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Abstract

De novo variants affecting the core complex required for monoubiquitination of histone H2B (H2Bub1) are
enriched in human congenital heart disease. H2Bub1 is an enigmatic chromatin modification required in
stem cell differentiation, cilia function, post-natal cardiomyocyte maturation and transcriptional elongation.
However, it is still unknown how H2Bub1 affects cardiogenesis (heart structure formation), which is
distinct from cardiomyocyte maturation and underlies congenital heart disease. Here we show that the
RNF20-core complex (RNF20-RNF40-UBE2B) is required for cardiogenesis in mouse embryos and is
essential for differentiation of human iPSCs into cardiomyocytes. Mice with cardiac-specific deletion of
Rnf20 are e12.5 lethal, have thinned myocardium, a deficient ventricular septum, and abnormal cardiac
sarcomere organization. We analyzed H2Bub1 marks during the time course of differentiation of human
iPSCs into cardiomyocytes, and demonstrated that H2Bub1 marks are erased from a majority of genes at
the transition from cardiac mesoderm to cardiac progenitor cells, but are preserved on a subset of long
cardiac-specific genes. Sarcomeric gene expression is dependent on normal H2Bub1 both in mice and in
human iPSC-derived cardiomyocytes. Finally, we identify an accumulation of H2Bub1 near the center of
tissue-specific genes in human cardiomyocytes, mouse embryonic fibroblasts, and human fetal
osteoblasts associated with transcriptional elongation efficiency that is absent in UBE2B knock-out
H2Bub1-deficient cardiomyocytes. In summary, normal H2Bub1 distribution is required for cardiac
morphogenesis and cardiomyocyte differentiation, and we propose that H2Bub1 regulates tissue-specific

gene expression by increasing the efficiency of transcriptional elongation.
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Introduction

Congenital heart disease (CHD), a structural abnormality of the heart and/or great vessels, is the
most common cause of mortality from congenital malformations. Whole-exome sequencing of CHD
patients identified variants in a broad spectrum of chromatin modifier genes in 2.3% of cases'™ including
genes affecting H3K4 methylation, H3K27 methylation and H2K120 monoubiquitination. Vertebrates
deficient for Kmt2d (H3K4 methyltransferase) have a range of cardiac abnormalities®®, and studies in
iPSC-derived cardiomyocytes show that many chromatin marks, including H3K4me3 and H3K27me3, are
dynamic throughout cardiac lineage commitment’. However, how monoubiquitination of histone H2B on
K120 (H2Bub1) affects structural cardiogenesis remains enigmatic. The H2Bub1 machinery was first
discovered in yeast; in mammals, deposition of H2Bub1 requires a complex consisting of the E3 ubiquitin
ligases RNF20 and RNF40 and the Ubiquitin Conjugating enzyme E2 B (UBE2B) in addition to interaction
with the WW Domain-containing adaptor with coiled-coil (WAC)® ™. Unlike most histone marks, H2Bub1 is
located on gene bodies, where it is enriched near the promoter and gradually decreases towards the 3’

1617 "and the effect of

end’. Itis postulated to function in both activating and repressing gene expression
H2Bub1 on transcriptional regulation may be context-dependent. H2Bub1 has broad biological functions
including differentiation, tumor suppression, and inflammation'®*. Constitutive deletion of Rnf20 in mouse

leads to failure of preimplantation development®?®

, conditional deletion in the mouse testes results in
male infertility®®, and knockdown in Xenopus leads to abnormal embryonic left-right axis determination®’.
Interestingly, increased H2Bub1 levels, due to mutations affecting deubiquitination, result in mid-
embryonic lethality in mice®, suggesting that development is sensitive to the level of H2Bub1.

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

compared to controls, implicating H2Bub1 in human CHD**’

. H2Bub1 is required for cilia gene expression
at the left-right organizer to establish left-right asymmetry and direction of heart looping. However, only
some patients with variants affecting H2Bub1 have laterality defects, suggesting that H2Bub1 affects
cardiac morphogenesis outside of the determination of left-right asymmetry. Postnatal maturation of
mouse cardiomyocytes is affected by mosaic deletion of both Rnf20 and Rnf40 at postnatal day 0, leading

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

genes®®. However, this observation does not explain the cardiac defects observed in patients with CHD
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and H2Bub1 defects, who have structural heart defects occurring prenatally, implying that there is an
additional essential role for H2Bub1 in the entirely distinct process of cardiogenesis. Cardiogenesis is
largely completed by mouse e15 and encompasses differentiation of cardiac progenitors, migration into
the cardiac crescent, and formation of the heart structure, and is under tight transcriptional control®. It is
likely that the role of H2Bub1 in cardiogenesis or CHD is distinct from the function of H2Bub1 in post-natal
cardiomyocyte maturation.

Here we show that H2Bub1 is required for embryonic cardiomyocyte differentiation and
cardiogenesis. Cardiac-specific deletion of Rnf20 in mouse leads to embryonic lethality, abnormal
compact myocardium, disorganized cardiac sarcomeres lacking an H zone, and a deficient ventricular
septum. Developmental time-course analysis of H2Bub1 ChIP-seq during differentiation of human iPSCs
to cardiomyocytes identifies abundant H2Bub1 marks in iPSCs that are lost on most genes at transition
from cardiac mesoderm to cardiac progenitor cells, but are selectively maintained on a subset of genes
significantly enriched in sarcomeric calcium genes. This same set of genes is misregulated when H2Bub1
is decreased (through complete deletion of UBEZ2B) in vitro and in vivo. Finally, we show that local
accumulation of the H2Bub1 marks near the center of long genes with tissue-specific expression is
correlated with transcriptional elongation efficiency. Together, our data indicate that H2Bub1 is essential
for cardiac development through regulation of cardiac sarcomeric genes during cardiomyocyte

differentiation and development in human and mouse.

Results
Rnf20 is expressed during mouse heart development

Since RNF20 variants have been linked to human CHD both with and without abnormal laterality,
we asked how RNF20 affects cardiogenesis in mice. Analysis of RNF20 protein in mouse embryonic
hearts demonstrated ubiquitous cardiac expression of nuclear RNF20 at €9.5 (Fig. S1a). At e11.5,
RNF20 is expressed throughout the epicardium and endocardium, and forms an expression gradient in
the myocardium with higher RNF20 at the myocardial surface compared to the lumen. Some cytoplasmic
signal is observed at this stage, which could reflect a secondary role of RNF20, as seen in a different

RING Finger protein, MURF-1 (Fig. S1b)*'. To relate the dynamic nature of H2Bub1 during mouse heart
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development to dynamic levels of the ubiquitination complex (RNF20-RNF40-UBE2B), we examined the
expression of the complex components and H2Bub1 over time in the heart in vivo. Protein levels of
RNF20-complex members and H2Bub1/H2B ratios are dynamic between embryonic day 9.5 (€9.5) and

postnatal day 0 (PO0) (Fig. S1c).

Rnf20 is required for mouse heart development

The human CHD-associated variant in RNF20 is an early stop codon, suggesting
haploinsufficiency for RNF20, so we analyzed constitutively heterozygous Rnf20 mice containing a
targeted deletion of Rnf20 by replacing all coding exons with a LacZ reporter (obtained from KOMP2)
(Fig. S2a)*"*. The Rnf20"" mice are phenotypically normal and survive to adulthood with no discernible
cardiac abnormalities (Fig. S2b). However, no Rnf20” embryos are recovered post-blastocyst stage,
consistent with previous data showing RNF20 is required for preimplantation development (Fig. 1a,
S2b)*>%°,

To test whether RNF20 is required in cardiogenesis, we generated mice with cardiac-specific
deletion of Rnf20 using a conditional Rnf20" allele containing loxP sites flanking exons 2-4 of the Rnf20
gene and the Nkx2.5Cre driver (Fig. $3a)?*%. We evaluated timing and specificity of Cre expression by
mating with ROSA™™ and evaluating Cre expression. Only males that correctly transmitted the Cre were
used (Images in Fig. 1a). Rnf20" ::Nkx2.5Cre* embryos are found at Mendelian ratios until e12.25, but
none were recovered after e12.5. Further, the Rnf20"*::Nkx2.5Cre* control mice are found at Mendelian
ratios through birth and appear phenotypically normal, indicating that the phenotype is not secondary to
Nkx2.5 haploinsufficiency resulting from the Nkx2.5Cre allele (Fig. 1a, S3b). At e11.5, the embryos and
heart appear normal by H&E, including 100% normal heart looping direction (Fig. S3c). By €12.25, the
compact myocardium is significantly thinned in Rnf20""::Nkx2.5Cre* embryos irrespective of comparable
diameters to wildtype, and the ventricular septum is deficient (left ventricle compact myocardium
thickness p-value = 0.009, right ventricle compact myocardium thickness p-value = 0.004, septum length
p-value = 0.0007) (Fig. 1c). We verified the Nkx2.5-specific deletion of Rnf20 at e11.5; nuclear RNF20
protein is in both myocardial and epicardial cells in the Rnf20""::Nkx2.5Cre’ embryos, but is deleted in

myocardial cells and retained only in the NKX2.5-negative epicardial cells in Rnf20"::Nkx2.5Cre*
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embryos (Fig. 1b). We also investigated the effect of Rnf20 deletion using a different cardiac-specific
driver (Is/1Cre)** that is mainly expressed in epicardial and endocardial cells. Since these mice have
morphologically normal hearts and survive to adulthood in Mendelian ratios, we conclude that in
cardiogenesis, the primary function of RNF20 is in cardiomyocyte development (Fig. 1a, S3d, S3e, S3f,
S3g). Thus, RNF20 functions in the development of compact myocardium and ventricular septum,
indicating an essential role of RNF20 in cardiogenesis consistent with the structural CHD observed in

human patients with variants affecting H2Bub1.

H2Bub1 is dynamically distributed during human cardiomyocyte differentiation

The majority of NKX2.5-expressing cells become cardiomyocytes, which is consistent with our
data showing abnormal development of compact myocardium in response to Nkx2.5Cre-mediated Rnf20
deletion. To investigate H2Bub1 during cardiomyocyte differentiation we utilized in vitro differentiation of
human induced pluripotent stem cells (iPSCs) into cardiomyocytes (CMs) (Online Methods)®. The
genome-wide H2Bub1 profile and corresponding transcriptional changes during CM development were
analyzed by ChlIP-seq of H2Bub1 and bulk RNA-seq at five stages of CM differentiation: iPSCs,
mesoderm (M), cardiac mesoderm (CMes), cardiac progenitor (CP) and CM (Fig. S4a). The stages of
differentiation were verified by validating that the RNA-seq replicates cluster together and stage-specific
marker genes are expressed at the correct time (Fig. S4b, Supplemental Data 2). H2Bub1 ChlP-seq
peaks from iPSCs were grouped into four clusters based on H2Bub1 occupancy (high, moderate, low,
and none) (Fig. S5a,b, Supplemental Data 1). The general profile of H2Bub1 is as previously reported,
with very low-occupancy at the transcription start site (TSS) and coverage over the entire gene-body with
gradual diminution from 5’ to 3" The moderate-occupancy cluster has a distinct profile compared to the
high and low-occupancy clusters. While the high and low-occupancy clusters have constant H2Bub1
throughout the 5’ region of the gene-body, H2Bub1 occupancy in the moderate-occupancy cluster
decreases more proximal to the 5’ end (Fig. S5b). Further, H2Bub1 occupancy increases between iPSC
and M near the TSS, but remains constant between M and CMes. It then decreases between CMes and

CP, and again remains constant between CP and CM (Fig. S5a).
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We next performed DAVID gene ontology (GO) enrichment analysis on the genes in each cluster
for each cell type to obtain their biological context. The high and moderate-occupancy clusters (Clusters 1
and 3) are enriched for general cell maintenance terms, suggesting a role for H2Bub1 in maintaining
homeostasis. The no-occupancy cluster (Cluster 4) is enriched for both general cell maintenance and
chromatin assembly terms. Most interesting to us is the low-occupancy cluster (Cluster 2), which is
enriched in development GO terms. Cluster 2 in iPSCs contains multiple types of developmental genes
(muscle, renal, eye, heart, etc.), consistent with previous studies demonstrating RNF20 is required to exit
pluripotency'®?. Strikingly, as cells commit to a cardiac fate transitioning from CMes to CP and CM,
H2Bub1 is retained only on developmental genes related to heart (such as RYR2 and TTN), nervous
system, or appendage development (Fig. S6a, S6b, Supplemental Data 1).

Total H2Bub1 during transition from iPSC to M increases, and stays stable from M to CMes (Fig.
S6c¢), consistent with the ChlP-seq data. In contrast, total H2Bub1 increases from CMes to CP, while
ChIP-seq shows a decrease in H2Bub1 around gene bodies during the equivalent stages of CM
differentiation (Fig. S5a, S6¢). One explanation is that H2Bub1 is decreasing in occupancy around the
gene-body, but increasing in occupancy in heterochromatic regions. To test this, we compared the
amount of H2Bub1 in the B compartment (heterochromatic compartment) to expected values calculated
by generating bootstrap replicates from previously published data at each cell stage (Online Methods)se.
We found H2Bub1 first significantly decreases in the B compartment between iPSC and M, before
significantly increasing as the cells progress through all the stages from M to CM (p-values < 1X10°). By
the CM stage, there is significantly more H2Bub1 in the B compartment than expected by chance (p-
values < 1X10) (Fig. S5¢). The gradual transition of H2Bub1 from gene bodies to heterochromatin is
further supported by a significantly higher overlap of H2Bub1 and previously published H3K27me3 peaks
(heterochromatic mark) on the same gene in CMs compared to iPSCs (p-values < 1X107°), versus no
change in overlap of H2Bub1 and previously published H3K4me3 peaks (active genes) (Fig. S5d,
859)37’38. Further, in CMs, there is a significantly higher overlap of H2Bub1 and H3K27me3 peaks on the
same gene than of H2Bub1 and H3K4me3 peaks (p-value = 0.04). In iPSCs, both overlaps are equivalent
(Fig. S5e). We conclude that there are more heterochromatic regions marked by H2Bub1 than active

regions at the CM stage. Together these data indicate that H2Bub1 increases in heterochromatic regions,



183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

which accounts for the discrepancy between the observed increase in total H2Bub1 from CMes to CP,

while gene-specific H2Bub1 decreases at the same stages.

H2Bub1 is selectively maintained on sarcomeric calcium genes

The distribution of many epigenetic marks is dynamic during development”. To determine the
temporal dynamics of H2Bub1 occupancy during cardiomyocyte differentiation, differential binding
analysis on the H2Bub1 ChlP-seq data was performed during the progression from iPSCs to CMs. We
found 316 regions that have increased H2Bub1 between iPSC and M, compared to 18 regions with
decreased H2Bub1. Between M and CMes, there are 2 regions with decreased H2Bub1. The largest
change in H2Bub1 happens upon transition from CMes to CP, with a decrease in 25,748 regions
(corresponding to 8,909 ENSEMBL genes), while no gene-specific changes in H2Bub1 between CP and
CM were observed (Fig. S5f, Supplemental Data 1). This drop off in H2Bub1 occupancy between CMes
and CP is further shown in a Venn diagram comparing the unique CMes Ensembl genes near H2Bub1
regions to the unique CP genes (Fig. S5¢g). This is consistent with the overview data (Fig. S5a). DAVID
GO enrichment analyses on regions that change in H2Bub1 occupancy, based on the average of all three
replicates, indicate that they are mostly cell maintenance genes (Fig. S6d). We next compared the genes
near regions that change in H2Bub1 occupancy to the genes that change in expression. While the
changes in gene expression during the iPSC to M and M to CMes transitions appear to be H2Bub1
independent, there are a significant number of genes (p-value < 1X10™'%) that both lose H2Bub1 and
decrease in gene expression between CMes and CP (Fig. S6e). Since this mark is thought to be
activating, we verified expression of the genes near H2Bub1 marks for all cell stages. We evaluated the
overlap of H2Bub1 peaks and expressed genes in the terminal CM stage in more detail and identified 618
genes that are both occupied by H2Bub1 and expressed. Thus, we would predict that these genes are
likely to be direct targets of H2Bub1 (Fig. S5h). Consistent with a role for H2Bub1 in CMs, DAVID GO
analysis of these 618 genes identified a significant enrichment (p-value = 0.014) in cardiac conduction
genes.

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

genes that maintain their mark during the large drop off in H2Bub1 occupancy between CMes and CP are
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also cardiac genes. Genes that maintain H2Bub1 in CP are enriched for calcium signaling genes (Fig.
2a). Interestingly, calcium signaling genes remain constant in H2Bub1 occupancy over time (Fig. 2¢),
unlike housekeeping genes which either are not occupied by H2Bub1 at all or increase in H2Bub1 mark
between iPSC and M, and downregulate the mark between M and CM (Fig. 2b). Further, a significantly
higher proportion of calcium signaling genes is identified within the genes that have maintained H2Bub1
compared to genes with downregulated H2Bub1 (Z score = 4.3996, p-value = 1.1 X 10®). Importantly, ten
of the eleven calcium signaling genes that maintain H2Bub1 are associated with cardiomyopathy through
patient variants and/or mouse models (Fig. 2a)***°. These include CACNA1C and RYR2 which have
been linked to left ventricular non-compaction (LVNC)***°. Together, these data indicate that H2Bub1 is

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

Patterns in H2Bub1 occupancy correlate with gene expression

The distribution of chromatin marks, such as H3K4me3, is known to affect gene expression, so
we wanted to determine if the same is true for H2Bub1. We next asked if we could identify patterns of
H2Bub1 distribution and amount on CMes marked genes that we could use to predict the subsequent
loss of H2Bub1 and gene expression in CP. By using a previously established method, we identified
multiple groups of genes (patterns) that have similar amount or distribution of H2Bub1 across the gene
body (Fig. S7a, Supplemental Data 1)50. Interestingly, the calcium signaling genes were among the
many genes that did not get placed into any pattern, hereafter referred to as ‘unpatterned genes’.

We next calculated the ratio of H2Bub1 peaks that decrease in occupancy between CMes and
CP to total H2Bub1 peaks for each of these patterns. Patterned genes have a higher ratio of peaks
decreasing in occupancy than average (Fig. S7b). On the contrary, some unpatterned genes, such as the
calcium signaling genes, maintain their H2Bub1 occupancy. The decreased occupancy in patterned
genes corresponds to their significantly decreased expression in CP compared to CMes (all p-values <
0.05). Thus, if H2Bub1 only occupies a particular region of a gene body (such as in housekeeping genes),
it will likely decrease in H2Bub1 occupancy and gene expression between CMes and CP. In contrast, if
H2Bub1 is relatively even throughout the gene body (such as in calcium signaling genes), it will instead

maintain H2Bub1 occupancy and gene expression (Fig. 2b, 2¢, S7¢). This implies that patterned H2Bub1
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marks precede loss of the mark and decreased expression, while evenly distributed H2Bub1 marks are

retained and predict continued expression.

Mutations in the RNF20-complex affect cardiomyocyte differentiation

Since H2Bub1 is selectively maintained on sarcomeric calcium signaling genes linked to
cardiomyopathy, along with the known link between ubiquitinase complex members (RNF20 and UBEZ2B)
and CHD, we next asked how defective H2Bub1 impacts CM development. To address this, we first
established iPSC lines with mutations affecting RNF20, and evaluated how the mutations impact the
capacity for iPSCs to differentiate into CMs. In each of two independent CRISPR experiments, we
created one RNF20™ iPSC line (RNF20*1 and RNF20*"2). The two independent iPSC lines have
different mutations, and both include one frameshift allele and one non-frameshift allele, and are
predicted to be functionally hypomorphic. For simplicity, we will be referring to these iPSC lines
collectively as RNF20"" (Fig. S8a, Online Methods). RNF20 knockdown was verified by western blotting
for RNF20 (Fig. S8b).

RNF20"" and wild-type iPSCs were then simultaneously differentiated into CMs®. At iPSC, M,
and CM stages (when the cells are relatively homogenous),we performed immunofluorescence for
markers of pluripotency (OCT4), M (Brachyury), CMes (NKX2.5), CP (ISL1), and CM (cardiac troponin T,
TNNT)35. At the iPSC stage, both wild-type and RNF20"" cells express OCT4, indicating that decrease in
RNF20 does not affect pluripotency (Fig. S9a). At the M stage, again both wild-type and RNF20"" cells
express Brachyury, but only wild-type cells lose their OCT4 expression, suggesting the RNF20*" cells
have abnormal ability to exit pluripotency (Fig. S9b). Further, since these cells are able to exit
pluripotency and it has previously been shown that RNF20" cells cannot, this provides evidence that the
both hypomorphic lines have some residual functional RNF20 activity'®.

Wild-type CMs beat, no longer express Brachyury, and instead express NKX2.5, ISL1, and
TNNT. However, most cells in both RNF20*" lines continue to express Brachyury, and have no NKX2.5 or
TNNT expression. Interestingly, the RNF20™ cells do express ISL1, a pan-cardiac marker, despite not
expressing NKX2.5 (Fig. S9c¢). Since ISL1 is ubiquitously expressed in all CP cells in vivo, this may

51,52

indicate that RNF20"" cells are in a less mature state®"*%. Thus, even though they express ISL1, it is

10
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unlikely that they are CP cells, since they do not express NKX2.5. Importantly, unlike wild-type cells, most
RNF20"" cells fail to beat (even by day 20) (Fig. 3a, Movie S1, Movie S2, Movie S3, Movie S4).
Interestingly, mice with a mutation affecting H2Bub1 deubiquitination demonstrate a heterogeneity in
phenotypes, in that most mice have gastrulation defects, but there are some mice that are able to develop
beyond®®. We are proposing that most RNF20*" cells fail to differentiate into normal CMes, and therefore
ultimately fail to make beating CMs, but there are rare cells that can escape and form beating CMs.

To further investigate the possible role for the RNF20-complex on CM differentiation, we also
established iPSC lines with mutations affecting UBEZ2B, and evaluated how the mutations impact the
capacity for iPSCs to differentiate into CMs. In each of two independent CRISPR experiments, we
created one loss-of-function UBE2B” iPSC lines (UBE2B”1 and UBE2B”2. Since UBE2A and UBE2B
are more than 95% identical at the protein level, these knockouts were validated by sequencing the cDNA
(Fig. S10a, Online Methods)*®. Mutant and wild-type iPSCs were then simultaneously differentiated into
CMs™®. As with the RNF20*"iPSCs, UBE2B” iPSCs mirror wild-type, but by M stage, most UBE2B”cells
gain Brachyury expression, while retaining OCT4 expression (Fig. S11a, S11b).

In contrast to the RNF20"" cell lines, about a third of UBE2B" cells (UBE2B” 1 25/72, UBE2B 2
24/69) beat at the CM stage (Fig. 3a, Movie S1, Movie S5, Movie S6, Movie S7, Movie S8). Given this
heterogeneity, we evaluated both beating (lactate selection) and non-beating (no lactate selection) cells
at a time corresponding to the wild-type CM stage (Online Methods). The beating UBE2B” cells are
mostly Brachyury negative, and NKX2.5, ISL1, and TNNT positive, while the non-beating UBE2B" cells
are mostly Brachyury and ISL1 positive, and NKX2.5 and TNNT negative (Fig. S11c). These data
indicate that UBE2B” iPSCs can differentiate into beating CMs, but do so at a reduced efficiency
compared to wild-type iPSCs. Additionally, non-beating UBE2B” cells are phenotypically equivalent to
RNF20" cells. Collectively, these data demonstrate a requirement for the RNF20-complex in normal CM

differentiation.

Decreased RNF20 increases H2Bub1 occupancy in iPSCs
Since the RNF20"" cells arrest differentiation into cardiac mesoderm, we asked how global

H2Bub1 deposition changes in the iPSC and M stages comparing RNF20*" and WT cells. We determined

11
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that RNF20"" cells have a paradoxical increase in total H2Bub1 (Fig. S8b). We then evaluated the
genome-wide H2Bub1 binding profile and gene expression in RNF20"" iPSCs (Fig. S8c, Supplemental
Data 3, Supplemental Data 4). RNA-seq of RNF20" cells shows significant changes in expression of
RNF20-complex members and corresponding deubiquitinases, and we predict that the observed increase
in total H2Bub1 is the result of combined dysregulation of components of the ubiquitination complex and
deubiquitinases (Fig. S8d). Consistent with the increased total H2Bub1 levels, H2Bub1 near gene bodies
is also increased and correlates with transcriptional changes (Fig. S12a, S12b, S12d). 2,100 genes have
significant differential H2Bub1 occupancy in RNF20"" iPSCs compared to wild type (Fig. S12e). DAVID
GO enrichment analysis on genes with increased H2Bub1 occupancy and mRNA expression indicate that
many of these genes are involved with transcription, splicing, and/or DNA and protein modifications (Fig.
S12c¢). Since these classes of genes broadly affect downstream transcription, decreased RNF20 likely
leads to pleiotropic effects. Even though RNF20"" iPSC H2Bub1 levels deviate so far from normal levels,
they are able to reach the M stage. Despite an overall decrease in global H2Bub1, there are few genes
with significant differential H2Bub1 occupancy in RNF20"" M cells compared to wild-type (Fig. S12f,
S12g, S12h, Supplemental Data 3), and the genome-wide H2Bub1 binding profile and gene expression
in RNF20*" M cells indicate that decreased RNF20 causes pleiotropic responses upon exiting
pluripotency (Supplemental Data 3, Supplemental Data 4). Together these data suggest that the
catastrophic dysregulation of gene expression at the iPSC stage in RNF20" cells likely prevents the cells

from continuing to differentiate past the M stage.

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

In contrast to RNF20™ cells, the UBE2B” cells have decreased total H2Bub1 and are able to
form beating CMs (Fig. S10b). To understand how reduced H2Bub1 could alter CM gene expression, we
performed RNA-seq analysis of beating UBE2B” CMs, and compared them to time-matched wild-type
iPSC-derived CMs (Fig. 4a, S10c). Differential expression analysis identified 1393 downregulated and
1555 upregulated transcripts that are shared between both independent UBE2B" cell lines compared to

wild-type (Supplemental Data 6). To obtain a biological context for the genes with decreased expression,
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we did DAVID GO enrichment analysis. About half of the significant GO terms (37/76) are related to
sarcomeric calcium genes, sarcomere genes, and/or cardiomyopathy genes. Most notably, two genes
with decreased expression, CACNA1C and RYR2, are also amongst the genes with selectively
maintained H2Bub1 upon wild-type transition from CMes to CP (Fig. 4c). Thus, we identified tissue-
specific genes that are downregulated when UBE2B is decreased in embryonic cardiomyocytes, which is
distinct from the metabolic genes identified when RNF20 and RNF40 were downregulated in postnatal
cardiomyocytes®. This indicates that the RNF20-complex has two different functions at these two distinct
phases of heart development.

To determine if this in vitro mechanism also functions in vivo, we analyzed expression of the
embryonic sarcomeric calcium signaling genes (Cacnaic, Ryr2, Ncx, and SercaZa) at e11.5 (the mouse
stage that is approximately equivalent to the fully differentiated cardiomyocytes) in Rnf20"*::Nkx2.5Cre*
and Rnf20" ::Nkx2.5Cre* embryonic hearts (10 hearts were pooled together to make each sample), prior
to any visible cardiac defects (Fig. 4a). We observed that the Rnf20""::Nkx2.5Cre* hearts have
significantly lower Cacnaic and Serca2a expression than Rnf20"*::Nkx2.5Cre* siblings (Cacnatc p-value
= 0.03, Serca2a p-value = 0.001) (Fig. 4b). Thus, RNF20-complex dependent H2Bub1 is necessary for

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

Sarcomeres are abnormal when total H2Bub1 is reduced

Our results showing a decrease in cardiac sarcomeric gene expression in UBE2B” CMs, along
with their beating inefficiency, led us to evaluate the effect of reduced H2Bub1 on cardiac sarcomere
structure in vivo. Transmission electron microscopy revealed a missing H zone in e12.25 Rnf20"
:Nkx2.5Cre” mouse sarcomeres (Fig. 3b). The H zone is the region of the sarcomere that is devoid of
actin filaments. At the center of the H zone is the M band, consisting mostly of myomesin at €12.25,
which functions to anchor the filaments to titin. Due to an elastic domain in the middle of the embryonic
splice variant of myomesin, this structure is not able to be seen on TEM at this stage. An abnormal M
band will lead to abnormal sarcomere organization, as observed in the Rnf20™ ::Nkx2.5Cre* mice®.

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

cardiomyopathy and cause sarcomeres to lack an H-zone®*'**%, has decreased expression in the UBE2B
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" CMs compared to the wild-type (b value = -1.10). Additionally, this RNA-seq data identifies two
components of the M-band (Myomesin and Titin) and two proteins required for regulating their alternative
splicing (RBM20 and RBM24) with decreased expression (median b value = -1.54)°"*, This indicates that
H2Bub1 regulates M band proteins, which are required for normal sarcomeric structure and beating

efficiency.

Accumulation of H2Bub1 near the center of tissue-specific genes correlates with enhanced
efficiency of transcriptional elongation

Strikingly, while loss of UBEZ2B leads to decreased total H2Bub1 levels, ChIP-seq of CMs
comparing H2Bub1 between wild-type and UBE2B” cells demonstrates that gene-specific H2Bub1 is only
decreased in 8 Ensembl genes (Fig. S10b, S10d, Supplemental Data 5). To identify differences in
H2Bub1 patterns between UBE2B” and wild-type CMs, we created metagenes corresponding to calcium
signaling and sarcomeric genes (calcium genes n = 28, sarcomere genes n = 70, Supplemental Data 5).
Wild-type cells have an accumulation of H2Bub1 near the center of the metagenes, but this accumulation
is either reduced or completely absent in UBE2B" cells (Fig. 5a, 5b). To validate that this accumulation is
not a technical artifact, we repeated our analysis on sixty “random” sets of quantity and sized matched
gene sets and do not find this accumulation. We provide one representative graph (Fig. 5¢). Thus, this
accumulation is specific to calcium signaling and sarcomeric genes.

Since the RNF20-complex is known to be involved in transcriptional elongation and H2Bub1 is
found on long tissue-specific genes during left-right patterning of the heart, we hypothesized that the
accumulation of H2Bub1 near the center of long genes may support their transcriptional elongation
(median length of all genes is 34 Kb, compared to 456 and 69 Kb for calcium signaling and sarcomeric
genes, respectively). To test this hypothesis, we used an indirect assay to look for abbreviated transcripts
by evaluating whether there was loss of the 3’ end of transcripts in UBE2B’ CMs compared to wild-type.
When comparing the ratio of mutant to wild-type RNA in both the calcium and sarcomeric gene sets,
transcripts are less abundant in UBE2B” cells in the most 3’ 20% of the gene, indicating inefficient
transcription elongation in the mutants; example transcript traces for CACNA1C and RYR2 are shown

(Fig. 5d, 5e, 5g). To validate this conclusion, we repeated the same analysis on our “random” gene sets,
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which only had transcriptional efficiency drop-off in the last 5-10% of the 3’ end. We provide one
representative graph (Fig. 5f). Thus, these data support the conclusion that accumulation of H2Bub1 near
the center of calcium and sarcomeric genes is UBE2B dependent and correlates with enhanced
transcription elongation efficiency.

To determine whether H2Bub1 accumulation near the center of genes is identified outside of
cardiomyocyte-specific genes, we generated metagenes corresponding to all long genes (defined as
genes in the 3" quartile based on length) and found H2Bub1 accumulation near the center of genes in all
long genes. However, UBE2B-dependent accumulation near the center of the gene is unique to tissue-
specific long genes (Fig. 5h). We also created the metagene plots for genes in the other quartiles and
conclude that this accumulation is only present in genes in the 2" and 3" quartiles. Genes in the 1°
quartile follow the previously published pattern of H2Bub1 occupancy and genes in the 4™ quartile have
accumulation closer to the 3’ end, which appears to be UBE2B-dependent (Figs. S13a-d). Therefore, the
UBE2B-dependent H2Bub1 accumulation near the center of the gene is limited to certain gene classes,
including calcium and sarcomeric genes.

We next asked if this H2Bub1 accumulation is unique to CMs. Given that previous literature
identified H2Bub1 on cilia genes (which have an average length of 73 Kb) in oviducts, we hypothesized
that this is likely more generalizable?’. To address this, we used previously published H2Bub1-ChIP-seq
data of mMESCs and MEFs as well as previously published H2Bub1-ChlP-seq data of undifferentiated
human fetal osteoblasts (hFOBs) and differentiated hFOBs***°. We generated metagenes corresponding
to MEF-specific genes (extra-cellular matrix (ECM) (n = 130)) and hFOB-specific genes (epidermal
growth factor related genes (EGF) (n = 24)), with a median length within the 3¢ quartile (median length is
48 Kb for ECM and 99 Kb for EGF) (Supplemental Data 5). These metagenes show an accumulation of
H2Bub1 near the center of the gene, which is higher in the MEFs and differentiated hFOBs, as expected
(Fig. 5i, 5j). As in CMs, all of the quantity and size-matched “random” genes sets generated show no
accumulation of H2Bub1 near the center of the gene, as shown in one representative graph (Fig. S13e,
S13f). The CM, MEF, and hFOB data collectively suggest that accumulation of H2Bub1 near the center of
tissue-specific long genes is a general mechanism for regulation of transcriptional efficiency, particularly

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

cardiac phenotype in the Rnf20""::Nkx2.5Cre mouse model.

Discussion

Together, our data support a requirement for tight control of H2Bub1 levels in cardiogenesis.
Increased total H2Bub1 in human cells leads to failure to form CMs, while decreased total H2Bub1
reduces the efficiency of CM differentiation in vitro, and leads to reduced expression of calcium signaling
genes and structural abnormalities of the cardiac sarcomere, including a deficient H zone, in vivo (Fig.
6a). H2Bub1 is highly dynamic during human CM differentiation: early, the mark is increased and then
decreased on housekeeping genes, and later the mark is selectively maintained on calcium signaling
genes, while it shifts from euchromatic to heterochromatic regions (Fig. 6b). Finally, we show that the
shape of the H2Bub1 mark changes between wild-type and UBE2B” CMs. The profile of H2Bub1 on
short genes is as previously reported, with coverage over the entire gene-body, higher at the 5’ end than
the 3’ end of the gene15. Notably, long genes have a vastly different profile: there is tissue-specific
UBEZ2B-dependent H2Bub1 accumulation near the center of the gene, which correlates with efficient
transcriptional elongation (Fig. 6c).

Our data, in combination with previous H2Bub1 literature, suggest that the RNF20-complex has
tissue-specific and time-specific functions. Focusing on heart development, at the left-right organizer
stage, H2Bub1 is predicted to be located on cilia genes, then at the cardiogenesis stage, H2Bub1 is
located on calcium signaling genes, and finally at the cardiac maturation stage, H2Bub1 is located on
metabolic genes®” . These data support three separate functions for H2Bub1 in the heart: control of
cardiac left-right asymmetry, establishing embryonic cardiac structure and function, and post-natal
cardiomyocyte maturation; the first two of which have direct relevance to the mechanism underlying CHD.

The observed dynamic levels and distribution of H2Bub1 during mouse heart development and
hiPSC to CM differentiation support a model where tissue-specific transcriptional effects are determined
by the retention, instead of deposition, of H2Bub1 on tissue-specific genes. At the level of individual
genes, we observed accumulation of H2Bub1 near the center of a subset of long genes correlating with

previous findings that RNA Pol Il exhibits a similar accumulation near the center of all expressed
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genes®®'. We propose that H2Bub1 enhances transcriptional elongation of long tissue-specific genes.
This conclusion is supported by previous work finding that long genes are more likely to depend on
RNF20 to be induced upon differentiation into neuronal cells'®. Further evidence is the presence of
H2Bub1 on long cilia genes in the multi-ciliated cells of oviducts (which require expression of long motile
cilia genes), but not in the liver cells, which do not”’. Combined with our current data analyzing CMs,
MEFs, and hFOBs, we propose that targeted, localized H2Bub1 accumulation is a more general
mechanism regulating tissue-specific transcriptional elongation efficiency on long genes. Our data
indicate that RNF20-complex-dependent H2Bub1 is necessary for normal cardiac development through
regulating the transcriptional elongation efficiency of long cardiac calcium signaling and sarcomeric genes
during CM differentiation and development.

The question remains how H2Bub1 affects development of cardiac structure, since both human
patients with variants affecting H2Bub1 and mouse embryos with cardiac-specific deletion of Rnf20 have
structural heart defects. A possible link to the observed structural heart defects in mice is that altered
expression of calcium signaling genes and abnormal sarcomeric structure observed in Rnf20""
::Nkx2.5Cre” mouse embryos lead to defective cardiac function during embryonic development, and that
the resulting hemodynamic derangement affects structural cardiac morphogenesis. Extensive evidence
supports interdependence between embryonic hemodynamics and valve development, cardiac
trabeculation, myocardial proliferation and formation of the epicardium (reviewed in ®). Genomic studies
of human CHD patients are beginning to provide further evidence of an overlap between genes classically
linked to cardiomyopathy, and patients presenting with structural CHD. For example, dominant variants
affecting myosin heavy chain 6 (MYH6) are associated with cardiomyopathy and atrial septal defects®*%*,
while recessive variants in MYH6 are found in 11% of patients with Shone syndrome, characterized by
valve defects and multiple levels of left ventricular obstruction®. The shared role of H2Bub1 in CM
differentiation and cardiogenesis in mouse and human provide further support for genetic overlap
between cardiac structure development and myocardial function, and suggest that a subset of patients
with structural heart defects caused by genetic defects affecting cardiomyocytes may be more vulnerable

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

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

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

a)

b)

Rnf20 mutant mouse survival chart for constitutive nulls, Rnf20™::Nkx2.5Cre*, and Rnf20"™"
::Isl1Cre*. Colored percentages indicate the observed percentage of null or conditionally null mice
(green indicates mendelian ratios, yellow indicates deviation from mendelian ratios, and red indicates
no mice). Black percentages indicate the predicted percentages. The sample size is listed below
each percentage. See Figure S2 and S3 for more details on these crosses. Images were taken of the
cross between a Nkx2.5-cre positive (€8.5 (cardiac crescent), signal in cardiac crescent) or Is/1-cre
positive mouse (€9.0 (heart tube), signal in outflow tract and atria) and a ROSA™™ mouse to
illustrate distribution of Cre-positive cells. Drawings indicate the expected morphology at each stage
mouse heart development. OFT — outflow tract, RV - right ventricle, LV — left ventricle, AVC —
atrioventricular canal, ECC — endocardial cushions, RA — right atrium, LA — left atrium, A — anterior, P
— posterior, L — left, R - right.

Immunofluorescent staining for NKX2.5 and RNF20 in e11.5 wild-type (Rnf20""::Nkx2.5Cre’) and
mutant (Rnf20""::Nkx2.5Cre*) mouse hearts. RV — right ventricle, LV — left ventricle.

Example hematoxylin and eosin stained e12.25 wild-type (F?nf20ﬂ/+::ka2.5Cre+) and mutant (F?nf20"/'
::Nkx2.5Cre*) mouse. Quantifications of interventricular septum length, heart diameter, thickness of
right ventricle compact myocardium, and thickness of left ventricle compact myocardium are
displayed as individual data points with a line representing the median (n = 7 wild-type and 5 mutant

hearts). Unpaired 2-tailed, heteroscedastic t-test.
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Figure 2: H2Bub1 in iPSC-derived cardiomyocyte development shows selective maintenance of

sarcomeric calcium genes

a)

The significant gene ontology terms from the genes near regions that maintain H2Bub1 between
CMes and CP. Genes associated with the calcium signaling pathway are listed and are colored blue if
they are associated with cardiomyopathy from patient variants and/or mouse models and are colored
black if they are not.

Example H2Bub1 occupancy, depicted using fold enrichment against random distribution (values
range from 0.95 to 3.5) across non-selectively maintained genes at three stages in CM differentiation
(iPSC (blue), M (red), and CM (green)). Gene structure is indicated below the gene. The first box
highlights a gene that has no H2Bub1 signal at any stage. The second box highlights a gene that has
dynamic H2Bub1 signal across the stages.

Example H2Bub1 occupancy, depicted using fold enrichment against random distribution (values
range from 0.95 to 2) across a selectively maintained genes at three stages in CM differentiation
(iPSC (blue), M (red), and CM (green)). Gene structure is indicated below the gene. The selectively

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

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

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

667 RNF20"" (mutant 1: n= 8, mutant 2: n = 11) is red, and UBE2B” (mutant 1: n = 18, mutant 2: n = 11)
668 is green). Data are shown as individual data points and a blue line representing the median. Unpaired
669 2-tailed, heteroscedastic t-test, * p < 0.05, ** p < 0.01, N.S. is not significant.

670  b) Transmission electron microscopy of e12.25 wild-type (Rnf20"*::Nkx2.5Cre*, n = 2) and mutant

671 (Rnf20™"::Nkx2.5Cre*, n = 2) mouse heart sarcomeres.
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Figure 4: Sarcomeric calcium signaling gene expression is reduced in cells with decreased total

H2Bub1 levels

a) RNF20-complex schematic illustrating the UBE2B” iPSC mutant and the Rnf20"” mouse mutant.
Both of these mutations lead to decreased total H2Bub1 levels. The mouse or cell icons in (b) and (c)
indicate whether the analysis was done on mouse or cells.

b) Quantitative RT-PCR of calcium signaling genes in e11.5 wild-type (Rnf20"*::Nkx2.5Cre") and mutant
(Rnf20""::Nkx2.5Cre*) mouse hearts for Cacnalc,Ryr2, Ncx, and Serca2a. Levels of expression are
normalized to 78s rRNA. Individual data points are shown in black dots. Data are shown as mean *
SEM (n = 2). Unpaired 1-tailed, heteroscedastic t-test, * p < 0.05, ** P < 0.01, N.S. is non-significant.

C) Gene ontology analysis on genes with differing gene expression levels comparing wild-type to both
independent UBE2B” cell lines at the cardiomyocyte stage. Many of these genes are related to
sarcomere, cardiomyopathy, and/or calcium signaling. Expression levels for example genes in each
category are shown. Stars indicate genes shared with maintained H2Bub1 marks upon transition to
CPs shown in Fig. 2a. Data represent three RNA-seq replicates of each of the 2 cell lines. Gene

ontology (upper panel) is in gray scale; mRNA expression data (lower panel) is shown as a heat map.

26



b c Random-Size Matched Genes
Sarcomere Genes (Calcium)
= 0.022 | 1 !
&— f 0.022 ‘ w
P 1 “
2 | , |
Dﬂ " : i ““ I
-l | TN
@ 0.022 0.020 h I
o N (1
= 1B |
o 11 I | A
& | 110018 | |
= 0ot . .
0.018 Median Length = 456 Kb Median Length = 69 Kb Median Length = 456 Kb
TSS TES TSS TES TSS TES
——F WT —— UBE2B™ —— UBE2B"2
d e f Random Sized-Matched Genes
Calcium Genes Sarcomere Genes (Calcium)
o 0001 =y A i 0.00 ' 0.001 —— T !
g || y VWY ",‘]UIIII | 0.10 /M/\/\]W/\ M\/ ] W
£ 010 Ay 0.10]
3 | || 030 | -
N | J
|| -0.50 \ 1
I - I L.
TSS 80% TES TSS 60% TES TSS TES
i I
r | T HIRL Log2Fold Ch BE2B"1/WT
g CACNA1C ! | 1 L fl”M 0g2Fold Change U, /
i A T NN LR AL 'imrrwﬁmpu Log2Fold Change UBE2B"2/WT
5 3
/-
RYRY O T WM BTy Log2Fold Change UBE28“AT
| LI 8 I [/ RUNLLL I LR L L LOgZFO'd Change UBE2B*2IWT
5 3
h 3rd Quartile (Based on Length) | ECM Genes (MEFs) ] EGF Genes (Osteoblasts)
_ 0.024 0.06 |
2 0.05
3 |
S |
P |
o 0.022
i'; 0.04
a 0.03
=
o |
s 0020
D
E | |
L 0.02 : P 0.01 AV
Median Length = 54 Kb Median Length =48 Kb V1 Median Length = 99 Kb
TSS TES TSS TES TSS TES
— WT — UBE2B™ —— MEF mESC undifferentiated fetal osteoblasts

——— UBE2B"2

—differentiated fetal osteoblasts



687
688
689
690
691
692
693
694
695

696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711

712

Figure 5: Accumulation of H2Bub1 near the center of tissue specific genes is correlated with

enhanced efficiency of transcriptional elongation

a)

b)

d)

f)

g)

Metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B” mutants (green and red) across the
calcium signaling genes that are differentially expressed between wild-type and UBE2B” mutants
and/or selectively maintained between cardiac mesoderm and cardiac progenitor stages (n = 3, for
each of 2 cell lines). The * indicates the accumulation near the center of the gene.

Metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B” mutants (green and red) across the
sarcomeric genes that are differentially expressed between wild-type and UBE2B” mutants (n = 3, for
each of 2 cell lines). The * indicates the accumulation near the center of the gene.

Example metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B” mutants (green and red)
across “randomly” selected quantity and size-matched genes to the calcium gene set (n = 3, for each
of 2 cell lines). 30 “random” metagene plots were created from the calcium gene set and 30 “random”
metagene plots were created from the sarcomere gene set: 10 from genes that are upregulated
between wild-type and both UBE2B” cell lines, 10 that are non-regulated between wild-type and both

UBEZ2B” cell lines, and 10 that are down-regulated between wild-type and both UBE2B” cell lines.

Log?2 of fold change in transcript abundance between wild-type and UBE2B” mutants is shown at
each position along the genes. The genes being shown are the calcium signaling genes describe in
(a).

Log2 of fold change in transcript abundance between wild-type and UBE2B” mutants is shown at
each position along the genes. The genes being shown are the sarcomeric genes described in (b).
Log2 of fold change in transcript abundance between wild-type and UBE2B” mutants is shown at
each position along the genes. The genes being shown are “randomly” selected quantity and size-
matched genes to the calcium signaling genes described in (c).

Example log2 of fold change gene traces for calcium genes (CACNA1C and RYRZ2) that have
accumulation of H2Bub1 near the center of the gene and decreased transcriptional elongation

efficiency. 5’ on the left of the diagram.
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h) Metagene plot for H2Bub1 levels in wild-type (blue) and UBE2B” mutants (green and red) across all

)

of the 3 Quartile genes (greater than 33.940 Kb and less than 93.323 Kb) (n = 3). The * indicates
the accumulation near the center of the gene.

Metagene plot for H2Bub1 levels in MEFs (teal) and mESCs (red) across the ECM genes that are
differentially expressed between MEFs and mESCs. The * indicates the accumulation near the center
of the gene.

Metagene plot for H2Bub1 levels in undifferentiated hFOBs (teal) and differentiated hFOBs (red)
across the EGF related genes that are differentially expressed between undifferentiated hFOBs and

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

a) When H2Bub1 levels are misregulated by altering levels of complex components, cardiomyocytes do
not form normally. When total H2Bub1 levels are increased by decreased RNF20, cardiomyocytes do
not form. When total H2Bub1 levels are decreased by creating UBE2B" or Rnf20"", sarcomeres do
not form normally and calcium signaling genes have reduced expression.

b) During wild-type CM differentiation, housekeeping genes and heterochromatic regions have dynamic
H2Bub1 levels. H2Bub1 is sparsely maintained during the transition from cardiac mesoderm to
cardiac progenitor. Notably, selectively maintained genes are enriched for sarcomeric calcium genes.

C) Genes that are short in length have an increase in H2Bub1 at the 5" end of the gene that decreases
towards the 3’ end. However, longer tissue-specific genes have an accumulation in H2Bub1 near the
center of the gene in wild-type cells and not in UBE2B”. In the mutants when this accumulation is

absent, the transcriptional efficiency is reduced.
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