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SUMMARY

Eukaryotic gene transcription is regulated at many
steps, including RNA polymerase Il (Pol Il) recruit-
ment, transcription initiation, promoter-proximal Pol
Il pause release, and transcription termination; how-
ever, mechanisms regulating transcription during
productive elongation remain poorly understood. En-
hancers, which activate gene transcription, them-
selves undergo Pol ll-mediated transcription, but
our understanding of enhancer transcription and
enhancer RNAs (eRNAs) remains incomplete. Here
we show that transcription at intragenic enhancers
interferes with and attenuates host gene transcrip-
tion during productive elongation. While the extent
of attenuation correlates positively with nascent
eRNA expression, the act of intragenic enhancer
transcription alone, but not eRNAs, explains the
attenuation. Through CRISPR/Cas9-mediated dele-
tions, we demonstrate a physiological role for intra-
genic enhancer-mediated transcription attenuation
in cell fate determination. We propose that intragenic
enhancers not only enhance transcription of one or
more genes from a distance but also fine-tune tran-
scription of their host gene through transcription
interference, facilitating differential utilization of the
same regulatory element for disparate functions.

INTRODUCTION

Eukaryotic gene transcription is regulated at many steps (Adel-
man and Lis, 2012; Jonkers and Lis, 2015; Porrua and Libri,
2015; Proudfoot, 2016). Emerging evidence points to much of
the transcription regulation occurring well after RNA polymerase
Il (Pol Il) recruitment, through controlled pause and release of
promoter-proximal Pol Il during early elongation (Adelman and
Lis, 2012; Jonkers and Lis, 2015; Levine, 2011). After its regu-
lated release into productive elongation, Pol Il is generally
assumed to processively progress through the gene, terminate,
and eventually reinitiate transcription (Adelman and Lis, 2012).
However, even after promoter-proximal pause release, Pol Il
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must still contend with further roadblocks as it transcribes
through the length of the gene body (Li et al., 2007; Teves
et al., 2014). Certain DNA sequences are more difficult to tran-
scribe than others. Intrinsic pause sites, even on naked DNA,
make Pol Il susceptible to transient pausing, which is exacer-
bated when Pol Il encounters obstacles such as nucleosomes
and R-loops, leading to backtracking of Pol Il and transcriptional
arrest (Bintu et al., 2012; Kireeva et al., 2005; Li et al., 2007;
Teves et al., 2014). Arrested Pol Il is typically reactivated by
the prototypic transcription elongation factor TFIIS (Cheung
and Cramer, 2011; Kireeva et al., 2005) or targeted for proteolytic
degradation (Proudfoot, 2016).

Pol Il pausing has also been observed to occur at intron-exon
junctions and near 3’ cleavage/polyadenylation sites, coinciding
with splicing factor recruitment (Kwak et al., 2013; Mayer et al.,
2015; Nojima et al., 2015). This transient pause event is thought
to provide sufficient time for spliceosome assembly and splicing,
which would be consistent with exons having the strongest
negative effect on elongation rates, delaying transcription
through a gene by ~20-30 s per exon (Jonkers et al., 2014;
Jonkers and Lis, 2015; Martin et al., 2013). Consequently, elon-
gation rates differ greatly among genes (Danko et al., 2013;
Jonkers et al., 2014). Although Pol Il elongation rates correlate
with gene expression (Danko et al., 2013), our understanding
of mechanisms regulating transcription during productive elon-
gation remains incomplete.

Precise spatiotemporal patterns of gene expression during
development are regulated through integrated action of many
cis-regulatory elements, which include promoters, enhancers,
silencers, and insulators. Among this constellation of elements,
enhancers, often located at greater distances from their target
promoters, and their associated transcription factors (TFs) play
aleading role in the activation of transcription (Spitz and Furlong,
2012). A hallmark of enhancers that has been repeatedly demon-
strated is that they are relatively insensitive to distance or posi-
tion relative to their target genes and can activate transcription
independent of their orientation (Calo and Wysocka, 2013; Kim
and Shiekhattar, 2015; Li et al., 2016; Shlyueva et al., 2014).
Several studies have established that many, if not all, functionally
active enhancers themselves undergo Pol ll-mediated trans-
cription and produce short enhancer-derived RNAs (eRNAs)
(De Santa et al., 2010; Heinz et al., 2015; Kim et al., 2010;
Kim and Shiekhattar, 2015; Li et al., 2016; Natoli and Andrau,
2012; Shlyueva et al., 2014). Distinct from mRNAs, eRNAs are
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generally unstable, less abundant, and rapidly degraded by exo-
somes (Pefanis et al., 2015). Changes in eRNA expression highly
correlate with changes in nearby gene expression; numerous
studies have shown that knockdown of eRNAs accompanies a
decrease in the expression of corresponding target genes, with
several lines of evidence supporting a functional role for eRNAs
in perhaps all stages of gene activation (Kim and Shiekhattar,
2015; Li et al., 2016; Schaukowitch et al., 2014). But whether
the act of enhancer transcription per se regulates gene expres-
sion remains unclear.

Although about half of all annotated enhancers are intragenic
(Andersson et al., 2014; Kowalczyk et al., 2012; Shen et al.,
2012; Whyte et al., 2013), most, if not all, studies of enhancer
function were conducted by cloning the enhancer of interest,
even if it is intragenic, either upstream or downstream of tran-
sient/transgenic reporters. Consequently, the effects of intra-
genic enhancer transcription on host gene expression have not
been addressed. Here we report that functionally active intra-
genic enhancers present yet another obstacle for Pol Il tran-
scribing the host gene. Our studies show that intragenic en-
hancers, besides activating genes, also attenuate host gene
expression. While the extent of attenuation correlates positively
with nascent eRNA expression, the act of intragenic enhancer
transcription alone, but not eRNAs, explains the attenuation.
Through CRISPR/Cas9-mediated deletions, we demonstrate a
functional role for intragenic enhancer-mediated transcription
attenuation in cell fate determination. Our findings suggest that
the intragenic enhancer-mediated transcription attenuation
could represent a general mechanism to attenuate and fine-
tune host gene transcription during productive elongation.

RESULTS

Intragenic Sites of Pol Il Enrichment
To gain insight into the regulation of transcription during pro-
ductive elongation, we examined genome-wide Pol Il chromatin
immunoprecipitation sequencing (ChlP-seq) data in mouse em-
bryonic stem cells (ESCs) (Brookes et al., 2012). We noted intra-
genic sites of Pol Il enrichment tens of thousands of base pairs
downstream of transcription start sites (TSSs) (Figures 1A and
S1A), within genes with a wide range of expression (Figure S1B),
and we hypothesized that they might reflect sites regulating tran-
scription during productive elongation. Toward testing this the-
ory, first, we systematically identified intragenic sites of Pol Il
enrichment by calculating Pol Il Pausing Index (Pl) (Adelman
and Lis, 2012), defined as the ratio of Pol Il density at an intra-
genic site of interest to the median Pol Il density within the
gene body (Figure 1B). Using a stringent threshold (Pl > 10),
we identified 1,928 intragenic RNA Pol Il sites (IRSs), located at
least 1 kb away from TSSs and transcription end sites (TESs)
of all known and predicted genes, which by definition excludes
Pol Il pause sites immediately downstream of promoters and
near 3' cleavage/polyadenylation sites (Table S1). For compari-
son purposes, we also identified 7,530 promoter-proximal RNA
Pol Il sites (PRSs), located within 500 bp downstream of TSSs
(Table S1; Figure S1C).

IRSs were distributed across gene bodies (Figure 1C), with a
median distance of ~40 kb from TSSs (Figure S1D). After con-

firming that the Pol Il enrichment at IRSs is consistently observed
across other Pol Il datasets in ESCs (Figures S1E and S1F) (Rahl
et al., 2010; Shen et al., 2012; Tippmann et al., 2012), we
wondered whether IRSs might represent sites of phantom
Pol Il ChIP enrichment explainable by cross-linking artifacts re-
sulting from their interaction with one or more Pol Il-enriched
promoters (Figure S1G). Our analyses of data from global run-
on sequencing (GRO-seq) (Jonkers et al., 2014), which measures
nascent RNA from transcriptionally engaged Pol Il, revealed an
enrichment for GRO-seq reads at IRSs (Figure S1H) and a
strong positive correlation between Pol Il and GRO-seq signals
(Figure S1l), indicating that Pol Il enrichment at IRSs is unlikely
to be a ChlIP artifact.

We considered two potential explanations for Pol Il enrich-
ment at IRSs: Pol Il pausing during productive elongation
and/or transcription initiation. To discriminate between the
two possibilities, we analyzed nascent RNA from ESCs treated
with Triptolide (Trp), which blocks transcription initiation alto-
gether, or Flavopiridol (FP), which allows transcription initiation
but blocks P-TEFb-dependent promoter-proximal Pol Il pause
release (Jonkers et al., 2014). Trp effectively blocked transcrip-
tion initiation, resulting in the clearing of Pol Il from promoters
and gene bodies over time (Figures 1D, 1E, and S1J). FP, in
contrast, allowed Pol Il accumulation at its recruitment sites
but blocked the release of paused Pol Il, thus resulting in
the clearing of Pol Il from gene bodies except for at IRSs
(Figures 1D, 1E, and S1K). These data suggested that Pol I
enrichment at IRSs is due to intragenic transcription initiation
rather than intrinsic Pol Il pausing during productive syn-
thesis. Indeed, our analysis of data from Start-seq (Williams
et al., 2015), which measures transcription initiation-associated
RNA, confirmed bidirectional transcription initiation from IRSs
(Figures 1E and 1F).

Intragenic Sites of Pol Il Enrichment Mark
Transcriptionally Active Intragenic Enhancers

To determine whether IRSs represent unannotated gene pro-
moters or enhancers, which themselves undergo Pol lI-mediated
transcription (De Santa et al., 2010; Kim et al., 2010; Kim and
Shiekhattar, 2015; Li et al., 2016), we examined previously
defined stereotypical chromatin signatures that distinguish en-
hancers from promoters (Calo and Wysocka, 2013; Kim and
Shiekhattar, 2015; Li et al., 2016; Shlyueva et al., 2014). Unlike
annotated and predicted promoters, ~70% of which overlap
CpG islands, only ~7% of IRSs overlap CpG islands, which is
more in line with the ~5% overlap reported for enhancers (Natoli
and Andrau, 2012) (Figure S1L). Furthermore, examination of
~4.4M mouse-expressed sequence tags (ESTs) revealed
enrichment for ends of ESTs at annotated TSSs, but not at
IRSs (Figure 2A), suggesting that IRSs are less likely to represent
unannotated gene promoters.

Further characterization revealed that IRSs exhibit an acces-
sible chromatin architecture—marked by enhanced DNase |
hypersensitivity —accompanied by high levels of histone modifi-
cations H3K4me1 and H3K27ac, associated with active en-
hancers, but not H3K4me3, associated with active promoters
(Calo and Wysocka, 2013; Creyghton et al., 2010; Ho et al.,
2009; Kim and Shiekhattar, 2015; Li et al., 2016; Shlyueva
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Figure 1. Characterization of Intragenic Pol Il Sites

(A) ChIP-seq profiles of RNA Pol Il (RNAPII) occupancy at select genes in mouse ESCs (Brookes et al., 2012).
(B) Schematic describing the calculation used to determine promoter-proximal RNA Pol Il sites (PRSs) and intragenic RNA Pol Il sites (IRSs).

(C) Histogram showing distribution of IRSs within genes.

(D) Heatmap representation of nascent RNA expression, as measured using GRO-seq (Jonkers et al., 2014) in untreated mouse ESCs, near IRS-containing genes.
Each row represents an IRS-containing gene, with genes aligned at their TSSs. Genes are sorted (top to bottom) by increasing distance between TSS and IRS; the
distance (d, kb) between TSS and IRS is indicated by tick marks. The top and bottom panels show data from sense and antisense strands, respectively. About
90% of the IRS-containing genes, with IRSs within 200 kb of their TSSs, are shown.

(E) Genome browser shots of genes Tet2 and Tcfcp2/1 showing GRO-seq read density in ESCs treated with Triptolide (Trp) or Flavopiridol (FP) for 12.5, 25, and
50 min (Jonkers et al., 2014) and transcription initiation-associated RNA enrichment in mouse ESCs, as measured using Start-seq (Williams et al., 2015). IRS loci

are highlighted in yellow.

(F) Heatmap representation of Start-seq read density at IRS-containing genes. Data representation is similar to that in (D).

See also Figure S1.

et al., 2014) (Figures 2B, 2C, S1M, and S1N). Using published
ChIP-seq data for various TFs in ESCs (Chen et al., 2008; Ho
et al., 2011; Ma et al., 2011; Marson et al., 2008), we found
enhanced binding of Oct4, Sox2, Nanog, Prdm14, and Stat3
(TFs generally known to bind enhancers) at IRSs, but not those
that typically bind gene promoters (KIf4, Myc, Zfx, and E2f1)
(Figures 2B, 2D, and S10). Consistent with this observation,
the frequency of known TF-binding motifs within IRSs revealed
a significant enrichment for motifs targeted by Oct4, Sox2,
Nanog, and Stat3, but not Kif4, Myc, TBP, or CTCF (Figure 2E).
Additionally, published chromatin interaction maps in ESCs
(Schoenfelder et al., 2015; Zhang et al., 2013) revealed 67% of
IRSs interacting with one or more promoters (Figure 2F), with
48% of IRSs interacting with their host gene promoter. Alto-
gether, these observations are consistent with previous criteria
used to identify active enhancers. We used reporter experiments
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to confirm that many IRSs, indeed, can enhance gene expres-
sion (Figure 2G). While we cannot rule out that some IRSs could
be unannotated (alternative) TSSs of coding or long non-coding
RNAs, we conclude that IRSs generally represent transcription-
ally active intragenic enhancers.

Transcriptionally Active Intragenic Enhancers

Attenuate Host Gene Expression

Pol Il engaged in transcription is extremely stably associated
with DNA. This intrinsic stability of Pol Il, although obviously ad-
vantageous for efficient transcription of long genes, might actu-
ally be deleterious whenever Pol Il encounters obstacles, such
as another stably engaged Pol Il. Indeed, Pol Il transcribing
one strand of a DNA fragment can interfere with a convergent
Pol Il transcribing the other strand of the same DNA fragment
in vitro (Hobson et al., 2012; Prescott and Proudfoot, 2002;
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Figure 2. Intragenic Sites of Pol Il Enrichment Mark Transcriptionally Active Intragenic Enhancers
(A) Density plot showing average expressed sequence tag (EST) enrichment at TSSs, IRSs, and transcription end sites (TESSs).

(B) Genome browser shots of genes Tet2 and Tcfcp2/1 showing ChlIP-seq read density profiles of Pol Il, various transcription regulators and chromatin re-
modelers, and histone modifications in mouse ESCs. Also shown are read density profiles for DNase | hypersensitivity and gene expression (RNA sequencing
[RNA-seq]). IRS loci are highlighted in yellow. *Known chromatin interactions.

(C) Relative levels (reads per kilobase of transcript per million mapped reads [RPKM]) of H3K4me3, H3K4me1, and H3K27ac at IRSs and PRSs in mouse ESCs.
D) Relative binding levels (RPKM) of master ESC TFs Oct4, Sox2, Nanog, and Prdm14 and other TFs (KIf4, cMyc, Zfx, and E2f1) at IRSs and PRSs in mouse ESCs.

F) Percentage of IRSs involved in chromatin interaction with >1 promoter.

(
(E) Relative enrichment of TF sequence recognition motifs within IRSs or matched intragenic control regions in comparison to promoters.
(
(

G) Left: reporter construct used for testing enhancer activity. Right: relative luciferase activity of IRSs or control regions in mouse ESCs is shown. Error bars

represent SEM of three biological replicates.
See also Figure S1.

Shearwin et al., 2005). Thus, it is conceivable that transcription at
intragenic enhancers may interfere with and attenuate host gene
transcription during productive elongation. Additionally, eRNAs
from intragenic enhancers may be involved in antisense-medi-
ated regulation of sense mRNA via the formation of transient
double-stranded RNA and/or RNAI. Consistent with these sce-
narios, the expression of intragenic enhancer-containing genes
is significantly lower than that of extragenic enhancer-associ-
ated genes (Figure 3A).

To directly test these possibilities, we used a double-reporter
construct encoding B-galactosidase (B-gal) and luciferase pro-

teins within a single reading frame but on separate exons, with
an intervening intron sequence containing stop codons (Nasim
et al., 2002) (Figure S2A). Candidate IRSs (hereinafter referred
to as intragenic enhancers) that conformed to many if not all
the previously defined characteristic features of bona fide en-
hancers (bind one or more TFs; are marked by H3K4me1,
H3K27ac, and DNase hypersensitivity; undergo active transcrip-
tion; interact with one or more promoters; and enhance
reporter expression) were cloned into the double reporter, either
within the intron (pIntragenic) or downstream of the reporter
gene (pExtragenic) (Figure 3B), and they were subsequently
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Figure 3. Enhancers in the Intragenic Position Attenuate Host Gene Expression
(A) Expression (Brookes et al., 2012) of genes containing intragenic enhancers (IEs; 2defined here; °defined by Whyte et al., 2013) and genes closest to (< 10 kb)
extragenic enhancers (EEs) (Whyte et al., 2013) and super enhancers (SEs) (Whyte et al., 2013). **p = 3.46e—5; ***p = 7.63e—8 (Wilcoxon-Mann-Whitney U test,

two-sided).

(B) Reporter construct containing two reporter genes lacZ (encoding B-galactosidase) and luciferase, fused with a recombinant fragment containing two
exons and a single intron, driven by SV40 promoter. Regions of interest were cloned either within the intron (pIntragenic) or downstream of the reporter gene

(pExtragenic).

(C and D) Normalized luciferase activity (C) and mRNA levels of the reporter gene (D) in mouse ESCs from pIntragenic and pExtragenic reporter constructs cloned
with intragenic enhancers. **p = 0.00598; **p = 1.93 x 10~ (Wilcoxon-Mann-Whitney U test, two-sided). Data points represent mean of n = 5-15 biological

replicates. mRNA data, normalized to Actin.
See also Figures S2 and S3.

transfected into mouse ESCs. While the cloned intragenic en-
hancers increased the reporter expression from both intronic
and extragenic positions (Figure 3C), which was expected given
that enhancers, regardless of their location, can activate/
enhance transcription from their target gene promoters (Calo
and Wysocka, 2013; Kim and Shiekhattar, 2015; Li et al., 2016;
Shlyueva et al., 2014), they generated lower luciferase activity
from their intragenic position than from their extragenic position
(Figures 3C and S2B). To complement these studies, we asked
whether transcriptionally active extragenic enhancers, when
cloned as intragenic elements, would also behave similarly.
Indeed, we observed a similar phenomenon for established ex-
tragenic enhancers for Nanog and Prdm14 genes (Figure S2C),
suggesting that the relative reduction in the reporter activity is
likely due to enhancer location and not due to any intrinsic prop-
erty of the enhancer.

Pol Il is known to accumulate at splice junctions and has been
implicated in co-transcriptional splicing (Jonkers and Lis, 2015;
Mayer et al., 2015; Nojima et al., 2015). Although ~90% of intra-
genic enhancer peaks are at least 100 bp away from splice junc-
tions, we asked if lower luciferase activity in plntragenic con-
structs might be due to splicing defects. Because B-gal and
luciferase activities were strongly correlated (Figures S2D-
S2F), which is unlikely with splicing inefficiencies because lucif-
erase expression is dependent on the removal of the intron
sequence containing three translation stop codons (Figure S2A),
we concluded that defective splicing is unlikely to be the cause
for lower luciferase activity.

Next, to answer whether muted luciferase activity is due to
reduced mRNA levels, we performed gRT-PCR analysis, using
primers spanning the B-gal and luciferase exon junctions, and
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we observed lower mRNA levels with the enhancer in the intra-
genic position than in the extragenic position (Figures 3D, S3A,
and S3B). Together, these data suggest that transcriptionally
active enhancers in intragenic position, besides enhancing tran-
scription of the host gene and/or other genes, also somehow
attenuate host gene expression.

The Extent of Attenuation Correlates Positively with
Nascent eRNA Expression

To gain insight into mechanisms underlying the observed
intragenic enhancer-mediated attenuation in gene expres-
sion, we examined nascent RNA expression. Having already
ruled out splicing defects as a possible cause, we considered
two plausible mechanisms: (1) transcriptional activity at intra-
genic enhancers interfering with host gene transcription and/
or (2) antisense-mediated silencing that involves eRNAs orig-
inating from intragenic enhancers. Either way, we reasoned
that the higher the intragenic enhancer RNA (ieRNA) expres-
sion, especially from the antisense strand, the higher the
attenuation on host gene transcription (from the sense
strand). To test this theory, we calculated the attenuation
coefficient, for each intragenic enhancer, as the ratio of
normalized mRNA expression of the double-reporter gene
with the enhancer cloned in extragenic position (pExtragenic)
compared to that with the enhancer cloned in intragenic po-
sition (plntragenic) (Figure 3D). As posited, we observed a
strong positive correlation between the nascent ieRNA (anti-
sense) expression, measured from the native genomic locus,
and the attenuation coefficient (Figures 4A and S3C), consis-
tent with a role for intragenic enhancer transcription and/or
ieRNAs in the negative regulation of host gene expression.
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Figure 4. Transcription at Intragenic Enhancers Attenuates Host Gene Expression

(A) Correlation between the attenuation coefficient, calculated based on mRNA data shown in Figure S3A (summarized as Figure 3D), and levels of nascent
antisense ieRNA expression, assessed from GRO-seq data in mouse ESCs (Jonkers et al., 2014).

(B) GRO-seq profiles of nascent RNA at select genes showing relatively higher levels of GRO-seq signal upstream than downstream of intragenic enhancers (*).
GRO-seq signal (y axis) above an arbitrary threshold is truncated (pink streak at top) to highlight the drop-off in the GRO-seq signal downstream of the intragenic
enhancer.

(C) Top: schematic showing intragenic regions defined as upstream (up) and downstream (down) of intragenic enhancer. Bottom: distribution of the ratios of
GRO-seq (Jonkers et al., 2014) read density within the up region to that within the corresponding down region is shown. Only GRO-seq reads from the sense
strand were used.

(D) Correlation between the attenuation coefficient, calculated based on data shown in Figure 3D, and levels of nascent sense ieRNA expression, assessed from

GRO-seq data (Jonkers et al., 2014).
See also Figure S3.

Transcription at Intragenic Enhancers Interferes with
and Attenuates Host Gene Transcription

If the attenuation is due to transcriptional interference (Shearwin
etal., 2005), we reasoned that at least some of the elongating Pol
Il transcribing the gene likely must have aborted productive tran-
scription and released truncated RNA transcripts. Indeed, exam-
ination of nascent RNA expression across the gene length re-
vealed that host gene expression is higher upstream compared
to downstream of intragenic enhancers (Figures 4B and 4C).
To ensure that the observed decreases in nascent RNA expres-
sion downstream of intragenic enhancers were not due to
progressive drop-off in processivity as Pol Il traverses through
the length of the gene, we repeated this analysis for genes not
harboring intragenic enhancers, taking gene center as the refer-
ence point. We found that the drop-off in nascent RNA expres-
sion is significantly more for genes harboring intragenic en-
hancers than for those that do not (p value = 1.85e—17,

Wilcoxon rank-sum test), consistent with premature termination
of transcription by Pol Il due to transcriptional interference
(Hobson et al., 2012; Prescott and Proudfoot, 2002; Shearwin
et al., 2005). We also noted a positive correlation, not as strong,
between levels of nascent sense transcripts from intragenic en-
hancers and the attenuation coefficient (Figures 4D and S3D),
which is to be expected given that most functional enhancers,
like promoters (Core et al., 2008; Preker et al., 2008; Seila
et al., 2008), exhibit bidirectional transcription (Figure 1F) (Heinz
et al., 2015; Kim and Shiekhattar, 2015; Li et al., 2016). In vitro
studies have shown that rear-end collision of Pol Il elongation
complexes, transcribing the same DNA strand, results in back-
tracking (or dislodgement) of trailing (leading, respectively) Pol
Il (Saeki and Svejstrup, 2009). Thus, it is conceivable that Pol II
transcribing intragenic enhancers on the sense strand may
also interfere with Pol Il transcribing the host gene on the same
strand.
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To gain insight into the extent of transcription interference, we
examined the relationship between the host gene nascent RNA
expression and the extent of attenuation (x axis in Figure 4C).
Our analysis revealed that the higher the host gene nascent
RNA expression upstream of the intragenic enhancer, the higher
the attenuation (Figure S3E), suggesting that higher rates of tran-
scription initiation from the host gene promoter perhaps increases
the odds of interference with Pol lIs transcribing intragenic en-
hancers. This result, coupled with a strong positive correlation be-
tween nascent ieRNA expression and the attenuation coefficient
(Figure 4A), suggests that the extent of transcription interference
may range from occasional to frequent depending on many fac-
tors, including initiation frequencies at the promoter and the
enhancer, elongation rates, and processivity.

Role of Intragenic Enhancer RNAs and RNAi Machinery
in Host Gene Transcription Attenuation

Next, to address whether eRNAs originating from intragenic
enhancers might also attenuate host gene expression through
antisense-mediated regulation, we took advantage of ESCs defi-
cient in Exosc3, the catalytic subunit of the RNA exosome com-
plex. Compared to wild-type ESCs, Exosc3-null ESCs exhibit
elevated levels of eRNAs, long non-coding RNAs (IncRNAs),
and upstream antisense RNAs, but not mRNAs (Pefanis et al.,
2015). Despite the elevated levels of ieRNAs in Exosc3-deficient
ESCs (Figures 5A and 5B), we observed no more attenuation
(Figure 5C), suggesting that ieRNAs per se may not be sufficient
to explain attenuation. Since RNA exosome-mediated regulation
of eRNA levels could occur via two distinct mechanisms,
namely, via post-transcriptional eRNA degradation or possibly
through the repression of eRNA synthesis by promoting early
transcription termination (Andrulis et al., 2002; Lemay et al.,
2014; Pefanis et al., 2015; Preker et al., 2008), to distinguish be-
tween the two, we biochemically fractionated chromatin-associ-
ated, nucleoplasmic, and cytpoplasmic transcripts in wild-type
and Exosc3-null ESCs. Contrary to mRNAs, which are abundant
in the cytoplasmic and nucleoplasmic fractions, eRNAs and
IncRNAs were abundant in the chromatin-associated and nucle-
oplasmic fractions (Figure 5D), consistent with their short half-
lives due to rapid degradation. Most if not all of the increases
in the total eRNA levels in Exosc3-null ESCs was due to in-
creases in the nucleoplasmic and cytoplasmic fractions (Figures
5D and 5E), suggesting that RNA exosome-mediated regulation
of ieRNAs is through post-transcriptional degradation and not
through repression of ieRNA synthesis. Consequently, the lack
of increased attenuation in Exosc3-deficient ESCs (Figures 5B
and 5C), despite the increase in ieRNA level, suggests ieRNA
transcripts are unlikely to be involved in attenuating their cognate
host gene expression.

Next, to determine whether the observed attenuation might
involve the endo-small interfering RNA (siRNA) pathway, wherein
synthesis of ieRNAs yields siRNAs/microRNAs (miRNAs) that
can suppress host gene expression post-transcriptionally, we
analyzed published Argonaute (Ago2) cross-linking immunopre-
cipitation followed by deep sequencing of RNAs (CLIP-seq)
data from ESCs, and we observed no enrichment for RNAs orig-
inating from intragenic enhancers (Figure 5F), suggesting that
ieRNAs are not loaded into Ago2-containing RNA-induced
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silencing complexes. Consistent with this notion, we observed
no less attenuation in Dicer-knockout ESCs, defective in RNAI,
compared to wild-type ESCs (Figure 5G).

Besides their key roles in siRNA/miRNA biogenesis, RNAI fac-
tors also promote transcription termination (Skourti-Stathaki
et al., 2014) and degradation of nascent transcripts (Knuckles
et al., 2017). Antisense transcription, induced by R-loops, may
result in the formation of transient double-stranded RNA, which
in turn can attract Dicer-Argonaute machinery and promote
H3K9me2 deposition and HP1+y recruitment, effectively creating
localized patches of heterochromatin (Skourti-Stathaki et al.,
2014). The resulting heterochromatin prolongs and reinforces
Pol Il pausing at R-loop-associated regions, leading to transcrip-
tion termination (Skourti-Stathaki et al., 2014). To answer whether
premature termination of host gene transcription (Figures 4B and
4C) might involve such a mechanism, we analyzed published da-
tasets, and we found no evidence of enrichment for R-loops
(Chen et al., 2015) or H3K9me2 (Kurimoto et al., 2015) at intra-
genic enhancers (Figure S4). Nor did we find evidence of enrich-
ment for RNAI factors Drosha and Dgcr8, known to physically
associate with chromatin and promote the degradation of
nascent mMRNA (Knuckles et al., 2017), at intragenic enhancers
(Figure 5H). Collectively, these data (Figures 4, 5, and S4) suggest
that ieRNA transcripts per se are not sufficient to explain tran-
scription interference, nor attenuation. Given that nascent ieRNA
expression correlates positively with the extent of attenuation
(Figures 4A and 4D), ruling out ieRNA transcripts leaves the act
of transcription at intragenic enhancers itself as a plausible mech-
anism that can explain the attenuation of host gene expression.

Role for Intragenic Enhancer-Mediated Attenuation in
Cell Fate Determination

To determine whether the intragenic enhancer-mediated attenu-
ation has any physiological relevance, we used the CRISPR/
Cas9 system to delete candidate intragenic enhancers in
ESCs. Removal of intragenic enhancer from highly expressed
Tet2 or Ino80 genes, not surprisingly, decreased the host gene
expression (Figures S5A and S5B), consistent with its known
interaction with host gene promoter (Schoenfelder et al., 2015;
Zhang et al., 2013). Because deletion of the enhancer eliminates
its attenuation as well as activating functions, we suspected that
the loss of any attenuation may have been masked by the pre-
sumably dominant enhancer activation function, resulting in
net loss in gene expression. In an attempt to uncouple the
enhancer and attenuator functions, we focused on candidate
intragenic enhancer-containing genes with low-to-moderate
expression in ESCs (Figure S1B), with the reasoning that the en-
hancer’s dominant role at these genes is presumably as an
attenuator. As expected, removal of the intragenic enhancer
from Meis1 or Mapk4 resulted in derepression (~2- to 3-fold) of
respective host genes (Figures 6A and S5C), but not of other
nearby genes for which the deleted sequence may be an extra-
genic enhancer (Figures 6D, 6E, and S5D-S5F).

Notably, ESCs lacking the Meis? intragenic enhancer ex-
hibited severe morphological defects, loss of alkaline phospha-
tase activity, decreased expression of pluripotency-associated
genes, and increased expression of several differentiation-asso-
ciated genes (Figures 6B and 6C)—all consistent with ESC
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Figure 5. The Role of eRNAs from Intragenic Enhancers in Host Gene Transcription Attenuation

(A) Read density plot showing average expression (RPKM) profile in wild-type (WT) and Exosc3-knockout (KO) mouse ESCs, as measured using RNA-seq
(Pefanis et al., 2015), near transcription start site (TSS), intragenic enhancer (IE), and transcription end site (TES).

(B) gRT-PCR analysis of RNA expression in wild-type and Exosc3-knockdown (KD) mouse ESCs. Data are normalized to Actin. Error bars represent SEM of three
biological replicates. **p < 0.01 (Student’s t test, two-sided).

(C) Normalized luciferase activity from pIntragenic and pExtragenic reporter constructs, cloned with intragenic enhancers, in control KD and Exosc3-KD mouse
ESCs. Data are normalized to control sequence from Ran locus. Error bars represent SEM of three biological replicates.

(D) Proportion of transcripts within chromatin-associated, nucleoplasmic, and cytoplasmic fractions of WT (left) or Exosc3-KO (right) mouse ESCs. Data,
normalized to Actin expression in the whole cell, represent mean of three biological replicates.

(E) RNA expression in chromatin-associated, nucleoplasmic, or cytoplasmic fractions of WT or Exosc3-KO mouse ESCs. Expression in WT cells (whole cell or
various fractions) is set to 1 (black bar). Expression in KO cells (whole cell or various fractions) was calculated relative to that in WT cells (corresponding whole cell
or respective fractions). Data are normalized to Actin expression in the whole cell. Error bars represent SEM of three biological replicates.

(F) Overlap between genomic sites encoding Ago2-associated RNAs, as determined using CLIP-seq in mouse ESCs (Leung et al., 2011), and intragenic
enhancers.

(legend continued on next page)
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differentiation. Silencing Meis1 in ESCs lacking the Meis1 intra-
genic enhancer, at least partially, restored the differentiation
phenotype (Figures S5G and 6F), suggesting that Meis1 dere-
pression is the cause for the observed phenotype. Indeed,
Meis1 overexpression in ESCs recapitulates the ESC differentia-
tion phenotype observed in ESCs lacking the Meis1 intragenic
enhancer (Figures S5H-S5J). Furthermore, subjecting ESCs
lacking the Meis1 enhancer to undergo embryoid body differen-
tiation revealed their propensity to preferentially differentiate to-
ward mesoderm lineage, as evidenced by a dramatic increase in
the levels of mesoderm specification genes (Brachyury, Eomes,
and Gsc), presumably at the expense of endoderm and ecto-
derm lineage markers (Figures 6G and S5K). Our findings,
consistent with Meis1’s mesoderm-centric essential roles in
definitive hematopoiesis and normal cardiac development
(Azcoitia et al., 2005; Mahmoud et al., 2013), highlight, at
least in the case of Meis1, a physiological role for intragenic
enhancer-mediated attenuation in determining cell fate choice
during early embryonic development.

Enhancer Strength and Attenuation

To gain insight into why intragenic enhancers within low-to-
moderately expressed Meis1 and Mapk4 exhibit strong attenuator
activity whereas those within highly expressed Tet2 and Ino80 do
not, we grouped intragenic enhancers into four bins based on their
host gene expression, and we found that enhancers within lowly
expressed genes have significantly lower TF occupancy and
enhancer-associated marks (Figures S6A-S6D), suggesting that
they may be relatively weak enhancers with presumably limited
activation potential. Consistent with this observation, a smaller
percentage of enhancers within lowly expressed genes are
involved in enhancer-promoter interactions (Figure S6E); even
those that interact make fewer and weaker contacts (Figures
S6E and S6F), with a vast majority interacting with host gene pro-
moters. Derepression of Meis1 and Mapk4 upon respective intra-
genic enhancer deletions suggests that any gains in host gene
activation from a weak intragenic enhancer are insufficient to over-
come losses from enhancer transcription interfering with the host
gene transcription; the enhancer, in effect, serves the role of a
repressor. In contrast, robust host gene activation by strong
intragenic enhancers, as could have been the case for Tet2 and
Ino80 (their intragenic enhancers designated as part of a super-
enhancer), may overwhelm and mask any attenuation by enhancer
transcription, but not without enhancer transcription attenuating
some of the host gene transcription. In such cases, the net effect
would still be gene activation, with enhancer deletion resulting in a
net loss in host gene expression.

Functional Characterization of Intragenic
Enhancer-Containing Genes

Characterization of genes containing transcriptionally active
intragenic enhancers in ESCs revealed an enrichment for ESC

identity genes, including those associated with ESC self-
renewal, differentiation, and early embryonic development (Fig-
ure S7A), suggesting a potential role for intragenic enhancers
in fine-tuning the transcription of key cell identity genes. To
explore this further, we used data from murine bone marrow-
derived macrophages (Ostuni et al., 2013) to annotate putative
intragenic enhancers (Table S2). As in ESCs, macrophage en-
hancers are enriched for H3K4me1, H3K27ac, and sequence
motifs bound by macrophage-specific master TFs (PU.1, JunB,
and Stat1), but not ubiquitously expressed TFs (Myc, Zfx, and
CTCF) (Figures S7B and S7C). Comparison of intragenic
enhancer-associated genes in ESCs and macrophages revealed
a minimal overlap (Figures S7D and S7E). We extended our an-
alyses to other mammalian cells (Calabrese et al., 2012; Ghamari
et al., 2013; Tippmann et al., 2012), and we found that intragenic
enhancers are largely cell type specific (Figure S7F; Tables S3,
S4, and S5), consistent with gene ontology analysis revealing
an enrichment for genes associated with cell-type-specific bio-
logical processes (Figure S7G).

DISCUSSION

Enhancers are thought to activate or increase transcription from
the target gene promoter by facilitating the recruitment of co-ac-
tivators and other accessory factors to the promoter to poten-
tiate transcription initiation and/or sustain transcription (Calo
and Wysocka, 2013; Heinz et al., 2015; Kim and Shiekhattar,
2015; Li et al., 2016; Shlyueva et al., 2014). Recent genome-
wide studies have established that enhancers themselves recruit
Pol Il and undergo Pol lI-mediated transcription to generate short
non-coding eRNAs. Several lines of evidence support a func-
tional role for eRNAs in perhaps all stages of gene activation,
from facilitating chromatin accessibility, enhancer-promoter
loop formation, Pol Il recruitment, and promoter-proximal Pol I
pause release to modulating TF-DNA binding (Kim and Shiekhat-
tar, 2015; Li et al., 2016; Schaukowitch et al., 2014). However,
whether the act of enhancer transcription, rather than the
eRNA transcript itself, has any functional role in regulating target
gene expression remains enigmatic. Here we report an unantic-
ipated role for transcriptionally active intragenic enhancers in
attenuating host gene expression. Our studies suggest that the
act of transcription at intragenic enhancers interferes with and
attenuates host gene transcription. Evidence from our analyses
of nascent RNA supports premature termination of host gene
transcription at or near the intragenic enhancer (Figures 4B
and 4C), consistent with enhancer transcription (or other
enhancer property) interfering with host gene transcription dur-
ing productive elongation.

A recent study reported that convergent antisense transcrip-
tion (CAT), occurring immediately downstream of gene TSSs
(~150 = 50 bp), is a characteristic feature of lower-expressed
genes (with Pol Il density in the gene body used as a proxy for

(G) Normalized luciferase activity from pIntragenic and pExtragenic reporter constructs (Figure 3B), cloned with intragenic enhancers, in wild-type and Dicer1-
deficient mouse ESCs. Data are normalized to control sequence from Ran locus. Error bars represent SEM of three biological replicates.
(H) Overlap between intragenic enhancers and Drosha- and Dgcr8-binding sites in mouse ESCs (Knuckles et al., 2017).

See also Figure S4.
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Figure 6. A Role for Intragenic Enhancer-Mediated Attenuation in Cell Fate Determination

(A) gRT-PCR analysis of MRNA levels of intragenic enhancer-containing genes Meis1 and Mapk4 in corresponding wild-type, enhancer heterozygous (+/—), and
enhancer knockout (—/—) mouse ESCs. As a control, an intronic region (showing no signs of an enhancer) from Cdk6 gene was deleted and Cdk6 expression was
measured. Data are normalized to Actin. Error bars represent SEM of three biological replicates. *p < 0.01 (Student’s t test, two-sided).

(B) Morphology and alkaline phosphatase staining of wild-type, Meis1 enhancer (+/—), and Meis1 enhancer (—/—) ESCs.

(C) mRNA levels of pluripotency-associated ESC identity genes (left) and differentiation/developmental genes (right) in wild-type, Meis1 enhancer (+/—), and
Meis1 enhancer (—/—) ESCs. Data are normalized to Actin. Error bars represent SEM of three biological replicates. *p < 0.05 (Student’s t test, two-sided).

(D and E) Top: chromosomal view of Hi-C interaction maps of Meis1 (D) and Mapk4 (E) loci in mouse ESCs (Dixon et al., 2012). Hi-C maps capture all genome-wide
interactions, functional as well as structural. Black/gray arrows represent gene structures and the red vertical bar within Meis1 and Mapk4 genes represents

(legend continued on next page)
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gene expression), and the authors surmised that it may be
contributing to the genes’ lower expression, likely via interfer-
ence with transcription initiation and/or release of Pol Il from pro-
moter-proximal pausing (Mayer et al., 2015). However, another
study investigating CAT within 2 kb downstream of TSSs re-
ported no correlation between levels of CAT and gene expres-
sion (Lavender et al., 2016), and those authors concluded that
CAT is not inhibitory. Besides the differences in the cell types,
CAT definition, data types, and thresholds used for analyses,
the discrepancy between these two studies is explainable by
the apparent requirement for CAT to traverse past the gene
TSS for it to have a negative impact on gene expression (Chen
et al., 2016). Given that the intragenic enhancer transcription
we studied is located thousands, if not tens of thousands,
of base pairs downstream of the host gene promoter (~98%
and ~90% of the enhancers are at least 2 and 5 kb from TSSs,
respectively) and that enhancer transcription (on the antisense
strand) does not seem to extend very far (Figure 1D), it is highly
unlikely that enhancer transcription directly interferes with tran-
scription initiation and/or Pol Il pause release at the host gene
promoter. It is conceivable, however, that transcription at
intragenic enhancers disrupts enhancer-promoter interaction
and, thus, transcription initiation and/or Pol Il pause release at
the host gene promoter; but, such a mechanism would have to
be exclusive to (or, at least, have a bias toward) intragenic en-

transcription interference

RNAPII

Figure 7. Model for Transcription at Intra-
genic Enhancers Interfering with and Atten-
uating Host Gene Transcription during Pro-
ductive Elongation

Pol Il transcribing intragenic enhancers (shown as
red and orange oval faces) interferes with and at-
tenuates the host gene transcription (Pol Il shown as
green oval faces) during productive elongation, with
the extent of interference ranging from occasional to
frequent depending on many factors, including
initiation frequencies at the promoter and the
enhancer, elongation rates, and processivity. Tran-
scription interference may involve one or more
events, including excessive torsional stress due to
positive DNA supercoiling (Chong et al., 2014; Ma
etal., 2013), Pol Il stalling/collision, modifications to
the chromatin structure/architecture, and antisense-
mediated regulation, all eventually leading to pre-
mature termination of host gene transcription and
non-productive transcripts. The net effect of intra-
genic enhancer-mediated regulation of host gene
expression may range from repression to fine-tuning
or activation depending on the difference between
gains from enhancer-mediated host gene activation
and losses due to enhancer-mediated interference
and attenuation of host gene transcription.

(rear-end)
L ——

hancers, because the same enhancer has higher activation po-
tential from an extragenic as opposed to an intragenic position
(Figure 3). Thus, we infer that any interference by intragenic
enhancer transcription (or other enhancer property) on host
gene transcription occurs likely during productive elongation,
except when the enhancer is near the host gene TSS
(within ~200 bp), in which case direct interference with transcrip-
tion initiation and/or Pol Il pause release may also be in play.
While we could not find evidence supporting a role for ieRNAs
in host gene transcription attenuation, we cannot rule out a role
for ieRNAs in antisense-mediated regulation of sense RNA
through RNAIi or other mechanisms (Faghihi and Wahlestedt,
2009; Pelechano and Steinmetz, 2013; Skourti-Stathaki et al.,
2014). While ieRNAs themselves may have additional regulatory
functions, our findings suggest that the act of transcription at
intragenic enhancers, by itself, can negatively regulate host
gene transcription during productive elongation through tran-
scription interference (Figure 7). Although our conclusions are
based on candidate intragenic enhancers we investigated, the
attenuation function, in theory, can exist for all actively tran-
scribed intragenic enhancers. Further studies are required to
investigate, on a genome-wide scale, the net impact of intra-
genic enhancer-mediated attenuation on host gene expression,
which may entail uncoupling the enhancers’ activation and
attenuation functions. Nevertheless, our findings suggest that

intragenic enhancers. Ovals highlight interaction strengths between the regions containing intragenic enhancer and gene promoter(s). Bottom: mRNA levels of
genes within Meis1 (or Mapk4) locus in wild-type or Meis1 (Mapk4, respectively) enhancer (—/—) ESCs are shown. Data are normalized to Actin. Error bars

represent SEM of three biological replicates.

(F) Depletion of Meis1 in Meis1 enhancer (—/—) ESCs restores the expression of differentiation genes. Data are normalized to Actin. Error bars represent SEM of

three biological replicates. *p < 0.05 (Student’s t test, two-sided).

(G) mRNA levels of early differentiation markers (top row, mesoderm; middle row, endoderm; bottom row, ectoderm) during embryoid body formation of wild-
type, Meis1 enhancer (+/—), and Meis1 enhancer (—/—) ESCs. Data are normalized to Actin. Error bars represent SEM of three biological replicates.

See also Figures S5 and S6.
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intragenic enhancers serve more regulatory functions than previ-
ously appreciated and that intragenic enhancer-mediated tran-
scription attenuation could represent a general mechanism to
attenuate and fine-tune host gene transcription, much like a tran-
scriptional rheostat, during productive elongation.

While the attenuating function of intragenic enhancer transcrip-
tion is perhaps an unintended by-product or unavoidable conse-
quence of enhancer activation, given that enhancers can activate
transcription of their target gene promoters independently of their
position or location relative to their targets (Calo and Wysocka,
2013; Kim and Shiekhattar, 2015; Li et al., 2016; Shlyueva et al.,
2014), evolution could have selected for enhancers to exist
outside of protein-coding genes and still have them perform the
same function. Our Meis1 studies, which reveal an essential role
for intragenic enhancer-mediated attenuation in maintaining
ESCs in their pluripotent state, highlight that intragenic sites
may have been selected to function as enhancers so that not
only can they activate transcription of one or more genes from a
distance but also fine-tune transcription of their host gene through
transcription interference. Given that the precise level of master
TF Oct4 alone can determine three distinct fates of ESCs (Niwa
et al., 2000), it is conceivable that refinement of expression of
key cell identity genes through intragenic enhancer-mediated
attenuation may prevent abrupt changes in their expression
levels, which could influence cell fate decisions.

We propose a highly generalizable model wherein transcrip-
tion at enhancers, weak and strong, interferes with and attenu-
ates host gene expression. The net effect of intragenic
enhancer-mediated regulation may range from repression (as
in the case of Meis1 and Mapk4) to fine-tuning or activation (as
may be the case for Tet2 and Ino80), depending on the difference
between gains from enhancer-mediated host gene activation
and losses due to enhancer-mediated interference and attenua-
tion of host gene transcription. Under this model, the attenuation
function of transcriptionally active intragenic enhancers within
highly expressed genes would provide for a fine-tuned enhance-
ment of host gene expression by preventing excessive transcrip-
tion activation. Such an intrinsic negative feedback mechanism
would keep the enhancer and the promoter from activating
each other in an exaggerated manner. Intragenic enhancer-
mediated attenuation, in addition to providing a potential mech-
anism to fine-tune transcription of key cell identity genes, may
also inhibit expression of genes with inherently leaky transcrip-
tion while keeping them poised for activation. An obvious impli-
cation of our finding is that antisense transcription upstream of
TSSs (Core et al., 2008; Preker et al., 2008; Seila et al., 2008)
may play an active role in attenuating readthrough sense tran-
scription, originating from enhancers/genes located immediately
upstream, via transcription interference, as previously shown
(Nguyen et al., 2014). Such a mechanism would explain why
genes with divergent transcription, as a group, have higher
expression than those without it (Lavender et al., 2016).

In summary, our studies suggest that transcriptionally active
intragenic enhancers not only enhance transcription of one or
more genes from a distance but also fine-tune transcription of
the host gene through transcription interference, facilitating dif-
ferential utilization of the same regulatory element for disparate
functions.
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Antibodies

Anti-Meis1, rabbit polyclonal Abcam Ab124686; RRID: AB_10973740

Anti-Ran, mouse monoclonal

BD Biosciences

610341; RRID: AB_397731

Chemicals, Peptides, and Recombinant Proteins

2-Mercaptoethanol Sigma M3148
Apal Enzyme NEB R0114S
DMEM Thermo Fisher Scientific 11965-084
EmbryoMax nucleosides Millipore ES-008-D
EmeraldAmp GT PCR Master Mix Takara RR310A
ESGRO Complete PLUS Clonal Grade Medium Millipore SF001-500
Fetal Bovine Serum (FBS) Gemini 100-125
Gelatin Sigma G1890
Inactivated MEFs GIBCO A24903
LIF Millipore ESG1107
Lipofectamine 2000 Invitrogen 1168019
Meis1 FlexiTube siRNA QIAGEN SI01303610
NaCl, 5M Sigma S5150
Negative Control siRNA QIAGEN 1027310
Non-Essential Amino Acids Solution Thermo Fisher Scientific 11140050
Protease Inhibitors Roche 4693159001
QIAZol Lysis Reagent QIAGEN 79306

Sall Enzyme NEB R3138S
Sodium Deoxycholate Sigma 30970
SsoFast EvaGreen supermix Bio-Rad 1725201
Tris HCL, pH 8.0 Sigma T2663
Critical Commercial Assays

Alkaline Phosphatase Detection Kit Stemgent 00-0055
Dual-Light Luciferase and B-Galactosidase Reporter Gene Assay System Thermo Fisher Scientific T1003
iScript cDNA Synthesis Kit Bio-Rad 1708891
QIAquick Gel Extraction Kit QIAGEN 28706
Rneasy Mini Kit QIAGEN 74104
TOPO TA Cloning Kit Invitrogen 450641
Experimental Models: Cell Lines

Mouse ESCs (E14Tg2a) ATCC CRL-1821
Mouse ESCs, Dicer knockout (KO) Novus Biologicals NBP1-96751
Mouse ESCs, Exosc3 knockout (KO) Prof. Uttiya Basu N/A
Mouse ESCs, Meis1 intragenic enhancer (+/—) This paper N/A
Mouse ESCs, Meis1 intragenic enhancer (—/—) This paper N/A
Mouse ESCs, Mapk4 intragenic enhancer (+/—) This paper N/A
Mouse ESCs, Mapk4 intragenic enhancer (—/—) This paper N/A
Mouse ESCs, Cdk®6 intronic control region (+/—) This paper N/A
Mouse ESCs, Cdk6 intronic control region (—/—) This paper N/A
Mouse ESCs, Tet2 intragenic enhancer (—/—) This paper N/A
Mouse ESCs, Ino80 intragenic enhancer (—/—) This paper N/A
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Oligonucleotides

Primers used for PCR amplification of enhancer and control sequences (used This paper Table S6
in the double-reporter plasmid assay)

Guide RNA sequences used for CRISPR/Cas9-mediated targeted deletions This paper Table S6
Screening primers used to test CRISPR/Cas9-mediated targeted deletions This paper Table S6
Gene-specific primers used for RT-gPCR analysis This paper Table S6
Recombinant DNA

Plasmid: maxGFP Lonza VDF-1012
Plasmid: pExtragenic This paper N/A
Plasmid: pGL3-Basic Promega E1751
Plasmid: pIntragenic This paper N/A
Plasmid: pRL-TK Promega E2231
Plasmid: pTN23 Prof. I.C. Eperon N/A
Plasmid: pX330-U6-Chimeric_BB-CBh-hSpCas9 Addgene 42230

Other

Mouse ESCs, Pol Il ChiP-seq
Mouse ESCs, Pol Il ChIP-seq
Mouse ESCs, Pol Il ChiP-seq
Mouse ESCs, Pol Il ChiP-seq
Mouse ESCs, Pol [I-S2P ChIP-seq
Mouse ESCs, Pol [I-S5P ChIP-seq
Mouse ESCs, H3K4me1 ChlIP-seq
Mouse ESCs, H3K4me3 ChlIP-seq
Mouse ESCs, H3K9me2 ChIP-seq
Mouse ESCs, H3K27ac ChlIP-seq

Mouse ESCs, H3K27me3 ChIP-seq
Mouse ESCs, H3K36me3 ChIP-seq

Mouse ESCs, Brg1 ChlP-seq
Mouse ESCs, cMyc ChIP-seq
Mouse ESCs, Dgcr8 ChlIP-seq
Mouse ESCs, Drosha ChIP-seq
Mouse ESCs, E2f1 ChIP-seq
Mouse ESCs, Klf4 ChlIP-seq
Mouse ESCs, Nanog ChIP-seq
Mouse ESCs, nMyc ChIP-seq
Mouse ESCs, Oct4 ChIP-seq
Mouse ESCs, p300 ChIP-seq
Mouse ESCs, Prdm14 ChIP-seq
Mouse ESCs, Sox2 ChIP-seq
Mouse ESCs, Stat3 ChIP-seq
Mouse ESCs, Zfx ChIP-seq
Mouse ESCs, Dnase-seq
Mouse ESCs, GRO-seq
Mouse ESCs, Start-seq
Mouse ESCs, RNA-seq

Mouse ESCs, DRIP-RNA-seq
Mouse ESCs, Hi-C

Mouse ESCs, Capture Hi-C

Brookes et al., 2012
Rahl et al., 2010
Shen et al., 2012
Tippmann et al., 2012
Rahl et al., 2010
Rahl et al., 2010
Creyghton et al., 2010
ENCODE

Kurimoto et al., 2015
ENCODE

Ho et al., 2011
ENCODE

Ho et al., 2009

Chen et al., 2008
Knuckles et al., 2017
Knuckles et al., 2017
Chen et al., 2008
Chen et al., 2008
Marson et al., 2008
Chen et al., 2008
Marson et al., 2008
Creyghton et al., 2010
Ma et al., 2011
Marson et al., 2008
Ho et al., 2011

Chen et al., 2008
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Williams et al., 2015
Brookes et al., 2012
Chen et al., 2015
Dixon et al., 2012

Schoenfelder et al., 2015

GEO: GSE34520
GEO: GSE20485
GEO: GSE29184
GEO: GSE33252
GEO: GSE20485
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GEO: GSE24164
GEO: GSE31039
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(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse ESCs, Pol Il ChlA-PET Zhang et al., 2013 GEO: GSE44067

Mouse ESCs, Ago2 CLIP-seq Leung et al., 2011 http://rowley.mit.edu/pubs/
Ago2_CLIP/Ago2_CLIP.html

Mouse Exosc3 WT ESCs, RNA-seq Pefanis et al., 2015 SRA: SRP042355

Mouse Exosc3 KO ESCs, RNA-seq Pefanis et al., 2015 SRA: SRP042355

Mouse BMDM, Pol Il ChIP-seq Ostuni et al., 2013 GEO: GSE38377

Mouse BMDM, JunB ChIP-seq Ostuni et al., 2013 GEO: GSE38377

Mouse BMDM, PU.1 ChIP-seq Ostuni et al., 2013 GEO: GSE38377

Mouse BMDM, Stat6é ChIP-seq Ostuni et al., 2013 GEO: GSE38377

Mouse Terminal Neuron, Pol || ChIP-seq Tippmann et al., 2012 GEO: GSE33252

Mouse Trophoblast Stem Cell, Pol Il ChIP-seq Calabrese et al., 2012 GEO: GSE39406

Murine Erythroleukemia, Pol Il ChIP-Seq Ghamari et al., 2013 GEO: GSE46849

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Dr. Raja Jothi (jothi@
nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse ES Cell Culture

Mouse ESCs (E14Tg2a, ATCC) were maintained on gelatin-coated plates in the ESGRO complete plus clonal grade medium (Milli-
pore), as previously described (Cinghu et al., 2014; Oldfield et al., 2014). For experiments, ESCs were cultured on gelatin-coated
plates in M15 medium: DMEM (Invitrogen) supplemented with 15% FBS, 10uM 2-mercaptoethanol, 0.1 mM nonessential amino
acids (Invitrogen), 1x EmbryoMax nucleosides (Millipore), and 1U/ml of ESGRO mLIF (Millipore). Dicer KO mouse ESCs (Novus
Biologicals) and Exosc3 KO mouse ESCs, which was a kind gift from U. Basu (University of Columbia) (Pefanis et al., 2015), were
grown on inactivated MEFs (GIBCO) using the M15 medium. All cells used in the study were routinely tested for mycoplasma
contamination.

METHOD DETAILS

Transient Transfection

For transfections, ESCs were cultured in M15 medium and transfected with 50nM siRNA or 100ng plasmid DNA using Lipofectamine
2000 (Invitrogen) as per manufacturer protocol. Gene-specific siRNAs used: Meis1 (QIAGEN) and non-targeting negative control
(QIAGEN).

Double-Reporter Plasmids and Assay

The double-reporter construct was based upon pTN23 (Nasim et al., 2002) plasmid, which was a kind gift from |.C. Eperon (University
of Leicester). The construct encodes B-gal and luciferase proteins within a single reading frame but on separate exons, with an inter-
vening intron sequence containing stop codons. Using site directed mutagenesis, multiple point mutations were introduced in the
intronic and extragenic (downstream of the reporter gene) regions to facilitate the cloning of DNA segments of interest (intragenic
enhancer, extragenic enhancer, or control sequences). Newly created multiple cloning site (MCS) contains restriction sites for restric-
tion enzymes Sal1, Xma1/Sma1, Apal and Cla1. Enhancer and control DNA sequences of interest were PCR amplified using mouse
genomic DNA as a template, digested with Sall and Apal (NEB), and cloned into the intronic or extragenic MCS. See Table S6 for the
list of primers used for PCR amplification. Mouse ESCs were transfected with 200ng double-reporter plasmids along with 50ng of
maxGFP internal control plasmids using lipofectamine 2000 transfection reagent (Invitrogen). Forty-eight hours after transfection,
cells were lysed using the lysis buffer from the Dual-Light Luciferase & B-Galactosidase Reporter Gene Assay System (Thermo
Fisher). Firefly luciferase, B-gal and GFP activities were measured using the Synergy 2 Microplate reader (BioTek). Normalized lucif-
erase or B-galactosidase (B-gal) activity was calculated as the ratio of the luminescence signal divided by the maxGFP fluorescence
signal. To measure reporter activities in Exosc3-depleted ESCs, the double-reporter plasmids were co-transfected with Exosc3 or
non-targeting negative control siRNAs (QIAGEN), at 50nM concentration, using lipofectamine 2000 (Invitrogen). Forty-eight hours
after transfection, the reporter assay was performed as described above.
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CRISPR/Cas9-Mediated Targeted Deletion

Genomic regions of interest (~1100 bp) were deleted in mouse ESCs by co-transfecting two Cas9 containing plasmids (pX330), each
carrying a unique guide RNA (gRNA) to direct a double strand break (DSB) at a specific genomic locus. gRNAs were designed with the
assistance of the CRISPR Design Tool (crispr.mit.edu) to minimize off-target effects and cloned into the pX330 plasmid, then
sequenced verified prior to transfection. See Table S6 for the list of guide RNA sequences. After transfection using lipofectamine
2000 (Invitrogen), ESCs were seeded at low density to allow for selection of individual colonies. Colonies were individually expanded
and split for future culture or genomic DNA isolation. 100ng of genomic DNA from these colonies or mouse genomic DNA (control)
was screened in a PCR reaction (EmeraldAmp, Takara) with primer pairs annealing to the region outside the DSB sites. See Table S6
for the list of screening primers used to confirm targeted deletions. PCR reactions were separated on 1% agarose gels. ESC DNA
gave one of three results: one band migrating the same as control DNA (wild-type/WT), one band migrating faster than control
DNA (null), or two bands (heterozygote/het), one corresponding to the wild-type allele and one corresponding to the null allele. Bands
were excised from the gel and purified using the QlAquick Kit (QIAGEN), cloned using the TOPO TA cloning kit (Invitrogen), and
sequenced (Genewiz) to confirm the status of the deletion. Additionally, genotypes were confirmed by screening with a PCR reaction
containing a primer pair annealing to the genomic region inside the location of the two DSBs. Wild-type and heterozygotes gave a
single product matching mouse genomic DNA, while nulls gave no PCR product. See Table S6 for the list of guide RNA sequences
and screening primers used.

Quantitative RT-PCR

Quantitative RT-PCR analysis was performed in biological triplicates or quintuplicates. Total RNAs were prepared from cells with the
RNeasy Mini kit (QIAGEN). Subcellular RNA fractions were prepared as described previously (Bhatt et al., 2012). Briefly, cytoplasmic
and nucleoplasmic RNA was purified using QIAGEN RNeasy columns and chromatin RNA was isolated using QiAzol (QIAGEN), fol-
lowed by further purification with RNeasy columns. All samples were eluted into 100 uL RNase-free water. cDNAs were generated
using the iScript kit (Bio-Rad) according to the manufacturer’s instructions. For each biological replicate, quantitative PCR reactions
were performed in technical triplicates using the SsoFast EvaGreen supermix (Bio-Rad) on the Bio-Rad CFX-384 or CFX-96 Real-
Time PCR System, and the data normalized to Actin. Data from individual control/WT samples were normalized to 1, and data
from individual mutant/KO/KD samples were normalized to the corresponding control/WT sample. Data from biological replicates
are plotted as mean + SEM. See Table S6 for the list of gene-specific primers used. In the case of double-reporter RNA analysis,
primers spanning the Lacz-Luc exon-exon junction were used to quantify the reporter expression, which was normalized to maxGFP
expression to control for transfection efficiency. See Table S6 for primers spanning the Lacz-Luc exon-exon junction and GFP
primers to control for transfection. The attenuation coefficient, for each enhancer, is calculated as the ratio of normalized mRNA
expression of the double-reporter gene in pExtragenic compared to that in pIntragenic.

Alkaline Phosphatase (AP) Staining
AP staining was performed using the Alkaline Phosphatase Detection Kit (Stemgent), according to the manufacturer’s instructions.

Embryoid Body Differentiation

Wild-type, Meis1-enhancer heterozygote (+/—) and Meis1-enhancer null (—/—) mouse ESCs were grown on non-adhering plates, us-
ing the M15 media without the LIF component, and allowed to form cell aggregates in suspension culture for 10 days. Embryoid
bodies (EBs) were collected on days 0, 2, 4, 6, 8, and 10, and RNA was isolated as described below. Quantitative RT-PCR reactions
were performed, as described below, to assess the expression of various pluripotency- and differentiation-associated genes.

Western Blot

Cell pellets, lysed in RIPA buffer (25 mM Tris HCI, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate) with protease
inhibitors, were sonicated using Bioruptor (Diagenode) for three cycles (30 s on and 50 s off). The lysate was boiled with SDS/PAGE
sample buffer, loaded onto a NUPAGE gel, and transferred to 0.22 uM PVDF membranes. Each membrane was treated with
appropriate primary and secondary antibodies. The membrane was then incubated with a horseradish peroxidase- conjugated
secondary antibody and developed with enhanced chemilluminescence PLUS reagent (Amersham). Loading was normalized
based on Ran.

Identification of Intragenic Sites of Pol Il Enrichment

Intragenic sites of Pol Il enrichment were determined based on RefSeq gene annotations. “Gene body” is defined as the region
beginning 1 Kb downstream of transcription start site (TSS) to transcription end site (TES). For every RefSeqg-annotated gene, a 1
Kb sliding window, that slides by 10 bp each time, was used to record the number of Pol Il ChlP-seq reads mapping to 1 Kb
regions within the gene body; “median gene body Pol Il signal” was then calculated as the median of the recorded Pol Il read
counts across all such 1 Kb windows within the “gene body.” The 1 Kb sliding window begins its slide from 1 Kb downstream of
TSS, with the window centered at 1 Kb downtream of TSS, and ends at TES, with the window centered at TES. For every 1 Kb region
within the entire length of the gene, Pol Il Pausing Index (PI) (Adelman and Lis, 2012), defined as the relative ratio of Pol Il density within
that 1 Kb region to median “gene body” Pol Il density, is computed. Regions (1Kb in length) with Pl > 10 were defined as intragenic
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sites of Pol Il enrichment, with the mid-points defined as peaks. Those peaks that fall anywhere between TSS and 500 bp down-
stream of TSS were defined as promoter-proximal Pol |l sites (PRSs), provided that they are not within the “gene body” of any
known/predicted genes (UCSC known genes). Those peaks that fall near TES (within D bp upstream of TES, where D = max
[1000, min(2000, 5% of the gene length)]) were discarded as cleavage/polyadenylation-related Pol Il accumulation near 3’ end of
the genes (Core et al., 2008; Kwak et al., 2013; Nojima et al., 2015). Those peaks that fall anywhere between D bp downstream of
TSS and D bp upstream of TES were designated as intragenic Pol Il sites (IRSs), provided that they are at least 1 Kb away from
TSSs of all known/predicted genes (UCSC known genes). Peaks that fall within the region between 500 and D bp downstream of
TSS were left unclassified and discarded. Consequently, IRSs were defined only for genes that are at least 2 Kb in length. These def-
initions resulted in 7,530 PRSs and 1,928 IRSs in ESCs.

RNA-Seq, GRO-Seq, Start-Seq, and DRIP-RNA-Seq Data Analysis

Sequence reads from RNA-seq experiments were aligned to the mouse reference genome (mm9 assembly) and UCSC annotated
transcripts using Tophat (Kim et al., 2013) version v2.0.4. Gene expression was calculated using Cufflinks version v2.0.2, and rep-
resented as reads/fragments per kilobase of transcript per million mapped reads (RPKM/FPKM). See the Key Resources Table for the
list of publicly available RNA-seq datasets used for analysis. For GRO-Seq, Start-Seq, and DRIP-RNA-seq analysis, mapped reads
from previously published spike-in control-normalized GRO-Seq (GEO: GSE48895) (Jonkers et al., 2014), Start-Seq (GEO:
GSE43390) (Williams et al., 2015), and DRIP-RNA-seq (GEO: GSE67581) (Chen et al., 2015) data were used.

ChIP-Seq Data Analysis

Sequence reads generated from ChlP-seq experiments, by various groups, were processed uniformly by aligning to the mouse refer-
ence genome (mMm9 assembly) using Bowtie (Langmead et al., 2009) version 0.12.8. See the Key Resources Table for the list of pub-
licly available ChIP-seq datasets used for analysis. Only reads that mapped to unique genomic regions with at most two mismatches
were retained for follow up analysis. For visualization and generation of screenshots from the UCSC Genome Browser, each ChlIP-
seq dataset was first normalized by the total number of reads and then to one million reads. ChlP-seq read density plots were gener-
ated by calculating the number of reads within + 5 kb upstream and downstream of sites of interest in 100 bp windows, and normal-
ized to reads per base/kilobase per million reads (RPM/RPKM) and plotted as histograms. Data for heatmaps were generated
similarly.

Chromatin Interaction Map Analysis

Chromatin interaction between IRSs and promoters were determined based on published Capture Hi-C (E-MTAB-2414) (Schoen-
felder et al., 2015) and Pol Il ChIA-PET (GEO: GSE44067) (Zhang et al., 2013) datasets in ESCs. An IRS is considered to interact
with a promoter if the 1 Kb region centered around the IRS center and 1 Kb region centered around transcription start site (promoter)
has been observed to interact in the Capture Hi-C and/or and Pol Il ChlA-PET interaction maps.

Ago2 CLIP-Seq Data Analysis

To assess whether RNA synthesized from intragenic enhancers might be involved in RNAi-mediated gene silencing, we compared
intragenic enhancers (IRSs) to the list of published genomic sites encoding Ago2-associated RNAs in ESCs (Leung et al., 2011), as
determined using Ago2-CLIP-Seq. RNA from an intragenic enhancer is considered to be loaded into Ago2-containing RNA-induced
silencing complexes if one or more genomic sites encoding Ago2-associated RNAs are located within the 1000 nt region of the intra-
genic enhancer.

Expressed Sequence Tag (EST) Analysis

ESTs are short sub-sequences of cDNA sequences. Mouse ESTs (source: dbEST; URL: https://www.ncbi.nlm.nih.gov/dbEST/)
aligned to the mouse reference genome (mm9 assembly), obtained from UCSC Genome Browser, were used for analysis. About
4.37 million mapped strand-specific mouse ESTs were used to generate EST density plots by calculating the number of EST starts
within + 5 kb upstream and downstream of sites of interest (TSS/TES/intragenic enhancer) in 100 bp windows, and normalized to tags
per kilobase per million tags and plotted as histograms.

Sequence Analysis

TRAP (Thomas-Chollier et al., 2011) was used to search for known TF motifs, obtained from Jaspar (Portales-Casamar et al., 2010)
and TRANSFAC (Qian et al., 2006) databases, within DNA sequences spanning 500 nucleotides around the centers of IRSs or
matched intragenic control sequences (defined as the DNA sequences spanning 500 nucleotides around the gene mid-point). Sta-
tistical significance for enrichment of sequence motifs within IRSs or intragenic control regions were calculated in reference to se-
quences from promoter regions. Benjamini-Hochberg method was used for multiple-testing correction. CpG island annotations
were downloaded from the UCSC genome browser.
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Functional Enrichment Analysis

Intragenic enhancer-containing genes in ESCs were analyzed in relation to the rank-ordered list of all mouse genes (Cinghu et al.,
2014) that are likely to be associated with ESC maintenance versus ESC differentiation.

QUANTIFICATION AND STATISTICAL ANALYSIS

See the STAR Methods Details for details of quantification and statistical analysis.
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Figure S1 (related to Figures 1 and 2). Intragenic sites of RNA Pol Il enrichment mark

transcriptionally active intragenic enhancers

(A)

(B)

(C)
(D)

ChIP-Seq profiles of RNA Pol Il (RNAPII) occupancy at select genes Mta3, Arid5a, Chd2,
Cdkeé, Esrrb, Ino80, Lin28 and Fam38a (Peizo1) in mouse ESCs(Brookes et al., 2012).
Expression (RPKM), as measured using RNA-Seq in mouse ESCs (Brookes et al., 2012), of
IRS-containing genes (in color) and master ESC transcription factors Oct4 and Nanog
(gray). Genes are sorted by expression (red/gray, top quartile; orange, second quartile;
yellow, third quartile; green, bottom quartile).

Read density plot showing average RNAPII occupancy (RPKM) at PRSs and IRSs.
Heatmap representation of relative levels of RNAPII ChIP-Seq read density at IRS-
containing genes. Each row represents an IRS-containing gene, with the genes aligned at
their TSSs (zero on the x-axis). Genes are sorted (top to bottom; y-axis) by increasing
distance between TSS and IRS. About 90% of the IRS-containing genes, with IRSs within
200 Kb of their TSSs, are shown.

(E,F) Heatmap representation of relative levels of RNAPII ChIP-Seq read density around IRSs

(G)

(H)

(1)

and PRSs in mouse ESCs(Brookes et al., 2012; Rahl et al., 2010; Shen et al., 2012;
Tippmann et al., 2012). Sites (rows) within the IRS/PRS class are ordered (top-to-
bottom) based on total read count within each row.

Schematic showing how a site inferred to have a RNAPII ChIP-Seq peak could be an
artifact (phantom peak) due to chromatin interaction it has with one or more other sites
with RNAPII occupancy. GRO-Seq is insensitive to chromatin interactions (since it
measures nascent RNA).

Read density plot showing average nascent RNA enrichment (RPKM), as measured using
GRO-Seq in mouse ESCs (Jonkers et al., 2014), at PRSs and IRSs.

Scatter plot showing the correlation between the levels of RNAPIl occupancy(Brookes et
al., 2012) (x-axis) and nascent RNA(Jonkers et al., 2014) (GRO-Seq; y-axis) at IRSs in
mouse ESCs.

(J,K) Nascent RNA dynamics at IRSs in mouse ESCs treated with Triptolide (J) or Flavopiridol

(K). Box plots showing changes in GRO-Seq read density (RPKM) upon Triptolide or
Flavopiridol treatment at PRSs and IRSs over time.

(L) Overlap with CpG islands (annotations downloaded from the UCSC genome browser).

(M) Heatmap representation of relative levels of DNase | hypersensitivity, as measured using

DNase-Seq (ENCODE, GSE37074), at IRSs and matched non-IRS intragenic control sites in
mouse ESCs. Sites (rows) within each class are ordered (top-to-bottom) based on total
read count within each row.

(N) Heatmap representation of relative levels of H3K4me3 (ENCODE, GSE31039), H3K4mel

(Creyghton et al., 2010), H3K27ac (ENCODE, GSE31039), p300 (Creyghton et al., 2010),



(0)

and Brgl (Ho et al., 2009) occupancy, as measured using ChlP-Seq, at PRSs and IRSs in
mouse ESCs. Sites (rows) within the IRS/PRS class are ordered (top-to-bottom) based on
total read count within each row.

Box plot representation showing relative levels (RPKM) of binding of various
transcription factors at IRSs and PRSs in mouse ESCs (Chen et al., 2008; Ho et al., 2011;
Ma et al., 2011; Marson et al., 2008). **P < 2.2 x 1071 (Wilcoxon-Mann-Whitney U test;
two-sided).
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Figure S2 (related to Figure 3). Enhancers in intragenic position attenuate reporter activity

(A) Double-reporter construct encoding B-galactosidase (B-gal) and luciferase proteins

within a single reading frame but on separate exons, with an intervening intron
sequence containing stop codons (Nasim et al., 2002). MCS: multiple cloning site.



(B, C) Normalized luciferase activity, in mouse ESCs, from pIntragenic and pExtragenic

reporter constructs (Figure 2C) cloned with intragenic enhancers or negative controls (B)
or extragenic enhancers (C). Data are normalized to control sequence from Ran locus,
which is set to 1. Data represents mean of n =5 to 15 biological replicates. Error bars
represent SEM. *P < 0.05; ** P < 0.01 (Student's t-test; two-sided); ns, not significant.

(D, E) Scatter plot showing the correlation between normalized luciferase activity (y-axis) and

(F)

normalized B-gal activity (x-axis) observed using either pExtragenic (D) or pIntragenic (E)

reporter constructs.
Scatter plot showing the correlation between normalized luciferase fold change in
pExtragenic vs plntragenic reporter constructs (y-axis) and normalized B-gal fold change

in pExtragenic vs pIntragenic reporter constructs (x-axis).
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(A, B) Normalized mRNA levels of the reporter gene, in mouse ESCs, from pIntragenic and
pExtragenic reporter constructs cloned with intragenic enhancers (A) or extragenic
enhancers (B). Data are normalized to control sequence from Ran locus, which is set to
1. Data represents mean of n = 5 biological replicates. Error bars represent SEM. *P <
0.05; ** P < 0.01 (Student's t-test; two-sided).

(C, D) Scatter plot, similar to the ones in Figure 4A, D but using the GRO-Seq data from
Williams et al. (Williams et al., 2015), showing the correlation between attenuation
coefficient, calculated based on data shown in Figure 3D, and levels of nascent antisense
(C) or sense (D) ieRNA expression from native, genomic locus.

(E) Left: Schematic showing intragenic regions defined as upstream (up) and downstream
(down) of intragenic enhancer. One kilobase (Kb) regions immediately downstream of
TSS, immediately upstream of TES, and centered around the enhancer were excluded.
Middle: Intragenic enhancers were binned into four groups based on their host gene
expression. Frequency distribution of the ratios of GRO-Seq (Jonkers et al., 2014) read
density within the 'up' region to that within the corresponding ‘down’ region for each
group is shown. Only GRO-Seq reads from the sense strand was used. Right: Cumulative
frequency distribution of the same data shown in the middle panel is shown.
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(A)

(B)

Read density plot showing relative enrichment of R-loops, as measured using DRIP-RNA-
Seq in mouse ESCs (Chen et al., 2015), near TSS, intragenic enhancer (IE), and TES of
intragenic enhancer-containing genes in mouse ESCs.

Read density plot showing relative levels (RPKM) of H3K9me2, RNA Pol Il (RNAPII), and
phosphorylated forms of RNAPII (RNAPII-S5P and RNAPII-S5P primarily associated with
transcription initiation and elongation, respectively), as measured using ChIP-Seq in
mouse ESCs (Brookes et al., 2012; Kurimoto et al., 2015; Rahl et al., 2010), near TSS,
intragenic enhancer (IE), and TES of intragenic enhancer-containing genes in mouse
ESCs.
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Figure S5 (related to Figure 6). CRISPR/Cas9-mediated genetic deletion of candidate
intragenic enhancers and a role for intragenic enhancer-mediated attenuation in cell-fate

determination

(A)

(B)

(€)

Genotyping of genomic DNA from enhancer knockout (-/-) clonal cell lines, using
standard gel electrophoresis, showing loss of the wildtype (WT) allele in enhancer (-/-)
mouse ESCs. Black and red arrows mark the expected genomic products for screening-
primers designed to evaluate deletions. Bands excised from the gel were subsequently
sequence-verified.

RT-qPCR analysis of mRNA levels of intragenic enhancer-containing genes Tet2 and
Ino80 in corresponding wild-type and enhancer knockout (-/-) mouse ESCs. ** P < 0.01
(Student's t-test; two-sided)

Genotyping of genomic DNA from enhancer heterozygous (+/-) and knockout (-/-) clonal
cell lines, using standard gel electrophoresis, showing loss of WT allele(s) in enhancer
(+/-) and enhancer (-/-) mouse ESCs. Black and red arrows mark the expected genomic
products for screening-primers designed to evaluate deletions. Bands excised from the
gel were subsequently sequence-verified.

(D, E) mRNA levels of genes within Tet2 (D) or Mapk4 (E) locus in wildtype or Tet2 (Ino80,

(F)

(G)

(H)

(1)

()

(K)

respectively) enhancer (-/-) ESCs. Data are normalized to Actin. Error bars represent SEM
of three biological replicates.

Genome browser shot of Meis1 and Mapk4 loci showing ChIP-Seq read density profiles
of RNA Pol Il (RNAPII), GRO-Seq, Start-Seq, RNA-Seq, various transcription regulators
and chromatin remodelers, and histone modifications in mouse ESCs. Known chromatin
interaction between Meis1/Mapk4 intragenic enhancer and its promoter in mouse ESCs
(Schoenfelder et al., 2015) is shown at the top.

Colony morphology of wildtype and Meis1 enhancer (-/-) mouse ESCs upon control or
Meis1 KD. Representative images, taken 96 h after siRNA transfection, are shown.
Colony morphology of mouse ESCs overexpressing Meis1 or an empty vector (EV).
Representative images, taken 96 h after plasmid transfection, are shown.

MRNA levels of pluripotency-associated ESC identity genes (left) and
differentiation/developmental genes (right) in ESCs overexpressing Meis1 or an empty
vector (EV). Data are normalized to Actin. Error bars represent SEM of three biological
replicates. *P < 0.05; **P < 0.01 (Student’s t-test; two-sided).

Western blot analysis of Meis1 (endogenous+exogenous) in mouse ESCs expressing EV
or endogenous Meisl. Gapdh is used as a loading control.

MRNA levels of ESC identity genes during embryoid body formation of wildtype, Meis1
enhancer heterozygous (+/-) and knockout (-/-) mouse ESCs. Data are normalized to
Actin. Error bars represent SEM of three biological replicates.
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Figure S6 (related to Figure 6). Enhancer strength and attenuation

(A) The set of all genes were binned into four quartiles based on their expression in mouse

ESCs, and the expression of intragenic enhancer (IE)-containing (host) genes within each
guartile is shown.

(B) Percentage of IE-containing genes within each of the four quartiles; color code similar to

thatin (A).

(C, D) Intragenic enhancers were binned into four groups based on their host gene

(E)

(F)

expression; color code similar to that in (A). Intragenic enhancers within Tet2 and /no80
are in the first quartile (top 25%) and those within Mapk4 and Meis1 and are in the third
and fourth quartiles, respectively. Box plots show relative levels (RPKM) of transcription
factor occupancy (A) and enhancer-associated chromatin signatures (B) at intragenic
enhancers in mouse ESCs (Chen et al., 2008; Creyghton et al., 2010; Ma et al., 2011;
Marson et al., 2008) (ENCODE, GSE31039 and GSE37074).

Bar plot shows the fraction of intragenic enhancers, from within each group, interacting
with one or more gene promoters; enhancer-promoter interaction data from RNA Pol Il
(RNAPII) ChIA-PET (Zhang et al., 2013) and Capture Hi-C (Schoenfelder et al., 2015)
experiments in mouse ESCs was used. Shades of blue represent number of gene
promoters enhancers interact with. Pie-charts are used to represent fraction of
intragenic enhancers, within each class, that interact with host gene promoter.
Intragenic enhancers were binned into four groups (red, orange, yellow, and green)
based on their host gene expression; color code similar to that in (A). Box plots show
relative enhancer-promoter interaction significance, as assessed using RNAPII ChlA-PET
(Zhang et al., 2013) and Capture Hi-C (Schoenfelder et al., 2015) experiments, in mouse
ESCs. P-values shown were computed using the Wilcoxon-Mann-Whitney U test (two-
sided).
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Figure S7 (related to Figure 6). Functional characterization of intragenic enhancer-containing

genes

(A) Functional characterization of intragenic enhancer-containing genes. Top: Frequency

(B)
(€)
(D)
(E)

(F)

(G)

distribution of all intragenic enhancer-containing (host) genes in relation to list of genes,
rank-ordered (left to right; x-axis) based on the likelihood of their role in the
maintenance of mouse ESC identity (Cinghu et al., 2014). Candidate intragenic
enhancer-containing genes are highlighted. Genes harboring intragenic enhancers are
enriched for ESC identity genes (distribution on the left) and
developmental/differentiation genes (distribution on the right). Bottom: Host genes
were binned into four groups based on their host gene expression (high to low). For
each group, frequency distribution (same as that in the top panel) is shown. Host genes
with expression in the top 25% are enriched for ESC self-renewal and pluripotency
genes. In contrast, host genes with expression in the bottom 25% are enriched for
differentiation and developmental genes.

Read density plots showing relative levels (RPKM) of H3K4me3, H3K4mel and H3K27ac
at IRSs in mouse bone marrow-derived macrophages.

Relative enrichment of TF sequence recognition motifs within macrophage IRSs

Overlap between IRS-associated genes in mouse ESCs and macrophages.

Genome browser shots of select genes showing mouse ESC-specific (*) and
macrophage-specific (#) IRSs bound by cell-specific master transcription factors.
Chow-Ruskey diagram showing five-way overlap of intragenic enhancer-associated
genes in mouse ESCs (polygon with a red colored border), macrophages (green
polygon), terminal neurons (orange polygon), trophoblast stem cells (TSCs) (blue
polygon) and murine erythroleukemia (MEL) (purple polygon) cells. Regions with yellow
fill color mark cell type-specific intragenic enhancer-associated genes. Regions marked
by shades of orange and red mark intersection between cell types. Regions with light
and dark shade of orange for fill color represents intersection between two and three
cell types, respectively. Regions with red shade for fill color represents intersection
between four cell types and the region with reddish brown shade for fill color (the circle
in the middle) represents the overlap of all five cell types. Area of each intersection is
proportional to number of genes within the intersection.

Intragenic enhancer-associated genes have prominent roles in cell type-specific biology.
Gene ontology (GO) categories enriched within intragenic enhancer-associated genes
genes in mouse ESCs, macrophages, terminal neurons, trophoblast stem cells, and
murine erythroleukemia (MEL) cells. P-value for each enriched GO category is displayed
as a blue square, with color scale bar denoted below.
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