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ABSTRACT Fingolimod hydrochloride (FTY720), a sphingosine-1-phosphate
(S1P) analogue, is an approved immune modulator for the treatment of mul-
tiple sclerosis (MS). Notably, in addition to its well-known mode of action as
an S1P modulator, accumulating evidence suggests that FTY720 induces apop-
tosis in various cancer cells via reactive oxygen species (ROS) generation. Alt-
hough the involvement of multiple signaling molecules, such as JNK (Jun N-
terminal kinase), Akt (alpha serine/threonine-protein kinase) and Sphk has
been reported, the exact mechanisms how FTY720 induces cell growth inhibi-
tion and the functional relationship between FTY720 and these signaling
pathways remain elusive. Our previous reports using the fission yeast Schiz-
osaccharomyces pombe as a model system to elucidate FTY720-mediated sig-
naling pathways revealed that FTY720 induces an increase in intracellular Ca**
concentrations and ROS generation, which resulted in the activation of the
transcriptional responses downstream of Ca2+/calcineurin signaling and
stress-activated MAPK signaling, respectively. Here, we performed a genome-
wide screening for genes whose deletion induces FTY720-sensitive growth in
S. pombe and identified 49 genes. These gene products are related to the bio-
logical processes involved in metabolic processes, transport, transcription,
translation, chromatin organization, cytoskeleton organization and intracellu-
lar signal transduction. Notably, most of the FTY720-sensitive deletion cells
exhibited NAC-remedial FTY720 sensitivities and dysregulated ROS homeosta-
sis. Our results revealed a novel gene network involving ROS homeostasis and
the possible mechanisms of the FTY720 toxicity.
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Fingolimod (FTY720), a Sphingosine 1-phosphate (S1P)
receptor modulator, is an immune modulator approved to
treat multiple sclerosis [1,2]. The mechanism of FTY720
action is primarily related to lymphocyte sequestration in
lymphoid tissues. Notably, FTY720 has been reported to
exert antitumor properties against breast cancers [3-5],
glioblastoma [6-8], hepatocellular carcinoma [9-11], and
malignant mesothelioma [12], implying that FTY720 action
is involved in multiple intracellular signaling pathways re-
lated to cancer signaling. Intriguingly, FTY720 exerts its
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anticancer property largely independent of the phosphory-
lation of the drug, suggesting that activation of S1P recep-
tor is not relevant for cell death [4, 8, 11-14]. Various sig-
naling molecules such as protein phosphatase 2A, JNK, Akt,
and Sphk have been found to mediate anticancer effects
associated with FTY720 [4, 8, 12, 15]. In particular, the im-
portance of the FTY720-mediated ROS generation in induc-
ing apoptosis in various cancer cell types has been high-
lighted in several reports [8, 10, 11, 14-16].

We have been using the fission yeast Schizosaccharomy-
ces pombe as a powerful model system for studying the
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mechanism(s) of drug action and genetic contexts associ-
ated with drug sensitivity and/or resistance [17-20]. These
include chemical genomics studies which identify genes to
determine the sensitivity/tolerance to FK506, valproic acid,
and rapamycin [17, 19, 20]. Furthermore, this organism is
an excellent model for drug discovery, as we recently de-
veloped a drug screening system and have successfully
discovered ACA-28, a novel ERK signaling modulator which
preferentially kills human melanoma cells (ACA-28) [21].
We also extended our research to analyze the signaling

FTY720 sensitivity and ROS homeostasis

pathways mediating FTY720-induced cell growth defects,
as this compound may possess multiple biological func-
tions other than serving as an S1P modulator as shown
above. This multiple FTY720 activities could be achieved
presumably by interacting with as-yet-unidentified targets
and thereby modulating various signaling pathways. Our
study showed that FTY720 stimulated ROS production and
Ca” influx, followed by subsequent activation of the Sty1/
Spcl stress-activated MAPK signaling pathway and
Ca”*/calcineurin signaling, respectively [22, 23]. Consistent-
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FIGURE 1: Fission yeast cells are sensitive to FTY720. (A) Quantitative measurements of cell growth in the presence of FTY720. The wt strain
(KP178) was grown in liquid YES cultures to an ODgg of 0.3 and was treated with FTY720 with the concentrations indicated, and the quantitative
measurements of cell growth rates were performed using a microplate reader (SunriseTM series, Tecan, Switzerland). The growth curves of the
cells presented are the average for three independent curves. (B) The histograms show the ODgg at 10 h, as indicated in Figure 1A. The data
were averaged from three independent experiments. Error bars, SD, *P < 0.05, significantly different from FTY720 0 uM using Williams’ test. (C)
A serial dilution assay of the wt strain grown in YES medium or YES medium containing the indicated concentrations of FTY720. Cells were incu-
bated for 4 days at 27°C. (D) Work-flow of the screening procedure to uncover genes required for FTY720-resistance. A total of 3,400 strains
from Bioneer ver4.0 library were screened. Each of the strains was automatically spotted on YES media containing 0, 10, 20 uM FTY720 and
serially diluted and manually streaked and subsequently spotted. 49 strains were found to be repeatedly showing sensitivity on FTY720.
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ly, cells lacking the components of the stress-activated Styl
MAPK signaling pathway exhibited growth retardation in
media containing FTY720 with enhanced ROS production,
indicating that an appropriate balance of ROS signaling
plays a key role as a determinant of FTY720 toxicity. Intri-
guingly, the fission yeast genome does not express the S1P
receptor, which, in combination with its powerful genetic
tools and resources, would be beneficial to clearly deline-
ate components and signaling pathways relevant to
FTY720-mediated responses with a special focus on ROS.
Here, we performed a systematic screen of the set of
~4,000 viable S. pombe haploid gene deletion mutants and
have identified 49 genes whose deletion causes hypersen-
sitivity to FTY720. Clustering of the FTY720 sensitive genes
on the basis of their cross-sensitivity to hydrogen peroxide
(H,0,), a typical ROS inducer, revealed that more than 40
gene deletion cells exhibited FTY720-speficific sensitivity
and 9 gene deletion cells showed cross-sensitivity. Notably,
most of the FTY720-sensitive gene deletion cells exhibited
NAC (N-acetylcysteine)-remedial growth defects as well as
deregulated ROS accumulation. Of the 49 FTY720-sensitive
genes, 37 are conserved from yeast to humans and include
factors involved in signaling, transcription, chromatin or-
ganization, translation, metabolic processes, transport,
cytoskeletal organization, and meiosis. Our systematic
study provides valuable information on the complex signal-
ing network mediated by FTY720 and ROS regulation. This
paper will discuss possible mechanisms of the FTY720-
regulated ROS homeostasis and FTY720-induced toxicity.

RESULTS

Genome-wide identification of genes associated with
sensitivity to FTY720

We performed a genome-wide screen to identify non-
essential genes whose deletion confers sensitivity to
FTY720 using the BIONEER S. pombe haploid knockout
strain collection (Version 4). Because the genotype of this
strain collection is h* leu1-32 ura4-D18 ade6-M210/ade6-
M216 and the selection markers are KanMX4 [24], we used
KP178 (h" leul-32 ura4-D18 ade6-M210) as a wild-type (wt)
control strain. Cell cultures were grown in yeast extract
plus supplements (YES).

The influence of the compound (FTY720) on the growth
of the adenine-requiring wt cells (KP178) was evaluated in
the YES liquid medium in order to assess the optimum con-
centrations to screen for FTY720 sensitive strains using the
BIONEER collection (comprised of adenine requiring
strains). The results showed that FTY720 induced growth
inhibition of KP178 at concentrations ranging from 10 to 30
UM (Figure 1A, B). Furthermore, KP178 failed to grow in
the presence of 30 uM FTY720 (Figure 1C). We therefore
decided to use 10 and 20 uM FTY720 as concentrations to
analyze the sensitivities of various deletion strains to
FTY720 in comparison with that of the wt cells.

In the primary screening, each strain from the deletion
library (comprised of 3,400 gene deletion strains) was in-
cubated in a rich YES agar plate as a growth reference and
then spotted onto agar plates containing 10 or 20 uM
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FTY720, assisted by a robot system (ROTOR, SINGER IN-
STRUMENT, UK)(Figure 1D). From this primary screen,
1,335 mutant strains that displayed varying degrees of
growth defects were isolated in the media containing 10 or
20 uM FTY720. The 1,335 strains that had growth defects
with 10 uM FTY720 were retested by single-colony streak
of logarithmic phase cultures of each strain onto YES plates
containing 0, 10, or 20 pM FTY720 in duplicate. Subse-
quently, 134 mutants were evaluated as sensitive, with
varying degrees of sensitivity.

In order to further retest for sensitivity and to deter-
mine the degree of sensitivity associated with 134 FTY720-
sensitive mutants selected by the single-colony streak
method as above, a dilution-series spot test of these mu-
tants comparing the wt cells was performed (Figure 1D).
Serial dilution of these 134 mutants (identified by single-
colony streak assay) was spotted onto YES plates contain-
ing 0 (YES), 10 (+F10), or 20 uM FTY720 (+F20), and cul-
tured at 27°C for 4 days (Figure 2A).

Ultimately, 39 mutants were scored as severely sensi-
tive (-3), and 10 mutants were scored as moderately sensi-
tive (-2) (Table S1). The list of the FTY720-sensitive genes is
shown in Table S1 along with the systemic name, the
common name of the gene from S. pombe (if available),
and a brief description of the function of each gene prod-
uct is also indicated. As shown in Table S1, the biological
functions of these gene products were classified into 8
categories including metabolic processes, transcription,
chromatin organization, translation, transport, signaling,
cytoskeletal organization, and others, which will be further
described in Figure 3 and in the Discussion.

Most of the FTY720-sensitive gene deletion cells exhibited
NAC-remedial growth defects associated with FTY720
and/or H,0, treatment

The addition of the ROS scavenger NAC (N-acetylcysteine)
was shown to reverse the growth defects associated with
FTY720 treatment by decreasing intracellular ROS levels
[23]. Therefore, it is assumed that if the addition of NAC
rescued the FTY720-sensitivities associated with the 49
isolated FTY720-sensitive deletion strains, the mechanisms
of the observed phenotypes in the relevant strains might
involve deteriorated ROS homeostasis. Based on this as-
sumption, we examined whether the addition of NAC can
recover FTY720-sensitive phenotypes in the 49 mutant
cells. Therefore, we performed spot tests and compared
the FTY720 sensitivity in the presence of (+N, +F10+N,
+F20+N) and the absence of (YES, +F10, +F20) 5 mM NAC
(Figure 2A).

Notably, among the 49 mutants, 39 exhibited NAC-
remedial FTY720-sensitivities, whereas 10 mutants were
NAC-resistant (Figure 2B), suggesting that about 80% of the
genes deleted in the isolated strains may be involved in
ROS homeostasis.

We also investigated the growth of the 49 FTY720-
sensitive mutants in an Edinburgh minimal medium (EMM)
plate containing 2 mM H,0,, to examine the existence of
the cross-hypersensitivity between FTY720 and H,O, (Fig-
ure 4). The results showed that 9 mutant cells (Figure 2B;
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FIGURE 2: FTY720-sensitivity screening using dilu-
tion-series spot assay for the 49 KO strains identi-
fied in the third screen. (A) Raw data of chemical
genomics screening on the YES plate with 0, 10, 20
UM FTY720 (YES, +F10, +F20) in the ab-
sence/presence of 5 mM NAC (+N). The genes
shown in red affected the cytotoxicity of FTY720
and the reversibility by NAC (Groupl). The genes
shown in blue had growth defects in H,0, sensitivi-
ty (Group2). (B) Venn diagram showing the result
of A.
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Group2) also exhibited enhanced sensitivities to H,0, as
compared with the wt cells (Figure 4; EMM, +H,0,),
whereas 30 mutants (Figure 2B; Groupl) exhibited prefer-
ential growth defects induced by FTY720. Interestingly,
none of the NAC-irremedial FTY720 sensitive mutants (Fig-
ure 2B; Group3) exhibited H,0, hypersensitivities.

FTY720-sensitive gene-deletion cells exhibited deregulat-
ed ROS levels in response to FTY720 or H,0,
The above results prompted us to investigate the actual
involvement of ROS in mediating the FTY720 hyper-
sensitivity in these mutant cells. For this purpose, the lev-
els of ROS in the 49 FTY720-sensitive mutants in compari-
son with that of the wt cells in response to FTY720 or H,0,
were analyzed using the general ROS probe DCF-DA. Con-
sistent with our previous data using adenine plus wt cells
(HM123: h'leu1-32) [23], both FTY720 and H,0, treatment
stimulated ROS production in the adenine-requiring wt
cells (KP178; h™ leu1-32 ura4-D18 ade6-M210, Figure 5A). It
should be noted that 30 UM FTY720 markedly stimulated
ROS production, which was more prominent than that
achieved by 2 mM H,0,, consistent with the notion that
FTY720 is a potent inducer of ROS.

We first focused on the basal levels (water) of ROS pro-
duction in the FTY720-sensitive mutants in comparison
with that of the wt cells. Out of the 49 FTY720-sensitive

o T - - -y,

-
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strains, 26 (53%) exhibited significantly higher ROS levels
(defined as 2150% of that of the wt cells) in the absence of
any ROS-inducing agents (Figure 5B: patternl). Notably,
among the 30 mutants, 18 (60%) in Group 1 were included
in this pattern, whereas 3 mutants in Group 2 and 5 mu-
tants in Group 3 were included (Figure 6A, S1, water).

We next analyzed the ROS levels after the addition of
FTY720 or H,0, for 3 hr. Eighteen strains showed signifi-
cantly higher ROS levels (defined as 2150% of that of the
wt strain) upon FTY720 treatment for 3 hr (Figure 5B).
Twelve mutants in Group 1 were included in this pattern
(Figure 6B, S2), and 10 mutants (Aryhl, ASPAC323.04,
Avps45, Asatl, Apabp, Aalg6, Aatpl5, Amlo3, Aiws1, and
Acsk1) except for Ambx2 and Aaps3 in Group 1 overlapped
with the strains included in the strain list in Pattern 1 (Fig-
ure 5B). Thus, these 10 genes are likely to be involved in
maintaining ROS homeostasis at steady-state levels and
their FTY720 sensitivities may be explained due to excess
amounts of ROS accumulation upon FTY720 treatment.

Furthermore, the ROS levels after the addition of H,0,
for 3 hr were analyzed. Notably, among the 49 FTY720 sen-
sitive mutants, 36 (73%) exhibited higher ROS production
upon H,0, treatment, and 21 (70%) out of 30 mutants in
Group 1 were included in this pattern (Figure 6D, S3). No-
tably, 7 out of 9 mutants (78%) in Group 2 were included in
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this pattern, and 3 of them (Akti2, Ahip3, Agly1) also exhib-
ited higher ROS levels upon FTY720 treatment (Pattern 2).

Finally, the ratio of ROS levels between before and af-
ter the FTY720 or H,0, treatment in comparison with those
of the wt strains was analysed (Figure 6C, 6E). Both Acog7
and Ambx2 strains exhibited the highest ratios upon
FTY720 and H,0, treatment (2.0 and 1.8 upon FTY720 and
5.5 and 2.4 upon H,0,, respectively). Thus, Coq7 and Mbx2
may be required for the adaptation mechanisms to combat
acute damages in response to ROS-inducing stimuli.

DISCUSSION

Our present genome-wide study revealed genes important
for determining sensitivity to FTY720. In budding yeast, it
has been reported that ubiquitin pathway proteins are
involved in the mechanism of action of FTY720 [25]. In fis-
sion yeast, several genes required for proper calcium ho-
meostasis, as well as genes required for stress responses
are required for tolerance to FTY720 [22]. However, no
reports have been made on a global view of the cellular
mechanisms required to cope with the toxicity and to de-
termine the sensitivity of FTY720.

Several lines of evidence from the study suggested the
involvement of ROS in the mechanisms of FTY720-induced
growth defects in the 49 isolated mutants. First, the
growth of the 39 mutants (Group 1 and Group 2) can be
alleviated by the addition of the antioxidant NAC. Second,
9 mutants (Group 2) exhibited cross-sensitivity to H,0,.
Third, out of the 49 FTY720-sensitive mutants, 26 (53%)
displayed elevated steady-state levels of ROS. Finally, 37
mutants displayed significant increase in ROS levels in re-
sponse to FTY720 or H,0, in comparison to the wt strains.
These data point towards oxidative stress as a major
mechanism of the FTY720 sensitivities observed.

In the S. pombe genome database (http://pombase-
preview.babraham.ac.uk/), the coding genes were catego-
rized using the Gene Ontology (GO) slim terms
(https://www.pombase.org/browse-curation/fission-yeast-
go-slim-terms). We then mapped the intracellular localiza-
tion of the 49 gene products identified in our screen (Fig-
ure 3), according to the GO slim terms and ORFeome in-
formation [26]. Notably, impressive numbers of cellular
processes associated with the identified FTY720-sensitive
gene products were functionally enriched in the nucleus,
wherein “Gene expression” related processes ranging from
transcription [G0:0006351; mga2’, srel’, cufl’, mbx2’,
iws1®, csk1®, pkal®, fep1’, tup12’], chromatin organization
[GO:0006325; sim3’, hip3’, pst2’, png1’], tRNA metabolic
process [GO:0006399; elp6’, elpl’, kti2], to the nucleo-
cytoplasmic transport [GO:0006913; pabp’, mlo3’]) were
executed.

Why are these mutant cells defective in gene expres-
sion processes involved in ROS homeostasis? Interestingly,
the elp1”and elp6” genes, which are involved in tRNA met-
abolic processes, encode elongator complex subunits, and
kti2* encodes a regulator of the elongator complex which
interacts with subunits of the elongator complex [27].
Elongator is an evolutionary highly conserved complex and
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has been reported to be a histone acetyltransferase com-
plex involved in the elongation of RNA polymerase Il tran-
scription. In budding yeast, mutations in any of the six
Elongator subunit genes (ELP1-6) or its regulators (KTI11-
13) induce similar phenotypes, and the ELP1-6 and KTi11-
13 genes are all required for an early step in synthesis of 5-
methoxycarbonylmethyl (mecm®) and 5-carbamoylmethyl

(ncm®) groups present on uridines at the wobble position
in tRNAs [27]. Jorge Fernadez-Vazquez et al., reported that
Sin3/Elp3, an Elongator component in fission yeast is re-
quired for tolerance to H,0, by tRNA modification [28]. The

FTY720 sensitivity and ROS homeostasis

lack of a functional elongator complex results in oxidative
stress phenotypes due to its contribution to tRNA modifi-
cation and subsequent translation inefficiency of certain
stress-induced, highly expressed mRNAs governed by the
stress-activated protein kinase (SAPK) Styl-Atfl-Pcrl
pathway [28]. The Sty1/Atf1 signaling pathway plays a crit-
ical role in oxidative stress responses by regulating gene
expression of various antioxidative enzymes, such as ctt1”
which encodes a catalase and sod1” which encodes a su-
peroxide dismutase. Therefore, structural components and
regulators of the elongator complex as well as the gene
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experiments. Error bars, SD.

OPEN ACCESS | www.microbialcell.com 397

Microbial Cell | DECEMBER 2017 | Vol. 4 No. 12



K. Hagihara et al. (2017)

products identified in our screen involved in “gene expres-
sion processes” may be functionally related to FTY720
and/or H,0,-mediated oxidative stress responses, presum-
ably by affecting gene expression governed by the

SAPK/Atf1/Pcrl pathway and that of antioxidative enzymes.

The role of mitochondria in FTY720 tolerance

Six gene products (Coq3, Coq7, SPAC323.04, Atpl5,
SPAC27E2.11c, and Mrpl39) were mapped to localize at the
mitochondria, which is the main source of ROS in most cell
types. Of these, Cog3 and Coq7 are involved in ubiquinone
biosynthetic processes and are required for the last step of
CoQ10 synthesis, which is essential for electron transport
in the mitochondrial respiratory chain and antioxidant de-
fense [29-31]. Zuin et al., reported that mitochondrial dys-
function increases oxidative stress in fission yeast [32].
Additionally, they found that mitochondria mutants that
are defective in ubiquinone synthesis are more sensitive to
intrinsic and extrinsic oxidative stress than other mito-
chondrial mutants, as ubiquinone deficiency enhances ROS
production and impairs cellular antioxidant capacity [32].
Atpl5 and SPAC323.04 are a mitochondrial proton-
transporting ATP synthase and a mitochondrial ATPase,
respectively. Additionally, they found that mitochondrial
mutants require antioxidants for growth on defined medi-
um and suggested that they are more prone to produce
ROS than a wt strain, consistent with our data that Coqg3,
SPAC323.04 and Atpl5 belong to Group 1 which displayed
increased steady-state ROS levels.

Golgi/Endosomes as determinants of the FTY720-
mediated oxidative responses

It should be noted that several gene products are mapped
to localize at the Golgi/Endosome structures (Figure 3).
Although the Golgi complex is an organelle that processes
proteins and lipids, recent papers have highlighted the
importance of the Golgi apparatus as an oxidative stress-
associated subcellular organelle. This view is based on sev-
eral lines of evidence showing that 1) oxidative stress in-
duces Golgi fragmentation [33], 2) ubiquinone (or coen-
zyme Q) is enriched in the Golgi [34], and that 3) the Golgi
is a key organelle in maintaining Ca®* homeostasis, which
critically influences oxidative stress responses and apopto-
sis [35, 36]. Intriguingly, our previous data demonstrated
that FTY720 stimulates both ROS accumulation and an in-
tracellular increase in Ca** concentrations, and that the
addition of NAC significantly neutralized ROS accumulation
as well as intracellular Ca®* increase upon FTY720 treat-
ment [22, 23]. Thus, the identified gene products which
localize at the Golgi/Endosome structures may affect the
cytoplasmic Ca®* concentrations via their involvement in
the membrane trafficking processes (Ryhl, Gga22, and
Vps45) or by direct regulation of Ca®* homeostasis (Meu29
ca® transporter). Deterioration of these processes, in
combination with ROS accumulation, may explain the
FTY720 sensitivities associated with these gene deletion
strains.
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Lipid homeostasis and FTY720 sensitivities

Finally, another category of cellular function associated
with FTY720-sensitive genes is “lipid metabolic process”
(Mga2, Bstl, Alg6, Spo9 and Srel) (Table S1, Figure 3). Of
these, Mga2 and Srel are transcription factors, functionally
homologous to mammalian SREBP-1 and SREBP-2, respec-
tively, both of which regulate the lipid homeostasis path-
way in an oxygen-responsive manner [37, 38]. Interestingly,
in the budding yeast Mga2 is essential for an adaptive re-
sponse to oxidative stress (H,0, treatment) and Srel acti-
vation is induced by H,0,, thus indicating a strong func-
tional connection between these transcription factors and
lipid homeostasis in response to oxidative stress [37-39].
Because lipids are important in the post-translational mod-
ification of ROS and the peroxidation of membrane lipids
leads to the loss of membrane fluidity and elasticity, im-
paired cellular function, excess ROS accumulation and lipid
dyshomeostasis in these deletion strains may explain their
hypersensitivity to FTY720 treatment.

What is the physiological significance of FTY720-induced
ROS in a therapeutic context of cancer treatment?
Oxidative stress has generated significant interest because
it is a major contributor to the etiology of severe patholo-
gies, including inflammation and cancer [40]. In several
cancer cell types, FTY720 increases ROS generation, which
then results in cell death. In mantle cell lymphoma, ROS is
upstream of cell death induced by FTY720 [15]. In multiple
myeloma cells, FTY720-induced ROS activity promotes au-
tophagy, reduces the expression of Mcl-1, Survivin, Bcl-2
and increases cleavage of Bid, ultimately leading to apop-
tosis of multiple myeloma cells [16]. Although it remains
controversial if FTY720 exerts antitumor activity inde-
pendently of its S1IP modulating activity, in many cases
phosphorylation of FTY720 is not required for its anti-
cancer property, indicating the involvement of S1PR-
independent mechanisms which seem to be different from
the immunosuppressive property of FTY720 [41]. In addi-
tion, FTY720 and OSU-2S, a non-immunosuppressive ana-
logue of FTY720, regulates antitumor effects via activating
NADPH oxidase by up-regulating the gp91°"™ subunit ex-
pression, and subsequently activating PKC&-caspase-3 sig-
naling in hepatocellular carcinoma [11]. Consistently, we
also compared ROS stimulating activity between FTY720
and the phosphorylated form of FTY720 (FTY720-P). Our
results show that FTY720-P failed to stimulate ROS produc-
tion (Figure S4). Given the findings that the fission yeast
genome does not express the S1P receptor and that this
organism is an excellent model to analyze stress responses
and ROS-mediating signaling pathways, fission yeast may
contribute to revealing novel determinants as well as the
mode of action for FTY720 activity as an anti-cancer com-
pound.

Recently, several oxidation therapies for cancer treat-
ment are attracting attention. Cancer stem cells possess
mechanisms to protect themselves from ROS, thereby
making them resistant to chemotherapies [42, 43]. Recent
studies on chemical compounds such as xCT inhibitor or
CD44 antibodies were successful in targeting this defense
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mechanisms which stimulate ROS in a cancer-cell specific
manner [44, 45]. Therefore, FTY720 might serve as an ex-
cellent cancer therapy, when combined with targeting ROS
defense mechanisms. In animal models, the doses required
for the anticancer effects of FTY720 (5 or 10 mg/kg/day)
are higher than those used in multiple sclerosis models
(< 0.5 mg/kg/day) [8, 9, 46, 47]. In this regard, the list of
the FTY720 sensitive genes obtained from our screen
points to new potential targets for combination therapy as
a means to enhance the antitumor efficacy of FTY720.

On the other hand, the information on the FTY720-
sensitive genes derived from this study could be connected
to the side-effects of Fingolimod. Fingolimod can cause
side effects and in rare cases, they can be serious. Side
effects from the first dose include low blood pressure and
bradycardia. The more common side effects that can occur
after the second and other follow-up doses can include
infectious diseases, macular edema, diarrhea, coughing,
headaches, hair loss, depression, muscle weakness, and
dry and itchy skin.

Recently, Gorlino et al., reported that S1P participates
in neutrophil trafficking from tissues through lymph and
also from blood into lymph nodes by direct action on S1PRs
expressed on neutrophils [48]. Intriguingly, a congenital
neutrophil defect syndrome has been reported to be asso-
ciated with mutations in VPS45 [49], a homologue of the
fission yeast Vps45 identified by our study as an FTY720-
sensitive gene. In this regard, special caution should be
taken when patients harboring mutations in VPS45 are
treated with Fingolimod. Thus, the list of causative genes in
our study contributes to the emerging topic of personal-
ized medicine and provides valuable information towards
the fingolimod-treated patients.

MATERIALS AND METHODS

Chemicals

FTY720, Hydrogen peroxide (H,0,) and N-acetylcysteine (NAC)
were purchased from Cayman Chemical Company (Michigan,
USA), Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and
nacalai tesque (Kyoto, Japan), respectively. Yeast growth me-
dia containing each of these chemicals were prepared by mix-
ing stock solutions of these chemicals with the YES or EMM
medium to achieve the desired drug concentration. For agar
media, the stock solution of the appropriate drug was added
after autoclaving and cooling of the media to approximately
50°C.

Deletion library construction, media methods

Fission yeast haploid gene deletion library [Bioneer version 4.0
(more information is provided at the Bioneer web page,
https://us.bioneer.com/products/spombe/spombeliterature.a
spx)] [24] was used for genome-wide screens with the sup-
plied wt (KP178; h™ leul-32 ura4-D18 ade6-M210) as negative
controls. YES (rich yeast extract with supplements) plates are
supplemented with 250 mg/L adenine, histidine, leucine, ura-
cil and lysine. In Supplementary Figure 4, HM123 cells (h" leul-
32) were used.
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Deletion library screens for FTY720 sensitivity

The deletion library was provided on agar plates and stamped
in a 96-well format. We compared the growth of the wt cells
using a library of 3,400 deletion mutant cells on YES plus
FTY720 plates. The logarithmic phase cells were spotted in
quadruplicates (by a Singer ROTOR®© robot) onto YES plates
containing 0, 10 or 20 uM FTY720 and incubated at 27°C for 4
days for preliminary screen. Deletion mutants that exhibited
growth inhibition with 10 or 20 uM FTY720 (1,335 deletion
strains) were selected to carry out the secondary screen using
a representative streak assay of logarithmic phase cultures of
each strain onto YES plates containing 0, 10 or 20 uM FTY720.
We carried out these retests in duplicates. The severity of
growth inhibition by FTY720 was scored as follows: severe (-3)
indicating that the cells completely failed to grow on the plate
containing 10 UM FTY720, moderate (-2) indicating that tiny
colonies were observed to grow on the same concentrations
of the FTY720-containing plate, and mild (-1) indicating that
colonies were observed to grow on the 20 pM FTY720-
containing plates; however, the size of the colonies was signif-
icantly smaller than that of the wt cells. The secondary screen
evaluated 134 mutants as sensitive. The rest of the mutants
did not show clear growth defects with even 20 uM FTY720 in
the single-colony streak assay. The tertiary screen was per-
formed to determine the degree of the sensitivity associated
with 134 of the FTY720-sensitive mutants, using a dilution-
series spot test. The wt cells and selected mutants were grown
to saturation in liquid medium YES at 27°C. The cultures were
then resuspended in fresh YES medium to give an optical den-
sity (OD) at 660 nm of 0.4 and serially diluted to concentra-
tions of 1x10™ to 1x10™. The 5 pL samples of 10-fold serial
dilutions of each yeast cell culture were spotted onto YES
plates containing 0, 10 or 20 uM FTY720 and incubated at
27°C for 4 days. The severity of the growth inhibition by
FTY720 was scored 3 grades according to comparison (1) be-
tween the number of spots that grew on the FTY720-
containing YES plates with the number of spots that grew on
the FTY720-free YES plates and (2) between the wt and the
mutant strains.

Detection of ROS

Measurement of ROS production in S. pombe cells was deter-
mined using a previously described method [23]. After prein-
cubation of the yeast cells (ODggo nm = 0.4) in EMM medium
with 40 uM DCF-DA (Sigma-Aldrich, Missouri, St. Louis, MO,
USA) at 30°C for 60 min, the cell suspensions were withdrawn
and then washed with phosphate-buffered saline (PBS) twice,
resuspended in PBS, and treated with water, 30 uM FTY720 or
2 mM H,0,, as indicated. Fluorescence intensity was analyzed
by fluorescence spectrophotometer (Infinite 200 PRO series;
Tecan, Switzerland) with excitation at 480 nm and emission at
530 nm at 1-min intervals.

Statistical analysis

The mean and the standard deviation (SD) of the RLU values
for three different experiments were calculated for each sam-
ple. Data were analyzed using a one-way ANOVA, followed by
a post hoc test using Williams' test (Figure 1B).
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