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Abstract

:

Methyltransferases regulate transcriptome dynamics during development and aging, as well as in disease. Various methyltransferases have been linked to heart disease, through disrupted expression and activity, and genetic variants associated with congenital heart disease. However, in vivo functional data for many of the methyltransferases in the context of the heart are limited. Here, we used the Drosophila model system to investigate different histone 3 lysine 36 (H3K36) methyltransferases for their role in heart development. The data show that Drosophila Ash1 is the functional homolog of human ASH1L in the heart. Both Ash1 and Set2 H3K36 methyltransferases are required for heart structure and function during development. Furthermore, Ash1-mediated H3K36 methylation (H3K36me2) is essential for healthy heart function, which depends on both Ash1-complex components, Caf1-55 and MRG15, together. These findings provide in vivo functional data for Ash1 and its complex, and Set2, in the context of H3K36 methylation in the heart, and support a role for their mammalian homologs, ASH1L with RBBP4 and MORF4L1, and SETD2, during heart development and disease.
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1. Introduction


Histone methylation provides a layer of regulatory oversight during the complex transitional landscapes that cover development, aging, and disease [1,2]. The methylation marks are both stable, when heritable, and dynamic, such as in response to an internal or environmental trigger. The marks on histone tails are dependent on the sequence, order, and prior processes, and they can be added and removed via numerous highly specialized enzymes; all this intricately connects them to a vast molecular-signaling network [3,4]. These characteristics have made histone methylation a crucial regulatory element during cardiac development, and its dysregulation has been associated with disease [3,5,6,7,8,9]. In fact, histone methyltransferases (KMTs) are enriched among genes with variants associated with congenital heart disease [10,11,12].



The histone 3 (H3) tail contains multiple lysine (K) methylation sites. Among these, methylation at H3K36 is highly conserved from fly to human. In fact, the SET domain present in all H3K36 methyltransferases was first discovered as a conserved sequence in three Drosophila proteins—suppressor of variegation 3-9 (Su(var)3-9), enhancer of zeste (E(z)), and the trithorax-group chromatin regulator, trithorax (Trx) [13,14,15]. This SET domain catalyzes the transfer of a methyl group from an S-adenosylmethionine donor molecule to histones or other proteins, with mono- (me1), di- (me2) and tri-methylation (me3) states at specific lysines catalyzed by specialized enzymes [16,17]. SET2 family members include nuclear-receptor-binding SET domain proteins, (NSD)1, NSD2, and NSD3, as well as ASH1-like histone lysine methyltransferase (ASH1L), which exert H3K36me1 and H3K36me2 activity (NSD3 H3K36me2) [18,19,20,21,22,23]. In addition, an SET domain containing 2, histone lysine methyltransferase (SETD2) exerts H3K36me3 activity [24]. H3K36 marks are generally associated with active chromatin, i.e., gene transcription [16,17].



Variants in the genes that encode the H3K36 methyltransferases, NSD1, NSD2, and, ASH1L, have been linked to congenital heart disease [11,12,25,26,27,28,29,30,31]. Unfortunately, few of the many genes that carry candidate variants for congenital heart disease have been validated in animal models [10,32]. For NSD2, its conditional knockdown in the myocardium of a mouse model for cardiac hypertrophy has demonstrated its role in ventricular remodeling linked to H3K36me2 [33]. For Setd2, its knockdown in mouse cardiac progenitors has disrupted cardiovascular development which was associated with decreased H3K36me3 [34]. Currently, in vivo functional data in the context of heart development are missing for NSD1 and ASH1L, as well as NSD3, for which no candidate variants have yet been identified.



Here, we used Drosophila to test the different H3K36 methyltransferases for their role in heart development. Our findings confirm the importance of ASH1L and SET2D during development for heart structure and function. Notably, NSD (fly homolog of mammalian NSD1, NSD2, and NSD3) is not expressed above detection levels in fly heart cells during early embryonic development. Further, we demonstrate the critical role of ASH1L and its cofactors, Caf1-55 and MRG15, in regulating H3K36me2 expression during fly heart development to obtain healthy heart function.




2. Materials and Methods


2.1. Drosophila Lines


All fly stocks were maintained at 25 °C on a standard diet (Meidi Laboratories, MD). Drosophila stocks were obtained from the Bloomington Drosophila Stock Center (Indiana University Bloomington, IN) and the Vienna Drosophila Resource Center (Vienna, Austria). The following lines were used in the experiments: UAS-ash1-RNAi (BDSC ID 36130 and 36803), UAS-Set2-RNAi (BDSC ID 42511 and 55221), UAS-NSD-RNAi (BDSC ID 34033 and VDRC ID 10836), UAS-Caf1-55-RNAi (BDSC ID 31714 and 34069), UAS-MRG15-RNAi (VDRC ID 110618 and 43802), UAS-Caf1-55-OE; ash1-R1288A (BDSC ID 93163), UAS-MRG15-OE; ash1-R1288A (BDSC ID 93164), UAS-MRG15-OE, UAS-Caf1-55-OE; ash1-R1288A (BDSC ID 93166). w1118 flies served as wild-type control. The 4XHand-Gal4 driver was used to express RNAi-based silencing (-IR) and to overexpress (-OE) constructs in the heart. Hand-GFP and 4xHand-Gal4 fly lines were generated and described previously [35].




2.2. Lethality at Eclosion


Eclosion lethality is evidenced by the percentage of flies expressing an RNAi-based silencing construct (straight wings) that fail to emerge as adults, relative to siblings that do not express the silencing construct (curly wings). The result is presented as a mortality index (MI) calculated as ((curly − straight)/curly) × 100. At least 400 flies were counted per genotype.




2.3. Single-Cell RNA Sequencing: Embryo Collection and Cell Isolation


Drosophila melanogaster expressing Hand-GFP were used to obtain embryonic heart cells, with w1118 flies as control for setting up flow cytometry. One-week-old flies were used for egg collection. To collect synchronized embryos, grape juice agar plates were changed three times, with one-hour intervals, before egg collection; eggs were collected every hour and kept at 25 °C before transfer to 18 °C for further development until the desired stages: Embryonic stages 13, 14 early (14-E), 14 late (14-L), 15, and 16.



Then, the embryos were collected and dissociated into single-cell suspension according to previously published methods [36] with some modifications. Briefly, collected embryos were washed thoroughly with ice-cold 1X phosphate-buffered saline (1XPBS) and then dechorionated in fresh 4–5% bleach (sodium hypochlorite solution; Sigma, Apotome; ZEISS, Oberkochen, Baden-Württemberg, Germany) for 3 min at room temperature. Dechorionated embryos were extensively rinsed with water. Then, embryos (~150 mg) were drained on absorbent paper and, using a paint brush, transferred to a Dounce homogenizer (15 mL Tissue Grinder; Dounce). A 5-mL suspension of embryos in Schneider medium was subjected to mechanical disruption using the Dounce homogenizer. Homogenized samples were transferred to 15-mL centrifuge tubes. Collagenase (Type I) (20 U/mL; Worthington, Columbus, OH, USA), 100 U total, was added to the Schneider medium with the homogenized embryos and the samples were incubated at room temperature for 10 min.



Next, 10 μL of ethylenediaminetetraacetic acid (EDTA) (0.5 M; final concentration of 1 mM) and 0.5 mL 2.5% trypsin were added to the 5 mL cell solution to digest the samples for another 20 min at room temperature. The trypsin reaction was stopped by adding 20% fetal bovine serum (FBS), and cells were collected using a 70 μm mesh for filtration. Next, the cells were pelleted by centrifugation (1000× g, 5 min, 4 °C) and resuspended in 2 mL pre-chilled artificial hemolymph. Cells were further filtered using a 40-μm mesh, resuspended in 0.5–1.0 mL, of which 10 μL was used for visual examination under a fluorescence microscope (Apotome; ZEISS, Jena, Germany). Isolated embryonic cells were sorted via flow cytometry (BD Influx cell sorter). Collected cells were pelleted via centrifugation (1000× g, 5 min, 4 °C) and resuspended in 50 μL pre-chilled artificial hemolymph. Cell suspensions were examined under a fluorescence microscope (Apotome; ZEISS, Germany) and cell numbers were counted with a Neubauer hemocytometer, at which point, the samples were ready for downstream experiments.




2.4. Single-Cell RNA Sequencing: Library Generation and Sequencing


Single-cell libraries were generated according to the manual of Chromium Single Cell 3ʹ Reagent Kits v3 (10 × Genomics). Single cells were partitioned into Gel bead-in-EMulsions (GEMs) in a Chromium Single Cell Controller (10 × Genomics) with a target cell number range of 5000–8000. Sequencing libraries were constructed according to the methods described previously [37]. Briefly, GEM samples were immediately reverse transcribed into cDNA and proceeded to downstream cleanup. The cDNAs were enzymatically fragmented and underwent end repair and 3′ A-tailing after further amplification. Adaptor ligation was performed after double-sided size selection via SPRIselect beads and followed by sample index PCR. UMI (unique molecular identifier) sequences, 10 × barcode sequences, sequencing primer P5 and P7 on both ends, and sample index sequences were all added to the cDNA samples. Finally, the library was purified and 1 μL of the amplified cDNA libraries was quality assessed and quantified via BioAnalyzer High Sensitivity Chip (Agilent, Santa Clara, CA, USA) and Qubit dsDNA HS (High Sensitivity) assay (Invitrogen, Illumina, San Diego, CA, USA). The libraries were sequenced using an Illumina HiSeq 2500 (Illumina, Tokyo, Japan).




2.5. Single-Cell RNA Sequencing: Data Processing and Cardiogenic Progenitors Cluster Analysis


Raw sequencing reads of Chromium single-cell 3′ RNA-seq output were processed and a data matrix was generated using the Cell Ranger pipeline version 3.0.2 (10 × Genomics, Pleasanton, CA, USA (http://10xgenomics.com) (accessed on 1 January 2020). Cell cluster analyses were performed with the Seurat package (version 3.1.2) as described in the tutorials (vignette) [38]. Previous results have reported that mitochondrial transcript abundance is much higher in tissues with high energy demands such as heart and muscle. Especially in the human heart, mitochondrial transcripts comprise almost 30% of total mRNA [39]. Therefore, we considered cells with over 30% expression of mitochondrial genes to be dead or debris. For the detection of potential doublet artifacts from our scRNA-seq result, we used DoubletFinder 2.0.3 [40] without specifying any ground-truth information. In the analysis, we used a doublet formation rate of 7.5% for the estimation of homotypic doublet proportion. We performed a global-scaling normalization method, LogNormalize, which normalizes the gene expression of each cell by the total expression, multiplies this by a scale factor (10,000 by default), and log-transforms the result in Seurat. Unsupervised uniform manifold approximation and projection (UMAP) for dimension reduction [41] was used for non-linear dimensional reduction and cluster results were visualized in two-dimensional plots. We defined the cell types based on the expression of known markers—including tinman (tin), seven up (svp), odd skipped (odd), and even skipped (eve) for cardiogenic progenitor cells, as well as checking the function and tissue distribution of those marker genes in FlyBase [42].



From this extensive dataset, we used the “Cardiogenic progenitors” cluster to determine the normalized expression (UMI counts per million mapped reads) of absent, small, or homeotic discs 1 (ash1), SET domain containing 2 (Set2), Nuclear receptor binding SET domain protein (NSD), Chromatin assembly factor 1, p55 subunit (Caf1-55), and MORF-related gene 15 (MRG15).




2.6. Confirmation RNAi by Quantitative RT-PCR


RNA from heart tissue dissected from 60 adult flies of the relevant genotype, was isolated using TRIzol (Invitrogen) as previously described [43,44]. RNA purity and concentration were determined using a Nanodrop-1000 (Thermo Scientific, Waltham, MA, USA). Total RNA (1 µg) was transcribed into cDNA using All-In-One RT MasterMix (Applied Biological Materials, Richmond, BC, Canada). Quantitative RT-PCR was performed via real-time analysis using Power SYBR Green PCR Master Mix (Applied Biosystems, Waltham, MA, USA). The gene Ribosomal protein L32 (RpL32) was used as the internal control. Sequence of the primers (Integrated DNA Technologies) used was as follows: ash1-Forward: TATCCACCGCCCAGGAGTAA; ash1-Reverse: CGTACGCTTCCGTAATCCGA; Set2-Forward: GCAAAAGCAAACACCGTTGC; Set2-Reverse: CGCTTCGATGAGGAATCCGA; RpL32-Forward: ACAGGCCCAAGATCGTGAAG; RpL32-Reverse: TGTTGTCGATACCCTTGGGC. The qRT-PCR products were quality checked via 1% agarose gel with SYBR Safe dye (Invitrogen, Waltham, MA, USA).



Quantitative values were determined using the 2-DDCT method [45] and normalized to RpL32 as the endogenous reference gene. Values were derived from three experiments (replicates); in each, an independent pooled RNA sample (from 60 flies) was used.




2.7. Adult Drosophila Survival Assay


Drosophila larvae were kept at 25 °C to induce UAS-transgene expression. Adult male flies were subsequently maintained in vials at 25 °C, each vial containing 20 animals. Mortality was monitored every 48 h. In total, 100 flies were assayed per genotype.




2.8. Heart Structural Analysis: Immunochemistry


Adult Drosophila and 3rd instar larvae were dissected and fixed for 10 min in 4% paraformaldehyde in 1xPBS. Primary antibodies were incubated overnight at 4 °C in 2% bovine serum albumin (BSA; Sigma) with 0.1% Triton-X (Sigma) in 1xPBS (PBST). Following washes, secondary antibodies were incubated for 2 h at room temperature in PBST. Alexa Fluor R555 phalloidin was obtained from Thermo Fisher. Mouse anti-Pericardin antibody (EC11; Developmental Studies Hybridoma Bank, University of Iowa, IA) was used at 1:500 dilution, followed by Cy5-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Confocal imaging was performed using a ZEISS LSM900 microscope with a 63× Plan-Apochromat 1.4 N.A. oil objective. Images were acquired using ZEN blue edition (version 3.0). Segment A2 of the heart was imaged by collecting Z-stacks. Control groups were imaged first to establish the laser intensity and exposure time for the entire experiment. The exposure time was based on image saturation (at a set point of approximately 70% of maximum saturation) to enable the comparison of fluorescence intensity across all genotypes.




2.9. Heart Structural Analysis: Quantitation


Drosophila heart cardiac myofibril density and Pericardin deposition were quantified as previously described [46]. For quantitative comparisons, we analyzed six flies for each genotype. ImageJ software (version 1.49) [47] was used to process the images. The Z-stack projections were screened and image levels containing cardiac myofibrils were selected for analysis while avoiding the ventral muscle layer that underlies the heart tube. The cardiac myofibril number was quantified by using the MyofibrilJ plugin for Fiji (version 1.53q) [48]. The entire heart region in segment A2 was selected using the freehand selection function in Fiji to count the number of cardiac myofibrils. For quantitation, cardiac myofibril density was calculated as the cardiac myofibril number divided by the size of the heart region. Pericardin deposition was measured in heart segment A2 based on the fluorescence intensity. Cardiac myofibril density and Pericardin deposition were each normalized to the values obtained in the control flies.




2.10. OCT Measurements and Analysis of Cardiac Function


Cardiac function in adult Drosophila was measured using an optical coherence tomography (OCT) system (Bioptigen). (This system was built by the Biophotonics Group, Duke University, NC [49,50].) For this, four-day-old flies were anesthetized with carbon dioxide (CO2) for 3–5 min, with females preselected from each group. Each fly was gently placed on a plate with petroleum jelly (Vaseline) for immobilization with the dorsal aspect facing the OCT microscopy source, then rested for at least 10 min to ensure the fly was fully awake. For each genotype, 10 flies were tested. OCT was used to record the adult heart rhythm and heart wall movement at the same position, i.e., the cardiac chamber in abdominal segment A2, of each fly. Each measurement was obtained at three different positions within abdominal segment A2; these were averaged to obtain the cardiac diameter for that fly. M-mode images were used to record heart wall movement during the cardiac cycle. ImageJ software (version 1.49) [47] was used to process the images. The diastolic diameter and systolic diameter were processed and measured based on three consecutive heartbeats. The heart period (in seconds) was determined by counting the total number of beats during a 15-s recording, then dividing 15 by the number of beats.




2.11. H3K36 Methylation Marks: Corroborate Antibody Detection


Fly larval brains (w1118 control) were dissected and fixed for 10 min in 4% paraformaldehyde 1xPBS and blocked in PBST for 40 min. Rabbit anti-H3K36me1 (Abcam, Cambridge, UK; ab9048), anti-H3K36me2 (Abcam; ab9049), and anti-H3K36me3 (Abcam; ab9050) were each incubated at 1:200 dilution overnight at 4 °C, followed by incubation with Cy3-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at 1:1000 dilution for 2 h at room temperature. Confocal imaging was performed using a ZEISS ApoTome.2 microscope with 63× Plan-Apochromat 1.4 N.A. oil objective. Images were acquired using ZEN blue edition (version 3.0). ImageJ software (version 1.49) was used to process the images.




2.12. H3K36 Methylation Marks: Immunochemistry


Adult Drosophila and 3rd instar larvae were dissected and fixed for 10 min in 4% paraformaldehyde in 1xPBS. Primary antibodies were incubated overnight at 4 °C in PBST. Following washes, secondary antibodies were incubated for 2 h at room temperature in PBST. Rabbit anti-H3K36me1 (Abcam; ab9048), anti-H3K36me2 (Abcam; ab9049), and anti-H3K36me3 (Abcam; ab9050) were each used at 1:200 dilution, followed by Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories). Confocal imaging was performed using a ZEISS LSM900 microscope with a 63× Plan-Apochromat 1.4 N.A. oil objective. Images were acquired using ZEN blue edition (version 3.0). Segment A4 of the heart was imaged by collecting Z-stacks. Control groups were imaged first to establish the laser intensity and exposure time for the entire experiment. The exposure time was based on image saturation (at a set point of approximately 70% of maximum saturation) to enable the comparison of fluorescence intensity across all genotypes.




2.13. H3K36 Methylation Marks: Quantitation


For quantitative comparison of the nuclear methylation levels, cardiac cells in the 3rd instar larval heart were analyzed. A single image typically captured three cells/nuclei. We obtained images from six larvae of each genotype. For each genotype, the mean fluorescent intensity in the nucleus of ~15 heart cells total (2/3 per larvae) was used to determine the nuclear methylation level. Finally, nuclear methylation levels were normalized to the value obtained from the control flies.




2.14. Statistical Analysis


Statistical analysis was performed using PAST.exe software (Natural History Museum, University of Oslo (UiO), Oslo, Norway). Values are presented as mean along with the standard deviation (s.d). Student’s t-test was used for comparison between the two groups. Kruskal–Wallis H-test followed by a Dunn’s test was used for comparisons between multiple groups. Statistical significance was defined as p < 0.05.





3. Results


3.1. Silencing ash1 or Set2, Which Encode H3K36 Methyltransferases, Induced Developmental Lethality at the Pupal–Adult Stage


The known human H3K36 methylases have highly conserved Drosophila homologs (Figure 1A). Using the fly model system, we first looked at the expression levels of the H3K36 methyltransferases encoded by ash1, Set2, and NSD during critical stages of fly heart development, from the migration of bilateral rows of cardiac progenitors (stage 13 onward) to the formation of a closed heart tube (stage 16). Both ash1 and Set2 showed steady expression levels in heart cells throughout early heart development, while the expression of NSD did not meet detection level at any of the stages (Figure 1B). These data suggest that NSD is not involved in these earliest stages of heart development in the fly and can be used as a negative control.



To study the role of genes that encode H3K36 methyltransferases during fly heart development, we employed the Drosophila UAS-Gal4 system with RNAi knockdown. We combined the heart-specific promoter, 4Xhand-Gal4, with UAS-ash1-RNAi, UAS-Set2-RNAi, or UAS-NSD-RNAi. Quantitative real-time PCR demonstrated effective knock-down of ash1 and Set2 (Figure 2A). Two independent RNAi lines were tested for each gene and showed similar results; therefore, representative data for one line each have been displayed in the figures (Figure 1, Figure 2 and Figure 3, data are shown for ash1-IR ID 36803, Set2-IR ID 55221, and NSD-IR ID 34033). Silencing ash1 and Set2 caused high mortality at eclosion (39% and 26%, respectively) (Figure 1A). Consistent with the gene expression data, expressing NSD-RNAi in the fly heart did not affect mortality (Figure 1A). These results indicate that ash1 and Set2 are important for Drosophila heart development.




3.2. Silencing ash1 or Set2 Impacted Survival and Induced Cardiac Defects in Adult Drosophila


In addition to causing high mortality at eclosion (Figure 1A), silencing ash1 or Set2 also dramatically shortened the lifespan of those adult flies that did emerge from the ash1-IR and Set2-IR fly lines compared to wild-type (w1118) and NSD-IR (negative) control flies (Figure 2B).



Next, we examined the adult Drosophila heart for morphological defects caused by heart-specific silencing of ash1 or Set2. The fly hearts were stained with phalloidin to visualize the structure of the cardiac actin filaments. As expected, expressing NSD-IR in the fly heart did not lead to any cardiac morphological defects (Figure 2C–E). Silencing ash1 or Set2 was associated with overall disorganization of the cardiac actin filaments (Figure 2C) and reduced cardiac myofibril density (Figure 2D). We also observed increased deposition of Pericardin (Figure 2C,E), a type IV collagen that plays a critical role in maintaining Drosophila cardiac tissue integrity. The overabundance of Pericardin indicates the pathophysiological condition fibrosis [51,52,53,54].




3.3. Silencing ash1 or Set2 Caused Cardiac Functional Defects in Adult Drosophila


To assess cardiac functional defects induced by silencing ash1 or Set2, we applied optical coherence tomography (OCT). The orthogonal view of the heart provides accurate and real-time measurements of the heart tube diameter and heart period (Figure 3A). Silencing ash1, but not Set2, was associated with an increased systolic diameter; neither showed a change in diastolic diameter (Figure 3A–C). Compared to wild-type (w1118) control flies, the heart period in ash1- and Set2-gene-silenced flies was significantly increased (Figure 3D). As expected, heart function in NSD-IR (negative control) flies was indistinguishable from that in wild-type (w1118) control flies (Figure 3A–D). Thus, in addition to heart structural integrity, the H3K36 methyltransferases encoded by ash1 and Set2 are required for normal heart function.




3.4. Silencing Caf1-55 or MRG15, Which Encode Ash1-Complex Components, Increased Developmental Lethality at the Pupal–Adult Stage, Reduced Lifespan, and Caused Heart Morphological Defects


Previous studies have shown that Ash1 depends on complex formation with Caf1-55 (also known as NURF55) and MRG15 to induce H3K36 methylation activity [55] (Figure 4A). Therefore, we next investigated whether these two cofactors are also required during Drosophila heart development. Both genes were expressed throughout early heart development (Figure 4C). We combined the heart-specific promoter, 4Xhand-Gal4, with UAS-Caf1-55-RNAi or UAS-MRG15-RNAi to obtain heart-specific knockdown. Two independent RNAi lines were tested for each gene and showed similar results; therefore, representative data for one line each have been displayed in the figures (Figure 4 and Figure 5; data shown for Caf1-55-IR ID 34069 and MRG15-IR ID 110618). Silencing Caf1-55 or MRG15 caused high mortality at eclosion (54% and 36%, respectively) (Figure 4B). We also observed dramatically shortened lifespans for those adult flies that did emerge from the Caf1-55-IR and MRG15-IR fly lines compared to wild-type (w1118) control flies (Figure 4D).



Next, we examined the adult Drosophila heart for morphological defects caused by heart-specific silencing of Caf1-55 or MRG15. Silencing either Ash1 cofactor caused disorganized cardiac actin filaments (Figure 4E) and reduced cardiac myofibril density (Figure 4F). We also observed increased deposition of collagen (Pericardin) (Figure 4E,G), indicative of fibrosis [51,52,53,54]. These data show that both Ash1-complex components, Caf1-55 and MRG15, are required for heart development, as deficiency for either leads to severe cardiac structural defects.




3.5. Silencing Caf1-55 or MRG15 Caused Cardiac Functional Defects in Adult Drosophila


To assess cardiac functional defects induced by silencing Caf1-55 or MRG15, we applied OCT. Silencing Caf1-55, but not MRG15, was associated with reduced diastolic diameter (Figure 5A,B); whereas silencing MRG15, but not Caf1-55, increased systolic diameter (Figure 5A,C). Meanwhile, silencing either Ash1 cofactor significantly increased the heart period compared to wild-type (w1118) control flies (Figure 5A,D). These data demonstrate that, in addition to heart structural integrity, both Ash1-complex components—Caf1-55 and MRG15—are necessary for normal heart function.




3.6. Simultaneous Overexpression of Caf1-55 and MRG15 Rescued Cardiac Functional Defects Caused by ash1 Mutation


Previous study has shown that MRG15 binds to Ash1 at R1288 to stimulate H3K36 methyltransferase activity [55]. Therefore, to further understand the genetic interaction among Ash1, Caf1-55, and MRG15 during Drosophila heart development, we used the published Cas9/CRISPR-generated knock-in ash1-R1288A fly line, which disrupts the Ash1−MRG15 binding site [55]. In our assays, this ash1-R1288A homozygous mutant fly displayed no cardiac structural defects including organization of the cardiac actin filaments, cardiac myofibril density, and Pericardin deposition (Figure 6A–C). Nor did these flies show changes to their heart diameter during diastole (relaxation) or systole (contraction) (Figure 6D–F). However, we did observe a significantly increased heart period in these flies, a cardiac functional defect (Figure 6D,G). The much milder phenotype of the ash1-R1288A knock-in flies compared to the ash1-IR flies (Figure 1, Figure 2 and Figure 3) is likely due to residual functionality, rather than the null with knockdown, as the mutation only weakens Ash1 binding to MRG15 [55]. Using the heart-specific promoter 4XHand-Gal4 to overexpress either Caf1-55 or MRG15 in ash1-R1288A homozygous mutant flies did not rescue the increased heart period (Figure 6D,G). However, overexpressing Caf1-55 and MRG15 simultaneously did rescue this cardiac functional defect (Figure 6D,G). These findings, combined with the previously published co-IP data [55], support direct interaction between Ash1 and MRG15 and show that both complex components, MRG15 and Caf1-55, are important for Ash1‘s role in heart function.




3.7. Simultaneous Overexpression of Caf1-55 and MRG15 Restored the Reduced H3K36me2 Marks Caused by ash1 Mutation


To understand the mechanism behind the rescue of the ash1-R1288A-induced heart period defect by simultaneous overexpression of Caf1-55 and MRG15, we investigated H3K36 methylation marks in the Drosophila developmental heart (images to corroborate antibody detection are in Supplemental Figure S1). By itself, the ash1-R1288A homozygous mutant significantly reduced H3K36 dimethylation (H3K36me2), but not H3K36 monomethylation (H3K36me1), marks in larval cardiac cells (Figure 7A–D). We did not detect H3K36 trimethylation (H3K36me3) marks in the larval cardiac cells (data not shown). Notably, overexpression of Caf1-55 and MRG15 together, but not Caf1-55 or MRG15 alone, restored the H3K36me2 marks in the ash1-R1288A homozygous mutant fly larvae to within normal range (Figure 7B,D). These data show that Caf1-55 and MRG15 combined are required for Ash1 H3K36me2 methyltransferase activity in the heart.





4. Discussion


We set out to validate the roles of specific H3K36 methyltransferases during heart development. Our data show that both Set2 (SETD2 in mammals) and Ash1 (ASH1L in mammals) are required during early heart development, as cardiac deficiency for either resulted in early lethality and a reduced lifespan in Drosophila. The hearts of these flies displayed structural and functional abnormalities. Notably, we could not detect expression of NSD in fly heart cells during early embryonic stages of cardiac development. These findings are in line with previous reports that have associated variants in NSD1 and NSD2 with congenital heart disease [12,29,30], albeit with largely circumstantial evidence that linked variants to complex neurodevelopmental disorders the subpopulations of which displayed cardiac defects [25,26,27,28,31]. SETD2 is expressed in human fetal heart tissue [8] and is highly expressed in the mouse heart at embryonic stages (Setd2), where it plays a leading role in H3K36me3 methylation [34]. Like the flies, mice deficient in Setd2 in cardiac progenitors showed early lethality (fetal, mid-gestation) and showed severe cardiovascular defects; these were accompanied by reduced H3K36me3 and reduced expression of key cardiac-related genes [34]. Variants in ASH1L have been associated with congenital heart disease in patients [11,12,30]. ASH1L is expressed in both fetal and adult human heart tissue [8], and was differentially expressed in cardiac tissue from patients with dilated cardiomyopathy (with heart failure) [6]. The data presented here support a role for ASH1L in heart development and function and establish Drosophila Ash1 as the functional homolog of human ASH1L in the heart.



Two Ash1 complex components, Caf1-55 (also known as NURF55) and MRG15, were first identified using Drosophila; this complex is conserved in mammals [55]. MRG15 stimulates the enzymatic activity of Ash1 (in vitro) and is recruited by Ash1 to target sites on the genome. Moreover, MRG15 facilitates the association of Ash1 with chromatin and the deposition of H3K36me2. Disrupting this Ash1−MRG15 interaction in flies led to gross morphological transformation of the legs and wings. This phenotype could be partially restored by overexpressing a Caf1-55−MRG15-fusion protein [55]. Likewise, in our study, the functional defects caused by ash1-deficiency could be rescued by overexpressing both its cofactors, Caf1-55 and MRG15, simultaneously, whereas knockdown of either gene encoding an Ash1-complex component, Caf1-55 or MRG15, led to heart functional defects. On the other hand, the ash1-R1288A point mutation weakens the binding of Ash1 to MRG15 [55], thus leaving residual complex functionality which resulted in a milder cardiac phenotype. Like the study in fly S2 cells, we found that introducing ash1-R1288A to the fly heart disrupted H3K36me2 methylation (significantly reduced) in fly larval cardiac cells, but we detected no change in H3K36me1 marks. Of note, the H3K36me3 marks in the fly heart were below the detection limit and might not be relevant during this stage of cardiac development.



Our data show that Caf1-55 and MRG15 combined are required for Ash1 H3K36me2 methyltransferase activity in the heart, which is important for heart function. Drosophila Ash1 is a trithorax-group (trxG) regulator that antagonizes polycomb repression at homeobox genes (Hox) mediated by H3K36me2 deposition [56]. The Hox transcription factors provide a highly conserved system for embryonic patterning, i.e., head–tail axis [56], and are key in coordinating cardiac progenitor cell patterning and differentiation [57]. Therefore, further study to determine the role of Ash1−Caf1-55−MRG15-mediated H3K36 methylation activity on Hox genes during heart development and disease is warranted. The current study has been limited by focusing on individual H3K36 methyl transferases. A previous report suggested that Caf1-55 acts on top of the HeK36me2/me3 landscape generated by NSD and Set2 [56]. It is currently unclear how interaction between the different H3K36 methylases and demethylases coordinates heart development. Finally, in addition to methylation activity at H3K36, ASH1L also displays H3K4 activity [58]. Possible interactions between different methylation marks during heart development, especially considering their purported dual regulatory role (i.e., the ability to activate and repress transcription) [8], could shed further light on the complex role of ASH1L during heart development and disease. Ultimately, to obtain the full picture we need to study the entire methylation (epigenomic) landscape, including the writers, readers, erasers, and the temporal dynamics of the methylation marks.
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Figure 1. Heart-specific silencing of ash1 or Set2 induced pupal–adult stage developmental lethality. (A) Human H3K36 methyltransferases and their Drosophila homologs. Eclosion lethality induced by 4XHand-Gal4-driven expression of UAS-RNAi transgenes targeting absent, small, or homeotic discs 1 (ash1), SET domain containing 2 (Set2), or nuclear-receptor binding SET domain protein (NSD). Developmental mortality attributable to RNAi heart expression (mortality rate) is calculated as ((curly − straight)/curly) × 100. Curly wings (CyO), no transgene expression; straight wings, express 4Xhand-Gal4-driven UAS-RNAi transgene. DIOPT, DRSC Integrative Ortholog Prediction Tool (maximum score 15). Mammalian function based on existing literature [18,19,20,21,22,23,24]. (B) Normalized gene expression levels (UMI counts per million mapped reads) for ash1. Set2, and NSD in Drosophila heart cells (single-cell RNA sequencing) at embryonic stages 13, 14 early (14-E), 14 late (14-L), 15, and 16. 
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Figure 2. Heart-specific silencing of ash1 or Set2 impacted survival and cardiac defects in adult Drosophila. Lifespan and heart morphology for adult flies expressing absent, small, or homeotic discs 1 (ash1), SET domain containing 2 (Set2), or Nuclear receptor binding SET domain protein (NSD) RNAi transgenes (-IR) driven by the heart-specific 4Xhand-Gal4. Control, wild-type (w1118) flies. (A) Expression of ash1 and Set2 in adult fly heart via real-time quantitative PCR. N = 3 replicates, 60 flies each, per genotype. Statistical significance (*) was defined as p < 0.05 using the Student’s t-test. (B) Survival curves. N = 100 flies per genotype. (C) Cardiac actin myofibers visualized via phalloidin staining (red). Pericardin detected via immunofluorescence (blue). Dotted lines delineate the outline of the heart tube. Scale bar = 20 µm. (D) Quantitation of adult heart cardiac myofibril density relative to control (WT, w1118). N = 6 flies per genotype. (E) Quantitation of adult heart cardiac collagen (Pericardin) deposition relative to control (WT, w1118). N = 6 flies per genotype. Statistical significance (*) was defined as p < 0.05 using Kruskal–Wallis H-test followed by a Dunn’s test. 
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Figure 3. Heart-specific silencing of ash1 or Set2 affected cardiac function. (A) Images from Drosophila heartbeat videos obtained via optical coherence tomography (OCT). Representative images show heart function in flies that carry heart-specific (4Xhand-Gal4) expression of UAS-RNAi transgenes (-IR) targeting absent, small, or homeotic discs 1 (ash1), SET domain containing 2 (Set2), or Nuclear-receptor binding SET domain protein (NSD). WT, wild-type (w1118) flies. (B) Quantitation of adult heart diastolic diameter. N = 10 flies per genotype. (C) Quantitation of adult heart systolic diameter. N = 10 flies per genotype. (D) Quantitation of heart period. N = 10 flies per genotype. Statistical significance (*) was defined as p < 0.05 using Kruskal–Wallis H-test followed by a Dunn’s test. 
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Figure 4. Heart-specific silencing of Caf1-55 or MRG15 led to pupal–adult stage developmental lethality, impacted survival, and induced cardiac defects in adult Drosophila. Lifespan and heart morphology for adult flies expressing Chromatin assembly factor 1, p55 subunit (Caf1-55) or MORF-related gene 15 (MRG15) RNAi transgenes (-IR) driven by the heart-specific 4Xhand-Gal4. WT, wild-type (w1118) flies. (A) Graphic of the Ash1 protein complex with cofactors, Caf1-55 and MRG15. (B) Human ASH1L cofactors and their Drosophila homologs. Eclosion lethality induced by 4Xhand-Gal4-driven expression of UAS-RNAi transgenes targeting Caf1-55 or MRG15. Developmental mortality attributable to RNAi heart expression (Mortality rate) is calculated as (curly − straight)/curly) × 100. Curly wings (CyO)—no transgene expression; straight wings express 4XHand-Gal4-driven UAS-RNAi transgene. DIOPT, DRSC Integrative Ortholog Prediction Tool (maximum score 15). (C) Normalized gene expression levels (UMI counts per million mapped reads) for Caf1-55 and MRG15 in Drosophila heart cells (single-cell RNA sequencing) at embryonic stages 13, 14 early (14-E), 14 late (14-L), 15, and 16. (D) Survival curves. N = 100 flies per genotype. (E) Cardiac actin myofibers visualized via phalloidin staining (red). Pericardin detected via immunofluorescence (blue). Dotted lines delineate the outline of the heart tube. Scale bar = 20 µm. (F) Quantitation of adult heart cardiac myofibril density relative to control (WT, w1118). N = 6 flies per genotype. (G) Quantitation of adult heart cardiac collagen (Pericardin) deposition relative to control (WT, w1118). N = 6 flies per genotype. Statistical significance (*) was defined as p < 0.05 using Kruskal–Wallis H-test followed by a Dunn’s test. 
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Figure 5. Heart-specific silencing of Caf1-55 and MRG15 affected cardiac function. (A) Images from Drosophila heartbeat videos obtained via optical coherence tomography (OCT). Representative images show heart function in flies that carry heart-specific (4XHand-Gal4) expression of UAS-RNAi transgenes (-IR) targeting Chromatin assembly factor 1, p55 subunit (Caf1-55) or MORF-related gene 15 (MRG15). WT, wild-type (w1118) flies. (B) Quantitation of adult heart diastolic diameter. N = 10 flies per genotype. (C) Quantitation of adult heart systolic diameter. N = 10 flies per genotype. (D) Quantitation of heart period. N = 10 flies per genotype. Statistical significance (*) was defined as p < 0.05 using Kruskal–Wallis H-test followed by a Dunn’s test. 
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Figure 6. Simultaneous, heart-specific overexpression of Caf1-55 and MRG15 rescued the cardiac defect caused by the ash1-R1288A mutant. (A) Adult heart phenotype induced by the absent, small, or homeotic discs 1 (ash1)-R1288A homozygous mutant. WT, wild-type (w1118) flies. Cardiac actin myofibers visualized via phalloidin staining (red). Pericardin detected via immunofluorescence (blue). Dotted lines delineate the outline of the heart tube. Scale bar = 20 µm. (B) Quantitation of adult heart cardiac myofibril density relative to control (WT, w1118). N = 6 flies per genotype. (C) Quantitation of adult heart cardiac collagen (Pericardin) deposition relative to control (WT, w1118). N = 6 flies per genotype. (D) Images from Drosophila heartbeat videos obtained via optical coherence tomography (OCT). Representative images show heart function in flies that carry heart-specific (4XHand-Gal4) expression of the ash1-R1288A homozygous mutant, with or without heart-specific (4XHand-Gal4) UAS-overexpression (-OE) of Chromatin assembly factor 1, p55 subunit (Caf1-55) or MORF-related gene 15 (MRG15) transgenes. (E) Quantitation of adult heart diastolic diameter. N = 10 flies per genotype. (F) Quantitation of adult heart systolic diameter. N = 10 flies per genotype. (G) Quantitation of heart period. N = 10 flies per genotype. Statistical significance (*) was defined as p < 0.05 using Student’s t-test for two groups or Kruskal–Wallis H-test followed by a Dunn’s test for multiple groups. 
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Figure 7. Simultaneous, heart-specific overexpression of Caf1-55 and MRG15 restored H3K36 dimethylation level reduction caused by the ash1-R1288A mutant. (A) Larval heart H3K36 monomethylation (H3K36me1; red) detected via immunofluorescence in absent, small, or homeotic discs 1 (ash1)-R1288A homozygous mutant and wild-type (WT, w1118;Hand-GFP) flies. Arrowhead points to the nucleus of a heart cell (green; Hand-GFP). Scale bar = 20 µm. (B) Larval heart H3K36 dimethylation (H3K36me2; red) detected by immunofluorescence in ash1-R1288A homozygous mutant flies with or without heart-specific (4XHand-Gal4) UAS-overexpression transgenes (-OE) targeting Chromatin assembly factor 1, p55 subunit (Caf1-55) or MORF-related gene 15 (MRG15), or both simultaneously, as well as wild-type (WT, w1118;Hand-GFP) flies. Arrowhead points to the nucleus of a heart cell (green; Hand-GFP). Scale bar = 20 µm. (C) Quantitation of larval heart cardiac H3K36me1 marks relative to that in control (WT, w1118) flies. N = 15 nuclei from 6 larvae per genotype. (D) Quantitation of larval heart cardiac H3K36me2 marks relative to that in control (WT, w1118) flies. N = 15 nuclei from 6 larvae per genotype. Statistical significance (*) was defined as p < 0.05 using Student’s t-test for two groups or Kruskal–Wallis H-test followed by a Dunn’s test for multiple groups. 
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