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Introduction

1. INTRODUCTION

1.1 Gislandsand their role in chromatinemodelling

Chromatin is composed of condensed heterochromatic and open euchromatic areas that are
associated with silent and active transcription, respectively. Transcriptional regulation of genes is
mainly governed by factors of the chromatin environmeinicluding DNA methylation and
histone modifications.

DNA methylation is directly linked to gene expression and epigenetically defines cell types and
lineages through genomic stability and transcription contBilootraet al., 2023)It is defined as
the addition of a methyl group to a cytosine or adenine base. DNA methylation in maoroals
almost exclusively at cytosines located in CpG dinucleotides at the carlposition on the
cytosine ring (methylcytosine/smC). Approximately3®b6 of CpG sites are methylated, typically
associated with reduced gene express{Bird, 1986; Hu et al., 2013; Varriale & Bernardi, 2010)
Methylation patterns across the genome are established by maintenance denchovo
methyltransferases as well as demethylageésintenanceDNA methyltransferase 1 (DNMT1)
preserves tissuspecific methylation by recognizing and modifying hemimethylated sites that
arise during DNA replication and copying the parental methylation pattern to the daughter strand
(Bhootra et al., 2023; Caiafa & Zampieri, 2008)ese patterns influence the recruitment and
binding of transcription factors (TFs), metfophding proteinsand linker histones to DNA by
altered steric effects and therefore have an impact on chromatin strud@heotra et al., 2023;
Davey et al., 1997Minor alterations in the methylation patterns of a single gene, individual
chromosome or whole genome can be an important part of normal development, while aberrant
gene expression due e novomethylation or disruption of DNA methylation can be the cause
of several diseases, including can(®hootra et al., 2023).

Chromatin remodelling is the regulatory mechanism of dynamic changes between
transcriptionally active or repressed sites, defined by distinct selections of local histone
modifications. A mark generally associated with transcriptional activation is the methylation of
histone H3at lysine 4 (H3K4meH3K4me3 is facilitated by the histone methyltransferase
complex MLL2 (mixelineage leukaemia protein 2) and recognized by the PHD (plant
homeodomainlinked) finger domain of ING4, a subunit of ti#8K4me3 inhibits the activity of
DNMTSs, all together supporting an active chromatin configura{iell & Vertino, 2017; Deaton
& Bird, 2011; Hung et al., 2009; Ku et al., 2008 nscriptional repression is mainly linked to the
methylation of histone H3 at lysine 2M3K27me), a mark deposited by the catalytic subunit EZH2
of the Polycomb repressive complex 2 (PRC2). The underlying recruitment mechanism of PRC2 is
reciprocal interplay with PRC1 and its deposition of monoubiquitylation of histone H2A at lysine
119 (H2AK119ulfpeaton & Bird, 2011; Owen & Davidovich, 2022; Stielow et al., 28p8Fific
cells, such asmouse embryonic stem cells (MESCs), were shown to possess promoters in a
bivalent chromatin state, carrying both the active H3K4me3 raakthe repressive H3K27me3
mark. These genes are in a poised state between active transcription and stable transcriptional
repressionBryan et al., 2021; Deaton & Bird, 2011)
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A particular feature of the vertebrate genonsCpG islands (CGIs). They are hypomethylated,
CpGirich regulatory elements associated witheuchromatic and transcriptionally active state
(Bell & Vertino, 201;7Bird, 1986)CpGrich sequences are comparably rare motifs in vertebrate
DNA and occur at onfifth of the expected frequency The human genome contains
approximately30,000 CGils, stretching over the length of - ®2%b ofDNA(Jeziorska et al., 2017)

Due to their accessible chromatin conformatid®Gls are largely connected to promoter sites.
However, only 50 65% of all annotated CGIs in mouse and human genomes are associated with
classical promoter regions, whereas the remainingalbedorphan CGlsften lie in gene body
regions. Orphan CGls are suggested to act as active enhancer sites throughout different tissues,
to represent novel promoter sites, or to become methylated during developmental processes and
cell differentiation(Deaton & Bird, 2011; Jeziorska et al., 2017; Pachano et al., 2021)

Although their enrichment in CpG nucleotides provides an attractive substrate for DNA
methyltransferases, CGls remain largely unmethylated. Coinciding with their methylation status,
the transcription of genes linked to CGls is elevated as long gg¢heain unmethylated but is
inhibited upon methylatior{(Caiafa & Zampieri, 2009hdeed, promoters without or with sparse
CGl frequency were found to be more susceptible to methylation than promoters high in CGI
frequency(Shen et al., 2007 he presence of H3K4me3 repels DNMT binding and thus prevents
the hypermethylation of CGIs within promoters and enhancers and the concomitant recruitment
of histone deacetylases and other chromatin remodelers that lead to the repression of linked
genes.In addition to H3K4me3 and DNA hypomethylation, promoter and enhancer CGls share
other common featuressuch aslecoration with acetyH3 lysine 9/27 (H3K9ac/H3K27ac) marks
and general or cell typspecific transcription factor bindin@Bell & Vertino, 2017)Likewise,
Polycomb group (PcG) proteins belonging to the two typdbfcomb repressive complexes are
targeted to CpG islands in a cell typeecific mannefOwen & Davidovich, 2022)

Other than CGls, there are additional DNA regions rich in &ipB,asepetitive B elements
in mice and Alu elements, a family of SINEs, in humans. Compared to CGls, these elements exhibit
higher methylation levels, are slightly smaller (< 0.5 kb) and show a lower CpG content (< 55%)
(Caiafa & Zampieri, 2005Additionally, B and Alu elements have been proposed to act as
methylation centres, able to initiate spreadingdd novamethylation to neighbouring regions in
the absence of a boundargCaiafa & Zampieri, 2005; Deaton & Bird, 201hjerestingly,
neighbouring regions of methylated promoter CGls are often Alu sites, and nearthichef
the human genome mCpGs are located within Alu rep@aésaton & Bird, 2011)

1.2 Chromatin bindingproteins and theiDNArecruitment mechanisms

In addition to covalent chromatin modifications, chromatisinding proteins are a major
contributor to the preservation of either repressed or open chromatin configurations during
developmentOne of the ubiquitous chromatin binding proteins is linker histone H1. In mammals,
eleven linker histones are known, grouped into five ubiquitously expressed variants, namely
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H1.15. According to their name, they bind to the linker DNA between nucleosomes and promote

DNA packagin{Behrends & Engmann, 202Q)nker histones are larger than core histones and

less tightly bound to DNA. Their binding affects the nucleosome repeat length as well as the

stability of higherorder chromatin structures. Hlike linker histones bind to the linker DNA amid
nucleosomes]v v -Z&v [ %o}*]S]}vU u ] 8 C sz o0 SE}S 3] SSE 3]]
negatively charged phosphate backbone of DNA and specific basic residues efetimairiis

8Z ri Z o] U v >i 0}}%-=+ }( 8Z Po} po E }u ]Jveedf@Bpi ,iX D VA
linker histones take part in determining the proximity of linker DNA between nucleosomes

(Hergeth & Schneider, 2015; Saha & Dalal, 2021)

Several proteins have the capacity to specifically bind to methylated CpG and are involved in
establishing or maintaining the repressive heterochromatin state of DNA. This is achieved by their
recruitment to mCpG and their concomitant associationhweffector enzymes, which in turn
catalysechromatin modificationsTo date nine mCp&inding proteins have been identified in
mammals that can be divided into three main families: the mebiigtling domain (MBD) family,

SRA domain proteirendKaiso andaisalike proteingDefossez & Stancheva, 201While some

of the mCpG binding zidinger proteins of the Kaiso family are associated with histone
deacetylase activity and the establishment of heterochromatin, members of the MBD family are
known to bind to hypermethylated DNA and maintain the silemtomatin state~ }P v}A] ~
Veenstra, 2009)

On the other hand, proteins have been identified that specifically bind to unmethylated CpG.
Their presence is generally associated with gene activation and the opening of adjoining
condensed chromatin. For example, CFP1 (@yp&zinc finger protei 1, also called CXXC1 or
CGBP), part of the SETD1 H3K4 methyltransferase complex, as thelH8K36 demethylases
KDM2A and KDM2Bys¢inespecific demethylase 2A/B, or CXXC8/CXXC2, respe¢hilaaty)et
al., 2013; Shin Voo et al., 2000; Thomson et al., 200Ycombinedfeature of these and more
proteins is a cysteinech zinebinding CXXC domain, mediating their recruitment to
unmethylated promoter CGls. In mammals, twelve CXXC zinc finger proteins have been identified
thusfar (X. Xiong et al., 201%jurthermore, the ubiquitously expressed transcription factors Sp1l
andSp3can]v 3§} §Z ' }/AE-GGERCE@EFe+ A]S5Z]v '/e)ogcupy gromoter
regions thereby protecting the targeted genes from cytosine methylation and maintaining the
open chromatin statéLee et al., 2001; Volkel et al., 2016f note,some transcription factors,
such asKLF4, were found to bind to both methylated and unmethylated DNA motifs via two
functionally distinct domains, suggesting specific and independent roles in different biological
contexts(Hu et al., 2013).

1.3 DNAbinding of winged helix domain proteins

A recurring structure involved in proteiDNA interactions is the winged helix (WH) domain.
WH domains interact with doublstranded (ds) DNA and are present in ghid of all DNA
binding proteingHarami et al., 2013)'he WH domain was initially described as a Hali®-helix
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(HTH) domain, characterized by three core alpha helices forming ehagllied bundle in a partly
1% v }V(}EuU §]}v A]S8Z «Z E% SUEvV SA v ri vheni ZvolrTeX 0}} %
helices allows for higher conformational variance and modifications in further classes of HTH
domains, as well as additionat b Gterminal extensiongAravind et al., 2005)The protruding
ri Z o]/ ]« theeanonical recognition helix, typically involved in direct and kssexific
contact with the major groove of DNBrennan, 1993)incontrast toHTH domains, WH domains
are characterized by an additionait€minal beta sheet that may take different conformations,
such asa twostrand or athreeeS@E v ¢Z 33U v 3A} Z E 3§ E]*3] 0}}%e ~ 0°}
which often provide a second interface for substrate contadth the minor groove of DNA
(Aravind et al., 2005; Harami et al., 2013)

Winged helix domaktontaining proteins associate with a variety of different complexes. They
bind to DNA in different conformationsuchas monomers, homodimers or heterodimers,
rendering the Wkdomain an extremely versatile mo{iGajiwala & Burley, 2000 hey can be
categorized according to their binding mechanism into a canonical and -zaramical group,
the main difference being the orientation and involvementtoé ri Z o] A Jrecodhition at
the major groove.

The first identified WH domain recognizing dsDNA is part oh#patocytenuclear factor 3
P uu ~,E&iv }E& &Ky, amd %sE&uEtyre defines canonical winged helix domains
~,E&ol *X v}v] o t, }u]ve ]Jv 8} 8Z ui}E& PE}}A }( E A] &z
domain is found in transcription factossich aghe FOX family, E2F4 and dimerization partner 2
(E2F4DP2), and catabolite gene activator protein (C@Rrami et al., 2013Members of the
forkhead (FKH) winged helix family of transcription factsugh ad=FOXO01, FOXA2 and FOXP3,
facilitate direct interaction with DNA via their FKH domain. These canonical winged helix domains
A E (Juv 38} %E ( E v3] ooC ]Jv 8} E & SZGRAACAT= wpe o <u v
act either alone or in cooperation with le¢r DNAbinding domaingJ. Li et al., 2017Moreover,
E2F is a family of transcription factors that often heterodimerizes with members of the
dimerization partner (DP) protein family and regulates genes involved in DNA replication and
growth. Although missing loop W2, both E2F4 and DP2 are cahiid proteins due to the DNA

Jv 1vP }( Z ri Z o]A&E S} Z o( }( % 0]v EJCGCE (Eawdlag&«<p v ~0;

Burley, 2000)

In contrast to canonical WH domains, reanonical WH domains have multiple modes of
interacting with dsDNA, for exampley major groove interaction of the W1 loop, as is the case
for the transcriptional activator regulatory factor X1 (RFkIgrami et al., 2013 , E U §Z ri
helix is still involved in DNA interaction but binds with only one lysine side chain to bases in the
minor groove, while the W1 loop of RFX1 initiates most contacts to DNA with its basic amino acid
residues at the major groov&ajiwala & Burley, 2000pimilarly, the globuladomainsof linker
histones H1 are winged helix domaiasd their positively charged loop W1 surfaces bind to DNA
(Gajiwala & Burley, 2000; Widom, 1998)ther noncanonical WH domains occur in Polycemb
like (PCL) proteins, PHF1, MTF2 or PHF19, which are associated with the mammalian PRC2.1
subcomplex and link PRC2 to CpG islalmaddition toa Tudor domain and two PHD fingers,

9
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PCLs possess a winged helix domain that binds in an atypical fashion to DNA, with multiple
}vs Se }(8Z ti 0}}% 8§} e ¢ }( '""e<puv X dZ E}o gamdid ri Z o]A&E
of PCL proteins is still unclear and discusseletiterature. PCL WHs were proposed to bind to
DNA in a sequene@dependent manner with a preferender unmethylated CpG@-ischer et al.,
2022; H. Li et al., 2017; OwerDfavidovich, 2022)

1.4 SAMDJ1like family of winged helix domains

Of particular interest for this work are members of the newly defined SAN@Ifamily of
WH domains. These belong to the group of fwamonical winged helix domaitisat were first
described by Stielow and colleagues in sterile alpha motif (SAM) decpataining protein 1
(SAMD1; alternative name Atherin) to directly recognize and bind to unmethylated CpG motifs.
The WH domain of SAMDL1 is a globulatteininally localied domain. Highly homologous
regions are also found in the transcriptional régors KAT6A, KAT6Bnd ZMYND11.
Functionally, KAT6A (also known as MOZ and MYST3) and its paralog KAT6B (MORF and MYST4)
are human lysine acetyltransferasemd ZMYND11 binds to trimethylated lysine 36 of H3.3
(H3.3K36me3Wen et al., 2014; Yang, 201Bue to their related sequences, these four proteins
form a novel class of WH domai(stielow, Zhou, et al., 2021$imilar to PCL proteins, SAMD1
was shown to interact with unmethylated CpG islandad by interacting with chromatin
regulatorssuch askDM1A and L3MBTL3, it modulates the chromatin landscape and has a
transcriptionally repressive effect on its target gedsLi et al., 2017; Stielow, Zhou, et al., 2021)

E% EJu vd ooCU 8Z ~Dit, }ulv Ae (Juv S$BCECE, UIB](S}00oC }v

dsDNA by simultaneously binding to the identified motif in the major groove of DNA with the C
§ Eulj]vo v }(]8ri ZolE v i v dnigrgroabvewith tvo residiipssZ  u
of the W1 loop, connecting the twe S E v -shdet. This DNAiInding conformation differs not
only from PCL proteins but also from all other known WH dom@tislow, Zhou, et al., 2021)
In the following, his thesis emphasizes the role of the newly identified family of SAddvinged
helix domain proteins and their binding capacity to unmethylated CpG islands. In particular,
SAMD1 and KAT6A are presented with their implications in different functionabiataical
contexts.

10
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2. THE HISTONE ACETYLTRANSHERASAS RECRUITED TO
UNMETHYLATEIPGISLANDS VIADINABINDING WINGED HELIX
DOMAIN

Lisa Marie WeberYulin Jia, Bastian Stielow, Stephen S. Gisselbrecht, Yinghua Cao, Yameng

Iris Rohner, Jessica King, Elisabeth Rothman, Sabrina Fischer, Clara Simon, Ignasi Forné, Andrea
Nist, Thorsten Stiewe, Martha L. Bulyk, Zhanxin Wang and Robert Liefke

Nucleic Acids Res. 2023 Jan 25; 51(2)1%5%4. doi: 10.1093/nar/gkac1188

2.1 Introduction
2.1.1 Lysine acylation activity of thAT6A complex

/v id60 < do A+ (JE+3 + E] C }JEE}A § oX v vu “ulv}
(JVP E % E}3 Jv_ ~DKee pu 3Slype Zneefidgek. This domaitogether with
adjacent sequences of high homology in human MOZ, yeast Ybf2 (Sas3), yeast Sas2 and human
TIP6Q]s E ( EE 3} Al3Z &z E}vCu *"Dz~d }u Jv_X &]A Zpu v Dz"¢
identified, which share the feature of intrinsic lysine acetyltransferase capacity and underwent
various renaming processes over the years: KAT5 (TIP60: Hivtefatting 60 kDa protein),
KAT6A (MOZ; MYST3), KAT6B (MORF: MOZ related factor; MYSTHBOATHAT bound to
ORC1; MYST1) and KAT8 (hM@manmalesabsenton-the-first; MYST2(Borrow et al., 1996;
Yang, 2015)

Acetyl CoAinding motifs and intrinsic HAT activities of both human KAT6A and KAT6B were
first described by Champagne and colleagues in 2001 and 1999, respg@@ivaiyipagne et al.,
1999, 2001)In additionto the MYST domain, KAT6A and KAT6B share a double PHD finger (DPF)
domain and an Merminal region of high homology with tHerosophilaHAT Enok. The DPFs can
target and engage witthe first 15 residues of histone H3, thus directing the acetylation activity
of KAT6A/B tdysine residuesvithin histone 3. In particular, DBBf KAT6Aind to H3 tails with
unmodified H3R2 and acetylat&8K14 but are repelled by H3K4me3 decorated tails, a thatk
hinders H3 acetylatior(Dreveny et al., 2014; Qiu et al., 201Zhe Nterminally localized
homologous region of KAT6A was initially catleel NEMM (Nterminal part of Enok, MOZ or
MORF) domain and has only recently been described to contain two different winged helices,
with WH1 being a SAMEike WH domain able to directly interact with unmethylated @B
DNA, first characterized by our group and Becht and colleagues for KAT6A and KAT6B,
respectively, and the WH2 resembling a linker histone H1/5(Bédht et al., 2023; Weber et al.,
2023; Yang & Ullah, 2007)he @erminal part of KAT6A and KAT6B consists of an acidic region
with high levels of glutamate and aspartate and a domain rich in serine and methionine (SM
domain). Both of these domains can be found in zebrafish orthologues but are absent in dEnok
and a related sea urchin protein, indicating vertebrageecificity of these regior(¥VieseiMotiuk
& Assaraf, 2020; Yang, 2019jhe acidic region has several implications in leukaemia and

11
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developmental disorders, which will be further elucidated in later paragraphs. The SM domain
was characterized aspotent transcriptional activation domain, a featutieat hasalreadybeen
described for other acetyltransferasesuch ap300 and CBP. Although KAT6A and KAT6B have
an overall sequence identity of 60% and sequence similarity of 66%, they display differential
substrate specificities and subtle distinctions the activation capacity of the SM domain
(Champagne et al., 1999, 2001)

KATG6A/B are the catalytic subunits ahaltisubunitcomplex, which also contains the tumour
suppressor family member ING5 (inhibitor of growth 5) or its paralog ING4, MEAF6 (MYST/Esal
associated factor 6) and BRPF1/2(8ofmodomainPHD finger protein 12 or-3) (Ullah et al.,

2008; Zu et al., 2022BRPF proteins directly interact with the MYST domains of KAT6A and KAT6B,
mainly via two conserved-Mrminal subdomains, acting as scaffolding proteins and mediating
their connection to ING5 and MEAF6 by an enhancéblyicomb EPc) homology region. In this
context, BRPF1 and ING5 were shown to stimula¢diAT domain activities of KAT6A and KAT6B

to acetylate histones H3 and H4, highlighting their role as coactivétiiah et al., 2008; Zu et

al.,, 2022) BRPF1 is a multidomain protein containing a bromodomain that interacts with
acetylated lysines, PHD fingers that bind to methylated H3K4 and a PWWP domain wigdn&i2A
H2Bbinding capacity. This interaction mmaintained even throughout mitosis, leading to
recruitment of KAT6A and subsequent acetylation of histones H3 andLta2& et al., 2008; Zu

et al., 2022) Interestinglyjn addition toH3 lysinel4 acetylation (Kachhe DPF domains of KAT6A

also recognize other acylation maylsich as lysind4 crotonylation (Kcr), as well as H3K14
butyrilation (Kbu) and propionylation (Kpr), suggesting a regulataghanism byvhich KAT6A
controls transcription depending on the availability of corresponding-@GoAA metabolitegX.

Xiong et al., 2016)n addition to the recognition of a broader spectrum of acylation marks, KAT6A
was also implicated in facilitating such marks and is thus also described as a propionyltransferase.
In a complex with coactivator BRPF1, KAT6A MYST domain activity acetythfgspionylates
H3K23K. Yan et al., 2020)

In addition to the various histone tail decorations, KAT6A was also found to facilitate
acetylation of norhistone substrates. The ubiquitously expressed protein p53 is widely known as
atumour suppressor proteirand byinteractingwith its SM and HAT domains, KAT6A promotes
acetylation of p53 lysines K120 and K382, leading to transcriptional induction of p53 target genes
and subsequent premature senescen@okudai et al., 2013Recently SMAD3, a complex
bound transcriptional activator governed by variquasttranslationaimodifications was added
to this short list KAT6A acetylates K20 and K117 of SMAD3, promoting SMADS3 binttieg to
KAT6Aacetylated H3K23 reader TRIM24, an oncogenic chromatin maodifier, resulting in closer
chromatin association of this complex and enhansigphallingactivation(B. Yu et al., 2021)

Overall, the KATGANG5MEAFEBRPF1 compldxas beenwidely studied and described to
facilitate epigenetic modifications at a number of substrates in various organisms, including
acetylation at histones H3K9, H3K14, H3K23, H2AK5, H4K5, H4K8, H4K12 and H4K16,
propionylation at H3K23, and acetylation mdnhistoneproteins p53 and SMAD@ aue et al.,

2008; Rokudai et al., 2013; X. Xiong et al., 2016; B. Yu et al., 2021; Zu et al., 2022)
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2.1.2 KAT6Aimplications in development and disease

KAT6A has a variety of genomic targets and plays an activating role in their transcription.
Among the main higlconfidence targets are the hematopoietic regulai®unx1(Runtdomain
transcription factor 1; oAml1 Cbfa2 and the transcription factoRunxZAml3 Cbfal), which are
involved in osteoblast differentiation and skeletal formatigtitabayashi et al., 2001; Pelletier et
al., 2002) KAT6A was shown to localize to the promoters ofttbmeoboxgeneHoxa9 as well
as to the oncogeneVlyc, both of which are known to be involved in the induction of
leukemogenesis upon dysregulati(®echt et al., 2023; Camoés et al., 2006; Qiu et al., 2012)

The involvement of KAT6A in leukaerassociated translocations and its interaction with
Runxlsuggest a role of KAT6A in the regulation of haematopoiesis. Investigations in mice reveal
that Kat6adeficient embryos die at day E15.5 and display various phenotypical defects. They fail
to oxygenate blood due to aortic arch defects and show facial deformatinakiding a cleft
palate(Katsumoto et al., 2006; Thomas et al., 2008prphological analyses at day E14.5 reveal
failures in liver development, haemorrhaging and subcutaneous oedema, originating from a
reduced population of haematopoietic stem cdli&atsumoto et al., 2006 Heterozygous Kat6a
knockout foetuses are viable but show significant dysgenesiedfiymus and spleen. An overall
deficient development of the hematopoietic system is indicated by reduced numbers of lineage
committed precursor cell{Thomas et al., 2006)In addition, Kat6a is necessafyr the
maintenance of adult hematopoietic stem cells and their rol¢himlong-term repopulation of
bone marrow cell{Sheikh et al., 2016}urthermore, the expression of Kat6a is essential for
facilitating the active H3K9ac marktddxaandHoxbgene clusters and the correct development
and identity specification of 19 body segments of the neck, trunk and nervous system in E10.5
mouse embryogVoss et al., 20095inceHoxgene activation is crucial for embryogenesis, their
transcriptional expression is poised and dependent on dynamic interactions of chromatin
modifiers. Inconcertwith the transcriptional activator KAT6A, the canonical PRC1 member PCGF4
(BMI1) was identified asn opposing force during developmerdand is involved in the
transcriptional repression oHox gene activation(Sheikh et al., 2015)Similarly, moz, the
zebrafish orthologue of KAT6A, was shown to regutairgenes by maintaining their expression
in the hindbrain and cranial neural crest cells (CNC), thereby determining pharyngeal segment
identity (Miller et al., 2004) In particular,Hoxa2band Hoxb2a which play a role in second
segment skeletal development of the jaw and gill cover, are under the influence ofCnamp
et al., 2006)Hence, due to theranscriptionalmaintenance of moz activitgn Hoxgenes, moz
was proposed to be a trithorax group (trxG) fadtwat regulatesHoxgene expression in a similar
way andis defined to genetically counterbalance PcG mutant phenotypiier et al., 2004)

KATG6A is involved in various developmental processes$y acardiogenesis and facial as well
as pharyngeal development. Here, KAT&ralysesacetylation of H3K9 at thEbx1gene, a Tbox
DNADbinding transcription factor, thereby facilitating its expressimvivoexperiments showed
a phenotyperesemblingDiGeorgesyndromeafter KAT6A depletion, with particular emphasis on
its role in palate formation and the development of facial structuré® thymus and the
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cardiovascular systerfiVoss et al., 2012)Deeper insight into the underlying mechanisms of
craniofacial development revealed that the family of didems homeobox (DIX) genes was
particularly affected and less abundantly expressed upon Kat6a dep(&tamyai et al., 2019)
Mutations of theKat6agene in patients with developmental delay and intellectual disability
(ID) were first discovered in 2015 by clinically applied diagnostic weh@me sequencing (WES).
The describede novamutations led tahe expression of truncated versions of the KAT6A protein
due to frameshiftscaused by nucleotide insertions or deletions. Phenotypic consequences in
affected individuals are hypotonia, cardiac defects, microcephaly, facial dysmorphism, oromotor
dysfunction and speech impaient (Arboleda et al., 2015; Millan et al., 2016; Tham et al., 2015)
Additional characteristics can involve strabismus, short stapiteitary anomalies and forms of
gastrointestinal complicationKennedy et al., 2019; Trinh et al., 2018; Zwavelnognawala et
al., 2017) According to the initial discoverers, this form of ID was first referred to as Arboleda
Tham syndrome buis also calld KAT6A syndrome. Most of the characterized mutations occur in
the Gterminal half, particularly in the acidic domain of KAT6A. Accordingly, a correlation of the
severity of developmental delay and the increased occurrence of other forms of the syndromic
features was observed with-terminally truncated pathogenic variants in the last two exons of
KAT6A. These truncations result in a lofsthe SM domain accompanied by SM domain
interactors and potentially reduced p53 acetylation and dysregulated downstreigmalling
(Arboleda et al., 2015; Kennedy et al., 2019) date in 2019,the literature has described 61
different t mostlyde novot mutations in 78 individualéKennedy et al., 2019and according to
the homepage of the KAT6 foundation, in 2022, 3&Qients were diagnosed with KAT6A
syndrome worldwiddKAT6 Foundation, 2023)

Apart from developmental disorders, KAT6A was also implied to play an oncogenic role in
different types of cancer. High expression levels of KAT6A were found in aijindddstoma
(GBM) patients, promoting H3K23 acetylation, cell proliferation and tumour groavit
correlating with a poor prognosityv et al., 2017)Similarly, high levels of KAT6A in 15% of breast
cancers, including ER+ and luminal breast cancer, correlate with poor survival. In aggressive forms
of ER%}*]3]A @& 3 v EU < do S]A 8§ « 37 <SE(PYwetdl., %S3S}E -~
2017)

Enhanced transcriptional activity can be caused by the dysregulation of chromatin modifiers
such ashistone acetyltransferases or demethylases. KAT6A was shown to be involved in such
events by translocating to other HATS, thereby increasing intrinsic acetylation potential by the
fusion of two HAT domains in one hyperactive protein, leading to hyperatiety of target
genes. Three different KAT6A translocations huefar been discovered, all @fhich have been
identified in patients suffering frm acute myeloid leukaemia (AML). First, the translocation
1(8;16)(p11;p13) describes KAT6A rearranged with &RielBg protein (CBP) occurring mainly
in acute myelomonocytic or monocytic leukaemia, subtypes of @dtrow et al., 1996)Second,
1(8;22)(p11;q13) is a KAT6A to HAT p30G@ame fusion protein that is rearranged in acute
monocytic leukaemigChaffanet et al., 2000)Third, the pericentric inversion inv(8)(p11gl3)
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leads to a KATGAIF2 fusion. TIF2 is a transcriptional coactivator that additionally contains a
CBP/p300 interaction domaimvhich is retained in the fusion protein, thus recruiting GBid
p300to the nucleosome and promoting AMDeguchi et al., 2003; Yang & Ullah, 206AT6A
related translocations are found in approximately 2% of AMLs, with the entiterminus of
KATG6A being included in these rearranged fusion proteins, a breakpoint in the acidic region, and
areplaced€s Eu]vpe A]S3Z §Z &E +% $]rcludipg 1Heir ¥spEEtse HEF flomain
(Katsumoto et al., 2008; Zhou et al., 20Z)eydefine a distinct subtype déukaemia, displaying

an aberrated gene expression profile in comparison to othgelomonocytic or monocytisMLs
(Camos et al., 2006; Murati et al., 2009; F. Yan et al., 2022)

> ul u] « A13Z < do (pe]}Vv % E}S Jve Z A A EC %}}E % E}PV}e]e
months, with a large proportion of patients represented by childrén.date haematopoietic
stem cell transplantation is the only possible treatment option in these dases considered a
highrisk procedure, emphasizing the need for other, more effective thesapnd medical
treatments (Zhou et al., 2020)fwo KAT6A inhibitors against intrinsic MYST domain activity are
applied in research that compete with ace@bA binding. WMB014 inhibits KAT6A with ansC
of 8 nM but also interacts with other MYST family proteins (KAT&R23QM; KAT5, 224 nM;

KAT7, 16 342). More efficient and specific is the W8014 derivative WML119, which was
already effective in reducing the tumour burden of lymphoma in nmoavoexperiments(Baell
et al., 2018)

In addition toKAT6A, other leukaemogertranslocations have been reportetbr example
ENL (MLLT2) ssfusion protein with MLL (KMT2A/ALL1) in Mtdarranged leukaemia. MLL and
its fusion proteins are known to target unmethylated CpG islands at transcriptionally active
promoter sites by their CXXC domain, similar to KAT6A and its WH1 d&Nainvas described
as a histone acylation reader protetmat bindsto H3K9/18/27ac in active chromatiia its YEATS
domain andsustainsoncogenic gene transcription in AML. Due to its selectivity towERIs9ac,

E> A o (Juv 38} }}% & § A]J3Z < do v Z]E}v E_3CoVS[EWAEFAI VA
MYB and MYC expression and promoting AML progreq§ior¥an et al., 2022)A direct
interaction of KAT6A with ENL was ascertained through multiple motifs contained in the KAT6A
residues 7811116, parts of the acidic domain further subdivided into an additional part called
the ENL binding domain (EBD). Reciprocally, ENL binds KAT6A through its YEATENomain.
reportedly associates with several other enzymatically active prateswech ashistone
methyltransferase DOTI1L, MLL fusion protein AF4 (MLLT2) and componentsRolytt@mb
repressive complex 1, via its ANC1 homology @iont-urthermore, a basic stretch between the
DPF and MYST domains of KAT6A facilitates interaction with MLL, providing a dual direct link of
KATG6A to ML-ENL translocationdliyamoto et al., 2020)

Overall, KAT6A plays a role in various developmental processes, especially in haematopoiesis
and craniofacial growth. Aberrant expression of KAT6A has oncogenic effects at the onset of acute
myeloid leukaemia as well as glioblastoma and breast cdageation. Furthermore, pathogenic
Gterminally truncated protein forms are the sole cause of KAT6A syndrome, a rare
developmental disorder.
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2.2 Synopsis of results

Since its first discovery nearly four decadgs, KAT6Aas beerviewed asatranscriptional
coactivator, binding to histones and other proteins that are directly bound to DNA and chromatin,
thereby influencing chromatin accessibility and acetylation progression. In a previous study, our
group characterized the CpG islabitiding @pacity of SAMDL1 by itstdrminally located winged
helix domain and discovered a highly homologdust that time t unannotated winged helix
domain at the very Nerminusof KAT6A and KAT@Btielow, Zhou, et al., 2021 thepresent
study, we reveal that this KAT6A WH1 domain has ahbAng motif, directly recruiting KAT6A
to unmethylated CpG islands, providing new and more detailed insights into KAT6A activity and
chromatin association.

Structural predictions obtained with the AlphaFold datab@garadi et al., 2022)hdicated
two distinguishable globular domains contained in the NEMM region of KAT6A (Figure 1A). Each
of these domains is composed of three alpha helices and two beta sheets, a classical conformation
of WH domaingHarami et al., 2013onnected by a 25 amiraxidlong linker (Figure 1B). Thus,
we labelled these domains WH1 and WH2 (Figure 1C). Analysies lmiman KAT6A paralog
KAT6B an@rosophilaorthologue Enok displayed homologous domain structures to KAT6A and
reinforced the NEMM domain composition of two individual WH domains (Supplementary figure
S1AF). Minor variations occur in the length of the linker element between the WH1 and WH2
domains, comprisin@0 amino acids in KAT6B (Supplementary figure S1C) and 5 amino acids in
addition to a predicted beta strand proximal to the WH2 in Enok (Supplementary figure S1F).
Amino acid sequence comparisons of the distinct WH1, WH2 and DPF domainsrb&MEGA,
KAT6B and Enok (Supplementary figure S1G) revealed overall high similarities between the three
WH1 domains (50%), while the three concerned WH2 domains share less identity (< 50%). The
highest similarities were observed between KAT6A and KAT6B in the WH1 and DPF, eathains
81.3% and 86.1% shared identity, respectively. The pronounced variations in sequence homology,
with particular emphasis on the differences between Enok and KAT6A/B, indicate evolutionary
adaptation of the three domains toavyingextents Phylogenetic analysis withfocus on WH1
(Figure 1DYyevealedhomologues in zebrafisitDénio rerig and the freshwater polypHydra
vulgarig, suggesting aavolutionarilyancient common ancestor. Related KAT6A/B WH1 domains
were found in human and zebrafish SAMD1 and ZMYND11 (Figure 1D, E), composing a new group
of SAMD1like WH domaingStielow, Zhou, et al., 2021%5ince the SAMD1 WH domain was
already shown to bind to CpG islan@ielow, Zhou, et al., 202and published genomwide
data indicated a recruitment of KAT6A to Ci¢h sequencegMiyamoto et al., 202Q)we
hypothesized that KAT6A and KAT6B WH1 donvadadd alsobind specifically to Cp@ich DNA
motifs due to their sequence and structural homology. Indeed, electrophoretic mobility shift
assays EMSA¥s showed thatthe KAT6A and KAT6B WH1 domains bind exclusively tei€tpG
DNA and not to Afich DNA, while the ZMYND11 WH domain indicates no such binding capacity
(Figure 1F). Furthermore, the KAT6A WH2 domain was analysetidamat exhibit CpGinding
in EMSA experiments (Supplementary figure S2A)Iucidate the particular DNA motif KAT6A
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WH1 binds to, we applied an unbiased protein binding microarray (PBM) approach
(Supplementary Table S3). Two motifs were highly enriched,f#i&CGCQ [motif and the
palindromic fi-[CCGNGGC[motif, indicated by an {&core greater than 0.45 in 96 and 125
octamers (8mers), respectively (Figure 1G). In accordance with the EMSA results, PBM
experiments elucidating the function of the WH2 domain revealed no significant binding motif
when WH2 aloa was analysed (Supplementary figure S2B) and overlappinésrtithe WH1
analysis when WH%H2 were combined (Supplementary figure S2C), rendering WH1 as the
driving force in CpG recognition and binding.

To elucidate the molecular mechanismslo KAT6A WH1 domain interaction with Gpéh

DNA, proteirRDNA complex crystallization was performed. The KAT&&minal amino acids-1
85 comprising the WH1 domain were crystallized with dowgtitanded DNA containing &-[
GCGEi[ u}&n(d the structure was solved at a resolution of 1.5 A (Supplementary table S1). As
%% @E ] 35 USZ }Ju%o £ +SENu SPE E A o+ (}o JvBPfjlowed Jv3} $ZE

C 3A} 8§ +Z 8¢ ~tilTeU A]3Z 5A} 0}}%o ~tilTeUTpidtesSthEE « %o E ]V P
locatedG3 EEu]v o0 8} }3Z t «Z 8¢ ~&]PUE 1 +X dZ u ]Jv ]vs E S3}E A]Ss:
]* riu Jve E-&fminu$ ito the major groove of DNA and thus facilitating sequespeeific
contact (Figure 2B). The most importamino acids in this context are GIn23, Lys24 and GIn25,
which formdirect hydrogen bonds with the base pairs of thgaCGEi[ Jv JvP u}S]( ~&]JPuUE 1 |
C). In addition to the major groove interaction, W2 contacts the minor groove with its Arg79
residue (Figure 2C). To verify C and G as the essential base paine KAT6A WHDNA
interaction, we performed further EMSA experiments, exchanging one key base component at a
time to one of the other three possible bases (Figure 2E). Furtherntoedyinding affinity of
WH1to methylated CpdDNA (MCpG) was probed (Figure 2F). The displayed results reinforce the
binding specificity of KAT6A WH1 to unmethylated -@pleDNA motifs. To reciprocally elucidate
the essential DNAecognizing amino acids of KAT6A WH1, we mutated esesginteracting
amino acids found in the structural complex analyses and performed isothermal titration
calorimetry(ITC) measurement§&igure 2G Lys24 proved to be the most crucial amino acid by
weakening the binding affinity of WH1 @NAby approximately30-fold when mutated to Ala
(K24A), aided by GIn2&hichnegatively influences binding aboutf8ld when mutated (Q23A).
Comparing KAT6A WH1 with its homologous SAMD1 WH domain, both exhibit {wbtain
interactions in a similar fashion, as apparent in the superimposed structures of the complexes
(Figure 2H). fe SAMDA4ike WH domains represent a new type of rcemonical WH domain,
e]v SZ C % v }v 8§8Z % E}SEpe]}v }( SZ ]JE& ri Z o]& ]Jvs8} SZ u
recognition,]Jve$ }1(8Z JE ri Z 0] E£U +]e 3§ P}E]I (Bregh@an, 1098)] o t, }u

A second palindromic motif was recognized in the PBM analysis of KAT6A WH1 binding motifs

(Figure 1G). Considering the undefined base (N) in the centre of the palindromic motif, we
conjectured that the molecular binding mechanisms might differ betwé®e sequences. To
elucidate this point, we repeated the proteDNA complex crystallization described above with
doublestranded DNA containing &PCGTCGG[ u}3]( v *}oA 3Z «SEp SuE 3§ E
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of 1.93 A (Supplementary table S1). Interestingly, KAT6A WH1 bound to this sequence in a dimeric
form, exhibiting a heado-head conformation (Figure 3A). In addition to the previously observed
protein-DNA interactions, this complex is further connected dyptein-protein interactions
between GIlu30 with Ser28 and Glu29 of the opposite WH1 molecule (Figure 3B). To test the
stability and likelihood of occurrence of the two different complexgtHfiltration analysis was
implemented, assessing strong interiacts of both the monomeric and dimeric KAT6A \AINA
complexes (Figure 3C). Superimposing the monomeric and dimeric structures showed a high
correlation, varying only slightly in the minor groove protruding beta sheet, particularly at W1
and W2 (Figure 3Da connection not essential for DNvading of the WH1 domairn contrast

the interaction of the key amino acids GIn23, Lys24 and GIn25 with the CGG bases of the
palindromic motif is further emphasized in this conformation, complemented by additional
hydrogen bonds to the phosphate backbone of the adjoining amino acid Arg26 (Figure. 3E,
Overall, both the monomeric and dimeric complexes form all essential connections between the
GS Eulvpue }( Z t,i ri Z o]l&E Al3Z 8Z u i}E PE}IA }( 82z E
recognition motifs.

Due to the various implications of KAT6A in embryonic development with a particular role in
haematopoiesigKatsumoto et al., 2006; Sheikh et al., 2016; Voss et al., 20@9%et out to
further investigate its function in gene regulation in mESCs. Applying the CRISPR/Cas9 technique
(Ran et al., 2013)we implemented KAT6A knockout (KO) cells using two different gRNA
constructs and validated the obtained single clones by Western blotting (Figure 4A),
immunofluorescence microscopy (Figure 4B) and Sanger sequencing (Supplementary figure S3A).
Concurrent vith the histone acetyltransferase function of KAT6A, the acetylation levels at its
targets H3K9 and H3K14 were slightly decreased upon KAT6A depletion (Figure 4C). Furthermore,
RTFgPCR analysis confirmed the transcriptional dysregulation of multiple krawget genes
(Figure 4D)Vanyai et al., 2019)Proliferation assays (Supplementary figure S3B), brightfield
microscopy (Supplementary figure S3C) and colony formation assays (Figure 4E) of the KAT6A KO
MESCs demonstrated increased proliferation, distinct morphology and reduced clonogenicity,
respectvely, in comparison to control cells.

To study the effect of KAT6A on gencmigle transcription, we performed RNBeq with the
described knockouts. Principal component analysis revealed strong distinctions between the KO
and control samples (Figure 4F). Gene expression was downregalad®d targets, a majority
of which were localized to CpG islands (Figure 4H), and upregulated at 238 targefsidlog
change 0.75 and P < 0.01) (Figure 4G), concurring with a loss of the transcriptional activating
capacity of KAT6A as a histone adetylsferase in the KO cells. Applying gene set enrichment
analysis (GSEA) to the obtained data, gene set categories relating to development (red) and
signalling (green) were particularly negatively affected by KAT6A depletion, while gene sets of
neural deelopment (blue) were upregulated (Supplementary figure S3D). An interesting
resemblance of affected gene sets upon KAT6A KO with SUZ12 target genes was observed in the
GSEA, including both dowand upregulated targets (Supplementary figure SBD,To futher
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elucidate this overlap, we investigated SUZ12 expression at the mMRNA (Supplementary figure S3F)
as well as protein level (Supplementary figure S3G) and observed a reduction in both, concurring
with the KAT6A KO. Additionally, the recruitmenttioé SUZ12 interactor and PRC2 complex
member EZH2 to specific target genes was substantially reduced in ¥apéted cells
(Supplementary figure S3H). Overall, the observed effects of KAT6A deletion on the
transcriptomic profile in mESCs correlated well with th@lications of KAT6A in patients with

the developmental syndrom@ennedy et al., 2019We concluded that a combination of direct

and indirect consequences led to the dysregulation of targitst, by compromised histone
acetyltransferase activity of KAT6A asetond by altered expression of other affected genes,

such aghe chromatin modifier SUZ12.

Since we encountered technical difficulties in the immunoprecipitation of endogenous KAT6A
and ectopic expression of KAT6A constructs in mESCs to study gendent@inding sites and to
further investigate the role of WH1 in chromatin recruitment atmenscription control, we
decided to utilize a different cell model. Henceforth, we conducted our research in HEK293
(human embryonic kidney 293) cells, which are more amenable to plasmid transfection. Ectopic
expression of FLABA (F/Htagged KAT6A fdléngth (fl) wildtype (wt) and WH1 mutant
~<i0 IYTA U ~t,i upsS_+ whss8d@epsfdlly introduced into these cells (Figure 5A,
Supplementary figure S5A, Supplementary figure S6A) to investigate the effects of abrogated DNA
binding of KAT6A WH1. Employing cellular fractionation experiments, we fdiwsdgent
enrichment of KAT6A wt and WH1 mut in the three fractions (Figure Bi).chromatin
interaction of mutated KAT6A WH1 was reduced, while a higher abundance was measured in the
nucleoplasm and cyfasm fractions in comparison to witgpe KAT6A (Figure 5C). Due to the
indications that KAT6A WH1 might preferentially interact with €@plEDNAN vivg we consulted
previously published ChH®eq datgMiyamoto et al., 2020&nd selected promising target genes
for ChIPgPCR experiments. While exogenous KAT6A wt specifically bound -tor@&shing
promoters, exogenous KAT6A WH1 mut displayed no such recruitment (Figure 5D). To elucidate
the degree of WH1 autonomy in KAT6Aarhatin recruitment and bindingwve cloned various
constructs with mutated, depleted or truncated KAT6A domains (Supplementary figure S4A, D,
G) and transiently transfected thesenstructs intoHEK293 cells (Supplementary figure S4C, F,

1). ChIRgPCR expénents revealed that the WH1 wt domain alone is not sufficient for chromatin
recruitment and barely differs from the WH1 mut fl or truncated construct (Supplementary figure

S4AB). Gradually expanding the WH1 domain by each of the following annotated ddetkia

a stepwise increase in chromatin recruitmemthich wasalready improved in the WHIVH2

construct and restored tthe KAT6A fl wt extent in the WHRPF construct (Supplementary figure

S4E). Furthermore, KAT6Aieihgth constructs with deletiony ( 152 €& §Z t,7 ~Pt,i }JE W&
~P W&+ }lul]v ] v}s @&}P S ZE}u S]v ]Jv JVP ~*u% %0 u vS EC (]F
domain of KAT6A is essential for chromatin recognition and recruitment but is, on its own, not
sufficient in this function and requés the contribution of the WH2 and DPF domains.
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To investigate the effeatf KAT6A wt and WH1 mut overexpression on endogenous KAT6A
expression in HEK293 cells, we used an antibody that bound to both forms. While the
overexpression of wildype KAT6A did not increase KAT6A recruitment to chromatin, the
overexpression of WHutated KAT6A significantly decreased KAT6A recruitment to chromatin
(Figure 5E). This led to the conclusion that endogenous KAT6A binding to chromatin is already in
a saturated state and therefore not enhanced by ectopic exgoes In contrast, KAT6A WH1 mut
likely has a competitive advantage and displaces endogenous K&iti€Aeducing chromatin
recruitment, since the global expression levels of both endogenous and exogenous constructs
remain constant (Supplementary figure S5A). Considering that KAT6A has intrinsic histone
acetylation activity, we included the H3K9ac arg@KH4ac targets in our CRtfPCR analyses of
the KAT6A overexpression construcmilarto general KAT6A recruitment to chromatin, we
observed no significant alteration of the histone acetylation marks upon overexpression of KAT6A
wt but a distinct reduction in acetylation upon overexpression of KAT6A WH1 mut (Figure 5E).
We included an enmyatically inactive KAT6A fl HAT domain mutant construct (Q654E/G657E,
N, d upgF.eYan et al.,, 2022p ensure a better comparability of the effects on histone
acetylation levels. Indeed, the HAT mut construct displayed as good a recruitment 1o CGlI
containing promoters as the witype (Supplementary figure S5B), but H3K9ac and H3K14ac
levels at the invstigated targets were reduced to a strikingly similar extent as with the KAT6A
WH1 mut construct (Supplementary figure S5C). Recapitulating these results, we concluded that
the expression of ectopic KAT6A WH1 mut or HAT mut displaced or diminished thiy acti
endogenous KAT6#8a dominant negative effect.

To verify the hypothesis that KAT6A WH1 mut replaces endogenous KAT6A in its complex
formation and other proteirprotein interactions, we performed FLAGmMunoprecipitation with
subsequent mass spectrometry (MS) to assess the interactomes of edlpgixpressed KAT6A
wt and WH1 mut. The immunoprecipitation (IP) displayed a multitude of interactors (Figure 5F)
and the characterization of these proteins revealed closely resembling distributional patterns
between both overexpression constructs (Fighi@, Supplementary table S4). Already known
interaction partners of the BRPF1 complex were confirmed in the MS findings, and putative
interactorssuch aghe NSL complex or PRC1 were enriched in both KAT6Aypaélcand WH1
mut samples (Figure 5G, Supplementary figure S8Bjate a direct interaction andoregulatory
function for the KAT6A/B orthologue Enok with PRC1 has only been describdecbsophila
(Bryan et al., 2021; Kang et al., 2Q\kjth coimmunoprecipitationwe validated the interaction
of ectopic KAT6A wt and WH1 mut with PRC1 subunits, in particular witbamamical PRC1.6
(Figure 5H). In line with these results, ectopic KAT6A wt and WH1 mut interactomes strongly
overlapand can competitively displace endogenous KAT6A in prpteitein interactions, thus
influencing their chromatin association.

To determine if the observed alternating patterns of exogenous KAT6A wt, WH1 mut and HAT
mut in chromatin binding at selected promoter sites were representatvegenomewide
targets, we subsequently conducted CI8€g experiments. Initialfipcussingon the wildtype
form, we identified 20,903 significant binding sites in HEK293 cells, a majority of which
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overlapped with CpG islands (Figure 6A). Correlating, most of these HAliBé locations were
promoter sites (Figure 5C) with a distinct accumulation of KAT6A wt at their transcription start
sites (TSS) (Figure 6B). A motif analysis of these locatigaydid CpGich motifs (Figure 6D),
similar to the previously conducted PBM array (Figure 1G). A comparison of the KAT6A WHL1
preference towards four nucleotide DNA motifsnider) was applied to the obtained data of these

in vivoandin vitroexperiments, w] Z }EE o § <¢]Pv](] vSoC ~W &E-}v[e Z A iX]
the A-BCCGT [4-mer asthe most likely motif in both cases (Figure 6E). Furthermore, this motif is
localized with higher frequency approaching the peak summithefKAT6A binding profiles
(Figure 6F). Considering that the PBM array and subsequent complex crystallization (Figure 3A
revealed a dimeric KAT6A WH1 binding state with a seven nucleotide palindromigcEpG
sequence, we reviewed the occurrence of suchdif in thein vivodata. Indeed, comparing the
palindromic motif to other nofpalindromic motifs (Supplementary figure S7A) or palindromic
motifs with partly exchanged CpG bases or incedaspacer length (Supplementary figure S7B,

C) at KAT6A binding profiles, wabserveda distinct enrichment at the very peak summit.
Therefore, KAT6A seems to prefer the palindromic motif, which is present at 58% of all CGls
(Supplementary figure S7D).

As already indicated by EMSA, KAT6A seems to have a preference for unmethylatethCpG
DNA (Figure 2F). For that reason, we correlated our KAT6A wSEgleata with published CpG
island recovery assay (CIFgg€qg(Miyamoto et al., 2020and whole genome bisulfite sequencing
(WGBS) datéPiunti et al., 2019)Evidently, KAT6A binds to unmethylated CGls and is repelled
from methylated CGls (Figure 6G). To investigate this further and aglseizer the removal of
methylation from DNA at CGls leadsde novorecruitment of KAT6A, we applied the DNMT1
inhibitor GSK3484862(Azevedo Portilho et al., 2020)e selected representative unmethylated
and methylated C&ontaining promoter sites (Supplementary figure S8A) and observed changes
in KAT6A recruitment upon treatment with different concentrations of 3884862 in HEK293
cells. While the binding levebf ectopically expressed KAT6A did not vary at unmethylated target
genes, methylated CGldisplayedde novo recruitment of FLA@agged KAT6A, positively
correlating with increasing concentrations of the applied DNMT1 inhibitor (Supplementary figure
S8B).These findings further support the specificity of KAT6A WH1 in binding to unmethylated
DNA.

By analysinghe genomewide distribution of KAT6A anis colocalization with various
histone marks, we identified three different groups of CpG islands: active, repressed and orphan
CGls (Figure 6H). Each of these groups is characterized by a unique combination of histone
modifications, group 1 (n=9351) by H3k&R/3 and H3K9ac at active sites, group 2 (n=3158) by
H3K27me3 at repressed sites, and group 3 (n=8374) by H3K4me2 and H3K9ac at orphan CGls
(Figure 6H, J). Additionally, a fourth and ratheexpected group of KAT@#ound genes was
identified, with KAT6A enrichment beyond the TSS, in downstream gene body regions (Figure 6l,
J). A gene ontology analysis of the four identified clusters revealed that group 2 and group 3, in
particular, are involed in celitype specific developmental processes (Supplementary figure S9A).
While the decoration of group 3 with H3K4me2 suggests an association of the KAt
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orphan CG$ with enhancer functiorfPachano et al., 2021yroup 2 stronglyaccumulateswith
repressive H3K27me3, a mark facilitatedRnyycomb group proteingFischer et al., 2022)n
accordance with our MS data antbimmunoprecipitationexperiments, we found a high
correlation between KAT6A and PRC1 components in&4gRlata (Supplementary figure S6C,

D), indicating a joint regulatory function in HEK293 cells. Closer studies of the genknkedy
KAT6A sites demonstrated high tranptional expression of the associated genes
(Supplementary figure S9B), correlating to an overlap with the histone elongation marks
H3K4mel and H3K36me3, as well as polymerase Il (Supplementawy $§C, D, E, S6C).
Including the ectopically expressed KAT6A WH1 mut and HAT mut constrotsanalyses, we
aimed to further elucidate the role of the WH1 and HAT domains in genwoite KAT6A
chromatin recruitment and acetylation progression, respectively. In agreement with the previous
ChIPgPCR data (Supplementary figure S5B), WH1 mut coefpksbrogated KAT6A recruitment

to CGls at a genorawide level, whereas the HAT mut showed no apparent difference in
recruitment compared to wildype (Figure 7AB, E)However,in distinction from the binding
mechanisms at CpG islands, KAT6A WH1 mut recruitment to gene body regions is not abrogated
on the contrary it is slightly increased as opposed to wijghe and HAT mut (Figure 7C, D, E).
Furthermore, the GC content of the observed gene body regiaasdistinctly lowerthan the
general genomic GC content awdrrelated negatively with the binding of KAT6A WH1 mut
(Supplementary figure S9C, D). This suggests that although the WH1 domain of KAT6A is essential
for the recognition of and binding to unmethylated DNA at CGls, other mechanisms recruit KAT6A
to gene body regiom of lower GC contenindependentof WH1.

In summary, KATG6A is recruited to four different chromatin regions, each characterized by
other histone modifications, and takes part in various cellular processes by influencing
transcription control. A majority of these target sites is comprised of uhgiated CGls, a direct
interaction facilitated by the WH1 domain of KAT6A, while a smaller fraction is located in gene
bodies, by recruitment mechanisms independent of WMbreover, the inhibition of DNMT1
leads to ade novorecruitment of KAT6A tmethylated CGls.

In view of KAT6A histone acetyltransferase activity, we further employed gemodee
experiments with one of its main enzymatic targets, H3KRace et al., 2008 Beforehand, we
observed a minimal increase H3K9/K14ac upon ectopic expression of KAT6A wt and a distinct
reduction upon WH1 mut and HAT mut expression at specific CGl promoter target sites (Figure
5E, Supplementary figure S5C). Consequently, we correlated genaaeH3K9ac occurrence
with KAT6Abound CGIls and observed changes in acetylation between KAT6Aypeld
overexpression and both mutants (Supplementary figure S10A, B). Although the reduction of
H3K9ac upon KAT6A WH1 mut and HAT mut overexpreass measurable compared to wild
type and control, a clear difference was observed between both mutants, illustrating the HAT mut
as more effective in abrogating acetylation at CGls than WH1 mut (Supplementary figure S10B, C,
D). Furthermore, HAT mugixpressing cells displayed tendencies of a slightly lower abundance of
a small number of KAT6A target genes irgRCR experiments, correlating with the mild
reduction of H3K9ac in these samples (Supplementary figure Siffifarto the enrichment of
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KATG6A at CGls containing the palindroi€C CGNGGC[motif, H3K9ac was locally enriched at
this motif (Supplementary figure S7E), echoing the involvement of WH1 in monomeric and
dimeric CGI binding anids associated function in chromatiremodelling However, taking
another closer look at KAT@®und gene bodies, no apparent influence on H3K9ac was
noticeable in these regions as a consequence of exogenous KpeEssionSupplementary
figure S10E), even though KAT6A WH1 mut was prominently enricged@bodies (Figure 7D).
In summary, slightly decreased levels of H3K9 acetylation were observed at-K8dr@ACGls
genomewide upon ectopic expression of KAT6A WH1 mut and HAT mut in comparison to KAT6A
wild-type, supporting the role of both domains in histone acetylation.

Overall, we characterized a novel winged helix domain at theridinal end of KAT6A as
distinct feature of thepreviouslydescribed NEMM domain. Moreover, we developed a madel
how this WH1 domain of KAT6A is involved in DNA motif recognition at unmethylated CpG islands
and chromatin recruitment of KAT6A to genom&le target sites to facilitate histone acetylation
and enforce transcription control (Figure 8A). In addition, otlhidentified mechanisms
contribute to KAT6A recruitment to gene bodegions of target genes, independent of WH1
function (Figure 8B).
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2.3 Discussion

2.3.1 Substantial effects of a DNBindingWHdomain on genomavide aspects

In the presentstudy, we characterized a newly identifiéstielow, Zhou, et al., 202tinged
helix domain at the very fferminus of the histone acetyltransferase KAT6A that is responsible
for the direct recruitment of KAT6A to unmethylated Cp¢h DNA sequences. This is the first
indication that KAT6A is not exclusively dependentafactors such ass complex partner BRPF1
for chromatin associatiofiZu et al., 2022)Nevertheless, interaction partners acdfactorsof
KAT6A might still play a role in processegh ascomplex association and stabilization of
chromatin interactions, since KAT6A prot@irotein interactions hardly differ between the wild
type and the WH1 mut versidirigure 5 fH, Supplementary figure S@B. It would be interesting
to investigate which targets are directly bound by the WH1 domain and whicbfagtors such
as BRPF1 that indirectly tether KAT6A to chromatin and how they overlap er, difith the
implications that arise for the developmental processhat KAT6A takes part in as a self
sufficient chromatin regulator or inoncertwith other complex members.

Interestingly, one sourcstatedthat initial in vitro experimentsindicatedthat the KAT6A HAT
domain itself might have DNBinding properties, likely mediated through ant&minal zinc
finger region and a -@rminal HTH motif, therefore having both chromatargeting and
enzymatic activities. These DN#ding properties of th KAT6A HAT domain seemed not to be
conserved in other members of the MYST family of acetyltransferases, therefore potentially
playing a contributary role in AMLs caused lypédracetylation due to KAT6A translocations
(Holbert et al., 2007) Strategic chromatin binding experiments obtained by @RER of
truncated or mutated KAT6A constructs were performed in phesentstudy (Supplementary
figure S4). Since no residual KAT6A chromatin recruitment was detectable in WH1 mut samples
and a gradual extension of-fdrminal domains showed no effect after the addition of the HAT
domain compared to the WHIVH2DPF construct, aeff-sufficient chromatin binding function
of the KAT6A HAT domain seems unlikely. Moreover, Miyamoto and colleaguey adieatified
KATG6A residues-84 to be particularly essential for KAT6A targeting to specific-iighG
chromatin locations such as th¢HOXA9 and MYC promoters, while analyses of therr@inal
part, including DPF anthe acidic domainshowed low specificity and measurable chromatin
enrichment only at sites colocalizing with H3K14ac, a known DPF target. They concluded a
chromatin recognition motif contained in the verythrminal region and a stabilization of this
interaction by bindingf this or furtherKAT6A domains to histones and other proteins. Since they
copurifiedsubunits of the poised RNA polymerase Il (RNAP2)Sedsnplex with this 84 aa long
stretch, they suspected a direct interaction and possible recruitment mechanism to
transcriptionally active genes and hence dubbeth& RNA polymerase Il binding motif (RBM)
(Miyamoto et al., 2020)Indeed, thestudy describedhere supports the overlap of KAT6A with
RNAP2 at transcription start sites (Supplementary figure S6C, Supplementary figure S9), as does
a second studyBecht et al., 2023However,we havesince discovered the structural integrity of
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the WH1 domain and its DNBinding function to unmethylated Cpfich motifs, endorsing the
direct interaction of KAT6A WH1 with chromatin independent of othefactors but not
excluding their role in further indirect KAT6A chromatin interactions. Additionally, the previously
identified KAT6A linker H1/ike WH domain (WHZVllah et al., 2008)r the role of the KAT6A
DPF domain was not included in the analyseMiyfamoto et al. (202Q)whereas our study as

well asBecht et al. (2023acknowledge their contribution to chromatin recruitment and
interaction stabilization. Therefore, a correlation of KAT6A with RNAP2 at transcription start sites
might also coincide with the role of KAT6A & transcriptional regulator and histone
acetyltransferasein propagating histone acetylation which induces an active chromatin
conformation necessary for RNAP2 activity.

Aside from KAT6A and KAT6B, SAMDL1 is the founding member of a newly defined conserved
group of SAMDdike winged helix domaingStielow, Zhou, et al.,, 2021Although all three
proteins possess a very similasté&tminal winged helix domain binding to unmethylated CGls,
KAT6A/B, by default as histone acetyltransferases, have activating functions at target genes, while
SAMDL1 has an overall more repressive inigddarget genes. Another considerable difference
is that KAT6A WH1 can bind in a monomeric as well as dimeric structural formation at specific
DNA motifs, while SAMD1, as far as we know, binds only in a monomeric form and to a distinctly
smaller number btarget genes at CGls than KAT&#ielow, Zhou, et al., 2021urthermore,
SAMD1 was not identified in our KAT6A MS datat ass enriched in the KAT6A viitaction
compared to the KAT6A WH1 nitaction (Figure 5G, Supplementary table S3), rendering a direct
heterodimeric interaction of KAT6A WH1 with SAMD1 WH unlikely, in addition to the opposing
roles of both proteins in cellular processes.

In thepresentstudy, we investigated the impact of KAT6A on H3K9ac at a genddedevel
(Supplementary figure S10) but did not include other known enzymatic targath asi3K14ac
(X. Xiong et al., 2016y H3K23a¢K. Yan et al., 202@nd therefore have limited insigito how
other histone marks are affected by KAT6A WH1 or HAT mutations. Coincidentally, another
research article concerning the KAT6A WH1 dopeimong otherswas published only a few
weeks after our paper, which concentrated on H3K23ac as a histone mark facilitated by KAT6A as
well as KAT6BBecht et al., 2023)This study not only supports many of the results and WH1
characteristics we observed buaiso provides agood complementaryaddition to our own
analyses, with nucleosome binding assayseandivoanalyses of KAT6A/B fusion proteins.

Similar to our studieson KAT6A,Becht et al. (2023¥ocused on KAT6B and further
characterized the previously identified-tdrminal SAMDA4ike winged helix domain WH1
(Stielow, Zhou, et al., 2021)he double PHD finger domain of KAT6B associates with H3K14acyl
and next to H3K14ac, KAT6B primarily facilitates the H3K23ac mark, interactions and targets
coinciding with KAT6A functionality. In EMSA experiments and-dBf@R analyses with
ectopically expressed -erminally truncated KAT6B domain deletion construats K562
lymphoblast cells, they observed KAT6B VWgHécific binding to unmethylated GE&bntaining
promoter sites(Becht et al., 2023)correlating with our data about homologous KAT6A WH1
(Figure 2E, F, Supplementary figure S4). Moreover, the depletion of KAT6B WH1 led to diminished
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H3K14 and H3K23 acetylation levels at the investigated targets, as was the case upon KAT6A WH1
mutation with H3K9 and H3K14 acetylation (Supplementary figure S5C). FurtheBeohd, et

al. (2023)identified the extranucleosomalinker DNA ashe most likely interaction site for the

KAT6B WH1 domain with Cpiéh DNA wrapped around euchromatic nucleosonmmeatching

well with the predicted binding of WH2 as a linker H@g1 t, }u Jv Jv- € [}v % }e]S]}v
(Saha & Dalal, 2021Pue to their high homology and overall conformity, this binding site
specificity of KAT6B WH1 is most likely applicable to KAT6A WH1.

Interestingly, Becht et al. (2023)performed ChIFSeq experiments with exogenously
expressed FLAGgged truncated versions of KAT6A, as well as KAT6A and KAT6B WH1 domains
alone, in human HEK29B cells. Here, they confirmed that the WHdé&pendent recruitment of
KAT6B takes place at unmethylated CGls genande, with an extension of the WHRPF
domains further stabilizing this interaction, which they attributed to the H3K14ac recognition of
the DPF. The observed binding of standalone KAT6A WH1 or KAT6B WH1 to genomic leci in ChIP
Seq datds opposing their former CHEPCR analyses of KAT6B-B6K cells where KAT6B WH1
was not recruited to selecte@Gs$ at transcription start sites, as well as our GHFCR analyses
in HEK293 cells where KAT6A WH1 alone was not sufficient for chromatin binding (Supplementary
figure S4). A possible explanation for this phenomenon is the difference in the applied method.
While our abovedescribed ChHQPCR and Chifeq experiments were conducted in a
conventional way, the obtained ChBtq data inBecht et al., 2023)vere acquired using the
fanChlIP (fractionatiomssisted native ChIP) method. In fanC&#¢ samples, proteiprotein
interactions of chromatirbound complexes are not abrogated, essentially due to milder
treatment conditions and the execution of subcellular fractionation instead of chromatin
crosslinkingMiyamoto & Yokoyama, 2021 herefore, considering that we detected thbility
of KAT6A WHL1 to bind in a dimefarm to a palindromic Cp@&ch motifin vitro (Figure 3) and
confirmed the accumulation of this motif at KAT6A peiakgivo(Supplementary figure S7), the
involvement of intact proteirprotein interactions between dimeric KAT6A WH1 domains might
provide a scaffolding factor in WH1 chromatin association when the fanChIP technique is
employed.

Further emphasizing the parallels between the homologous KAT6A and KAT6B WH1 domains,
genomewide localization patterns of both to unmethylated Gpéh promoters were highly
similar and abrogated upon mutation of certain amino acids (K24A/R26 A/K6BAT6B) or
domain depletionBecht et al., 2023)

2.3.2 A rewly identified connection of KAT6A to PRC1

DNA methylation is a feature distinctly occurring in vertebrate genomes. Invertebrate species
usually display only a low degree of genomic Dh&hylation and some organismssuch as
Drosophila melanogasteor Caenorhabditis elegansare nearly freeof DNA methylation
~ }P Vv}A] "~ s ve3@mpbrtantl§,«<CGlsrepresent the exception to the otherwise
methylated genome in vertebrates and are associated wittigh proportion of all promoters
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(approximately 70%)Deaton & Bird, 2011; Defossez & Stancheva, 20dyever,CpG islands

can also be found in regions distal from transcription start saadthese nonpromoter CGls are
referred to as orphan CGls and often show variability and tisgeeificityDefossez & Stancheva,
2011) The WHimediated recruitment of KAT6A to orphan CpG islands decorated with H3K4me2
and H3K9ac (Figure 6H, J) is an interesting new discovery, potentially linking KAT6A to enhancer
functions(Owen & Davidovich, 202#) addition to the known role in transcriptional activation

at promoter sites. In mESCs, orphan CGls were discovered to mediate and amplify the interaction
of so-called poised enhancers (PEs) with their targets, usually promoters with large CGI clusters,
by creating closer proximity. These poised enhancers have several characteristic features,
including the binding of PcG complexes that contact respective targetsgand take part in
developmental processes, exemplarily in the induction of neural genemESC neural
differentiation (Pachano et al., 2021Potentially, in other species and cell types apart from
murine ESCs, orphan CGls provide a link between repressed Polipooimdb regions and active

CpG islands.

In addition several potential connections between KAT6A and the PRC1 complex can be found
inthe published literature. Of particular importance, Enok, the KAT6A/B ortholodbosophila
has been confirmed to interaetith dPRC1Bryan et al., 2021; Kang et al., 2017)

Evidently, KAT6A directly interacts with ENL, which in turn associates with components of the
PRC1 complefMiyamoto et al., 2020)Although colocalization studies of ectopically expressed
ENL in HEK293T cells showed-nanonical PRC1 componersisch as?PCGF4 and CBX8 at the
transcription start sites of transcriptionally active KAT6A targets, including HOXA9 and MYC
(Miyamoto et al., 202Q)other PRC1 subcomplexes have not been investigated in this cdntext.
contrast, experiments in mice suggest an antagonistic relatiornsttipeenKAT6A and PCGF4 in
regulatingHoxgene expression in early mouse development, assisted by a bivalent chromatin
state. In later developmental stages, KA¥&@htrolled maintenance of HOXanscription
supersedegSheikh et al., 2015Furthermore, the depletion of KAT6A as well as its catalytic
inhibition by treatment with WM8014 resulted in the downregulation of EZH2, the enzymatically
active subunit of the PRC2 compl@aell et al., 2018; Sheikh et al., 201B)ese observations
coincide with our experiments in KAT6A KO mESCs, where global SU12 expression as well as EZH2
recruitment to genomic loci was impaired (Supplementary figutéd) iMoreover, he observed
phenotype of KAT6KO mMESCs in biological assays, the downregulation of SUZ12 and the
correlation of transcriptomic changes with SUZ12 KO cells (Figure 4, Supplementary figtee S3)
highly in accordance with previously published data, where SUZ12 was described as essential for
proper differentiation ba ineffective for proliferation(Pasini et al., 2007 )Likewise, KAT6A
depleted mESGdid not display impaired cell viability (Supplementary figure S3BEkhibited
distinct morphological structures (Figure 4E, Supplementary figure S3C). Considering the
involvement of KAT6A in developmental disorders and haematopoietic processes, a role in
differentiation was already determined. SUZd@pleted mESCs display abrogatedels of
H3K27me3 and reduced H2K27n{2sini et al., 2007andit would be interesting to investigate
whether H3K27me2/3 levels were indirectly affected upon KAT6A KO in mESCs as well.
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Other studies explored KAT6B amloservedan enrichment not only at active promoter sites
but also at bivalent promoters in murine embryonic stem ceflIE$COs ING5, a complex member
associated with either KAT6B or KATGAs a PHD finger domain able to bind to H3K4me3,
therefore providing a recognition mode for one of the features represented at bivalent
nucleosomesHowever,apart from the known interaction of Enok with PRCDnoesophila no
evidence was presented that KAT6B or KAT6A directlyatttavith PRC1 in mice or other
vertebrates as welBryan et al., 2021)

Our analyses seem to be the first to identify the PRC1.6caoonical subcomplex adirect
interactor of KAT6A (Figure 5H, Supplementary figure S6).

The majority of KAT6A target sitase composed of CpG islands located at gene promoters
(Figure 6A, C, G). Concurrently, most PcG target genes overlap with CpG (Slamets &
Davidovich, 2022However,not all PRC1 subcomplexes, canonical or-camonical, have the
same target site specificitieand cell typespecific differences in recruitment patterns occur.
Canonical PRC1.2 and PRC1.4 strongly overlap with PRC2 and bind to the enzymatic product
H3K27me3. Nowanonical PRC1.1, PRC1.3, PRC1.5 and PRC1.6 partly colocalize with their
canonical counterparts but dve additional target genes that are distinct between the
subcomplexegOwen & Davidovich, 2022; Stielow et al., 2088{tingly, these distinct targets of
non-canonical PRC1 may carry active histone markhas H3K4me3 and H3K36me3 and are
therefore generally more transcriptionally active. PR&heécific targets in particular are usually
not bound by PRC2 or decorated with H3K27me3, and the PRC1.6 complex has several members
with DNAbindingfunctions additionally enabling chromatin interaction independent of RINGA/B
(Owen & Davidovich, 2022; Stielow et al., 2018pnsidering these aspects, it would be
interesting to reevaluate the genomavide data of KAT6A and members of the PRC1.6 complex
(Supplementary figure S6C) and assess their colocalization with the determined clusters according
to histone modifications Rigure 6H). Nevertheless, a possible direct KAT6A interaction with
PRCL1.6 at active or bivalent CGls does not exclude an indirect connection with PRC2 at repressed
target sites and cooperation in transcription regulation, given the negatively affecteéssipn
of PRC2 members in KAT6A KO mESCs (Supplementary figite 5@8@hermore, the histone
binding protein L3MBTL2 is part of the PRC1.6 complex and has a con&aosmphila
orthologue, Sfmbt, that recruits dPRC1 to chromd&@wen & Davidovich, 2022hus providing
a further link between PRC1.6 and KAT6A in their conserved ancestors Sfmbt and Enok.

Potentially, KAT6A has a similar relationship with PRC1 as was described for the KDM2A and
KDM2B proteins, which possess CXXC domains binding to unmethylated CpG islands. Both KDM2A
and KDM2B are bound to CGls genamide; they are strongly enriched at the centre of €GI
containing promoters but localize t6G$ remote from gene promoteras well KDM2B, in
particular, was shown to be additionally enrichedPatycombrelated CGlg¢Farcas et al., 2012)
According tdarcas et al. (2012)KDM2B directly interacts with PCGF1 and RING1B core complex
membersand therefore forms a PRC1.1 variant complex, tethering PRC1 to unmethylated CpG
islands and allowing transcriptional silencing in this case. Functionality may differ in the case of a
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KAT6Aassociated PRC1.6 variant complex. We showed thaintkeactomesof KAT6A wt and

WH1 mut were essentially unaffected (Figure-bl,FSupplementary figure S&B. Therefore,
genomewide ChIPSeq analyses of PRC1 and PRC2 components underlying KAT6A WH1 mut and
KAT6A KO constructs in comparison to KAT6Atyplel would beof interest to evaluate the
tethering function of KAT6A WHL1 for PRC1.6 and dBsgrcomb components and the general
necessity of KAT6A as a linker of these factors to active chmomesipectively.

2.3.3 Perspectives AT6ANVH1 involvemenin cancer andlevelopmental
disorders

In all three known KAT6#earranged fusion proteins, KAT&BP, KATEA300 and KATGA
TIF2, the Nerminus of KAT6A is retained in its entirety, including all domains from WH1 to MYST,
with breaking points in or around the acidic domain and transiocatto the Germinal parts of
the respective partners, expressing both transcripts and creating larfyarime fusion proteins.

For example, the breaking points in KAT6A and p300 occur at amino acids 1117 and 31,
respectively(Chaffanet et al., 2000Pue to these translocations, gaif function proteins arise,

such asKAT6ATIF2, which exhibits increased TIF2 transcription coactivation potential due to
KATBGA intrinsic acetylation activity and FH&&ilitated CBP/p300 recruitmentreating closer
proximity of yet another histone acetyltransferase to chromatin, thus creating aberrant
acetylation and contributing to an oncogenic myeloid transformatioaguchi et al., 2003; Yang

& Ullah, 2007) Chromatin association and recruitment of these hyperactmaltidomain
acetyltransferases to transcriptionally active CpG islands is ensured bytdrenMus of KAT6A.
Therefore, the loss of DN#inding domains of fusion partnersuch aghe basic HTH motif in

TIF2, is likely compensated by the DbNAding WH1 of KAT6A.

Indeed, experiments of transduced KAT6A/KATER fusion proteins with depleted or
mutated WH1 or WH2 domains, respectively, in myeloid progenitor cells isolated from murine
bone marrow cells were performed to determine their role in leukaemogediivity (Becht et
al., 2023X oo+ A]3Z SE ve p -dK&HO PtE]}v }E <TiFR Bdefion
displayed drastically reduced clonogenicities in colforyning unit (CFU) assays wikmisolid
media, while fusion protewexpressing cells with KAT6B WH2 mutation showed a slight
impairment in the formation of colonies. The characteristic capacity to immortalize
haematopoietic progenitors was retained in KAT6A/KATBR wilatype cells. Additionldy, both
WHZdepleted fusion proteins failed to activate HOXA9 transcription, itidieaf the role of
KAT6A/B WH1 domains in binding to unmethylated CGls and their significant contribution to the
oncogenic activity of KAT6A/KAT6EB translocated fysioteins(Becht et al., 2023)

Further analysis of KAT6A, either in a monomeric or rearranged conformation, in human
leukaemias would be highly interesting. Choosing the best cell liresadel system fom vitro
experiments is an essential stémwever. A previous study found that KAT6A and Miterishinal
parts in rearranged fusion proteins are functionally interchangeable due to their translocation or
protein-protein interaction with either p300 or CBP, thus targeting similar chromatin sites
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(Miyamoto et al., 2020)Human AML cell lines have diverse genetic alterations by defaalh

asMOLM13 and NOM&L (MLEAF9 translocation), M\/41 (MLEAF4 translocation), HGO (MYC
amplified) and U937 (CALMVF10 translocation]F. Yan et al., 2022which might already
influence KATG6A target genes and should therefore be considered in future analyses.

Taking a closer look at the genomic data of KAT6A syndrome patients, onethiaids
approximatelyhalf of the characterized mutations occur in the acidic domaird in general
most mutations are localized in thet@minal half of KAT6A, leading to truncated versions of the
protein (Kennedy et al., 2019Yhis allows the hypothesis that thetd&rminal half including its
functional domains, WH1, WH2, DPF and M¥3iiore important for normal development. Some
patients whose mutations were analysed by WES and published in scientific journals exhibited
amino acid variations due to nucleotide mutations in the WH1 or MYST dorsagh, as
p.Alal6Pro, Asn65Lys and p.Arg79* or p.Tyr607Leu and p.Asn643Ser, resp@ttinabdy et
al., 2019; Millan et al., 2016; ZwaveliBgonawala et al., 2017Df note,none of the known
mutations occur at theessential WH1 domain DNAteracting amino acid&a 2325) or at the
MYST domain acet@loAbinding site(aa 654660), supporting the particular importance of these
motifs for KAT6A chromatin recruitment and acetylation functi@mly Arboleda et al. (2015)
included histone marks in their study of three KAT6A syndrome patients and found decreased
acetylation levels in fibroblasts of one patient only at various histpmetuding KAT6A targets
H3K9, H3K14 and H2Aknong others. Thereforao conclusive data on theffects d KAT6A
de novamutations a generalhistone acetylatiorlevels or aberrant chromatin compactitiave
beenobtained from a larger cohort of patients. Furthermore, p53, as one of the maithisbone
targets of KAT6A, was shown to be dggrated due to mutations leading to premature stop
codons and translocations omitting thet€minal part of KAT6A. Since both the MYST domain
and SM domain are required for p53 interaction and K120 and K382 acetylation, a truncation or
loss of the SM doma might already suffice for reduced p53 acetylation and thus negatively
influence p53 signalling potentially promoting its oncogenic function in leukaemia and other
cancergArboleda et al., 2015; Rokudai et al., 2013)

Considering that mutations in the KAT6A gene are the sole determining factor in the onset of
developmental delay and other phenotypes that describe KAT6A syndrome, the essential role of
histone acetyltransferase ithe development and cellular coordination of transcriptios
emphasized. We characterized a novel function of the KAT6A WH1 domain in direct chromatin
interaction and associated progression of histone acetylation. These implications of KAT6A WH1
function, also in aberrantly expressed KAT&A translocations to other HATs and resulting
hyperacetylation,provide new opportunities for the development of targeted inhibitors and
potential treatment strategies for patients with KAT-6#arranged acute myeloid leukaemia.
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2.4 Contribution statement

This study was conceptualized DBy. Robert Liefkeandhe and | designedhe molecular and
cell biologicakexperiments a majority of which | conductedin particular, | made the following
contributions to this project

X Molecular cloning of CRISPRS9 plasmids targeting murine KAT6A and establishment of
knockout cells in mESCs. Validation of acquired knockouts by Western blotting,
immunofluorescence microscopy and genomic DNA PCR (Figure 4A, B, Supplementary figure
S3A)KAT6A KO cell morphology and proliferatimre assessed byiological assays and light
microscopy (Figure 4E, Supplementary figure S3B, C). ExecutiongsfCRTand RNA
sequencing experiments addressing transcriptional deregulation upon KAT6A depledion a
distribution of targetgenes to CpG islands (Figure 4BHFSupplementary figure S3D, E),
where sequencing wagperformed by Dr. Andrea Nisand bioinformatics analyses were
performed by Dr. Robert Liefke. Additionally, | conducted @RER and Western blotting of
KAT6A enzymatic targets H3K9/14ac and PRC2 components (Figure 4C, Supplementary figure
S3G, H).

X Molecular cloning of human KAT6A wilihe and truncated or domain depleted
overexpression constructs, as well as WH1 mut and HAT mut constructs. Here, Iris Rohner
provided expertise and technical support. Establishment of stably expressing HEK293 cell
lines for subsequent cell biological experiments. Validation of ectopic expression in Western
blotting, immunofluorescence and subcellular fractionation assays effulith KAT6A wild
type and WH1 mut proteins (Figure 8BASupplementary figure S4, S6A)IEHPCR analyses
of endogenous KAT6A and exogenous -wifie, WH1 mut and HAT mut (Figure 5D, E,
Supplementary figure S4, S5). Here, | was supported by Dr. Bastian Stielow. Furthermore, |
performed expression analysis of KAT6A target géyeRTgPCRupon overexpression of
KATB6A constructs (Supplementary figure S10F).

Allfiguresand tables included in this publication were compilgdDr. Robert Liefke and me,
with contributionsfrom Prof. Zhanxin Wan(Figure 1F, 2, 3, Supplementary figure 2A, table S1
and Prof Martha Bulyk(Figure 1G, 6E, F, Supplementary figure S2B, C, tapl&@ermore, |
contributed to writing the manuscript together with DRobert Liefke
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3. INVESTIGATION SAMDIABLATION IN MICE

Bruce CampbelLisaM. Webet) » v E :X vPo U d E v ZX ~X Kli}o]v“U W 3E]
Aiello and Robert Liefke

Sci Rep. 2023; 13: 3000, doi: 10.1038/s41G288297793

3.1 Introduction

Sterilealpha motif domaircontaining protein 1 (SAMDL) is a 56 lgbatein whose gene maps
to the human chromosome 19p13.12 locus. The protein is conserved between mammals and
consists of two annotated domainan N-terminal winged helix domain and a name giving C
terminal SAM domain, interspersed by a central disordered region. In subcellular fractionation
assays of murine cells, SAMD1 was shown to localize to all cellular compartments with particularly
high abunénce in the nucleus. Furthermore, SAM&hibitschromatin recruitment and a direct
interaction with DNA (Stlow, Zhou, et al., 2021; Tian et al., 2021). Linked to these findings, the
winged helix domain of SAMD1 was identified as the first of its kind and the founding member of
the SAMD4like family of noacanonical WH domains, a homologous region that it shavih
KAT6A, KAT6B and ZMYND11. SAWB1was established as a DHiading winged helix
specifically recruited to unmethylated CpG islangbich are typically associated with active
% EIU}S E ]85 U AZ E 13 % E-GCECN 30 }&H@ow] Zheus ¢t al. fif021).
Consistently, several published mass spectrometry data and a single nucleotide polymorphism
(SNP) interactome analysis support the association of SAMD1 withi€@pBNA and a repulsive
force of methylated DNA (Perino et al., 2018; Prestel et al., 20fi8awiong et al., 2013; J. Xiong
et al., 2016). Moreover, thEAMDIWH domain contributes to proteiprotein interactions with
the histone H3K4me2 demethylase KDM1A (lysipecific demethylase 1A, further known as
LSD1) (StielowZhou, et al., 2021). In comparison, proteic@ntaining SAM domains appear
commonly in eukaryotes and are associated with a variety of cellular processes, including
cytoplasmatic scaffolding, transcriptional repression and lipid metabolism. They mediate the
formation of proteinprotein interactions § their capacity to homoand hetereoligomerize with
other SAM domains, as well as interactions with 18%M proteins, DNA or RNKnight et al.,
2011; Lees et al., 2005; Meruelo & Bowie, 200®plying computional modelsthe SAM
domain of SAMD1 was identified as having a high potential to polymerize, as was lethal (3)
malignant brain tumour (L(3)mbtike 3 (LSMBTL3% member of the malignant brain tumour
(MBT) family of histone readers, among several oti{rsight et al., 2011; Meruelo & Bowie,
2009) Recent crystallography experiments with SAMIBA to analogous conclusions and
demonstrated the selassociation of SAMB3AM domains into pentameric circles. Additionally,
the SAMD1SAM domain contributesotthe efficient chromatin recruitment of the SAMBYH
domain and facilitates interactions with other SAM domegmtaining proteinssuch a$3MBTL3
and L3MBTLA4 (Stielow, Zhou, et al., 2021).
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While SAMD1 target sites are predominantly located at unmethylated-cG@ining
promoter sites in published genonwide studies, they vary significantly in an organismd cell
type-specific manner, depending on DNA methylation and CGI size, with only a small proportion
of overlapping genomic lo¢Bimon et al., 2022; Stielow, Zhou, et al., 2021). Overall, SAMD1 was
proposed to be a unique chromatin regulator and transcriptional repressor at target CGls in
interaction with the KDM1A demethylase cptax and SAM domain polymerization partners,
such as L3MBTI(Stielow, Simon, et al., 2021; Stielow, Zhou, et al., 2021, Tian et al., 2021).

ADi A e (JE*SuvE]}v pv E 8Z vu ~38Z E]Jv_ Jv iiid A]§Z]v §:
deciphering the mechanisms underlying atherosclerosis (Lees et al., 2005). One appearance in the
onset of atherosclerosis is the retention of laensity lipopradein (LDL) at susceptible sites of
the artery wall, initially resulting in the accumulation of leukocytes and platelets, followed by
immune cells and the formation of macrophages. These macrophages, in turn, ingest lipids and
evolveinto foam cells. Toge#r with vascular smooth muscle cels§MCyand proteoglycans,
the socalled atherosclerotic plaque is formed in the tunica intima, an elastic layer of the blood
vessel touching the endothelium (Lees et al., 2005; Tian et al., 2021). In this connection, SAMD1
was identified as an arterial wall protein, focally appearingliesclerotic lesions of the intima
and binding to LDL. Due to this exclusive expression of SAMDL1 in lesions and not in healthy
arteries and the extracellular localization in the athselerotic plaque, SAMD1 was attributed to
be a secreted protein with a pathological role in atherogenesis (Lees et al., 2005).

Subsequently, the involvement of dysregulated microRNA#RY, short singlestranded
noncoding RNAs, in the development of atherosclerosis was demonstrated. Screenings
emphasizedhat miR378cwassignificantly suppressed in atherosclergii@aques as well as in
the blood of acute coronary syndrome patients, while SAMD1 expression was upregulated in
these tissues. The hypothesis that SAMDL1 is a downstream target e 48dRwas raised, and
]v U JE 3§ ]vd E 35]}v A]3AMDIgei mag dérhodddratedh vitro (Tian
et al., 2021). Furthermore, SAMD1 was identifiech aslevant factor for VSMC proliferatiand
was demonstrably distributed in the cytoplasmic compartment, as well as in the nucleus and
membrane fraction of these cellén additionto its nuclear role in transcriptional regulation,
SAMDL1 located at the cell surface interacts with LDL and thus pronitstegtention in
atherosclerotic lesions and the formation of foam cells (Tian et al., 2021). The human family of
miR378 microRNApossessesa common seed sequence for mRNA targeting had been
implicatedin several diseasesuch aghe enhanced tumour invasiveness of glioma upon-miR
378 decrease (Tian et al., 202Thus,it is likely that SAMD1 mighilsobe involved in these
processes.

Coincidentally, experiments deciphering the role of SAMDL in carcinogenesis were performed,
focussingon the liver cancer cell line HepG2, due to the high expression of SAMD1 in
hepatocellular carcinoma (HCC). Here, a role in cell proliferatioralgasttributed to SAMD1
and the protein mainly localized to the nucleus, abundant in the nucleoplasm as well as in the
chromatinbound fraction (Simon et al., 2022). In HepG2 SAMD1 KO cells, specifically, a distinct
downregulation of MYC target genes watsserved, as well as an upregulation of PIK3IP1, a
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negative regulator of PI3K sigliag. Overall, the investigated gene expression changes upon
SAMDL1 depletion resulted in a more favourable gene signature of HepG2 cells, suptiating
oncogenic characteristics of SAMD1 in hepatocellular cells (Simon et al., 2022).

Furthermore the biological function of SAMD1 in mESCs was assessed in undirected
differentiation experiments. While the phenotype of SAMD1 KO cells did not vary from the wild
type control, deregulations in gene expression patterns became obvious with increasing cell
differentiation, correlating with aepressiveunction of SAMDL1 at its target genes. Interestingly,
immune systemand metabolisrmassociated pathways were downregulated upon SAMD1 KO,
while neural development and cardiac muscle contrach-associated pathways were
upregulated, drawing a manifold picture for SAMD1 function in biological processes (Stielow,
Zhou, et al., 2021).

One consistent direct binding partner and target of SAMD1 in a variety of investigated cell
types and biological processes is L3MBTL3 (Prestel et al., 2019; Simon et al., 2022; Stielow, Zhou,
et al., 2021; Viturawong et al., 2013). Upon SAMD1 depletL3MBTL3 is significantly
upregulated, supporting the notion that this occurs due to a derepression and potential
compensatory effects of L3MBTL3 for the loss of its interaction partner SAMD1 (Simon et al.,
2022). Furthermorethe SAMDL1 interaction paner KDM1A was shown to be recruited to
chromatin by L3MBTL3articularly to Notch target genes, leading to their transcriptional
repression (T. Xu et al., 2017). In this context, aterihinal domain (aa -b4) seems to be
required for the direct recruitment of L3MBTL3 to chromatin, further mediated by the interaction
with RBPJa Notch signalling regulator (T. Xu et al., 2017). Nevertheless, this does not exclude
indirectly facilitated recruitment mechanisms of L3MBTL3 through hetdigmmeric SAM
domaininteractions with SAMD1, further supported by the observatiorapproximately50%
abrogated L3MBTL3 chromatin binding upon SAMD1 KO in mESCs (Stielow, Zhou, et al., 2021).
Furthermore, the interaction of SAMD1 with L3MBTL3 and KDM1A and the ascertained
recruitment mechanisms of KDM1A to chromatin most likely contribute to the oeser
dysregulation of H3K4me2 levels at CpG islands in SAMD1 KO cells (Simon et al., 2022; Stielow,
Zhou, et al., 2021; T. Xu et al., 2017).

Overal] SAMDL likely has multifaceted biological roles, from pluripotent cell differentiation to
cancer development, differing strongly in chromatin recruitment between organisms and cell
types, but is largely involved in the modulation of chromatin and trapsonal repression of
target genes at unmethylated CGls. Major interactors are the demethylase KDM1A and
corepressoL3AMBTLISimon et al., 2022; Stielow, Zhou, et al., 2021; Tian et al., 2021).

3.2 Synopsis of results

In the publication presented here, we provide the first description of homozygous and
heterozygous SAMD1 knockout mice and their respective phenotypes in embryogenesis.
Furthermore, wildtype and SAMD1 knockout murine embryonic stem cells (MESCs) were used in
neural differentiation experirants to gain insights into the role of SAMDL1 in neurogenesis.
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Choosing a recombinatiemediated genetic engineering approach, we deleted the genomic
region containing all five coding exons of the SAMD1 gene and established C57BL/6J SAMD1
knockout mice (Figure 1a). SAMD1 gene expression was validated in mduyemimfibroblasts
(MEFs) isolated from genotypic SAMD1 vi§ide (WT), heterozygous (HET) and homozygous
knockout (KO) mice by RPCR (Figure 1c). Considering the expected genotypic Mendelian ratios
(2:2:1) of a litter, crossing of two heterozygous miesulted in deviant ratios, with visible
numbers of embryonic lethal and resorbed KO embryos between E12.5 and E14.5 (Supplementary
TableS1) and slightly reduced numbers of born HET foetuses (Supplemé@iatialgS2).When
WT micewere crossedavith HET mice, similarly aberrant ratios of SAMD1 HET mice were observed
(Supplementary table S3). Otherwise, HET mice were born alive and displayed no obvious
phenotypic alterations in comparison with WT mice. Abnormal phenotypes and dead SAMD1 KO
embryoswere first detected at embryonic day (E) 14.5 (Figure 1b). Phenotypic analyses at day
E14.5 revealed pink coloured amniotic fluid and a lack of blood vessels in the yolk sac of SAMD1
KO embryos in comparison to WT (Figure 1d). Furthermore, the knockout embryosisibhe
smaller, with a paler surface, an evident oedema covering their entire backside, as well as a
placenta less lined by blood vessels and weaker umbilical cord than theitypddopposite
(Figure 1e). SAMD1 KO embryos displayed a slight variehenbfypes Onespecimen at E15.5
had no cranial vault, exencephaly and a hypertrophic headditionally, it displayed several intact
blood vessels but also signs of a failing circulatory system (Figure 1f). The collapse of lymphatic
and blood vessels and resulting formationsobcutaneousedemawere consistently observed
in the investigated SAMD1 KO embryos. Using public gene transcription data (Davis et al., 2018;
Deng et al., 2014) in addition to isolated mMRNA ofWHE embryogresentedhere, we observed
high SAMDL1 expression at different stages of embryonic development and in various tissues,
including after birth (Figure 1g, h, Supplementary figure S1). These findings emphasize the
versatility ofthe biological contextsn whichSAMD1 is involved during embryogenesis and in
tissuespecific develpment.

The assessment of cellular defects in SAMD1 KO embryos at day E14.5 was largely obtained
by histological stains, including haematoxylin and eosin (H&E) as well as immunohistochemistry.
Sagittal sections of WT, HET and KO embryos were stained by ndiHisplayed severe
degradation of KO tissues, varying strongly from WT and HET, which were normally developed
and indistinguishable from each other (Figure 2, Supplementary figure S2). Inspecting the heart,
cardiac muscles had formed in the SAMD1 embyota tissue structure was barely perceivable
andthe atria, ventricle and other cardiac attributes appeared collapsed (Figure 2a). Similarly, the
structures otthe lung and liver were disintegrated in SAMD1 KO mice, bronchioles were decidedly
smaller (Figure 2b) and although right and left lobes had formed (Figure 2c), their size was also
smaller compared to WT. In none of these three orgaaee clusters of red blood cells (RBCs) in
their respective blood vessels observabtentrary to WT stains. We #refore suggest that
fragmentation and degradation of SAMD1 KO tissoesurreddue to an impaired circulatory
system.
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Since the main morphological features of SAMD1 KO mice at\&é&rebheir paleness of skin
(Figure 1e) and lack of RBCs (Figure 2), we sought to investigate the appearance of blood and
lymph vessels by immunohistochemistry stains of endothelial cells (ECs) using antibodies against
endothelial marker proteins CD31 (clustdrdifferentiation 31; PECAM1) and VEGFR2 (vascular
endothelial growth factor receptor 2) with haematoxylin counterstains. Sections of the skin
revealed RBCs in defined capillariegyure 3a, b) and blood vessels (Figure 3a, theidermis
and subcutaneous tissue of WT embryos, respectively, while SAMD1 Kiglkipedapparently
unorganized and scattered clusters of extravascular RBCs (Figurg &aminiscent of
microhaemorrhages. While CD3flainingin WT tissueshowedsurface staining of adjoined cells
indicative of capillaries (Figure 3d, e), staining in SAMD1 KO s$issuedfragmented lines and
appearedrather cytoplasmic or nucleic, suggestive of necrosis or phagosytosiddition the
epidermis of SAMD1 KO skin was severed from the remaining dermis and subcutaneous tissue in
these sections and therefore not included, very likely due to previously observed oedema
formation (Figure 1e)However, theepidermis was retained dhe skull and extremitieshence
we additionally stainedhe forepaws of SAMD1 KO mice. Here, too, aflw scattered clusters
of RBCs and nucleic CD31 stains of formerly connected ECs were apparent (Supplementary figure
S3). The discernible patins of RBCs and ECs in SAMDm&@eskin tissue suggest a previously
intact blood vessel system that functionally transported RBCs to the observed sections but failed
at a certain point of development and subsequently degraded.

Furthermore, we carried out a closer inspection of the blood vessel distribution in internal
organs, witha focus onthe lung (Figure 4&), liver (Figure 4d, e) and heart (Figure 5) in E14.5
SAMD1 KO specimen in comparison to WT. An overall lack of RBCs and ECs is evident in the three
tissues of SAMD1 KO mice, as well as integral structural degradation. Notably,-spapiid
VSMCs were visible adjacent to ECs in higher magnification microscopy pictures of lung and liver
blood vessels of WT animdsigure 4b, e; black arrows), which have previously laegmected
with SAMD1 and the formation @ilaquesin atherosclerotic lesions (Lees et al., 2005) and were
absent in SAMD1 KO animals. Marginal CD31 and VEGFR2 staining in lung and liver tissue was
mainly condensed to a nucleic distribution and therefore attributed to necrotic vessel wall ECs
(Figure 4bg, e; red arrows, Supplementary figure S4a)rthermore closeup sections of the
hearts of SAMD1 KO micevealeddistinct degradation of cardiac msale cells, epithelial cells
and endothelial cells (Figure 5. Examples of healthy versus degraded ECs in WT and SAMD1
KO coronary vessels, respectively, are indicated by black arrows (Figure 5b, c, e). Phagocytosis of
necrotic cells was also visualizey staininghe heart tissue of KO embryos (Supplementary figure
S4b). A pronounced difference was observed in sections of the pulmonary trunk, which
completelylackedintact RBCs amshowedno sign oV SMQlevelopment (Figure 5d, black arrow)
in SAMD1 ® mice suggesting that cardiac development was arrested before VSMC
differentiation. Overall, the blood vessel system of the studied internal orfzdlesl before E14.5
in SAMD1 KO mice, resultingaitack of oxygen supply and degradation of tissues.

Analyses of bone and skeletal muscle structure of WT and SAMD1 KO mice were performed
with rib tissue sections (Figure 6). While the general organization showed similarities (Figure 6a),
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closer examinations revealed that rib bones of SAMD1 KO mice were clearly ossifying with a high
percentage of hypertrophic chondrocytes in comparison to intact embryonic WT chondrocytes at
E14.5 (Figure 6b , Supplementary figure S4c). Moreover, mus@s VWilere detached and feeble
(Figure 6¢), in strong contrast to the WT situation. Where larger pools of RBCs were present in
the WT tissue, SAMD1 KO displayed only a few nucleated RBCs and immune cells (Figure 6d).
Overal] the observed defects are traceabto a failure of blood vessel maturation and RBC
delivery throughout SAMD1 KO tissues and a resulting hypoxia. Although hypoxia is essential for
the endochondral ossification of cartilage tissue in bone development (Schipani et al., 2001),
here, weobserved cleapremature ossification in SAMD1 KO rib bones at E14.5. For a better
overview, all detected phenotypic alterations in SAMD1 KO embryos lwestly summarized

(Table 1).

To gain deeper insights into the underlying molecular mechanisms of the observed
morphological defects in SAMBtkepleted embryos, we utilized previously published Rbédy
data of undirected differentiation of WT and SAMD1 KO mESCs (Stielow, Zhou, et al., 2021). This
approach relies on the functioof the cytokine LIF (leukaemia inhibitory factor) in maintaining
the pluripotency of mMESCs, and updeprivation, itdrives their differentiation in an undirected
manner, demonstrated by the formation of emywid bodies (EBs) that contain cells of all three
primary germ layers (Gao et al., 2014; Luckey et al., 2011). Multiple cellular pathways displayed
transcriptional alterations upon SAMD1 deletion at day seven of differentiation (Supplementary
figure S5).While pathwaysrelated to brain development such assynaptic assembly and
correlating geneswere derepressedin the course of differentiation in SAMD1 KO cells
(Supplementary figure Sba, b), pathways connected with angiogenesis were severely
downregulatel, as well as indicative factossich as?ecamlandVegfa which were consistently
lower in SAMD1 KO cetlgan inWT cells at all observed stages of differentiation (Supplementary
figure S5c¢, d). Moreover, pathways involved in cardiac chamber morphogenesis and development
and several connected transcription factors were upregulated upon SAMD1 KO mESC
differentiation (Supplementary figure S5e, f). These analyses support gai0®AMDL1 in the
regulation of neurogenesis, angiogenesis and cardiac developn@msidering the known
function of SAMD1 as a transcriptional repressor, we conclude that direct as well as indirect
effects mustparticipatein cellular dysregulation upon SAMD1 depletion.

In addition to thetranscriptional studiezonductedhere, other indications were presented
that SAMD1 might play a role in the development and function of neural cells, as wehasce
the invasiveness of gliom@tielow, Zhou, et al., 2021; Tian et al., 20HBnce, weanvestigated
the influence of SAMD1 on neurogenesis in a directed differentiation approach of mESCs.

During the lastdecades, varioug vitro cell culture protocols have been established and
published aiming for neural differentiation of cells extracted from embryonic brain tissue or stem
cells to circumvent limited cell numbers and working with embryonic tissueiva The
pluripotency and selfenewing capacities of mouse embryonic stem catt&E$COs initially
isolated from the inner cell mass (ICM) of blastocysts, render them an ideal cell model for the
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investigation of embryonic development (Gao et al., 2014; Luckey et al., 2011). Out of the ICM,
three definitive multipotent germ layers are formeshesoderm, endoderm, and ectoderm. The
definitive ectoderm gives rise to precursor cells of the neural ling&parberg et al., 2019).
Eventually, the brain is composed of neuronal and glial cell types that mature either to neurons
or oligodendrocytes and astrocytes, among others. These processes of neural differentiation, self
renewal and proliferation are ghly specified andinderlie epigenetic control (Salinas et al.,
2020). We hypothesized that SAMDL is likely involved in these mechanisnpsudicthatesin
cellular alterations during differentiation due to its established rol@akromatin modulator in
connection with KDM1A.

Here, we established a neural differentiation protocol from E14 mESC control and SAMD1 KO
cells (Figure 7b, Supplementary figure S6) (Stielow, Zhou, et al., 2021) to further elucidate SAMD1
function and necessity during neurogenegis.contrast to undirected differentiation, directed
differentiation in general requires the further addition of chemicals and growth factors. Neural
differentiation in particular is triggered by additivesch asetinoic acid (RA; or altans retinoic
acid, ATRA), fiblidast growth factor (FGE), N2 and B27 under serursfree conditions (Brewer
et al., 1993; Gao et al., 2014; Kim et al., 2009; J. Xu et al., 20E2applied threestep protocol
(Figure 7a) was adapted from Bibel et al. (2004), Conti et al. (2005) and Spiliotopoulos et al. (2009)
and comprised the followindirst, the formation of threedimensional EBs took place under LIF
removal conditionssecond the development of neural progenitor cells (NPCs) by the addition of
RA; andhird, the maturation to neronal cells under serusfiee conditions with N2 and B27
supplemented media (N2B27At the stage of EB formationwe observed a variety of
dysregulated genes (Figure 7c, Supplementary table S4). Of the observed SAMDL target genes,
L3mbtl3was particularly derepressed when SAMD1 was absent, in accordance with previous
publications (Simon et al., 2022; Stielow, Zhou, et al., 2021), whereas neural marker genes were
slightly downregulated at this early time point of unspecified differentiation, as was biswed
in the reanalysed transcriptional study (Supplementary figure S5b). Interestingly, genes related
to the cardiovascular system, especidllyh6 (Myosin6), a marker of cardiac muscle cells, were
strongly upregulated in SAMD1 KO cells, while pluripotency markers remained largely unaffected.
The subsequently established NPCs displayed no distinct morphological features between control
and SAMD1 KO cells (ndtosvn), but a slight increase in proliferative capacity was measured
(Figure 7d). During neurah differentiation, proceeding from NPCs, we monitored SAMD1
associated target genes, as well as markers for embryonic development and neural cekitypes
different time points (Figure 7elLonsistent withprevious observationghe expression levels of
SamdlandL3mbtl3continuoushydisplayed arinverse relationship in control and SAMD1 KO cells.
While Foxa2(hepatocytenuclear factor 2beta) andNes(nestin), marker genes for embryonic
endoderm development and for neural development and neural progenitor cells, respectively,
decrease, neuroispecific marker geng&ubb3(tubulin beta-3 chain) and astrocyte mark&fap
(glial fibrillary acidic protein) strongly increase, indicating generally successful neuronal
differentiation. In contrast tothe neuron and astrocytemarkers Tubb3 and Gfap the
oligodendrocyte markemoligodendrocytetranscription factor 1(Olig]) displays little alteration
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during differentiation. While Tubb3 mRNA expressi@asonly mildly different between control

and SAMD1 KO cells during neuronal differentiation (Figure 7€), representative
immunofluorescencetainingof the neuron marker Tujl (Tubb3) at day six of cellular transition
clearlydepictedan increasen the Tujl-positive signal in SAMD1 KO cells (Figure 7f). Furthermore,
immunofluorescence staining of differentiated SAMD1 KO and control cells for histone
modification H3K4me2 revealed visibly elevated H3K4me&dan the KO situation (Figure 7f).
Quantitative analysis of H3K4me2 levels at different stageghefneural differentiation
procedure displays a significant upregulation of the histone mark in SAMD1 KO cells correlating
with an increasing progression of cell development towards neurons (Figure 7g). Dysregulation of
the H3K4me2 mark upon SAMD1 deletion dsnsistent with previous observations in
undifferentiated mMESCs and most likelysults from an impairment of the direct SAMD1
interactor KDM1A (Stielo, Zhou, et al., 2021Dveral| the obtained datassuggesthat SAMD1
participatesin neural differentiation and is required for the proper function of the demethylase
KDMU1A during this process.

Finally, we focussed on the effects of a heterozygous SAMD1 deletion in the investigated
animal model. Although SAMD1 HET mice were born alive and morphological stains at E14.5 were
indistinguishable from WT mice (Supplementary figure S2), statigmaotyping analyses at
postnatal (P) day 21 revealed negatively diverging numbers of expected Mendelian ratios of
SAMD1 HET to WT animals (Supplementary table S2, S3). To assess potential phenotypes related
to nutrition and metabolism, we monitored keyolly measures of HET mice under several
conditions. Already under regular diet conditions, HET mice generally weighed less than WT
animals (Figure 8a). Additionally, they were less prone to gain weight undefatigtet (HFD;

60% fat by kcal) conditions over the time frame of 15 weeks (Figure 8b) and developed less
adiposetissue (Figure 8c) than WT animals. Accordingly, oral glucose tolerance @GiET
revealed more effective glucose disposal and decreased fasted glucose levels affeetHir®

in HE mice (Figure 8d, e), as well as distinctly reduced insulin levels during and afteeHiRD

in HET mice compared to Wice (Figure 8f, g). Analyses of cholesterol distributions in HET and
WT animals exhibited a pronounced reductionHDL (higkdensity lipoprotein) and a slight
increasein VLDL (very lowensity lipoprotein) and LDL in HET animals after HFD (Figure 8h).
Related to these alterations in lipid metabolism, steroid hormone expression in HET mice was
altered, as angiotensin |l, testosterone, corticosterone and aldosterone were generally
upregulated compared to WT mice (Figure 8i). It is likely that the reduced tveigth
development of fat depots arise due to aberrant steroidogenesis in HET animals. Overall,
embryogenesis in heterozygous SAMD1 KO mice was not affected, but a phenotype of
metabolismrelated defects was observed in HET aninfiadba highfat diet, resulting in their
impaired developmental capacity.

In conclusion,in vivo experiments attestto an essential function of SAMD1 for proper
embryogenesisand loss results in severe organ degradation prior to E14.5 due to hypoxia caused
by functionally deficient blood vessel maturation and a failing circulatory system. Heterozygous
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SAMD1 knockout mice were born alive bshowed signs of aberrant metabolism and
steroidogenesis. Furthermord vitro studiesrevealedimpaired directed neural differentiation
of mMESCs upon SAMD1 deletion.

3.3 DISCUSSION

To date only a limited number of publicatiofmavespecificallynvestigatedhe role of SAMD1
in diverse biological contexts, leaving a wide range of potential future prospects in scientific
research. Here, weresent the first characterization of SAMD1 KO mice and their severe
phenotypic defects during embryogenesis. The degraded morphology of tissues in SAMD1 KO
embryos and a directed differentiation approach of mMESCs indicate particular roles of SAMDL1 in
the developnental processes of angiogengscardiogenesis and neurogenesis (Figures 3, 5, 7,
Supplementary figure S5).

The presented characterization of SAMD1 KO mice mainly relies on histological tissue
analyses. We report a definitive degradation and lack of endothelial cells and thereby directly
connected failure and fragmentation of the circulatory system in sgviaternal organs (Figures
3, 4, 5). Therefore, we attribute a developmental and regulatory role in angiogenesis and
potentially also arteriogenesis to SAMDa,additionto the previously known localization to
atherosclerotic lesions and involvementtire formation ofplaques(Lees et al., 2005). While the
endogenous detection of SAMD1 using immunohistochemistry would have been a valuable
addition to the presented data, the perfunctory observation that VSMCs were completely absent
at distinctive sitesuch aghe pulmonary trunk (Figure 5d) is in line with a previous publication
that determined a role of SAMDL1 in the proliferation of VSMCs (Tian et al., 2021). Inconveniently,
no other celspecific marker proteins were investigated in the presented logical study,
except forthe endothelial markers CD31 and VEGFRZ2, thus providing an incomplete picture of
the underlying mechanisms of organ degradation, other than failure of the circulatory system and
the resulting oxygen and nutrient deprivation.

Interestingly, features of the observed phenotype of SAMD1 KO embryos at day E14.5 strongly
resemble previous reports of KAT6A KO embryos at the same developmental stdlge, in
appearanceof subcutaneous oedema, haemorrhaging and deficient liver development (Figure
1d, e, 2c, 3ajKatsumoto et al., 2006)n addition abrogation of SAMD1 or KAT&ffectsheart
and blood vessel maturation, including observed defects in pulmonary trunk (Figure 2a, 3) and
aortic arch developmengVoss et al., 2012)espectively, implying vital roles in angiogenesis and
development of the cardiovascular system for both proteins. In this context, it was previously
demonstrated that the facilitation of H3K9ac through KAT6A is significant for the active
transcription d the Tbxlgene locus, in contrast to other loci regulating heart developni&ioss
et al., 2012) Comparative ChIP data of cardiovascular SAMD1 KO and KAT6A KO cellbxdt the
locus and other genessuch asGata4 or Thx5 could provide insight intdhe collaborative or
exclusive nature of SAMD1 and KAT6A functidhanranscriptional regulation of cardiogenesis.
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Although macroscale pictures of H&S&taining and closer inspection of embryonic
development inthe heart, lung and liver were obtained in WT, heterozygous and homozygous
SAMD1 KO mice at day E14.5 (Figure 2, Supplementary figure S2), a similar procedure was not
undertaken with sections of the brain. Here, only brain sections of the cerebral cortexTof HE
animals were presented (Supplementary figure S2), whiahall other organs at this stagsere
potentially indistinguishable from WT sections,tlmo comparable samples of homozygous KO
brain tissuesare shown. Considering the fidicale images of SAMD1 KO embryos at E14.5 and
E15.5 (Figure 1fj and their depicted phenotype of exencephaly and craniofacial defects, among
others, histological sections and H&E stains of different regions of the brain \waukl been
another worthwhile addition.In additionto a morphological characterization of SAMD1 KO
neuroanatomy, further elaboration of endothelial cells and blood vessel development in the
brains of these animals would be of interest. Specifically, ECs in the brain have a particular
function in the formation of the bloodbrain barrier to prevent the passage of pathogens or
potentially neurotoxic components (Z. Zhao et al., 2015). Therefore, other or more severe defects
could arise in thebrainsof SAMD1 KO embryas additionto the fragmentation and cellular
degradation that was observed in other tissues and internal organs.

Differentiation of mMESCs by the formation of embryoid bodies imitates embryonic
development in arin vitro approach and has comparable features to murine blastocysts. They
have the potential to differentiate in a directed manner towards mesoderm, endoderm or
ectoderm lineages by the application of appropriate cytokines and other growth factors.
Nevertheless, te development of such protocols took many years of extensive reseanch
optimization of methods for neural ectoderm differentiation was nedddue to rather
heterogeneougpopulations of neural cells and early cell death (Bibel et al., 2004; Keller, 2005).
Here, we implemented a protocol established by Bibel et al. (2004) to achieve homogenous
populations of neural precursor cells after embryoid body formation and treatwéht RA that
have a high capacity to become neurons. Subsequdmigpplying a monolayer approach, we
prompted neural commitment of these mE8€rived NPCs by supplyitige specified medium
with N-2 and B27 as well aghe growth factors EGF, F&rand BDNF for optimal preservation of
cell viability and maturation of neurons (Spiliotopoulos et al., 2009). Indeed, as was observable
with the measurement of marker genes at various time points of neuronal differentiation (Figure
7e),the neuron markefMubb3gradually increased over timbut even so and to a stronger extent
did the astrocyte markerGfap contrary tothe expected ratios. Interestingly, differentiation
towards oligodendrocytes was not triggered, indicating therfation of a mixture of neuronal
and astroglialfates. Potentially, a decrease or removal of EGF would have resulted in purer
populations of neuronal cells, as was observed by Conti et al. (2005) for NPCs derived from
neurospheres. Although only slight differences in gene expression were observed between WT
and SAMD1 KO cells, immunohistochemistry staining of neuronal differentiation at a later stage
revealeda highly abundant signal in SAMD1 KO cells and visibly matured neurons in contrast to
WTcells(Figue 7f). Therefore, SAMD1 may have a repressive or controlling function in neuronal
differentiation, and a knockout leads to aberrant progression of neuronal maturation. A genome
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wide transcriptome analysis at this stage would certainly be interesting to further discern changes
in gene expression upon SAMD1 KO and characterize its impact on neural cell fate and
differentiation potential.

Considering the phenotype of SAMD1 KO embryos in heart development and deregulated
pathways connectedo angiogenesis and cardiac morphogenesisramscriptional studies of
differentiated mESCs (Figure 2a, 5, Supplementary figure)S&aother intriguingin vitro
approach might be differentiation towards specialized cells of the cardiovascular system derived
from the definitive mesoderm germ layer. For example, endothelial cells or cardiomyocytes have
already been successfully differentiated frommhan or murine embryonic stem cells (Jiang et al.,
2012; Yamashita, 2007). These investigations could further decipher the role of SAMD1 during
cell differentiation processes and unravel cell tgpecific differences and similaritieslineage
commitment.

Determination of global H3K4me2 expression revealed increasingly upregulated levels in
SAMDL1 KO cells with progression of neuronal differentiation (Figure 7f, g). These observations
strongly concur with previous observations in mESCs, where CGIBIg}&me2signalsupon
SAMDL1 deletion (Stielow, Zhou, et al., 202h)contrast a SAMD1 knockout in HepG2 cells
displays negatively dysregulated H3K4me2 expression, although local effects vary at enhancer
and promoter sitesthat are either up or downreguated, respectively (Simon et al., 2022).
Accordingly, SAMD1 deletion affects the chromatin landscape in an orgaaigincell type
specific manner. Further explorations at which sites H3K4me2 is mainly affected in the SAMD1
KO neural cells and comparisons with CBHe| data of mMESCs would be interesting to determine
changes in CGI occupancy during differentiation, as well as othtenéisnarks like H3K4me3.

The significance of histone methyltransferases SETD1 and MLL1/2 or EZH2 for the facilitation of
H3Kdme3 or H4K27m3, respectively, for cell differentiation in general and for proper
neurogenesis in particuldrasalready been determined (Berry et al., 2020; Salinas et al., 2020).
Potentially, the histone demethylase KDM1A and, by association, SAMD1 have a similar function
in chromatin modulation during differentiation through the regulation of H3K4me2 levelsd aki

a closer look at SETD1, its complex member CFP1 (CXXC1) mediates recruitment to unmethylated
CpGrich chromatin sites, and a loss of CFP1lltesn a significant decreage H3K4me3 levels at
CGlgThomson et al., 2010). This chromatin binding mode and indirect interference with the H3K4
methylation status of CFP1esas reminiscentf SAMD1. Genomwide data furthersupportan
association of SAMD1 with CFP1 and H3K4me3, among others, at active CpG islands (Stielow,
Zhou, et al., 2021), suggestive of complementary or cooperative roles of CFP1 and SAMD1 at
promoter sites.

In addition to the influence of SAMD1 on chromatin regulation and differentiation,
proliferation assaysevealedenhanced viability of SAMD1 KO NPCs compared to control cells
(Figure 7d). As observed before, cell tgpeecific differences occur in the proliferation of SAMD1
KO cells between NPCs and HepG2 cells, which show slightly less proliferative tendencies than
their respective controls (Simon et al., 2022). In contrast, undifferentiated SAMD1 KO mESCs
display no aerrant proliferation(Stielow et al., 2021)Cell cycle analyses of undifferentiated and
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differentiated SAMD1 KO mESCs by flow cytometry could provide a potential tool to further
investigate the impact of SAMD1 on distinct cell cycle phases and the functional and
developmental implications thereof.

Finally, it would be highly interesting to investigate the role of the two defined globular
SAMD1 domains in cell differentiation gnchore particularly, in the context of neural
differentiation. While the SAMDWH domain was shown to bind to unmethylated Gtk DNA
and facilitate interaction with KDM1A, the SAMBAM domain has the ability to homand
hetero-oligomerize with other SAM domains (Stielow, Zhou, et al., 2021). To discern their
involvement in this developmental process and the deperoyemn their respective chromatin or
protein-protein interactions thereof, one potential approach could be rescue experiments with
ectopic }A E A% E *+]}v }( * D i Pt, v P*D }u]v }ve3EHW S Jv u " '
followed by neural differentiation.

Overall SAMD1 has various associatiwrith different diseases and developmental processes.
While initial characterizations proposed a secreted extracellular localization of SAMD1 in
atherosclerotic lesions (Lees et al., 2005), later studies proved an intracellular localization in all
compartments from cytoplasm to membrane, nucleoplasm, andrmatin-bound fractions, with
strong implications as a repressor of transcriptional regulation (Stielow, Zhou, et al., 2021; Tian
et al., 2021). Although recent yeafsave recorded substantially increased numbers of
publications seeking to decipher the malgar structure and epigenetic function of SAMDL1 in
particular cellular contexts, many aspects remain to be uncovered. The above presented study
provides the first description of SAMD1 abrogation in mice and demonstrates the fatal
consequences on embryonidevelopment and tissue integrity. Moreover, a directed
differentiation approach of mESCs displays dysregulated aspects of neurogenesis upon SAMD1
depletion, further indicating the role of SAMD1 during cell development.

3.4 Contribution statement

I have made the following contributions to this project:

x Establishment of a neural differentiation protocol from mESCs to neural precursor cells
(NPCs) using an embryoid body (EB) approach.

x Implementation of a protocol for the subsequent differentiation of NiR@sneuronal cells.

X Analysis of differentiated SAMD1 KO and control cells at distinct stages by
immunofluorescence, western blot, proliferation assays andqRCR, as well as the
assessment of statisticaignificanceas presented in Figure 7.

X Preparation of the manuscript
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Summary
4. SUMMARY

This thesis addresses the functions of two transcriptional regulators; histone acetyltransferase
and transcriptional activator KAT6A (MOZ), and transcriptional repressor SAMD1 (Atherin), in
their respective molecular and cell tyyspecific roles.

Firstly, we identified a novel winged helix domain at theeNninal end of KAT6A agslistinct
feature of thepreviouslydescribed NEMM (ferminal part of Enok, MOZ or MORF) domain, a
homologous region with other histone acetyltransferasdis KAT6A WH1 domain possesses a
DNArecognition motif, directly recruiting KAT6A to unmethylated €@G DNA. Analyses of
genomewide ectopic KAT6A binding sites in HEK293 cells revealed a high correlation with
unmethylated CpG islands (CGls), partidylavith CGIls associated with active promoters,
decorated with the histone marks H3K4me3 and H3K9ac. We demonstrated that KAT6A WHL1 is
necessary for the observed recruitment to CGls, but by itself not sufficient and dependent on
KAT6A WH2 and DPF domains for atife KAT6ACGI interactions. Indeed, mutations of the
KAT6A WH1 domain caused a complete abrogation of KAT6A binding to CGls, but increased the
binding to gene body regions at a subset of target genes, indicating that recruitment mechanisms
to these sitesare independent of KAT6A WHL1. This study, for the first time, demonstrates a direct
chromatin recruitment mechanism of a histone acetyltransferase. Moreover, it provides new and
more detailed insights into KAT6A chromatin recognition tanget site association to facilitate
histone acetylation and enforce transcription control

Secondly, we morphologically characterized homozygous and heterozygous SAMD1 knockout
(KO) mouse embryos and their respective phenotypes in embryogenesis. The homozygous
deletion of SAMD1 was embryonic lethal, while heterozygous SAMD1 KO mice weladibe.

At embryonic day E14.5 severe degradation of internal organs and formation of subcutaneous
oedema were visible in SAMD1 KO embryos, most likely due to disturbed blood vessel maturation
and resulting hypoxiaThe observed defects led to the corgibn that SAMDL1 is required for
functional angiogenesis and the development of the cardiovascular system. Furthermore,
craniofacial defects upon SAMD1 KO indicated malfunctions in head and brain development.
gain further insight into the role of SAMD1 during neurogenesis, we established a directed neural
differentiation approach of murine embryonic stem cells (MESEas@riptional dysregulation

and the global increase of H3K4me2 were observed in SAMD1 KO cells during this process, further
supporting afunctional role of SAMDL1 in neural cell development.

Overall, this study sheds light on the underlying molecular mechanism of KAT6A binding to
chromatin and emphasizes the similarities of KAT6A WH1 to the previously described
homologous SAMD1 WH domain, which directly interacts with unmethylated @&fadilitates
transcription regulation, as well. Both KAT6A and SAMD1 are involved in a variety of
developmental processes and dysregulations are associated with cellular abnormalities and the
onset of cancer.
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Zusammenfassung
5. USAMMENFASSUNG

Diese Dissertation befasst sich mit den Funktionen zweier Transkriptionsregulatoren;
Histonacetyltransferase und Transkriptionsaktivator KAT6A (MOZ) sowie Transkriptionsrepressor
SAMDL1 (Atherin) in ihren jeweiligen molekularen und zelltypspezifiseheammenhangen.

Zun&chst identifizierten wir eine neuartige Wingedlix Doméne amf€rminalen Ende von
KATB6A als eigenstandiges Merkmal der zuvor beschriebenen NEMM Dormtenmifler Teil
von Enok, MOZ oder MORF), einer homologen Region mit weiteren Histpitacetferasen.

Diese KAT6M/H1 Doméne besitzt ein DN&kennungsmotiv, das KAT6A direkt an unmethylierte
CpGreiche DNA rekrutiert. Die Analyse genomweiter Bindestellen ektopischen KAT6AS in
HEK29Zellen ergaben eine starke Korrelation mit unmethyliert&@pGinseln (CGIs),
insbesondere mit CGls, die mit aktiven Promotoren assoziiert sind, gekennzeichnet von den
Histonmodifizierungen H3K4me3 und H3K9ac. Wir haben gezeigt, dass-WAIIGAIr die
beobachtete Rekrutierung zu CGls zwar notwendig, aber algihéausreichend ist. Die KAT6A
WH2 und-DPF Domanen unterstitzen die wirksame Interaktion von KATBA mit CGIs.
Tatsachlich verursachten Mutationen der KATWAL1 Domane eine vollstandige Aufhebung der
KAT6ABindung an CGls, erhohten jedoch die Bindwarg Genkdrperregionen bei einer
Untergruppe von Zielgenen, was darauf hindeutet, dass die Rekrutierungsmechanismen an
diesen Stellen unabhangig von KAMAL sind. Diese Studie zeigt erstmalig die direkte Bindung
einer Histonacetyltransferase mit Chromatewuf, und bietet dariber hinaus neue und
detailliertere Einblicke in die KAT6A Erkennung von Chromatin und dessen Zielgenassoziation,
essentielle Mechanismen fir die charakteristische Funktion von KAT6A in Histonacetylierung und
Transkriptionskontrolle.

Zweitens haben wir homozygote und heterozygote SAMDackout (KO) Mausembryonen
und ihre spezifischen Ph&notypen wahrend der Embryogenese morphologisch charakterisiert. Die
homozygote Deletion von SAMD1 war embryonal letal, wahrend heterozygot®$KKd Mause
lebend geboren wurden. Am Embryonaltag E14.5 waren bei SAMDEmMbryonen eine schwere
Schadigung der inneren Organe und die Bildung subkutaner Odeme sichtbar,
hochstwahrscheinlich aufgrund einer gestérten Reifung der Blutgefal3e und daraliereader
Hypoxie. Die beobachteten Defekte fuihrten zu der Schlussfolgerung, dass SAMD1 fur die
funktionelle Angiogenese und die Entwicklung des HeeislaufSystems erforderlich ist.
Dartber hinaus deuteten kraniofaziale Defekte bei SAMDIEmbryoneauf Fehlfunktionen der
Kopt und Gehirnentwicklung hin. Um weitere Einblicke in die Rolle von SAMD1 wahrend der
Neurogenese zu gewinnen, etablierten wir eine Methode zur gezielten neuronalen
Differenzierung muriner embryonaler Stammzellen (MESCs). Wéakiesels Prozesses wurden
in SAMDIKO Zellen transkriptionelle Dysregulationen und der globale Anstieg von H3K4me2
beobachtet, was die funktionelle Rolle von SAMD1 wahrend der Entwicklung neuronaler Zellen
weiter unterstutzt.

Insgesamt bietet diese Studie Einblicke in die zugrunde liegenden molekularen Mechanismen
der KAT6Mindung an Chromatin und betont die Ahnlichkeiten von KAWG#L mit der zuvor
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beschriebenen homologen SAMBMH Domane, die ebenfalls direkt mit unmethylierten CGls
interagiert und zur Transkriptionsregulation beitragt. Sowohl KAT6A als auch SAMDL sind an einer
Vielzahl von Entwicklungsprozessen beteiligt und Fehlregulationen wentenzellularen
Anomalien und der Entstehung von Krebs in Verbindung gebracht.
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ABSTRACT

The lysine acetyltransferase KAT6A (MOZ, MYST?3)
belongs to the MYST family of chromatin regula-
tors, facilitating histone acetylation. Dysregulation of
KATG6A 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 ngers, 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 speci cally
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 CGls. In contrast, deletion of a second WH domain
or the histone tail binding PHD ngers only subtly
in uences the binding of KAT6A to CGls. 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 Acetyl transferase 6A, also named
MYST3 and MOZ (Monocytic leukemic zinc- nger)] and
KATG6B [Lysine Acetyltransferase 6B, also named MYST4
and MORF (Monocytic leukemia zinc nger protein-
related factor)] are related proteins that belong to the
MYST family of histone acetyltransferases {). KAT6A was
rst identi ed as fusion partner of CBP in the context of
acute myeloid leukemia ), while KAT6B was later identi-
ed 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 nger (DPF), the HAT
domain and a long unstructured C-terminal region, which
can be further subdivided into a glutamatéaspartate- and
a seriné 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%) 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 cells78). In contrast,
KAT6B-de cient 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 diseasesl(1,12). Experiments in zebra sh 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 syndromes, also known as Arboleda-
Tham Syndrome (ARTHS) (15...2)7 which is considered a
rare genetic disease with currently fewer than 500 identi ed
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 BRPF12/ 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 (1) and en-
zymatic activity (12). In addition, KAT6A has also been
shown to interact with sequence-speci ¢ 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...2¢
The HOX gene clusters are predominantly regulated by
Polycomb group proteins (PcG) and are critical for devel-
opmental processes8). 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)20,30), pointing to a
possible link of KAT6A to the Polycomb system. Since no
DNA binding domain has been identi ed 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 Il ( 11).

CpG islands (CGls) are locations in the genome that are
characterized by the accumulation of CpG dinucleotides
(31). CGls are found at most gene promoters and are ei-
ther in a methylated or unmethylated DNA state. Methy-
lated CGls are typically transcriptionally silenced 81). In
contrast, unmethylated CGlIs are in a more active state
and are modulated in their activity by specic proteins

that recognize unmethylated CpG motifs. Many of those
proteins, such as CXXC1, are part of larger protein com-
plexes that facilitate gene activation32). On the other hand,
KDM2B and mammalian Polycomb-like proteins are asso-
ciated with Polycomb repressive complexes and are involved
in gene repression33...36 Recently, we identi ed the SAM
domain-containing protein 1 (SAMD1) as another protein
that speci cally binds to unmethylated CpG motifs (36,37).
SAMDL1 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 speci cally 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
KATG6A as a histone acetyltransferase that possesses a spe-
ci ¢ DNA binding function, allowing its direct recruitment
to unmethylated CpG islands.

MATERIALS AND METHODS
Protein expression and puri cation

The open reading frame of human KAT6A WH1 was chem-
ically synthesized with codon optimization for ef cient 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 tHescherichia
coli Rosetta (DE3) strain. The cells were shaken at 3T
until the OD ggg reached 1.0, and then cooled at 20C for
around an hour before 0.2 mM IPTG was added to induce
expression overnight. Cells were collected by centrifugation
at 5000x g for 10 min. Cell pellets were resuspended with
the initial buffer (20 mM Tris at pH 7.0, 500 mM NacCl
and 20 mM imidazole) and sonicated at 4C for around 5
min. The supernatant was pooled by centrifuging the cell
lysate at 18 000x 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-speci ¢ protease 1 (ULP1) at 4C 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 ow 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 puri ed by a HiLoad 200
16/ 600 gel ltration column equilibrated with the low salt
buffer. After gel ltration, 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 puri cation. Target protein
was separated by increasing the NaCl concentration of the
low salt buffer (20 mM Tris-pH 7.0, 200 mM NacCl, 2 mM
DTT) from 100 mM to 1 M through a linear gradient. After
these puri cation steps, the target protein was concentrated
to 20 mg ml and was stored in aS80 C freezer.

All mutations of KAT6A WH1 were generated by PCR-

based methods and subcloned into a hexahistidine-SUMO...

tagged pRSFDuet-1 vector. The puri cation steps of these
mutants were similarly to wild-type protein, except that for
some mutants, the puri cation 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. coli Rosetta (DE3) strain.
The puri cation procedures of both proteins were similar to
KAT6A WHL1.

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 20C. Crystals were ash-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 BL18UL1 in
China at the wavelength of 0.9793A\. 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 re ned
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(Il) chloride hexahydrate,
0.1 M HEPES sodium pH 7.0, 12% wv polyethylene gly-
col 3350 at 20C. Crystals were ash-frozen in the cryopro-
tectant with the crystallization buffer containing 8% 2,3-
butanediol. Datasets for the human KAT6A WHZ1/DNA
complex crystals were collected at the Shanghai Syn-
chrotron Radiation Facility (SSRF) beamline BL19UL1 in
China at the wavelength of 0.9797A. 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

Nucleic Acids Research, 20223

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

Gel Itration analysis

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

Isothermal titration calorimetric measurement

Calorimetric experiments were carried out at 20C with
a MicroCal iTC200 instrument. Puri ed 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 tted 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 Scienti c: #88871). GST-fusion proteins
were expressed using the 1-Step Human Coupled IVT Kit
(ThermoFisher Scientic). Expressed protein concentra-
tions were estimated from anti-GST Western blots. Sub-
sequently, custom-designed eall-10mere universal oligonu-
cleotide arrays in 8x 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 nal 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 quanti cation, 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
coef cient and signi cance 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-
beccoess modi ed Eagless medium (DMEM) and Gluta-
MAX (Gibco; 61965-026), 15% Fetal Bovine Serum (FBS)
(Merck; F7524) 1x nonessential amino acids (Gibco;
11140-035), % sodium pyruvate (Gibco; 11160...039),
1x 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 x nonessential amino
acids, Ix penicillin/ streptomycin, transfected with pCAG-
hLIF plasmid using polyethylenimine (PEI) reagent (Poly-
sciences; 23966). Medium containing secreted hLIF was
collected and lter-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 con rmed
the knockout.

Human embryonic kidney...293 (HEK293) cells were
cultured with DMEM /F-12 (Gibco, 31331-028), supple-
mented with 10% FBS and ¥ 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

o/ ml puromycin. Following modi ed KAT6A constructs
were used:

KATBA WH1 mut K24A [Q24A
KATBA HAT mut Q654E | GB57E (41)
KATBA WH1 only 1...85

KAT6A WH1-WH2 1...181

KATBA WH1-DPF 1...324

KATBA WH1-HAT 1...785

KAT6A  WH2 94...171

KAT6A DPF 205...313

Antibodies

The following antibodies were used:

Anti-KAT6A (MYST3) Af nity 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 sCc-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 abl1791

Nuclear extract preparation

To obtain nuclear extract, the cytoplasmic fraction was re-
moved by incubating harvested cells for 10 min at 4Z in low
salt buffer (10 mM HEPES/ KOH pH 7.9, 10 mM KClI, 1.5
mM MgCl2, 1 x 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 MgCI2, 0.2
mM EDTA, 20% glycerol, 1x 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 Cellse (Thermo
Fisher Scienti c; 78840) according to the manufactureres 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 1x 1C® cells with NP-40 lysis buffer
(20 mM Tris...HCI, pH 7.6, 300 mM KCI, 12.5 mM MgCl,,
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 mID, 1.6 m C18, lonOpticks)
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with a 50-min gradient from 2 to 37% acetonitrile in 0.1%
formic acid. The efuent 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 (fromm/ z 375...1600) were acquired with resolution
R = 60 000 atm/z 400 (AGC target of 3 x 106). The
10 most intense peptide ions with charge states between
2 and 5 were sequentially isolated to a target value of
1 x 10°, and fragmented at 27% normalized collision
energy. Typical mass spectrometric conditions were: spray
voltage, 1.5 kV; no sheath and auxiliary gas ow; heated
capillary temperature, 250C; 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 P00000564Hsapiens20191126.fasta;
MS tol, 10 ppm; MS/MS tol, 20 ppm Da; peptide FDR,
0.1; protein FDR, 0.01 min. peptide length, 7; variable
modi cations, oxidation (M); xed modi cations, car-
bamidomethyl (C); peptides for protein quantitation, razor
and unique; min. peptides, 1; min. ratio count, 2. results
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plates) and cultured for 7 days. Afterwards, the cells were
washed once with PBS and xed 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 dH,O 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 @3), followed by a chromatin immunoprecipitation
using a FLAG antibody and gPCR.

RT-gPCR and RNA-seq

For RNA isolation, cells were cultivated on 6-well plates
up to 80...100% con uency. RNA was prepared using the
RNeasy Mini Kit (Qiagen; 74004) according to the manu-

were analyzed in Perseus 1.6.15.0. The processed MS data 5ctyrerss manual; including an on-column DNA digest (Qi-

are available as Supplementary Table S4.

Immuno uorescence staining

HEK?293 and mouse ES cells were seeded on 0.2% gelatin-
coated coverslips. Cells were xed with 4% formaldehyde
(w/v), methanol-free (Thermo Fisher Scienti c; 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 Scienti c; 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 1x 10 cells per well. The cell viability
was determined 1, 3 and 6 days after seeding using MTT as-
say by adding 90 | 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 lysis buffer
(80% isopropanol, 10% 1 M HCI, 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 (1x 10° cells per well on 6-well

agen; 79254).

The PrimeScript RT Reagent Kit (TaKaRa; RR037A)
was used to transcribe mRNA into cDNA according to the
manufacturerss 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-gPCR.

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 quanti ed on a Bio-
analyzer (Agilent Technologies). Next-generation sequenc-
ing was performed on lllumina HiSeq1500 or NextSeq550.

Chromatin immunoprecipitation

Chromatin-immunoprecipitation (ChIP) was performed in
accordance with the Fast ChIP protocol @4) using an-
tibodies described above. ChIP-gPCRs with gene-speci ¢
primers (Supplementary Table S2) were performed using
the MyTaq PCR reagent (Bioline) in the presence of 0.1x
SYBR Green (Molecular Probes). For ChlP-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 puri ed 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 puri ed and size-selected by AMPure magnetic
beads (Beckman) and quanti ed on a Bioanalyzer (Agi-
lent). Next-generation sequencing was performed on lIllu-
mina NextSeq 550.
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Bioinformatics analysis

ChIP-Seq data were aligned to the human genome hg38 us-

ing Bowtie (45). Bigwig les, heatmaps and binding pro-
les were created using samtools and DeepToolgl6). 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 identi ed using HOMER (50). Genomic occurrences
of palindromic CCGNCGG motifs (and variants) were
determined via HOMER (escanMotifGenomeWide«)(50).
ChIP-Seq tracks were visualized using the UCSC browser
(51). Promoter de nition 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 DESeq?2 (2.11.40.634). Genes with
an at least 0.75-fold (log) difference and aP-value below

0.01 were considered differentially expressed genes. Gene

set enrichment analysis (GSEA)%5) was performed with
standard settings.

The following public datasets for HEK293 cells
were used: CIRA-Seq: DRR186438 11); WGBS:
GSM3791391 §6); H3K4me3: GSM1249885 §7);
H3K4me2: GSM1249886 £7); H3K4mel: GSM2711410
(58); RNA Polymerase Il: GSM3073973 69); PCGF6:
ERR2103747 60), E2F6: ERR2103744 60), L3MBTL2:
ERR2103745 60); RNA-Seq: DRR065497 (11). The GC
content was downloaded from the UCSC genome browser
(le name: hg38.gc5Base.bw)31)

RESULTS

KATG6A 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 nger (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-
ci ¢ 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-de ned globular domains at the N-terminus (Figure
1A...C), re ecting 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.

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 (Figuré,
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-
ed in the KAT6A homolog of the freshwater polyp ( hy-
dra vulgarig (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
domainse @6). 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 SAMDL1 directly interacts with unmethy-
lated CpG maotifs, which is important for the recruitment
of SAMD1 to CGls ( 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 ef ciently 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 89),
which con rmed 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-

Since both domains are characterized by three alpha-helices ments we could not detect any 8-mer with an E-score higher

and two beta-sheets, each, typical for winged-helix (WH)
domains (Figure 1B) (66), we named these two domains

than 0.45, suggesting little or no sequence-speci c 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, re ecting the NEMM.
DPF = double PHD nger. See also Supplementary Figure S1K) AlphaFold predicted structure of WH1 and WH2 of KAT6A. ( C) Domain structure of
KAT6A based on AlphaFold prediction. ( D) Phylogenetic tree of WH1 domains with related domains in SAMD1 and ZMYND11. (E) Sequence alignment
of the domains from (D). Amino acids that are important for the DNA binding of the WH domain of SAMD1 ( 36) are underlined. ) 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 speci city 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 (FigurdlG, Supplementary Figure
S2C, Table S3), suggesting that WHL1 is the major domain
responsible for the recognition of CpG-rich DNA motifs.

KAT6A WH1 speci cally 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 1.2\ (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 WHL1 recognizes the major groove of
the DNA molecule mainly through the 1 helix. The C-
terminal end ofthe 1 helix inserts into the CpG-containing
major groove and makes sequence-speci c 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 GIn23
and Lys24 of KAT6A (Figure 2B), respectively. In addi-
tion, the C7 base is also recognized by GIn25 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 de 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
orange. B) Details of the major groove recognition by KAT6A WHL1. ( C) A schematic representation of the interactions between KAT6A WH1 and CpG-
containing DNA. ( D) Minor groove recognition by KAT6A WHL1. ( E) EMSA results of KAT6A WH1 with wild-type or CpG-mutated DNA molecules.
Numbers indicate molar ratio. (F) EMSA results of KAT6A WH1 with unmethylated or methylated CpG-containing DNAs. Numbers indicate molar
ratio. (G) ITC-based measurements of wild-type or KAT6A WH1 mutants with the 14-bp-CpG DNA. (H) Superimposed structures of the DNA bound
KAT6A WH1 and SAMD1 WH complexes. The KAT6A /DNA complex is colored as in (A), and the SAMD1/ DNA complex is colored in cyan.

guanines of the CpG motif are also recognized, with the
G7 base forming a hydrogen bond with the side chain of
GIn25, 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-speci ¢ 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 GIn23 (FigureB),
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 T10forms 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-speci ¢ 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 af nities towards the CpG-mutated DNA
molecules, whose bases in the CpG motif were replaced
with other bases (Figure2E). 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 GIn25 were mutated to an alanine, the resul-
tant mutant of KAT6A WH1 displayed a 32-fold or 3-fold
weaker binding af nity (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 af n-
ity of KAT6A for the CpG-containing DNA substrate by

2.0...2.8-fold (Figur@G). 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 af nity 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 maotifs

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 1.93A resolution (Supplemen-
tary Table S1). In the complex structure, two KAT6A WH1
molecules bound one double stranded DNA in a head-
to-head manner (Figure3A). 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 (Figur&8B).
The dimer form of KAT6A on DNA is very stable in solu-
tion, as veri ed by gel- Itration analysis (Figure 3C). The
DNA recognition mode of the dimer-formed KATG6A 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 speci cally recognized (Fig-
ure 3E, F), comparable with the monomer-formed struc-
ture in which only the CGC-motif was speci cally recog-
nized. The CGG-motif in the dimer-formed complex was
recognized by three key residues, GIn23, Lys24 and GIn25,
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 nonspeci c 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 (Figure3E, F), while in-
teractions with the other parts of the phosphate backbone
and with the minor groove could not be observed, further
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verifying that the CGG/ CGC-maotifs are the most critical
sequences required for the recognition of KAT6A WHL1.

KATG6A in uences 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 processesl(7,8,27). To gain fur-
ther insight into the potential gene regulatory function of
KATG6A, we used rst mouse ES cells (MESCs) as a model.
Using CRISPR/Cas9, we created KAT6A KO mESCs,
which were validated by Western blotting, immuno uores-
cence and Sanger sequencing (Figud, 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 (Figure4C). 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-gPCR, we
con rmed the dysregulation of several previously described
KATG6A target genes, such aRhox6, Skidaland Sox9 (27)
(Figure 4D). In colony formation assays, KAT6A deletion
led to fewer colonies (FiguredE), 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 (Figure4F). Consis-
tent with an activating role of KAT6A as a histone acetyl-
transferase, we observed more downn(= 494; log-fold
change> 0.75;P < 0.01) than upregulated genes(= 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 KATG6A 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
KAT®6A function is consistent with the observed defects in
patients with KAT6A syndrome (15). Closer inspection of
the data further revealed that KAT6A deletion in uences
the gene expression pattern, similar to a pattern after dele-
tion of the PRC2 core component SUZ12 85,67). 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
mMRNA and protein level in the KAT6A KO cells (Supple-
mentary Figure S3F, G). We also con rmed reduced EZH2
recruitment to some PRC2 target genes via ChIP-gPCR
(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,
respectively. DNA molecules are colored orangeB) Interactions between the dimer molecules of KAT6A WH1. C) Gel- Itration pro les of the KAT6A
WH1 alone (blue), or with one CpG-motif containing DNA (orange), or with DNA containing two CpG-motifs (red). ( D) Superimposed structures of the
DNA bound monomer-formed KAT6A WH1 and dimer-formed KAT6A complexes. The monomer-formed KAT6A /DNA complex is colored in blue,
and one copy of the dimer-formed KAT6A and its bound DNA are colored in green and orange, respectivelyH) Details of the major groove recognition
by one molecule of the dimer-formed KAT6A WHL1. (F) A schematic representation of the interactions between the dimer-formed KAT6A WH1 and

palindromic CpG-containing DNA.

ni cantly enriched for CGls 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 dif cult 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 suf cient 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

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 (Figure5B). 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 (FiguresB, C),
suggesting that chromatin binding is impaired. Via ChlP-
gPCR experiments using a FLAG-antibody, we con rmed
strong chromatin binding of KAT6A wild-type to CGI-
containing promoters, which were selected based on previ-
ously published KAT6A ChlP-Seq data (11). Importantly,
the KAT6A WH1 mutant showed almost no chromatin as-
sociation with the investigated CGls (Figure5D), suggest-
ing that mutating the DNA binding amino acids of KAT6A

is suf cient 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 suf cient for proper chromatin targeting (11).
To investigate this aspect, we performed ChIP-qgPCR ex-
periments with only the WH1 domain of KAT6A. We

these cells, we addressed the consequences of abrogatingfound that neither the wild-type WH1 nor the mutant WH1

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 mute) (Figure

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
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Figure 4. (A) Western blot of KAT6A KO mouse ES cell clones. 8) Immuno uorescence of endogenous KAT6A in control and KAT6A KO cells. Scale
bar= 20 m. (C) Western blot of H3K9ac and H3K14ac upon KAT6A KO. ( D) Gene expression changes of known KAT6A target genes upon KAT6A
deletion. (E) Colony formation assay of control and KAT6A KO mouse ES cells. (F) Principal component analysis (PCA) of RNA-Seq data. ) Volcano
plot of gene expression changes upon KAT6A deletion in mouse ES cells. Genes in red indicate genes with-fodd change>0.75 andP < 0.01. H)

Distribution of CGl-containing genes in the up- and downregulated genes, compared to all genes. Signi cance was determined using a hypergeometric

test. ** P < 0.001.

line with the relatively low DNA binding af nity 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 inisolation (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...1). This
suggests that the WH1 is the most crucial domain for the
association of KAT6A with CGls, 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
suf cient 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 signi cantly 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 in uence 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 nd-
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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 mute) (41), which binds as
ef ciently 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.

KATG6A 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-
tied members of the PRC1 complex (Figure5G). 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 con rmed that KAT6A
wild-type and WH1 mutant interact with members of the
human PRC1 complex in HEK293 cells (Figure5H). 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 (Figure5G, Supplementary Figure S6B),
suggesting that the mutation of the WH1 domain does not
strongly in uence the capacity of KAT6A to associate with
its interaction partners.

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

KATG6A 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
KATG6A, for which we identi ed 20,903 signi cant peaks.
Consistent with the hypothesis that KAT6A is recruited to
CpG islands, we found a strong overlap of these peaks with
CGils (Figure 6A). Given that most CGls 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 identi ed 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-
guences (see Methods). The association of a given 4-mer
with in vitro and in vivo binding is signi cantly correlated
(Pearsonek = 0.31,P < 0.001, Figure6E), and the 4-mer
most highly correlated with binding in vitro (GCCG) is like-
wise mostly highly correlated with bindingin vivo. More-
over, instances of this 4-mer are signi cantly biased toward
the summit of KAT6A peaks (Figure 6F), consistent with
direct targeting of this sequencén 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 pro le 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
KATG6A has a binding preference for this palindromic se-
guence. However, 40% of KAT6A bound CGls 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 bisul te sequenc-
ing (WGBS) (56), we found that KAT6A mainly binds
to unmethylated CGls, while the KAT6A-unbound CGls
are mostly methylated (Figure6G). 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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CGils 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 66)
and our KAT6A ChlP-Seq, we selected several KAT6A-
unbound gene promoters with methylated CGls, and inves-
tigated those genes via ChIP-gPCR (Supplementary Figure
S8A). After treating the cells with the inhibitor for 3 days,
we found that the levels of KAT6A remained constantly
high at CGls which were already unmethylated under un-
treated conditions (Supplementary Figure S8B). At CGls
which were methylated under untreated conditions, we ob-
served a signi cant increase of KAT6A upon DNMTL1 in-
hibition in a dose dependent manner (Supplementary Fig-
ure S8B). This result suggests that at those CGls a reduced
DNA methylation, due to DNMT1 inhibition, leads to the

de novo recruitment of KAT6A. This nding further sup-
ports that KAT6Aes binding ability to CGls is dependent on
their DNA methylation status.

Consistent with the preference for unmethylated CGls,
most KAT6A bound locations are decorated by the active
H3K4me3 and H3K9ac histone marks (group 1n= 9351),
suggesting that KAT6A typically plays a role at actively
transcribed promoters (Figure6H, 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 identi ed
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 CGls. Since these loca-
tions are often decorated by the enhancer mark H3K4me2,
KAT6A may bind to orphan CGls, which have been pro-
posed to function as enhancers6g). These locations are
also enriched for H3K9 acetylation (Figure6H, 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
speci cally re ects 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 (Figure6l). Closer inspection of these gene bod-
ies suggests that KAT6A binding positively correlates with
the presence of the histone elongation marks H3K4mel
and less strongly with H3K36me3 and RNA Polymerase
Il (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-
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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) @1), interaction of
KAT6A with speci ¢ histone marks via the double PHD
nger (61,62), or DNA binding functions of KAT6Ass HAT
domain (69) and KAT6Ass interaction partner BRPF1 (70).
Given that we used ectopically expressed KATBA, 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 CGls but not to gene bodies

Based on our ChIP-gPCR experiments mutating the WH1
domain of KAT6A almost completely abrogated chromatin
binding at the investigated genes (FiguréD). 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 CGls, we found
that the KAT6A WH1 mutant is completely absent from
CGils (Figure 7A, B, E). In contrast, mutation of the HAT
domain does not strongly in uence the chromatin binding
pattern of KAT6A (Figure 7A, B, E). Unexpectedly, al-
though the WH1-mutated KAT6A does not bind to CGils,
it is still enriched in the gene bodies (Figure/C...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 CGls
but not to gene bodies.

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

In ChIP-gPCR experiments, we observed that ectopic over-
expression of the KAT6A wild-type only minimally in-

creased histone acetylation (FigurebE), 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 (Figur&E, Supplementary Fig-
ure S5C), likely due to dominant negative effects. Impor-
tantly, we con rmed these results at a genome-wide level
via ChlIP-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
KATG6A 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
KATG6A 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
KATG6A facilitates histone acetylation-unrelated processes
in the gene body.

Using our H3K9ac data, we further investigated whether
the local enrichment of KATG6A at the palindromic
CCGNCGG sequence may also in uence 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 CGls could be relevant to regulating
the local chromatin status.

Taken together, while overexpression of wild-type
KATG6A 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 speci ¢ 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 speci c chromatin binding mecha-
nism of this region has not yet been identi ed.

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 SAMDL1 ( 36). As shown in Figure 2H, the
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overlay structure of the DNA bound WH1 of KAT6A su-
perimposed well with that of the DNA bound WH domain
of SAMDZ1. 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 signi cantly 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 ful lls 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 CGls. 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 specic promoters may have an
KAT6A-dependent biological impact.

The DNA binding af nity ( Kp) of the WH1 to a single
CpG motif is in the micromolar range, consistent with the
binding af nities 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 suf cient to
completely abrogate the chromatin association of KAT6A
with unmethylated CGls, genome-wide (Figures$ 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
KATG6A 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 CGls (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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Figure 8. (A) CGI binding of KAT6A strongly depends on the function of the WH1. The recruitment to the gene bodies may be dependent on other
domains of KAT6A or on speci ¢ interaction partners, such as BRPF1 and others 21). (B) Upon mutating the WH1, KAT6A is no longer recruited to

CGils, but can still bind to gene bodies.

tion of the WH1 domain (Figure 8B), and independently
from CGls.

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 Enokes
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 in uence 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
speci city 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
speci ¢ functions in each of the three proteins. The histone
binding DPF domain (4,62) is similar between KAT6A and
KATG6B, butis 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 disabilityX5,17,75...
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 CGils,
which is supported by our observation that the N-terminal
part of KAT6A, comprising the region that include WH1,
WH2 and the DPF, is suf cient for ef cient 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 CGls 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 @,79,80). The resulting proteins contain
two HAT domains, and are therefore considered as esuper-
HATse (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 DNMTL1 inhibitor leads to de novo recruit-
ment of KAT6A (Supplementary Figure S8), it further sug-
gests that aberrant DNA methylation patterns in cancer82)
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 identi ed 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 speci c
DNA binding function but also sheds light on the chro-
matin regulatory mechanisms at CGls.
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The following websiteg tools were used:

AlphaFold Database: https://alphafold.ebi.ac.uk/
Bowtie: http://bowtie-bio.sourceforge.net/index.shtml
Cistrome Data Browser:http://cistrome.org/db/#/
Cistrome Data Analysis Platform: http://cistrome.org/ap/
deepTools:https://deeptools.readthedocs.io/

Galaxy Europe: https://usegalaxy.eu/

GENCODE: https://www.gencodegenes.org/
GREAT: http://great.stanford.edu/

GSEA: https://www.gsea-msigdb.org/

HOMER: http://homer.ucsd.edu/homer/motif/
UCSC Browser: https://genome.ucsc.edu/

UniProt: https://www.uniprot.org/

ChIP-Seq (HEK293) and RNA-Seq (mESCs) have been
deposited into the GEO repository under the accession
numbers GSE206272 and GSE206273, respectively. Atomic
coordinates and structure factors for the reported crystal
structure have been deposited with the Protein Data Bank
under accession number 7Y43 and 8H7A. Mass spectrom-
etry data were uploaded to ProteomeXchange with the ac-
cession number PXD034833.
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Supplementary Figure S1: Domain structures of human KAT6B and Drosophila Enok.

A) AlphaFold predicted alignment error for KAT6B.

B) Domain structure of KAT6B, based on AlphaFold prediction.

C) AlphaFold predicted structure of WH1 and WH2 of KAT6B.

D) AlphaFold predicted alignment error for Enok.

E) Domain structure of Enok, based on AlphaFold prediction.

F) AlphaFold predicted structure of WH1 and WH2 of Enok.

G) Aminoacid identify in percent comparing the N-terminal domains between KAT6A, KAT6B and Enok



Supplementary Figure S 2: KAT6A WH2 does not bind to DNA

A) EMSA of the WH1 and WH2 domains with CG-rich DNA. Numbers indicate molar ratio.

B) PBM results of KAT6A WH2 domain alone. No 8-mer had a score higher than 0.45, implicating no DNA binding
ability of this domain.

C) PBM results of KAT6A WH1-WH2 domains in combination.



Supplementary Figure S 3: KAT6A influences developmental pathways in mouse ES cells.

A) Validation of CRISPR targeting via Sanger sequencing.

B) Proliferation assay of control and KAT6A KO mouse ES cells.

C) Bright-field microscopy of control and KAT6A KO mouse ES cells.

D) Gene set enrichment analysis (GSEA) of RNA-Seq data demonstrating the dysregulation of pathways involved
in development (red), signaling (green) and neuronal pathways (blue).

E) GSEA of gene sets dysregulated upon SUZ12 deletion.

F) Gene expression of SUZ12 in control and KAT6A KO cells based on the RNA-Seq data.

G) Western blot of SUZ12 in control and KAT6A KO cells. (Same samples as in Fig. 3A).

H) ChIP-qPCR of EZH2 in control and KAT6A KO cells at PRC2 target genes.



Supplementary Figure S 4: The KAT6A WH1 domain alone is not sufficient for chromatin binding.

A) Schematic overview of used constructs in B) and C).

B) ChIP-gPCR upon ectopic overexpression in HEK293 cells of constructs shown in A) using a FLAG antibody
(IgG as a control).

C) Western blot of ectopic expression in HEK293 cells of constructs shown in A).

D) Schematic overview of used constructs in E) and F)

E) ChIP-gPCR upon ectopic overexpression in HEK293 cells of constructs shown in D) using a FLAG antibody
(IgG as a control).

F) Western blot of ectopic expression in HEK293 cells of constructs shown in E).

G) Schematic overview of used constructs in H) and I).

H) ChIP-gPCR upon ectopic overexpression in HEK293 cells of constructs shown in G) using a FLAG antibody
(IgG as a control).

I) Western blot of ectopic expression in HEK293 cells of constructs shown in G).

In B), E), H), data represent mean + s.d. of two biological replicates. The significance was evaluated via a two-
WDLOHG XQSD L WddtGCcovhpadnG tHer¥g Ity toMildtype KATBA. * P < 0.05, ** P < 0.01, *** P < 0.001



Supplementary Figure S 5: Overexpression of KAT6A WH1 mutant has a dominant negative effect on

histone acetylation

A) Western blot of endogenous KAT6A upon ectopically overexpressed KAT6A wt and KAT6A WH1mut.

B) ChIP-gPCR using antibodies for Flag (IgG as negative control) in HEK293 cells with ectopically expressed full-
length KAT6A, KAT6A WH1 mutant and KAT6A HAT mutant.

C) As in B) with antibodies against H3K9ac (left) and H3K14ac (right)



Supplementary Figure S 6: Detailed analysis of mass spectrometry results
A) Immunofluorescence of ectopically expressed KAT6A in HEK293 cells.
B) Detailed volcano plot of mass spectrometry results from 3G).

C) Heatmap of the overlap of KAT6A with members of PRC1.

D) Genome browser view of the overlap of KAT6A with members of PRC1.



Supplementary Figure S 7: Palindromic CCGNCGG motif leads to local KAT6A enrichment
A) KAT6A profile around the two motifs, found most enriched in PBM experiments (Figure 1G).
B) KAT6A profile around the palindromic CCGNCGG motif and two modified motifs.

C) KAT6A profile around the palindromic CCGNxCGG with various spacers.

D) Pie diagram showing the percentage of CGls with or without a CCGNCGG motif.

E) H3K9ac profile at CCGNCGG, CGCGCG and a GCGNCGC motifs.

For A, B, C and E only locations within CGls were analyzed.



Supplementary Figure S 8: Inhibition of DNMT1 leads to de novo recruitment of KAT6A to methylated
CGls.

A) Example CGls with or without DNA methylation.

B) ChIP-gPCR of ectopically expressed FLAG-HA-tagged KAT6A wt at CGIls upon DNMT1 inhibitor treatment.
Data represent mean + s.d. of two biological replicates. The significance was evaluated via a two-tailed unpaired
VW X G Ht€WWchvipating the results to wild-type KAT6A. * P < 0.05.



Supplementary Figure S 9: Gene ontology of KAT6A -bound clusters and analysis of genes with KAT6A in
the gene body.

A) Gene ontology analysis of the clusters from Figure 5H, using GREAT (46). Gene sets in red are related to
kidney development.

B) Gene expression of the top 1,000 genes with KAT6A in the gene body compared to all genes, using
expression data from (9).

C) Correlation of KAT6A levels in gene body (using the data from KAT6A WHL1 as reference), with other features
of the gene bodies. KAT6A in gene body shows a positive correlation with H3K4mel and a negative correlation
with CG-content.

D) Profile of H3K4me1l (positive correlation), RNA Polymerase Il (no strong correlation) and % GC content
(negative correlation) of the top 1,000 genes with KAT6A in the gene body compared to all genes.

E) UCSC browser view showing positive correlation of chromatin features with presence of KAT6A in gene
bodies.



Supplementary Figure S 10: Overexpression of the KAT6A WH1 mutant has mild dominant negative

effects on H3K9ac, similar to a KAT6A HAT mutant.

A) Heatmap of H3K9ac levels in HEK293 cells transfected with empty vector, KAT6A wt, KAT6A WH1 mut and
KAT6A HAT mut. The heatmap shows the H3K9 levels at CGls, separated as in Figure 4E.

B) Heatmap of differences in H3K9ac levels upon ectopic expression of the KAT6A HAT mutant and KAT6A WH1
mutant in comparison to ectopic expression of the wild-type protein.

C) Profile of H3K9ac at CGls.

D) Levels of H3K9ac at KAT6A bound CGls. *** = P < 0.0001.

E) Profile of H3K9ac at the top 1000 genes with KAT6A in the gene body.

F) RT-gPCR measuring the gene expression of representative KAT6A target genes upon ectopic overexpression
of KAT6A wild-type, WH1 mutant and KAT6A HAT mutant.



Supplementary Table S1: Data collection and refinement statistics of KAT6A

Data collection and refinement statistics

Crystal

Beam line
Wavelength
Space group
Unit cell

a, b, c(A)

°)

Resolution (A)
Rsym
1,
Completeness (%)
Redundancy

Number of unique
reflections

Rwork/Rfree (%)

KAT6A-WH/DNA 1:1
complex

SSRF-BL18U1
0.97930

P43212

46.5, 46.5, 153.5
90.0, 90.0, 90.0
50.0-1.50 (1.53-1.50)2
0.097 (1.290)

41.7 (2.0)

100 (100)

24.7 (22.5)

28018

23.4/24.6

Number of none-H atoms

Protein
DNA

Water

Average B factors (A2

Protein
DNA
Water

R.m.s. deviations
Bond lengths (A)

Bond angles (°)

626
568
147

24.9
46.9
34.7

0.007

1.006

KAT6A-WH/DNA 2:1
complex

SSRF-BL19U1
0.97853

P1

40.0,40.1, 81.3
90.1, 90.0, 113.9
50.0-1.92 (1.96-1.93)
0.046 (0.399)

21.0 (2.0)

97.6 (96.1)

3.5 (3.4)

33965

19.5/23.5

2439
1054
257

34.8
39.5
37.7

0.008

0.956

a Highest resolution shell (in A) shown in parentheses.

-WH1/DNA crystals



Supplementary Table S2 +qPCR Primers

RT hNANOS1 fw
RT hNANOS1 rv
RT hNANOG fw
RT hNANOG rv
RT hPOU5F1
RT hPOUSF1

ChIP -gPCR
ChIP mOtx fw

ChIP mOtx rv
ChIP mHoxa7 fw
ChIP mHoxa7 rv

RT-gPCR
Housekeeping genes
RT mActb fw GTA-CCC-AGG-CAT-TGC-TGA-CA
RT mActb rv AGG-GTG-TAA-AAC-GCA-GCT-CAG
RT mGapdh fw AGA-CGG-CCG-CAT-CTT-CTT-GT
RT mGapdh rv GCC-TTG-ACT-GTG-CCG-TTG-AA
RT hGAPDH fw AGC-CAC-ATC-GCT-CAG-ACA-C
RT hGAPDH rv GCC-CAA-TAC-GAC-CAA-ATC-C
RT hHPRT fw TGA-CCT-TGA-TTT-ATT-TTG-CAT-ACC
RT hHPRT rv CGA-GCA-AGA-CGT-TCA-GTC-CT
Target genes
RT mKat6A fw CGT-GTC-AGT-TTG-GGG-CAT-CT
RT mKat6A rv AAG-CCA-GTC-TAG-GGG-GTC-AA
RT mRhox6 fw CTG-GCT-CAA-CTG-CGG-TAC-AG
RT mRhox6 rv ACC-AAT-TCT-GCA-CAT-CAC-ATT-CA
RT mOtx1 fw AAC-CGA-GCA-AGA-CAA-GCC-AC
RT mOtx1 rv GTT-CAT-GCC-GTA-TGG-GGG-TT
RT mSox9 fw CTC-AGC-AAG-ACT-CTG-GGC-AA
RT mSox9 rv TGC-TCA-GTT-CAC-CGA-TGT-CC
RT mSkidal fw CAG-CAT-CTG-GCG-GAG-GAT-TA
RT mSkidal rv GGT-CGT-CCT-CGG-GAT-GTT-TT
RT mPou5f1 TGG-AAA-GGT-GTT-CAG-CCA-GA
RT mPou5f1 CCT-CAC-ACG-GTT-CTC-AAT-GC
RT hOTX1 fw CAA-GCC-ACT-CCG-ACA-AGG-TT
RT hOTX1 rv ATG-CCG-TAT-GGG-GGT-TGT-TT
RT hRUNX2 fw CGC-CTC-ACA-AAC-AAC-CAC-AG
RT hRUNX2 rv TCA-CTG-TGC-TGA-AGA-GGC-TG
RT hSKIDA1 fw TCG-CCT-AGA-GTT-TGG-CAC-TT
RT hSKIDA1 rv GGT-CGT-CCT-CGG-GAT-GTT-TT
RT hCBLNL1 fw GAA-CGC-AGC-ACT-TTC-ATC-GC
RT hCBLN1 rv ATC-AAG-TTT-CCC-CGC-TCC-AG
RT hSOX2 fw CAT-GGG-TTC-GGT-GGT-CAA-GT
RT hSOX2 rv AGC-TGT-CAT-TTG-CTG-TGG-GT
RT hPTH2 fw AGG-TGT-CCA-GGA-GCC-CTC
RT hPTH2 rv ATC-CAA-CAC-CAG-CAG-CTT-GT

CGG-AAC-AAC-AAG-GAG-GCG-AT
AGA-GCG-GGC-AGT-ACT-TGA-TG
AAT-GGT-GTG-ACG-CAG-GGA-TG
AAG-GAT-TCA-GCC-AGT-GTC-CAG
GGC-TTC-GGA-TTT-CGC-CTT-CT
CCC-CCA-CAG-AAC-TCA-TAC-GG

AGT-AGG-CGT-GCT-CAG-AGA-GG
GGC-CGG-TCA-AGA-AGA-AGT-C
GAG-AGG-TGG-GCA-AAG-AGT-GG
CCG-ACA-ACC-TCA-TAC-CTA-TTC-CTG



ChIP mSkidal fw
ChlIP mSkidal rv
ChIP mRhox6 fw
ChIP mRhox6 rv
ChIP mPou5f1
ChIP mPou5f1
ChIP mSox2 fw
ChlIP mSox2 rv
ChlIP hMYC CGI fwl
ChIP hMYC CGI rvl
ChIP hDLX2 fw
ChlIP hDLX2 rv
ChIP hRUNX2 fw
ChIP hRUNX2 rv
ChlIP hOTX1 fw
ChlIP hOTX1 rv
ChIP hCBLN1 fw
ChlIP hCBLN1 rv
ChIP hSKIDA1 fw
ChIP hSKIDAL rv
ChlIP hGAPDH fw
ChlIP hGAPDH rv
ChIP hMYC -3kb fw
ChlP hMYC -3kb rv
ChIP hTERB1 fw
ChlIP hTERB1 rv
ChIP hMDFI fw
ChIP hMDFI rv
ChIP hRRAD fw
ChIP hRRAD rv
ChIP hACRBP1 fw
ChlIP hACRBP1 rv

Sequencing primers
Seq mKAT6A fwl
Seq mKAT6A rvl

CAC-ATC-CTG-CAA-AAC-CGA-GC
CGA-ACG-ATC-TCC-GGG-TAG-TG
TAA-TTT-GGG-TGA-GGC-GCC-AG
CTC-TTC-TTT-CCA-CCC-ACC-GTT
GTT-TGT-GAG-GTG-TCC-GGT-GA
GCT-CAC-CTA-GGG-ACG-GTT-TC
CCA-TCC-ACC-CTT-ATG-TAT-CCA-AG
CGA-AGG-AAG-TGG-GTA-AAC-AGC-AC
AGC-TGG-CAA-AAG-GAG-TGT-TG
AAA-GTT-TTG-CGC-CAC-CTG-AA
AAT-CGT-AAG-AAC-AGC-GCA-ACC
CCT-TGC-CAC-CAG-CTT-CTT-TC
CAA-CTT-CCT-GTG-CTC-GGT-GC
TTT-CTG-GGG-TTA-GAG-CCG-CC
AAT-TTC-GTT-GGT-CTG-GCG-GC
GGA-GCC-CGC-TGA-GTG-AAA-AG
GCG-CCG-GCT-GCA-TCA-ATA-AT
TCG-CAC-TCC-GGG-ACT-AGC-GT
TGC-GTT-ATT-GCA-AGC-TCA-GG
CCA-GCA-TGC-TCC-CCT-ATT-GA
GAG-CCT-CCT-TCC-TCT-CCA-G
GTA-GTG-ACA-CCG-GAC-TGC-T
AAC-CTC-CAC-TGC-CAG-AAG-TCC-TTA
GAA-ATT-TAC-CTG-GCA-CGT-GTC-CCT
CAT-TGC-CCT-TGG-CAA-CCT-AG
CCC-TTT-CTT-CAT-CAC-CGC-TC
AAA-CGG-AGA-GAG-ACG-GTG-AG
TCT-GGA-GAG-CTG-AGC-CAA-CT
GGC-GGG-TGG-AGG-CTT-AAA-TA
ACA-CAG-ACA-CGC-TCA-GGA-CT
ATG-GGC-TCT-GGC-CAC-TTT-AG
TCA-GGA-GTG-AGG-GAA-GGA-AG

ATG-GCC-GAC-TCC-TCA-AAG-AT
ACA-CTG-GTG-CTA-ACG-TTC-CT
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Human SAMD1 (SAM domain-containing protein 1) is a 538 amino acid protein that has orthologs in most
vertebrates, including zebra sh. Originally, SAMD1 was identi ed as a protein involved in atherosclerotic low-
density lipoprotein (LDL) binding illumans andmice’. SAMD1 may participate in LDL retention and uptake,
and its knockdown suppresses vascular smooth muscle cell (VSMC) di erentiation and proliferation, which
a ects foam celtlevelopment However, SAMDL1 is widely expressed in most organs and tissues, both in mice
and humans (see ProteinAtlas, GTEX, etc.). e extensiveness of expression suggests roles in adult homeostasis
but the molecular function of SAMD1 has been minimally studied so far. SAMD1 was found to directly associate
with CpG islands at the chromatin, acting as a transcriptional regulator, and be required for proper embryonic
stem (ES) celi erentiation®. Earlier reports further support epigenetic functions for SAMD1. SAMD1 was
enriched at nucleosomes and H3K4me3-possessing chromatin regions, as revealedbycmasgetry®. It
was also among the highest 5% of proteins that associate with both H3K4me3-modi ed and bivalently H3K4me3/
H3K27me3-modi edchromatirt.

e SAMDL1 protein has two globular domains. At the C-terminus, it possesses a SAM domain that can inter
act with other SAM domain-containing proteins, such as L3MBTL3, and atoltimerizatiorf. e N-terminal
domain belongs to a group of related winged helix domains that bind to unmethylateti@@ift8, explain-
ing the enrichment of SAMD1 at CpG islands ongeaomé®. SAMD1 associates with repressive chromatin
regulatory complexes that contain the histone demethylase KDM1A and several other SAM domain proteins,
including the Polycomb group-related proteins L3MBTL3 &%MBT11%12 Consequently, the absence of
SAMD1 typically leads to the derepression of its taygee$®. SAMDL is o en upregulated in cancer tissues
and correlates with worse prognosis in some cancer types, such as adenoid cystic carcinoma (ACC) and live
cance?'® A CRISPR screen in K562 cells suggested that SAMDL is required for the e cient proliferation of
thesecell$* Further work demonstrated that SAMD1 deletion in HepG2 hepatocellular carcinoma cells leads to
a global readjustment of the active H3K4me2 chromatin mark and a more favorable gene signature, supporting
an oncogenic role in thizsontexf. SAMDL1 has also been described to play a role in nadapéation® Taken
together, these ndings suggest that SAMDL1 likely has a function in multiple biological processes and diseases
but the biological role of SAMDL1 at the organismal level has yet to be investigated.

-S3"t8 ... 44 «rw)We&@ natitute of Molecular Biology and Tumor Research (IMT), Philipps
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Here, we report the rst knockout of SAMDL1 in mice. Fewer homozy@®as/1D1’ ) embryos were
observed at embryonic day (E) 14.5, and none were observed a er E18.5. Development appeared grossly norm:
at E12.5, but at E14.5 the investigated embryos exhibited numerous defects, including degrading endothelial ce
(EC) tubes, degrading inner organs and an almost complete absence of red blood cells (RBCs). e heterozygous
(SAMD1T" ) mice had a less severe phenotype and approximately 70% of the mice survived past week 3 postne
tally but they exhibited reduced weight gain and hormonal changes.

:t o/ —o
W oeefef—— e .. f"F Fe,">  exSAMUltgefrfwasd deleted from C57BL/6J mice

by recombineering (Fidla), which led to the removal of 2396 bp of the SAMD1 gene. Successfully obtained
heterozygous mice were mated. e ratios between the wild-type (WT,S#dD1"*), heterozygous (HET,
akaSAMD1I ), and knockout (KO, akBAMD1’ ) mice were close to the expected Mendelian ratios through
E12.5. All embryos removed at E12.5 had heartbeats. e rst dead SAMD1 KO embryos and abnormal phe-
notypes were observed at E14.5 (Hi. At this time only 16 of the Mendelian expected 25 KO embryos were
present, meaning that approximately 9 embryos had been resorbed since ED218)pAdditional reductions

Figure 1. SAMD1 KO mice are embryonic lethal and lack intact blood vesgeBelfa targeting strategy

to obtain SAMD1 KO mice. Southern probes are marked in greeA.$AMD1 KO embryo is easily

distinguished from the WT embryos as soon as the litter is partially removed from the ujdRIsqRCR of

SAMD1 in mouse embryonic broblasts (MEFs) obtained from wild-type and SAMD1 homo- and heterozygous
embryos. Data are presented as the ni&ih of two biological replicates. P-values via two-way ANOVA

with Tukey’s multiple comparisons test. r.8ot signi cant. (g Pictures of embryos at E14.5 within the yolk

sac. (gPictures of embryos at E14.5, without yolk sac, but still within the amnion. e placenta is shown
underneath. (f Picture of a SAMD1 KO mouse at approx. E15)35éme expression of SAMD1 during early
embryogenesi% (h) SAMD1 gene expression in various embryonic tissues based on daEN@DDE.
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in KO embryos manifested at later time points (Supplementary Table $0)049). Dying pups were not seen,

so the few KO mice that had not been resorbed by E18.5 died just prior to birth (Supplementary Table S1). is
suggests there was variable expression and penetrance, and thus multiple embryonic lethal SAMD1 KO pheno
types. CrossinAMD1Y mice withSAMD1" mice and phenotyping 3 weeks a er birth (P21) also showed no

KO (p=5.120"9 (Supplementary Table S2), con rming the lethality of the SAMD1 KO.

In contrast, the E14.5 heterozygous (HET) embryos were not noticeably di erent from that of the WT
embryos, and HET mice were born alive (Supplementary Table S1). is observation suggests that heterozygous
deletion of SAMD1 had no or only a minor impact on embryogenesis. To understand the underlying reason,
embryonic broblasts (MEFs) raised from WT, HET, and KO mice were investigated for SAMD1 expression
via RT-gPCR. SAMD1 mRNA was slightly but not signi cantly reduced in the heterozygous cells and absent in
the homozygous KO cells (Fig). e mild reduction in SAMD1 expression in the heterozygous cells raises
the possibility that a feedback mechanism at the wildtype allele compensates for the loss of SAMD1 expressio
from the knockouiallelg®. is mechanism could be the underlying reason for the mostly normal develop-
ment of the heterozygous mice. However, genotyping of the surviving mice at P21 showed that the number of
observed HETs was signi cantly lower than the expected number, implying that the heterozygous mice also
have some impairments. Reduced numbers of HET mice at P21 were observed b@AMBD4H mice were
crossed wittSBAMD1 mice (p=0.003) (Supplementary Table S2), and ws&NMD1”* mice were crossed with
SAMD1+ mice (p=0.003) (Supplementary Table S3).

t°t...—« " _St w te,">'e f71 "o Givptiecdnsiderably severer impairment
of KO embryogenesis compared to HET mice, we rst analyzed the KO embryos in more detail. We focused on
E14.5 embryos for further investigations, because the E12.5 KO mice appeared normal, and E14.5 has bee
established as an optimal time point for mouse developmental disorder phemaajymes '8 Macrolevel pho-
tography of the E14.5 WT embryos within the yolk sac showed normal development, noting branching blood
vessels in the yolk sac (Fidp,d). In contrast, the yolk sac of the KO embryos lacked obvious blood vessels, it
had only a few broken thin red lines, and the amniotic uid was pink as if blood had leaked intolib@Rig.
In the KO mice the yolk sac did not seem to be normally attached to the placental disk, suggesting initiation of
the abortion process.

When the yolk sac was removed, the KO embryo within the amnion appeared developmentally delayed and
visually smaller than the WT embryo (Flg). Bloody uid was also pooled around the midsection within the
amnion, but the source of leakage was not obviousi@ig.e embryo surface was very pale, and across the
back, clear edema could be seen separating the skin from the tissue beneath. Red blood cells were not obvio
in the skin, other than on the head and back, where a few small hemorrhages and a few broken red lines tha
were probably failed blood vessels were recognizable. is observation may suggest abnormal vessel regressior
Regression, also called “pruning’, is a normal part of embryonic maturation ofudesel$?°. It can include
pruning of individual EC (endothelial cell) tubes, as well as complete regional network regression, leaving behind
"sleeves” of collagen and apopt&{@s$™. During maturation, progenitor/pericyte/smooth muscle cells connect
to EC tubes, providing stability needed to contegressioff. e presence of RBCs in the KO skin implies
that a functional circulatory system existed prior to an apparent abnormal regression of the EC tube vascular
plexus in the KO embryo.

Similar to the embryo, the KO placenta was pale compared to the WIglkjgrobably because the labyrinth
contained fewer RBCs and the vasculature seemed to be pink instead of red. e metrial gland lacked obvious
blood vessels and the decidua appeared to be thinner. Maternal blood vessels could be seen in a few locatio
immediately beneath the decidua. e umbilical cord was avascular, showing cessation of maternal-embryo
blood ow (Fig.1e).

At E15.5 (Figlf), a SAMD1 KO embryo lacked a skull vault, had obvious exencephaly, and had a hyper
trophic brain. Clear edema uid separated the skin from most of the embryo surface. is kind of edema appears
in lymph endothelial cell progeniténockoutg? e E15.5 embryo was less pale than the E14.5 embryo, had
longer and larger red lines, and had a few apparently intact blood vessels. Some areas of the embryo surface
and beneath the skin, and above the brain, had small hemorrhages and lines of RBCs that may have once be
contained in vessels, suggesting a failing circulatory system. Since the E14.5 KO had a skull vault and was pal
the investigated E15.5 KO embryo is likely an example of a di erent SAMD1 KO phenotype, but the surface
RBC patterns appear similar to the E14.5 KO. Failed skull vault development may be caused by failure of neura
tube closure. Clear uid leakage due to failing lymphatic and blood vessels likely produced edéfaB6ip.
vessel types are constructed from CD31+/VEGFR2+ ECs, suggesting a common point of failure.

Given the strong defects observed in SAMD1 KO embryos, we used public gene transcription data to asses
embryonic SAMDEexpressioff?4. SAMD1 mRNA was detected in very early developmental stagekgjFig.
well as in all investigated organs during all embryonic stagedlffi&imilar results were also obtained using
RT-gPCR experiments from isolated embryonic organs (Supplementary Fig. S1). is observation suggests that
SAMDL1 has a biological function during all embryonic stages and in most embryonic tissues.

W Te,">'e Sf™t o—7—< 71 ‘7 %Tp furthdrabsess thé consequence of the SAMD1
KO on speci ¢ organs, we rst used hematoxylin and eosin (H&E) staining on sagittal slices of an E14.5 embryo
(Fig.2). Hematoxylin reveals not only nuclei, but also glycosaminoglycans, for example in cell walls, and thus
allows visualization of fragmenting cells, while eosin stains cytoplasm and most connective tissue pink, orange
and/or rec®®. A comparison of embryonic tissues and organs in WT, HET and KO mice revealed several abnor
malities in the KO mice, while the HET embryo organs were indistinguishable from the WT orga?sI&@.
plementary Fig. S2). Although cardiac muscle cells in the KO embryo stained red and had associated nuclei, th
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Figure 2. SAMD1 KO embryos exhibit organ degradation.H&E staining of the heart at E14.5helart
muscleA aorta, PT pulmonary trunk, Lung, Liliver, RAright atrium, OTout ow tract of le ventricle, VC
vena cava, L\é ventricle, RVright ventricle. (h H&E staining of the lungs at E14.5b®nchiole, Wlood
vesselSskeletal muscle. ) (€1&E staining of the liver at E14.5bibod vessel, Skeletal muscle.

heart appeared to be breaking up, and the atria, ventricles, and pulmonary trunk had partially collagzed (Fig.
right panel). e endocardium was separating from the chamber walls. Red-stained RBCs were absent, and the
ventricles appeared to contain some lymphocytes/immune cells instead of RBZa, (figdpt panel). is sug-

gests RBCs were trapped due to ejection failure and became necrotic.

e KO lung also appeared to be fragmenting, and RBCs were not apparent, in contrast to the WT lung
where RBCs lled large vessels (2. Bronchioles had formed but were smaller than those in the WT. ey
appeared to be degrading and may not have formed correctly. Faint pink staining of connective tissue in the lung
and diaphragm may indicate dying cells.

e KO liver had lobes and was large enough to have developed at least until E1228)(Fggmilar to the
heart, the liver had no RBCs, again in contrast to the WT, where RBCs lled large vessels. e tissue was broken
up in patterns that suggested degradation rather than a malformation. A possible portal triad is visible, but other
features were not readily identi able. e fact that organs were substantially developed means that a functional
circulatory system necessarily existed prior to E14.5.

W tfZf—c'e ZEt —' fco"%ofecoef—c's fot "ft— . tt otz "
obvious di erence between the appearances of WT and KO embryos was the paleness of the latter, suggestin
impaired blood circulation. us, we tested an E14.5 embryo for the presence of endothelial cells (ECs), which
line all blood and lymph vessels, from primitive endothelial tubes to fully mature vessels. We used H&E, CD31
or VEGFR?2 staining (with hematoxylin counterstain) to mark ECs and provide morphological identi cation of
other cells. Cluster of di erentiation 31 (CD31, also known as PECAM1) is widely used as a marker for ECs,
staining the cell surface. Vascular endothelial growth factor 2 (VEGFR2, also known as FLK1) stains the cyto-
plasm of ECs. Using these di erent markers, we investigated the organs and tissues of the SAMD1 KO embryos

Looking rst at the embryo surface, H&E staining of the WT embryo showed groups of RBCs in the skin
and RBCs in a larger blood vessel beneath the subcutaneous tissue. Here, CD31 stained ECs of capillaries a
larger vessels (Figa—c), as expected. In contrast, KO skin, except around the limbs and skull, appeared to have
been lost during xation (FigBa), likely due to edema separating the skin from the tissue beneath. In locations
beneath the lost skin, the KO embryonic surface appeared to consist of degrading and fragmenting skeleta
muscle (Fig3a,d). is tissue included individual RBCs and a few scattered clusters of RBCs that, lacking typical
organizational patterns, did not appear to be contained in vessel8aF@y. Coagulation in the clusters could
not be determined, but gradations in red staining implied the recent onset of RBC degradation. ese extravascu-
lar RBCs could be the result of fresh microhemorrhages or RBCs recently stranded as vessel development failu
halted circulation. Consistent with this second hypothesis, intact vessels were not obvious, but RBCs could not
have arrived at their present locations unless at least functional endothelial tubes had once been present. CD3
stained numerous misshapen subcutaneous ECs in broken brown linée)Figse patterns suggested that
the ECs were part of capillaries or larger vessels that had degraded. Cytoplasmic instead of cell surface CD:
brown staining patterns suggest necrosis, and the association of CD31 staining with rounded nuclei suggest:
possible phagocytosis of ECs. Several broken small circles of stained ECs also suggested failed3des}els (Fig.

Edema did not separate the skin from the KO forepaws, which appeared to have developed normally except for
being smaller, pale, and lacking intact blood vessels (Supplementary Fig. S3). H&E staining of the forepaw showe
a small group of faintly stained RBCs, where faint blurred hematoxylin stain suggested impending necrosis. CD31
staining showed a few nuclei partially surrounded by brown-stained EC material, again suggesting ingestion.
e patterns of broken lines suggest the presence of failed small vessels in the forepaw (Supplementary Fig. S3
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Figure 3. E14.5 SAMD1 KO mice have clusters of RBCs and disorganized and damaged endothelial cells (ECs)
in the skin. (RH&E staining of embryo skin. JiHigher magni cation showing capillaries. Arrows indicate

capillary (WT) or RBC clusters (KO)) (digher magni cation of blood vessels (WT) or RBC clusters (KO)

are indicated by arrows.\€D31 (brown) staining of embryo skin) (digher magni cation of CD31 ECs in

capillaries in WT skin and disordered structures in KO skin.

arrows). Interestingly, red-stained RBCs were noted primarily in skeletal muscle near the embryo surface but
not in the heart or other organs. Surface perfusion may have been su cient to delay RBC necrosis compared to
locations deeper in the embryo.

w Fe,">'e Sf™F T1%"fTFT <o—F"efZ ""%ofee Quriinitial ahdlysisteet Z
(Fig. 2) suggests that internal organs are fragmented and that they lack proper blood vessels. To further asses
the impact of SAMD1 deletion on blood vessels in these internal organs, we stained lung, iWea(fidneart
samples (Figh) from E14.5 WT and KO mice with H&E, CD31, or VEGFR2. In all WT samples, H&E staining
showed normal organ development and large blood vessels lled with RBCgl (5jgtarger lung and liver
vessels, identi ed by sizeable areas of RBCs, were encircled by stained B d)Fiapillaries were also made
evident by the presence of EC markers and RBCs. Pulmonary vascular ECs normally line the surfaces of the lur
vasculature, which stained strongly for CD31 and VEGFR2, and epithelial cells in bronchioles stained faintly for
VEGFR2 (Fig. 4c). Liver sinusoidal ECs also stained for CD31 and VEGFR?2 (Fig. 4e).

In contrast, in the lungs and livers of the SAMD1 KO mice, CD31 and VEGFR?2 staining was almost absent.
In KO organs, no RBCs or intact ECs were visible 4&jb,d,e). CD31 and VEGFR2 stained vessels that should
have surrounded alveoli were absent (Fdy. e limited CD31 and VEGFR?2 staining in the lung and liver
appeared to be cell fragments of necrotic vessel wall ECs, and the thin lines of associated faint hematoxylin stai
likely mark dermatan sulfate and heparan sulfate from these ECs. Examples of probable phagocytosis in the
liver were indicated by uneven brown staining around strongly blue-stained round nucléb(€g.red arrow,
Supplementary Fig. S4a). is implies that ECs had been present, became necrotic and were being removed.
Bronchioles had formed in the KO lungs but were much smaller than those in the WT lunde)(BHgsed on
the available data, it is not possible to judge whether the smaller bronchioles in the KO were due to incomplete
formation during development or whether they had degraded4EjgMalformed and/or underdeveloped liver
lobules and tubes appear to be degrading 4gig.

In the WT hearts, normal CD31 and VEGFR2 staining patterns were noted in ECs of capillaries and larger
vessels (Figa—c). H&E staining of the WT pulmonary trunk showed numerous RBCs contained in the vessel,
demonstrating normal heart function. VEGFR staining also identi ed ECs at the lumen and several layers of
circumferentially oriented spindle-shaped vascular smooth muscle cells (VSMCSYU)F/s expected, epi-
thelial cells in the endocardium stained for CD31 and VEGFR25@)ig.

In the KO heart, H&E staining uncovered signs of epithelial, cardiac muscle cell, and EC degradaan (Figs.
5b). Hematoxylin counterstain in the CD31 and VEGFR?2 slides revealed fragmenting cardiac muscle cells
(Fig.5b). In a few places, round hematoxylin-blue nuclei were loosely associated with faint CD31 or VEGFR2-
brown patterns demonstrating the presence of necrotic ECs and epithelial celts) (Filgagocytosis in the heart
was indicated by uneven and foamy brown staining around strongly blue-stained round nuclei (Supplementary
Fig. S4b). CD31 and VEGFR?2 stained broken circles and lines of misshapen ECs and EC fragments. ese pat
terns suggested incomplete and/or failed vesselba). is was seen deep in the heart muscle where capil-
laries should have been (), and more frequently at the heart’s surface, where larger stained circles suggested
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Figure 4. Absence of blood vessels in the lung and liver of SAMD1 KO embrybadiscale microscopy

of the lungs from wild-type and SAMD1 KO mice at E14.5 using H&E, CD31 (brown), and VEGFR2 (brown)
staining. () Higher magni cation of lung wild-type blood vessels; the black arrows point to spindle-shaped
vascular smooth muscle cells (VSMCs) adjacent to ECs, that are not present in the KPHiimiger(c

magni cation of bronchioles, which are smaller and/or degraded in the KO mice. e lung appears to be
fragmenting along the paths of failed vesse)dMi@troscale microscopy of the lungs from wild-type and

SAMD1 KO mice at E14.5 using H&E, CD31, and VEGFR2 stainjridigfeer magni cation of blood vessels

in the wild-type liver, and their absence in the KO. e KO liver also appears to be fragmenting. Red arrows in b,
¢, and e indicate possible fragments of phagocytized cells.

failed coronary vessels (Fig). Spindle-shaped VSMCs (blue) that were noted next to coronary artery ECs in
the WT were absent from the KO (Fig). e KO pulmonary trunk wall consisted only of the myocardium,
with a few disconnected ECs above the lumen, and lacked the VSMCs that were seen in thes&\d).(Fg.
lumen of the KO pulmonary trunk contained no RBCs and only a few rounded probable immune céltf (Fig.
e heart chambers and large vessels were partially collapsed, possibly due to serum uid being insu cient to
maintain shape (Figga,5a—c). e ventricles contained dark blue stained rounded probable immune cells and
cell fragments that may have been RBCs, but trabeculation was not observed. Epithelial and endothelial cells ar
closely linked. During embryonic development, the epithelial layer is the source of endothelial cells for the heart's
blood vessefs. CD31- and VEGFR2-stained epithelial cell fragments were detectable in the KO endocardium,
including detached cells and cells undergoing probable necrosis and phagocytoses. (feige above nd-
ings suggest that in the investigated SAMD1 KO mouse the development of the heart may have stopped befor
VSMC di erentiation.

Together our analysis of internal organs using markers for ECs suggests that the blood vessel system wze
degrading and non-functional at E14.5, leading to organ degradation.

w ne e eSiTMET vt f——"1F °‘eMNextt we fnvestigdted the ribs and associated skeletal
muscles. Structural organization in the E14.5 WT and KO mice were roughly similéajfFmit H&E staining
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Figure 5. SAMD1 KO mouse hearts are fragmenting, capillaries are missing, and larger vessels and the
epithelial layer are failing. \#licroscopy of the heart using H&E staining as well as staining for CD31 and
VEGFR?2 at E14.5.Xbligher magni cation comparing WT with myocardium capillaries to KO missing
myocardium capillaries. e arrows indicate intact and degraded ECs; note degraded myocarditighéer
magni cation of an intact WT compared to a degrading KO coronary vessel beneath the epicardium. e
arrows indicate intact and degraded coronary vessel Ed4&€# staining of the pulmonary trunk from WT
and SAMD1 KO mice at E14.5 (derived from same embryo as irafithstead of spindle-shaped cells (blue),
marked with an arrow in the WT, a compact myocardium lines the SAMD1 KO pulmonary truikgfer
magni cation of heart endocardium and epithelial cells. e arrows indicate intact (WT) and degraded (KO)
epithelial cells (brown).

highlighted substantial di erences. e WT rib consisted of cartilage primordium, while in the KO mouse, the
rib was ossifying, as seen by the bubbly appearance of hypertrophic chondrocytes, some of which lacked nucle
(Fig.6b, arrow). Bone development is tightly linkedhpoxig’, which is required for the transition from pro-
liferating cartilage to endochondral ossi cation. Hypoxia interior to the developing bone causes chondrocytes
to become hypertrophic and delays chondrocyte apoptosis/necrosis. Subsequent apoptosis/necrosis is require
for ossi catior?’. Chondrocytes in a vertebrae stain for VEGFR2 (Supplementary Fig. S4c), a receptor for VEGF,
which is a chondrocyte survival factor necessary for fusnetior?®. us, we hypothesize that in the SAMD1
KO mice, the hypertrophic chondrocytes appeared to have become hypoxic before E14.5, instead of the norma
condition at approximately E18, possibly due to the lack of RBC delivery.

Skeletal muscle cells in the WT mouse stained strongly with H&E and had associated blue nudgi (Fig.
Strands of cells are separated by lines of unstained connective tissé®.(Fidhe KO, there are several signs
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Figure 6. e absence of SAMDL led to early bone ossi cation, muscle degradation, and the enduring presence
of nucleated RBCs.)(Macroscale microscopy of embryonic rib tissue using H&E staining at EbbheB

M muscle. If) Higher magni cation of the rib bones, showing cartilage primordium (purple) in the wild-type
mice and ossi cation (bubbly, indicated by the arrow) in the KO migediggher magni cation of the skeletal
muscles shows separated and fainter muscle bers (pink) in the KO and more unstained jJistigbe(d

magni cation of H&E staining of red blood cell pools from WT and SAMD1 KO embryos at E14.5 shows
nucleated RBCs and immune cells in the KO.

of degradation. e KO has fewer eosin-stained red strands, which are less strongly stained red and are more
widely separated from each other than in the WT @ip. e strands are also interspersed with many nuclei.

Some of these nuclei may be immune cells that are attracted to necrotizing muscle cells. Hypoxia from a lack o
delivery of RBCs is the likely cause of muscle cell necrosis.

Most RBCs (bright orange) in a blood vessel above a WT rib do not have nuclei, and few if any lymphocytes
are seen (Figd). RBCs are absent from the KO, other than a few scattered pools near the embryo surface and
near ribs (Figéa). A small blood pool in the skeletal muscle above a KO rib contains some RBCs with eccentric
nuclei and many lymphocytes/immune cells (rounded, blue) §)g Skeletal muscle cells immediately adjacent
to this pool appears to be less degraded. e initiation of heartbeat around E8.5 marks the onset of embryo-
vitelline circulatior?®, as yolk sac-derived hematopoietic cells are spread through the devetobigg®. ese
primitive erythroid (EryP) cells have nuclei, and begin to mix with de nitive RBCs from approximately E12.5,
and enucleating EryPs at EF2.8 mix of nucleated and de nitive RBCs remains in circulation until gestation.
Obviously, nucleated and enucleated RBCs could not have arrived at these locations unless a functional circula
tory system existed later than 12.5. is observation suggests circulation failure trapped EryPs and de nitive
RBCs in a nonfunctioning vessel around E13.5, when approximately 50% of RBCs would notledte
Some KO RBCs appeared faded @Y. implying a recent loss & from hemoglobin, and faint pink staining
between RBCs and lymphocytes/immune cells suggests phagocytosis of RBCs.

Taken together, our work so far suggests that the absence of SAMD1 leads to improper development of al
investigated organs and tissues in the embryo. We have summarized our ndings ih Table

W <o "EC—"ET T 07T ek " te f 7 T D bettef undérstand the molecular
source of the many defects upon SAMD1 deletion, we investigated our previously published RNA-Seq data upor
undirected ES cell di erentiation in the absenc&AMD1*. Although SAMD1 functions mainly as a transcrip-
tional repressor, we found both up and downregulated pathways upon SAMD1 deletion, suggesting direct and
indirect consequences of SAMDL deletion. us, it appears that SAMD1 plays a rather pleiotropic role during
di erentiation processes, consistent with the multifaceted mouse phenotype.

Our previous work showed that direct SAMD1 target genes are commonly associated with brain related
pathway$ and several genes related to brain development, such as Kitbk2] and PIxna4Eph4 become
derepressed upon SAMDL1 deletion during di erentiation (Supplementary Fig. S5a). Consequently, pathways
that are linked to brain development, such as synapse assembly (Supplementary Fig. S5b), become predom
nantly upregulated in SAMD1 KO cells updirerentiation?, suggesting that SAMD1 absence may be involved
in regulating neuronal di erentiation processes.

In contrast, pathways related to angiogenesis were mostly downregulated (Supplementary Fig. S5c). Intrigu
ingly, vascular endothelial growth factorVefgq, PecamiCD31), y1 and Tielwhich are critical factors for
angiogenesi$®4, were strongly downregulated in SAMD1 KO cells, both in di erentiated and undi erentiated
cells (Supplementary Fig. S5d). Furthermore, pathways related to cardiac chamber development were also signi -
cantly dysregulated in di erentiated SAMD1 KO cells (Supplementary Fig. S5e). is includes key transcription
factors such as Gata@@atag Zfmp2 Fog2) and Mef2t(Supplementary Fig. S5f). us, dysregulation of these
genes and pathways during embryogenesis in the absence of SAMD1 could potentially contribute to the observe:
failure of angiogenesis and heart development. However, it is probable that angiogenesis would also fail upor
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Organl/tissue Observed phenotype

Whole embryo

Pale
E14.5 Smaller
Intact blood vessels not obvious

Pale

Some embryos show exencephaly, with lack of skull vault

Intact blood vessels not obvious

Edema uid beneath skin scattered small blood pools and RBC clusters

E15.5

Extra-embryonic (E14.5)

Placenta Pale

Yolk sac Lacks blood vessels
Amnion Pink amnionic uids
Organs (E14.5)

Extra-vascular, primarily in subcutaneous muscle, and adjacent to bone
Blood cells Pooled and scattered
Excess of nucleated RBCs

Heart chambers collapsing; devoid of RBCs
Lymphocytes/immune cells in chambers

Heart Muscle cells, epithelial layer, capillary ECs, and larger vessel ECs are degrading
Broken lines of CD31+ and VEGFR2+ cells and degrading cells, indicate failed vessels
Malformed and/or underdeveloped lobules and tubes are degrading

Liver RBCs and blood vessels are absent

Scattered clusters of CD31+ cells, CD31+ degrading cells, and very faint VEGFR2, indicating degrading blood
vessels

Malformed and/or underdeveloped bronchioles are degrading
Lung RBCs and blood vessels are absent
Scattered clusters of CD31+ cells and very faint VEGFR2, indicating degrading blood vessels

Sparse muscle bers, clusters of RBCs
Skeletal muscle Absence of intact capillaries and larger vessels, indicated by broken lines of CD31+ and VEGFR2+ cells and
degrading cells

Premature ossi cation; VEGFR2+ chondrocytes/osteoblasts

Bone Scattered CD31 and VEGFR2 stained material adjacent to bone, indicating degrading blood vessels

Paw Several scattered RBCs; broken lines of CD31+ cells, indicating failing capillaries

Table 1. Summary of defects observed in SAMD1 KO embryos.

the failure of arteriogenesis. Although signi cant research is ongoing, factors involved in arteriogenesis are still
poorly understood compared tmgiogenesi&

Next, we wanted to gain more insights into whether ablation of SAMD1 can indeed in uence speci c dif-
ferentiation processes. Direct SAMD1 targets are enriched at brain-rgéate$ and the absence of SAMD1
leads to the upregulation of brain related pathways (Supplementary Fig. S5a,b). In contrast genes of other dys
regulated pathways, such as angiogenesis, are not commonly targ8fedB¥’, suggesting a more indirect
in uence of SAMDL1 on these genes. us, we reasoned that neuronal pathways are more likely directly regulated
by SAMD1, making them attractive for further investigation. Mouse ES cells can be di erentiated into various
lineages using specirotocols?, including neurons (Figa), o ering us a starting point to investigate the
role of SAMD1 in this process. Using our previously established SAMD1 KO mouse ES céliy,(fig. rst
created embryoid bodies, which already showed dysregulation of multiple genés) (Figembryoid bodies
were di erentiated into neuronal progenitor cells (NPCs) and subsequently into neuronal cell&a)Filye
observed no signi cant di erences in the cell growth of the NPCs, although SAMD1 KO NPCs tended to grow
slightly faster than wild-type NPCs (Figl). Upon di erentiation of NPCs into neuronal cells, we observed
that several marker genes, such as glial brillary acidic protein ) @fapNestin (Ngswere dysregulated upon
SAMD1 KO (Fig.7e). Immuno uorescence of the di erentiated cells on day 6 showed an enhanced level of
Tujl (Tubb3)-stained neurons in the KO cells (Ffy, indicating that SAMD1 KO enhances the di erentiation
preferentially towards neurons. is observation is consistent with the increased expression of genes related to
neuronal pathways during ES adilerentiation (Supplementary Fig. S5a). Furthermore, we observed higher
levels of H3K4me?2 in the di erentiated cells (Figg). is observation supports that SAMD1 deletion may
impair the activity of the KDM1A histone demethylase complex during neuronal di erentiation, in line with
our previous observation in undi erentiated E&I$. However, other indirect e ects could also be the source
of this observation. Combined, these data support the hypothesis that the absence of SAMD1 leads to aberrar
neuronal di erentiation and supports that SAMDL1 is critical for proper di erentiation processes.

W St—F"'@>% —e ¢<... T " Findlly-we asSessédtthe consequence of a heterozygous dele-
tion of SAMD1. H&E staining of various organs of an E14.5 heterozygous (HET) embryo was not noticeably
di erent from that in the WT embryo (Supplementary Fig. S2), and HET mice were born alive. is less severe
phenotype of the heterozygous mice, compared to the knockout mice, can likely be explained by a still relatively
high expression level of SAMDL1 in heterozygous cellsl()igHowever, analysis of the surviving mice showed
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Figure 7. SAMD1 KO a ects neuronal di erentiation in vitro. {&chematic steps of the neuronal

di erentiation procedure. e graphic was created on BioRender.con).Rlepresentative immuno uorescence
and Western blots of wild-type (Control) and SAMD1 KO ES cells, which were estgleshiedsly. Full
Westerns blots are shown in Supplementary Fig. BRT(qPCR of di erentiation-related genes a er embryoid
body formation. Data are presented as the me2 of two biological replicates) (TT assay of neuronal
progenitor cells. Data are presented as the m8&&nof three biological replicates) RI-qPCR of marker
genes upon neuronal di erentiation, starting from NPCs. Data are presented as 8i2arfi two biological
replicates. {fRepresentative immuno uorescence for Tuj1 (Tubb3) and H3K4me2 in di erentiated neuronal
cells. (¢ Quanti cation of H3K4me2 levels at distinct stages during the neuronal di erentiation procedure.
CTCF=corrected total cell uorescence. Data are presented ast#B&anf at least 15 cells per condition.
Signi cance in (¢d, e, g) was evaluated via a two-tailed unpaired Student’s t-test. n.s. not signi cant.
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that approximately 30% of the HETSs failed to survive past P21 (Supplementary Tables S2, S3), suggesting that tl
HET mice have distinct phenotypes.

To gain a clearer picture of why some of the postnatal HET mice died, we analyzed key body measures of th
surviving mice. Longitudinal body weight analysis on regular chow revealed that male and female HET mice
weighed less than WT mice (F83), suggesting a reduced ability to thrive. A high-fat diet (HFD) is commonly
used to induce metabolic changes in mice. HFD (60% fat by kcal, vegetable shortening) was started at 4 weeks a
continued for 15 weeks. We found that a er HFD feeding, HETs weighed less than control WT m&ts),(&igl
fat depots from HET mice weighed approximately half as much as those from the WT mRg).(Eignsistent
with what appeared to be reduced adiposity in the SAMD1 HET mice on the HFD, glucose disposal was increase
in the HET mice during the oral glucose tolerance test (OGTT) §&#cand baseline (time 0) fasted glucose
levels were signi cantly lower in the HET mice following the HFD challenge8@iginsulin measurements
from the blood samples collected during the OGTT found that insulin levels in the HET mice did not increase
following the HFD (Fig8f) and were signi cantly lower than the corresponding levels in the WT mice3@Fig.

Serum VLDL (very low-density lipoprotein) and LDL (low-density lipoprotein) were higher in the HETS,
while HDL (high-density lipoprotein) was lower in the HETs (Blg. Proper steroidogenesis is essential for
correct lipidmetabolisni®. Indeed, steroid hormone levels appeared to be altered in adult HETs. Corticosterone,
aldosterone, and angiotensin |l levels were signi cantly increased, and testosterone levels trended h&ijher (Fig.
Steroidogenesis and transformation of cholesterol to oxysterols occurs in mapyes#l It is possible that
the approximately 10—-15% reduction in SAMD1 expression in SAMD1 HET micé&dFagused or required
a compensatory change in steroid expression. e lower weights and adiposity may also be related to steroidal
di erences. Notably, we measured large di erences in the above markers between individual adult HETSs. It is
likely that the HETs dying prior to postnatal week 3 expressed a more severe phenotype, resulting in a failure tc
thrive. We did not observe any, probably because they are typically quickly eaten by the dams.

Collectively, these data suggest that although the heterozygous deletion of SAMD1 has no substantial con
sequences on embryogenesis, it still has an impact on the ability of the mice to develop normally a er birth.

e e oo ( ¢ L]

SAMDL1 is an epigenetic regulator that plays a repressive gene regulatory role at unmethylagtah@HG
Upon mouse ES cell di erentiation, the absence of SAMD1 enhances the expression of genes involved in neuronz
pathways, while factors important for metabolism and angiogenesis are downregulated (Supplementay Fig. S5)
likely due to both direct and indirect e ects. In HepG2 liver cancer cells, SAMD1 also strongly impacts the tran-
scriptionalnetwork. In addition to gene regulatory functions SAMD1 may also have a 1atlesirosclerosis
and muscledaptation®. In this study, we investigated the e ects of ablation of the SAMD1 gene in mice.

Looking at the whole organism, we noted that without SAMD1 there was an absence of functional blood
vessels leading to a pale appearance of the embryo by E1418)(Bgnilarly, RBCs, and the lack thereof, in
the E14.5 KO yolk sac, placenta, and umbilical cord seem to mark failed vessels, resembling those seen in tt
embryo. is should not be surprising, since vessel development is similar in embryonic and extraembryonic
tissué®*2, Given that by approximately E12.5 the de nitive placentaatire’® and the E12.5 embryos and
extra-embryonic tissue appeared grossly normal, we conclude that embryonic lethality of the SAMD1 KO mice
is unlikely to have placental defects as a primary cause. We hypothesize therefore that lack of SAMD1 cause
roughly simultaneous failure of blood vessels in the embryo, the yolk sac and the placental vasculature.

Nonetheless, SAMD1 KO mice, including the extraembryonic tissues, necessarily had developed a vascula
plexus, at least to the point of EC tubes. is is shown by the extent of organ development and the presence of
apoptotic EC fragments in locations where vasculature would normally have been. Additionally, the observed
RBCs and RBC clusters could not have arrived at the observed locations without a circulatory system to trans
port RBCs. e sparse mix of nucleated and enucleated RBCs in the KO demonstrated that early hematopoiesis,
functional heartbeat, and vasculogenesis had occurred (Figa, 6)**°. ese ndings suggest that in the
SAMD1 KO mice at least partially functional ECs di erentiated, proliferated, connected, and organized into a
functional vascular plexus during the early stage of embryogenesis. However, the E14.5 KO no longer has func
tional vasculature. At this stage, staining for EC markers appeared to mark only necrotic cedld,Bfigsd
RBCs were seen only in small clusters and scattered broken lines suggesting that previously functional blooc
vessels had degraded. Failure of arteriogenesis and subgaquérg’® seems a possible explanation for the
termination of circulation in the SAMD1 KO mice at this time point, since that such a failure would likely also
lead to collapse aingiogenest8?°. Although signi cant research is ongoing, factors involved in arteriogenesis
are still poorly understood comparedaingiogenesié*®, and it remains to be determined by which mechanisms
absence of SAMD1 may impair vessel maturation.

e absence of functional vasculature in the entire embryo at this time point likely caused severe hypoxia and
thus cessation of heartbeat. Prior to initiation of maternal-embryo circulation, nutrients and su cient oxygen
to metabolize glucose for growth is available in the uterus. Normal heartbeat starts by E8.5, providing circulat-
ing nutrients and RBCs faixygert’. Cessation of circulation at any time a er approximately E9 would cause
hypoxia such that the heart could no longer function, and resorption would begin. e SAMD1 KO heart, liver,
and lung were the correct size at about E12.5-E13.5. Obviously, organs could not have developed to this siz
without a functional circulatory system to provide nutrients and oxygen. At E14.5, we found only fragmented
vasculogenesis-level blood vessels. RBCs were absent from most locations, and pooled in a few places near
embryo surface, meaning that circulation had ceased, causing severe hypoxia and thus, cessation of the heal
beat. e observed tissue degradation means that resorption was occurring, which is very rapid a er cessation
of heartbedf suggesting that the death in the E14.5 mouse occurred at approximately E13.5.
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Figure 8. SAMDL1 heterozygous (HET) mice gain less weight and have reduced adiposity, higher hormone
levels, and di erent serum cholesterol levels\Weaight gain of WT and HET mice fed regular chow. Data

are presented as the mezBE of at least 7 mice per condition. Signi cance was evaluated by a two-tailed
unpaired Student’s t-test for the last 5 time points combingdMéight gain of WT and HET mice fed regularly
with high-fat diet (HFD). Data are presented as ni€8B of at least 7 mice per condition. Signi cance was
evaluated by a two-tailed unpaired student’s t-tesdgpose weight upon HFD (7). Data are presented

as the mean SD of 7 mice per condition. P-value via two-tailed unpaired Student’s t-)eBto¢dl glucose
concentration during oral glucose tolerance test, pre- or post-HFD. Data are presented-aSEnefat least

7 mice per condition. P-values via two-tailed unpaired student’s t-fefagted Blood Glucose level pre- or
post-HFD. Data are presented as the nigd of at least 7 mice per condition. Signi cance was evaluated by a
two-tailed unpaired Student’s t-test) §erum insulin during the oral glucose tolerance test, pre- or post-HFD.
Data are presented as the me&fk of at least 7 mice per condition. Signi cance was evaluated by a two-tailed
unpaired Student’s t-test.)(§asted plasma insulin pre- or post-HFD. Data are presented as the &i2af

at least 7 mice per condition. Signi cance was evaluated by a two-tailed unpaired Student’y Stexstm(h
cholesterol levels before and a er an HFD. Data are presented as 82aifi 7 mice per condition. P values via
two-tailed Mann—Whitney U test.)(Levels of metabolic hormones in WT and HET mice. Data are presented as
meant SD of at least 5 mice per condition. P-values via two-tailed unpaired Student’s t-tesotrsigini cant.
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Taken together, we hypothesize that the death of the SAMD1 KO embryos is likely driven by several succes
sive events. Possibly, arteriogenesis failed rst, leading to failednagsation'®, vessgbruning®, and thus
failing circulation. It is unlikely that this occurred simultaneously throughout the embryo, but at some point, it
would prevent su cient oxygen supply to the heart, leading to cessation of the heartbeat, an event that marks
death and initiates resorption followed by the observed degradation of the embryos. Circulation failure caused
insu cient oxygen and nutrient supply to internal organs, likely a ecting their development. Secondary events,
such as bone ossi cation are possibly driven by the hypoxic conditions during the failure of the circulation.
Notably, the observed SAMD1 KO phenotype is markedly di erent from reported deletions of regulators of
vasculogenesis, angiogenesis, and lymptatielopmerff. us, SAMD1 may modulate vessel formation in a
unique fashion, which requires further clari cation.

e presence of SAMD1 mRNA in the entire WT embryo and yolk sack (Eigh, Supplementary Fig. S1)
suggests that SAMDL1 is relevant beyond vessel development. us, some SAMD1 KO phenotypes may not be
related to failure of vascular development. e high expression of SAMDL1 in the head, as well as the consequences
of SAMDL1 deletion on neuronal di erentiation processes (Bigsupports a role of SAMD1 during head and
neuronal development (Fidf). Given that undirected ES cell di erentiation in the absence of SAMDL1 in uences
multiple distinctpathway$, it is likely that SAMDL is involved in additional cellular processes, which awaits
further clari cation. us, experiments that address the role of SAMD1 during other di erentiation processes will
be important to assess the relevance of SAMDL1 for distinct lineages. Generating conditional SAMD1 knockout
mice may be a suitable strategy to address the role of SAMD1 during the development of speci c tissues anc
organs. Useful data might also be gathered from studies of SAMD1 KO mice that were embryonic lethal later
in development.

Mutations that result in the absence of a gene o en do not have uniform e ects across a population. e
mechanisms can be environmental, epigenetic, synergistimutigenic®®. Variable expression and penetrance
are likely explanations for the survival until as late as E18.5, of the few KOs that had heartbeats past E14.
(Supplementary Table S1), and for the approximately 30% postnatal HET mortality by 3 weeks of age (Supple
mentary Tables S2 and S3). It is possible that compensating proteins, which typically have domain similarities
with a knocked-out protein, allowed at least partial rescue of the devetopbrgd®. e E15.5 KO shown in
Fig.1f may be a somewhat di erent phenotype from the E14.5. e scarcity of blood vessels is not as extreme,
but the absence of skull vault and the exencephaly in the E15.5 KO is di erent, and might have been caused b
an “open” neural tubdefect’.

Heterozygous SAMD1 KO mice were born alive, suggesting that here the embryogenesis was grossly norma
Likely, the relatively minor reduction of SAMD1 expression in the HET micel@igpossibly achieved due
to compensatory ects', is the underlying source for this weak phenotype. However, living HET mice had
substantially increased aldosterone, corticosterone, angiotensin Il, and testosterone le@glss{iigesting
that correct SAMDL levels are important for proper body function. Steroidogenesis and transformation of cho-
lesterol to oxysterols occurs in many tgles®. us, itis currently unclear whether SAMDL1 directly regulates
hormone production pathways in cells or whether these changes are caused by compensatory e ects, due t
other alterations in body homeostasis. e HETs also showed reduced body weight and adiposBg<€)g.
which may be linked to steroidal changes.

is investigation aimed to present the rst description of the e ect of SAMD1 ablation on mouse embryonic
development. Based on the E14.5 and E15.5 phenotypes, we focused on features related to vasculogenesis, a
riogenesis and neuronal di erentiation. e study is therefore limited to a restricted time window of embryonic
development and does not provide deeper insights into the role of SAMDL1 during earlier or later time points.
Given the use of a limited set of vascular markers and probes, only cells related to di erentiated ECs were
unambiguously identi ed. erefore, it is not determined whether failure of the early vascular plexus is due to
failure of migration, proliferation, di erentiation, communication, or connection of necessary progenitor cells
or of an unknown mechanism. Furthermore, we investigated only a restricted subset of animals and organs for
the KO mice and only selected measures for the heterozygous mice. us, it is likely that other phenotypes or
defects occur in the absence of SAMD1. Additionally, this study does not address the cellular and molecular
mechanisms by which the absence of SAMD1 leads to the observed phenotypes. Speci cally, it remains to b
determined, which phenotypes are directly regulated by SAMD1, and which occur due to indirect e ects. Given
that SAMDL1 is expressed in all tissues and organslff;ig, more research will be necessary to elucidate the
role of SAMDL in speci c cellular contexts.

is is the rst report on ablation of SAMD1 in mice. We observed embryonic lethality in the total knockout
mice, which may be the consequence of the myriad e ects stemming from the lack of appropriate vascular devel-
opment. Given the wide expression of SAMD1 in most organs, numerous other processes may also be a ected
potentially explaining the complex phenotype, both in the homozygous and the heterozygous mice.

1-S:1.

ece fZ Sfet ZMieSwmire bred, studied, and maintained in the Longwood Medical Research Center
facility in accordance with guidelines of the Committee on Animals of the Harvard Medical School and those
prepared by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Resources,
National Research Council [DHEW publication No. (NIH) FS-23]. e P zer Institutional Animal Care and
Use Committee (IACUC) approved all of the animal procedures and protocols according to the criteria stated
by the National Academy of Sciences National Research Council (NRC) publication 86-23, 1985. All methods
were performed in accordance with the relevant guidelines and regulations, as well as in accordance with the
ARRIVE guidelines.
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W %o fef <of..—<SAMDRI kdockout mice were genetically engineered by P zer (Groton, CT).
To generate the SAMDL targeting vectegombineering! was used to replace 2396 bp of the mouse SAMD1
(Accession ID D3YXK1) gene encompassing the 3 ¢« 615 bp of exon 1, exons 2—4 and all of exon 5 except for t
3« 83 bp with a neomycin phosphotransferase cassette in a 9433 bp genomic subclone obtained from a C57BL/
BAC (RP23-128H6; Invitrogen). e vector was introduced into Bruce4 (mixed C57BI/6N:C57BL/6J) mouse
embryonic stentell$? using a standard homologous recombination technique. Southern blot analysis was used
to identify correctly targeted mouse embryonic stem cell clones. Chimeric mice were generated by injection
of the targeted ES cells into Balb/c blastocysts. Chimeric mice were bred with C57BI/6J mice to produce F!
heterozygotes. Germline transmission was con rmed by PCR analysis (SAMD1g1: 5 «-@CAONAZITCA
GTTCA-3 »; SAMD1g2: 5+-GETAGCTATTCTGCCTCA-3 *»; dNEQO2: 5 +-ATAGCGTTGGCTACCCGTG
ATA-3+). F1 heterozygous males and females were mated to produce F2 mice. e colony was maintained by
intercrossing under speci ¢ pathogen-free conditions with unrestricted access to food and water.

fet . offe efe—e Ti7 ot ot IRNA And tDNAs@easurements were-per
formed at the Brlgham & Womens Hospital (Boston, MA) Synthesis of cDNA (ermoScript RT-PCR System
(Invitrogen Cat 11146-016)). RT-PCR was performed in a MyiQ single-color real-time PCR system (Bio-Rad
Laboratories, Inc., Hercules, CA). Total ribonucleic acid (RNA) from 250,000 cells was reverse transcribed by
Superscript Il (Invitrogen) according to the manufacturer’s instructions. Quantitative PCR was performed with
SYBR green PCR mix (primers for SAMD1 from QIAGEN N.V.) and analysis performed with StepOne So -
ware ( ermoFisher, Applied Biosystems). Levels of mMRNA were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA levels. cDNAs were synthesized using a High-Capacity RNA-to-cDNA™ Kit
(ermo Fisher, Catalog No. 4387406). Total 2 pg RNA/100 pl cDNA synthesis reaction and 1 pl cDNA per
TagMan reaction. GAPDH was used as an endogenous control (Applied Biosystem 4352339E. Catalogue NG
43-523-39E).

4 f—cte 7 ot —ed fe "stec... WQUse Zrﬁbryonié broblasts (MEFs) were isolated as
describeef. In short, embryos from WTSAMD1"” , andSAMD1’ mice were isolated between E12.5 and
E18.5. Internal organs, heads, tails, and limbs were removed from embryos prior to treatment with trypsin to
dissociate the cells. Cells were seeded into T-75 cell culture dishes in 15 ml of MEF media: KO DMEM (Life
Technologies, 10829-018), 15% FBS (Life Technologies), nonessential amino acids (Life Technologies 11114
050), 2 mM -glutamine (Life Technologies, 25030-081), 0.1 mM -mercaptoethanol (Sigma M7522), and
0.25 mg/ml gentamicin (Life Technologies, 15710-072).

Ste‘—>'¢... o—-Alif behadoral, physical, hormonal, and response phenotype comparisons of
SAMDI"* to SAMD1Y were performed by Caliper Life Sciences (Xenogen Biosciences, Cranbury, NJ) based
on the Phenotype P ndgplatform®,

ee— o' Sce—"  Siteantifodies against CD31 and VEGFR2 were purchased from Abcam (Cam-
bridge, UK). Immunohistochemical staining procedures were performed by P zer (Groton, CT) and at the
Brigham & Women'’s Hospital (Boston, MA). E14.5 has been established as the optimal time point for mouse
developmental disorder phenotypaalyse'$. In short, tissues were collected immediately a er E14.5 embryo
collection, xed in 10% bu ered formalin and embedded in para n. Four micrometer serial sections were cut
and mounted on glass slides. One section from each lesion was stained with hematoxylin and eosin (H&E).
Other slices were stained for CD31 (ab28364) or VEGFR2 (ab2349) with hematoxylin counterstaining following
Abcam’s protocols.

t727 ... —HF14 mESEH(E14TG2a) were provided from the lab of Jacqueline Mermoud (University of Mar
burg, Germany). SAMD1 KO E14 mESCs were estabisbeibusly. e WT and SAMD1 KO mESCs were
cultured in Dulbecco’s modi ed Eagle’s medium (DMEM) and GlutaMAX (Gibco; 61965-026), 15% fetal calf
serum (FCS) (Biochrom; S0115, Lot: 1247Bjdhessential amino acids (Gibco; 11140-03%§adium pyru-
vate (Gibco; 11160-039)x penicillin/streptomycin (Gibco; 15140-122), 10 uM -mercaptoethanol (Gibco;
31350-010), and LIF (1000 U/ml; Millipore; ESG1107, lot: 3060038) on 0.2% gelatin-coated plates.

— "°f2 Tejd "fe—<cf—<ie 7 ot —et ..tZZ7+a IESCs wdre pldted atedef-» &
sity of 1 XL(P on 0.1% gelatin-coated and dried 100 mm cell culture dishes for 3 days in mMESC medium, and
the medium was changed every 24 h. To start neurodi erentiatisd(fldissociated ES cells were incubated
on nonadhesive bacterial dishes (100 mm) for 6-8 days in mMESC medium without LIF, and the medium was
changed every 2 d. Embroid bodies (EBs) were collected and redistributed to 4 wells of a 6-well plate con:
taining 2 ml di erentiation medium containing DMEM (Gibco; 11960-044), 20% FCS, 2 mM -glutamine
(Gibco; 25030-081),xpenicillin/streptomycin, X nonessential amino acids, 50 uM -mercaptoethanol, and
0.5 pMtransretinoic acid (Millipore; 554720) and incubated for 2 days. EBs from two wells each were collected
and redistributed to a 100 mm cell culture dish, coated with 20 g/ml poly- -ornithine hydrobromide in PBS
(Sigma-Aldrich; P3655; 4 h to overnight at room temperature, rinsed twice with water) and incubated for 7 days
in neurobasal medium (Gibco; 21103-049) wi#lLiglutamine, X penicillin/streptomycin, and £ B-27 sup-
plement (Gibco; 17504-044)

e established neural precursor cells (NPCs) were cultured in Euromed-N medium (EuroClone; ECM0883L)
supplemented with £N-2 (Gibco; 17502-048),X1 -glutamine, X penicillin/streptomycin, 50 ug/ml BSA

L<Fe—co | £717(2623) 13:3000 | S——'ed T'¢cA""% WVAwWVy~ szw{e~avVXxyaexe-}}eay



(Sigma-Aldrich; A9418), 20 pg/ml insulin (Merck; 11376497,001), 10 ng/ml EGF (Peprotech; 315-09), and 10 ng/
ml FGF (Peprotech; 100-18B) on 0.1% gelatin-coated and subsequently 5 g/ml laminin-coated (Sigma-Aldrich;
L2020) six-well tissue culture plates and passaged with Accutase (Sigma-Aldrich; A6964)ftad&bted

To promote the neurogenic capacity of NPCs and allow the formation of mature neurons, WT and SAMD1
KO NPCs were seeded at high density{6) into gelatinized (0.1% in H20) and polyernithine hydrobro
mide-coated (20 g/mlin PBS) six-well tissue culture plates for di erentiation with N2B27 medium, consisting of
DMEM/F12 (Gibco; 11320-033) and neurobasal medium (1:1), wik2, 1xB-27, 100 uM -mercaptoethanol
and the addition of 10 ng/ml FGF (Peprotech; 100-18B) (ad&med’). Analysis of the cells was performed
with immuno uorescence staining and RT-gPCR at chosen time points.

& T 8’17« 1 ForRNA isolation, cells were cultivated on 6-well plates up to 80-100% con u-
ency. RNA was prepared using the RNeasy Mini Kit (Qiagen; 74004) according to the manufacturer's manual,
including an on-column DNA digest (Qiagen; 79254). e 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 analysis, values were normalized to mActb and mGapdh expression. ¢
gPCR primers used are presented in Supplementary Table S4.

e—¢,'Tcte 7" of—7"e f Ze followidgccbminercial antibodies were used: H3K4me2 (Diagen-
ode; C15410035), TUJ1/TUBBS (BioLegend; 801201), and GFAP (Dako; Z0334). e antibody for SAMD1 is
custom-made. It is directed against the SAM domain of human SAMD1 (amino acids 452 to 538) and was pro-
duced as describguieviously.

"tZ< " f—<'e fTedftedmine proliferation rates, cells were seeded on 6-well plates at a density of
1 x1C cells per well. Cell viability was determined at 1, 3, and 6 days a er seeding using the MTT assay by add-
ing 90 pl of 5 mg/ml thiazolyl blue98% (Carl Roth; 4022) to each well. e medium was aspirated aer 1 h,
and stained cells were dissolved in 400 pl of lysis bu er (80% isopropanol, 10% 1 M HCI, 10% Triton X-100).
Absorption was measured at 595 nm using a plate reader. All values were normalized to day 1 to compensate fc
variations in seeding density. e mean value of three biological replicates was determined.

ee—eta__t"te fe I WTfor-SAMEKO MESCs were seeded on 0.2% gelatin-coated cover
slips. WT or SAMD1 KO di erentiated neural precursor and neural cells were seeded on 0.1% gelatin-coated
and 20 g/ml poly- -ornithine hydrobromide-coated coverslips Cells were xed with 4% formaldehyde (w/v),
methanol-free ( ermo Fisher Scienti ¢c; PI28906), and subsequently permeabilized with wash bu er (0.5% Tri-
ton X-100 in PBS). Blocking was performed with 10% FCS in wash bu er. Primary antibodies were diluted 1:500
in blocking solution and incubated in a wet chamber overnight at 4 °C. ree washing steps of the cells were
performed before incubation with secondary antibodies, using Alexa Fluor 488 goat anti-rabbit-lgiGatd
Alexa Fluor 546 goat anti-mouse IgG«H) ( ermo Fisher Scienti c; A-11008 and A-11003), at a 1:2000 dilu-
tion each. Following three washing steps, the coverslips were mounted onto microscopy slides using VECTASH-
IELD® Antifade Mounting Medium with DAPI (Vector Laboratories; H-1200) and sealed. Microscopy-was per
formed using a Leica DM5500 microscope, and data were analyzed using ImageJ (Fiji).

ee—efa__t"Fe fe .t “— f e deternfinectheellular uorescence in microscopy images
using ImageJ, cells of interest were outlined and measured for their area, integrated intensity and mean gray
value. Adjacent background regions were measured for the same parameters to calculate the corrected tote
cell uorescence (CTCF) according to the following formula: C¥@Eegrated density — (area of selected cell
x mean gray value of background reading). Average CTCF values and standard deviations for 5 cells each in
di erent uorescence microscopy images per sample are presented in a graph.

‘ot f—< e f e fEnesexpission data from mouse embryo tissues were obtained from ENCODE
(https://www.encodepregt.org/, under “Mouse Developmert'and fromGSE45718. GSEA was performed
with standardsetting$§® using previously published data (GSE144396)

—f—<e—<...fZ Pudnfitativesr@sults are expressed as metandard deviation of the mean (SD).
Deviation from the mendelian ratio was evaluated using Chi Square tests. e signi cance of di erences between
two independently measured groups were evaluated using a two-tailed unpaired t-test. Two-way ANOVA fol-
lowed by Tukey’s postdoc test was applied for multiple group comparisons. Signi cance of the Lipoprint analysis
was evaluated using a two-tailed Mann—Whitney U test. e p-values were calculated using the GraphPad Prism
So ware. e p-values of the GSEA analysis were obtained from the GSEaare®®. A value of g0.05 was
considered statistically signi cant.

f-f [T f<Zf,<Zc>
e datasets generated during and/or analyzed during the current study are available from the corresponding
authors on reasonable request. Gene expression data analyzed during the study are avaiteWEeOGDE
(https://www.encodepregt.org/, under “Mouse Development”) and from the GEO reposi®B8E45713
and GSE144395
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