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Chromosome segregation and organization
are targets of 5’-Fluorouracil in eukaryotic cells
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HDAC, histone deacetylase; HULC, histone H2B ubiquitin ligase complex; CLRC, Clr4 methyltransferase complex; RITS, RNA-
induced transcriptional silencing; dsRNA, double-stranded RNA; siRNA, small interfering RNA; RNAI, interference RNA;
RDRC, RNA-directed RNA polymerase complex; HP1, heterochromatin protein 1; ChIP, chromatin immunoprecipitation; 7mr,
innermost repeats; cnt, central core; CENP-A, centromere-associated protein A; MNAse, micrococcal nuclease; TBZ, thiabendazole.

The antimetabolite 5’-Fluorouracil (5FU) is an analog of uracil commonly employed as a chemotherapeutic agent in
the treatment of a range of cancers including colorectal tumors. To assess the cellular effects of 5FU, we performed a
genome-wide screening of the haploid deletion library of the eukaryotic model Schizosaccharomyces pombe. Our
analysis validated previously characterized drug targets including RNA metabolism, but it also revealed unexpected
mechanisms of action associated with chromosome segregation and organization (post-translational histone
modification, histone exchange, heterochromatin). Further analysis showed that 5FU affects the heterochromatin
structure (decreased levels of histone H3 lysine 9 methylation) and silencing (down-regulation of heterochromatic dg/
dh transcripts). To our knowledge, this is the first time that defects in heterochromatin have been correlated with
increased cytotoxicity to an anticancer drug. Moreover, the segregation of chromosomes, a process that requires an
intact heterochromatin at centromeres, was impaired after drug exposure. These defects could be related to the
induction of genes involved in chromatid cohesion and kinetochore assembly. Interestingly, we also observed that
thiabendazole, a microtubule-destabilizing agent, synergistically enhanced the cytotoxic effects of 5FU. These findings

point to new targets and drug combinations that could potentiate the effectiveness of 5FU-based treatments.

Introduction

Understanding the mechanism of action of anticancer drugs is
necessary to rationally design optimal strategies to improve the
effectiveness of treatments as well as to propose new synergistic
combinations of chemotherapeutic agents. 5'-Fluorouracil (5FU)
is one of the most commonly used drugs in the treatment of sev-
eral types of cancers including breast and head and neck cancers,
although its effectiveness is higher in advanced colorectal
tumors.” The cytotoxic effects of SFU have been attributed to its
active metabolites: the fluorodeoxyuridine monophosphate
(FdUMP) inhibits the thymidylate synthase blocking DNA syn-
thesis and causing G1/S cell cycle arrest, and the fluorodeoxyuri-
dine triphosphate (FdUTP) and the fluorouridine triphosphate
(FUTP) can be misincorporated into DNA and RNA, respec-

tively, interfering with normal nucleic acid metabolism.>™

However, the molecular mechanism underlying the cytotoxic
effects of SFU has not been completely elucidated.

Recent work from our laboratory has explored the RNA-based
mode of 5FU action using the eukaryotic model Schizosaccharo-
myces pombe.® Tn this current study, we sought to identify addi-
tional pathways that could participate in 5FU cytotoxicity. For
this purpose, we used a genome-wide approach that screens the
fission yeast haploid deletion library searching for genes whose
deletion confers sensitivity to the drug. Unexpectedly, we
observed that mutants defective in chromosome segregation or
organization were hypersensitive to 5SFU. Moreover, we found
that 5FU affects the transcriptional state and the epigenetic his-
tone modifications of centromeric heterochromatin, probably
contributing to the defects detected in chromosome segregation.
Most anticancer drug studies have focused on the identification
of protein targets that modulate the response to chemotherapy;
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however, we provide evidence that the drug effects on the chro-
matin state could be itself a source of cellular damage.

Results and Discussion

Genome-wide screening for genes associated with
5FU sensitivity

To identify novel non-essential genes whose disruption con-
fers sensitivity to 5FU, we screened a S. pombe collection of
3,310 haploid deletion strains (Bioneer). The growth analysis
revealed that 270 deletion mutants displayed severe sensitivity to
5FU in comparison with the wild-type controls (Table SI).
These genes were classified according to the Gene Ontology
(GO) database (http://www.geneontology.org) into several bio-
logical processes (Fig. 1A). However, statistical analysis indicated
that only 3 functional categories (chromosome organization,
chromosome segregation and RNA metabolism) were signifi-
cantly enriched (P < 0.05) in the set of genes (Fig. 1B). The

5FU sensitivity of the strains deleted for genes involved in these
categories seems to be a drug-specific effect because these mutants
are statistically different from those sensitive to other drugs such
as bortezomib,” mic:alfungin8 and terbinafine’ (Fig. S1). How-
ever, there is a significant overlap between mutants of chromo-
some organization and RNA metabolism genes that are sensitive
to both 5FU and valproic acid (an anticancer agent that targets
histone deacetylases)lo suggesting a similar mode of action
(Fig. S1). The protein interaction network of over-represented
groups (Fig. 1B) generated using the STRING database (http://
string905.embl.de), revealed a marked enrichment in GO cellu-
lar components associated with histone modification or exchange
and heterochromatin (Fig. 1C and D). Further classification of
these genes into subcategories included histone acetyltransferase
(HAT) complex, Swrl complex, heterochromatin, histone meth-
yltransferase (HMT) complex and histone deacetylase (HDAC)
complex (Table 1).

Histone acetylation is a dynamic process that affects the tran-
scriptional state of chromatin and thus, transcriptionally active
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Figure 1. Classification of genes whose deletion confers sensitivity to 5FU. (A) Distribution of GO biological processes terms for the 270 genes associated
with increased sensitivity to 5FU in fission yeast. (B) Negative log10 (P-values) of the GO biological processes terms calculated using the two-sided Fisher”
s exact test. Only significantly over-represented groups are shown. (C) Interaction networks of the proteins grouping in chromosome organization, chro-
mosome segregation and RNA metabolism obtained from STRING database (v9.05) using default settings (confidence > 0.4). The proteins are repre-
sented by nodes, which are colored according to the GO cellular component classification (histone modification/exchange in red and heterochromatin
in green). Disconnected nodes are not shown. Lines represent the predicted functional associations between the proteins. (D) Negative log10 (P-values)
evaluating the significance of the main GO cellular component terms identified in (C) in the set of 270 genes.
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Table 1 Enriched GO cellular component categories of deletion strains sensitive to 5FU. Genes were classified according to GO cellular component
categories using STRING database. Note that alp13 and png2 are included in both HAT and HDAC

Gene Name Annotation® Complex Human ortholog®
HAT Complex

ada2 Transcriptional adapter 2 SAGA TADA2A*

alp13 Chromatin modification-related protein eaf3 nuA4 MORF4, MORF4L1, MORF4L2
bdc1 Bromodomain-containing protein 1 nuA4 BRD8

eaf7 Probable chromatin modification-related protein eaf7 nuA4 MRGBP

gens Histone acetyltransferase gcn5 SAGA KAT2A, KAT2B

nggl Ada histone acetyltransferase complex component SAGA TADA3

png2 Chromatin modification-related protein png2 nuA4 ING2, ING3, ING4, ING5
5gf29 SAGA-associated factor 29 homolog SAGA SGF29

spt8 Transcription factor spt8 SAGA

spt20 SAGA complex subunit spt20 SAGA SUPT20H, SUPT20HL1, SUPT20HL2
tral Transcription-associated protein 1 SAGA TRRAP8*

HDAC Complex

cph2 Clr6 histone deacetylase associated PHD protein-2 Cph2 Rpd3 PHF12*

phd1 Histone deacetylase phd1 Rpd3 HDAC1, HDAC2

prwl RbAp48-related WDA40 repeat-containing protein prw1 Rpd3 RBBP4, RBBP7

pst2 Paired amphipathic helix protein pst2 Rpd3 SIN3A, SIN3B

set3 SET domain-containing protein 3 Rpd3 KMT2E

xt3 Transcriptional regulatory protein rxt3 Rpd3 CRISPLD2

HMT Complex

ash2 Set1 complex component ash2 Set1C/COMPASS ASH2L*

set1 Histone-lysine N-methyltransferase, H3 lysine-4 specific Set1C/COMPASS SETD1A

sppl Set1 complex component spp1 Set1C/COMPASS CXXC1

swdl Set1 complex component swd1 Set1C/COMPASS RBBP5*

swd3 Set1 complex component swd3 Set1C/COMPASS WDR5

Swr1 Complex

arp6 Actin-like protein arp6 Swril ACTR6*

bdf1 SWR1 complex bromodomain subunit bdf1 Swrl BRD2, BRD3, BRD4, BRDT
pht1 Histone H2A.Z Swri H2AFV, H2AFZ

vps71 SWR1 complex subunit vps71 Swril ZNHIT1*

swc2 SWR1 complex protein 2 Swril VPS72*

swc3 SWR1 complex subunit swc3 Swril

swcs SWR1 complex protein 5 Swril CFDP1

swrl Helicase swr1 Swril SRCAP*
Heterochromatin

brl1 E3 ubiquitin-protein ligase brl1 HULC RNF40

brl2 E3 ubiquitin-protein ligase brl2 HULC RNF20, RNF40

ccql Structural maintenance of chromosomes protein ccq1 Stn1-Ten1

clr4 Histone H3-K9 methyltransferase CLRC SUV39H1, SUV39H2
htal Histone H2A-« H2AFX

mms19 MMS19 nucleotide excision repair protein homolog MMS19

raf1 Rik1-associated factor 1 CLRC

rhp6 Ubiquitin-conjugating enzyme E2 2 HULC UBE2B

rdp1 RNA-dependent RNA polymerase 1

shf1 Small histone ubiquitination factor 1 HULC PPHLN1

SWi6 Chromatin-associated protein swi6 CBX1, CBX3, CBX5

tas3 RNA-induced transcriptional silencing complex protein tas3 RITS

#Annotation provides a schematically description of the gene product as indicated in UniprotKB database (http://www.uniprot.org/).
Ppotential human ortholog genes found in the databases PomBase or KOG (asterisks).

genes are usually enriched in hyperacetylated histones, whereas
silent genes are associated to hypoacetylated histones."! The
HAT and HDAC complexes control the levels of histone acetyla-
tion by catalyzing the addition and the removal, respectively, of
acetyl groups to lysine residues within histones. Both HATs and
HDAC:s are classified into several families that are frequently
conserved from yeast to humans.'? The HAT genes whose dele-
tion contributes to 5FU cytotoxicity specifically encode for com-
ponents of the SAGA and the nuA4 complexes, responsible for
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acetylating histone H3'? and H4-H2A," respectively. Similarly,
the absence of HDACs that form the Rpd3 complex15 also
enhances the 5FU-induced cytotoxicity. The evolutionarily con-
served Setl1 C/COMPASS complex that promotes transcriptional
activation by histone H3 lysine 4 (H3K4) methylation'®'” seems
to participate as well in 5FU response.

In addition to the post-translational modifications of histones,
the replacement of the canonical histone H2A with the variant

H2A.Z (encoded by phtl in fission yeast) could be affected in
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5FU-treated cells, because mutants lacking subunits of the Swrl
complex showed drug sensitivity. H2A.Z is highly conserved in
evolution and it is important for cell cycle progression and for
the establishment of active/inactive chromatin domains.'® More-
over, H2A.Z plays a role in centromere function and chromo-
some segregation in both S. pombe'® and mammals®® in which it
is a structural component of centromeres.”'

Interestingly, many strains deleted for heterochromatin com-
ponents (HULC, RITS, CLRC and Stnl-Tenl complexes) were
sensitive to 5FU. The histone H2B ubiquitylation ligase complex
(HULC) localizes to centromeric regions of S. pombe and human
cells where it promotes transcriptional derepression.””*> The
Clr4 methyltransferase complex (CLRC) is responsible for his-
tone H3 methylation on lysine 9 (H3K9me), which serves as a
platform to recruit proteins required for nucleation and spread-
ing of heterochromatin.>* CLRC was found to interact with the
RITS (RNA-induced transcriptional silencing) complex, which
functions as a physical bridge between noncoding RNA scaffolds
and chromatin.”>?° The Stn1-Ten1 complex is critical for telo-
mere protection in fission yeast’” and humans.”® Despite the fact
that the collection tested only included the strain deleted for ceq!
but not stnl or tenl, both genes are notably induced after 5SFU
treatment,® suggesting that the length and silencing of chromo-
some ends might be affected.

The finding that mutants in these processes show a dramatic
decrease in viability when exposed to 5FU, suggests that this
drug might affect to some extent the post-translational modifica-
tion of histones as well as the rate of histone exchange. Moreover,
it also suggests that the combination of 5FU with drugs that
modulate these epigenetic changes could enhance the effective-
ness of the treatment. Interestingly, it has been previously
reported that two histone deacetylase inhibitors (valproic acid
and trichostatin A) synergistically potentiate the apoptotic effects
of 5SFU in human cancer cell lines.””** More recently, the over-
expression of histone deacetylase 4 has been associated to 5FU-
resistance in breast cancer cells,®’ whereas strains deleted for his-
tone acetyltransferase genes in the yeast Saccharomyces cerevisiae
have been found to be sensitive to SFU.%? Taken all this into
account, it is possible that the inhibition of other epigenetic pro-
cesses apart from histone deacetylation, such as acetylation,
methylation or replacement of histones, could also improve the
efficacy of 5FU-based treatments. Since modification of histones
affecting heterochromatic regions and chromosome segregation
might represent new intriguing targets for 5SFU, we decided to
focus on the effects caused by this drug in both processes.

Mutants defective in heterochromatin and chromosome
segregation are sensitive to SFU

The screening of mutants affecting SFU sensitivity revealed a
significant overrepresentation of strains deleted for genes
involved in chromosome segregation, including those directly
related to heterochromatin formation (Fig. 1). There are three
main heterochromatic regions in fission yeast (centromeres, telo-
meres and the mating-type locus) that contain repetitive non-
coding elements known as dg and db repeats, whose bidirectional
transcription generates double-stranded RNA (dsRNA). These

www.tandfonline.com

molecules are rapidly processed into small interfering RNA
(siRNA) to facilitate the recruitment of chromatin-modifying
enzymes necessary for heterochromatin silencing. There is evi-
dence suggesting that the mechanism by which interference RNA
(RNAI) triggers heterochromatin assembly at centromeres could
be conserved in mammals, especially in stem cells. For example,
the deficiency of Dicer, which cleaves dsRNA to siRNA, leads to
defective silencing and lower methylation levels of H3K9 at cen-
tromeres in mouse embryonic stem cells> in addition to an aber-
rant accumulation of transcripts from centromeric repeats in a
chicken—human hybrid cell line.**

Interestingly, strains deleted for genes involved in RNA-inter-
ference-directed chromatin silencing such as cid12A, rdpl A and
clr4A mutants were hypersensitive to 5FU (Fig. 2). Cid12 (a
polyA polymerase) and Rdp1 (an RNA-directed RNA polymer-
ase) are members of the RNA-directed RNA polymerase complex
(RDRC), which is required for dsRNA synthesis and siRNA pro-
duction.”® Clr4, a homolog of human SUV39h, is the only
enzyme in S. pombe able to methylate H3K9, which represents a
specific tag for transcriptionally silenced heterochromatin. The
absence of H3K9me in cells depleted for Clr4/SUV39h impedes
the recruitment of the chromodomain protein Swi6**>® causing
heterochromatin defects and genome instability in fission
yeast®*®” and mammals.*® Swi6 is closely related to the human
heterochromatin protein 1 (HP1) and both promote the assem-
bly and the spreading of heterochromatic structures.*”*® More-
over, Swib is also capable of recruiting cohesin to the dg and db
centromeric repeats ensuring a proper sister chromatid cohesion
at centromeres.”’ Pds5, a highly conserved protein, contributes
to centromeric cohesion by stabilizing the cohesin complex. >4
The absence of both Swi6 and Pds5 caused a reduction in the
growth rates in cells treated with 5FU (Fig. 2). The effect of
5FU in the chromosome segregation process is further supported
by the significant drug sensitivity of mutants involved in the
kinetochore function (alp14A, mhflA and mhf2A). The kineto-
chore is a multisubunit complex that assembles onto the centro-
meric region to mediate chromosome attachment to spindle
microtubules. Mhfl and Mhf2 play an important role in the
assembly of the kinetochore structure,”> as do their correspond-
ing human homologs CENP-S (Mhf1) and CENP-X (Mhf2). In
fact, the CENP-S-X complex forms a unique chromatin structure
similar to canonical nucleosomes at the centromeric regions.*®
We also found that the fission yeast CKAP5 homolog Alp14, a
protein that connects the mitotic spindles to the kinetochore®”
and the nuclear membrane protein Lem2 (LEM2 in humans)?®
contribute to the 5FU response. Similarly, the strain disrupted
for Pob3, a component of the FACT complex that acts as a gen-
eral chromatin factor reorganizing nucleosomes, showed 5FU
hypersensitivity.

5FU decreases the transcript levels of the heterochromatic
repeats

The significant 5FU sensitivity of strains deleted for genes
involved in heterochromatin raises the possibility that the tran-
scriptional silencing of the heterochromatic regions could be
affected in cells exposed to the drug. As previously mentioned,
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Figure 2. Representative growth patterns of mutants deleted for chromosome segregation genes in the presence of 5FU. Growth analysis of the most
sensitive chromosome segregation mutants to 50 uM 5FU compared with the untreated control. The growth of the strain swi6 A and the control wild-

type (ED668) are also shown. Data are representative of three independent experiments.

the bidirectional expression of the dg and db repeats by the RNA
polymerase II has been shown to trigger siRNA production and
heterochromatin formation in S. pombe, particularly at centro-
meres. The number and relative orientation of these repeats is
different in the three fission yeast centromeres, corresponding
the simplest organization to chromosome 1 that only contains
one copy of dg and dh on both centromere flanks. In order to
check whether the levels of these transcripts were affected by
5FU treatment, we examined the transcriptional profile of the
centromeric regions that included data from the repetitive ele-
ments. The analysis revealed that the amount of transcripts
detected for both sense and antisense heterochromatic repeats
were notably lower after SFU exposure (Fig. 3A). Strand-specific
reverse transcription followed by real-time quantitative PCR
(qPCR) experiments further confirmed a reduction in the levels
of sense and antisense transcripts from d (~2-fold) and dg (~3-
fold) repeats compared to the untreated control (Fig. 3B). Inter-
estingly, these results suggest that 5FU affects the transcriptional
state of heterochromatin. An apparent paradox is that the tran-
scription of heterochromatin is a key to its silencing, but hetero-
chromatin actually functions as a dynamic structure whose
expression is cell cycle regulated from yeast to mammalian
4930 Degpite its silent state throughout most of the cell
cycle, the partial disruption of heterochromatin structure during

cells.

S phase enables the transcription machinery to access these
regions leading to the expression of centromeric repeats in .
pombe.51 Thus, the decreased levels of dg and db transcripts
might be a consequence of the delayed entry into S phase
detected in SFU-treated cells.® This capacity of SFU to block
G1/S phase has also been reported in human cell lines.”* Given
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that the dg/dh transcripts trigger heterochromatin formation in
S. pombe,” it could be possible that SFU affects the structure of
heterochromatic regions. This possibility was further supported
by the 5FU sensitivity of strains deleted for genes involved in
RNAi-mediated heterochromatin formation (Fig. 2; Table S1).
One of these strains, agol A, showed an increased susceptibility
to the drug (Fig. S2) but at lower levels than the established
threshold for Table S1. The fission yeast protein Ago1 (homolog
of human AGO1) directly binds to siRNA molecules and directs
them to their complementary target, the centromeric transcripts.
This interaction is proposed to recruit histone-modifying
enzymes that favor chromatin silencing.*> Curiously, most of
the siRNA associated with Ago1 contains a uracil at the 5" posi-
tion, a preference that has been attributed to higher stability of
5'U siRNA.> Considering that 5FU could arise at that position
instead of uracil, the binding properties and therefore the protein
function could be affected in treated cells.

5FU reduces histone H3 lysine 9 dimethylation levels
relative to total H3

The diminished levels of centromeric transcripts detected in
cells treated with 5FU (Fig. 3) could cause a defect in the normal
structure of heterochromatin. To test this, we compared the levels
of methylation of histone H3 at lysine 9, a conserved hallmark of
heterochromatin, as well as total H3, for selected heterochro-
matic regions in cells exposed to SFU with respect to untreated
controls using chromatin immunoprecipitation (ChIP) followed
by qPCR experiments. The H3K9me2 and total H3 profiles
detected in untreated cells (Fig. 4A) coincided with previous

56 . . . .
data®>® showing preferential enrichment at centromeric repeats
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Figure 3. Decreased levels of centromeric dg and dh transcripts in fission
yeast cells exposed to 5FU. (A) Expression profile of centromere 1
regions obtained by microarray analysis. Vertical green lines represent
transcription from sense (+) and antisense (—) DNA strand in cells
exposed to 5FU for 60 min or untreated control. Blue vertical lines indi-
cate differential under-represented transcripts between both conditions.
The diagram shows the organizational structure of centromere 1: the dg/
dh repeats (whose relative orientation is indicated by arrows), imr (inner
repeats), cnt (central core domain) and individual copies of tRNA genes
that are represented by vertical black lines. Note that the dg and dh ele-
ments are found in multiple copies at heterochromatic regions and
therefore, the amount of transcripts detected are representative of the
expression levels of the individual repetitions. The downregulation of
dg/dh transcripts was also observed after 240 min of drug treatment
(data available through the genome browser). (B) Relative fold change in
transcripts abundance between untreated and 5FU-treated cells deter-
mined by strand-specific reverse transcription followed by qPCR. Bars
represent the average data for two independent biological replicates
with each of the individual data points being displayed by a cross. Two-
tailed Student’s t test revealed that differences were statistically signifi-
cant in all cases (P value < 0.05) except for transcript dh sense (P = 0.11).

and a notable decrease over the tRNA genes that marked the
boundaries of heterochromatic dg/dh regions with the surround-
ing euchromatic regions or the central domain. The innermost
repeats (7m7) and the central core (¢nt) form the central domain,
which contains the histone H3 variant Cnpl (CENP-A). Our
results revealed that cells treated with 5FU showed a slight
decrease in the absolute levels of H3K9me2 at the centromeric
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heterochromatin (Fig. 4B), whereas a significant ~1.7-fold
increase in total H3 (2 value < 0.05) was detected (Fig. 4C).
The higher level of H3 suggests an increment in the nucleosome
occupancy state at centromeres that might act as a physical bar-
rier for the transcriptional machinery contributing to dg/dh
repression. This effect seemed to be specific to these regions
because the genome-wide nucleosome density obtained by chro-
matin digestion with micrococcal nuclease (MNAse) did not sig-
nificantly changed in cells treated with SFU compared to the
control (Fig. S3). To determine the relative enrichment of
H3K9me2 we normalized to total H3 and thus, we found a ~2-
fold decrease in the ratio H3K9me2/H3 in 5FU-treated cells
(Fig. 4D). This reduction could be a consequence of the low lev-
els of the centromeric transcripts in cells treated with 5FU
(Fig. 3), since they are required to methylate H3K9. Regardless
of the specific mechanism, the decreased H3K9me2 levels may
contribute to 5FU toxicity since mutants defective in H3K9
methylation such as clr4A,” rdpl1 A,°® tas3A°° and bid1 A are
hypersensitive to the drug (Table S1). Interestingly, the overex-
pression of tRNA genes detected in cells treated with SFU® might
be important in preventing the spread of H3K9me2 beyond the
heterochromatin boundaries, since the association of centromeric
tRNA genes with RNA polymerase III complex is required for
barrier activity.®! It is also interesting to note the SFU-sensitivity
of the strain deleted for ff#3, which mediates protection from
euchromatin formation in the central core region.>®

Epigenetic alterations that influence chromatin accessibility
and gene expression have been found in many tumor cell
types.>®® However, the potential effects of anticancer drugs in
histone modifications remain largely unexplored. Intriguingly,
the histone modification levels have been shown to predict
response to 5FU chemotherapy in patients with pancreatic can-
cer. In particular, low levels of H3K9me2 were significantly asso-
ciated with poor survival outcomes after 5SFU treatment.®* Given
that the presence of the epigenetic mark H3K9me2 is necessary
to recruit chromatin-modifying factors involved in the mainte-
nance and spreading of heterochromatin,®” it is conceivable that
5FU-treated cells may show deficiencies in processes, such as
chromosomal segregation, that required an intact heterochroma-
tin structure at the centromeres.

5FU causes defects in chromosome segregation

Exploring the mode of action of 5FU by screening a haploid
deletion library could underestimate the role of chromosome seg-
regation genes, because most of them are essential for yeast viabil-
ity. An alternative approach to identifying the genes implicated in
the 5FU response involves examining the transcriptional changes
associated with drug exposure. This analysis revealed that genes
involved in chromosome segregation (N = 166) showed signifi-
cantly higher differential expression levels than those included in
other categories (P value < 0.0001) (Fig. 5A). Chromosome seg-
regation genes with induction levels above the genomic threshold
(0.06) encode for proteins that belong to three main complexes:
Mis6-Sm4, cohesin and NMS (Fig. 5B). The Mis6-Sim4 com-
plex mediates the loading of the histone H3 variant Cnpl/
CENP-A onto centromeres leading to kinetochore assembly and

Cell Cycle 211



mitotic progression from fission yeast to
mammals.°® Mitotic cohesin is a multi-
protein complex required for sister chro-
matid cohesion, spindle pole formation
and chromosome movement in eukar-
yotes.”” On the other hand, the NMS
complex is necessary for the attachment of
spindle microtubules to the kinetochore.®
The up-regulation of these genes probably
represents a cellular attempt to counteract
drug damage providing further evidence
of the effect of 5SFU on chromosome seg-
regation. The 5FU hypersensitivity of the
only two viable mutants deleted for genes
represented in Fig. 5B (pds5A and
dadlA; Table S1) further support this
possibility. To check whether 5FU produ-
ces any defect in chromosome segregation
in S. pombe, we monitored chromosome
loss events using a strain carrying an addi-
tional and non-essential chromosome
called Ch16. Ch16 is a highly stable 530
Kb linear mini-chromosome®  that
includes the adenine allele ade6-M216.
Strains carrying Ch16 form white colo-
nies on plates containing a limited
amount of adenine due to intragenic
complementation between ade6-M216
and ade6-M210 on chromosome III. In
contrast, loss of Ch16 results in a red col-
ony or sector because of the accumula-
tion of a red adenine precursor.
Interestingly, we found that 5FU
increased the rate of mini-chromosome
Ch16 loss by more than 18-fold com-
pared to the untreated control (Fig. 5C).
This effect could be a consequence of an
altering mitotic spindle function, which
occurs in numerous heterochromatin
mutants.”” Consistent with this hypothe-
sis, we observed that thiabendazole
(TBZ), a microtubule-destabilizing drug,
potentiates the cytotoxic effects of 5FU
(Fig. 5D). Furthermore, this drug com-
bination could be potentially used in
cancer therapy since TBZ has been
recently shown to be a promising candi-
date in the treatment of solid tumors
because it slows tumor growth as it rap-
idly depolymerizes microtubules of the
newly formed vasculature.”! Similarly,
other microtubule-targeting drugs such
as cryptophycins, docetaxel and epothi-
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Figure 4. 5FU diminishes H3K9me2 levels relative to total H3. (A) Representative distribution of
H3K9me2 and H3 at centromere 1 in S. pombe cells treated or not with 5FU. The values represent
the number of DNA copies per ng of input obtained by ChIP experiments followed by gPCR analy-
sis. The diagram below the graph shows the organization of a part of centromere 1 in addition to
perl, the euchromatic gene closest to the left dg/dh repeats. Specific regions amplified by qPCR are
indicated by black boxes beneath the diagram. Note that since the dg and dh elements are repeti-
tive elements, their relative histone enrichment is a mixture of the individual repetitions located at
the three centromeres. However, the other amplification regions were located in the unique geno-
mic position indicated. (B) H3K9me2 occupancy in 5FU-treated cells compared to the untreated
control. (C) H3 occupancy in 5FU-treated cells compared to the untreated control. (D) Relative
H3K9me2/H3 enrichment in cells exposed to 5FU with respect to the untreated control. Bars repre-
sent the average data for two independent replicates with each of the individual data points being
displayed by a cross.

lone D synergistically increased the apoptotic effect of 5FU in Together, these results suggest that 5FU in S. pombe affects
human tumor xenografts,”> murine tumor models’> or human  the segregation of chromosomes, a process that depends to a large

. 4
cancer cell lines.”
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extent on the presence of an intact heterochromatin structure at
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A B RNAs, which provide the initial scaffolding
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e 2 \Al complexes that regulate transcription.””
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= 3 = Thus, the incorporation of 5FU into these
@ 11 % 064 o non-coding RNAs could affect the tran-
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o 01 %’ o 941 fission yeast.
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Segr_e?ggon N=5006 complex  complex  complex pancy, histone  modification/exchange,
heterochromatin silencing) and segregation
in eukaryotes (Fig. 6). Since many of these
C Mini-chromosome loss D Number of cells cellular processes are conserved in human
104 10 102 101 cells, these findings point to particular new
targets and drug combinations that could
Control increase the effectiveness of SFU-based
treatments.
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Materials and Methods
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zole (TBZ), obtained from Sigma-Aldrich

Figure 5. Chromosomal segregation defects produced by 5FU. (A) Box and whisker plots show-
ing the log2-fold changes in gene expression (measured by microarray probe intensities) after
240 min of 5FU treatment relative to untreated control (t240 vs t0) for each category. The individ-
ual boxes represent the median (central horizontal line) and the 75-25% percentiles. The
whiskers extend from the boxes to 1% and 99% of the data set. Dots indicate outliers. Data are
representative of two independent experiments. Two-tailed Mann-Whitney test revealed that dif-
ferences were statistically significant (P value < 0.0001). The values of the twelve genes with
probe intensity levels above or below two were omitted for clarity. (B) The log2-fold differential
expression ratios (5FU 240 min compared to control) for individual chromosome segregation
genes with higher induction levels than the genomic threshold (0.06). Genes encode for subunits
of three main complexes Mis6-Sim4, cohesin and NMS. Horizontal lines represent mean values
and vertical lines the standard error of mean. (C) Rate of the mini-chromosome Ch16 loss (moni-
tored by the appearance of red colonies/sectors on low adenine plates) was >18-fold higher in
cells exposed to 5FU. (D) The combined treatment of 5FU with the microtubule-destabilizing
agent thiabendazole (TBZ) synergistically enhanced the cytotoxic effects of 5FU. Serial dilutions
of S. pombe cells showing the cellular sensitivity to 5FU (150 wM), TBZ (20 M) or both combined.

(T5535), was dissolved in DMSO as a stock
solution at 20 mg/ml and stored at room
temperature.

Genome-wide screen of deletion strains
sensitive to SFU

The S. pombe haploid deletion library
used in this study was obtained from
Bioneer (Mutant Sets ver 2.0 and 3.0)
(htep://pombe.bioneer.co.kr/) and
tains 3,310 single-gene deletion mutants
that represent approximately 90% of the
non-essential genes in fission yeast. The

con-

5FU-sensitivity was analyzed three times

the centromeres. It might be possible that 5SFU produces similar
defects in human cells, since the structural and functional proper-
ties of centromeres are conserved from fission yeast to humans.””
In both cases centromeres are composed of repetitive elements (o
satellite in human, dg/dh elements in S. pombe) that are marked
by epigenetic methylation of H3K9 and associated to evolution-
ary conserved proteins involved in heterochromatin formation
and/or centromeric function. In addition, heterochromatin

silencing in mammals is also closely intertwined with non-coding

www.tandfonline.com

for each individual deletion strain of the

Bioneer collection. Strains were inoculated

from frozen stocks into 96-well plates con-
taining YE medium (3% glucose, 0.5% yeast extract) and
grown to saturation at 30°C. Cultures were then replicated
onto 96-well plates with YE medium supplemented with dif-
ferent concentrations of 5FU (0, 25, 50 and 150 wM) using a
stainless steel 96-pin replicator (Nalgene Nunc International)
and incubated at 30°C. Growth was quantitatively scored
every 24 h by monitoring the absorbance at 595 nm with a
microplate reader (Varioskan, Thermo Scientific). A total of
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Figure 6. Mechanism of 5FU action. Summary of the major 5FU targets previously described in eukaryotic cells (pink boxes) and new potential ones pre-
dicted by our analysis in the fission yeast model (yellow boxes). 5FU is converted intracellularly into three main active metabolites: fluorodeoxyuridine
monophosphate (FAUMP), fluorodeoxyuridine triphosphate (FAUTP) and fluorouridine triphosphate (FUTP). FAUMP affects DNA replication because it
inhibits the thymidylate synthase causing a decrease in the production of dTMP. FAUTP misincorporated into DNA during replication interferes with the
normal DNA metabolism. FUTP can be misincorporated into different types of RNA molecules directly involved in protein synthesis (NRNA, tRNA, rRNA,
snRNA) or in other processes such as RNA-mediated heterochromatin formation (dg/dh transcripts) or transcription regulation (antisense transcripts).
These 5FU-containing RNAs can undergo defective processing and post-transcriptional modifications affecting their normal functions. The new proposed
5FU targets in eukaryotic cells include heterochromatin, chromosome segregation and histone modification/exchange. When incorporated into centro-
meric transcripts, FUTP could alter the RNA-mediated heterochromatin formation. In S. pombe the RNA-directed RNA polymerase complex (RDRC) copies
the centromeric transcripts into dsRNA that are further processed by Dicer (Dcr1) into siRNA. The RITS complex loads these siRNA molecules, which facili-
tates its positioning at heterochromatic regions. The Clr4 methyltransferase complex (CLRC) methylates H3K9 providing a platform to recruit proteins
necessary for heterochromatin formation and spreading. Chromosome segregation is also affected in 5FU-treated cells maybe as an indirect conse-
quence of heterochromatic defects.

270 deletion strains with enhanced sensitivity to 5FU com- Gene Ontology classification and interaction network

pared to the wild-type were selected based on their growth analysis

inhibition at 150 wM 5FU (Table S1). Mutants that showed
a reduced growth in the YE control were not included in fur-
ther analysis as well as those disrupted for genes either with an
unknown function or implicated in specific yeast pathways.
We estimated by PCR experiments that approximately 90% of
the strains had the correct target gene deleted according to
Bioneer database (Fig. S4). Primers for amplification reactions
are listed in Table S2.
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Genes whose disruption confers sensitivity to SFU were classi-
fied according to the GO database into biological processes. The
statistical significance of the groups was calculated using the two-
sided Fisher’s exact test. The protein interaction network was
generated using the STRING v9.05 database (http://string905.
embl.de) and their default parameters including the confidence
score >0.4 were applied. The significance of the GO cellular
component terms was also evaluated with STRING.
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Strand-specific reverse transcriptase and real-time
quantitative PCR analysis

To determine the levels of sense and antisense transcripts from
dg and db elements, we first synthesized DNA products from
total RNA as follows: 200 ng of total RNA was reverse tran-
scribed with AMV Reverse Transcriptase (New England Biolabs,
M0277) with a specific primer (Table S2) according to the man-
ufacturer’s recommendations. Samples omitting reverse tran-
scriptase were included as negative controls in each set of
reactions. Quantification was performed by qPCR in triplicates
on a BioRad CFX 384 instrument with 10 wl of final reaction
volume containing 5 ng of DNA, 2.5 uM of each forward and
reverse primer and 5 pl of Power Sybr Green PCR Master Mix
(Applied Biosystems, PN 4367659). The qPCR assays were set
up using an Eppendorf pipetting robot (epMotion 5075).
Cycling parameters were as follows: 10 sec at 95°C followed by
40 2-step cycles of 95°C for 15 sec + 60°C for 60 sec. Melting
curve analysis from 60°C to 95°C was included at the end of the
program. Data analysis was performed using GenEx qPCR data
analysis software v.5.3.7 (MultiD). Primers for amplification
reactions are listed in Table S2.

Chromatin immunoprecipitation

Cultures of S. pombe wild-type strain 972 h™ were grown in
YE medium at 30°C undil the early exponential phase (ODsgs =
0.2, ~4 x 10° cells/ml). 5FU was added to the cultures except
for the controls to a final concentration of 500 wM and incuba-
tion was allowed to proceed for 240 min. Two biological repli-
cate experiments from independent cell cultures were performed.
Cells were cross-linked with 1% formaldehyde for 30 min at
room temperature and then, the reaction was stopped by adding
glycine to a final concentration of 125 mM. All the following
steps were carried out at 4°C unless otherwise stated. The pellets
were washed twice with TBS (50 mM Tris-HCI, pH 7.5,
150 mM NaCl) and resuspended in 0.4 ml of lysis buffer
(50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, ImM EDTA,
1% (v/v) Triton X-100, 0.1% (w/v) sodium deoxycholate) sup-
plemented with protease inhibitors (Complete Mini EDTA-free,
Roche) according to the manufacturer’s instructions. The cells
were disrupted with glass beads using a FastPrep-24 (MP Bio-
medicals) and the lysates were sonicated in a Bioruptor (Diage-
node) for 35 cycles of 30 sec at high power and 30 sec off,
yielding chromatin fragments of approximately 300 bp average
size. The sonicated material was centrifuged at 13000 g for
30 min to remove cell debris. An aliquot of 50 pl of soluble
chromatin was kept to determine the amount of input DNA,
while the rest was pre-cleared to reduce non-specific background
with 80 ul 50% (v/v) Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology, sc-2003) by shaking in a Labinco rotator during
1 h. After centrifugation at 500 g for 1 min, the same amount of
pre-cleared chromatin (200 pl) was immunoprecipitated with
either 4 pg of anti-H3K9m?2 antibody (Abcam, ab1220) or 4 pg
of anti-H3 antibody (Abcam, ab1791). An aliquot of 50 wl with
no antibody was used as a non-immunoprecipitated control.
Overnight incubation was followed by the addition of 80 wl
50% (v/v) Protein A/G PLUS-Agarose to each sample, after
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which the samples were incubated with rotation for a further 2 h.
Beads were washed 3 times in each of these buffers: RIPA buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% NP-40), LiCl buffer (10 mM Tris-
HCI, pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxy-
cholate, I mM EDTA) and TE buffer (10 mM Tris-HCI, pH
8.0, 1 mM EDTA). The antibody-protein-DNA complexes were
eluted by incubating the beads twice with 0.25 ml elution buffer
(10 mM Tris-HCIL, pH 8.0, 1 mM EDTA, 1% SDS) for 5 min
at 65°C and then 15 min at room temperature with rotation. To
reverse the cross-links the samples were incubated overnight at
65°C after the addition of NaCl to a final concentration of
0.2 M. Samples were then treated with 2 wl DNAse-free RNAse
(0.5 pg/pl) for 1 h and then with 5 pl proteinase K (10 wg/pl)
during 3 hours at 42°C. DNA was purified by phenol-chloro-
form extraction followed by ethanol precipitation and then resus-
pended in 120 pl TE buffer. Absolute quantification of DNA
derived from ChIP analysis was essentially performed as previ-
ously described for dg and dh elements except for some modifica-
tions. Briefly, reactions were carried out in 10 pl of final volume
containing 1 pl of the samples, 2.5 wM of each forward and
reverse primer and 5 pl of SsoFast EvaGreen SuperMix (Bio-
Rad, 172-5204). Cycling conditions were 5 sec at 95°C followed
by 40 2-step cycles of 95°C for 5 sec + 62°C for 5 sec. Primers

for amplification reactions are listed in Table S2.

Mitotic chromosome stability assays

Cells of S. pombe strain h™ ade6-M210 Ch16 (ade6-M216)
growing exponentially (ODsgs = 0.4, ~8 x 10° cells/ml) in YE
medium were plated in YE plates containing or not 500 pM
5FU and were incubated at 32°C for 15 d followed by 2 d at
4°C to allow for a deep red color to appear. Colonies with red
sectors were counted. To calculate the rate of mini-chromosome
Ch16 loss, the total number of colonies were divided by the
number of red-sectored colonies.

Chromatin digestion with micrococcal nuclease

Chromatin isolation for micrococcal nuclease digestion was
essentially performed as previously described”® except for
some modifications. Briefly, SFU was added to 100 ml of
early exponentially growing S. pombe wild-type 972 h™ cells
(ODsgs = 0.2, ~4 x 10° cells/ml) to a final concentration
of 500 pM, except for the controls. After 240 min at 30°C,
~5 x 10® cells from cultures treated or not with SFU were
harvested, washed once with cold water and incubated under
shaking during 10 min in 10 ml of preincubation solution
(20 mM citric acid, 20 mM Na,HPO,, 40 mM EDTA, pH
8.0, 30 mM [B-mercaptoethanol). Then, the cells were incu-
bated in 10 ml of Sorbitol/Tris buffer (1 M sorbitol, 50 mM
Tris-HCl, pH 7.4, 10 mM B-mercaptoethanol) with 30 mg
zymolyase 20T for 30 min under shaking. The resulting
spheroplasts were washed once with Sorbitol/Tris buffer with-
out B-mercaptoethanol, resuspended to a final volume of
3.2 ml of NP-buffer (1 M sorbitol, 50 mM NaCl, 10 mM
Tris-HCL, pH 7.4, 5 mM MgCl,, 1 mM CaCl,, 0.75% NP-
40, 1 mM B-mercaptoethanol and 0.5 mM spermidine) and
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divided into 4 aliquots of 0.5 ml. MNase (New England
Biolabs, M0247S) was added to each sample to a final con-
centration of 0, 15, 60 and 240 U/ml and incubation was
allowed to proceed for 10 min at 37 °C, after which the reac-
tion was stopped by the addition of 65 ul of 5% SDS/
100 mM EDTA, pH 8.0. Samples were incubated overnight
at 37°C with 10 pl of Proteinase K (stock solution 10 g/
pl), and then with 1 wl DNase-free RNase (0.5 pg/pl) dur-
ing 1 h. DNA was purified by phenol-chloroform extraction
followed by ethanol precipitation, and then resuspended in

50 pl TE buffer.

Data access

The transcriptional profile of cells treated with the drug was
reprocessed to include the repetitive elements that were filtered
out in our previous work.® Hybridization signals from probes
that map to more than one genomic localization were normalized
relative to the number of repeats. The subsequent transcriptional
genome-wide response induced by 5FU in S. pombe can be
accessed from a searchable genome browser at http://genomics.
usal.es/cgi-bin/gh2/gbrowse/sp_moj3/.
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