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SUMMARY

Heterochromatin can be epigenetically inherited /n c/s, leading to stable gene silencing. However,
the mechanisms underlying heterochromatin inheritance remain unclear. Here we identify Fft3, a
fission yeast homolog of the mammalian SMARCAD1 SNF2 chromatin remodeler, as a factor
uniquely required for heterochromatin inheritance, rather than for de novo assembly. Importantly,
we find that Fft3 suppresses turnover of histones at heterochromatic loci to facilitate epigenetic
transmission of heterochromatin in cycling cells. Moreover, Fft3 also precludes nucleosome
turnover at several euchromatic loci to prevent R-loop formation, ensuring proper replication
progression. Our analyses show that overexpression of Clr4/Suv39h, which is also required for
efficient replication through these loci, suppresses phenotypes associated with the loss of Fft3.
This work uncovers a conserved factor critical for epigenetic inheritance of heterochromatin, and
describes a mechanism in which suppression of nucleosome turnover prevents formation of
structural barriers that impede replication at fragile regions in the genome.

eTOC blurb

Taneja et al. show that a SNF2 family chromatin remodeler suppresses histone turnover to promote
epigenetic transmission of heterochromatin in dividing cells, and uncover a mechanism in which
suppression of nucleosome turnover at specific genomic sites facilitates proper replication
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INTRODUCTION

The vast array of differentiated cell types is derived from identical genetic information. In
addition to gene-specific regulatory mechanisms, a surprising degree of control is provided
by epigenetic modifications; that is, heritable modifications of chromosomes that do not
involve changes to the DNA sequence (Kaufman and Rando, 2010; Probst et al., 2009).
Epigenetic modifications of DNA and/or chromatin proteins create “open” or “closed”
domains referred to as euchromatin or heterochromatin, respectively (Grewal and Jia, 2007;
Piunti and Shilatifard, 2016; Richards and Elgin, 2002), which enforce the transcriptional
program in different cell types. Discovering how distinct chromatin domains are assembled
and propagated is critical for understanding normal development as well as disease states.

Enzymes and structural proteins including chromatin-remodelers, histones and their
posttranslational modifications create distinct chromatin domains (Jenuwein and Allis, 2001;
Li et al., 2007; Rando and Winston, 2012). Euchromatin is marked by histone acetylation
and histone H3 lysine 4 methylation (H3K4me), whereas heterochromatin is distinguished
by histone hypoacetylation and histone H3 lysine 9 methylation (H3K9me) (Jenuwein and
Allis, 2001; Litt et al., 2001; Noma et al., 2001). H3K9me serves as a “molecular anchor”
for the HP1 family of chromodomain proteins, which recruit effectors involved in various
chromosomal processes including genome stability and gene silencing (Grewal and Jia,
2007).

The fission yeast Schizosaccharomyces pombe genome contains constitutive
heterochromatin domains coating pericentromeric regions, subtelomeres and the silent
mating-type (/mai) region as well as small blocks of facultative heterochromatin (Cam et al.,
2005; Zofall et al., 2012). RNA processing factors including RNAi machinery, which
degrades transcripts produced by target loci, recruit Clr4/Suv39h to methylate H3K9 (Bayne
et al., 2010; Zofall et al., 2012), creating binding sites for the chromodomain proteins Chpl,
Chp2 and Swi6 (Grewal and Jia, 2007). Interestingly, Clr4 binds to H3K9me via its own
chromodomain, enabling heterochromatin to spread beyond nucleation sites (Al-Sady et al.,
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2013; Zhang et al., 2008). Chpl tethers RNAi machinery across heterochromatin domains to
enforce posttranscriptional silencing /in7 cis (Noma et al., 2004; Petrie et al., 2005). Chp2 and
Swi6 load factors including SHREC that contains the class 11 histone deacetylase (HDAC)
Clr3 and the SNF2 family protein Mit1, as well as the CIr6 HDAC to enforce transcriptional
silencing (Fischer et al., 2009; Motamedi et al., 2008; Sugiyama et al., 2007).

Remarkably, heterochromatin can promote its own reassembly, leading to clonal propagation
of the silenced state (Hall et al., 2002). This property has been extensively studied at the mat
locus. Replacement of the RNAI nucleation site cenH, which has homology to centromeric
repeats (Grewal and Klar, 1997), with ura4* causes defects in de novo heterochromatin
assembly. Conversion from heterochromatin-depleted ura4-on to the heterochromatin-
enriched ura4-off occurs at a low frequency, but once established, the ura4-off state is
inherited /n cis (Grewal and Klar, 1996; Hall et al., 2002; Nakayama et al., 2000). Indeed,
when ura4-off and ura4-on epigenetic states that differ in H3K9me levels at the otherwise
genetically identical matregion are combined in the same nuclear environment of diploid
cells, the H3K9me pattern associated with each state is faithfully inherited through mitosis
and meiosis (Hall et al., 2002).

The ability of Clr4 to both catalyze H3K9 methylation (“write”) and bind to H3K9me
(“read™) is critical for the inheritance of heterochromatin (Aygun et al., 2013; Zhang et al.,
2008). Thus, in addition to heterochromatin nucleation by DNA or RNA-based mechanisms
(“de novo-nucleated”), the parental H3K9 methylated nucleosomes and their associated
factors provide an additional epigenetic specificity for loading Clr4 (“epigenetic-
templated™), leading to clonal propagation of heterochromatin /n c/s. Exactly how epigenetic
memory is preserved and transmitted to sister chromatids through replication remains
unknown.

We performed a genetic screen to identify factors that affect epigenetic inheritance, but not
de novo-nucleated assembly, of heterochromatin. We identified Fft3, a SNF2-like
nucleosome-remodeling factor that affects maintenance of heterochromatin, particularly in
dividing cells. This class of remodelers has a conserved, but still undetermined, role in
heterochromatic silencing. Fft3 suppresses turnover of nucleosomes to enable epigenetic-
templated maintenance of heterochromatin. Loss of Fft3 in other parts of the genome
enhances nucleosome turnover, causing formation of RNA-DNA hybrids and defects in
replication progression. Strikingly, Clr4 overexpression rescues f7t3A phenotypes, including
silencing defects and R-loop accumulation. Our results implicate a conserved SNF2 family
protein in the suppression of nucleosome turnover, which safeguards epigenetic stability and
ensures the proper replication of the genome.

Genetic Screen for Factors Affecting the Maintenance of Heterochromatin

Reporter genes inserted within a 20-kb heterochromatin domain comprising the mat2and
mat3loci and the interval between them (referred to as the K-region) are subject to
heterochromatic silencing (Grewal and Klar, 1997; Thon et al., 1994). Screens for defective
reporter gene silencing have identified mutations in conserved factors that are required for
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heterochromatin assembly at matand other loci (Ekwall and Ruusala, 1994; Thon et al.,
1994). However, de novo heterochromatin nucleation can mask the role of factors uniquely
required for propagation. To identify such factors, we used a well-characterized strain in
which the cenH heterochromatin nucleation center is replaced with wra4” (KA::ura4®)
(Grewal and Klar, 1997). KA..ura4* cells display variegated ura4” expression, owing to
stochastic de novo nucleation of heterochromatin. Once the heterochromatin enriched ura4-
off state is established, it is clonally propagated in a manner dependent upon pre-existing
methylated H3K9, which provides the epigenetic template for loading Clr4 (Zhang et al.,
2008).

We mutagenized KA :ura4* ura4-off cells and screened for mutants showing efficient
conversion to the ura4-on state (Figure 1A). Next, we confirmed epigenetic maintenance of
heterochromatin, but not de novo nucleation, was defective by crossing the mutants to a
strain containing ura4* inserted within cenft at the silent matinterval (Kint2::ura4*). UV19,
UV21 and EMS32 showed silencing defects in the KA. ura4* strain background, and little to
no silencing defect (except EMS32) in the Kint2::ura4* background, indicating that the
mutants are proficient in heterochromatic silencing when de novo assembly mechanisms are
operative, but fail to propagate the epigenetically-maintained silenced state (Figure 1B). We
focused on UVZ21, which conferred a strong silencing defect in KA. :ura4*, but had no
observable effect in the Kint2::ura4” strain background.

UVv21 Affects the Epigenetic Maintenance of Heterochromatin

Defective silencing in UV21 could result from changes in heterochromatin assembly.

Indeed, H3K9me levels at the /mat locus were severely reduced in UV21 KA:ura4* cells, but
only marginally affected in UV21 Kint2::ura4” cells (Figure 1C). Thus, UV21 does not
affect de novo targeting of H3K9me, but is required for epigenetic-templated maintenance of
heterochromatin.

We next analyzed heterochromatin assembly at other loci. Pericentromeric regions contain
ag/dh repeats that are “hot spots” for production of siRNA required for RNAi-mediated de
novo assembly of heterochromatin (Cam et al., 2005). Heterochromatin at subtelomere
regions is nucleated at specific sites and spreads in a manner dependent on nucleosome
stabilizing factors (such as the HDAC CIr3), similar to the mat locus. We observed no major
change in H3K9me levels at pericentromeric repeats in UV21, however, H3K9me at
subtelomeric regions was affected, particularly in the regions adjoining the nucleation sites
(such as t/h1 or tih2) (Figure S1A). Therefore, UV21 shows specific defects in the
epigenetic maintenance of heterochromatin.

Interestingly, further examination revealed that the H3K9me reduction in UV21, linked to
the KA. ura4” ura4-off to ura4-on conversion, occurs broadly across the entire silent mat
domain (Figure S1B), rather than being restricted to a specific region.

UV21 Contains a Mutation in the SNF2 Family Member Protein Fft3

To identify the locus harboring the UV21 mutation, we backcrossed UV21 to the non-
mutagenized parental strain and performed tetrad analyses. Silencing of the ura4” reporter
was used to monitor the segregation of the mutant allele (Figure 2A). We sequenced three
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wild-type 6 (WT) and three UV21 mutant segregants from the final cross and found one
substitution mutation (C-to-T) uniquely present in the mutants. This mutation mapped to
1113, which encodes one of the S. pombe homologs of the highly conserved SNF2 family
chromatin remodeler, called SMARCADL1 in humans and Fun30 in budding yeast (Neves-
Costa et al., 2009; Rowbotham et al., 2011; Steglich et al., 2015; Stralfors et al., 2011).
Conventional DNA sequencing confirmed UVZ21 is a nonsense mutation that introduces a
premature stop codon upstream of the ATPase domain in Fft3 (Figure 2B).

fft3A Mimics the Heterochromatin Defects in UV21

To confirm that the effects on heterochromatin are functionally linked to a mutation in f3,
we crossed UV21 with fft3A. Tetrad analysis showed that UV21 is tightly linked to 773 (i.e.
all four segregants showed the mutant phenotype in 40 analyzed tetrads, suggesting that
UV21is likely a mutation in 7723). Indeed, deletion of ft3in the KA :ura4* ura4-off
background caused a majority of cells to convert to ura4-on, whereas fft3A Kint2::ura4*
showed little or no conversion to wra4-on (Figure 2C). Consistently, H3K9me was severely
reduced in fft3A KA. :ura4”, and only marginally affected in Kint2::ura4* (Figure 2D). Thus,
analogous to UVZ21, fft3A affects epigenetic-templated, but not de novo-nucleated assembly
of heterochromatin at the mat locus.

In cells lacking Fft3, H3K9me levels were maintained at pericentromeric regions, but
reduced at subtelomeric regions, particularly at sequences adjoining the heterochromatin
nucleation sites (Figure S2A). Moreover, H3K9me was abolished throughout the silent mat
interval of fft3A KA. ura4” cells that are defective in de novo-nucleation, but not in the WT
counterpart (Figure S2B). Together, these results show that the phenotypic effects of 773A
mimic those of UV21.

Fft3 Localizes to Heterochromatin Domains and to Several Euchromatic Loci

ChIP-chip analysis revealed significant peaks of Fft3 at all major heterochromatic loci
(Figure 2E). The localization pattern of Fft3 closely resembled the distribution of
heterochromatin at pericentromeric regions and the silent mat interval surrounded by /R
boundary elements (Figure 2F). Fft3 was also enriched at subtelomeric regions (Figure 2F).
These results suggest that Fft3 acts directly and may cooperate with heterochromatin factors
to maintain silenced chromatin. 7 Notably, our previous purification of Swi6, which affects
the inheritance of heterochromatin /n c/s (Hall et al., 2002; Nakayama et al., 2000),
contained Fft3 peptides (Fischer et al., 2009). Indeed, Fft3 co-immunoprecipitated with
Swi6 (Figure S2C), supporting a close connection to heterochromatin factors.

We also noted Fft3 peaks distributed across all three chromosomes (Figure 2E). Consistent
with earlier findings (Steglich et al., 2015; Stralfors et al., 2011), Fft3 was enriched at 55%
of solo L7Rs, 68% of tRNAsand 67 % of loci encoding snRNAs (Figure S2D). Fft3 was
also highly enriched throughout 772retrotransposons and their related wifelements, and at
several non-coding RNA loci (Figure S2D). Surprisingly, Fft3 was preferentially enriched at
highly transcribed genes and genes containing short internal repeats within their ORFs,
where it was distributed across the transcribed regions (Figure S2D). Therefore, Fft3 may
perform additional functions in other parts of the genome.
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Loss of Fft3 Causes a Variegated Expression Pattern

We next focused on the role of Fft3 in heterochromatin maintenance. Because of the rapid
loss of heterochromatin in KA. ura4” strains, we employed an alternative sensitized system
using cells that carry a deletion of a locally acting silencer element (termed R£//) adjacent to
mat2P. Deletion of RE//noticeably affects mat2P silencing only in cells impaired in the
assembly of heterochromatin (Thon et al., 1994). In non-switchable matZ-M cells, the
expression of mat2P leads to haploid meiosis and the formation of a starch compound
detectable by iodine staining (Thon et al., 1994). Black coloration indicates a severe loss of
silencing whereas a yellow color (unstained) indicates a silenced mat2P region. Interestingly,
loss of Fft3 yielded a mixture of colonies, that ranged from highly stained (black) to
unstained (yellow), and caused variegated expression of wra4” inserted adjacent to mat2P
(mat2P::ura4®) (Figure 3A). This phenotype is distinct from the uniform de-repression of
mat2Pand the ura4* reporter in cells lacking core heterochromatin silencing machinery such
as CIr3 and Clr4 (Figure 3A) (Thon et al., 1994). Together, our analyses support a role for
Fft3 in maintaining the repressive heterochromatic state.

Fft3 Facilitates the Propagation of Heterochromatin in Cycling Cells

The variegated phenotype of 7/z3A might reflect defects in the fidelity of heterochromatin
inheritance during cell division. To test this, we grew fft3A cells carrying RE//A on counter-
selective FOA medium to select for mat2pP::ura4* silencing. These cells were allowed to
multiply on a non-selective medium before assaying for mat2P expression. lodine staining
revealed a mixture of yellow and black stained colonies. The percentage of black stained
colonies, indicating defects in mat2P silencing and reduction in H3K9me (Figures 3A and
S3A), increased with the number of cell divisions (Figure 3B). H3K9me in 7f3A steadily
decreased as the number of cell divisions increased (Figure 3C, top panels), correlating with
loss of mat2P::ura4” silencing (Figure 3C, bottom panels). Thus, maintaining the
heterochromatic state during successive cell divisions requires Fft3, and its loss results in a
variegated expression pattern due to frequent conversion to the expressed state.

We next compared mat2P::ura4* expression in WT and 7ft3A ura4-off cells, which were
either allowed to cycle or were arrested at the G2/M boundary using the temperature-
sensitive (ts) cadc25-22 allele. Expression of mat2pP::ura4* was assayed immediately (0 hour)
or 2 hours after the arrest. Notably, de-repression of mat2P::ura4* occurred in both cycling
and G2 arrested 7723A cells. However, de-repression was considerably higher in cycling cells
(Figure 3D), indicating that Fft3 is particularly important for maintenance of
heterochromatin in cycling cells.

Fft3 Interacts with Replication Factor C

The propagation of heterochromatin /n7 ¢is presumably requires collaboration between
chromatin assembly factors and DNA replication machinery. We identified all subunits of
the Replication Factor C complex (RFC) in our purification of GFP-tagged Fft3 (Fft3-GFP)
from a synchronized S phase population (Figure S3B). RFC is a five subunit DNA
polymerase (Pol) & and e accessory factor required for loading the essential processivity
factor PCNA onto nascent DNA strands (Tsurimoto and Stillman, 1989). Flag-tagged RFC
subunits co-immunoprecipitated with Fft3-GFP (Figure S3C). Thus, Fft3 interacts with
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replication fork associated proteins, similar to human SMARCAD1 (Rowbotham et al.,
2011), which might link DNA replication with maintenance of epigenetic chromatin states
(Franco and Kaufman, 2004).

Fft3 Facilitates Heterochromatin Maintenance by Suppressing Histone Turnover

Pre-existing methylated nucleosomes are believed to recruit Clr4 for clonal propagation of
heterochromatin (Zhang et al., 2008). Interestingly, loss of the anti-silencing factor Epel,
which promotes turnover of histones (Aygun et al., 2013), rescued heterochromatin
maintenance defects in fft3A (Figure S4A), suggesting Fft3 may affect nucleosome stability.
To explore this, we performed a nucleosome exchange assay (Aygun et al., 2013) in which
carboxy-terminal Flag-tagged histone H3 (H3-Flag) is rapidly induced by shifting the carbon
source from glucose to sucrose (Figure S4B). We induced H3-Flag expression in KA. ura4*
cells after blocking DNA replication with hydroxyurea (HU) and determined the level of
H3-Flag incorporation (Figure 4A). Remarkably, elevated levels of H3-Flag occurred
throughout the silent matregion in fft3A (Figure 4B), suggesting that Fft3 suppresses
nucleosome exchange.

Since Fft3 is particularly important in cycling cells, we wondered whether the “dilution” of
parental histones coupled to DNA replication occurs more rapidly in ff3A. To address this,
we madified the nucleosome exchange assay by pre-loading chromatin with H3-Flag
nucleosomes and monitoring their loss in cycling cells. Cells were grown overnight in
sucrose-containing medium to express Flag-tagged H3 and then were shifted to glucose
medium to turn off H3-Flag expression (Figures 4C and S4C). Time course analyses of H3-
Flag dilution at the mat locus in KA.ura4* cells showed that loss of H3-Flag occurred more
rapidly in 7237 as compared to WT (Figure 4D). This difference was observed at both the
transcribed wra4” reporter and a transcriptionally inert region (Figures 4D and S4D),
indicating that increased transcription cannot be solely responsible for the loss of histones in
fft3A. This result further supports the role of Fft3 in the suppression of histone turnover to
facilitate epigenetic-templated assembly of heterochromatin in cycling cells.

Fft3 and ClIr3 Perform Overlapping Functions to Preclude Histone Turnover

The HDAC CIr3 is distributed across all major heterochromatin domains (Sugiyama et al.,
2007), and also suppresses nucleosome turnover (Aygun et al., 2013). Cells lacking Fft3 and
ClIr3 showed a cumulative increase in centromeric repeat (cenH) transcripts (Figure 4E),
suggesting overlapping functions. We therefore analyzed histone turnover in ¢/r3A, fft30 or
clr3A fft3A strains blocked using HU treatment. We observed an elevated histone turnover
throughout heterochromatin domains in ¢/r3A (Figure 4F), and a similar, albeit weaker,
increase in histone turnover in fft3A (Figure 4F). This is consistent with a variegated
expression pattern in 7f#3A that contrasts with the uniform de-repression in ¢/r3A (Figure
3A). Remarkably, the ¢/r3A fft3A double mutant showed a cumulative increase in histone
turnover throughout heterochromatin domains (Figure 4F), which was most evident at
pericentromeric regions and the central centromere core (Figure 4F). Together with
cumulative derepression of centromeric repeats, these results support a causal relationship
between nucleosome stability and heterochromatic silencing, and suggest Fft3 and Clr3
perform distinct functions to preclude histone turnover.
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Fft3 Localized at Euchromatic Loci Promotes Replication Progression

Since Fft3 associates with RFC and localizes to specific euchromatic loci, such as natural
replication fork barriers including tRNASs, retroelements and their remnants, and genes
containing short internal repeats (Figures 2E and S2D) (Steglich et al., 2015; Stralfors et al.,
2011), we asked whether fft3A is defective in replication progression. Notably, f#3A cells
show a growth defect at low temperature (Figure S5A), and are sensitive to genotoxins (see
below). Interestingly, asynchronous 7fz3A cells and ##3A cells released from the HU block
showed a prolonged S phase (Figures 5A and S5B), indicative of possible defects in DNA
replication.

To directly investigate replication, we arrested cells at the G2/M boundary and monitored
bromo-2-deoxyuridine (BrdU) incorporation into DNA (Hayashi et al., 2007). Despite
efficient origin firing, BrdU incorporation was low at specific locations in f#3A (Figures 5B,
S5C and S5D). We identified ~67 Fft3 enriched locations showing defects in replication
progression (Table S1). Strikingly, most contained highly transcribed genes or genes
containing short internal repeats that show Fft3 enrichment (Figure 2E and S2D). Similar but
less pronounced results were obtained with G2/M arrested cells released in the absence of
HU, presumably due to faster progression of the replication program (Figures S5D and
S5E). Fft3 suppressed nucleosome turnover at the affected loci, similar to its effect at
heterochromatin (Figures 5C, S5F and S5G). Cumulative BrdU profiles confirmed these
defects at affected loci on all three chromosomes (Figure 5D). Statistical analyses revealed
defective replication specifically at genomic locations showing Fft3 localization (Figures 5E
and S5H), with no major changes in the global replication pattern (Figure S51). We conclude
that Fft3 precludes histone turnover and promotes progression of replication forks at specific
euchromatic loci.

Requirement for Replication Checkpoint Machinery in fft3A Cells

Replication defects in /7z3A might cause accumulation of single stranded DNA marked by
Rad11, a component of the single-stranded DNA binding complex, replication protein A
(RPA) (Parker et al., 1997). Indeed, 55% of #ft3A nuclei accumulated Rad11 foci, compared
to 19% of WT nuclei (Figure 5F). We also quantified nuclei with foci containing Rad52, a
protein that is recruited to DNA double-strand break sites (Kim et al., 2000). Only 6% of
WT nuclei contained Rad52-GFP foci, in comparison to 32% of ##t3A nuclei (Figure S5J).
To further explore replication stress in 773A cells, we looked for growth defects when 73
was deleted in cells lacking the replication checkpoint proteins Rad3 (homolog of ATR) or
Cds1 (homolog of Chk2) (Cimprich and Cortez, 2008). The severe growth defects of the
double mutants ff#3A rad3A and fft3A cdsIA (Figure 5G) indicate that replication checkpoint
proteins are required for the survival of 7/Z3A cells and supports the involvement of Fft3 in
replication fork progression.

We wondered whether silencing defects could mainly be attributed to defects in replication
progression in fft3A. To address this, we isolated a conditional mutant allele of 773 (#3-5)
that displays heterochromatin silencing defects when grown at 33°C but not at 26°C (Figure
S6A). fft3-ts contains a point mutation in the ATPase domain (Fft3-R602K, Figure S6B) that
does not affect steady state Fft3 protein levels (Figures S6C). fft3-tsand WT KA.::ura4-off
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cells were arrested in G1 at permissive temperature by nitrogen starvation, and then shifted
to non-permissive temperature for 4 hours. Notably, defective heterochromatic silencing
could be observed in fft3-fs cells without progression through S phase (Figure S6D).

Clr4 overexpression Rescues Defects Caused by Loss of Fft3

We first attempted to identify UV21 by cloning the gene from a genomic DNA library.
Although we failed, we did identify complementing clones containing ¢/r4”. Indeed,
multiple copies of c/r4*can suppress the silencing defect in UV21. Consistently, Clr4
overexpression partially restored silencing in ft3A RE/A mat2P:.ura4* cells (Figure 6A),
and suppressed the sensitivity of ffz3A to genotoxins (Figure 6B). These results suggested
that Fft3 and Clr4 might perform overlapping functions. Interestingly, defects in BrdU
incorporation occurred at the same genomic regions in fz3A and c/r4A cells (Figure S7A),
showing slower fork progression through highly transcribed genes and genes containing
internal repeats (Figure 6C). Cumulative BrdU profiles confirmed these effects on
replication progression (Figure 6D). Loss of Clr4 specifically affected BrdU incorporation at
Fft3 enriched loci (Figures 6E and S7B), further indicating that both Fft3 12 and Clr4
facilitate replication at these regions. Notably, 7z3A c/r4/A showed a severe growth defect
(Figure 6F). Taken together, these results uncover functional interplay between Fft3 and Cir4
in promoting heterochromatic silencing and replication progression at specific regions of the
genome.

Fft3 and Clr4 Prevent R-loop Formation at Loci showing Replication Defects

We next investigated the underlying cause of replication defects in 7Z3A. Unstable
nucleosomes at transcribed regions in #Z3A might provide an opportunity for nascent RNA
to hybridize with DNA and form R-loops that obstruct replication forks (Richard and
Manley, 2016; Santos-Pereira and Aguilera, 2015; Skourti-Stathaki and Proudfoot, 2014).
We used S9.6 antibody (Hu et al., 2006) to isolate RNA-DNA hybrids (Ginno et al., 2012)
from cells synchronized in S phase. Loci showing replication arrest in fz3A accumulated R-
loops at a significantly higher level than in WT (Figures 6G and S7A), with no significant
change in their transcript levels (Figure S7C). Treatment with RNase H reduced the signal,
confirming our detection of bona fide R-loop structures (Figure 6G). Moreover,
overexpression of RNase H suppressed the growth defect and the genotoxin sensitivity of
fft3\ (Figure S7D), supporting the conclusion that R-loop formation underlies the
phenotypes associated with the loss of Fft3.

Since overexpression of c/r4* suppressed the genome instability and silencing defects in
13, we tested whether R-loop formation was also mitigated. Indeed, we observed a
reduction in R-loops at regions with replication defects (Figure 6G). These results reveal that
both Fft3 and Clr4 suppress R-loop formation specifically at sites that show replication
defects in their absence, further highlighting the significance of the genetic interaction
between Clr4 and Fft3.
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DISCUSSION

Heterochromatin is critical for gene regulation and the integrity of eukaryotic genomes
(Grewal and Jia, 2007). De novo assembly pathways have been described, however, little is
known about the factors involved in epigenetic inheritance of heterochromatin. Here we
identify a conserved SNF2 family protein, Fft3, as a factor dispensable for de novo assembly
but required for epigenetic-templated maintenance of heterochromatin, wherein parental
methylated H3K9 facilitates recruitment of Clr4 to promote clonal propagation of
heterochromatin (Hall et al., 2002; Zhang et al., 2008). Fft3 suppresses turnover of histones
to ensure faithful propagation of heterochromatin during cell division. Fft3 also precludes
histone turnover at euchromatic regions that are difficult to replicate, which prevents the
formation of aberrant structures that can obstruct replication machinery.

Fft3 Suppresses Histone Turnover and Promotes Heterochromatin Inheritance

Our unbiased genetic screen revealed an important role for Fft3 in the epigenetic inheritance
of heterochromatin. Fft3 likely directly promotes propagation of heterochromatin.
Supporting this, Fft3 is preferentially enriched at all major heterochromatin domains.
Moreover, Fft3 interacts with Swi6/HP1, previously implicated in the propagation of
heterochromatin /n cis (Hall et al., 2002; Nakayama et al., 2000). Fft3 may act with Swi6 to
ensure the stable transmission of epigenetic imprints critical for heterochromatin inheritance.

Fft3 homologs have been implicated in heterochromatin silencing from yeast to mammals,
suggesting their conserved role in this process (Byeon et al., 2013; Neves-Costa et al., 2009;
Rowbotham et al., 2011; Stralfors et al., 2011). Here we find that Fft3 suppresses histone
turnover to promote epigenetic stability. SHREC, which contains the SNF2 chromatin
remodeler Mitl in addition to the HDAC Clr3 (Creamer et al., 2014; Sugiyama et al., 2007),
also precludes turnover of nucleosomes (Aygun et al., 2013). However, Fft3 and SHREC
likely perform distinct functions. First, Fft3 and CIr3 act redundantly to suppress histone
turnover across heterochromatin domains. Second, loss of these factors causes cumulative
de-repression of heterochromatic repeat elements. Third, loss of CIr3 causes uniform de-
repression across heterochromatin domains, whereas loss of Fft3 compromises the fidelity of
heterochromatin inheritance leading to a variegated expression pattern. We envision that
SHREC enforces heterochromatin silencing during interphase in the major G2 phase of the
S. pombe cell cycle. Fft3 rather has a more prominent role in ensuring epigenetic
transmission of heterochromatin in dividing cells. Notably, Fft3 is the first factor shown to
suppress histone turnover to transmit epigenetic memory and maintain heterochromatin in
dividing cells.

The suppression of histone turnover by Fft3 has direct implications for the epigenetic-
templated inheritance of heterochromatin (Figure 7). The cis inheritance of heterochromatin
(Audergon et al., 2015; Hall et al., 2002; Nakayama et al., 2000; Ragunathan et al., 2015)
requires the retention of methylated H3K9 for recruitment of Clr4 through its
chromodomain 14 (Zhang et al., 2008) to modify newly assembled nucleosomes and
replicate the parental histone modification pattern. How parental histones, which are
transferred to daughter DNA strands (Alabert and Groth, 2012; Jackson and Chalkley, 1985;
Xu et al., 2010), are maintained during DNA replication is a key question. Fft3 and its
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mammalian homolog SMARCADZ, which associate with replication machinery (this study)
(Rowbotham et al., 2011), might help in displacing nucleosomes during the passage of
polymerases and then re-depositing them. As per this model, Fft3 might allow events such as
replication and transcription to occur without loss of epigenetic information in the form of
modified histones. Supporting this, “old” histones are lost more rapidly in fZ3A than in WT
(Figure 4D). Histone chaperones Asfl and CAF-1 (Alabert and Groth, 2012; Kaufman and
Rando, 2010; Probst et al., 2009; Zhang et al., 2000), which associate with Swi6/HP1
implicated in heterochromatin inheritance may also participate in this process (Dohke et al.,
2008; Yamane et al., 2011).

A previous study noted the appearance of euchromatin marks at subtelomeric regions and at
the centromere central core in 7f3A (Stralfors et al., 2011), which could result from
increased histone turnover and incorporation of newly synthesized histones with distinct
modifications (Alabert and Groth, 2012). As observed for heterochromatic regions, loss of
ClIr3 and Fft3 has a cumulative effect on histone turnover at the central core. Given that CIr3
and Fft3 have overlapping functions and co-localize at several loci, it is conceivable that Fft3
may act more broadly to suppress histone turnover, but its effects are masked by other
factors acting in parallel.

Fft3 as a Chromatin Organizer for Replication Progression

Cells lacking Fft3 are defective in replication progression and accumulate single-stranded
DNA. Consistent with DNA damage, ft3A cells accumulate Rad52 repair foci and are
sensitive to genotoxic agents and the loss of the replication checkpoint proteins Rad3 and
Cds1. Indeed, replication checkpoint activation may explain the prolonged S phase in 3A.
Importantly, loss of Fft3 does not affect the global replication program, but only impairs
progression at specific loci including highly transcribed genes or genes containing short
internal repeats in the ORF. This suggests that transcription-replication collisions or
formation of secondary structures might impede replication forks.

How could Fft3 facilitate the passage of replication forks? Fft3 and its mammalian
counterpart interact with replication machinery (Rowbotham et al., 2011) (this study), and
could directly resolve replication barriers, similar to Isw2 and Ino80 remodelers in budding
yeast (Vincent et al., 2008), and/or facilitate DNA repair (Chen and Symington, 2013).
Notably, we find accumulation of R-loops known to impede replication machinery in fft3A,
leading to the formation of recombinogenic DNA breaks (Richard and Manley, 2016;
Santos-Pereira and Aguilera, 2015; Skourti-Stathaki and Proudfoot, 2014). Fft3 suppresses
turnover of histones at highly transcribed regions, which likely protects the DNA fiber from
invading RNA and prevents R-loop formation (Figure 7). Similarly, nucleosomes at loci
containing short internal repeats may prevent single stranded DNA from forming secondary
structures. In this model, enhanced turnover of histones in 773A creates open chromatin,
allowing formation of R-loops and/or secondary DNA structures, which could further
aggravate histone turnover and lead to stalled replication forks and DNA damage (Figure 7).
By preventing such aberrant structures from forming, factors such as Fft3 ensure the
unimpeded passage of replication forks.
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Interestingly, Fft3 and Clr4 perform overlapping functions. Overexpression of Clr4 can
rescue ffz3A phenotypes including heterochromatin defects, R-loop formation and sensitivity
to genotoxic agents. Indeed, cells lacking both Clr4 and Fft3 show severe growth defects,
and c¢/r4A cells show replication defects at loci that are similarly affected in 7/z3A. Consistent
with the idea that ¢/r4A might also accumulate R-loops, loss of H3K9me correlates with R-
loop accumulation in C. elegans, but the exact role of heterochromatin in this process is
unknown (Zeller et al., 2016). Notably, Clr4-dependent heterochromatin assembly precludes
histone turnover across domains showing RNA-DNA hybrid formation (Aygun et al., 2013;
Nakama et al., 2012). Thus, increased histone turnover in ¢/r4A could allow nascent RNA to
gain access to DNA to form R-loops. Although heterochromatin modifications are not
detected at genes showing replication fork stalling, it is possible that heterochromatin
assembly occurs transiently.

Our work has important implications for understanding how eukaryotic cells ensure stable
propagation of gene expression patterns and protect genomic integrity through suppression
of nucleosome turnover. In higher eukaryotes, low nucleosome turnover is observed at
repressed regions such as Polycomb-associated sites (Deal et al., 2010), and it is possible
that factors suppressing histone turnover promote propagation of the silenced chromatin
state. Genomic regions that show defects in replication fork progression caused by R-loops
or collision with secondary DNA structures are a major source of genome instability, and are
often referred to as fragile sites (Helmrich et al., 2013). Importantly, mutations in
SMARCAD1, the human homolog of Fft3, have been linked to genetic instability and
various human diseases including cancer. Since modulating the DNA replication and repair
process is a common tool for treatment of various cancers, a deeper understanding of the
Fft3 family of chromatin remodelers may reveal therapeutic targets and provide a unique
perspective on the roles of these factors in various chromosomal processes.

STAR METHODS

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Shiv Grewal (grewals@mail.nih.gov).

Experimental Model and Subject Details

Schizosaccharomyces pombe strains used in this study are derivatives of the standard
laboratory strain 972 and are listed in Table S2

Method Details

Strains, Media and Plasmid Construction—Yeast strains used in this study are listed
in Table S2. Standard techniques and media were used to culture S. pombe. Deletion strains
and epitope-tagged strains were constructed using a standard PCR-based methodology. To
construct the pc/r4” plasmid that is maintained at 3—4 copies per cell, a DNA fragment
containing the full-length c/r4* gene under the control of its native promoter was cloned in
the LEU2-marked pWHD5 plasmid at the HindlIl site. p-nmt1-rmhi* was constructed by
cloning the rmh1” gene into the pREP3 plasmid carrying the nmt1 inducible promoter. The
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resulting plasmids were used to transform strains with leucine auxotrophy and colonies
containing the plasmid were selected on leucine-depleted plates. PMG-Leu medium lacking
thiamine was used to express 741" under the control of nmitI promoter. For the genotoxin
sensitivity assay, cells were grown to mid-log phase in medium lacking leucine and then
spotted onto non-selective medium or medium supplemented with 10mM hydroxyurea
(HU), 2.5 mU/ml bleomycin or 0.01% methyl methanesulfonate (MMS). Plates were
incubated at 26°C for 5-6 days before imaging.

Genetic Screen—Exponentially growing cells were mutagenized with EMS or UV
(200J/m?) using a UV cross linker (Thermo Fisher Scientific). Colonies were screened for
loss of silencing of the ura4” reporter inserted at the /mat locus lacking the cenH nucleation
region (KA. ura4*). Mutants affecting the silencing of KA :ura4 but not of Kint2::ura4*
were isolated and backcrossed three times to a non-mutagenized strain. Genomic DNA
isolated from three wild type and three mutant segregants from the final cross was subjected
to whole genome sequencing using the HiSeq platform (Illumina). The mutations were
identified using bioinformatic analysis. The mutations were further verified using
conventional PCR-based Sanger sequencing.

ChlIP and ChlIP-chip—For H3K9me ChlIP experiments, exponentially growing cells were
fixed at room temperature with 3% paraformaldehyde. For ChIP analysis of Fft3-GFP
protein, exponentially growing cells were shifted to 18°C for 6 h prior to fixation with 3%
paraformaldehyde for 30 min, followed by cross-linking with 10 mM dimethyl adipimidate
(Sigma-Aldrich) at room temperature for 45 min. Cells were resuspended in ChlIP lysis
buffer (50 mM HEPES/KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate) supplemented with Roche Complete protease inhibitors and were
disrupted by glass bead lysis (Sigma) using a Biospec Mini-Beadbeater-16. The whole cell
crude extract was sonicated to shear the chromatin into 500-1000 bp fragments. Chromatin
was cleared by centrifugation at 1500 x g for 10 min at 4°C. ChIPs were performed using
anti-GFP (ab290, Abcam) or anti-H3K9me2 (Abcam) antibody (1-3 pg). Antibodies were
recovered using Protein A: Protein G (1:1) bead slurry. Chromatin bound beads were washed
with lysis buffer followed by two washes with high-salt lysis buffer (50 mM HEPES/KOH,
pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate), and
once each with wash buffer (10 mM Tris/HCI pH 8, 250 mM LiCl, 0.5% NP40, 0.5%
sodium deoxycholate and 1 mM EDTA) and TE buffer. Immunoprecipitated DNA was
eluted with TE supplemented with 1% SDS buffer and reverse cross-linked at 65°C
overnight. The recovered immunoprecipitated chromatin fraction was purified using a
QIAquick PCR purification kit (QIAGEN) after treatment with RNase A (5 pg) and
Proteinase K (40 pg) for 2 h each at 37°C. Immunoprecipitated DNA and input DNA were
analyzed by performing real-time PCR using iTaq" Universal SYBR® Green Supermix
(BioRad), or processed for microarray analysis (ChIP-chip). Immunoprecipitated DNA and
input DNA were labeled by amminoallyl-dUTP in random-primed PCR. Aminoallyl-labeled
DNA was conjugated with Cy5(immunoprecipitated DNA) or Cy3(input DNA) and equal
amounts of Cy5- and Cy3-labeled DNA were hybridized to a custom Agilent 4x44K 60-mer
oligonucleotide array spanning the whole genome at 300 bp intervals. Hybridization, wash
and array scan followed Agilent’s recommended procedure. After scanning on an Agilent
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SureScan Microarray scanner, the Cy3 and Cy5 signals were extracted by the Agilent
Feature Extraction protocol. Ratios of Lowes normalized signals were used to calculate
enrichment values for each 60-mer. Enrichment values above 2 were replaced by average
enrichments of its two neighbors unless at least one neighboring probe exceeded value of 2.

Purification and Co-Immunoprecipitation—Cells expressing untagged or GFP tagged
Fft3 (Fft3-GFP) were synchronized in S phase using the temperature-sensitive cdc25-22
allele. Protein purification was performed as previously reported (Sugiyama et al., 2007)
with some modifications. Briefly, cells harvested from 4 L cultures were flash frozen in
liquid nitrogen and then crude cell lysates were prepared using a house-hold blender. The
cell lysates were cleared by centrifugation, and subjected to affinity-purification on anti-GFP
agarose beads, GFP-Trap® A (antibodies-online) or anti-Flag M2 affinity gel (Sigma).
Beads were extensively washed, and purified proteins were eluted three times with 0.2 M
glycine (pH 2.0). Eluted proteins were precipitated with trichloroacetic acid and resolved on
a 4-12% Bis-Tris gel (Thermo Fisher Scientific). Proteins were visualized using
SimplyBlue™ SafeStain (Thermo Fisher Scientific). The protein search was performed
against the UnitPro Schizosaccharomyces pombe database from the European
Bioinformatics Institute.

RT-PCR—Total RNA was isolated using the MasterPure™ Yeast RNA Purification Kit
(Epicentre) according to the manufacturer’s instructions. Gene-specific and strand-specific
cDNA was synthesized from DNase treated total RNA using the SuperScript-111 Reverse
Transcriptase (Invitrogen) and expression was analyzed by performing real-time PCR using
iTaq" Universal SYBR® Green Supermix (BioRad).

Nucleosome Turnover Assay—The nucleosome turnover assay was performed as
previously reported (Aygun et al., 2013) except that sonication was used to fragment DNA
instead of MNase treatment. Briefly, cells were grown to ODsgg 0.1-0.15 in EMM-Leu

+ 8% glucose media and were synchronized by adding 15 mM HU for 4 h. Cells were
pelleted and washed twice with EMM-Leu-glucose + 4% sucrose media containing 15mM
HU and then allowed to grow for 2 h to induce the expression of H3-Flag. Cells were cross-
linked with 1% formaldehyde at room temperature for 20 min. Cells were lysed by bead
beating in ChIP lysis buffer (50 mM HEPES/KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% DOC) and the chromatin fraction was recovered and fragmented to
500-1,000 bp by sonication. Chromatin was cleared by centrifugation at 1500 x g, 10 min at
4°C and immunoprecipitated using a 20 pl bed volume of pre-washed anti-FLAG M2
agarose beads (Sigma) for 4 h at 4°C with slow rotation. Beads containing the chromatin
fraction were washed extensively and the immunoprecipitated DNA was recovered by
reverse cross-linking at 65°C, as described for the ChlP procedure. Input and
immunoprecipitated DNA were purified using the QIAquick-PCR purification kit
(QIAGEN). H3-Flag immunoprecipitated DNA and input DNA were processed as in the
ChIP-chip procedure and analyzed on a custom Agilent 4x44K array tiling a large portion of
chromosome 2 (chr2:1,000,000-3,049820 and chr2:4,491,831-4,541,531) at 50 bp
resolution. Enrichments were processed as in ChlP-chip except the values were subjected to
a sliding window filter which replaced every enrichment value exceeding more than twice or

Mol Cell. Author manuscript; available in PMC 2018 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taneja et al.

Page 15

falling below 50% of average enrichment of its two neighbors by the average enrichment of
the neighboring positions. Additionally, the enrichments were subjected to a 500 bp
averaging window. When appropriate positions corresponding to deleted regions of the
mating type locus (RE/IA or KA) were excluded from the analysis, as were positions
corresponding to sequence shared by matiM and mat3M loci.

Flow Cytometry—Mid-log phase cells were fixed in 70% (v/v) cold ethanol. Cells were
arrested in early S phase by treatment with 12 mM HU for 4 h, washed twice with 50 mM
sodium citrate buffer and treated with 0.1 mg/ml RNase A at 37°C for 2 h. Cells were
stained with 1uM SYTOX Green (Invitrogen) at room temperature and the DNA content was
measured using a FACS Calibur flow cytometer (BD Biosciences).

Microscopy and Image Analysis—To quantify Rad11-GFP and Rad52-GFP foci, mid-
log phase cells were collected and imaged on a glass slide using DeltaVision Elite
microscope (GE Healthcare) with a 100x 1.4NA Plan Super Apochromat oil lens. Multiple z
sections 0.3um thickness were acquired and subsequently deconvoluted using SoftWoRX 6.0
(GE Healthcare).

BrdU Incorporation Assay and Analysis—The BrdU incorporation assay was
performed as previously described (Hayashi et al., 2007; Zofall et al., 2016). Cells carrying
the thymidine kinase expression module Pnmt1-TK and the nucleoside transporter module
were synchronized using the cadc25-22temperature sensitive allele. Cells were grown in
EMM media to ODsg5 0.1-0.2 and were blocked at the G2/M boundary by shifting to 36°C
for 4 h 15 min. Cells were released from the block by lowering the temperature to 26°C in
the presence of 200 uM 5-bromo-2’-deoxyuridine (BrdU) and 10 mM HU. Cells grown for
120 min in the presence of BrdU and HU were collected and fixed with 0.1% sodium azide
(w/v). After washing with PBS, cells were lysed using glass beads in lysis buffer (10 mM
Tris/HCI pH 8.0, 100 mM NaCl, 1 mM EDTA, 2% Triton X-100, and 1% SDS) combined
with phenol-chloroform. DNA was recovered from the aqueouS phase by ethanol
precipitation and was fragmented by sonication and treated with 2 ug RNase A. DNA was
purified using phenol-chloroform and then subjected to overnight immunoprecipitation at
4°C with mouse anti-BrdU antibody (BD Pharmingen) coupled to Dynal anti-mouse IgG
magnetic beads (Invitrogen). Immunoprecipitated DNA was washed and recovered as
described in the ChIP procedure. Immunoprecipitated and input DNA were random-prime
PCR amplified and analyzed on Agilent 4x44K microarrays as described for ChlP-chip. A
sliding window filter was applied for noise reduction, and enrichment data were smoothed
using the unweighted sliding average method over intervals corresponding to the DNA
fragment size after sonication (~1kb). BrdU incorporation was analyzed for a total of 67 Fft3
enriched loci in wild type and mutant strains. The nearest annotated origin of replication
upstream (relative to the direction of replication) of the local maximum of the BrdU trace
within a target region was identified. BrdU and Fft3 signal from the region running from the
position 2000 base pairs upstream to 20,000 base pairs downstream of this origin was then
used for composite trace construction. A spline curve (R function smooth.spline) (https://
www.r-project.org/) was fit to each individual BrdU incorporation trace and each Fft3-GFP
occupancy trace to allow for interpolation of a signal for every trace at every base. An
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average spline was subsequently fit to these interpolated values to produce the composite
trace. The resulting composite BrdU traces were plotted as curves with 1 standard deviation
envelopes while the Fft3-GFP traces are represented below as heatmap strips. For each
strain, separate composite traces were computed for chromosomes 1, Il, and I1I.

DRIP Assay—DNA/RNA hybrid immunoprecipitation (DRIP) was performed as
previously described (Ginno et al., 2012) with some modifications. cdc25-22 cells were
synchronized by blocking at the G2/M boundary by shifting to 36°C for 4 h 15 min and
were released by shifting to 26°C. Cells corresponding to maximum septation were collected
and treated with 0.1% sodium azide (w/v). Cells were lysed by 2.5 mg/ml Zymolyase-100T
treatment at 37°C for 40 min in PEMS buffer (100 mM PIPES/KOH pH 6.9, 1 mM EGTA, 1
mM MgSO,4 and 1.2 M sorbitol). The spheroplasts were resuspended in TE buffer
supplemented with 1% SDS and incubated at 65°C for 10 min. The chromatin fraction was
isolated by adding 175 ul of 5 M potassium acetate followed by a 5 min incubation on ice
and centrifugation at 16 k x g for 10 min at 4°C. Chromatin was precipitated with an equal
volume of isopropanol and the pellet was resuspended in TE and treated with 2 pg of RNase
A for 30 min followed by 100 ug of Proteinase K for 30 min at 65°C. DNA was gently
purified with phenol:chloroform (1:1) extraction followed by ethanol precipitation in the
presence of 30 ul of 3 M sodium acetate. Purified DNA dissolved in TE was digested with
50 U of Himrdlll, EcoRl, BsrGl, Xbal and Sspl with 2.5 g BSA at 37°C overnight. As a
negative control, half of the mix was treated with 3 pl of RNase H (NEB) overnight at 37°C.
DNA was phenol/chloroform extracted and immunoprecipitated overnight with 10 ul of S9.6
antibody (1 mg/ml) in 500 plI of binding buffer (10 MM NayHPQy4, 140 mM NacCl, 0.05%
Triton X-100) at 4°C. The immunoprecipitated DNA was recovered using Dynabeads
Protein A (Invitrogen) and washed three times with binding buffer. DNA was eluted in 100
ul of elution buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 0.5% SDS) followed by
treatment with 7 pl of Proteinase K (20 mg/ml) for 45 min at 55°C. Immunoprecipitated
DNA was purified using the QlIAquick-MinElute PCR Purification kit (QIAGEN).

Quantification and Statistical Analysis

Statistical parameters are reported in the Figures and Figure Legends.

Data and Software Availability

Accession number for genome-wide datasets deposited in NCBI GEO under the reference
number GEO: GSE88904. Accession link for original datasets deposited in Mendeley Data:
http://dx.doi.org/10.17632/srw6sh93by.1

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

SMARCAD1 homolog Fft3 suppresses histone turnover to promote
epigenetic inheritance

Fft3 facilitates epigenetic transmission of heterochromatin in dividing cells
Stabilization of nucleosomes at genes prevents R-loop replication barriers

Clr4/Suv39h suppresses R-loop accumulation and silencing defects in /137
cells
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Figure 1. Genetic Screen for Mutations that Specifically Affect Heterochromatin Maintenance
(A) Schematic of the matlocus showing the heterochromatic region surrounded by /R-Rand

/R-L boundary elements, and the strategy used to isolate mutants defective in silencing the
KA. ura4” locus carrying a deletion of the cenH heterochromatin nucleation element. RE//
and RE/I/indicate local silencer elements located adjacent to silent mat2P and mat3mM
mating-type cassettes, respectively. (B) Expression analysis of KA. ura4*and Kint2::ura4* in
WT and mutant backgrounds. Ten-fold serial dilutions of WT and mutants were spotted onto
non-selective (N/S) media, media lacking uracil (-Ura) and counter selective FOA-
containing (+FOA) media to assay for de-repression of wra4*. (C) Heterochromatin analysis
in KA ura4* and Kint2:.ura4® WT and UV21 backgrounds. The H3K9me2 fold enrichment
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at mat2P was determined by ChlIP-qPCR, relative to the control locus /eu. The normalized
value of WT is set to 1. Error bars indicate + SD (n=3).
See also Figure S1.
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Figure 2. The UV21 Mutant Is Associated with the SNF2 Family Chromatin Remodeler Fft3
(A) ldentification of the UV21 mutation by whole genome sequencing. The UV21 mutant

strain was backcrossed to WT and the phenotype was tracked by monitoring for de-
repression of wra4” inserted at the /mat locus. Segregants were subjected to whole genome
sequencing and nucleotide variant analysis. (B) Schematic representation of Fft3. The
position of the nonsense mutation associated with V21 is indicated. (C) Expression
analysis of KA :ura4*and Kint2::ura4* in UV21 and fft3A. Serial dilutions of WT and
mutants were spotted onto non-selective (N/S) media, media lacking uracil (-Ura) and
counter selective FOA-containing (+FOA) media to assay for de-repression of wra4*. (D)
Heterochromatin analysis in KA -ura4” and Kint2:.ura4* WT and mutant backgrounds. The
H3K9me2 fold enrichment at mat2P was determined by ChIP-gPCR, relative to the control

Mol Cell. Author manuscript; available in PMC 2018 April 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Taneja et al.

Page 24

locus /euv1. The normalized value of WT is set to 1. Error bars stand for + SD (n=3). (E)
Genome wide localization of Fft3. Fft3-GFP distribution along the S. pombe chromosomes
was determined by ChlP-chip. (F) Fft3 associates with heterochromatin domains. Fft3-GFP
was determined by ChIP-chip.

See also Figure S2.
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Figure 3. Variegated Loss of Heterochromatin at the REIIA Site in fft3A
(A) Schematic of the mat locus in the RE/IA strain, showing the location of the ura4*

insertion next to mat2P (top). Serial dilutions were spotted onto the indicated media. A panel
showing iodine staining at high magnification is displayed (right). Note that iodine staining
of 7ft3A yields a mixture of yellow and black colonies, in contrast to WT (all yellow) and
clr3A (all black). (B) Gradual loss of heterochromatin in 7723A cells. f#t3A cells selected for
transcriptionally silenced mat2P::ura4* (“Off”) on FOA-containing media were grown in
non-selective medium for either ~10 generations or ~24 generations. Colonies were grown
on an Edinburgh Minimal Medium (EMM) plate and subjected to iodine staining. The
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number of stained colonies was scored for each generation length. (C) WT and ##3A
selected for mat2P:.ura4* “Off” were grown in N/S media for 2, 6, 10 and 16 generations.
The H3K9me2 fold enrichment was determined by ChIP-gPCR (top) and wra4* silencing
was determined by RT-qPCR (bottom). The fold enrichment of H3K9me2 at mat2P relative
to the control /euz locus is shown as the mean + SD (n=3). The normalized value of WT is
set to 1. Similarly, expression of wra4” relative to the control locus act! is shown as the mean
+ SD (n=3). The normalized value of ura4* expression in WT is set to 1. (D) Loss of
silencing in cycling 77t3A cells. WT or 77t3A cells containing the cdc25-22 allele were
selected for mat2P::ura4” “Off” on FOA containing media, and were grown at 26°C or
arrested in G2 by shifting to 36°C. Cells were collected either immediately after the arrest
(Oh G2 arrest) or after an additional 2 hours of arrest (2h G2 arrest). Transcript levels of
ura4* relative to actl in WT (blue bars) and 77#3A (red bars) were determined by RT-gPCR
and are shown as the mean + SD (n=3).

See also Figure S3.
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Figure 4. Fft3 Suppresses Nucleosome Turnover at Heterochromatic Regions
(A) Experimental design used to measure histone H3-Flag incorporation. (B) H3-Flag

incorporation in fft3A was determined by microarray analysis following the schematic in (A)
and is shown for the KA. :ura4* matlocus. The signal is normalized to WT. (C)
Experimental design to analyze nucleosome retention at KA. ura4*. (D) The H3-Flag fold
enrichment relative to mitochondrial #RANA was determined by ChIP-gPCR for cycling WT
and fft3A cells at the indicated time points following the schematic in (C) and is shown as
the mean £ SD (n=3). The 0 hour value was set to 1 for comparison between different time
points. (E) Loss of CIr3 and Fft3 causes cumulative defects in cenH silencing. The relative
expression of cenH transcripts over actZ was determined by RT-gPCR in the indicated
strains and are shown as the mean + SD (n=3). (F) H3-Flag incorporation in 73, ¢/r3A and
the double mutant was determined by ChIP-chip following the schematic in (A) and is
shown for the indicated heterochromatic regions. Signals were normalized to WT.

See also Figure S4.
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Figure 5. fft3A Cells Display Replication Defects Across Various Euchromatic Loci
(A) FACS profiles of asynchronous (AS) 734, asynchronous WT and HU blocked WT

cells. (B) Fork progression at a highly transcribed gene (HTG) cut6” and a gene containing
short internal repeats (GIR) pfi2*, as determined by ChIP-chip analysis of BrdU
incorporation in WT and 7ft3A. The replication fork symbol on top indicates the direction of
fork progression. Fft3-GFP distribution is shown below. The locations of internal repeats are
marked within the ORF. Expression analysis (RNA) of the indicated loci is shown as a heat
map (bottom panel, yellow: high level of cDNA,; blue: transcriptionally cold region). (C)
ChIP-gPCR analysis of H3-Flag incorporation at loci with or without Fft3-GFP enrichment
in 77t3A normalized to WT. (D) Cumulative analysis of fork progression through a 20kb
region for 67 loci enriched with Fft3 (see Table S1) as determined by ChIP-chip analysis of
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BrdU incorporation in WT and 77t3A. The heat map below shows the distribution of Fft3-
GFP. (E) Box plot of the median of total BrdU incorporation at each of 67 loci (see Table
S1) enriched with Fft3, determined using ChIP-chip. The corresponding differences between
the two indicated strains are highly significant as determined by #test (p<0.0001). (F) Cells
lacking Fft3 accumulate single-stranded DNA. Rad11-GFP foci were scored in WT and
fft3A cells. (G) Cells lacking Fft3 require replication checkpoint proteins for survival. Serial
dilutions of the indicated strains were spotted onto non-selective media (N/S) for growth
analysis.

See also Figures S5, S6 and Table S1.
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Figure 6. Over-expression of Clr4 Rescues Defects Caused by Loss of Fft3
(A) Serial dilutions and iodine staining of the indicated strains are shown. (B) Growth

defects and genotoxin sensitivity of fft3A are suppressed by Clr4 overexpression. Plates
were incubated at 26°C for 5-6 days. (C) Analysis of fork progression as determined by
ChlIP-chip analysis of BrdU incorporation is shown for the highly transcribed gene (HTG)
cut6” and the pfl2* gene containing short internal repeats (GIR) in WT and c¢/r4A. The
replication fork symbol on top indicates the direction of fork progression. Fft3-GFP
distribution at the indicated loci is shown below. Expression analysis of the indicated loci is
shown as a heat map (bottom panel, high level of cDNA,; blue: transcriptionally cold region).
BrdU microarray data for c/r4AA and WT were generated previously (Zofall et al., 2016). (D)
Cumulative analysis of fork progression through a 20kb region at 67 loci enriched with Fft3-
GFP (see Table S1) as determined by ChIP-chip analysis of BrdU incorporation in WT and
clr4). Fft3-GFP distribution is shown below as a heat map. (E) Box plot of the median of
total BrdU incorporation at each of 67 loci (see Table S1) enriched with Fft3 as determined
using ChIP-chip. The corresponding differences between the two indicated strains are highly
significant as determined by #test (p<0.0001). (F) Cells lacking Fft3 and Clr4 show severe
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growth defects. Serial dilutions of the indicated strains were spotted onto non-selective
medium. (G) Rescue of R-loop formation in 7#3A cells by over-expression of Clr4.
Formation of R loops in WT (blue bars), f#3A (red bars), fft3A overexpressing Clr4 (orange
bars) and 77t3A with RNase H treatment (black bars) was determined by DRIP assay using
$9.6 antibody, followed by gPCR. Prior to ChIP with $9.6 antibody, chromatin fractions
were treated with RNase A. ChlIP data are quantified as the percentage of input DNA. Data
are shown as the mean + SD (n=2).

See also Figure S7 and Table S1
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Figure 7. Model Illustrating the Mechanism of Action of the Fft3 Chromatin Remodeler
Fft3 precludes the exchange of nucleosomes over heterochromatic as well as euchromatic

loci such as highly transcribed genes and genes containing short internal repeats. Loss of
Fft3 leads to unstable nucleosomes and a gradual loss of old H3K9me nucleosomes at
heterochromatic regions, causing defects in the propagation of heterochromatin. At
euchromatic loci, loss of Fft3 leads to an open chromatin structure and formation of R-loops
and/or aberrant structures, which further destabilize nucleosomes and impede replication
fork progression, causing replication defects.
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