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A Novel Histone Deacetylase Complex in the Control of Transcription
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The acetylation state of histones, controlled by histone acetyltransferases (HATs) and deacetylases (HDACs), profoundly affects
DNA transcription and repair by modulating chromatin accessibility to the cellular machinery. The Schizosaccharomyces pombe
HDAC ClIr6 (human HDAC1) binds to different sets of proteins that define functionally distinct complexes: I, I, and II. Here, we
determine the composition, architecture, and functions of a new Clr6 HDAC complex, I'’, delineated by the novel proteins Nts1,
Mug165, and Png3. Deletion of nts1 causes increased sensitivity to genotoxins and deregulated expression of Tf2 elements, long
noncoding RNA, and subtelomeric and stress-related genes. Similar, but more pervasive, phenotypes are observed upon Clr6
inactivation, supporting the designation of complex I'’ as a mediator of a key subset of Clr6 functions. We also reveal that with
the exception of Tf2 elements, the genome-wide loading sites and loci regulated by Clr6 I” do not correlate. Instead, Nts1 loads at
genes that are expressed in midmeiosis, following oxidative stress, or are periodically expressed. Collective data suggest that Clr6

I'’ has (i) indirect effects on gene expression, conceivably by mediating higher-order chromatin organization of subtelomeres
and Tf2 elements, and (ii) direct effects on the transcription of specific genes in response to certain cellular or environmental

stimuli.

pigenetic mechanisms, such as the covalent modification of

histones with certain chemical groups or entire proteins, exert
critical control over the structure and function of genomes (1). A
major and highly regulated type of histone modification is the
acetylation of lysine residues. Histone acetylation is controlled by
the concerted actions of histone acetyltransferases (HATs) and
histone deacetylases (HDACs) (2, 3).

HDAG:s fall into three main classes, I through III, based on
their phylogenetic relationship to the prototypical budding yeast
HDAG:, their subcellular localization, and their enzymatic activ-
ities. Like humans, the fission yeast Schizosaccharomyces pombe
possesses members of all three classes: Clr6 (class I, orthologue of
budding yeast Rpd3 and human HDAC1/2), Clr3 (class II, part of
SHREC and orthologous to budding yeast Hdal), and Sir2/Hst2/
Hst4 (class III). Clr6 is an essential gene; compromising its func-
tion leads to increased bulk histone acetylation levels with pleio-
tropic consequences: the upregulation of RNA from protein-
coding, subtelomeric, long noncoding RNA genes and repetitive
elements, abnormal chromosome structure, and increased sensi-
tivity toward DNA-damaging agents (4-6).

Like budding yeast Rpd3, Clr6 exists in two complexes that
regulate euchromatin and heterochromatin in similar manners
(5). Complex I includes the essential proteins Sds3, Prwl, Pstl/3,
Rxt2/3, and Laf1/2. It deacetylates somewhat preferentially gene
promoters, thus regulating sense transcription of protein-coding
genes. It also controls sense transcription of the dg/dh repeats that
are found at all major heterochromatic sites in fission yeast (7).
Complex I1, which includes the nonessential proteins Pst2, Alp13,
and Cphl/2, preferentially deacetylates intragenic regions and re-
presses antisense transcription of protein-coding genes and that of
dg/dh repeats. Thus, compromising the integrity of complex II
leads to a pervasive increase in the levels of antisense RNAs, which
are processed by the exosome. Complex II deficiency also causes
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genotoxin sensitivity, likely through the misregulation of chroma-
tin structure.

Besides dg/dh repeats, Clr6 also controls other repetitive ele-
ments, such as the T2 retrotransposons. Cells carrying the tem-
perature-sensitive allele clr6-1 exhibit increased levels of RNA
from both the Tf2long terminal repeat (LTRs) and the intervening
retrotransposase open reading frame (ORF), which are normally
very low (8, 9). Similar transcriptional defects arise in cells lacking
the class [ HDAC Clr3, the three partially redundant fission yeast
CENP-B-like proteins Abpl, Cbhl, and Cbh2, or the histone
chaperone complex HIRA (Hipl1, -3, or -4, SIm9, and Clal), indi-
cating functional overlap of these proteins at retrotransposons
(9-12). Indeed, the recruitment of Clr6 to Tf2 retrotransposons is
mediated in part by Abp1, which binds a 10-nucleotide (nt) AT-
rich motif found in the Tf2 LTRs.

Loss of function of Abp1, Cbh1, Cbh2, Clr6, and Clr3, as well as
the class III HDACs Hst2 and Hst4, also compromises the integ-
rity of Tf bodies, which are subnuclear structures into which
Tf2 elements cluster (8, 12). Tf bodies are proposed to keep
retrotransposons in a silenced state, thus helping maintain ge-
nome stability by preventing uncontrolled retrotransposition.
The histone methyltransferase Setl suppresses transcription of
Tf2 elements and also maintains the integrity of Tf bodies (12).
Interestingly, although its functions are largely overlapping with
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TABLE 1 List of the yeast strains used in this study

New HDAC1/CIr6 Histone Deacetylase Complex

TABLE 1 (Continued)

Source or

Strain Genotype” reference

NB511I  nse3-1-myc,s:kanMX6 h™ 52

NB526 nsel-1-myc, kanMX6 h™* 52

NB527 nse2-1-myc, zkanMX6 h™* 52

NB835 nse6::kanMX6 h™ 28

NB895 nse5::kanMX6 h™ 28

NB780 h*

NB781 h~

NB1533  nse4-3-3HA:hphMX6 h™

NB3679  pREP(adh):ura4" integrated at arsl h™~

NB4066  ntsl-eGFP:hphMX6 h™*

NB4969  ntsl-eGFP:hphMX6 cdc25-22

NB4091  ntsl:zhphMX6 h*

NB4541  clr6-myc,5:hphMX6 h~

NB4607  clr6-myc,5:hphMX6 nts1-TAP:kanMX6

NB4608  clr6-myc,5:hphMX6 mugl65-TAP:kanMX6

NB4609  clr6-myc,; 5:hphMX6 png3-TAP:kanMX6

NB4610  clr6-myc, 5:hphMX6 fkh2-TAP:kanMX6

NB4542  sds3-myc;5:hphMX6 h™

NB4611  sds3-myc,5:hphMX6 nts1-TAP:kanMX6

NB4612  sds3-myc, 5:hphMX6 mugl65-TAP:kanMX6

NB4613  sds3-myc,;:hphMX6 png3-TAP:kanMX6

NB4614  sds3-myc,;:hphMX6 fkh2-TAP:kanMX6

NB4093  ntsl-myc;;:hphMX6 h™*

NB4619  ntsl-myc,5:hphMX6 fkh2-TAP:kanMX6

NB4615  ntsl-myc,;:hphMX6 clr6-TAP:kanMX6

NB4617  ntsl-myc,;:hphMX6 mugl65-TAP:kanMX6

NB4616  ntsI-myc,5:hphMX6 sds3-TAP:kanMX6

NB4618  ntsl-myc,; 5:hphMX6 png3-TAP:kanMX6

NB4543  mugl65-myc,s:hphMX6 h™

NB4623  mugl65-myc, 5:hphMX6 fkh2-TAP:kanMX6

NB4621  mugl65-myc, :hphMX6 nts1-TAP:kanMX6

NB4573  mugl65-myc, :hphMX6 clr6-TAP:kanMX6

NB4574  mugl65-myc,5:hphMX6 sds3-TAP:kanMX6

NB4622  mugl65-myc, s:hphMX6 png3-TAP:kanMX6

NB4605  png3-myc, :hphMX6 h™

NB4649  png3-myc,5:hphMX6 fkh2-TAP:kanMX6

NB4647  png3-myc,5:hphMX6 nts1-TAP:kanMX6

NB4645  png3-myc,s:hphMX6 clr6-TAP:kanMX6

NB4648  png3-myc,; :hphMX6 mugl65-TAP:kanMX6

NB4646  png3-myc,5:hphMX6 sds3-TAP:kanMX6

NB4606  fkh2-myc,;:hphMX6 h™

NB4652  fkh2-myc,5:hphMXG6 nts1-TAP:kanMX6

NB4650  fkh2-myc, 5:hphMX6 clr6-TAP:kanMX6

NB4653  fkh2-myc, 5:hphMX6 mugl65-TAP:kanMX6

NB4651  fkh2-myc,;:hphMX6 sds3-TAP:kanMX6

NB4708  fkh2-myc,;:hphMX6 png3-TAP:kanMX6

NB4869  png2-myc, :hphMX6 h™

NB4876  png2-myc,5:hphMX6 nts1-TAP:kanMX6

NB4875  png2-myc,:hphMX6 clr6-TAP:kanMX6

NB4900  alpl3-myc,5:hphMX6 h~

NB4915  alp13-myc,5:hphMX6 nts1-TAP:kanMX6

NB4614  alp13-myc,:hphMXG6 clr6-TAP:kanMX6

NB4724  mugl65-myc,5:hphMX6 sds3-TAP:kanMX6
ntsl:hphMX6

NB4725  mugl65-myc,:hphMX6 sds3-TAP:kanMX6
png3:hphMX6

NB4726  png3-myc,s:hphMX6 mugl65-TAP:kanMX6
ntsl::hphMX6

NB4723  mugl65-myc, :hphMX6 nts1-TAP:kanMX6
png3:hphMX6

NB4720  ntsI-myc,5:hphMX6 sds3-TAP:kanMX6
mugl65::hphMX6

NB4721  ntsl-myc,5:hphMXG6 sds3-TAP:kanMX6 png3::hphMX6

NB4727  png3-myc,5:hphMX6 sds3-TAP:kanMX6 nts1:hphMX6

NB4728  png3-myc,; 5:hphMX6 sds3-TAP:kanMX6
mugl65:hphMX6

NB4722  ntsl-myc,;:hphMX6 png3-TAP:kanMX6
mugl65:hphMX6

NB4545  mugl65:hphMX6

NB4748  png3:natMX6

NB4757  nse6:kanMX6 pREP(adh)-nts1 " :ura4™ integrated at arsl

NB4759  ntsl:hphMX6 mugl65:natMX6

NB4760  ntsl:hphMX6 png3::natMX6

NB4762  mugl65:hphMX6 png3::natMX6

NB4770  pREP(adh)-ntsl*:ura4™ integrated at arsl h™~

NB4777  nse6:kanMX6 pREP(adh):ura4™ integrated at arsl h™

NB4828  ntsl:natMX6 mugl65:hphMX6 png3:natMX6

NB4718  clr6-1 Derived from
reference 4
NB5313

NB5130

clr6-1 ntsl:natMX6
nts1-FLAG ;:kanMX6 SPNCRNA.276/30::hphMX6
pNZ84(pJK148-based):leul ™
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Source or
Strain Genotype” reference
NB5132  nts1-FLAG;:kanMX6 SPNCRNA.276/30::hphMX6
pNZ86(pJK148-based):leul *
NB5133  nts1-FLAG5:kanMX6 SPNCRNA.276/30::hphMX6
pNZ87(pJK148-based):leul ™
NB4228  ntsl-FLAG;::kanMX6
NB5053  ntsI-FLAG;:kanMX6
NB1367  nse2-FLAG;:kanMX6
NB5090  sds3-FLAG::kanMX6
NB5091  sds3-FLAGs::kanMX6 ntsl:natMX6
NB5094  sds3-FLAG ;:kanMX6 ntsl:natMX6 mugl65:hphMX6
png3:natMX6
NB4849  clr4:natMXG6 otr1(Sphl)::ura4™ ade6-210 53
NB5276  tf2-2(LTR-lacZ):urad™ Derived from
reference 11
NB5280  #f2-2(LTR-lacZ):ura4™ ntsl:natMX6
NB5277  tf2-3(LTR-lacZ):ura4™ Derived from
reference 11
NB5281  #f2-3(LTR-lacZ):urad™ ntsl:natMX6
NB5278  t2-10(LTR-lacZ):ura4™ Derived from
reference 11
NB5282  tf2-10(LTR-lacZ):ura4™ ntsl:natMX6
NB5279  tf2-11(LTR-lacZ):ura4™ Derived from
reference 11
NB5283  #2-11(LTR-lacZ):urad™ ntsl:znatMX6

@ All strains are of ura4-D18 leul-32 background genotype, unless otherwise stated.
Double colons represent knockouts; single colons represent tagging.

Abp1 with respect to silencing of T2 element sense transcription,
Abpl and Setl control antisense transcription through different
mechanisms (12).

In a screen for genes whose overexpression can suppress the
phenotypes caused by structural maintenance of chromosome
complex Smc5-Smc6 deficiency, we identified a previously un-
characterized gene that we called ntsi. Here, we demonstrate that
Ntsl is a nuclear protein, which together with two other previ-
ously uncharacterized proteins, Mug165 and Png3, maintains ge-
nome stability. Moreover, Nts1, Mugl65, and Png3 define a new
variant of the Clr6 complex I that controls the expression of Tf2
elements and subtelomeric, noncoding RNA (ncRNA), and stress-
related genes.

MATERIALS AND METHODS

Strains and growth conditions. Standard fission yeast culture and han-
dling were used as described in reference 13. All strains are of genotype
ura4-D18 leul-32 unless otherwise stated. Table 1 contains a list of the
strains used to prepare this report.

Spot assay. Yeast was propagated in yeast extract with supplements
(YES medium) at 30°C to logarithmic phase (optical density at 600 nm
[ODgqo] of 0.6 to 0.8), spotted on YES agar supplemented with the
relevant drug in 5-fold dilutions from a starting OD,, 0f 0.5, and then
incubated at 30°C for 2 to 3 days. A Stratalinker-1800 cross-linker
instrument (Stratagene, La Jolla, CA) was used to irradiate plates with
UV light at 365 nm.

Fluorescence microscopy. Images of live cells were captured on an
Eclipse E800 microscope (Nikon Metrology, Brighton, MI), and images
were acquired with a Quantix camera (Photometrics, Tucson, AZ).

Preparation of whole-cell extracts and Western blotting. Denatured
whole-cell extracts were prepared as described in reference 14. A total of
50 g of protein was resolved on 4 to 20% Tris-glycine gels (Expedeon,
San Diego, CA) and transferred to a nitrocellulose membrane with an
iBlot dry blotting transfer system (Life Technologies, Carlsbad, CA). The
membrane was blocked in 5% (wt/vol) nonfat milk in Tris-buffered saline
solution with 0.1% (vol/vol) Tween 20 before being blotted first with
antibodies against the FLAG epitope (M2; Sigma-Aldrich, Saint Louis,
MO) and then an IRDye-conjugated secondary antibody (Li-Cor, Lin-
coln, NE). The membrane was imaged on an ODYSSEY scanner (Li-Cor).
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Purification of FLAG;-Nts1-TAP. For proteomic analysis of immu-
noprecipitated Ntsl, exponentially growing cells (8,000 OD, units)
were washed, resuspended with 0.25 cell pellet volumes of 20 mM HEPES
(pH 7.6) and 50 mM NaCl, flash-frozen as “popcorn,” ground in a pestle
grinder (Retsch, Newtown, PA) until >75% had lysed, and resuspended
in 90 ml of 20 mM HEPES (pH 7.6), 150 mM NaCl, 1 mM EDTA, 0.8%
(vol/vol) NP-40, 10% (vol/vol) glycerol, 2 mM phenylmethylsulfonyl flu-
oride (PMSF), and 1X Complete protease inhibitors (Roche, Indianapo-
lis, IN). The lysate was cleared by centrifugation at 20,000 X g for 30 min
at 4°C, adjusted to 100 ml at 15 mg ml~" of total protein, and incubated
with 0.5 ml of preequilibrated IgG resin (GE Healthcare Life Sciences)
overnight at 4°C with rotation. Next, the resin was washed three times
with 2 ml of the lysis solution described above without protease inhibitors,
once with 50% of the same solution and 50% of 20 mM HEPES (pH 7.6),
150 mM NacCl, 0.1% (vol/vol) NP-40, and 1 mM EDTA, and once with
100% of the latter solution. The IgG resin was resuspended with 0.75 ml of
the latter solution supplemented with 0.75 mM dithiothreitol (DTT) and
500 U of tobacco etch virus (TEV) protease (Eton Biosciences, San Diego,
CA) and incubated at room temperature for 4 h with rotation. The resin
was washed three times with 0.5 ml of the same solution used for prote-
olysis, which was combined with the eluate, supplemented with 0.25 ml of
preequilibrated anti-FLAG resin (M2; Sigma-Aldrich), and incubated
overnight at 4°C with rotation. The anti-FLAG resin was washed three
times with 1 ml of the same solution used for binding to the anti-FLAG
resin and eluted five times for 20 min with 0.25 ml of the same solution
supplemented with 0.5 pg ml~' 3X FLAG peptide (F4799; Sigma-Al-
drich). The eluted proteins were trichloroacetic acid (TCA) precipitated,
washed in ice-cold acetone, and subjected to mass spectrometry.

For the large-scale chromatin immunoprecipitation (ChIP) assay, 700
ODg, units of cells were processed in 14 equal aliquots as per the ChIP
assay described below to yield 10 ml of whole-cell extract at 15 mgml ™' of
total protein. This lysate was supplemented with 200 pl of IgG resin and
processed as described above, with the only difference being that the vol-
ume of the washes was halved. The anti-FLAG resin was washed as per the
ChIP assay described below, using a volume of 10 ml for each wash, and
eluted twice with 0.5 ml of 10 mM Tris (pH 8), 1 mM EDTA, and 1%
(vol/vol) SDS for 15 min at 70°C. The eluted DNA was de-cross-linked
and recovered as per the ChIP protocol described below.

Mass spectrometry. Protein samples were denatured, reduced, alky-
lated, and digested with trypsin (15, 16). The digested proteins were
loaded onto a triphasic MudPIT column (3 cm of reversed-phase resin
followed by 3 cm of strong cation-exchange resin and ending with 10 cm
of reversed-phase resin) that was connected in line with a 1200 quaternary
high-performance liquid chromatography (HPLC) pump (Agilent Tech-
nologies, Santa Clara, CA) and electrosprayed directly into an LTQ Or-
bitrap XL mass spectrometer (Thermo Scientific, Waltham, MA) using a
10-step MudPIT method (15, 16). Tandem mass spectrometry (MS/MS)
spectra were extracted using RawXtract and searched with Sequest against
the Schizosaccharomyces pombe UniProt database (17). Sequest results
were assembled and filtered using DTASelect (18, 19). Peptide identifica-
tions were filtered using a false-positive rate of 0.05 as estimated using a
decoy database approach (20).

Coimmunoprecipitation. Whole-cell extracts for coimmunoprecipi-
tation studies were prepared from 50 ODg, units of cells by bead beating
and centrifugation as described in reference 14 in 20 mM HEPES (pH 7.6),
150 mM NaCl, 1 mM EDTA, 0.5% (vol/vol) NP-40, 10% (vol/vol) glyc-
erol, 1X Complete protease inhibitor cocktail, and 2 mM PMSF. The
lysates were adjusted to 1 mlat 2 g wl ™" total protein and incubated with
20 pl of IgG-Sepharose 6 resin (GE Healthcare Life Sciences, Pittsburgh,
PA) for 2 h at 4°C with rotation. The beads were washed 4 times in 0.5 ml
of the lysis buffer described above, without protease inhibitors, and eluted
in 40 pl of 1.5X NuPAGE lithium dodecyl sulfate (LDS) sample buffer
(Life Technologies) supplemented with 100 mM DTT at 95°C for 5 min.
For Western blotting, we loaded 20 g of total protein for the input sam-
ples and 20% (vol/vol) of the immunoprecipitate eluate. Blotting of TAP
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and Myc tags was done with the peroxidase-antiperoxidase complex (PAP
antibody; Sigma-Aldrich) and an anti-Myc antibody (9E10; in house),
respectively.

RNA extraction, microarray analysis, and reverse transcription-
quantitative PCR (RT-qPCR). Total RNA was extracted from ~5 ODy,
units of exponentially growing cells (three independently harvested
batches) by the hot-phenol method as described in reference 21. Microar-
ray analysis was carried out as described in reference 22 using a custom-
designed 44K microarray chip (Agilent Technologies), with the following
modifications. For labeling, Alexa Fluor 555- or 647-labeled cDNA was
produced from the RNA with a Superscript direct cDNA labeling system
(Life Technologies) and Alexa Fluor dUTP label mix. The cDNA was
purified using a PureLink PCR purification system (Life Technologies).
The cDNA was hybridized to the array using a gene expression hybridiza-
tion kit (Agilent Technologies). Following hybridization for at least 17 h,
the chip was washed using a gene expression wash buffer kit (Agilent
Technologies). The data were normalized using a customized R script
which combines local normalization (22) and global normalization
(“normalizeWithinArrays” function from Limma package using the
LOESS method). Enrichments were determined by using a test in Gene-
Spring (Agilent Technologies) based on the hypergeometric distribution.

For RT-qPCR, 15 pg of total RNA was incubated with DNase I (3 Us;
NEB, Ipswich, MA) in a 100-pl reaction mixture as described by the
manufacturer. DNase-treated RNA was purified with the RNeasy Plus
minikit (Qiagen, Germantown, MD) by following the manufacturer’s in-
structions. A total of 1 pg of DNase-treated total RNA was reverse tran-
scribed using the EasyScript cDNA synthesis kit (Lamda Biotech, Ballwin,
MO) in a total volume of 20 .l with 2 wM dT,, by following the manu-
facturer’s instruction. The completed reactions were diluted 10-fold, and
5wl of these dilutions was used as the template in 20-pl gPCR mixtures
using the EvaGreen Mastermix-S (Lamda Biotech), as described by the
manufacturer.

Statistical analysis of clustering of ntsI-regulated genes. To deter-
mine whether ntsl-regulated genes cluster at specific chromosomal loca-
tions, we sorted all nucleus-encoded fission yeast genes by their chromo-
somal locations (6,984; Ensembl v.13) (23) and used Fisher’s exact test to
measure the degree and significance of the overlap between a sliding win-
dow of 100 genes and ntsI-regulated genes. P values were corrected for
multiple testing using the Bonferroni correction (“p.adjust” in R, http:
/Iwww.R-project.org).

We used “phyper” in R to calculate the significance of overlap between
ntsl-regulated genes and those genes that directly overlap, or are within
500 bp of, Tf2 LTRs or solo LTRs. P values represent the probability of
observing the same number of overlaps, or more, by chance, assuming a
hypergeometric distribution. We also evaluated the number of gene-LTR
overlaps that would occur by chance. We randomly selected a set of genes
from all nucleus-encoded fission yeast genes and measured the degree of
overlap with those genes that directly intersect with, or are within 500 bp
of, Tf2 LTRs or their remnants. This step was repeated 1,000 times (per-
mutations) for each list of ntsI-regulated genes. These random gene sets
were equal in size to their corresponding lists of ntsI-regulated genes.

ChIP and qPCR. Cells (45 to 50 ODg, units) in 50 ml of growth
medium were fixed in 1% (wt/vol) formaldehyde for 25 min at room
temperature. The reaction was stopped by adding 2.6 ml of 2.5 M glycine.
After the cells were extensively washed in Tris-buffered saline solution,
they were lysed by bead beating as described in reference 14 in 0.5 ml of 50
mM HEPES (pH 7.6), 140 mM NaCl, 1 mM EDTA, 0.1% (vol/vol) Triton
X-100, 1 mM PMSF, and 1X Complete protease inhibitor cocktail. Fol-
lowing the addition of Triton X-100 to 1% (vol/vol), chromatin was
sheared by sonication in a Misonix Sonicator 3000 (Farmingdale, NY; 15
cycles of 30 s on at maximum intensity and 1 min off). The lysates were
cleared by centrifugation and adjusted to 1 mlat 5 pg wl™ ' or 2.5 pg ul ™"
total protein, as determined by the Bradford assay, for immunoprecipita-
tion against the FLAG tag or H3K9ac, respectively. After being precleared
with 10 pl of preequilibrated bovine serum albumin (BSA)-blocked pro-
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FIG 1 Ntsl is a nuclear protein that plays a role in genome stability. (A) Cells producing Nts1-enhanced green fluorescent protein (eGFP) were imaged by live
fluorescence microscopy. The length of the bar equals 10 wm. (B and C) The noted strains were serially diluted onto rich medium (B) or Edinburgh minimal
medium (C) in the presence of the indicated drugs and grown at 30°C. pEmpty, pREP2; O/E nts1 ", pREP4-nts1™ (ntsI™ overexpression).

tein G MagBeads (GenScript, Piscataway, NJ) for 1 h at 4°C with rotation,
the lysates were supplemented with either an anti-FLAG antibody (M2, 10
g; Sigma-Aldrich) or anti-H3K9ac serum (number 39137, 4 pl; Active-
Motif, Carlsbad, CA). After 2 h at 4°C with rotation, 10 pl of preequili-
brated BSA-blocked protein G MagBeads was added to the samples and
incubated for one more hour at 4°C with rotation. Next, the beads were
washed three times for 10 min with 1 ml of 50 mM HEPES (pH 7.6), 140
mM NaCl, 1 mM EDTA, 1% (vol/vol) Triton X-100, and 0.1% (vol/vol)
sodium deoxycholate, twice more in the same buffer but containing 500
mM NaCl, twice in 10 mM Tris-HCI (pH 8), 250 mM LiCl, 1 mM EDTA,
0.5% (vol/vol) NP-40, and 0.5% (vol/vol) sodium deoxycholate, and once
in Tris-EDTA solution. DNA was eluted from the MagBeads with 150 pl
of 10 mM Tris (pH 8), 1 mM EDTA, and 1% (vol/vol) SDS for 15 min at
70°C. De-cross-linking was performed overnight at 65°C. DNA was puri-
fied with Qiagen’s PCR purification kit, eluted in 50 pl of water, and
diluted 5-fold. A total of 5 pl of each of these samples was used as the
template in 20-pl qPCR mixtures by using the EvaGreen Mastermix-S
(Lamda Biotech), as described by the manufacturer.

Deep sequencing. Libraries from the Nts1 input and ChIP DNA sam-
ples were prepared by the nucleic acid core of The Scripps Research Insti-
tute and sequenced on a HiSeq instrument (Illumina, San Diego, CA) by
following the manufacturer’s instruction. The raw data sets were analyzed
as follows: removal of the first 6 and last 47 nt of each read, filtering to keep
only reads with 95% of nucleotides with a quality score of >28, alignment
to the reference genome (BOWTIE, -q -p 8 -S -n 2 -e 70 -1 40 —maxbts 800
-y -k 1-best —phred33-quals) (24), sorting of the aligned reads and re-
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moval of PCR duplicates, random down sampling (40%) of the input to
compensate for the smaller number of unique aligned reads in the ChIP
sample (PICARD; http://picard.sourceforge.net), and peak finding
(MACS and HOMER) (25, 26).

Assay of B-galactosidase activity in yeast. Exponentially growing
cells (1 ODg,, unit) were resuspended in 350 pl of culture medium, flash-
frozen in liquid nitrogen, and thawed at room temperature. 3-Galactosi-
dase activity was assayed using the yeast 3-galactosidase assay kit (Pierce,
Rockford, IL), as described in the manufacturer’s manual, at 37°C for 1 h.

RESULTS

Ntsl is a nuclear protein with roles in maintaining genome sta-
bility. To shed light on how the structural maintenance of chro-
mosome complex Smc5-Smc6 functions, we carried out a genetic
screen for high-copy-number suppressors of a mutation in its
Nse5 subunit, which will be described in detail elsewhere. This
screen produced several hits, one of which was the hypothetical
gene SPCC24B10.19C, here called nts1 (nse5™ suppressor 1). ntsl
codes for a protein that localized to the nucleus, with some cells
displaying a “focus” of Ntsl near the nucleolar rim (Fig. 1A).
Deleting nts1 by replacing its open reading frame with a selectable
marker (27) produced viable cells. Although unchallenged nts1A
cells grew as well as the wild type, they were sensitive to relatively
high concentrations of the ribonucleotide reductase inhibitor hy-
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droxyurea (HU) and the topoisomerase I poison camptothecin
(CPT) but not UV light (Fig. 1B). We also found that they were
somewhat resistant to the microtubule-depolymerizing agent thi-
abendazole (TBZ).

The most striking genome stability phenotype related to
ntsl is observed upon its overexpression, rather than deletion,
which causes only mild genotoxin sensitivities. Overexpressing
nts1* dramatically rescued the sensitivity to DNA-damaging
agents of nse5A and nse6A mutants (Fig. 1C). Nse5 and Nse6
are two nonessential core subunits of the Smc5-Smc6 complex.
They form an obligate dimer within the larger complex that
deals with blocks to replication fork progression by as-yet-
undefined mechanisms, which depend on homologous recom-
bination (28). This phenotype is strikingly specific, because
overexpressing nts1 " did not rescue the genome instability of
Smc5-Smc6 mutants other than nse5A or nse6A (Fig. 1C) or
other DNA repair mutants (data not shown). Thus, ntsI™* over-
expression specifically bypasses the unique functions of Nse5-
Nse6 within the larger Smc5-Smc6 complex. Overall, these re-
sults show that Nts1 is a nuclear protein that plays a role in the
cellular response to genotoxins.

Nts1 is part of the Clr6 HDAC. In order to gain insight into the
potential roles of Nts1, we affinity purified it from whole-cell ex-
tracts of cells producing FLAG;-Nts1-TAP and analyzed its asso-
ciated proteins by multidimensional protein identification tech-
nology (MudPIT). Extracts from wild-type cells served as a
control to identify the proteins that spuriously carried through the
purification. We identified 268 proteins in the FLAG;-Nts1-TAP
purification. Twenty-four of these were observed in the control
sample and were disregarded a priori. Highly abundant proteins
that commonly copurify with affinity-purified protein, e.g., ribo-
somal proteins, were also screened out. Many of the remaining top
hits, noted by footnote ¢ in Table 2, were known components of
the Clr6 HDAC, such as Sds3, Prw1, Pstl/3, Rtx2/3, and Laf1/2 (5,
29). In addition, the forkhead transcription factor Fkh2, which is
known to interact with the budding yeast Rpd3 HDAC (30), and
the uncharacterized proteins Mugl65 and Png3 were also highly
represented. To verify that Ntsl is part of the Clr6 HDAC, we
appended a TAP tag to the endogenous ntsI gene in a strain where
clr6 had been fused to a myc, ; epitope, and vice versa, and carried
out TAP tag pulldowns followed by Western blotting. These assays
confirmed that Nts1 did indeed interact with Clr6 (Fig. 2A) and
vice versa (Fig. 2B). Our mass spectrometry analysis also identified
multiple subunits of three other complexes: the regulatory cap of
the proteasome (Rpt3 to Rpt6), the RSC (Rsc58 and Ssr3), and
INO80 (Rvb1/2) chromatin-remodeling complexes. Yet, we did
not detect any of these three complexes in Nts1-TAP immunopre-
cipitates by Western blotting (data not shown). This is consistent
with the fact that such complexes are relatively poorly represented
at the peptide level in the mass spectrometry data set (Table 2).
Therefore, we conclude that Nts1 is a genuine and novel compo-
nent of the Clr6 HDAC.

Nts1, Mugl65, and Png3 define a new variant of Clr6 com-
plex L. Since the Clr6 HDAC subunits that copurified with Nts1
(Table 1) specifically belonged to complex I (Sds3, Prwl, Pstl/3,
Rtx2/3, Laf1/2) but not complex I' (Cti6, Depl, and Png2) or
complex II (Pst2, Alp13, Cphl1/2) (5, 29), we hypothesized that
Ntsl defined a unique Clr6 complex I entity. In fact, Western
blotting of immunoprecipitated Png2 or Alp13, as representative
members of complex I" and II, respectively, showed very little, if
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TABLE 2 List of proteins that were detected by mass spectrometry in a

pulldown of Nts1?
NSAFe5 score?
FLAG;-Ntsl-  Control  Rank

Protein Gene ID TAP PD PD no.
Nts1? SPCC24B10.19c 5211 0 8
Sds3¢ SPAC25B8.02 2942 0 13
Prwl® SPAC29A4.18 2319 0 18
Clr6® SPBC36.05¢ 1916 0 21
Mugl65° SPAC5D6.02¢ 1747 0 22
Png3°“ SPAC16E8.12¢ 1628 0 24
PstlI® SPBC12C2.10c 1020 0 47
Pst3°¢ SPBC1734.16¢ 674 0 65
Fkh2¢ SPBC16G5.15¢ 631 0 69
Rtx3° SPCC1259.07 577 0 71
Histone H2B SPCC622.09 399 0 94
Laf2¢ SPCC1682.13 324 0 98
Rxt2° SPBC428.06¢ 300 0 100
Histone H4 Multiple 163 0 120
Laf1¢ SPAC14C4.12¢ 136 0 126
Rad25 SPAC17A2.13¢ 129 0 127
Rad24 SPAC8E11.02¢ 129 0 128
Nop56 SPBC646.10c 93 0 133
Mlo3 SPBC1D7.04 77 0 137
Histone H2A Multiple 74 0 138
HMG box protein SPBC28F2.11 63 0 142
Rvbl SPAPBS8E5.09 61 0 144
Rpt4 SPCC1682.16 58 0 146
Tegl SPBC660.11 32 0 156
Rpt3 SPCC576.10c 29 0 161
Meu27 SPCC1259.14c 28 0 162
Rpt6 SPBC23G7.12¢ 28 0 163
Predicted ubiquitin ~ SPBC106.13 28 0 164

ligase subunit
Nop58 SPAC23G3.06 28 0 165
Rpt5 SPAC3A11.12¢ 26 0 169
Ogal SPBC16A3.08¢ 25 0 172
Rsc58 SPAC1F3.07¢c 24 0 173
Predicted human SPBC215.06¢ 24 0 177

LYAR homologue
Cpc2 SPAC6BI12.15 22 0 181
Umpl SPCC14G10.03¢ 22 0 184
Ssr3 SPAC23G3.10c 16 0 199
Rvb2 SPBC83.08 15 0 205
But2 SPBC3D6.02 14 0 209
Rpnll SPAC31G5.13 9 0 232
Tcil SPBC16D10.01c 8 0 235
Tubulin (B subunit) SPBC26H8.07¢ 6 0 241
Tubulin (o subunit)  Multiple 6 0 242
Rsc4 SPBC1734.15 5 0 249
Cdc22 SPAC1F7.05 3 0 258
Cdc48 SPAC1565.08 3 0 259

“ Ntsl interacts with several components of the Clr6 HDAC.

b Target protein subjected to affinity purification.

¢ Top hits that are known components of the Clr6 HDAC.

4 PD, pulldown. NSAFe5 is a semiquantitative assessment of protein abundance.

any, recovery of Ntsl (Fig. 3A). On the other hand, Clr6, which
served as a positive control, strongly coprecipitated with both
Png2 and Alp13. Thus, the Nts1-Clr6 complex is distinct from
complexes I" and II.

In addition to pulling down several components of the
Clr6 HDAC, Ntsl strongly copurified with Mugl65 and Png3

Molecular and Cellular Biology


http://mcb.asm.org

A
fffff e @ - Nts1-TAP
———————— ® @ -------Mug165-TAP
777777777777 ®--—-—-—--------------@----Png3-TAP
wa @ ® - Fkh2-TAP
100 - e -
| - =
-— -
50- . _ ~— == |aTAP
100 -

— — -—‘ - CIr6-myc,,

75"“‘---

100- - i
75- - - fe=}
= -
50- W oTAP
}m ---—{ ~ Sds3-myc,,
50 -
Input (1%) Pull-down (25%)

TAP

New HDAC1/CIr6 Histone Deacetylase Complex

kDa
100~ - @ | < Fkh2-TAP
75-
= . ~ CIr6-TAP
- .- ~ Mug165-TAP
50 - | Sds3-TAP
= > Png3-TAP
752 —— — o— o— - - — |~ Nts1-myc,,
By Oy w— - -— - —
100~ — | = Fkh2-TAP
75" s = Nts1-TAP
- & - = CIr6-TAP
50~ e e __ | -Sds3-TAP
~ Png3-TAP
757 o e e oo ey e esEnE» - - = Mug165-myc,,
100 - — |=Fkh2-TAP
75- - - Nts1-TAP
- & - ~ CIr6-TAP
.- - : v ~ Mug165-TAP
5 - ~ Sds3-TAP
v es e o= = oreveve> ‘ -~ Png3-myc,,
50-
75- — o = Nts1-TAP
- ® - ~ CIr6-TAP
- ™ |~ Mug165-TAP
50- ==Y __|=Sds3-TAP
~ Png3-TAP

15| RGN - - ‘< Fkh2-myc,,

Input (1%)

Pull-down (20%)
TAP

FIG 2 Nts1, Mugl65, Png3, and Fkh2 are integral components of the Clr6 HDAC. (A and B) TAP-tagged proteins were captured on IgG-Sepharose from
whole-cell lysates of strains producing the indicated TAP- and Myc-tagged proteins and analyzed by peroxidase-antiperoxidase and anti-Myc Western
blotting. Input samples were 1% of the total protein used in the pulldown. For the pulldown samples, we loaded 20% (or 25%) (vol/vol) of the IgG resin

eluate.

(Table 2), two previously uncharacterized proteins. We thus asked
if they are also part of the Nts1-Clr6 complex by testing if they
interact with Clr6, the complex I-specific subunits Sds3, Nts1, and
each other. Figures 2A and B show that Mug165 and Png3 indeed
physically interact with complex I, i.e., Sds3, Nts1, and each other.
In light of these results, we examined if Nts1, Mug165, and Png3
associated, as an independent unit, with the core subunits of com-
plex L. In order to address this question, we used immunoprecipi-
tation followed by Western blotting to assess how individually
deleting ntsl, mugl65, or png3 affected the physical interaction
between the remaining two subunits with either each other or
Sds3, as a representative core subunit of complex I. We found that
deleting either png3 or ntsI did not affect the interactions between
Mugl65 and either Ntsl or Png3 or that between Sds3 and
Mugl65 (Fig. 3B). On the other hand, deleting mugl65 abolished
the interactions of both Nts1 and Png3 with Sds3, i.e., the core of
complex I, and that between Png3 and Nts1 (Fig. 3C).

Opverall, these results show that Nts1 and Png3, via Mugl65,
interact with the core components of complex I to define a unique
Clr6 HDAC entity, which we named complexI'’. Genetic analyses
corroborate the proposed molecular architecture of complex I',
because deletion of mugl65is epistatic to ntsI with respect to DNA
damage sensitivity (Fig. 3D).
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Nts1 controls the RNA levels of subtelomeric, Tf2, and non-
coding RNA genes via Clré. Clr6 has established roles in control-
ling gene expression by modulating histone acetylation (4, 5).
Therefore, we asked if Nts1 similarly regulates gene expression.
Using high-definition 44K arrays that include almost all of the
known or predicted fission yeast open reading frames and other
genetic elements, we compared the global RNA transcript levels of
wild-type cells to those of the nts1 A mugl 65A png3A triple mutant
and cells overexpressing ntsl™ (nts1* O/E). These data can be
accessed at www.ebi.ac.uk/arrayexpress by using accession num-
ber E-MTAB-2543. We found that deleting ntsI, mugl65, and
png3 increased, by 1.5-fold or more, the RNA levels of 106 genes,
including many whose expression is regulated under stress condi-
tions, several membrane transporters, and some antisense tran-
scripts (21, 22). We also observed that the ntsIA mugl65A png3A
mutant had elevated levels of transcripts from repetitive sequences
that are normally repressed in wild-type cells, such as Tf2 retro-
transposons and wtf elements, which are genes or pseudogenes
that contain transmembrane domains and are flanked by Tf2-type
long terminal repeats (LTRs) (31). As anticipated from our mass
spectrometry data, comparison of the ntsIA mugl65A png3A ex-
pression signature with that of the temperature-sensitive Clr6 al-
lele, clr6-1 (9), revealed significant overlap in deregulated genes
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FIG 3 Architecture of the Clr6 HDAC containing Nts1, Mug165, and Png3. (A) Nts1 associates specifically with Clr6 complex I. TAP tag pulldowns were carried
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grown at 30°C.

(P =3 X 107"%). Consistent with Nts1 constituting a variant of the
Clr6 large complex, many more genes are deregulated in clr6-1
than in ntsIA mugl65A png3A mutant cells. Significant overlap
with Nts1-, Mugl65-, and Png3-regulated genes was also observed
in cells lacking the histone variant H2A.Z (pht1A; P = 1.4 X
107") (32) and the acetyltransferase Gen5 (gen5A; P = 3.4 X
107"°) (33). Notably, the levels of an unusually large number of
long noncoding RNA genes, about 1/5 of the total number of
upregulated genes, were increased in cells lacking Nts1, Mugl65,
and Png3.

In contrast, overexpressing ntsl led to a reduction in tran-
scripts from several loci, including those from the Tf2 elements.
Furthermore, many of the genes whose RNA levels were lowered
by overexpressing ntsI were upregulated in nts1A mugl 65A png3A
cells (Table 3). When mapping all Nts1-, Mugl65-, and Png3-
regulated genes onto the three chromosomes of the fission yeast
genome, we observed that they clustered at subtelomeric regions
and/or were associated with solo Tf2 LTRs. In fact, statistical anal-
ysis revealed a highly significant clustering of genes whose mRNA
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levels were upregulated by deleting nts1 at the “right” telomere of
chromosome I (P < 0.05) and at both telomeres of chromosome II
(P < 0.001 for both telomeres). We did not detect any significant
clustering at the subtelomeric regions of chromosome III, which is
consistent with the fact that the rRNA genes occupy these loci. Tf2
LTRs and solo LTRs also significantly overlapped with ntsI-con-
trolled genes (Table 4).

To validate our genome-wide analyses, we examined two hits
from the Nts1-regulated gene pool in more detail, the aesI subte-
lomeric gene and the Tf2 retrotransposons. By using reverse tran-
scription coupled to quantitative PCR (RT-qPCR), we confirmed
that aes] RNA levels were upregulated in ntsIA mugl65A png3A
cells (Fig. 4B). An analogous effect was observed in the single
ntsIA and mugl65A mutants, indicating that Nts1 function de-
pends on it being tethered to the rest of the Clr6 HDAC core
complex. Similarly, we found that in comparison to the wild type,
the Tf2 retrotransposase RNA levels were also increased in the
ntsIA, mugl65A, and nts1A mugl65A png3A mutants (Fig. 4B).
Because Tf2 elements are almost identical to each other, nucleic
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TABLE 3 List of the genes that were upregulated in ntsIA cells and
downregulated in cells overexpressing nts1?

Gene name Feature(s)

aesl Subtelomeric

enol02 Subtelomeric and next to LTR
meul9 (SPNCRNA.29) Subtelomeric and next to LTR
prl14 (SPNCRNA.14) Next to LTR

SPAC57A7.05 Subtelomeric and next to LTR
SPAC750.01 Subtelomeric and next to LTR
SPACY977.14¢ Subtelomeric

SPBC8E4.03 Subtelomeric and next to LTR
SPBPB2B2.01 Subtelomeric

SPBPB2B2.09¢ Subtelomeric and next to LTR
SPCC569.07 Subtelomeric and next to LTR
SPCP20C8.03 Subtelomeric and next to LTR
SPNCRNA.1056 Next to LTR

SPNCRNA.1117 Next to LTR

SPNCRNA.1258 Next to LTR

SPNCRNA.1288 Subtelomeric and next to Tf2-13
SPNCRNA.1506 Next to LTR

SPNCRNA.1590 Next to LTR

SPNCRNA.252

SPNCRNA.310 Subtelomeric

SPNCRNA.444 Subtelomeric and next to LTR
SPNCRNA.446 Subtelomeric

SPNCRNA.730 Next to LTR

SPNCRNA.860 Next to Tf2-3

SPNCRNA.976 Next to LTR

TR-1

T2-10

Tf2-11 Subtelomeric

Tf2-13 Subtelomeric

-3

TR-8

vhtl Near telomere

@ By 1.5-fold or more in at least one of two independent hybridizations. Genes that are
upregulated in cells lacking ntsI and downregulated in those overexpressing it are found
close to telomeres and/or Tf2 elements.

acid hybridization or RT-qPCR techniques cannot distinguish be-
tween them. Thus, it was formally possible that the nts1A-depen-
dent increase in Tf2 RNA originated from deregulation of a single
Tf2 element, instead of derepressing all 13 of them. To test this
possibility, we assessed how deleting nts1 affected the repression
state of Tf2-2, Tf2-3, Tf2-10, or Tf2-11, as representative members
of the Tf2 family of retrotransposons, by measuring 3-galactosi-
dase activity in wild-type and nts1A strains that contained an lacZ
reporter under the control of each specific transposable element

New HDAC1/ClIr6 Histone Deacetylase Complex

(11). Deleting nts1 led to a statistically significant increase in lacZ
reporter activity for Tf2-2, Tf2-3, and Tf2-11, albeit to various
degrees, probably because of the different degrees of basal repres-
sion at each element. This suggests that complex I'’ does in fact
impinge on all Tf2 elements (Fig. 4C).

Using the transcriptional output of the aes! locus, we were also
able to determine if Nts1’s functions were mediated via Clr6. If so,
then clr6-1 and the ntsIA mutation should be epistatic with re-
spect to their transcriptional effects at aesI. Inactivating Clr6 using
the clr6-1 allele upregulated aes! RNA levels almost as much as
deleting ntsI alone. The magnitude of this effect was the same in
the double clr6-1 ntsIA and single ntsIA mutants, which means
that ntsI and clr6 are epistatic with each other (Fig. 4D). Thus,
these results together with the physical interaction data indicate
that nts1 exerts its functions at the aesI locus via clr6, and vice
versa.

Genome-wide localization of Nts1. Having determined that
Nts1 controls the RNA levels of several genes, we asked if this
function correlates with Nts1’s physical localization across the ge-
nome. The genome-wide localization of Clr6 has not been deter-
mined, and that of its budding yeast homologue, Rpd3, is some-
what controversial (34, 35). In particular, Kurdistani et al. (34)
found Rpd3 loading at highly transcribed genes, whereas Robert et
al. (35) found that Rpd3 loading sites did not correlate with tran-
scriptional rate but were enriched for cell cycle regulatory genes.

We performed ChIP for Ntsl followed by deep sequencing
(ChIP-seq) to identify the DNA sequences with which Nts1 pref-
erentially associates. Raw and processed ChIP-seq data can be ac-
cessed at www.ncbi.nlm.nih.gov/geo by using accession number
GSE57040. Interestingly, a cursory visual inspection revealed no
clear correlation between Nts1 binding sites along the genome and
the genes that are deregulated upon nts! deletion (Fig. 4A and
Table 3). However, statistical analyses revealed that Nts1 loading
sites were enriched for cell cycle-regulated genes, as for Rpd3 in
budding yeast (35), highly expressed genes, midmeiosis-induced
genes, and Fkh2-bound genes, consistent with Nts1’s presence in
the same Clr6 complex I'" (Table 5) (36-39). Potential loading
sites were also apparent at tRNA and rRNA loci; however, directed
ChIP-qPCR analyses did not support these assignments, which
were likely spurious due to their repetitive nature and consequent
assignment to multiple loci. Loading of Nts1 at the predominant
SPNCRNA.276 locus on chromosome I, as well as several other
sites that were identified in our ChIP-seq analysis as “true” peaks,
was confirmed by ChIP-qPCR (Fig. 4F). Localization to these loci
is specific for Nts1 because the chromatin-associated Smc5-Smc6

TABLE 4 Statistical correlation between ntsI-regulated genes and genes that directly overlap with Tf2 LTRs and solo LTRs or are found within 500

bp of these elements*®

Median no. of genes
randomly associated with

No. of genes associated LTRs (1,000

with LTRs P value permutations)
Up- or downregulation Direct 500 bp Direct 500 bp Direct 500 bp
nts1* O/E |, 14 17 223 x 107" 440 X 107° 1 1
ntsIA 1 16 34 3.49 X 10712 8.82 X 10 1° 1 1
ntsIA 1 nts1” O/E | 16 18 6.82 X 10~ 1.04 X 10712 0 0

“ Direct, genes that directly overlap with Tf2 LTRs and solo LTRs; 500 bp, genes found within 500 bp of Tf2 LTRs. The median number of nucleus-encoded genes that randomly

intersect with Tf2 LTRs or are found within 500 bp of these loci is also shown.
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TABLE 5 Statistical correlation between the genes found within 500 bp
of Nts1 binding sites and other gene or target types

Reference  Overlap with
for data referenced data
Gene or target type set set Pvalue
Top 10% most highly 37 250f483 genes 4.2 X 107"
expressed genes
Genes flanking mitotic 54 19 of 481 genes 1.2 X 10~ ®
replication origins
Genes upregulated 2-fold or 36 27 of 483 genes 8.1 X 107"
more upon oxidative stress
Targets of Fkh2 (as 38 150f79 genes 2.0 X 107 '¢
determined by ChIP-chip®)
Top 300 cell cycle-regulated 38 30 of 300 genes 2.2 X 107
genes
Targets of Mei4 39 20 of 558 genes 1.8 X 107*

@ ChIP-chip, chromatin immunoprecipitation with microarray technology.

complex subunit Nse2 (40) did not significantly copurify with
DNA from such sites.

Despite the fact that Nts1 deletion or overexpression clearly
“toggles” Tf2 RNA levels, automated analysis of the ChIP-seq data
did not assign Ntsl binding sites at these loci. However, DNA
from the repetitive Tf2 elements, and in particular their LTRs, was
more heavily enriched in the Ntsl “ChIP” sample than in the
“Input” material, which is a commonly used control for sequenc-
ing bias in ChIP-seq experiments. In light of this, we hypothesized
that Ntsl may indeed bind at retrotransposable elements. We
tested this using ChIP-qPCR, which revealed that Nts1 does in-
deed copurify with DNA from the LTRs of T2 elements but not
the intervening retrotransposase ORF (Fig. 4E). Thus, Ntsl1 local-
izes to several unique loci along the genome, including the Tf2
LTRs.

Nts1 localizes to SPNCRNA.276 independently of genomic
context. We next used SPNCRNA.276, a hot spot of Nts1 chroma-
tin association, as a “reporter” to determine if either broad
genomic or local contexts direct Nts1 chromatin binding. To this
end, we deleted the endogenous subtelomeric locus encompassing
the ncRNA genes 276 and 30 (SPNCRNA.276/0.30) and inserted a
copy of it (pNZ86) (Fig. 5A) at the unrelated euchromatic leul
locus. In addition, we integrated a longer fragment that included
SPNCRNA.1087 and the neighboring gene SPAC1039.11c¢ (gtol;
pNZ84) and a shorter one that contained only SPNCRNA.276 at
leul (pNZ87) (Fig. 5A). Using these engineered loci, we found by
ChIP-qPCR that Nts1 localized to the ectopic SPNCRNA.276 se-
quence as well as it did to the endogenous locus for the longer
construct (pNZ84) and somewhat less efficiently for the shorter
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one (Fig. 5B). Localization of Nts1 to Tf2 LTRs, which we expected
to be unaffected by moving the SPNCRNA.276 locus, served as a
control to confirm that ChIP efficiency was comparable among all
four samples. These data show that genome binding by complex
I'" is not governed solely by genomic context, e.g., subtelomeric
position, and may instead depend on a sequence-specific DNA
binder in the complex.

Ntsl1 is unlikely to be the predicted sequence-specific DNA
binder because deleting 1ug165 abolished the interaction of Nts1
with SPNCRNA.276, while leaving its background binding to the
Tf2 retrotransposase ORF unchanged (negative control; Fig. 4E).
In fact, this result, together with data demonstrating that Mugl165
mediates the interactions of Nts1 and Png3 with the rest of the
Clr6 core complex (Fig. 3C), indicates that Ntsl does not bind
DNA directly. However, Nts1 probably plays an ancillary role in
recruiting complex I'" to the genome. We used ChIP-qPCR
against Sds3, as a representative integral component of complex
I'", to examine how well it bound to the SPNCRNA.276 gene, Tf2
LTRs, and the Tf2 retrotransposase ORF, as a negative control, in
the ntsIA and ntsIA mugl65A png3A backgrounds compared to
the wild type. We found that, like Nts1, Sds3 also bound both the
SPNCRNA.276 gene and Tf2 LTRs but not the Tf2 retrotrans-
posase ORF and that deleting ntsI alone or ntsl together with
mugl65 and png3 reduced, although did not abolish, the binding
of Sds3 to both the SPNCRNA.276 gene and Tf2 LTRs (Fig. 5C).
Opverall, these data indicate that Clr6 I'" loading at SPNCRNA.276,
and likely at other loci, depends on one or more sequence-specific
DNA binders, as suggested for Rpd3 in budding yeast.

Nts1 controls thelevels of H3K9ac at aes1. Compromising the
function of complex I preferentially increases the levels of acety-
lated lysine 9 of histone H3 (H3K9ac), a histone modification
associated with transcriptionally active chromatin, across gene
promoters (5). Together with the finding that Nts1, Mug165, and
Png3 constitute a new complex I entity whose abrogation leads to
increased RNA levels for several genes, we hypothesized that Nts1
antagonizes H3K9ac at these loci. The aesI gene was an ideal locus
to test this hypothesis because its RNA levels were significantly
upregulated by eliminating ntsI. Therefore, we used ChIP-qPCR
against H3K9ac at the aesI locus to determine any regulation by
complex I'". We confirmed the validity of this approach by dem-
onstrating that in cells lacking the cIr4 histone methyltransferase
gene, the H3K9ac levels at the outer centromeric repeat region
(otr) were increased in comparison to those of the wild type (Fig.
6) (41). Similarly, we found that in the nts]A mutant, and equally
in the ntsIA mugl65A png3A mutant, H3K9ac at the aesl locus
was increased at least 2-fold. Interestingly, we did not detect any
changes in H3K9ac levels at the SPNCRNA.276 locus in ntsIA cells

FIG 4 Nts1 controls the RNA levels of subtelomeric, Tf2, and ncRNA genes via Clr6. (A) Genome-wide localization of Nts1 protein (ChIP-seq peaks) and activity
(bottom three lines) for the three fission yeast chromosomes. The three bottom lines show the distribution of the genes that were either upregulated (1) or
downregulated ( | ) 1.5-fold or more by either deleting ntsI, mugl65, and png3 (ntsIA) or overexpressing it (ntsI™ O/E). (B) The RNA levels of aesI and the Tf2
retrotransposase (Tf2 RT) are increased in the ntsIA, mugl65A, and nts1A mugl65A png3A mutants. gPCR was performed on cDNA derived from the indicated
strains. RNA levels are expressed as average fold changes = standard deviations, relative to the wild type and normalized to actin, using the cycle threshold
(AAC;) method. (C) Deletion of Nts1 leads to an increase in LacZ activity in Tf2-lacZ reporter strains. Strains harboring lacZ under the control of Tf2-2, Tf2-3,
Tf2-10, or Tf2-11 were harvested at mid-logarithmic phase and assayed for B-galactosidase activity. Each bar represents the mean from four independent
experiments. Error bars represent the standard deviations. **, very statistically significant (P < 0.01); ¥, statistically significant (P < 0.05); n.s., not significant (P
> 0.05). (D) The RNA levels of aesI are similarly upregulated in ntsIA, clr6-1, and nts1A clr6-1 cells. RNA levels were measured as described for panel B. (E and
F) Ntsl copurifies with DNA from Tf2 LTRs, SPNCRNA.276, and various other loci. Anti-FLAG ChIP assays were carried out on the indicated strains and
analyzed by qPCR with primer sets annealing to Tf2 LTRs, Tf2 RT, SPNCRNA.276, efla-c, php2, gut2, SPCC576.17¢, SPAC26F1.11, SPAC1002.16¢, and ght3. The
data are expressed as the average percentages of DNA recovery = standard deviations relative to the amount of DNA in the input samples.
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localizes to an ectopic SPNCRNA.276 locus. Anti-FLAG ChIP assays were carried out as described in Fig. 4E. (C) Sds3 copurifies with DNA from Tf2 LTRs and
SPNCRNA.276 in an ntsl- and mugl65-dependent manner. Anti-FLAG ChIP assays were carried out as described for Fig. 4E.

even though Clr6 is also present at this site, as determined by
ChIP-qPCR (Fig. 6B).

DISCUSSION

Epigenetic regulation plays critical roles in controlling cell regula-
tion. Here, we identify and functionally characterize Nts1, a novel
epigenetic regulator important for genome stability in fission
yeast. Through proteomic, biochemical, and genetic analyses, we
determine that Nts1, together with Mugl65 and Png3, defines a
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novel complex containing the evolutionarily conserved Clr6 his-
tone deacetylase.

Consistent with functions previously ascribed to Clr6, cells
lacking Nts1 exhibit increased transcriptional activity of genes
that are normally repressed during rapid vegetative growth. Genes
regulated by Nts1 are predominantly subtelomeric, or associated
with the LTRs of Tf2 retrotransposons. However, compared to
Clr6 dysfunction (9), Nts1 deletion deregulates many fewer genes
genome-wide and does not cause increased antisense transcrip-
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analyzed by qPCR with primer sets annealing to the dg repeat found within the otr, a locus found approximately 486 bp upstream of aesI’s start codon (aesI
promoter) and SPNCRNA.276. (B) Clr6 copurifies with DNA from SPNCRNA.276. ChIP assays were carried out on the indicated strains and analyzed by qPCR
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I',I'", and II (CIré6S, analogous to Rpd3S in budding yeast).

tion at the centromere or other loci. Thus, Ntsl provides a new
functional subdivision within the known Clr6 holocomplexes.
Cells lacking Nts1 are mildly sensitive to chronic replication
stress induced by hydroxyurea and the topoisomerase inhibitor
camptothecin but not UV light. These results echo those for Clr6
complexes I/I" and II that are differentially sensitive to DNA-dam-
aging agents (5), but within this group ntsIA cells display a unique
spectrum of sensitivities. Transcription profiling of ntsI1A cells did
not reveal any significant changes in the expression of DNA dam-
age response factors, suggesting that disruption of normal chro-
matin architecture likely underlies these ntsIA cellular pheno-
types, as concluded for other Clr6 complex mutants (5). Likewise,
the reproducible relative resistance of ntsIA cells to TBZ may re-
flect mitigating changes in chromatin and kinetochore structure
or function; however, we cannot exclude the involvement of non-
chromatin acetylated targets, such as tubulin. Unlike the relatively
mild sensitivity to DNA damage exhibited by the ntsIA mutant,
overexpressing ntsI™ potently and specifically rescued the genome
stability phenotypes of Nse5-Nse6 mutants. This dimer is an inte-
gral component of the larger Smc5-Smc6 complex. It plays roles in
replication fork stability through as-yet-undefined mechanisms,
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which probably rely on homologous recombination. Future char-
acterization of how ntsI™ overexpression bypasses the functions
of Nse5-6 will likely shed light on the mechanisms of Smc5-Smc6.
Clr6 associates with unique sets of proteins to define two func-
tionally distinct complexes: complex I and II (5). The budding
yeast Clr6 orthologue Rpd3 forms analogous ensembles, known as
Rpd3L and Rpd3S, which share significant subunit composition
with, and function similarly to, complexes I and II, respectively
(29, 42-44) (Table 6). The ING family protein Png2 binds to the
core of complex I and defines a variant known as complex I (5),
whose functional distinction from the core complex remains un-
known. We found that Nts1 coprecipitated with two previously
uncharacterized proteins, Mug165 and Png3, as well as all of the
subunits of complex I, except Png2, Depl, and Cti6. We also
showed that Mug165 bridges the binding of Png3 and Nts1 to the
rest of the Clr6 HDAC. Thus, we propose that Nts1, Mug165, and
Png3 define a variant of complex I that is distinct from complex I,
which we named complex I'’ (Fig. 6C).

Clr6 associates with unique sets of proteins to define two func-
tionally distinct complexes: complex I and II (5). The budding
yeast Clr6 orthologue Rpd3 forms analogous ensembles, known as
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TABLE 6 Members of the known Clr6-containing complexes in fission
yeast (S. pombe, complexes I and II) and their orthologues in budding
yeast”

S. pombe S. cerevisiae
Complex orthologue(s) orthologue(s)
11, Rpd3$ Clr6 Rpd3
Pst2 Sin3
Cphl, Cph2 Reol
Alpl3 Eaf3
Prwl Umel
I, Rpd3L
Core Clr6 Rpd3
Pstl, Pst3 Sin3
Rxt2 Rxt2
Rxt3 Rxt3
Sds3 Sds3
Prwl Umel
Lafl, Laf2 YAL034C (?),
YOR338W (?)
? ? Sap30
? Ume6
? Dot6
? Todé
? Ash1
I Cti6 Cti6
Png2 Pho23
Depl Depl
I Ntsl ?
Mugl65 ?
Png3 ?

@2, unknown component.

Rpd3L and Rpd3S, which share significant subunit composition
with, and function similarly to, complexes I and II, respectively
(29, 42-44). The ING family protein Png2 binds to the core of
complex I and defines a variant known as complex I’ (5), whose
functional distinction from the core complex remains unknown.
We found that Ntsl coprecipitated with two previously unchar-
acterized proteins, Mugl65 and Png3, as well as all of the subunits
of complex I, except Png2, Depl, and Cti6. We also showed that
Mugl65 bridges the binding of Png3 and Ntsl to the rest of the
Clr6 HDAC. Thus, we propose that Nts1, Mugl65, and Png3 de-
fine a variant of complex I that is distinct from complex I', which
we named complex I"'.

The fact that png2A cells are not sensitive to DNA-damaging
agents such as HU or camptothecin (5), whereas those lacking
Ntsl are, suggests that complex I' and complex I'" likely have
distinct molecular functions. Although Png3 is annotated as an
ING family protein, it does not have the C-terminal plant home-
odomain (PHD)-type zinc finger that distinguishes these pro-
teins. Instead, Png3’s N terminus is similar to human ING5 (P =
6 X 107*°, W-BLAST BLOSUM62) and the budding yeast Rpd3L
component and Png2 orthologue, Pho23 (P = 1 X 107
W-BLAST BLOSUMG62). Mugl65, whose mRNA levels are up-
regulated during meiosis (metaphase I) (45) but which is also
expressed during mitotic growth (Fig. 2), displays similarity to the
complex T subunit Depl (S. pombe Depl, P = 4 X 1072
W-BLAST BLOSUMG62; Saccharomyces cerevisiae Depl, P = 1 X
10~ °, W-BLAST BLOSUMS62), which we did not detect in the
pulldown of Ntsl, thus raising the possibility that Mugl65 and
Depl execute analogous functions in complexes I and I'’, respec-
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tively. Phylogenetic analysis retrieved likely orthologues of
Mugl65 and Ntsl in Schizosaccharomyces octosporus (UniProt
identifier [ID] SORDA9 and S9Q448) and Schizosaccharomyces
cryophilus (UniProt ID S9X7K7 and S9XB69), two fission yeast
species closely related to S. pombe. Although the degree of identity
among these proteins is obvious, they are surprisingly divergent
given the evolutionary closeness of the three species. Therefore, in
this context, structure and function likely count more than pri-
mary sequence, which could explain why clear orthologues of
Mugl65 and Ntsl are not found in budding yeast or humans.

Nts1 is a central player in complex I'" because deleting it sen-
sitizes cells to genotoxins to the same extent as decoupling it from
the rest of the Clr6 HDAC, by deleting mugl65. The mechanisms
by which these HDACs are recruited to DNA remain unknown,
but they could involve sequence-specific DNA-binding proteins,
as in the case of the Abpl-mediated recruitment of Clr3 to the
silent mating-type locus (8) and/or possibly epigenetic mecha-
nisms (7). Nts1 might have been one such factor. However, this is
unlikely, because when Nts1’s interaction with the Clr6 core
complex is disrupted, Ntsl cannot bind to Tf2 LTRs or the
SPNCRNA.276 locus. Fkh2 could be a plausible alternative, be-
cause in budding yeast it recruits Rpd3L to the CTSI promoter
(46), and there is significant overlap between the genome-wide
loading profiles of Nts1 and Fkh2 (Table 5). Because only 15 out of
the 79 loading sites of Fkh2 are also bound by Ntsl, it would
appear that additional DNA-binding proteins or recruitment
mechanisms facilitate Clr6 complex I'" loading. This would be
consistent with studies of Rpd3 in budding yeast, which is re-
cruited by different DNA binding factors to specific loci (35).

Intriguingly, Nts1 loading sites genome-wide do not correlate
with the genes whose expression is deregulated upon Nts1 dele-
tion. A similar lack of correlation between the genome-wide load-
ing of Rpd3 in budding yeast and the loci that it regulates was also
observed (34, 35). We validated our ChIP-seq analyses using
ChIP-qPCR analysis of both Nts1 and the Clr6 complex I/I'/1"’
component Sds3 at various Ntsl “bound” loci. However, given
that Nts1 apparently “loads” at some highly expressed genes that
have been found to be “hyper-ChIPable” (47), we cannot exclude
the possibility that some of the ChIP-seq peaks at such loci are not
true sites at which Nts1 localizes.

Given the significant overlap in genes and loci regulated by
Nts1 and Clr6, this raises interesting questions about Clr6 com-
plex dynamics. To our knowledge, Clr6 binding sites have not
been published, and histone deacetylation/acetylation has instead
been used as a surrogate to indicate where in the genome it
has been. Thus, it is possible that large-scale changes in chromatin
packaging and architecture caused by Clr6 or Ntsl inactivation
lead indirectly to the loss of transcriptionally repressive histone
marks at certain loci (e.g., by increased access for acetyltrans-
ferases). The subtelomeric clustering and T2 LTR proximity of
the majority of Nts1, and many Clr6, coregulated loci could sup-
port such amodel, given that these genomic features are organized
in transcriptionally repressive subnuclear domains (e.g., see refer-
ence 12). In this regard, long-range interactions mediated by com-
plex I'" are a possibility (48, 49). Alternatively, complex I'" may
dynamically associate with the genes deregulated by deleting Nts1,
and the threshold for significance in our ChIP-seq analyses may
have obscured such associations. However, we did not detect load-
ing of Ntsl at the aesI locus, whose expression and acetylation
are both impacted by Ntsl, whereas Nts1 and Clr6 load at the
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SPNCRNA.276 locus but do not appear to affect either acetylation
or expression of this locus. It is noteworthy that SPNCRNA.276 is
in the promoter region of the gtol gene that is induced in mid-
meiosis by the meiosis-specific Mei4 transcription factor (50), and
Mei4 target genes were enriched among the Ntsl binding sites
(Table 5). Thus, it is possible that regulatory defects at the gtol
locus in nts1A cells would be detected only during meiotic induc-
tion. Further experiments are required to unequivocally differen-
tiate between direct and indirect transcriptional effects mediated
by the Clr6 complex I"'.

We detected significant binding of Ntsl at the LTRs of Tf2
retrotransposons by ChIP-qPCR; also, Nts1 deletion or overex-
pression results in transcriptional derepression or repression of
Tf2 elements, respectively. Tf2 elements are transcriptionally de-
repressed in clr6-1 mutants as well and in cells lacking the CENP-
B-like protein Abpl or the histone chaperone HIRA (8, 9, 11).
That increased dosage of Nts1 represses T2 elements is intriguing.
It is possible that Nts1 drives the formation and/or stabilization of
the transcriptionally repressive Tf bodies into which these poten-
tially deleterious genetic elements are packaged (8, 12). Loss of
such Tf2-repressive mechanisms in ntsIA cells could contribute to
their genotoxin sensitivity. As Tf2 LTRs are dispersed throughout
the genome and are highly similar, they can drive genomic insta-
bility through replication and recombination-based mechanisms
(51), which would be exacerbated following genotoxic challenge.
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