2024, 25, 4192 11 of 11

62. Haruta, N.; Kurokawa, Y.; Murayama, Y.; Akamatsu, Y.; Unzai, S.; Tsutsui, Y.; Iwasaki, H. The Swi5-Sfr1 complex stimulates
Rhp51/Rad51- and Dmc1-mediated DNA strand exchange in vitro. Nat. Struct. Mol. Biol. 2006, 13, 823–830. [CrossRef] [PubMed]

63. Akamatsu, Y.; Tsutsui, Y.; Morishita, T.; Siddique, M.S.; Kurokawa, Y.; Ikeguchi, M.; Yamao, F.; Arcangioli, B.; Iwasaki, H.
Fission yeast Swi5/Sfr1 and Rhp55/Rhp57 differentially regulate Rhp51-dependent recombination outcomes. EMBO J. 2007, 26,
1352–1362. [CrossRef]

64. Kuwabara, N.; Murayama, Y.; Hashimoto, H.; Kokabu, Y.; Ikeguchi, M.; Sato, M.; Mayanagi, K.; Tsutsui, Y.; Iwasaki, H.; Shimizu,
T. Mechanistic insights into the activation of Rad51-mediated strand exchange from the structure of a recombination activator, the
Swi5-Sfr1 complex. Structure 2012, 20, 440–449. [CrossRef]

65. Tsutsui, Y.; Khasanov, F.K.; Shinagawa, H.; Iwasaki, H.; Bashkirov, V.I. Multiple interactions among the components of the
recombinational DNA repair system in Schizosaccharomyces pombe. Genetics 2001, 159, 91–105. [CrossRef]

66. Bimbó, A.; Jia, Y.; Poh, S.L.; Karuturi, R.K.; den Elzen, N.; Peng, X.; Zheng, L.; O’Connell, M.; Liu, E.T.; Balasubramanian, M.K.;
et al. Systematic deletion analysis of fission yeast protein kinases. Eukaryot. Cell 2005, 4, 799–813. [CrossRef]

67. Simanis, V.; Nurse, P. The cell cycle control gene cdc2+ of fission yeast encodes a protein kinase potentially regulated by
phosphorylation. Cell 1986, 45, 261–268. [CrossRef]

68. Barbarossa, A.; Antoine, E.; Neel, H.; Gostan, T.; Soret, J.; Bordonné, R. Characterization and in vivo functional analysis of the
Schizosaccharomyces pombe ICLN gene. Mol. Cell. Biol. 2014, 34, 595–605. [CrossRef] [PubMed]

69. Zhou, Y.; Zhu, J.; Schermann, G.; Ohle, C.; Bendrin, K.; Sugioka-Sugiyama, R.; Sugiyama, T.; Fischer, T. The fission yeast MTREC
complex targets CUTs and unspliced pre-mRNAs to the nuclear exosome. Nat. Commun. 2015, 6, 7050. [CrossRef]

70. Thakran, P.; Pandit, P.A.; Datta, S.; Kolathur, K.K.; Pleiss, J.A.; Mishra, S.K. Sde2 is an intron-specific pre-mRNA splicing regulator
activated by ubiquitin-like processing. EMBO J. 2018, 37, 89–101. [CrossRef]

71. Anil, A.T.; Choudhary, K.; Pandian, R.; Gupta, P.; Thakran, P.; Singh, A.; Sharma, M.; Mishra, S.K. Splicing of branchpoint-distant
exons is promoted by Cactin, Tls1 and the ubiquitin-fold-activated Sde2. Nucleic Acids Res. 2022, 50, 10000–10014. [CrossRef]
[PubMed]

72. Gregan, J.; Rabitsch, P.K.; Rumpf, C.; Novatchkova, M.; Schleiffer, A.; Nasmyth, K. High-throughput knockout screen in fission
yeast. Nat. Protoc. 2006, 1, 2457–2464. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nsmb1136
https://www.ncbi.nlm.nih.gov/pubmed/16921379
https://doi.org/10.1038/sj.emboj.7601582
https://doi.org/10.1016/j.str.2012.01.005
https://doi.org/10.1093/genetics/159.1.91
https://doi.org/10.1128/EC.4.4.799-813.2005
https://doi.org/10.1016/0092-8674(86)90390-9
https://doi.org/10.1128/MCB.01407-13
https://www.ncbi.nlm.nih.gov/pubmed/24298023
https://doi.org/10.1038/ncomms8050
https://doi.org/10.15252/embj.201796751
https://doi.org/10.1093/nar/gkac769
https://www.ncbi.nlm.nih.gov/pubmed/36095128
https://doi.org/10.1038/nprot.2006.385
https://www.ncbi.nlm.nih.gov/pubmed/17406492

	Introduction 
	Results and Discussion 
	Dysfunction of the Gpl1–Gih35–Wdr83 Complex Does Not Affect the Response of Mutant Cells to Acute Hydroxyurea (HU) Treatment but Makes These Cells Highly Sensitive to Chronic HU Treatment and DNA Damage 
	Dysfunction of the Gpl1–Gih35–Wdr83 Complex Affects the Splicing of DNA Damage Repair Genes 

	Materials and Methods 
	Yeast Strains and Primers 
	Testing Response of Cells to Acute Hydroxyurea Treatment 
	Flow Cytometry Analysis 
	Drug Sensitivity 
	Isolation of RNA and Preparation of cDNA 
	Analysis of Splicing Defects 
	Statistical Analysis 

	Conclusions 
	References

