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Summary

Gene transcription occurs via a cycle of linked events including initiation, promoter proximal
pausing and elongation of RNA polymerase Il (Pol Il). A key question is how do transcriptional
enhancers influence these events to control gene expression? Here we present an approach, which
evaluates the level and change in promoter proximal transcription (initiation and pausing) in the
context of differential gene expression, genome-wide. This combinatorial approach shows that

in primary cells control of gene expression during differentiation is achieved predominantly via
changes in transcription initiation rather than via release of Pol Il pausing. Using genetically
engineered mouse models, deleted for functionally validated enhancers of the a.- and -globin
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loci, we confirm that these elements regulate Pol Il recruitment and/or initiation to modulate
gene expression. Together, our data show that gene expression during differentiation is regulated
predominantly at the level of initiation and that enhancers are key effectors of this process.

Introduction

Regulation of gene expression during lineage specification and differentiation occurs via the
activation of promoters by enhancers both of which respond to transcriptional and epigenetic
programs. There are many points in the transcription cycle at which enhancers could
influence gene expression. Chromatin remodeling complexes generate accessible DNA at
promoter regions, allowing transcription factor binding (Clapier et al., 2017; Venkatesh and
Workman, 2015). Components of the general transcription machinery nucleate at promoters,
forming pre-initiation complexes (PICs) and inducing conformational changes in the DNA
helix to allow the binding of Pol Il and concomitant synthesis of RNA from TSSs (Schilbach
etal., 2017). A potential point of regulation lies +30-60 nucleotides (nts) downstream

of the TSS where the elongation complex, including Pol 11 transiently pauses via the

action of negative elongation factors (NELF and DSIF) (Wada et al., 1998; Yamaguchi

et al., 1999). This paused complex is then converted into an elongation competent form

via its phosphorylation by CDK9, the kinase component of the positive transcription
elongation factor (P-TEFb). Transcriptional pausing is thereby released allowing productive
transcriptional elongation (Adelman and Lis, 2012; Chen et al., 2018; Jonkers and Lis, 2015;
Marshall and Price, 1995) before transcription is terminated (Czudnochowski et al., 2012;
Kamieniarz-Gdula and Proudfoot, 2019; Laitem et al., 2015; Porrua and Libri, 2015). The
key question addressed here is how do enhancers control the transcription cycle at promoters
during differentiation?

ChlP-seq analysis has shown that Pol Il accumulates across the promoter proximal region
(~-100 to +300) including the TSSs and transcriptional pause site (TPS) of most coding
genes (L. Core and Adelman 2019; Jonkers and Lis 2015; Kim et al. 2005; Muse et al. 2007;
Rahl et al. 2010; Wissink et al. 2019; Zeitlinger et al. 2007). It has been proposed that this
accumulation represents paused Pol 11 and its ratio to the Pol 1l density across the gene
body (the pausing index) has been used as a measure of transcriptional pausing (Muse et

al., 2007; Rahl et al., 2010; Zeitlinger et al., 2007). Inhibition of CDK9 causes this pausing
index to increase, providing evidence for gene regulation via transcriptional pausing (Gressel
et al., 2017; Jonkers et al., 2014; Rahl et al., 2010). Pausing index calculations have been
applied to nascent RNA-based methods such as Start-seq (Henriques et al., 2013), Global
Run On Sequencing (GRO-seq) (Core et al., 2008; Kwak et al., 2013) and its derivatives
have led to the conclusion that pausing is the key regulatory step in the transcription cycle
(Adelman and Lis, 2012; Chen et al., 2018; Jonkers and Lis, 2015) which may be influenced
by enhancers.

Current interpretations of the transcription cycle depend on several caveats. 1) That CDK9
inhibition is specific and CDKJ9 solely regulates Pol 11 pause release in vivo. 2) That the Pol
Il pausing index is a good proxy for nascent RNA expression levels. 3) That the threshold
at which genes are called paused is not arbitrary and represents a distinct functional state
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of Pol Il activity. 4) That the methodology used to characterize the transcription cycle does
not perturb cellular metabolism in such a way as to disrupt gene expression. These criteria
are not always fully satisfied. For example, it has been shown that CDK9 plays a key role

in regulation of transcription termination both at the 3’ ends of genes and near the promoter
(Laitem et al., 2015; Sanso et al., 2016), casting doubt on estimates of the genome-wide
prevalence of Pol 1l pausing and the extent to which it regulates gene expression /n vivo. The
resolution provided by Pol Il ChlP-seq is not best suited to resolve initiation and pausing
which occur in a narrow window (within 60nt) (Core and Adelman, 2019; Wissink et al.,
2019). In addition, ChIP-seq Pol Il pausing index values do not correlate well with gene
expression suggesting they are a poor predictor of gene expression state (Adelman and Lis,
2012; Rahl et al., 2010). Finally, due to the large number of factors and cofactors which

are required in the process of transcription (Bernecky et al., 2016; Farnung et al., 2018;
Nozawa et al., 2017; Sainsbury et al., 2015; Schilbach et al., 2017), there is concern that the
normal transcription cycle may be perturbed if cells are subjected to extensive preparation
and treatment, which is the case in many widely used run on methods to evaluate pausing
(Chu et al., 2018; Core et al., 2008; Kwak et al., 2013; Tome et al., 2018).

To circumvent some of these issues, here we have estimated the extent of Pol 11

initiation and pausing and their contribution to gene expression in primary cells undergoing
differentiation with minimal perturbation (referred to here as /n vivo). We have examined
initiation, pausing and nascent gene expression at thousands of genes, throughout mouse
erythropoiesis using scaRNA-seq, a derivative of the Start-seq short capped RNA-seq
assay (Henriques et al., 2013; Nechaev et al., 2010), in combination with measurements

of nascent gene expression (MNET-seq and intronic RNA) (Boswell et al., 2017; la

Manno et al., 2018; Nojima et al., 2015). While acknowledging the complexity and
interdependence of the various stages of the transcription cycle, simultaneous analysis

of initiation, pausing and elongation suggests that enhancer-driven transcription, during
differentiation of primary cells is controlled predominantly via initiation rather than pause-
release. To test this experimentally we investigated how deletion of the major enhancers of
the well-characterized globin loci affects the transcription cycle in primary erythroid cells.
Consistent with our genome-wide data, we show that in each case the enhancers primarily
affect the stages of recruitment and/or initiation of transcription rather than pause-release or
elongation.

Analysis of transcription initiation and Pol Il pausing in vivo using scaRNA-seq

To understand how initiation and promoter proximal pausing affect gene expression, it is
necessary to measure these distinct stages of transcription quantitatively, at high resolution,
and at single genes, /n vivo (in primary cells during differentiation). The Start-seq assay

has previously been used to detect and measure initiation and pausing by sequencing the
ends of short capped RNA molecules (scaRNA-seq); importantly, this assay does not require
extensive cell permeabilization or metabolic labelling (Henriques et al., 2013; Nechaev et
al., 2010).
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Total scaRNA molecule counts at a given promoter represent the sum of both nascent
initiation and pausing. Positive changes in this count may imply more initiation, more
pausing or a combination of both processes; negative changes represent the converse (Figure
1A). By generating a complementary measure of nascent gene expression such as intron
coverage from RNA-seq (intronRNA) (Gaidatzis et al., 2015), changes in scaRNA level

can be interpreted in a simple manner. For a given gene, concordant changes in scaRNA

and intronRNA coverage imply regulation through initiation, and discordant changes imply
regulation through pausing (Figure 1B).

To count the total number of scaRNA molecules at any given gene we modified the Start-seq
assay (Figure S1A). Firstly, we adopted paired-end sequencing, allowing each scaRNA
molecule to be “reconstructed” /n sifico from paired reads from either end of the sequenced
molecule. Secondly, we isolated larger RNA transcripts than in the original assay (<=300nt
compared to ~100nt), allowing us to examine scaRNA levels beyond the predicted range of
Pol 1l pausing and the boundary of the +1 nucleosome (+ ~150nts relative to the TSS) which
has been suggested to play a role in Pol Il pausing (Jonkers and Lis, 2015; Mieczkowski

et al., 2016; Voong et al., 2016; Yazdi et al., 2015). Finally, we removed the chromatin
isolation step from the Start-seq protocol to reduce material losses enabling assay of smaller
(primary) cell populations than previously analyzed (Core and Adelman, 2019; Henriques et
al., 2013, 2018; Williams et al., 2015). We refer to this procedure as scaRNA-seq (Figure
S1A).

Validating scaRNA-seq as a single molecule, genome-wide assay for initiation and pausing

We validated scaRNA-seq by analyzing K562 cells for which there are many published
datasets documenting TSSs, initiation, and pausing (L. J. Core et al. 2014; Tome, Tippens,
and Lis 2018). In addition, we wanted to ensure that scaRNA-seq would be applicable to
a modest number of cells (5x106), facilitating our downstream analysis of primary mouse
erythroid cells.

Firstly, we determined whether scaRNA-seq could be used to derive a count of the total
number of promoter proximal transcripts (the sum of nascent initiation and pausing events)
at single genes. We reconstructed RNA single molecules /n silico using the mapped
coordinates of sequenced paired reads located at their 5” and 3’ ends. We then examined
genes which have been previously characterized in K562 cells: in particular, we visualized
the HSPA1A (Heat shock protein 70) and MYC genes (Figure 1C). We found that the
scaRNA molecules align near to the annotated TSSs of these genes in a manner consistent
with published expressed sequence tag (EST) and RNA-seq data sets. This established that
scaRNA-seq can be used to count promoter proximal transcripts.

Using scaRNA-seq, we generated a pileup of the 5’ or 3’ ends of all single RNA molecules
genome-wide. At each gene sampled we found a predominant, focused TSS (purple peaks)
and the TPS (orange peaks) (Figure 1C). This confirmed that scaRNA-seq has the ability

to resolve profiles of TSSs and TPSs in a similar manner to Start-seq, however this
information is now obtained in one paired-end sequencing assay. To determine the accuracy
and efficiency with which scaRNA-seq detects transcription initiation sites we used Homer
(Heinz et al. 2010) to call TSSs and then selected those that lie within 500bp of previously
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annotated UCSC gene TSSs. We then identified each TSS by scaRNA-seq and the associated
annotated TSS before searching for the presence of Initiator and TATA box motifs known

to be enriched at promoters in eukaryotes (Mo Ngoc et al., 2017) and observed a strong (3-4
fold) enrichment at the TSSs called from scaRNA-seq data (Figure S1B).

Next, to assess the ability of scaRNA-seq to detect promoter proximal pausing genome-
wide, we generated mNET-seq data, which identifies 3° RNA ends associated with Pol 11,
in K562 cells (Nojima et al., 2015). We also analyzed published GRO-seq data, which
maps nascent RNA 3’ ends using an /n vitro run on assay (Core et al., 2008, 2014). The
distribution of scaRNA 3’ ends corresponds to the profiles obtained using these previously
validated approaches (Figure S1C) confirming that the 3’ ends of scaRNA represent Pol |1
pausing near the TSS genome-wide.

Finally, to validate that scaRNA-seq could detect transcription initiation and promoter
proximal pausing we reanalyzed Pol Il ChlP-exo data, which provides a high-resolution
map of protein binding within chromatin (Figure S2A; Rhee and Pugh 2011). We plotted
ChIP-exo data over two sources of TSS annotation, scaRNA derived (observed TSS) and
UCSC (annotated TSS), displaying the data as a meta plot. An additional peak of Pol Il
occupancy at the TSS, indicative of Pol Il loading is visible at the TSS when using observed
TSSs (Figure S2B). This peak was previously undetectable using UCSC annotated TSSs
(Figure S2B) and highlights the increased resolution provided by the use of scaRNA-seq
derived TSSs as opposed to annotated TSSs. Together these findings show that scaRNA-seq
accurately marks TSSs and TPSs genome-wide.

scaRNA-seq refines the annotation of promoter proximal transcription

Preliminary in-depth analysis of H#SPA1A and MYC genes (Figure 1C) revealed an
interesting phenomenon; at both genes, the predominant RNA 5’ end signal (observed using
scaRNA-seq) is located downstream, of the annotated (UCSC) TSSs and is supported by
mapped human ESTs and polyA+ RNA-seq (Dunham et al., 2012). The upstream UCSC-
annotated MYC TSS appears to be a minor TSS in K562 cells confirmed by scaRNA,

ESTs and polyA+ RNA-seq. For the HSPA1A gene the TSS observed with scaRNA-seq

is poorly supported by any UCSC gene annotation. To investigate any systematic skew in
annotated TSS positions versus scaRNA-observed TSSs, we plotted the relative positions

of all TSSs observed in K562 cells using scaRNA-seq versus those annotated in UCSC.
This showed that more than 97% of TSSs observed /n vivo are located some distance away
from the annotated (UCSC) TSSs. Less than 3% of the annotated (UCSC) TSSs are exactly
coincident with an observed TSS (Figure 2A). Most observed TSSs lie downstream of the
annotated TSS, indicating a systematic bias in the annotation of TSSs. Importantly, the TSSs
called from scaRNA-seq data had a 3-4x higher enrichment for the TSS associated Initiator
and TATA motifs than annotated UCSC TSSs (Figure S1B). This suggests that scaRNA-seq
provides a more accurate representation of commonly used TSSs than the UCSC database
gene annotations which are commonly used in the meta-analysis of genomics data.

To investigate whether there was a systematic skew in other commonly used TSS
annotations we compared the position of scaRNA derived TSS to annotated TSSs from
the Gencode (Frankish et al., 2019) and Refseq annotation projects (O’Leary et al., 2016)

Mol Cell. Author manuscript; available in PMC 2022 January 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Larke et al.

Page 6

(Figure 2A). This revealed annotated TSS positions are also found upstream of observed
TSS positions in these commonly used gene annotations. The skew is greatest in the UCSC
annotations and least in Refseq. What is the likely source of this skew? The pipeline for
UCSC annotation, selects the “longest” and highest “quality” isoforms when assembling
putative gene isoforms from raw RNA-seq data (Hsu et al., 2006). If an isoform of a given
gene is expressed from a TSS in one tissue but in other tissues the isoform is expressed
from a downstream TSS the less common, upstream coordinate is nevertheless selected as
the primary TSS candidate. A further issue in the UCSC annotation pipeline may stem from
the use of CAGE data in assembling putative Gene isoforms. CAGE is known to extend

5’ cDNA beyond the position of the 5’ cap, often by 10-100nts (Shiraki et al., 2003).
Therefore, large-scale annotation projects which incorporated this data, such as UCSC (Hsu
et al., 2006) may not represent the most commonly used TSSs. Our analysis suggests that
different TSS annotations are skewed to different degrees and indicates that most TSSs are
found within -50 to +300 relative to their annotated positions in K562 cells.

To investigate whether the use of different annotations would change the accepted view

of promoter proximal transcription (Core et al., 2014) we plotted scaRNA molecules over
observed, UCSC, Gencode and Refseq TSS annotations (Figure 2B). This revealed that
different annotations appear to change the profile of transcription near the TSS with the
primary differences being the degree to which transcription initiation appears focused rather
than dispersed around the TSS and the point at which 3’ RNA ends appear to accumulate
(the site of Pol 11 pausing). Using observed scaRNA-seq or Refseq TSS revealed that RNA
3’ ends consistently accumulate at +46nt downstream of the TSS (indicative of Pol 11
pausing) and then decay towards +150nt downstream of the TSS (Figure 2B).

To investigate the profile of initiation and pausing at single genes we plotted 5’ and 3’ ends
of each scaRNA molecule as a heatmap, using the observed TSS derived from scaRNA-seq
(Figure 2C). This confirms that most genes have focused initiation occurring in the few
bps around the TSS and accumulations of 3’ ends indicative of pausing occur at a sharply
defined point (+46nt). This analysis suggests that transcription of capped RNA occurs in

a focused manner with little evidence of dispersed transcription initiation. Relative to this
initiation site, Pol 11 pauses in a range sharply demarked at +46nt and extending to ~150nt
(coincident with the predicted position of the +1 nucleosome).

Gene expression is predominantly regulated via initiation rather than Pol Il pausing.

It has been suggested that regulated Pol Il pausing is a ubiquitous mechanism to control
gene expression which relies on a stably paused Pol 11 complex which can be acted on to
cause pause release (Adelman and Lis, 2012; Jonkers and Lis, 2015; Jonkers et al., 2014;
Rahl et al., 2010). However, it has more recently been suggested that the high density of
Pol 1l revealed by ChiP-seq reflects a dynamic process of premature termination (Erickson
et al., 2018). This is supported by /n vivo imaging studies showing that the majority of Pol
Il is associated with chromatin for seconds (Cisse et al., 2013; Li et al., 2019; Steurer et
al., 2018) and modeling which revealed that the turnover of Pol Il on housekeeping genes
was comparable to highly “paused” genes such as HSPAL (Krebs et al., 2017). The kinetics
identified in these studies are not easily reconciled with a model of stably paused Pol Il
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awaiting activation by cellular signals. Whilst it is clear from many studies that enriched
levels of Pol Il are often found near to TSSs, the question remains to what extent does this
accumulation contribute to changes in gene expression?

To understand how levels of Pol Il pausing relate to gene expression we used intronRNA as
a proxy for nascent gene expression (Gaidatzis et al., 2015), a method that does not require
extensive material preparation or metabolic labelling of cellular RNA using nucleotide
analogues such as 4sU, which are cytotoxic (Burger et al., 2013). To further validate the use
of intronRNA we compared its readout to other widely used nascent RNA methods GRO-
seq, MNET-seq, polyA+, polyA- and total RNA (without polyA selection) in K562 cells
(Figure S3A). This showed a high correlation between GRO-seq and mNET-seq (R=0.77).
Total RNA correlates best with these established nascent RNA methods (R = 0.76 and 0.71)
respectively. polyA+ also correlates highly (R= 0.62 and 0.65 respectively). polyA- also
shows a good correlation (R= 0.65 and 0.54). To further examine whether introns derived
from total RNA, polyA+ or polyA-fractions gave the best representation of nascent RNA
we plotted intronRNA over all Refseq genes and reveal that polyA+ data provides the

most uniform coverage of genes (Figure S3B). Together these data suggest that deriving
intronRNA counts from polyA+ RNA represents a good measure of nascent expression
when compared to GRO-seq and mNET-seq but does not require material preparation or
labelling which may perturb transcriptional states.

To investigate how changes in the level of Pol 1l pausing contribute to changes in

gene expression /n vivo in mammalian cells, we used a mouse primary erythroid cell
differentiation system (Hay et al., 2016), to generate datasets at 0 hour (Oh) and 24 hour
(24h) differentiation time points representing “early” and “late” erythropoiesis (Edling and
Hallberg, 2007; Hay et al., 2016; McGrath et al., 2017). We generated polyA+ RNA-seq
libraries at Oh and 24h time points and calculated intronRNA coverage of all genes. We
excluded the first 300bp of each gene from analysis to avoid counting intronRNA which
overlapped scaRNA at the promoter region, we then performed differential count analysis
of the intronRNA counts identifying significant changes in gene expression genome-wide
(Figure S4A and S4B) (Anders and Huber, 2010).

We generated corresponding scaRNA-seq libraries at Oh and 24h time points and called all
TSSs to form a consensus observed TSS list. We paired each observed TSS to an annotated
TSS (UCSC) if one fell within £500bp and plotted the distance between observed and
annotated TSSs (Figure S2C), revealing an enrichment of observed TSSs within £100nt

of the annotated TSS and suggesting in mouse fetal liver TSS annotation is skewed to a
lesser extent than in K562. Based on this analysis, a window of £500 bp was drawn around
each annotated TSS to capture the observed TSS position and differential count analysis of
scaRNA molecules between the Oh and 24h timepoints performed, revealing significantly
differentially expressed TSSs genome-wide (Anders and Huber, 2010) (Figure S4C).

As outlined in Figure 1A and B by pairing changes in nascent initiation and pausing
(measured by scaRNA-seq) and nascent gene expression (measured by intronRNA), the
predominant mode of transcriptional regulation can be identified genome-wide. Concordant
changes in these values indicate regulation through initiation whilst discordant imply

Mol Cell. Author manuscript; available in PMC 2022 January 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Larke et al.

Page 8

regulation through pausing. We paired changes in scaRNA and intron RNA and plotted
changes in these respective values to yield a scatter plot (Figure 3A). Importantly, we show
that 97% (317/327) of genes which show statistically significant changes in gene expression
(red dots) have concordant changes in scaRNA and intronRNA, indicating that regulation
through initiation is the dominant regulatory step in achieving differential gene expression at
these genes. For example, both Ajpm1and Tfrc have characteristic accumulations of scaRNA
at their TSSs consistent with Pol 1l pausing. Nevertheless, the total level of scaRNA changes
significantly and concordantly with intronic RNA level at these genes indicating regulation
through initiation (Figure 1B, C) and (Figure 3B, C).

Only 3% (10/327) of significantly differently expressed genes have discordant changes in
scaRNA and intronic RNA levels that would be consistent with regulation through changes
in Pol 1l pausing. Comparing the magnitude of expression changes between genes regulated
at initiation versus at pausing reveals the former class has a higher mean log fold change;
2.00 versus 1.30 and a larger range of expression change; -4.63 — 7.01 versus 1.03 — 1.84,
indicating at the few genes where Pol 11 pausing does drive significant a change in gene
expression change it does so in a more modest fashion than at genes where initiation is the
primary regulatory stage.

Further information about the nature of gene regulation genome-wide can be gleaned

from this analysis. For genes with statistically significant changes in expression (red dots)
which have concordant scaRNA and intronRNA changes (regulated at initiation), there are
marked differences in the spread of the data when comparing upregulated (scaRNA and
intronRNA positive fold change) versus down regulated genes (scaRNA and intronRNA
negative fold change). For upregulated genes there is good correlation between scaRNA
and intronRNA level (R2=0.49), whereas for genes which decrease in their expression there
is a slight negative correlation between intronRNA and scaRNA (R2=-0.24). This suggests
that as genes are down regulated through initiation the relationship between scaRNA and
intronRNA is less well correlated than when upregulated. However, despite these differences
in the spread of data, as the relationship between intronRNA and scaRNA is concordant
not discordant we can be confident that downregulation of expression is occurring through
reduced initiation not increased pausing.

These data contrast with previous analyses which have suggested that ubiquitous stably
paused Pol Il acts as the gatekeeper of gene expression (Chen et al., 2018; Core and
Adelman, 2019; Henriques et al., 2013; Jonkers et al., 2014; Shao and Zeitlinger, 2017). We
show that that although Pol Il pausing can be detected genome-wide it rarely significantly
affects gene expression as it changes during differentiation /7 vivo. As 67% of all genes
(and 97% of statistically significant changes in expression) have concordant scaRNA and
intronRNA changes, the modulation of initiation alone can explain the majority of changes
in gene expression /n vivo. As these high-resolution data are generated using primary
mouse erythroid tissues, without the use of chemical or genetic perturbation of the factors
postulated to be involved in regulating pausing, we suggest that it represents a more
physiological estimate of the role of Pol 11 pausing in modulating gene expression /n vivo.

Mol Cell. Author manuscript; available in PMC 2022 January 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Larke et al.

Page 9

Globin enhancers modify transcription initiation to regulate gene expression

To examine this in more detail we investigated how the a.- and B-globin genes are regulated
by their well characterized enhancers (Bender et al., 2012; Gariglio et al., 1981; Lee et

al., 2015; Sawado et al., 2003; Vernimmen, 2014). The mouse a-globin locus is regulated
by five enhancers (R1-R4 and Rm) (Figure 4A). Two of the enhancers (R1 and R2) when
deleted in combination (AR1R2) reduce nascent a.-globin expression by ~95% (Hay et

al., 2016). The mouse p-globin genes are regulated by six enhancers (HS1-HS6) (Figure
4A). Deletion of two of these (HS2 and HS3) in combination (AHS2HS3) results in a
~70% reduction in nascent p-globin expression (Bender et al., 2012). Therefore, R1 and
R2, and HS2 and HS3 are major transcriptional enhancers of the a-globin and B-globin
genes respectively. Previous work suggested that the human a-globin enhancers promote
transcriptional initiation via recruitment of components of the pre-initiation complex and
Pol Il (Mernimmen et al., 2007). By contrast, the B-globin enhancers have been reported to
facilitate release of paused polymerase (Bender et al., 2012; Gariglio et al., 1981; Hay et al.,
2016; Sawado et al., 2003). Therefore, the a- and p-globin genes provide an ideal test bed
to understand the mechanisms by which enhancers regulate the transcription cycles of their
target genes.

To determine the effects of enhancer deletions on initiation and Pol 1l pausing, we performed
scaRNA-seq in wildtype, AR1R2 homozygous mice (a-globin locus) and AHS2HS3
homozygous mice (B-globin locus) using primary erythroid cells from fetal liver. Deletion
of enhancer elements at both loci results in a substantial decrease of scaRNA-seq transcripts
at their TSSs, the total number of scaRNA molecules at the § globin genes reduced by

53% and at the a. globin genes by 93% (Figure 4B, 4C and Figure S5) indicating that in

the absence of their major enhancers, these genes either fail to recruit Pol 11 or initiate
production of capped transcripts, or that these transcripts are more rapidly turned over via
increased premature termination). These findings apply to both loci with a greater effect
seen at the a globin locus. This is in line with previous work which estimated that AR1R2
has a greater effect on the total nascent RNA output of the a globin genes, than AHS2HS3
has on the B genes (95% and 70% reduction respectively) (Bender et al., 2012; Hay et al.,
2016). In wildtype cells, the globin genes in both loci exhibit an accumulation of RNA 3’
ends downstream of the promoters, indicative of Pol Il pausing (Nechaev et al., 2010), yet
increased levels of Pol Il pausing do not occur in the enhancer knockouts, which would be
represented as an increase in scaRNA transcripts (see Figure 1A and 1B).

To extend our previous observations that the AR1R2 deletions decrease the nascent output of
the a-globin genes (Hay et al. 2016) we performed mMNET-seq to measure RNA associated
with Pol 11 through immunoprecipitation and sequencing (Nojima et al., 2015) to assess
perturbation of the transcription cycle downstream of the promoter proximal region. These
data corroborate our observations with scaRNA-seq. mMNET-seq shows a uniform loss of
both promoter proximal and gene body transcription. This shows that the enhancer deletions
do not induce increased Pol Il pausing at these loci, but rather lead to a total reduction in
engaged Pol Il (as measured by the RNA associated with it) at all points along the genes
(Figure 4B and 4C).

Mol Cell. Author manuscript; available in PMC 2022 January 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Larke et al. Page 10

The mechanism by which enhancers regulate the initiation of transcription

Given the loss of initiation we see in the AR1R2 and AHS2HS3 mouse models, we
considered the potential mechanisms by which enhancers might affect the earliest stages

of the transcription cycle. At many genes, close physical contact between the enhancer and
promoter is associated with gene activation. Using Capture-C, we have previously shown
that the remaining mouse a-globin enhancers maintain tissue-specific increased proximity to
their cognate promoters when individual or pairs of enhancers are deleted from the cluster
of enhancers (Hay et al. 2016; Figure 5A). Here we show, that this is also the case at the
mouse B-globin cluster (Figure 5B). We also confirmed using ATAC-seq that the a.- and
B-globin enhancers are not required to maintain nucleosome free promoters in the AHS2HS3
(B-globin and AR1R2 (a-globin) models (Hay et al. 2016; Figure 5A, B and S6). Therefore,
we conclude that the severe reduction in promoter proximal and full-length transcription
seen in the absence of the globin enhancers is not simply due to a failure to form accessible
chromatin or chromatin loops.

It seems more likely that the a- and B-globin enhancers act to recruit or stabilize Pol 11 at
nucleosome free promoters. Previous studies at the human a-globin gene cluster showed a
reduction of components of the PIC and Pol 1l in the absence of the enhancers (Vernimmen
etal., 2007). To further test this hypothesis, we performed ChiP-seq of total Pol Il in
wildtype, AR1R2, and AHS2HS3 lines. This revealed that in the absence of the enhancers,
at both the a.- and pB-globin loci, there is a reduction in the total level of Pol Il both

at the promoter and across the gene, but no evidence for a specific increased promoter
proximal block to elongation (Figure 6A and Figure 6B). This suggests that in the absence
of enhancers there is a failure to recruit or stabilize Pol 11 at the promoter leading to
decreased initiation of transcription.

Discussion

It is generally accepted that genes are switched on during differentiation via interactions
between tissue- and developmental stage-specific enhancers and their cognate promoters.

By counting promoter proximal RNA transcripts and nascent RNA transcripts, the relative
contributions of initiation and pausing become clear (Figure 1B) and we have shown that
expression of RNA from most genes during differentiation is regulated via the recruitment
and/or initiation of transcription rather than via Pol Il pausing. We further support this model
using detailed studies of mouse models of the globin genes with and without their major
transcriptional enhancers. We show large uniform loses in nascent RNA (scaRNA-seq and
MNET-seq) (Figure 4B and C) and Pol Il (ChlIP-seq) (Figure 6A and B) across both the
promoter proximal regions and the associated gene bodies. This provides strong evidence
that these enhancers act primarily at the stage of recruitment and/or initiation of transcription
rather than through release of paused Pol 1l as previously postulated (Bender et al., 2012).

We hypothesize that the loss of transcription and Pol Il occupancy seen in the globin
enhancer deletion models (Figure 4B and C) may be due to a failure to efficiently form
or stabilize the PIC and/or to recruit Pol 1l to these complexes. Deletion of the a- and
B-globin enhancers did not abolish chromatin accessibility (Figure 5A and B), and we
can therefore hypothesize that the protein complexes which enable recruitment of the
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PIC may still bind and act on the promoter. This suggests that these enhancers may

play a subsequent role in activating these factors, delivering them to open promoters or
increasing the rate of Pol 11 recruitment. All three processes could result in higher rates

of transcriptional initiation (Coulon et al., 2013; Li et al., 2016).The fact that the overall
chromatin conformation of the a.- and p-globin loci were largely unperturbed in deletion
models of their primary transcriptional enhancers (Figure 5A and B) suggests that these
elements either do not function or, perhaps more likely are redundant in the assembly of the
chromatin compartments but act within the assembled compartment. Enhancers may provide
a means to increase concentrations of general transcriptional machinery and Pol 1l in the
proximity of a target gene, thus increasing the likelihood of initiation at that target gene
(Coulon et al., 2013).

Others have previously demonstrated a potential regulatory role for Pol Il pausing by
inhibiting factors such as NELF and DSIF. However, it is not clear that inhibitors of

these factors are specific. DRB, one widely used inhibitor used to measure the extent

of Pol Il pausing in previous work, is in fact an ATP analogue that may inhibit other
energetic processes in the cell, making conclusions from these studies difficult to interpret
(Bensaude 2011). A further assumption is that the function of the protein targeted by
chemical inhibition (CDKO9) solely regulates Pol 1l pausing /n vivo, disregarding off target
effects on other processes in the cell which have been shown to include direct regulation of
transcription termination through XRN2 (Sanso et al., 2016). Therefore, experiments using
inhibitors may have over-estimated the role of Pol Il pausing /7 vivo compared to our data,
which comes from the differentiation of primary cells and /n vivo mouse models without
using such inhibitors. Clearly, if CDK9 has roles beyond pausing, then inhibition of this
protein may have led to overestimates of the prevalence and significance of Pol Il pausing.
Interestingly, modeling of ChIP-seq density (Ehrensberger et al., 2013) has also suggested
that promoter proximal peaks of Pol Il need not be explained by a stable regulated pause but
other kinetic mechanisms such as the dynamic interactions between recruitment, initiation
and pausing of Pol Il. This model also suggests that initiation must be saturated before Pol 11
can become regulated at the pause release step, implying that regulation of gene expression
via pausing would only occur at extremely highly expressed genes such as alpha and beta
globin in erythroid tissues.

Recent work has suggested that an alternative mechanism of premature termination of Pol 11
near the promoter occurs at many genes where canonical pausing is predicted to be unstable
(Elrod et al., 2019; Tatomer et al., 2019). This cycle of initiation and premature termination
may explain why Pol Il is often found to be enriched at promoters (by ChIP or run on
sequencing) in the absence of productive elongation as an alternative to stably paused Pol
I1. However, it should be noted that Triptolide inhibition and the pausing index was used

to infer changes in pausing (Elrod et al., 2019). Triptolide is known to stimulate rapid and
substantial degradation of Pol 11 molecules through ubiquitination as well as inhibit Pol |
transcription (Bensaude, 2011; Manzo et al., 2012; Steurer et al., 2018). In another study, a
three-day RNAI knockdown of an Integrator subunit was used to investigate the role of this
complex in premature termination (Tatomer et al., 2019). However, the integrator complex
is known have additional roles in termination and 3’ end processing of snRNA and histone
genes (Skaar et al., 2015; Yamamoto et al., 2014). Therefore, in both of these studies,
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cellular physiology and levels of general transcription machinery may have been broadly
perturbed. The extent to which premature termination of transcription near promoters occurs
as opposed to Pol 11 pausing remains to be determined. Live cell imaging studies have
suggested that transcription factors and Pol Il associate with chromatin for variable but often
extremely short time periods, arguing against the formation of stable protein complexes
such as paused Pol Il on promoters and suggesting a stochastic process wherein increasing
concentrations of factors results in increased rates of transcriptional activation (Cisse et al.,
2013; Erickson et al., 2018; Li et al., 2019; Steurer et al., 2018).

Clearly, given the complexity of enhancer-driven gene regulation, enhancers may have
multiple effects on the transcription cycle in which sequential steps appear to be
interdependent. The effect of an enhancer may vary in in different cellular contexts (e.g.
stress responses) and at different stages of commitment and lineage specification. However,
here we show that during differentiation of a single lineage, enhancers appear to act
predominantly via the recruitment and/or transcriptional initiation of Pol 1. In summary,
we suggest that during differentiation enhancers predominantly control gene expression
via recruitment and/or initiation of transcription, rather than regulating promoter proximal
pausing of Pol II.

Star Methods Text

Experimental Model and Subject Details

All primary mouse fetal liver tissues used in this study were generated by the WIMM
transgenics facility. Cell lines used in this study (K562) were obtained from the

MRC WIMM transgenics facility and grown in RPMI media (ThermoFisher Scientific)
supplemented with 15% FBS (37°C, 5% CO5). Cell density was maintained <=108 cells per
mL. Cell density and viability were determined using the NucleoCounter NC-3000 platform
(Chemometec).

Method Details

Data generation

Mousefetal liver culture and differentiation: AR1R2 deletion lines were maintained

as heterozygotes and crossed to yield homozygous AR1R2 and wildtype litter mates as
described in (Hay et al., 2016). AHS2HS3 deletion lines carry a human YAC containing a
rescue human beta globin allele and are maintained as homozygotes as described in (Bender
etal., 2012). Mouse fetal livers were harvested at E12.5 and disaggregated in StemPro
expansion media (ThermoFisher Scientific) supplemented with Eprex (Epo) @ 1U/mL
(Janssen), SCF @ 50ng/mL (Peprotech), Dexamethasone @ 1uM (Hameln). Cells from
individual fetal livers were grown for six days, maintaining a constant erythroblast cell count
of <= 1 x10° cells per mL. Cells genotypes were confirmed during expansion. Cells were
counted using the NucleoCounter before selection for CD117 positive cells using magnetic
assisted cell separation LS columns and CD117 MicroBeads following the manufacturers
protocol (Milltenyi). Cells were left to recover for 6 hours in expansion media at a density
of 1x108 cells per mL. Aliquots of 5x106 cells were harvested as the ‘Oh’ timepoint
corresponding to early erythropoiesis whilst the remaining cells were re-suspended in
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differentiation media (which is expansion media with the following changes: increased
levels of Eprex (5U/mL) and transferrin (0.5mg/mL), SCF and Dexamethasone removed).
To induce erythroid differentiation cells were grown for 24 hours before harvesting for

the ‘24h’ timepoint. At each time point, cell morphology was examined by preparing
cytospins. Immunophenotypes were also determined by fluorescence activated cell sorting
using the Attune NXT (ThermoFisher Scientific) using anti Ter119 (PE-Cy7 labelled) and
anti CD117 (PE labelled) antibodies (Biolegend). Oh of erythropoiesis was defined as
(CD117+, Ter119-) and 24h as (CD117-, Ter119+). Isolated cells were confirmed as having
these appropriate erythroid stage markers (Edling and Hallberg, 2007; Hay et al., 2016;
McGrath et al., 2017).

Short capped RNA sequencing (scaRNA-seq): 5x108 cells were aliquoted per replicate,
pelleted by centrifugation (500g, 5min, R.T) and washed once in 5mL 1xPBS before
disaggregation and lysis in TRI Reagent (Merck). Samples were snap frozen in a dry ice
ethanol bath and transferred to -80°C storage until use. RNA extraction was performed using
phase lock gel tubes (VWR) following the manufacturers protocol resuspending in 13.5uL
(DEPC treated) water. 0.5uL of RNA was diluted 1:10 in water for QC. RNA integrity
number (RIN) was determined using the RNA ScreenTape System (Agilent) following the
manufacturers protocol. RINs for all RNA samples used in this study were >= 9.6. RNA
size selection was performed using a 10% TBE-Urea gel (Thermo Fisher Scientific) in
combination with a low molecular weight ladder (NEB) to excise RNA <=300nt. The RNA
was extracted from the gel using the crush and soak method (crushing of the gel fragment
followed by overnight elution at 21°C with no shaking) and a final resuspension volume

of 6uL. RNA 3’ adapter ligation was performed using the NEBNext Small RNA Library
Prep Set for lllumina. A TRI Reagent extraction was performed, topping up the reaction to
200pL with water and using phase lock light tubes. The pellet was resuspended in 25.5pL.
RNA Dephosphorylation was performed using Alkaline Phosphatase, Calf Intestinal (CIP,
NEB) following the manufacturers protocol. A TRI Reagent extraction was performed as
before, except the RNA pellet was resuspended in 26pL. RNA Decapping was performed
in a reaction volume of 30uL for 30 mins @ 37°C using CAP-clip (Tebu bio). A TRI
Reagent extraction performed as before except the pellet was resuspended in 17.5uL. 2uL
T4 RNA ligase buffer (NEB), and 5uL PEG 8000 (NEB) were mixed with the resuspended
RNA and used as an input for SR RT primer hybridization and 5° SR adapter ligation

using the NEBNext Small RNA Library Prep Set for Illumina. Reverse transcription of
post adapter ligated RNA was performed using SuperScript 11 (ThermoFisher Scientific),
in a final reaction volume of 50uL and incubating for 1 hour at 50°C. PCR of cDNA was
performed using the NEBNext Small RNA Library Prep Set for Illumina in a final reaction
volume of 120uL (60uL cDNA reaction, 60puL LongAmp Taq 2x, 5uL SR Primer, 5uL Index
(X) Primer). PCR reaction cleanup was performed using 2:1 ratio of Ampure XP beads
(Beckman) to PCR product and a final elution volume of 23uL 1 x T.E (Tris-HCI pH 8.0
(10mM), EDTA pH 8.0 (ImM)).

K562 scaRNA-seq libraries were produced without replication for meta-analysis. All mouse
fetal liver scaRNA-seq libraries were produced in biological triplicate.
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MNET-seq: mNET-seq was performed as in (Nojima et al., 2015) but with a staring input
cell number of 5x10°.

K562 mNET-seq libraries were produced without replication for meta-analysis. All mouse
fetal liver mNET-seq libraries were produced in biological duplicate.

RNA-seq: 5x106 cells were aliquoted per replicate, pelleted by centrifugation (500g, 5min,
R.T) and washed once in 5mL 1xPBS before disaggregation and lysis in TRI Reagent
(Merck). Samples were snap frozen in a dry ice ethanol bath and transferred to -80°C
storage until use. RNA extraction and DNase treatment were performed using the Direct-zol
RNA Miniprep Kit (Zymo). The sample concentration was determined using the Qubit
RNA BR Assay (ThermoFisher Scientific) and the RIN using the RNA ScreenTape System
(Agilent). RINs for all RNA samples used in this study were >=9.6. 2.0mg of Total RNA
was depleted of ribosomal and globin RNA species with the Globin-Zero Gold rRNA
Removal Kit (Illumina). polyA+ selection was performed using the NEBNext Poly(A)
mMRNA Magnetic Isolation Module (NEB). RNA library preparation was performed using
the NEBNext Ultra Il Directional RNA Library Prep Kit for Illumina (NEB).

K562 scaRNA-seq libraries were produced without replication for meta-analysis. All Mouse
fetal liver scaRNA-seq libraries were produced in biological triplicate.

Chl P-seq: 5x10° cells were aliquoted per replicate, pelleted by centrifugation (500g,

5min, R.T) and washed once in 5mL 1xPBS. Cells were resuspended in 9mL of RPMI
media (+10% FBS). Cells fixation was performed by adding 1mL of fixation solution
(50mM HEPES pH 8.0, 1mM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 100mM NaCl, 10%
formaldehyde) and incubating on the roller at room temperature for 10 mins. Quenching
was performed by adding of 1.25mL of fresh glycine solution (1M) and incubating on the
roller at room temperature for 5 mins. Cells were centrifuged again and washed with ice cold
1xPBS and snap freezing in a dry ice ethanol bath. Samples were stored at -80°C until use.
Cell pellets were lysed by resuspending in 200pL of cell lysis buffer (5mM PIPES pH 8.0,
85mM KClI, 0.5% IGEPAL-CA 630) and incubating on wet ice for 20 mins. The lysate was
centrifuged (900g, 10 mins, 4°C), the supernatant discarded and the pellet resuspended in
100pL nuclear lysis buffer (50mM Tris-HCI pH 7.5, 10mM EDTA pH 8.0, 1% SDS) before
incubating on ice for 5 mins. 30 uL of low salt RIPA buffer (140mM NaCl, 10mM Tris-HCI
pH 7.5, ImM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 1% Triton X 100, 0.1% Sodium
deoxycholate, 0.1% SDS) was added to each sample. The samples were sonicated for 8 mins
using a Covaris S220 sonicator (Duty cycle = 2%, Int = 3.0, Cycles/burst = 200, Power mode
= frequency sweeping, Duration = 120s, Temp = 6°C). Insoluble material was pelleted by
centrifugation (20,000g, 20 mins, 4°C) and the supernatant topped up to 1.1mL with low
salt RIPA buffer without SDS. 100uL of the sample was frozen to use as an input control.
110pL of a 1:1 Protein A and Protein G Dynabead slurry (ThermoFisher Scientific) was
prepared by combining equal volumes of the Protein A and G beads and washing twice in
low salt RIPA buffer. The remaining sonicated sample was pre-cleared twice by incubation
on a rotating platform (10RPM, 1 hour, 4°C) with 5L of the A+G bead slurry. 10uL of

Pol 1l antibody (N20 — sc899c¢, Santa Cruz) was conjugated to 100uL of the bead slurry on

a rotating platform (10RPM, 1 hour, 4°C). The precleared sample and antibody conjugated
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beads were combined and incubated on a rotating platform (10RPM, 24 hours, 4°C). The
beads were washed at 4°C on a magnetic Eppendorf rack; twice using low salt RIPA buffer
(140mM NaCl, 10mM Tris-HCI pH 7.5, 1ImM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 1%
Triton X 100, 0.1% Sodium deoxycholate, 0.1% SDS), twice using high salt RIPA buffer
(0.5M NaCl, 10mM Tris-HCI pH 7.5, ImM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 1% Triton
X100, 0.1% Sodium deoxycholate, 0.1% SDS), once using LiCl RIPA buffer (250mM LiCl,
10mM Tris-HCI pH 7.5, ImM EDTA pH 8.0, 0.5mM EGTA pH 8.0, 1% Triton X 100,
0.1% Sodium deoxycholate, 0.1% SDS) and twice using 1xT.E (10mM Tris-HCI pH 8.0,
1mM EDTA pH 8.0). After the final wash the beads were resuspended in 150uL of elution
buffer (20mM Tris-HCI pH 7.5, 5mM EDTA pH 8.0, 50mM NaCl, 1% SDS) and transferred
to a fresh Eppendorf tube. The input samples were thawed and 200 pL of elution buffer
added. RNAse A treatment was performed by adding 2L or 1pL of RNAse A @ 10mg/mL
(ThermoFisher Scientific) to the input or the beads respectively. Samples were incubated
(1,000rpm, 30s on, 30s off (interval mix)) for 30 mins, at 37°C. 1uL or 2uL of Proteinase

K (20mg/mL) was added to the beads or inputs respectively and samples were incubated
(1,000rpm, 30s on, 30s off (interval mix)) at 65°C, overnight. Samples were centrifuged
briefly to collect droplets. Samples containing beads were transferred to a magnetic rack and
the supernatant was transferred to a new Eppendorf tube. A phenol chloroform extraction
was performed using phase lock tubes followed by ethanol precipitation on samples and
inputs. Samples and inputs were resuspended in 53ul 0.1 x T.E. Library preparation was
performed using the NEB Ultra DNA library preparation kit for Illumina (NEB) and using
15 cycles of PCR followed by an Ampure XP bead (Beckman) clean-up.

All Mouse fetal liver ChIP-seq libraries were produced in biological triplicate.

ATAC-seq: ATAC-seq was performed as previously described (Buenrostro et al., 2013; Hay
etal., 2016). Briefly, 100000 cells per biological replicate (x3) per sample were lysed in
cold lysis buffer, nuclear pellets were obtained after 10 min centrifugation at 4°C at 500G
and resuspended in 50ul of tagmentation mix (FC-121-1030, Illumina), then incubated for
30 min at 37°C. DNA was purified using the Qiagen MinElute columns (28004, Qiagen).
Tagmented DNA was indexed with custom primers using NEB Next High-Fidelity 2x PCR
Master Mix (M0541S, NEB). And purified with Qiagen PCR Cleanup Kit (28104, Qiagen).
Samples were multiplexed sequenced on a next generation sequencing platform using the
NextSeg® 500/550 High Output Kit v2 (75 cycles; FC-404-2005, Illumina) using paired-end
reads.

NG-Capture-C: 5 x108 HS2HS3 cells were fixed using a final concentration of 2%
formaldehyde in 1x PBS. 3C libraries were prepared using Dpnl/l, as in (Davies et al., 2015),
with the following modifications: no douncing was performed, all spins were performed

at 300g, an additional centrifugation step (300g, 15 min, 4°C) was performed to pellet
nuclei after ligation before resuspending in 300 L 1x T.E (Sigma) for phenol chloroform
extraction and each capture oligonucleotide was used at a working concentration of 2.9nM.

Digestion efficiency was determined by RT-qPCR with custom TagMan probes. Ligation
efficiency qualitatively determined by gel electrophoresis. Only 3C libraries with >70
% digestion efficiency were used. Target capture for specific genomic viewpoints was
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performed with 70mer biotinylated oligonucleotides designed using CapSequm (http://
apps.molbiol.ox.ac.uk/CaptureC/cgi-bin/CapSequm.cgi) which targeted either promoter
proximal or promoter distal Dpn// fragments.

All NG Capture-C experiments were performed in biological triplicate.

Library QC and sequencing: For all libraries, the modal DNA library size and library
concentrations were determined using the D1000 reagents on a Tapestation (Agilent) and
the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) respectively. Libraries were
quantified by qPCR using the NEBNext Library Quant Kit following the manufacturer’s
instructions. Library concentration by gPCR was used to calculate dilution required to
produce 6nM libraries for sequencing on the NextSeq500/550 High Output v2 kit (75
cycles) (Illumina). Sequencing was performed in paired end mode using 40 cycles of
sequencing per read and a 6-cycle index read.

Quantitation an Statistial Analyses

Deriving annotated genes from UCSC table browser—Lists of GenBank, Refseq
and UCSC genes were download from the UCSC table browser (http://genome.ucsc.edu/
cgi-bin/hgTables) in .bed format for mm9 or hg19 genome builds.

Generation of unique UCSC TSS lists—TSS of annotated transcripts were extracted
and extended to 1 kb (+/- 500 bp). Chr M entries were discarded. Exact overlaps on the same
strand were collapsed. Unique TSS were clustered within +-500 in a strand aware manner
(bedtools cluster -s)(Quinlan and Hall, 2010) and the number of clustered TSS’ was counted.

Generation of non-coding RNA list—L.ists of Ensembl non coding gene coordinates
(for mm9 and hg19 genes respectively) were downloaded from the UCSC table browser
(http://genome.ucsc.edu/cgi-bin/hgTables), using the following filtering terms; “miRNA”,
“tRNA”, “snoRNA”, “Mt_tRNA”, “Mt_rRNA”, “rRNA”, “snoRNA”, “snRNA”. Lists of
UCSC non-coding gene coordinates were also downloaded using the following filtering
terms; “snRNA”, “miRNA”, “tRNA”, “snoRNA”, “Mt_tRNA”, “Mt_rRNA”, “rRNA”,
“snoRNA”, “snRNA”. All coordinates were combined into a consensus list for either the
mm9 or hg19 genome and windowed by 100nt up or downstream using bedtools slop.

Generation of splice sites list—A list of UCSC genes were downloaded from the table
browser (http://genome.ucsc.edu/cgi-bin/hgTables) in GTF format and splice sites extracted
from the exon coordinates using AWK.

scaRNA-seq—The script scaRNAseq_pipe.pl was used to perform the following analysis
procedures: alignment of the data to the relative reference genome using Bowtie/1.1.2
(Langmead et al., 2009). This involved three alignment stages (first pass alignment, second
pass adapter trimming of reads which did not map in first pass and realignment, third pass
FLASH-ing (Magoc¢ and Salzberg, 2011) of reads which did not align second pass and
realignment). All aligning reads were combined and remapped. Reads mapped in proper
pairs were isolated from this file as a .bam file using samtools/0.1.19 view and flags (-bS -f
3)(Li et al., 2009). The bam file was converted into a bedpe file using bedtools/2.25.0 (Li
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et al., 2009; Quinlan and Hall, 2010) bamtobed. Chromosome, start, end and strand of each
read was inferred from the. bedpe file allowing RNA molecules to be “reconstructed” an
output in .bed6 file using AWK. Files were sorted (-k1,1 -k2,2n) and features overlapping
noncoding RNAs and annotated exon 3’ splice sites were removed using bedtools/2.25.0
intersect. Total read counts at this stage were used to subsample down to the sample with

the lowest read coverage before (Unix shuf). These files were converted into strand specific
bigWigs of 5° and 3” most bases (four files in total) using bedtools genomecov and ucsctools
bedGraphToBigWig (Kent et al., 2002). bigWigs for the same genotype, strand and end are
merged bigWigMerge (Kent et al., 2002) before visualization on the UCSC genome browser.

For visualization of whole reconstructed RNA molecules, a region of interest was specified
in. bed format and the script frags2bed.pl used to isolate RNA molecules overlapping this
region entirely. RNA molecules were scored based on frequency to produce a color gradient
before visualization on UCSC as .bed files. K562 scaRNA-seq data was not normalized prior
to visualization.

scaRNA TSSs were called by creating a Homer Tag Directory (makeTagDirectory -format
bed -sspe - keepAll -genome hg19/mm9) from a reconstructed RNA molecule file and
calling peaks with (findPeaks - style tss) (Heinz et al., 2010). All peaks mapping to X, Y, M
and random chromosomes were removed using grep -Vv.

Meta profiles of scaRNA-seq coverage were created by plotting the distribution of 5’ or 3’
ends of reads in 1bp bins relative to their respective TSS (+/- 500 bp) in a strand specific
manner. Per TSS per position were restricted to a maximum of 3.

Observed TSS were defined as called scaRNA peaks which were located within +/- 500 bp
from the 5’ end of an annotated unique UCSC gene using bedtools. To avoid any skews

in the meta-profiles, observed TSS were filtered to retain only those with single a scaRNA
peak within +/- 500 bp and only overlapped with a single unique annotated TSS. Annotated
TSS were defined as the original 5’ end coordinate of the gene for which an observed TSS
could be identified. observed TSS were filtered to retain only those with a single unique
annotated TSS within +/- 500 bp and only overlapped with a single observed TSS. Distances
between observed and annotated TSS were recorded and plotted.

Motif enrichment around observed or annotated TSSs was performed using a custom Perl
script (SeqPile2.pl). The coordinates of the TSSs were used to retrieve sequence information
for a user specified window around this position. The sequence was scanned in a user
specified bin size (1bp) to identify specific user specified motifs (also using the reverse of
the user specified motif to account for strand). The sum of the motif occurrence was plotted
for each bin, using the 5° end of the motif as the point plotted (i.e. a 2nt motif ends at the
TSS are plotted at -2 relative to the TSS).

A consensus list of observed mouse fetal liver TSS coordinates was produced by calling
TSS in each of the biological triplicates for the early (Oh) and late (24h) erythroid stages
(n=6 peaks calls) resulting in n= 65451 TSS. These TSSs were merged and exact overlaps
collapsed. ChrM entries were discarded resulting in n = 51161 TSS. Observed and annotated
TSS were defined using the clustering counts and intersects as described above.
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Heatmaps of scaRNA-seq 5’ and 3’ ends were generated by producing bed files containing
only the 5” or 3" most base of each reconstructed RNA molecule.

NG-Capture-C—Data were analyzed using scripts available at https://github.com/Hughes-
Genome-Group/CCseqBasicF/releases and R was used to normalize data (Davies et al.,
2015). Due to the inherent changes in linear proximity in the genome in the deletional
models compared to wide-type, subtractive analysis was not performed.

ChlP-exo—ChlP-exo data (Pol 11 N20 antibody - sc899c) were downloaded from two
separate studies; GSE108323 (Mchaourab et al., 2018) and SRA067908 (Pugh et al., 2013).
Reads were aligned to hg19 using bowtie (Langmead et al., 2009) and PCR duplicates
removed using samtools (Li et al., 2009). The resultant .bam file was converted into a “tag
directory” using Homer makeTagDirectory.pl and the following flags (-format sam -sspe
-keepAll -genome hg19). The distribution of 5’ ends of reads, was plotted in 1bp bins
around a given list of TSSs (+/-) 500bp) in a strand specific manner using Homer/4.8
annotatePeaks.pl and the following flags (-hist 1 -size 1000 -pc 3 -raw). Distribution of data
on the reverse strand was multiplied by - 1 to flip the data on the X axis and allow easier
visualization of regions occupied by Pol II.

RNA-seq—TFor published data, which was downloaded in fastq format, reads were trimmed
to a maximum length of 50bp using AWK to remove lower quality bases from 3’ ends of
reads and improve alignment. New data generated in this study utilized 40bp paired end
sequencing and so reads were not trimmed. For intronRNA extraction data were aligned to
the relevant reference genome (mm9 or hg19) using bowtie (Langmead et al., 2009) and
reads which mapped 100% to an intron and do not map to an annotated non-coding RNA
were isolated using bedtools (Quinlan and Hall, 2010). The total number of reads in the
resultant bam file was used to derive a reads per million (RPM) scaling factor which was
applied when generating strand specific bedGraph coverage tracks with bedtools (Quinlan
and Hall, 2010). Tracks from biological duplicates (K562 data) or triplicates (Mouse data)
were merged prior to display using ucsctools (Kent et al., 2002).

For Total and polyA+ RNA-seq data were aligned to hg19 using STAR/2.4.2a (Dobin et
al., 2013), only reads which did not map to annotated noncoding RNAs were retained.

A coverage track without normalization was generated using bedtools (Quinlan and Hall,
2010). Meta profiles of intronic reads coverage over Refseq genes were generated from
using ngsplots (Shen et al., 2014) and the following flags; -G hg19 -D Refseq -R genebody
-RB 0.05-MQ 0 -SE 0 -L 5000 -VLN 0 -MW 2.5.

Correlation analysis of RNA-seq techniques over annotated introns (obtained from the
UCSC genome browser) was performed by counting reads mapping to introns, converting
counts to RPKM values while omitting introns where zero coverage was observed in either
data set under comparison. Values were plotted as a hexbin plot. Pearson correlations were
calculated on the log10 transformed RPKM values.

Differential Expression Analysis—*For differential expression analysis distances
between observed and annotated TSS were recorded, showing an enrichment of TSSs fell
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within a window of -500 to +500 relative to the annotated TSS (Figure S2C). Therefore, a
window of -500 to +500 was drawn relative to each UCSC gene (n = 55,397). TSS were
clustered within +/- 500bp in a strand specific manner. Intron coordinates of all known
isoforms were extracted from annotated introns (UCSC table browser). RNA seq coverage
over introns was calculated with bedtools multicov in a strand specific manner. scaRNA
fragment coverage over TSS was calculated using bedtools coverage in a strand specific
manner. Within clustered annotated and observed TSS the transcript best supported by intron
coverage was selected. Intron support was calculated as the average intronic read coverage
per bp of combined intron length. For transcripts with equal intron support, the one with the
highest scaRNA coverage support was selected, selecting one transcript randomly if those
tied as well. This yielded a total of n=27,951 transcript TSS pairs. Differential expression
analysis was performed with DEseq2 (Anders and Huber, 2010). TSS’ with significantly
differential counts (expression) were identified using a p value and false discovery threshold
of <= 0.05.

ChlP-seg—ChlP-seq data were alighed to mm9 using bowtie (Langmead et al., 2009).
Reads mapping in proper pairs were isolated, PCR duplicates removed using samtools (Li
et al., 2009). Each read pair was converted into a reconstructed DNA fragment based their
mapped coordinates. Peaks were called from sample ChlP-seq data and corresponding input
controls using MACS2 (Quinlan and Hall, 2010). A consensus peak list was made from
two sample sets (e.g. 3 x Wildtype versus 3 x R1R2) using bedtools, features were merged
if <= 50bp apart on the same strand), and peaks which overlap input peaks were removed
(Quinlan and Hall, 2010). Total millions of mapped reads under peaks was counted for each
sample. Fragments were plotted as a coverage track which was normalized by fragments
per million under Pol Il peaks using bedtools (Kent et al., 2002). Tracks from biological
triplicates were merged prior to display using ucsctools (Langmead et al., 2009).

ATAC-seq—ATAC-seq data were aligned to mm9 using bowtie (Quinlan and Hall, 2010).
Reads mapping in proper pairs were isolated, PCR duplicates removed using samtools (Li

et al., 2009). Each read pair was converted into a reconstructed DNA fragment based their
mapped coordinates and also adjusted for Tn5 transposase cutting bias (forward strand
fragments shift +4, reverse strand shift -5bp). Fragments were plotted as a coverage track
which was normalized by fragments per million using bedtools (Kent et al., 2002) after the
exclusion of mitochondrial reads (Figure S4). Tracks from biological triplicates were merged
prior to display using ucsctools (Langmead et al., 2009).

MNET-seg—mNET-seq data were aligned to mm9 using bowtie (Quinlan and Hall, 2010).
Reads mapping in proper pairs were isolated, PCR duplicates removed using samtools

(Li et al., 2009). Reads mapping to annotated noncoding RNAs and splice sites were
removed using bedtools/2.25.0 (Quinlan and Hall, 2010). Each read pair was converted into
a reconstructed DNA fragment based their mapped coordinates using awk. The coordinate of
the 3’ end of each fragment (representing the active site of Pol Il transcription) was extracted
and windowed by +/-2nt before plotting as a normalized coverage track using bedtools (Kent
et al., 2002). Tracks were normalized to the sample with the lowest total fragment count.
Tracks from biological duplicates were merged prior to display using ucsctools (Langmead
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et al., 2009). Meta profiles of MNET-seq data over TSS were plotted over observed TSS as
described for scaRNA-seq.

GRO-seq—Published GRO-seq data were downloaded and aligned to hg19 using bowtie
(Quinlan and Hall, 2010). PCR duplicates were removed using samtools (Li et al., 2009)
and reads mapping to non-coding RNAs removed using bedtools (Quinlan and Hall, 2010).
Meta profiles of GRO-seq data over TSSs were plotted over observed TSS as described for
scaRNA-seq.
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Figure 1. scaRNA-seq maps transcription initiation and pausing at a single molecule level in vivo.
(A) Total counts of scaRNA molecules in promoter proximal regions (0-300bp, relative to

observed TSS) stand proxy for levels of initiation and pausing. Nascent gene expression
was measured using reads mapping to introns from RNA-seq (excluding the first 300bp of a
given gene) (la Manno et al., 2018).

(B) Overview of data analysis: scaRNA counts (scatter plot with green background) and
intronRNA counts (scatter plot with orange background) are analyzed to find significant
differential changes in expression (red dots) out of all genes (grey dots). Datasets are
compared in situations when gene expression changes (Oh and 24h of erythropoiesis). The
change in scaRNA versus the change in intronRNA can be plotted as a scatter plot where
each quadrant identifies a distinct class of regulation; 1 (pausing gain), 2 (initiation gain), 3
(initiation loss), 4 (pausing loss).

(C) scaRNA-seq in K562 cells to validate the assay with MY C (left) and HSPA1A

(aka. Hsp70) (right). The figure shows (from top to bottom) annotated UCSC gene
isoforms, human expressed sequence tags (ESTs), polyA+ RNA-seq in K562, the density
of reconstructed RNA molecules and distributions of their RNA 5” and 3’ ends. RNA
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5’ and 3’ distributions indicate focused initiation of transcription and promoter proximal
pausing downstream of the site of initiation (+20-60nt). All data are displayed as raw
(unnormalized) counts. scaRNA-seq data were derived from 5x10° K562 cells. polyA+
RNA-seq was downloaded from Encode and an isogenic duplicate merged prior to display.
Data are displayed raw (without normalization). Human ESTs were obtained as a UCSC
genome browser track.

See Figure S1 and S2
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Figure 2. Annotated TSS positions are systematically skewed upstream of their in vivo locations.
(A) Plots of the distance between the position of observed TSSs (called from scaRNA-seq

data) and annotated TSSs associated with UCSC, Gencode or Refseq gene annotations.

(B) A meta-analysis of scaRNA-seq data around observed TSS positions and associated
annotated TSSs from three different annotations (Gencode, Refseq and UCSC). scaRNA
observed and Refseq meta profiles show punctate initiation around the TSS, Gencode and
UCSC show dispersed. 3° RNA ends indicative of Pol Il pausing peak between +50-100 bps
and their distribution extends to around +150bps relative to the TSS. Antisense transcription
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and Pol Il pausing are visible in all profiles, scaling on the Y axis gives the impression

that antisense transcription occurs to a lower degree in Refseq and scaRNA observed than
Gencode or UCSC. Data displayed as raw (unnormalized) coverage of RNA ends (reads per
bp per TSS).

(C) Heatmaps of RNA 5’ ends (purple), RNA 3’ ends (orange). 0 bp position is highlighted
with purple dotted line. Coverage is per bp from the observed TSS on the sense strand.
Coverage is log (coverage +1) and capped at 55 reads per bp per TSS (log4) to aid in
visualization of a wide dynamic range of coverage values as a heatmap. Distance to TSS is
shown in bp.
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Figure 3. Transcription initiation is the predominant point of regulation in the transcription
cycle.
(A) A scatter plot of log2 fold change in scaRNA molecules versus intronRNA for

all detectably expressed genes (grey dots, n=2713). Genes which show significantly
differential expression (red dots, n=327). The data show a positive correlation (R? of

0.62), with concordant changes in scaRNA and intronRNA indicating that regulation occurs
predominantly via initiation. Each quadrant is marked with the correlation coefficient and
percentages of genes (out of a total of 2713), all genes (grey) and significantly differentially
expressed genes (red).
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(B) Tfrcexemplifies increases in scaRNA across the region of promoter proximal
transcription and intronRNA from the remainder of the gene, between 0h and 24h. This
indicates an increase in initiation rather than a decrease in pausing (see Figure 1B). Set inset
right for a zoomed view of scaRNA-seq data over promoter (grey box), with Y-axis scaled
for visualization.

(C) Npm1 exemplifies decreases in intronic RNA and scaRNA at Oh and 24h across the
region of promoter proximal transcription. The level of scaRNA (5’ and 3’ end) transcripts
decrease in parallel with intronic RNA at 24h indicating a decrease in initiation rather than
increase in pausing which would be associated with an increase in scaRNA (see Figure 1B).
Set inset right for a zoomed view of scaRNA-seq data over promoter (grey box), with Y-axis
scaled for visualization.

All data were derived from biological triplicates at Oh and 24h of erythroid differentiation.
scaRNA tracks were scaled to the sample with the lowest number of millions of mapped
reads and a biological triplicate merged for visualization. IntronRNA tracks were normalized
by reads per million and a biological triplicate merged for visualization. Differential count
analyses were performed on raw unnormalized data using DEseg2 (Anders and Huber,
2010). See Figure S3 and 4.
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Figure 4. Enhancersregulate target gene expression via transcription initiation.
(A) The a- and B-globin loci represented to scale. Regulatory elements (enhancers) are

indicated as orange boxes and the two copies of a-globin at the a-locus are highlighted in
red. Two copies of B-globin at the p-globin locus are highlighted in blue. At the a-globin
locus, deletion of the R1 and R2 enhancers (AR1R2) reduce nascent a.-globin expression by
95% (Hay et al., 2016). At the p-globin locus, deletion of the HS2 and HS3 (AHS2HS3)

reduce nascent B-globin expression by 70% (Bender et al., 2012).
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(B) The a-globin locus in wildtype and AR1R2 cells, with the two a-globin genes (Hba-al
and Hba-a2). scaRNA-seq and mNET-seq signals across the gene are both reduced showing
that in AR1R2 there is a loss of transcription initiation. Two zoomed in views, highlight
each gene’s promoter proximal region, with scaRNA-seq and mNET-seq. mNET-seq data
represents the distribution of 3" most base of each read (representing Pol |1 active site) with
a 2nt window, to smooth data for visualization. scaRNA-seq data on zoomed view uses a
scaled Y-axis (red values) to aid in visualization of the profile of Pol Il pausing (3° scaRNA
ends).

(C) The B-globin locus in wildtype and AHS2HS3 cells, with the two B-globin genes (Beta-S
and Beta-T). scaRNA-seq and mNET-seq signals across the gene are both reduced showing
that in the AR1R2 model there is a loss of transcription initiation. Beta-T appears more
affected than Beta-S. Two zoomed in views highlight each gene’s promoter proximal region.
scaRNA-seq and mNET-seq. mNET-seq data represents the distribution 3° most base of each
read (representing Pol Il active site) with a 2nt window, to smooth data for visualization.
scaRNA-seq data on zoomed view uses a scaled Y-axis (red values) to aid in visualization of
the profile of Pol 1l pausing (3’ scaRNA ends).

scaRNA-seq and mNET-seq tracks were scaled to the sample with the lowest number of
millions of mapped reads and a biological triplicate merged for visualization. nNET-seq
data were normalized by merging a replicate (n=2 for each genotype) and subsampling to the
data set with the lowest total read count and visualization. See Figure S4 and 5.
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Figure 5. Promoter hypersensitivity and 3D chromatin structure are unperturbed by enhancer

deletion.

(D) a-globin locus with two copies of a-globin (Hba-al and Hba-a2 — grey boxes) and
regulatory elements (R1-R4 and Rm) highlighted as orange boxes. Deleted enhancers (R1
and R2) are shown in red text and deletions are visible in the ATAC-seq data as lack

of coverage compared to wildtype. NG-Capture-C data show chromatin interactions from
the viewpoint of the a-globin promoters (which appear as gaps in the Capture C track)
interactions between the remaining enhancers and the genes persist in the AR1R2 deletion
suggesting chromatin hub formation or maintenance is not affected by their deletion. Below,
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a zoomed in view of the a.-genes shows that the promoters remain hypersensitive in the
absence of the R1 and R2 enhancers. ATAC-seq signal in the 3" UTR of the a-globin genes
is also decreased in the AR1R2 mouse.

(E) B-globin locus with two copies of p-globin genes (Beta-S and Beta-T marked as grey
boxes) and regulatory elements (R1-R6) highlighted as orange boxes. Deleted enhancers
(HS2 and HS3) are shown in red text and deletions are visible in the ATAC-seq data as
lack of coverage compared to wildtype. NG-Capture-C data show chromatin interactions
from the viewpoint of the B-globin gene promoters (which appear as gaps in the Capture C
track). Interactions between the enhancers and the genes persist in the AHS2HS3 deletion
suggesting chromatin hub formation or maintenance is not affected by their deletion. A
known structural polymorphism in the locus specific to this mouse strain is shown as a
brown box and results in no NG-Capture-C coverage for the AHS2HS3 over this region but
does not affect interpretation of the genes or enhancers. Zoomed view of the genes shown
highlighting that promoters remain hypersensitive in the absence of R2 and R3 enhancers.
All ATAC-seq data performed in triplicate were merged and normalized by reads per
million. NG-Capture-C was also performed in triplicate and tracks show the mean
interaction profile. NG-Capture C and AR1R2 ATAC-seq data for the a.-globin locus are
from published work (Hay et al., 2016). See Figure S5.
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Figure 6. Enhancersstimulate Pol |1 recruitment to target genes
(F) Pol 1l ChlP-seq in wildtype and AR1R2 shows a total loss of Pol Il across the a-globin

genes (Hba-al and Hba-a2) consistent with defects in initiation not Pol 11 pause release.
(G) Pol Il ChIP-seq in Wildtype and AHS2HS3 shows a total loss of Pol 1l across the
B-globin genes (Beta-S and Beta-T) consistent with a defect in initiation not Pol Il pause
release

All ChlP-seq experiments were performed in biological triplicate and each replicate
normalized by millions of mapped reads under Pol Il peaks before being merged for
visualization.
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