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Deciphering transcriptional regulation by the methyltransferase SETD6 in pluripotent stem cells

A. Scientific Background

Gene regulation in embryonic stem cells: Embryonic stem (ES) cells are pluripotent cells originating from the inner cell mass of the embryo at the blastocyst stage. They have the potential to differentiate towards any somatic cell type, and unlike most types of adult stem cells, can be easily expanded in vitro without losing their potency (1). Thus, they represent a powerful model to study the molecular mechanisms of self-renewal (1). A well-characterized network consisting of a dozen of gene-specific transcription factors lies at the heart of pluripotent self-renewal (2). In addition, ES cell chromatin and general chromatin-interacting proteins are very distinct from more differentiated cells. In particular, ES cells feature a particularly high proportion of open (eu-)chromatin (3). Furthermore, chromatin remodelers are particularly abundant in ES cells, allowing constant remodeling of nucleosomes (3). Below we will further discuss two central players in global gene regulation in ES cells on which we will focus in the context of this proposal.

H2A.Z: H2A.Z is a conserved histone variant critical for zygotic genome activation in drosophila, zebrafish, and post-implantation development in mice (4-6). Vertebrates have two H2A.Z isoforms (H2A.Z.1 and H2A.Z.2), differing by just 3 amino acids (7). H2A.Z is key in stem cell renewal and differentiation, including in mouse pluripotent stem cells (PSCs) (8-10). In mammals, the SRCAP and Tip60/p400 complexes ensure H2A.Z deposition (11), with SRCAP primarily handling this function in mouse PSCs by swapping the H2A-H2B dimer for H2A.Z-H2B in nucleosomes (11, 12). H2A.Z is enriched at active and poised promoters and enhancers in PSCs (13, 14) and is thought to control transcription by regulating chromatin accessibility, DNA methylation, transcription factor binding, and RNA Polymerase II pausing (15-19). It was suggested that H2A.Z nucleosomes protect shorter DNA segments, leading to nucleosome destabilization and easier protein-DNA interactions (20). However, conflicting evidence complicates the understanding of H2A.Z's role in transcription. Discrepancies exist regarding its impact on chromatin accessibility and transcription factor binding, (10, 16, 17, 21-25). H2A.Z's role in DNA methylation is also unclear, with evidence mostly correlational (26, 27). Additionally, H2A.Z itself regulates SRCAP recruitment (23), and whether SRCAP displays H2A.Z-independent functions in gene regulation is unclear. 
To dissect the role of H2A.Z and SRCAP and gene regulation, we have recently generated a cell line allowing rapid auxin-inducible degradation of endogenous SRCAP (Fig.1A), allowing to rapidly degrade SRCAP and to lose most H2A.Z on the genome (Fig.1B). We discovered that the combined loss of SRCAP and H2A.Z on chromatin leads to massive changes in transcription factor binding as defined by changes in their footprints in ATAC-seq datasets (Fig.1C) and ChIP-seq for selected transcription factors such as for example NANOG (Fig.1D). We combined this tool to a catalytically-dead SRCAP mutant, allowing to discriminate between H2A.Z-dependent and independent functions of SRCAP (12). We have discovered that SRCAP and H2A.Z act as broad and independent regulators of transcription factor binding. While SRCAP mostly impairs transcription factor binding, H2A.Z favors the binding of transcription factors to the nucleosome. This is in line with the lower protection of DNA within H2A.Z nucleosomes as compared to canonical nucleosomes. These findings are summarized in our recent preprint (12).Figure 1: A: Auxin-inducible depletion of the SRCAP protein labeled with YPet after 2h of auxin (IAA) treatment. B: Changes in H2A.Z occupancy upon SRCAP depletion upon treatment with IAA for 2, 4, 6 or 8 h. C: Changes in transcription factor footprinting upon SRCAP depletion for 4 hours. Blue: transcription factor motifs with decreased footprinting. Red: transcription factor motifs with increased footprinting. D: Genome tracks for NANOG in the absence or presence of SRCAP depletion for 4 hours. A-C are adapted from Tollenaere et al., bioRxiv 2024.


H2A.Z can also be acetylated at lysines 4, 7 and 11 (28), and this acetylation was shown to be associated with active gene expression when present at promoters. Histone acetylation in general has also been shown to modulate the binding of transcription factors (29-31). However, the role of H2A.Z acetylation in regulating transcription factor binding is not understood. 

BRD4: Bromodomain-containing protein 4 (BRD4) is a member of the Bromodomain and Extra-Terminal domain family of proteins, which recognizes acetylated lysine residues on histones through two bromodomains (32). BRD4 also contains an extra-terminal (ET) domain that is involved in protein-protein interactions and helps recruiting other factors needed for transcription (32). BRD4 plays a pivotal role in controlling transcription by binding to acetylated histones in promoter regions (33) and promoting the release of paused RNA Polymerase II, facilitating the elongation of transcripts (34). In ES cells, BRD4 knockdown results in rapid loss of self-renewal. This can be explained by the key role of BRD4 in regulating the expression of Nanog (35), as well as its presence on clusters of regulatory elements known as super-enhancers (36), which control the expression of key genes involved in self-renewal. 
We took advantage of our recent ChIP-seq data on H2A.Z and acH2A.Z, together with publicly available ChIP-seq data on BRD4 (all in mouse ES cells) to study their co-localization on the genome. Strikingly, when aligning genomic regions to H2A.Z positive regions, we found that acH2A.Z and BRD4 co-localize and also display a quantitative co-occupancy on the genome, as can be appreciated from the heat maps shown in Fig.2. This suggests that BRD4 may be recruited to the genome by acH2A.Z.Figure 2: Heat maps of ChIP-seq scores of H2A.Z, acH2A.Z and BRD4 in ES cells, illustrating the quantitative correlation between acH2A.Z and BRD4 occupancy on the mouse ES cell genome. Data for H2A.Z and acH2A.Z was taken from Tollenaere et al., bioRixv 2024, and data for BRD4 comes from GSE111264.



Lysine methylation: 
Reversible covalent post-translational modifications (PTMs), such as phosphorylation, acetylation, and methylation, are critical modulators of many biological processes (37). Lysine methylation regulates diverse cellular signaling pathways that influence cell survival, growth, and proliferation. Disruption of these pathways is thought to fundamentally impact the initiation and progression of many cellular processes, leading to the development of disease (37). Methylation-based signal transduction mechanisms directly or indirectly dictate the “on” or “off” state for given genes by changing the structure of their chromatin environment. Methylation of lysine residues is performed by protein lysine (K) methyltransferases (PKMTs) (38, 39). There are over 60 candidate members of this enzyme family, the vast majority of which contain a conserved SET domain that is responsible for the enzymatic activity (39, 40). A lysine residue can be mono-, di- or tri-methylated. The large number of enzymes devoted to placing methyl groups on lysine residues argues for the presence of numerous protein substrates in addition to the few that have already been characterized (41, 42).
In recent years, the link between lysine methylation and ES cells has been carefully studied in the context of histones, chromatin structure alterations, and the regulation of gene expression programs (43). For example, the heterochromatin histone mark H3K9me3was was shown to have an essential role in silencing lineage-inappropriate genes to control cell identity (44). Loss of MLL3 and MLL4 in mESCs was shown to alter chromatin reorganization and to alter transcriptional programs by affecting a large number of enhancers regulated by the H3K4me1 histone modification (45). H3K27me1 and H3K27me3 catalyzed by the members of the PRC2 complex were shown to have distinct genomic functions in chromatin. While H3K27me1 accumulates mainly in intragenic regions of actively transcribed genes, H3K27me3 is enriched at promoter regions and mainly associated with transcriptional repression of ES cells (46). Interestingly, H3K27me1 enrichment in transcribed genes is regulated by H3K36me3 deposition mediated by SETD2 (47). 
In addition to histone methylation, the methylation of non-histone proteins has emerged as an important modification that impacts diverse processes such as cell cycle control, DNA repair, senescence, differentiation, apoptosis and tumorigenesis (48-51). There are a few reports which have shown a link between the methylation of non-histone proteins and ES biology. For example, the SET7 methyltransferase methylates SOX2 on K119 and controls its protein stability in ES cells (52). It was also shown that OCT4 is methylated at K222 in ES cells, but the corresponding methyltransferase was not identified yet (53). Altogether, the role of lysine methylation and protein lysine methyltransferases (PKMTs) in the regulation of non-histone proteins, and their crosstalk with histone modifications in ES cells remains largely unexplored.  
In the last few years, the Levy lab identified and characterized the enzymatic activity, substrate specificity, crystal structure and cellular and physiological functions of the PKMT SETD6 (54-64). As a mono-methyltransferase, SETD6 participates in the regulation of several cellular signaling pathways such as the NFB cascade (59, 63), the NRF2 oxidative stress response (62), the Wnt signaling pathway (56) and nuclear hormone receptor signaling (65). While SETD6 has some cytosolic substrates (58, 61), it is primarily localized to the nucleus. The Levy lab has shown that nuclear SETD6 plays an essential role in transcription regulation. RNA-seq experiments for control and SETD6-depleted SKmel147 melanoma cells (unpublished), HepG2 hepatocellular carcinoma cells (unpublished), U251 GBM cells (64) and MDA-MB-231 Breast cancer cells (54), revealed substantial changes in gene expression programs (Fig. 3). These findings suggest that SETD6 may also regulate transcription in other cell types, including ES cells.  Figure 3: A: Heat map of the gene expression pattern from RNA-seq of control (2 clones) and SETD6 KO (2-4 clones) for the indicated cell lines derived from different cancer types (see text for detail. Color gradient scale is shown for each heatmap. 

Interestingly, H2A.Z was found as a bonafide substrate of SETD6 in vitro and in cells (66). H2A.Z methylation at K4/K7 is required for the maintenance of ES cells. Depletion of SETD6 in ES cells leads to cellular differentiation, compromised self-renewal, and poor clonogenicity (66). K7 on H2A.Z was also shown to be acetylated by the acetyltransferase TIP60 (67). The interplay between these two opposing modifications on H2A.Z may modulate and balance the interaction of the nucleosome with DNA-binding proteins. As described in detail below in Aim 2, it may suggest a methylation-acetylation switch in the regulation of gene expression. We have recently reported that SETD6 methylates BRD4 at K99 in chromatin. BRD4K99 methylation in breast cancer cells selectively regulates the expression of genes involved in translation (54). While the role of BRD4 in pluripotency through regulating Nanog expression (35) and occupying pluripotency super-enhancers (36) is well-described, BRD4K99 methylation remains unexplored in ES cells. 
In summary, the observations that; i) SETD6, BRD4 and H2A.Z have a role in transcription regulation;  ii) SETD6, H2A.Z and BRD4 play a pivotal role in the maintenance of ES cell self-renewal and iii) H2A.Z and BRD4 are SETD6 targets, may suggest a functional cellular cross talk between these factors in ES cell gene regulation that is mediated by lysine methylation. 

B. Hypothesis, Objectives, and Rationale

In this research proposal, we will test the specific hypothesis that SETD6-mediated methylation of BRD4 and H2A.Z regulates transcription in ES cells. To address this hypothesis, we propose three specific objectives:

Aim 1- Dissect the impact of SETD6 loss on ES cell gene regulation
We will generate a cell line allowing auxin-inducible degradation of SETD6 to determine the impact of SETD6 depletion on chromatin accessibility, transcription factor binding and acute transcriptional activity. These experiments will reveal how SETD6 impacts gene regulation and transcriptional activity in ES cells.

Aim 2- Decipher the molecular mechanisms by which SETD6 regulates ES cell transcription We will apply biochemical and genomic approaches to determine if and how methylation of H2A.Z and BRD4 by SETD6 regulates transcriptional programs in ES cells. In addition, we will test a potential methylation/acetylation switch on H2A.Z and perform experiments to determine if SETD6 regulates the association between the BRD4 bromodomain and H2A.ZK7ac. 

Aim 3- Define the SETD6 methylome and identify new SETD6-interacting proteins in ES cells
Much remains to be learned about the cellular pathways through which SETD6 functions. Thus, identification of new SETD6 substrates and interacting proteins should provide new insights into SETD6 function. In this aim, we will exploit the ProtoArray system and apply classical biochemical approaches to define SETD6-dependent methylation patterns and identify new SETD6 partners in ES cells.

 C.  Significance and Innovation

Lysine methylation is poised to take its place alongside other well-characterized PTMs as an essential and universal signaling mechanism with critical roles in diverse cellular processes. In this proposal, we will combine classical biochemical and cellular approaches with cutting-edge genomic and proteomic tools to elucidate the role of lysine methylation of a non-histone protein and histone modifications in transcriptional regulation of ES cells. The proposal brings together two fields of research – methylation signaling and the regulation of pluripotency – and shall have broad implications in our basic understanding of gene regulation.  Successful completion of the proposed aims has the potential to provide fundamental insights into the role of lysine methylation in gene regulation of ES cells.  

D.  Detailed description of the proposed research and preliminary results

Aim 1- Dissect the impact of SETD6 loss on ES cell gene regulation
SETD6 was shown to be required for ES cell self-renewal (66), however the mechanistic basis of self-renewal loss was not assessed. In addition, this study relied on long-term, shRNA-mediated Setd6 knockdown, which does not allow discriminating between direct and longer-term, indirect effects on pluripotency maintenance.
Cell line generation and validation: Here we propose to generate an auxin-inducible cell line allowing the rapid degradation of SETD6 in ES cells. To do so, we will take advantage of the second generation auxin-inducible degradation system that shows minimal basal degradation while maintaining strong protein degradation in the presence of 5-Ph-Indole-3-Acetic acid (5-Ph-IAA) (68). We will generate a DNA construct allowing to express OsTIR1(F74G) fused to a SNAP tag using a constitutive CAG promoter, flanked by homology arms to allow insertion into the ROSA26 safe harbor locus (Fig. 4A). Note that C-terminal tagging of OsTir1 with a SNAP tag does not cause any loss of function (12), we thus expect OsTir1(F74G) to be equally unaffected by fusion to a SNAP tag. We will transfect this construct into the ROSA26 locus by nucleofection, together with plasmids encoding validated Zinc-finger nucleases, as we described recently (69). 7 days after transfection, individual clones will be sorted in a 96-well plate and will then be verified by i) SNAP staining and ii) analysis of genomic DNA by PCR to control for the correct insertion of the construct. Next, we will generate two constructs consisting of two homology arms flanking the end of the Setd6 coding sequence, between which we will insert 3xHA tags followed by the AID2 degron, a P2A sequence allowing co-translational cleavage and either a puromycin or blasticidin resistance (Fig. 4A). We will also generate a plasmid encoding Cas9 and a gRNA targeting the 3’end of the Setd6 coding sequence. We will then transfect the OsTir1(F74G) knock-in cell line with the construct carrying Cas9 and the gRNA, and the targeting vector with puromycin resistance. We will treat cells with puromycin for 10 days, pick clones, and analyze their genomic DNA. In case no homozygous clone is directly obtained (note that we regularly observe the obtention of homozygous clones directly, as in (12), we will proceed to a second round of knock-in using the blasticidin-resistance carrying targeting construct. 
Once an homozygous cell line is obtained (thereafter referred as to SETD6-AID2 cell line), we will treat cells with 5-Ph-IAA for 1h, 2h, 4h or 8h, extract proteins, and perform Western blotting using anti-HA and anti-SETD6 antibodies (54, 59). This will allow us to determine the dynamics of SETD6 degradation. To confirm the reported phenotypic impact of SETD6 loss on self-renewal defects, we will treat the SETD6-AID2 cell line with 5-Ph-IAA for 24 or 48 hours, and perform immunostainings for NANOG, OCT4 and SOX2, as well as alkaline phosphatase assays as previously described (70). Next, we will determine SETD6 genome-wide positioning. Since successful SETD6 ChIP-seq was never reported, we will try several approaches such as ChIP-seq, CUT&RUN or CUT&TAG, using either anti-HA or anti-SETD6 antibodies (Fig.4B and Fig.5). This will be performed both before and after 5-Ph-IAA to determine the extent of SETD6 depletion on chromatin. Next, we will perform ATAC-seq at different time points after 5-Ph-IAA addition. The exact time points will depend on the degradation kinetics, but according to our experience of the auxin-inducible system (12), we expect most SETD6 to be degraded within 1-2 hours. As we aim to probe the impact of near-complete to complete SETD6 depletion as acutely as possible, we anticipate that time points of 1h, 2h, 4h and 8h would be ideal. We will then determine changes in chromatin accessibility of gene regulatory elements and cross this information with SETD6 genome-wide mapping. This will allow determining whether SETD6 loss causes direct changes in chromatin accessibility, and the nature thereof, at its genomic binding sites. In addition, we will use the TOBIAS bioinformatic pipeline (71) to determine changes in transcription factor (TF) footprints. This will reveal TF motifs whose footprints are under or over-represented in a specific condition, thus providing us with a global overview of TF binding changes elicited by SETD6 degradation.
Genomics: We will then determine the impact of SETD6 loss on acute changes in transcription. Since here we are focusing on acute changes in transcriptional activity, we will perform TT-seq after addition of 5-Ph-IAA (same time points as for ATAC-seq). In contrast to regular RNA-seq, TT-seq includes a pulse with a modified nucleotide followed by purification of nascent RNAs, and thus provides a more accurate picture of acute transcriptional changes (72). We will determine which genes are up- or downregulated, and relate these to changes in i) chromatin accessibility of upstream promoters, ii) chromatin accessibility of corresponding enhancers, that we will link to corresponding genes using enhancer atlas (http://www.enhanceratlas.org/) as we did before (12), iii) changes in TF binding upon SETD6 loss as identified by TOBIAS, and iv) changes in gene expression shown upon BRD4 loss (see Aim 2) or SRCAP/H2A.Z loss (12). This analysis will thus allow to get a first broad picture of the role of SETD6 in ES cell gene regulation, and to which extent its role may be effected through its known methyl-transferase activity on BRD4 and/or H2A.Z (See Aim 2, below).Figure 4. A: Schematic of knock-in constructs. B: Experimental strategy to characterize the impact of SETD6 depletion on gene regulation. C: Experimental strategy to characterize the impact of SETD6 depletion on pluripotency maintenance.



Figure 5: A: WB analysis with the indicated antibodies for SKmel147 cells stably expressing Empty, BRD4 WT or BRD4 K99R plasmids. B: Immunoblot analysis of 3T3 fibroblasts treated with control or SETD6-specific shRNA (KD) and reconstituted (Recon) with empty (Emp) wild type SETD6 or catalytic inactive SETD6 Y285A. 



Expected outcomes, potential problems, & alternative strategies for Specific Aim 1
The experimental strategy proposed here is expected to provide a detailed understanding of gene regulatory and gene expression changes caused by SETD6 expression. Note that we have used HA tags for ChIP-seq (73) before, and both Levy and Suter labs have expertise in CUT&TAG or CUT&RUN, ((12) and Elbaz Biton et al., submitted). Note that the potential impossibility to map SETD6 would only partially impact our ability to conclude on the direct impact of SETD6 on specific genomic loci, since we will still be able to observe changes in H2A.Z methylation by ChIP-seq.  
In case the auxin-inducible strategy does not work, we will use inducible microRNA-based shRNA (74) to knock-down SETD6 upon doxycycline induction. Briefly, we will transduce ES cells with a lentiviral vector constitutively expressing a reverse tetracycline transactivator (rtTA), and a microRNA-based SETD6 shRNA driven by dox-inducible promoter, which was shown to efficiently result in SETD6 knockdown (66).

Aim 2- Decipher the molecular mechanisms by which SETD6 regulates ES cell transcription 
We have previously shown that SETD6 specifically methylates BRD4 at K99 in breast cancer cells (54) to selectively regulate genes involved in translation. The co-expression of BRD4 and SETD6 in ES cells together with the fact that both proteins have fundamental roles in the regulation of transcription may suggest that these two proteins work in the same pathway in ES cells.
Cell line generation and validation: To further explore the biochemical and cellular potential functional crosstalk between the proteins in ES cells we will use the SETD6-AID2 cells (Aim 1). To eliminate the background of endogenous BRD4, we will additionally modify this cell line to allow for dTAG-inducible degradation of BRD4, which has been successfully achieved before (75). Briefly, we will knock-in FKBP12F36V in fusion to the C-terminus of BRD4 in the SETD6-AID2 cell line using CRISPR/Cas9-mediated homologous recombination into both endogenous brd4 alleles. We will make two different versions of the construct, one with a P2A-hygromycin selection cassette and one with a P2A-HaloTag selection cassette (Fig. 6A). We will then proceed with the knock-in and selection of a homozygous tagged cell line as described above for SETD6, except that the second round of selection for the HaloTag (if needed) will be achieved by staining cells with a Halo-Sir647 dye followed by FACS to sort HaloTag-positive cells. The insertion sites will be validated as described for the SETD6-AID2 knock-in described above. We will then test BRD4 degradation by treating cells with dTAG-13 (as in (75)) for various time durations. We will then use this cell line to i) stably express BRD4 WT or BRD4 K99R, which cannot be methylated by SETD6 ((Elbaz Biton et al., submitted, Fig. 5A) and to ii) stably reconstituted SETD6 KO cells with wild-type SETD6 or the catalytically inactive mutant SETD6 Y285A (59). Note that we have previously used a similar system to reconstitute SETD6-depleted 3T3 cells with active and catalytically inactive SETD6 (Fig. 5B). The stable cells will be obtained by lentiviral transduction routinely used in the Levy lab (54, 64). Finally, we will perform phenotypic analysis of ES cells as described for Aim 1 upon wt or mutant SETD6 reconstitution.
Methylation analysis: To determine the methylation status of BRD4 in ES cells, we will take advantage of the specific BRD4 K99me antibody we have raised (Fig. 6B and Fig. 6C). As a complementary approach, we will also subject the different ES cell lines to mass spectrometry to confirm the methylation site and to determine the extent of methylation (mono-, di-, or trimethylation) of the residue marked by SETD6. In addition, we will also use this antibody in biochemical fractionation (54, 60, 64) and immunofluorescence (59) experiments to determine the cellular localization of methylated BRD4 in ES cells. Co-immunoprecipitation analysis with commercially available antibodies we have used before (54, 60, 64) for BRD4 and SETD6 will be performed to determine if there is a physical interaction between these proteins. Figure 6: A: Biotin-labeled BRD4 peptides (unmodified and 2 K99me1) subjected to SDS-PAGE followed by WB analysis with rabbit polyclonal BRD4 K99me antibody and with streptavidin-HRP, as loading control.  A: HEK293T cells were transfected with BRD4 WT or BRD4 K99R mutant followed by WB with the indicated antibodies.



SETD6 mono-methylates H2A.Z at K4 and K7 in ES cells. These results were validated by biochemical, cellular and proteomics analysis (66). Interestingly, it has been shown that H2A.Z is also acetylated at K4 and K7 by an unknown acetyltransferase and TIP60, respectively (76, 77). H2A.Z methylation at K4 and K7 by SETD6, prevents H2A.Z acetylation at this position. How the switch between H2A.Z methylation and acetylation is regulated is unclear. Strikingly, it was also suggested that the bromodomain of the BRD family members can specifically read acetylated H2A.Z at K7. These findings raise an intriguing working model by which SETD6’s enzymatic activity may coordinate the interaction between the bromodomain of BRD4 and H2A.ZK7Ac to regulate selective gene expression programs (Fig. 7). How the opposite outcomes of H2A.Z and BRD4 methylation on H2A.Z-BRD4 interactions are coordinated is unknown. One possibility is that SETD6 exhibits locus-specific methylation of either BRD4 or H2A.Z. Another scenario would be that the methylation of BRD4 and H2A.Z occurs on different time scales. For example, a very swift methylation of BRD4 by SETD6 and slower methylation of H2A.Z at the same genomic locus could potentially allow controlling the time window during which H2A.Z remains acetylated before switching to a methylated form.Figure 7. A: Schematic of proposed working model (see text for details). Me- methyaltion; Ac-Acetylation; BD-Bromodomain; K99- Methylation site on BRD4; K4/7-Acetylation sites on H2A.Z.



Biochemical Cellular analysis: To further explore the cross-talk between BRD4 and H2A.Z methylation by SETD6 in cells, we will use our ES cell models described above (SETD6KO, cells stably expressing WT/K99R and BRD4 and SETD6 WT/Y285A)  for  immunoprecipitation and Proximity Ligation Assays (PLA) in several complementary setups: i) With or without a treatment of JQ1 (78) to inhibit the bromo domain activity of BRD4; ii) TSA and SAHA treatments which serve as very potent deacetylase inhibitors to maintain high levels of H2A.ZK7AC; iii) treatment with TIP60 inhibitors such as TH1834 (79) or NU9056 (80) and iv) with over-expression of TIP60 to induce H2AZK7AC acetylation. Commercially available antibodies for H2A.ZK7me (66), H2A.ZK4/K7Ac (81), BRD4 (54) and our home made BRD4K99me will be used. These experiments will allow us to biochemically dissect the contribution of the bromodomain of BRD4 and the acetylation of H2A.ZK7Ac to our proposed model. The Levy lab has previously used JQ1 and SAHA to study the interaction between the bromo-domain of BRD4 and the transcription factor MITF in melanoma cells (Fig 8) (Elbaz Biton et al., submitted). In an IP experiment, we showed that the interaction between over-expressed Flag-MITF and endogenous BRD4 decreased at chromatin in the presence of JQ1 (Fig. 8A). PLA experiments showed that this interaction increases in the presence of SAHA, which induces MITF acetylation (Fig. 8B). These findings, together with other supportive information in the submitted manuscript (data not shown here), suggest a model by which the interaction between MITF and BRD4 is mediated by the acetylation of MITF and the first bromodomain (BD1) of BRD4 in a SETD6-dependent manner. It provides a proof of concept that a similar molecular mechanism may exist also in the cross talk between the bromodomain of BRD4 and acetylated H2A.Z as we are suggesting in Fig 7. Figure 8. A: SKmel147 cells were transfected with Flag-MITF and treated with 1µM JQ1 where indicated. Chromatin fractions were then IP with a flag antibody followed by WB with the indicated antibodies. A: Representative images and signal quantification (PLA dots per nucleus, AU) of PLA detecting BRD4 and MITF proximity in SKmel147 cells that were untreated or treated with TSA for 4h. Red dots represent a PLA signal for MITF-BRD4 proximity. Scale bar = 10 micron. Right- Quantification of PLA signal per sample. Statistical analysis was performed using student’s t-test (**** p<0.0001).


In vitro biochemical approach: In a complementary in-vitro approach, we will incubate an ES cell lysate with streptavidin-column-bound biotinylated unmodified, methylated (K7me) or acetylated (K7Ac) H2A.Z(1-18) peptide followed by mass spectrometry. Based on our model we predict that methylated BRD4 will bind to H2A.ZK7ac, and the mass spectrometry will be used to validate this prediction (Fig. 7, model). In addition, this approach will allow us to identify readers for H2A.ZK7me which will be further cloned and validated using experimental methods the Levy lab have used before (58). We will prioritize the selected protein candidates according to: 1) proteins that contain a known methyl-lysine binding domain (PHD, MBT, Tudor, chromo-domain, etc.(82)); 2) proteins that are expressed in ES cells; and 3) candidates that are known to be involved in signaling pathways related to pluripotency and/or linked to pathways enriched in the genomics analysis from Aim 1.
Biophysical approach: To determine the direct impact of H2A.Z acetylation or methylation on the interaction dynamics with DNA-binding proteins, we will collaborate with Prof. Beat Fierz (EPFL, see letter of support), an expert in chemical biology of chromatin and in vitro single molecule biophysics. The Fierz lab will synthesize H2A.Z nucleosomes with acetylation or methylation marks in positions K7 (and if time permits, K4), using expressed protein ligation (EPL), a well-established in their lab (83-85). In parallel, the Levy lab will produce recombinant fluorescently-labeled BRD4 (using a highly photostable dye, such as JF-549 (86), and if time permits of two selected transcription factors displaying changes in ATAC-seq footprints upon SETD6 depletion. Fluorescently labeled nucleosomes, using a different color e.g. Alexa Fluor 647, containing the chemically modified H2A.Z histones will be immobilized in a microfluidic flow cell, and their position will be determined via single-molecule TIRF imaging (87, 88). Then, recombinant BRD4 or transcription factors will be added and their dynamic interaction profiles will be recorded on the single-molecule level. This will allow us to measure kinetic parameters (on and off-rates) to understand how H2A.Zac and H2A.Zme regulate search efficiency and residence time of DNA-interacting proteins.
Genomics: We will perform ChIP-seq for H2A.Zac and H2A.Zme upon SETD6 depletion to quantify these post-translational modifications genome-wide. We will also perform CHIP-seq of BRD4 and selected TFs whose footprints are altered upon SETD6 depletion and correlate their binding changes to alterations of H2A.Zac and H2A.Zme chromatin occupancy. We will determine the extent to which SETD6 is co-localized with BRD4 and/or H2A.Z on chromatin. We will also perform RNA-seq upon depletion of BRD4 with dTag-13 for 1h, 2h, 4h and 8h and compare gene expression changes with those observed upon SETD6 depletion (see Aim 1). We will relate these changes to changes in gene expression at promoters by looking at changes in transcription of downstream genes, at enhancers by looking at changes of linked promoters as obtained from the ENCODE database. 


Expected outcomes, potential problems, & alternative strategies for Specific Aim 2
Proving the model described in Figure 7, using a wide range of experimental systems which are well implemented in the Suter, Levy, and Fierz labs, has the potential to provide mechanistic insights into the role of SETD6 in regulating transcription by acting on both chromatin and DNA-binding proteins.
As a complementary approach to Tip60 inhibitors, we will try obtaining a Tip60-AID mouse ES cell line that was recently described (89) and allows auxin-mediated Tip60 depletion, provided agreement of the authors.
Here we propose to study H2A.Z, which in fact comprises two isoforms (H2A.Z.1 and H2A.Z.2) that differ by three amino acids. We are also aware of reports suggesting their not entirely identical functions (24, 90). However, there is to our knowledge no information about preferential acetylation or methylation of one or the other isoform, and there are no antibodies available to distinguish the native H2A.Z.1 from H2A.Z.2. We will thus consider them together, but we will also take advantage of data that specifically mapped H2A.Z.1 in ES cells by knocking-in a specific tag (16). By using this data as well as H2A.Z ChIP-seq datasets mapping both isoforms, we will be able to determine whether some of our observations are skewed towards H2A.Z.1 or H2A.Z.2-enriched regions.

Aim 3: Define the SETD6 methylome and identify new SETD6-interacting proteins in ES cells
Defining the SETD6 methylome in ES cells: The ProtoArray platform contain 9,500 highly purified recombinant human proteins, expressed in insect cells as N-terminal GST fusion proteins, which are immobilized at spatially defined positions on nitrocellulose-coated glass microscope slides. The Levy lab has used this approach in the past to perform on-chip methylation reactions, allowing to identify new substrates for several methyl-transferases (58). In addition, it was used to characterize new protein-protein interaction networks and to identify ubiquitination profiles of E3 ligases on a proteomic scale using whole cell extracts from cell lines and cancer tissues (91-94). In this aim, we will exploit the ProtoArray system to define SETD6-dependent methylation patterns in ES cells. To this end, the arrays will be probed (3 biological replicas for each condition) with whole-cell lysate from ES cells with stable overexpression of SETD6 or after depletion of SETD6 with the SETD6-AID2 cells (aim 1) (Figure 9). The specific methylation profile will be detected using a pan-methyl antibody that specifically recognizes methylated lysine residues, followed by incubation with a fluorophore-conjugated secondary antibody (Alexa Fluor 647). To reduce the likelihood of false positives, we have developed a stringent signal-to-noise (SNR) threshold method (58). The SNR value is defined as the ratio of the background-subtracted mean signal intensity to the standard deviation of the mean background intensity. By comparing the methylation pattern in the two conditions described above (SETD6 over expression and depletion of SETD6) we will be able to potentially identify new SETD6 substrates and pathways in ES cellular models. The prioritization strategy is described below.Figure 9: Scheme of ProtoArray to define SETD6 methylome. ProtoArray will be probed with whole-cell lysates with stable overexpression or depletion of SETD6. Colored dots represent expected results of differential methylation pattern between treatments.  



Defining the SETD6 interactome in ES cells: We hypothesize that in addition to BRD4 and H2A.Z, several other SETD6-interacting proteins are important for SETD6-mediated signaling and transcription regulation in ES cells. Using a similar experimental setup described above for defining ES methylome, instead of probing the array with a pan-methyl antibody, we will use a primary SETD6 antibody followed by incubation with a fluorescent secondary antibody. This system will allow us to screen for new potential interactions between cellular SETD6 and the ~9500 proteins printed on the arrays. As a complementary approach, we will immunoprecipitate endogenous SETD6 from ES cells followed by mass spectrometry analysis. We have successfully used this system in the past to identify novel SETD6-interacting proteins in several cellular models including K562 leukemic cells (Figure 10) (62). Figure 10. K562 cells were immunoprecipitated with mock igG (-) or anti-SETD6 (+) and subjected to Coomassie staining. The black star represents SETD6.



A key step in this set of experiments is to prioritize the candidates, with the aim of focusing on the most promising ones for future research directions. We will take advantage of our previous published results where we have utilized the ProtoArray to identify 118 methylated SETD6 substrates using a recombinant SETD6 protein (58) (in-vitro assay) and our recent mass spectrometry analysis where we identified 115 novel SETD6 interacting proteins in cells ((62)). The sorting criteria that we will apply are: i) proteins that were found to be both methylated by SETD6 (using the ProtoArray) and associated with SETD6 in cells; ii) proteins that serve as key regulators (hubs) or have been previously implicated in ES cells; and iii) transcription factors involved in pluripotency/early differentiation. To this end, the results from all experiments will be subjected to biological signaling pathway analysis (e.g., Kyoto Encyclopaedia of Genes and Genomes (KEGG) and the STRING database). These analyses will be complemented by analyses that will be performed by Dr. Esti Yeger Lotem, whose lab has developed bioinformatics tools (http://netbio.bgu.ac.il/labwebsite/) to interpret protein signaling networks (95, 96) (see letter of support). Specifically, we will conduct network analysis to identify the cellular pathways linking SETD6 interacting partners with proteins with an altered methylome. Based on these analyses, we will choose four candidate SETD6 substrates for further characterization. For the validation experiments, we will first clone the candidate proteins and will confirm the existence of the methylation and interaction with SETD6 in-vitro and in ES cells, and characterize the biochemical and cellular consequences similar to the experimental paradigms described in detail in Aims 2 and in our recent publications (54, 55, 60, 61, 64). The results of these experiments will contribute to a global understanding of the connection between SETD6 function and lysine methylation in ES cells. In addition, it will allow us to generate a database of SETD6 methylated substrates and will serve as an important resource for future research in both the stem cells and in the methylation fields.

Expected outcomes, potential problems, & alternative strategies for Specific Aim 3
Based on our previous experience (54, 55, 60, 61, 64), we believe that all the experiments proposed in this aim are feasible. By comparing the general methylation patterns obtained with the proposed experimental platforms, we hope to identify new substrates and methylation signatures in ES cells. A successful outcome for this aim will provide many new directions for future research. In case none of these approaches is successful in identifying novel substrates and interacting proteins, we will use SILAC (97) that was recently optimized in the Levy lab. This tool combines stable isotopic labeling by amino acids in cell culture (SILAC)-based quantitative mass spectrometry with a protein-based affinity reagent (3xMBT) to identify methylated lysines in cultured cells (97). We will apply similar prioritization criteria as discussed above and will use the most promising hits for future experiments. 

E. Synergy between Levy and Suter labs
[image: ]This project critically hinges on the complementarity between the biochemical and protein methylation expertise of the Levy lab and the genomics and ES cell biology expertise of the Suter lab. The Suter lab has a long-standing interest in quantitative analysis of gene regulation in ES cells. In particular relevance to the present proposal, the Suter lab developed a strong expertise in ES cell transgenesis including lentiviral transduction and CRISPR-Cas9 knock-ins (70, 98-101), and for all genomics approaches mentioned here (12, 102) (70, 99, 100)). The Levy lab has expertise in protein methylation of histone and non-histones proteins and utilizes interdisciplinary biochemical, molecular, proteomics and genomics platforms to decipher the molecular mechanisms by which protein methylation programs regulate transcription and cellular signaling (54-56, 59-62, 64). The proposed collaboration is ideal, as all infrastructure and methodologies required to pursue the suggested proposal are well established in one or the other lab. The Swiss PI and the Israeli PI will visit the collaborating laboratory at least twice during the project (see budget). In addition, we will utilize scientific meetings for joint discussions and will share data and ideas on a routine basis by Zoom and email to promote high-level joint publications. In sum, the proposed research fits well with the research interests of both labs. As such, the proposed partnership represents a natural pairing of researchers with converging interests, thereby yielding results that would be difficult to achieve by each group individually. A tentative timeline for our joint research is presented in the gantt chart. A detailed explanation for each sub aim is described in detail in the experimental plan section above. 

F. Resources
Levy Lab: The proposed research will be performed in the Department of Microbiology, Immunology, and Genetics at Ben-Gurion University (BGU) and the National Institute of Biotechnology in the Negev (NIBN). These facilities are fully equipped with the instrumentation required for the biochemical, cellular, and physiological studies that constitute the proposed research. The 100-square-meter laboratory is currently equipped to accommodate all the molecular biology and cellular studies described in this proposal. These include gel electrophoresis, immunoblotting, FPLC with a variety of columns, PCR cyclers, real-time PCR machine, sonicators, several centrifuges, deep freezers (−20 ºC and −80 ºC), scintillation counters, cold rooms, autoclaves, and temperature-controlled growth rooms. In addition, we have a tissue culture room with all the equipment necessary to carry out tissue culture work, including two biological hoods, three incubators, a cell counter, an optical and fluorescent microscope and a live cell imaging system. In addition, departmental equipment and the NIBN are available if needed. The NIBN houses four service units—Genomics, Proteomics, Microscopy, and Bioinformatics—each headed by a skilled scientist. These units include state-of-the-art equipment, such as MALDI-TOF, LC/MS, and a FACScan cytometer. Additional resources including DNA and peptide synthesis facilities and DNA sequencing are also available.
Suter Lab: The proposed research will be performed in the Institute of Bioengineering of the Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland. Our laboratory is fully equipped with the instrumentation required for the molecular and cellular biology experiments proposed here. Our equipment includes gel electrophoresis, immunoblotting, PCR machines, several centrifuges, and freezers (−20 ºC and −80 ºC). In addition, we have two cell culture rooms, one of which is a BSL2-level tissue culture room to allow for lentiviral vector production and mammalian cell transduction. These rooms have all the equipment necessary to carry out tissue culture work, including three biological hoods, three incubators, a cell counter, and an optical and fluorescent microscope. Our institute provides free access to cold rooms, autoclaves, temperature-controlled growth rooms, and liquid nitrogen storage. We also have full access to all core facilities of the School of Life Sciences at EPFL, the most relevant regarding the present proposal being i) The Gene Expression Core Facility that provides services for sequencing and sequencing library preparation, equipped with state-of-the-art sequencers (NextSeq 500, NovaSeq 6000, MiSeq, Aviti instrument from Element Bioscience), ii) The Flow cytometry facility allowing cell sorting using up to 8 fluorescence channels, ii) The Bioinformatics analysis that provides expert support in sequencing analysis, and iv) The Bioimaging platform headed by microscopy experts and allowing both live and still imaging in epifluorescence, confocal microscopy, super-resolution microscopy and light sheet imaging.  
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