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ABSTRACT

The lysine acetyltransferase KAT6A (MOZ, MYST3)
belongs to the MYST family of chromatin regula-
tors, facilitating histone acetylation. Dysregulation of
KAT6A has been implicated in developmental syn-
dromes and the onset of acute myeloid leukemia
(AML). Previous work suggests that KAT6A is re-
cruited to its genomic targets by a combinatorial
function of histone binding PHD fingers, transcrip-
tion factors and chromatin binding interaction part-
ners. Here, we demonstrate that a winged helix (WH)
domain at the very N-terminus of KAT6A specifically
interacts with unmethylated CpG motifs. This DNA
binding function leads to the association of KAT6A
with unmethylated CpG islands (CGIs) genome-wide.
Mutation of the essential amino acids for DNA bind-
ing completely abrogates the enrichment of KAT6A
at CGIs. In contrast, deletion of a second WH domain
or the histone tail binding PHD fingers only subtly
influences the binding of KAT6A to CGIs. Overex-
pression of a KAT6A WH1 mutant has a dominant
negative effect on H3K9 histone acetylation, which
is comparable to the effects upon overexpression of
a KAT6A HAT domain mutant. Taken together, our

work revealed a previously unrecognized chromatin
recruitment mechanism of KAT6A, offering a new per-
spective on the role of KAT6A in gene regulation and
human diseases.

INTRODUCTION

Human KAT6A [Lysine Acetyltransferase 6A, also named
MYST3 and MOZ (Monocytic leukemic zinc-finger)] and
KAT6B [Lysine Acetyltransferase 6B, also named MYST4
and MORF (Monocytic leukemia zinc finger protein-
related factor)] are related proteins that belong to the
MYST family of histone acetyltransferases (1). KAT6A was
first identified as fusion partner of CBP in the context of
acute myeloid leukemia (2), while KAT6B was later identi-
fied as a homolog of KAT6A (3).

Both are very large proteins (∼250 kDa) with highly ho-
mologous domain structures and functions. They consist
of a so-called NEMM domain (N-terminal part of Enok,
MOZ or MORF), a double PHD finger (DPF), the HAT
domain and a long unstructured C-terminal region, which
can be further subdivided into a glutamate/aspartate- and
a serine/methionine-rich region (1). The DPF of KAT6A
interacts with H3K9 and H3K14 acetylated histones (4).
KAT6A not only acetylates histone substrates but has also
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been implicated in the acetylation of non-histone substrates,
such as p53 (5) and SMAD3 (6).

Despite their structural and biochemical similarities,
KAT6A and KAT6B appear to have dissimilar biolog-
ical roles. KAT6A knockout mice are embryonic lethal
with several developmental defects and show strongly re-
duced numbers of hematopoietic cells (7,8). In contrast,
KAT6B-deficient mice display defects during neurogene-
sis, suggesting that KAT6B plays a more dominant role in
the brain. (9). Subsequent studies further emphasized the
role of KAT6A in the hematopoietic system (10) and asso-
ciated diseases (11,12). Experiments in zebrafish also sup-
ported the role of KAT6A during developmental processes
(13,14). Consistently, KAT6A mutations have been found in
patients with developmental disorders that are collectively
referred to as ‘KAT6A syndrome’, also known as Arboleda-
Tham Syndrome (ARTHS) (15–17), which is considered a
rare genetic disease with currently fewer than 500 identified
patients worldwide (15). Major characteristics of KAT6A
syndrome patients are intellectual disability, speech delay,
microcephaly, cardiac anomalies, and gastrointestinal com-
plications (15). Mutations involved in KAT6A syndrome
mostly lead to the removal of the C-terminal unstructured
region, which has been implicated in activating gene tran-
scription (18,19) and protein interactions (5,20). However,
the precise mechanisms by which these truncations lead to
developmental defects remain unclear.

KAT6A does not operate in isolation but together with
other chromatin regulators, such as BRPF1/2/3, ING5 and
EAF6 (21) and forms larger protein complexes. These in-
teraction partners have been proposed to be important for
the recruitment of KAT6A to its target genes (21) and en-
zymatic activity (12). In addition, KAT6A has also been
shown to interact with sequence-specific transcription fac-
tors, such as RUNX1/2 (19,20), PU.1 (7) and PPAR�
(22), suggesting that KAT6A recruitment to chromatin may
be highly sophisticated and could involve several distinct
mechanisms (23).

Multiple studies have demonstrated that KAT6A plays
an important role in HOX gene expression (13,14,24–27).
The HOX gene clusters are predominantly regulated by
Polycomb group proteins (PcG) and are critical for devel-
opmental processes (28). Consistent with a role of KAT6A
in HOX gene regulation, studies in Drosophila suggest an
interaction of the KAT6A-homolog Enok with the Poly-
comb repressive complex 1 (PRC1) (29,30), pointing to a
possible link of KAT6A to the Polycomb system. Since no
DNA binding domain has been identified in KAT6A, it has
been speculated that unknown transcription factors may re-
cruit KAT6A to Polycomb target genes (23). Recent work
suggests that KAT6A is mostly localized to CpG island-
containing promoters, including Polycomb target genes,
and it has been proposed that this recruitment is facilitated
by the interaction of the N-terminal part of the NEMM do-
main with RNA polymerase II (11).

CpG islands (CGIs) are locations in the genome that are
characterized by the accumulation of CpG dinucleotides
(31). CGIs are found at most gene promoters and are ei-
ther in a methylated or unmethylated DNA state. Methy-
lated CGIs are typically transcriptionally silenced (31). In
contrast, unmethylated CGIs are in a more active state
and are modulated in their activity by specific proteins

that recognize unmethylated CpG motifs. Many of those
proteins, such as CXXC1, are part of larger protein com-
plexes that facilitate gene activation (32). On the other hand,
KDM2B and mammalian Polycomb-like proteins are asso-
ciated with Polycomb repressive complexes and are involved
in gene repression (33–35). Recently, we identified the SAM
domain-containing protein 1 (SAMD1) as another protein
that specifically binds to unmethylated CpG motifs (36,37).
SAMD1 is associated with L3MBTL3 and the KDM1A hi-
stone demethylase complex and functions as a transcrip-
tional repressor (36,38).

Here, we show that the very N-terminal region of KAT6A
contains a highly conserved winged helix domain within
the NEMM, which specifically interacts with unmethylated
CpG-containing DNA motifs. Phylogenetic and structural
studies demonstrated that this domain is related to the CpG
binding winged helix domain of SAMD1 (36). Mutation
of essential amino acids for DNA binding completely ab-
rogates the CpG island binding of KAT6A genome-wide,
supporting a pivotal function of this domain for the proper
chromatin association of KAT6A. In contrast, this domain
appears to be dispensable for the association of KAT6A
with gene bodies. Taken together, this work establishes
KAT6A as a histone acetyltransferase that possesses a spe-
cific DNA binding function, allowing its direct recruitment
to unmethylated CpG islands.

MATERIALS AND METHODS

Protein expression and purification

The open reading frame of human KAT6A WH1 was chem-
ically synthesized with codon optimization for efficient bac-
terial expression. The KAT6A WH1 construct that con-
tains residues 1–85 was cloned into a hexahistidine-SUMO-
tagged pRSFDuet-1 vector and expressed in the Escherichia
coli Rosetta (DE3) strain. The cells were shaken at 37◦C
until the OD600 reached ∼1.0, and then cooled at 20◦C for
around an hour before 0.2 mM IPTG was added to induce
expression overnight. Cells were collected by centrifugation
at 5000 × g for 10 min. Cell pellets were resuspended with
the initial buffer (20 mM Tris at pH 7.0, 500 mM NaCl
and 20 mM imidazole) and sonicated at 4◦C for around 5
min. The supernatant was pooled by centrifuging the cell
lysate at 18 000 × g for an hour. Histidine-SUMO-tagged
target protein was isolated through a nickel-charged HiTrap
Chelating FF column from GE Healthcare. The histidine-
SUMO tag was cleaved by incubating with a histidine-
tagged ubiquitin-like-specific protease 1 (ULP1) at 4◦C for
around 1 h. After dialysis with the initial buffer at 4◦C for
around 3 h, the solution was then reloaded onto a nickel-
charged chelating column to remove both the histidine-
tagged SUMO and ULP1 protease. The flow through was
collected and diluted with water until the NaCl concentra-
tion reached at ∼200 mM before it was loaded onto a hep-
arin column (GE Healthcare) to remove bound DNA. Tar-
get protein was eluted through linearly increasing the NaCl
concentration from the low salt buffer (20 mM Tris pH
7.0, 2 mM DTT) to the same buffer containing 1 M NaCl.
The target protein was further purified by a HiLoad 200
16/600 gel filtration column equilibrated with the low salt
buffer. After gel filtration, the target protein fractions were
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diluted with water until the NaCl concentration reached to
around 100 mM, and then loaded directly onto a Source
15S 4.6/100 column for further purification. Target protein
was separated by increasing the NaCl concentration of the
low salt buffer (20 mM Tris-pH 7.0, 100 mM NaCl, 2 mM
DTT) from 100 mM to 1 M through a linear gradient. After
these purification steps, the target protein was concentrated
to ∼20 mg/ml and was stored in a −80◦C freezer.

All mutations of KAT6A WH1 were generated by PCR-
based methods and subcloned into a hexahistidine-SUMO–
tagged pRSFDuet-1 vector. The purification steps of these
mutants were similarly to wild-type protein, except that for
some mutants, the purification step through the heparin col-
umn was omitted, since those mutants that had disrupted
DNA binding ability and could not attach to the heparin
column.

ZMYND11 WH (1–95) and KAT6B WH1 (1–100) were
also cloned into hexahistidine-SUMO–tagged pRSFDuet-
1 vectors and expressed in the E. coli Rosetta (DE3) strain.
The purification procedures of both proteins were similar to
KAT6A WH1.

Crystallization and structure resolution

Crystallization was carried out using the hanging-drop,
vapor-diffusion method by mixing equal volumes of pro-
tein and well solutions. The complex of KAT6A WH1 (1–
85) and DNA was prepared by mixing the target protein
with a 14-bp palindromic CpG-containing dsDNA (5′-GG
AGTGCGCACTCC-3′ is the sequence of one strand) at
the molar ratio of 2:1.1. Crystals of KAT6A WH1/DNA
complex were grown in the solution containing 0.2 M
magnesium acetate tetrahydrate, 20% polyethylene glycol
3350 at 20◦C. Crystals were flash-frozen in the cryopro-
tectant with the crystallization buffer containing 10% 2,3-
butanediol. Datasets for the human KAT6A WH1/DNA
complex crystals were collected at the Shanghai Syn-
chrotron Radiation Facility (SSRF) beamline BL18U1 in
China at the wavelength of 0.97930 Å. The datasets were
processed using the program HKL2000. The structure of
the KAT6A WH1/DNA complex was solved by the molec-
ular replacement method by PHENIX using the SAMD1
WH/DNA complex structure as the model. The initial par-
tial model was manually rebuilt in Coot and further refined
by PHENIX.

The complex of the dimer-formed KAT6A WH1 (1–85)
and DNA was prepared by mixing the target protein with
a 13-bp CpG-containing dsDNA (5′- GGTCCGTCGGAC
C-3′ is the sequence of one strand) at the molar ratio of
2:1.1. The crystals of KAT6A WH1/DNA complex were
grown in the solution containing 0.01 M magnesium chlo-
ride hexahydrate, 0.005 M nickel(II) chloride hexahydrate,
0.1 M HEPES sodium pH 7.0, 12% w/v polyethylene gly-
col 3350 at 20◦C. Crystals were flash-frozen in the cryopro-
tectant with the crystallization buffer containing 8% 2,3-
butanediol. Datasets for the human KAT6A WH1/DNA
complex crystals were collected at the Shanghai Syn-
chrotron Radiation Facility (SSRF) beamline BL19U1 in
China at the wavelength of 0.97979 Å. The datasets were
processed using the program HKL2000. The structure of
KAT6A WH1/DNA complex was solved by molecular re-
placement method by PHENIX using the monomer-formed

KAT6A WH1/DNA complex structure as the model. The
initial partial model was manually rebuilt in Coot and fur-
ther refined by PHENIX.

Gel filtration analysis

The complex assembly of KAT6A and DNA was assessed
by analytical gel filtration. DsDNA (50 nmol) was mixed
with excessive KAT6A WH1 to a final volume of 200 �l in
the dilution buffer of 20 mM Tris-pH 7.0, 100 mM NaCl
and 2 mM DTT. The mixtures were incubated at 4◦C for
10–20 min and loaded to a Superdex 200 10/300 GL col-
umn (GE) equilibrated in the dilution buffer. Elution pro-
files were monitored at the OD of 280 nm.

Isothermal titration calorimetric measurement

Calorimetric experiments were carried out at 20◦C with
a MicroCal iTC200 instrument. Purified wild-type or mu-
tant proteins and DNA duplexes were dialyzed overnight
at 4◦C in titration buffer containing 20 mM Tris pH 7.5,
100 mM NaCl and 2 mM �-mercaptoethanol. Titration
was performed by injecting DNA duplexes into the proteins.
Calorimetric titration data were fitted with the Origin soft-
ware under the algorithm of one binding-site model.

Electrophoretic mobility shift assay

Fifty picomoles of dsDNA was mixed with increasing
amount of KAT6A WH1 proteins in the buffer containing
20 mM Tris pH 7.0, 100 mM NaCl and 2 mM DTT, and
incubated at 4◦C for 10 min. The mixture was then loaded
onto a 1.2% agarose gel in the TAE buffer for electrophore-
sis and detected by ethidium bromide staining. KAT6A
WH1 (1 to 85) and its mutants were used for the assay. All
EMSA experiments were repeated at least three times. One
strand of the DNA sequences used in the EMSA assays are
listed below. GC-rich:5′-GGCCTGCGCAGGCC-3′; AT-
rich: 5′-ATATATATATATAT-3′; 14-bp-CpG: 5′-GGAG
TGCGCACTCC-3′; 14-bp-TpG: 5′-GGAGTGTGCACT
CC-3′; 14-bp-GpG: 5′-GGAGTGGGCACTCC-3′; 14-bp-
ApG: 5′-GGAGTGAGCACTCC-3′; 14-bp-CpA: 5′- GG
AGTGCACACTCC -3′; 14-bp-CpC: 5′-GGAGTGCCCA
CTCC-3′; 14-bp-CpT: 5′-GGAGTGCTCACTCC-3′; 14-
bp-mCpG: 5′-GGAGTG(m)CGCACTCC-3′.

Protein binding microarray

KAT6A WH1 (1–85), WH2 (85–181) or their combination
(1–181) were cloned into the pT7CFE1-NHis-GST-CHA
plasmid (Thermo Scientific: #88871). GST-fusion proteins
were expressed using the 1-Step Human Coupled IVT Kit
(ThermoFisher Scientific). Expressed protein concentra-
tions were estimated from anti-GST Western blots. Sub-
sequently, custom-designed ‘all-10mer’ universal oligonu-
cleotide arrays in 8 × 60K GSE array format (Agilent Tech-
nologies; AMADID 030236) were double-stranded and
PBM experiments were performed essentially as described
previously (39) with Alexa488-conjugated anti-GST anti-
body (Invitrogen A-11131). The KAT6A WH1 domain was
assayed in duplicate at a final concentration of 600 nM in
PBS-based binding and wash buffers, on fresh slides. Scans
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were acquired using a GenePix 4400A (Molecular Devices)
microarray scanner. Microarray data quantification, nor-
malization, and motif derivation were performed essentially
as described previously using the Universal PBM Analy-
sis Suite and the Seed-and-Wobble motif-derivation algo-
rithm (39). Analysis of 4-mer scores was performed by se-
lecting subsets of 60-bp probes matched for CpG content
and counting the instances of each 4-mer in all relevant
probe sequences, then calculating the Pearson correlation
coefficient and significance of 4-mer count and signal inten-
sity for all 4-mers. The results were highly consistent across
a range of values of CpG count, each of which represents a
non-overlapping set of probes considered; a value of 4 (the
mode) was chosen for display.

Cell culture

E14 mouse ES cells (E14TG2a) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) and Gluta-
MAX (Gibco; 61965-026), 15% Fetal Bovine Serum (FBS)
(Merck; F7524) 1× nonessential amino acids (Gibco;
11140-035), 1× sodium pyruvate (Gibco; 11160–039),
1× penicillin/streptomycin (Gibco; 15140-122), 10 �M
�-mercaptoethanol (Gibco; 31350-010), and with home-
made human LIF produced in COS-7 cells, cultured in
DMEM GlutaMAX, 10% FBS, 1× nonessential amino
acids, 1× penicillin/streptomycin, transfected with pCAG-
hLIF plasmid using polyethylenimine (PEI) reagent (Poly-
sciences; 23966). Medium containing secreted hLIF was
collected and filter-sterilized, subsequently assayed for
working concentration on mES cells with Alkaline Phos-
phatase detection kit (Sigma-Aldrich; SCR004). Mouse ES
cells were cultured on 0.2% gelatin-coated plates.

KAT6A mES KO cells were created by transfection using
the jetPRIME transfection reagent (Polyplus; 101000046)
with LentiCRISPRv2 (Addgene no. 52961) (40) constructs
and two different single guide RNAs targeting mKAT6A
(sg2: TGGCTGCCTTAGTGTTGAGG; sg3: TGTGGA
AGCAGTGACACGGG). After selection with 2 �g/ml
puromycin (Merck; 58–58–2), single-cell clones were ob-
tained and further validated. Sanger sequencing confirmed
the knockout.

Human embryonic kidney–293 (HEK293) cells were
cultured with DMEM/F-12 (Gibco, 31331-028), supple-
mented with 10% FBS and 1× penicillin/streptomycin. For
ectopic, FLAG-HA tagged gene overexpression, the re-
spective KAT6A cDNAs were cloned into pDEST expres-
sion vectors using the Gateway cloning system (Invitrogen).
Cells were transiently transfected with the plasmids using
PEI. Stably expressing single clones were selected with 2
�g/ml puromycin. Following modified KAT6A constructs
were used:

KAT6A WH1 mut K24A/Q24A
KAT6A HAT mut Q654E/G657E (41)
KAT6A WH1 only 1–85
KAT6A WH1-WH2 1–181
KAT6A WH1-DPF 1–324
KAT6A WH1-HAT 1–785
KAT6A �WH2 �94–171
KAT6A �DPF �205–313

Antibodies

The following antibodies were used:

Anti-KAT6A (MYST3) Affinity Biosciences DF9024
Anti-KAT6A Sigma-Aldrich HPA063266
Anti-FLAG Sigma-Aldrich F3165
Anti-H3K9ac Diagenode C15410004
Anti-H3K14ac Active Motif 39697
Anti-Suz12 Santa Cruz sc-271325
Anti-SP1 self-made (42)
Anti-HA Merck 11867423001
Anti-L3MBTL2 Active Motif 39569
Anti-PCGF6 Proteintech 24103
Anti-Tubulin Merck MAB3408
Anti-H3 Abcam ab1791

Nuclear extract preparation

To obtain nuclear extract, the cytoplasmic fraction was re-
moved by incubating harvested cells for 10 min at 4◦C in low
salt buffer (10 mM HEPES/KOH pH 7.9, 10 mM KCl, 1.5
mM MgCl2, 1× PIC (Protease Inhibitor Cocktail) (Roche;
04693116001), 0.5 mM PMSF). After centrifugation, the
remaining pellet was dissolved in high salt buffer (20 mM
HEPES/KOH pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2
mM EDTA, 20% glycerol, 1× PIC, 0.5 mM PMSF) and in-
cubated for 30 min, 4◦C while shaking. Subsequently, the
lysates were centrifuged and the supernatant containing the
nuclear fraction was further analyzed by western blotting.

Subcellular fractionation

Cellular fractionations were performed using ‘Subcellu-
lar Protein Fractionation Kit for Cultured Cells’ (Thermo
Fisher Scientific; 78840) according to the manufacturer’s in-
structions, followed by Western blotting. As loading con-
trols for the respective fractions, a self-made SP1 antibody
(42), anti-Tubulin (Merck; MAB3408), and anti-H3 (Ab-
cam; ab1791) were applied.

FLAG immunoprecipitation and mass spectrometry

FLAG-HA-tagged human KAT6A wild-type, the WH1
KQ-AA mutant, and FLAG-HA-GFP as a control were
stably expressed in HEK293 cells. Whole cell extracts were
prepared from around 1 × 108 cells with NP-40 lysis buffer
(20 mM Tris–HCl, pH 7.6, 300 mM KCl, 12.5 mM MgCl2,
0.5% NP-40, 10% glycerol and protease inhibitors). Im-
munoprecipitation was performed using Flag M2 agarose
beads (Sigma) with around 5 mg of total protein per IP in
NP-40 lysis buffer containing 150 mM KCl and 0.25% NP-
40 for 3 h at 4◦C. After three washes with TBS, 0.25% NP-
40, bound proteins were eluted by the addition of Laemmli
buffer or 0.2 mg/ml FLAG peptide and subsequently ana-
lyzed by western blotting or silver staining.

For mass spectrometric analysis, beads were washed
additional 3 times with 50 mM NH4HCO3 and digested
with trypsin after reduction and alkylation. For LC-MS
purposes, desalted peptides were injected in an Ultimate
3000 RSLCnano system (Thermo) and separated in a 25-
cm analytical column (75 �m ID, 1.6 �m C18, IonOpticks)

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/2/574/6946999 by guest on 17 M

ay 2023



578 Nucleic Acids Research, 2023, Vol. 51, No. 2

with a 50-min gradient from 2 to 37% acetonitrile in 0.1%
formic acid. The effluent from the HPLC was directly
electrosprayed into a Qexactive HF (Thermo) operated in
data dependent mode to automatically switch between full
scan MS and MS/MS acquisition. Survey full scan MS
spectra (from m/z 375–1600) were acquired with resolution
R = 60 000 at m/z 400 (AGC target of 3 × 106). The
10 most intense peptide ions with charge states between
2 and 5 were sequentially isolated to a target value of
1 × 105, and fragmented at 27% normalized collision
energy. Typical mass spectrometric conditions were: spray
voltage, 1.5 kV; no sheath and auxiliary gas flow; heated
capillary temperature, 250◦C; ion selection threshold, 33
000 counts. MaxQuant 2.0.1.0 was used to identify proteins
and quantify by iBAQ with the following parameters:
Database, uniprot P000005640 Hsapiens 20191126.fasta;
MS tol, 10 ppm; MS/MS tol, 20 ppm Da; peptide FDR,
0.1; protein FDR, 0.01 min. peptide length, 7; variable
modifications, oxidation (M); fixed modifications, car-
bamidomethyl (C); peptides for protein quantitation, razor
and unique; min. peptides, 1; min. ratio count, 2. results
were analyzed in Perseus 1.6.15.0. The processed MS data
are available as Supplementary Table S4.

Immunofluorescence staining

HEK293 and mouse ES cells were seeded on 0.2% gelatin-
coated coverslips. Cells were fixed with 4% formaldehyde
(w/v), methanol-free (Thermo Fisher Scientific; PI28906),
and subsequently permeabilized with wash buffer (0.5%
Triton X-100 in PBS). Blocking was performed with 10%
FCS in wash buffer. Primary antibodies were diluted 1:500
in blocking solution and incubated in a wet chamber,
overnight at 4◦C. Three washing steps of the cells were per-
formed before incubation with secondary antibody, using
Alexa Fluor 488 goat anti-rabbit IgG (H + L) (Thermo
Fisher Scientific; A-11008), at 1:2000 dilution. Following
three washing steps, the coverslips were mounted onto mi-
croscopy slides using VECTASHIELD® Antifade Mount-
ing Medium with DAPI (Vector Laboratories; H-1200), and
sealed. Microscopy was performed using a Leica DM5500
microscope, and data was analyzed using ImageJ (Fiji).

Proliferation assay

To determine proliferation rates, cells were seeded on 6-well
plates at a density of 1 × 105 cells per well. The cell viability
was determined 1, 3 and 6 days after seeding using MTT as-
say by adding 90 �l of 5 mg/ml Thiazolyl blue ≥98% (Carl
Roth; 4022) to each well. After 1h, the medium was aspi-
rated, and stained cells were dissolved in 400 �l lysis buffer
(80% isopropanol, 10% 1 M HCl, 10% Triton X-100) and di-
luted further if necessary. Absorption was measured at 595
nm using a plate reader. All values were normalized to day
1 to compensate for variations in seeding density. The mean
value of three biological replicates was determined.

Colony formation assay

To examine the ability of cells to form colonies, cells were
seeded at low density (1 × 103 cells per well on 6-well

plates) and cultured for 7 days. Afterwards, the cells were
washed once with PBS and fixed with 100% methanol for
20 min before staining for 5 min with 0.5% crystal violet in
25% methanol. To remove excess coloring, the plates were
washed with dH2O until single colonies were visible.

DNMT1 inhibition

HEK293 cells were transiently transfected with constructs
for expression of FLAG-HA-tagged human KAT6A using
PEI. Twenty-four hours after transfection, the cells were
treated with the DNMT1 inhibitor GSK-3484862 (Med-
ChemExpress, Nr.: HY-135146) at 2 �M and 10 �M for
3 days as well as 0.1% DMSO as a solvent control as de-
scribed (43), followed by a chromatin immunoprecipitation
using a FLAG antibody and qPCR.

RT-qPCR and RNA-seq

For RNA isolation, cells were cultivated on 6-well plates
up to 80–100% confluency. RNA was prepared using the
RNeasy Mini Kit (Qiagen; 74004) according to the manu-
facturer’s manual; including an on-column DNA digest (Qi-
agen; 79254).

The PrimeScript RT Reagent Kit (TaKaRa; RR037A)
was used to transcribe mRNA into cDNA according to the
manufacturer’s manual. Samples were incubated for 30 min
at 37◦C followed by 5 min at 85◦C to inactivate PrimeScript
RT enzymes. Subsequently, cDNA was diluted 1:20 to be
used in RT-qPCR.

For analysis by real-time quantitative PCR, MyTaq Mix
(Bioline; BIO-25041) was used. For gene expression analy-
sis, values were normalized to either mActb and mGapdh
or hHPRT and hGAPDH expression. The qPCR primers
used are presented in Supplementary Table S2.

For RNA-Seq, RNA integrity was assessed on Experion
StdSens RNA chips (Bio-Rad). RNA-Seq libraries were
prepared using the TruSeq Stranded mRNA Library Prep
Kit (Illumina). RNA-Seq libraries were quantified on a Bio-
analyzer (Agilent Technologies). Next-generation sequenc-
ing was performed on Illumina HiSeq1500 or NextSeq550.

Chromatin immunoprecipitation

Chromatin-immunoprecipitation (ChIP) was performed in
accordance with the Fast ChIP protocol (44) using an-
tibodies described above. ChIP-qPCRs with gene-specific
primers (Supplementary Table S2) were performed using
the MyTaq PCR reagent (Bioline) in the presence of 0.1x
SYBR Green (Molecular Probes). For ChIP-sequencing,
two to three individual ChIPs were pooled. The precipi-
tated chromatin was eluted from the beads with 100mM
NaHCO3, 1% SDS. Crosslinking was reversed by an
overnight incubation at 65◦C followed by a proteinase K
digestion. The precipitated DNA was purified using QI-
Aquick columns (Qiagen). Five to ten nanograms DNA
were used for indexed sequencing library preparation using
the Microplex Library preparation kit v2 (Diagenode). Li-
braries were purified and size-selected by AMPure magnetic
beads (Beckman) and quantified on a Bioanalyzer (Agi-
lent). Next-generation sequencing was performed on Illu-
mina NextSeq 550.
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Bioinformatics analysis

ChIP-Seq data were aligned to the human genome hg38 us-
ing Bowtie (45). Bigwig files, heatmaps and binding pro-
files were created using samtools and DeepTools (46). Peak
calling was performed with MACS2 with standard settings
(47). The genomic distribution of SAMD1 was determined
using ChIPseeker (Galaxy Version 1.28.3) (48). Gene on-
tology analysis of KAT6A target loci was performed using
GREAT (49). Enriched motifs at KAT6A bound locations
were identified using HOMER (50). Genomic occurrences
of palindromic CCGNCGG motifs (and variants) were
determined via HOMER (‘scanMotifGenomeWide’)(50).
ChIP-Seq tracks were visualized using the UCSC browser
(51). Promoter definition and CpG islands were down-
loaded from the UCSC table browser. The correlation anal-
ysis of features of the KAT6A bound gene bodies was per-
formed via the Cistrome data analysis platform (52), using
the region of +1000 to +10 000 for each gene.

RNA-Seq samples were aligned to the mouse transcrip-
tome GENCODE vM25 using RNA-Star (2.7.2b) (53).
Reads per gene were calculated using feature counts (2.0.1).
Differentially regulated genes and normalized read counts
were determined using DESeq2 (2.11.40.6) (54). Genes with
an at least 0.75-fold (log2) difference and a P-value below
0.01 were considered differentially expressed genes. Gene
set enrichment analysis (GSEA) (55) was performed with
standard settings.

The following public datasets for HEK293 cells
were used: CIRA-Seq: DRR186438 (11); WGBS:
GSM3791391 (56); H3K4me3: GSM1249885 (57);
H3K4me2: GSM1249886 (57); H3K4me1: GSM2711410
(58); RNA Polymerase II: GSM3073973 (59); PCGF6:
ERR2103747 (60), E2F6: ERR2103744 (60), L3MBTL2:
ERR2103745 (60); RNA-Seq: DRR065497 (11). The GC
content was downloaded from the UCSC genome browser
(file name: hg38.gc5Base.bw) (51)

RESULTS

KAT6A possesses a conserved N-terminal winged helix do-
main

It has been proposed that KAT6A is recruited to its tar-
get genes via a combination of the histone reader func-
tion of its double PHD finger (DPF) domain (1,4,61,62),
transcription factors (7,20,22) and chromatin binding of
interaction partners, such as ING5 and BRPF1 (21). The
N-terminal so-called NEMM domain has also been impli-
cated in chromatin binding of KAT6A (1,63), but the spe-
cific mechanisms of this region are unclear. Investigation
of the domain structure of KAT6A using the AlphaFold
database (64,65) demonstrated that KAT6A possesses two
well-defined globular domains at the N-terminus (Figure
1A–C), reflecting the NEMM. The globular domain at the
very N-terminus has not yet been described, while the more
C-terminal domain has previously been shown to have sim-
ilarity to the linker histone H1/5 (19,63). Whether this
domain indeed functions as a linker histone is unknown.
Since both domains are characterized by three alpha-helices
and two beta-sheets, each, typical for winged-helix (WH)
domains (Figure 1B) (66), we named these two domains

winged helix domain 1 (WH1) and -2 (WH2) (Figure 1A–
C). A very similar structural composition was also found
for the paralog KAT6B (Supplementary Figure S1A–C),
and the Drosophila ortholog Enok (Supplementary Fig-
ure S1D-F). In KAT6A and KAT6B, the two WH domains
are separated by approximately 25 amino acids (Figure 1B,
Supplementary Figure S1C), while in Enok these two do-
mains are only separated by 5 amino acids (Supplementary
Figure S1F). The different distances between the two do-
mains raise the possibility that the functions of the dou-
ble WH domains diverged during evolution. Although the
WH1 domains of KAT6A and KAT6B are currently not
annotated in the UniProt database (Q92794, Q8WYB5),
phylogenetic analysis demonstrates that this domain is evo-
lutionarily ancient. A homologous domain can be identi-
fied in the KAT6A homolog of the freshwater polyp (hy-
dra vulgaris) (Figure 1D), suggesting that the WH1 has al-
ready evolved during early metazoan development. Com-
paring the N-terminal domains of KAT6A, KAT6B and
Enok shows that the WH1 is evolutionarily more conserved
than the WH2 and the DPF domain (Supplementary Fig-
ure S1G).

Furthermore, the WH1 domains of KAT6A and KAT6B
together with the WH domains of SAMD1 and ZMYND11
form a group of WH domains with shared sequence ho-
mology. We previously named this group ‘SAMD1-like WH
domains’ (36). Within this group, the WH1 domains of
KAT6A, -B and the WH of SAMD1 are similar to each
other, while the WH domain of ZMYND11 is more dis-
tant (Figure 1D, E). Previously, we demonstrated that the
WH domain of SAMD1 directly interacts with unmethy-
lated CpG motifs, which is important for the recruitment
of SAMD1 to CGIs (36). Thus, given the observed local-
ization of KAT6A to CpG islands (11) and the sequence
similarity of the WH1 domain to the CpG binding WH
domain of SAMD1 (Figure 1E), we speculated that the
WH1 domains of KAT6A and -B may also bind to CpG-
containing motifs. To address this possibility, we performed
EMSA (electrophoretic mobility shift assays) experiments
using a CpG-rich DNA sequence. We found that the WH1
domains of both KAT6A and KAT6B efficiently bind to
CpG-rich DNA (Figure 1F). In contrast, the WH domain
of ZMYND11 did not show any DNA binding capac-
ity in this experiment (Figure 1F). To further validate the
DNA binding preference of KAT6A, we performed unbi-
ased protein binding microarray (PBM) experiments (39),
which confirmed that the WH1 of KAT6A preferentially
binds to CpG-rich motifs in vitro (Figure 1G, Supplemen-
tary Table S3). We found that both a simple GCGCG mo-
tif, and a palindromic CCGNCGG motif were enriched.
Importantly, in both replicates, we observed approximately
one hundred 8-mers with an E-score of more than 0.45,
which indicates a highly robust DNA binding (Supplemen-
tary Table S3). Since the WH2 has been implicated in chro-
matin binding of KAT6A (19), we also investigated the
DNA binding ability of KAT6A WH2. In EMSA, we could
not observe any binding of this domain to CpG-rich DNA
(Supplementary Figure S2A). Additionally, in PBM experi-
ments we could not detect any 8-mer with an E-score higher
than 0.45, suggesting little or no sequence-specific DNA
binding (Supplementary Figure S2B, Table S3). The com-
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Figure 1. (A) AlphaFold predicted alignment error for KAT6A (65), showing two distinguishable WH domains at the N-terminus, reflecting the NEMM.
DPF = double PHD finger. See also Supplementary Figure S1. (B) AlphaFold predicted structure of WH1 and WH2 of KAT6A. (C) Domain structure of
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of the domains from (D). Amino acids that are important for the DNA binding of the WH domain of SAMD1 (36) are underlined. (F) EMSA of the WH1
domains of KAT6A and KAT6B as well as the related WH domain of ZMYND11 using CG-rich and AT-rich DNA. Numbers indicate molar ratio.
(G) DNA binding specificity motifs derived from protein binding microarray (PBM) analysis of the KAT6A WH1 domain. The results of two technical
replicates are shown (Supplementary Table S3). See also Supplementary Figure S2.

bination of WH1 and WH2 shows a similar binding prefer-
ence as the WH1 alone (Figure 1G, Supplementary Figure
S2C, Table S3), suggesting that WH1 is the major domain
responsible for the recognition of CpG-rich DNA motifs.

KAT6A WH1 specifically associates with unmethylated CpG
motifs

To understand the molecular basis of CpG recognition by
the WH1 domain of KAT6A, we crystallized KAT6A WH1
with a 5′-GCGC-3′-containing double-stranded DNA and
solved the complex structure at a resolution of 1.5 Å (Sup-
plementary Table S1). In the complex structure, the WH1
domain has the fold of a winged helix domain that contains
three � helices at the N-terminal half and two � strands
at the C-terminal half (Figure 2A). Wing-like loops be-
tween strands �1 and �2 (W1) and after �2 (W2) could
also be observed. Both the major groove and the minor
groove of the CpG-containing DNA are recognized (Fig-

ure 2A). KAT6A WH1 recognizes the major groove of
the DNA molecule mainly through the �1 helix. The C-
terminal end of the �1 helix inserts into the CpG-containing
major groove and makes sequence-specific contacts with the
base pairs containing both the unmethylated CpG motif,
and the pair following the CpG motif (Figure 2B, C). C7
and its palindromic C8′ in the CpG-motif form a hydrogen
bond each with the main chain carbonyl oxygen of Gln23
and Lys24 of KAT6A (Figure 2B), respectively. In addi-
tion, the C7 base is also recognized by Gln25 through a side
chain-mediated hydrogen bond. These main chain atom-
mediated hydrogen bonds would bring the CpG-motif and
KAT6A much closer, so that methylation of either C7, or
C8′ or both would result in a steric clash between two
molecules that leads to disrupted interaction. This kind
of CpG-motif binding mode is also observed in most of
the other CpG island binding domains, verifying that the
WH1 domain of KAT6A is a bona fide unmethylated CpG
motif binding domain. In addition to the cytosines, both
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Figure 2. (A) The overall structure of the KAT6A WH1 and DNA complex (PDB: 7Y43). KAT6A is colored blue, and DNA molecules are colored
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guanines of the CpG motif are also recognized, with the
G7′ base forming a hydrogen bond with the side chain of
Gln25, and G8 forming a hydrogen bond with the side
chain of Lys24 (Figure 2B). Lys24 also recognizes the base
pair following the CpG motif by forming a hydrogen bond
each with both C9 and G9′ through its long side chain
(Figure 2B).

In addition to the above base-specific recognition within
the major groove, the phosphate backbones of both sides of
the major groove are also recognized. The phosphate back-
bone of G4 forms a hydrogen bond with the side chain of
Asn34, and its following base T5 forms a hydrogen bond
each with the side chain of Lys19 and Gln23 (Figure 2B),
respectively. On the other side of the major groove, the phos-
phate backbone of G9′ forms a hydrogen bond with Ser70,

and its neighboring base T10′ forms a hydrogen bond each
with both Lys21 and Arg79 (Figure 2B). Overall, KAT6A
WH1 contacts the CpG-containing major groove at a 7-
bp footstep, among which base-specific recognition is cen-
tered at the 5′-CGC-3′ motif (Figure 2C). KAT6A contacts
the minor groove of the DNA through the W2 loop, with
the side chain of Arg79 reaching inside the minor groove
and forming a hydrogen bond each with bases T12 and
C13 (Figure 2D). The CpG motif recognition at the ma-
jor groove is essential for the binding, as shown from the
EMSA results where KAT6A WH1 displayed dramatically
reduced binding affinities towards the CpG-mutated DNA
molecules, whose bases in the CpG motif were replaced
with other bases (Figure 2E). Similarly, CpG-methylated
DNA also lost binding to KAT6A WH1 (Figure 2F). On
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the protein side, when the CpG motif-recognizing residues
Lys24 or Gln25 were mutated to an alanine, the resul-
tant mutant of KAT6A WH1 displayed a 32-fold or 3-fold
weaker binding affinity (Figure 2G), respectively, as calcu-
lated by ITC-based measurements. K19A or K21A muta-
tions that disrupted the recognition of the phosphate back-
bone of the major groove also weakened the binding affin-
ity of KAT6A for the CpG-containing DNA substrate by
∼2.0–2.8-fold (Figure 2G). In contrast, recognition at the
minor groove does not contribute much to the recogni-
tion, as when the minor groove-recognizing residue Arg79
was mutated to an alanine, the resultant mutant did not
show noticeable change of binding affinity towards the 14-
bp-CpG DNA (Figure 2G). Overall, the DNA-recognition
mode by KAT6A WH1 is similar to that of SAMD1 WH
(36), as both proteins recognize the unmethylated CpG mo-
tif mainly through the C-terminal end of the �1 helix (Fig-
ure 2H).

KAT6A WH1 can bind as a dimer to palindromic
CCGNCGG motifs

In our PBM experiments KAT6A WH1 showed a high pref-
erence for the CCGNCGG motif (Figure 1G, Supplemen-
tary Table S3). To understand the recognition mechanism
for this palindromic motif, we crystalized the complex of
KAT6A WH1 with bound CCGTCGG-containing DNA
and solved the structure at 1.93 Å resolution (Supplemen-
tary Table S1). In the complex structure, two KAT6A WH1
molecules bound one double stranded DNA in a head-
to-head manner (Figure 3A). The dimer form of KAT6A
WH1 is not only mediated by the DNA they bind, but also
by direct protein-protein interactions between the dimer.
Due to the closely positioned two oppositely directed CGG-
motifs recognized by both KAT6A WH1, Glu30 from one
molecule forms a hydrogen bond each with Ser28, Glu29
and Glu30 from another molecule, respectively (Figure 3B).
The dimer form of KAT6A on DNA is very stable in solu-
tion, as verified by gel-filtration analysis (Figure 3C). The
DNA recognition mode of the dimer-formed KAT6A is
very similar to that of the monomer-formed KAT6A, as
shown from the overlapped structures of both complexes
(Figure 3D). In the overlapped structures, most parts of
the KAT6A WH1 molecules were very well superimposed.
Noticeable differences occurred mainly at the W1 and W2
loops (Figure 3D), both of which do not play a major
role in the DNA recognition. In the dimer-formed complex
structure, the CGG-motif was specifically recognized (Fig-
ure 3E, F), comparable with the monomer-formed struc-
ture in which only the CGC-motif was specifically recog-
nized. The CGG-motif in the dimer-formed complex was
recognized by three key residues, Gln23, Lys24 and Gln25,
each of which formed 1–3 hydrogen bonds with the bases
from the CGG-motif, similarly as the CGC-motif recogni-
tion mode in the monomer-formed KAT6A complex. No-
ticeable differences occurred mainly at the nonspecific DNA
backbone recognition. In the dimer-formed complex, only
Arg26 could be observed to recognize the phosphate back-
bone of one side of the CGG-motif (Figure 3E, F), while in-
teractions with the other parts of the phosphate backbone
and with the minor groove could not be observed, further

verifying that the CGG/CGC-motifs are the most critical
sequences required for the recognition of KAT6A WH1.

KAT6A influences developmental pathways related to heart
and neuronal development in mouse ES cells

Previous work suggested an important role of KAT6A in a
variety of developmental processes (1,7,8,27). To gain fur-
ther insight into the potential gene regulatory function of
KAT6A, we used first mouse ES cells (mESCs) as a model.
Using CRISPR/Cas9, we created KAT6A KO mESCs,
which were validated by Western blotting, immunofluores-
cence and Sanger sequencing (Figure 4A, B; Supplemen-
tary Figure S3A). Consistent with the role of KAT6A as hi-
stone acetyltransferase, we observed reduced global levels
of the histone acetylation marks H3K9ac and H3K14ac in
the knockout cells (Figure 4C). These cells showed slightly
increased proliferation (Supplementary Figure S3B) and
they had an altered morphology in comparison to con-
trol cells (Supplementary Figure S3C). Using RT-qPCR, we
confirmed the dysregulation of several previously described
KAT6A target genes, such as Rhox6, Skida1 and Sox9 (27)
(Figure 4D). In colony formation assays, KAT6A deletion
led to fewer colonies (Figure 4E), suggesting a reduced abil-
ity to grow out from single-cell clones.

To address the impact of KAT6A deletion on the gene
expression pattern at a global level, we performed RNA-
Seq using two independent KAT6A KO clones. Principal
component analysis demonstrated that the KO cells dif-
fered greatly from the control cells (Figure 4F). Consis-
tent with an activating role of KAT6A as a histone acetyl-
transferase, we observed more down- (n = 494; log2-fold
change > 0.75; P < 0.01) than upregulated genes (n = 238)
upon KAT6A depletion (Figure 4G). Gene set enrichment
analysis (GSEA) revealed that gene sets related to develop-
ment and signaling pathways were mostly downregulated
upon KAT6A deletion (Supplementary Figure S3D). Con-
versely, gene sets related to brain development were up-
regulated (Supplementary Figure S3D). The dysregulation
of developmental and signaling pathways due to impaired
KAT6A function is consistent with the observed defects in
patients with KAT6A syndrome (15). Closer inspection of
the data further revealed that KAT6A deletion influences
the gene expression pattern, similar to a pattern after dele-
tion of the PRC2 core component SUZ12 (35,67). Namely,
genes that were downregulated upon SUZ12 deletion were
mostly downregulated in KAT6A KO cells, as well (Sup-
plementary Figure S3D, E). The opposite was the case for
genes that were upregulated upon SUZ12 deletion (Sup-
plementary Figure S3D, E). This phenomenon can likely
be explained by the downregulation of SUZ12 at both the
mRNA and protein level in the KAT6A KO cells (Supple-
mentary Figure S3F, G). We also confirmed reduced EZH2
recruitment to some PRC2 target genes via ChIP-qPCR
(Supplementary Figure S3H). Thus, the observed gene ex-
pression changes after KAT6A deletion in mouse ES cells
are likely due to direct effects caused by impaired histone
acetyltransferase activity, and indirect effects, such as dys-
regulation of key chromatin regulators, such as SUZ12.

Analysis of our RNA-Seq data further demonstrated that
the downregulated but not the upregulated genes were sig-
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Figure 3. (A) The overall structure of the dimer-formed KAT6A WH1 and DNA complex (PDB: 8H7A). The KAT6A dimer is colored green and purple,
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palindromic CpG-containing DNA.

nificantly enriched for CGIs at their promoters (Figure
4H). This result supports that KAT6A may bind to CGI-
containing promoters in mouse ES cells for gene activation,
and that the WH1 domain could play a role in the chro-
matin binding of KAT6A in these cells. However, in mouse
ES cells endogenous KAT6A was difficult to detect by West-
ern blotting (Figure 4A), and we failed to immunoprecip-
itate KAT6A from chromatin in these cells. Additionally,
our attempts to ectopically express KAT6A in mouse ES
cells were not successful. Consequently, an investigation of
the genome-wide binding pattern of KAT6A as well as an
investigation of the role of the KAT6A WH1 domain was
not possible in these cells.

KAT6A WH1 is required but not sufficient for chromatin
association

As an alternative model, we chose human HEK293 cells,
which can easily be transfected with KAT6A constructs
(Figure 5A, Supplementary Figures S5A and S6A) and are
therefore more suitable for the biochemical characteriza-
tion of KAT6A chromatin recruitment mechanisms. Using
these cells, we addressed the consequences of abrogating
the DNA binding function of the WH1 domain by mutat-
ing the two most important amino acids lysine 24 and glu-
tamine 25 to alanines (K24A/Q25A, ‘WH1 mut’) (Figure

2G). Via cellular fractionation experiments, we observed
that ectopically expressed wild-type KAT6A in HEK293
cells was found in the chromatin fraction, but also in the
nucleoplasm and in the cytoplasm (Figure 5B). Mutating
the WH1 domain of KAT6A led to reduced levels of the
protein in the chromatin fraction but increased levels in
the nucleoplasm and cytoplasm fractions (Figure 5B, C),
suggesting that chromatin binding is impaired. Via ChIP-
qPCR experiments using a FLAG-antibody, we confirmed
strong chromatin binding of KAT6A wild-type to CGI-
containing promoters, which were selected based on previ-
ously published KAT6A ChIP-Seq data (11). Importantly,
the KAT6A WH1 mutant showed almost no chromatin as-
sociation with the investigated CGIs (Figure 5D), suggest-
ing that mutating the DNA binding amino acids of KAT6A
is sufficient to prevent its binding to CGIs. Thus, these re-
sults support the importance of a functional WH1 domain
for the chromatin binding of KAT6A.

A previous report suggested that the KAT6A WH1 do-
main alone is sufficient for proper chromatin targeting (11).
To investigate this aspect, we performed ChIP-qPCR ex-
periments with only the WH1 domain of KAT6A. We
found that neither the wild-type WH1 nor the mutant WH1
showed strong chromatin association (Supplementary Fig-
ure S4A–C), suggesting that the WH1 domain alone is in-
capable of binding to chromatin. This observation is in

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/2/574/6946999 by guest on 17 M

ay 2023



584 Nucleic Acids Research, 2023, Vol. 51, No. 2

10

20

30

40

50

60

-4 -3 -2 -1 0 1 2 3 4

Down: 494 Up: 238

G H

fold change KAT6A KO vs. control
(log2)

p-value (-log10)

A

K
AT

6A
/D

A
P

I

control KAT6A KO #1

co
nt

ro
l

K
O

 #
1

K
O

 #
2

B

D

KAT6A

SP1

Colony formation assay

control KAT6A KO #1 KAT6A KO #2

-30

-20

-10

0

10

20

30

-30 -20 -10 10 20 30

cntr

KO #1

KO #2

PC1 (71.6 %)

P
C

2 
(1

8.
4 

%
)

C

0

1

2

3

4

5

Kat6
a

Rho
x6

Otx1

Skid
a1

Pou
f5f

1
Sox

9

re
l a

tiv
e

ex
p r

es
si

o n

control
KAT6A KO #1
KAT6A KO #2

F

mESCs

0%

20%

40%

60%

80%

100%

Down Up All

CGI

no CGI

***

250

100

kDa

KAT6A KO #2

H3

H3K14ac

H3K9ac15

15

15

E
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line with the relatively low DNA binding affinity of the
WH1 domain (Figure 2G) and is similar to the WH do-
main of SAMD1, which is also not able to bind to chro-
matin in isolation (36). To address, which additional regions
of KAT6A are required for chromatin binding, we investi-
gated KAT6A proteins that were extended after the WH1
domain (Supplementary Figure S4D–F). We observed that
addition of the WH2 and the DPF domain stepwise in-
creased the chromatin binding of KAT6A, suggesting that
each of these domains may contribute to the chromatin
binding of KAT6A (Supplementary Figure S4E). A protein
comprising the WH1, WH2 and the DPF binds to chro-
matin at a similar level as the full-length protein, suggest-
ing that this region is the main chromatin binding mod-
ule of KAT6A. Interestingly however, deletion of WH2 or
the DPF from the full-length KAT6A led to only subtly
reduced chromatin binding of KAT6A, which contrasts to
mutation of the WH1 (Supplementary Figure S4G–I). This
suggests that the WH1 is the most crucial domain for the
association of KAT6A with CGIs, while both the WH2
and the DPF domain are likely also involved but less es-
sential for this function of KAT6A. Possibly, also regions
outside of the globular domains, or proteins that bind to

these regions, may contribute to the chromatin binding of
KAT6A.

Together we conclude that the WH1 is necessary but not
sufficient for the chromatin binding of KAT6A.

Overexpression of mutant KAT6A has a dominant-negative
effect on histone acetylation

Next, we assessed the consequence of overexpressing the
KAT6A WH1 mutant on the endogenous KAT6A and on
histone acetylation. For this purpose, we used a KAT6A an-
tibody that recognizes both the endogenous and the ectopi-
cally expressed KAT6A (Supplementary Figure S5A), and
antibodies against H3K9ac and H3K14ac, the main enzy-
matic targets of KAT6A (21,26,41). We found that overex-
pression of wild-type KAT6A did not significantly increase
the total KAT6A level on chromatin (Figure 5E). This ob-
servation suggests that the KAT6A chromatin binding is
already saturated and cannot be further enhanced. Consis-
tently, we observed only a minor influence on histone acety-
lation (Figure 5E). Interestingly, however, we observed a
decreased level of chromatin bound KAT6A when overex-
pressing the KAT6A WH1 mutant (Figure 5E). This find-
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Figure 5. (A) Western blotting of ectopically overexpressed KAT6A wild-type and WH1 mutant in HEK293 cells. (B) Representative Western blot of cellular
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ing cannot be explained by an altered protein level of en-
dogenous KAT6A, which remained constant (Supplemen-
tary Figure S5A). Instead, it suggests an impairment of the
chromatin binding of the endogenous KAT6A. In line with
this observation, we also observed a reduction in H3K9ac
and H3K14ac (Figure 5E), suggesting that overexpressing
the KAT6A WH1 mutant has a dominant negative effect.
A similar dominant negative effect can be seen when over-
expressing an enzymatically inactive KAT6A HAT domain
mutant (Q654E/G657E, ‘HAT mut’) (41), which binds as
efficiently to chromatin as the wild-type protein (Supple-
mentary Figure S5B, C). These results suggest that over-
expression of either the WH1 mutant or the HAT mutant
diminishes the function of endogenous KAT6A.

KAT6A interacts with multiple chromatin regulatory protein
complexes in a DNA binding independent manner

Why does endogenous KAT6A chromatin binding decrease
upon overexpression of the KAT6A WH1 mutant? Given
its abrogated DNA binding, the WH1 mutant KAT6A is
unlikely to interfere with the chromatin binding of the en-
dogenous KAT6A, which can therefore not explain the
dominant negative effect. An alternative explanation is that
the overexpressed KAT6A WH1 mutant protein competi-
tively displaces the endogenous KAT6A from its interac-
tion partners. Consequently, the endogenous KAT6A has
fewer interacting partners, which could impair its chro-
matin association. To assess the interactome of the mutant
KAT6A, compared to wild-type KAT6A, we ectopically
expressed both proteins in HEK293 cells and performed
FLAG-immunoprecipitation. Silver staining of the precipi-
tated material showed that both proteins pulled down many
proteins (Figure 5F). Consistent with silver staining, we
found by mass spectrometry that numerous proteins were
enriched with both the KAT6A wild-type and WH1 mu-
tant (Figure 5G, Supplementary Table S4). Notably, in ad-
dition to known interaction partners such as the BRPF1
complex (BRPF1, MEAF1, MLLT1 (ENL)), we also iden-
tified members of the PRC1 complex (Figure 5G). This
association has previously been proposed in Drosophila
(29,30), suggesting a conserved interplay of the KAT6 hi-
stone acetyltransferase proteins with the Polycomb system.
Via coimmunoprecipitation, we confirmed that KAT6A
wild-type and WH1 mutant interact with members of the
human PRC1 complex in HEK293 cells (Figure 5H). Ad-
ditionally, other putative interaction partners, such as the
PAF1 and the NSL complex, showed a similar enrichment
with wild-type and WH1 mutant KAT6A in the mass-
spectrometry data (Figure 5G, Supplementary Figure S6B),
suggesting that the mutation of the WH1 domain does not
strongly influence the capacity of KAT6A to associate with
its interaction partners.

Thus, this finding is in line with the idea that the ec-
topic overexpression of the KAT6A WH1 mutant can com-
petitively replace the endogenous KAT6A from its inter-
action partners. The endogenous KAT6A could therefore
have fewer chromatin binding interaction partners, leading
to the observed reduced chromatin association. Further-
more, our mass-spectrometry results suggest that the re-
duced chromatin association of the KAT6A WH1 mutant

is likely not caused by an altered interactome but mainly by
the abrogated DNA binding capacity.

KAT6A localizes genome-wide to unmethylated CpG islands
and gene bodies

To address the consequences of mutating the WH1 domain
of KAT6A at a genome-wide level, we performed ChIP-Seq
experiments. For this purpose, we overexpressed KAT6A
wild-type, WH1 mutant, and HAT mutant and precipitated
the proteins using a FLAG antibody. To assess the effect on
histone acetylation, we investigated the H3K9ac mark. As
a negative control, we used HEK293 cells transfected with
an empty vector.

First, we analyzed the binding pattern of the wild-type
KAT6A, for which we identified 20,903 significant peaks.
Consistent with the hypothesis that KAT6A is recruited to
CpG islands, we found a strong overlap of these peaks with
CGIs (Figure 6A). Given that most CGIs are at promot-
ers, we found a strong enrichment of KAT6A at promoters
(Figure 6B, C). Motif analysis of the KAT6A bound loca-
tions revealed the enrichment of CpG-rich motifs (Figure
6D), which are similar to the motifs identified via the pro-
tein binding microarray (Figure 1G).

To explore whether the sequence preference of the iso-
lated WH1 domain contributes to KAT6A localization, we
systematically examined for all possible four nucleotide se-
quences (4-mers) the correlation of in vitro binding of the
isolated WH1 domain to synthetic sequences on PBMs with
in vivo binding of the tagged full-length protein to genomic
sequence, controlling for CpG content of the tested se-
quences (see Methods). The association of a given 4-mer
with in vitro and in vivo binding is significantly correlated
(Pearson’s R = 0.31, P < 0.001, Figure 6E), and the 4-mer
most highly correlated with binding in vitro (GCCG) is like-
wise mostly highly correlated with binding in vivo. More-
over, instances of this 4-mer are significantly biased toward
the summit of KAT6A peaks (Figure 6F), consistent with
direct targeting of this sequence in vivo. Our PBM and struc-
tural analysis further suggests that KAT6A can bind to the
palindromic CCGNCGG motif as a dimer (Figures 1G and
3). To investigate whether the occurrence of such a motif
may enhance the chromatin binding of KAT6A, we ana-
lyzed the binding profile of KAT6A around these motifs.
Indeed, we found that at CCGNCGG motifs KAT6A lev-
els are locally enriched, compared to motifs that have the
same CG content but a different sequence or spacing (Sup-
plementary Figure S7A–C). This observation suggests that
KAT6A has a binding preference for this palindromic se-
quence. However, ∼40% of KAT6A bound CGIs do not
possess such a motif (Supplementary Figure S7D), suggest-
ing that the presence of a dimeric binding motif is advanta-
geous but not essential for KAT6A binding.

Using publicly available CpG island recovery assay
(CIRA)-Seq data (11) and whole genome bisulfite sequenc-
ing (WGBS) (56), we found that KAT6A mainly binds
to unmethylated CGIs, while the KAT6A-unbound CGIs
are mostly methylated (Figure 6G). Thus, consistent with
the EMSA experiment (Figure 2F), these results support
that KAT6A is repelled by methylated DNA. To investi-
gate whether removing DNA methylation from methylated
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CGIs leads to a de novo recruitment of KAT6A, we used
the DNMT1 inhibitor GSK-3484862, which has been de-
scribed to reduce the level of DNA methylation genome-
wide (43). Based on available DNA methylation data (56)
and our KAT6A ChIP-Seq, we selected several KAT6A-
unbound gene promoters with methylated CGIs, and inves-
tigated those genes via ChIP-qPCR (Supplementary Figure
S8A). After treating the cells with the inhibitor for 3 days,
we found that the levels of KAT6A remained constantly
high at CGIs which were already unmethylated under un-
treated conditions (Supplementary Figure S8B). At CGIs
which were methylated under untreated conditions, we ob-
served a significant increase of KAT6A upon DNMT1 in-
hibition in a dose dependent manner (Supplementary Fig-
ure S8B). This result suggests that at those CGIs a reduced
DNA methylation, due to DNMT1 inhibition, leads to the
de novo recruitment of KAT6A. This finding further sup-
ports that KAT6A’s binding ability to CGIs is dependent on
their DNA methylation status.

Consistent with the preference for unmethylated CGIs,
most KAT6A bound locations are decorated by the active
H3K4me3 and H3K9ac histone marks (group 1; n = 9351),
suggesting that KAT6A typically plays a role at actively
transcribed promoters (Figure 6H, J). The genes associated
with this location are linked to general cellular processes,
such as ribosome biogenesis and metabolism (Supplemen-
tary Figure S9A). Another subset of KAT6A-targeted loci
(group 2; n = 3158) is decorated by repressive H3K27me3
(Figure 6H, J), supporting that KAT6A may also play a role
at locations that are in a repressed state. We also identified
a subset of KAT6A-targeted locations that were decorated
by neither H3K4me3 nor H3K27me3 (group 3; n = 8374)
(Figure 6H, J). Although many of these locations are not
at promoters, they still possess CGIs. Since these loca-
tions are often decorated by the enhancer mark H3K4me2,
KAT6A may bind to orphan CGIs, which have been pro-
posed to function as enhancers (68). These locations are
also enriched for H3K9 acetylation (Figure 6H, J). Genes
associated with group 2 and group 3 are mostly linked to
processes related to kidney development (Supplementary
Figure S9A), suggesting the involvement of these genes in
developmental processes. Of course, kidney development
specifically reflects the origin of HEK293 from embryonic
kidneys. Interestingly, consistent with the mass spectrome-
try results, we found a strong overlap of KAT6A with mem-
bers of the PRC1 in HEK293 cells (Supplementary Figure
S6C, D) (60), raising the possibility that these proteins co-
operate to regulate transcription in these cells.

Further inspection of the data showed that the wild-type
KAT6A was also enriched in the gene body of a small subset
of genes (Figure 6I). Closer inspection of these gene bod-
ies suggests that KAT6A binding positively correlates with
the presence of the histone elongation marks H3K4me1
and less strongly with H3K36me3 and RNA Polymerase
II (Supplementary Figure S9C, D). Consistently, the asso-
ciated genes are highly expressed (Supplementary Figure
S9B). Furthermore, gene ontology analysis demonstrated
that these genes are linked to the cell cycle (Supplementary
Figure S9A), suggesting that the cell cycle and active tran-
scription may play a role for the recruitment of KAT6A
to the gene bodies. Interestingly, KAT6A bound gene bod-

ies are characterized by a lower GC content (Supplemen-
tary Figure S9C,D), making it likely that KAT6A is re-
cruited to these loci in a WH1 independent manner. Pos-
sible mechanisms that may contribute to the association of
KAT6A with gene bodies could include the interaction with
transcription elongation factors, such as the PAF complex
or ENL (Supplementary Figure S6B) (41), interaction of
KAT6A with specific histone marks via the double PHD
finger (61,62), or DNA binding functions of KAT6A’s HAT
domain (69) and KAT6A’s interaction partner BRPF1 (70).
Given that we used ectopically expressed KAT6A, it will
be interesting to assess whether endogenous KAT6A also
binds to gene bodies.

In summary, our investigations of the genome-wide bind-
ing pattern of KAT6A indicate that KAT6A is mostly re-
cruited to unmethylated CpG islands in the genome.

Mutation of the WH1 domain impairs KAT6A recruitment
to CGIs but not to gene bodies

Based on our ChIP-qPCR experiments mutating the WH1
domain of KAT6A almost completely abrogated chromatin
binding at the investigated genes (Figure 5D). On the con-
trary, cellular fractionation experiments suggested that the
mutated KAT6A still bound to some extent to chromatin
(Figure 5B). To investigate whether the KAT6A WH1 mu-
tant has some residual chromatin binding or may be re-
cruited to noncanonical locations, we investigated the chro-
matin association of overexpressed KAT6A wild-type and
WH1 mutant at the genome-wide level.

Consistent with the hypothesis that the WH1 domain is
required for the recruitment of KAT6A to CGIs, we found
that the KAT6A WH1 mutant is completely absent from
CGIs (Figure 7A, B, E). In contrast, mutation of the HAT
domain does not strongly influence the chromatin binding
pattern of KAT6A (Figure 7A, B, E). Unexpectedly, al-
though the WH1-mutated KAT6A does not bind to CGIs,
it is still enriched in the gene bodies (Figure 7C–E), sug-
gesting that KAT6A recruitment to gene bodies is indepen-
dent of the DNA binding of the WH1. A direct compari-
son of the KAT6A levels in the gene bodies shows that the
WH1 mutant KAT6A even has a slightly increased occu-
pancy in these regions compared to the wild-type KAT6A
(Figure 7D). Possibly, this increase can be explained by an
elevated concentration of the KAT6A mutant in the nucle-
oplasm (Figure 5B, C), leading to an enhanced association
with locations that can still be targeted by the mutant.

Thus, these results suggest that the WH1 domain is re-
quired for the chromatin recruitment of KAT6A to CGIs
but not to gene bodies.

Overexpression of mutant KAT6A leads to reduced H3K9
acetylation genome-wide

In ChIP-qPCR experiments, we observed that ectopic over-
expression of the KAT6A wild-type only minimally in-
creased histone acetylation (Figure 5E), suggesting that
KAT6A overexpression is not able to further enhance the
histone acetylation levels in HEK293 cells. In contrast,
overexpression of the KAT6A WH1 mutant and the HAT
mutant led to reduced levels of histone acetylation at the
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investigated target genes (Figure 5E, Supplementary Fig-
ure S5C), likely due to dominant negative effects. Impor-
tantly, we confirmed these results at a genome-wide level
via ChIP-Seq experiments for H3K9ac, although the ef-
fects were overall subtle (Supplementary Figure S10A–E).
The reduction in the H3K9ac level was more severe upon
overexpression of the KAT6A HAT domain mutant (Sup-
plementary Figure S10B–D), while the KAT6A WH1 mu-
tant had only mild effects. Consistent with the relatively
gentle consequences on histone acetylation levels, we ob-
served no substantial changes in the gene expression of
KAT6A target genes (Supplementary Figure S10F). Inter-
estingly, although the KAT6A WH1 mutant became more
strongly enriched in the gene bodies compared to the wild-
type protein (Figure 7D), we did not observe an increased
level of H3K9ac in these regions (Supplementary Figure
S10E). Possible explanations for this observation are that
KAT6A affects other histone acetylation marks not investi-
gated here, that mutation of the WH1 domain also impairs
the histone acetyl transferase activity of KAT6A or that
KAT6A facilitates histone acetylation-unrelated processes
in the gene body.

Using our H3K9ac data, we further investigated whether
the local enrichment of KAT6A at the palindromic
CCGNCGG sequence may also influence histone acetyla-
tion levels. Indeed, similar to the enrichment of KAT6A, we
also found a local enrichment of H3K9ac at this motif (Sup-
plementary Figure S7A, E). This observation supports that
the dimeric binding of KAT6A to the CCGNCGG motifs
within unmethylated CGIs could be relevant to regulating
the local chromatin status.

Taken together, while overexpression of wild-type
KAT6A in HEK293 cells minimally affects genome-wide
H3K9ac levels, overexpression of WH1 or HAT mutated
KAT6A leads to a mild reduction of H3K9ac, likely due to
dominant negative effects.

DISCUSSION

Histone acetylation, established by histone acetyltrans-
ferases (HATs), such as KAT6A, KAT6B, p300, CBP and
PCAF, plays a fundamental role in the regulation of chro-
matin compaction and transcriptional activity (71). Most
histone acetyltransferases are recruited to their target genes
by specific transcription factors or other chromatin bind-
ing factors (72), to decompact the chromatin and to acti-
vate gene transcription. The main substrates of KAT6A are
H3K9 (26), H3K14 (73) and H3K23 (12), where KAT6A
not only establishes histone acetylation but also catalyzes
further lysine acylation reactions, such as propionylation
(12). The N-terminal region of KAT6A, previously termed
NEMM, has been implicated in the chromatin association
of KAT6A (19), but a specific chromatin binding mecha-
nism of this region has not yet been identified.

Here, we revealed that the NEMM of KAT6A consists of
two winged-helix domains, and we demonstrated that the
more N-terminal WH1 domain of KAT6A is required for
the recruitment of KAT6A to unmethylated CpG islands
(Figure 8A). The structure and the DNA binding mode of
the WH1 domain of KAT6A are very similar to those of the
WH domain of SAMD1 (36). As shown in Figure 2H, the

overlay structure of the DNA bound WH1 of KAT6A su-
perimposed well with that of the DNA bound WH domain
of SAMD1. In particular, the C-terminal end of the �1 he-
lix of both proteins was inserted into the CpG-containing
DNA major groove, indicating that both proteins recognize
the unmethylated CpG motif through the same structural
elements. In contrast, SAMD1 contacted the DNA minor
groove through the W1 loop, while KAT6A contacted it
through the W2 loop, suggesting that the minor groove
recognition mechanisms are not conserved between both
proteins. This may explain why the minor groove recogni-
tion by the SAMD1 WH but not by the KAT6A WH1 con-
tributes significantly to the DNA binding (36).

The WH1 domains of KAT6A and KAT6B are highly
similar, and the essential amino acids important for bind-
ing the DNA are conserved between KAT6A and KAT6B
(Figure 1E). EMSA experiments suggested that the WH1
domain of KAT6B also binds to CpG-rich DNA (Figure
1F). Thus, although we did not investigate the WH1 do-
main of KAT6B in further detail, it is likely that this WH1
domain fulfills a similar functional role as the WH1 domain
of KAT6A. Since the genomic binding pattern of KAT6B
has not yet been determined, it will be of interest to assess
whether KAT6B is also mainly recruited to unmethylated
CpG islands.

The WH1 of KAT6A functions not only as monomer
at DNA but our work demonstrated that it can also bind
as a dimer to the palindromic sequence CCGNCGG. Our
genome-wide data support that KAT6A prefers this se-
quence at CGIs. It is possible that a dimeric binding of
KAT6A to such a motif may lead to an alternative func-
tionality, which could be important for the biological func-
tion of KAT6A. Further research will be necessary to clar-
ify the biological relevance of this dimerization ability, and
whether mutations/polymorphisms that destroy or create
CCGNCGG motifs at specific promoters may have an
KAT6A-dependent biological impact.

The DNA binding affinity (KD) of the WH1 to a single
CpG motif is in the micromolar range, consistent with the
binding affinities of the CXXC domain of CFP1 (74), and
the WH1 domains of human PCLs (34) to CpG-motifs. Pre-
vious studies suggested that the N-terminal part of KAT6A,
comprising the WH1, the WH2 and the DPF domain,
is involved in chromatin binding (1). Interestingly, dele-
tion of either the WH2 or the DPF has unexpectedly mi-
nor consequences on the chromatin binding capacity of
KAT6A (Supplementary Figure S4H). In contrast, muta-
tion of the DNA binding WH1 domain alone is sufficient to
completely abrogate the chromatin association of KAT6A
with unmethylated CGIs, genome-wide (Figures 5 and 6).
This suggests that the WH1 is the most crucial domain
for the chromatin association of KAT6A. Consequently,
we conclude that the DNA sequence composition and the
DNA methylation status are the decisive determinants for
KAT6A recruitment. The relevance of the DNA methyla-
tion status is supported by the observation that inhibition
of the DNA methyltransferase DNMT1 leads to de novo re-
cruitment of KAT6A to methylated CGIs (Supplementary
Figure S8B). Nonetheless, the recruitment of the KAT6A
WH1 mutant to gene bodies suggests that KAT6A can also
be recruited to certain loci without the DNA binding func-
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tion of the WH1 domain (Figure 8B), and independently
from CGIs.

Interestingly, the domain composition of the N-terminal
chromatin binding region is similar between KAT6A,
KAT6B and the Drosophila homolog Enok (Supplemen-
tary Figure S1). Since the Drosophila genome does not con-
tain CpG islands, it raises the question of whether Enok’s
WH1 may have an alternative chromatin binding func-
tion. Indeed, closer inspection revealed several differences
compared to KAT6A. First, the distance between the two
WH domains is much shorter in Enok (5 a.a. versus 25
a.a.)(Supplementary Figure S1). Second, the amino acid
composition of the WH1 has substantially diverged during
evolution. Although the key DNA binding amino acids are
conserved between KAT6A/B and Enok (Figure 1E), other
parts of the domain are rather distinct with only about 50%
amino acid identity (Supplementary Figure S1G). These
sequence differences may lead to another structural con-
formation, which could influence the DNA binding abil-
ity. Thus, it would be interesting to assess whether WH1 of
Enok binds to DNA at all, and if yes, whether it has a certain
specificity that may contribute to the chromatin association
of Enok. The WH2 shows even stronger sequence differ-
ences between all three proteins, with only ∼30–50% iden-
tity between Enok, KAT6A and KAT6B (Supplementary
Figure S1G), raising the possibility that the WH2 may have
specific functions in each of the three proteins. The histone
binding DPF domain (4,62) is similar between KAT6A and
KAT6B, but is highly diverged in Enok, with only 20% iden-
tity (Supplementary Figure S1G), suggesting that it could
also have another function in Enok. Future work will be
necessary to clarify how the WH1, WH2 and the DPF do-
main work together for chromatin binding of the various
KAT6 homologs.

More than 300 mutations of KAT6A and KAT6B have
been described that lead to intellectual disability (15,17,75–
77). Most of these mutations lead to truncated proteins
that leave the N-terminal part intact (15,78). It is possible
that these truncated proteins may still be recruited to CGIs,
which is supported by our observation that the N-terminal
part of KAT6A, comprising the region that include WH1,
WH2 and the DPF, is sufficient for efficient chromatin bind-
ing (Supplementary Figure S4D, E). If the truncated pro-

teins are still recruited, one could speculate that the lack of
the C-terminal part of the protein may prevent the interac-
tion with important interaction partners, such as RUNX1
(19). Additionally, the C-terminal region of KAT6A has
been implicated in gene activation (19). Thus, a shortened
KAT6A or KAT6B protein at CGIs may lead to aberrant
gene transcription, which may contribute to the develop-
mental defects observed in patients with truncated KAT6A
or KAT6B (17,75,76).

In addition, the KAT6A and KAT6B genes have been
recurrently found in acute myeloid leukemia (AML) to be
translocated to other histone acetyltransferases, such as
CBP and p300 (2,79,80). The resulting proteins contain
two HAT domains, and are therefore considered as ‘super-
HATs’ (21). Given that the N-terminal parts of KAT6A
or KAT6B, including the WH1 domain, are still present in
these fusion proteins, it is likely that these super-HATs are
recruited to genomic loci similar to those of the wild-type
KAT6A and KAT6B proteins, respectively. It has been pro-
posed that these fusion proteins are hyperactive, leading to
aberrant chromatin acetylation patterns and consequently
to dysregulated gene expression, which may contribute to
AML (21,81). In addition to these translocations, high ex-
pression of KAT6A has also been linked to AML progres-
sion (41), further supporting that overactivation of KAT6A
can lead to cancer. Since the removal of DNA methyla-
tion using a DNMT1 inhibitor leads to de novo recruit-
ment of KAT6A (Supplementary Figure S8), it further sug-
gests that aberrant DNA methylation patterns in cancer (82)
could potentially lead to erroneous chromatin recruitment
of KAT6A, which may also contribute to cancer progres-
sion. More work will be required to address whether tar-
geting the WH1 domain may be an alternative strategy to
inhibit aberrant functions of KAT6A in diseases (41,73).

In summary, in our work we identified and characterized
a DNA binding winged helix domain at the very N-terminus
of KAT6A. We demonstrated that this domain is most es-
sential for the recruitment of KAT6A to unmethylated CpG
islands in the genome, providing new insights into the tar-
geting mechanisms of KAT6A. This study not only estab-
lishes KAT6A as a histone acetyltransferase with a specific
DNA binding function but also sheds light on the chro-
matin regulatory mechanisms at CGIs.
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