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ABSTRACT 13 

H2A.Z plays a fundamental role in the regulation of transcription and epigenetics, however, the mechanisms that 14 

underlie its functions are not fully understood. Using rapid chromatin immunoprecipitation-mass spectrometry, 15 

we uncovered the association of H2A.Z-bound chromatin with an array of tricarboxylic acid cycle and beta-16 

oxidation enzymes in the mouse heart. Recombinant green florescence fusion proteins combined with mutations 17 

of putative nuclear localization signals of select enzymes, including acetyl-CoA acyltransferase 2 (ACAA2), 18 

oxoglutarate dehydrogenase (OGDH), and isocitrate dehydrogenase 2 confirmed their nuclear localization and 19 

chromatin binding in both rodent and human cells. Conclusively, chromatin immunoprecipitation-deep 20 

sequencing, confirmed the selective association of ACAA2 and OGDH with H2A.Z-occupied transcription start 21 

sites. Finally, human H2A.Z-deficient HAP1 cells exhibited reduced chromatin-bound metabolic enzymes, with 22 

the exception of pyruvate dehydrogenase, accompanied with reduced posttranslational histone modifications. 23 

Thus, the data show that metabolic enzymes are recruited to active promoters for potential site-directed 24 

epigenetic modifications.   25 
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INTRODUCTION 26 

The highly conserved, histone variant, H2A.Z gene is unique in many ways when contrasted with those of core 27 

histones. Mainly, it is a single copy gene that does not exist within the histone clusters known in human and 28 

mouse genomes, it includes introns, and is polyadenylated 1, all of which underscore its specialized nature. We 29 

currently know that it selectively associates with transcriptionally active, as well as, inactive genes. For example, 30 

in yeast, Htz1 has been shown to suppress the spread of heterochromatin into transcriptionally active genes 31 

near the telomeres 2, while, in contrast, its abundance was shown to negatively correlate with transcriptional 32 

rates 3. Furthermore, changes in growth conditions induced translocation of Htz1 from transcriptionally active to 33 

inactive genes 4. More precisely, Htz1 is found at the transcription start site (TSS) of nearly all genes in 34 

euchromatin, in the -1 and +1 nucleosomes flanking a nucleosome free region in the active genes, while present 35 

mainly in the -1 nucleosome in inactive genes 5. Likewise, in Drosophila, H2Av is present at thousands of both 36 

transcriptionally active and inactive genes in euchromatin, as well as, in heterochromatic chromocenter of 37 

polytene chromosomes 6, whereas its density negatively correlates with that of RNA polymerase II (pol II). 38 

Conversely, other studies have shown that H2A.Z vs. H2A at the +1 nucleosome facilitates pol II progression 7. 39 

In murine embryonic stem cells, we also see this bifunctionality, where in the undifferentiated state, H2A.Z, in 40 

conjunction with the polycomb subunit Suz12, is present at silenced homeodomain genes involved in 41 

differentiation, whereas in committed neuronal progenitor cells, its associates with highly expressed genes 8. 42 

Other than destabilizing nucleosomes at the +1 position, we have little understanding of how H2A.Z selectively 43 

regulates transcriptional activation v. deactivation, or if it has any role in metabolism-induced transcriptional 44 

remodeling.  45 

Generally, organisms respond to metabolic cues by exacting a change in gene transcription that influences their 46 

development and growth, or homeostasis. These signals include ATP:ADP:AMP and NAD+:NADH ratios, and 47 

the availability of metabolites that are involved in histone and DNA modifications – e.g. acetyl-CoA (ac-CoA), a-48 

ketoglutarate (aKG), and succinyl-CoA (suc-CoA), not discounting other acyl-CoAs 9. In the case of acetyl-CoA, 49 

we know that during substrate abundance, citrate is exported from the mitochondria and into the cytosol and 50 

nucleus, where ATP citrate lyase (ACLY) converts it into acetyl-CoA, which is a substrate for histone acetylation 51 

10. Alternatively, during substrate shortage, acetate is imported from the circulation and converted into acetyl-52 
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CoA by acyl-CoA synthetase short chain family member 2 (ACSS2) 11. As for the other CoA-linked metabolites 53 

and aKG, the mechanism for nuclear delivery is less well-established. Moreover, the question of how substrates 54 

modulate the expression of specific target genes remains a challenge.  55 

The current dogma is that metabolic oxidative enzymes and substrate oxidation are largely confined to the 56 

mitochondria. However, recent findings, including our own, challenge this belief. In specific, Sutendra et al, 57 

reported the presence of all subunits of the pyruvate dehydrogenase (PDH) complex in human sperm, and 58 

normal and cancerous lung epithelial cells 12, while Nagaraj et al reported it in the human 4/8-cell stage zygote 59 

13, and show that it is required for generating acetyl-CoA for histone acetylation. Likewise, oxoglutarate 60 

dehydrogenase (OGDH) 14 and isocitrate dehydrogenase (IDH2) 15 have also been shown to partly localize to 61 

the nucleus, as these findings are further supported by a proteomics study that revealed the presence of all 62 

tricarboxylic acid (TCA) cycle enzymes in the nucleus of breast cancer cells 16. However, except for OGDH in 63 

cancer cells 14, none of these enzymes have been shown to associate with chromatin. Here we report, that using 64 

an unbiased screen for the discovery of proteins that co-localize to H2A.Z-bound chromatin, we uncovered its 65 

association with all the TCA cycle and b-oxidation enzymes in the nuclei of mice hearts. Our recent report shows 66 

that H2A.Z is mainly localized to the TSS of most transcribed genes, including housekeeping and inducible 67 

genes, where it is at its highest levels, but is relatively low at tissue-specific genes 17. Therefore, this would 68 

position the metabolic enzymes at the TSS of the former groups. In validation, we successfully completed 69 

chromatin immunoprecipitation-deep sequencing (ChIP-Seq) using anti-ACAA2 or OGDH, which we found 70 

associated with select H2A.Z-bound TSSs, the latter in both mouse heart and human colon cancer cells. 71 

Moreover, the knockout of H2A.Z in HAP1 cell provided evidence that this association is indeed dependent on 72 

H2A.Z for all of the enzymes tested, with the exception of pyruvate dehydrogenase A1 (PDHA1), which led us 73 

to conclude that the recruitment of metabolic enzymes is predominantly, but not exclusively, H2A.Z-dependent. 74 

The data also suggest that histone modifications are reliant on the recruitment of mitochondrial enzymes to 75 

chromatin.   76 

RESULTS 77 

Mitochondrial TCA cycle and b-oxidation enzymes localize to the nucleus, in association with H2A.Z-78 

bound chromatin. We have recently reported that the highly conserved histone variant H2A.Z is assembled at 79 
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the TSS of all housekeeping and inducible genes in the heart, where it interacts with acidic nuclear protein 32e 80 

(ANP32E) to differentially regulate gene expression 17. However, cardiac-specific genes (e.g. Myh6, Actc1..etc), 81 

which are most highly expressed, have relatively low or no bound H2A.Z. This suggested that H2A.Z plays a 82 

more intricate role in regulating transcription than currently recognized and is plausibly mediated by protein 83 

recruitments to TSSs. In an attempt to discover proteins that associate with H2A.Z-bound nucleosomes, we 84 

performed rapid immunoprecipitation-mass spectrometry of endogenous proteins assay 18 (RIME, Fig. 1a), which 85 

involved chromatin-immunoprecipitation by anti-H2A.Z or a control IgG from the nuclei of mice hearts subjected 86 

to transverse aortic constriction (TAC) to induce growth, or a sham operation, followed by mass spectrometry. A 87 

total of 73 proteins with a cutoff of 2x enrichment v. the IgG control were identified. Of those, 36 of the most 88 

enriched are plotted as total spectra of proteins identified in the anti-H2A.Z immunocomplexes from the normal 89 

(sham-operated) and growth-induced (TAC) adult hearts, versus the IgG pull-down. First, as evidence of the 90 

efficacy of the RIME, we identified H2A.Z, as well as, core histones in the immunoprecipitated complex (Fig. 1b). 91 

Intriguingly, though, the proteins with the highest spectra and enrichment were those of the TCA cycle and the 92 

b-oxidation pathway (Fig. 1c-d).  Moreover, all the enzymes of both pathways were identified in the chromatin 93 

precipitated complex, including enoyl-CoA delta isomerase 1 (ECI1), which is necessary for the oxidation of 94 

unsaturated fatty acids (Fig. 1c-d). All proteins were relatively equal in the sham v. TAC hearts, except for the 95 

PDH complex subunits, which were ~1.4-fold higher in the TAC hearts. Other genes that were significantly 96 

enriched in the RIME complex, included enzymes of branched-chain amino acid metabolism (7 enzymes), and 97 

protein translation (17 proteins), cytosolic (5 proteins), other mitochondrial (4 proteins), and intermediate filament 98 

proteins (3 proteins; supplementary Fig. 1S). Notably, except for the core histones, no transcription factors or 99 

regulators were identified in the precipitate. Thus, a preponderance of mitochondrial enzymes involved in 100 

glucose, fatty acid, and branched-chain amino acid oxidation reside in the nucleus, in association with H2A.Z-101 

bound chromatin, in both the normal and hypertrophied hearts. This suggests that metabolites required for 102 

histone and DNA modifications are directly delivered to the transcription start sites. Although, this is a powerful 103 

approach and highly reproducible with two independent samples (sham and TAC hearts, pool of 20 each), 104 

caution, however, has to be exercised in interpreting the data pending its validation by other methods, as 105 

described below.      106 
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Confirming the nuclear localization of metabolic enzymes in rodent and human cells. The above data 107 

suggest that TCA cycle and b-oxidation enzymes, among others, are not confined to mitochondria, but also 108 

localize to the nucleus. To confirm, we first used immunocytochemistry (ICC) staining of four mitochondrial 109 

enzymes in four cell types, including cultured rat neonatal cardiac myocytes (rNCM), isolated mouse adult 110 

cardiac myocytes (mACM), human iPSC-derived cardiac myocytes (hiPSC-CM), and SW620 colon cancer cells. 111 

The results revealed the nuclear localization of OGDH (which had the highest levels of spectra in the RIME assay 112 

and 15.8 ± 0.5- fold enrichment / IgG), IDH2 (2.8 ± 0.11-fold enrichment / IgG), PDHA1, 14.8 ± 2.25-fold 113 

enrichment / IgG), and ACAA2 (2.5 0.1-fold enrichment / IgG, Fig. 2a-d). OGDH, particularly, showed 114 

predominant nuclear localization in neonatal myocytes, hiPSC-CM, and SW620 (Fig. 2a), and in the developing 115 

embryonic heart (Fig. 2b), but is more evenly distributed in the mitochondria and nuclei of adult mouse myocytes. 116 

The antibody used in these images targets an epitope near the C-terminus region of the protein (E1W8H, Cell 117 

Signaling Technology). We also confirmed this finding with a second antibody against the N-terminal domain of 118 

the protein (Sigma, cat # HPA019514). While it detected nuclear OGDH, it had a stronger affinity to the 119 

mitochondrial protein (supplementary Fig. 2S). Moreover, images from the Human Protein Atlas 19 show OGDH 120 

(also using Sigma, cat # HPA019514) and PDH subunit b (PDHB) in the nuclei of cardiac myocytes in normal 121 

adult heart tissue, and OGDH in A-431 squamous carcinoma cells (supplementary Fig. 2S). Thus, it is critical to 122 

note that the immune-detection of these enzymes depends on the antibody, which may have differential affinities 123 

to the mitochondrially- vs. nuclearly-localized enzyme, plausibly due to differential display of the antigenic 124 

epitopes.    125 

While positive immunostaining of metabolic enzymes was detected in the nucleus, it was not always equally 126 

compelling for every enzyme or in every cell type tested, thus, prompting further validation. Furthermore, it 127 

remained necessary to eliminate the potential non-specific staining. To address these issues, we generated C-128 

termini tGFP-fusion of ACAA2, OGDH, and IDH2. In addition, we identified putative nuclear localization signals 129 

(NLS), of which we mutated those within ACAA2 and OGDH (supplementary Fig. 3S). These constructs would 130 

allow us to determine: 1) if the enzymes localize to the nucleus, 2) if its fusion to a cytosolic protein (tGFP) 131 

confers nuclear localization, 3) if the mutation of a putative NLS can reverse the localization, and 4) confirm 132 

localization with antibodies against the enzyme and the tGFP tags in the subcellular protein fractions. The 133 

constructs were delivered to cultured cardiac cells or human cancer cells via adenoviral vectors. Figure 3 shows 134 
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that while tGFP was predominantly located in the cytosol and to a minimal extent in the mitochondrial/membrane 135 

(mito/mem) fraction, its fusion with ACAA2, OGDH, or IDH2, resulted in its redistribution, to include the nucleus 136 

and chromatin-bound protein fractions (Fig. 3a-c, upper 2 panels). Likewise, the endogenous enzymes were 137 

detected in the mito/mem fraction, which contains the mitochondria, as confirmed by VDAC1, in addition to the 138 

nuclear and chromatin fractions, as confirmed by TFIIB and histone H3 (Fig. 3a-c, second panels). Ultimately, 139 

substitutions of key lysine residues with glutamine in the putative NLS of ACCA2 (mtACAA2) or OGDH 140 

(mtOGDH) significantly reduced their nuclear import and chromatin associations, proving that this localization is 141 

specific and requires an NLS (Fig. 3a-c, 3d-i). Note, the chromatin bound proteins were not subjected to 142 

crosslinking, thus, only the directly- or tightly-associated proteins are retained in this fraction, such as the 143 

histones and RNA polymerase II. The ratios of ACAA2-tGFP in the different fractions show that % of total wild 144 

vs. NLS-mutant protein is lower in the cytosol and mitochondria, and higher in the nuclear and chromatin fractions 145 

as the translocation of the mutant to the nucleus is reduced in the latter (Fig. 3a, 3d-f). On the other hand, the 146 

mtOGDH-tGFP protein was predominantly in the mitochondrial, while minimally detected in the nucleus vs. the 147 

wild type OGDH-tGFP (Fig. 3b, 3g-h). Similar results were observed in human colon cancer cells (supplementary 148 

Fig. 4S). Interestingly, the levels of the ACAA2-tGFP protein were increased when the cells were incubated with 149 

palmitate vs. glucose, particularly in the nucleus and chromatin-bound fractions (supplementary Fig. 4S). 150 

Additionally, the metabolic enzymes were also detected in the nucleus of the mouse heart tissue and isolated 151 

myocytes, although there was no significant difference when growth-induced with pressure overload or 152 

endothelin-1 (supplementary Fig. 5S). These data confirm that mitochondrial enzymes reside in the nucleus in 153 

significant concentrations and that at least ACAA2 and OGDH harbor NLSs that mediate their nuclear import. 154 

The data also suggest that nuclear and chromatin enzymes are limiting and subject to regulation by metabolic 155 

substrates. 156 

OGDH and ACAA2 associate with H2A.Z-bound transcription start sites. The co-precipitation of 157 

mitochondrial enzymes with chromatin-bound H2A.Z indicates that these enzymes associate with chromatin and 158 

co-localize with H2A.Z at TSSs. To confirm this, we performed a ChIP-Seq assay using anti-ACAA2 or anti-159 

OGDH on chromatin extracted from normal vs. hypertrophied hearts (1 wk post-TAC). The ChIP-Seq statistics, 160 

including the number of tags, peaks, and empirical false discovery rates (FDR)  are reported in supplementary 161 

Table 1, whereas, the raw (Fastq files) and aligned data (BigWig and Bam files) are deposited in Gene 162 
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Expression Omnibus (GEO) datasets (accession pending). The results show that ACAA2 and OGDH, similar to 163 

H2A.Z 17, predominantly associate with TSSs, as observed with heatmaps of the sequence tags and the curves 164 

of the average signals aligned to a region encompassing -2000 to +2000 bp from the TSS, with no substantial 165 

differences observed between their total levels in the normal v. growth-induced hearts (Fig. 4a-b). Additionally, 166 

the binding of the ACAA2 and OGDH coincided with that of H2A.Z (when analyzed over the length of the gene 167 

and including -2000 bp upstream of the TSS) at values higher than expected for a random event (r=0.813, 0.803, 168 

0.888, 0.894, in normal or growth-induced hearts for each gene, respectively (Fig. 4c and supplementary Fig. 169 

6S). Additionally, we found that ACAA2’s and OGDH’s chromatin binding sites extensively overlap (r= 0.86, Fig. 170 

4c). This supports our conclusion that H2A.Z is a major recruiter of metabolic enzymes. 171 

ACAA2 selectively and exclusively associates with H2A.Z-bound TSS. The Avg Val of the sequence tags 172 

from the ACAA2 ChIP-Seq analysis were sorted into ACAA2-positve and -negative TSSs (-1000 to +1000 bp 173 

from TSS) for transcriptionally active genes (determined by RNA pol II binding), in parallel with those of H2A.Z, 174 

H3K9ac, Cdk9, and RNA pol II ChIP-Seq data. The data were graphed as violin plots representing the median, 175 

quartiles, and distribution and probability density of the tags. This revealed that ACAA2 associates with the TSS 176 

of 4204 genes (36.5% of genes expressed in the heart) that are also all H2A.Z-bound (approx. 90% of expressed 177 

genes are H2A.Z-bound, see Fig. 5a-c). Conversely, not all H2A.Z-bound genes were associated with ACAA2, 178 

suggesting selectivity and the involvement of other regulators (Fig. 5a-c). Notably, ACAA2-positive TSSs exhibit 179 

a higher median for bound H2A.Z (8% and 6% higher for normal and growth-induced hearts, respectively) and 180 

the H3K9ac mark (13.6% and 12% higher for normal and growth-induced hearts, respectively) relative to those 181 

negative for ACAA2, as reflected in the violin plots (Fig. 5b-c). Interestingly, both H2A.Z and H3K9ac show similar 182 

patterns of tag density distribution, as it is altered in the absence vs. presence of ACAA2, demonstrating a 183 

positive correlation between the two marks. ACAA2-positive TSSs also exhibit significantly higher levels of pol II 184 

and Cdk9 peaks, denoting higher transcriptional activity (supplementary Fig. 7S). On the other hand, there is no 185 

correlation between changes in ACAA2 abundance during cardiac growth with the upregulation or 186 

downregulation of Cdk9, H3K9ac, or pol II (Fig. 5d-e). Thus, although ACAA2 preferentially associates with 187 

transcriptionally active genes (with the exception of cardiac-specific genes), changes in its abundance does not 188 

correlate with changes in transcriptional activity. Of the 4204 genes, 697 exhibited ≥ 1.25-fold upregulation of 189 

ACAA2, while 1203 genes exhibited ≤ 0.75-fold downregulation, and 1900 genes with minimal or no change of 190 
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ACAA2, in growth-induced v. normal hearts. Broadly, functional pathway analysis shows that these three 191 

categories of ACAA2-bound genes encompass pathways involved in endoplasmic protein processing and 192 

proteolysis, metabolism, and RNA transport and protein synthesis, respectively (supplementary Tables 2-4S).  193 

The sequence tags of the ACAA2 ChIP-Seq were also aligned with those of H3K9ac, a histone mark that is 194 

associated with active promoters; TFIIB, which demarcates the TSS; RNA pol II, which reflects transcriptional 195 

activity; CDK9, which reflect transcriptional elongation; and ANP32E, which is a known H2A.Z-interacting protein. 196 

Figure 5a shows the changes in peak densities of these molecules in the normal v. growth-induced hearts, across 197 

the chromosomal coordinates of the TSS of Rrbp1, a ribosome binding protein; Eif4g1, which is involved in 198 

translation initiation; Gtf2b, required for initiation of transcription; and Ubc, a substrate for protein ubiquitination. 199 

These represent genes that exhibited an increase or a decrease in ACAA2 abundance in growth-induced v. 200 

normal hearts (e.g. Rrbp1 and Eif4g2, respectively) or remain unchanged (e.g. Gtf2b and Ubc). Notably, these 201 

genes contrasted with all cardiac-specific genes (shown are Actc1 and Actn2), which have no detectable ACAA2, 202 

coinciding with the lack of, or undetectable, H2A.Z 17 (Fig. 5a). Therefore, these data reveal, for the first time, 203 

the nuclear localization and chromatin binding of a beta-oxidation enzyme and validate our RIME analysis. Also, 204 

consistent with our H2A.Z-RIME, ACAA2 associated exclusively with H2A.Z-bound TSSs, providing support of 205 

specificity for this association. 206 

OGDH exclusively associates with all H2A.Z-bound TSS. The Avg Val of the sequence tags from the OGDH 207 

ChIP-Seq analysis were sorted into OGDH-positive and -negative TSSs (-1000 to +1000 bp from TSS) of 208 

transcriptionally active genes (determined by RNA pol II binding), in parallel with those of H2A.Z, H3K9ac, Cdk9, 209 

and RNA pol II ChIP-Seq data. The data were graphed as violin plots representing the median, quartiles, and 210 

distribution and probability density of the tags. This analysis revealed that OGDH preferentially associates with 211 

H2A.Z-bound TSSs with substantially higher H2A.Z densities (4.3- and 4.5-fold higher medians in sham and 212 

TAC hearts, respectively, vs. OGDH-negative genes), which includes 89.9% (10,362) of expressed genes (Fig. 213 

6a-c). This also coincides with substantially higher levels of H3K9ac (5.3- and 6.5-fold higher medians for sham 214 

and TAC hearts, respectively, vs. OGDH-negative genes) and Cdk9 (2.25- and 2.5-fold higher medians for sham 215 

and TAC hearts, respectively, vs. OGDH-negative genes). With regards to pol II, the reduction in paused TSS-216 

pol II that is associated with an increase in TSS-Cdk9 and incremental increase in gene body-pol II, in growth-217 
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induced vs. normal hearts, which is characteristic of a pause-release in transcription, was uniquely observed in 218 

OGDH-positive TSSs (Fig. 6b and supplementary 7S-c).  219 

Of the 10,362 OGDH-positive genes, 992 exhibited ≥1.25-fold increase of OGDH, while 993 exhibited ≤ 0.75-220 

fold downregulation in OGDH at the TSSs, in growth-induced v. normal hearts (Fig. 6d-e). Similar to ACCA2, 221 

there is no correlation of the changes in OGDH abundance with the those observed in Cdk9, H3K9ac, or pol II 222 

in normal v. growth-induced hearts, and, thus, transcriptional activity (Fig. 6d-e). The sequence tags of the OGDH 223 

ChIP-Seq were also aligned with those of H3K9ac, TFIIB, RNA pol II, Cdk9, ANP32E, and ACAA2 across the 224 

genome (Fig. 6a). Figure 6a shows the changes in peak densities in the normal v. growth-induced hearts, across 225 

the chromosomal coordinates of TSS regions of Ndufb10, which exhibits an increase, Prkab2, a decrease, and 226 

Pdk1 no changes in OGDH binding across the TSSs upon growth induction, as examples. Broadly, functional 227 

pathway analyses show that genes that exhibit upregulation of OGDH during cardiac growth include a 228 

preponderance of metabolic genes, while those that show downregulation include pathways in cancer and 229 

endocytosis (supplementary Tables 5-6). In contrast to OGDH-positive genes, a uniform increase in TSS- and 230 

gene body-pol II was observed in the OGDH-negative genes, in growth-induced v. normal hearts (Fig. 6c and 231 

supplementary Fig. 7S-d). Notably, gene ontology analysis of these genes included the terms sarcomere, Z disc, 232 

myofibril,..etc. that characterize cardiac muscle-specific genes (supplementary Table 7). These have relatively 233 

very low or no detectable H2A.Z, as seen in figures 5a (Actc1 and Actn2) and 6a (Tnnt2), figures 6c and 234 

supplementary 7S-d, and as we have previously reported 17.  235 

While the vast majority of OGDH peaks overlapped with H2A.Z, 53 peaks appeared to exhibit H2A.Z-236 

independent chromatin binding. Specifically, these peaks were identified in the terminal exon of 53 zinc finger 237 

proteins (Zfp, Fig. 6a and supplementary Fig. 8S). Ultimately, the binding of OGDH to the TSS of H2A.Z-bound 238 

housekeeping and ZFP genes appears to be conserved in humans, as we determined in a human colon cancer 239 

cell line (supplementary Fig. 9S-a-c). Thus, the data suggest that OGDH is dependent on H2A.Z for its 240 

recruitment to TSSs, however, other factors maybe required for its recruitment to select intragenic sites within 241 

Zfp genes and that these findings are highly conserved between mouse and human cells.   242 

Knockdown of H2A.Z in mouse myocytes reduces chromatin association of metabolic enzymes. To 243 

determine the role of H2A.Z in the recruitment of metabolic enzymes to chromatin, we knocked down H2A.Z 244 
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using short hairpin RNA (sh-H2A.Z) in mACM. This approach induced a significant reduction of chromatin-bound 245 

H2A.Z (63 ± 3 %), PDHA1 (62 ± 14 %), ACAA2 (65 ± 4.5), H3ac (70 ± 3%), and H3K27me2/3, (56 ± 8%), vs. 246 

control levels, whereas H3 remained unchanged (Fig. 7a-b). Note that the cells morphology/viability remained 247 

intact during the 24 h period of this experiment (supplementary Fig. 10S), and that similar results were observed 248 

in rNCM (supplementary Fig. 11S). PDK1 and TFIIB were used as mitochondrial and nucleoplasm markers.  249 

Although TFIIB directly binds to DNA elements near the TATA-box, this interaction is not preserved in our protein 250 

fractionation method, which does not involve protein crosslinking, thus, resulting in its localization to the 251 

nucleoplasm. This contrasts with the histones, which are wrapped with chromatin, and, accordingly, strictly 252 

localize to the chromatin-bound fraction of proteins. Thus, detection of chromatin-bound PDHA1 and ACAA2, 253 

and its disruption by knockdown of H2A.Z, confirms their relatively tight association with chromatin in an H2A.Z-254 

dependent fashion. Moreover, the data show that H2A.Z is required for H3 acetylation and methylation, plausibly 255 

as a result of recruitment of metabolic enzymes. This is further supported by a reduction in H3ac after knockdown 256 

of ACAA2 (supplementary Fig. 12S). 257 

Knockdown of OGDH inhibits H4 succinylation. OGDH has been reported to bind to chromatin in U251 258 

glioblastoma cells where it mediates succinylation of H3K79 14. To test the impact of OGDH on histone 259 

succinylation in normal cardiac myocytes, we knocked it down using shRNA (sh-OGDH). This treatment induced 260 

a significant reduction of chromatin-bound OGDH (79 ± 7 %), and H4K12suc (62 ± 7 %) v. control levels, but not 261 

of H3K27me2/3, H3K9me1/2/3, H3, or H4. TFIIB was used as a nuclear marker. In addition, knockdown of OGDH 262 

was associated with a reduction in chromatin-bound ACAA2, indicative of the codependence of ACCA2 on 263 

OGDH for its recruitment to chromatin. We conclude that OGDH is required for histone succinylation, plausibly 264 

through conversion of alpha-ketoglutarate into succinyl-CoA at TSSs. On the other hand, we predict the reduction 265 

in H3 acetylation maybe secondary to the reduction in chromatin-bound ACAA2, since knockdown of ACAA2, 266 

resulted in 88% reduction in H3 acetylation (supplementary Fig. 11S).  267 

H2A.Z knockout in human HAP1 cells inhibits chromatin association of metabolic enzymes and 268 

posttranslational histone modifications. To validate the above data and investigate its relevance in human 269 

cells, we analyzed human near-haploid HAP1 cells with a 2 bp deletion in exon 3 of H2A.Z (∆H2A.Z). These 270 

cells are viable, however, they proliferate at ~1/4 of the rate of the parent cells (supplementary Fig. 13S). After 271 

fractionating the cellular protein/organelles and analyzing it with Western blots, we confirmed that H2A.Z is 272 
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deficient in the ∆H2A.Z cells (Fig. 8c). This loss is associated with more than 90% reduction in chromatin 273 

bound mitochondrial enzymes, including OGDH, ACAA2, HADHA, IDH2, SDHA and SDHB, and to a lesser 274 

extent their nucleoplasmic levels (Fig. 8a-b). Except for IDH2, the mitochondrial content of these enzymes was 275 

also reduced, whereas OGDH was undetectable. We predict that this reduction in total enzyme content is a 276 

result of direct, or indirect, H2A.Z-dependent transcription of their genes. As for OGDH, it is unclear why it is 277 

completely lost from the mitochondria, in particular, in the absence of H2A.Z. 278 

In contrast to the above tested enzymes, while the results show that PDHA1 exhibited strong localization to the 279 

nuclear and chromatin fractions, it was the only enzyme for which neither its expression nor chromatin binding 280 

were impacted by the knockout of H2A.Z. This proved its H2A.Z-independent chromatin association and, 281 

thereby, the selectivity of H2A.Z-dependent recruitment of metabolic enzymes. Other noted differences between 282 

the enzymes, include the finding that only OGDH and PDHA1 were detected in the cytosol, the unexpected 283 

complete loss of OGDH in the mitochondrial fraction in the ∆H2A.Z cells, and the equivalent reductions of SDHB 284 

in all fractions in the ∆H2A.Z cells that suggests its independence of H2A.Z for chromatin binding. Also, notable, 285 

is the fact that the nuclear localization of mitochondrial enzymes was selective, since the mitochondrial proteins 286 

VDAC1 and PDK1 were not detected in the nucleus, and were, thus, used as mitochondrial markers and internal 287 

controls in our blots. Thus,  288 

DISCUSSION 289 

In this study, we have identified a plethora of metabolic enzymes that bind to the TSSs of transcriptionally active 290 

genes in a H2A.Z-dependent and, less frequently, -independent fashion. These were discovered by an unbiased 291 

screen using anti-H2A.Z chromatin immunoprecipitation-mass spectrometry. This approach provides the unique 292 

advantage of identifying proteins that associate with H2A.Z in its native conformation within the nucleosome. 293 

One of the disadvantages, though, as with other immunoprecipitation approaches, is the likelihood of non-294 

specific bindings. To eliminate those from our analysis, we applied the following measures; each sample 295 

analyzed consisted of a pool of 20 independent heart, each sample was analyzed twice by mass spec, the H2A.Z 296 

pulldown was analyzed in 2 independent samples (the normal heart and the growth-induced), we only considered 297 

the co-immunoprecipitated proteins that exhibited ≥ 2-fold enrichment with H2A.Z vs. IgG control, and finally, we 298 

validated this finding for 7 of 29 enzymes identified using a combination of various methods that included 299 
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immunocytochemistry, tGFP fusion proteins, NLS mutagenesis, ChIP-Seq, and H2A.Z knockout. So far, all the 300 

metabolic enzymes that we have tested, including ACAA2, OGDH, IDH2, PDHA1, HADHA, SDHA, and SDHB, 301 

were confirmed for their nuclear localization and chromatin binding by two or more of the methods listed above, 302 

providing confidence in our RIME findings.  303 

We preformed the RIME assay in total heart tissue for the purpose of preserving the 3D milieu of the cells, which 304 

is critical for their transcriptional integrity, as we ascertained that the signals obtained by this approach are 305 

predominantly derived from cardiac myocytes. This is supported by the fact that smooth muscle actin (Acta2), 306 

which is expressed in smooth muscle cells and myofibroblasts in the heart, and ATPase plasma membrane Ca2+ 307 

transporting 4 (Atp2b4), which is ubiquitously expressed, including in epithelial cells, have no detectable RNA 308 

pol II binding compared to its high abundance in the corresponding cardiac genes, cardiac actin (Actc1) and 309 

ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 (Atp2a2, supplementary Fig. 14S). We then 310 

confirmed the findings by the various methods listed above, in both rodent and human cell lines, including 311 

isolated mouse and rat myocytes, human iPSC-derived cardiac myocytes, human colon cancer cells, and human 312 

near-haploid cells with or without a H2A.Z deletion. We find that the nuclear localization of the metabolic enzymes 313 

is conserved between species and largely H2A.Z-dependent.  314 

H2A.Z is a highly conserved histone variant that plays an essential role in sensing and responding to metabolic 315 

and environmental cues, however, the underlying mechanisms remain elusive. It has, though, been shown to 316 

interact with 93 proteins, mostly identified by unbiased screens using co-fractionation, affinity capture-MS, and 317 

affinity capture-Western [compiled in BioGRID 20], some of which may mediate its functions. These proteins 318 

include core histones 21, 22, proteins that regulate H2A.Z’s chromatin deposition [e.g. INO80 complex subunit C 319 

23, vacuolar protein sorting 72 24, ANP32E 17, 25], epigenetic regulators [e.g. E1A binding protein p400, lysine 320 

acetyltransferase 5, and histone deacetylase 1 and 2 22], in addition to its interaction with the metabolic enzymes 321 

ACAA2 and fumarase, observed in an interactome identified by co-fractionation 26. However, most of these 322 

interactions were not identified or validated in the context of nucleosomal-bound H2A.Z. Using the rapid 323 

immunoprecipitation-mass spectrometry of endogenous proteins assay approach 18 with anti-H2A.Z we identified 324 

its interaction with core histones, however, most of the other associated proteins were those related to 325 

metabolism, including all the enzymes of the TCA cycle and b-oxidation spiral, and key enzymes in the branched-326 
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chain amino acid metabolism. The fact that these enzymes are associated with chromatin at the TSS explains 327 

how metabolites could be directly delivered to target genes where they are used as substrates for histone 328 

modifications (e.g. acetyl-CoA, succinyl-CoA, among other short acyl-CoA metabolites) or as co-factors (aKG) 329 

for histone modifying enzymes, thereby, allowing promoters to immediately sense and respond to metabolic 330 

cues. Consistent with an H2A.Z-dependent recruitment, genes that are devoid of H2A.Z, also lack metabolic 331 

enzymes (ACAA2 and OGDH) at their TSS and, conclusively, knockdown or knockout of H2A.Z abrogates 332 

chromatin association of multiple enzymes including ACAA2, OGDH, IDH2, HADHA, SDHA, and SDHB. 333 

Interestingly, however, PDHA1 was an exception, as it retained its chromatin association in the absence of H2A.Z 334 

in HAP1 cells. Therefore, we conclude that while H2A.Z may be required for the recruitment of multiple metabolic 335 

enzymes to chromatin, there are some that are H2A.Z-independent, for which the recruiting protein remains to 336 

be determined. On the other hand, we speculate that the absence of H2A.Z and metabolic enzymes at the 337 

promoters of constitutively expressed, tissue-restricted genes (e.g. sarcomeric proteins), which distinguish an 338 

organ’s unique functionality, ensures these are not impacted by metabolic fluctuations, as one would expect. 339 

This contrasts with housekeeping and inducible genes that would be immediately modulated in response to 340 

changes in oxygen and/or metabolic substrate availabilities, as a mechanism of cellular adaptation. Our results 341 

are also consistent with a proteomics study that identified all TCA cycle enzymes in the nucleus of normal and 342 

cancer cells 16. 343 

H2A.Z is required for transcriptional memory in yeast where it is incorporated in newly deactivated INO1 at the 344 

nuclear periphery 27, 28, and in hippocampal memory in mice, where it negatively controls fear memory through 345 

suppressing the expression of specific memory-activating genes 29, and is necessary for neurogenesis and 346 

normal behavioral traits in mice 30. As well established, memory is a function of epigenetics, wherein histone 347 

acetylation is an essential regulator, demonstrated by Mews et al 31. In that study, the authors reported that 348 

ACSS2 (a cytosolic and nuclear enzyme that converts acetate into acetyl-CoA) binds near the TSS of 349 

hippocampal neuronal genes, where its knockdown diminishes long-term spatial memory and an acetylation-350 

dependent cognitive process. This suggests a potential link between H2A.Z and the intricate and precise 351 

regulation of core histone modifications. Concordantly, we show that knockdown or knockout of H2A.Z reduces 352 

the association of metabolic enzymes with chromatin, which is paralleled with a significant reduction in histone 353 

H3 acetylation and methylation, whereas OGDH knockdown or H2A.Z knockout reduce H4K12 succinylation. 354 
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The association of metabolic enzymes with the TSS of genes could potentially explain the mechanism of targeted 355 

histone modifications, and, therefore, the direct regulation of transcription via glucose and fatty acid metabolism. 356 

Furthermore, the data expands the range of locally-delivered modifying substrates and regulatory co-factor to 357 

include not only acetyl-CoA or succinyl-CoA, but also citrate, aKG, succinate, fumarate, and other short chain 358 

acyl-CoAs, which considering the complexity of gene regulation and memory, is not surprising.  359 

While acetylation and methylation of histones is a key player in transcriptional regulation and memory, 360 

succinylation is another modification that has received less attention. The alpha-ketoglutarate dehydrogenase 361 

complex catalyzes the conversion of aKG into succinyl-CoA as a source of cellular succinyl-CoA. However, there 362 

is no known route via which this metabolic intermediate is delivered to the nucleus. Interestingly, Wang et al, 363 

identified an interaction between OGDH and lysine acetyltransferase 2A in the nucleus, which mediates the 364 

succinylation of H3K79 14. Their report shows that ChIP-Seq of OGDH, in U251 glioblastoma cells, identifies 249 365 

peaks, mainly enriched within 2 Kb of the TSS. This agrees with what we observed in our study, where OGDH 366 

is enriched at -2000 to +2000 surrounding the TSSs. The differences, though, are that we identified 16,790 367 

peaks, covering 89.9% of TSSs that co-localized and co-immunoprecipitated with H2A.Z, with the exemption of 368 

tissue-restricted genes, which lack any substantial amount of H2A.Z. We predict that the difference in the number 369 

of peaks is likely due to differences in the cell types or the antibodies used for ChIP-Seq. Other support of nuclear 370 

localization of mitochondrial enzymes was reported by Jiang et al, showing that phosphorylated fumarase 371 

interacts with H2A.Z in response to ionizing radiation-induced activation of DNA-dependent protein kinase in 372 

U2OS cells, a function that regulates DNA repair 32. Our study extends these findings to include nuclear 373 

occupancy of all the enzymes in the TCA cycle and beta-oxidation spiral, where they are recruited to chromatin 374 

via H2A.Z. Thus, our data support the concept that local production of the TCA cycle intermediates is necessary 375 

for transcriptional regulation. Other than fumarate and succinyl-CoA, production of citrate, aKG, succinate, and 376 

acetyl-CoA, among others, have the capacity of either generating the substrates that are directly required for 377 

histone modification, or alternatively, generating metabolites that regulate histone modifying enzymes.  378 

H2A.Z’s function does not always correlate with transcriptional activity, as noted by others and us. Not only do 379 

we show that constitutively-expressed, tissue-restricted genes, which have the highest level of cellular 380 

expression, have little to no H2A.Z at the TSS or in the gene body, but conversely, we found that developmental 381 
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suppressed/unexpressed genes (e.g. Wnt1, Noggin, Tbx1) have substantial amounts of H2A.Z at the TSS and 382 

in gene body (supplementary data, Fig. 15S and Table 8). On the other hand, moderately-expressed 383 

housekeeping genes that are amenable to incremental modulation by external stimuli have the highest levels of 384 

H2A.Z at their TSS, whereas, inducible genes have high levels of H2A.Z at the TSS that extends into the gene 385 

body. The latter pattern enhances the responsiveness of inducible genes to stimuli, as previously reported in 386 

Arabidopsis thaliana 33. While these results support the role for H2A.Z in transcriptional regulation, they suggest 387 

that it is not required for constitutive transcription but rather for strictly regulated transcription. Our findings show 388 

that ACAA2 and OGDH exist only at H2A.Z-occupied TSSs of expressed and minimally of a few unexpressed 389 

genes (supplementary Fig. 15S), where H2A.Z and OGDH fully overlap at 89.9% of expressed TSSs. In 390 

comparison, chromatin-bound ACAA2 overlaps with H2A.Z and OGDH at 36.5 % of TSSs. There are, however, 391 

a handful of genes that are an exception to this rule. These included 53 Zfp genes, which have the highest peaks 392 

of OGDH within their terminal exon, where there is no detectable H2A.Z, which are conserved in humans 393 

(supplementary Fig. 8S and 9S).  394 

One of the unresolved issues that needs to be thoroughly investigated, is the exact stoichiometry of the enzymes 395 

and the interdependence of their bindings and functions, which is apt to determine the concentrations of the 396 

metabolites that are produced/consumed at the TSSs. Accordingly, we expect that the composition of these 397 

enzymatic complexes to define the underlying histone modifications and the responsiveness of the genes’ 398 

expression to oxidative or metabolic cues, while any perturbation may result in pathogenesis. This is underscored 399 

by the fact that while ACAA2 fully overlaps with ODGH at TSSs, the precise pattern of binding and their 400 

responsiveness to growth stimuli in the heart are distinct. For instance, in the Ubc gene, the two start sites exhibit 401 

differential binding to ACAA2 and OGDH, particularly, during growth, when OGDH shows a decrease in 402 

abundance at the first TSS accompanied by an increase at the second TSS, whereas, the ACAA2 assembled at 403 

the first TSS remains unchanged (Fig. 5). Meanwhile, H2A.Z abundance does not vary significantly. Another 404 

incompletely resolved matter, is how these enzymes are imported into the nucleus. We were able to confirm that, 405 

at least, ACAA2 and OGDH harbor NLSs that are required for their nuclear import (Fig. 3 and supplementary Fig 406 

3S), however, it remains necessary to investigate the other enzymes.   407 

In summation, the findings add a new level of understanding to the intricacies of the transcriptional machinery 408 

and its regulation by metabolism.  409 
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MATERIALS AND METHODS 410 

Animal care - All animal procedures used in this study are in accordance with US National Institute of Health 411 

Guidelines for the Care and Use of Laboratory Animals (No. 85-23). All protocols were approved by the 412 

Institutional Animal Care and Use Committee at the Rutgers-New Jersey Medical School.  413 

H2A.Z rapid immunoprecipitation mass spectrometry of endogenous proteins (RIME) - Male C57/Bl, 12 414 

wk-old mice, 10 each, were subjected to a sham or transverse aortic constriction (TAC) procedure. After 1 wk, 415 

the hearts were isolated, pooled for each condition, and sent to Active Motif for RIME analysis by anti-H2A.Z 416 

(Active Motif, cat # 39943). 417 

DATABASE SEARCHING (Active Motif) – All MS/MS samples were analyzed using X! Tandem (The GPM, 418 

thegpm.org; version X! Tandem Alanine (2017.2.1.4)). X! Tandem was set up to search the 419 

UP_mouse_CrapE2F1_rev database (unknown version, 106444 entries) assuming the digestion enzyme 420 

trypsin. X! Tandem was searched with a fragment ion mass tolerance of 20 PPM and a parent ion tolerance of 421 

20 PPM. Glu->pyro-Glu of the N-terminus, ammonia-loss of the N-terminus, gln- pyro-Glu of the n-terminus 422 

deamidated of asparagine and glutamine, oxidation of methionine and tryptophan and dioxidation of methionine 423 

and tryptophan were specified in X! Tandem as variable modifications. Each sample was analyzed twice by 424 

MS/MS. 425 

CRITERIA FOR PROTEIN IDENTIFICATION (Active Motif) – Scaffold (version Scaffold_4.8.4, Proteome 426 

Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide 427 

identifications were accepted if they could be established at greater than 50.0 % probability by the Scaffold Local 428 

false discovery rates (FDR) algorithm. Peptide identifications were also required to exceed specific database 429 

search engine thresholds. X! Tandem identifications required at least. Protein identifications were accepted if 430 

they could be established at greater than 5.0% probability to achieve an FDR less than 5.0% and contained at 431 

least 1 identified peptide.  Protein probabilities were assigned by the Protein Prophet algorithm 34. Proteins that 432 

contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to 433 

satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. 434 

ANALYSIS - The total spectra counts for all genes in the three samples, were normalized to the corresponding 435 

spectra count of the rabbit IgG (control or anti-H2A.Z) used for the immunoprecipitation, which was detected in 436 
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each sample. Fold enrichment of total spectra for sham : IgG and TAC : IgG, for each gene, was calculated. 437 

Seventy-three of these had a ≥ 2-fold enrichment, those are shown in figure 1 and supplementary figure 1S.  438 

Culturing rat neonatal cardiac myocytes - Cardiac myocytes were cultured as described in our previous 439 

reports 35. Briefly, hearts were isolated from 1 day old of Sprague-Dawley rats. After dissociation with 440 

collagenase, cells were subjected to Percoll gradient centrifugation followed by differential pre-plating for 30 min 441 

to enrich for cardiac myocytes and deplete non-myocyte cells. Myocytes were cultured in Dulbecco’s Modified 442 

Eagle’s medium supplemented with 10% fetal bovine serum (FBS). All experiments were initiated after a 24 h 443 

culturing period.  444 

Culturing mouse adult cardiac myocytes - Adult cardiac myocytes were isolated and cultured from C57/Bl 445 

mice (8-9 wks old), according to the protocol described by Ackers-Johnson et al. 36. Briefly, mice were anesthesia 446 

with Ketamine/Xylazine/Acepromazine (65/13/2 mg/kg) by intraperitoneal injection. The mouse chest cage was 447 

then opened, the ascending aorta clamped, and both descending aorta and inferior vena cava cut. First, 448 

ethylenediaminetetraacetic acid (EDTA) is injected into the base of the right ventricle, the heart is then transferred 449 

into a petri dish, and a second EDTA injection is administered into the left ventricular wall above the 450 

apex. Following this, the cells are dissociated using collagenase, and the rod-shaped myocytes are differentially 451 

separated by gravity, where calcium is re-introduced. The cells are plated on laminin-coated dishes or glass 452 

slides in M199 medium with 5 % FBS for 1 hour, after which the FBS is replaced with 0.1% bovine serum albumin 453 

for longer culturing periods. 454 

Human iPSC-derived cardiac myocyte cultures - Cardiac myocytes derived from human iPSCs were 455 

purchased from Cellular Dynamics International and cultured as recommended by the manufacturer.  456 

Colon cancer cell culture - SW620 were purchased from the American Type Culture Collection (ATCC). Cells 457 

were cultured in Leibovitz’s (Gibco) medium with 10% FBS and maintained in a CO2 free incubator.  458 

Human haploid HAP1 and ∆H2A.Z-HAP1 cell cultures - HAP1 and H2A.Z knockout HAP1 (∆H2A.Z-HAP1) 459 

cell lines were purchased from Horizon Discovery and cultured in Iscove’s Modified Dulbecco’s Medium with 460 

10% FBS, according to the company’s protocol. These cells are fibroblast-like derived from human male chronic 461 

myelogenous leukemia (CML) cell line KBM-7. The ∆H2A.Z-HAP1 was generated by CRISPER/Cas, creating a 462 
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2bp deletion in exon 3 of H2A.Z. The cells are viable but have a much slower proliferation rate than the parent 463 

cell-line. 464 

Construction of GFP fusion proteins - The plasmids harboring cDNAs of turbo-GFP (tGFP), OGDH 465 

(NM_002541), ACAA2 (NM_177470), and IDH2 (NM_002168) were purchased from Origene. The cDNA of the 466 

latter three genes were then sub-cloned, in-frame, upstream of tGFP, and the fusion cDNA was subsequently 467 

sub-cloned into the pDC316 shuttle plasmid vector (Microbix), which was used to generate recombinant 468 

adenoviral vectors via homologous recombination. 469 

Harvesting and immunostaining mouse embryos - Embryos were dissected at E10.5 in ice-cold 470 

phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde at 4oC overnight, and then washed with ice-471 

cold PBS. Embryos were then embedded into optimal cutting temperature matrix and sectioned in sagittal 472 

orientation. For immunofluorescence, sections were incubated with blocking buffer: 5% donkey serum (Sigma, 473 

cat # D9663) diluted in PBS containing 0.05% Tween-20 (PBST), for 30 minutes at room temperature. 474 

Sections were then incubated with primary antibodies at 4oC overnight: OGDH (Cell Signaling Technology, cat 475 

# 26865, 1:100 dilution) and alpha-cardiac actin (Sigma, cat # A9357, 1:300 dilution) diluted in the blocking 476 

buffer. Slides were then washed in PBS and incubated with 4′,6-diamidino-2-phenylindole (DAPI) to mark 477 

nuclei and with secondary antibodies diluted 1:300 in the blocking buffer for 2 hours at room temperature. 478 

2o antibodies were donkey anti-rabbit-Alexa 488 (Invitrogen, cat # A21206) and donkey anti-mouse-Alexa 555 479 

(Invitrogen, cat # A31570).  480 

Transverse aortic constriction (TAC) in mice - This was performed as described in our previous reports 37, 38.  481 

Briefly, a 7-0 braided polyester suture was tied around the transverse thoracic aorta, against a 27-gauge needle, 482 

between the innominate artery and the left common carotid artery. Control mice were subjected to a sham 483 

operation involving the same procedure, minus the aortic constriction.  484 

Echocardiography and doppler - This was performed as described in our previous reports 37, 38.  Briefly, 485 

transthoracic echocardiography was performed using the Vevo 770 imaging system (Visual Sonics, Inc.) with a 486 

707B-30MHz scanhead, encapsulated, transducer. Electrocardiographic electrodes were taped to the four paws, 487 

then one dimensional (1D) M-mode and 2D B-mode tracings were recorded from the parasternal short-axis view 488 

at the mid papillary muscle level. In addition, pulse-wave Doppler was used to measure blood flow velocity and 489 
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peak gradient pressure in the aorta. For analysis, we used the Vevo 770 Software (Vevo 770, Version 23), which 490 

includes: analytic software package for B-Mode (2D) image capture and analysis; cine loop image capture, 491 

display, and review; software analytics for advanced measurements and annotations; and physiological data on-492 

screen trace. 493 

Construction and delivery of recombinant adenovirus (Ad) vector - Recombinant adenoviral vectors were 494 

constructed, propagated, purified, and tittered as described in our previous reports 39-41. Briefly, short hairpin 495 

RNAs (shRNAs) were cloned into pDC311 shuttle (Microbix Biosystems Inc.), downstream of a U6 promoter. 496 

These were transfected with the replication-defective Ad5 viral DNA backbone into 293HEK cells, in which a 497 

recombination reaction introduces the DNA insert into the viral DNA. Single virus plaques were amplified in 498 

293HEK cells, purified on a CsCl2 gradient, dialyzed, and tittered on 293HEK cells with agarose overlay. Ad 499 

vectors were constructed with the following inserts, shRNA targeting OGDH - 500 

ccagccactggcaacaagaaTTCAAGAGAAttcttgttgccagtggctggTTTTTT, shRNA targeting H2A.Z - 501 

gtcacttgcagcttgctataTTCAAGAGAAtatagcaagctgcaagtgacTTTTTT, and shRNA targeting ACAA2 - 502 

cagttcttgtctgttcagaaTTCAAGAGAAttctgaacagacaagaactgTTTTTT, or a nonsense control shRNA 503 

gaaccgagcccaccagcgagcTTCAAGAGAAgctcgctggtgggctcggttcTTTTTT, the shaded areas are the loop 504 

sequence and the terminal 6xT’s is the stop signal for the U6 promoter used for the expression of these shRNAs. 505 

Cardiac myocytes were infected with 10-30 multiplicity-of-infection (moi) of the viruses for 24 h or 48 h, as 506 

indicated in the figure legends. 507 

Subcellular fractionation and Western blotting - Proteins were fractionated using the subcellular protein 508 

fractionation kit (Thermo Fisher, cat # 78840), according to the manufacturer’s protocols. The cellular fractions 509 

were separated on a 4% to 12% gradient SDS-PAGE (Criterion gels, Bio-Rad) and transferred to nitrocellulose 510 

membrane.  The antibodies used include: anti-turboGFP (Origene, cat # TA150041), -PDHA1 (Cell Signaling 511 

Technology, cat # 3205), -IDH2 (Cell Signaling Technology, cat # 56437), -OGDH (E1W8H, Cell Signaling 512 

Technology, cat # 26865), -ACAA2 (Origene Technologies, cat # TA506126), -H2A.Z (Active Motif, cat # 39943), 513 

-H3 (Active Motif, cat # 61476), -H3 pan-acetyl (Active Motif, cat # 39140), -H3K27 di- and tri-methyl 514 

(H3K27me2/3, Active Motif, cat # 39538), -nuclear pore glycoprotein p62 (NUP62, US Biological, cat # 515 

USB326547), -hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha (HADHA, 516 
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Abcam, cat # ab203114), -pyruvate dehydrogenase kinase 1 (PDK1, Novus Biologicals, cat # 100-2383), -517 

transcription factor II B (TFIIB, Cell Signaling Technology, cat # 4169), -H4K12-succinyl (H4K12suc, Epigentek, 518 

cat # A70383), -H2A (Active Motif, cat # 35951), -H4 (Upstate, cat # 07-108), -H3K9 mono-, di-, tri-methyl 519 

(H3K9me1/2/3, Active Motive, cat # 38241), -AKT1 (Cell Signaling Technology, cat # 9272), -voltage-dependent 520 

anion-selective channel 1 (VDAC1, Genscript, cat # A01419), -succinate dehydrogenase complex, subunit A 521 

(SDHA, Thermo Fisher, cat # 459200), -succinate dehydrogenase complex, subunit b (SDHB, Santa Cruz 522 

Biotechnology, cat # sc-25851), and -RNA pol II (Abcam, cat # ab5095). The Western blot signals were detected 523 

by the Odyssey imaging system (LI-COR). 524 

Immunocytochemistry - Cells were seeded on glass chamber slides coated with fibronectin for neonatal 525 

myocytes and hiPSC-CM, or with laminin for adult myocytes, fixed with 3% formaldehyde / 0.3% triton x-100, 526 

then incubated with antibodies (1:100) or phalloidin (in Tris-buffered saline with 1% bovine serum albumin), 527 

washed and mounted using Prolong Gold anti-fade with DAPI (Molecular Probes). The antibodies included: anti-528 

PDHA1, -IDH2, -OGDH (Cell Signaling Technology, same as those listed for the Western blotting, above), as 529 

well as, anti-OGDH (Sigma, cat # HPA019514), and anti-ACAA2 (Origene Technologies, cat # TA506126). The 530 

slides were imaged using Nikon A1R laser scanning confocal microscope with Plan Apo 60x objective.  531 

ChIP-Seq (Active Motif) and data analysis - Mice were subjected to transverse aortic constriction or a sham 532 

operation. After 7 days, cardiac function and structure were assessed by echocardiography, before isolation of 533 

the hearts. The hearts were then analyzed by ChIP using the following antibodies: anti-RNA pol II (Abcam, cat 534 

# ab5095), -H2A.Z (Active Motif, cat # 39113), -H3K9-acetyl (H3K9ac) (Active Motif, cat # 39918), -TFIIB (Santa 535 

Cruz Biotechnology, cat # sc-225), -cyclin-dependent kinase 9 (CDK9, Santa Cruz Biotechnology, cat # sc-8338), 536 

-ANP32e (Abcam, cat # ab5993), -ACAA2 (Origene Technologies, cat # TA506126), and -OGDH (E1W8H, Cell 537 

Signaling Technology, cat # 26865), followed by next generation sequencing (Active Motif).  We have previously 538 

reported the results of our ChIP-Seq for RNA pol II 42, H3K9ac 42, TFIIB 35, H2A.Z 17, and ANP32E 17, and, thus, 539 

are not further described here. Briefly, ChIP libraries were sequenced using NextSeq 500, generating 75-nt 540 

sequence reads that are mapped to the genome using BWA algorithms. The reads/tags were extended in silico 541 

by 150-250 bp at their 3’end (fragments), the density of which is determined along the genome, divided in 32 nt 542 

bins, and the results saved in bigWig and BAM (Binary Alignment/Map) files. Fragment peaks were identified 543 

using MACS, which identifies local areas of enrichment of Tags, defined as ‘intervals’, while overlapping intervals 544 
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are grouped into ‘Merged Regions’. The locations and proximities to gene annotations of intervals and active 545 

regions are defined and compiled in Excel spreadsheets, which include average and peak fragment densities. 546 

Regarding tag normalization and input control, the sample with the lowest number of tags is used for 547 

normalization of all samples, while the input is used to identify false positive peaks. The statistics for ACAA2 and 548 

OGDH ChIP-Seq results, including total number of reads, peaks, empirical FDR, and peak calling parameters 549 

are listed in supplementary Table 1. 550 

In addition, we separately analyzed the fragment densities by gene region, where the average value (Avg Val) 551 

of fragment densities at the TSS (-1000 to +1000) and in-gene/gene body (+1000 to 3’ end) regions for all genes 552 

were calculated separately. Subsequently, we used these values to sort genes according to TSS-pol II, -ACCA2, 553 

or -OGDH, occupancy.    554 

ChIP-Seq analysis software - The heatmaps, curves, and histograms shown in figure 4a-c, were generated 555 

using EaSeq 43. Images of sequence alignments of fragments across chromosomal coordinates were generated 556 

using the Integrated Genome Browser (Fig. 6-7) 44. 557 

Statistical analysis - The significance of differences between 2 experimental groups was calculated using T-558 

test (equal variance, 2-tailed), where p < 0.05 was considered significant.  559 
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FIGURE LEGENDS 695 

Figure 1. H2A.Z-bound chromatin associates with metabolic enzymes in mouse heart nuclei. ChIP with 696 

anti-H2A.Z or a control IgG was performed on nuclei from a pool of 10 hearts each, from mice subjected to a 697 

sham or a transverse aortic constriction operation. The sample size was determined based on the quantity of 698 

the material required for the assay and for biological averaging of samples based on our prior experience of the 699 

variability between mouse hearts in response to growth induction. The ChIP complex was then subjected to 700 

MS/MS, each sample analyzed twice. b.-d. Total spectra identified in the IgG, sham, and TAC samples were 701 

plotted. These include those with a cutoff of more than 2-fold enrichment v. control IgG, after normalization to 702 

the IgG C chain region spectra detected in each sample. Data were grouped as, b. histones, c. TCA cycle 703 

enzymes, and d. b-oxidation spiral enzymes. The enzymes identified are also indicated in blue in the pathways 704 

outlined for the TCA cycle and the b-oxidation spiral on the right in c. and d. Source file for these data are 705 

available in Figure 1-source data 1.   706 

Figure 2. Nuclear localization of metabolic enzymes in both rodent and human cardiac myocytes, and 707 

colon cancer cells, observed by confocal imaging. a. Isolated rat neonatal cardiac myocytes (rNCM), b. 708 

mouse adult cardiac myocytes (mACM), c. human iPSC-derived cardiac myocytes (hiPSC-CM), and d. SW620 709 

colon cancer cells, were cultured, fixed, and immune-stained with the antibodies for the proteins indicated on the 710 

left (anti-OGDH, -IDH2, -PDHA1, and -ACAA2, all in red), in addition to phalloidin (green), and DAPI (blue). For 711 

each, the left panels show the staining for OGDH, IDH2, PDHA1, or ACAA2 (red) and the right panel, their 712 

overlay with phalloidin (except for the mACM) and DAPI. The cells were then imaged using confocal microscopy. 713 

e. Ten and a half-day-old mouse embryos were immune-stained for OGDH (green), a-actinin (red), and DAPI 714 

(blue), each shown separately or in an overlay (rightmost). The scale bars represent: a-d. 20 µm and e. 50 µm.  715 

Figure 3. Nuclear localization of metabolic enzymes confirmed by tGFP-fusion proteins and NLS 716 

mutations. Cardiac myocytes were infected with a 10-20 moi of recombinant adenoviruses harboring turbo-GFP 717 

(tGFP) or a. wt ACAA-tGFP or an NLS mutant (mtACAA2-tGFP), b. wt OGDH or an NLS mutant (mtOGDH-718 

tGFP), c. wt IDH2-tGFP, tGFP-fused cDNAs. After 18 h, the cellular protein/organelles were fractionated into 719 

cytosol (cyto), mitochondrial and membrane (mito), nuclear (nuc), and chromatin-bound (chrom) protein fractions 720 

that were then analyzed by Western blotting for the proteins listed on the left of each panel. The fusion proteins 721 
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were detected by anti-GFP (upper panels, a-c) and anti-ACAA2, anti-OGDH, and anti-IDH2 (second panels, a-722 

c), which also detect the endogenous proteins. AKT1, VDAC1, TFIIB or Pol II, and H3, were immunodetected 723 

for use as internal controls for the corresponding cell fractions. The signals for the d. tGFP, and tGFP-fusion 724 

proteins e. ACAA2-tGFP, f. mtACAA2-tGFP, g. OGDH-tGFP, h. mtOGDH-tGFP, i. IDH2-tGFP (top panels), were 725 

quantified using imageJ, normalized to internal controls, and plotted as the mean ± SEM of % total protein in all 726 

4 fractions. Error bars represent SEM, N=3 from 3 repeats. *p = 0.0095 vs. wt tGFP-fusion, #p ≤ 0.05 vs. tGFP, 727 

in corresponding fractions.  728 

Figure 4. The association of ACAA2 and OGDH with chromatin overlaps with H2A.Z at transcription start 729 

sites. Mice were subjected to a sham or TAC operation. One-week post-TAC, the hearts were isolated and 730 

analyzed by ChIP-Seq for H2A.Z, ACAA2, or OGDH (pool of 3, each). The sample size was determined based 731 

on the quantity of the material required for the assay and for biological averaging of samples based on our prior 732 

experience of the variability between mouse hearts in response to growth induction. a. Heatmaps of the ChIP-733 

Seq sequence Tags from sham (blue), TAC (brown), and input (grey) aligned at the TSS. The y-axis represents 734 

individual positions of bins, and the x-axis represents a region from -2000 to +2000 bp relative to the TSS. b. 735 

Graphs representing average peak values of H2A.Z, ACAA2, and OGDH ChIP-Seq Tags from sham, TAC, and 736 

input from -2000 to +2000 bp relative to the TSS. c. Histograms showing the distribution of fragments calculated 737 

from their overall frequencies in the ChIP-Seq of H2A.Z (x-axis) v. ACAA2 or OGDH (y-axis), and of ACAA2 (x-738 

axis) v. OGDH (y-axis), over the length of the gene and including -2000 bp upstream of the TSS, as labeled. The 739 

x- and y-axes were segmented into 75 bins, and the number of fragments within each bin was counted, color 740 

coded, and plotted. The bar to the right of the plot illustrates the relationship between count and coloring. The 741 

plots represent pseudo-colored 2D matrices showing observed/expected distribution, calculated from the overall 742 

frequencies of fragments on each of the axes. This plot shows the relation between H2A.Z and ACAA2 or OGDH, 743 

and of ACAA2 and OGDH levels, relative to what is expected if they occurred by chance. The pseudo-color 744 

corresponds to the Obs/Exp ratio, and the color intensity is proportional to the log2 of the number of observed 745 

fragments within each bin. These plots suggest that there is a positive correlation between the levels of H2A.Z 746 

and ACAA2 or OGDH, where the red indicates that this occurs more frequently than expected by chance, as 747 

denoted by the correlation coefficient listed above each plot. For the separate observed and expected 748 

histograms, please see supplementary Fig. 3S. The plots in this figure were generated by EaSeq software. 749 
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Figure 5. ACAA2 binds selectively to the TSS of genes and is differentially regulated during growth. Mice 750 

were subjected to a sham or TAC operation. One-week post-TAC, the hearts were isolated and analyzed by 751 

ChIP-Seq for ACAA2. a. The alignment of the ChIP-Seq sequence tags for H3K9ac, TFIIB, pol II, Cdk9, H2A.Z, 752 

ANP32E, ACAA2, and OGDH (y-axis) across the genome’s coordinates (x-axis) of the TSS regions of Rrbp1, 753 

Eif4g1, Ubc, Gtf2b, Pdha1, Actc1, and Actn2 genes. The arrow shows the start and direction of transcription. 754 

Expressed genes (RNA pol II positive) were sorted into 4 groups: b. those that bind ACAA2 (ACAA2-positive), 755 

c. ACAA2-negative, d. ACAA2-positive that exhibit upregulation during growth, and e. ACAA2-positive that 756 

exhibit downregulation during growth. The ChIP-Seq sequence Tags for ACAA2, H2A.Z, H3K9ac, OGDH, and 757 

pol II, at the TSS (-1000 to +1000), from these groups, were plotted as violin plots, in which the horizontal solid 758 

line represent the median, and the dashed lines the quartiles, whereas, the shape of the violin reflect the tags’ 759 

density distribution.   760 

Figure 6. OGDH binds to the TSSs of 89.9% of expressed genes in consistent overlap with H2A.Z. Mice 761 

were subjected to a sham or TAC operation. One-week post-TAC, the hearts were isolated and analyzed by 762 

ChIP-Seq for OGDH. a. The alignment of the sequence tags of H3K9ac, TFIIB, pol II, Cdk9, H2A.Z, ANP32E, 763 

ACAA2, and OGDH (y-axis) across the genome’s coordinates (x-axis) of the TSS regions of Ndufb10, Prkab2, 764 

Pdk1, Zfp180, and Tnnt2. The arrow shows the start and direction of transcription. Expressed genes (RNA pol II 765 

positive) were sorted into 4 groups: b. those that bind OGDH (OGDH-positive), c. OGDH-negative, d. OGDH-766 

positive that exhibit upregulation during growth, and e. OGDH-positive that exhibit downregulation during growth. 767 

The sequence tags for OGDH, H2A.Z, H3K9ac, ACAA2, and pol II, at the TSS (-1000 to +1000), from these 768 

groups, were plotted as violin plots, in which the horizontal solid line represent the median, and the dashed lines 769 

the quartiles, whereas, the shape of the violin reflect the tags’ density distribution.   770 

Figure 7. Knockdown of H2A.Z in rodent cells inhibits chromatin binding of metabolic enzymes and 771 

reduces histone modifications. Mouse adult cardiac myocytes were isolated from the hearts of 8 wk old male 772 

C57/Bl mice.  They were the infected with 30 moi of adenoviruses harboring a nonsense shRNA control or one 773 

targeting H2A.Z. After 24 h, organelles were isolated and fractionated into membrane/mitochondrial (Mem), 774 

nuclear (Nuc), and chromatin-bound (Chrom, no crosslinking applied), using a combination of differential lysis 775 

and sequential centrifugation. The proteins extracted from each of these fractions were analyzed by Western 776 

blotting for the genes indicated on the right of each panel. b. The Western blot signals (n=3, each, from 3 777 
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repeats), was quantitated and plotted as the mean ± SEM relative to the control, adjusted to 1. Error bars 778 

represent standard error of the mean, and *p = 0.03 v. each’s corresponding control. c. shRNA targeting OGDH 779 

or a control construct, was delivered to isolated rat neonatal cardiac myocytes using adenoviral vectors (moi 30). 780 

After 48 h, organelles were isolated, fractionated, and analyzed as described in (a). The Western blot signals 781 

(n=4, each, from 4 repeats), was quantitated and plotted as the mean ± SEM relative to the control, adjusted to 782 

1. Error bars represent standard error of the mean, and *p = 0.035 v. each’s corresponding control. 783 

Figure 8.  H2A.Z knockout in human HAP1 cells inhibits chromatin binding of metabolic enzymes and 784 

reduces histone modifications. a. Human HAP1 and H2A.Z-deleted HAP1 (∆H2A.Z) cells were cultured in 785 

Iscove’s Modified Dulbecco’s Medium with 10% fetal bovine serum. The cellular protein/organelles were 786 

fractionated into cytosol (cyto), mitochondrial and membrane (mito/mem), nuclear (nuc), and chromatin-bound 787 

(chrom) protein fractions that were then analyzed by Western blotting for the proteins listed on the left of each 788 

panel. b. The signals for the enzymes in each of the fractions were quantified by imageJ, normalized to the 789 

internal control of the corresponding fraction (AKT1, VDAC1, or Pol II, for the cyto, mito, and nuc and chrom, 790 

respectively) and plotted as the mean ± SEM of relative quant of the protein detected in the ∆H2A.Z vs. the 791 

parent cells (HAP1) adjusted to 1. H3-ac and K79me2/3 were normalized to H3, and H4K12-suc, was normalized 792 

to H4. N=3, each, from 3 repeats, *p = 0.001 vs. HAP1 in the corresponding fraction. 793 
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intermediate filamentsother mitochondrial proteins

BCAA oxidation

protein translation other cytosolic proteins

Figure 1S. Additional proteins that co-precipitate
with H2A.Z-bound chromatin in the RIME assay.
ChIP with anti-H2A.Z or a control IgG was performed
on nuclei from a pool of 10 hearts each, from mice
subjec ted to a sham or a transverse aort ic
constriction operation. The ChIP complex was then
subjected to MS/MS, each sample analyzed twice.
a.-e. Total spectra identified in the IgG, sham, and
TAC samples were plotted. These include those with
a cutoff of more than 2-fold enrichment v. control IgG,
after normalization to the IgG C chain region spectra
detected in each sample. Data were grouped as a.
branched-chain amino acid (BCAA) oxidation
enzymes, b. protein translation proteins, c. other
cytosolic proteins, d. other mitochondrial proteins,
and e. intermediate filament proteins. The enzymes
in a. are represent in blue in the BCAA oxidation
pathway illustrated on its right.

a.

b. c.

d. e.
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https://www.proteinatlas.org/EN
SG00000168291-
PDHB/tissue/heart+muscle#img

OGDH Normal heart PDHB Normal heart
OGDH-microtubules-DAPIA-431

https://www.proteinatlas.org/ENSG00000105953-
OGDH/cell#img

Figure 2S. Images from the human protein at las project
(www.proteinatlas.org). The Human Protein Atlas is a Swedish-based
project that includes antibody-based imaging of human tissue and cell
lines, and is open access for scientists allowing free use of the data,
given that it is properly cited [Ref. 18]. Shown are images from that
project that include normal human heart sections immuno-stained with
a. anti-OGDH and b. anti-PDHB, c. human breast cancer sections
immuno-stained with anti-HADBH, d. A431 cells immuno-stained with
anti-OGDH, and e. A-431 cells immuno-stained with anti-MRSP36.
Direct links to the web pages are listed beneath each image. Note,
different antibodies had differential affinities to the nuclear v.
mitochondrial form of a given protein, as demonstrated in our data f.
We also stained the human colon cancer cell line SW620 with the a
second OGDH antibody that targets the N-terminus v. the C-terminus,
used in the main figure 2, for validation of the data.

Antibody: Sigma, cat # HPA019514, targeting the N-terminus.
(same as used for human heart and A-431 in a. and d., respectively )

SW620 OGDH-Phalloidin-DAPI

https://www.proteinatlas.org/EN
SG00000138029-
HADHB/pathology/tissue/breast
+cancer#img

https://www.proteinatlas.org/ENSG00000134056-MRPS36/cell#img

https://www.proteinatlas.org/EN
SG00000105953-
OGDH/tissue/heart+muscle#img

HADHB Breast Cancer

MRSP36-microtubules-DAPIA-431

a. b. c. d.
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f.
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CDK9 (known nuclear protein)

Figure 3S. Prediction of importin a-dependent nuclear localization signal
(NLS) using cNLS Mapper. The images show the output of the NLS prediction
results for OGDH, ACAA2, and CDK9 (used as a positive control), by cNLS
Mapp er , a f ree web- bas ed p red i c t i on s o f tware : h t tp : / /n l s -
mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi. The predicted NLS is
indicated by red lettering. The scoring system is such that a protein with a score
of 8, 9, or 10 is exclusively nuclear; 7 or 8 is partially nuclear; a score of 3, 4, or 5
is both nuclear and cytoplasmic; and a score of 1 or 2 is cytoplasmic. The
mutations generated in the OGDH and ACAA2 predicted NLS are shown at the
bottom, where the substituted amino acids are indicated in red.

OGDH (TCA cycle enzyme) ACAA2 (b-oxidation enzyme)

Mutations generated in the predicted NLS sequences:
OGDH a.a. 531-RKQKPVLQK mutated to RQQQPVLQQ
ACAA2 a.a. 207-EVKTKKGKQ mutated to EVQTQQGKQ

3
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Figure 4S. Nuclear localization of metabolic enzymes confirmed by tGFP-fusion proteins and NLS mutation. SW480 human
colon cancer cell were infected with a 10-30 moi of recombinant adenoviruses harboring turbo-GFP (tGFP) or a. wt ACAA-tGFP or
an NLS mutant (mtACAA2-tGFP), b. wt OGDH. In a., the cells were incubated in either glucose-containing (fatty acid and serum-
free) or in palmitate-BSA (glucose-free and serum-free) medium, as indicated at the top of the lanes. After 18 h, the cellular
protein/organelles were fractionated into cytosol (cyto), mitochondrial and membrane (mito), nuclear (nuc), and chromatin-bound
(chrom) protein fractions that were then analyzed by Western blotting for the proteins listed on the left of each panel. The fusion
proteins were detected by anti-GFP (upper panels, a-b) and anti-ACAA2 or anti-OGDH (second panels, a-b), which also detect the
endogenous proteins. AKT1, VDAC1, Pol II, were immunodetected for their use as internal controls for the corresponding cell
fractions: cytosol, mitochondria and, nuclear and chromatin, respectively.
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Figure 5S. Nuclear localization of metabolic enzymes in mouse heart and
isolated cardiac myocytes, confirmed by Western blotting. Cellular organelles
were extracted from a. mouse sham or TAC hearts, b. isolated mouse adult cardiac
myocytes (mACM), and c. rat neonatal cardiac myocytes. These were fractionated
into membrane, including mitochondria (Mem), nuclear (Nuc), and chromatin-bound
(Chrom, no crosslinking applied), using a combination of differential lysis and
sequential centrifugation. The protein extracted from each of these fractions was
analyzed by Western blotting for the genes indicated on the right of each panel (n=3,
each).
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Figure 6S - The association of ACAA2 and OGDH with chromatin overlaps with H2A.Z at transcription start sites. Histograms showing the distribution of fragments
calculated from their overall frequencies in the ChIP-Seq of H2A.Z (X-axis) v. ACAA2 or OGDH (Y-axis), and of ACAA2 (X-axis) v. OGDH (Y-axis), over the length of the gene
and including -2000 bp upstream of the TSS, as labeled. The X and Y-axes were segmented into 75 bins, and the number of fragments within each bin was counted, color
coded, and plotted. The bar to the right of the plot illustrates the relationship between count and coloring. The plots represent pseudo-colored 2D matrices showing observed,
expected, and observed/expected distribution, calculated from the overall frequencies of fragments on each of the axes. These show the relation between a.-b. H2A.Z and
ACAA2, c.-d. H2A.Z and OGDH, e.-f. ACAA2 and OGDH, g.-h. H2A.Z and H3K9ac, all in the sham and TAC hearts. The pseudo-color corresponds to the Obs/Exp ratio, and
the color intensity is proportional to the log2 of the number of observed fragments within each bin. These plots suggest that there is a positive correlation between the levels of
H2A.Z and ACAA2 or OGDH, where the red indicates that this occurs more frequently than expected by chance, as denoted by the correlation coefficient listed above each plot.
i. A histogram showing the relation between H3K9ac and the input, as an example of unrelated binding events, and j. as an example of a perfect correlation. This figure was
generated by EaSeq software.

a. sham ACAA2 v. sham H2A.Z

b. TAC ACAA2 v. TAC H2A.Z

c. sham OGDH v. sham H2A.Z

d. TAC OGDH v. TAC H2A.Z

Observed (Obs) Expected (Exp) Obs/Exp Obs/Exp - log10
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e. sham OGDH v. sham ACAA2

f. TAC OGDH v. TAC ACAA2

g. sham H3K9ac v. sham H2A.Z

h. TAC H3K9ac v. TAC H2A.Z

Observed (Obs) Expected (Exp) Obs/Exp Obs/Exp - log10

Figure 6S - continued
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Observed (Obs) Expected (Exp) Obs/Exp Obs/Exp - log10
i. unrelated event (TAC H3K9ac v. input)

j. perfect overlap (TAC ACAA2 v. TAC ACAA2)

Figure 6S - continued
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* *

##
# #

c. OGDH-positive genes [10,362 (89.9%) TSSs]

d. OGDH-negative genes [1,165 (10.1 %) TSSs]

a. ACAA2-positive genes [4204 (36.5%) TSSs]

b. ACAA2-negative genes [7322 (63.5%) TSSs]

*
*

# # #
#*

* *

#
#

*

*# #

#

#
*

*

*
*

*
*

*

#
#

#

#

Figure 7S. The mean for the average values of sequence Tags at the TSS of ACAA2-
and OGDH-, positive and negative genes. Expressed genes (RNA pol II positive) were
sorted into 4 groups: a. ACAA2-positive, b. ACAA2-negative, c. OGDH-positive, and d.
OGDH-negative. The mean of the average values (AvgVal) of sequence Tags for ACAA2,
OGDH, H2A.Z, H3K9ac, Cdk9, and pol II, at the TSS and gene body (pol II only), were
calculated and plotted. Error bars represent standard error of the mean, and *p ≤ 0.05 v.
sham in same plot, # p ≤ 0.05 v. corresponding data point in the ACCA2-negative or OGDH-
negative gene subsets.
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Figure 8S. OGDH binds to the terminal exons of zinc finger proteins, in a H2A.Z-independent manner. The alignment of the
ChIP-Seq sequence tags for H3K9ac, TFIIB, pol II, Cdk9, H2A.Z, ANP32E, ACAA2, and OGDH (y-axis) across the genomic
coordinates (x-axis) of Zfp90, Zfp2, Zfp146, Zfp157, Zfp180, and Zfp110 genes. The arrow shows the start and direction of
transcription. The results show a substantial peak of OGDH in the terminal exons of these genes that is subject to differential
regulation during cardiac hypertrophy. In addition, all genes show OGDH at their TSSs, albeit at a lower density.
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PRKAB2 FMO5

CHD1L
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Fmo5
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Human colon cancer cell line (SW480)

Mouse heart

H2A.Z

OGDH

Input
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Input
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GTF2B CCBL2 GBP3 GBP1 GBP2 GBP7 GBP4 GBP5
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Fig. 9S-a-b. Conserved, selective, binding of
OGDH to H2A.Z-bound TSSs. Both mouse
heart tissue and human SW480 colon cancer
cell line, were subjected to H2A.Z and OGDH
ChIP-Seq using the same antibodies and
chromat in concen trat ion. The resul t ing
sequence Tags form both reactions were
aligned across the coordinates for the same
genes in the mouse and human genomes, as
indicated. Two regions are shown, a. the first
showing the PRKAB2, FMO4, and CHD1L
genes in the human cells and mouse tissue,
where OGDH co-localizes with H2A.Z at the
TSS in all three genes in the latter, however,
OGDH is absent in from the FMO5 in the human
genome, b. the second region encompasses
PKN2, GTF2B, CCBL2, GBP1-5,7 genes that
show conserved co-localization of OGDH and
H2A.Z at the TSS of the former 3 genes in the
mouse and human, but differs between species
for the GBP genes, which have no OGDH in of
the human cells, with a relatively small peak of
H2A.Z at the TSS of GBP1-4. These data reveal
that the co-localization of H2A.Z and OGDH at
TSSs of key specific genes are conserved
between species.

a.

b.
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Human colon cancer cell line (SW480)

H2A.Z

OGDH

Input

H2A.Z

OGDH

Input

ZFP2 ZFP90

ZFP3

ZFP37

Fig. 9S-c. H2A.Z-independent binding of OGDH to the terminal exon in ZFP genes in humans. The
human SW480 colon cancer cell line, was subjected to H2A.Z and OGDH ChIP-Seq using the same
antibodies and chromatin concentration applied in the mouse heart tissue ChIP-Seq. The resulting
sequence tags form both reactions (y-axis) were aligned across the genome’s coordinates (x-axis). The
results show 4 examples of ZFP genes in which OGDH is present in their terminal exon in the absence of
H2A.Z, similar to what we observed in the mouse tissue (see Fig. 8S).

c.
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Ad.sh-Control Ad.sh-H2A.Z

Figure 10S. H2A.Z knockdown does not impact the viability of mouse adult
cardiac myocytes. Mouse adult cardiac myocytes were isolated from the heart of
8 wk old male C57/Bl mice. They were then infected with 30 moi of adenoviruses
harboring a nonsense shRNA control or one targeting H2A.Z. After 24 h, the cells
were imaged before organelles were extracted for the Western blot analysis
reported in Fig. 8. At this time point, H2A.Z knockdown did not affect cell viability,
as evidenced by the maintenance of rod shape morphology of the cells.
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Figure 11S. Knockdown of H2A.Z inhibits chromatin binding of metabolic enzymes and
reduces histone modifications. Rat neonatal cardiac myocytes were isolated from the
hearts of 1 day old Sprague Dawley pups. They were then infected with 30 moi of
adenoviruses harboring a nonsense shRNA control or one targeting H2A.Z. After 24 h,
organelles were isolated and fractionated into membrane/mitochondrial (Mem), nuclear (Nuc),
and chromatin-bound (Chrom, no crosslinking applied), using a combination of differential
lysis and sequential centrifugation. The proteins extracted from each of these fractions were
analyzed by Western blotting for the genes indicated on the right of each panel.13
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*
*

*
*

*

glucose

palmitate

glucose+palmitate

Figure 12S. Knockdown of ACAA2 decreases fatty acid-dependent basal
oxygen consumption rates (OCR) and H3 acetylation. Neonatal myocytes were
infected with increasing doses of Ad harboring shRNA ACAA2 (ACAA2-si) or a
control, in the presence of glucose, palmitate-BSA, or both. After 24h, cells were
analyzed by the Seahorse analyzer for oxygen consumption rates (OCR). a. The
results are graphed in real time showing basal, ATP-linked (after oligomycin
injection), maximum (after FCCP injection), and mitochondrial [after rotenone (Rtn)
/ antimycin A (AA) injection] OCR. b. Basal and spare mitochondrial respiratory
capacities are calculated plotted, *p<0.01 v. control, n=10, each. c. Neonatal
myocytes were infected with 20 moi of the Ad.sh-ACAA2 or a control. After 24h,
organelles were extracted and fractionated into membrane/mitochondrial (Mem),
nuclear (Nuc), and chromatin-bound (Chrom) protein fractions, and analyzed by
Western blotting for the indicated antibodies (right).

a. b.

c.

ACAA2

H3ac
(pan)

Nup62

Control
sh-ACAA2 + + +

Mem Nuc Chrom

+ + +

H2A

75

15
20

50

37

15
20

PDK1
50

37

Oligo
FCCP

Rtn/AA

14

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 18, 2019. ; https://doi.org/10.1101/553297doi: bioRxiv preprint 

https://doi.org/10.1101/553297
http://creativecommons.org/licenses/by/4.0/


0

18h

48h

HAP1 HAP1∆H2A.Z

Fig. 13S. HAP1∆H2A.Z are viable but proliferate at a ~1/4 the
rate of the parent cells. HAP1 and HAP1∆H2A.Z were purchased
from Horizon Discovery and cultured according to the company’s
protocol on gelatin coated glass slides. On day 0 equal number of
cells were seed and imaged live at 18 and 48 h after that. Cells were
counted at each time point in 3 fields revealing a ~4:1 ratio of
parent:∆H2A.Z cell numbers.
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Figure 14S. ChIP-Seq tags from the heart tissue are predominantly derived from cardiac myocytes v. myofibroblasts, endothelial, or
smooth muscle cells. Mice were subjected to a sham or TAC operation. One-week post-TAC, the hearts were isolated and analyzed by ChIP-
Seq for the indicated proteins (left). The alignment of the ChIP-Seq sequence Tags (Y-axis) for H3K9ac, TFIIB, pol II, Cdk9, H2A.Z, ANP32E,
ACAA2, and OGDH across the genomic coordinates of a. Actc1, b. Acta2, d. Atp2a2, and e. Atp2a4 genes (Y-axis). c. and f. are graphs of the
total number of pol II Tags for each of those genes. Smooth muscle actin (Acta2), which is expressed in smooth muscle cells and myofibroblasts
in the heart, and ATPase plasma membrane Ca2+ transporting 4 (Atp2b4), which is ubiquitously expressed, including in epithelial cells, have no
detectable binding of pol II compared to its high abundance in the corresponding cardiac genes, cardiac actin (Actc1) and ATPase
sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 (Atp2a2).

a. b.

c.

d. e.

f.
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Figure 15S. H2A.Z associates with the suppressed development genes. Mice were subjected to a sham or TAC operation.
One-week post-TAC, the hearts were isolated and analyzed by ChIP-Seq for ACAA2. a. The alignment of the ChIP-Seq
sequence Tags for H3K9ac, TFIIB, pol II, Cdk9, H2A.Z, ANP32E, ACAA2, and OGDH across the genomic coordinates of Wnt1,
Noggin, Tbx1, and Foxd1, developmental genes. b. Genes were sorted for those that were pol II-negative genes and H2A.Z-
posirive. The ChIP-Seq sequence Tags for ACAA2, H2A.Z, H3K9ac, OGDH, and pol II, at the TSS (-1000 to +1000) and
across the gene body (+1000-gene end), were plotted as box plots (median and quartiles).

Pol II-negative, H2A.Z-positive genes (1749 genes)

* * *
*

Wnt1 Noggin Tbx1 Foxd1
a.

b.
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Table 1 - ChIP-Sequencing Statistics (by ActiveMotif) 
Antibodies used: anti-OGDH (Cell Signaling, #26865) and anti-ACAA2 (Origene, #TA506126) 
Samples: 1. Sham-operated, 12 wk-old, male, mouse heart tissue (n=3). 2. Transverse aortic 
constriction for 1 wk, 12 wk-old, male, mouse heart tissue (n=3). 
Table 1a  

[EXPERIMENTAL DATA]    
File name Sham-

hearts_OGDH_mm
10 
 

TAC-
hearts_OGDH_mm
10 
 

Pooled_Input_mm
10 
 

Total number of reads 35,157,848 35,171,475 38,629,330 
Total number of 
alignments (mm10) 

31,796,056 30,632,421 36,669,082 

Unique alignments (-q 
25) 

28,131,076 27,151,906 31,665,652 

Unique alignments 
(without duplicate reads) 

17,530,972 18,061,488 29,905,451 

Final number of tags (-
chrM, >chromsize) 

17,510,916 18,041,441 29,885,701 
    

Normalized tags 17,510,916 17,510,916 17,510,916 
Input tags used for peak 
calling 

17,510,916 17,510,916 
 

    

[PEAK CALLING] 
   

MACS 1.4.2 
   

# effective genome size = 
1.87e+09 

   

# band width = 200 
   

# model fold = 10,30 
   

# p value cutoff = 1.00e-
07 

   

Paired peaks 6,484 5,107 
 

Predicted fragment length 227 209 
 

Final MACS peaks 16,790 15,985 
 

Negative peaks 59 60 
 

Empirical FDR 0.35% 0.38% 
 

    

ENCODE blacklisted 335 332 
 

Filtered peaks 16,455 15,653 
 

    

FRIP (in percent) 8.53 7.47 
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Table 1b 

 
  

[EXPERIMENTAL DATA] 
   

File name Sham-
hearts_ACAA2_mm10 

TAC-
hearts_ACAA2_mm10 

Pooled_Input
_mm10 

Total number of reads 39,049,504 42,942,963 38,629,330 
Total number of 
alignments (mm10) 

32,697,113 37,630,426 36,669,082 

Unique alignments (-q 25) 28,773,586 33,257,266 31,665,652 
Unique alignments 
(without duplicate reads) 

12,330,457 12,763,085 29,905,451 

Final number of tags (-
chrM, >chromsize) 

12,311,304 12,745,191 29,885,701 
    

Normalized tags 12,311,304 12,311,304 12,311,304 
Input tags used for peak 
calling 

12,311,304 12,311,304 
 

[PEAK CALLING] 
   

MACS 1.4.2 
   

# effective genome size = 
1.87e+09 

   

# band width = 200 
   

# model fold = 10,30 
   

# pvalue cutoff = 1.00e-
07 

   

Paired peaks 837 514 
 

Predicted fragment length 214 178 
 

Final MACS peaks 4,223 3,387 
 

Negative peaks 26 24 
 

Empirical FDR 0.62% 0.71% 
 

    

ENCODE blacklisted 170 147 
 

Filtered peaks 4,053 3,240 
 

    

FRIP (in percent) 1.54 1.04 
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Table 2 - KEGG functional pathway analysis of genes that exhibit upregulation of ACAA2 at 
the TSS during TAC (697 genes) 
DAVID Bioinformatics Resources 6.8 
 
Table 2a 

  KEGG Pathways: ACAA2-TSS 
Upregulated during growth 

Genes Count % P-Value Benjamini 

Protein processing in endoplasmic 
reticulum 

 

20 3.0 2.6E-6 2.9E-4 

Ubiquitin mediated proteolysis 

 

19 2.8 9.1E-7 2.0E-4 

Endocytosis 

 

19 2.8 5.0E-3 2.0E-1 

MAPK signaling pathway 

 

14 2.1 7.7E-2 6.8E-1 

Spliceosome 

 

13 1.9 1.5E-3 1.1E-1 

Insulin signaling pathway 

 

11 1.6 1.8E-2 4.9E-1 

Non-alcoholic fatty liver disease 
(NAFLD) 

 

11 1.6 3.6E-2 6.4E-1 

TGF-beta signaling pathway 

 

10 1.5 1.9E-3 1.0E-1 

Ribosome 

 

10 1.5 5.1E-2 7.0E-1 

Parkinson's disease 

 

10 1.5 5.9E-2 6.5E-1 

Cell cycle 

 

9 1.3 5.3E-2 6.8E-1 

mRNA surveillance pathway 

 

8 1.2 4.0E-2 6.4E-1 

Oocyte meiosis 

 

8 1.2 7.2E-2 6.8E-1 

N-Glycan biosynthesis 

 

6 0.9 2.2E-2 5.2E-1 

Nucleotide excision repair 

 

5 0.7 5.7E-2 6.7E-1 

ABC transporters 

 

5 0.7 6.5E-2 6.6E-1 

Fanconi anemia pathway 

 

5 0.7 8.8E-2 7.0E-1 

Lysine degradation 

 

5 0.7 9.3E-2 7.0E-1 
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Table 2b - Protein processing in endoplasmic reticulum – expanded list 
GENE NAME 

BCL2-associated athanogene 2(Bag2) 

DnaJ heat shock protein family (Hsp40) member C1(Dnajc1) 

DnaJ heat shock protein family (Hsp40) member C10(Dnajc10) 

DnaJ heat shock protein family (Hsp40) member C5(Dnajc5) 

N-glycanase 1(Ngly1) 

RAD23 homolog B, nucleotide excision repair protein(Rad23b) 

SEC62 homolog (S. cerevisiae)(Sec62) 

Sec61 beta subunit(Sec61b) 

autocrine motility factor receptor(Amfr) 

cullin 1(Cul1) 

defender against cell death 1(Dad1) 

eukaryotic translation initiation factor 2 alpha kinase 3(Eif2ak3) 

eukaryotic translation initiation factor 2 alpha kinase 4(Eif2ak4) 

eukaryotic translation initiation factor 2-alpha kinase 2(Eif2ak2) 

heat shock protein 1B(Hspa1b) 

prolactin regulatory element binding(Preb) 

ribophorin II(Rpn2) 

translocating chain-associating membrane protein 1(Tram1) 

ubiquitin-conjugating enzyme E2E 3(Ube2e3) 

ubiquitin-conjugating enzyme E2G 2(Ube2g2) 
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Table 3 - KEGG functional pathway analysis of genes that exhibit downregulation of ACAA2 at 
the TSS during TAC (1203 genes) 
DAVID Bioinformatics Resources 6.8 
Table 3a 

  KEGG Pathways: ACAA2-TSS 
Downregulated during growth 

Count % P-Value Benjamini 

Metabolic pathways 77 6.6 7.1E-2 5.8E-1 

PI3K-Akt signaling pathway 26 2.2 5.5E-2 5.1E-1 

Spliceosome 21 1.8 1.1E-5 2.7E-3 

Biosynthesis of antibiotics 21 1.8 6.0E-3 1.5E-1 

Ribosome 19 1.6 3.7E-4 3.0E-2 

Protein processing in endoplasmic 
reticulum 

18 1.6 5.0E-3 1.4E-1 

Herpes simplex infection 18 1.6 3.5E-2 4.5E-1 

Epstein-Barr virus infection 18 1.6 4.6E-2 5.2E-1 

RNA transport 17 1.5 1.2E-2 2.7E-1 

AMPK signaling pathway 15 1.3 4.9E-3 1.6E-1 

Purine metabolism 15 1.3 7.1E-2 5.6E-1 

Hepatitis B 14 1.2 3.4E-2 4.6E-1 

Influenza A 14 1.2 9.4E-2 6.4E-1 

Carbon metabolism 13 1.1 1.4E-2 2.8E-1 

Insulin signaling pathway 13 1.1 5.2E-2 5.2E-1 

RNA degradation 12 1.0 2.7E-3 1.3E-1 

Ribosome biogenesis in eukaryotes 12 1.0 3.0E-3 1.2E-1 

Sphingolipid signaling pathway 12 1.0 5.0E-2 5.3E-1 

Cell cycle 12 1.0 5.0E-2 5.3E-1 

Hepatitis C 12 1.0 8.5E-2 6.2E-1 

Basal transcription factors 10 0.9 3.0E-4 3.6E-2 

mRNA surveillance pathway 10 0.9 5.4E-2 5.2E-1 

Proteasome 9 0.8 1.7E-3 1.0E-1 

RNA polymerase 6 0.5 1.6E-2 2.9E-1 

Citrate cycle (TCA cycle) 6 0.5 2.1E-2 3.4E-1 

Base excision repair 5 0.4 9.9E-2 6.5E-1 
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Table 3b - Metabolic pathways – expanded list 
GENE NAME 

ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit(Atp5b) 

ATPase, H+ transporting, lysosomal V0 subunit A1(Atp6v0a1) 

CNDP dipeptidase 2 (metallopeptidase M20 family)(Cndp2) 

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 11(Ndufb11) 

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2(Ndufb2) 

S-adenosylhomocysteine hydrolase(Ahcy) 

S-adenosylhomocysteine hydrolase-like 2(Ahcyl2) 

UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 2(B3gnt2) 

UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 2(Galnt2) 

aconitase 2, mitochondrial(Aco2) 

acyl-CoA synthetase long-chain family member 4(Acsl4) 

acyl-Coenzyme A dehydrogenase family, member 8(Acad8) 

acyl-Coenzyme A dehydrogenase, short chain(Acads) 

acyl-Coenzyme A oxidase 1, palmitoyl(Acox1) 

adenosine monophosphate deaminase 3(Ampd3) 

aldo-keto reductase family 1, member A1 (aldehyde reductase)(Akr1a1) 

asparagine-linked glycosylation 14(Alg14) 

branched chain ketoacid dehydrogenase E1, alpha polypeptide(Bckdha) 

choline kinase alpha(Chka) 

citrate synthase(Cs) 

coenzyme Q3 methyltransferase(Coq3) 

cytidine monophosphate (UMP-CMP) kinase 1(Cmpk1) 

cytochrome c oxidase subunit Va(Cox5a) 

deoxycytidine kinase(Dck) 

deoxyguanosine kinase(Dguok) 

farnesyl diphosphate farnesyl transferase 1(Fdft1) 

ferrochelatase(Fech) 

fucose-1-phosphate guanylyltransferase(Fpgt) 

glucan (1,4-alpha-), branching enzyme 1(Gbe1) 

glucosidase, beta, acid(Gba) 

glutamate dehydrogenase 1(Glud1) 

glutamyl-tRNA synthetase 2, mitochondrial(Ears2) 

glycerol-3-phosphate acyltransferase, mitochondrial(Gpam) 

hydroxysteroid (17-beta) dehydrogenase 7(Hsd17b7) 
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hypoxanthine guanine phosphoribosyl transferase(Hprt) 

inositol polyphosphate-5-phosphatase A(Inpp5a) 

ketohexokinase(Khk) 

lactate dehydrogenase A(Ldha) 

leukotriene A4 hydrolase(Lta4h) 

malate dehydrogenase 1, NAD (soluble)(Mdh1) 

malate dehydrogenase 2, NAD (mitochondrial)(Mdh2) 

mannosidase 2, alpha 1(Man2a1) 

mannoside acetylglucosaminyltransferase 1(Mgat1) 

methylcrotonoyl-Coenzyme A carboxylase 1 (alpha)(Mccc1) 

myotubularin related protein 3(Mtmr3) 

myotubularin related protein 4(Mtmr4) 

pantothenate kinase 3(Pank3) 

phosphatidylinositol 4-kinase type 2 alpha(Pi4k2a) 

phosphatidylinositol glycan anchor biosynthesis, class V(Pigv) 

phosphatidylinositol glycan anchor biosynthesis, class Y-like(Pigyl) 

phosphatidylinositol-4-phosphate 5-kinase, type 1 alpha(Pip5k1a) 

phosphofructokinase, muscle(Pfkm) 

phospholipase A2, group XVI(Pla2g16) 

phospholipase D2(Pld2) 

phosphoribosyl pyrophosphate amidotransferase(Ppat) 

phosphoribosyl pyrophosphate synthetase 1(Prps1) 

phosphoribosylaminoimidazole carboxylase, phosphoribosylaminoribosylaminoimidazole, 
succinocarboxamide synthetase(Paics) 

platelet-activating factor acetylhydrolase, isoform 1b, subunit 1(Pafah1b1) 

polymerase (DNA directed), epsilon 3 (p17 subunit)(Pole3) 

polymerase (DNA directed), gamma(Polg) 

polymerase (RNA) I polypeptide B(Polr1b) 

polymerase (RNA) II (DNA directed) polypeptide A(Polr2a) 

polymerase (RNA) II (DNA directed) polypeptide J(Polr2j) 

polymerase (RNA) II (DNA directed) polypeptide L(Polr2l) 

polymerase (RNA) III (DNA directed) polypeptide A(Polr3a) 

polymerase (RNA) III (DNA directed) polypeptide C(Polr3c) 

prostaglandin-endoperoxide synthase 2(Ptgs2) 

pyrroline-5-carboxylate reductase family, member 2(Pycr2) 

pyruvate kinase, muscle(Pkm) 
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riboflavin kinase(Rfk) 

ribose 5-phosphate isomerase A(Rpia) 

ribulose-5-phosphate-3-epimerase(Rpe) 

sphingomyelin synthase 1(Sgms1) 

sphingosine phosphate lyase 1(Sgpl1) 

succinate-CoA ligase, GDP-forming, alpha subunit(Suclg1) 

succinate-Coenzyme A ligase, ADP-forming, beta subunit(Sucla2) 

ubiquinol-cytochrome c reductase hinge protein(Uqcrh) 
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Table 4 - KEGG functional pathway analysis of genes that exhibit no change in ACAA2 
abundance at the TSS during TAC (2343 genes) 
DAVID Bioinformatics Resources 6.8 
 
Table 4a 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Term Genes Count % P-Value Benjamini 

Ribosome 

 

52 2.3 3.9E-16 1.2E-13 

RNA transport 

 

44 2.0 1.2E-8 1.1E-6 

Spliceosome 

 

43 1.9 9.4E-12 1.3E-9 

Endocytosis 

 

40 1.8 2.6E-2 2.1E-1 

Epstein-Barr virus infection 

 

35 1.6 6.8E-3 9.8E-2 

Viral carcinogenesis 

 

35 1.6 1.9E-2 1.7E-1 

Alcoholism 

 

34 1.5 4.6E-3 8.0E-2 

Huntington's disease 

 

33 1.5 6.1E-3 9.4E-2 

Alzheimer's disease 

 

31 1.4 3.9E-3 7.3E-2 

Protein processing in endoplasmic 
reticulum 

 

30 1.3 3.4E-3 7.5E-2 

Ribosome biogenesis in eukaryotes 

 

27 1.2 1.1E-7 7.3E-6 

Neurotrophin signaling pathway 

 

27 1.2 2.2E-4 9.9E-3 

Cell cycle 

 

27 1.2 2.9E-4 1.1E-2 

Oxidative phosphorylation 

 

27 1.2 1.7E-3 4.6E-2 

Purine metabolism 

 

26 1.2 6.8E-2 3.7E-1 

Lysosome 

 

25 1.1 1.3E-3 3.7E-2 

Non-alcoholic fatty liver disease 
(NAFLD) 

 

25 1.1 3.0E-2 2.2E-1 

Ubiquitin mediated proteolysis 

 

24 1.1 1.8E-2 1.7E-1 

Systemic lupus erythematosus 

 

22 1.0 7.4E-2 3.8E-1 

Insulin signaling pathway 

 

21 0.9 8.0E-2 3.9E-1 

mRNA surveillance pathway 

 

20 0.9 3.6E-3 7.3E-2 

FoxO signaling pathway 

 

20 0.9 9.1E-2 4.3E-1 

Pyrimidine metabolism 

 

19 0.8 1.7E-2 1.8E-1 

Insulin resistance 

 

19 0.8 3.1E-2 2.2E-1 

Oocyte meiosis 

 

18 0.8 5.6E-2 3.4E-1 

Synaptic vesicle cycle 

 

17 0.8 3.9E-4 1.3E-2 
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Prostate cancer 

 

17 0.8 1.6E-2 1.8E-1 

Proteasome 

 

16 0.7 2.4E-5 1.3E-3 

RNA degradation 

 

16 0.7 1.9E-2 1.7E-1 

Peroxisome 

 

15 0.7 4.2E-2 2.7E-1 

Aminoacyl-tRNA biosynthesis 

 

14 0.6 1.5E-2 1.8E-1 

Renal cell carcinoma 

 

14 0.6 1.7E-2 1.7E-1 

Chronic myeloid leukemia 

 

14 0.6 3.0E-2 2.2E-1 

Endometrial cancer 

 

13 0.6 5.5E-3 8.9E-2 

Biosynthesis of amino acids 

 

13 0.6 1.0E-1 4.5E-1 

Fanconi anemia pathway 

 

12 0.5 1.3E-2 1.6E-1 

Pancreatic cancer 

 

12 0.5 6.5E-2 3.6E-1 

Inositol phosphate metabolism 

 

12 0.5 1.0E-1 4.6E-1 

Base excision repair 

 

11 0.5 2.1E-3 5.0E-2 

Nucleotide excision repair 

 

11 0.5 1.2E-2 1.6E-1 

Basal transcription factors 

 

11 0.5 1.2E-2 1.6E-1 

Legionellosis 

 

11 0.5 6.3E-2 3.6E-1 

mTOR signaling pathway 

 

11 0.5 7.6E-2 3.9E-1 

Collecting duct acid secretion 

 

8 0.4 1.7E-2 1.7E-1 

Homologous recombination 

 

8 0.4 2.0E-2 1.7E-1 

RNA polymerase 

 

8 0.4 2.9E-2 2.2E-1 

Circadian rhythm 

 

8 0.4 3.4E-2 2.3E-1 

DNA replication 

 

8 0.4 6.2E-2 3.6E-1 

Terpenoid backbone biosynthesis 

 

7 0.3 2.5E-2 2.1E-1 
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Table 4b - Ribosomal pathway – expanded list 
GENE NAME 

mitochondrial ribosomal protein L1(Mrpl1) 

mitochondrial ribosomal protein L10(Mrpl10) 

mitochondrial ribosomal protein L11(Mrpl11) 

mitochondrial ribosomal protein L13(Mrpl13) 

mitochondrial ribosomal protein L16(Mrpl16) 

mitochondrial ribosomal protein L2(Mrpl2) 

mitochondrial ribosomal protein L22(Mrpl22) 

mitochondrial ribosomal protein L23(Mrpl23) 

mitochondrial ribosomal protein L27(Mrpl27) 

mitochondrial ribosomal protein L34(Mrpl34) 

mitochondrial ribosomal protein S10(Mrps10) 

mitochondrial ribosomal protein S11(Mrps11) 

mitochondrial ribosomal protein S12(Mrps12) 

mitochondrial ribosomal protein S14(Mrps14) 

mitochondrial ribosomal protein S17(Mrps17) 

mitochondrial ribosomal protein S18A(Mrps18a) 

mitochondrial ribosomal protein S21(Mrps21) 

predicted gene 4925(Gm4925) 

ribosomal protein L13A(Rpl13a) 

ribosomal protein L23A(Rpl23a) 

ribosomal protein L24(Rpl24) 

ribosomal protein L26(Rpl26) 

ribosomal protein L29(Rpl29) 

ribosomal protein L3(Rpl3) 

ribosomal protein L32(Rpl32) 

ribosomal protein L35A(Rpl35a) 

ribosomal protein L37(Rpl37) 

ribosomal protein L37a(Rpl37a) 

ribosomal protein L4(Rpl4) 

ribosomal protein L41(Rpl41) 

ribosomal protein L5(Rpl5) 

ribosomal protein L7(Rpl7) 

ribosomal protein L9(Rpl9) 

ribosomal protein S11(Rps11) 
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ribosomal protein S14(Rps14) 

ribosomal protein S15(Rps15) 

ribosomal protein S15A(Rps15a) 

ribosomal protein S17(Rps17) 

ribosomal protein S18(Rps18) 

ribosomal protein S2(Rps2) 

ribosomal protein S23(Rps23) 

ribosomal protein S24(Rps24) 

ribosomal protein S26(Rps26) 

ribosomal protein S27A(Rps27a) 

ribosomal protein S29(Rps29) 

ribosomal protein S5(Rps5) 

ribosomal protein S6(Rps6) 

ribosomal protein S8(Rps8) 

ribosomal protein S9(Rps9) 

ribosomal protein, large, P0(Rplp0) 

ribosomal protein, large, P1(Rplp1) 

ubiquitin A-52 residue ribosomal protein fusion product 1(Uba52) 
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Table 5 - KEGG functional pathway analysis of genes that exhibit upregulation of OGDH at the 
TSS during TAC (992 genes) 
DAVID Bioinformatics Resources 6.8 
 
Table 5a 

 
 
 

KEGG pathways: OGDH-TSS 
upregulated cardiac during growth 

Genes Count % P-Value Benjamini 

Metabolic pathways 

 

74 7.7 9.3E-3 6.9E-1 

Endocytosis 

 

20 2.1 3.7E-2 7.0E-1 

Chemokine signaling pathway 

 

17 1.8 1.3E-2 5.5E-1 

Herpes simplex infection 

 

16 1.7 4.1E-2 6.2E-1 

Pyrimidine metabolism 

 

13 1.4 1.8E-3 3.7E-1 

Hepatitis B 

 

13 1.4 2.7E-2 6.3E-1 

Influenza A 

 

13 1.4 7.4E-2 6.9E-1 

Thyroid hormone signaling 
pathway 

 

12 1.3 1.1E-2 6.0E-1 

Hepatitis C 

 

12 1.3 3.7E-2 6.6E-1 

Leukocyte transendothelial 
migration 

 

11 1.2 4.0E-2 6.5E-1 

Lysosome 

 

11 1.2 4.2E-2 6.0E-1 

Ubiquitin mediated proteolysis 

 

11 1.2 9.6E-2 7.2E-1 

Carbon metabolism 

 

10 1.0 6.9E-2 7.1E-1 

Cell cycle 

 

10 1.0 9.6E-2 7.1E-1 

Glycerophospholipid metabolism 

 

9 0.9 5.5E-2 6.7E-1 

Peroxisome 

 

8 0.8 7.2E-2 7.0E-1 

GnRH signaling pathway 

 

8 0.8 9.2E-2 7.3E-1 

Fatty acid metabolism 

 

7 0.7 2.4E-2 6.4E-1 

Cytosolic DNA-sensing pathway 

 

7 0.7 6.2E-2 6.9E-1 

RIG-I-like receptor signaling 
pathway 

 

7 0.7 7.8E-2 6.8E-1 

Base excision repair 

 

6 0.6 1.8E-2 6.0E-1 

Non-small cell lung cancer 

 

6 0.6 9.9E-2 7.0E-1 
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Table 5b - Metabolic pathways – expanded list 
GENE NAME 

1-acylglycerol-3-phosphate O-acyltransferase 5 (lysophosphatidic acid 
acyltransferase, epsilon)(Agpat5) 

5',3'-nucleotidase, cytosolic(Nt5c) 

6-phosphogluconolactonase(Pgls) 

ADP-dependent glucokinase(Adpgk) 

ATP synthase, H+ transporting, mitochondrial F0 complex, subunit B1(Atp5f1) 

ATP synthase, H+ transporting, mitochondrial F1F0 complex, subunit E(Atp5k) 

Coenzyme A synthase(Coasy) 

N-sulfoglucosamine sulfohydrolase (sulfamidase)(Sgsh) 

NAD synthetase 1(Nadsyn1) 

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10(Ndufa10) 

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4(Ndufb4) 

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10(Ndufb10) 

NME/NM23 nucleoside diphosphate kinase 6(Nme6) 

ST3 beta-galactoside alpha-2,3-sialyltransferase 2(St3gal2) 

ST3 beta-galactoside alpha-2,3-sialyltransferase 3(St3gal3) 

UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyltransferase 
1(Galnt1) 

acyl-CoA synthetase long-chain family member 5(Acsl5) 

acyl-CoA synthetase short-chain family member 1(Acss1) 

acyl-Coenzyme A dehydrogenase, short chain(Acads) 

adenylosuccinate synthetase like 1(Adssl1) 

aminolevulinic acid synthase 1(Alas1) 

amylo-1,6-glucosidase, 4-alpha-glucanotransferase(Agl) 

arylsulfatase B(Arsb) 

brain glycogen phosphorylase(Pygb) 

carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and 
dihydroorotase(Cad) 

catechol-O-methyltransferase(Comt) 

choline kinase alpha(Chka) 

chondroitin polymerizing factor 2(Chpf2) 

coproporphyrinogen oxidase(Cpox) 

cytidine monophosphate (UMP-CMP) kinase 2, mitochondrial(Cmpk2) 

diacylglycerol kinase, delta(Dgkd) 

dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-glutarate 
complex)(Dlst) 
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dihydrolipoamide dehydrogenase(Dld) 

enolase 1, alpha non-neuron(Eno1) 

enolase-phosphatase 1(Enoph1) 

enoyl Coenzyme A hydratase, short chain, 1, mitochondrial(Echs1) 

exostoses (multiple)-like 3(Extl3) 

family with sequence similarity 213, member B(Fam213b) 

glutamyl-tRNA(Gln) amidotransferase, subunit C(Gatc) 

glycine cleavage system protein H (aminomethyl carrier)(Gcsh) 

hydroxysteroid (17-beta) dehydrogenase 4(Hsd17b4) 

iduronate 2-sulfatase(Ids) 

isocitrate dehydrogenase 2 (NADP+), mitochondrial(Idh2) 

liver glycogen phosphorylase(Pygl) 

lysophosphatidylcholine acyltransferase 2(Lpcat2) 

lysophosphatidylcholine acyltransferase 4(Lpcat4) 

malate dehydrogenase 2, NAD (mitochondrial)(Mdh2) 

malonyl CoA:ACP acyltransferase (mitochondrial)(Mcat) 

mannose phosphate isomerase(Mpi) 

mannosidase, alpha, class 1C, member 1(Man1c1) 

methylthioribose-1-phosphate isomerase 1(Mri1) 

molybdenum cofactor synthesis 2(Mocs2) 

nicotinamide nucleotide transhydrogenase(Nnt) 

nicotinamide riboside kinase 1(Nmrk1) 

palmitoyl-protein thioesterase 1(Ppt1) 

palmitoyl-protein thioesterase 2(Ppt2) 

phosphatase, orphan 1(Phospho1) 

phosphate cytidylyltransferase 2, ethanolamine(Pcyt2) 

phosphatidylinositol glycan anchor biosynthesis, class K(Pigk) 

phosphatidylserine decarboxylase(Pisd) 

phosphoinositide-3-kinase, class 2, beta polypeptide(Pik3c2b) 

phospholipase D family, member 3(Pld3) 

polymerase (DNA directed), delta 1, catalytic subunit(Pold1) 

polymerase (DNA directed), epsilon 2 (p59 subunit)(Pole2) 

polymerase (RNA) I polypeptide B(Polr1b) 

polymerase (RNA) I polypeptide E(Polr1e) 

polymerase (RNA) II (DNA directed) polypeptide F(Polr2f) 

post-GPI attachment to proteins 1(Pgap1) 
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prostaglandin E synthase 2(Ptges2) 

retinol dehydrogenase 10 (all-trans)(Rdh10) 

selenophosphate synthetase 1(Sephs1) 

thymidine kinase 1(Tk1) 

tumor suppressor candidate 3(Tusc3) 

uridine-cytidine kinase 1(Uck1) 
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Table 6 - KEGG functional pathway analysis of genes that exhibit downregulation of OGDH at 
the TSS during TAC (993 genes) 
DAVID Bioinformatics Resources 6.8 
 
Table 6a  

Pathways: OGDH-TSS 
downregulated during 

cardiac growth 

Genes Count % P-
Value 

Benjamini 

Pathways in cancer 

 

24 2.5 7.6E-2 8.0E-1 

Endocytosis 

 

21 2.2 1.3E-2 5.7E-1 

Viral carcinogenesis 

 

17 1.8 3.5E-2 7.7E-1 

Ribosome 

 

14 1.5 8.1E-3 6.4E-1 

Alcoholism 

 

14 1.5 8.5E-2 8.2E-1 

FoxO signaling pathway 

 

13 1.4 1.1E-2 5.9E-1 

Ubiquitin mediated 
proteolysis 

 

13 1.4 1.7E-2 5.6E-1 

Hepatitis B 

 

12 1.3 4.4E-2 7.5E-1 

Ribosome biogenesis in 
eukaryotes 

 

11 1.2 2.5E-3 4.6E-1 

Spliceosome 

 

11 1.2 5.4E-2 7.8E-1 

Systemic lupus 
erythematosus 

 

11 1.2 9.2E-2 8.0E-1 

Amoebiasis 

 

10 1.0 5.9E-2 7.4E-1 

VEGF signaling pathway 

 

7 0.7 4.0E-2 7.6E-1 

Pancreatic cancer 

 

7 0.7 5.6E-2 7.6E-1 
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Table 6b - Pathways in cancer – expanded list 
GENE NAME 

Casitas B-lineage lymphoma b(Cblb) 

Rho guanine nucleotide exchange factor (GEF) 
12(Arhgef12) 

S-phase kinase-associated protein 2 (p45)(Skp2) 

adenylate cyclase 6(Adcy6) 

bone morphogenetic protein 4(Bmp4) 

endothelin receptor type B(Ednrb) 

guanine nucleotide binding protein (G protein), 
beta 2(Gnb2) 

laminin, alpha 2(Lama2) 

laminin, alpha 5(Lama5) 

mitogen-activated protein kinase kinase 1(Map2k1) 

phosphatidylinositol 3 kinase, regulatory subunit, 
polypeptide 3 (p55)(Pik3r3) 

prostaglandin-endoperoxide synthase 2(Ptgs2) 

protein inhibitor of activated STAT 2(Pias2) 

serine/threonine kinase 36(Stk36) 

serine/threonine kinase 4(Stk4) 

signal transducer and activator of transcription 
3(Stat3) 

signal transducer and activator of transcription 
5B(Stat5b) 

transcription elongation factor B (SIII), polypeptide 
2(Tceb2) 

transcription factor 7 like 2, T cell specific, HMG 
box(Tcf7l2) 

transforming growth factor, beta 3(Tgfb3) 

transforming growth factor, beta receptor I(Tgfbr1) 

v-ral simian leukemia viral oncogene B(Ralb) 

vascular endothelial growth factor A(Vegfa) 

vascular endothelial growth factor C(Vegfc) 

Table 6c - Endocytosis – expanded list 
GENE NAME 

ADP-ribosylation factor GTPase activating protein 
1(Arfgap1) 

ADP-ribosylation factor guanine nucleotide-exchange 
factor 1(brefeldin A-inhibited)(Arfgef1) 

ArfGAP with GTPase domain, ankyrin repeat and PH 
domain 3(Agap3) 

Casitas B-lineage lymphoma b(Cblb) 

EH-domain containing 3(Ehd3) 

G protein-coupled receptor kinase 4(Grk4) 

G protein-coupled receptor kinase 5(Grk5) 

RAB5A, member RAS oncogene family(Rab5a) 

RIKEN cDNA E430025E21 gene(E430025E21Rik) 

SH3-domain GRB2-like endophilin B2(Sh3glb2) 

actin related protein 2/3 complex, subunit 1A(Arpc1a) 

arrestin, beta 2(Arrb2) 

coiled-coil domain containing 53(Ccdc53) 

dynamin 2(Dnm2) 

golgi-specific brefeldin A-resistance factor 1(Gbf1) 

par-6 family cell polarity regulator alpha(Pard6a) 

phosphatidylinositol-4-phosphate 5-kinase, type 1 
alpha(Pip5k1a) 

spastic paraplegia 21 homolog (human)(Spg21) 

transforming growth factor, beta 3(Tgfb3) 

transforming growth factor, beta receptor I(Tgfbr1) 

vacuolar protein sorting 25(Vps25) 
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Table 7a - GO Term analysis of genes negative for OGDH at TSS  
(Total OGDH negative genes = 1165 of 11527 expressed genes in the heart) 
DAVID Bioinformatics Resources 6.8 
 

Category Term Genes Count % P-Value Benjamini 
GOTERM_CC_DIRECT sarcomere  16 1.5 2.5E-12 1.1E-9 
GOTERM_CC_DIRECT Z disc  25 2.3 6.3E-11 1.4E-8 
GOTERM_CC_DIRECT myofibril  13 1.2 2.2E-8 3.2E-6 
GOTERM_CC_DIRECT micro-

ribonucleoprotein 
complex 

 20 1.8 2.7E-8 3.0E-6 

GOTERM_CC_DIRECT sarcolemma  20 1.8 1.4E-7 1.2E-5 
GOTERM_CC_DIRECT extracellular 

region  112 10.4 1.5E-7 1.1E-5 

GOTERM_CC_DIRECT myosin filament  7 0.6 4.5E-6 2.9E-4 
GOTERM_CC_DIRECT striated muscle 

thin filament  7 0.6 7.7E-6 4.2E-4 

GOTERM_CC_DIRECT M band  8 0.7 1.3E-5 6.4E-4 
GOTERM_CC_DIRECT extracellular 

space  87 8.0 1.8E-4 7.7E-3 

GOTERM_CC_DIRECT I band  7 0.6 2.5E-4 9.8E-3 
GOTERM_CC_DIRECT integral 

component of 
plasma 
membrane 

 67 6.2 5.5E-4 2.0E-2 

GOTERM_CC_DIRECT costamere  6 0.6 6.4E-4 2.1E-2 
GOTERM_CC_DIRECT contractile fiber  6 0.6 6.4E-4 2.1E-2 
GOTERM_CC_DIRECT cytoskeleton  66 6.1 6.5E-4 2.0E-2 
GOTERM_CC_DIRECT actin 

cytoskeleton  19 1.8 8.7E-4 2.5E-2 

GOTERM_CC_DIRECT A band  6 0.6 2.4E-3 6.4E-2 
GOTERM_CC_DIRECT varicosity  5 0.5 2.8E-3 7.0E-2 
GOTERM_CC_DIRECT postsynaptic 

density  19 1.8 5.7E-3 1.3E-1 

GOTERM_CC_DIRECT membrane 
 

306 28.3 5.8E-3 1.3E-1 

GOTERM_CC_DIRECT cytoplasm 
 

290 26.8 7.6E-3 1.5E-1 

GOTERM_CC_DIRECT basolateral 
plasma 
membrane 

 16 1.5 1.3E-2 2.4E-1 

GOTERM_CC_DIRECT intercalated disc  7 0.6 1.4E-2 2.4E-1 
GOTERM_CC_DIRECT cell junction  41 3.8 1.4E-2 2.4E-1 
GOTERM_CC_DIRECT stress fiber  8 0.7 1.5E-2 2.4E-1 
GOTERM_CC_DIRECT myosin complex  7 0.6 1.5E-2 2.3E-1 
GOTERM_CC_DIRECT neuronal cell 

body  32 3.0 1.8E-2 2.6E-1 

GOTERM_CC_DIRECT muscle myosin 
complex  3 0.3 2.0E-2 2.8E-1 

GOTERM_CC_DIRECT T-tubule  7 0.6 2.3E-2 3.0E-1 
GOTERM_CC_DIRECT postsynaptic 

membrane  16 1.5 2.7E-2 3.4E-1 

GOTERM_CC_DIRECT filopodium  8 0.7 3.0E-2 3.6E-1 
GOTERM_CC_DIRECT perikaryon  12 1.1 3.2E-2 3.7E-1 
GOTERM_CC_DIRECT troponin complex  3 0.3 3.6E-2 4.0E-1 

36

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 18, 2019. ; https://doi.org/10.1101/553297doi: bioRxiv preprint 

https://doi.org/10.1101/553297
http://creativecommons.org/licenses/by/4.0/


  GOTERM_CC_DIRECT synapse  29 2.7 3.8E-2 4.0E-1 
GOTERM_CC_DIRECT proteinaceous 

extracellular 
matrix 

 20 1.8 4.0E-2 4.1E-1 

GOTERM_CC_DIRECT mast cell granule  4 0.4 5.2E-2 4.9E-1 
GOTERM_CC_DIRECT acrosomal 

vesicle  9 0.8 6.4E-2 5.6E-1 

GOTERM_CC_DIRECT integrin complex  4 0.4 7.1E-2 5.8E-1 
GOTERM_CC_DIRECT voltage-gated 

potassium 
channel complex 

 7 0.6 8.6E-2 6.5E-1 

GOTERM_CC_DIRECT fascia adherens  3 0.3 8.8E-2 6.5E-1 
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Table 7b - KEGG functional pathway analysis of genes negative for OGDH at TSS  
(Total OGDH negative genes = 1165 of 11527 expressed genes in the heart) 

 
KEGG pathways: OGDH-TSS negative Genes Count % P-Value Benjamini 

Dilated cardiomyopathy 

 

19 1.8 7.3E-10 8.6E-8 

Hypertrophic cardiomyopathy (HCM) 

 

17 1.6 1.9E-8 1.5E-6 

Cardiac muscle contraction 

 

15 1.4 6.0E-7 3.6E-5 

ECM-receptor interaction 

 

13 1.2 7.9E-5 3.7E-3 

Arrhythmogenic right ventricular 
cardiomyopathy (ARVC) 

 

11 1.0 2.4E-4 9.4E-3 

Focal adhesion 

 

19 1.8 5.7E-4 1.9E-2 

Neuroactive ligand-receptor interaction 

 

23 2.1 7.4E-4 2.2E-2 

Adrenergic signaling in cardiomyocytes 

 

15 1.4 1.2E-3 3.0E-2 

Regulation of actin cytoskeleton 

 

18 1.7 2.2E-3 5.0E-2 

PI3K-Akt signaling pathway 

 

24 2.2 4.8E-3 9.8E-2 

Hematopoietic cell lineage 

 

9 0.8 1.2E-2 2.0E-1 

Tight junction 

 

11 1.0 3.1E-2 4.4E-1 

Protein digestion and absorption 

 

8 0.7 4.2E-2 5.2E-1 

Axon guidance 

 

10 0.9 4.7E-2 5.3E-1 

Rap1 signaling pathway 

 

14 1.3 5.1E-2 5.4E-1 

Glutamatergic synapse 

 

9 0.8 6.0E-2 5.8E-1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

38

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 18, 2019. ; https://doi.org/10.1101/553297doi: bioRxiv preprint 

https://doi.org/10.1101/553297
http://creativecommons.org/licenses/by/4.0/


Table 8 - KEGG functional pathway analysis of suppressed genes that are positive for 
H2A.Z. 
(Total suppressed gene positive for H2A.Z = 1749 ) 
DAVID Bioinformatics Resources 6.8 
 
 Table 8a 

KEGG pathways: H2A.Z in unexpressed 
genes 

Genes Count % P-Value Benjamini 

Signaling pathways regulating 
pluripotency of stem cells 

 23 1.4 1.5E-6 3.7E-4 

Type I diabetes mellitus  15 0.9 1.9E-6 2.4E-4 

Graft-versus-host disease  13 0.8 8.1E-6 6.8E-4 

Neuroactive ligand-receptor 
interaction  

33 2.0 1.8E-5 1.1E-3 

Allograft rejection  13 0.8 1.8E-5 9.2E-4 

Cell adhesion molecules (CAMs)  23 1.4 2.1E-5 8.9E-4 

Basal cell carcinoma  12 0.7 8.0E-5 2.9E-3 

Melanogenesis  16 1.0 1.3E-4 4.0E-3 

Autoimmune thyroid disease  13 0.8 2.1E-4 5.8E-3 

Cytokine-cytokine receptor 
interaction  

27 1.7 2.8E-4 7.0E-3 

Viral myocarditis  13 0.8 5.8E-4 1.3E-2 

Calcium signaling pathway  21 1.3 7.7E-4 1.6E-2 

HTLV-I infection 
 

28 1.7 8.6E-4 1.7E-2 

Intestinal immune network for 
IgA production 

 9 0.6 1.1E-3 1.9E-2 

Phagosome  20 1.2 1.3E-3 2.1E-2 

Antigen processing and 
presentation 

 12 0.7 2.7E-3 4.2E-2 

PI3K-Akt signaling pathway 
 

29 1.8 1.2E-2 1.6E-1 

Wnt signaling pathway  15 0.9 1.2E-2 1.6E-1 

Ras signaling pathway  21 1.3 1.2E-2 1.5E-1 

Proteoglycans in cancer  19 1.2 1.5E-2 1.7E-1 

Pathways in cancer 
 

31 1.9 1.8E-2 2.0E-1 

Leukocyte transendothelial 
migration 

 13 0.8 2.0E-2 2.0E-1 

Vasopressin-regulated water 
reabsorption 

 7 0.4 2.0E-2 2.0E-1 

Rheumatoid arthritis  10 0.6 2.3E-2 2.1E-1 
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Rap1 signaling pathway  19 1.2 2.4E-2 2.2E-1 

cGMP-PKG signaling pathway  16 1.0 2.7E-2 2.3E-1 

Primary immunodeficiency  6 0.4 2.7E-2 2.3E-1 

TGF-beta signaling pathway  10 0.6 2.8E-2 2.3E-1 

Hedgehog signaling pathway  5 0.3 3.1E-2 2.4E-1 

alpha-Linolenic acid metabolism  5 0.3 3.6E-2 2.6E-1 

Dopaminergic synapse  13 0.8 3.9E-2 2.8E-1 

Phototransduction  5 0.3 4.0E-2 2.8E-1 

Regulation of actin cytoskeleton  18 1.1 4.4E-2 2.9E-1 

Oxytocin signaling pathway  14 0.9 5.8E-2 3.6E-1 

Cholinergic synapse  11 0.7 6.1E-2 3.6E-1 

Hematopoietic cell lineage  9 0.6 6.2E-2 3.6E-1 

Axon guidance  12 0.7 6.3E-2 3.6E-1 

Melanoma  8 0.5 6.8E-2 3.7E-1 

Gastric acid secretion  8 0.5 7.2E-2 3.8E-1 

cAMP signaling pathway  16 1.0 7.6E-2 3.9E-1 

ECM-receptor interaction  9 0.6 7.7E-2 3.9E-1 

Proximal tubule bicarbonate 
reclamation 

 4 0.2 9.8E-2 4.6E-1 

African trypanosomiasis  5 0.3 9.9E-2 4.6E-1 
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Table 8b - Signaling pathways regulating pluripotency of stem 
cells – expanded list 

GENE NAME 
LIM homeobox protein 5(Lhx5) 

POU domain, class 5, transcription factor 1(Pou5f1) 

SRY (sex determining region Y)-box 2(Sox2) 

axin 2(Axin2) 

distal-less homeobox 5(Dlx5) 

dual specificity phosphatase 9(Dusp9) 

extraembryonic, spermatogenesis, homeobox 1(Esx1) 

fibroblast growth factor receptor 3(Fgfr3) 

frizzled class receptor 10(Fzd10) 

frizzled class receptor 9(Fzd9) 

inhibin beta-B(Inhbb) 

inhibin beta-E(Inhbe) 

leukemia inhibitory factor(Lif) 

mitogen-activated protein kinase 11(Mapk11) 

neurogenin 1(Neurog1) 

nodal(Nodal) 

orthodenticle homeobox 1(Otx1) 

phosphatidylinositol 3-kinase catalytic delta polypeptide(Pik3cd) 

wingless-type MMTV integration site family, member 1(Wnt1) 

wingless-type MMTV integration site family, member 10A(Wnt10a) 

wingless-type MMTV integration site family, member 10B(Wnt10b) 

wingless-type MMTV integration site family, member 5B(Wnt5b) 

wingless-type MMTV integration site family, member 6(Wnt6) 
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