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ABSTRACT

Histone deacetylase inhibitors (HDACIs) are known
to alter gene expression by both up- and down-
regulation of protein-coding genes in normal and
cancer cells. However, the exact regulatory mecha-
nisms of action remain uncharacterized. Here we in-
vestigated genome wide dose-dependent epigenetic
and transcriptome changes in response to HDACI
largazole in a transformed and a non-transformed
cell line. Exposure to low nanomolar largazole con-
centrations (<Glsg) predominantly resulted in upreg-
ulation of gene transcripts whereas higher larga-
zole doses (>Glsg) triggered a general decrease in
mRNA accumulation. Largazole induces elevation of
histone H3 acetylation at Lys-9 and Lys-27 along
many gene bodies but does not correlate with up-
or down-regulation of the associated transcripts. A
higher dose of largazole results in more RNA poly-
merase Il pausing at the promoters of actively tran-
scribed genes and cell death. The most prevalent
changes associated with transcriptional regulation
occur at distal enhancer elements. Largazole pro-
motes H3K27 acetylation at a subset of poised en-
hancers and unexpectedly, we also found active en-
hancers that become decommissioned in a dose and
cell type-dependent manner. In particular, largazole
decreases RNA polymerase Il accumulation at super-
enhancers (SEs) and preferentially suppresses SE-

driven transcripts that are associated with oncogenic
activities in transformed cells.

INTRODUCTION

Reversible lysine acetylation is important for homeostatic
regulation of many cellular processes. The lysine residues
in the N-terminal tail of histones are tightly regulated
by acetylation and deacetylation modifications catalyzed
by enzymes known as histone acetyltransferases (HATS)
and histone deacetylases (HDACS) respectively (1). It has
been long recognized that HDACs are predominantly in-
volved in transcriptional repression as loss of histone ly-
sine acetylation, a hallmark of transcriptionally active chro-
matin, decreases chromatin accessibility. HDACs often ex-
ist as the catalytic module of chromatin remodeling ma-
chineries, including CoOREST, NuRD, Sin3 and N-CoR (2).
These molecular complexes target specific genomic regions
through sequence specific interactions mediated by non-
histone proteins such as transcription factors, methyl bind-
ing proteins (MBDs), or other epigenetic modifier enzymes
such as DNA and histone methyltransferases (DNMTs or
HMTs).

Deregulation of histone post-translational modifications
have been observed in human tumors. Indeed, transcription
of tumor suppressor genes is frequently silenced in tumor
cells due the hyper- or aberrant activity of HDAC:s (3). Ac-
cordingly, HDACTs are used clinically for the treatment of
a subset of hematologic tumors (4). There are 18 HDAC
enzymes in the human genome, belonging to four distinct
classes (4). Class I, II and IV enzymes contain a zinc (Zn>")
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ion in their catalytic site and are inhibited by pan-HDACIs
such as Vorinostat, Belinostat, or Panobinostat (4).

Aberrant recruitment of HDACsS, as seen in cells with
chromosomal translocations or mutations in certain tran-
scription factors, contribute to development of tumors (3).
Hence, HDACIs are used to de-repress silenced genes in
cancer treatment (4). The therapeutic benefits of HDAC in-
hibition are thought to be associated with their chromatin
remodeling activities and the resulting transcriptional re-
programming changes. However, exactly what type of chro-
matin remodeling activities or resulting chromatin mark
changes are responsible for HDACI-regulated gene expres-
sion are still not fully understood. As expected, previous
transcriptome analysis in the presence of HDACISs revealed
the drastic up-regulation of a large number of genes (5-
7). Surprisingly, transcription of many genes is also re-
pressed by HDACI exposure (5-7). The opposing func-
tions of HDACTSs on transcription are difficult to reconcile.
Genome-wide HDAC localization analyses indicate that
HDAC:s are associated strongly with actively transcribed
genes in human cells (8). Divergent activities of HDACIs on
transcription could be a result of deacetylation activity to-
wards different classes of targets. For example, non-histone
substrates, including certain transcription factors, are ac-
tivated when deacetylated (9-11). A recent study suggests
that HDACTs target the transcription elongation complex
and cause redistribution of other elongation factors across
the genome (12).

Despite the clinical efficacy of HDAC inhibition for cer-
tain tumors, it has been generally challenging to understand
the disparate activities of HDAC inhibitors in vitro and in
vivo. As numerous biological activities of HDAC inhibitors
are dose-dependent, it is imperative to characterize dose-
dependent changes at molecular and genome-wide levels.
The importance of HDACIs as anticancer therapies war-
rants more in-depth understanding of their dose-dependent
activities in transcriptional regulation.

Largazole, a marine natural product discovered in
cyanobacteria, is a highly potent Class I, Class IIb, and
Class IV selective HDACI and displays selective killing of
tumor cells (13-15). Largazole offers a unique tool to ad-
dress the mechanism of HDAC inhibition in cancer biol-
ogy due to its selectivity, superb potency, and minimal oft-
target activities. Parsing out various mechanisms underly-
ing largazole-induced transcription activation and repres-
sion could offer fundamental insights critical for develop-
ing superior HDACTs with better clinical efficacy and low
toxicity. To this end, we conducted comprehensive anal-
ysis of the specificity and molecular mechanisms of ac-
tion for largazole in both transformed and non-transformed
cell lines. We show that largazole selectively inhibits class
I and class IIb HDAC enzymes at a subnanomolar range
and causes cytostatic responses in a variety of tumor cell
lines. We performed genome wide studies to identify hi-
stone marks and gene signatures whose dose-responsive
changes, upon exposure to increasing concentrations of
largazole, closely match the Gl curve of the cytostatic re-
sponse. Our data indicates that largazole induces profound
dose-dependent changes in H3K9ac, H3K27ac, H3K4mel,
H3K4me?2 and perturbs the association of RNAPII with en-
hancers, promoters, and gene bodies. Low doses of larga-
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zole exposure resulted mostly in the up-regulation of gene
transcripts whereas mid to high doses lead to more pro-
nounced transcriptional suppression. We observe a corre-
lation between the effect of largazole on cellular prolifer-
ation and transcriptional suppression with its effects on
enhancer elements. Thus, our results reveal that largazole
causes remodeling of numerous enhancer elements by mod-
ulating H3K27ac and retooling the enhancer atlas in a dose-
dependent manner.

MATERIALS AND METHODS
Cell culture and largazole treatment

Cells were cultured in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(Sigma), 1% penicillin streptomycin, and 1% GlutaMAX
(Invitrogen) and maintained at 37°C and 5% CO,;. Prior
to treatment, HCT116 and RPE cells were grown in com-
plete media and passaged for three consecutive days. Cells
were treated with the indicated largazole concentration or
equivalent amount of vehicle (DMSO) at 70% confluency
and harvested after 16 hours for all ChIP-seq experiments
as well as for immunoblotting assays. Synthesis of largazole
has been described previously (15).

RNA extraction and library preparation

Total RNA was extracted from 16 h treated HCT116 cells
using TR1Izol reagent (Life Technologies) according to the
manufacturer’s protocol. The concentration of each sample
was quantified using the Qubit™ 3.0 Fluorometer (Thermo
Fisher), and integrity was measured on an Agilent Bioan-
alyzer 2100 (Agilent Technologies). The Illumina TruSeq
RNA Sample Prepartaion kit (Illumina) was used to gener-
ate the RNA sequencing libraries. Briefly, mRNA was puri-
fied from 2.5 ug total RNA from each sample, fragmented,
and converted to double-stranded cDNA with the use of
modified oligo(dT) primers. Sequencing barcodes were lig-
ated to the cDNA fragments, and the resulting fragments
were amplified using PCR. The final lengths of oligos from
each library were validated on an Agilent Bioanalyzer 2100.

Sequencing

Libraries were quantified using the Qubit™ 3.0 Fluorome-
ter and sequenced at the Next-Generation Sequencing Fa-
cility at the University of Colorado BioFrontiers Institute
and University of Colorado Anschutz Medical Campus. All
sequencing libraries were multiplexed and sequenced on an
Ilumina HiSeq 2000 sequencing system (Illumina).

RNA mapping and normalization

Reads were trimmed to a final length of 43 bp and mapped
to human genome 18 (RefSeq) using Bowtie version 2.02.0
and TopHat version 2.0.6 (16). After mapping, alignment
files were processed using SAMtools version 0.1.18.0 (17).
Using Cuffdiff version 2.1.1 we counted the total number of
sequencing reads that aligned to each putative gene model
in the human genome. To determine which genes were dif-
ferentially expressed, we used the R package DESeq version
1.30.0 (18).
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Immunoblotting, antibodies and signal quantification

Western blots were carried out using standard protocols.
Briefly, HCT116 and RPE cells were grown, treated and
harvested as previously mentioned. Nuclear protein lysates
were separated by SDS-PAGE and transferred to GVS ni-
trocellulose 0.22 pm membranes. Blots were probed with
primary antibodies, followed by peroxidase-conjugated sec-
ondary antibodies (GE Healthcare Life). Signal for all im-
munoblots was acquired using the ImageQuant LAS 4000
biomolecular imager (GE Healthcare LS) with an average
exposure of 30 s. Antibodies used are as follows: H3K9ac
(abcam, cat. # ab4441); H3K27ac (abcam, cat. # ab4729);
H3K4mel (abcam, cat. # ab8895); H3K4me2 (abcam, cat.
# ab7766); H3K4me3 (abcam, cat. # ab8580); total H3 (ab-
cam, cat #1791).

Chromatin immunoprecipitation

HCT116 and RPE cells were treated with largazole or ve-
hicle for 16 h and cross-linked with 1% formaldehyde for
15 min at room temperature (25°C). Cells were washed
two times with PBS and membranes ruptured in hypotonic
buffer (50 mM NaCl, 1% NP-40 alternative, 2 mM EDTA,
10 mM Tris, | mM DTT, 2 mM EDTA, 1X protease in-
hibitor cocktail (Roche # 04693124001). The cell nuclei
were recovered by centrifugation and resuspended in lysate
buffer (150 mM NacCl, 0.5% Triton X-100, 2 mM EDTA,
0.1% SDS, 20 mM Tris, | mM DTT, 1X protease inhibitor
cocktail). Resuspended samples were sonicated for 25 cy-
cles (30 s ‘on’ at high level and 30s ‘off” per cycle) using a
Bioruptor (Diagenode; Denville, NJ, USA) and spun for 10
min at 16 000 x g in a microcentrifuge. Samples were incu-
bated for 5 h at 4°C with 5-20 pg of antibodies and 20 pl of
50% slurry with protein A beads (Millipore; Billerica, MA,
USA). The immunoprecipitated chromatin was then recov-
ered and DNA purified using phenol chloroform extrac-
tion. Sequencing libraries were prepared using an Illumina
ChIP-Seq DNA Sample Prep Kit (cat. # IP-102-1001), with
a starting sample varying from 2 to 20 ng of DNA isolated
from the immunoprecipitation step. Antibodies used are as
follows: RNAPII (Santa Cruz sc-899 lot # K0111); H3K9ac
(abcam, cat. # ab4441); H3K27ac (abcam, cat. # ab4729);
H3K4mel (abcam, cat. # ab8895); H3K4me2 (abcam, cat.
# ab7766).

ChIP-seq mapping and normalization

ChIP-seq datasets were aligned using Bowtie mapping soft-
ware version 0.12.7 (19). To maintain the same read length
across all experiments, 1 x 150 bp ChIP-seq raw datasets
(fastq files) were trimmed to 50 bp using FASTX-toolkit
(version 0.0.13.2) (http://hannonlab.cshl.edu/fastx_toolkit/)
or Trimmomatic (version 0.36) (20). All reads were mapped
to the hgl8 reference human genome with a number of base
pairs mismatch not >2 (96% sequence match). We used
SAMtools version 0.1.19 (21) to generate a sorted pileup
format of the aligned reads. Reads were then extended from
the 3'-end to a final length of 150 bp. For each experiment,
genome coverage bed graph files were generated using BED-
Tools2 version 2.25.0 (22) and then normalized by multi-
plying the read density times 100 and dividing by the to-
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tal number of mapped reads. Normalized bed graph files
were subsequently converted to bigwig files and uploaded to
UCSC Genome Browser for visualization. We downloaded
ChIP-seq data for p300, MLL4, and the corresponding in-
put from HCT116 cells previously published (23), from the
GEO database accession number GSE1176. In addition, we
also acquired published GRO-seq data for HCT116 cells
from the GEO database accession number GSE53964 (24).
Raw ChIP-seq data for p300, MLL4, as well as the GRO-
seq data were processed in the same manner as mentioned
above.

Identification of ChIP-seq signal

H3K4mel, H3K4me2, RNAPII, p300 and MLL4. With
the exception of H3K9ac and —K27ac, signal analyses for
all ChIP-seq datasets experiments were performed using
MACS?2 version 2.1.0.20150731 (25) under default settings
and a P-value cutoff of 1e-05. We used —broad -g hs —keep-
dup = auto -p le-5 -m 10 200 —bw 200 and selected broad
peak calls.

H3K9ac and H3K27ac. The FStitch algorithm (26) was
used to identify genomic regions enriched with H3K9ac
and —K27ac signal from HCT116 ChIP-seq experiments.
In order to acquire uniform FStitch signal calls across
experiments targeting the same acetylated lysine, we de-
termined the minimal number of unique reads found in
datasets for H3K9ac as well as in those for H3K27ac (Sup-
plementary Figure S1D). Based on these numbers, we ran-
domly subsample 12 844 004 unique reads from all H3K9ac
ChIP-seq experiments and 9 122 018 unique reads from
all nine H3K27ac ChIP-seq datasets. For H3K9ac ChIP-
seq data analyses, we used 20 genomic regions from un-
treated HCT116 H3K9ac ChIP-seq data as FStitch-training
genomic locations (Supplementary Table S3). In a similar
manner, we used 19 genomic regions from H3K27ac un-
der basal experimental conditions as FStitch training pa-
rameters (Supplementary Table S4). Segmentation analy-
sis for all ChIP-seq experiments targeting the same lysine
on histone H3 were conducted using the output parameters
gathered from the training sessions. The same analysis was
performed on the input experiment and any resulting sig-
nal was subtracted from all ChIP-seqgs. Signal analysis for
H3K27ac ChlIP-seq experiments gathered from RPE cells
was performed using SICER (version 1.1) (27) with flags
‘hgl8 1200 150 0.74 600 0.01".

Defining promoter proximal start sites and positive associa-
tion with RNAPII

To select for genes bound by RNAPII at transcription start
sites, we defined proximal gene promoter regions as 100 bp
+ from annotated TSSs using the January 2016 UCSC Ref-
Seq gene assembly (hgl8). RNAPII ChIP-seq signal was
determined using MACS2 (version 2.1.0.20150731) narrow
peak analysis based on default settings and a P value cut-
off equal to 1e-05. Using merged peak-signals of fragments
within a 1 kb range resulting from MACS2 analysis, we
identified proximal gene promoter regions positively asso-
ciated with RNAPII in untreated cells. Because many an-
notated genes contain multiple isoforms associated with a
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single TSS, we selected for the longest annotated gene ver-
sions and for genes which bodies did not overlap with other
genes. From this list, we excluded genes which associated
TSSs were within 2 kb from neighboring genes, genes which
annotated lengths are smaller than 3 kb, genes that con-
tained intragenic enhancer elements (based on H3K27ac
and H3K4mel co-occupancy), as well as genes that dis-
played multiple internal TSSs occupied by RNAPII. Using
this method, we identified 2352 genes in HCT116 and 1,644
in RPE cells that were bound by RNAPII at the correspond-
ing TSS and deemed suitable for pausing index assessment.

Pausing index calculation

Calculations were performed as in (28). For the selected
genes, we defined promoter regions from —30 to +300 rel-
ative to the TSS and the gene body extending from +300
bp to the end of the gene annotation. RNAPII accumula-
tion at promoters and gene bodies was determined using
unique mapped reads from RNAPII ChIP-seq experiments
of untreated, and largazole treated cells with 75 and 300 nM
concentrations. Read density for promoter and gene body
windows were calculated by dividing the number of unique
reads by the total base pairs associated with each specified
window. Pausing index was assigned to each gene from the
ratio between RNAPII density in the promoter region to
that of the gene body.

De novo motif analysis

For de novo motif discovery, we used MEME (29). Analy-
sis were performed with a search window of 800 and 500
bp flanking the center enhancer elements associated with
the defined cluster. The reported E-value is the output of
the MEME de novo motif finding algorithm. To identify
related transcription factors, each identified motif was in-
put to TOMTOM version 4.11.1 (16) using motif database
JASPAR DNA CORE (2016) or HUMAN DNA HOCO-
MOCO (v10). We also report the E-value describing the cer-
tainty of the match between the identified de novo motif and
the database position weight matrices. The images were pre-
pared using Adobe Illustrator CS6 or Photoshop CS6.

Identification of conventional enhancer elements

We first determined H3K27ac ChIP-seq signal (FStitch
or SICER), as mentioned above, resulting from unstimu-
lated and largazole treated cells. We performed fragment
intersect analyses to extract genomic regions with overlap-
ping H3K27ac and H3K4mel accumulation for both cell
lines. To further define the boundaries of enhancer regions
in HCT116 cells, we trimmed the co-occupied regions us-
ing MACS2 broad peak calls gathered from H3K4me2,
RNAPII, and MACS2 narrow peaks from p300 ChIP-seq
data gathered from unstimulated HCT116 cells (23). We
then eliminated all genomic regions which coordinates over-
lapped with annotated transcription start sites based on the
January 2016 UCSC RefSeq gene assembly (hgl8). This led
to identification of 41 017 and 28 299 putative enhancer ele-
ments in unstimulated HCT116 and RPE cells, respectively.
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Identification of super-enhancers

Genomic locations and associated genes for super-
enhancers in HCT116 cells were extracted from the dbSU-
PER database (http://bioinfo.au.tsinghua.edu.cn/dbsuper)
(30). The effects of largazole on RNAPII occupancy along
SEs for both HCT116 and RPE cells were determined us-
ing ROSE (https://bitbucket.org/young_computation/rose)
(31). We used an exclusion zone of 5 kb (‘-t 2500”) flanking
the transcription start site and the default stitching size of
12.5 kb. RNAPII peaks as determined by MACS2 were
used as input constituent enhancers.

K-means clustering of H3K27ac signal along enhancer re-
gions

K-means clustering was performed on the enhancer data
set referred as ‘isolated enhancers’ (n = 12 172) from
HCT116 cells. These elements are characterized by a single
H3K27ac peak, co-occupied by H3K4mel, centered along
a 20 kb genomic region, either under basal cellular con-
ditions (n = 8667) or resulting from stimulation with 300
nM largazole treatment (n = 3505). To this end, we used
H3K27ac FStitch calls from all nine ChIP-seq experiments
along +1 kb distance centered on overlapping peak re-
gions (H3K27ac, H3K4mel (MACS2 BP) and H3K4me2
(MACS2 BP), RNAPII (MACS2 BP) or p300 (MACS2 NP)
when present). Two filters were applied on the analyzed en-
hancer list. First, the K-means clusters were selected based
on two general H3K27ac signal trends, decreasing or in-
creasing under largazole treatments. Second, an additional
filtered was applied on these clusters based on RNAPII nor-
malized read density patterns; selecting enhancer regions
with both decreasing H3K27ac ChIP-seq signal in concomi-
tance with an overall decreasing in RNAPII occupancy
(based on DMSO, 75 nM and 300 nM data) or enhancer
elements with increasing H3K27ac ChIP-seq signal accom-
panied by the systematic increase of RNAPII binding.

Cell viability assay

Cell viability for HCT116 cells, treated for 48 h with the in-
dicated largazole concentration or unstimulated (DMSO),
was measured using the crystal violet staining method. In
short, treated cells were gently washed once with phosphate
buffer saline (PBS) and fixed for 20 mins at room temper-
ature with 4% paraformaldehyde under constant rocking.
After a single wash with PBS, fixed cells were stained with
0.5% crystal violet (Sigma) in 20% methanol at room tem-
perature for 10 mins. Cells were then thoroughly washed
with water and left overnight to dry. Last, 150 wl of devel-
oping solution (4:1:1 mix of methanol, ethanol, and water)
was added to each well and absorbance was measured at A
= 560 nM.

Flow cytometry analysis

HCT116 and RPE cells (1 x 10°) were treated with vehi-
cle (DMSO) or the indicated dose of largazole for 25 h.
For each cell population analyzed, we washed with ice-cold
PBS, treated with trypsin solution, and fixed in cold 70%
ethanol overnight. Fixed cells were then washed with ice
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cold PBS, and incubated in 0.25 mg/ml or RNase (Sigma)
for 1 h at 37°C. Before analysis, cells were stained with 10
ug/ml of propidium iodide (PI) (Sigma) at 4°C for 1 h.
Analysis was performed using a FACSAccuri flow cytome-
ter (Becton-Dickinson). Data obtained from the cell cycle
distribution were analyzed using FlowJo version 10.1 (Tree
Star). Gaussian distributions and S-phase polynomial were
assigned to each cell population using the Watson prag-
matic model. Starting from samples treated with 9.4 nM
largazole dose and above, we specified the range of G1 and
G2 peaks in order to gather percentage of cells in each cell
cycle phase.

RESULTS
Dose-dependent cytostatic activity of largazole

As a HDAC inhibitor, the natural product largazole selec-
tively inhibits class I, class IIb, and to a lesser extent class
IV HDAC:s but spares class Ila HDACs (Supplementary Ta-
ble S1). Largazole has a broad spectrum tumor inhibitory
activity toward most of the NCI 60 cell lines, with an aver-
age Glsyp of ~10 nM (Supplementary Table S2). We found
that colorectal cell lines are particularly sensitive to larga-
zole and because HCT116 cells have been consistently in-
vestigated by genome-wide sequencing analyses, we chose
this cell line for all follow-up studies. Cell cycle analysis
of HCT116 cells by flow cytometry revealed that largazole
stimulation for 25 h alters cell cycle progression and leads
to significant cell death (Figure 1A and B). Specifically, ex-
posure of HCT116 cells to low concentrations of largazole
induces cell cycle arrest at G1 (~2 nM) and G2/M (~37
nM) phases; however, these effects systematically dissipate
at higher largazole concentrations. Significantly, largazole
caused a dramatic increase of sub-G1 phase (apoptotic)
cells in a dose-dependent manner that becomes apparent at
~18 nM and plateaus at ~300 nM. These results confirm
that largazole inhibits proliferation and induces significant
cell death of HCT116 cells at low nanomolar concentrations
(Glsp = ~34 nM) and further demonstrate that its effect on
cell cycle profile is dose dependent.

Histone marks undergo dose-dependent changes in response
to largazole treatment

Histone H3 acetylation has been used as a reliable phar-
macodynamic mark for HDACI on-target activity. To de-
termine largazole’s effects on acetylation of specific ly-
sine residues, we analyzed dose-dependent accumulation of
acetylated lysine 9 and 27 on histone H3 (H3K9/27ac). It
is important to note that largazole-induced cell death oc-
curs after 17 h exposure based on time and dose dependent
Glsp measurement. At the 16 h time point, there is no signif-
icant cell death (data not shown). For most of the genome-
wide studies in this report, we collected cells at 16 h post
treatment. As expected, both H3K9ac and H3K27ac sig-
nals elevated significantly over the range of largazole doses
used but the ECsg of the two marks appear to be different
(Figure 1C). Moreover, three H3 lysine methylation marks
were also analyzed. While there was a noticeable increase in
global H3K4mel, no significant changes in H3K4me2 or
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H3K4me3 were observed (Figure 1C). Because hyperacety-
lation of histones is linked to gene activation, we hypoth-
esized that genomic location-specific changes in histone
acetylation may account for the altered regulation of the
largazole responsive genes. To test this hypothesis, we em-
ployed chromatin immunoprecipitation coupled with mas-
sive parallel sequencing (ChIP-seq) using antibodies target-
ing H3K9ac and H3K27ac in HCT116 cells treated with in-
creasing concentrations of largazole.

Because largazole confers an extensive degree of acety-
lation over genomic regions that can extend for several
kilobases (Supplementary Figure S1A), we used Fast Read
Stitcher (FStitch) under default signal threshold, to iden-
tify broad regions of enrichment over a wide range of sig-
nal strength (26). FStitch exhibited a detection range supe-
rior to MACS2 (32) for low-profile acetylation signal found
in cells treated with high largazole concentrations. Over
96% of the genomic space identified by FStitch in H3K27ac
ChIP-seq data from cells treated with 300nM largazole was
not detected by MACS2 (Supplementary Figure S1B). To
gain a better understanding of the signal distribution of
H3K9/27ac, we divided the human genome into five ter-
ritories based on the RefSeq hgl8 gene alignment from the
UCSC Genome Browser (25): proximal promoter (+2 kb
from the TSS), gene region (-2 kb from TSS to end of
annotated gene), 3’ end (end of annotated gene to 2 kb
downstream), enhancer elements (£2 kb from the deter-
mined center), and intergenic regions. In unstimulated cells,
~5% of the genome was associated with H3K9ac and —
K27ac ChIP-seq signal, with both marks heavily enriched
at enhancer elements (54.0% for H3K27ac and 42.4% for
H3K9ac) and transcription start sites (23.6% for H3K27ac
and 26.1% for H3K9ac) (Figure 1D and E).

Increasing doses of largazole (nM) exposure shows a gen-
eral trend of gradual H3K9ac enrichment for all genomic
territories analyzed, with the gene body regions displaying
the highest elevation (expanding purple region of the log;
ratio of largazole/vehicle) (Figure 1F and Supplementary
Figure S1C). In contrast, H3K27ac enrichment is mostly
restricted to gene body regions (Figure 1G and Supple-
mentary Figure S1C). Unexpectedly, a notable reduction
in H3K27ac signal was seen in the enhancer elements as
largazole concentration increased (Figure 1G, green). Col-
lectively, our data indicates that H3K9ac and H3K27ac un-
dergo similar dose-dependent changes along gene body re-
gions but opposite trends at enhancer locations in response
to largazole.

Dose-dependent spreading of H3K9ac and -K27ac at specific
regions of the genome upon largazole exposure

Since H3K9ac and —-K27ac are functionally associated
with proximal promoters and the most drastic acetylation
changes occurred at protein-coding regions, we further ex-
amined genes that were occupied by H3K9ac and —K27ac
under basal conditions. A total of 10 356 unique genes with
a minimal length of 3 kb exhibited H3K9ac at their tran-
scription start site (TSS) and 10 272 genes were positive for
H3K27ac signal. As shown in Figure 2A, we found distinct
gene patterns associated with H3K9 and —K27 acetylation
changes. One class of genes displays a TSS highly occupied
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Figure 1. Dose-dependent cellular and histone acetylation responses to largazole treatment in HCT116 cells. (A) Quantitative analysis of the cell cycle
progression by propidium iodide staining using flow cytometry in HCT116 cells treated with the indicted largazole concentration for 25 h. (B) Histogram
showing the percentages of cells in G1 (red), S (blue), and G2 (yellow) phases of the cell cycle as well as subG1 fraction (green). (C) Dose-dependent global
changes in indicated histone marks upon largazole exposure for 16 h as determined by immunoblotting with antibodies against each histone mark. Total
histone H3 was used as a loading control. (D and E) Changes in H3K9ac and H3K27ac induced by largazole according to genomic territories. Pie charts
illustrate the distribution of H3K9ac and H3K27ac signals (as determined by FStitch) from ChIP-seq experiments in vehicle (DMSO) treated HCT116
cells. Genomic territories are divided by gene bodies (purple), enhancer regions (green), TSS (blue), intergenic locations (orange) and 3’ ends (red). (F and
G) The log, fold change ratio for increasing H3K9ac and H3K27ac in each genomic territory with various doses of largazole (nM) exposure.
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Figure 2. Distinct H3K9 and H3K27 hyperacetylation responsive patterns upon largazole treatment. (A) A representative genomic snapshot of H3K27ac
peaks illustrating different responses of gene bodies to newly acetylated histones. The signal initiates from the TSS (red dotted rectangle) of the FAT1
gene (orange panel) and spreads into the coding region or as in the case of CYP4V2 (purple panel), the preexisting acetylated TSS remains unmodified
throughout all largazole dose treatments. Genes that do not show H3K9 or —K27 acetylation at the TSS (green panel) under basal conditions do not
associate with the two histone marks as a result of largazole treatment. (B) Number of gene regions associated with the three response categories for
H3K27ac (left) and H3K9ac (right). (C) Venn diagram showing the number of genes that exhibit new association with H3K27ac (green), H3K9ac (purple),

and those that display both acetylation marks.
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by acetylated H3K27 or —K9 at basal state, and the signal
spreads in a dose-dependent manner into the transcribed
region upon largazole treatment (Figure 2A, orange region;
box on the right). The second class of genes displays a mod-
erate amount of histone acetylation at the TSS with DMSO
treatment and the signal remains anchored to the promoter
throughout all largazole doses (Figure 2A, blue region; box
on the left). Lastly, we found over 7600 genes that are not
associated with H3K9/27ac and remain acetylation free un-
der any dose of largazole stimulation (Figure 2A, green re-
gion; dash box in the middle). Using a cutoff of a two-
fold spread in histone acetylation signal from untreated
(DMSO) versus 300 nM largazole, we found 4154 unique
genes exhibiting H3K27 hyperacetylation and 5969 genes
with higher levels of acetylated H3K9 (Figure 2B and C).
The relative number of genes without significant acetylation
(acetylation ‘deserted’ genes) is very similar for both histone
marks. Thus, largazole-induced dose-dependent changes in
histone acetylation are both acetylation mark specific and
restricted to defined genomic regions.

Largazole induces dose-dependent changes in RNA transcript
levels irrespective of spreading of histone acetylation marks

Since a subset of genes exhibited dose-dependent H3K9ac
and H3K27ac signal spreading, we wondered if these pat-
terns are predictive of changes in gene expression. We
harvested poly(A) RNA from HCT116 cells treated for
16 h with increasing concentrations of largazole and per-
formed RNA-seq analysis. Only transcripts that exhibit
dose-dependent up- or down-regulation based on DESeq
analysis with an adjusted P-value cutoff of <0.1 were se-
lected for further analysis (18). Dose-dependent transcripts
were identified through this approach. A striking pattern
emerged when differentially expressed transcripts were plot-
ted against largazole dose. Whereas a higher dose of larga-
zole resulted in more significantly deregulated genes (Figure
3A), increasing dosage led more genes to be down-regulated
than up-regulated (Figure 3B). This event is unlikely due
to the cell loss associated with nonspecific toxic effects of
largazole as a more polarized gene expression pattern is ob-
served with no significant decrease in cell numbers at this
endpoint. Thus, low dose largazole exposure triggers selec-
tive gene activation and higher dose of largazole is associ-
ated with wide spread transcriptional suppression.

To examine the effect of hyperacetylation of gene bod-
ies on transcription, we plotted mRNA levels from all
nine treatments for the set of genes that showed significant
acetylation spread. Surprisingly, hyperacetylated genes with
H3K9ac or —K27ac showed no consistent behavior in ex-
pression changes, as we found both up- and down-regulated
transcripts (based on an arbitrary 2-fold change cutoff) as
well as a relatively large set of genes with no significant
changes in mRNA levels (Figure 3C and D). It is worth
noting that the change in transcript levels associated with
H3K9ac occurs at a lower largazole dose than the observed
changes in H3K27ac spread (Figure 3D).

To explore a possible synergy between H3K9ac and —
K27ac with respect to transcriptional effects, we also looked
at the mRNA expression levels of 3115 genes that developed
enrichment for both histone marks (Figure 2C). Similar to
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mRNA expression patterns from genes hyperacetylated at
H3K9 or -K27, mRNAs from genes whose coding regions
exhibited spread of both acetylation marks showed both
events of up- and down-regulation (Figure 3E). Taken to-
gether, our findings show that the spectacular elevation and
spreading of H3K9ac or H3K27ac upon largazole exposure
appears to be insufficient to predict the direction of change
(i.e. up or down) in transcript levels with largazole exposure.

Largazole induces RNAPII pausing at a subset of genes

Because previous reports suggest HDACI target the tran-
scription elongation complex (12), we sought to examine the
genome wide effects of largazole-induced hyperacetylation
on RNAPII occupancy along gene bodies. To this end, we
conducted ChIP-seq experiments targeting total RNAPII in
HCT116 cells treated with DMSO and those treated with
either 75 and 300 nM largazole. We used the ‘pausing in-
dex’ (PI) (28) as the measurement to determine the extent
of RNAPII pausing in a representative set of genes (refer to
methods and materials for selection criteria). Pausing index
was calculated by dividing the RNAPII ChIP-seq unique
read density in the proximal promoter region by that in the
gene body. We observed that RNAPII Pls increased sys-
tematically upon largazole treatment for most of the ~2300
genes analyzed. As shown in Figure 3F, most genes exhibit
an increased PI when comparing 75 nM largazole treated to
DMSO treated cells. Treatment with 300 nM largazole fur-
ther increased PIs relative to 75 nM treatment, but this in-
crease was not as pronounced as that between DMSO and
75 nM largazole-treated cells. Correlation comparisons of
pausing indices from the three cellular conditions further
illustrate that Pls increase with largazole dosage (refer to
slopes in Figure 3G). In addition, examination of specific
gene loci suggests that the relative distribution of RNAPII
along genes is different across largazole-dose treatments.
For example, the PI for the region coding of transcription
factor DP1 (TFDP1) in DMSO treated cells is 0.43 and the
index increased to 3.70 in cells treated with 75 nM larga-
zole (Figure 3H, blue and green). In this case, depletion of
RNAPII signal throughout the gene body is the main con-
tributing factor to the increase of PI at the TFDPI locus.
However, at higher largazole dose treatment (300 nM), the
TFDP1 gene region displays a PI of 16.36 that mainly re-
flects the vast accumulation of RNAPII restricted to the
proximal promoter (Figure 3H, red).

We then examined the influence of RNAPII pausing on
the relative accumulation of transcripts associated with af-
fected genes. In untreated cells, we found a modest but
strongly supported (P = 2.2e-16) negative correlation (r =
—0.333) between RNAPII pausing indices and relative accu-
mulation of mRNAs (FPKM values in RNA-seq) (Figure
31, left). We observed that highly expressed genes, such as
TFDP1 and MYC (FPKMs > 80), are associated with rela-
tively low PIs (0.46 and 2.74, respectively), whereas silent
genes or those with low levels of expression (FPKMs <
1) such as BESTS3 illustrate PIs greater than 20 (Figure
31, left). Analyses of data from cells treated with either
75 nM and 300 nM concentrations of largazole showed
a marginal decrease in the correlation between Pls and
FPKM values, however a general unidirectional trend of
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Figure 3. Increasing dose of largazole causes more gene suppression than activation and hyperacetylation of gene body territories does not predict higher
mRNA accumulation. (A) Total number of genes differentially expressed at each largazole dose treatment showing newly differentially expressed in grey
and transcripts that were inherited from a lower dose in black. (B) Differentially expressed transcripts unique to each largazole dose treatment based on
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some genes became evident when looking at the changes
in both PIs and FPKM values from downregulated genes
(Figure 3, middle and right). Increase in pausing indices
is clearly the most dominant pattern observed among the
analyzed gene regions; however, we also see a small num-
ber of genes with unchanged PIs and relatively constant
FPKM values (GAPDH and RPS11) as well as genes
that became less paused and more transcriptionally active
(SAT1 and SIRT4). Thus for most genes analyzed, larga-
zole specifically interrupts RNAPII occupancy downstream
of proximal promoters and this event most likely affects the
transition from initiation to elongation or the elongation
steps of RNA synthesis and plausibly contributes to down-
regulation of gene expression at higher dose of largazole.

Genes with promoter-paused RNNAPII are more resistant to
H3K27 hyperacetylation by largazole

Class I HDACs preferentially occupy promoters of ac-
tive genes and positively correlate with transcription levels
(8). Accordingly, it is expected that highly expressed (low
paused) genes should be more sensitive to largazole. This
should be reflected in our data by the accumulation of newly
acetylated H3K9 and —K27 signal along highly expressed
genes in cells treated with relatively low concentrations of
largazole. Among the genes displaying hyperacetylation of
histone H3K9 and —K27, we noticed clear differences in
dose-specific signal spread. For instance, the transcribed re-
gion of the protocadherin gene FAT1, displays a substantial
association with H3K27ac in cells treated with 18.75 nM
largazole and the signal reaches complete gene body cov-
erage in cells stimulated with 75 nM (Figure 4A, top). We
also found gene regions, such as the HNRNPM locus that
do not associate with significant H3K27ac levels until ~30
nM largazole treatments (Figure 4A, middle). Finally, there
is a group of genes that are more resistant to hyperacetyla-
tion changes. For example, in the EMC1 gene region newly
acetylated histones are only detected in cells treated with
largazole concentrations at or above 75 nM (Figure 4A, bot-
tom).

To elucidate the sensitivity of each gene to largazole-
induced acetylation changes we determined the largazole
concentration necessary to induce a half-maximal acety-
lation response (ECsp) in genes displaying 50% or greater
H3K9ac or —-K27ac signal coverage over the annotated gene
lengths. Using FStitch calls, we calculated the total acetyla-
tion signal for both H3K9ac and —K27ac along the gene
bodies for each of the nine corresponding ChIP-seq exper-
iments and used the Sigmoidal Dose Response Search al-
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gorithm (SDRS) with a P = 0.05 cutoft (33). This approach
allowed us to effectively assign each gene a largazole dosage
sensitivity for both H3K9ac and —K27ac changes (Figure
4B). Distribution analysis of ECsy values from the two hi-
stone marks revealed a similar overall range of largazole
dose sensitivity (~8 nM to ~210 nM) (Figure 4C). How-
ever, within the population of gene regions associated with
H3K27ac, we observed a higher number of genes responsive
to low concentrations of largazole as compared to H3K9ac.

To explore a possible correlation between the basal pause
state of genes and sensitivity to largazole-induced acetyla-
tion changes, we compared the PIs from the 20% of genes
most sensitive to largazole (lowest ECsy) to that of the
20% of genes exhibiting the most resistance to acetylation
changes (highest ECsy) (Figure 4D). We found that gene
bodies with low H3K27ac ECs, scores (more sensitive) are
significantly less paused under basal conditions, when com-
pared to the pausing indices of genes most resistant to
H3K?27ac association (least sensitive) (Figure 4D, left). In
contrast, a similar analysis revealed that the pausing state
of RNAPII from genes in untreated cells has no statisti-
cally significant influence on the dose-dependent changes
of H3K9ac (Figure 4D, right). Overall, our data shows that
dose-dependent changes in H3K9ac and H3K27ac by larga-
zole have distinct dose-response behaviors. Genes that are
highly expressed with low RNAPII pausing prior to treat-
ment are more sensitive to low dose H3K27 hyperacetyla-
tion whereas H3K9 acetylation dose-dependent changes do
not seem to be influenced by pausing state.

Largazole induces major changes in the landscapes of histone
marks in distal regulatory elements

Although H3K9ac and H3K27ac undergo a broad dose-
dependent increase in the gene body region, we observe
dramatic differences between the two marks at enhancer
regions. Specifically, we observe loss of H3K27ac but not
H3K9%ac with higher doses of largazole (Figure 1F and
G). We wondered whether the increase in RNAPII paus-
ing observed with higher concentrations of largazole may
be the result of remodeling of enhancer elements. To this
end, we measured enhancer associated histone acetylation
(H3K4mel and H3K4me2 (34,35)) and RNAPII binding
as a function of largazole dose in treated cells. We per-
formed H3K4mel and H3K4me2 ChIP-seq of crosslinked
nuclear extracts obtained following either vehicle (DMSO),
75 nM, or 300 nM largazole treatment of HCT116 cells.
To help identify active enhancer regions, we used published
GRO-seq (24) as well as ChIP-seq data for MLL4 and

(red) are plotted above the zero line and below those that are downregulated (green). DREM version 2.0 software was used to visualize dynamic transcript
changes as a function of largazole dose with a minimal absolute expression fold change of 2. Differentially expressed mRNAs from genes with only (C)
H3K27 hyperacetylation, (D) H3K9 hyperacetylation, or (E) those displaying an increase association with both histone marks. (F) Effects of largazole
on RNAPII pausing index. Histograms depicting the calculated PI distribution of a group of genes treated with DMSO (blue), 75 nM largazole (green),
and 300 nM largazole (red). (G) Contour plots showing Pearson correlation analysis between the calculated pausing indexes under two different largazole
treatments. (H) Screen shot of the TFDP1 loci showing total RNAPII ChIP-seq signal from HCT116 cells treated with vehicle (blue), largazole at 75 nM
(green) and largazole at 300 nM (red) showing the calculated pausing index. (I) Correlation between pausing index and relative transcript levels (FPKMs).
Pearson correlation method was implemented using the In(PI) and In(FPKM) values from ~2200 transcribable gene regions (grey). The input gene list
was generated from gene bodies with a minimum length of 3 kb and that were bound by total RNAPII at the transcription start site, as determined from
MACS2 narrow peak calling signal. Overlapping gene regions and genes containing intergenic enhancers were excluded from the analysis. Three categories
of transcriptionally regulated genes are shown as representative elements of the data; downregulated (green), upregulated (red), and not changing gene

transcripts (orange).
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Figure 4. Correlation between histone acetylation signal spread sensitivity along gene bodies and pausing index. (A) Snap shots from UCSC Genome
Browser showing H3K27ac ChIP-seq signal over three different gene regions illustrate different dose-dependent acetylation of H3K27; low dose (red), mid
dose (green), and high dose responders (blue). (B) ECsg values calculated by dose response plots of the normalized H3K27ac gene body coverage (FStitch
signal) for the three genes in (A). (C) Histograms showing the distribution of ECsg values, for both H3K27ac (green) and —K9ac (orange), associated with
a set of selected gene regions. (D) Student’s unpaired t-test analysis between the calculated RNAPII pausing indexes from genes with the lowest (20%)
and highest (20%) ECs values determined from the histogram shown in (C). Individual genes with associated PI are plotted and the mean and standard
deviation are shown with black horizontal lines.
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p300 (23) in untreated HCT116 cells. We then searched
for genomic regions containing overlapping H3K27ac and
H3K4mel peaks (as determined by FStitch and MACS2,
respectively) that were not superimposed over annotated
transcription start sites. We identified 41,017 inter- and in-
tragenic enhancer locations co-occupied by both H3K27ac
and H3K4mel prior to largazole treatment (Figure 5A).
We refer to these enhancers as ‘canonical enhancers’. When
post-largazole treatment data was examined, another class
of enhancer elements we refer to as ‘poised enhancers’ be-
came apparent. These enhancers are characterized by the
dramatic dose-dependent increase of H3K27ac, H3K4me2,
and RNAPII occupancy and are marked by H3K4mel
prior to largazole stimulation (Figure 5B). These regions
are frequently occupied by MLL4, display unusually high
levels of p300, and produce low amounts of eRNA in the
basal cellular state. We identified 18,240 poised enhancer
elements in HCT116.

Many enhancer elements span large regions likely con-
taining multiple nucleosomes, which makes it difficult to
analyze dose responsive changes in H3K27ac. To minimize
the number of false-positive deactivated and activated en-
hancers, we focused on a subset of isolated enhancer re-
gions marked with a single, centered H3K27ac peak in a
20 kb genomic window for further analysis (Figure 5C).
From the originally identified ~41 000 putative enhancers
in untreated cells, we selected 8,667 isolated active en-
hancers that met the above criteria (Figure 5D, left). Sim-
ilarly, we selected 3505 isolated enhancers from an initial
18,240 identified poised elements (Figure 5D, right). To ex-
amine epigenetic modifications of enhancer elements as a
function of dose, we quantified H3K27ac signal coverage
(FStitch) over £1.5 kb of the enhancer regions in data from
each largazole treatment. K-means clustering of the 8667
isolated active enhancers and subsequent filtering for de-
creased RNAPII accumulation, revealed the presence of
797 largazole-inactivated regulatory elements. An example
of a largazole-deactivated enhancer is seen in the hnRNPU
locus (Supplementary Figure S2A), a gene that is required
for the association of Xist RNA with the Xi and accu-
mulation of H3K27me3 to ensure X chromosome inacti-
vation (36). While the gene body of hnRNPU undergoes
largazole-dependent H3K27ac increase and expansion, the
upstream enhancer region (identified by p300, RNAPII,
MLL4, H3K4mel and H3K4me2 marks) exhibits dose-
dependent decline in H3K27ac, H3K4mel and H3K4me2
signal. Moreover, the hnRNPU mRNA levels show dose-
dependent inhibition, which correlates with the loss of
H3K27ac at its enhancer (Supplementary Figure S2B).

We further segregated the deactivated enhancers into
low-dose (416 elements) and mid-dose (381 elements) af-
fected subsets (Figure 5D, left). The low dose deactivated
enhancer cluster displays a high H3K27ac and low H3K9ac
signature at the basal state (Figure SE, top). Low dose larga-
zole treatments erase H3K27ac while the H3K9ac signal re-
tains a low profile. Interestingly, the H3K9ac boundaries
associated with these genomic regions undergo a signifi-
cant expansion with increasing largazole dosage. Consis-
tent with deactivation of these enhancers, dose-dependent
reduction of H3K4mel and RNAPII association were ob-
served and loss of H3K4me2 only occurred at high dose
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exposure (Supplementary Figure S3D). The mid-dose de-
activated cluster exhibits gradual loss of H3K27ac and a
bell-shaped response in H3K9ac changes with increasing
largazole exposure (Figure SE, bottom).In this cluster of en-
hancers, H3K4me]1 association shows a dose-dependent de-
cline while H3K4me2 is unchanged (Supplementary Figure
S3C). Hence, largazole treatment causes a significant num-
ber of enhancers to be deactivated with the characteristic
loss of H3K27ac.

A similar analysis on the selected poised enhancers
yielded mid-dose (688 elements) and high-dose (914 ele-
ments) activated subsets. The high dose cluster exhibited a
largazole dose-dependent enrichment of H3K27ac and to a
lesser degree it also accrued H3K9ac signal (Figure SF, top).
There is a significant RNAPII association and only a slight
increase in H3K4mel in this group. In contrast, H3K4me?2
signal was barely detectable with DMSO and 75 nM larga-
zole but elevated drastically upon treatment with 300 nM
largazole which correlates with the dose-dependent rise of
H3K27ac (Supplementary Figure S3B). The mid-dose in-
duced cluster showed a gradual increase in H3K27ac and
RNAPII but a fluctuating H3K9ac level as largazole dose
was increased (Figure 5F, bottom and Supplementary Fig-
ure S3A). H3K4me2 was unchanged and H3K4mel dis-
played a slight decrease at 300 nM largazole. A striking fea-
ture associated with the activation of the poised enhancers
is that under basal conditions they tend to display high p300
occupancy yet minimal or absent H3K27ac signal (Supple-
mentary Figure S3F). The presence of H3K4mel and ab-
sence of H3K27ac in untreated HCT116 cells suggest that
this subset of enhancers is in a poised state but likely primed
for prompt activation. It is interesting to note that cer-
tain sequence motifs such as the binding site for transcrip-
tion factor AP-1 (activator protein-1) are enriched in these
epigenetically remodeled enhancer regions (Supplementary
Figure S3A-C). Furthermore, the expression of AP-1 is up-
regulated by largazole (Supplementary Figure S3E), sug-
gesting that AP-1 may play a role in enhancer remodeling
with HDACs. Our results suggest that HDACs are prob-
ably actively involved in maintaining the poised state and
largazole inhibition of histone deacetylases tip the balance
in favor of H3K27 acetylation. Taken together, our find-
ings show that largazole acts through inhibition of HDAC
targets both in the deactivation and activation of distinct
classes of enhancer elements that can be discerned by their
dose sensitivity.

Largazole perturbs super-enhancers (SEs) and preferentially
suppresses SE-associated transcripts

Initially identified as large clusters of transcription fac-
tor binding sites (37,38), super-enhancers have been shown
to be involved in driving expression of genes that play
prominent roles in cell proliferation and differentiation (39).
Perturbations of super-enhancer function are frequently
associated with human diseases including tumorigenesis.
Since we showed that largazole suppresses expression of
some genes in a dose dependent manner, we wondered
whether largazole targets transcripts known to be regu-
lated by super-enhancers. We analyzed RNA-seq data from
HCTI116 cells exposed to increasing doses of largazole.
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Figure 5. Dose dependent largazole effects on the epigenetic features of distal enhancer elements. (A and B) Screen shots from Genome Browser (UCSC)
showing ChIP-seq and associated signal determined by FStitch (black rectangles) from HCT116 cells targeting H3K27ac (orange) starting with untreated
cells (DMSO) at the bottom and followed by eight increasing largazole dose treatments on top (4.7-300 nM). ChIP-seq signal accumulation for p300
(purple) (23), total RNAPII (green), H3K4mel (yellow), and H3K4me?2 (pink) is shown for untreated HCT116 cells and for those treated with either 75
nM or 300 nM largazole concentrations (insets to the right). GRO-seq data from unstimulated HCT116 cells illustrate the presence of nascent transcripts
resulting from the plus (red) and negative strand (blue) (24). (C) and (D) Schematic diagram shown illustrates the features used to identify isolated enhancers
(IE) for genomic regions displaying both H3K27ac and H3K4mel signal (determined by FStitch and MACS2 respectively). Only enhancers elements
(green) located with a minimal distance of +10 kb from neighboring H3K27ac/H3K4mel locations from canonical (n = 8667) and poised (n = 3505)
enhancers were used for further cluster analyses. (E and F) Largazole induces both the decommission and activation of transcriptional enhancers in a dose
dependent manner. Shown are the fraction of IE regions with H3K27ac (left) and H3K9ac (right) signal (FStitch calls) along a +10 kb distance centered
on overlapping peak regions. Peak center locations are indicated by black triangles. Nine ChIP-seq experiments are illustrated with vehicle (DMSO) at the
bottom and followed by increasing doses of largazole treatments to a maximum of 300 nM at the top. The fraction of IE elements with significant signal
(FStitch) for each histone acetylation marks is illustrated by the heat-color scale: all regions (red); half of regions (green); no regions with signal detected
(dark blue).
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Among 387 super-enhancer associated genes previously
identified in HCT116 cells (30), only 285 of these have sig-
nificant expression (FPKM values > 5) and were selected
for further analysis. We found that in this subset of genes,
132 transcripts are down-regulated (>2-fold), in a dose-
dependent manner (Figure 6A). In contrast, only 27 are
up-regulated under the same parameters. No significant
changes were observed in the levels of the remaining 126
transcripts. We noted that among the super-enhancer asso-
ciated genes, the c-Myc oncogene, which is frequently up
regulated in tumor cells, is suppressed by high dose larga-
zole treatment (Figure 6A). Furthermore, inspection of the
corresponding c-Myc super-enhancer region revealed a re-
duction of RNAPII and H3K4mel ChIP-seq signals upon
largazole treatment (Figure 6B). These observations suggest
that largazole perturbs super-enhancer function and prefer-
entially suppresses super enhancer-associated transcripts.

Super-enhancers consist of a collection of many indi-
vidual enhancers. To determine the effect of largazole on
the super-enhancers previously delineated in HCT116 cells
(30), we characterized the largazole response of the indi-
vidual enhancer regions that make up SEs. Reduction of
RNAPII signal was the most dramatic perturbation ob-
served on the c-Myc SE. Therefore, we utilized RNAPIIT
occupancy trends resulting from largazole treatments and
identified distinct responsive patterns (Supplementary Fig-
ure S4A). In cells treated with largazole, 65.7% (1008 out
of 1534) of individual RNAPII peak-regions showed de-
creased densities of RNAPII signal when compared to un-
treated cells (patterns a, b and c¢). We found 18% of indi-
vidual enhancers with no change in RNAPII occupancy
(pattern d) and only ~9% displayed a gained in RNAPII
occupancy (patterns e, f and g). The remaining 7% of sin-
gle peaks did not cluster. All individual enhancers ana-
lyzed displayed a general loss of H3K4mel in response to
largazole (Supplementary Figure S4A). To further evalu-
ate the largazole-dependent depletion of RNAPII on super-
enhancers in an unbiased approach, we determined the
number of SEs in vehicle (DMSO) and largazole treated
cells using RNAPII ChIP-seq peak-enrichment ranking
method (31,40) to separate super-enhancers from conven-
tional enhancers. Under basal cellular conditions we iden-
tified 538 super-enhancers characterized with high levels
of RNAPII signal and these number is reduced by half to
271 elements in cells under high largazole treatment (Fig-
ure 6C). Unlike conventional enhancers that become in-
activated by largazole, we detected no discernable change
in the boundaries of H3K27 acetylation along super en-
hancers under largazole treatment (Supplementary Figure
S4B, black centroids). Taking together, largazole promotes
a dose dependent depletion of RNAPII and H3K4mel lev-
els at most individual peaks within super-enhancer regions
but spares histone H3K27 acetylation marks.

Largazole-induced genome response in transformed and non-
transformed cell lines

Largazole is known to have differential growth inhibitory
activity between transformed and non-transformed cells
(13,41). We sought to investigate the divergent and conver-
gent genome wide responses to largazole between HCT116
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and RPE cells, a nontumorigenic retinal pigmented epithe-
lial cell line immortalized by telomerase overexpression. As
seen with HCT116, largazole treatment leads similar dose-
dependent increases in H3 acetylation measured by im-
munoblotting in RPE cells (Supplementary Figure S5A).
Cell cycle analysis with RPE shows that higher doses of
largazole result in more G2/M cells and a reduction in G1
and S phase cells, suggesting G2/M arrest in response to
largazole treatment (Supplementary Figure S5B). However,
the frequency of sub Gl cells is lower in largazole treated
RPE cells than in HCT116. Consistent with less cell death,
RPE cells are less sensitive to largazole in the growth in-
hibition assay (Glsy = 86 nM). Next, we performed ChIP-
seq studies in RPE cells exposed to 0, 37.5, 75 and 300 nM
largazole for 16 h with antibodies against H3K27ac and
H3K4mel and 0, 75 and 300 nM targeting RNAPII. Ve-
hicle treated RPE cells have higher H3K27ac signal enrich-
ment along gene body regions (~65 Mb versus ~20 Mb)
in comparison to HCT116 (Figure 7A vs. Figure 1E). Simi-
lar H3K27ac signal was detected at enhancer elements (~90
Mb) and TSS defined regions (~40 Mb) for both cell lines.
With increasing doses of largazole, there is an increase in
H3K27ac signal along gene bodies and decrease at enhancer
locations in RPE cells resembling the effect on HCT116
(Figure 7B versus Figure 1G). Examples of H3K27ac sig-
nal spreading are shown in Figure 7C and Figure 4. One
notable difference between RPE and HCT116 cells, how-
ever, is the number of enhancers defined by the histone
marks H3K27ac and H3K4mel, and occupied by RNAPII.
RPE cells have fewer enhancer elements in comparison to
HCTI116 (1332 versus 8045) (Supplementary Figure S5C).
Nevertheless, dose dependent deactivation and activation
of enhancers seen in HCT116 also occurs in RPE with in-
creasing exposure to largazole (Figure 7D and E). Finally,
we investigated the extent of RNAPII promoter pausing in
a representative set of genes in RPE cells (n = 1644). As
seen with HCT116, higher doses of largazole exposure led
to more RNAPII pausing, ascertained by the pausing in-
dices of the genes analyzed (Figure 7F-H). Therefore, larga-
zole treatment induces shared global genome-responses in
transformed and non-transformed cells through spreading
of H3K27ac signal, loss of H3K27ac at enhancer elements,
and increase promoter pausing of RNAPII.

Differential super-enhancer responses to largazole in trans-
formed and non-transformed cell lines

HCT116 and RPE cells differ widely in the number of ac-
tive super-enhancers. In vehicle treated RPE cells, only 162
elements possess the hallmarks of SEs compared to 538
in HCT116 cells (Supplementary Figure S5C). In contrast
to SEs in HCT116, fewer SEs exhibit significant changes
in RNAPII occupancy in response to increasing doses
of largazole in RPE cells (Figure 8A versus Figure 6C).
Two super-enhancers associated with the non-coding RNAs
NEAT1 and MALAT]1 appear to be more active with larga-
zole exposure (Figure 8B). Conversely, the SE encompass-
ing the FOSLI1 locus shows dose-dependent decrease in ac-
tivity based on RNAPII occupancy (Figure 8B). FOSL1 is
a member of the Fos gene family that can dimerize with
components of the JUN family of proteins to form AP-1
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Figure 6. Dose dependent largazole-induced depletion of RNAPII occupancy at most individual elements within super-enhancer regions. (A) Graph illus-
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transcription factor complexes. Unlike other Jun/Fos genes
which are up-regulated by largazole (Supplementary Figure
S3E), expression of FOSLI1 is suppressed in both HCT116
and RPE cells. Previously, FOSL1 was identified as a gene
involved in controlling G1/S phase transition by upregu-
lating CCND1 (42). Depletion and gene expression studies
have revealed that FOSL1 is an oncogene and its elevated
expression is essential for KRAS-driven lung and pancre-
atic cancer by regulating cell motility and invasion as well
as mitotic progression (43-45). Interestingly, the FOSL1-
associated SE is deactivated in both RPE and HCT116 cells
(Figure 8B and C). To independently validate changes in
gene expression of SE associated transcripts in HCT116
and RPE cells in response to largazole treatment, quanti-
tative real-time RT-PCR analysis was performed with se-
lected SE-driven transcripts (Figure 8D). In agreement with

RNA-seq and ChIP-seq results, FOSL1, CCND1, CDC20
are down-regulated by largazole in both cell lines while c-
Myec is suppressed in HCT116 but not RPE cells. Collec-
tively, our results indicate that largazole preferentially tar-
gets super-enhancers in transformed cells and suppresses
oncogenes that fuel cellular transformation.

DISCUSSION

HDAC inhibitors are known to induce extensive transcrip-
tome changes in tumor and normal cells and gene regula-
tion is thought to contribute at least in part to their effects
on cell proliferation and death. Therapeutically effective
HDAC inhibitors target multiple HDAC enzymes. Using
largazole as a prototypical HDACI, we show that largazole
induces dose-dependent changes in transcriptome, histone
marks, and cell death. Low dose largazole induces mostly
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transcriptional activation while high dose causes mostly
transcriptional repression. Our results reveal that largazole
differentially regulates acetylation of H3K9 and -K27 in a
dose-dependent manner. The most notable effect of larga-
zole is in the enhancer regions where largazole treatment
promotes poised enhancers to become fully active with in-
creased H3K27ac. Notably, at higher doses of largazole, we
observe the loss of H3K27ac at enhancers, a subset of which
are super enhancers. This loss leads to preferential suppres-
sion of super-enhancer associated transcripts, which is as-
sociated with cell death response. While largazole has sim-
ilar effects on hyperacetylation of histones and transcrip-
tion pausing in both transformed and non-transformed cell
lines, it has more profound and polarizing effects on en-
hancers and super-enhancers in transformed cell lines. Col-
lectively these results uncover novel mechanisms of action
for largazole and most likely other HDAC inhibitors in their
suppression of gene expression and tumor suppression.

The prevailing notion about HDACIT transcriptional reg-
ulation is that hyperacetylation of histones positively reg-
ulate gene expression. For example, in Drosophila cells,
HDAC inhibition by both TSA and SAHA contribute to hi-
stone H3 acetylation at promoters and downstream regions.
This event stimulates both transcription initiation and elon-
gation (46). More recent studies from human cells suggest
that TSA or SAHA induce a decrease of transcription along
gene bodies without affecting nascent transcript production
at the corresponding promoters (12). This effect has been
attributed to failure of NELF eviction at promoters and
loss of eRNA synthesis at some enhancers (12). Our dose
dependent analysis of the effect of largazole on transcrip-
tion may provide a new insight into transcriptional activa-
tion and repression by a HDAC inhibitor. Low doses of
largazole (9.4 and 18.8 nM) mostly induce transcriptional
activation but as the dose of largazole treatment increases
the fraction of up-regulated transcripts decreases (Figure
3B). At 300 nM, more genes are repressed than activated.
Therefore, transcriptional reprogramming by HDAC inhi-
bition is dose-dependent. In agreement with the previous
observations (7,12), we saw an increase in RNAPII paus-
ing which may be responsible for elevated transcriptional
repression (47). Increase in RNAPII pausing could be the
result of a defect in the formation of the preinitiation com-
plex or perturbations of the transcription elongation pro-
cess (48). To our surprise, we discovered that a subset of
active enhancers lose H3K27ac upon largazole exposure in
a dose-dependent manner. It remains a challenge to un-
equivocally link a particular enhancer to a specific target
gene as long distance enhancer-promoter communication is
ubiquitous in eukaryotic cells. Since H3K9ac and H3K27ac
elevation and spreading in the gene bodies do not corre-
late well with observed transcription changes (activation or
repression) but H3K27ac loss at enhancers does correlate
with target gene repression, we propose that deactivation
of enhancers is likely to be part of the underlying mecha-
nism of largazole induced transcriptional repression. As to
the function of HDACs in gene bodies, our data is more
in line with previous findings that histones are deacetylated
co-transcriptionally to suppress histone eviction and spuri-
ous intragenic transcription (49,50) rather than to regulate
the rate of transcription.
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Loss of H3K27 acetylation at enhancer elements with
higher doses of largazole is rather counterintuitive. One
possibility is that H3K27ac histones were replaced by
non-modified histones or through wholesale nucleosome
replacement or loss. While we cannot entirely rule out
this possibility, we consider this event less likely since the
H3K9ac mark was retained in many cases despite the
loss of H3K27ac. Another factor that may contribute to
loss of H3K27ac is suppression of the enzymes that make
H3K27ac. CBP and p300 are known writers for H3K27ac
(51). While there is little change in p300 RNA levels across
our experiments, CBP expression shows dose-dependent re-
duction up to ~40% at the highest dose of largazole treat-
ment (Supplementary Figure SSD). For H3K9ac writers,
the level of KAT2A (GCNS5) mRNA is reduced by ~75%
while no significant expression of KAT2B (PCAF) is seen
in HCT116 cells. Thus, despite the general increase in his-
tone acetylation particularly along gene bodies upon larga-
zole treatment, loss of H3K27ac at certain enhancers could
be the result of decreased CBP levels or recruitment when it
becomes limiting. It will be interesting to test whether CBP
and p300 have non-overlapping control of largazole sensi-
tive enhancers. Finally, loss of H3K27ac at enhancers could
also be a result of aberrant recruitment of another class
of lysine deacetylases to the enhancer regions. It has been
shown previously that sirtuins also possess histone deacety-
lase activity. For instance, in rat cardiomyocytes Sirt6 inter-
acts with a c-Jun homodimer, is recruited to proximal pro-
moters, and inhibits the transcription activation of insulin-
like growth factor (IGF) signaling-related genes by deacety-
lating histone H3 at lysine 9 (52). Redundant activity of
HDAC:s and sirtuins could lead to the disappearance of
H3K27ac at the enhancers. Further experiments are neces-
sary to distinguish these possibilities.

Our global analysis of cis-regulatory elements highlights
the differences in the number of active enhancers and super-
enhancers in HCT116 from RPE cells. This is not very
surprising as tumor cells are dedifferentiated and gener-
ally more transcriptionally active. Previous studies suggest
super-enhancers are bound by terminal transcription fac-
tors of signaling pathways and super-enhancer alterations
are frequently found in tumor cells in response to oncogenic
signaling (39,40). Targeting super-enhancer associated fac-
tors such as BRD4 and CDK?7 has emerged as a promising
cancer treatment strategy (40,53). Our genome-wide analy-
sis points to super-enhancers from tumor cells as distinctly
sensitive to perturbation by largazole. Of particular interest
is the fact that SE-driven genes are predominantly down-
regulated by largazole. Genes that have been shown to be
critical for oncogenic signaling such as c-Myc and FOSLI1
are particularly sensitive to such down-regulation. This re-
sult suggests that largazole may suppress oncogenic sig-
naling through down-regulation of SE-driven genes, which
may explain why HDAC inhibition has anti-tumor activity.

Accumulating evidence now supports the notion that
there are active, poised and latent enhancers in the genome
which are defined by distinct histone marks (54,55). Poised
enhancers bear the features of H3K4mel or H3K4me2
histone marks, absent or low acetylation of H3K27 and
minimal association with RNAPII. Largazole-induced in-
crease in H3K27ac at poised enhancers suggests that these



1774 Nucleic Acids Research, 2018, Vol. 46, No. 4

enhancers are normally maintained by a steady-state ac-
tive deacetylation and acetylation cycle. This interpreta-
tion is in agreement with a model in which both HATs
and HDACs occupy the poised enhancer region but over-
all maintain a repressed state (56). Establishment of this
repressed or poised state could be a result of associa-
tion of these enhancers with sequence-specific transcrip-
tional repressors, which are known to recruit HDACs (57)
or the HDAC containing Nucleosome Remodeling and
Deacetylation (NuRD) complex (58). Once HDACs are
inhibited by largazole, the balance shifts toward acetyla-
tion of H3K9/27, critical for subsequent enhancer activa-
tion. Several lines of evidence support this hypothesis. In
macrophages, the NCoR1/HDAC3 complex is recruited to
promoter regions bearing AP-1 binding sites where it mod-
ulates transcription factor accessibility likely by mediating
deacetylation of histone tails required for transcription ac-
tivity (59). These observations imply that HDAC complexes
could be recruited to particular enhancer elements for active
histone deacetylation and repression of specific gene tran-
scripts. Indeed, in CD4* T cells, class I HDACs (HDAC2
and 3) and several HATs (p300, CBP, PCAF, MOF and
Tip60) can be found bound to the same intergenic regions
at high frequency, suggesting dynamic histone acetylation
remodeling at these locations (8). Interestingly, under basal
cellular conditions we found high levels of p300 ChIP-seq
signal at intergenic regions that become activated enhancers
under largazole stimulation. However, these genomic loca-
tions display minimal H3K27ac signal. Given largazole has
superb potency against class | HDAC enzymes, we speculate
that this class of HDAC: is involved in maintaining poised
enhancers in the repressive state.

Dose-dependent transcriptome changes correlate with
the biological responses of cancer cells. It has been shown
previously that a low dose of largazole induces cell growth
arrest at the G1 phase of the cell cycle while a high dose of
largazole causes G2/M arrest and apoptosis (60). Based on
our results, it is tempting to speculate that transcriptional
activation at low largazole doses may contribute to cell cycle
arrest at G1 and that the profound transcriptional repres-
sion observed upon treatment with a high largazole dose is
linked to G2 arrest and apoptosis. Since most therapeutic
drugs are administered just below the maximum dose tol-
erance (MTD), HDACI-induced transcriptional repression
is probably both relevant to their therapeutic benefits and
their undesirable toxicity. Recent clinical success in treat-
ment of ER positive breast cancer with Cdk4/6 inhibitor
Palbociclib (Pfizer) sparks renewed interest in developing
inhibitors that block G1 to S transition and promote cell
differentiation (61). One implication of our study is that
low doses of HDACI could also be an effective yet unex-
plored treatment strategy, especially in developing combi-
nation therapies.

In summary, our genome-wide dose-response analysis of
transcriptome and histone signatures revealed new target
specificity of largazole in transcriptional reprogramming.
Our studies provide a more mechanistic explanation of the
effect of HDACI on gene expression. Future studies focus-
ing on dynamic changes of histone signatures and more
comprehensive profiling of histone marks should provide
more insights into remodeling of enhancer landscapes and
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their link to therapeutic responses in vivo and ultimately un-
cover predictive biomarkers. Such studies will be critical for
developing more effective clinical use of HDAC inhibitors
in cancer therapies and expanding their clinical potential
beyond limited hematological malignancy.
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