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Abstract 25 

De novo variants affecting the core complex required for monoubiquitination of histone H2B (H2Bub1) are 26 

enriched in human congenital heart disease. H2Bub1 is an enigmatic chromatin modification required in 27 

stem cell differentiation, cilia function, post-natal cardiomyocyte maturation and transcriptional elongation. 28 

However, it is still unknown how H2Bub1 affects cardiogenesis (heart structure formation), which is 29 

distinct from cardiomyocyte maturation and underlies congenital heart disease. Here we show that the 30 

RNF20-core complex (RNF20-RNF40-UBE2B) is required for cardiogenesis in mouse embryos and is 31 

essential for differentiation of human iPSCs into cardiomyocytes. Mice with cardiac-specific deletion of 32 

Rnf20 are e12.5 lethal, have thinned myocardium, a deficient ventricular septum, and abnormal cardiac 33 

sarcomere organization. We analyzed H2Bub1 marks during the time course of differentiation of human 34 

iPSCs into cardiomyocytes, and demonstrated that H2Bub1 marks are erased from a majority of genes at 35 

the transition from cardiac mesoderm to cardiac progenitor cells, but are preserved on a subset of long 36 

cardiac-specific genes. Sarcomeric gene expression is dependent on normal H2Bub1 both in mice and in 37 

human iPSC-derived cardiomyocytes. Finally, we identify an accumulation of H2Bub1 near the center of 38 

tissue-specific genes in human cardiomyocytes, mouse embryonic fibroblasts, and human fetal 39 

osteoblasts associated with transcriptional elongation efficiency that is absent in UBE2B knock-out 40 

H2Bub1-deficient cardiomyocytes. In summary, normal H2Bub1 distribution is required for cardiac 41 

morphogenesis and cardiomyocyte differentiation, and we propose that H2Bub1 regulates tissue-specific 42 

gene expression by increasing the efficiency of transcriptional elongation.43 



3 

 

Introduction 44 

Congenital heart disease (CHD), a structural abnormality of the heart and/or great vessels, is the 45 

most common cause of mortality from congenital malformations. Whole-exome sequencing of CHD 46 

patients identified variants in a broad spectrum of chromatin modifier genes in 2.3% of cases
1-4

 including 47 

genes affecting H3K4 methylation, H3K27 methylation and H2K120 monoubiquitination. Vertebrates 48 

deficient for Kmt2d (H3K4 methyltransferase) have a range of cardiac abnormalities
5,6

, and studies in 49 

iPSC-derived cardiomyocytes show that many chromatin marks, including H3K4me3 and H3K27me3, are 50 

dynamic throughout cardiac lineage commitment
7
. However, how monoubiquitination of histone H2B on 51 

K120 (H2Bub1) affects structural cardiogenesis remains enigmatic. The H2Bub1 machinery was first 52 

discovered in yeast; in mammals, deposition of H2Bub1 requires a complex consisting of the E3 ubiquitin 53 

ligases RNF20 and RNF40 and the Ubiquitin Conjugating enzyme E2 B (UBE2B) in addition to interaction 54 

with the WW Domain-containing adaptor with coiled-coil (WAC)
8-14

. Unlike most histone marks, H2Bub1 is 55 

located on gene bodies, where it is enriched near the promoter and gradually decreases towards the 3’ 56 

end
15

. It is postulated to function in both activating and repressing gene expression
16,17

, and the effect of 57 

H2Bub1 on transcriptional regulation may be context-dependent. H2Bub1 has broad biological functions 58 

including differentiation, tumor suppression, and inflammation
18-24

. Constitutive deletion of Rnf20 in mouse 59 

leads to failure of preimplantation development
25,26

, conditional deletion in the mouse testes results in 60 

male infertility
26

, and knockdown in Xenopus leads to abnormal embryonic left-right axis determination
27

. 61 

Interestingly, increased H2Bub1 levels, due to mutations affecting deubiquitination, result in mid-62 

embryonic lethality in mice
28

, suggesting that development is sensitive to the level of H2Bub1. 63 

 CHD patients show enrichment in de novo damaging variants affecting the RNF20 interactome, 64 

compared to controls, implicating H2Bub1 in human CHD
2,27

. H2Bub1 is required for cilia gene expression 65 

at the left-right organizer to establish left-right asymmetry and direction of heart looping. However, only 66 

some patients with variants affecting H2Bub1 have laterality defects, suggesting that H2Bub1 affects 67 

cardiac morphogenesis outside of the determination of left-right asymmetry. Postnatal maturation of 68 

mouse cardiomyocytes is affected by mosaic deletion of both Rnf20 and Rnf40 at postnatal day 0, leading 69 

to immature cardiomyocytes at day 28 associated with downregulation of adult-biased metabolism 70 

genes
29

. However, this observation does not explain the cardiac defects observed in patients with CHD 71 
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and H2Bub1 defects, who have structural heart defects occurring prenatally, implying that there is an 72 

additional essential role for H2Bub1 in the entirely distinct process of cardiogenesis. Cardiogenesis is 73 

largely completed by mouse e15 and encompasses differentiation of cardiac progenitors, migration into 74 

the cardiac crescent, and formation of the heart structure, and is under tight transcriptional control
30

. It is 75 

likely that the role of H2Bub1 in cardiogenesis or CHD is distinct from the function of H2Bub1 in post-natal 76 

cardiomyocyte maturation. 77 

 Here we show that H2Bub1 is required for embryonic cardiomyocyte differentiation and 78 

cardiogenesis. Cardiac-specific deletion of Rnf20 in mouse leads to embryonic lethality, abnormal 79 

compact myocardium, disorganized cardiac sarcomeres lacking an H zone, and a deficient ventricular 80 

septum. Developmental time-course analysis of H2Bub1 ChIP-seq during differentiation of human iPSCs 81 

to cardiomyocytes identifies abundant H2Bub1 marks in iPSCs that are lost on most genes at transition 82 

from cardiac mesoderm to cardiac progenitor cells, but are selectively maintained on a subset of genes 83 

significantly enriched in sarcomeric calcium genes. This same set of genes is misregulated when H2Bub1 84 

is decreased (through complete deletion of UBE2B) in vitro and in vivo. Finally, we show that local 85 

accumulation of the H2Bub1 marks near the center of long genes with tissue-specific expression is 86 

correlated with transcriptional elongation efficiency. Together, our data indicate that H2Bub1 is essential 87 

for cardiac development through regulation of cardiac sarcomeric genes during cardiomyocyte 88 

differentiation and development in human and mouse. 89 

 90 

Results 91 

Rnf20 is expressed during mouse heart development 92 

Since RNF20 variants have been linked to human CHD both with and without abnormal laterality, 93 

we asked how RNF20 affects cardiogenesis in mice. Analysis of RNF20 protein in mouse embryonic 94 

hearts demonstrated ubiquitous cardiac expression of nuclear RNF20 at e9.5 (Fig. S1a). At e11.5, 95 

RNF20 is expressed throughout the epicardium and endocardium, and forms an expression gradient in 96 

the myocardium with higher RNF20 at the myocardial surface compared to the lumen. Some cytoplasmic 97 

signal is observed at this stage, which could reflect a secondary role of RNF20, as seen in a different 98 

RING Finger protein, MURF-1 (Fig. S1b)
31

. To relate the dynamic nature of H2Bub1 during mouse heart 99 
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development to dynamic levels of the ubiquitination complex (RNF20-RNF40-UBE2B), we examined the 100 

expression of the complex components and H2Bub1 over time in the heart in vivo. Protein levels of 101 

RNF20-complex members and H2Bub1/H2B ratios are dynamic between embryonic day 9.5 (e9.5) and 102 

postnatal day 0 (P0) (Fig. S1c). 103 

 104 

Rnf20 is required for mouse heart development 105 

The human CHD-associated variant in RNF20 is an early stop codon, suggesting 106 

haploinsufficiency for RNF20, so we analyzed constitutively heterozygous Rnf20 mice containing a 107 

targeted deletion of Rnf20 by replacing all coding exons with a LacZ reporter (obtained from KOMP2) 108 

(Fig. S2a)
27,32

. The Rnf20
+/-

 mice are phenotypically normal and survive to adulthood with no discernible 109 

cardiac abnormalities (Fig. S2b). However, no Rnf20
-/- 

embryos are recovered post-blastocyst stage, 110 

consistent with previous data showing RNF20 is required for preimplantation development (Fig. 1a, 111 

S2b)
25,26

.  112 

To test whether RNF20 is required in cardiogenesis, we generated mice with cardiac-specific 113 

deletion of Rnf20 using a conditional Rnf20
fl
 allele containing loxP sites flanking exons 2-4 of the Rnf20 114 

gene and the Nkx2.5Cre driver (Fig. S3a)
26,33

. We evaluated timing and specificity of Cre expression by 115 

mating with ROSA
mt/mg

 and evaluating Cre expression. Only males that correctly transmitted the Cre were 116 

used (Images in Fig. 1a). Rnf20
fl/-

::Nkx2.5Cre
+
 embryos are found at Mendelian ratios until e12.25, but 117 

none were recovered after e12.5. Further, the Rnf20
fl/+

::Nkx2.5Cre
+
 control mice are found at Mendelian 118 

ratios through birth and appear phenotypically normal, indicating that the phenotype is not secondary to 119 

Nkx2.5 haploinsufficiency resulting from the Nkx2.5Cre allele (Fig. 1a, S3b). At e11.5, the embryos and 120 

heart appear normal by H&E, including 100% normal heart looping direction (Fig. S3c). By e12.25, the 121 

compact myocardium is significantly thinned in Rnf20
fl/-

::Nkx2.5Cre
+
 embryos irrespective of comparable 122 

diameters to wildtype, and the ventricular septum is deficient (left ventricle compact myocardium 123 

thickness p-value = 0.009, right ventricle compact myocardium thickness p-value = 0.004, septum length 124 

p-value = 0.0007) (Fig. 1c). We verified the Nkx2.5-specific deletion of Rnf20 at e11.5; nuclear RNF20 125 

protein is in both myocardial and epicardial cells in the Rnf20
fl/-

::Nkx2.5Cre
-
  embryos, but is deleted in 126 

myocardial cells and retained only in the NKX2.5-negative epicardial cells in Rnf20
fl/-

::Nkx2.5Cre
+
  127 
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embryos (Fig. 1b). We also investigated the effect of Rnf20 deletion using a different cardiac-specific 128 

driver (Isl1Cre)
34

 that is mainly expressed in epicardial and endocardial cells. Since these mice have 129 

morphologically normal hearts and survive to adulthood in Mendelian ratios, we conclude that in 130 

cardiogenesis, the primary function of RNF20 is in cardiomyocyte development (Fig. 1a, S3d, S3e, S3f, 131 

S3g). Thus, RNF20 functions in the development of compact myocardium and ventricular septum, 132 

indicating an essential role of RNF20 in cardiogenesis consistent with the structural CHD observed in 133 

human patients with variants affecting H2Bub1.  134 

 135 

H2Bub1 is dynamically distributed during human cardiomyocyte differentiation 136 

The majority of NKX2.5-expressing cells become cardiomyocytes, which is consistent with our 137 

data showing abnormal development of compact myocardium in response to Nkx2.5Cre-mediated Rnf20 138 

deletion. To investigate H2Bub1 during cardiomyocyte differentiation we utilized in vitro differentiation of 139 

human induced pluripotent stem cells (iPSCs) into cardiomyocytes (CMs) (Online Methods)
35

. The 140 

genome-wide H2Bub1 profile and corresponding transcriptional changes during CM development were 141 

analyzed by ChIP-seq of H2Bub1 and bulk RNA-seq at five stages of CM differentiation: iPSCs, 142 

mesoderm (M), cardiac mesoderm (CMes), cardiac progenitor (CP) and CM (Fig. S4a). The stages of 143 

differentiation were verified by validating that the RNA-seq replicates cluster together and stage-specific 144 

marker genes are expressed at the correct time (Fig. S4b, Supplemental Data 2). H2Bub1 ChIP-seq 145 

peaks from iPSCs were grouped into four clusters based on H2Bub1 occupancy (high, moderate, low, 146 

and none) (Fig. S5a,b, Supplemental Data 1). The general profile of H2Bub1 is as previously reported, 147 

with very low-occupancy at the transcription start site (TSS) and coverage over the entire gene-body with 148 

gradual diminution from 5’ to 3’15
. The moderate-occupancy cluster has a distinct profile compared to the 149 

high and low-occupancy clusters. While the high and low-occupancy clusters have constant H2Bub1 150 

throughout the 5’ region of the gene-body, H2Bub1 occupancy in the moderate-occupancy cluster 151 

decreases more proximal to the 5’ end (Fig. S5b). Further, H2Bub1 occupancy increases between iPSC 152 

and M near the TSS, but remains constant between M and CMes. It then decreases between CMes and 153 

CP, and again remains constant between CP and CM (Fig. S5a).  154 
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We next performed DAVID gene ontology (GO) enrichment analysis on the genes in each cluster 155 

for each cell type to obtain their biological context. The high and moderate-occupancy clusters (Clusters 1 156 

and 3) are enriched for general cell maintenance terms, suggesting a role for H2Bub1 in maintaining 157 

homeostasis. The no-occupancy cluster (Cluster 4) is enriched for both general cell maintenance and 158 

chromatin assembly terms. Most interesting to us is the low-occupancy cluster (Cluster 2), which is 159 

enriched in development GO terms. Cluster 2 in iPSCs contains multiple types of developmental genes 160 

(muscle, renal, eye, heart, etc.), consistent with previous studies demonstrating RNF20 is required to exit 161 

pluripotency
19,20

. Strikingly, as cells commit to a cardiac fate transitioning from CMes to CP and CM, 162 

H2Bub1 is retained only on developmental genes related to heart (such as RYR2 and TTN), nervous 163 

system, or appendage development (Fig. S6a, S6b, Supplemental Data 1).  164 

Total H2Bub1 during transition from iPSC to M increases, and stays stable from M to CMes (Fig. 165 

S6c), consistent with the ChIP-seq data. In contrast, total H2Bub1 increases from CMes to CP, while 166 

ChIP-seq shows a decrease in H2Bub1 around gene bodies during the equivalent stages of CM 167 

differentiation (Fig. S5a, S6c). One explanation is that H2Bub1 is decreasing in occupancy around the 168 

gene-body, but increasing in occupancy in heterochromatic regions. To test this, we compared the 169 

amount of H2Bub1 in the B compartment (heterochromatic compartment) to expected values calculated 170 

by generating bootstrap replicates from previously published data at each cell stage (Online Methods)
36

. 171 

We found H2Bub1 first significantly decreases in the B compartment between iPSC and M, before 172 

significantly increasing as the cells progress through all the stages from M to CM (p-values < 1X10
-5

). By 173 

the CM stage, there is significantly more H2Bub1 in the B compartment than expected by chance (p-174 

values < 1X10
-5

) (Fig. S5c). The gradual transition of H2Bub1 from gene bodies to heterochromatin is 175 

further supported by a significantly higher overlap of H2Bub1 and previously published H3K27me3 peaks 176 

(heterochromatic mark) on the same gene in CMs compared to iPSCs (p-values < 1X10
-5

), versus no 177 

change in overlap of H2Bub1 and previously published H3K4me3 peaks (active genes) (Fig. S5d, 178 

S5e)
37,38

. Further, in CMs, there is a significantly higher overlap of H2Bub1 and H3K27me3 peaks on the 179 

same gene than of H2Bub1 and H3K4me3 peaks (p-value = 0.04). In iPSCs, both overlaps are equivalent 180 

(Fig. S5e). We conclude that there are more heterochromatic regions marked by H2Bub1 than active 181 

regions at the CM stage. Together these data indicate that H2Bub1 increases in heterochromatic regions, 182 
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which accounts for the discrepancy between the observed increase in total H2Bub1 from CMes to CP, 183 

while gene-specific H2Bub1 decreases at the same stages. 184 

 185 

H2Bub1 is selectively maintained on sarcomeric calcium genes 186 

 The distribution of many epigenetic marks is dynamic during development
7,39

. To determine the 187 

temporal dynamics of H2Bub1 occupancy during cardiomyocyte differentiation, differential binding 188 

analysis on the H2Bub1 ChIP-seq data was performed during the progression from iPSCs to CMs. We 189 

found 316 regions that have increased H2Bub1 between iPSC and M, compared to 18 regions with 190 

decreased H2Bub1. Between M and CMes, there are 2 regions with decreased H2Bub1. The largest 191 

change in H2Bub1 happens upon transition from CMes to CP, with a decrease in 25,748 regions 192 

(corresponding to 8,909 ENSEMBL genes), while no gene-specific changes in H2Bub1 between CP and 193 

CM were observed (Fig. S5f, Supplemental Data 1). This drop off in H2Bub1 occupancy between CMes 194 

and CP is further shown in a Venn diagram comparing the unique CMes Ensembl genes near H2Bub1 195 

regions to the unique CP genes (Fig. S5g). This is consistent with the overview data (Fig. S5a). DAVID 196 

GO enrichment analyses on regions that change in H2Bub1 occupancy, based on the average of all three 197 

replicates, indicate that they are mostly cell maintenance genes (Fig. S6d). We next compared the genes 198 

near regions that change in H2Bub1 occupancy to the genes that change in expression. While the 199 

changes in gene expression during the iPSC to M and M to CMes transitions appear to be H2Bub1 200 

independent, there are a significant number of genes (p-value < 1X10
-100

) that both lose H2Bub1 and 201 

decrease in gene expression between CMes and CP (Fig. S6e). Since this mark is thought to be 202 

activating, we verified expression of the genes near H2Bub1 marks for all cell stages. We evaluated the 203 

overlap of H2Bub1 peaks and expressed genes in the terminal CM stage in more detail and identified 618 204 

genes that are both occupied by H2Bub1 and expressed. Thus, we would predict that these genes are 205 

likely to be direct targets of H2Bub1 (Fig. S5h). Consistent with a role for H2Bub1 in CMs, DAVID GO 206 

analysis of these 618 genes identified a significant enrichment (p-value = 0.014) in cardiac conduction 207 

genes.  208 

 Given this connection between H2Bub1 and cardiac function genes, we hypothesized that the 209 

genes that maintain their mark during the large drop off in H2Bub1 occupancy between CMes and CP are 210 
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also cardiac genes. Genes that maintain H2Bub1 in CP are enriched for calcium signaling genes (Fig. 211 

2a). Interestingly, calcium signaling genes remain constant in H2Bub1 occupancy over time (Fig. 2c), 212 

unlike housekeeping genes which either are not occupied by H2Bub1 at all or increase in H2Bub1 mark 213 

between iPSC and M, and downregulate the mark between M and CM (Fig. 2b). Further, a significantly 214 

higher proportion of calcium signaling genes is identified within the genes that have maintained H2Bub1 215 

compared to genes with downregulated H2Bub1 (Z score = 4.3996, p-value = 1.1 X 10
-5

). Importantly, ten 216 

of the eleven calcium signaling genes that maintain H2Bub1 are associated with cardiomyopathy through 217 

patient variants and/or mouse models (Fig. 2a)
40-49

. These include CACNA1C and RYR2 which have 218 

been linked to left ventricular non-compaction (LVNC)
48,49

. Together, these data indicate that H2Bub1 is 219 

selectively maintained on tissue-specific genes in CMs to promote their expression. 220 

 221 

Patterns in H2Bub1 occupancy correlate with gene expression 222 

 The distribution of chromatin marks, such as H3K4me3, is known to affect gene expression, so 223 

we wanted to determine if the same is true for H2Bub1. We next asked if we could identify patterns of 224 

H2Bub1 distribution and amount on CMes marked genes that we could use to predict the subsequent 225 

loss of H2Bub1 and gene expression in CP. By using a previously established method, we identified 226 

multiple groups of genes (patterns) that have similar amount or distribution of H2Bub1 across the gene 227 

body (Fig. S7a, Supplemental Data 1)
50

. Interestingly, the calcium signaling genes were among the 228 

many genes that did not get placed into any pattern, hereafter referred to as ‘unpatterned genes’.  229 

We next calculated the ratio of H2Bub1 peaks that decrease in occupancy between CMes and 230 

CP to total H2Bub1 peaks for each of these patterns. Patterned genes have a higher ratio of peaks 231 

decreasing in occupancy than average (Fig. S7b). On the contrary, some unpatterned genes, such as the 232 

calcium signaling genes, maintain their H2Bub1 occupancy. The decreased occupancy in patterned 233 

genes corresponds to their significantly decreased expression in CP compared to CMes (all p-values < 234 

0.05). Thus, if H2Bub1 only occupies a particular region of a gene body (such as in housekeeping genes), 235 

it will likely decrease in H2Bub1 occupancy and gene expression between CMes and CP. In contrast, if 236 

H2Bub1 is relatively even throughout the gene body (such as in calcium signaling genes), it will instead 237 

maintain H2Bub1 occupancy and gene expression (Fig. 2b, 2c, S7c). This implies that patterned H2Bub1 238 
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marks precede loss of the mark and decreased expression, while evenly distributed H2Bub1 marks are 239 

retained and predict continued expression.  240 

 241 

Mutations in the RNF20-complex affect cardiomyocyte differentiation 242 

 Since H2Bub1 is selectively maintained on sarcomeric calcium signaling genes linked to 243 

cardiomyopathy, along with the known link between ubiquitinase complex members (RNF20 and UBE2B) 244 

and CHD, we next asked how defective H2Bub1 impacts CM development. To address this, we first 245 

established iPSC lines with mutations affecting RNF20, and evaluated how the mutations impact the 246 

capacity for iPSCs to differentiate into CMs. In each of two independent CRISPR experiments, we 247 

created one RNF20
+/- 

iPSC line (RNF20
+/-

1 and RNF20
+/-

2). The two independent iPSC lines have 248 

different mutations, and both include one frameshift allele and one non-frameshift allele, and are 249 

predicted to be functionally hypomorphic. For simplicity, we will be referring to these iPSC lines 250 

collectively as RNF20
+/-

 (Fig. S8a, Online Methods). RNF20 knockdown was verified by western blotting 251 

for RNF20 (Fig. S8b).  252 

RNF20
+/-

 and wild-type iPSCs were then simultaneously differentiated into CMs
35

. At iPSC, M, 253 

and CM stages (when the cells are relatively homogenous),we performed immunofluorescence for 254 

markers of pluripotency (OCT4), M (Brachyury), CMes (NKX2.5), CP (ISL1), and CM (cardiac troponin T, 255 

TNNT)
35

. At the iPSC stage, both wild-type and RNF20
+/-

 cells express OCT4, indicating that decrease in 256 

RNF20 does not affect pluripotency (Fig. S9a). At the M stage, again both wild-type and RNF20
+/-

 cells 257 

express Brachyury, but only wild-type cells lose their OCT4 expression, suggesting the RNF20
+/-

 cells 258 

have abnormal ability to exit pluripotency (Fig. S9b). Further, since these cells are able to exit 259 

pluripotency and it has previously been shown that RNF20
-/-

 cells cannot, this provides evidence that the 260 

both hypomorphic lines have some residual functional RNF20 activity
19

. 261 

Wild-type CMs beat, no longer express Brachyury, and instead express NKX2.5, ISL1, and 262 

TNNT. However, most cells in both RNF20
+/-

 lines continue to express Brachyury, and have no NKX2.5 or 263 

TNNT expression. Interestingly, the RNF20
+/-

 cells do express ISL1, a pan-cardiac marker, despite not 264 

expressing NKX2.5 (Fig. S9c). Since ISL1 is ubiquitously expressed in all CP cells in vivo, this may 265 

indicate that RNF20
+/-

 cells are in a less mature state
51,52

. Thus, even though they express ISL1, it is 266 
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unlikely that they are CP cells, since they do not express NKX2.5. Importantly, unlike wild-type cells, most 267 

RNF20
+/- 

cells fail to beat (even by day 20) (Fig. 3a, Movie S1, Movie S2, Movie S3, Movie S4). 268 

Interestingly, mice with a mutation affecting H2Bub1 deubiquitination demonstrate a heterogeneity in 269 

phenotypes, in that most mice have gastrulation defects, but there are some mice that are able to develop 270 

beyond
28

. We are proposing that most RNF20
+/-

 cells fail to differentiate into normal CMes, and therefore 271 

ultimately fail to make beating CMs, but there are rare cells that can escape and form beating CMs. 272 

To further investigate the possible role for the RNF20-complex on CM differentiation, we also 273 

established iPSC lines with mutations affecting UBE2B, and evaluated how the mutations impact the 274 

capacity for iPSCs to differentiate into CMs. In each of two independent CRISPR experiments, we 275 

created one loss-of-function UBE2B
-/-

 iPSC lines (UBE2B
-/-

1 and UBE2B
-/-

2
)
. Since UBE2A and UBE2B 276 

are more than 95% identical at the protein level, these knockouts were validated by sequencing the cDNA 277 

(Fig. S10a, Online Methods)
53

. Mutant and wild-type iPSCs were then simultaneously differentiated into 278 

CMs
35

. As with the RNF20
+/- 

iPSCs, UBE2B
-/-

 iPSCs mirror wild-type, but by M stage, most UBE2B
-/-

cells 279 

gain Brachyury expression, while retaining OCT4 expression (Fig. S11a, S11b).  280 

In contrast to the RNF20
+/-

 cell lines, about a third of UBE2B
-/-

 cells (UBE2B
-/-

1 25/72, UBE2B
-/-

2 281 

24/69) beat at the CM stage (Fig. 3a, Movie S1, Movie S5, Movie S6, Movie S7, Movie S8). Given this 282 

heterogeneity, we evaluated both beating (lactate selection) and non-beating (no lactate selection) cells 283 

at a time corresponding to the wild-type CM stage (Online Methods). The beating UBE2B
-/-

 cells are 284 

mostly Brachyury negative, and NKX2.5, ISL1, and TNNT positive, while the non-beating UBE2B
-/-

 cells 285 

are mostly Brachyury and ISL1 positive, and NKX2.5 and TNNT negative (Fig. S11c). These data 286 

indicate that UBE2B
-/-

 iPSCs can differentiate into beating CMs, but do so at a reduced efficiency 287 

compared to wild-type iPSCs. Additionally, non-beating UBE2B
-/-

 cells are phenotypically equivalent to 288 

RNF20
+/-

 cells. Collectively, these data demonstrate a requirement for the RNF20-complex in normal CM 289 

differentiation.  290 

 291 

Decreased RNF20 increases H2Bub1 occupancy in iPSCs 292 

Since the RNF20
+/-

 cells arrest differentiation into cardiac mesoderm, we asked how global 293 

H2Bub1 deposition changes in the iPSC and M stages comparing RNF20
+/- 

and WT cells. We determined 294 
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that RNF20
+/-

 cells have a paradoxical increase in total H2Bub1 (Fig. S8b). We then evaluated the 295 

genome-wide H2Bub1 binding profile and gene expression in RNF20
+/-

 iPSCs (Fig. S8c, Supplemental 296 

Data 3, Supplemental Data 4). RNA-seq of RNF20
+/- 

cells shows significant changes in expression of 297 

RNF20-complex members and corresponding deubiquitinases, and we predict that the observed increase 298 

in total H2Bub1 is the result of combined dysregulation of components of the ubiquitination complex and 299 

deubiquitinases (Fig. S8d). Consistent with the increased total H2Bub1 levels, H2Bub1 near gene bodies 300 

is also increased and correlates with transcriptional changes (Fig. S12a, S12b, S12d). 2,100 genes have 301 

significant differential H2Bub1 occupancy in RNF20
+/-

 iPSCs compared to wild type (Fig. S12e). DAVID 302 

GO enrichment analysis on genes with increased H2Bub1 occupancy and mRNA expression indicate that 303 

many of these genes are involved with transcription, splicing, and/or DNA and protein modifications (Fig. 304 

S12c). Since these classes of genes broadly affect downstream transcription, decreased RNF20 likely 305 

leads to pleiotropic effects. Even though RNF20
+/- 

iPSC H2Bub1 levels deviate so far from normal levels, 306 

they are able to reach the M stage. Despite an overall decrease in global H2Bub1, there are few genes 307 

with significant differential H2Bub1 occupancy in RNF20
+/-

 M cells compared to wild-type (Fig. S12f, 308 

S12g, S12h, Supplemental Data 3), and the genome-wide H2Bub1 binding profile and gene expression 309 

in RNF20
+/-

 M cells indicate that decreased RNF20 causes pleiotropic responses upon exiting 310 

pluripotency (Supplemental Data 3, Supplemental Data 4). Together these data suggest that the 311 

catastrophic dysregulation of gene expression at the iPSC stage in RNF20
+/-

 cells likely prevents the cells 312 

from continuing to differentiate past the M stage. 313 

 314 

Total H2Bub1 reduction decreases sarcomeric calcium signaling gene expression in vitro and in 315 

vivo 316 

 In contrast to RNF20
+/-

 cells, the UBE2B
-/- 

cells have decreased total H2Bub1 and are able to 317 

form beating CMs (Fig. S10b). To understand how reduced H2Bub1 could alter CM gene expression, we 318 

performed RNA-seq analysis of beating UBE2B
-/-

 CMs, and compared them to time-matched wild-type 319 

iPSC-derived CMs (Fig. 4a, S10c). Differential expression analysis identified 1393 downregulated and 320 

1555 upregulated transcripts that are shared between both independent UBE2B
-/-

 cell lines compared to 321 

wild-type (Supplemental Data 6). To obtain a biological context for the genes with decreased expression, 322 
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we did DAVID GO enrichment analysis. About half of the significant GO terms (37/76) are related to 323 

sarcomeric calcium genes, sarcomere genes, and/or cardiomyopathy genes. Most notably, two genes 324 

with decreased expression, CACNA1C and RYR2, are also amongst the genes with selectively 325 

maintained H2Bub1 upon wild-type transition from CMes to CP (Fig. 4c). Thus, we identified tissue-326 

specific genes that are downregulated when UBE2B is decreased in embryonic cardiomyocytes, which is 327 

distinct from the metabolic genes identified when RNF20 and RNF40 were downregulated in postnatal 328 

cardiomyocytes
29

. This indicates that the RNF20-complex has two different functions at these two distinct 329 

phases of heart development. 330 

To determine if this in vitro mechanism also functions in vivo, we analyzed expression of the 331 

embryonic sarcomeric calcium signaling genes (Cacna1c, Ryr2, Ncx, and Serca2a) at e11.5 (the mouse 332 

stage that is approximately equivalent to the fully differentiated cardiomyocytes) in Rnf20
fl/+

::Nkx2.5Cre
+ 333 

and Rnf20
fl/-

::Nkx2.5Cre
+
 embryonic hearts (10 hearts were pooled together to make each sample), prior 334 

to any visible cardiac defects (Fig. 4a). We observed that the Rnf20
fl/-

::Nkx2.5Cre
+
 hearts have 335 

significantly lower Cacna1c and Serca2a expression than Rnf20
fl/+

::Nkx2.5Cre
+
 siblings (Cacna1c p-value 336 

= 0.03, Serca2a p-value = 0.001) (Fig. 4b). Thus, RNF20-complex dependent H2Bub1 is necessary for 337 

normal sarcomeric calcium gene expression in iPSC-derived CMs and in mouse embryo hearts. 338 

 339 

Sarcomeres are abnormal when total H2Bub1 is reduced 340 

 Our results showing a decrease in cardiac sarcomeric gene expression in UBE2B
-/-

 CMs, along 341 

with their beating inefficiency, led us to evaluate the effect of reduced H2Bub1 on cardiac sarcomere 342 

structure in vivo. Transmission electron microscopy revealed a missing H zone in e12.25 Rnf20
fl/-343 

::Nkx2.5Cre
+
 mouse sarcomeres (Fig. 3b). The H zone is the region of the sarcomere that is devoid of 344 

actin filaments. At the center of the H zone is the M band, consisting mostly of myomesin at e12.25, 345 

which functions to anchor the filaments to titin. Due to an elastic domain in the middle of the embryonic 346 

splice variant of myomesin, this structure is not able to be seen on TEM at this stage. An abnormal M 347 

band will lead to abnormal sarcomere organization, as observed in the Rnf20
flx/-

::Nkx2.5Cre
+
 mice

54
. 348 

Interestingly, our RNA-seq data show that MURF1, which has been implicated in human hypertrophic 349 

cardiomyopathy and cause sarcomeres to lack an H-zone
31,55,56

, has decreased expression in the UBE2B
-350 
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/-
 CMs compared to the wild-type (b value = -1.10). Additionally, this RNA-seq data identifies two 351 

components of the M-band (Myomesin and Titin) and two proteins required for regulating their alternative 352 

splicing (RBM20 and RBM24) with decreased expression (median b value = -1.54)
57,58

. This indicates that 353 

H2Bub1 regulates M band proteins, which are required for normal sarcomeric structure and beating 354 

efficiency. 355 

 356 

Accumulation of H2Bub1 near the center of tissue-specific genes correlates with enhanced 357 

efficiency of transcriptional elongation 358 

Strikingly, while loss of UBE2B leads to decreased total H2Bub1 levels, ChIP-seq of CMs 359 

comparing H2Bub1 between wild-type and UBE2B
-/-

 cells demonstrates that gene-specific H2Bub1 is only 360 

decreased in 8 Ensembl genes (Fig. S10b, S10d, Supplemental Data 5). To identify differences in 361 

H2Bub1 patterns between UBE2B
-/-

 and wild-type CMs, we created metagenes corresponding to calcium 362 

signaling and sarcomeric genes (calcium genes n = 28, sarcomere genes n = 70, Supplemental Data 5). 363 

Wild-type cells have an accumulation of H2Bub1 near the center of the metagenes, but this accumulation 364 

is either reduced or completely absent in UBE2B
-/-

 cells (Fig. 5a, 5b). To validate that this accumulation is 365 

not a technical artifact, we repeated our analysis on sixty “random” sets of quantity and sized matched 366 

gene sets and do not find this accumulation. We provide one representative graph (Fig. 5c). Thus, this 367 

accumulation is specific to calcium signaling and sarcomeric genes. 368 

Since the RNF20-complex is known to be involved in transcriptional elongation and H2Bub1 is 369 

found on long tissue-specific genes during left-right patterning of the heart, we hypothesized that the 370 

accumulation of H2Bub1 near the center of long genes may support their transcriptional elongation 371 

(median length of all genes is 34 Kb, compared to 456 and 69 Kb for calcium signaling and sarcomeric 372 

genes, respectively). To test this hypothesis, we used an indirect assay to look for abbreviated transcripts 373 

by evaluating whether there was loss of the 3’ end of transcripts in UBE2B
-/- 

CMs compared to wild-type. 374 

When comparing the ratio of mutant to wild-type RNA in both the calcium and sarcomeric gene sets, 375 

transcripts are less abundant in UBE2B
-/-

 cells in the most 3’ 20% of the gene, indicating inefficient 376 

transcription elongation in the mutants; example transcript traces for CACNA1C and RYR2 are shown 377 

(Fig. 5d, 5e, 5g). To validate this conclusion, we repeated the same analysis on our “random” gene sets, 378 
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which only had transcriptional efficiency drop-off in the last 5-10% of the 3’ end. We provide one 379 

representative graph (Fig. 5f). Thus, these data support the conclusion that accumulation of H2Bub1 near 380 

the center of calcium and sarcomeric genes is UBE2B dependent and correlates with enhanced 381 

transcription elongation efficiency.  382 

To determine whether H2Bub1 accumulation near the center of genes is identified outside of 383 

cardiomyocyte-specific genes, we generated metagenes corresponding to all long genes (defined as 384 

genes in the 3
rd

 quartile based on length) and found H2Bub1 accumulation near the center of genes in all 385 

long genes. However, UBE2B-dependent accumulation near the center of the gene is unique to tissue-386 

specific long genes (Fig. 5h). We also created the metagene plots for genes in the other quartiles and 387 

conclude that this accumulation is only present in genes in the 2
nd

 and 3
rd

 quartiles. Genes in the 1
st
 388 

quartile follow the previously published pattern of H2Bub1 occupancy and genes in the 4
th
 quartile have 389 

accumulation closer to the 3’ end, which appears to be UBE2B-dependent (Figs. S13a-d). Therefore, the 390 

UBE2B-dependent H2Bub1 accumulation near the center of the gene is limited to certain gene classes, 391 

including calcium and sarcomeric genes.  392 

We next asked if this H2Bub1 accumulation is unique to CMs. Given that previous literature 393 

identified H2Bub1 on cilia genes (which have an average length of 73 Kb) in oviducts, we hypothesized 394 

that this is likely more generalizable
27

. To address this, we used previously published H2Bub1-ChIP-seq 395 

data of mESCs and MEFs as well as previously published H2Bub1-ChIP-seq data of undifferentiated 396 

human fetal osteoblasts (hFOBs) and differentiated hFOBs
28,59

. We generated metagenes corresponding 397 

to MEF-specific genes (extra-cellular matrix (ECM) (n = 130)) and hFOB-specific genes (epidermal 398 

growth factor related genes (EGF) (n = 24)), with a median length within the 3
rd

 quartile (median length is 399 

48 Kb for ECM and 99 Kb for EGF) (Supplemental Data 5). These metagenes show an accumulation of 400 

H2Bub1 near the center of the gene, which is higher in the MEFs and differentiated hFOBs, as expected 401 

(Fig. 5i, 5j). As in CMs, all of the quantity and size-matched “random” genes sets generated show no 402 

accumulation of H2Bub1 near the center of the gene, as shown in one representative graph (Fig. S13e, 403 

S13f). The CM, MEF, and hFOB data collectively suggest that accumulation of H2Bub1 near the center of 404 

tissue-specific long genes is a general mechanism for regulation of transcriptional efficiency, particularly 405 

in specialized fully differentiated tissues. In CMs, central H2Bub1 accumulation and efficient transcription 406 
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of sarcomeric and calcium signaling genes depend on UBE2B, providing a mechanism to explain the 407 

cardiac phenotype in the Rnf20
fl/fl

::Nkx2.5Cre mouse model. 408 

 409 

Discussion 410 

Together, our data support a requirement for tight control of H2Bub1 levels in cardiogenesis. 411 

Increased total H2Bub1 in human cells leads to failure to form CMs, while decreased total H2Bub1 412 

reduces the efficiency of CM differentiation in vitro, and leads to reduced expression of calcium signaling 413 

genes and structural abnormalities of the cardiac sarcomere, including a deficient H zone, in vivo (Fig. 414 

6a). H2Bub1 is highly dynamic during human CM differentiation: early, the mark is increased and then 415 

decreased on housekeeping genes, and later the mark is selectively maintained on calcium signaling 416 

genes, while it shifts from euchromatic to heterochromatic regions (Fig. 6b). Finally, we show that the 417 

shape of the H2Bub1 mark changes between wild-type and UBE2B
-/-

 CMs. The profile of H2Bub1 on 418 

short genes is as previously reported, with coverage over the entire gene-body, higher at the 5’ end than 419 

the 3’ end of the gene
15

. Notably, long genes have a vastly different profile: there is tissue-specific 420 

UBE2B-dependent H2Bub1 accumulation near the center of the gene, which correlates with efficient 421 

transcriptional elongation (Fig. 6c).  422 

Our data, in combination with previous H2Bub1 literature, suggest that the RNF20-complex has 423 

tissue-specific and time-specific functions. Focusing on heart development, at the left-right organizer 424 

stage, H2Bub1 is predicted to be located on cilia genes, then at the cardiogenesis stage, H2Bub1 is 425 

located on calcium signaling genes, and finally at the cardiac maturation stage, H2Bub1 is located on 426 

metabolic genes
27,29

. These data support three separate functions for H2Bub1 in the heart: control of 427 

cardiac left-right asymmetry, establishing embryonic cardiac structure and function, and post-natal 428 

cardiomyocyte maturation; the first two of which have direct relevance to the mechanism underlying CHD.   429 

The observed dynamic levels and distribution of H2Bub1 during mouse heart development and 430 

hiPSC to CM differentiation support a model where tissue-specific transcriptional effects are determined 431 

by the retention, instead of deposition, of H2Bub1 on tissue-specific genes. At the level of individual 432 

genes, we observed accumulation of H2Bub1 near the center of a subset of long genes correlating with 433 

previous findings that RNA Pol II exhibits a similar accumulation near the center of all expressed 434 
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genes
60,61

. We propose that H2Bub1 enhances transcriptional elongation of long tissue-specific genes. 435 

This conclusion is supported by previous work finding that long genes are more likely to depend on 436 

RNF20 to be induced upon differentiation into neuronal cells
19

. Further evidence is the presence of 437 

H2Bub1 on long cilia genes in the multi-ciliated cells of oviducts (which require expression of long motile 438 

cilia genes), but not in the liver cells, which do not
27

. Combined with our current data analyzing CMs, 439 

MEFs, and hFOBs, we propose that targeted, localized H2Bub1 accumulation is a more general 440 

mechanism regulating tissue-specific transcriptional elongation efficiency on long genes. Our data 441 

indicate that RNF20-complex-dependent H2Bub1 is necessary for normal cardiac development through 442 

regulating the transcriptional elongation efficiency of long cardiac calcium signaling and sarcomeric genes 443 

during CM differentiation and development. 444 

The question remains how H2Bub1 affects development of cardiac structure, since both human 445 

patients with variants affecting H2Bub1 and mouse embryos with cardiac-specific deletion of Rnf20 have 446 

structural heart defects. A possible link to the observed structural heart defects in mice is that altered 447 

expression of calcium signaling genes and abnormal sarcomeric structure observed in Rnf20
fl/-448 

::Nkx2.5Cre
+
 mouse embryos lead to defective cardiac function during embryonic development, and that 449 

the resulting hemodynamic derangement affects structural cardiac morphogenesis. Extensive evidence 450 

supports interdependence between embryonic hemodynamics and valve development, cardiac 451 

trabeculation, myocardial proliferation and formation of the epicardium (reviewed in 
62

). Genomic studies 452 

of human CHD patients are beginning to provide further evidence of an overlap between genes classically 453 

linked to cardiomyopathy, and patients presenting with structural CHD. For example, dominant variants 454 

affecting myosin heavy chain 6 (MYH6) are associated with cardiomyopathy and atrial septal defects
63,64

, 455 

while recessive variants in MYH6 are found in 11% of patients with Shone syndrome, characterized by 456 

valve defects and multiple levels of left ventricular obstruction
2
. The shared role of H2Bub1 in CM 457 

differentiation and cardiogenesis in mouse and human provide further support for genetic overlap 458 

between cardiac structure development and myocardial function, and suggest that a subset of patients 459 

with structural heart defects caused by genetic defects affecting cardiomyocytes may be more vulnerable 460 

to myocardial dysfunction. Although there are likely variations in the absolute H2Bub1 levels required for 461 

normal iPSC-derived CM development, mouse embryo, and human heart development, our observations 462 
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in iPSC-derived CMs and mouse embryos indicate a shared requirement for precise control of H2Bub1 in 463 

the heart. 464 
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Figure 1: Rnf20 is required for heart development 630 

a) Rnf20 mutant mouse survival chart for constitutive nulls, Rnf20
flx/-

::Nkx2.5Cre
+
, and Rnf20

flx/-
631 

::Isl1Cre
+
. Colored percentages indicate the observed percentage of null or conditionally null mice 632 

(green indicates mendelian ratios, yellow indicates deviation from mendelian ratios, and red indicates 633 

no mice). Black percentages indicate the predicted percentages. The sample size is listed below 634 

each percentage. See Figure S2 and S3 for more details on these crosses. Images were taken of the 635 

cross between a Nkx2.5-cre positive (e8.5 (cardiac crescent), signal in cardiac crescent) or Isl1-cre 636 

positive mouse (e9.0 (heart tube), signal in outflow tract and atria) and a ROSA
mt/mg

 mouse to 637 

illustrate distribution of Cre-positive cells. Drawings indicate the expected morphology at each stage 638 

mouse heart development. OFT – outflow tract, RV – right ventricle, LV – left ventricle, AVC – 639 

atrioventricular canal, ECC – endocardial cushions, RA – right atrium, LA – left atrium, A – anterior, P 640 

– posterior, L – left, R - right. 641 

b) Immunofluorescent staining for NKX2.5 and RNF20 in e11.5 wild-type (Rnf20
fl/-

::Nkx2.5Cre
-
) and 642 

mutant (Rnf20
fl/-

::Nkx2.5Cre
+
) mouse hearts. RV – right ventricle, LV – left ventricle. 643 

c) Example hematoxylin and eosin stained e12.25 wild-type (Rnf20
fl/+

::Nkx2.5Cre
+
) and mutant (Rnf20

fl/-
644 

::Nkx2.5Cre
+
) mouse. Quantifications of interventricular septum length, heart diameter, thickness of 645 

right ventricle compact myocardium, and thickness of left ventricle compact myocardium are 646 

displayed as individual data points with a line representing the median (n = 7 wild-type and 5 mutant 647 

hearts). Unpaired 2-tailed, heteroscedastic t-test.  648 



GO Term Benjamini

TBC 2.10E -03

Rab GTPase binding 7.20E -03

Calcium signaling pathway 8.90E -03

GTPase activation 1.40E -02

Rab-GTPase TBCdomain 1.50E -02

GTPase activator activity 3.00E -02

a
CACNA1C

CACNA1E

CACNA1H

CHRM3

ERBB4

MYLK

PDE1A

PDE1C

PLCB1

RYR2

TACR1

Cardiomyopathy Genes

Non-cardiomyopathy Genes

IPSC

M

CM

b

c

IPSC

CM

M

Figure 2



24 

 

Figure 2: H2Bub1 in iPSC-derived cardiomyocyte development shows selective maintenance of 649 

sarcomeric calcium genes  650 

a) The significant gene ontology terms from the genes near regions that maintain H2Bub1 between 651 

CMes and CP. Genes associated with the calcium signaling pathway are listed and are colored blue if 652 

they are associated with cardiomyopathy from patient variants and/or mouse models and are colored 653 

black if they are not. 654 

b) Example H2Bub1 occupancy, depicted using fold enrichment against random distribution (values 655 

range from 0.95 to 3.5) across non-selectively maintained genes at three stages in CM differentiation 656 

(iPSC (blue), M (red), and CM (green)). Gene structure is indicated below the gene. The first box 657 

highlights a gene that has no H2Bub1 signal at any stage. The second box highlights a gene that has 658 

dynamic H2Bub1 signal across the stages. 659 

c) Example H2Bub1 occupancy, depicted using fold enrichment against random distribution (values 660 

range from 0.95 to 2) across a selectively maintained genes at three stages in CM differentiation 661 

(iPSC (blue), M (red), and CM (green)). Gene structure is indicated below the gene. The selectively 662 

maintained region is indicated in the box.  663 
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Figure 3: Reduced total H2Bub1 levels lead to abnormal cardiomyocytes 664 

a) The percent of each 6 well plate (differentiation started on the same day and same strain) of iPSC-665 

derived cardiomyocytes that beats by day 20 is shown with colored dots (WT (n = 12) is blue, 666 

RNF20
+/-

 (mutant 1: n= 8, mutant 2: n = 11) is red, and UBE2B
-/-

 (mutant 1: n = 18, mutant 2: n = 11) 667 

is green). Data are shown as individual data points and a blue line representing the median. Unpaired 668 

2-tailed, heteroscedastic t-test, * p < 0.05, ** p < 0.01, N.S. is not significant. 669 

b) Transmission electron microscopy of e12.25 wild-type (Rnf20
fl/+

::Nkx2.5Cre
+
, n = 2) and mutant 670 

(Rnf20
flx/-

::Nkx2.5Cre
+
, n = 2) mouse heart sarcomeres.   671 
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Figure 4: Sarcomeric calcium signaling gene expression is reduced in cells with decreased total 672 

H2Bub1 levels 673 

a) RNF20-complex schematic illustrating the UBE2B
-/-

 iPSC mutant and the Rnf20
fl/-

 mouse mutant. 674 

Both of these mutations lead to decreased total H2Bub1 levels. The mouse or cell icons in (b) and (c) 675 

indicate whether the analysis was done on mouse or cells. 676 

b) Quantitative RT-PCR of calcium signaling genes in e11.5 wild-type (Rnf20
fl/+

::Nkx2.5Cre
+
) and mutant 677 

(Rnf20
fl/-

::Nkx2.5Cre
+
) mouse hearts for Cacna1c,Ryr2, Ncx, and Serca2a. Levels of expression are 678 

normalized to 18s rRNA. Individual data points are shown in black dots. Data are shown as mean ± 679 

SEM (n = 2). Unpaired 1-tailed, heteroscedastic t-test, * p < 0.05, ** P < 0.01, N.S. is non-significant.  680 

c)  Gene ontology analysis on genes with differing gene expression levels comparing wild-type to both 681 

independent UBE2B
-/-

 cell lines at the cardiomyocyte stage. Many of these genes are related to 682 

sarcomere, cardiomyopathy, and/or calcium signaling. Expression levels for example genes in each 683 

category are shown. Stars indicate genes shared with maintained H2Bub1 marks upon transition to 684 

CPs shown in Fig. 2a. Data represent three RNA-seq replicates of each of the 2 cell lines. Gene 685 

ontology (upper panel) is in gray scale; mRNA expression data (lower panel) is shown as a heat map. 686 
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Figure 5: Accumulation of H2Bub1 near the center of tissue specific genes is correlated with 687 

enhanced efficiency of transcriptional elongation 688 

a) Metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B
-/-

 mutants (green and red) across the 689 

calcium signaling genes that are differentially expressed between wild-type and UBE2B
-/-

 mutants 690 

and/or selectively maintained between cardiac mesoderm and cardiac progenitor stages (n = 3, for 691 

each of 2 cell lines). The * indicates the accumulation near the center of the gene. 692 

b) Metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B
-/-

 mutants (green and red) across the 693 

sarcomeric genes that are differentially expressed between wild-type and UBE2B
-/-

 mutants (n = 3, for 694 

each of 2 cell lines). The * indicates the accumulation near the center of the gene. 695 

c) Example metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B
-/-

 mutants (green and red) 696 

across “randomly” selected quantity and size-matched genes to the calcium gene set (n = 3, for each 697 

of 2 cell lines). 30 “random” metagene plots were created from the calcium gene set and 30 “random” 698 

metagene plots were created from the sarcomere gene set: 10 from genes that are upregulated 699 

between wild-type and both UBE2B
-/-

 cell lines, 10 that are non-regulated between wild-type and both 700 

UBE2B
-/- 

cell lines, and 10 that are down-regulated between wild-type and both UBE2B
-/-

 cell lines. 701 

d) Log2 of fold change in transcript abundance between wild-type and UBE2B
-/-

 mutants is shown at 702 

each position along the genes. The genes being shown are the calcium signaling genes describe in 703 

(a).  704 

e) Log2 of fold change in transcript abundance between wild-type and UBE2B
-/-

 mutants is shown at 705 

each position along the genes. The genes being shown are the sarcomeric genes described in (b). 706 

f) Log2 of fold change in transcript abundance between wild-type and UBE2B
-/-

 mutants is shown at 707 

each position along the genes. The genes being shown are “randomly” selected quantity and size-708 

matched genes to the calcium signaling genes described in (c).  709 

g) Example log2 of fold change gene traces for calcium genes (CACNA1C and RYR2) that have 710 

accumulation of H2Bub1 near the center of the gene and decreased transcriptional elongation 711 

efficiency. 5’ on the left of the diagram. 712 
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h) Metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B
-/-

 mutants (green and red) across all 713 

of the 3
rd

 Quartile genes (greater than 33.940 Kb and less than 93.323 Kb) (n = 3). The * indicates 714 

the accumulation near the center of the gene. 715 

i) Metagene plot for H2Bub1 levels in MEFs (teal) and mESCs (red) across the ECM genes that are 716 

differentially expressed between MEFs and mESCs. The * indicates the accumulation near the center 717 

of the gene. 718 

j) Metagene plot for H2Bub1 levels in undifferentiated hFOBs (teal) and differentiated hFOBs (red) 719 

across the EGF related genes that are differentially expressed between undifferentiated hFOBs and 720 

differentiated hFOBs. The * indicates the accumulation near the center of the gene.  721 
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Figure 6: Working Model 722 

a) When H2Bub1 levels are misregulated by altering levels of complex components, cardiomyocytes do 723 

not form normally. When total H2Bub1 levels are increased by decreased RNF20, cardiomyocytes do 724 

not form. When total H2Bub1 levels are decreased by creating UBE2B
-/-

 or Rnf20
fl/-

, sarcomeres do 725 

not form normally and calcium signaling genes have reduced expression.  726 

b) During wild-type CM differentiation, housekeeping genes and heterochromatic regions have dynamic 727 

H2Bub1 levels. H2Bub1 is sparsely maintained during the transition from cardiac mesoderm to 728 

cardiac progenitor. Notably, selectively maintained genes are enriched for sarcomeric calcium genes. 729 

c) Genes that are short in length have an increase in H2Bub1 at the 5’ end of the gene that decreases 730 

towards the 3’ end. However, longer tissue-specific genes have an accumulation in H2Bub1 near the 731 

center of the gene in wild-type cells and not in UBE2B
-/-

. In the mutants when this accumulation is 732 

absent, the transcriptional efficiency is reduced.   733 
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