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Spt6 is a highly conserved histone chaperone that interacts directly with both RNA polymerase II and histones to regulate gene
expression. To gain a comprehensive understanding of the roles of Spt6, we performed genome-wide analyses of transcription,
chromatin structure, and histone modifications in a Schizosaccharomyces pombe spt6 mutant. Our results demonstrate dramatic
changes to transcription and chromatin structure in the mutant, including elevated antisense transcripts at >70% of all genes
and general loss of the �1 nucleosome. Furthermore, Spt6 is required for marks associated with active transcription, including
trimethylation of histone H3 on lysine 4, previously observed in humans but not Saccharomyces cerevisiae, and lysine 36. Taken
together, our results indicate that Spt6 is critical for the accuracy of transcription and the integrity of chromatin, likely via its
direct interactions with RNA polymerase II and histones.

Studies over the last few years have revealed that transcription
across eukaryotic genomes is much more widespread and

complex than previously believed (1). Although it was once
thought that transcription occurs primarily across protein-coding
regions, genome-wide studies have now shown that transcription
is also prevalent in intergenic regions and on antisense strands, in
organisms ranging from yeast to humans (2, 3). Although roles for
a small amount of this transcription have been established, for
most, we have little understanding of its biological functions. Fur-
thermore, while some factors have been shown to control the level
of noncoding and antisense transcripts, many questions remain
regarding the regulation of their synthesis and stability.

One factor that plays a prominent role in the genome-wide
control of transcription is Spt6. Originally identified in Saccharo-
myces cerevisiae (4, 5), Spt6 is conserved throughout eukaryotes
and also has homology to the prokaryotic activator Tex (6). Spt6
interacts directly with several important factors, including RNA
polymerase II (RNAPII) (7–11), histones (12, 13), and the tran-
scription factor Iws1/Spn1 (7, 14, 15), suggesting that it is multi-
functional. Recent studies in mammalian cells show that Spt6 also
interacts directly with other chromatin related factors, including
H3K27 demethylases (16, 17). Several gene-specific studies have
demonstrated roles for Spt6 in transcription initiation (18–20),
elongation (21, 22), and termination (23, 24). In addition, Spt6 is
required for H3K36 methylation (25–28) and regulates nucleo-
some positioning and occupancy, particularly over highly ex-
pressed genes (12, 19, 29). Finally, Spt6 can assemble nucleosomes
in vitro in an ATP-independent fashion (12). These results suggest
that Spt6 acts as a histone chaperone by restoring nucleosomes in
the wake of RNAPII transcription (30, 31).

In vivo, Spt6 is critical for normal growth and transcription. It
is either essential or nearly essential for viability in all organisms
tested, and viable spt6 mutations cause severe defects. In S. cerevi-
siae spt6 mutants, transcription is greatly altered, as cryptic intra-
genic transcription is widespread (32), and in Schizosaccharomyces
pombe spt6 mutants, all forms of heterochromatic silencing are
impaired (33, 34). In addition, spt6 mutations cause developmen-

tal defects in both Caenorhabditis elegans (35) and zebrafish (36).
Studies in mammalian cells show that Spt6 is an important global
regulator of transcription, including of genes implicated in cancer
and viral infection, such as HIV and cytomegalovirus (CMV) (13,
17, 27, 37–39).

Taken together, the documented effects of Spt6 on transcription
and chromatin regulation are diverse and extensive. To more com-
prehensively understand the global roles of Spt6 in vivo, we have now
systematically studied the genome-wide effects of Spt6 on transcrip-
tion, chromatin structure, and three histone modifications in S.
pombe. Our results reveal that Spt6 is broadly required for normal
transcription and chromatin structure. In an spt6 mutant, transcrip-
tion is altered genome-wide, including changes to the levels and start
sites of mRNAs, as well as elevated levels of intragenic and antisense
transcripts. In addition, nucleosome occupancy and phasing over
transcribed regions are disrupted, and two histone modifications,
H3K4me3 and H3K36me3, are reduced to background levels. The
extensive defects that we observe in an spt6 mutant reveal that Spt6 is
a master regulator of transcription and chromatin in S. pombe, and
current evidence suggests that these roles are likely conserved
throughout eukaryotes.

MATERIALS AND METHODS
S. pombe strains and genetic manipulations. The S. pombe strains used in
the present study are listed in Table S1 (available at http://goo.gl/OEGSsQ).
Unless otherwise indicated, strains were cultured at 30°C, using yeast
extract supplemented (YES) medium, and crosses and tetrad dissection
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were performed as previously described (40). Gene deletions and epitope
tagging were performed by homologous recombination of PCR-gener-
ated DNA sequences into the genome. PCR primers contained 80 bases of
homology to the genome and 20 bases for amplification from previously
described plasmids (41). For gene deletions, a KanMX6 or NatMX6 cas-
sette was targeted to sites flanking the open reading frame. For epitope
tagging, cassettes encoding the tag and marked by KanMX6 or NatMX6
were integrated at the 3= end of the gene, removing the endogenous stop
codon. All epitope-tagged genes are still functional, based on phenotype
analysis. We note that an epitope-tagged version of Set1 was not used in
analysis of the COMPASS complex, as tagging abolished Set1 function. All
deletions, promoter insertions and tags were verified by PCR analysis.
Tags were also verified by Western blotting with a peroxidase antiperoxi-
dase (PAP) antibody (Sigma) for TAP tags, an anti-Myc antibody (A14;
Santa Cruz Biotechnology), an anti-Flag antibody (M2; Sigma), or an
antihemagglutinin (anti-HA) antibody (12CA5; Abcam). Ponceau red
staining or antitubulin signal (sc-53030; Santa Cruz) was used to deter-
mine whether equal amounts of protein were loaded in each lane. All of
the primers used for strain construction are listed in Table S2 (available at
http://goo.gl/OEGSsQ).

Transcriptome library preparation and sequencing. RNA was pre-
pared by acid-phenol extraction as previously described (43), from pro-
totrophic wild-type and spt6-1 strains shifted to 37°C for 2 h. Portions (10
�g) of total RNA were used as starting material for strand-specific library
preparation using the Illumina Universal RNA-seq samples prep kit. This
kit was an unreleased early version provided by Illumina of the Illumina
TruSeq small RNA sample preparation kit. Briefly, poly(A)� RNA was
enriched by two rounds of poly(dT) Sera-Mag magnetic beads purifica-
tion and then fragmented to an average size of �200 nucleotides. Frag-
mented RNA was 3= dephosphorylated with Antarctic phosphatase and 5=
phosphorylated with polynucleotide kinase to prepare RNA fragments for
subsequent ligation. Illumina RNA adaptors were ligated to the 5= and 3=
ends using a 3= RNA ligase and a T4 RNA ligase, respectively. First-strand
cDNA was produced using a primer specific for the Illumina 3= adaptor.
The library was amplified with 15 cycles of PCR using primers specific for
the Illumina adaptors and purified by using SPRI-beads (Agencourt;
Beckman Coulter). Library size distributions and concentrations were
determined on an Agilent Bioanalyzer. RNA-seq libraries were sequenced
on an Illumina Genome Analyzer IIx instrument.

RNA-seq data processing. The sequenced reads from each sample
were aligned in two steps using TopHat (44) to S. pombe genome assembly
ASM294v2 with default parameters, except for the intron length range of
30 to 2,000 bp (“-i 30 -I 2000” options). In the first round, no annotation
guide was provided. The splice junctions that were discovered for the four
samples were merged with annotated splice junctions (ASM294v2.18) to
obtain a complete list of splice candidates. In the second round of align-
ment, these junctions were provided as a guide to the aligner (“-j �junc-
tion file�, -no-novel-juncs” options). The reads per kilobase per million
mapped read (RPKM) score was calculated for each transcription unit on
the sense and antisense strands; sense scores reflected only exonic reads,
whereas the complete transcription unit was used in the antisense direc-
tion. Different samples were normalized relative to each other to account
for differences in the ratios of antisense and intergenic reads, intron re-
tention rates, and t/rRNA filtering efficiency. The RPKM values for each of
the samples was scaled by a linear factor, such that the mode of the log fold
change distribution for sense RPKM values between each sample and the
average of the four samples was “0.” The linear factor was between 0.75
and 1.1 for the four samples. A high degree of reproducibility was ob-
served between replicates. Genes were considered to be 2-fold enriched
only if they were 2-fold enriched in both replicates. The final RPKM values
are presented as linear averages between replicates (see Table S3 at http:
//goo.gl/OEGSsQ). A continuous RNA-seq signal was calculated at single-
base-pair resolution for the whole genome as follows: RNA signal �
(number of reads covering the position)/(total number of aligned reads)/
(read length in sample) � (normalization factor determined using RPKM

values above) � 1010. This measure corresponds roughly to 10·RPKM at
each position and was found to be optimal in representing the data when
a pseudocount of 1 is introduced. The RNA-seq metagene plots and
browser screenshots present log2(linear RNA signal � 1). The final logged
RNA-seq signal was averaged between replicates.

To compare RNA-seq data to previous microarray data, the microar-
ray probes (45–47) were mapped to ASM294v2, and only the uniquely
aligning probes were preserved. The logged RNA-seq signal values for
wild-type (WT) and spt6-1 samples were then averaged for each probe
within 	20 bp of the probe. The log fold change values were calculated for
each “probe” as (spt6-1 – WT) and averaged over the two replicate pairs. A
total of 362 coding genes with no antisense annotations covered by at least
five microarray probes were selected. The average antisense signal was
calculated for each gene. Pearson r values were calculated between each
sample pair based on the antisense signal change relative to the WT. The
different mutants were clustered hierarchically using the Euclidean dis-
tance between r values as a distance measure.

Grayscale heat maps for genes were generated based on the log2 RNA-
seq signal. For genes longer than 4 kb, only the 5= and 3= 2-kb ends of the
genes are presented. The sense strand signal was aligned at the 5= tran-
scription start site (TSS), whereas the antisense strand signal was aligned
at the transcription termination site (TTS). The metagene profiles present
averages for genes longer than 700 bp. The 3= and 5= 350 bp of the met-
agene profiles present averages over the 3= and 5= ends of all genes. The
points in the middle of the metagene profiles present average values across
genes that are long enough to have signal at the given position; for exam-
ple, the value at 1 kb is the average across genes longer than 1,350 bp in the
sense direction. Similarly, the value at 3 kb (TTS 
 1 kb) is an average
across genes longer than 1,350 bp for the antisense profile, since the anti-
sense profiles are aligned at the 3= end. The linear scale RNA-seq signal
metagene plots were obtained in a similar way, where instead of an average
over all genes, a trimmed mean (0.1 to 0.9) is presented to remove genes
with extreme values.

The final numbers on splice junctions were based on junctions that
were observed in both replicates for a given condition (WT or spt6-1) and
that had �50% reads supporting the junction rather than intron reten-
tion. The branch point consensus sequence was calculated using the se-
quence motif search tool MEME (48), with over 1,000 randomly selected
intron sequences as a 5-bp motif (“-minw 5 -maxw 5” options). The
presence of the branch point consensus sequence in an intron was evalu-
ated using MAST (48) with P � 0.01 (“-mt 0.01” option). The consensus
sequence was required to be in the 30-bp 3= end of the intron in the correct
orientation.

The presence of cryptic intragenic initiation events in the sense direc-
tion inside gene bodies would result in the increase of RNA-seq signal
toward the 3= ends of genes. To assess cryptic sense initiation, we calcu-
lated a 3= enrichment score as follows. For each base pair position along a
gene starting at the 3= end, the number of reads between the given position
and the 3= end of the gene was counted. The value for spt6-1 samples was
plotted against the value for WT. If there is no cryptic initiation event, the
curve described should increase roughly linearly. However, if there are
cryptic initiation events, the value for spt6-1 will be higher than the WT
value, relative to diagonal, for most positions along the gene. The ratio of
the area under the described curve to the area under the diagonal is given
as the 3= enrichment score (see Fig. S4B at http://goo.gl/OEGSsQ). For
1-kb subgene analysis, the same analysis was repeated using only the most
central 1 kb of each gene. For comparison of replicates, we calculated the
3= enrichment score of combined second replicates (WT II and spt6-1 II)
relative to first replicates (WT I and spt6-1 I). For all analyses, similar
qualitative results were obtained when the analyses were performed on the
individual experiments. The combined results are presented.

Strand specific reverse transcription-qPCR analysis. RNA was pre-
pared as described above from WT and spt6-1 strains grown at 30°C. RNA
samples were treated with the Turbo DNase kit (Invitrogen) and reverse
transcribed with strand-specific primers using Superscript III (Invitro-
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gen). cDNA was analyzed by quantitative PCR (qPCR) on the Stratagene
MX3000P cycler. Each sample was run in quadruplicate and quantified by
comparison to a standard curve (10-fold serial dilutions of a sample).
Primers used for qPCR amplification are listed in Table S2 (available at
http://goo.gl/OEGSsQ).

Nucleosome positioning by MNase-seq. MNase-seq libraries were
prepared as previously described with minor modifications (49). Briefly,
cells from strains FWP172 (WT) and FWP371 (spt6-1) were grown in 200
ml of YES medium to an optical density at 600 nm of 0.5, shifted to the
nonpermissive temperature of 37°C for 2 h, cross-linked for 10 min using
1% formaldehyde, quenched for 5 min by 125 mM glycine, harvested, and
washed twice with ice-cold water. Cells were spheroplasted in 2 ml of CES
buffer (50 mM citric acid–50 mM Na2HPO [pH 5.6], 40 mM EDTA [pH
8.0], 1.2 M sorbitol) containing 1 mg of Zymolyase 100T (U.S. Biologi-
cals)/ml and 20 mM �-mercaptoethanol for 1 h at 30°C. Spheroplasts
were pelleted, washed with 50 ml of Tris-sorbitol buffer (40 mM Tris-HCl
[pH 8.0], 1.2 M sorbitol, 50 mM NaCl, 1 mM EDTA), and subjected to
MNase digestion in 2 ml of NP buffer (40 mM Tris-HCl [pH 8.0], 1.2 M
sorbitol, 50 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40, 0.75% Sigma
fungal protease inhibitor cocktail, 10 mM �-mercaptoethanol, 5 mM
spermidine, 10 mM CaCl2) containing 150 U of nuclease S7 (Roche)/ml
for 5 min at 37°C. Reactions were stopped by the addition of an EDTA and
EGTA mix to final concentrations of 25 mM each. Cross-linking was
reversed overnight at 65°C in the presence of 0.5% sodium dodecyl sulfate
(SDS) and 1 mg of proteinase K/ml. DNA was purified by phenol-chloro-
form extraction and ethanol precipitation. RNA was removed by treat-
ment with RNase A/T1 mix (Fermentas). Purified DNA was resolved on
1% agarose gel, and a band corresponding to mononucleosomal frag-
ments was excised and subjected to gel extraction. Gel-purified DNA was
used for building sequencing libraries using procedures analogous to
those used for preparation of ChIP-seq libraries.

The sequenced reads were aligned by using Bowtie allowing up to 10
matches (“-m 10 -best” options). Paired-end sequenced fragments with
an inferred length between 90 and 200 bp were kept for downstream
analysis. A home-brew GC-content normalization, similar to BEADS, was
applied to reduce variability in GC content of different samples. Instead of
normalizing all samples to a flat GC distribution, the normalization
brought the GC content of all samples similar to one of the samples,
deemed to be midway. The final conclusions were independent of this
normalization procedure. The MNase-seq profile was calculated using a
Gaussian Kernel smoothing (bandwidth � 20 bp) on the positions of the
paired-end fragment centers. Metagene profiles were prepared similar to
the sense-strand RNA-seq profiles from the smoothed MNase-seq pro-
files. Replicates were averaged.

Histone modification Western blots. Proteins were extracted in the
presence of trichloroacetic acid, electrophoresed on 3.75 to 15% SDS-
PAGE gels, and transferred to Immobilon-P membrane. Membranes were
incubated with anti-H3 (ab1791; Abcam), anti-H3K4me3 (ab8580; Ab-
cam), anti-H3K36me3 (ab9050; Abcam), anti-H2B (ab1970; Abcam), or
anti-H2BK120ub (39623; Active Motif) and then with antitubulin (sc-
53030; Santa Cruz). Ponceau red staining and tubulin signal was used to
determine equal loading.

ChIP. Chromatin immunoprecipitation (ChIP) experiments were
performed as described previously (50). Briefly, 100-ml cultures grown to
1 � 107 to 2 � 107 cells/ml were cross-linked (1% formaldehyde, 30 min)
and lysed by bead beating. The chromatin fraction was isolated and
sheared to 200- to 500-bp fragments using a Bioruptor sonicator (Diag-
enode) or Sonicator 3000 (Misonix). Immunoprecipitations (IPs) were
performed overnight at 4°C with 1 �g of anti-H3 (ab1791; Abcam), 2 �g
of anti-H2B (ab1970; Abcam), 3 �g of anti-H3K36me3 (ab9050; Abcam),
5 �g of anti-H3K4me3 (ab8580; Abcam), 5 �l of anti-Rpb1 (8WG16;
Covance), 5 �l of anti-HA (ab9110; Abcam), or 5 �l of anti-Myc (9E10;
Santa Cruz Biotechnology). IPs were coupled to 50 �l of protein G-Sep-
harose beads (GE Healthcare Life Sciences) at 4°C for 4 h. The beads were
washed and eluted, and the eluate was reverse cross-linked overnight at

65°C and incubated with proteinase K and glycogen for 2 h at 37°C. DNA
was purified by phenol-chloroform extraction and precipitated in ethanol
overnight at 
20°C. ChIP DNA was analyzed by qPCR on the Stratagene
MX3000P cycler. Each sample was run in triplicate and quantified by
comparison to a standard curve (10-fold serial dilutions of input DNA).
The primers used for qPCR amplification are listed in Table S2 (available
at http://goo.gl/OEGSsQ). Relative percent IP (%IP) values for some ex-
periments were calculated by dividing the %IP (calculated as IP/input) at
the regions of interest by the %IP at a previously described intergenic
background locus (gfr) (51) or the region upstream of the act1� transcrip-
tion start site (TSS). For all of the histone modifications, the %IP was
normalized to the %IP of H3 or H2B. The specificity of enrichment was
determined by analysis of either an untagged or no antibody control, but
these were not used for normalization.

ChIP library building, sequencing, and analysis. Between 1 and 10
ng of ChIP DNA were processed for each ChIP-seq library. DNA was end
repaired with T4 DNA polymerase (Invitrogen), T4 PNK (NEB), and
DNA polymerase I, large Klenow fragment (Invitrogen), and an “A” base
was added using Klenow 3= to 5= exo minus (NEB). Then, 1-pmol portions
of barcoded adaptors were ligated on with T4 DNA ligase (Roche), and the
products were PCR amplified with Phusion DNA polymerase (NEB) and
size selected by purification on 2% agarose–EX E-gels (Invitrogen) for
fragments between 200 and 600 bp. The library size and concentration
were determined by using Bioanalyzer or Tapestation analysis (Agilent),
and libraries were pooled in equimolar amounts with up to 26 in each
sequencing lane. Pooled libraries were gel purified twice, followed by col-
umn purification on MinElute columns (Qiagen). Samples of at least 10
nM were submitted for analysis on the Illumina Hi-Seq at Tufts University
Core Facility.

The sequenced reads were aligned using Bowtie (52), allowing up to 10
matches (“-m 10 -best” options). To correct for any variability in GC-
content bias between IP and input samples, the samples were processed
with BEADS (53). For BEADS processing, the fragments were extended in
the 3= end direction to be 100 bp long, which is the typical fragment length
for our samples inferred from cross-correlation results (“beads extend
-threePrim �100-read length�”). Spp (54)-defined broad enrichment
clusters (z � 3) were excluded in the BEADS calculation. Downstream
ChIP-seq analysis was performed on BEAD-processed profiles in 10-bp
bins (“beads tagCount -base 10”). The input signal was calculated conser-
vatively as the maximum of the signal in the given bin, the average signal
in a 100-bp region surrounding the bin, or half of the genome-wide aver-
age input signal. The IP enrichment was calculated as the ratio of IP signal
to the input signal at each bin. The enrichment signal was linearly nor-
malized such that the median enrichment value for the whole genome is
set to 1. All qualitative conclusions were evaluated with each replicate
separately. The final results show signal averaged from two replicates.
Metagene profiles for ChIP-seq were obtained similarly to the sense strand
RNA-seq results, aligning all genes at 5= end using genes longer than 700
bp. An average gene enrichment score was calculated for each sample and
is presented on scatter plots. These values were calculated using the total
BEADS corrected and normalized tag count for IP and input samples. For
Swd1 and H3K4me3, the enrichment was calculated at the first 500 bp
from the 5= end. For H3 and H2B, the whole gene body was used, and for
Spt6, Rpb1, Ctr9, Set2, and H3K36me3, the gene body excluding the first
500 bp was used. Only genes with more than a normalized input tag count
of 5 were included in the scatter plot for each sample to remove genes with
potentially high statistical fluctuations.

Data accession number. The data discussed in this publication have
been deposited in NCBI’s Gene Expression Omnibus (GEO) (42) and are
accessible through GEO series accession number GSE49575.

RESULTS
Antisense and intragenic transcripts are greatly elevated in an S.
pombe spt6 mutant. To characterize the role of Spt6 in transcrip-
tion at high resolution, we performed strand-specific RNA-seq,

S. pombe Spt6
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comparing the WT to an spt6-1 mutant. Although the spt6� gene
is not essential for viability in S. pombe, an spt6� mutant grows
extremely slowly, taking several days to form a colony (34). There-
fore, we used the well-characterized spt6-1 temperature-sensitive
allele, which has been previously shown to confer strong pheno-
types (34). The RNA-seq experiment was performed twice, with
similar results each time (see Fig. S1 at http://goo.gl/OEGSsQ); all
of the described effects were observed in both experiments. We
observed a number of changes in the expression of annotated cod-
ing regions (Fig. 1A), with increased RNA levels for 373 genes and

decreased levels for 114 genes, at a �2-fold change. Many of the
genes with increased RNA levels are lowly expressed. A large sub-
set of these are located in heterochromatinized subtelomeric re-
gions that are desilenced in the spt6-1 mutant, as we observed
previously (34). However, the more striking change was to anti-
sense transcript levels (Fig. 1A and B), with 3,700 of 5,123 genes
(72%) displaying a �2-fold increase; over half (1,895) of these
antisense transcripts occur within genes without any previously
annotated antisense transcripts. Thus, a number of novel anti-
sense transcripts are present in the spt6-1 mutant, as was recently

FIG 1 Spt6 is required globally for transcriptional accuracy. (A) Sense (left panel) and antisense (right panel) log2 RPKM scores are plotted for each transcription
unit for spt6-1 versus WT, with the indicated r value corresponding to the Pearson correlation. The solid line indicates no change, and dashed lines correspond
to 2- and 4-fold increases. (B) Metagene analysis of the WT and spt6-1 log2 RNA-seq signal on the sense and antisense strands aligned to the transcription start
site (TSS) and transcription termination site (TTS), indicated by the pink dashed lines. For all metagene figures, the first and last 350 bp within the transcription
unit (indicated by gray dashed lines) are calculated from all genes, while the remainder of the metagene is calculated as an average of all genes with length up to
the given position. (C) Validation of the RNA-seq data for the prp1� gene (left panel) by strand-specific RT and qPCR (right panel). For the RNA-seq data, the
top panel represents the plus strand (positive values), and the bottom panel represents the minus strand (negative values) log2(RNA-seq scores) over the prp1�

region. For the qPCR data, each bar represents the mean 	 the standard error of the mean (SEM; n � 4), in arbitrary units (AU), normalized to the antisense levels
in the WT strain. (D) The genome coverage was determined from the pooled replicates of WT and spt6-1 samples with equal sequencing depth. At this depth, the
coverage of each class of transcript is indicated by the bars. (E) The WT log2 sense RPKM scores are plotted against the log2 Rpb1 ChIP-seq enrichment scores
for each transcription unit, with the indicated r value corresponding to the Pearson correlation. (F) The WT log2 ChIP-seq enrichment scores are plotted for Rpb1
and hemagglutinin (HA)-tagged Spt6 in a WT strain, with the indicated r value corresponding to the Pearson correlation.

DeGennaro et al.

4782 mcb.asm.org Molecular and Cellular Biology

http://goo.gl/OEGSsQ
http://mcb.asm.org


observed in S. cerevisiae (55). To validate the RNA-seq data, we
measured sense and antisense transcript levels using strand-spe-
cific reverse transcription, followed by quantitative real-time PCR
(qPCR) for two genes that appeared affected and one that did not
(Fig. 1C; see also Fig. S2A at http://goo.gl/OEGSsQ) and found
similar results, confirming the increase in antisense transcription
that was detected by RNA-seq.

Overall, we observed an increase in the portion of the genome
transcribed, with 63% transcribed in the WT and 80% transcribed
in the spt6-1 mutant at the same sequencing depth, and excluding
tRNA, rRNA, and other nonunique regions (see Fig. S2b at http:
//goo.gl/OEGSsQ). Some of this increase in coverage comes from
annotated antisense and intergenic noncoding RNA, since their
coverage increased from 80 to 93% and from 72 to 80%, respec-
tively (Fig. 1D). The rest of the increase is due to previously un-
annotated antisense and intergenic regions, which show increases
in coverage from 33 to 47% and from 34 to 76%, respectively (Fig.
1D). In contrast, coverage of coding regions is similar, with 93% in
the WT and 94% in the spt6-1 mutant. Taken together, these re-
sults suggest that transcription is substantially more pervasive in
the spt6-1 mutant and therefore indicate that Spt6 is required for
transcriptional accuracy in S. pombe.

Given the changes to transcription in the spt6-1 mutant, we
compared the level of association of the Rpb1 subunit of RNAPII
in WT and spt6-1 strains. Overall, the Rpb1 enrichment is similar
in the WT and spt6-1 strains (see Fig. S3 at http://goo.gl/OEGSsQ)
(r � 0.94, Pearson correlation), which is likely reflective of similar
amounts of sense transcription in the two strains (Fig. 1A). Al-
though antisense transcript levels are increased globally, if our
RNA-seq data primarily reflect the level of RNA synthesis, the
majority of transcription still occurs on the sense strand, and this
dominates the Rpb1 recruitment data. In agreement with this, we
observed good correlation between the Rpb1 recruitment and
sense transcript level (Fig. 1E) (r � 0.62, Pearson correlation),
with noise likely due to RNA stability. We also observed a strong
correlation between Rpb1 and Spt6 binding over transcribed re-
gions (Fig. 1F) (r � 0.96, Pearson correlation; see also Fig. S3A and
B at http://goo.gl/OEGSsQ). Overall, these data support the ob-
served transcriptional effects and suggest that Spt6 is recruited
with RNAPII to sites of active transcription and plays a direct role
in maintaining transcriptional accuracy.

In S. pombe, two main pathways have been implicated in the
repression of antisense transcripts: first, the RNA interference
(RNAi) machinery, the exosome, and H2A.Z have been shown to
play a role in transcriptional and posttranscriptional repression of
readthrough transcription at convergent genes, and second, the
Set2 histone H3 lysine 36 (H3K36) methyltransferase, the Clr6
histone deacetylase complex, and the Chd1 chromatin remodelers
(Hrp1 and Hrp3) are important for the repression of cryptic in-
tragenic transcription initiation (45–47, 56–61). To determine
whether Spt6 fits into either of these pathways, we compared our
spt6-1 RNA-seq data with tiling array data from previous studies.
We found that antisense transcription in the spt6-1 mutant clus-
ters most closely with mutants in the Clr6 complex, set2�, and
hrp3� (Fig. 2A; see also Table S4 and Fig. S4A at http://goo.gl
/OEGSsQ), a finding consistent with the fact that genes with in-
creased antisense levels in the spt6-1 mutant are not enriched for
convergent genes. Instead, we found that the majority of the anti-
sense transcripts arose from within genes (Fig. 2B), independently
of the orientation relative to adjacent genes (Fig. 2C). The increase

in transcript level across the gene body was linear (Fig. 2C), sug-
gesting that the antisense transcripts originate from cryptic pro-
moters randomly distributed across the gene. Taken together,
these results suggest that the majority of antisense transcripts in
the spt6-1 mutant are derived from intragenic initiation events.

We also investigated whether there was evidence for intragenic
transcription initiation on the sense strand, as there is in S. cerevi-
siae (29, 32). This is more difficult to assess, since the higher level
of sense transcripts can obscure detection of novel initiation
within a gene (32, 62) (Fig. 2D). To measure intragenic transcrip-
tion, we calculated a 3= enrichment score (see Materials and Meth-
ods; see also Fig. S4B at http://goo.gl/OEGSsQ) for all genes and
found an increased 3= enrichment in the spt6-1 mutant compared
to the WT, which increased with the length of the gene (Fig. 2E),
suggesting that there are transcripts initiating from within the
gene body. We performed, as a control, the same analysis between
the replicates, with pooled WT and spt6-1 data in each set (Fig.
2E). As expected, the control analysis showed no 3= enrichment of
the RNA-seq signal between replicates. In order to determine
whether the dependence of 3= enrichment on gene length was
associated with a higher frequency of intragenic initiation in lon-
ger genes or a higher likelihood of observing intragenic initiation
events, we performed the same analysis on a 1-kb region in each
gene (see Fig. S4C at http://goo.gl/OEGSsQ). Here, we observed
only a modest 3= enrichment, with no gene length dependence,
suggesting that intragenic initiation sites are randomly distributed
along genes of different sizes. Taken together, with the antisense
results, these data suggest that, as in S. cerevisiae (29, 32), intra-
genic transcription is prevalent in an spt6 mutant in S. pombe.

Finally, in addition to altered levels of annotated transcripts
and identification of novel transcripts, we observed novel splice
events in the spt6-1 mutant. By a conservative estimate, we ob-
served 374 novel splicing events in the spt6-1 mutant that do not
occur in either the wild-type sample or the reference genome (Fig.
3A; see also Table S5 at http://goo.gl/OEGSsQ). A subset of these
events (n � 81) represents novel splice sites within annotated
transcription units. Given the similar number (n � 53) of sense
splice sites that were identified specifically in WT strains, the novel
sense splice events are not likely due to spt6-1 specific splicing
events, but missing annotations due to low signal. On the other
hand, the remaining 293 splicing events occur in previously un-
annotated antisense (n � 222) or intergenic (n � 71) transcripts
(Fig. 3A); for example, transcripts antisense to the pop1� and
puc1� genes are spliced (Fig. 3B). We compared the splice sites
from all of these different classes and found that, overall, the novel
transcripts are spliced at sequences similar to those observed in
standard coding genes in a WT strain; for example, the consensus
donor, acceptor, and branch sites for the spt6-1 specific antisense
introns are very similar to those observed in WT introns (Fig. 3C).
These results suggest that the high occurrence of novel splice
events in the spt6-1 mutant is likely due to production of novel
antisense and intergenic transcripts, which are then properly pro-
cessed. Taken together, the transcriptional data indicate that Spt6
is critical for transcriptional accuracy genome-wide, particularly
for preventing transcription and processing of both intragenic and
intergenic transcripts on a global level.

Nucleosome positions are globally disrupted in an spt6 mu-
tant. Spt6 has previously been shown to control chromatin struc-
ture in S. cerevisiae (12, 18, 19, 29, 55). These results, combined
with the widespread transcriptional changes in the spt6-1 mutant,
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FIG 2 Spt6 is required for the repression of cryptic intragenic transcripts on the sense and antisense strands. (A) RNA-seq data was clustered with previous tiling
microarray data to determine similarity of antisense profiles of each mutant. The heat map is colored by Pearson correlation value (see Table S4 at http://goo
.gl/OEGSsQ) and clustered by similarity. (B) Heat maps display the log2 expression values on the antisense strand of each transcription unit, sorted by size and
aligned by the TTS on the sense strand (vertical green line). The curved green line represents the TSS on the sense strand. (C) Metagene analysis of the RNA-seq
antisense signal upstream of the TTS binned by convergent genes, tandem genes, and genes with no neighbor within 0.5 kb (left panel) and for all loci (right
panel), with the dashed orange line indicating a linear increase. The vertical dotted lines represent the TTS (pink) and 350 bp (gray). (D) Heat maps display log2

expression values on the sense strand at each transcription unit sorted by size and aligned by TSS. (E) Three prime enrichment scores were calculated for all genes
comparing WT to spt6-1 (top panel) or comparing the first and second replicates as a control, each pooling WT and spt6-1 (bottom panel). Enrichment scores
for each transcription unit were plotted by the length of the gene and the red dots represent the averages of 20 bins by length, each containing 5% of the transcripts.
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prompted us to investigate this requirement for Spt6 in S. pombe.
We used MNase digestion followed by high-throughput sequenc-
ing (MNase-seq), as well as ChIP-seq of histones H2B and H3, to
assess nucleosome positioning and occupancy in the spt6-1 mu-
tant. Metagene analysis of the MNase-seq results revealed that
nucleosome occupancy is drastically perturbed over both pro-
moter and coding regions in the spt6-1 mutant, with nucleosome
phasing altered over the coding regions (Fig. 4A). Our histone
ChIP-seq results showed that nucleosome loss occurs over tran-
scribed regions in the spt6-1 mutant (Fig. 4B; see also Fig. S5A and
B at http://goo.gl/OEGSsQ), with this effect dominated by loss
over highly transcribed genes (Fig. 4C; see also Fig. S5B at http:
//goo.gl/OEGSsQ). These results are consistent with previous
studies which indicate that Spt6 is important for histone mainte-
nance primarily over highly transcribed genes (19). Overall, we
found that nucleosome positioning and occupancy is substantially
perturbed in the spt6-1 mutant, suggesting that Spt6 plays an im-
portant role in maintaining the normal nucleosome state.

Spt6 is required for two widespread histone modifica-
tions, H3K4me3 and H3K36me3. Two histone modifications,
H3K4me3 and H3K36me3, correlate with active transcription
over 5= and 3= transcribed regions, respectively (for a review, see

reference 63). Interestingly, recent studies have suggested that
Spt6 is required for H3K4me3 in humans (37) but not in S. cerevi-
siae (M. Murawska and F. Winston, unpublished data). In con-
trast, past studies have shown that Spt6 is required for normal
levels of H3K36 methylation in both mammalian cells and S.
cerevisiae (25–28). To test whether Spt6 regulates these modifica-
tions in S. pombe, we first used Western blotting to assess the levels
of these histone modifications in both WT and spt6-1 strains. Our
results demonstrate a dramatic loss of both H3K4me3 and
H3K36me3 in the spt6-1 mutant (Fig. 5A, compare lanes 1 and 2).
The level of these histone modifications in the spt6-1 mutant ap-
pears equivalent to that in strains deleted for the responsible
methyltransferases, set1� and set2�, respectively (Fig. 5A, com-
pare lanes 2, 6, and 7). While this work was in progress, another
study also showed that H3K4me is Spt6 dependent (33).

In other organisms, both H3K4me3 and H3K36me3 are de-
pendent upon the Paf1 complex (for a review, see reference 64).
Furthermore, previous studies in S. cerevisiae have suggested func-
tional interactions between Paf1 and Spt6 (24). To test whether
the H3 methylation defects we observed are caused by reduced
Paf1 complex recruitment in an spt6-1 mutant, we measured Paf1
recruitment by ChIP-seq of the Ctr9 subunit. Our results show
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FIG 3 Antisense and intergenic transcripts are spliced. (A) Venn diagrams showing the overlap between splicing events in WT and the spt6-1 mutant. Splicing
events were called for all cases where �50% of the reads mapped to the exon-exon junction in both WT or spt6-1 RNA-seq repeats. The occurrence of WT and
spt6-1 splice sites were compared for sense, antisense, and intergenic transcripts. Sense transcripts were also compared to the reference genome annotation. (B)
The pop1� (top panel) and puc1� (bottom panel) antisense transcripts are spliced, as shown by the log2(RNA-seq scores), plotted on the plus (positive values)
and minus (negative values) strands. (C) Sequence logos of the donor, acceptor, and branch points were determined for all WT introns and spt6-1 specific
antisense introns. The branch point was identified manually and was found in 4,635/5,089 and 174/222 introns, respectively; these introns were used to calculate
the sequence logo.
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that Ctr9 was enriched over transcribed regions as expected but
that there was decreased recruitment in the spt6-1 mutant com-
pared to the WT (Fig. 5B), in spite of unchanged Ctr9 protein
levels (see Fig. S5C at http://goo.gl/OEGSsQ). To investigate
whether this decreased recruitment accounts for the loss of either

H3K4me3 or H3K36me3, we measured these histone modifica-
tions in two different Paf1 mutants (paf1� and rtf1�). In S. cerevi-
siae, H3K4me3 is dependent upon both Paf1 and Rtf1 (65, 66),
whereas H3K36me3 is dependent upon Paf1 but not Rtf1 (67). As
expected, both paf1� and rtf1� mutants are defective for
H3K4me3. However, unexpectedly, both mutants displayed nor-
mal levels of H3K36me3 (Fig. 5A). This result suggests that in S.
pombe, H3K36me3 is Paf1-independent and that the loss of
H3K36me3 in the spt6-1 mutant is not caused by reduced Paf1
recruitment.

The Paf1 complex controls H3K4me3 by promoting ubiquity-
lation of H2B (H2BK119ub in S. pombe), since this modification is
required to recruit the COMPASS complex, which contains Set1
and is required for H3K4me3 (68–73). To determine whether Spt6
promotes H3K4me3 via this pathway, we measured H2BK119ub
levels. Our results confirm that H2BK119ub is undetectable in the
paf1� and rtf1� mutants, but surprisingly, we found that it is
present in the spt6-1 mutant (Fig. 5A, compare lanes 1 through 4).
Deletion of the gene encoding the E2 ubiquitin ligase for H2B,
rhp6�, causes loss of both H2BK119ub and H3K4me3 (Fig. 5A,
lane 5), confirming that the dependence of H3K4me3 on
H2BK119ub is conserved in S. pombe. Our results strongly suggest
that, as for K36me3, Spt6 is required for H3K4me3 by a mecha-
nism distinct from Paf1.

Spt6 regulates H3K4me3 by promoting recruitment of the
COMPASS complex. Since H3K4me3 is dependent on Spt6 in

FIG 4 Spt6 regulates nucleosome positioning and occupancy at transcribed regions. (A) Metagene analysis shows nucleosome positioning in WT and spt6-1
strains over transcribed regions aligned to the TSS, as determined by MNase-seq analysis using two concentrations of MNase (100 and 150 �M). The vertical
dotted lines represent the TSS and TTS (pink) and 350 bp (gray). (B) Metagene analysis shows H3 enrichment by ChIP-seq over transcribed regions in WT and
spt6-1 strains aligned to the TSS and TTS. (C) The log2 ChIP-seq enrichment scores for Rpb1 and H3 at each transcription unit are plotted in WT (left panel) and
spt6-1 (center panel), and the log2 ChIP enrichment scores for H3 are plotted for WT and spt6-1 strains (right panel). All plots are colored by enrichment of WT
Rpb1 as an indicator of transcriptional activity, and r values correspond to the Pearson correlation.
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FIG 5 Spt6 regulates H3K4me3 and H3K36me3 independently of the Paf1
complex. (A) Western blots were used to measure histone modifications in
WT, spt6-1, and Paf1 complex mutants (paf1� and rtf1�), as well as control
strains for each mark: rhp6� (H2BK119ub), set1� (H3K4me3), and set2�
(H3K36me3). Western blotting was performed with antibodies to H3,
H3K4me3, H3K36me3, H2B, H2BK119ub, and 
-tubulin as a loading control.
(B) Metagene analysis shows the ChIP-seq enrichment of Ctr9 (Paf1 complex)
in WT and spt6-1 strains over transcribed regions aligned to the TSS and the
TTS. The vertical dotted lines represent the TSS and TTS (pink) and 350 bp
(gray).
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human cells but not in S. cerevisiae, S. pombe can serve as a model
system for studying this Spt6 dependency. We performed ChIP-
seq of H3K4me3 to assess its distribution genome-wide in WT and
spt6-1 strains. As expected, H3K4me3 was enriched at the 5= ends
of genes in WT strains, but it was greatly reduced over this region
in the spt6-1 mutant (Fig. 6A). We considered that this defect
might be an indirect transcriptional effect of spt6-1 on one or
more genes encoding components of the COMPASS complex.
However, based on our RNA-seq data, we did not observe signif-

icant changes to these genes in the spt6-1 mutant (see Table S6 at
http://goo.gl/OEGSsQ); additionally, we measured the protein
levels of the COMPASS components Swd1 and Spf1 and found
that they are unaffected in the spt6-1 mutant (Fig. 6B). Thus, the
H3K4me3 defect in spt6-1 is unlikely to be caused by reduced
COMPASS levels.

To determine whether COMPASS recruitment is impaired in
an spt6-1 mutant, we performed ChIP-seq with Swd1 and found a
pattern similar to that of H3K4me3; there is an enrichment of

FIG 6 Spt6 is required for H3K4me3 and COMPASS recruitment. (A) ChIP-seq enrichment of H3K4me3 in WT and spt6-1 strains over transcribed regions is
shown as a metagene aligned to the TSS (left panel) and in log2 scale on a scatter plot (right panel). The vertical dotted lines represent the TSS (pink) and 350 bp
(gray). (B) Western blots show protein levels of two myc-tagged components of the COMPASS complex, Swd1 and Spf1, in two biological replicates of WT and
spt6-1 strains using the anti-myc antibody, with 
-tubulin or Ponceau serving as a loading control. (C) ChIP-seq enrichment of the Swd1 subunit of COMPASS
in WT and spt6-1 strains over transcribed regions is shown as a metagene aligned to the TSS and TTS (left panel) and in log2 scale on a scatter plot (right panel).
(D) WT log2 ChIP-seq enrichment scores for Swd1 and H3K4me3 at each transcription unit. (E) Comparison of ChIP-seq (left panel) and directed ChIP qPCR
(right panels) of COMPASS binding at act1�. qPCR was performed at four regions of act1� as indicated by the black bars and labeled A to D in the left panel.
Enrichment of the Swd1 (right, top) and Spf1 (right, bottom) COMPASS subunits were assessed in WT and spt6-1 strains, with enrichment normalized to a gene
free region. Columns represent the mean 	 the SEM (n � 3 to 4). ChIP-seq enrichment values of H3K4me3 and Swd1 over the act1� region are shown in the left
panel.
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Swd1 over the 5= ends of genes in the wild-type strain, and this
level is greatly reduced in the spt6-1 mutant (Fig. 6C). In the WT,
we observed a binary pattern with all genes above a certain level of
COMPASS having similar levels of H3K4me3 and genes below it
lacking H3K4me3 (Fig. 6D). In the spt6-1 mutant, recruitment of
Swd1 drops below this threshold at many genes, suggesting that
this decreased recruitment of COMPASS could explain the loss of
H3K4me3. We verified our ChIP-seq by targeted ChIP at act1�

and observed an equivalent decrease in 5= end recruitment of
Swd1 and Spf1 in the spt6-1 mutant (Fig. 6E), suggesting that the
recruitment of the entire COMPASS complex, rather than a spe-
cific subunit, is affected. Our results suggest that this recruitment
defect is not due to a defect in the Paf1 complex or H2B ubiquity-
lation (Fig. 5A) but that H3K4me3 is reduced in the spt6-1 mutant
due to reduced recruitment of COMPASS through another mech-
anism.

Spt6 is required for optimal recruitment of Set2, the H3K36
methyltransferase. We then took similar approaches to examine
the loss of H3K36me3 in the spt6-1 mutant. First, we performed
H3K36me3 ChIP-seq in both WT and spt6-1 strains. As expected,
in the WT strain, we observed a strong signal over the gene body,
except for the 5= end (Fig. 7A); however, we were unable to collect
sufficient material from the IP in the spt6-1 mutant to build a
library for ChIP-seq, a finding consistent with the undetectable
levels by Western blotting (Fig. 5A, lane 2). We therefore per-
formed gene-specific ChIP, which requires less starting material,
to assess H3K36me3 levels at act1� and observed that H3K36me3
was undetectable in the spt6-1 mutant, equivalent to the levels
seen in a set2� mutant (Fig. 7B, top panel). These results strongly
suggest that H3K36me3 is completely abolished in the spt6-1 mu-
tant. In an S. cerevisiae spt6-1004 mutant, the defect in H3K36me
is partly due to decreased protein levels of Set2 (28); however, we
found that Set2 levels are normal in the S. pombe spt6-1 mutant
(Fig. 7C). To test whether Set2 recruitment is Spt6 dependent, we
performed Set2 ChIP-seq and found that Set2 recruitment was
modestly decreased in the spt6-1 mutant compared to the WT
(Fig. 7D and E). We confirmed this result by directed ChIP at
act1� (Fig. 7B). In WT strains, Spt6 and Set2 binding is highly
correlated at transcribed regions genome-wide (Fig. 7F), indicat-
ing that they associate similarly with RNAPII. Taken together,
these results suggest that Spt6 is required for optimal recruitment
of Set2 to elongating RNAPII and that the decreased recruitment
in the spt6-1 mutant may contribute to the loss of H3K36me3.

DISCUSSION

Our results suggest that Spt6 is a master regulator of transcription,
chromatin structure, and histone modifications across the ge-
nome (Fig. 8). In an spt6 mutant, there are striking changes to
transcription, including changes to the levels and start sites of
mRNAs, a global increase in antisense transcript levels, and evi-
dence of intragenic transcription initiation on both the sense and
the antisense strands. In addition, nucleosome positioning is
greatly altered, with decreased occupancy over both promoters
and coding regions, and highly disrupted phasing. Finally, two
widespread histone modifications, H3K4me3 and H3K36me3, are
substantially lost, which is likely due, at least in part, to reduced
recruitment of their methyltransferases. All of these effects may be
direct, given the previously established direct interactions of Spt6
with both RNAPII and histones.

Our results support a model in which Spt6 is required for mul-

tiple mechanisms for the repression of antisense transcription.
Previous studies have shown that several distinct classes of factors
are required for antisense repression in S. pombe, including the
Chd chromatin remodelers, Hrp1 and Hrp3, the H3K36 methyl-
transferase, Set2, the histone variant H2A.Z, the RNAi machinery,
and the exosome (45–47, 57–61). Similar to S. pombe, Set2 and the
remodelers Chd1 and Isw1 are required for antisense repression in
S. cerevisiae (55, 74). The pattern of antisense transcripts in an S.
pombe spt6 mutant is most similar to those of mutants in the Clr6
complex, as well as the in set2� and hrp3� mutants. Although it is
difficult to compare results from our RNA-seq experiments to the
microarray experiments of the other studies due to differences in
the dynamic range (see Fig. S4A at http://goo.gl/OEGSsQ), the
very large number of loci with increased antisense levels in the spt6
mutant suggests a more extensive defect than in either set2� or
hrp3�. Furthermore, Spt6 has been functionally linked to the
RNAi machinery (34) and the exosome (75), both of which con-
trol antisense transcripts at the posttranscriptional level (46, 57),
indicating that it could also play a role in the repression of read-
through transcription at convergent genes. However, our results
indicate that the majority of the antisense transcripts in an spt6
mutant initiate from within genes. An understanding of the regu-
lation of these antisense promoters by Spt6 and their possible
biological roles are important issues for future studies.

Spt6 is a histone chaperone, proposed to replace nucleosomes
in the wake of transcription by RNAPII, and loss of this histone
chaperone activity in an spt6 mutant could explain the loss of
nucleosome occupancy and phasing over transcribed regions.
This would also be consistent with highly transcribed regions dis-
playing stronger defects. Nucleosome occupancy has previously
been examined in several mutants in S. pombe and S. cerevisiae. In
particular, the defects observed in the spt6 mutant look similar to
those in mutants lacking the Chd chromatin remodelers in both
yeasts (45, 58, 60, 76), suggesting that there may be some interplay
between Spt6 and Chd remodelers. Further studies will be neces-
sary to determine whether Spt6 has any role in the recruitment or
function of these remodelers, or whether they control chromatin
structure via independent mechanisms.

Our studies of H3K4me3 in an S. pombe spt6-1 mutant have high-
lighted several interesting issues. First, the dependency of H3K4me3
on Spt6 differs between organisms, since the modification is Spt6
dependent in both S. pombe (33; the present study) and humans (37)
but is Spt6 independent in S. cerevisiae (Murawska and Winston,
unpublished). The difference between S. pombe and S. cerevisiae is
unlikely to be caused by different spt6 alleles since the two alleles
we used, spt6-1 in S. pombe and spt6-1004 in S. cerevisiae, both
delete the region encoding the Spt6 helix-hairpin-helix motif. Sec-
ond, in the S. pombe spt6-1 mutant, the level of the COMPASS
complex appears to be normal, and yet its recruitment is se-
verely reduced genome-wide, providing an explanation for the
H3K4me3 defect. The recruitment defect is not understood, al-
though it could be caused by the chromatin changes in an spt6-1
mutant. A recent study (33) provided evidence that histone turn-
over is elevated in S. pombe spt6 mutants and suggested that this
might affect histone modifications. Third, the loss of H3K4me3
allows us to observe another interesting difference between S.
cerevisiae and S. pombe. A previous study demonstrated that in S.
cerevisiae, H3K4me3 was required for the initiation of some re-
pressive antisense transcripts at the 3= ends of genes (77); however,
this does not seem to be a global phenomenon in S. pombe, since
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we see widespread elevation of antisense transcript levels from the
3= ends of genes in spt6-1 mutants, even though H3K4me3 is ab-
sent. Finally, the H3K4me3 defect in an S. pombe spt6-1 mutant
does not occur via an effect on H2B ubiquitylation. For all of these
reasons, we believe that S. pombe provides an interesting system
for studying the relationship between Spt6 and H3K4me3.

The Spt6 dependency of H3K36me3 appears to be more uni-
versal than for H3K4me3, since it has now been demonstrated in

S. pombe (our work), S. cerevisiae (25, 26, 28), and human cells
(27). In S. cerevisiae, an spt6 mutation causes decreased levels of
Set2 (28), which we did not observe in S. pombe. We note, how-
ever, that when S. cerevisiae Set2 levels were increased to wild-type
(WT) levels, this did not restore H3K36me3 (28), indicating ad-
ditional defects in H3K36me3 in the S. cerevisiae spt6 mutant.
Previous studies suggest that many protein-protein interactions
are required for both Set2 recruitment and activity, some of which

FIG 7 Spt6 is required for H3K36me3 and contributes to Set2 recruitment. (A) Metagene analysis shows H3K36me3 ChIP-seq enrichment over transcribed
regions, aligned to the TSS and TTS, in WT cells. No results are shown for the spt6-1 strain since the IP did not produce enough material for sequencing due to
the low level of H3K36me3. The vertical dotted lines represent the TSS and TTS (pink) and 350 bp (gray). (B) Comparison of directed ChIP qPCR (top and
middle panels) and ChIP-seq (bottom panel) of H3K36me3 and Set2 at act1�. qPCR was performed at four regions of act1� indicated by the black bars and
labeled A to D. For H3K36me3, modification levels were normalized to H3 levels at each primer set, and at Set2, primer sets were normalized to the upstream,
untranscribed region (A). Columns represent the mean 	 the SEM (n � 3). ChIP-seq enrichment values over the act1� region are shown in the bottom panel.
(C) Set2 protein levels were measured by Western blots in WT and spt6-1 strains with the anti-myc antibody, with 
-tubulin serving as a loading control. (D)
Metagene analysis shows enrichment of Set2 in wild-type and spt6-1 strains over transcribed regions aligned to the TSS and TTS. (E) The log2 ChIP-seq
enrichment scores for Set2 at each transcription unit are plotted in WT and spt6-1 with r corresponding to the Pearson correlation. (F) The WT log2 ChIP-seq
enrichment scores are plotted for Spt6 and Set2 at each transcription unit with r corresponding to the Pearson correlation.

S. pombe Spt6

December 2013 Volume 33 Number 24 mcb.asm.org 4789

http://mcb.asm.org


might be impaired or altered in an spt6 mutant. These include
interactions between Set2 and the RNAPII CTD (78–83), as well as
Set2 and the Spt6-interacting partner Iws1/Spn1 (27). Other stud-
ies have shown that H3K36me2 and H3K36me3 are both depen-
dent upon Set2 interactions with specific regions of histones H2A,
H3, and H4 (84–86). Interestingly, histone or Set2 mutants that
abolish the Set2-histone interaction still allow Set2 recruitment,
but not H3K36me2 or H3K36me3, and they also mimic several
spt6 mutant phenotypes. Finally, we found that in S. pombe, sur-
prisingly, H3K36me3 is independent of the Paf1 complex, in con-
trast to a strong dependence in S. cerevisiae (67).

In summary, Spt6 plays a number of important and interre-
lated roles in the regulation of transcription and chromatin, many
of which may be direct, based on its interactions with RNAPII and
histones. Now that the broad requirements for Spt6 have been
more comprehensively defined, the challenge will be to elucidate
the biochemical basis for each, as well as its functional role in vivo.
Given the conservation of Spt6 and its central roles in gene expres-
sion and development, this understanding should provide addi-
tional insights into the integrated action of the large number of
factors that operate during transcription.
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