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Abstract 28 

Congenital heart disease (CHD) is often rooted in aberrant gene expression during 29 

heart development. As cells commit to a specific lineage during development, 30 

chromatin dynamics and developmental plasticity generally become more limited. 31 

However, it remains unclear how differentiated cardiomyocytes (CMs) undergo 32 

morphological and functional adaptations to the postnatal environment during the 33 

process of CM maturation. We sought to investigate the regulatory mechanisms that 34 

control postnatal cardiac gene networks. A time-series transcriptomic analysis of 35 

postnatal hearts revealed an integrated, time-ordered transcriptional network that 36 

regulates CM maturation. Remarkably, depletion of histone H2B ubiquitin ligase 37 

RNF20 after formation of the four-chamber heart disrupted these highly coordinated 38 

gene networks. As such, its ablation caused early-onset cardiomyopathy, a phenotype 39 

reminiscent of CHD. Furthermore, the dynamic modulation of chromatin accessibility 40 

by RNF20 during CM maturation was necessary for the operative binding of cardiac 41 

transcription factors that drive transcriptional gene networks. Together, our results 42 

reveal how epigenetic-mediated chromatin state transitions modulate time-ordered gene 43 

expression for CM maturation. 44 
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Introduction 49 

Aberrant cellular specification during cardiogenesis may lead to congenital heart 50 

disease (CHD)1, the most common birth defect worldwide2, or it may lead to heart 51 

failure, a leading cause of morbidity and mortality in adult life3. Since precise control 52 

of gene expression is critical for heart development and maturation4,5, knowledge of the 53 

regulatory mechanisms controlling cardiac gene networks is key to understanding the 54 

pathogenesis of cardiovascular disease. 55 

Gene expression is tightly controlled by transcription factors (TFs) that act in 56 

accordance with epigenetic regulatory mechanisms6,7. TFs bind to specific sequences 57 

of DNA adjacent to a gene promoter and control its activity6. However, most TFs 58 

cannot access closed chromatin, and their binding to DNA relies on the presence of a 59 

permissive chromatin environment constructed by epigenetic modulators7,8. In heart 60 

development, epigenetic marks are established early at the embryonic stage9,10, and 61 

dynamic changes in these marks are associated with cardiac lineage specification and 62 

stage transition10-12. 63 

An increasingly large body of clinical and experimental research indicates that 64 

aberrant epigenetic regulation can contribute to CHD9,13. For instance, alterations in 65 

histone modifying enzymes were shown to commonly occur as de novo mutations in 66 

CHD patients13. Furthermore, extensive studies have been conducted on the 67 

mechanisms by which H3K4 and H3K27 methylations impact heart development11,14,15. 68 

More recently, a critical role for histone H2B ubiquitylation (H2Bub) was demonstrated 69 

in cardiac development16,17. Knockdown of the Xenopus H2Bub E3 ligases, rnf20 (Ring 70 

finger protein 20) and rnf40 (Ring finger protein 40)18, beginning at the two-cell stage, 71 

influences cardiac looping and left-right (LR) asymmetry during early embryonic 72 

development16. Furthermore, the results of an in vivo CRISPR/Cas9 genetic screen 73 

suggested that RNF20/40 is involved in cardiomyocyte (CM) maturation via H2Bub 74 

deposition17. Thus, RNF20 appears to be relevant to both CHD and CM maturation16,19. 75 

Nevertheless, the molecular function of RNF20 during temporal development of 76 

mammalian heart remains uncharacterized.  77 

Dynamic regulation of the RNF20-H2Bub pathway has been linked to embryonic 78 

stem cell differentiation20-22. The addition of a single ubiquitin on H2B disrupts the 79 

local and higher-order structures of compacted chromatin23,24. This modulation of 80 

chromatin structure affects gene activities, as RNF20-H2Bub promotes the binding of 81 

TFs or regulatory proteins at gene promoters during transcription25,26. H2Bub is also 82 
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selectively enriched at the coding region of highly expressed genes27, where its tight 83 

coupling with RNA polymerase II (Pol II)25,28 and histone chaperone FACT29 facilitate 84 

transcriptional elongation. 85 

 86 

Results 87 

A time-ordered transcriptional cascade during cardiomyocyte maturation 88 

In postnatal hearts, numerous processes (cell cycle, structural, functional and 89 

metabolic transitions) are required to drive CM maturation4,5. These transitional 90 

processes are known to be coordinated by certain gene networks5,30, but it remains 91 

unclear whether the transcriptional programs governing each process are regulated 92 

independently and simultaneously or by an integrated time-ordered gene network4; and 93 

how epigenetic mechanism might contribute to these processes. To address these open 94 

questions, we conducted two parallel time-series experiments to obtain transcriptomic 95 

data of developing hearts from P2 to P28 from control and mutant hearts of mice with 96 

the conditional ablation of Rnf20 after cardiac morphogenesis (Rnf20flox/flox; Mck-Cre; 97 

hereafter called cKO) (Figure 1A). We found clearly distinctive expression profiles 98 

between all control and cKO pairs during CM maturation (PCA analysis, blue and red 99 

circles in Figure 1B).  100 

We applied the time-ordered gene coexpression network (TO-GCN) method31 to 101 

elucidate the dynamic of developmental processes over time in control and cKO hearts 102 

separately (Figure S1). In the analysis of control hearts, each expressed TF within the 103 

time series of transcriptomes was assigned to one of nine levels (L1 to L9) represented 104 

its expression time order over the five time-points (high expression levels are indicated 105 

by red squares in Figure 1C and Supplementary file 1). In the network, TFs shown at 106 

the same level indicates that they are upregulated at the same time period. Moreover, 107 

TFs displayed at consecutive levels indicates that they are upregulated in similar time 108 

orders, while TFs at lower-level are up-regulated earlier than TFs at higher-level 109 

(Figure 1C).  110 

Next, we identified overrepresented functional pathways of control heart 111 

development at each level of TO-GCN by checking the corresponding coexpressed 112 

genes (Figure 1D and Figure S1-2). The result shows a clear time-ordered 113 

organization of transcriptional cascades to regulate CM maturation (Left panel, Figure 114 

1D). For example, hypoxia-inducible factor 1 (HIF1) signaling was enriched at level 1 115 

(L1) and quickly decreased after L2 (Left panel, Figure 1D and S2-3), reflecting the 116 
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transition of hypoxia to normoxia after birth32. Following the decrease in HIF1 117 

signaling, most of the enriched pathways from L1 to L5 (corresponding to first week) 118 

were related to cell-cell connection, including genes supporting adherens junctions, 119 

actin cytoskeleton, tight junction focal adhesion, and ECM-receptor interaction (Left 120 

panel, Figure 1D and Figure S2). Genes related to cell cycle and DNA replication 121 

pathways were activated from L1/L2 (P2) to L4 (P7), reflecting a state of hyperplasia 122 

during the first week after birth 33 (Left panel, Figure 1D). The thyroid (T3) hormone 123 

signaling (Left panel, Figure 1D), required for CM growth and structural maturation 34, 124 

were enriched from L2 to L4. In addition to the upregulation of T3 signaling, we also 125 

observed sequential activation of several other signaling pathways. ErbB signaling was 126 

first activated at L2, followed by neurotrophin and PI3K-AKT signaling at L3, insulin 127 

signaling at L4 and MAPK signaling at L5 (Left panel, Figure 1D). The combination 128 

of ErbB and insulin signaling are thought to promote sarcomere synthesis 35,36. Notably, 129 

cross-talk between T3 and PI3K-AKT is important for myosin heavy chain and titin 130 

isoform transitions and is critical for myocardial distensibility and mechanosignaling 131 

37. Furthermore, the induction of neurotrophin signaling is required for 132 

neurodevelopment and enhances normal CM Ca2+ cycling and contraction 38. These 133 

enriched signaling pathways reflect cardiomyocytes undergoing structural and 134 

functional maturation (indicated by hypertrophy, isoform switch and contraction), 135 

accompanied by halting of the cell-cycle. The activated insulin signaling at L4 is 136 

important for the following fatty acid metabolism and oxidative phosphorylation at L7, 137 

reflecting a metabolism transformation in cardiomyocytes 39. At the same time, genes 138 

involved in mitochondria biogenesis and organization were highly expressed (Figure 139 

S2), consistent with idea that maturing CMs undergo a transition of primary energy 140 

source from glucose to fatty acids 40. Lastly, the pathway of cardiac muscle contraction 141 

was enhanced at L8 (P21) (Left panel, Figure 1D and Figure S2), in line with enhanced 142 

heart function at this stage. In summary, the analysis revealed an integrated, time-143 

ordered transcriptional network that accurately reflects the known coordination of 144 

signaling cascades regulating CM maturation in the first three weeks of life. 145 

 146 

Coordinated gene networks is critical for postnatal CM development 147 

Compared to the results in control hearts, we observed drastically different 148 

transcriptional regulatory cascades in cKO hearts (Figure 1D and S3). The disturbance 149 

by Rnf20 deletion could be observed as early as at L1 (corresponding to P2). For 150 
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example, the HIF-1 signaling pathway were enriched at L1 and L9 in control and cKO 151 

hearts, respectively. Intriguingly, the most dramatically dysregulated pathways at L1 in 152 

cKO hearts are related to actin cytoskeleton, tight junctions and adherens junctions, 153 

which contribute to myocyte-myocyte communication41 and regulate cell shape  154 

(Figure 1D and Figure S2). In addition, delay of ErbB signaling and disruptions in 155 

many metabolic networks (i.e., inactivation of fructose/mannose, propanoate and 2-156 

oxocarboxylic acid metabolism, and the early activation of fatty acid metabolism) were 157 

also observed in cKO (Figure 1D). These disruptions were reflected by the inactivation 158 

of genes involved in mitochondria biogenesis (Figure S2). Thus, RNF20 is critical for 159 

the coordination of gene networks during CM maturation, as early as the initial 160 

postnatal response to the hypoxia-to-normoxia shift. 161 

 162 

Ablation of Rnf20 after chamber formation leads to dilated cardiomyopathy  163 

Mck-Cre ablated Rnf20 in cardiac and skeletal muscle cells at E13.542 (Figure 2A 164 

and S4). The ablation of Rnf20 by Mck-Cre did not affect the Mendelian ratio of each 165 

genotype at postnatal day 1 (P1) (Table S1). However, compared to other littermates, 166 

cKO mice showed significantly lower body weight and sudden death beginning at P35 167 

(Figure 2B and 2C). Strikingly, all cKO mice died within 8 weeks (P56) of birth 168 

(Figure 2C). At birth, both the control (flox/flox) and cKO mice had hearts with normal 169 

structures, and as expected, the cardiac sizes increased with time (Figure 2D). However, 170 

the cKO hearts developed a pronounced ventricular chamber dilation after P28 (Figure 171 

2D). Echocardiographic analysis revealed that the left ventricle (LV) systolic function, 172 

as measured by fractional shortening (FS) and ejection fraction (EF), was significantly 173 

impaired after P28 (Figure 2E). We also detected abnormal electrocardiogram (ECG) 174 

patterns in cKO mice beginning at P14 (Figure 2F). The depolarization and 175 

repolarization of the cKO ventricles were disturbed, exhibiting prolonged QRS 176 

complex and QT interval (Figure 2F). ECG also revealed that the cKO mice developed 177 

irregular heartbeat at P28 (Figure S5). Thus, the cKO mice appear to suffer from dilated 178 

cardiomyopathy43 and arrhythmia, which may cause their sudden death.  179 

Notably, deletion of Rnf20 before chamber formation is embryonic lethal as no 180 

liveborn Rnf20flox/flox; Mesp1-Cre mice were recovered (Table S2), and the mutant 181 

embryos displayed a heart looping defect at E9.5, growth retardation at E10.5 and were 182 

absorbed before E12.5 (Figure 2A and S6). Mesp1-Cre is activated at embryonic day 183 

6.5 (E6.5)44; thus, the lack of RNF20 before chamber formation (E10-13.5 in mice) 184 
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prevents proper heart morphogenesis. Furthermore, these cardiac defects were not 185 

general effects of myopathy since mice with muscle-specific knockout of Rnf20 186 

(Rnf20flox/flox; Hsa-Cre)45 exhibited identical growth curves, survival rates, heart 187 

morphologies and cardiac functions to control mice at P49 (Figure S7). Taken together, 188 

these findings lead us to conclude that RNF20-mediated transcriptional network is 189 

essential for postnatal cardiac development and function. 190 

 191 

Structural, functional and metabolic transitions in postnatal heart 192 

Since the results up to this point implied that lack of RNF20 may disrupt multiple 193 

processes in CM maturation, we sought to analyze the biological outcomes of Rnf20 194 

cKO in mouse heart. We first tested whether the loss of RNF20 affects the polarization 195 

of intercalated discs (IDs), a hallmark of structural maturation of CM5,30 (Figure 3A). 196 

The major components of IDs include N-cadherin (an adherens junction protein), 197 

connexin 43 (a gap junction protein) and desmoplakin (a cytoplasmic desmosomal 198 

protein). These components were circumferentially distributed at P2 and gradually 199 

became polarized (P21), migrating to the ends of the cardiomyocytes at P35 in the 200 

control hearts (Figure 3B and S8A-B). In contrast, the migration was completely 201 

abolished in the CMs of cKO mice. Next, we characterized the ultrastructure changes 202 

in IDs during CM maturation using transmission electron microscopy (TEM). IDs were 203 

visible and adjacent to the intercellular space between myocytes in the control 204 

cardiomyocytes at P21 and P35, with clear adherent junctions (white arrow in Figure 205 

3C) and desmosomes (yellow arrow in Figure 3C). By contrast, the structures of IDs 206 

in mutant hearts were fragmented and disorganized (P21). By P35, the IDs were even 207 

degenerated with widened gaps.  208 

The structural maturation of cardiomyocytes (Figure 3D) may also be assessed by 209 

the localization of vinculin, a membrane-cytoskeletal protein controlling cytoskeletal 210 

mechanics and cell shape46 (Figure 3E). In the control mouse myocardium, 211 

cytoplasmic vinculin migrated to the cell membrane during maturation (upper panel, 212 

Figure 3E); however, the majority of vinculin remained in the cytoplasmic region in 213 

RNF20-depleted mutants (lower panel, Figure 3E). Furthermore, we found that the 214 

cardiomyocytes in cKO mice failed to adopt a rectangular shape at P35 (Figure 3E and 215 

S8C). Since CM cell shape is intimately linked to sarcomere alignment47, we also 216 

inspected the myofibril organization in postnatal hearts by TEM (Figure 3F). In 217 

contrast to the control group, the myofibril alignment in cardiomyocytes of cKO was 218 
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distorted, exhibiting loose actin filaments (yellow arrow in Figure 3F) and fuzzy Z-219 

lines (white arrowhead in Figure 3F); the M-line was also difficult to distinguish 220 

(yellow arrowhead in Figure 3F). 221 

Last, we examined the effects of Rnf20 cKO on CM metabolic maturation, as 222 

indicated by the maturation of mitochondria (Figure 3G)4,5. Control hearts showed a 223 

gradual morphological shift from small, tubular and round mitochondria to large, ovoid, 224 

well-organized organelles between P7 and P35 (Figure 3H and S8D), which is typical 225 

of developing hearts30. However, this morphological maturation did not occur in 226 

mitochondria of cKO hearts (Figure 3H and S8D). We next analyzed the arrangement 227 

and density of cristae by TEM. Interestingly, the arrangement of cristae was not altered 228 

in cKO mutants. However, a breakdown of both inner and outer membrane was 229 

observed at postnatal day 35 (cKO in Figure 3H). Furthermore, mitochondria cristae 230 

density (an indicator of mitochondria function)5 was low from P21 onwards in cKO 231 

hearts (Figure 3H). The mitochondria DNA (mtDNA) copy number was reduced by 232 

20% at P35 in cKO mice (Figure S7E). In addition, the protein levels of major electron 233 

transport chain components, cytochrome c oxidase and COX VI were markedly 234 

decreased in mutant heart (Figure 3I). The observed low enzyme activities of 235 

cytochrome c oxidase (Figure 3J) and NADH oxidase (Figure 3K)48 were likely 236 

responsible for the drastic reduction of ATP in cKO myocardium (Figure 3L). 237 

Collectively, these data suggested that RNF20 extensively regulates CM maturation by 238 

orchestrating gene networks and their functional outcomes. 239 

 240 

The dynamic chromatin opening during CM maturation 241 

Since RNF20 is known to be an epigenetic factor that modulates chromatin 242 

compaction via monoubiquitylating histone H2B23, we wondered whether Rnf20-243 

mediated epigenetic landscaping is involved in regulating the transcriptional networks 244 

during postnatal CM development (Figure 1D). To this end, we profiled the chromatin 245 

accessibility by ATAC-seq49 in postnatal hearts of two time points, P7 and P21 (Figure 246 

4A), which represented the early and late stages, respectively, of the postnatal 247 

transcriptional maturation programs. In control hearts, we found the number of wide-248 

spread accessible regions (peaks) reduced by almost 50% at P21 against P7 (Figure 249 

4B). Most of reduced peaks were from promoter regions (from 13,320 to 3,714 peaks; 250 

reduction of 72.1%; Figure 4B and supplementary file 2). Intriguingly, this dynamic 251 

change in chromatin accessibility was positively correlated to the level of RNF20 in 252 
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control hearts (Figure 4C), suggesting that the chromatin in early and late stages 253 

displayed distinctive epigenetic landscapes.  254 

On the other hand, we found only about a half of peaks were detected in the 255 

genome of P7 in cKO hearts. Compared to P7 of control, number of detected peaks 256 

decreased in all genomic regions but predominantly in promoter regions (from 13,320 257 

to 5,567 peaks; reduction of 58.2%; Figure 4B). These results suggest that RNF20 258 

facilitates chromatin accessibility, especially during the early stage of postnatal heart 259 

development. 260 

 261 

Promoter-opening is required for postnatal gene expression  262 

Since the loss of Rnf20 primarily impacted accessibility at gene promoters and 263 

nucleosome eviction at gene promoter is one of the major events during transcriptional 264 

activation50, we postulated that RNF20-mediated chromatin opening may affect 265 

postnatal transcriptional regulation. To test this hypothesis, we identified genes with 266 

ATAC-seq peaks within 3Kb of the transcription starting sites (TSS) (Figure 4D). A 267 

large number of peak-associated genes (11,543 genes) was identified in the control 268 

hearts at P7, while only 6,425 genes were associated with accessible promoters in P7 269 

cKO hearts (Figure 4D). This indicated that almost fifty percent (49.5%; 5,713) of 270 

active genes in the P7 heart may require RNF20 for their promoter opening; such genes 271 

are hereafter called “RNF20-open” genes (Figure 4D). KEGG pathway enrichment 272 

analysis shows that “RNF20-open” genes were enriched in pathways related to CM 273 

maturation, such as calcium signaling, cell cycle, fatty acid metabolism, gap junction, 274 

and thyroid hormone synthesis4,5 (Figure S10). Only a small fraction of genes (595 275 

genes) was classified as “cKO-open” genes (Figure 4D), indicating their promoters 276 

were accessible under RNF20 depletion. These genes showed no apparent functional 277 

links with heart development (Figure S10). These findings revealed that RNF20-278 

mediated chromatin opening at P7 regulates transcriptional programs in CM maturation 279 

and thus may play a critical role in coordinating postnatal gene networks.  280 

At P21, the number of peak-associated genes in the control hearts was comparable 281 

to that in the cKO hearts (5,288 in the control and 5,108 in cKO). However, the genes 282 

in these two groups overlapped by only about 50% (Figure 4D), and there were roughly 283 

equal numbers of “RNF20-open” (2646) and “cKO-open” (2466) genes. Of note, the 284 

“RNF20-open” genes were involved in metabolism-related pathways, such as pyruvate 285 

metabolism, glucagon signaling, regulation of lipolysis in adipocytes (Figure S11). 286 
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These RNF20-associated pathways mostly correlated with enriched functions at the 287 

later stages of CM maturation (Figure 1D and S3). In contrast, the “cKO-open” genes 288 

were enriched in Wnt signaling pathway, ECM-receptor interaction and neurotrophin 289 

signaling (Figure S11), which were highly expressed at the neonatal phase (P2 to P7) 290 

(Figure 1D). Thus, the ablation of Rnf20 causes the transcriptional program of P21 291 

heart to retain similarity with the initial postnatal stage and impairs CM maturation.  292 

 293 

Chromatin remodeling facilitates dynamic binding of TFs during postnatal heart 294 

development   295 

Previous studies reported that gene network transitions during heart development 296 

are tightly controlled by TFs51, we were wondering whether RNF20-mediated changes 297 

in chromatin accessibility affect the binding of TFs to modulate postnatal heart 298 

development. To this end, we used a computational tool, TOBIAS52 to perform a TF 299 

footprint analysis with the ATAC-seq data (Figure 4E). In the result, differential 300 

binding scores (DBSs) of 746 TFs represent their relative binding efficiency between 301 

the control and cKO groups (Figure 4F; a full list of analyzed TFs can be found in 302 

Supplementary file 3). For P7, we identified 199 RNF20-dependent and 39 cKO-303 

dependent TFs by their binding activity (-log10p-value > 100) in the control (DBS > 304 

0.25) and cKO (DBS < -0.25) groups, respectively (Figure 4F and supplementary file 305 

3). Gene Ontology (GO) enrichment analysis shows that the RNF20-dependent TFs 306 

were involved in cardiac development and CM maturation (Figure 4F and S12A). 307 

Remarkably, many of the RNF20-dependent TFs at P7 turned to be cKO-dependent 308 

(DBS < 0) at P21 (Figure 4F), which is in line with the chromatin opening profile in 309 

the cKO hearts (p21 in Figure 4D). These results provide further explanation for the 310 

extensive transcriptional dysregulation caused by deletion of Rnf20 (Figure 2D). 311 

Conversely, the binding patterns of the 39 cKO-dependent TFs became sparsely 312 

distributed, and their functional categories were unrelated to heart 313 

development/function (Figure 4F and S12B). Taken together, these observations 314 

suggest that the elevated levels of RNF20 at the early stage (P7) of CM maturation are 315 

necessary for proper binding of cardiac TFs that drive transcriptional gene networks, 316 

and the continual expression of RNF20 at lower levels is required to sustain gene-317 

network transitions (Figure 4G). Thus, RNF20 is centrally involved in establishing a 318 

dynamic epigenetic environment that facilitates the execution of time-ordered gene 319 

networks during postnatal heart development (Figure 1D).  320 
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 321 

Pioneer factors contribute to chromatin opening  322 

Of note, almost 50% of genes in the control hearts of P7 (50.5%, 5830 genes) and 323 

P21 (46.44%, 2642 genes) did not require RNF20 for promoter opening (Figure 4D): 324 

defined as “persistent-open” genes. The products of “persistent-open” genes included 325 

the regulatory factors that are essential for CM maturation, such as HIF-1 signaling, 326 

ErbB signaling pathway and tight junction (Figure 1D, S10 and S11), suggesting there 327 

must be other factors required to maintain the basal level of chromatin opening which 328 

governs these maturation functions. It is interesting that many pioneer factors, including 329 

GATA families (GATA4, GATA6) and forkhead box families (FOXA1, FOXA2) 330 

(yellow dots in Figure 4F), did not rely on RNF20 for recognition site binding [low 331 

Dbs (x-axis) and low p-value (y-axis); Supplementary file 3]. Pioneer factors are able 332 

to open closed chromatin sites in order to implement cell fate programs53. Consistent 333 

with their pioneering roles during embryonic heart development54,55, expression levels 334 

of GATA4 and GATA6 were high at early postnatal stages (L1-L2 by TO-GCN 335 

analysis, Figure 2C). Thus, the promoter accessibilities of “persistent-open” genes are 336 

likely attributable to the cooperation of pioneer factors via RNF20-independent 337 

mechanisms. Intriguingly, the time-ordered expression of some “persistent-open” genes 338 

were disrupted in the absence of RNF20 (Figure 1D, S10 and S11). As such, RNF20 339 

may also regulate the optimal expression of “persistent-open” genes in postnatal heart 340 

without affecting the chromatin accessibility at their promoters. 341 

 342 

Discussion 343 

In this study, we found that RNF20-dependent modulation of dynamic chromatin 344 

accessibility is required for the time-ordered transcription of postnatal genes and CM 345 

maturation. Our analyses demonstrated that the epigenetic factor, RNF20 is essential 346 

for heart specification and morphogenesis at early stages; then, it is also required for 347 

CM adaptation to body size and workload during postnatal growth (Figure 5A). We 348 

further identified a transcriptional regulatory cascade that orchestrates the sequential 349 

structural, cell-cycle, functional and metabolic maturation programs in the postnatal 350 

heart (Figure 5B). Evidence from our study suggests that RNF20 plays a key role in 351 

regulating the time-ordered gene networks during postnatal CM maturation by 352 

modulating chromatin accessibility. Mechanistically, RNF20-mediated chromatin 353 

opening in the early postnatal heart globally resolves epigenetic barriers to allow the 354 
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maturation program to proceed. The decrease of RNF20 expression at the end-stage of 355 

maturation then reestablishes a more compact epigenetic state with less transcriptional 356 

flexibility, which is required for the mature cells. RNF20 is likely to modulate 357 

chromatin accessibility through its epigenetic target, H2Bub 29, as this modification has 358 

been shown to disrupt local and higher-order chromatin compaction in vitro and in vivo 359 

23,24. However, our data do not exclude the possibility that RNF20 may regulate other 360 

epigenetic factors to affect the postnatal chromatin landscape.  361 

Global differences in chromatin accessibility have been observed during 362 

development of several different species, such as humans and flies 56,57. Accessibility 363 

of chromatin may also differ across different life stages, as demonstrated in the 364 

developing and aged C. elegans 58. Stage-specific reorganization of the chromatin 365 

landscape in cells also appears to be critical for lineage-specific gene expression, 366 

highlighting the importance of chromatin accessibility in cell-fate determination 59. The 367 

dynamics of chromatin accessibility are modulated by the combined effects of 368 

chromatin remodelers60,61, TFs62 and PTMs63. However, it remains uncertain how 369 

accessibility of chromatin is modulated in response to external stimuli and 370 

developmental cues. Overwhelming evidence supports the roles of different PTMs in 371 

generating functional chromatin states64, and PTMs are known to influence chromatin 372 

accessibility via indirect mechanisms, such as altering TF binding and nucleosome 373 

affinity of chromatin remodelers. Intriguingly, however, uncertainty remains about how 374 

PTMs may directly contribute to accessibility remodeling of chromatin templates. Our 375 

finding that RNF20 helps to establish a dynamic chromatin environment for CM 376 

maturation has some intriguing implications. First, the deletion of Rnf20 after cardiac 377 

morphogenesis does not change cell fates or identity during prenatal or neonatal heart 378 

development, but it dramatically compromises CM maturation. At the molecular level, 379 

we found that RNF20 influences chromatin opening in nearly half of the gene promoters 380 

involved in CM maturation, suggesting that there is a division of labor for modulating 381 

chromatin accessibility. The cardiac-specific pioneer factors most likely specialize in 382 

modulating the chromatin states in those parts of the genome required for cardiac cell 383 

fate. In contrast, RNF20 (possibly via H2Bub) may promote chromatin plasticity in the 384 

rest of genome, allowing the heart cells to undergo remodeling from a fetal to an adult 385 

state without affecting core cell identity factors. Thus, our findings suggest a novel 386 

mechanism in which PTMs directly and extensively modulate chromatin accessibility 387 

dynamics to orchestrate developmental processes.    388 
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The mechanisms of regulating and coordinating constituent processes during CM 389 

maturation have received increasing attention because it is not yet possible to achieve 390 

complete maturation of pluripotent stem cell (PSC)-induced CMs (iPSC-CMs)4. Our 391 

TO-GCN analysis revealed that postnatal heart development is initiated by integrated 392 

signals, including transient expression of hypoxia-inducible factor 1-alpha (HIF-1α), 393 

cell-cell connection (adherens and tight junction) and structural organization 394 

(regulation of actin cytoskeleton). Thus, the coordinated activation of these pathways 395 

may help initiate CM maturation. In support of this idea, the synergistic application of 396 

electrical/mechanical stimulation, extracellular matrix and non-CM co-cultures can 397 

facilitate iPSC-CMs maturation30,65. Furthermore, the inhibition of HIF1α enhances the 398 

contractile, electrophysiologic and metabolic maturation of iPSC-CMs 66,67. The 399 

maturation of CMs involves a complex transcriptional network coordinated by cardiac 400 

and non-cardiac cells30,41,68-70. Our study provides clear staging information and 401 

delineation of transcriptionally active maturation processes based on analyses of whole 402 

heart transcriptomes using a comparative transcriptomic method31. Thus, our approach 403 

may serve to identify the complete set of processes underlying CM maturation. 404 

Furthermore, our mouse genetic results imply that RNF20 mutations may cause CHD, 405 

as supported by previous observations in CHD patients and in Xenopus13,16. The results 406 

further suggest that functional RNF20 abnormalities beginning at late-gestation periods 407 

could be related to early-onset cardiomyopathy in children and young adults, even 408 

without observable effects on heart morphogenesis.  409 

In summary, our findings demonstrate that dynamic chromatin accessibility is 410 

critical for the time-ordered expression of postnatal genes during CM maturation, and 411 

the epigenetic factor RNF20 plays a decisive role in mediating postnatal chromatin 412 

accessibility remodeling. We also offer a complete roadmap of gene cascades that direct 413 

CM maturation, providing insights that may improve therapies for CHD and facilitate 414 

the development of iPSC-CMs to treat heart disease.  415 
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Figure legends 648 

Figure 1. Comparative analysis of time-series transcriptomes from mouse hearts. 649 

Schematic of sample collection strategy from control and cKO mice for RNA-seq and 650 

time-ordered gene co-expression network (TO-GCN) analysis. (B) PCA plot of RNA-651 

seq results. n=2 per group. (C) The TO-GCN structure with TF genes as nodes (blue 652 

circles) and the heatmap of average normalized RPKMs (z scores) at each time-point; 653 

TF genes were evaluated at nine levels in the control heart. Examples of TFs gene 654 

lists from each level in the control mice heart are shown. TFs shown at L1 and L2 655 

were developmental cardiac associated, e.g., Gata4, Nkx2.5, Tbx5, Tbx20 and Tead1, 656 

in line with their known contributions to neonatal cell proliferation and maturation71-73 657 

(Supplementary file 1). The YAP co-factors (Smad3, Runx1, Smad4/5) shown at L3 658 

and L4 (P7), consistent with their roles in the cardiac homeostasis and cell cycle 659 

control at postnatal stages74. The postnatal activation of Mef2 family (shown at L5 660 

and L7) is required for normal postnatal growth of the myocardium75, and Foxo1 661 

(shown at L6) is necessary for hypertrophic growth76. The PPARs shown at L8 is 662 

responsible for mitochondria biogenesis and metabolic switching of CMs77. (D) 663 

KEGG analysis for co-expressed genes in the control heart are displayed in order (by 664 

TO-GCN level); the same list from cKO heart is shown for comparison. 665 

 666 

Figure 2 Depletion of RNF20 before and after chamber formation leads to 667 

different outcomes. 668 

(A) Experimental design for the generation and identification of heart-specific Rnf20 669 

conditional knockout mice at different developmental stages. Protein extracts were 670 

collected from the heart tube of Rnf20flox/flox;Mesp1-Cre embryos (E10.5) and whole 671 

heart samples from Rnf20flox/flox;Mck-Cre mice (P35); immunoblot analyses were 672 

performed (B) Growth curve and (C) Kaplan-Meier survival curves of Rnf20 cKO 673 

(Rnf20flox/flox;Mck-Cre) mice and control (Rnf20flox/flox, Rnf20flox/+, Mck-Cre Rnf20flox/+) 674 

littermates. (D) Hematoxylin/eosin-stained sagittal (left) and cross (right) sections of 675 

control (Rnf20flox/flox) and Rnf20 cKO hearts at P2, P14, P28 and P42. (E) (Left panel) 676 

Representative 2D and M-mode echocardiographic images of the RNF20 cKO and 677 

control hearts. (Right panel) Echocardiographic analysis in the control and cKO mice 678 

at different stages. Left ventricular ejection fraction (EF) and fractional shortening (FS) 679 

are shown. Data are presented as mean ± SD; n=6 per group. * p<0.05; ** p< 0.01; *** 680 

p< 0.001. (F) Representative telemetric electrocardiogram (ECG) patterns of control 681 

and cKO mice at P14. Quantification of the ECG changes in Rnf20 cKO and control 682 

mice from P14 to P42 are shown; data are presented as mean ± SD. n=5 per group. * 683 

p<0.05; ** p< 0.01; *** p< 0.001. 684 

 685 
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Figure 3. Postnatal maturation defects in Rnf20 cKO mice heart. 686 

(A) Model of the dynamic formation of intercalated discs (IDs; composed of 687 

desmosome, gap junction and adherens junction) during cardiomyocyte maturation. (B) 688 

Confocal micrographs of cross sections of the cardiac muscle of control and cKO mice 689 

at P2, P21 and P35. Specific antibodies were used to identify the distributions of ID 690 

component, N-Cadherin, and the costamere marker, Vinculin. The nucleus was 691 

visualized by Hoechst 33342 staining; n=3 per group. Scale bar: 10 m. (C) 692 

Transmission electron microscopy images (TEMs) of ventricular myocardium from 693 

Rnf20 cKO and control mice at P21 and P35. The inset provides a simple representation 694 

of ID morphologies in control and cKO mice. Abnormal structures were observed in 695 

mutant hearts, with widened gaps in the IDs. White arrowheads: adherent junctions; 696 

yellow arrowheads: desmosomes. Scale bar: 0.5 m. (D) Model of the morphological 697 

changes in immature cardiomyocytes; increased size and altered organization of the 698 

contractile cytoskeleton. (E) Staining for Vinculin (costamere marker) in ventricular 699 

sections from Rnf20 cKO and control mice at P2, P21 and P35. Scale bar: 50 m. (F) 700 

The ultrastructure of the sarcomere in cardiomyocytes of control and Rnf20 cKO mice. 701 

Abnormal Z-line (white arrowheads) and loose, distorted myofibrils (yellow 702 

arrowheads) were observed in cKO mice at P21 and P35. Scale bar: 0.5 m. (G) 703 

Schematic depicts the maturation of mitochondria during CM maturation. (H) TEMs of 704 

mitochondria in ventricular cardiomyocytes (Scale bar: 0.5 m). Quantification of 705 

number of cristae per μm suggested a significantly less dense cristae structure in cKO 706 

mice heart than in control at P35 (n = 3 for each group). * p<0.05; ** p< 0.01; *** p< 707 

0.001. (I) Immunoblotting for mitochondria proteins in control and Rnf20 cKO hearts 708 

(n=3). COX IV: cytochrome c oxidase IV; VDAC: voltage-dependent anion channel; 709 

PHB1: prohibitins; PDH: pyruvate dehydrogenase; SDHA: succinate dehydrogenase A; 710 

HSP60: heat shock protein 60. (J-L) The mitochondrial enzyme activities for (J) 711 

cytochrome c oxidase, (K) NADH oxidase and (L) ATP production were measured in 712 

P35 hearts (n = 3 for each, normalized to mitochondrial protein). * p<0.05; ** p< 0.01; 713 

*** p< 0.001. 714 

 715 

Figure 4. Chromatin accessibility landscape in postnatal heart. 716 

(A) Experimental design for sample collection from control and cKO mice. (B) Peak 717 

calls from the P7 and P21 control or mutant hearts are shown individually. Color 718 

indicates the type of genomic region overlapped by the peak. UTR, untranslated region. 719 

(C) Immunoblot analysis of RNF20 in control heart. (D) Venn diagram of peak-720 

associated genes in the control and Rnf20 cKO heart at P7 (Left) and P21 (Right), 721 

respectively. Middle, model of peak associated genes from ATAC-seq (3 kb ± 722 

transcription start site). (E) Schematic illustrates the dynamics of TF binding (blue), 723 
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Tn5 insertion (green), and the concept of footprint analysis using ATAC-seq data. (F) 724 

Pairwise comparisons of TF activities in control and cKO mice. The volcano plots show 725 

differential binding activity versus -log10 p-value (both calculated by TOBIAS) for all 726 

investigated TF motifs; each dot represents one motif. The control-specific TFs 727 

(RNF20-dependent) are labeled in red, and the cKO-specific TFs (cKO-dependent) are 728 

labeled in blue. Gene ontology analyses of RNF20-dependent and cKO-dependent TFs 729 

are shown. (G) Illustration of RNF20-mediated chromatin remodeling in postnatal heart. 730 

At P7: RNF20 is upregulated, chromatin accessibility at regulatory elements (REs) of 731 

genes are upregulated, TF binding is upregulated; at P21: RNF20 is downregulated, 732 

chromatin accessibility at REs of genes are downregulated, TF binding is 733 

downregulated. 734 

 735 

Figure 5. Working model. 736 

(A) Schematic summarizes the effects of Rnf20 inactivation (cKO) on mice heart 737 

development. (B) Dynamic RNF20 expression after birth mediates remodeling of 738 

chromatin accessibility to allow the induction of a time-ordered postnatal transcription 739 

program. RNF20 is highly expressed at the early postnatal stage, leading to a global 740 

chromatin decompaction that facilitates the binding of transcription factors (TFs) to 741 

early postnatal genes. RNF20 level decreases at the later stage of heart maturation, 742 

leading to chromatin compaction and a restriction of TF binding that establishes and 743 

maintains the mature status of the heart.  744 
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