7180-7190 Nucleic Acids Research, 2017, Vol. 45, No. 12
doi: 10.1093/narlgkx321

Published online 29 April 2017

The ATP-dependent chromatin remodeler Chd1 is
recruited by transcription elongation factors and
maintains H3K4me3/H3K36me3 domains at actively
transcribed and spliced genes

Yaelim Lee', Daechan Park? and Vishwanath R. lyer'”’

Center for Systems and Synthetic Biology, Institute for Cellular and Molecular Biology, Department of Molecular
Biosciences, University of Texas at Austin, Austin, TX 78712, USA and ?Center for Theragnosis, Biomedical
Research Institute, Korea Institute of Science and Technology (KIST), Seoul 02792, Republic of Korea

Received December 27, 2016; Revised April 09, 2017; Editorial Decision April 11, 2017; Accepted April 14, 2017

ABSTRACT

Chd1 (Chromodomain Helicase DNA Binding Pro-
tein 1) is a conserved ATP-dependent chromatin re-
modeler that maintains the nucleosomal structure of
chromatin, but the determinants of its specificity and
its impact on gene expression are not well defined.
To identify the determinants of Chd1 binding speci-
ficity in the yeast genome, we investigated Chd1 oc-
cupancy in mutants of several candidate factors. We
found that several components of the PAF1 transcrip-
tion elongation complex contribute to Chd1 recruit-
ment to highly transcribed genes and identified Spt4
as a factor that appears to negatively modulate Chd1
binding to chromatin. We discovered that CHD1 loss
alters H3K4me3 and H3K36me3 patterns throughout
the yeast genome. Interestingly, the aberrant his-
tone H3 methylation patterns were predominantly ob-
served within 1 kb from the transcription start site,
where both histone H3 methylation marks co-occur.
A reciprocal change between the two marks was ob-
vious in the absence of Chd1, suggesting a role for
CHD1 in establishing or maintaining the boundaries
of these largely mutually exclusive histone marks.
Strikingly, intron-containing genes were most sus-
ceptible to CHD1 loss and exhibited a high degree
of histone H3 methylation changes. Intron retention
was significantly lower in the absence of CHD1, sug-
gesting that CHD1 function as a chromatin remodeler
could indirectly affect RNA splicing.

INTRODUCTION

Chromodomain Helicase DNA Binding Protein 1 (CHDI)
is a chromatin remodeler important for maintaining nu-

cleosome structure over transcription units in yeast and
CHDI mutants exhibit a high degree of aberrant nucleo-
somal structures (1,2). As part of its fundamental role in
maintaining well-positioned nucleosomes, CHDI prevents
histone replacement in the wake of RNA Polymerase 11
(RNAPII) and thereby represses cryptic transcriptional ini-
tiation over coding regions (3). Genome-wide studies in-
vestigating Chdl localization along the genome have re-
vealed that it binds at highly transcribed genes, which
are marked with histone H3 tri-methylated at lysine 36
(H3K36me3) due to the histone methyltransferase activity
of Set2 (2-4). Moreover, human Chdl specifically recog-
nizes tri-methylated H3 lysine 4 (H3K4me3) residues pro-
duced by Setl (5) and thus Chdl is considered an effector
of this active histone modification (6,7).

In yeast, Chdl interacts with Set1 and Set2 (8,9) but does
not have the ability to directly bind to H3K4me3 (5). De-
spite its interaction with Set2, Chdl binding in the yeast
genome is not affected by loss of SET2 (2). Studies on a
number of individual genes in yeast have implicated tran-
scriptional elongation factors, including Rtfl (a compo-
nent of the PAF1 complex), Spt4—Spt5 (DSIF complex) and
Spt16-Pob3 (FACT complex), in recruiting Chdl1 to highly
transcribed genes (10,11). Consistent with the earlier stud-
ies, we recently found that the genome-wide binding pro-
file of Chd1 shows high concordance with the locations of
RNA polymerase II phosphorylated at serine 5 of its C-
terminal domain (RNAPII Ser-5P), which is an early elon-
gation mark (2). However, the effects of these elongation
factors on genome-wide Chdl localization have not been
tested systematically. Given the current evidence, the rela-
tionship between CHD/! and the two histone modifications
(H3K4me3 and H3K36me3), as well as the determinants of
Chd1 recruitment to its targets throughout the genome re-
main unclear.

In this study, we attempted to clucidate the basis for
genome-wide Chdl occupancy by examining ten candi-
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date factors, including all components of the PAF1 com-
plex (PAFI, CTRY9, LEOI, CDC73 and RTFI), two hi-
stone methyltransferases (SE7! and SET2), one compo-
nent of the DSIF complex (SPT4), a critical member of
the Rpd3S histone deacetylase complex (RCOI) and the
histone H2A.Z variant (HTZ1) (3,9,10,12). By investigat-
ing how genome-wide Chdl occupancy is affected in dele-
tion mutants of these factors, we discovered that the PAF1
complex (PAF1C), a RNAPII-associated factor involved in
transcription elongation, is important for Chd1 recruitment
to actively transcribed genes. Moreover, SPT4, a compo-
nent of the conserved DSIF complex that regulates tran-
scription elongation, plays a counteracting role in modulat-
ing Chdl recruitment.

To test whether Chdl could affect the deposition of
H3K4me3 and H3K36me3 at the genes it is recruited to, we
generated profiles for these two histone marks in the chdl A
strain. We discovered that the loss of CHDI causes global
changes in H3K4me3 and H3K36me3 patterns through-
out the yeast genome. Interestingly, the aberrant methyla-
tion patterns were predominantly observed within 1 kb of
transcription start sites where both methylation marks co-
localize. Additionally, we detected reciprocal changes in oc-
cupancy patterns between these two marks, suggesting a
possible role for CHDI in establishing or maintaining the
boundaries of these histone modifications.

Intron-containing genes were over-represented among
the genes that we identified as differentially methylated
genes in the chdl A strain. This led us to analyze the ef-
fects of CHDI on intron retention within the transcripts
produced at these genes. Consequently, we discovered that
intron retention was significantly lower in the absence of
CHDI. This suggests that CHDI affects RNA splicing,
most likely by modulating the rate of RNAPII elongation.

MATERIALS AND METHODS
Yeast strains and cultures

To measure genome-wide Chdl occupancy by Chromatin
immunoprecipitation sequencing (ChIP-seq), we used a
yeast strain expressing Chdl with a 13 Myc epitope-tag,
which was generated earlier (2). To create the ten deletion
strains in this background, we replaced the ORF of in-
terest with the cassette of a selectable marker, His3 M X6,
by homologous recombination according to the proto-
col described previously (13). The yeast strains gener-
ated were confirmed by polymerase chain reaction (PCR)-
based genotyping. The Myc tagged-strains were also tested
by immuno-blotting to validate that Chdl was correctly
tagged.

The chdl A strain used for H3K4me3 and H3K36me3
ChIP-seq was obtained from the yeast deletion collection
(Open Biosystems, now GE Dharmacon, Lafayette, CO,
USA) (14). For the wild-type (WT), we used the S288C-
derivative laboratory strain, BY4741 (MATa his3 Al leu2 A0
metl15 A0 ura3 A0). All yeast cells were cultured in YPD
(yeast extract, peptone and dextrose) media at 30°C with
shaking at 250 rpm and collected at an O.D.¢ (optical den-
sity)of 0.8 and immediately frozen in liquid nitrogen for use
in subsequent experiments. For the heat-shock experiment
(Supplementary Figure S1), yeast cells were collected at an
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0.D of 0.6-0.8 and split into two aliquots. The old YPD
media was removed and one half was re-suspended in 30°C
YPD (normal sample) and the other half was re-suspended
in pre-warmed 39°C YPD (heat-shock sample). The nor-
mal and heat shock samples were incubated at 30 and 39°C,
respectively, for 15 min and harvested and frozen in liquid
nitrogen.

Chromatin immunoprecipitation sequencing (ChIP-seq)

We followed the ChIP-seq protocol described in (2) with 150
pl of anti-Myc conjugated agarose beads (Sigma Aldrich,
St Louis, MO, USA, cat.# E6654), 10 wg of H3K4me3 an-
tibody (EMD Millipore, Darmstadt, Germany, cat.# 07—
473), 10 pg of H3K36me3 antibody (Abcam, Cambridge,
MA, USA, cat.# ab9050), 10 wg of RNAPII S5p antibody
(Abcam, Cambridge, MA, USA, cat.# ab5131) and 10 pg
of RNAPII S2p antibody (Abcam, Cambridge, MA, USA,
cat.# ab5095) to pull down Chdl, H3K4me3, H3K36me3,
RNAPII Ser-5P and Ser-2P, respectively. For Set2 ChIP-
seq, we used the TAP-tagged Set?2 strain from the TAP-tag
library (15) and 100 wl of anti-TAP conjugated sepharose
beads (GE Healthcare, Pittsburgh, PA, USA, cat.# 17—
0969) for immunoprecipitation. For the mock ChIP, we
carried out immunoprecipitation with anti-Myc conjugated
agarose beads in cells expressing no Myc-tagged protein.

Gene expression profiling

For the microarray experiments carried out in pafiA,
spt4A and WT strains, we used NimbleGen Saccharomyces
cerevisiae Gene Expression Array System (Roche Nimble-
Gen, Madison, WI, USA) according to the manufacturer’s
instructions. For the RNA sequencing experiments per-
formed in chdl A and WT, we isolated total RNA from the
yeast cells through the hot acid phenol extraction method
and incubated the total RNA with magnetic beads conju-
gated to oligo-dT (BIOO Scientific, Austin, TX, USA, cat.#
512980) to enrich poly-adenylated RNA. Next, a sequenc-
ing library with the poly-adenylated RNA was prepared us-
ing NEBNext Multiplex Small RNA Library Prep Set for
Illumina (New England Biolabs, Ipswich, MA, USA, cat.#
E7300L), then sequenced using the Illumina HiSeq 2500
System.

Data analysis

ChIP-seq and RNA-seq reads were mapped onto the sac-
Cer3 reference genome using the aligner BWA (16) and
TopHat (17), respectively. Subsequently, we visualized the
data on a local mirror of the UCSC genome browser by
loading the WIG files generated from the BAM files. The
top 100 Chdl-occupied genes and the most actively tran-
scribed genes were identified based on the occupancy of
Chdl and RNAPII Ser-5P, respectively, in the WT strain
under normal growth conditions. The most actively tran-
scribed genes were taken to be the high outlier genes show-
ing high levels of RNAPII Ser-5P occupancy (>Q3 + 1.5
* inter-quartile range of RNAPII Ser-5P occupancy) and
totaled 536 genes. The transcript coordinates, such as tran-
scription start site (TSS) and transcription termination site
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(TTS), were consolidated by combining two previous pub-
lished resources (18,19). To bin H3K4me3 and H3K36me3
according to their nucleosomal coordinates, we used the dis-
tances from the TSS in the intervals: 55, 110, 275, 440, 605,
770 and 935 to bin the +1 to + 6 nucleosomes respectively,
derived from nucleosome positions in previous studies (2).

All statistical analyzes were performed using R and Bio-
conductor. Specifically, we used edgeR (20) and limma (21)
packages for the differential H3K4me3/H3K36me3 analy-
sis and differential gene expression analysis. All graphs from
these analyzes were generated using ggplot2. Hierarchical
clustering was performed using Cluster3 (22) and the out-
put was visualized using Java TreeView (23).

To quantify intron retention as a measure of splicing effi-
ciency, we counted the intronic and coding exonic sequenc-
ing reads separately for all intron-containing genes. To com-
pare intron retention between chdl A and WT, we calculated
the odds ratio (OR) of intron retention for individual in-
trons as follows:

(Number of reads mapped to intron/Number of reads mapped to CDS) inchdl A
(Number of reads mapped to intron/Number of reads mapped to CDS ) in WT

Essentially, this measurement informs us whether intron
retention is higher or lower in RNA transcripts in the CHD/
mutant compared to WT depending on whether the OR is
greater or less than 1, respectively, in conjunction with a le-
nient P-value threshold of <0.1 from Fisher’s exact test.

RESULTS

The PAF1C elongation complex is the key determinant of
Chdl1 recruitment to chromatin

Although several factors have been reported to physically
interact with Chdl and recruit it to chromatin, their role
in Chd1 binding has not been systematically examined on
a genomic scale. To identify the key factor that gives rise
to the specificity of Chdl binding on chromatin, we priori-
tized ten candidate factors that have been reported to phys-
ically or functionally associate with CHDI, including all
components of the PAF1C complex (PAFI, CTRY, LEOI,
CDC73 and RTFI), two histone methyltransferases (SET/
and SET?2), one component of the DSIF complex (SP74), a
critical member of the Rpd3S histone deacetylase complex
(RCOI)and the H2A.Z histone variant (HTZ1) (3,9,10,12).

We created deletion mutants for each of these candidate
genes and used ChIP-seq to investigate if overall Chdl oc-
cupancy was affected in the deletions when compared with
WT. All deletions of PAF1C components, with the excep-
tion of rtf1 A, showed significantly lower Chdl occupancy.
Interestingly, spt4 A showed higher levels of Chdl binding
when we considered either the top 100 genes highly bound
by Chdl or the most actively transcribed genes in WT cells
(536 genes, sece "Materials and Methods’ section) (Figure 1).

We observed the greatest difference in Chdl binding in
pafl A, ctr9A and spt4 A (Figure 1A). In order to examine
how Chdl1 binding was altered in these strains in more de-
tail, we generated average Chdl binding profiles from 1 kb
upstream of the TSS to 2 kb downstream of the TSS for the
most actively transcribed genes (Figure 1B).

The PAFI and CTR9 mutants showed a considerable de-
pletion of Chdl binding over the gene body and a corre-
sponding significant accumulation of Chd1 at the promoter,

just upstream of the TSS (Figure 1B, see arrows). A pos-
sible explanation for this reciprocal pattern of Chdl occu-
pancy at promoters and gene bodies in the elongation fac-
tor mutants may be that Chdl is loaded on to promoters
but is transported to its sites of action at the coding re-
gions of highly transcribed genes via interactions with elon-
gation factors such as Pafl. In contrast to the PAF1C mu-
tants, spt4 A showed significantly more Chdl binding near
the TSS (Figure 1B), indicating that Spt4 is involved in neg-
atively modulating Chd1 recruitment to the 5’ ends of genes.

Rtfl, a member of the PAF1C complex, has been pro-
posed to be a recruitment factor for Chdl in yeast because
of its direct interaction with Chd1 (10). However, rtf1 A did
not show any large changes in Chdl occupancy and thus
appeared to be distinct from the other members of PAF1C
(Figure 1). We note that r¢f/ A showed a small increase in
Chdl occupancy (Figure 1B), but its magnitude was sub-
stantially smaller than the effects seen with Spt4. Moreover,
loss of SET1 or SET2, two histone H3 methyltransferases
known for their close functional relationship with CHDI,
did not appreciably affect Chdl occupancy (Figure 1B).

One possibility is that loss of the elongation components
such as Pafl and Spt4 causes a change in RNAPII occu-
pancy and indirectly causes a change in Chd1 recruitment to
chromatin. To distinguish between potential indirect and di-
rect effects on Chd1 recruitment, we first examined changes
in RNAPII Ser-5P occupancy in relation to changes in gene
expression. RNAPII Ser-5P occupancy was highly corre-
lated with changes in gene expression, showing that gene
expression changes can provide a measure of RNAPII Ser-
5P occupancy (Supplementary Figure S1). We then exam-
ined changes in Chdl recruitment in pafl A and spt4 A at
two distinct sets of genes, those whose expression changed,
corresponding to a decrease or increase in RNAPII Ser-5P
occupancy and those actively transcribed genes whose ex-
pression did not change in the deletion. Chdl occupancy
was reduced at genes that were downregulated in pafi A,
suggestive of an indirect effect, but there was a much larger
set of 417 actively transcribed genes whose expression did
not change and therefore had no change in RNAPII occu-
pancy, and yet showed a clear reduction in Chd1 occupancy
(Supplementary Figure S2). Similarly, spt4 A also showed a
small indirect effect on Chdl recruitment at 93 genes whose
expression increased in the deletion but a much larger di-
rect effect at 528 actively transcribed genes with no change
in gene expression or RNAPII occupancy, that nevertheless
showed a significant increase in Chd1 recruitment (Supple-
mentary Figure S2).

Chd1 controls the overlapping boundaries of the domains of
H3K4me3 and H3K36me3

Although Setl and Set2 did not affect Chdl recruitment
to chromatin, given the strong reported association be-
tween Chdl, Setl and Set2, we were interested in how the
two histone marks deposited by these histone methyltrans-
ferases (H3K4me3 and H3K36me3, respectively) were af-
fected in the absence of CHD1. We utilized ChIP-seq to gen-
erate high-resolution chromatin profiles for H3K4me3 and
H3K36me3 in chdl A and WT, and focused at the 5’ end of
genes where our recent data indicated strong Chd]1 recruit-
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Figure 1. Chdl occupancy in the wild-type (WT) strain and deletion mutants of candidate recruitment factors. (A) Top: the heat map shows Chdl
occupancy in the indicated deletion mutants at the 100 genes where Chd1 occupancy was highest in WT cells. Each row indicates a gene. Chd1 occupancy
was measured by counting Chdl Chromatin immunoprecipitation sequencing (ChIP-seq) reads from the transcription start site (TSS) to transcription
termination site (TTS) and normalizing by transcript length and sequencing depth. The level of occupancy of Chdl is depicted in a green-to-red color
scheme (green—Ilow; red—high occupancy of Chdl) after being standardized into a z-score per row. Bottom: boxplots summarize the distribution of Chdl
occupancy values shown above. (B) Metagene average occupancy profiles of Chdl in candidate recruitment factor deletions. The y-axis in the plots shows
normalized Chd1 ChIP-seq read density (reads per million, RPM) obtained by averaging the read counts for the most actively transcribed genes, identified
based on the occupancy of RNAPII Ser-5P in the WT strain under normal growth conditions (536 genes, see "Materials and Methods’ section). The x-axis
shows the distance from 1 kb upstream to 2 kb downstream of the TSS. Each plot includes a positive control (Chd1 occupancy measured in the WT strain,
blue) and a negative control (a mock ChIP, green) to compare Chdl occupancy in the selected deletion mutants (red). The dark line is the mean and the
shaded envelope indicates the 95% confidence interval for the mean Chd1 ChIP-seq read density. PAFI, CTRI and SPT4 mutants show a highly significant
difference in Chd1 occupancy. The arrows indicate the genomic regions showing the strongest and most significant differences in occupancy. RTFI, SET]

and SET2 mutants show a marginal difference in Chd1 occupancy.

ment and nucleosome remodeling effects (2). A previous
study by Radman-Livaja et a/ examined this question us-
ing lower resolution ChIP-chip, and focused on methylation
changes at the 3’ ends of genes in conjunction with CHDI
effects on histone replacement at long genes, although they
did observe changes in H3K36me3 similar to what we ob-
serve near the 5’ ends as well (24). We utilized ChIP-seq to
generate higher-resolution chromatin profiles for H3K4me3
and H3K36me3 in chdl A and WT, and focused at the 5
end of genes where our recent data indicated strong Chdl
recruitment and nucleosome remodeling effects (2).

Our data revealed that CHDI loss causes consistent
changes in H3K4me3 and H3K36me3 profiles at most genes

across the yeast genome, with the changes being localized
relative to the 5’ end of genes (Figure 2; Supplementary
Figures S3 and 4). At most genes in WT cells, H3K4me3
is normally localized to the 5’ end and H3K36me3 is dis-
tributed over the gene body. Although H3K36me3 is largely
excluded from the 5" end, there is a narrow zone within 1 kb
from the TSS where both marks overlap, which thus demar-
cates the H3K4me3 and H3K36me3 domains over genes.
We predominantly observed changes in the methylation pat-
tern in chdl A within 1 kb downstream of the TSS where
the two marks overlap. In chdl A, the downstream bound-
ary of the H3K4me3 domain and the upstream boundary of
the H3K36me3 domain were both shifted upstream, in the
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Figure 2. Chromodomain Helicase DNA Binding Protein I (CHDI ) affects domains of H3K4me3 and H3K36me3. (A) Genome browser views of H3K4me3
and H3K36me3 across the SEC23 and EFT] genes in WT and chdl A strains. (B) Average H3K4me3 and H3K36me3 profiles for all yeast genes for two
replicate experiments from 500 bp upstream to 1500 bp downstream of the TSS. The dark line is the mean and the shaded envelope indicates the 95%
confidence interval of the mean H3K4me3/H3K36me3 ChIP-seq read signal (RPM) for all genes. H3K4me3 and H3K36me3 signals in WT are colored
sky blue and pink, respectively. H3K4me3 and H3K36me3 signals in ciidl A are colored dark blue and purple, respectively. The inset for replicate 2 highlights
the region between 500 and 700 bp downstream of the TSS to show the shift of H3K4me3 and H3K36me3 domain boundaries toward the TSS.

direction of the TSS (Figure 2A). Although this shift was
small, it was highly significant because first, we observed
the same behavior in two independent ChIP-seq datasets
and second, it was very consistent across all genes with
good ChIP-seq signal, as indicated by the clear separation
of the 95% confidence intervals around the ChIP-seq sig-
nal density profiles (Figure 2B). Moreover, it is the ratio of
H3K4me3 to H3K36me3 that was affected, confirming that
the effect of CHDI loss is not simply due to a change in
overall histone H3 or nucleosome occupancy in this region
(Supplementary Figure S5).

To specifically identify the nucleosomes showing differ-
ential depletion or enrichment of the histone methylation
marks at genes, we used our earlier nucleosome position-
ing data generated using MNase-seq (2) to bin our methyla-
tion data with respect to nucleosome position. According to
the nucleosome periodicity defined previously (2), we deter-
mined that the +1 nucleosome starts from 55 bp upstream
of the TSS and each nucleosome spans a 165 bp region.
To cover the ~1 kb region from the TSS of all transcripts,
where both H3K4me3 and H3K36me3 marks were promi-
nent, we created genomic coordinates encompassing the +1
to +6 nucleosomes for all genes (see ’Materials and Meth-
ods’ section). We then analyzed our histone mark ChIP-seq
data to identify genes showing differential H3K4me3 and
H3K36me3 in chdl A relative to WT at one or more nucle-

osome positions. We identified 2501 genes with at least a 2-
fold-change in H3 methylation (fold-change > 2 and false
discovery rate (FDR)-adjusted P < 0.01). This set repre-
sents the union of the differentially methylated H3K4me3
and H3K36me3 genes and is almost half of all the genes
in the yeast genome (Supplementary Figure S6). Thus, our
data shows that Chd1 affects histone methylation patterns
at approximately half of all genes in the genome. Interest-
ingly, the set of 818 genes showing differential methylation
at both H3K4 and H3K36 tended to be longer and more
highly transcribed genes, compared to those that showed
alteration in only one modification (Supplementary Figure
S6).

To elucidate the nature of the methylation signal changes
in the absence of CHDI, we performed hierarchical
clustering with the differentially tri-methylated genes for
H3K4me3 and H3K36me3 (Figure 3). This analysis re-
vealed a striking reciprocal change between the two methy-
lation marks; if H3K4me3 was depleted at downstream
nucleosomes, there was concurrently a higher level of
H3K36me3 signal at upstream nucleosomes and vice versa
(Figure 3). Thus, this analysis indicated that CHDI is in-
volved in the establishing the domains of these largely mu-
tually exclusive histone modifications. In order to explore
the mechanistic basis of this action, we considered nucleo-
some turnover, since this is a process known to be affected
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by Chdl. We obtained nucleosome turnover data from a
previous study that measured nucleosome exchange rates
over genes in WT and chdl A strains (3). The chdl A strain
showed lower exchange rates over gene bodies for most
genes, but at the subset of genes that showed marked re-
ciprocal shifts in H3K4me3 and H3K36me3 in our data,
nucleosome exchange rates were also markedly lower, over
the corresponding gene regions (Supplementary Figure S7).
This suggests that nucleosome exchange mediated by Chd1
could contribute to the establishment of normal H3K4me3
and H3K36me3 boundaries near the 5’ ends of genes.

Determinants of histone H3 methylation sensitivity to CHD1

To better understand the factors that make H3K4me3 and
H3K36me3 at certain genes dependent on Chdl, we exam-
ined several characteristics of these genes. To do this, we ex-
amined the methylation change sensitivity to CHDI loss as
a function of transcription level (measured as steady-state
RNA levels) or transcript length (Figure 4A and B, respec-
tively).

There was a positive correlation between the dependence
of H3K4me3 on CHDI function and transcription level,
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specifically at the +4, +5 and +6 nucleosomes (Figure 4A).
The overall trend between the alteration in H3K36me3
upon CHDI loss and gene expression was also positive
(Figure 4A), indicating that actively transcribed genes tend
to show a high degree of methylation changes in the ab-
sence of CHDI. Moreover, increased transcription of the
genes was associated with depletion of H3K4me3 and
H3K36me3 in chdl A at downstream nucleosomes and in-
creased H3K36me3 in chdl A at the +1 nucleosome (Fig-
ure 4A). However, there was no correlation between tran-
script length and histone methylation changes upon CHD1
deletion (Figure 4B). Rather, we observed a strong bias
for H3K36me3 depletion at short genes in the absence of
CHDI. Taken together, this data suggested that a specific
group of genes with short transcript lengths and high tran-
scription levels are strongly dependent on Chd1 for normal
levels of H3K4me3 and H3K36me3.

Loss of Chdl causes aberrant histone methylation patterns
and affects intron retention in ribosomal protein genes

In yeast, the ribosomal protein (RP) genes are characterized
by high levels of transcription and relatively short transcript
lengths. We therefore examined H3K4me3 and H3K36me3
patterns specifically over the 137 RP genes in the chdl A
strain. Strikingly, all RP genes, with the exception of five
genes that did not meet the significance threshold (fold-
change > 2 and FDR-adjusted P < 0.01) exhibited a strong
and significant reduction in H3K4me3 and H3K36me3 de-
position and a redistribution of this mark upon the loss of
CHDI (Figure 5).

RP genes in yeast are also distinguished by the fact that
they are much more likely to contain an intron; 101 out of
137 RP genes (~75%) have one or more intron(s), compris-
ing about half of all intron containing genes in yeast. Most
introns in RP genes occur toward the 5 end of the gene and
we observed that in chdl A, the signal from H3K4me3 and
H3K36me3 was significantly higher over the introns and
lower in the exons (Figure 5 and Supplementary Figure S8).
‘We have previously found that RNAPII Ser-5P accumulates
at intron—exon junctions within highly transcribed genes
in the absence of CHDI (2). We therefore hypothesized
that CHDI, as a consequence of its effect on nucleosome
positions and histone modifications and thereby RNAPII
elongation, could indirectly affect co-transcriptional RNA
splicing at highly transcribed genes.

In support of this hypothesis, we found that Chdl is re-
cruited to introns within highly transcribed genes (Supple-
mentary Figure S9). To directly test the hypothesis that
Chd1 affects mRNA splicing, we performed RNA-seq of
chdl A and WT, and quantified intron retention as a mea-
sure of splicing efficiency (see 'Materials and Methods’
section). Table 1 shows the outcome of the intron reten-
tion analysis for all intron-containing genes considered. We
found that 35 introns were significantly affected in splicing
in the chdl A mutant. Interestingly, there was a strong skew
in how intron retention was affected; 28 out of 35 introns
(80%) showed lower intron retention and thus an improve-
ment in splicing upon loss of CHDI (Table 1).

As a control, we applied our analysis to RNA-seq data
generated from a splicing factor mutant (temperature-
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Figure 4. Histone H3K4me3 and H3K36me3 sensitivity to CHDI loss is correlated with transcription level but not transcript length. (A) The sensitivity of
H3K4me3 and H3K36me3 changes to CHDI loss, quantified using the statistical significance (—log10 FDR adjusted p-value) of methylation ratio in chdl A
and WT, is plotted as a function of gene expression level at each of the +1, +2, +3, +4, +5 and +6 nucleosomes. The gene expression values are normalized
RNA-seq data (reads per million, RPM) in WT and transformed into a log2-scale. Each dot represents one gene and its colors show fold changes of chdl A
relative to WT in either H3K4me3 or H3K36me3 (blue—less H3 tri-methylation in chdl A; red—more H3 tri-methylation in chdl A, when compared to
WT) and its sizes reflect the significance level (small—not significant, N.S; large—significant, S). (B) The sensitivity of H3K4me3 and H3K36me3 changes
to CHDI loss plotted as a function of transcript length at each of the same six nucleosomes.

Table 1. Introns significantly different with regard to intron retention between chdl A and WT, when all introns in the yeast genome were considered.

This study, number of introns Lee et al., (26) number of introns
OR < 1, lower intron retention in chdl A 28 98
OR > 1, higher intron retention in chdl A 7 6

OR is the odds ratio (see ‘Materials and Methods’ section).



Nucleic Acids Research, 2017, Vol. 45, No. 12 7187

H3K4me3 H3K36me3
+1 +2 +3 +4 +5 +6 +1 +2 +3 +4 +5 +6
Log2 FC (chd1A/WT) =~
HE Bl
Low High
B
5
-8 WT H3K4me3 WT H3K36me3
8 B chd1A H3K4 [ chd1A H3K36me3
x 4 3
c
xe]
T3
2 2
©
=2
©
I 1
T
£
—_
o
Z o 0 —
-500 0 500 1000 -500 0 500 1000
(o4 721 bp 1089 bp 996 bp
RPS14/A mmmmmm——| RPL48 meeeesssssssm RPL20/A Soe—— |
WT
H3K4me3
_‘—_ _A— - .
chd1A
i y - g
WT
H3K36me3
_g ISR .
chdi1A
- - ——4

Figure 5. CHDI strongly affects H3K4me3 and H3K36me3 at ribosomal protein (RP) genes. (A) Heat maps showing differential H3K4me3 (left) and
H3K36me3 (right) in chdl A relative to WT for RP genes measured as fold changes. The fold changes are on a log2-scale and depicted in a blue-to-red color
scheme (blue—less H3 tri-methylation; red—more H3 tri-methylation in chdl A). Each column in the heat maps represents nucleosome positions and the
rows are sorted by transcript length. Gray areas reflect short genes that do not extend as far as the end of the displayed region. (B) Average H3K4me3 (left)
and H3K36me3 (right) profiles for RP genes from 500 bp upstream to 1000 bp downstream of the TSS in chdl A and WT. The width of lines corresponds
to the 95% confidence interval for the mean H3K4me3 and H3K36me3 ChIP-seq read density. (C) Genome browser views of H3K4me3 and H3K36me3

across the RPS14A, RPL4B and RPL20A genes in WT and chdl A strains.

sensitive prp40, prp40-1) (25) and found the opposite trend,
namely that more than 95% of introns were impaired in
splicing and showed higher intron retention in the mutant
(data not shown), suggesting that our quantitation of in-
tron retention was reliable. To assess whether the effect of
CHDI loss on splicing might be indirectly caused by al-
tered expression of splicing-related genes, we analyzed the

differentially expressed genes (DEGs) in the c¢hdl A RNA-
seq data. At the normally used threshold (FDR P < 0.05
and fold-change > 2), there were no DEGs involved in RNA
splicing. At a more relaxed threshold (FDR P < 0.05 and
fold-change > 1.4), there were only two genes relevant to
RNA splicing that were slightly affected; however, one of
these, PRP31 was activated (1.7-fold) and the other, DEDI
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was repressed (1.5-fold) at the level of transcription. Given
that overall splicing efficiency increased in chdl A and that
PRP31isjust one of a large number of spliceosomal compo-
nents and that at least one other splicing factor was reduced
in expression (which would reduce splicing efficiency), it
is unlikely that CHDI loss leads to an increase in splic-
ing efficiency solely due to an effect on the transcription
of splicing factors. Because our power to detect changes
in intron retention was limited by the depth of our RNA-
seq dataset, we repeated this analysis with more deeply se-
quenced RNA-seq data published in a previous study (26).
A total of 94% of introns showed lower intron retention in
the chdl A mutant, confirming the skew towards more effi-
cient splicing in the mutant that we observed with our inde-
pendent data. When we considered only the introns within
RP genes, where Chdl is most strongly enriched, the in-
creased efficiency in splicing in the chdl A mutant (i.e., lower
intron retention) was even more apparent (Table 2). Thus,
CHDI, most likely by virtue of its effect on RNAPII elon-
gation and H3K4me3/H3K36me3 domains, can indirectly
affect the efficiency of pre-mRNA splicing.

DISCUSSION

Here, we examined genome-wide Chdl occupancy in ten
candidate recruitment factor mutants, including five com-
ponents of the PAFIC complex (PAFI, CTRY, LEOI,
CDC73 and RTFI), two histone methyltransferases (SET/
and SET?2), one component of the DSIF complex (SPT4),
an essential member of the Rpd3S histone deacetylase com-
plex (RCOI) and a histone H2A variant (HTZ1). Although
all these factors have been reported to interact with Chdl
and proposed to recruit it to chromatin, our study exam-
ines their role on a genomic scale for the first time and clar-
ifies the difference between positive and negative factors. We
found that all components of the PAF1C, except for RTFI,
are positively required for the normal level and distribution
of Chdl over highly transcribed genes (Figure 1A). SPT4
functions in negatively modulating Chd1 recruitment near
the 5" ends of the genes (Figure 1B). Unexpectedly, none
of the factors tested in this study completely abolished the
specificity of Chdl1 recruitment to actively transcribed genes
in the yeast genome (Figure 1). This suggests that either
there is some redundancy among the components of the
PAF1C complex in recruiting Chd1, or that additional com-
ponents not tested here, such as essential components of
the transcription machinery, could be involved in recruiting
Chdl to its target loci.

Chdl1 is engaged over the entire unit of transcription, at
highly transcribed genes, from the transcription start site
(TSS) to the transcription termination site (TTS). Given
this behavior, the factor(s) maintaining Chdl binding to
chromatin is likely to have the same binding pattern as
Chdl1 and be necessary for active transcription. The most
plausible factor would be RNAPII itself or a factor that
moves with RNAPII, such as the PAF1C or DSIF com-
plex (Spt4-Spt5), which was investigated in this study. We
have previously found that the binding pattern of RNAPII
Ser-5P closely matches Chdl at active genes (2). Beyond
the two elongation complexes, we observed that the most
similar genome-wide binding profiles to Chd1 are those of

Spt2, a DNA binding protein with HM G-like domains and
Mbf1, a RNAPII coactivator, respectively (data not shown).
According to the published data on SPT2 (27), its func-
tional roles in transcription elongation are consistent with
the known roles of CHDI. Investigating the factors with the
most agreement to Chdl binding profiles will likely shed
some light on additional Chdl co-factors that are impor-
tant for its proper recruitment.

Our study also clarifies the relationship between
CHDI and two histone H3 modifications, H3K4me3 and
H3K36me3, through high resolution sequencing and a
binning-based strategy to detect differential methylation in
the absence of CHDI. Loss of CHDI led to significantly
aberrant methylation patterns in approximately half of the
yeast genome (Figure 3 and Supplementary Figure S6).
These methylation changes were predominantly observed
within 1 kb of the TSS of the genes, where both methyl
marks partially overlap (Figure 2, Supplementary Figures
S3 and 4). The changes in H3K4me3 and H3K36me3 were
reciprocal between the promoter-proximal nucleosomes
(+1, +2 and +3) and distal nucleosomes (+4, +5 and +6)
within the 1 kb window (Figure 3). The disruption of these
methylation marks due to loss of CHDI was consistent
and widespread across the genome (Figure 2 and Supple-
mentary Figure S4). These results suggest a possible role
for CHDI in maintaining distinct domains for H3K4me3
and H3K36me3. A previous study by Radman-Livaja
et al. showed a slight increase in H3K4me3 and a dramatic
decrease in H3K36me3 at the 3’ end of genes in chdl A
(24). While our analysis was focused at the 5’ end, we also
observed a reduced level of H3K36me3 at the 3’ end of
genes in the absence of CHDI. However, we did not see a
significant increase of H3K4me3 at the 3’ end of genes in
the CHDI deletion. Although the impact of CHDI loss on
steady-state transcript levels was marginal (Supplementary
Figure S10), it is noteworthy that an indirect consequence
of its activity is a small reduction in splicing efficiency
(discussed below).

Misregulation of histone modifications is known to lead
a variety of human diseases, underscoring the significance
of understanding how they are regulated on a genome-wide
scale (28,29). Accordingly, many studies have been con-
ducted to define the normal organization of histone mod-
ifications with regard to position and quantity. For exam-
ple, Setl deposits a gradient of H3K4 tri-, di- and mono-
methylation, from the promoter towards the 3’ ends of genes
(28,30,31). Set2 can mono-, di- and tri-methylate H3K36 on
bodies of genes (29). The histone H3K4 and H3K 36 methy-
lation tend to be inversely related to each other in terms of
the location on genes, since as the level of H3K4 methyla-
tion diminishes, H3K36 methylation increases along genes
(32).

It has been proposed that two distinct zones of tri- and
di-methylated H3K4 loci are created via the recruitment
of different histone modifying enzymes (31) and the pres-
ence of overlapping non-coding transcripts (33), defining
disparate chromatin structures as a mechanism for fine-
tuning transcriptional induction or repression. Further-
more, a separate study revealed that Set1-mediated methyla-
tion at H3K4 determines which chromatin-remodeling fac-
tor is recruited to cause changes in chromatin structure for
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Table 2. Introns significantly different with regard to intron retention between cidl A and WT, when only the introns at RP genes were considered

This study, number of introns

Lee et al., (26) number of introns

OR < 1, lower intron retention in chdl A 21
OR > 1, higher intron retention in chdl A 2

88
1

condition-specific expression (34). In this study, we found
that CHDI loss disrupted H3K4me3 and H3K36me3 do-
mains (Figure 4). Considering the importance for estab-
lishing distinct chromatin domain with proper epigenetic
marks, CHDI could potentially affect diverse chromatin
events, as seen in the aforementioned studies.

H3K4me3 and H3K36me3 changes in the absence of
CHDI have been examined using ChIP-chip experiments in
previous studies (3,24). One common observation was that
H3K36me3 signal appeared to shift upstream in chdl A.
However, these previous studies underestimated changes in
H3K4me3 due to their low statistical significance. In con-
trast, we found a highly significant effect at a large number
of genes that showed differential H3K4me3 and H3K36me3
at individual nucleosomes in the absence of CHDI. Our
ability to detect this novel reciprocal shift in their occupancy
patterns hinged on our use of ChIP-seq, which has a higher
resolution than ChIP-chip experiments. When we consid-
ered the changes between chdl A and WT by summarizing
the ChIP-seq reads only at the whole-gene level, the number
of genes that showed differential H3K4 and H3K 36 methy-
lation were reduced by 85%. Representative false-negative
examples (RPLI5A and ADHI) are shown in Supplemen-
tary Figure S4B. This underscores the importance of ana-
lyzing histone modification data by employing a methodol-
ogy to detect local signal changes such as ChIP-seq, cou-
pled with appropriate binning or sliding window strategies
(35,36) to detect changes at nucleosome resolution.

At last, we found a significant functional association of
CHDI with intron retention for the intron-containing genes
that showed the most dramatic changes in H3K4me3 and
H3K36me3 upon CHD/ loss (Table 1 and 2; Figure 5). How
might Chdl affect RNA splicing? One possibility could be
through CHDI function in releasing stalled RNAPII at in-
trons. Recent studies have shown that RNAPII pausing is
known to affect co-transcriptional splicing (37-39). An-
other potential mechanism might be through interactions
between histone methylation and the splicing machinery, as
demonstrated in a recent study where loss of SET2 recruits
inadequate snRNPs to yeast chromatin (40). One caveat
to our analysis is that we used polyA+ RNA to enriched
for spliced transcripts, which was also the case in the ex-
ternal dataset analyzing splicing defects (25). Thus, non-
polyadenylated transcripts generated due to splicing errors
would be missed in these analyzes. Finally, it is possible that
Chd1 directly affects splicing by interactions with splicing
factors. Indeed, Chdl has previously been reported to in-
teract with splicing factors and affect the splicing of a re-
porter construct (41). Even if the effect of Chdl on splicing
is indirect, if it similarly affects splicing efficiency in mam-
malian cells, it might have important clinical consequences
in light of the fact that CHDI is known to be mutated in
prostate and other cancers (42-45). It is possible that some

of the phenotypic impact of mutations in CHDI and other
chromatin factors in cancer are mediated via an effect on
splicing. Similar investigations examining the effect of chro-
matin remodeler mutations on histone modifications and
splicing are likely to shed light on this question.
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