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Abstract

Histone Deacetylase 1 (HDAC1) removes acetyl groups from lysine residues on core histones, a critical step in regulating chromatin accessibility.
Despite histone deacetylation being an apparently repressive activity, suppression of HDACs causes both up- and downregulation of gene
expression. Here we exploited the degradation tag (dTAG) system to rapidly degrade HDAC1 in mouse embryonic stem cells (ESCs) lacking
its paralog, HDAC2. The dTAG system allowed specific degradation and removal of HDAC1 in <1 h (100x faster than genetic knockouts). This
rapid degradation caused increased histone acetylation in as little as 2 h, with H2BK5 and H2BK11 being the most sensitive. The majority of
differentially expressed genes following 2 h of HDAC1 degradation were upregulated (275 genes up versus 15 down) with increased proportions
of downregulated genes observed at 6 h (11563 up versus 443 down) and 24 h (1146 up versus 967 down), respectively. Upregulated genes showed
increased H2BKb5ac and H3K27ac around their transcriptional start site (TSS). In contrast, decreased acetylation and chromatin accessibility of
superenhancers was linked to the most strongly downregulated genes. These findings suggest a paradoxical role for HDAC1 in the maintenance
of histone acetylation levels at critical enhancer regions required for the pluripotency-associated gene network.
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Introduction

Acetylation of the e-amino group of the lysine side chain is
a post-translational modification that occurs on thousands
of proteins. However, the bulk (74%) of this acetylation is
found on histone proteins with their lysine-rich tails (1,2).
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Lysine acetylation on the N-terminal tails of histone pro-
teins is an essential mechanism for the regulation of chro-
matin structure and gene expression (3). The addition of
an acetyl group masks the positive charge of the lysine
residue, loosens the interactions of the histones with DNA and
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reduces interactions between neighbouring nucleosomes. Ad-
ditionally, the acetyl lysine acts as a binding site for proteins
with bromodomains that are found in general transcription
factors and chromatin remodelling complexes (3-5). The ad-
dition of the acetyl group can occur via the action of his-
tone acetyltransferases (HATs) or through chemical reaction
with acetyl-CoA, which has particularly been noted in the
favourable conditions of the mitochondria (6,7). The family
of histone deacetylases (HDACs) are responsible for remov-
ing the acetyl group from lysine residues, with class  HDACs
(HDAC1/2/3/8) of particular importance for gene regulation
(8-11).

HDAC1 and HDAC2 (HDAC1/2) are sister enzymes (83 %
sequence similarity) that are recruited into six distinct co-
repressor complexes: SIN3 (12,13), NuRD (14), CoREST
(15), MiDAC (16), MIER (17,18) and RERE (19). With a cou-
ple of notable exceptions, Hdacl and Hdac2 are function-
ally redundant in most mouse tissue types, with single dele-
tions producing only mild phenotypes (summarised in (20).
The most significant exception is the requirement of HDAC1
during embryonic development (21-23), while Hdac2-null
mice survive at least until birth in several models (21,24-
26). The lack of apparent phenotypes upon single knockout
(KO) can be partially explained by compensatory upregula-
tion of its paralogue (Hdacl KO results in HDAC2 increase
and vice versa) (27). Inactivation of 3 out of 4 Hdacl/2
alleles prevents this compensation and has allowed discov-
ery of additional roles, such as HDAC2 being responsible
for regulating chromosome segregation in oocytes (28) (see
(27) for additional examples). Double knockout (DKO) of
Hdac1/2 produces severe phenotypes, which is unsurprising
given that HDAC1/2 are responsible for over half of the to-
tal deacetylase activity in cells (9,29). The use of both ge-
netic KOs and class I HDAC specific inhibitors has high-
lighted the importance of HDAC1/2 in removing acetyla-
tion from high stoichiometry sites on histone tails (9,29,2).
Despite the removal of acetyl marks appearing to be a re-
pressive function, ChIP-seq revealed that HDAC1/2 and their
associated complexes are found located at sites of active
transcription (30,31). In addition, transcriptome studies have
shown that the loss of HDAC1/2 results in equal numbers
of genes with increased and decreased expression, highlight-
ing a role for histone deacetylation in active gene expression
9).

Studies utilising HDAC inhibitors and conditional knock-
outs have generated data that has proven very useful, but they
have been limited by either a lack of isoform specificity or
the very stable nature of the HDAC1/2 complexes themselves
(half-life > 24 h) (9,32-34). To bypass this, we have created a
mouse embryonic stem cell (ESC) line that exploits the degra-
dation tag (dTAG) system (35), to rapidly degrade HDAC1
(in the absence of HDAC2). The lethality of HDAC1/2 re-
moval which took 4-5 days to become apparent in condi-
tional DKO cells (9) is recapitulated here in just 24 h. Substan-
tial increases in acetylation were detected on key histone sites
within 2 h of dTAG treatment. These increases in acetylation
were accompanied by hundreds of transcriptional changes in
just 2 h with numbers stretching into the thousands only 6
h post-dTAGY-1 (36) treatment. Combined analysis of these
transcriptional changes with locus-specific changes in acety-
lation determined by ChIP-seq helped to reveal how changes
in acetylation are linked to gene expression and active gene
transcription.
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Materials and methods

Cell culture

All experiments described here used Hdacl/2"*/"*mouse
ESCs (9) that were engineered by piggyBac transfection to ex-
press an HDAC1-FKBP123¢V_Flag construct (referred to as
HDAC1-FKBP cells) using Lipofectamine 2000 as detailed be-
low. Cells were cultured in M 15 + LIF media as described pre-
viously (9). To induce deletion of endogenous Hdac1/2 cells
were treated with 1 uM 4-hydroxytamoxifen (OHT) for 4
days before use in experiments.

Lipofectamine 2000 transfection

The HDAC1-FKBP cell line used in this study was created
using Lipofectamine 2000 (Invitrogen) stable transfection
of Hdac1/2!0x/"x ESCs created previously (9). Transfections
were carried out as described previously (37), with the PRO-
TEX service at the University of Leicester cloning the HDAC1-
FKBP12F3¢V_Flag construct into a piggyBac insertion vector.

dTAG treatments

Cells in which endogenous Hdac1/2 had been knocked out
(as described above) were treated with 50 nM dTAG-13 or
100 nM dTAGV-1 (as stated in figure legends) or an equiva-
lent amount of DMSO as a solvent control. Cells were then
harvested using an appropriate volume of TrypLE (Gibco) for
the size of culture plate following two washes with PBS to re-
move dead cells (dead cells were kept for viability studies) and
used for the downstream experiments described below. Suc-
cessful removal of endogenous HDAC1/2 and degradation of
the HDAC1-FKBP123¢V proteins were confirmed by western
blotting with HDAC1/2 antibodies.

Cell viability

To capture all cells (both adherent and floating) cell culture
media was retained and transferred to a 15 mL tube. Cells
were then detached with TrypLE that was neutralised using
M135 media, this cell suspension was then transferred into the
same 15 mL tube as the dead cells and the suspension mixed.
Cell counts were performed using Trypan Blue (Bio-Rad) and
a Bio-Rad TC20 automated cell counter following the manu-
facturer’s instructions. Unpaired t-tests were then conducted
using GraphPad Prism to determine if there were any signifi-
cant differences in viability based on the HDAC1/2 status of
the cells.

Propidium iodide cell cycle analysis

250 000 HDAC1-FKBP cells were seeded in six-well plates 24
h prior to treatment with 100 nM dTAGV-1 for 2, 6 or 24 h
or DMSO for 24 h. Cells were then harvested and used for
cell cycle distribution analysis using propidium iodide stain-
ing as described in (10). The gating strategy used is shown
in Supplementary Figure S1. A full breakdown of propidium
iodide FACS results are shown in Supplementary Table S1.

Western blotting

Western blots were performed as described previously (9). Pri-
mary antibodies used to probe membranes are shown in the
table below:
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Cat

Target Source Supplier Number Dilution

HDAC1 Rabbit Abcam ab109411 1:2000

HDAC1 Mouse Santa Cruz sc-81 598 1:2000
HDAC2 Mouse Millipore 05-814 1:2000
Flag Mouse Sigma F1804 1:2500
o-tubulin -~ Mouse Sigma T5168 1:15 000
H3K27ac  Rabbit Cell Signalling DSE4 1:1000
H3 Mouse Millipore 05-499 1:1000
H2BK5ac  Rabbit Active motif 39123 1:2000
H2B Mouse Cell Signalling 2934S 1:2000

Mass spectrometry analysis of histone acetylation

To obtain histone proteins a whole cell extract was first made
by lysing cell pellets from confluent 10 ¢cm plates in NP-40
lysis buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 10% glycerol, protease inhibitor cocktail
(Sigmaj; P8340)) for 30 min. Lysates were cleared by centrifu-
gation at 14 000 rpm at 4°C for 15 min. The supernatant con-
taining the whole cell extract was transferred to a fresh 1.5
mL tube and histones were extracted from the remaining pel-
let by overnight incubation (20 h) in 50 uL of 0.4 N H,SO4.
Samples were again centrifuged at 14 000 rpm at 4°C for 15
min, and the supernatant containing the histone proteins was
transferred to a fresh 1.5 mL tube. The samples were then
neutralised using 0.8 N NaOH. Histones were derivatised ac-
cording to (38). Briefly, 10 mg of histone samples in 50 mL
of 50 mM ammonium bicarbonate were incubated with 16.6
mL of propionylation reagent (1:3 v/v propionic anhydride
in acetonitrile) for 15 min at 37°C with agitation in a ther-
momixer at 900 rpm. Samples were dried down in a vacuum
concentrator and the derivatisation was repeated. Around 10
mg of derivatised and underivatised histone samples were di-
gested in 50 mL of 50 mM ammonium bicarbonate with 1 mg
of trypsin (Pierce, sequencing grade) for 2 h at 37°C with agi-
tation in a thermomixer at 900 rpm. Digests were desalted us-
ing C18 spin columns (Pierce) according to the manufacturer’s
protocol. Eluted peptides were dried in a vacuum concentrator
and resuspended in 0.5 % formic acid for LC-MS/MS analysis.
Each sample was analysed using nanoflow LC-MS/MS using
an Orbitrap Elite (Thermo Fisher) hybrid mass spectrometer
equipped with a nanospray source, coupled to an Ultimate
RSLCnano LC System (Dionex). Peptides were desalted on-
line using a nano-trap column, 75 pm I.D.X 20 mm (Thermo
Fisher) and then separated using a 120-min gradient from 5%
to 35% buffer B (0.5% formic acid in 80% acetonitrile) on
an EASY-Spray column, 50 cm x 50 pm ID, PepMap C18, 2
um particles and 100 A pore size (Thermo Fisher). The Orbi-
trap Elite was operated in decision tree mode with a cycle of
one MS (in the Orbitrap) acquired at a resolution of 120 000
at m/z 400, a scan range 375-1600, with the top 10 most
abundant multiply charged (2 + and higher) ions in a given
chromatographic window subjected to MS/MS fragmentation
in the linear ion trap using CID and ETD depending on the
charge state and m/z (the default decision tree settings were
used). An FTMS target value of 1e6 and an ion trap MSn tar-
get value of 1le4 were used with the lock mass (445.120025)
enabled. Maximum FTMS scan accumulation time of 200 ms
and maximum ion trap MSn scan accumulation time of 50 ms
were used. Dynamic exclusion was enabled with a repeat du-
ration of 45 s with an exclusion list of 500 and an exclusion
duration of 30 s.

Mass spectrometry data analysis

Raw mass spectrometry data were analysed using MaxQuant
version 1.6.2.6 (39). The following parameters were used
to search against a mouse proteome: digestion set to
Trypsin/P with three missed cleavages, methionine oxidation,
N-terminal protein acetylation and lysine acetylation set as
the variable modifications. Additionally, propionylation was
set as a variable modification for derivatised samples with
the number of missed cleavages set to 5. A protein and pep-
tide FDR of 0.01 were used for identification level cut-offs
based on a decoy searching database strategy. Mass spectrom-
etry data is available in Supplementary Table S2. The mass
spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (40) partner repos-
itory with the dataset identifier PXD053032.

RNA-seq

Total RNA was extracted using a Promega Maxwell 16 and
quality checked using an Agilent Bioanalyzer by the NU-
CLEUS facility at the University of Leicester. mRNA library
preparation and sequencing were carried out by Novogene
(Cambridge, UK) with sequencing to a depth of 20 million
reads using the NovaSeq 6000 PE150 platform. Bioinfor-
matic analysis was performed as described in (10) with reads
mapped to the mm10 genome index. The raw and processed
files are stored at GEO SuperSeries (GSE269448). The bio-
conductor package TopGO was used for gene ontology (GO)
analysis with the mouse genome wide annotation package
org.Mm.eg.db.

ChlP-seq

Native ChIP was performed as described in (41). Around 1
mL of diluted nucleosomes were incubated with 4 uL of anti-
H3K27ac (Cell Signalling Technology D5E4) or 10 uL of anti-
H2BKS5ac (Active Motif 39 123). Libraries were prepared for
ChIP and matched input samples using the NEBNext Ultra
II DNA library kit and indexed using NEBNext Multiplex
Oligos. The NUCLEUS facility at the University of Leicester
checked the average size and concentration of each library us-
ing an Agilent Bioanalyzer with a DNA high-sensitivity kit. Se-
quencing was conducted by Novogene (Cambridge, UK) with
a sequencing depth of at least 25 million reads on the NovaSeq
6000 PE150 platform.

ChlP-seq analysis

Raw reads were trimmed using trimmomatic (42) before
aligning to the mm10 genome sequence using Bowtie 2 using
—-no-mixed and —no-discordant options (43). SAM files were
converted to BAM files, then sorted using SAMtools (44) be-
fore duplicates were removed using Sambamba (45). Peak call-
ing was performed on ChIP (i.e. non-input) files using macs3
using default parameters (46). Diffbind was used to perform
differential peak analysis with differential analysis performed
by DESeq2 (47). BAM files for individual replicates were
merged using SAMtools merge. bigWigs were created from
BAM files using bamCoverage (-binSize 20, —extendReads
150, -minMappingQuality 10, -normalizingUsing RPGC, —
ignoreForNormalization chrX chrM and mm10 blacklisted
regions removed) (deepTools) (48). Input files were subtracted
from ChIP files using bigwigcompare (-binSize 20) (deep-
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Figure 1. HDAC1-FKBP12%V is degraded rapidly by dTAG treatment, inducing cell death. (A) Western blot showing endogenous

HDAC1/HDAC1-FKBP 12V (detected with o«HDAC1), endogenous HDAC2 (detected with a-HDAC2) when treated with OHT and 50 nM dTAG-13 as
indicated, with otubulin as a loading control. (B) Graph showing viability of HDAC1-FKBP cells following the indicated treatments with OHT and 50 nM
dTAG-13 (n = 3 technical replicates —/+ SD) (ns = non-significant, **** P < 0.0001, determined by two-tailed unpaired Student’s t-test). (C)
Quantification of PI-FACS showing the percentage of HDAC1-FKBP cells in the indicated cell cycle stages following the indicated time of treatment with

100 nM dTAGY-1 (n = 3 biological replicates —/+ SD).

Tools). bigWig files were uploaded to UCSC for viewing.
Metaplots were created from bigWig files using deepTools
programs computeMatrix to create a table of reads across
defined regions (e.g. promoters, enhancers, TSS) and plotHe-
atmap and plotProfile were used to create the meta plots.
The raw and processed files are stored in GEO SuperSeries
(GSE2694438).

For the analysis of promoter regions of upregulated genes,
the coordinates for the regions from the TSS to —500 bp were
downloaded from the UCSC genome table browser (49). This
includes transcript variants and genes with multiple promot-
ers giving 6202 promoter regions. For super-enhancer (SE)
analysis we used the regions defined in (50) and for the pro-
moter regions of SE-associated genes we downloaded the co-
ordinates for the regions from the TSS to —500 bp from
the UCSC genome table browser (49). For comparison be-
tween SE acetylation and the promoters of SE genes we re-
moved promoter regions that overlapped SEs from our anal-
ysis. Violin plots were made using ggstatsplot, significance
defined using a parametric t-test with Holm—-Bonferroni cor-
rection. The tracks for HDAC1, MED1 and p300 that are
shown on Figure 6 were downloaded from NCBI GEO as ref-
erenced in (51-53) and then viewed using the UCSC genome
browser (54).

ATAC-seq

ATAC-seq was performed using the Active Motif ATAC-seq
kit (Cat no: 53 150) following the manufacturers protocol. Se-
quencing was conducted by Novogene (Cambridge, UK) with
a sequencing depth of at least 60 million reads on the NovaSeq
6000 PE150 platform.

ATAC-seq analysis

Raw reads were trimmed using Trimmomatic (42) using the
Nextera adapter sequence CTGTCTCTTATACACATCT” be-
fore aligning to the mm10 genome assembly using Bowtie2
(43). SAM files were converted to BAM files then sorted and
indexed using SAMtools (44). Duplicate reads were removed
using the MarkDuplicates function of Picard tools. Reads
were downsampled using the -view function in SAMtools,
downsampling factors were determined based on:

Subsamplingratio = Targetcoverage/Averagegenomecoverage

Unpaired reads were re-paired using SAMtools -fixmate. To
account for the Tn3$ transposase shift, shifted BAM files were
created using SAMtools alignmentSieve set for -ATACshift.
These shifted BAM files were again sorted and indexed us-
ing SAMtools. bigWig files were created using deepTools -
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Figure 2. HDAC1-FKBP123% degradation causes a global increase in histone tail acetylation. (A) Western blots showing H3K27ac/H2BK5ac levels —/+
50 nM dTAG-13. Graph shows the relative changes normalised to total H3/H2B (n =3 —/+SD) (**** P < 0.0001). (B) Table showing the log, fold change
in acetylation at the indicated histone sites following 2 or 6 h of 50 nM dTAG-13 treatment detected via label-free quantitative mass spectrometry (n =4
biological replicates). Where multiple sites are indicated e.g. K5 + K11 the acetylation of multiple lysines was detected on the same peptide. PA column
indicates whether samples were treated with propionic anhydride before trypsin digest to block unmodified lysine residues to generate peptides

suitable for analysis.

bamCoverage (48) with a bin size of 10 and mm10 black-
listed regions were removed. Metaplots were created from big-
Wig files using deepTools programs computeMatrix to cre-
ate a table of reads across defined regions (e.g. promoters,
enhancers, TSS) and plotProfile was used to create the meta
plots. The raw and processed files are stored in GEO Super-
Series (GSE269448).

Results
Rapid HDAC1 degradation causes a loss of ESC
viability and increased histone acetylation

Due to the long half-lives of HDAC1/2 (approximately 24 h
(34)), it takes at least 4 days for the complete loss of HDAC1/2
protein upon conditional knockout, blurring the distinction

between primary and secondary effects (9). To overcome
this, we used the piggyBac transposon system (55) to stably
express an HDAC1 protein with a C-terminal FKBP12F36V
tag to allow rapid degradation upon treatment with dTAG
molecules (35). Initial treatment with 4-hydroxytamoxifen
(OHT) removed endogenous HDAC1/2 protein, leaving only
the HDAC1-FKBP12F3¢Y protein expressed after 5 days (Fig-
ure 1A, compare first two lanes). Upon treatment with dTAG-
13 (or dTAGY-1 (Supplementary Figure S2)) the HDACI-
FKBP12F3¢V protein is removed in just 1 h (Figure 1A). Impor-
tantly, the functionality of the HDAC1-FKBP12F3¢V protein is
confirmed by a rescue of mouse ESC viability in the absence of
endogenous HDAC1/2 (Figure 1B). This characteristic reduc-
tion in cell viability associated with HDAC1/2 loss (9) is ob-
served as early as 24 h after treatment with the dTAG molecule
(Supplementary Figure S3). This is reflected in a 70% drop in
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Figure 3. The ESC transcriptome is rapidly dysregulated following HDAC1-FKBP12F38V degradation. (A) MA plots showing the numbers of differentially
expressed genes (DEGs) following 2, 6 and 24 h of treatment with 100nM dTAG"-1. DEGs defined as: p-adjusted value of < 0.01 (determined using Wald
test with Benjamini-Hochberg correction in DESeq?2), log, fold change of > + 1 and an average expression (baseMean) >50 normalised counts (n =3
biological replicates). (B) Venn diagram showing the overlaps of DEGs from (A) at the indicated time points. (C) Heatmap showing the log, fold change of
the 493 DEGs exclusive to the 6-h time point on (B). (D) Heatmap showing the log, fold change of the expression of HDACs at the indicated time points.
(E) Heatmap showing the log, fold change of the expression of HATs at the indicated time points.

viability (Figure 1B) and a proportional increase in the sub-
G1 cell population following loss of HDAC1-FKBP12F3¢V at
24 h (Figure 1C).

The acetylation of lysines within histone tails is highly dy-
namic with half-lives as short as 10 min for specific sites
within H2B (56). The HDAC1-FKBP cells allowed us to ex-
amine histone substrates within 1 h of degradation. To this
end, we prepared histone extracts from cells at 2 and 6 h
of dTAG treatment. In initial western blots, we found sig-
nificant increases to H3K27ac (approximately 2.2-fold) and
H2BKS5ac (approximately 1.8-fold) at 6 h (Figure 2A). Both
modifications are important markers of gene expression, with

H3K27ac marking active enhancers (57) and H2BK5ac found
at both enhancers and promoters (51). To explore the wider
effects of rapid HDAC1 depletion on histone acetylation, we
used mass-spectrometry at 2 and 6 h post-dTAG treatment.
We monitored increased acetylation levels at sites on H2B,
H3 and H4 as well as macro-H2A (Figure 2B). The ma-
jority of sites responded strongly to HDAC1 removal, with
only seven sites showing less than a 2-fold increase at 2 h
(macro-H2A.1K6, H3.1K14, H3.1K23, H3.1K27, H3.2K59,
H3.3K27 and H4K16) and four at 6 h (H3.1K14, H3.1K23,
H3.2K59 and H4K16). At 6 h, many of the largest in-
creases were found on histone H2B, particularly K5 and K11
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Figure 4. HDAC1-FKBP1273% degradation causes rapid changes in genes associated with ESC characteristics. (A) The 10 most enriched biological
process GO terms associated with the upregulated genes (padj < 0.01, log2 fold change > +1) following 2 h of HDAC1-FKBP 1236V degradation. (B)
Boxplots displaying the normalised count values of genes associated with circadian rhythm at the indicated time points. (C) The 10 most enriched
biological process GO terms associated with the downregulated genes (padj < 0.01, log2 fold change > —1) following 6 h of HDAC1-FKBP 12736V
degradation. (D) Boxplots displaying the normalised count values of genes associated with DNA methylation at the indicated timepoints.
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Figure 5. Upregulated genes show increased acetylation at the transcriptional start site following HDAC1-FKBP12F¢V degradation. (A, B) Tracks from
the UCSC genome browser (54) showing the effect of 6 h of 100 nM dTAG"-1 treatment on the mRNA, H3K27ac and H2BK5ac levels at the Cep170b (A)
and Mast3 (B) loci. Regions around the TSS are highlighted. (C) Metaplots showing the average signal (ChIP — Input, n = 3 biological replicates) for
H3K27ac and H2BK5ac following 6 h of 100 nM dTAGY-1 or DMSO treatment as indicated across the upregulated genes determined by RNA-seq

(padj < 0.01, log2 fold change > +1), including the regions —/+ 3 kb from the TSS and transcription end site (TES). (D) Volcano plot showing the
differential peaks for H3K27ac identified by ChIP-seq following 6 h of 100 nM dTAGY-1 treatment (n = 3 biological replicates, determined using Wald test
with Benjamini-Hochberg correction in DESeq?2). (E) Plot indicating the percentage of the upregulated peaks defined on (D) associated with the
indicated genomic features. (F) Venn diagram indicating the overlap between the upregulated genes defined by RNA-seq and the upregulated H3K27ac
peaks (where peaks are assigned to the closest gene by proximity) identified on (D) following 6 h of dTAGY-1 treatment. (G) Violin plots showing the
average signal (ChIP - Input) across the promoter region (defined as from the TSS to -500 bp) of the upregulated genes —/+ 6 h of 100 nM dTAG"-1
treatment as indicated (n = 3 biological replicates, significance defined using a parametric t-test with Holm-Bonferroni correction, **** P < 0.0001).
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Figure 6. HDAC1-FKBP12% degradation causes decreased acetylation at SEs and downregulation of SE-associated gene expression. (A) Tracks from
the UCSC genome browser (54) showing the effect of 6 h of 100 nM dTAG"-1 treatment on mRNA, H3K27ac, H2BK5ac and chromatin accessibility at
the Nanog locus. SE region is indicated. Additional tracks showing PRO-seq data, indicating RNAP Il recruitment following 6 h of treatment with the pan
HDAC inhibitor LBH589 (64), H3K4me2 (produced in our lab previously), HDAC1 binding (53) and p300/MED1 (51,52), are also shown. (B) Metaplots
showing the average signal (ChIP — Input, n = 3 biological replicates) for H3K27ac and H2BK5ac following 6 h of 100 nM dTAGY-1 or DMSO treatment as
indicated across the downregulated genes determined by RNA-seq (padj < 0.01, log2 fold change > -1) and SE regions, including the regions —/+ 3 kb
from the TSS and TES or SE start/end as indicated. (C) Violin plots showing the average signal (ChIP - Input) —/+ 100 nM dTAGY-1 treatment as
indicated across SE regions (defined in (50)) and the promoter regions of SE-associated genes (defined as from the TSS to -500 bp). Genes with
overlapping SE and promoter regions were excluded from this analysis (n = 3 biological replicates, significance defined using a parametric t-test with
Holm-Bonferroni correction, ns = non-significant, **** P < 0.0001). (D) Metaplot showing the effect of the indicated treatment times with 100 nM
dTAG"-1 on chromatin accessibility determined by ATAC-seq across the SE regions originally defined in (50) (n = 2 biological replicates).

(approximately 11-fold). On histone H3, H3K18 showed the
greatest increase (approximately 4-fold), with K3 increasing
the most on histone H4 (approximately 4.5-fold). Several of
the sites we detected have previously been identified as sen-
sitive to class I HDAC inhibitors, such as CI-994 (33), with
H2BK20ac shown as an HDAC1/2 target in HDAC1/2 dTAG
ESCs (51). These results show for the first time that nearly all
sites of histone acetylation are direct HDAC1 targets, with
changes detected as early as 2 h, increasing progressively

at 6 h.

HDAC1 is critical for maintaining the gene
expression network of ESCs

Due to the significant and rapid increases in histone acetyla-
tion, we reasoned that these would likely result in commensu-

rate changes in gene expression. We performed RNA-seq at 2,
6 and 24 h of dTAG treatment vs a DMSO control (with en-
dogenous HDAC1/2 removed). Within 2 h, there were 275 up-
regulated and 15 downregulated genes (Figure 3A, full lists of
gene expression changes in Supplementary Table S3). The bulk
RNA levels of these genes changing so rapidly highlights that
they are direct HDACI targets. Around 95% of the differen-
tially expressed genes (DEGs) at 2 h were upregulated, which
fits with the canonical role of HDACs as transcriptional re-
pressors. However, the absence of downregulated genes at this
timepoint is also likely reflective of mRNA stability and the
strict cut-offs that we applied (baseMean > 50, padj < 0.01,
fold change > 2). Over 1500 DEGs (1153 up versus 443
down) were identified at 6 h, with the proportion of down-
regulated genes increasing to 28%. The increasing number
of DEGs highlights that some genes respond more slowly to
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HDACT1 removal. Additionally, some changes at this point
may be due to the downstream effects exerted by the genes
that are upregulated at 2 h. We would also predict that some
of the DEGs at this point are also direct HDAC1 targets that
respond more slowly. By 24 h, there are 1446 upregulated
genes with 967 downregulated (40% of total). The increasing
proportion of downregulated genes suggests that the absence
of HDACT results in the inability to maintain the necessary
recruitment of RNA polymerase II (RNAP II) to these genes
leading to the downregulation of their expression. Addition-
ally, at 24 h, some of the gene expression changes that are seen
will be associated with the cell death noted in Figure 1B and
C.

There is a strong overlap of the 290 DEGs at 2 h with those
at 6 and 24 (97% — Figure 3B) indicating that genes which are
primary targets of HDAC1 remain affected at later time points
and there is no compensatory mechanism to rescue their ex-
pression levels. In contrast, 30% of the DEGs (493) at 6 h
were only found at this time point (exemplar up and down-
regulated genes are shown in Supplementary Figure S4), where
initial changes in expression are brought close to their origi-
nal levels by 24 h. The distribution of these genes (322 up and
171 down) was approximately the same as the overall dis-
tribution at 6 h (Figure 3C). Possible explanations for these
genes returning below the cut-offs for significance include
compensation through increased activity of other HDACs or
a change in the balance between HAT and HDAC activ-
ity. Figure 3D shows that there were some modest increases
in the transcript levels of other nuclear HDACs. HDACS3 is
the most obvious candidate to compensate for the loss of
HDAC1/2, and there was a moderate increase in Hdac3 RNA
levels (Supplementary Figure S5A). However, there was no
increase in HDAC3 protein levels at any time point. Indeed,
HDACS3 protein levels were decreased roughly 2-fold by 24
h, with the caveat that the cells are dying at this timepoint
(Supplementary Figure S5B and C). The decrease in HDAC3
protein suggests that HDAC1 indirectly maintains HDAC3
levels. Interestingly, the expression levels of the Sirtuins (class
I NAD*-dependent HDACs) appear more sensitive to the
loss of HDAC1/2. Sirt2, particularly Sirt7, showed increased
expression. SIRT7 depletion does not result in a global change
in the acetylation of the nucleolar or nuclear proteome sug-
gesting that it is not responsible for returning the expression
of these genes to normal levels (58-60). Among HATSs there
was an overall pattern of downregulation (Figure 3E), includ-
ing the key enzymes p300 and CBP (Ep300 and Crebbp in
Figure 3E). The transcript and protein levels are well corre-
lated for p300 (rpearson = 0.75) and CBP (rpearson = 0.70) (61),
so it may be that reduced HAT activity results in the ‘6 h only’
genes returning below the cut-offs for DEGs by 24 h.

GO analysis was performed on the genes upregulated at 2
h to determine the biological processes that were directly af-
fected by HDAC1 removal. Nervous system development is
the GO term with the most associated upregulated genes (Fig-
ure 4A), suggesting that this network of genes is becoming
derepressed in the absence of HDACI. Several of the terms
highlighted were in reference to upregulated genes linked to
the circadian clock (Figure 4A). The circadian clock is con-
trolled by an oscillating feedback loop involving the key fac-
tors Bmall (Arntl), Clock, Per and Cry (62). Despite express-
ing the clock factors, ESCs do not have a functional clock
system (63); it is thought that the clock factors may help to
regulate proliferation in ESCs a role which they play in dif-
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ferentiated cells (reviewed in (62). The lack of a functional
clock system in ESCs is highlighted here as despite strong
increases in Perl, Per2 and Cry2 at 6 h (Figure 4B), there
is not a reduction in Arntl or Clock as would be expected
with a functional clock system (Figure 4B). As only 15 genes
were downregulated at 2 h, we performed GO analysis on
the genes downregulated at 6 h to determine the processes
most directly affected. The most enriched terms at this time
point included cellular response to LIF and positive regula-
tion of stem cell population maintenance (Figure 4C). When
we examined the broader network of pluripotency-associated
factors, we noticed a general downward trend in their ex-
pression (Supplementary Figure S6). Rapid degradation of
HDACT1 via the dTAG correlates well with previous stud-
ies (9,64) but the downregulation of pluripotency-associated
factors becomes apparent far more quickly than using con-
ditional KOs. In particular, we noted downregulation of the
pluripotency-associated factors Prdm14, Tet1 and Tet2 (Fig-
ure 4D). PRDM14, TET1 and TET2 are important in main-
taining low DNA methylation levels in ESCs (65,66). We ob-
served a reciprocal change in genes associated with DNA
methylation, including increased expression of the de novo
DNA methyltransferases, Dnmt3a and Dnmi3b (Figure 4D).
Additionally, we noted that the 24 h GO terms were poten-
tially associated with the cell death phenotype (regulation of
membrane depolarisation, upregulated; regulation of cell di-
vision, downregulated; protein localisation to plasma mem-
brane, upregulated — Supplementary Figure S7A-D). Rapid
and specific degradation of HDAC1 using the dTAG sys-
tem has allowed us to identify direct transcriptional targets
of HDACT1 for the first time, revealing critical roles in the
pluripotent gene network, and regulation of the DNA methy-
lation machinery.

HDAC1 degradation causes genome wide changes
in histone acetylation that underpin changes in the
transcriptome

To examine loci-specific changes in histone acetylation follow-
ing HDACT1 loss we performed ChIP-seq for H2BK5ac and
H3K27ac following 6 h of dTAG treatment. We reasoned that
these data should allow us to determine how alterations in
histone acetylation affect the expression of HDACI1 sensitive
genes identified by RNA-seq. H2BKS5ac and H3K27ac were
chosen because both mark active enhancers and promoters
and were strongly increased following HDAC1 degradation
at the same timepoint (Figure 2A and B). We first looked at
upregulated genes identified by RNA-seq, for Cep170b (Fig-
ure 5A) and Mast3 (Figure 5B) there was increased ChIP
signal following dTAG treatment for both H2BKS5ac and
H3K27ac. There was a notable increase in H2BK5ac and
H3K27ac around the transcription start site (TSS) (regions
highlighted in blue on Figure SA and B), including the pro-
moters of these genes. Metaplots of all upregulated genes
showed that H3K27ac and H2BKS5ac were increased at the
promoter and gene bodies following HDAC1 removal (Figure
5C). However, this trend is restricted to upregulated genes as
we observed only modest increases (H3K27ac) or no change
(H2BKS5ac) in acetylation when we expanded the analysis to
include all genes (Supplementary Figure S8A). Peak calling
for H3K27ac revealed that 17 123 sites showed increased
H3K27ac while 3313 sites were reduced following dTAG
treatment (FDR < 0.05, Figure 5D). The greatest proportion
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of upregulated H3K27ac peaks were indeed found in pro-
moter regions (Figure SE). More than 75% (881 of 1153) of
upregulated genes identified by RNA-seq have at least one
upregulated H3K27ac peak (Figure SF). These results indi-
cate that the increased acetylation in the proximity of upregu-
lated genes (particularly at the promoter) is a general feature
of increased gene expression within 6 h of HDAC1 degrada-
tion. We were unable to perform a similar analysis with the
H2BKS5ac dataset as an overall broadening of the acetyl peak
prevented accurate peak calling (Supplementary Figure S8B).
However, we did also observe an increase in the average
H2BKSac and H3K27ac signal across promoters of upregu-
lated genes (Figure 5G). Rapid degradation of HDACT is here
shown to lead to an increase in acetylation specifically at genes
that are upregulated in response to HDAC1 degradation.

Explaining why so many genes are downregulated follow-
ing the removal of HDAC1 is more difficult given that the
removal of acetyl marks is thought of as a repressive ac-
tion. Inspection of the Nanog locus (Figure 6A) revealed that
changes in acetylation around the TSS were less pronounced
than those presented above for upregulated genes (Figure SA
and B). Metaplots for all downregulated genes showed that
H3K27ac was unchanged around the TSS while there was
only a small decrease in H2BK5ac levels (Figure 6B). These
results suggest that a decrease in acetylation around the TSS
is not responsible for downregulation of gene expression. Fur-
ther inspection of the downregulated genes revealed that the
threemost strongly downregulated genes at 6 h (Prdm14, In-
hbb and Nanog) all have associated SEs. SEs are regions of
clustered enhancers that control expression of genes critical
for cell identity in any given cell type (50). Perturbations of
HDAC activity have previously been shown to have strong
effects on SE dynamics (67,68). HDAC1 is present at the
Nanog SE (Figure 6A and (53)) and across all SEs in mouse
ESCs (Supplementary Figure S10A). Eleven of the top 50 most
downregulated genes are regulated by SEs and this extends to
~9% of all downregulated genes (Supplementary Figure S9A).
In contrast, none of the top 50 most upregulated genes are
SE regulated and less than 0.5% are in total. Further exam-
ination of the Nanog locus (Figure 6A) showed that there
was a reduction in both H3K27ac and H2BKS5ac at the as-
sociated SE. Metaplots across all SEs showed a pronounced
downregulation of H3K27ac (Figure 6B) but relatively little
change at promoters. Examination of H3K27ac and H2BK 5ac
levels at all SEs and SE-dependent genes showed a signifi-
cant decrease in both acetyl marks at SEs (Figure 6C), while
only H2BK5ac was reduced at promoters. Histone acetyla-
tion is associated with regions of open chromatin, we there-
fore performed ATAC-seq analysis to examine how chro-
matin accessibility changed at SEs in cells lacking HDACI.
We observed a marked decrease in the major site of acces-
sibility in the Nanog SE at 6 h following HDAC1 degrada-
tion (Figure 6A). It is noteworthy that this site overlaps with
HDACT1, p300 and MED1 binding indicating an active site
of transcription. This is confirmed by our previous PRO-seq
dataset (64) showing that transcriptionally-engaged RNAP 11
overlaps with these peaks (Figure 6A), and that transcrip-
tion is ablated upon treatment with the pan-HDAC inhibitor
Panobinostat (LBH589). Examining the SEs associated with
Prdm14 and Inhbb also showed reduced H3K27ac, H2BK 5ac
and chromatin accessibility following HDAC1 degradation
(Supplementary Figure S10B and C). A trend that is main-
tained across all SEs in mouse ES cells (Figure 6D).

"

To get a general view of the importance of HDAC1 activ-
ity at SE-dependent genes, we ranked the genes based on their
overall change in expression and then compared the relative
change in acetylation (H2BKSac and H3K27ac) at the SE ver-
sus promoter (Figure 7, see Supplementary Table S4 for full
list). Manual curation of the 231 SE regions in ESCs (50) sug-
gests that they regulate 206 genes (with some genes having
more than one SE e.g. [7hbb). The top 20 most downregulated
genes are presented in Figure 7. Significantly, we observed a
stronger reduction in H3K27ac at the SE for these genes than
the promoter. For example, O#x2 showed an approximately 8-
fold reduction in expression with around a 27% decrease in
H3K27ac at the SE but an increase in acetylation at the pro-
moter (up 29%). Tet2 showed a similar effect with an approxi-
mately 3.7-fold reduction in expression, H3K27ac reduced by
57% at the SE, but increased by 5% at the promoter. The same
trend is also true of H2BKSac, although for this modification
we also observed a smaller but consistent decrease at the pro-
moter (Figure 7, see Manba, 59% decrease at the SE and 18%
reduction at the promoter). The H3K27ac signal was reduced
at the majority of SEs, while promoters for the same genes
showed no significant change. H2BKS5ac on the other hand,
was significantly reduced at both the SE and the promoter, al-
though the relative decrease was greater at the SE. Using these
criteria, we were able to reassign 51 SEs to different genes than
their original designation. For example, the SE originally des-
ignated to Rhof is positioned between the Rhof and Setd1b
genes. Following HDAC1 degradation, SE acetylation and ac-
cessibility are reduced, but Rhof expression is increased, while
Setd1b is reduced (Supplementary Figure STIOE). Therefore, we
reason that the SE is regulating Setd1b. Other genes were not
expressed at all in our system but there was a nearby gene
that was highly expressed (e.g. Tmem220 reassigned to Scol
(Supplementary Figure S10D)).

In conclusion, these results show the requirement for
HDACT activity at SEs and highlight that a proportion of the
genes most strongly downregulated by HDAC1 removal can
be explained by an unexpected reduction in histone acetyla-
tion at the SE, with or without a change in acetylation at the
promoter. Providing a novel insight into how HDAC1 can be
responsible for maintaining the expression of some of its most
important target genes in ESCs.

Discussion

HDAC1/2 are the dominant deacetylases in mouse ESCs,
contributing more than half of the total deacetylase activ-
ity (9). Furthermore, HDAC1 appears to be the dominant
paralogue as the three predominant corepressor complexes
(SIN3A, NuRD and CoREST) show reduced deacetylase ac-
tivity in the absence of HDAC1 but not HDAC2 (34). It has
been known for more than 30 years that inhibiting HDAC
activity in cells produced a combination of up- and down-
regulated genes (69,70). However, many of these initial ex-
periments required treating cells with inhibitors for days at
a time, or genetic KOs where the slow turnover of the en-
zymes and their associated complexes led to indirect effects
that muddied the mechanistic waters. With the dTAG system
allowing degradation of HDAC1-FKBP12F3¢V within an hour
(Figure 1A), we have been able to investigate HDAC1 activity
on a timescale that has not previously been possible. HDAC1-
FKBP12F3¢Y expression rescued the viability of Hdac1/2 DKO
ESCs (Figure 1B) highlighting that HDAC2 is not required and
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Ranking New SE | Expression | Original SE Reassigned |Chromosome Start End H3K27ac SE [H2BK5ac SE|H3K27ac Prom | H2BK5ac Prom

designation designation (% change) | (% change) | (% change) (% change)

1 Prdm14 Prdm14 No chrl 13059534 | 13104684 -40.9 -33.92 -91.48 -32.94

) Inhbb (a) Inhbb (a) No chrl 119304847 | 119305904 1.57 -27.25 37.03 3.26
Inhbb (b) Inhbb (b) No chrl 119398508 | 119399454 - 37.03 3.26

3 Nanog No chré 122690100 | 122707853 -38.54 47.9 -44.03 -35.95

4 Otx2 No chrl4 48653438 | 48663525 -26.94 -12.89 29.36

5 Gdf3 Yes chré 122662496 | 122664242 -35.16 7.43

6 H2-M5 No chrl7 36973257 | 36998051 -10.98 -18.63

7 Zfp42 -2.14 Zfp42 No chr8 43320382 | 43321401 -32.11

8 Dmtn -2.11 Dmtn No chri4 70622852 | 70636123 30.55

9 Tet2 -1.87 Tet2 No chr3 133518467 | 133534684 5.34

10 Gbx2 -1.85 Gbx2 No chrl 89870372 | 89876952

11 Mir290-295 -1.82 Mir290a No chr7 3193003 3218182

12 MIlte -1.69 MIite No chrll 97656359 | 97662845

13 Thx3 (a) -1.68 |Tbx3 (a) No chr5 119579640 | 119587054
Tbx3 (b) -1.68 Tbx3 (b) No chr5 119679583 | 119721473

14 Manba -1.67 Manba No chr3 135545992 | 135547780

15 Tetl -1.55 Tetl No chr10 62883646 | 62898815

16 Fgfa -1.51 Fgfa No chr7 144850967 | 144864811

17 Zfp710 -1.49 Zfp710 No chr7 80015022 | 80025077

18 Setdlb -1.45 Rhof Yes chr5 123134650 | 123140719

19 Bvht -1.44 Mirl45a Yes chrl8 61627890 | 61628746

20 Rbpj -1.44  |Rbpj No chr5 53541938 | 53556088

Figure 7. Table showing the change in acetylation at the SEs and promoters of the 20 most strongly downregulated SE-associated genes. Columns
from left to right: ranking of genes by expression change (from most to least downregulated), the gene to which we have assigned the SE here based on
manual interpretation of RNA-seq and ChlIP-seq data (pluripotency-associated genes in the top 10 highlighted), the log, fold change value for expression
by RNA-seq following 6 h of HDAC1-FKBP123%V degradation, the gene the SE was originally assigned to (defined in (50)), whether we have reassigned
the SE to a new gene (reassigned SEs highlighted), the chromosome on which each SE is located followed by the start and end site, the percentage
change of H3K27ac and H2BKbac across the SE and promoter regions (of the genes that we have assigned). The expression and % change columns are

colored with blue indicating a decrease and red indicating an increase, SEs/promoters that showed a >200% change were omitted and are shown in

grey.

confirming previous findings that either paralog is sufficient
in ESCs (34). However, the loss of viability following dTAG
treatment in HDAC1-FKBP cells occurs 3 days earlier than us-
ing conditional knockouts (9), highlighting the power of the
dTAG system.

The prevailing assumption regarding class I HDACs, is that
they are recruited into numerous corepressor complexes (7
in total) to confer substrate specificity and guide the deacety-
lase activity to specific loci. As 6 of these 7 corepressor com-
plexes contain HDAC1 (and/or HDAC2) it is no surprise
that degradation of HDAC1 revealed a wide range of sub-
strates across the core histones (Figure 2B). Many of the
sites identified are high stoichiometry acetylation sites, in-
cluding H4KS, H4KS, H4K 12, H4K 16, H2BKS and H2BK20
(2,71-74). Strikingly, several of the sites (including those on
H2B) are targets for the crucial acetyltransferases, p300/CBP
(56). The importance of these H2B sites has recently been re-
alised, as indicators of enhancer strength and their intensity
at promoters is predictive of CBP/p300 regulated genes (51).
Acetylation sites on the H2B tail are normally subject to a
very fast acetylation/deacetylation cycle, highlighted by their
short half-lives (56). In the absence of HDAC1, p300/CBP
have unrestricted access to acetylate these sites resulting in
rapid increases (Figure 2B). The increases in H4KSac and
HA4K12ac suggest that HDAC1 balances the activity of HAT1
which deposits these marks on newly synthesised histones
(75). These results show that HDAC1 balances the acetyltrans-
ferase activity of the most active HATSs, helping explain why
HDAC1/2 are the most abundant and active HDAC:s in cells
(9,76).

RNA-seq analysis showed that the immediate consequence
of HDAC1 degradation was rapid upregulation of gene ex-
pression with 275 out of 290 DEGs upregulated at 2 h (Fig-
ure 3A). Given the timescale of derepression we would expect
the majority of these genes to be direct targets of HDAC1-
containing complexes. Our results mirror precision run-on se-
quencing (PRO-seq) results in Drosophila, where 10 min of
treatment with the HDAC inhibitor (HDACi) TSA caused 96
upregulated genes, but no downregulated genes (77). PRO-
seq allows a far faster readout but the trends observed do
match. GO analysis revealed that nervous system develop-
ment was one of the biological processes most strongly asso-
ciated with the 2 h upregulated genes (Figure 4A). This upreg-
ulation of genes associated with nervous system development
may be due to the loss of repression normally mediated by the
HDAC1/2 containing CoREST complex (78).

ChIP-seq revealed a particular increase in H3K27ac and
H2BKS5ac around the TSS of upregulated genes (Figure 5C).
There is continued debate as to whether increased acetylation
is a cause or consequence of increased transcription, with re-
cent studies coming down on either side of the argument, pro-
moting transcription via release of paused RNAP II (77), or on
the contrary, that global acetylation is entirely dependent on
transcription (79). Figure 5C reveals that both H2BKSac and
H3K27ac were increased immediately downstream of the TSS
following dTAG treatment. These results are compatible with
findings from Vaid et al., whereby they identified increased
acetylation of the first nucleosomes past the TSS following
TSA treatment, facilitating increased release of paused poly-
merase giving upregulation of these genes (77).
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Despite the predominant effect on gene expression at 2 h
being upregulation, 15 genes were downregulated includ-
ing the pluripotency-associated factor Prdmi14 (Figure 4D).
PRDM14 maintains the low DNA methylation levels of ESCs
by repressing expression of the de novo DNA methyltrans-
ferases, Dnmt3a/b (66) and by recruiting TET proteins to
loci for DNA demethylation (65). At 6 h the effects of re-
duced Prdm14 expression become apparent as there was a
greater than 2-fold increase in Dnmt3a expression with a
more modest increase in Dnmit3b (Figure 4D). The transcript
and protein levels are highly correlated (rpearson > 0.75) for
Prdm14 and Dnmit3a/b, so these changes are likely to fol-
low through to the protein level (61). Tet1 and Tet2 were also
downregulated more than 2-fold by 6 h (Figure 4D), indicat-
ing that HDACT1 regulates expression of the DNA methylation
machinery. By 6 h, 443 genes were downregulated, indicat-
ing that HDACT is also required for maintaining the expres-
sion of many genes (Figure 3A). GO analysis revealed that
many of these genes were associated with stem cell mainte-
nance (Figure 4C). This is consistent with our recent PRO-seq
study in ESCs, using the pan HDAC-inhibitor, LBH589 (64).
A 2 h treatment with LBHS589 caused down-regulation of the
pluripotent gene network due to reduced RNAP I recruitment
at promoters and SEs. The data in this study strongly indicate
that HDAC1 and its associated complexes are required for this
activity.

The auto-regulatory gene networks that control cell iden-
tity (e.g. pluripotency in ESCs) are regulated by SEs (50). In
the last few years, a number of studies have demonstrated that
SEs are dependent on HDAC activity, using a range of HDAC
inhibitors, e.g. largazole and MS-275 (67,68,80). In this study,
we have manually curated the 231 known SE regions in ESCs,
which regulate 206 genes (some genes have more than one
SE, e.g. Mycn has 3) (Supplementary Table S4). 98 of 206
genes are reduced > 1.5-fold following loss of HDAC1, with
only 9 increased, a ratio of 10:1 in favour of reduced activity.
The 98 downregulated genes collectively have 113 SEs, with
93% (105/113) showing reduced H2BK5ac signal. 7 of the
top-10 most strongly downregulated SE-associated genes are
pluripotency-associated factors (Figure 7 genes highlighted in
green: Prdm14, Nanog, Otx2, Gdf3, Zfp42, Tet2 and Gbx2).
Nanog and Prdm14 were downregulated more than 9-fold at
6 h and had reduced acetylation at their SEs (Figure 6A and
Supplementary Figure S10B). Downregulation of the extended
pluripotency network at 24 h (Supplementary Figure S6 —e.g.
Utf1, Lefty1/2, Nodal, Dppa4, Tcll) may occur because of re-
duced NANOG and ESRRB binding at regulatory elements.
NANOG protein is reduced in the absence of HDAC1/2
(9) therefore it will not be able to bind as efficiently at the
sites it normally regulates, including the regulatory regions
mentioned above. Given the correlation between HDACI1-
sensitivity and reduced H3K27ac/H2BKS5ac signal, we were
able to reassign the gene targets for 51 SEs (22%) to hope-
fully produce a definitive list of SE-dependent genes in ESCs
(Supplementary Table S4).

In conclusion, our results have shown that HDAC1 regu-
lates the majority of acetylation sites on the core histones,
with lysine residues on H2B proving the most sensitive to loss
of HDACI1. The greatly increased temporal resolution of the
dTAG system allowed us to study the early consequences of
HDACT1 degradation on gene expression. As early as 2 h, we
monitored derepression of the gene network regulating cir-
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cadian rhythm. While most of the early genes were upregu-
lated, many of the most HDAC1-sensitive genes were down-
regulated, many of these genes form part of the pluripotency-
associated gene network. The core regulatory network in ESCs
is paradoxically reliant on HDAC1 to maintain histone acety-
lation levels at SEs, presumably in a dynamic relationship
with HATs, such as p300. p300/CBP acetylate many of the
sites that we have shown to be deacetylated by HDAC1 in-
cluding H3K27 and all the sites we identified on H2B (Fig-
ure 2B) (56). Remarkably, inhibition of p300/CBP recapitu-
lates the effect that we have described here, namely reduced
acetylation of SE regions and reduced expression of associ-
ated genes (52). These results indicate that the maintenance
of acetylation at SE regions requires functioning regulatory
proteins on both sides of the acetylation/deacetylation axis.
An acetylation/deacetylation cycle is likely a key part of ac-
tive transcription (81) with inhibition of either activity a stick
in the spokes for the overall activity of RNAP II.
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