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1. INTRODUCTION 

1.1 CpG islands and their role in chromatin remodelling 

      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 environment, including 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 control (Bhootra et al., 2023). It is defined as 

the addition of a methyl group to a cytosine or adenine base. DNA methylation in mammals occurs 

almost exclusively at cytosines located in CpG dinucleotides at the carbon-5 position on the 

cytosine ring (methylcytosine/5mC). Approximately 60-90% of CpG sites are methylated, typically 

associated with reduced gene expression (Bird, 1986; Hu et al., 2013; Varriale & Bernardi, 2010). 

Methylation patterns across the genome are established by maintenance and de novo 

methyltransferases as well as demethylases. Maintenance DNA methyltransferase 1 (DNMT1) 

preserves tissue-specific 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, 2005). These patterns influence the recruitment and 

binding of transcription factors (TFs), methyl-binding proteins and linker histones to DNA by 

altered steric effects and therefore have an impact on chromatin structure (Bhootra et al., 2023; 

Davey et al., 1997). Minor 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 to de novo methylation or disruption of DNA methylation can be the cause 

of several diseases, including cancer (Bhootra 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 H3 at lysine 4 (H3K4me). H3K4me3 is facilitated by the histone methyltransferase 

complex MLL2 (mixed-lineage leukaemia protein 2) and recognized by the PHD (plant 

homeodomain-linked) finger domain of ING4, a subunit of the, H3K4me3 inhibits the activity of 

DNMTs, all together supporting an active chromatin configuration (Bell & Vertino, 2017; Deaton 

& Bird, 2011; Hung et al., 2009; Ku et al., 2008). Transcriptional repression is mainly linked to the 

methylation of histone H3 at lysine 27 (H3K27me), 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 (H2AK119ub) (Deaton & Bird, 2011; Owen & Davidovich, 2022; Stielow et al., 2018). Specific 

cells, such as mouse embryonic stem cells (mESCs), were shown to possess promoters in a 

bivalent chromatin state, carrying both the active H3K4me3 mark and the repressive H3K27me3 

mark. These genes are in a poised state between active transcription and stable transcriptional 

repression (Bryan et al., 2021; Deaton & Bird, 2011). 
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      A particular feature of the vertebrate genome is CpG islands (CGIs). They are hypomethylated, 

CpG-rich regulatory elements associated with a euchromatic and transcriptionally active state 

(Bell & Vertino, 2017; Bird, 1986). CpG-rich sequences are comparably rare motifs in vertebrate 

DNA and occur at one-fifth of the expected frequency. The human genome contains 

approximately 30,000 CGIs, stretching over the length of 0.5 - 2 kb of DNA (Jeziorska et al., 2017). 

Due to their accessible chromatin conformation, CGIs 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 remaining so-called orphan CGIs often lie in gene body 

regions. Orphan CGIs 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, CGIs remain largely unmethylated. Coinciding with their methylation status, 

the transcription of genes linked to CGIs is elevated as long as they remain unmethylated but is 

inhibited upon methylation (Caiafa & Zampieri, 2005). Indeed, promoters without or with sparse 

CGI frequency were found to be more susceptible to methylation than promoters high in CGI 

frequency (Shen et al., 2007). The 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 CGIs share 

other common features, such as decoration with acetyl-H3 lysine 9/27 (H3K9ac/H3K27ac) marks 

and general or cell type-specific transcription factor binding (Bell & Vertino, 2017). Likewise, 

Polycomb group (PcG) proteins belonging to the two types of Polycomb repressive complexes are 

targeted to CpG islands in a cell type-specific manner (Owen & Davidovich, 2022). 

      Other than CGIs, there are additional DNA regions rich in CpG, such as repetitive B elements 

in mice and Alu elements, a family of SINEs, in humans. Compared to CGIs, these elements exhibit 

higher methylation levels, are slightly smaller (< 0.5 kb) and show a lower CpG content (< 55%) 

(Caiafa & Zampieri, 2005). Additionally, B and Alu elements have been proposed to act as 

methylation centres, able to initiate spreading of de novo methylation to neighbouring regions in 

the absence of a boundary (Caiafa & Zampieri, 2005; Deaton & Bird, 2011). Interestingly, 

neighbouring regions of methylated promoter CGIs are often Alu sites, and nearly one-third of 

the human genome mCpGs are located within Alu repeats (Deaton & Bird, 2011). 

 

1.2 Chromatin binding proteins and their DNA recruitment mechanisms 

      In addition to covalent chromatin modifications, chromatin binding proteins are a major 

contributor to the preservation of either repressed or open chromatin configurations during 

development. One 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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H1.1-5. According to their name, they bind to the linker DNA between nucleosomes and promote 

DNA packaging (Behrends & Engmann, 2020). Linker 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 higher-order chromatin structures. H1-like linker histones bind to the linker DNA amid 

nucleosomes in an ‘on-dyad’ position, mediated by the electrostatic attraction between the 

negatively charged phosphate backbone of DNA and specific basic residues of the N-terminus, 

the α3 helices, and L1 loops of the globular domains within H1. Meanwhile, the C-terminus of 

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 association with effector enzymes, which in turn 

catalyse chromatin modifications. To date, nine mCpG-binding proteins have been identified in 

mammals that can be divided into three main families: the methyl-binding domain (MBD) family, 

SRA domain proteins and Kaiso and Kaiso-like proteins (Defossez & Stancheva, 2011). While some 

of the mCpG binding zinc-finger 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 silent chromatin state (Bogdanović & 

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 (CXXC-type zinc finger protein 1, also called CXXC1 or 

CGBP), part of the SETD1 H3K4 methyltransferase complex, as well as the H3K36 demethylases 

KDM2A and KDM2B (lysine-specific demethylase 2A/B, or CXXC8/CXXC2, respectively)(Marx et 

al., 2013; Shin Voo et al., 2000; Thomson et al., 2010). The combined feature of these and more 

proteins is a cysteine-rich zinc-binding CXXC domain, mediating their recruitment to 

unmethylated promoter CGIs. In mammals, twelve CXXC zinc finger proteins have been identified 

thus far (X. Xiong et al., 2019). Furthermore, the ubiquitously expressed transcription factors Sp1 

and Sp3 can bind to the GC box motif (5’-GGGGCGGGG-3’) within CGIs and (co-)occupy promoter 

regions, thereby protecting the targeted genes from cytosine methylation and maintaining the 

open chromatin state (Lee et al., 2001; Völkel et al., 2015). Of note, some transcription factors, 

such as KLF4, 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 DNA-binding of winged helix domain proteins 

      A recurring structure involved in protein-DNA interactions is the winged helix (WH) domain. 

WH domains interact with double-stranded (ds) DNA and are present in one-third of all DNA-

binding proteins (Harami et al., 2013). The WH domain was initially described as a helix-turn-helix 
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(HTH) domain, characterized by three core alpha helices forming a right-handed bundle in a partly 

open conformation with a sharp turn between α2 and α3 helices. A loop between the α1 and α2 

helices allows for higher conformational variance and modifications in further classes of HTH 

domains, as well as additional N- or C-terminal extensions (Aravind et al., 2005). The protruding 

α3 helix is defined as the canonical recognition helix, typically involved in direct and base-specific 

contact with the major groove of DNA (Brennan, 1993). In contrast to HTH domains, WH domains 

are characterized by an additional C-terminal beta sheet that may take different conformations, 

such as a two-strand or a three-strand sheet, and two characteristic loops (also called ‘wings’), 

which often provide a second interface for substrate contact with the minor groove of DNA 

(Aravind et al., 2005; Harami et al., 2013). 

      Winged helix domain-containing proteins associate with a variety of different complexes. They 

bind to DNA in different conformations, such as monomers, homodimers or heterodimers, 

rendering the WH-domain an extremely versatile motif (Gajiwala & Burley, 2000). They can be 

categorized according to their binding mechanism into a canonical and a non-canonical group, 

the main difference being the orientation and involvement of the α3 helix in DNA recognition at 

the major groove. 

      The first identified WH domain recognizing dsDNA is part of the hepatocyte nuclear factor 3-

gamma (HNF3γ or FOXA3) protein, and its structure defines canonical winged helix domains 

(HNF3γ-like). Canonical WH domains bind to the major groove of DNA via their α3 helix. This 

domain is found in transcription factors such as the FOX family, E2F4 and dimerization partner 2 

(E2F4-DP2), and catabolite gene activator protein (CAP) (Harami et al., 2013). Members of the 

forkhead (FKH) winged helix family of transcription factors, such as FOXO1, FOXA2 and FOXP3, 

facilitate direct interaction with DNA via their FKH domain. These canonical winged helix domains 

were found to preferentially bind to DNA at the FKH consensus sequence (5’-GTAAACA-3’) and 

act either alone or in cooperation with other DNA-binding domains (J. Li et al., 2017). Moreover, 

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 canonical WH proteins due to the DNA 

binding of each α3 helix to half of a palindromic target sequence (5′-CGCGCG-3′) (Gajiwala & 

Burley, 2000). 

      In contrast to canonical WH domains, non-canonical WH domains have multiple modes of 

interacting with dsDNA, for example, by major groove interaction of the W1 loop, as is the case 

for the transcriptional activator regulatory factor X1 (RFX1) (Harami et al., 2013). Here, the α3 

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 groove (Gajiwala & Burley, 2000). Similarly, the globular domains of linker 

histones H1 are winged helix domains, and their positively charged loop W1 surfaces bind to DNA 

(Gajiwala & Burley, 2000; Widom, 1998). Other non-canonical WH domains occur in Polycomb-

like (PCL) proteins, PHF1, MTF2 or PHF19, which are associated with the mammalian PRC2.1 

subcomplex and link PRC2 to CpG islands. In addition to a Tudor domain and two PHD fingers, 
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PCLs possess a winged helix domain that binds in an atypical fashion to DNA, with multiple 

contacts of the W1 loop to bases of CGG sequences. The role of the α3 helix within the WH domain 

of PCL proteins is still unclear and discussed in the literature. PCL WHs were proposed to bind to 

DNA in a sequence-independent manner with a preference for unmethylated CpGs (Fischer et al., 

2022; H. Li et al., 2017; Owen & Davidovich, 2022). 

 

1.4 SAMD1-like family of winged helix domains 

      Of particular interest for this work are members of the newly defined SAMD1-like family of 

WH domains. These belong to the group of non-canonical winged helix domains that were first 

described by Stielow and colleagues in sterile alpha motif (SAM) domain-containing protein 1 

(SAMD1; alternative name Atherin) to directly recognize and bind to unmethylated CpG motifs. 

The WH domain of SAMD1 is a globular, N-terminally localized domain. Highly homologous 

regions are also found in the transcriptional regulators KAT6A, KAT6B, and ZMYND11. 

Functionally, KAT6A (also known as MOZ and MYST3) and its paralog KAT6B (MORF and MYST4) 

are human lysine acetyltransferases, and ZMYND11 binds to trimethylated lysine 36 of H3.3 

(H3.3K36me3) (Wen et al., 2014; Yang, 2015). Due to their related sequences, these four proteins 

form a novel class of WH domains (Stielow, Zhou, et al., 2021). Similar to PCL proteins, SAMD1 

was shown to interact with unmethylated CpG islands, and by interacting with chromatin 

regulators such as KDM1A and L3MBTL3, it modulates the chromatin landscape and has a 

transcriptionally repressive effect on its target genes (H. Li et al., 2017; Stielow, Zhou, et al., 2021). 

Experimentally, the SAMD1 WH domain was found to preferentially contact 5′-GCGC-3′ motifs of 

dsDNA by simultaneously binding to the identified motif in the major groove of DNA with the C-

terminal end of its α1 helix and adjacent loop, as well as to the minor groove with two residues 

of the W1 loop, connecting the two-stranded β-sheet. This DNA-binding conformation differs not 

only from PCL proteins but also from all other known WH domains (Stielow, Zhou, et al., 2021). 

In the following, this thesis emphasizes the role of the newly identified family of SAM1-like winged 

helix domain proteins and their binding capacity to unmethylated CpG islands. In particular, 

SAMD1 and KAT6A are presented with their implications in different functional and biological 

contexts. 
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2. THE HISTONE ACETYLTRANSFERASE KAT6A IS RECRUITED TO 

UNMETHYLATED CPG ISLANDS VIA A DNA BINDING WINGED HELIX 

DOMAIN 
 

Lisa Marie Weber, Yulin Jia, Bastian Stielow, Stephen S. Gisselbrecht, Yinghua Cao, Yanpeng Ren, 

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): 574–594, doi: 10.1093/nar/gkac1188 

 

2.1 Introduction 

2.1.1  Lysine acylation activity of the KAT6A complex 

      In 1996 KAT6A was first described by Borrow et al. and named “monocytic leukaemia zinc 

finger protein” (MOZ) due to a conserved C2HC-type zinc finger. This domain, together with 

adjacent sequences of high homology in human MOZ, yeast Ybf2 (Sas3), yeast Sas2 and human 

TIP60, is referred to with the acronym “MYST domain”. Five human MYST family members were 

identified, which share the feature of intrinsic lysine acetyltransferase capacity and underwent 

various renaming processes over the years: KAT5 (TIP60: HIV Tat-interacting 60 kDa protein), 

KAT6A (MOZ; MYST3), KAT6B (MORF: MOZ related factor; MYST4), KAT7 (HBO1: HAT bound to 

ORC1; MYST1) and KAT8 (hMOF: human males-absent-on-the-first; MYST2) (Borrow et al., 1996; 

Yang, 2015). 

      Acetyl CoA-binding motifs and intrinsic HAT activities of both human KAT6A and KAT6B were 

first described by Champagne and colleagues in 2001 and 1999, respectively (Champagne et al., 

1999, 2001). In addition to the MYST domain, KAT6A and KAT6B share a double PHD finger (DPF) 

domain and an N-terminal region of high homology with the Drosophila HAT Enok. The DPFs can 

target and engage with the first 15 residues of histone H3, thus directing the acetylation activity 

of KAT6A/B to lysine residues within histone 3. In particular, DPFs of KAT6A bind to H3 tails with 

unmodified H3R2 and acetylated H3K14 but are repelled by H3K4me3 decorated tails, a mark that 

hinders H3 acetylation (Dreveny et al., 2014; Qiu et al., 2012). The N-terminally localized 

homologous region of KAT6A was initially called the NEMM (N-terminal part of Enok, MOZ or 

MORF) domain and has only recently been described to contain two different winged helices, 

with WH1 being a SAMD1-like WH domain able to directly interact with unmethylated CpG-rich 

DNA, first characterized by our group and Becht and colleagues for KAT6A and KAT6B, 

respectively, and the WH2 resembling a linker histone H1/5 WH (Becht et al., 2023; Weber et al., 

2023; Yang & Ullah, 2007). The C-terminal 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 vertebrate specificity of these regions (Wiesel-Motiuk 

& Assaraf, 2020; Yang, 2015). The acidic region has several implications in leukaemia and 
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developmental disorders, which will be further elucidated in later paragraphs. The SM domain 

was characterized as a potent transcriptional activation domain, a feature that has already been 

described for other acetyltransferases, such as p300 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 in the activation capacity of the SM domain 

(Champagne et al., 1999, 2001). 

      KAT6A/B are the catalytic subunits of a multisubunit complex, which also contains the tumour 

suppressor family member ING5 (inhibitor of growth 5) or its paralog ING4, MEAF6 (MYST/Esa1- 

associated factor 6) and BRPF1/2/3 (bromodomain-PHD finger protein 1/-2 or-3) (Ullah et al., 

2008; Zu et al., 2022). BRPF proteins directly interact with the MYST domains of KAT6A and KAT6B, 

mainly via two conserved N-terminal subdomains, acting as scaffolding proteins and mediating 

their connection to ING5 and MEAF6 by an enhancer of Polycomb (EPc) homology region. In this 

context, BRPF1 and ING5 were shown to stimulate the HAT domain activities of KAT6A and KAT6B 

to acetylate histones H3 and H4, highlighting their role as coactivators (Ullah 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 with H2A- and 

H2B-binding capacity. This interaction is maintained even throughout mitosis, leading to 

recruitment of KAT6A and subsequent acetylation of histones H3 and H2A (Laue et al., 2008; Zu 

et al., 2022). Interestingly, in addition to H3 lysine-14 acetylation (Kac), the DPF domains of KAT6A 

also recognize other acylation marks, such as lysine-14 crotonylation (Kcr), as well as H3K14 

butyrilation (Kbu) and propionylation (Kpr), suggesting a regulatory mechanism by which KAT6A 

controls transcription depending on the availability of corresponding acyl-CoA metabolites (X. 

Xiong et al., 2016). In 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 acetylates and propionylates 

H3K23 (K. Yan et al., 2020). 

      In addition to the various histone tail decorations, KAT6A was also found to facilitate 

acetylation of non-histone substrates. The ubiquitously expressed protein p53 is widely known as 

a tumour suppressor protein, and by interacting with 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 senescence (Rokudai et al., 2013). Recently, SMAD3, a complex-

bound transcriptional activator governed by various posttranslational modifications, was added 

to this short list. KAT6A acetylates K20 and K117 of SMAD3, promoting SMAD3 binding to the 

KAT6A-acetylated H3K23 reader TRIM24, an oncogenic chromatin modifier, resulting in closer 

chromatin association of this complex and enhanced signalling activation (B. Yu et al., 2021). 

      Overall, the KAT6A-ING5-MEAF6-BRPF1 complex has been widely 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 of nonhistone proteins p53 and SMAD3 (Laue 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 KAT6A implications in development and disease 

      KAT6A has a variety of genomic targets and plays an activating role in their transcription. 

Among the main high-confidence targets are the hematopoietic regulator Runx1 (Runt-domain 

transcription factor 1; or Aml1/Cbfa2) and the transcription factor Runx2 (Aml3/Cbfa1), which are 

involved in osteoblast differentiation and skeletal formation (Kitabayashi et al., 2001; Pelletier et 

al., 2002). KAT6A was shown to localize to the promoters of the homeobox gene Hoxa9, as well 

as to the oncogene Myc, both of which are known to be involved in the induction of 

leukemogenesis upon dysregulation (Becht et al., 2023; Camós et al., 2006; Qiu et al., 2012). 

      The involvement of KAT6A in leukaemia-associated translocations and its interaction with 

Runx1 suggest a role of KAT6A in the regulation of haematopoiesis. Investigations in mice reveal 

that Kat6a-deficient embryos die at day E15.5 and display various phenotypical defects. They fail 

to oxygenate blood due to aortic arch defects and show facial deformations, including a cleft 

palate (Katsumoto et al., 2006; Thomas et al., 2006). Morphological analyses at day E14.5 reveal 

failures in liver development, haemorrhaging and subcutaneous oedema, originating from a 

reduced population of haematopoietic stem cells (Katsumoto et al., 2006). Heterozygous Kat6a 

knockout foetuses are viable but show significant dysgenesis of the thymus and spleen. An overall 

deficient development of the hematopoietic system is indicated by reduced numbers of lineage-

committed precursor cells (Thomas et al., 2006). In addition, Kat6a is necessary for the 

maintenance of adult hematopoietic stem cells and their role in the long-term repopulation of 

bone marrow cells (Sheikh et al., 2016). Furthermore, the expression of Kat6a is essential for 

facilitating the active H3K9ac mark at Hoxa and Hoxb gene clusters and the correct development 

and identity specification of 19 body segments of the neck, trunk and nervous system in E10.5 

mouse embryos (Voss et al., 2009). Since Hox gene activation is crucial for embryogenesis, their 

transcriptional expression is poised and dependent on dynamic interactions of chromatin 

modifiers. In concert with the transcriptional activator KAT6A, the canonical PRC1 member PCGF4 

(BMI1) was identified as an opposing force during development and is involved in the 

transcriptional repression of Hox gene activation (Sheikh et al., 2015). Similarly, moz, the 

zebrafish orthologue of KAT6A, was shown to regulate Hox genes by maintaining their expression 

in the hindbrain and cranial neural crest cells (CNC), thereby determining pharyngeal segment 

identity (Miller et al., 2004). In particular, Hoxa2b and Hoxb2a, which play a role in second 

segment skeletal development of the jaw and gill cover, are under the influence of moz (Crump 

et al., 2006). Hence, due to the transcriptional maintenance of moz activity on Hox genes, moz 

was proposed to be a trithorax group (trxG) factor that regulates Hox gene expression in a similar 

way and is defined to genetically counterbalance PcG mutant phenotypes (Miller et al., 2004). 

      KAT6A is involved in various developmental processes, such as cardiogenesis and facial as well 

as pharyngeal development. Here, KAT6A catalyses acetylation of H3K9 at the Tbx1 gene, a T-box 

DNA-binding transcription factor, thereby facilitating its expression. In vivo experiments showed 

a phenotype resembling DiGeorge syndrome after KAT6A depletion, with particular emphasis on 

its role in palate formation and the development of facial structures, the thymus and the 
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cardiovascular system (Voss et al., 2012). Deeper insight into the underlying mechanisms of 

craniofacial development revealed that the family of distal-less homeobox (Dlx) genes was 

particularly affected and less abundantly expressed upon Kat6a depletion (Vanyai et al., 2019). 

      Mutations of the Kat6a gene in patients with developmental delay and intellectual disability 

(ID) were first discovered in 2015 by clinically applied diagnostic whole-exome sequencing (WES). 

The described de novo mutations led to the expression of truncated versions of the KAT6A protein 

due to frameshifts caused by nucleotide insertions or deletions. Phenotypic consequences in 

affected individuals are hypotonia, cardiac defects, microcephaly, facial dysmorphism, oromotor 

dysfunction and speech impairment (Arboleda et al., 2015; Millan et al., 2016; Tham et al., 2015). 

Additional characteristics can involve strabismus, short stature, pituitary anomalies and forms of 

gastrointestinal complications (Kennedy et al., 2019; Trinh et al., 2018; Zwaveling-Soonawala et 

al., 2017). According to the initial discoverers, this form of ID was first referred to as Arboleda-

Tham syndrome but is also called KAT6A syndrome. Most of the characterized mutations occur in 

the C-terminal 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 C-terminally truncated pathogenic variants in the last two exons of 

KAT6A. These truncations result in a loss of the SM domain accompanied by SM domain 

interactors and potentially reduced p53 acetylation and dysregulated downstream signalling 

(Arboleda et al., 2015; Kennedy et al., 2019). To date, in 2019, the literature has described 61 

different – mostly de novo – mutations in 78 individuals (Kennedy et al., 2019), and according to 

the homepage of the KAT6 foundation, in 2022, 350 patients were diagnosed with KAT6A 

syndrome worldwide (KAT6 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 clinical glioblastoma 

(GBM) patients, promoting H3K23 acetylation, cell proliferation and tumour growth and 

correlating with a poor prognosis (Lv 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-positive breast cancer, KAT6A activates the estrogen receptor (ER) α promoter (L. Yu et al., 

2017). 

      Enhanced transcriptional activity can be caused by the dysregulation of chromatin modifiers 

such as histone 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 hyperacetylation of target 

genes. Three different KAT6A translocations have thus far been discovered, all of which have been 

identified in patients suffering from acute myeloid leukaemia (AML). First, the translocation 

t(8;16)(p11;p13) describes KAT6A rearranged with CREB-binding protein (CBP) occurring mainly 

in acute myelomonocytic or monocytic leukaemia, subtypes of AML (Borrow et al., 1996). Second, 

t(8;22)(p11;q13) is a KAT6A to HAT p300 in-frame fusion protein that is rearranged in acute 

monocytic leukaemia (Chaffanet et al., 2000). Third, the pericentric inversion inv(8)(p11q13) 
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leads to a KAT6A-TIF2 fusion. TIF2 is a transcriptional coactivator that additionally contains a 

CBP/p300 interaction domain, which is retained in the fusion protein, thus recruiting CBP and 

p300 to the nucleosome and promoting AML (Deguchi et al., 2003; Yang & Ullah, 2007). KAT6A-

related translocations are found in approximately 2% of AMLs, with the entire N-terminus of 

KAT6A being included in these rearranged fusion proteins, a breakpoint in the acidic region, and 

a replaced C-terminus with the respective fusion partners’ including their respective HAT domain 

(Katsumoto et al., 2008; Zhou et al., 2020). They define a distinct subtype of leukaemia, displaying 

an aberrated gene expression profile in comparison to other myelomonocytic or monocytic AMLs 

(Camós et al., 2006; Murati et al., 2009; F. Yan et al., 2022). 

      Leukaemias with KAT6A fusion proteins have a very poor prognosis and a mean survival of ≤5 

months, with a large proportion of patients represented by children. To date, haematopoietic 

stem cell transplantation is the only possible treatment option in these cases but is considered a 

high-risk procedure, emphasizing the need for other, more effective therapies and medical 

treatments (Zhou et al., 2020). Two KAT6A inhibitors against intrinsic MYST domain activity are 

applied in research that compete with acetyl-CoA binding. WM-8014 inhibits KAT6A with an IC50 

of 8 nM but also interacts with other MYST family proteins (KAT6B, IC50 28 nM; KAT5, IC50 224 nM; 

KAT7, IC50 342). More efficient and specific is the WM-8014 derivative WM-1119, which was 

already effective in reducing the tumour burden of lymphoma in mice in vivo experiments (Baell 

et al., 2018). 

      In addition to KAT6A, other leukaemogenic translocations have been reported; for example, 

ENL (MLLT1) is a fusion protein with MLL (KMT2A/ALL1) in MLL-rearranged 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 domain. ENL was described 

as a histone acylation reader protein that binds to H3K9/18/27ac in active chromatin via its YEATS 

domain and sustains oncogenic gene transcription in AML. Due to its selectivity towards H3K9ac, 

ENL was found to cooperate with KAT6A in a histone acetylation “writer-reader” manner, driving 

MYB and MYC expression and promoting AML progression (F. Yan et al., 2022). A direct 

interaction of KAT6A with ENL was ascertained through multiple motifs contained in the KAT6A 

residues 781-1116, parts of the acidic domain further subdivided into an additional part called 

the ENL binding domain (EBD). Reciprocally, ENL binds KAT6A through its YEATS domain. ENL 

reportedly associates with several other enzymatically active proteins, such as histone 

methyltransferase DOT1L, MLL fusion protein AF4 (MLLT2) and components of the Polycomb 

repressive complex 1, via its ANC1 homology domain. Furthermore, a basic stretch between the 

DPF and MYST domains of KAT6A facilitates interaction with MLL, providing a dual direct link of 

KAT6A to MLL-ENL translocations (Miyamoto 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 cancer formation. Furthermore, pathogenic 

C-terminally 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 decades ago, KAT6A has been viewed as a transcriptional 

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 island-binding capacity of SAMD1 by its N-terminally located winged 

helix domain and discovered a highly homologous – at that time – unannotated winged helix 

domain at the very N-terminus of KAT6A and KAT6B (Stielow, Zhou, et al., 2021). In the present 

study, we reveal that this KAT6A WH1 domain has a DNA-binding 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 database (Varadi et al., 2022) indicated 

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 domains (Harami et al., 2013), connected by a 25 amino acid-long linker (Figure 1B). Thus, 

we labelled these domains WH1 and WH2 (Figure 1C). Analyses of the human KAT6A paralog 

KAT6B and Drosophila orthologue Enok displayed homologous domain structures to KAT6A and 

reinforced the NEMM domain composition of two individual WH domains (Supplementary figure 

S1A-F). Minor variations occur in the length of the linker element between the WH1 and WH2 

domains, comprising 30 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 domains between KAT6A, 

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 domains, with 

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 to varying extents. Phylogenetic analysis with a focus on WH1 

(Figure 1D) revealed homologues in zebrafish (Danio rerio) and the freshwater polyp (Hydra 

vulgaris), suggesting an evolutionarily ancient common ancestor. Related KAT6A/B WH1 domains 

were found in human and zebrafish SAMD1 and ZMYND11 (Figure 1D, E), composing a new group 

of SAMD1-like WH domains (Stielow, Zhou, et al., 2021). Since the SAMD1 WH domain was 

already shown to bind to CpG islands (Stielow, Zhou, et al., 2021) and published genome-wide 

data indicated a recruitment of KAT6A to CpG-rich sequences (Miyamoto et al., 2020), we 

hypothesized that KAT6A and KAT6B WH1 domains would also bind specifically to CpG-rich DNA 

motifs due to their sequence and structural homology. Indeed, electrophoretic mobility shift 

assays (EMSAs) showed that the KAT6A and KAT6B WH1 domains bind exclusively to CpG-rich 

DNA and not to AT-rich DNA, while the ZMYND11 WH domain indicates no such binding capacity 

(Figure 1F). Furthermore, the KAT6A WH2 domain was analysed and did not exhibit CpG binding 

in EMSA experiments (Supplementary figure S2A). To elucidate 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, the 5’- GCGCG-3’ motif and the 

palindromic 5’- CCGNGGC-3’ motif, indicated by an E-score greater than 0.45 in 96 and 125 

octamers (8-mers), 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 alone was analysed (Supplementary figure S2B) and overlapping motifs to the WH1 

analysis when WH1-WH2 were combined (Supplementary figure S2C), rendering WH1 as the 

driving force in CpG recognition and binding. 

      To elucidate the molecular mechanisms of the KAT6A WH1 domain interaction with CpG-rich 

DNA, protein-DNA complex crystallization was performed. The KAT6A N-terminal amino acids 1-

85 comprising the WH1 domain were crystallized with double-stranded DNA containing a 5’-

GCGC-3’ motif, and the structure was solved at a resolution of 1.5 Å (Supplementary table S1). As 

predicted, the complex structure reveals a folding of WH1 into three alpha helices (α1-3) followed 

by two beta sheets (β1/2), with two loops (W1/2), one interspersing β1 and β2, and the other 

located C-terminal to both β sheets (Figure 2A). The main interactor with the presented sequence 

is α1, inserting its C-terminus into the major groove of DNA and thus facilitating sequence-specific 

contact (Figure 2B). The most important amino acids in this context are Gln23, Lys24 and Gln25, 

which form direct hydrogen bonds with the base pairs of the 5’-GCGC-3’ binding motif (Figure 2B, 

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 pairs for the KAT6A WH1-DNA 

interaction, we performed further EMSA experiments, exchanging one key base component at a 

time to one of the other three possible bases (Figure 2E). Furthermore, the binding affinity of 

WH1 to methylated CpG-DNA (mCpG) was probed (Figure 2F). The displayed results reinforce the 

binding specificity of KAT6A WH1 to unmethylated CpG-rich DNA motifs. To reciprocally elucidate 

the essential DNA-recognizing amino acids of KAT6A WH1, we mutated sequence-interacting 

amino acids found in the structural complex analyses and performed isothermal titration 

calorimetry (ITC) measurements (Figure 2G). Lys24 proved to be the most crucial amino acid by 

weakening the binding affinity of WH1 to DNA by approximately 30-fold when mutated to Ala 

(K24A), aided by Gln23, which negatively influences binding about 3-fold when mutated (Q23A). 

Comparing KAT6A WH1 with its homologous SAMD1 WH domain, both exhibit protein-DNA 

interactions in a similar fashion, as apparent in the superimposed structures of the complexes 

(Figure 2H). The SAMD1-like WH domains represent a new type of non-canonical WH domain, 

since they depend on the protrusion of their α1 helix into the major groove to allow motif 

recognition, instead of their α3 helix, as is categorized for canonical WH domains (Brennan, 1993). 

      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 between the sequences. To 

elucidate this point, we repeated the protein-DNA complex crystallization described above with 

double-stranded DNA containing a 5’-CCGTCGG-3’ motif and solved the structure at a resolution 
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of 1.93 Å (Supplementary table S1). Interestingly, KAT6A WH1 bound to this sequence in a dimeric 

form, exhibiting a head-to-head conformation (Figure 3A). In addition to the previously observed 

protein-DNA interactions, this complex is further connected by protein-protein interactions 

between Glu30 with Ser28 and Glu29 of the opposite WH1 molecule (Figure 3B). To test the 

stability and likelihood of occurrence of the two different complexes, gel-filtration analysis was 

implemented, assessing strong interactions of both the monomeric and dimeric KAT6A WH1-DNA 

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 3D), a connection not essential for DNA binding of the WH1 domain. In contrast, 

the interaction of the key amino acids Gln23, Lys24 and Gln25 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, F). 

Overall, both the monomeric and dimeric complexes form all essential connections between the 

C-terminus of each WH1 α1 helix with the major groove of the DNA and the located CGC/CGG 

recognition motifs. 

      Due to the various implications of KAT6A in embryonic development with a particular role in 

haematopoiesis (Katsumoto et al., 2006; Sheikh et al., 2016; Voss et al., 2009), we set 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 with the histone acetyltransferase function of KAT6A, the acetylation levels at its 

targets H3K9 and H3K14 were slightly decreased upon KAT6A depletion (Figure 4C). Furthermore, 

RT-qPCR analysis confirmed the transcriptional dysregulation of multiple known target 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, 

respectively, in comparison to control cells. 

      To study the effect of KAT6A on genome-wide transcription, we performed RNA-Seq with the 

described knockouts. Principal component analysis revealed strong distinctions between the KO 

and control samples (Figure 4F). Gene expression was downregulated at 494 targets, a majority 

of which were localized to CpG islands (Figure 4H), and upregulated at 238 targets (log2-fold 

change > 0.75 and P < 0.01) (Figure 4G), concurring with a loss of the transcriptional activating 

capacity of KAT6A as a histone acetyltransferase 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 development (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 down- and upregulated targets (Supplementary figure S3D, E). To further 
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elucidate this overlap, we investigated SUZ12 expression at the mRNA (Supplementary figure S3F) 

as well as protein level (Supplementary figure S3G) and observed a reduction in both, concurring 

with the KAT6A KO. Additionally, the recruitment of the SUZ12 interactor and PRC2 complex 

member EZH2 to specific target genes was substantially reduced in KAT6A-depleted cells 

(Supplementary figure S3H). Overall, the observed effects of KAT6A deletion on the 

transcriptomic profile in mESCs correlated well with the implications of KAT6A in patients with 

the developmental syndrome (Kennedy et al., 2019). We concluded that a combination of direct 

and indirect consequences led to the dysregulation of targets, first, by compromised histone 

acetyltransferase activity of KAT6A and second, by altered expression of other affected genes, 

such as the chromatin modifier SUZ12. 

      Since we encountered technical difficulties in the immunoprecipitation of endogenous KAT6A 

and ectopic expression of KAT6A constructs in mESCs to study genome-wide binding sites and to 

further investigate the role of WH1 in chromatin recruitment and transcription 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 FLAG-HA (F/H)-tagged KAT6A full-length (fl) wild-type (wt) and WH1 mutant 

(K24A/Q25A, “WH1 mut”) constructs was successfully 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 found divergent 

enrichment of KAT6A wt and WH1 mut in the three fractions (Figure 5B). The chromatin 

interaction of mutated KAT6A WH1 was reduced, while a higher abundance was measured in the 

nucleoplasm and cytoplasm fractions in comparison to wild-type KAT6A (Figure 5C). Due to the 

indications that KAT6A WH1 might preferentially interact with CpG-rich DNA in vivo, we consulted 

previously published ChIP-Seq data (Miyamoto et al., 2020) and selected promising target genes 

for ChIP-qPCR experiments. While exogenous KAT6A wt specifically bound to CGI-containing 

promoters, exogenous KAT6A WH1 mut displayed no such recruitment (Figure 5D). To elucidate 

the degree of WH1 autonomy in KAT6A chromatin recruitment and binding, we cloned various 

constructs with mutated, depleted or truncated KAT6A domains (Supplementary figure S4A, D, 

G) and transiently transfected these constructs into HEK293 cells (Supplementary figure S4C, F, 

I). ChIP-qPCR experiments 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 domains led to 

a stepwise increase in chromatin recruitment, which was already improved in the WH1-WH2 

construct and restored to the KAT6A fl wt extent in the WH1-DPF construct (Supplementary figure 

S4E). Furthermore, KAT6A full-length constructs with deletions of either the WH2 (∆WH2) or DPF 

(∆DPF) domain did not abrogate chromatin binding (Supplementary figure S4AH). Thus, the WH1 

domain of KAT6A is essential for chromatin recognition and recruitment but is, on its own, not 

sufficient in this function and requires the contribution of the WH2 and DPF domains. 
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      To investigate the effect of 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 wild-type KAT6A did not increase KAT6A recruitment to chromatin, the 

overexpression of WH1-mutated 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 expression. In contrast, KAT6A WH1 mut 

likely has a competitive advantage and displaces endogenous KAT6A, thus reducing 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 and H3K14ac targets in our ChIP-qPCR analyses of 

the KAT6A overexpression constructs. Similar to 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 enzymatically inactive KAT6A fl HAT domain mutant construct (Q654E/G657E, 

“HAT mut”) (F. Yan et al., 2022) to ensure a better comparability of the effects on histone 

acetylation levels. Indeed, the HAT mut construct displayed as good a recruitment to CGI-

containing promoters as the wild-type (Supplementary figure S5B), but H3K9ac and H3K14ac 

levels at the investigated 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 the activity of 

endogenous KAT6A – a dominant negative effect. 

      To verify the hypothesis that KAT6A WH1 mut replaces endogenous KAT6A in its complex 

formation and other protein-protein interactions, we performed FLAG-immunoprecipitation with 

subsequent mass spectrometry (MS) to assess the interactomes of ectopically expressed 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 (Figure 5G, Supplementary table S4). Already known 

interaction partners of the BRPF1 complex were confirmed in the MS findings, and putative 

interactors such as the NSL complex or PRC1 were enriched in both KAT6A wild-type and WH1 

mut samples (Figure 5G, Supplementary figure S6B). To date, a direct interaction and coregulatory 

function for the KAT6A/B orthologue Enok with PRC1 has only been described in Drosophila 

(Bryan et al., 2021; Kang et al., 2017). With coimmunoprecipitation, we validated the interaction 

of ectopic KAT6A wt and WH1 mut with PRC1 subunits, in particular with non-canonical PRC1.6 

(Figure 5H). In line with these results, ectopic KAT6A wt and WH1 mut interactomes strongly 

overlap and can competitively displace endogenous KAT6A in protein-protein 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 representative of genome-wide 

targets, we subsequently conducted ChIP-Seq experiments. Initially focussing on the wild-type 

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 KAT6A-bound 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 locations displayed CpG-rich motifs (Figure 6D), 

similar to the previously conducted PBM array (Figure 1G). A comparison of the KAT6A WH1 

preference towards four nucleotide DNA motifs (4-mer) was applied to the obtained data of these 

in vivo and in vitro experiments, which correlated significantly (Pearson’s R = 0.31, P < 0.001) with 

the 5’-GCCG-3’ 4-mer as the most likely motif in both cases (Figure 6E). Furthermore, this motif is 

localized with higher frequency approaching the peak summit of the KAT6A binding profiles 

(Figure 6F). Considering that the PBM array and subsequent complex crystallization (Figure 3A-F) 

revealed a dimeric KAT6A WH1 binding state with a seven nucleotide palindromic CpG-rich 

sequence, we reviewed the occurrence of such a motif in the in vivo data. Indeed, comparing the 

palindromic motif to other non-palindromic motifs (Supplementary figure S7A) or palindromic 

motifs with partly exchanged CpG bases or increased spacer length (Supplementary figure S7B, 

C) at KAT6A binding profiles, we observed a distinct enrichment at the very peak summit. 

Therefore, KAT6A seems to prefer the palindromic motif, which is present at 58% of all CGIs 

(Supplementary figure S7D). 

      As already indicated by EMSA, KAT6A seems to have a preference for unmethylated CpG-rich 

DNA (Figure 2F). For that reason, we correlated our KAT6A wt ChIP-Seq data with published CpG 

island recovery assay (CIRA)-Seq (Miyamoto et al., 2020) and whole genome bisulfite sequencing 

(WGBS) data (Piunti et al., 2019). Evidently, KAT6A binds to unmethylated CGIs and is repelled 

from methylated CGIs (Figure 6G). To investigate this further and assess whether the removal of 

methylation from DNA at CGIs leads to de novo recruitment of KAT6A, we applied the DNMT1 

inhibitor GSK-3484862 (Azevedo Portilho et al., 2021). We selected representative unmethylated 

and methylated CGI-containing promoter sites (Supplementary figure S8A) and observed changes 

in KAT6A recruitment upon treatment with different concentrations of GSK-3484862 in HEK293 

cells. While the binding levels of ectopically expressed KAT6A did not vary at unmethylated target 

genes, methylated CGIs displayed de novo recruitment of FLAG-tagged 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 analysing the genome-wide distribution of KAT6A and its colocalization with various 

histone marks, we identified three different groups of CpG islands: active, repressed and orphan 

CGIs (Figure 6H). Each of these groups is characterized by a unique combination of histone 

modifications, group 1 (n=9351) by H3K4me2/3 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 CGIs 

(Figure 6H, J). Additionally, a fourth and rather unexpected group of KAT6A-bound genes was 

identified, with KAT6A enrichment beyond the TSS, in downstream gene body regions (Figure 6I, 

J). A gene ontology analysis of the four identified clusters revealed that group 2 and group 3, in 

particular, are involved in cell-type specific developmental processes (Supplementary figure S9A). 

While the decoration of group 3 with H3K4me2 suggests an association of the KAT6A-bound 
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orphan CGIs with enhancer function (Pachano et al., 2021), group 2 strongly accumulates with 

repressive H3K27me3, a mark facilitated by Polycomb group proteins (Fischer et al., 2022). In 

accordance with our MS data and coimmunoprecipitation experiments, we found a high 

correlation between KAT6A and PRC1 components in ChIP-Seq data (Supplementary figure S6C, 

D), indicating a joint regulatory function in HEK293 cells. Closer studies of the gene body-linked 

KAT6A sites demonstrated high transcriptional expression of the associated genes 

(Supplementary figure S9B), correlating to an overlap with the histone elongation marks 

H3K4me1 and H3K36me3, as well as polymerase II (Supplementary figure S9C, D, E, S6C). 

Including the ectopically expressed KAT6A WH1 mut and HAT mut constructs in our analyses, we 

aimed to further elucidate the role of the WH1 and HAT domains in genome-wide KAT6A 

chromatin recruitment and acetylation progression, respectively. In agreement with the previous 

ChIP-qPCR data (Supplementary figure S5B), WH1 mut completely abrogated KAT6A recruitment 

to CGIs at a genome-wide level, whereas the HAT mut showed no apparent difference in 

recruitment compared to wild-type (Figure 7A, B, 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 wild-type and HAT mut (Figure 7C, D, E). 

Furthermore, the GC content of the observed gene body regions was distinctly lower than the 

general genomic GC content and correlated 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 CGIs, other mechanisms recruit KAT6A 

to gene body regions of lower GC content, independent of WH1.  

      In summary, KAT6A 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 unmethylated CGIs, a direct 

interaction facilitated by the WH1 domain of KAT6A, while a smaller fraction is located in gene 

bodies, by recruitment mechanisms independent of WH1. Moreover, the inhibition of DNMT1 

leads to a de novo recruitment of KAT6A to methylated CGIs. 

      In view of KAT6A histone acetyltransferase activity, we further employed genome-wide 

experiments with one of its main enzymatic targets, H3K9ac (Laue et al., 2008). Beforehand, we 

observed a minimal increase in H3K9/K14ac upon ectopic expression of KAT6A wt and a distinct 

reduction upon WH1 mut and HAT mut expression at specific CGI promoter target sites (Figure 

5E, Supplementary figure S5C). Consequently, we correlated genome-wide H3K9ac occurrence 

with KAT6A-bound CGIs and observed changes in acetylation between KAT6A wild-type 

overexpression and both mutants (Supplementary figure S10A, B). Although the reduction of 

H3K9ac upon KAT6A WH1 mut and HAT mut overexpression was 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 CGIs than WH1 mut (Supplementary figure S10B, C, 

D). Furthermore, HAT mut-expressing cells displayed tendencies of a slightly lower abundance of 

a small number of KAT6A target genes in RT-qPCR experiments, correlating with the mild 

reduction of H3K9ac in these samples (Supplementary figure S10F). Similar to the enrichment of 
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KAT6A at CGIs containing the palindromic 5’- CCGNGGC-3’ motif, H3K9ac was locally enriched at 

this motif (Supplementary figure S7E), echoing the involvement of WH1 in monomeric and 

dimeric CGI binding and its associated function in chromatin remodelling. However, taking 

another closer look at KAT6A-bound gene bodies, no apparent influence on H3K9ac was 

noticeable in these regions as a consequence of exogenous KAT6A expression (Supplementary 

figure S10E), even though KAT6A WH1 mut was prominently enriched at gene bodies (Figure 7D). 

In summary, slightly decreased levels of H3K9 acetylation were observed at KAT6A-bound CGIs 

genome-wide 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 the N-terminal end of KAT6A as a 

distinct feature of the previously described NEMM domain. Moreover, we developed a model of 

how this WH1 domain of KAT6A is involved in DNA motif recognition at unmethylated CpG islands 

and chromatin recruitment of KAT6A to genome-wide target sites to facilitate histone acetylation 

and enforce transcription control (Figure 8A). In addition, other unidentified mechanisms 

contribute to KAT6A recruitment to gene body regions of target genes, independent of WH1 

function (Figure 8B). 
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2.3 Discussion 

2.3.1 Substantial effects of a DNA-binding WH domain on genome-wide aspects 

      In the present study, we characterized a newly identified (Stielow, Zhou, et al., 2021) winged 

helix domain at the very N-terminus of the histone acetyltransferase KAT6A that is responsible 

for the direct recruitment of KAT6A to unmethylated CpG-rich DNA sequences. This is the first 

indication that KAT6A is not exclusively dependent on cofactors such as its complex partner BRPF1 

for chromatin association (Zu et al., 2022). Nevertheless, interaction partners and cofactors of 

KAT6A might still play a role in processes such as complex association and stabilization of 

chromatin interactions, since KAT6A protein-protein interactions hardly differ between the wild-

type and the WH1 mut version (Figure 5 F-H, Supplementary figure S6B-D). It would be interesting 

to investigate which targets are directly bound by the WH1 domain and which by cofactors such 

as BRPF1 that indirectly tether KAT6A to chromatin and how they overlap or differ, with the 

implications that arise for the developmental processes that KAT6A takes part in as a self-

sufficient chromatin regulator or in concert with other complex members. 

      Interestingly, one source stated that initial in vitro experiments indicated that the KAT6A HAT 

domain itself might have DNA-binding properties, likely mediated through an N-terminal zinc 

finger region and a C-terminal HTH motif, therefore having both chromatin-targeting and 

enzymatic activities. These DNA-binding properties of the 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 by hyperacetylation due to KAT6A translocations 

(Holbert et al., 2007). Strategic chromatin binding experiments obtained by ChIP-qPCR of 

truncated or mutated KAT6A constructs were performed in the present study (Supplementary 

figure S4). Since no residual KAT6A chromatin recruitment was detectable in WH1 mut samples 

and a gradual extension of N-terminal domains showed no effect after the addition of the HAT 

domain compared to the WH1-WH2-DPF construct, a self-sufficient chromatin binding function 

of the KAT6A HAT domain seems unlikely. Moreover, Miyamoto and colleagues already identified 

KAT6A residues 1-84 to be particularly essential for KAT6A targeting to specific CpG-rich 

chromatin locations, such as the HOXA9 and MYC promoters, while analyses of the C-terminal 

part, including DPF and the acidic domain, showed 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 very N-terminal region and a stabilization of this 

interaction by binding of this or further KAT6A domains to histones and other proteins. Since they 

copurified subunits of the poised RNA polymerase II (RNAP2) Ser5-P complex with this 84 aa long 

stretch, they suspected a direct interaction and possible recruitment mechanism to 

transcriptionally active genes and hence dubbed it the RNA polymerase II binding motif (RBM) 

(Miyamoto et al., 2020). Indeed, the study described here supports the overlap of KAT6A with 

RNAP2 at transcription start sites (Supplementary figure S6C, Supplementary figure S9), as does 

a second study (Becht et al., 2023). However, we have since discovered the structural integrity of 
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the WH1 domain and its DNA-binding function to unmethylated CpG-rich motifs, endorsing the 

direct interaction of KAT6A WH1 with chromatin independent of other cofactors but not 

excluding their role in further indirect KAT6A chromatin interactions. Additionally, the previously 

identified KAT6A linker H1/5-like WH domain (WH2) (Ullah et al., 2008) or the role of the KAT6A 

DPF domain was not included in the analyses of Miyamoto et al. (2020), whereas our study as 

well as Becht et al. (2023) acknowledge 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 as a transcriptional regulator and histone 

acetyltransferase in propagating histone acetylation, which induces an active chromatin 

conformation necessary for RNAP2 activity. 

      Aside from KAT6A and KAT6B, SAMD1 is the founding member of a newly defined conserved 

group of SAMD1-like winged helix domains (Stielow, Zhou, et al., 2021). Although all three 

proteins possess a very similar N-terminal winged helix domain binding to unmethylated CGIs, 

KAT6A/B, by default as histone acetyltransferases, have activating functions at target genes, while 

SAMD1 has an overall more repressive impact at target 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 of target genes at CGIs than KAT6A (Stielow, Zhou, et al., 2021). Furthermore, 

SAMD1 was not identified in our KAT6A MS data, as it was enriched in the KAT6A wt fraction 

compared to the KAT6A WH1 mut fraction (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 the present study, we investigated the impact of KAT6A on H3K9ac at a genome-wide level 

(Supplementary figure S10) but did not include other known enzymatic targets, such as H3K14ac 

(X. Xiong et al., 2016) or H3K23ac (K. Yan et al., 2020), and therefore have limited insight into how 

other histone marks are affected by KAT6A WH1 or HAT mutations. Coincidentally, another 

research article concerning the KAT6A WH1 domain, among others, was published only a few 

weeks after our paper, which concentrated on H3K23ac as a histone mark facilitated by KAT6A as 

well as KAT6B (Becht et al., 2023). This study not only supports many of the results and WH1 

characteristics we observed but also provides a good complementary addition to our own 

analyses, with nucleosome binding assays and ex vivo analyses of KAT6A/B fusion proteins. 

      Similar to our studies on KAT6A, Becht et al. (2023) focused on KAT6B and further 

characterized the previously identified N-terminal SAMD1-like winged helix domain - WH1 

(Stielow, Zhou, et al., 2021). The 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 ChIP-qPCR analyses with 

ectopically expressed C-terminally truncated KAT6B domain deletion constructs in K-562 

lymphoblast cells, they observed KAT6B WH1-specific binding to unmethylated CGI-containing 

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). Furthermore, Becht et 

al. (2023) identified the extranucleosomal linker DNA as the most likely interaction site for the 

KAT6B WH1 domain with CpG-rich DNA wrapped around euchromatic nucleosomes, matching 

well with the predicted binding of WH2 as a linker H1/5-like WH domain in an ’on-dyad’ position 

(Saha & Dalal, 2021). Due 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 ChIP-Seq experiments with exogenously 

expressed FLAG-tagged truncated versions of KAT6A, as well as KAT6A and KAT6B WH1 domains 

alone, in human HEK293-T cells. Here, they confirmed that the WH1-dependent recruitment of 

KAT6B takes place at unmethylated CGIs genome wide, with an extension of the WH2-DPF 

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 loci in ChIP-

Seq data is opposing their former ChIP-qPCR analyses of KAT6B in K-562 cells where KAT6B WH1 

was not recruited to selected CGIs at transcription start sites, as well as our ChIP-qPCR 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 above-described ChIP-qPCR and ChIP-Seq experiments were conducted in a 

conventional way, the obtained ChIP-Seq data in (Becht et al., 2023) were acquired using the 

fanChIP (fractionation-assisted native ChIP) method. In fanChIP-Seq samples, protein-protein 

interactions of chromatin-bound complexes are not abrogated, essentially due to milder 

treatment conditions and the execution of subcellular fractionation instead of chromatin 

crosslinking (Miyamoto & Yokoyama, 2021). Therefore, considering that we detected the ability 

of KAT6A WH1 to bind in a dimeric form to a palindromic CpG-rich motif in vitro (Figure 3) and 

confirmed the accumulation of this motif at KAT6A peaks in vivo (Supplementary figure S7), the 

involvement of intact protein-protein 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, 

genome-wide localization patterns of both to unmethylated CpG-rich promoters were highly 

similar and abrogated upon mutation of certain amino acids (K24A/R26A/K66A in KAT6B) or 

domain depletion (Becht et al., 2023). 
 

2.3.2 A newly 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 DNA methylation, and some organisms, such as 

Drosophila melanogaster or Caenorhabditis elegans, are nearly free of DNA methylation 

(Bogdanović & Veenstra, 2009). Importantly, CGIs represent the exception to the otherwise 

methylated genome in vertebrates and are associated with a high proportion of all promoters 
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(approximately 70%) (Deaton & Bird, 2011; Defossez & Stancheva, 2011). However, CpG islands 

can also be found in regions distal from transcription start sites, and these non-promoter CGIs are 

referred to as orphan CGIs and often show variability and tissue specificity (Defossez & Stancheva, 

2011). The WH1-mediated 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, 2022) in addition to the known role in transcriptional activation 

at promoter sites. In mESCs, orphan CGIs 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 target genes and take part in 

developmental processes, exemplarily in the induction of neural genes in mESC neural 

differentiation (Pachano et al., 2021). Potentially, in other species and cell types apart from 

murine ESCs, orphan CGIs provide a link between repressed Polycomb-bound regions and active 

CpG islands. 

      In addition, several potential connections between KAT6A and the PRC1 complex can be found 

in the published literature. Of particular importance, Enok, the KAT6A/B orthologue in Drosophila, 

has been confirmed to interact with dPRC1 (Bryan et al., 2021; Kang et al., 2017). 

      Evidently, KAT6A directly interacts with ENL, which in turn associates with components of the 

PRC1 complex (Miyamoto et al., 2020). Although colocalization studies of ectopically expressed 

ENL in HEK293T cells showed non-canonical PRC1 components such as PCGF4 and CBX8 at the 

transcription start sites of transcriptionally active KAT6A targets, including HOXA9 and MYC 

(Miyamoto et al., 2020), other PRC1 subcomplexes have not been investigated in this context. In 

contrast, experiments in mice suggest an antagonistic relationship between KAT6A and PCGF4 in 

regulating Hox gene expression in early mouse development, assisted by a bivalent chromatin 

state. In later developmental stages, KAT6A-controlled maintenance of HOX transcription 

supersedes (Sheikh et al., 2015). Furthermore, the depletion of KAT6A as well as its catalytic 

inhibition by treatment with WM-8014 resulted in the downregulation of EZH2, the enzymatically 

active subunit of the PRC2 complex (Baell et al., 2018; Sheikh et al., 2015). These observations 

coincide with our experiments in KAT6A KO mESCs, where global SU12 expression as well as EZH2 

recruitment to genomic loci was impaired (Supplementary figure F-H). Moreover, the observed 

phenotype of KAT6A-KO mESCs in biological assays, the downregulation of SUZ12 and the 

correlation of transcriptomic changes with SUZ12 KO cells (Figure 4, Supplementary figure S3) are 

highly in accordance with previously published data, where SUZ12 was described as essential for 

proper differentiation but ineffective for proliferation (Pasini et al., 2007). Likewise, KAT6A-

depleted mESCs did not display impaired cell viability (Supplementary figure S3B) but exhibited 

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. SUZ12-depleted mESCs display abrogated levels of 

H3K27me3 and reduced H2K27me2 (Pasini et al., 2007), and it 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 and observed an enrichment not only at active promoter sites 

but also at bivalent promoters in murine embryonic stem cells (mESCs). ING5, a complex member 

associated with either KAT6B or KAT6A, has a PHD finger domain able to bind to H3K4me3, 

therefore providing a recognition mode for one of the features represented at bivalent 

nucleosomes. However, apart from the known interaction of Enok with PRC1 in Drosophila, no 

evidence was presented that KAT6B or KAT6A directly interact with PRC1 in mice or other 

vertebrates as well (Bryan et al., 2021). 

      Our analyses seem to be the first to identify the PRC1.6 non-canonical subcomplex as a direct 

interactor of KAT6A (Figure 5H, Supplementary figure S6). 

      The majority of KAT6A target sites are composed of CpG islands located at gene promoters 

(Figure 6A, C, G). Concurrently, most PcG target genes overlap with CpG islands (Owen & 

Davidovich, 2022). However, not all PRC1 subcomplexes, canonical or non-canonical, have the 

same target site specificities, and cell type-specific differences in recruitment patterns occur. 

Canonical PRC1.2 and PRC1.4 strongly overlap with PRC2 and bind to the enzymatic product 

H3K27me3. Non-canonical PRC1.1, PRC1.3, PRC1.5 and PRC1.6 partly colocalize with their 

canonical counterparts but have additional target genes that are distinct between the 

subcomplexes (Owen & Davidovich, 2022; Stielow et al., 2018). Fittingly, these distinct targets of 

non-canonical PRC1 may carry active histone marks such as H3K4me3 and H3K36me3 and are 

therefore generally more transcriptionally active. PRC1.6-specific targets in particular are usually 

not bound by PRC2 or decorated with H3K27me3, and the PRC1.6 complex has several members 

with DNA-binding functions, additionally enabling chromatin interaction independent of RINGA/B 

(Owen & Davidovich, 2022; Stielow et al., 2018). Considering these aspects, it would be 

interesting to re-evaluate the genome-wide 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 (Figure 6H). Nevertheless, a possible direct KAT6A interaction with 

PRC1.6 at active or bivalent CGIs does not exclude an indirect connection with PRC2 at repressed 

target sites and cooperation in transcription regulation, given the negatively affected expression 

of PRC2 members in KAT6A KO mESCs (Supplementary figure S3G-H). Furthermore, the histone 

binding protein L3MBTL2 is part of the PRC1.6 complex and has a conserved Drosophila 

orthologue, Sfmbt, that recruits dPRC1 to chromatin (Owen & Davidovich, 2022), thus 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 CGIs genome wide; they are strongly enriched at the centre of CGI-

containing promoters but localize to CGIs remote from gene promoters as well. KDM2B, in 

particular, was shown to be additionally enriched at Polycomb-related CGIs (Farcas et al., 2012). 

According to Farcas et al. (2012), KDM2B directly interacts with PCGF1 and RING1B core complex 

members and 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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KAT6A-associated PRC1.6 variant complex. We showed that the interactomes of KAT6A wt and 

WH1 mut were essentially unaffected (Figure 5 F-H, Supplementary figure S6B-D). Therefore, 

genome-wide ChIP-Seq analyses of PRC1 and PRC2 components underlying KAT6A WH1 mut and 

KAT6A KO constructs in comparison to KAT6A wild-type would be of interest to evaluate the 

tethering function of KAT6A WH1 for PRC1.6 and other Polycomb components and the general 

necessity of KAT6A as a linker of these factors to active chromatin, respectively. 

 

2.3.3 Perspectives of KAT6A WH1 involvement in cancer and developmental 
disorders 

      In all three known KAT6A-rearranged fusion proteins, KAT6A-CBP, KAT6A-p300 and KAT6A-

TIF2, the N-terminus of KAT6A is retained in its entirety, including all domains from WH1 to MYST, 

with breaking points in or around the acidic domain and translocations to the C-terminal parts of 

the respective partners, expressing both transcripts and creating large in-frame fusion proteins. 

For example, the breaking points in KAT6A and p300 occur at amino acids 1117 and 31, 

respectively (Chaffanet et al., 2000). Due to these translocations, gain-of function proteins arise, 

such as KAT6A-TIF2, which exhibits increased TIF2 transcription coactivation potential due to 

KAT6A intrinsic acetylation activity and TIF2-facilitated CBP/p300 recruitment, creating closer 

proximity of yet another histone acetyltransferase to chromatin, thus creating aberrant 

acetylation and contributing to an oncogenic myeloid transformation (Deguchi et al., 2003; Yang 

& Ullah, 2007). Chromatin association and recruitment of these hyperactive multidomain 

acetyltransferases to transcriptionally active CpG islands is ensured by the N-terminus of KAT6A. 

Therefore, the loss of DNA-binding domains of fusion partners, such as the basic HTH motif in 

TIF2, is likely compensated by the DNA-binding WH1 of KAT6A. 

      Indeed, experiments of transduced KAT6A/KAT6B-TIF2 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 leukaemogenic activity (Becht et 

al., 2023). Cells with transduced KAT6A∆WH1-TIF2 deletion or KAT6B∆WH1-TIF2 deletion 

displayed drastically reduced clonogenicities in colony-forming unit (CFU) assays with semisolid 

media, while fusion protein-expressing 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/KAT6B-TIF2 wild-type cells. Additionally, both 

WH1-depleted fusion proteins failed to activate HOXA9 transcription, indicative of the role of 

KAT6A/B WH1 domains in binding to unmethylated CGIs and their significant contribution to the 

oncogenic activity of KAT6A/KAT6B translocated fusion proteins (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 lines as a model system for in vitro 

experiments is an essential step, however. A previous study found that KAT6A and MLL N-terminal 

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 default, such 

as MOLM-13 and NOMO-1 (MLL-AF9 translocation), MV4-11 (MLL-AF4 translocation), HL-60 (MYC 

amplified) and U937 (CALM-AF10 translocation) (F. Yan et al., 2022), which might already 

influence KAT6A target genes and should therefore be considered in future analyses. 

      Taking a closer look at the genomic data of KAT6A syndrome patients, one finds that 

approximately half of the characterized mutations occur in the acidic domain, and in general, 

most mutations are localized in the C-terminal half of KAT6A, leading to truncated versions of the 

protein (Kennedy et al., 2019). This allows the hypothesis that the N-terminal half, including its 

functional domains, WH1, WH2, DPF and MYST, is more 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 domain, such as 

p.Ala16Pro, Asn65Lys and p.Arg79* or p.Tyr607Leu and p.Asn643Ser, respectively (Kennedy et 

al., 2019; Millan et al., 2016; Zwaveling-Soonawala et al., 2017). Of note, none of the known 

mutations occur at the essential WH1 domain DNA-interacting amino acids (aa 23-25) or at the 

MYST domain acetyl CoA-binding site (aa 654-660), supporting the particular importance of these 

motifs for KAT6A chromatin recruitment and acetylation function. Only 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 histones, including KAT6A targets 

H3K9, H3K14 and H2AK5, among others. Therefore, no conclusive data on the effects of KAT6A 

de novo mutations on general histone acetylation levels or aberrant chromatin compaction have 

been obtained from a larger cohort of patients. Furthermore, p53, as one of the main non-histone 

targets of KAT6A, was shown to be dysregulated due to mutations leading to premature stop 

codons and translocations omitting the C-terminal 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 domain might already suffice for reduced p53 acetylation and thus negatively 

influence p53 signalling, potentially promoting its oncogenic function in leukaemia and other 

cancers (Arboleda 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 in the development and cellular coordination of transcription is 

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 KAT6A as translocations to other HATs and resulting 

hyperacetylation, provide new opportunities for the development of targeted inhibitors and 

potential treatment strategies for patients with KAT6A-rearranged acute myeloid leukaemia. 
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2.4 Contribution statement 

      This study was conceptualized by Dr. Robert Liefke, and he and I designed the molecular and 

cell biological experiments, a majority of which I conducted. In particular, I made the following 

contributions to this project: 

• Molecular cloning of CRISPR-Cas9 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 proliferation were assessed by biological assays and light 

microscopy (Figure 4E, Supplementary figure S3B, C). Execution of RT-qPCR and RNA-

sequencing experiments addressing transcriptional deregulation upon KAT6A depletion and 

distribution of target genes to CpG islands (Figure 4D, F-H, Supplementary figure S3D, E), 

where sequencing was performed by Dr. Andrea Nist and bioinformatics analyses were 

performed by Dr. Robert Liefke. Additionally, I conducted ChIP-qPCR and Western blotting of 

KAT6A enzymatic targets H3K9/14ac and PRC2 components (Figure 4C, Supplementary figure 

S3G, H). 

• Molecular cloning of human KAT6A wild-type 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 of full-length KAT6A wild-

type and WH1 mut proteins (Figure 5A-C, Supplementary figure S4, S6A). ChIP-qPCR analyses 

of endogenous KAT6A and exogenous wild-type, WH1 mut and HAT mut (Figure 5D, E, 

Supplementary figure S4, S5). Here, I was supported by Dr. Bastian Stielow. Furthermore, I 

performed expression analysis of KAT6A target genes by RT-qPCR upon overexpression of 

KAT6A constructs (Supplementary figure S10F). 

      All figures and tables included in this publication were compiled by Dr. Robert Liefke and me, 

with contributions from Prof. Zhanxin Wang (Figure 1F, 2, 3, Supplementary figure 2A, table S1) 

and Prof. Martha Bulyk (Figure 1G, 6E, F, Supplementary figure S2B, C, table S3). Furthermore, I 

contributed to writing the manuscript together with Dr. Robert Liefke. 
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3. INVESTIGATION OF SAMD1 ABLATION IN MICE 
 

Bruce Campbell, Lisa M. Weber, Sandra J. Engle, Terence R. S. Ozolinš, Patricia Bourassa, Robert 

Aiello and Robert Liefke 

Sci Rep. 2023; 13: 3000, doi: 10.1038/s41598-023-29779-3 

 

3.1 Introduction 

      Sterile alpha motif domain-containing protein 1 (SAMD1) is a 56 kDa protein whose gene maps 

to the human chromosome 19p13.12 locus. The protein is conserved between mammals and 

consists of two annotated domains, an 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 abundance in the nucleus. Furthermore, SAMD1 exhibits chromatin recruitment and a direct 

interaction with DNA (Stielow, 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 SAMD1-like family of non-canonical WH domains, a homologous region that it shares with 

KAT6A, KAT6B and ZMYND11. SAMD1-WH was established as a DNA-binding winged helix 

specifically recruited to unmethylated CpG islands, which are typically associated with active 

promoter sites, where it preferentially binds to a 5’-GCGC-3’ motif (Stielow, Zhou, et al., 2021). 

Consistently, several published mass spectrometry data and a single nucleotide polymorphism 

(SNP) interactome analysis support the association of SAMD1 with CpG-rich DNA and a repulsive 

force of methylated DNA (Perino et al., 2018; Prestel et al., 2019; Viturawong et al., 2013; J. Xiong 

et al., 2016). Moreover, the SAMD1-WH domain contributes to protein-protein interactions with 

the histone H3K4me2 demethylase KDM1A (lysine-specific demethylase 1A; further known as 

LSD1) (Stielow, Zhou, et al., 2021). In comparison, proteins containing 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 protein-protein interactions by their capacity to homo- and hetero-oligomerize with 

other SAM domains, as well as interactions with non-SAM proteins, DNA or RNA (Knight et al., 

2011; Lees et al., 2005; Meruelo & Bowie, 2009). Applying computational models, the SAM 

domain of SAMD1 was identified as having a high potential to polymerize, as was lethal (3) 

malignant brain tumour (L(3)mbt)-like 3 (L3MBTL3), a member of the malignant brain tumour 

(MBT) family of histone readers, among several others (Knight et al., 2011; Meruelo & Bowie, 

2009). Recent crystallography experiments with SAMD1 led to analogous conclusions and 

demonstrated the self-association of SAMD1-SAM domains into pentameric circles. Additionally, 

the SAMD1-SAM domain contributes to the efficient chromatin recruitment of the SAMD1-WH 

domain and facilitates interactions with other SAM domain-containing proteins, such as L3MBTL3 

and L3MBTL4 (Stielow, Zhou, et al., 2021). 
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      While SAMD1 target sites are predominantly located at unmethylated CGI-containing 

promoter sites in published genome-wide studies, they vary significantly in an organism- and cell 

type-specific manner, depending on DNA methylation and CGI size, with only a small proportion 

of overlapping genomic loci (Simon et al., 2022; Stielow, Zhou, et al., 2021). Overall, SAMD1 was 

proposed to be a unique chromatin regulator and transcriptional repressor at target CGIs in 

interaction with the KDM1A demethylase complex and SAM domain polymerization partners, 

such as L3MBTL3 (Stielow, Simon, et al., 2021; Stielow, Zhou, et al., 2021; Tian et al., 2021). 

      SAMD1 was first mentioned under the name “Atherin” in 2005 within the context of a study 

deciphering the mechanisms underlying atherosclerosis (Lees et al., 2005). One appearance in the 

onset of atherosclerosis is the retention of low-density lipoprotein (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 

evolve into foam cells. Together with vascular smooth muscle cells (VSMCs) and proteoglycans, 

the so-called 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 appearing in atherosclerotic lesions of the intima 

and binding to LDL. Due to this exclusive expression of SAMD1 in lesions and not in healthy 

arteries and the extracellular localization in the atherosclerotic plaque, SAMD1 was attributed to 

be a secreted protein with a pathological role in atherogenesis (Lees et al., 2005). 

      Subsequently, the involvement of dysregulated microRNAs (miRs), short single-stranded 

noncoding RNAs, in the development of atherosclerosis was demonstrated. Screenings 

emphasized that miR-378c was significantly suppressed in atherosclerotic plaques, as well as in 

the blood of acute coronary syndrome patients, while SAMD1 expression was upregulated in 

these tissues. The hypothesis that SAMD1 is a downstream target of miR-378c was raised, and 

indeed, a direct interaction with the 3’UTR of the SAMD1 gene was demonstrated in vitro (Tian 

et al., 2021). Furthermore, SAMD1 was identified as a relevant factor for VSMC proliferation and 

was demonstrably distributed in the cytoplasmic compartment, as well as in the nucleus and 

membrane fraction of these cells. In addition to its nuclear role in transcriptional regulation, 

SAMD1 located at the cell surface interacts with LDL and thus promotes its retention in 

atherosclerotic lesions and the formation of foam cells (Tian et al., 2021). The human family of 

miR-378 microRNAs possesses a common seed sequence for mRNA targeting and has been 

implicated in several diseases, such as the enhanced tumour invasiveness of glioma upon miR-

378 decrease (Tian et al., 2021). Thus, it is likely that SAMD1 might also be involved in these 

processes. 

      Coincidentally, experiments deciphering the role of SAMD1 in carcinogenesis were performed, 

focussing on the liver cancer cell line HepG2, due to the high expression of SAMD1 in 

hepatocellular carcinoma (HCC). Here, a role in cell proliferation was also attributed to SAMD1, 

and the protein mainly localized to the nucleus, abundant in the nucleoplasm as well as in the 

chromatin-bound fraction (Simon et al., 2022). In HepG2 SAMD1 KO cells, specifically, a distinct 

downregulation of  MYC target genes was observed, as well as an upregulation of PIK3IP1, a 
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negative regulator of PI3K signalling. Overall, the investigated gene expression changes upon 

SAMD1 depletion resulted in a more favourable gene signature of HepG2 cells, supporting the 

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 a repressive function of SAMD1 at its target genes. Interestingly, 

immune system- and metabolism-associated pathways were downregulated upon SAMD1 KO, 

while neural development- and cardiac muscle contraction-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 depletion, L3MBTL3 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). Furthermore, the SAMD1 interaction partner KDM1A was shown to be recruited to 

chromatin by L3MBTL3, particularly to Notch target genes, leading to their transcriptional 

repression (T. Xu et al., 2017). In this context, an N-terminal domain (aa 1-64) seems to be 

required for the direct recruitment of L3MBTL3 to chromatin, further mediated by the interaction 

with RBPJ, a Notch signalling regulator (T. Xu et al., 2017). Nevertheless, this does not exclude 

indirectly facilitated recruitment mechanisms of L3MBTL3 through hetero-oligomeric SAM 

domain interactions with SAMD1, further supported by the observation of approximately 50% 

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 observed 

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). 

      Overall, SAMD1 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 transcriptional repression of 

target genes at unmethylated CGIs. Major interactors are the demethylase KDM1A and 

corepressor L3MBTL3  (Simon 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, wild-type and SAMD1 knockout murine embryonic stem cells (mESCs) were used in 

neural differentiation experiments to gain insights into the role of SAMD1 in neurogenesis. 
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      Choosing a recombination-mediated 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 mouse embryonic fibroblasts 

(MEFs) isolated from genotypic SAMD1 wild-type (WT), heterozygous (HET) and homozygous 

knockout (KO) mice by RT-qPCR (Figure 1c). Considering the expected genotypic Mendelian ratios 

(1:2:1) of a litter, crossing of two heterozygous mice resulted in deviant ratios, with visible 

numbers of embryonic lethal and resorbed KO embryos between E12.5 and E14.5 (Supplementary 

Table S1) and slightly reduced numbers of born HET foetuses (Supplementary Table S2). When 

WT mice were crossed with 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 

embryos were 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 embryos were visibly 

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 their wild-type opposite 

(Figure 1e). SAMD1 KO embryos displayed a slight variety of phenotypes. One specimen at E15.5 

had no cranial vault, exencephaly and a hypertrophic brain; additionally, 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 formation of subcutaneous oedema were 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 mRNA of the WT embryos presented here, we observed 

high SAMD1 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 of the biological contexts in which SAMD1 is involved during embryogenesis and in 

tissue-specific development. 

      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 H&E and displayed 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 embryos, but a tissue structure was barely perceivable, 

and the atria, ventricle and other cardiac attributes appeared collapsed (Figure 2a). Similarly, the 

structures of the 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 organs were clusters of red blood cells (RBCs) in 

their respective blood vessels observable, contrary to WT stains. We therefore suggest that 

fragmentation and degradation of SAMD1 KO tissues occurred due to an impaired circulatory 

system. 
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      Since the main morphological features of SAMD1 KO mice at E14.5 were their 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 (cluster of differentiation 31; PECAM1) and VEGFR2 (vascular 

endothelial growth factor receptor 2) with haematoxylin counterstains. Sections of the skin 

revealed RBCs in defined capillaries (Figure 3a, b) and blood vessels (Figure 3a, c) in the dermis 

and subcutaneous tissue of WT embryos, respectively, while SAMD1 KO skin displayed apparently 

unorganized and scattered clusters of extravascular RBCs (Figure 3a-c), reminiscent of 

microhaemorrhages. While CD31 staining in WT tissue showed surface staining of adjoined cells 

indicative of capillaries (Figure 3d, e), staining in SAMD1 KO tissue showed fragmented lines and 

appeared rather cytoplasmic or nucleic, suggestive of necrosis or phagocytosis. In addition, 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, the epidermis was retained at the skull and extremities; hence, 

we additionally stained the forepaws of SAMD1 KO mice. Here, too, only a few scattered clusters 

of RBCs and nucleic CD31 stains of formerly connected ECs were apparent (Supplementary figure 

S3). The discernible patterns of RBCs and ECs in SAMD1 KO mouse skin 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, with a focus on the lung (Figure 4a-c), 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, spindle-shaped 

VSMCs were visible adjacent to ECs in higher magnification microscopy pictures of lung and liver 

blood vessels of WT animals (Figure 4b, e; black arrows), which have previously been connected 

with SAMD1 and the formation of plaques in 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 4b, c, e; red arrows, Supplementary figure S4a). Furthermore, close-up sections of the 

hearts of SAMD1 KO mice revealed distinct degradation of cardiac muscle cells, epithelial cells 

and endothelial cells (Figure 5 b-e). 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 visualized by staining the heart tissue of KO embryos (Supplementary figure 

S4b). A pronounced difference was observed in sections of the pulmonary trunk, which 

completely lacked intact RBCs and showed no sign of VSMC development (Figure 5d, black arrow) 

in SAMD1 KO mice, suggesting that cardiac development was arrested before VSMC 

differentiation. Overall, the blood vessel system of the studied internal organs failed before E14.5 

in SAMD1 KO mice, resulting in a lack 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, muscle fibres were detached and feeble 

(Figure 6c), 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). 

Overall, the observed defects are traceable to 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, we observed clear premature ossification in SAMD1 KO rib bones at E14.5. For a better 

overview, all detected phenotypic alterations in SAMD1 KO embryos were briefly summarized 

(Table 1). 

      To gain deeper insights into the underlying molecular mechanisms of the observed 

morphological defects in SAMD1-depleted embryos, we utilized previously published RNA-Seq 

data of undirected differentiation of WT and SAMD1 KO mESCs (Stielow, Zhou, et al., 2021). This 

approach relies on the function of the cytokine LIF (leukaemia inhibitory factor) in maintaining 

the pluripotency of mESCs, and upon deprivation, it drives their differentiation in an undirected 

manner, demonstrated by the formation of embryoid 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 pathways related to brain development, such as synaptic assembly and 

correlating genes, were derepressed in the course of differentiation in SAMD1 KO cells 

(Supplementary figure S5a, b), pathways connected with angiogenesis were severely 

downregulated, as well as indicative factors such as Pecam1 and Vegfa, which were consistently 

lower in SAMD1 KO cells than in WT 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 a role for SAMD1 in the 

regulation of neurogenesis, angiogenesis and cardiac development. Considering the known 

function of SAMD1 as a transcriptional repressor, we conclude that direct as well as indirect 

effects must participate in cellular dysregulation upon SAMD1 depletion. 

      In addition to the transcriptional studies conducted here, other indications were presented 

that SAMD1 might play a role in the development and function of neural cells, as well as enhance 

the invasiveness of glioma (Stielow, Zhou, et al., 2021; Tian et al., 2021). Hence, we investigated 

the influence of SAMD1 on neurogenesis in a directed differentiation approach of mESCs. 

      During the last decades, various in 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 tissue in vivo. The 

pluripotency and self-renewing capacities of mouse embryonic stem cells (mESCs), 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 formed: mesoderm, endoderm, and ectoderm. The 

definitive ectoderm gives rise to precursor cells of the neural lineage (Shparberg 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 highly specified and underlie epigenetic control (Salinas et al., 

2020). We hypothesized that SAMD1 is likely involved in these mechanisms and participates in 

cellular alterations during differentiation due to its established role as a chromatin 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 neurogenesis. In contrast to undirected differentiation, directed 

differentiation in general requires the further addition of chemicals and growth factors. Neural 

differentiation in particular is triggered by additives such as retinoic acid (RA; or all-trans retinoic 

acid, ATRA), fibroblast growth factor (FGF-2), N-2 and B-27 under serum-free conditions (Brewer 

et al., 1993; Gao et al., 2014; Kim et al., 2009; J. Xu et al., 2012). The applied three-step protocol 

(Figure 7a) was adapted from Bibel et al. (2004), Conti et al. (2005) and Spiliotopoulos et al. (2009) 

and comprised the following: first, the formation of three-dimensional EBs took place under LIF 

removal conditions; second, the development of neural progenitor cells (NPCs) by the addition of 

RA; and third, the maturation to neuronal cells under serum-free conditions with N-2 and B-27 

supplemented media (N2B27). At the stage of EB formation, we observed a variety of 

dysregulated genes (Figure 7c, Supplementary table S4). Of the observed SAMD1 target genes, 

L3mbtl3 was 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 also observed 

in the reanalysed transcriptional study (Supplementary figure S5b). Interestingly, genes related 

to the cardiovascular system, especially Myh6 (Myosin-6), 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 (not shown), but a slight increase in proliferative capacity was measured 

(Figure 7d). During neuronal differentiation, proceeding from NPCs, we monitored SAMD1-

associated target genes, as well as markers for embryonic development and neural cell types, at 

different time points (Figure 7e). Consistent with previous observations, the expression levels of 

Samd1 and L3mbtl3 continuously displayed an inverse relationship in control and SAMD1 KO cells. 

While Foxa2 (hepatocyte nuclear factor 3-beta) and Nes (nestin), marker genes for embryonic 

endoderm development and for neural development and neural progenitor cells, respectively, 

decrease, neuron-specific marker gene Tubb3 (tubulin beta-3 chain) and astrocyte marker Gfap 

(glial fibrillary acidic protein) strongly increase, indicating generally successful neuronal 

differentiation. In contrast to the neuron and astrocyte markers Tubb3 and Gfap, the 

oligodendrocyte marker oligodendrocyte transcription factor 1 (Olig1) displays little alteration 
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during differentiation. While Tubb3 mRNA expression was only mildly different between control 

and SAMD1 KO cells during neuronal differentiation (Figure 7e), representative 

immunofluorescence staining of the neuron marker Tuj1 (Tubb3) at day six of cellular transition 

clearly depicted an increase in the Tuj1-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 H3K4me2 levels in the KO situation (Figure 7f). 

Quantitative analysis of H3K4me2 levels at different stages of the neural 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 is consistent with previous observations in 

undifferentiated mESCs and most likely results from an impairment of the direct SAMD1 

interactor KDM1A (Stielow, Zhou, et al., 2021). Overall, the obtained data suggest that SAMD1 

participates in neural differentiation and is required for the proper function of the demethylase 

KDM1A 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), statistical genotyping 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 key body 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 under high-fat diet (HFD; 

60% fat by kcal) conditions over the time frame of 15 weeks (Figure 8b) and developed less 

adipose tissue (Figure 8c) than WT animals. Accordingly, oral glucose tolerance tests (OGTTs) 

revealed more effective glucose disposal and decreased fasted glucose levels after HFD feeding 

in HET mice (Figure 8d, e), as well as distinctly reduced insulin levels during and after HFD feeding 

in HET mice compared to WT mice (Figure 8f, g). Analyses of cholesterol distributions in HET and 

WT animals exhibited a pronounced reduction in HDL (high-density lipoprotein) and a slight 

increase in VLDL (very low-density 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 II, testosterone, corticosterone and aldosterone were generally 

upregulated compared to WT mice (Figure 8i). It is likely that the reduced weight and 

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 

metabolism-related defects was observed in HET animals fed a high-fat diet, resulting in their 

impaired developmental capacity. 

      In conclusion, in vivo experiments attest to an essential function of SAMD1 for proper 

embryogenesis, and 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 but showed signs of aberrant metabolism and 

steroidogenesis. Furthermore, in vitro studies revealed impaired directed neural differentiation 

of mESCs upon SAMD1 deletion.

 

3.3 DISCUSSION 

      To date, only a limited number of publications have specifically investigated the role of SAMD1 

in diverse biological contexts, leaving a wide range of potential future prospects in scientific 

research. Here, we present 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 mESCs indicate particular roles of SAMD1 in 

the developmental processes of angiogenesis, cardiogenesis 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 several internal organs (Figures 

3, 4, 5). Therefore, we attribute a developmental and regulatory role in angiogenesis and 

potentially also arteriogenesis to SAMD1, in addition to the previously known localization to 

atherosclerotic lesions and involvement in the formation of plaques (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 sites such as the pulmonary trunk (Figure 5d) is in line with a previous publication 

that determined a role of SAMD1 in the proliferation of VSMCs (Tian et al., 2021). Inconveniently, 

no other cell-specific marker proteins were investigated in the presented histological study, 

except for the endothelial markers CD31 and VEGFR2, 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 stage, in the 

appearance of subcutaneous oedema, haemorrhaging and deficient liver development (Figure 

1d, e, 2c, 3a) (Katsumoto et al., 2006). In addition, abrogation of SAMD1 or KAT6A affects heart 

and blood vessel maturation, including observed defects in pulmonary trunk (Figure 2a, 3) and 

aortic arch development (Voss et al., 2012), respectively, 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 of the Tbx1 gene locus, in contrast to other loci regulating heart development (Voss 

et al., 2012). Comparative ChIP data of cardiovascular SAMD1 KO and KAT6A KO cells at the Tbx1 

locus and other genes, such as Gata4 or Tbx5, could provide insight into the collaborative or 

exclusive nature of SAMD1 and KAT6A function in the transcriptional regulation of cardiogenesis. 



 
SAMD1 – Discussion 

41 
 

      Although macroscale pictures of H&E staining and closer inspection of embryonic 

development in the 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 cortex of HET 

animals were presented (Supplementary figure S2), which, like all other organs at this stage, were 

potentially indistinguishable from WT sections, but no comparable samples of homozygous KO 

brain tissues are shown. Considering the full-scale images of SAMD1 KO embryos at E14.5 and 

E15.5 (Figure 1d-f) and their depicted phenotype of exencephaly and craniofacial defects, among 

others, histological sections and H&E stains of different regions of the brain would have been 

another worthwhile addition. In addition to 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 blood-brain 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 the brains of SAMD1 KO embryos in addition to the fragmentation and cellular 

degradation that was observed in other tissues and internal organs. 

      Differentiation of mESCs by the formation of embryoid bodies imitates embryonic 

development in an in 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, the development of such protocols took many years of extensive research, and 

optimization of methods for neural ectoderm differentiation was needed due to rather 

heterogeneous populations 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 treatment with RA that 

have a high capacity to become neurons. Subsequently, by applying a monolayer approach, we 

prompted neural commitment of these mESC-derived NPCs by supplying the specified medium 

with N-2 and B-27 as well as the growth factors EGF, FGF-2 and 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 marker Tubb3 gradually increased over time, but even so and to a stronger extent, 

did the astrocyte marker Gfap, contrary to the expected ratios. Interestingly, differentiation 

towards oligodendrocytes was not triggered, indicating the formation of a mixture of neuronal 

and astroglial fates. 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 

revealed a highly abundant signal in SAMD1 KO cells and visibly matured neurons in contrast to 

WT cells (Figure 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 connected to angiogenesis and cardiac morphogenesis in transcriptional studies of 

differentiated mESCs (Figure 2a, 5, Supplementary figure S5c-f), another intriguing in 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 from human 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 type-specific differences and similarities in lineage 

commitment. 

      Determination of global H3K4me2 expression revealed increasingly upregulated levels in 

SAMD1 KO cells with progression of neuronal differentiation (Figure 7f, g). These observations 

strongly concur with previous observations in mESCs, where CGIs gain H3K4me2 signals upon 

SAMD1 deletion (Stielow, Zhou, et al., 2021). In contrast, a SAMD1 knockout in HepG2 cells 

displays negatively dysregulated H3K4me2 expression, although local effects vary at enhancer 

and promoter sites that are either up- or downregulated, respectively (Simon et al., 2022). 

Accordingly, SAMD1 deletion affects the chromatin landscape in an organism- and cell type-

specific manner. Further explorations at which sites H3K4me2 is mainly affected in the SAMD1 

KO neural cells and comparisons with ChIP-Seq data of mESCs would be interesting to determine 

changes in CGI occupancy during differentiation, as well as other histone marks like H3K4me3. 

The significance of histone methyltransferases SETD1 and MLL1/2 or EZH2 for the facilitation of 

H3K4me3 or H4K27m3, respectively, for cell differentiation in general and for proper 

neurogenesis in particular has already 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 levels. Taking 

a closer look at SETD1, its complex member CFP1 (CXXC1) mediates recruitment to unmethylated 

CpG-rich chromatin sites, and a loss of CFP1 results in a significant decrease in H3K4me3 levels at 

CGIs (Thomson et al., 2010). This chromatin binding mode and indirect interference with the H3K4 

methylation status of CFP1 seems reminiscent of SAMD1. Genome-wide data further support an 

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 assays revealed enhanced viability of SAMD1 KO NPCs compared to control cells 

(Figure 7d). As observed before, cell type-specific 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 aberrant 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 and, more particularly, in the context of neural 

differentiation. While the SAMD1-WH domain was shown to bind to unmethylated CpG-rich DNA 

and facilitate interaction with KDM1A, the SAMD1-SAM domain has the ability to homo- and 

hetero-oligomerize with other SAM domains (Stielow, Zhou, et al., 2021). To discern their 

involvement in this developmental process and the dependency on their respective chromatin or 

protein-protein interactions thereof, one potential approach could be rescue experiments with 

ectopic overexpression of SAMD1 ∆WH and ∆SAM domain constructs in mESC SAMD1 KO cells 

followed by neural differentiation. 

      Overall, SAMD1 has various associations with 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, and chromatin-bound fractions, with 

strong implications as a repressor of transcriptional regulation (Stielow, Zhou, et al., 2021; Tian 

et al., 2021). Although recent years have recorded substantially increased numbers of 

publications seeking to decipher the molecular structure and epigenetic function of SAMD1 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 embryonic development 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: 

• Establishment of a neural differentiation protocol from mESCs to neural precursor cells 

(NPCs) using an embryoid body (EB) approach. 

• Implementation of a protocol for the subsequent differentiation of NPCs into neuronal cells. 

• Analysis of differentiated SAMD1 KO and control cells at distinct stages by 

immunofluorescence, western blot, proliferation assays and RT-qPCR, as well as the 

assessment of statistical significance, as presented in Figure 7. 

• Preparation of the manuscript. 
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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 type-specific roles. 

      Firstly, we identified a novel winged helix domain at the N-terminal end of KAT6A as a distinct 

feature of the previously described NEMM (N-terminal part of Enok, MOZ or MORF) domain, a 

homologous region with other histone acetyltransferases. This KAT6A WH1 domain possesses a 

DNA-recognition motif, directly recruiting KAT6A to unmethylated CpG-rich DNA. Analyses of 

genome-wide ectopic KAT6A binding sites in HEK293 cells revealed a high correlation with 

unmethylated CpG islands (CGIs), particularly with CGIs associated with active promoters, 

decorated with the histone marks H3K4me3 and H3K9ac. We demonstrated that KAT6A WH1 is 

necessary for the observed recruitment to CGIs, but by itself not sufficient and dependent on 

KAT6A WH2 and DPF domains for effective KAT6A-CGI interactions. Indeed, mutations of the 

KAT6A WH1 domain caused a complete abrogation of KAT6A binding to CGIs, but increased the 

binding to gene body regions at a subset of target genes, indicating that recruitment mechanisms 

to these sites are independent of KAT6A WH1. 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 and target 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 were born alive. 

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 hypoxia. The observed defects led to the conclusion that SAMD1 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. To 

gain further insight into the role of SAMD1 during neurogenesis, we established a directed neural 

differentiation approach of murine embryonic stem cells (mESCs). Transcriptional dysregulation 

and the global increase of H3K4me2 were observed in SAMD1 KO cells during this process, further 

supporting a functional role of SAMD1 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 CGIs and facilitates 

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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5. ZUSAMMENFASSUNG 

      Diese Dissertation befasst sich mit den Funktionen zweier Transkriptionsregulatoren; 

Histonacetyltransferase und Transkriptionsaktivator KAT6A (MOZ) sowie Transkriptionsrepressor 

SAMD1 (Atherin) in ihren jeweiligen molekularen und zelltypspezifischen Zusammenhängen. 

       Zunächst identifizierten wir eine neuartige Winged-Helix Domäne am N-terminalen Ende von 

KAT6A als eigenständiges Merkmal der zuvor beschriebenen NEMM Domäne (N-terminaler Teil 

von Enok, MOZ oder MORF), einer homologen Region mit weiteren Histonacetyltransferasen. 

Diese KAT6A-WH1 Domäne besitzt ein DNA-Erkennungsmotiv, das KAT6A direkt an unmethylierte 

CpG-reiche DNA rekrutiert. Die Analyse genomweiter Bindestellen ektopischen KAT6As in 

HEK293-Zellen ergaben eine starke Korrelation mit unmethylierten CpG-Inseln (CGIs), 

insbesondere mit CGIs, die mit aktiven Promotoren assoziiert sind, gekennzeichnet von den 

Histonmodifizierungen H3K4me3 und H3K9ac. Wir haben gezeigt, dass KAT6A-WH1 für die 

beobachtete Rekrutierung zu CGIs zwar notwendig, aber alleine nicht ausreichend ist. Die KAT6A-

WH2 und -DPF Domänen unterstützen die wirksame Interaktion von KAT6A-WH1 mit CGIs. 

Tatsächlich verursachten Mutationen der KAT6A-WH1 Domäne eine vollständige Aufhebung der 

KAT6A-Bindung an CGIs, erhöhten jedoch die Bindung an Genkörperregionen bei einer 

Untergruppe von Zielgenen, was darauf hindeutet, dass die Rekrutierungsmechanismen an 

diesen Stellen unabhängig von KAT6A-WH1 sind. Diese Studie zeigt erstmalig die direkte Bindung 

einer Histonacetyltransferase mit Chromatin auf, und bietet darüber hinaus neue und 

detailliertere Einblicke in die KAT6A Erkennung von Chromatin und dessen Zielgenassoziation, 

essentielle Mechanismen für die charakteristische Funktion von KAT6A in Histonacetylierung und 

Transkriptionskontrolle. 

       Zweitens haben wir homozygote und heterozygote SAMD1-Knockout (KO) Mausembryonen 

und ihre spezifischen Phänotypen während der Embryogenese morphologisch charakterisiert. Die 

homozygote Deletion von SAMD1 war embryonal letal, während heterozygote SAMD1 KO Mäuse 

lebend geboren wurden. Am Embryonaltag E14.5 waren bei SAMD1-KO Embryonen eine schwere 

Schädigung der inneren Organe und die Bildung subkutaner Ödeme sichtbar, 

höchstwahrscheinlich aufgrund einer gestörten Reifung der Blutgefäße und daraus resultierender 

Hypoxie. Die beobachteten Defekte führten zu der Schlussfolgerung, dass SAMD1 für die 

funktionelle Angiogenese und die Entwicklung des Herz-Kreislauf-Systems erforderlich ist. 

Darüber hinaus deuteten kraniofaziale Defekte bei SAMD1-KO Embryonen auf Fehlfunktionen der 

Kopf- und Gehirnentwicklung hin. Um weitere Einblicke in die Rolle von SAMD1 während der 

Neurogenese zu gewinnen, etablierten wir eine Methode zur gezielten neuronalen 

Differenzierung muriner embryonaler Stammzellen (mESCs). Während dieses Prozesses wurden 

in SAMD1-KO Zellen transkriptionelle Dysregulationen und der globale Anstieg von H3K4me2 

beobachtet, was die funktionelle Rolle von SAMD1 während der Entwicklung neuronaler Zellen 

weiter unterstützt. 

       Insgesamt bietet diese Studie Einblicke in die zugrunde liegenden molekularen Mechanismen 

der KAT6A-Bindung an Chromatin und betont die Ähnlichkeiten von KAT6A-WH1 mit der zuvor 
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beschriebenen homologen SAMD1-WH Domäne, die ebenfalls direkt mit unmethylierten CGIs 

interagiert und zur Transkriptionsregulation beiträgt. Sowohl KAT6A als auch SAMD1 sind an einer 

Vielzahl von Entwicklungsprozessen beteiligt und Fehlregulationen werden mit zellulären 

Anomalien und der Entstehung von Krebs in Verbindung gebracht. 
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ABSTRACT

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

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

INTRODUCTION

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

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

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

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

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

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

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

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

MATERIALS AND METHODS

Protein expression and purification

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

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

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

Crystallization and structure resolution

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

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

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

Gel filtration analysis

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

Isothermal titration calorimetric measurement

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

Electrophoretic mobility shift assay

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

Protein binding microarray

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

Cell culture

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

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

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

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

Antibodies

The following antibodies were used:

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

Nuclear extract preparation

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

Subcellular fractionation

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

FLAG immunoprecipitation and mass spectrometry

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

For mass spectrometric analysis, beads were washed
additional 3 times with 50 mM NH4HCO3 and digested
with trypsin after reduction and alkylation. For LC-MS
purposes, desalted peptides were injected in an Ultimate
3000 RSLCnano system (Thermo) and separated in a 25-
cm analytical column (75 �m ID, 1.6 �m C18, IonOpticks)
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with a 50-min gradient from 2 to 37% acetonitrile in 0.1%
formic acid. The effluent from the HPLC was directly
electrosprayed into a Qexactive HF (Thermo) operated in
data dependent mode to automatically switch between full
scan MS and MS/MS acquisition. Survey full scan MS
spectra (from m/z 375–1600) were acquired with resolution
R = 60 000 at m/z 400 (AGC target of 3 × 106). The
10 most intense peptide ions with charge states between
2 and 5 were sequentially isolated to a target value of
1 × 105, and fragmented at 27% normalized collision
energy. Typical mass spectrometric conditions were: spray
voltage, 1.5 kV; no sheath and auxiliary gas flow; heated
capillary temperature, 250◦C; ion selection threshold, 33
000 counts. MaxQuant 2.0.1.0 was used to identify proteins
and quantify by iBAQ with the following parameters:
Database, uniprot P000005640 Hsapiens 20191126.fasta;
MS tol, 10 ppm; MS/MS tol, 20 ppm Da; peptide FDR,
0.1; protein FDR, 0.01 min. peptide length, 7; variable
modifications, oxidation (M); fixed modifications, car-
bamidomethyl (C); peptides for protein quantitation, razor
and unique; min. peptides, 1; min. ratio count, 2. results
were analyzed in Perseus 1.6.15.0. The processed MS data
are available as Supplementary Table S4.

Immunofluorescence staining

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

Proliferation assay

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

Colony formation assay

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

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

DNMT1 inhibition

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

RT-qPCR and RNA-seq

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

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

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

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

Chromatin immunoprecipitation

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

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkac1188/6946999 by guest on 20 D

ecem
ber 2022



6 Nucleic Acids Research, 2022

Bioinformatics analysis

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

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

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

RESULTS

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

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

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

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

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

KAT6A WH1 specifically associates with unmethylated CpG
motifs

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

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

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

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

KAT6A WH1 can bind as a dimer to palindromic
CCGNCGG motifs

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

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

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

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

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

Analysis of our RNA-Seq data further demonstrated that
the downregulated but not the upregulated genes were sig-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkac1188/6946999 by guest on 20 D

ecem
ber 2022



10 Nucleic Acids Research, 2022

α2

α2

E30

E30
S28

E29

E29
S28

α3

α3

C5

G6

T7

C8

G9

G10

A11

G5'

C6'

A7'

C9'

C10'

G8'

T11'

T3A3'

5’

5’

3’

3’

K24

Q23

R26

Q25

C4G4'

Q23

K24
Q25

R26

10 15 20 ml
0

20

40

60

80

m
A

U

WH

WH+DNA

2WH+DNA

N

N

C

C

α1

α1

α2
α2

α3

α3

5’

5’

3’

3’

W1

W2

W1 W2

W1

W2

5’

5’

3’

3’

N

C

Q23

K24
Q25

R26

T7

C8

G9

G10

C10’
C9’

G8’

A B C

D E F

Figure 3. (A) The overall structure of the dimer-formed KAT6A WH1 and DNA complex (PDB: 8H7A). The KAT6A dimer is colored green and purple,
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palindromic CpG-containing DNA.

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

KAT6A WH1 is required but not sufficient for chromatin
association

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

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

A previous report suggested that the KAT6A WH1 do-
main alone is sufficient for proper chromatin targeting (11).
To investigate this aspect, we performed ChIP-qPCR ex-
periments with only the WH1 domain of KAT6A. We
found that neither the wild-type WH1 nor the mutant WH1
showed strong chromatin association (Supplementary Fig-
ure S4A–C), suggesting that the WH1 domain alone is in-
capable of binding to chromatin. This observation is in
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line with the relatively low DNA binding affinity of the
WH1 domain (Figure 2G) and is similar to the WH do-
main of SAMD1, which is also not able to bind to chro-
matin in isolation (36). To address, which additional regions
of KAT6A are required for chromatin binding, we investi-
gated KAT6A proteins that were extended after the WH1
domain (Supplementary Figure S4D–F). We observed that
addition of the WH2 and the DPF domain stepwise in-
creased the chromatin binding of KAT6A, suggesting that
each of these domains may contribute to the chromatin
binding of KAT6A (Supplementary Figure S4E). A protein
comprising the WH1, WH2 and the DPF binds to chro-
matin at a similar level as the full-length protein, suggest-
ing that this region is the main chromatin binding mod-
ule of KAT6A. Interestingly however, deletion of WH2 or
the DPF from the full-length KAT6A led to only subtly
reduced chromatin binding of KAT6A, which contrasts to
mutation of the WH1 (Supplementary Figure S4G–I). This
suggests that the WH1 is the most crucial domain for the
association of KAT6A with CGIs, while both the WH2
and the DPF domain are likely also involved but less es-
sential for this function of KAT6A. Possibly, also regions
outside of the globular domains, or proteins that bind to

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

DISCUSSION

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

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

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

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

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

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

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

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

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

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

In summary, in our work we identified and characterized
a DNA binding winged helix domain at the very N-terminus
of KAT6A. We demonstrated that this domain is most es-
sential for the recruitment of KAT6A to unmethylated CpG
islands in the genome, providing new insights into the tar-
geting mechanisms of KAT6A. This study not only estab-
lishes KAT6A as a histone acetyltransferase with a specific
DNA binding function but also sheds light on the chro-
matin regulatory mechanisms at CGIs.
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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 S2: 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 S3: 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 S4: The KAT6A WH1 domain alone is not sufficient for chromatin binding. 

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

B) ChIP-qPCR 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-qPCR 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-qPCR 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-

tailed unpaired student’s t-test, comparing the results to wildtype KAT6A. * P < 0.05, ** P < 0.01, *** P < 0.001 

 

  



 
 

Supplementary Figure S5: 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-qPCR 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 S6: 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 S7: 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 CGIs 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 CGIs were analyzed. 

 

 

  



 
 

Supplementary Figure S8: Inhibition of DNMT1 leads to de novo recruitment of KAT6A to methylated 

CGIs. 

A) Example CGIs with or without DNA methylation. 

B) ChIP-qPCR of ectopically expressed FLAG-HA-tagged KAT6A wt at CGIs upon DNMT1 inhibitor treatment.  

Data represent mean ± s.d. of two biological replicates. The significance was evaluated via a two-tailed unpaired 

student’s t-test, comparing the results to wild-type KAT6A. * P < 0.05. 

  



 
 

 

Supplementary Figure S9: 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 WH1 as reference), with other features 

of the gene bodies. KAT6A in gene body shows a positive correlation with H3K4me1 and a negative correlation 

with CG-content. 

D) Profile of H3K4me1 (positive correlation), RNA Polymerase II (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 S10: 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 CGIs, 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 CGIs. 

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

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

F) RT-qPCR 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-WH1/DNA crystals 

 

  Data collection and refinement statistics  

Crystal KAT6A-WH/DNA 1:1 

complex 

KAT6A-WH/DNA 2:1 

complex 

Beam line SSRF-BL18U1 SSRF-BL19U1 

Wavelength 0.97930 0.97853 

Space group P43212 P1 

Unit cell   

     a, b, c (Å) 46.5, 46.5, 153.5 40.0, 40.1, 81.3 

     α, β, γ (o) 90.0, 90.0, 90.0 90.1, 90.0, 113.9 

Resolution (Å) 50.0-1.50 (1.53-1.50)a 50.0-1.92 (1.96-1.93) 

Rsym  0.097 (1.290) 0.046 (0.399) 

I/σ (I) 41.7 (2.0) 21.0 (2.0) 

Completeness (%) 100 (100) 97.6 (96.1) 

Redundancy 24.7 (22.5) 3.5 (3.4) 

Number of unique 

reflections 
28018 

33965 

Rwork/Rfree (%) 23.4/24.6 19.5/23.5 

Number of none-H atoms  

     Protein 626 2439 

     DNA 568 1054 

     Water 147 257 

Average B factors (Å2)  

     Protein 24.9 34.8 

     DNA 46.9 39.5 

     Water 34.7 37.7 

R.m.s. deviations  

     Bond lengths (Å) 0.007 0.008 

     Bond angles (o) 1.006 0.956 

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

 

  



Supplementary Table S2 – qPCR Primers 

 

RT-qPCR  

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 mSkida1 fw CAG-CAT-CTG-GCG-GAG-GAT-TA 

RT mSkida1 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 hCBLN1 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 

RT hNANOS1 fw CGG-AAC-AAC-AAG-GAG-GCG-AT 

RT hNANOS1 rv AGA-GCG-GGC-AGT-ACT-TGA-TG 

RT hNANOG fw AAT-GGT-GTG-ACG-CAG-GGA-TG 

RT hNANOG rv AAG-GAT-TCA-GCC-AGT-GTC-CAG 

RT hPOU5F1 GGC-TTC-GGA-TTT-CGC-CTT-CT 

RT hPOU5F1 CCC-CCA-CAG-AAC-TCA-TAC-GG 

 

ChIP -qPCR 

ChIP mOtx fw AGT-AGG-CGT-GCT-CAG-AGA-GG 

ChIP mOtx rv GGC-CGG-TCA-AGA-AGA-AGT-C 

ChIP mHoxa7 fw GAG-AGG-TGG-GCA-AAG-AGT-GG 

ChIP mHoxa7 rv CCG-ACA-ACC-TCA-TAC-CTA-TTC-CTG 



ChIP mSkida1 fw CAC-ATC-CTG-CAA-AAC-CGA-GC 

ChIP mSkida1 rv CGA-ACG-ATC-TCC-GGG-TAG-TG 

ChIP mRhox6 fw TAA-TTT-GGG-TGA-GGC-GCC-AG 

ChIP mRhox6 rv CTC-TTC-TTT-CCA-CCC-ACC-GTT 

ChIP mPou5f1 GTT-TGT-GAG-GTG-TCC-GGT-GA 

ChIP mPou5f1 GCT-CAC-CTA-GGG-ACG-GTT-TC 

ChIP mSox2 fw CCA-TCC-ACC-CTT-ATG-TAT-CCA-AG 

ChIP mSox2 rv CGA-AGG-AAG-TGG-GTA-AAC-AGC-AC 

ChIP hMYC CGI fw1 AGC-TGG-CAA-AAG-GAG-TGT-TG 

ChIP hMYC CGI rv1 AAA-GTT-TTG-CGC-CAC-CTG-AA 

ChIP hDLX2 fw AAT-CGT-AAG-AAC-AGC-GCA-ACC 

ChIP hDLX2 rv CCT-TGC-CAC-CAG-CTT-CTT-TC 

ChIP hRUNX2 fw CAA-CTT-CCT-GTG-CTC-GGT-GC 

ChIP hRUNX2 rv TTT-CTG-GGG-TTA-GAG-CCG-CC 

ChIP hOTX1 fw AAT-TTC-GTT-GGT-CTG-GCG-GC 

ChIP hOTX1 rv GGA-GCC-CGC-TGA-GTG-AAA-AG 

ChIP hCBLN1 fw GCG-CCG-GCT-GCA-TCA-ATA-AT 

ChIP hCBLN1 rv TCG-CAC-TCC-GGG-ACT-AGC-GT 

ChIP hSKIDA1 fw TGC-GTT-ATT-GCA-AGC-TCA-GG 

ChIP hSKIDA1 rv CCA-GCA-TGC-TCC-CCT-ATT-GA 

ChIP hGAPDH fw GAG-CCT-CCT-TCC-TCT-CCA-G 

ChIP hGAPDH rv GTA-GTG-ACA-CCG-GAC-TGC-T 

ChIP hMYC -3kb fw AAC-CTC-CAC-TGC-CAG-AAG-TCC-TTA 

ChIP hMYC -3kb rv GAA-ATT-TAC-CTG-GCA-CGT-GTC-CCT 

ChIP hTERB1 fw CAT-TGC-CCT-TGG-CAA-CCT-AG 

ChIP hTERB1 rv CCC-TTT-CTT-CAT-CAC-CGC-TC 

ChIP hMDFI fw AAA-CGG-AGA-GAG-ACG-GTG-AG 

ChIP hMDFI rv TCT-GGA-GAG-CTG-AGC-CAA-CT 

ChIP hRRAD fw GGC-GGG-TGG-AGG-CTT-AAA-TA 

ChIP hRRAD rv ACA-CAG-ACA-CGC-TCA-GGA-CT 

ChIP hACRBP1 fw ATG-GGC-TCT-GGC-CAC-TTT-AG 

ChIP hACRBP1 rv TCA-GGA-GTG-AGG-GAA-GGA-AG 

 

Sequencing primers 

Seq mKAT6A fw1 ATG-GCC-GAC-TCC-TCA-AAG-AT 

Seq mKAT6A rv1 ACA-CTG-GTG-CTA-ACG-TTC-CT 
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Investigation of SAMD1 ablation 
in mice
Bruce Campbell 1,8*, Lisa M. Weber 2,8, Sandra J. Engle 4,7, Terence R. S. Ozolinš 5,7, 
Patricia Bourassa 6,7, Robert Aiello 6,7 & Robert Liefke 2,3*

SAM domain-containing protein 1 (SAMD1) has been implicated in atherosclerosis, as well as in 
chromatin and transcriptional regulation, suggesting a versatile and complex biological function. 
However, its role at an organismal level is currently unknown. Here, we generated  SAMD1−/− and 
 SAMD1+/− mice to explore the role of SAMD1 during mouse embryogenesis. Homozygous loss of 
SAMD1 was embryonic lethal, with no living animals seen after embryonic day 18.5. At embryonic 
day 14.5, organs were degrading and/or incompletely developed, and no functional blood vessels 
were observed, suggesting failed blood vessel maturation. Sparse red blood cells were scattered 
and pooled, primarily near the embryo surface. Some embryos had malformed heads and brains 
at embryonic day 15.5. In vitro, SAMD1 absence impaired neuronal differentiation processes. 
Heterozygous SAMD1 knockout mice underwent normal embryogenesis and were born alive. 
Postnatal genotyping showed a reduced ability of these mice to thrive, possibly due to altered 
steroidogenesis. In summary, the characterization of SAMD1 knockout mice suggests a critical role of 
SAMD1 during developmental processes in multiple organs and tissues.

Human SAMD1 (SAM domain-containing protein 1) is a 538 amino acid protein that has orthologs in most 
vertebrates, including zebrafish. Originally, SAMD1 was identified as a protein involved in atherosclerotic low-
density lipoprotein (LDL) binding in  humans1 and  mice2. SAMD1 may participate in LDL retention and uptake, 
and its knockdown suppresses vascular smooth muscle cell (VSMC) differentiation and proliferation, which 
affects foam cell  development3. However, SAMD1 is widely expressed in most organs and tissues, both in mice 
and humans (see ProteinAtlas, GTEx, etc.). The 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) cell  differentiation4. Earlier reports further support epigenetic functions for SAMD1. SAMD1 was 
enriched at nucleosomes and H3K4me3-possessing chromatin regions, as revealed by mass  spectrometry5,6. It 
was also among the highest 5% of proteins that associate with both H3K4me3-modified and bivalently H3K4me3/
H3K27me3-modified  chromatin7.

The SAMD1 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 allows  multimerization4. The N-terminal 
domain belongs to a group of related winged helix domains that bind to unmethylated CpG  motifs4,8, explain-
ing the enrichment of SAMD1 at CpG islands on the  genome4,9. 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 and  SFMBT14,10–12. Consequently, the absence of 
SAMD1 typically leads to the derepression of its target  genes4,9. SAMD1 is often upregulated in cancer tissues 
and correlates with worse prognosis in some cancer types, such as adenoid cystic carcinoma (ACC) and liver 
 cancer9,13. A CRISPR screen in K562 cells suggested that SAMD1 is required for the efficient proliferation of 
these  cells14. 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 this  context9. SAMD1 has also been described to play a role in muscle  adaptation15. Taken 
together, these findings suggest that SAMD1 likely has a function in multiple biological processes and diseases, 
but the biological role of SAMD1 at the organismal level has yet to be investigated.
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Here, we report the first knockout of SAMD1 in mice. Fewer homozygous  (SAMD1−/−) embryos were 
observed at embryonic day (E) 14.5, and none were observed after E18.5. Development appeared grossly normal 
at E12.5, but at E14.5 the investigated embryos exhibited numerous defects, including degrading endothelial cell 
(EC) tubes, degrading inner organs and an almost complete absence of red blood cells (RBCs). The heterozygous 
 (SAMD1+/−) mice had a less severe phenotype and approximately 70% of the mice survived past week 3 postna-
tally but they exhibited reduced weight gain and hormonal changes.

Results
SAMD1 knockout mice are embryonic lethal. The SAMD1 gene was deleted from C57BL/6J mice 
by recombineering (Fig. 1a), which led to the removal of 2396 bp of the SAMD1 gene. Successfully obtained 
heterozygous mice were mated. The ratios between the wild-type (WT, aka  SAMD1+/+), heterozygous (HET, 
aka  SAMD1+/−), and knockout (KO, aka  SAMD1−/−) mice were close to the expected Mendelian ratios through 
E12.5. All embryos removed at E12.5 had heartbeats. The first dead SAMD1 KO embryos and abnormal phe-
notypes were observed at E14.5 (Fig. 1b). At this time only 16 of the Mendelian expected 25 KO embryos were 
present, meaning that approximately 9 embryos had been resorbed since E12.5 (p = 0.13). Additional reductions 

Figure 1.  SAMD1 KO mice are embryonic lethal and lack intact blood vessels. (a) Gene targeting strategy 
to obtain SAMD1 KO mice. Southern probes are marked in green. (b) A SAMD1 KO embryo is easily 
distinguished from the WT embryos as soon as the litter is partially removed from the uterus. (c) RT-qPCR of 
SAMD1 in mouse embryonic fibroblasts (MEFs) obtained from wild-type and SAMD1 homo- and heterozygous 
embryos. Data are presented as the mean ± SD of two biological replicates. P-values via two-way ANOVA 
with Tukey’s multiple comparisons test. n.s. = not significant. (d) Pictures of embryos at E14.5 within the yolk 
sac. (e) Pictures of embryos at E14.5, without yolk sac, but still within the amnion. The placenta is shown 
underneath. (f) Picture of a SAMD1 KO mouse at approx. E15.5. (g) Gene expression of SAMD1 during early 
 embryogenesis23. (h) SAMD1 gene expression in various embryonic tissues based on data from  ENCODE24.
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in KO embryos manifested at later time points (Supplementary Table S1) (p = 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). This 
suggests there was variable expression and penetrance, and thus multiple embryonic lethal SAMD1 KO pheno-
types. Crossing  SAMD1+/− mice with  SAMD1+/− mice and phenotyping 3 weeks after birth (P21) also showed no 
KO (p = 5.1 ×  10–13) (Supplementary Table S2), confirming the lethality of the SAMD1 KO.

In contrast, the E14.5 heterozygous (HET) embryos were not noticeably different from that of the WT 
embryos, and HET mice were born alive (Supplementary Table S1). This observation suggests that heterozygous 
deletion of SAMD1 had no or only a minor impact on embryogenesis. To understand the underlying reason, 
embryonic fibroblasts (MEFs) raised from WT, HET, and KO mice were investigated for SAMD1 expression 
via RT-qPCR. SAMD1 mRNA was slightly but not significantly reduced in the heterozygous cells and absent in 
the homozygous KO cells (Fig. 1c). The 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 expression 
from the knockout  allele16. This 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 significantly lower than the expected number, implying that the heterozygous mice also 
have some impairments. Reduced numbers of HET mice at P21 were observed both when  SAMD1+/− mice were 
crossed with  SAMD1+/− mice (p = 0.003) (Supplementary Table S2), and when  SAMD1+/+ mice were crossed with 
SAMD1 ± mice (p = 0.003) (Supplementary Table S3).

Defects of the SAMD1 KO embryos are visually obvious. Given the considerably severer impairment 
of KO embryogenesis compared to HET mice, we first 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 been 
established as an optimal time point for mouse developmental disorder phenotype  analyses17,18. Macrolevel pho-
tography of the E14.5 WT embryos within the yolk sac showed normal development, noting branching blood 
vessels in the yolk sac (Fig. 1b,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 fluid was pink as if blood had leaked into it (Fig. 1b,d). 
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 (Fig. 1e). Bloody fluid was also pooled around the midsection within the 
amnion, but the source of leakage was not obvious (Fig. 1e). The 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 obvious 
in the skin, other than on the head and back, where a few small hemorrhages and a few broken red lines that 
were probably failed blood vessels were recognizable. This observation may suggest abnormal vessel regression. 
Regression, also called “pruning”, is a normal part of embryonic maturation of blood  vessels19,20. It can include 
pruning of individual EC (endothelial cell) tubes, as well as complete regional network regression, leaving behind 
"sleeves” of collagen and apoptotic  ECs21. During maturation, progenitor/pericyte/smooth muscle cells connect 
to EC tubes, providing stability needed to control  regression20. The 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 WT (Fig. 1e), probably because the labyrinth 
contained fewer RBCs and the vasculature seemed to be pink instead of red. The metrial gland lacked obvious 
blood vessels and the decidua appeared to be thinner. Maternal blood vessels could be seen in a few locations 
immediately beneath the decidua. The umbilical cord was avascular, showing cessation of maternal-embryo 
blood flow (Fig. 1e).

At E15.5 (Fig. 1f), a SAMD1 KO embryo lacked a skull vault, had obvious exencephaly, and had a hyper-
trophic brain. Clear edema fluid separated the skin from most of the embryo surface. This kind of edema appears 
in lymph endothelial cell progenitor  knockouts22. The 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 in 
and beneath the skin, and above the brain, had small hemorrhages and lines of RBCs that may have once been 
contained in vessels, suggesting a failing circulatory system. Since the E14.5 KO had a skull vault and was paler, 
the investigated E15.5 KO embryo is likely an example of a different 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 neural 
tube closure. Clear fluid leakage due to failing lymphatic and blood vessels likely produced edema (Fig. 1f). Both 
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 assess 
embryonic SAMD1  expression23,24. SAMD1 mRNA was detected in very early developmental stages (Fig. 1g) as 
well as in all investigated organs during all embryonic stages (Fig. 1h). Similar results were also obtained using 
RT-qPCR experiments from isolated embryonic organs (Supplementary Fig. S1). This observation suggests that 
SAMD1 has a biological function during all embryonic stages and in most embryonic tissues.

SAMD1 KO embryos have multiple organ defects. To further assess the consequence of the SAMD1 
KO on specific organs, we first 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  red25. 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 organs (Fig. 2, Sup-
plementary Fig. S2). Although cardiac muscle cells in the KO embryo stained red and had associated nuclei, the 
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heart appeared to be breaking up, and the atria, ventricles, and pulmonary trunk had partially collapsed (Fig. 2a, 
right panel). The endocardium was separating from the chamber walls. Red-stained RBCs were absent, and the 
ventricles appeared to contain some lymphocytes/immune cells instead of RBCs (Fig. 2a, right panel). This sug-
gests RBCs were trapped due to ejection failure and became necrotic.

The KO lung also appeared to be fragmenting, and RBCs were not apparent, in contrast to the WT lung 
where RBCs filled large vessels (Fig. 2b). Bronchioles had formed but were smaller than those in the WT. They 
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.

The KO liver had lobes and was large enough to have developed at least until E12.5 (Fig. 2c). Similar to the 
heart, the liver had no RBCs, again in contrast to the WT, where RBCs filled large vessels. The 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 identifiable. The fact that organs were substantially developed means that a functional 
circulatory system necessarily existed prior to E14.5.

SAMD1 deletion led to disorganization and reduced levels of RBCs in the skin. The most 
obvious difference between the appearances of WT and KO embryos was the paleness of the latter, suggesting 
impaired blood circulation. Thus, 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 VEGFR2 staining (with hematoxylin counterstain) to mark ECs and provide morphological identification of 
other cells. Cluster of differentiation 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 different markers, we investigated the organs and tissues of the SAMD1 KO embryos.

Looking first 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 and 
larger vessels (Fig. 3a–c), as expected. In contrast, KO skin, except around the limbs and skull, appeared to have 
been lost during fixation (Fig. 3a), 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 skeletal 
muscle (Fig. 3a,d). This tissue included individual RBCs and a few scattered clusters of RBCs that, lacking typical 
organizational patterns, did not appear to be contained in vessels (Fig. 3a–c). Coagulation in the clusters could 
not be determined, but gradations in red staining implied the recent onset of RBC degradation. These extravascu-
lar RBCs could be the result of fresh microhemorrhages or RBCs recently stranded as vessel development failure 
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. CD31 
stained numerous misshapen subcutaneous ECs in broken brown lines (Fig. 3e). These patterns suggested that 
the ECs were part of capillaries or larger vessels that had degraded. Cytoplasmic instead of cell surface CD31 
brown staining patterns suggest necrosis, and the association of CD31 staining with rounded nuclei suggests 
possible phagocytosis of ECs. Several broken small circles of stained ECs also suggested failed vessels (Fig. 3d,e).

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 showed 
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. 
The patterns of broken lines suggest the presence of failed small vessels in the forepaw (Supplementary Fig. S3, 

Figure 2.  SAMD1 KO embryos exhibit organ degradation. (a) H&E staining of the heart at E14.5. H heart 
muscle, A aorta, PT pulmonary trunk, Lu lung, Li liver, RA right atrium, OT outflow tract of left ventricle, VC 
vena cava, LV left ventricle, RV right ventricle. (b) H&E staining of the lungs at E14.5. B bronchiole, V blood 
vessel, S skeletal muscle. (c) H&E staining of the liver at E14.5. V blood vessel, S skeletal muscle.



5

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3000  | https://doi.org/10.1038/s41598-023-29779-3

www.nature.com/scientificreports/

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 sufficient to delay RBC necrosis compared to 
locations deeper in the embryo.

SAMD1 KO embryos have degraded internal organs and blood vessels. Our initial analysis 
(Fig. 2) suggests that internal organs are fragmented and that they lack proper blood vessels. To further assess 
the impact of SAMD1 deletion on blood vessels in these internal organs, we stained lung, liver (Fig. 4), and heart 
samples (Fig. 5) 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 filled with RBCs (Figs. 4, 5). Larger lung and liver 
vessels, identified by sizeable areas of RBCs, were encircled by stained ECs (Fig. 4b,d). Capillaries were also made 
evident by the presence of EC markers and RBCs. Pulmonary vascular ECs normally line the surfaces of the lung 
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 VEGFR2 (Fig. 4e).

In contrast, in the lungs and livers of the SAMD1 KO mice, CD31 and VEGFR2 staining was almost absent. 
In KO organs, no RBCs or intact ECs were visible (Fig. 4a,b,d,e). CD31 and VEGFR2 stained vessels that should 
have surrounded alveoli were absent (Fig. 4c). The limited CD31 and VEGFR2 staining in the lung and liver 
appeared to be cell fragments of necrotic vessel wall ECs, and the thin lines of associated faint hematoxylin stain 
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 nuclei (Fig. 4b,c,e, red arrow, 
Supplementary Fig. S4a). This 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 lungs (Fig. 4c). Based 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 degraded (Fig. 4c). Malformed and/or underdeveloped liver 
lobules and tubes appear to be degrading (Fig. 4d).

In the WT hearts, normal CD31 and VEGFR2 staining patterns were noted in ECs of capillaries and larger 
vessels (Fig. 5a–c). H&E staining of the WT pulmonary trunk showed numerous RBCs contained in the vessel, 
demonstrating normal heart function. VEGFR staining also identified ECs at the lumen and several layers of 
circumferentially oriented spindle-shaped vascular smooth muscle cells (VSMCs) (Fig. 5d). As expected, epi-
thelial cells in the endocardium stained for CD31 and VEGFR2 (Fig. 5e).

In the KO heart, H&E staining uncovered signs of epithelial, cardiac muscle cell, and EC degradation (Figs. 2a, 
5b). Hematoxylin counterstain in the CD31 and VEGFR2 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 cells (Fig. 5c). Phagocytosis in the heart 
was indicated by uneven and foamy brown staining around strongly blue-stained round nuclei (Supplementary 
Fig. S4b). CD31 and VEGFR2 stained broken circles and lines of misshapen ECs and EC fragments. These pat-
terns suggested incomplete and/or failed vessels (Fig. 5b,c). This was seen deep in the heart muscle where capil-
laries should have been (Fig. 5b), and more frequently at the heart’s surface, where larger stained circles suggested 

Figure 3.  E14.5 SAMD1 KO mice have clusters of RBCs and disorganized and damaged endothelial cells (ECs) 
in the skin. (a) H&E staining of embryo skin. (b) Higher magnification showing capillaries. Arrows indicate 
capillary (WT) or RBC clusters (KO). (c) Higher magnification of blood vessels (WT) or RBC clusters (KO) 
are indicated by arrows. (d) CD31 (brown) staining of embryo skin (e) Higher magnification of CD31 ECs in 
capillaries in WT skin and disordered structures in KO skin.
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failed coronary vessels (Fig. 5c). Spindle-shaped VSMCs (blue) that were noted next to coronary artery ECs in 
the WT were absent from the KO (Fig. 5e). The 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 the WT (Fig. 5a,d). The 
lumen of the KO pulmonary trunk contained no RBCs and only a few rounded probable immune cells (Fig. 5d). 
The heart chambers and large vessels were partially collapsed, possibly due to serum fluid being insufficient to 
maintain shape (Figs. 2a, 5a–c). The 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 are 
closely linked. During embryonic development, the epithelial layer is the source of endothelial cells for the heart’s 
blood  vessels26. CD31- and VEGFR2-stained epithelial cell fragments were detectable in the KO endocardium, 
including detached cells and cells undergoing probable necrosis and phagocytosis (Fig. 5e). These above find-
ings suggest that in the investigated SAMD1 KO mouse the development of the heart may have stopped before 
VSMC differentiation.

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

SAMD1 KO ribs showed premature ossification. Next, we investigated the ribs and associated skeletal 
muscles. Structural organization in the E14.5 WT and KO mice were roughly similar (Fig. 6a), but H&E staining 

Figure 4.  Absence of blood vessels in the lung and liver of SAMD1 KO embryos. (a) Macroscale microscopy 
of the lungs from wild-type and SAMD1 KO mice at E14.5 using H&E, CD31 (brown), and VEGFR2 (brown) 
staining. (b) Higher magnification 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 KO lung. (c) Higher 
magnification of bronchioles, which are smaller and/or degraded in the KO mice. The lung appears to be 
fragmenting along the paths of failed vessels. (d) Macroscale microscopy of the lungs from wild-type and 
SAMD1 KO mice at E14.5 using H&E, CD31, and VEGFR2 staining. (e) Higher magnification of blood vessels 
in the wild-type liver, and their absence in the KO. The KO liver also appears to be fragmenting. Red arrows in b, 
c, and e indicate possible fragments of phagocytized cells.
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highlighted substantial differences. The 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 nuclei 
(Fig. 6b, arrow). Bone development is tightly linked to  hypoxia27, which is required for the transition from pro-
liferating cartilage to endochondral ossification. Hypoxia interior to the developing bone causes chondrocytes 
to become hypertrophic and delays chondrocyte apoptosis/necrosis. Subsequent apoptosis/necrosis is required 
for  ossification27. Chondrocytes in a vertebrae stain for VEGFR2 (Supplementary Fig. S4c), a receptor for VEGF, 
which is a chondrocyte survival factor necessary for bone  formation28. Thus, we hypothesize that in the SAMD1 
KO mice, the hypertrophic chondrocytes appeared to have become hypoxic before E14.5, instead of the normal 
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 nuclei (Fig. 6c). 
Strands of cells are separated by lines of unstained connective tissue (Fig. 6c). In the KO, there are several signs 

Figure 5.  SAMD1 KO mouse hearts are fragmenting, capillaries are missing, and larger vessels and the 
epithelial layer are failing. (a) Microscopy of the heart using H&E staining as well as staining for CD31 and 
VEGFR2 at E14.5. (b) Higher magnification comparing WT with myocardium capillaries to KO missing 
myocardium capillaries. The arrows indicate intact and degraded ECs; note degraded myocardium. (c) Higher 
magnification of an intact WT compared to a degrading KO coronary vessel beneath the epicardium. The 
arrows indicate intact and degraded coronary vessel ECs. (d) H&E staining of the pulmonary trunk from WT 
and SAMD1 KO mice at E14.5 (derived from same embryo as in Fig. 2a). Instead of spindle-shaped cells (blue), 
marked with an arrow in the WT, a compact myocardium lines the SAMD1 KO pulmonary trunk. (e) Higher 
magnification of heart endocardium and epithelial cells. The arrows indicate intact (WT) and degraded (KO) 
epithelial cells (brown).
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of degradation. The 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 (Fig. 6c). The 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 of 
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 (Fig. 6d). RBCs are absent from the KO, other than a few scattered pools near the embryo surface and 
near ribs (Fig. 6a). 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) (Fig. 6d). Skeletal muscle cells immediately adjacent 
to this pool appears to be less degraded. The initiation of heartbeat around E8.5 marks the onset of embryo-
vitelline  circulation29, as yolk sac-derived hematopoietic cells are spread through the developing  embryo30. These 
primitive erythroid (EryP) cells have nuclei, and begin to mix with definitive RBCs from approximately E12.5, 
and enucleating EryPs at E12.531. A mix of nucleated and definitive 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. This observation suggests circulation failure trapped EryPs and definitive 
RBCs in a nonfunctioning vessel around E13.5, when approximately 50% of RBCs would not have  nuclei31. 
Some KO RBCs appeared faded (Fig. 6d), implying a recent loss of  O2 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 all 
investigated organs and tissues in the embryo. We have summarized our findings in Table 1.

SAMD1 is required for proper neuronal differentiation in vitro. To better understand the molecular 
source of the many defects upon SAMD1 deletion, we investigated our previously published RNA-Seq data upon 
undirected ES cell differentiation in the absence of  SAMD14. 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 SAMD1 deletion. Thus, it appears that SAMD1 plays a rather pleiotropic role during 
differentiation processes, consistent with the multifaceted mouse phenotype.

Our previous work showed that direct SAMD1 target genes are commonly associated with brain related 
 pathways4 and several genes related to brain development, such as Cbln1, Ntrk2, and Plxna4, Eph4, become 
derepressed upon SAMD1 deletion during differentiation (Supplementary Fig. S5a). Consequently, pathways 
that are linked to brain development, such as synapse assembly (Supplementary Fig. S5b), become predomi-
nantly upregulated in SAMD1 KO cells upon  differentiation4, suggesting that SAMD1 absence may be involved 
in regulating neuronal differentiation processes.

In contrast, pathways related to angiogenesis were mostly downregulated (Supplementary Fig. S5c). Intrigu-
ingly, vascular endothelial growth factor A (Vefga), Pecam1 (CD31), Thy1 and Tie1, which are critical factors for 
 angiogenesis32–34, were strongly downregulated in SAMD1 KO cells, both in differentiated and undifferentiated 
cells (Supplementary Fig. S5d). Furthermore, pathways related to cardiac chamber development were also signifi-
cantly dysregulated in differentiated SAMD1 KO cells (Supplementary Fig. S5e). This includes key transcription 
factors such as Gata4, Gata6, Zfmp2 (Fog2) and Mef2c35 (Supplementary Fig. S5f). Thus, dysregulation of these 
genes and pathways during embryogenesis in the absence of SAMD1 could potentially contribute to the observed 
failure of angiogenesis and heart development. However, it is probable that angiogenesis would also fail upon 

Figure 6.  The absence of SAMD1 led to early bone ossification, muscle degradation, and the enduring presence 
of nucleated RBCs. (a) Macroscale microscopy of embryonic rib tissue using H&E staining at E14.5. B bone, 
M muscle. (b) Higher magnification of the rib bones, showing cartilage primordium (purple) in the wild-type 
mice and ossification (bubbly, indicated by the arrow) in the KO mice. (c) Higher magnification of the skeletal 
muscles shows separated and fainter muscle fibers (pink) in the KO and more unstained tissue. (d) Higher 
magnification 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.
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the failure of arteriogenesis. Although significant research is ongoing, factors involved in arteriogenesis are still 
poorly understood compared to  angiogenesis36.

Next, we wanted to gain more insights into whether ablation of SAMD1 can indeed influence specific dif-
ferentiation processes. Direct SAMD1 targets are enriched at brain-related  genes4, 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 targeted by  SAMD14, suggesting a more indirect 
influence of SAMD1 on these genes. Thus, we reasoned that neuronal pathways are more likely directly regulated 
by SAMD1, making them attractive for further investigation. Mouse ES cells can be differentiated into various 
lineages using specific  protocols37, including neurons (Fig. 7a), offering us a starting point to investigate the 
role of SAMD1 in this process. Using our previously established SAMD1 KO mouse ES cells (Fig. 7b)4, we first 
created embryoid bodies, which already showed dysregulation of multiple genes (Fig. 7c). The embryoid bodies 
were differentiated into neuronal progenitor cells (NPCs) and subsequently into neuronal cells (Fig. 7a). We 
observed no significant differences in the cell growth of the NPCs, although SAMD1 KO NPCs tended to grow 
slightly faster than wild-type NPCs (Fig. 7d). Upon differentiation of NPCs into neuronal cells, we observed 
that several marker genes, such as glial fibrillary acidic protein (Gfap) and Nestin (Nes), were dysregulated upon 
SAMD1 KO (Fig. 7e). Immunofluorescence of the differentiated cells on day 6 showed an enhanced level of 
Tuj1 (Tubb3)-stained neurons in the KO cells (Fig. 7f), indicating that SAMD1 KO enhances the differentiation 
preferentially towards neurons. This observation is consistent with the increased expression of genes related to 
neuronal pathways during ES cell  differentiation4 (Supplementary Fig. S5a). Furthermore, we observed higher 
levels of H3K4me2 in the differentiated cells (Fig. 7f,g). This observation supports that SAMD1 deletion may 
impair the activity of the KDM1A histone demethylase complex during neuronal differentiation, in line with 
our previous observation in undifferentiated ES  cells4. However, other indirect effects could also be the source 
of this observation. Combined, these data support the hypothesis that the absence of SAMD1 leads to aberrant 
neuronal differentiation and supports that SAMD1 is critical for proper differentiation processes.

SAMD1 heterozygous mice fail to thrive. Finally, we assessed the consequence of a heterozygous dele-
tion of SAMD1. H&E staining of various organs of an E14.5 heterozygous (HET) embryo was not noticeably 
different from that in the WT embryo (Supplementary Fig. S2), and HET mice were born alive. This less severe 
phenotype of the heterozygous mice, compared to the knockout mice, can likely be explained by a still relatively 
high expression level of SAMD1 in heterozygous cells (Fig. 1c). However, analysis of the surviving mice showed 

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

Organ/tissue Observed phenotype

Whole embryo

 E14.5
Pale
Smaller
Intact blood vessels not obvious

 E15.5
Pale
Some embryos show exencephaly, with lack of skull vault
Intact blood vessels not obvious
Edema fluid beneath skin scattered small blood pools and RBC clusters

Extra-embryonic (E14.5)

 Placenta Pale

 Yolk sac Lacks blood vessels

 Amnion Pink amnionic fluids

Organs (E14.5)

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

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

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

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

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

 Bone Premature ossification; VEGFR2+ chondrocytes/osteoblasts
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
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Figure 7.  SAMD1 KO affects neuronal differentiation in vitro. (a) Schematic steps of the neuronal 
differentiation procedure. The graphic was created on BioRender.com. (b) Representative immunofluorescence 
and Western blots of wild-type (Control) and SAMD1 KO ES cells, which were established  previously4. Full 
Westerns blots are shown in Supplementary Fig. S6. (c) RT-qPCR of differentiation-related genes after embryoid 
body formation. Data are presented as the mean ± SD of two biological replicates. (d) MTT assay of neuronal 
progenitor cells. Data are presented as the mean ± SD of three biological replicates. (e) RT-qPCR of marker 
genes upon neuronal differentiation, starting from NPCs. Data are presented as mean ± SD of two biological 
replicates. (f) Representative immunofluorescence for Tuj1 (Tubb3) and H3K4me2 in differentiated neuronal 
cells. (g) Quantification of H3K4me2 levels at distinct stages during the neuronal differentiation procedure. 
CTCF = corrected total cell fluorescence. Data are presented as mean ± SD of at least 15 cells per condition. 
Significance in (c, d, e, g) was evaluated via a two-tailed unpaired Student’s t-test. n.s. not significant.
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that approximately 30% of the HETs failed to survive past P21 (Supplementary Tables S2, S3), suggesting that the 
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 the 
surviving mice. Longitudinal body weight analysis on regular chow revealed that male and female HET mice 
weighed less than WT mice (Fig. 8a), 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 and 
continued for 15 weeks. We found that after HFD feeding, HETs weighed less than control WT mice (Fig. 8b), and 
fat depots from HET mice weighed approximately half as much as those from the WT mice (Fig. 8c). Consistent 
with what appeared to be reduced adiposity in the SAMD1 HET mice on the HFD, glucose disposal was increased 
in the HET mice during the oral glucose tolerance test (OGTT) (Fig. 8d) and baseline (time 0) fasted glucose 
levels were significantly lower in the HET mice following the HFD challenge (Fig. 8e). Insulin measurements 
from the blood samples collected during the OGTT found that insulin levels in the HET mice did not increase 
following the HFD (Fig. 8f) and were significantly lower than the corresponding levels in the WT mice (Fig. 8g).

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 (Fig. 8h). Proper steroidogenesis is essential for 
correct lipid  metabolism38. Indeed, steroid hormone levels appeared to be altered in adult HETs. Corticosterone, 
aldosterone, and angiotensin II levels were significantly increased, and testosterone levels trended higher (Fig. 8i). 
Steroidogenesis and transformation of cholesterol to oxysterols occurs in many cell  types39. It is possible that 
the approximately 10–15% reduction in SAMD1 expression in SAMD1 HET mice (Fig. 1c) caused or required 
a compensatory change in steroid expression. The lower weights and adiposity may also be related to steroidal 
differences. Notably, we measured large differences in the above markers between individual adult HETs. It is 
likely that the HETs dying prior to postnatal week 3 expressed a more severe phenotype, resulting in a failure to 
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 after birth.

Discussion
SAMD1 is an epigenetic regulator that plays a repressive gene regulatory role at unmethylated CpG  islands4,9. 
Upon mouse ES cell differentiation, the absence of SAMD1 enhances the expression of genes involved in neuronal 
pathways, while factors important for metabolism and angiogenesis are downregulated (Supplementary Fig. S5)4, 
likely due to both direct and indirect effects. In HepG2 liver cancer cells, SAMD1 also strongly impacts the tran-
scriptional  network9. In addition to gene regulatory functions SAMD1 may also have a role in  atherosclerosis1,3 
and muscle  adaptation15. In this study, we investigated the effects 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 E14.5 (Fig. 1e). Similarly, 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 the 
embryo. This should not be surprising, since vessel development is similar in embryonic and extraembryonic 
 tissue40–42. Given that by approximately E12.5 the definitive placenta is  mature43 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 causes 
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 vascular 
plexus, at least to the point of EC tubes. This 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. The sparse mix of nucleated and enucleated RBCs in the KO demonstrated that early hematopoiesis, 
functional heartbeat, and vasculogenesis had occurred (Figs. 1f, 3a, 6)44,45. These findings suggest that in the 
SAMD1 KO mice at least partially functional ECs differentiated, 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 cells (Figs. 3,4,5), and 
RBCs were seen only in small clusters and scattered broken lines suggesting that previously functional blood 
vessels had degraded. Failure of arteriogenesis and subsequent  pruning20 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 of  angiogenesis19,20. Although significant research is ongoing, factors involved in arteriogenesis 
are still poorly understood compared to  angiogenesis36,46, and it remains to be determined by which mechanisms 
absence of SAMD1 may impair vessel maturation.

The 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 sufficient oxygen 
to metabolize glucose for growth is available in the uterus. Normal heartbeat starts by E8.5, providing circulat-
ing nutrients and RBCs for  oxygen47. Cessation of circulation at any time after approximately E9 would cause 
hypoxia such that the heart could no longer function, and resorption would begin. The SAMD1 KO heart, liver, 
and lung were the correct size at about E12.5–E13.5. Obviously, organs could not have developed to this size 
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 the 
embryo surface, meaning that circulation had ceased, causing severe hypoxia and thus, cessation of the heart-
beat. The observed tissue degradation means that resorption was occurring, which is very rapid after cessation 
of  heartbeat48 suggesting that the death in the E14.5 mouse occurred at approximately E13.5.
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Figure 8.  SAMD1 heterozygous (HET) mice gain less weight and have reduced adiposity, higher hormone 
levels, and different serum cholesterol levels. (a) Weight gain of WT and HET mice fed regular chow. Data 
are presented as the mean ± SE of at least 7 mice per condition. Significance was evaluated by a two-tailed 
unpaired Student’s t-test for the last 5 time points combined. (b) Weight gain of WT and HET mice fed regularly 
with high-fat diet (HFD). Data are presented as mean ± SE of at least 7 mice per condition. Significance was 
evaluated by a two-tailed unpaired student’s t-test. (c) Adipose weight upon HFD (n = 7). Data are presented 
as the mean ± SD of 7 mice per condition. P-value via two-tailed unpaired Student’s t-test. (d) Blood glucose 
concentration during oral glucose tolerance test, pre- or post-HFD. Data are presented as mean ± SE of at least 
7 mice per condition. P-values via two-tailed unpaired student’s t-test. (e) Fasted Blood Glucose level pre- or 
post-HFD. Data are presented as the mean ± SD of at least 7 mice per condition. Significance was evaluated by a 
two-tailed unpaired Student’s t-test. (f) Serum insulin during the oral glucose tolerance test, pre- or post-HFD. 
Data are presented as the mean ± SE of at least 7 mice per condition. Significance was evaluated by a two-tailed 
unpaired Student’s t-test. (g) Fasted plasma insulin pre- or post-HFD. Data are presented as the mean ± SD of 
at least 7 mice per condition. Significance was evaluated by a two-tailed unpaired Student’s t-test. (h) Serum 
cholesterol levels before and after an HFD. Data are presented as mean ± SD of 7 mice per condition. P values via 
two-tailed Mann–Whitney U test. (i) Levels of metabolic hormones in WT and HET mice. Data are presented as 
mean ± SD of at least 5 mice per condition. P-values via two-tailed unpaired Student’s t-test. n.s. = not significant.
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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 first, leading to failed vessel  maturation19, vessel  pruning20, and thus 
failing circulation. It is unlikely that this occurred simultaneously throughout the embryo, but at some point, it 
would prevent sufficient 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 
insufficient oxygen and nutrient supply to internal organs, likely affecting their development. Secondary events, 
such as bone ossification are possibly driven by the hypoxic conditions during the failure of the circulation. 
Notably, the observed SAMD1 KO phenotype is markedly different from reported deletions of regulators of 
vasculogenesis, angiogenesis, and lymphatic  development47. Thus, SAMD1 may modulate vessel formation in a 
unique fashion, which requires further clarification.

The presence of SAMD1 mRNA in the entire WT embryo and yolk sack (Fig. 1g,h, Supplementary Fig. S1) 
suggests that SAMD1 is relevant beyond vessel development. Thus, some SAMD1 KO phenotypes may not be 
related to failure of vascular development. The high expression of SAMD1 in the head, as well as the consequences 
of SAMD1 deletion on neuronal differentiation processes (Fig. 7), supports a role of SAMD1 during head and 
neuronal development (Fig. 1f). Given that undirected ES cell differentiation in the absence of SAMD1 influences 
multiple distinct  pathways4, it is likely that SAMD1 is involved in additional cellular processes, which awaits 
further clarification. Thus, experiments that address the role of SAMD1 during other differentiation processes will 
be important to assess the relevance of SAMD1 for distinct lineages. Generating conditional SAMD1 knockout 
mice may be a suitable strategy to address the role of SAMD1 during the development of specific tissues and 
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 often do not have uniform effects across a population. The 
mechanisms can be environmental, epigenetic, synergistic, and  multigenic49. Variable expression and penetrance 
are likely explanations for the survival until as late as E18.5, of the few KOs that had heartbeats past E14.5 
(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 developing  embryo16. The E15.5 KO shown in 
Fig. 1f may be a somewhat different phenotype from the E14.5. The scarcity of blood vessels is not as extreme, 
but the absence of skull vault and the exencephaly in the E15.5 KO is different, and might have been caused by 
an “open” neural tube  defect50.

Heterozygous SAMD1 KO mice were born alive, suggesting that here the embryogenesis was grossly normal. 
Likely, the relatively minor reduction of SAMD1 expression in the HET mice (Fig. 1c), possibly achieved due 
to compensatory  effects16, is the underlying source for this weak phenotype. However, living HET mice had 
substantially increased aldosterone, corticosterone, angiotensin II, and testosterone levels (Fig. 8i), suggesting 
that correct SAMD1 levels are important for proper body function. Steroidogenesis and transformation of cho-
lesterol to oxysterols occurs in many cell  types39. Thus, it is currently unclear whether SAMD1 directly regulates 
hormone production pathways in cells or whether these changes are caused by compensatory effects, due to 
other alterations in body homeostasis. The HETs also showed reduced body weight and adiposity (Fig. 8a–c), 
which may be linked to steroidal changes.

This investigation aimed to present the first description of the effect of SAMD1 ablation on mouse embryonic 
development. Based on the E14.5 and E15.5 phenotypes, we focused on features related to vasculogenesis, arte-
riogenesis and neuronal differentiation. The study is therefore limited to a restricted time window of embryonic 
development and does not provide deeper insights into the role of SAMD1 during earlier or later time points. 
Given the use of a limited set of vascular markers and probes, only cells related to differentiated ECs were 
unambiguously identified. Therefore, it is not determined whether failure of the early vascular plexus is due to 
failure of migration, proliferation, differentiation, 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. Thus, 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. Specifically, it remains to be 
determined, which phenotypes are directly regulated by SAMD1, and which occur due to indirect effects. Given 
that SAMD1 is expressed in all tissues and organs (Fig. 1g,h), more research will be necessary to elucidate the 
role of SAMD1 in specific cellular contexts.

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

Methods
Animal handling. Mice were 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]. The Pfizer 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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SAMD1 gene inactivation. SAMD1 knockout mice were genetically engineered by Pfizer (Groton, CT). 
To generate the SAMD1 targeting vector,  recombineering51 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 the 
3′ 83 bp with a neomycin phosphotransferase cassette in a 9433 bp genomic subclone obtained from a C57BL/6J 
BAC (RP23-128H6; Invitrogen). The vector was introduced into Bruce4 (mixed C57Bl/6N:C57BL/6J) mouse 
embryonic stem  cells52 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 C57Bl/6J mice to produce F1 
heterozygotes. Germline transmission was confirmed by PCR analysis (SAMD1g1: 5′-CCA AAC CCC TCT TCA 
GTT CA-3′; SAMD1g2: 5′-GCC GTA GCT ATT CTG CCT CA-3′; dNEO2: 5′-ACA TAG CGT TGG CTA CCC GTG 
ATA -3′). F1 heterozygous males and females were mated to produce F2 mice. The colony was maintained by 
intercrossing under specific pathogen-free conditions with unrestricted access to food and water.

RNA and cDNA measurements for mouse experiments. RNA and cDNA measurements were per-
formed at the Brigham & Women’s Hospital (Boston, MA). Synthesis of cDNA (ThermoScript 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 II (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 Soft-
ware (ThermoFisher, Applied Biosystems). Levels of mRNA were normalized to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) mRNA levels. cDNAs were synthesized using a High-Capacity RNA-to-cDNA™ Kit 
(Thermo Fisher, Catalog No. 4387406). Total 2 µg RNA/100 µl cDNA synthesis reaction and 1 µl cDNA per 
TaqMan reaction. GAPDH was used as an endogenous control (Applied Biosystem 4352339E. Catalogue No. 
43-523-39E).

Isolation of mouse embryonic fibroblasts. Mouse embryonic fibroblasts (MEFs) were isolated as 
 described53. In short, embryos from WT,  SAMD1+/−, and  SAMD1−/− 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 111140-
050), 2  mM l-glutamine (Life Technologies, 25030-081), 0.1  mM β-mercaptoethanol (Sigma M7522), and 
0.25 mg/ml gentamicin (Life Technologies, 15710-072).

Phenotypic studies. All behavioral, physical, hormonal, and response phenotype comparisons of 
 SAMD1+/+ to  SAMD1+/− were performed by Caliper Life Sciences (Xenogen Biosciences, Cranbury, NJ) based 
on the Phenotype Pfinder  platform54.

Immunohistochemistry. Antibodies against CD31 and VEGFR2 were purchased from Abcam (Cam-
bridge, UK). Immunohistochemical staining procedures were performed by Pfizer (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 phenotype  analyses18. In short, tissues were collected immediately after E14.5 embryo 
collection, fixed in 10% buffered formalin and embedded in paraffin. 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.

Cell culture. E14 mESCs (E14TG2a) were provided from the lab of Jacqueline Mermoud (University of Mar-
burg, Germany). SAMD1 KO E14 mESCs were established  previously4. The WT and SAMD1 KO mESCs were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) and GlutaMAX (Gibco; 61965-026), 15% fetal calf 
serum (FCS) (Biochrom; S0115, Lot: 1247B), 1 × nonessential amino acids (Gibco; 11140-035), 1 × sodium pyru-
vate (Gibco; 11160-039), 1 × penicillin/streptomycin (Gibco; 15140-122), 10  µM β-mercaptoethanol (Gibco; 
31350-010), and LIF (1000 U/ml; Millipore; ESG1107, lot: 3060038) on 0.2% gelatin-coated plates.

Neuronal differentiation of mouse ES cells: embryoid body system. mESCs were plated at a den-
sity of 1 ×  106 on 0.1% gelatin-coated and dried 100 mm cell culture dishes for 3 days in mESC medium, and 
the medium was changed every 24 h. To start neurodifferentiation, 1 ×  106 dissociated ES cells were incubated 
on nonadhesive bacterial dishes (100 mm) for 6–8 days in mESC 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 differentiation medium containing DMEM (Gibco; 11960-044), 20% FCS, 2  mM l-glutamine 
(Gibco; 25030-081), 1 × penicillin/streptomycin, 1 × nonessential amino acids, 50 µM β-mercaptoethanol, and 
0.5 µM trans-retinoic 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 μg/ml poly-l-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) with 1 × L-glutamine, 1 × penicillin/streptomycin, and 1 × B-27 sup-
plement (Gibco; 17504-044)55.

The established neural precursor cells (NPCs) were cultured in Euromed-N medium (EuroClone; ECM0883L) 
supplemented with 1 × N-2 (Gibco; 17502-048), 1 × l-glutamine, 1 × penicillin/streptomycin, 50 µg/ml BSA 
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(Sigma-Aldrich; A9418), 20 µg/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 μg/ml laminin-coated (Sigma-Aldrich; 
L2020) six-well tissue culture plates and passaged with Accutase (Sigma-Aldrich; A6964) (adapted  from56).

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 ×  105) into gelatinized (0.1% in H2O) and poly-l-ornithine hydrobro-
mide-coated (20 μg/ml in PBS) six-well tissue culture plates for differentiation with N2B27 medium, consisting of 
DMEM/F12 (Gibco; 11320-033) and neurobasal medium (1:1), with 1 × N-2, 1 × B-27, 100 µM β-mercaptoethanol 
and the addition of 10 ng/ml FGF (Peprotech; 100-18B) (adapted  from57). Analysis of the cells was performed 
with immunofluorescence staining and RT-qPCR at chosen time points.

RT-qPCR experiments. For RNA isolation, cells were cultivated on 6-well plates up to 80–100% conflu-
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). The PrimeScript RT Reagent Kit (TaKaRa; RR037A) 
was used to transcribe mRNA into cDNA according to the manufacturer’s manual. Samples were incubated 
for 30 min at 37 °C followed by 5 min at 85 °C to inactivate PrimeScript RT enzymes. Subsequently, cDNA was 
diluted 1:20 to be used in RT-qPCR. For analysis by real-time quantitative PCR, MyTaq Mix (Bioline; BIO-
25041) was used. For gene expression analysis, values were normalized to mActb and mGapdh expression. The 
qPCR primers used are presented in Supplementary Table S4.

Antibodies for neuronal studies. The following commercial antibodies were used: H3K4me2 (Diagen-
ode; C15410035), TUJ1/TUBB3 (BioLegend; 801201), and GFAP (Dako; Z0334). The 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 described  previously4.

Proliferation assay. To determine proliferation rates, cells were seeded on 6-well plates at a density of 
1 ×  105 cells per well. Cell viability was determined at 1, 3, and 6 days after seeding using the MTT assay by add-
ing 90 µl of 5 mg/ml thiazolyl blue ≥ 98% (Carl Roth; 4022) to each well. The medium was aspirated after 1 h, 
and stained cells were dissolved in 400 µl of lysis buffer (80% isopropanol, 10% 1 M HCl, 10% Triton X-100). 
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.

Immunofluorescence staining. WT or SAMD1 KO mESCs were seeded on 0.2% gelatin-coated cover-
slips. WT or SAMD1 KO differentiated neural precursor and neural cells were seeded on 0.1% gelatin-coated 
and 20 μg/ml poly-l-ornithine hydrobromide-coated coverslips Cells were fixed with 4% formaldehyde (w/v), 
methanol-free (Thermo Fisher Scientific; PI28906), and subsequently permeabilized with wash buffer (0.5% Tri-
ton 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 
performed before incubation with secondary antibodies, using Alexa Fluor 488 goat anti-rabbit IgG (H + L) and 
Alexa Fluor 546 goat anti-mouse IgG (H + L) (Thermo Fisher Scientific; 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).

Immunofluorescence quantification. To determine the cellular fluorescence 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 total 
cell fluorescence (CTCF) according to the following formula: CTCF = integrated density – (area of selected cell 
× mean gray value of background reading). Average CTCF values and standard deviations for 5 cells each in 3 
different fluorescence microscopy images per sample are presented in a graph.

Bioinformatics analysis. Gene expression data from mouse embryo tissues were obtained from ENCODE 
(https:// www. encod eproj ect. org/, under “Mouse Development”)24 and from  GSE4571923. GSEA was performed 
with standard  settings58 using previously published data (GSE144396)4.

Statistical analysis. Quantitative results are expressed as mean ± standard deviation of the mean (SD). 
Deviation from the mendelian ratio was evaluated using Chi Square tests. The significance of differences 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. Significance of the Lipoprint analysis 
was evaluated using a two-tailed Mann–Whitney U test. The p-values were calculated using the GraphPad Prism 
Software. The p-values of the GSEA analysis were obtained from the GSEA  software58. A value of p < 0.05 was 
considered statistically significant.

Data availability
The 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 available from  ENCODE24 
(https:// www. encod eproj ect. org/, under “Mouse Development”) and from the GEO repository  (GSE4571923 
and  GSE1443964).

https://www.encodeproject.org/
https://www.encodeproject.org/
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Embryo Genotypes and Lethality Mapping 

Embryonic Day +/+ +/− −/− Total N p-value p-value 

10.5 1 (5%) 10 (56%) 7 (39%) 18 0.12 
E10.5-E12.5 

p=0.45 
11.5 2 (13%) 7 (47%) 6 (40%) 15 0.33 

12.5 27 (23%) 61 (54%) 25 (22%) 113 0.67 

14.5 29 (30%) 53 (54%) 16 (16%) 98 0.13 
E14.5-E18.5 

p=0.049 
16.5 2 (11%) 10 (56%) 6 (33%) 18 0.36 

18.5 16 (46%) 15 (43%) 4 (11%) 35 0.011 

Expected 
Mendelian ratio 

1 (25%) 2 (50%) 1 (25%)  
  

Supplementary Table S1: Embryonic genotyping. 

Embryos were genotyped between E10.5 and E18.5. The decreased total number of KO 
embryos from E14.5 to E18.5 (p<0.049) suggests embryonic lethality between E12.5 and 
E14.5. Chi-square calculated p-values (1:2:1 expected ratio) are shown for each embryonic 
day, for E10.5-E12.5 combined, and for E14.5-E18.5 combined. 
 

 

Embryo Lethality Mapping when Crossing: Samd1+/− x Samd1+/− 

Sex +/+ +/− −/− Total N 
p-value  

KO Mortality 
(1:2:1 ratio) 

p-value  
HET Mortality 

(1:2 ratio)  

Male (55.2%) 35 (47%) 39 (53%) 0 74 5.8 x 10-8 0.01 

Female (44.8%) 26 (43%) 34 (57%) 0 60 7.5 x 10-6 0.01 

Total M+F 61 (45.5%) 73 (54.5%) 0 134 5.1 x 10-13 0.003 

Expected  
Mendelian ratios 

1 (25%) 2 (50%) 1 (25%)    

Supplementary Table S2: Samd1+/− x Samd1+/− crossings.  

Genotyping of Samd1+/− x Samd1+/− crossings at P21. P-values for KO lethality were 

calculated using Chi-square and the 1:2:1 Mendelian ratio. P-values for HET lethality were 

calculated using Chi-square for a 1:2 Mendelian ratio.  

 

 

  



 

 

Embryo Lethality Mapping when Crossing: Samd1+/+ x Samd1+/− 

Sex +/+ +/− Total N 
p-value HET Mortality  

(1:1 ratio) 

Male (50.9%) 69 (56%) 55 (44%) 124 0.21 

Female (49.1%) 76 (63%) 44 (37%) 120 0.003 

Total M+F 145 (59.5%) 99 (40.6%) 244 0.003 

Expected 
Mendelian ratios 

1(50%) 1 (50%)   

Supplementary Table S3: Samd1+/− x Samd1+/− crossings. 

Genotyping of Samd1+/− x Samd1+/− crossings at P21. P-values for HET lethality were 

calculated using Chi-square for the 1:1 Mendelian ratio.  
  



 

 

 
 

 

Supplementary Figure S1: Gene expression of SAMD1 during embryogenesis. 

RT-qPCR analysis of mRNA levels of SAMD1 using samples from wild-type embryos at 
various stages. Data were normalized to Gapdh, and presented as relative quantification 
(QC) compared to the SAMD1 mRNA level from an entire E8.5 embryo. Data are presented 
as mean ± SD. 

 

 

 



 

 

 

Supplementary Figure S2: Internal organs of SAMD1 HET mice are normal. 

H&E staining of various organs in HET mice at day E14.5.  In the upper middle panel lung 
(L), heart (H) and rib (R) are shown. These tissues are indistinguishable from the WT tissues 
shown in Figures 2 and 3.  

  



 

 

 

 

 

Supplementary Figure S3: H&E and CD31 staining of SAMD1 KO embryo forepaw at 
E14.5.  

The arrows indicate a few scattered RBCs in the H&E images and misshapen ECs in a 
disorganized pattern in the CD31 image. 

 



 

 

 

Supplementary Figure S4: Cell fragments in liver and heart of E14.5 KO embryo. 

CD31 and VEGFR2 (brown) staining (counterstained with hematoxylin (blue)) in liver (a) and 
heart (b), showing examples for cell fragments and phagocytosis of ECs in SAMD1 KO mice. 
(c) VEGFR2-stained chondrocytes in the bone of an E14.5 embryo. 

  



 

 

 

 

Supplementary Figure S5: SAMD1 deletion impairs multiple cellular pathways during 
undirected ES cell differentiation.  

(a,c,e) GSEA (gene set enrichment analysis) of RNA-Seq data after 7 days of undirected ES 
cell differentiation4. (a) GSEA of synaptic assembly pathways. (b) Example dysregulated 
genes in differentiated SAMD1 KO mES cells related to neuronal pathways. (c) GSEA of 
angiogenesis pathways. (d) Examples of genes related to angiogenesis and arteriogenesis 
affected upon SAMD1 deletion in undifferentiated (d0) and differentiated (d7) ES cells. (e) 
GSEA of the cardiac chamber morphogenesis pathway. (f) Example dysregulated genes in 
SAMD1 KO cells related to heart development. Data from RNA-Seq. P-values two-tailed 
unpaired student’s t-test. n.s. = not significant.  

 

 

 



 

 

 

Supplementary Figure S6: Full Western blots. 

 

  



 

 

Supplementary Table S4: RT-qPCR primers 

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 
Target genes  

RT_mActn1_fw GAT-ATT-GGC-AAC-GAC-CCC-CA 
RT_mActn1_rv TAA-TGA-ACC-CAG-CCA-GCC-AG 
RT_mCbln1_fw GAG-CCG-TCC-GAG-ATG-AGT-AA 
RT_mCbln1_rv CAC-CCG-TTC-AAC-ATG-AGG-CT 
RT_mCdh2_fw TGG-GAA-TCA-GAC-GGC-TAG-AC 
RT_mCdh2_rv GGT-AGT-CAT-AGT-CCT-GGT-CC 
RT_mChd7_fw CAG-ACG-TGC-TGT-TTT-CCT-CG 
RT_mChd7_rv CAG-TGA-GGA-GAC-GGT-CAA-AC 
RT_mCldn11_fw TTG-ACA-GTT-CTC-CCC-TGC-AT 
RT_mCldn11_rv GTA-GCC-AAA-GCT-CAC-GAT-GG 
RT_mFoxa2_fw GAT-GGA-AGG-GCA-CGA-GCC 
RT_mFoxa2_rv GTA-TGT-GTT-CAT-GCC-ATT-CAT-CCC 
RT_mGalnt9_fw CTC-TAC-CCC-TGT-CAT-GGC-AT 
RT_mGalnt9_rv TCT-CTA-CCT-CCA-GAC-ACC-GA 
RT_mGfap_fw AAG-GTT-GAA-TCG-CTG-GAG-GA 
RT_mGfap_rv CAC-TGC-CTC-GTA-TTG-AGT-GC 
RT_mIsl1_fw CCC-TCT-CAG-TCC-CTT-GCA-TC 
RT_mIsl1_rv GCG-TTT-CTT-GTC-CTT-GCA-CC 
RT_mKlf4_fw AAG-AGG-GGA-AGA-AGG-TCG-TG 
RT_mKlf4_rv CTG-TCA-CAC-TTC-TGG-CAC-TG 
RT_mL3mbtl3_fw CTT-GCC-TGG-GTG-TGA-AGA-AC 
RT_mL3mbtl3_rv TCC-GCA-GCT-TTG-AAC-ATC-AG 
RT_mMyh6_fw CAC-AGA-TGC-CGC-AAT-GAT-GG 
RT_mMyh6_rv GTC-GTG-CAT-CTT-CTT-GGC-AC 
RT_mMyl2_fw TTA-TTG-TTC-CAC-AGC-AGG-GGC 
RT_mMyl2_rv TGC-CCT-CGG-GAT-CAA-ACA-C 
RT_mNanog_fw CAC-AGT-TTG-CCT-AGT-TCT-GAG-G 
RT_mNanog_rv GCA-AGA-ATA-GTT-CTC-GGG-ATG-AA 
RT_mNanos1_fw GCC-TAG-TTT-AGG-TGC-GCA-AC 
RT_mNanos1_rv ACG-AGG-AAG-AAC-ACC-CTC-TC 
RT_mNes_fw GCC-TAT-AGT-TCA-ACG-CCC-CC 
RT_mNes_rv AGA-CAG-GCA-GGG-CTA-GCA-AG 
RT_mNkx2-5_fw ATT-TTA-CCC-GGG-AGC-CTA-CG 
RT_mNkx2-5_rv GCT-GTC-GCT-TGC-ACT-TGT-AG 
RT_mNppa_fw GCT-TCG-GGG-GTA-GGA-TTG-AC 
RT_mNppa_rv GAG-GCA-AGA-CCC-CAC-TAG-AC 
RT_mNrp1_fw AGC-TTC-GGA-CGT-TTT-CAC-CT 
RT_mNrp1_rv GGA-AGT-CAT-CAC-CTG-TGC-CA 
RT_mNrp2_fw TGC-AGG-TGA-GGA-TTT-TAA-AGA-TGA 
RT_mNrp2_rv CAG-GTG-CAG-TAA-AGG-AGG-AGG 
RT_mOct4_fw TGG-AAA-GGT-GTT-CAG-CCA-GA 



 

 

RT_mOct4_rv CCT-CAC-ACG-GTT-CTC-AAT-GC 
RT_mOlig1_fw TGA-ATC-CCA-CCT-GTT-TAG-AGC-C 
RT_mOlig1_rv CGA-TGC-TCA-CGG-ATA-CGA-GAA-TAG 
RT_mPax3_fw TCC-CAT-GGT-TGC-GTC-TCT-AAG 
RT_mPax3_rv CTC-CAC-GTC-AGG-CGT-TGT-C 
RT_mPax7_fw TGG-GGT-CTT-CAT-CAA-CGG-TC 
RT_mPax7_rv ATC-GGC-ACA-GAA-TCT-TGG-AGA 
RT_mPth2_fw GAG-ACC-TGC-CAG-ATG-TCC-AG 
RT_mPth2_rv CTG-CAT-GTA-AGA-GTC-CAG-CC 
RT_mSamd1_fw CTG-ATG-GGA-CAC-CTT-TTG-GC 
RT_mSamd1_rv GTG-AGC-ACA-TCT-GTC-CGT-TG 
RT_mSfmbt1_fw CCA-ACA-AGA-GAG-ATG-CCC-AG 
RT_mSfmbt1_rv GTG-GGA-AGG-GTA-AGG-AGC-AA 
RT_mSox2_fw AGG-AGA-GAA-GTT-TGG-AGC-CC 
RT_mSox2_rv TCT-GGC-GGA-GAA-TAG-TTG-GG 
RT_mTbx5_fw_2 CCC-CCT-GTA-CAG-AGC-GAG-AAT-A 
RT_mTbx5_rv_2 GGT-CGT-CTG-CGG-GAA-CAA-TA 
RT_mTnnt2_fw GTG-TGC-AGT-CCC-TGT-TCA-GA 
RT_mTnnt2_rv GCA-CCA-AGT-TGG-GCA-TGA-AG 
RT_mTtn_fw ACC-CTT-TTT-GGG-CAC-TCC-TG 
RT_mTtn_rv CTG-TTG-GCT-TTA-GTC-ACG-GC 
RT_mTubb3_fw TAG-ACC-CCA-GCG-GCA-ACT-AT 
RT_mTubb3_rv GTT-CCA-GGT-TCC-AAG-TCC-ACC 
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