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Transcriptional enhancers are critical for maintaining cell-type–specific gene expression and driving cell fate changes dur-

ing development. Highly transcribed genes are often associated with a cluster of individual enhancers such as those found

in locus control regions. Recently, these have been termed stretch enhancers or super-enhancers, which have been pre-

dicted to regulate critical cell identity genes. We employed a CRISPR/Cas9-mediated deletion approach to study the func-

tion of several enhancer clusters (ECs) and isolated enhancers in mouse embryonic stem (ES) cells. Our results reveal that

the effect of deleting ECs, also classified as ES cell super-enhancers, is highly variable, resulting in target gene expression

reductions ranging from 12% to as much as 92%. Partial deletions of these ECs which removed only one enhancer or a

subcluster of enhancers revealed partially redundant control of the regulated gene by multiple enhancers within the larg-

er cluster. Many highly transcribed genes in ES cells are not associated with a super-enhancer; furthermore, super-enhanc-

er predictions ignore 81% of the potentially active regulatory elements predicted by cobinding of five or more

pluripotency-associated transcription factors. Deletion of these additional enhancer regions revealed their robust regula-

tory role in gene transcription. In addition, select super-enhancers and enhancers were identified that regulated clusters

of paralogous genes. We conclude that, whereas robust transcriptional output can be achieved by an isolated enhancer,

clusters of enhancers acting on a common target gene act in a partially redundant manner to fine tune transcriptional

output of their target genes.

[Supplemental material is available for this article.]

Distal regulatory elements are critical in establishing and main-
taining tissue-specific transcriptional regulation of gene expres-
sion and are central in controlling cell identity. Furthermore,
genome-wide association studies identifying disease and pheno-
typic trait-associated variants have found that the majority of
these variants are within noncoding regions of the genome, sug-
gesting regulatory activity (Maurano et al. 2012; Schaub et al.
2012). Further supporting this hypothesis are the observations
that these noncoding regions overlap DNase I hypersensitive sites
(DHSs) found in accessible chromatin and that the disease-associ-
ated variants often disrupt existing or create new transcription fac-
tor bindingmotifs. Alterations in regulatory DNA by large deletion
or single mutation are known to cause disease and phenotypic al-
terations. For example, deletion of the hemoglobin subunit beta
(HBB) locus control region (LCR) 50 kb upstream of the HBB
gene causes β-thalassemia due to the inability of erythroid cells
to produce mature globin (Kioussis et al. 1983; Tuan et al. 1989).
As these critical regulatory sequences can be located tens to hun-
dreds of kb away from the gene or genes they regulate, it can be
challenging to identify regulatory elements and their target genes.
A striking example of this is the limb enhancer that regulates the

SHH (sonic hedgehog) gene. This enhancer is located 1 Mb away
from the SHH gene in the intron of the LMBR1 gene, and pointmu-
tations in this enhancer are associatedwith preaxial polydactyly in
humans (Lettice et al. 2003). These findings highlight the necessi-
ty for a mechanistic understanding of the distal regulatory ele-
ments that regulate gene transcription.

Several approaches have been used to identify transcriptional
enhancers including: sequence-based approaches that rely on
transcription factor motif identification, sequence conservation
through evolution, co-activator binding (EP300 and Mediator),
histonemodifications, open chromatin, and approaches that com-
bine multiple such features (Hallikas et al. 2006; Pennacchio et al.
2006; Heintzman et al. 2007; Visel et al. 2009; Chen et al. 2012;
Ernst and Kellis 2012; Hoffman et al. 2012; Ballester et al. 2014).
Despite these numerous efforts and the wealth of data generated
by the ENCODE Project (The ENCODE Project Consortium
2012), only a fraction (26%) of enhancer predictions display en-
hancer activity in reporter assays (Kwasnieski et al. 2014). Mid-
to high-throughput screening methods such as MPRA, STARR-
seq, and FIREWACh, facilitate testing the activity of enhancers ge-
nome-wide in transiently, or in the case of FIREWACh, stably
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transfected cell lines (Melnikov et al. 2012; Arnold et al. 2013;
Murtha et al. 2014); however, these assays do not test activity in
the endogenous genomic context and therefore do not identify
the regulated gene.

Recently, the concept of super-enhancers and stretch enhanc-
ers was proposed, and these regions were predicted to regulate cell
identity genes and to confer higher expression on their target
genes compared to regions termed typical enhancers (Hnisz et al.
2013; Loven et al. 2013; Parker et al. 2013; Whyte et al. 2013).
Stretch enhancers are regions of ≥3 kb which exhibit an enhancer
chromatin state based on the ChromHMM algorithm (Ernst et al.
2011; Parker et al. 2013). Super-enhancers have been predicted in
numerous cell types where these regions have been identified by
increased binding of the mediator protein MED1, enrichment
of histone H3 K27 acetylation (H3K27ac), or binding of cell-
type–specific transcription factors (Khan and Zhang 2016). The
super-enhancer prediction involves bioinformatically stitching re-
gions within 12.5 kb of one another in the linear genome; as a re-
sult, super-enhancers are, on average, longer than traditional
enhancers, with a median size of 8.7 kb, and often contain more
than one separate regionwhich is bound bymultiple transcription
factors (Hnisz et al. 2013; Loven et al. 2013; Whyte et al. 2013).
Although super-enhancers have been predicted in numerous cell
types, few have been functionally investigated by deletion, and
it remains unclear whether these predicted super-enhancers or
stretch enhancers represent a novel paradigm in gene regulation
separate from the traditional concept of enhancers (Pott and
Lieb 2014). In fact, the two classic robust distal regulatory ele-
ments, the LCRs of the Hbb and hemoglobin subunit alpha
(Hba) genes, are strikingly similar to super-enhancers; they contain
multiple DHSs or are enhancer clusters (ECs), with each enhancer
boundbymultiple transcription factors (Grosveld et al. 1987; Tuan
et al. 1989;Higgs et al. 1990; Chen et al. 1997;Mitchell et al. 2012).
Furthermore, both the Hbb and Hba LCRs were recently deter-
mined to fit the bioinformatic criteria for super-enhancers (Hay
et al. 2016).

The transcriptional regulatory networks that control cell
identity of embryonic stem (ES) cells have been intensely studied,
making mouse ES cells an ideal model for the study of transcrip-
tional regulation. This knowledge has led to the development of
numerous reprogramming strategies to generate induced pluripo-
tent stem (iPS) cells in multiple species. Despite this knowledge,
we lack a clear understanding of where in the genome the critical
regulatory elements regulating pluripotency lie and how those el-
ements function in their endogenous context. Advances in ge-
nome editing technology have provided the opportunity to
characterize this regulatory landscapewith greater fidelity. One ex-
ample of this approach applied to ES cells is deletion of the en-
hancers surrounding the Sox2 gene. Two studies revealed that a
cluster of predicted enhancer regions 100 kb downstream from
the Sox2 gene, termed the Sox2 control region (SCR), are required
for Sox2 transcription in mouse ES cells (Li et al. 2014; Zhou et al.
2014). The SCR overlaps a predicted super-enhancer and was
found to be required for >85% of the transcript levels of Sox2 in
ES cells. Similarly, other studies have revealed the role of select su-
per-enhancers in gene regulation (Mansour et al. 2014; Hnisz et al.
2015; Hay et al. 2016; Huang et al. 2016; Shin et al. 2016). At the
Sox2 locus, an additional super-enhancer was predicted surround-
ing the Sox2 gene; however, deletion of the enhancers within that
region revealed that they are not required for Sox2 transcription in
ES cells, thus raising questions about the super-enhancer predic-
tion model (Zhou et al. 2014).

Results

Enhancer clusters containing multiple transcription

factor-bound regions are robust in regulating transcription

of their target genes

To study the regulatory role of clustered enhancers in mouse ES
cells, we used a Cas9-mediated approach to delete ECs based on
our ES cell enhancer prediction model which integrated EP300,
H3K4me1, MED12, and NIPBL ChIP-seq data (Chen et al.
2012). Candidate regions were chosen containing at least two pre-
dicted enhancers within 25 kb of each other, each overlapping a
MTL (multiple transcription factor-bound locus) bound by at least
three ES cell expressed transcription factors from CODEX
(Sanchez-Castillo et al. 2014). This approach identifies the func-
tionally validated Sox2 distal enhancer (Li et al. 2014; Zhou
et al. 2014) and 117 additional regions with regulatory potential,
71 of which overlap predicted super-enhancers in ES cells identi-
fied based on the intensity of the MED1 ChIP-seq signal
(Supplemental Table S1; Whyte et al. 2013); from this list, candi-
dates that overlap a super-enhancer and contain additional
predicted enhancers, or that were bound by additional transcrip-
tion factors, were prioritized for deletion (Table 1). To study the
effect of enhancer deletion while avoiding potential confounding
effects, targeted deletions did not include gene coding regions
(Hsu et al. 2006), core promoter (TSS ±100 bp) regions (Butler
and Kadonaga 2002; Juven-Gershon and Kadonaga 2010), or
CTCF-bound chromatin interaction domain boundaries (Dixon
et al. 2012) but focused on regions bound by multiple ES cell ex-
pressed transcription factors from CODEX (Sanchez-Castillo et al.
2014). To identify the regulated gene in an unbiased manner,
RNA-seq was carried out on clones carrying a heterozygous en-
hancer deletion in F1 mouse ES cells (Mus musculus129 ×Mus cas-
taneus). As there is a SNP between the two alleles on average every
125 bp in these cells, we are able to analyze allele-specific gene ex-
pression by RNA-seq. We found that in two cases, deletion of EC
(Sall1) or EC(Tet1), EC deletion abrogated the majority of tran-
scription of the target gene in cis to the deleted allele. This finding
is similar to what we have previously shown for the SCR which
controls only Sox2 transcription in ES cells (Zhou et al. 2014).
For clones carrying the EC(Sall1) or EC(Tet1) deletion on the
129 allele, analysis of RNA-seq data revealed that, in each case,
the only gene in the genome significantly affected was the expect-
ed target gene (Fig. 1). In the same clones, no effect on expression
of the castaneus allele was observed (Supplemental Fig. S1). Allele-
specific RT-qPCR of additional clones for both the Sall1 and Tet1
EC deletions confirmed the results of the allele-specific RNA-seq
and revealed that the EC was responsible for >80% of transcrip-
tion of its target gene (Fig. 1C,F; Table 1). For all other deletions
initially conducted (Table 1; Supplemental Figs. S2, S3), changes
in target gene expression after enhancer deletion were more
subtle and did not reach significance when considering all genes
throughout the genome.

Other studies have shown that regulatory enhancer-gene in-
teractions are restricted to regions within individual topologically
associating domains (TADs) (Dixon et al. 2012; Dowen et al. 2014;
Schoenfelder et al. 2015). In cases where gene expression changes
were more subtle than those observed for Sall1 and Tet1, we re-
stricted our analysis of the RNA-seq data to the TAD in which
the deletion was made. In most cases, deletion of the EC signifi-
cantly reduced the expression of only one gene within the TAD
in cis to the EC deletion (Supplemental Table S2). We did identify
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two cases, the enhancers surroundingDppa5a and those upstream
ofMir290, inwhichmore than one genewas identified by RNA-seq
as significantly reduced in cis to the EC deletion in all clones ana-
lyzed by RNA-seq (Supplemental Table S2). To confirm the effect
on these target genes, we analyzed additional heterozygous dele-
tion clones by RT-qPCR. For each deleted EC, the RT-qPCR analysis
of additional clones revealed reduced expression of the target gene
identified by RNA-seq in cis to the EC deletion (Supplemental Fig.
S4). To determine the magnitude of the effect on target gene tran-
scription, we calculated the average percent change compared to
wild-type F1 ES cells for all clones obtained from each EC deletion
and found that the effect of EC deletion varied in magnitude from
12% to 92% reduction in the transcript levels of the target gene
(n≥ 5 for each deletion) (Table 1). In the case of Etl4, the super-en-
hancer spans an exon, and MTLs are located on each side. The ef-
fect of EC deletion was a 20% reduction in transcript levels (Table
1; Supplemental Fig. S3). Further deletion of the additional en-
hancer did not further significantly reduce the expression of Etl4
(ΔEC + ΔE ↓18%± 3% [P < 0.01] compared to F1 ES). In the case
of the enhancers surrounding Dppa5a (EC[DppUp] and EC
[DppDn]), RT-qPCR analysis of additional heterozygous clones
confirmed the effect of the deletion on both Dppa5a and Ooep
(Supplemental Fig. S4; Table 1). For EC(Mir290), although RNA-
seq analysis suggested a role in the regulation of Prkcg and
AU018091 in addition to the 290–295 cluster ofmicroRNAs, the ef-
fect was small (<15% reduction) and only confirmed as a signifi-
cant effect by RT-qPCR analysis for AU018091 (Table 1).

Enhancer clusters allow for redundant control of their target

genes

We found that the enhancer cluster EC(DppUp), which lies be-
tween the Dppa5a and Ooep genes, regulated both Dppa5a and
Ooep in cis. We considered two alternatives for themechanism un-
derlying this observation: Either this region contained two distinct
regulatory modules, one for Dppa5a and one for Ooep, or each of
the enhancers within the cluster contributed to the expression
of both genes. To differentiate between these two alternatives,

we split the EC into two segments and deleted each individually
(Fig. 2). The region closest to Ooep, EC(DppUpB), contains one
MTL bound by four transcription factors, whereas the region clos-
est to Dppa5a, EC(DppUpA), contains three separate MTLs.
Reporter assays revealed that each of these regions contained an ac-
tive enhancer (Fig. 2B). Deletion of the entire EC(DppUp) signifi-
cantly affects the expression of both Dppa5a and Ooep, although
the effect on Ooep is much greater (92% reduction compared to a
36% reduction). This trend was also observed for the partial dele-
tions; deletion of either the “A” or “B” region of EC(DppUp) had
no significant effect on the expression ofDppa5a and amore subtle
effect on the expression of Ooep (31% and 27% reduction, respec-
tively) compared to deletion of the entire EC (Fig. 2C). This
indicates that each enhancer within the cluster does indeed con-
tribute to the transcription of both genes and has partially redun-
dant function. Of note, although the 5′ gRNA is located 150 bp
upstreamof theDppa5a TSS, removal of the 4.8-kb EC(DppUpA) re-
gion does not affect promoter activity, as normal levels of Dppa5a
transcript were observed (Fig. 2).

To determine whether this partial redundancy in enhancer
functionwas a common feature of ECs, we chose EC(Med13l) to in-
vestigate the effect of a partial EC deletion (Fig. 2D,E). In this case,
Med13l is the only gene regulated by the EC (Supplemental Table
S2) which lies over 100 kb upstream of the Med13l TSS (transcrip-
tion start site). Similar to our results with EC(DppUp), we found
that partial deletion of EC(Med13l) had a more subtle effect on
Med13l transcription than did deletion of the entire EC. Whereas
the full EC deletion caused a 41% reduction inMed13l expression,
deletion of the “A” or “B” regions had amore subtle effect, with an
average of 23% and 10% reduction, respectively. As with EC
(DppUp), reporter assays revealed that each of the EC(Med13l) re-
gions contained an active enhancer (Supplemental Fig. S5).
These data suggest that partial redundancy in enhancer function
may be a common feature in the regulation of genes controlled
by multiple enhancers; however, these data also reveal the ability
of each enhancer within the cluster to fine tune the expression lev-
els of their target genes through contributing small enhancements
in transcriptional output.

Table 1. Variable effects of enhancer cluster deletion on gene expression in embryonic stem cells

EC name Deletion coordinates (mm10) Size (kb)
Location

relative to TSS MTLs(≥3)a
RNA-seq identified
target gene(s)

Deletion effect
(RT-qPCR)b

EC(Sall1) Chr 8: 88986501–89018827 32.3 Downstream 4(6/8/4/8) Sall1 ↓92% ± 8%∗∗∗
EC(Tet1) Chr 10: 62891757–62906804 15.0 Upstream 4(7/5/4/4) Tet1 ↓82% ± 6%∗∗∗
EC(Mir290) Chr 7: 3199611–3215602 16.0 Upstream 4(7/9/5/3) Mir290-5 ↓69% ± 3%∗∗∗

Prkcg ↓13% ± 2%ns

AU018091 ↓12% ± 3%∗
EC(Med13l) Chr 5: 118432886–118452483 19.6 Upstream 4(5/5/4/5) Med13l ↓41% ± 3%∗∗∗
EC(Macf1) Chr 4: 123618309–123637993 19.7 Intron 4(3/6/5/3) Macf1 ↓18% ± 4%∗
EC(Ranbp17) Chr 11: 33524486–33543505 19.0 Upstream 3(4/4/7) Ranbp17 ↓48% ± 4%∗∗∗
EC(Cbfa2t2) Chr 2: 154419404–154431952 12.5 Upstream 3(5/7/8) Cbfa2t2 ↓41% ± 6%∗∗∗
EC(Esrrb) Chr 12: 86496798–86505014 8.2 Intron 3(6/9/6) Esrrb ↓35% ± 11%∗
EC(DppUp) Chr 9: 78368337–78376479 8.1 Upstream 3(4/3/4) Dppa5a ↓36% ± 3%∗∗∗

Ooep ↓92% ± 2%∗∗∗
EC(DppDn) Chr 9: 78358933–78365818 6.9 Downstream 2(5/4) Dppa5a ↓16% ± 2%∗

Ooep ↓15% ± 3%∗∗∗
EC(Mcl1) Chr 3: 95644053–95655885 11.8 Upstream 2(3/4) Mcl1 ↓40% ± 4%∗∗∗
EC(Etl4) Chr 2: 20642059–20658958 16.9 Intron 2(3/5) Etl4 ↓20% ± 4%∗∗

aThe number of multiple transcription factor-bound loci (MTLs[≥3]) within each deletion; the number of transcription factors from the following set—
POU5F1(OCT4), SOX2, NANOG, KLF4, KLF2, ESRRB, SMAD1, STAT3, TFCP2L1—bound at each MTL is indicated in the parentheses.
bThe average %-change across all clones ±SEM is shown; significant differences from the F1 ES cell values are indicated by (∗) P < 0.05, (∗∗) P < 0.01,
(∗∗∗) P < 0.001, (ns) not significant.
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Transcriptional control of Dppa5a and Ooep by multiple enhancers

flanking Dppa5a

At the Dppa5a/Ooep locus, we identified two enhancer clusters in-
volved in the regulation of Dppa5a and Ooep (EC[DppUp] and EC
[DppDn]). Individually, we found that EC(DppUp) contributed
36% of the transcriptional output of Dppa5a and 92% of the tran-

scriptional output of Ooep, whereas EC
(DppDn) contributed 16% of the tran-
scriptional output of Dppa5a and 15%
of the transcriptional output of Ooep
(Table 1). We were not able to delete all
of the enhancers at the same time with
two gRNAs, as they surrounded the
Dppa5a gene. As we found that individu-
al enhancer regions within the EC
(DppUp) and the EC(Med13l) coordinate-
ly regulated transcription of their target
genes, we were next interested to under-
stand how the two ECs surrounding
Dppa5a may be functioning in a coordi-
nated manner to regulate Dppa5a and
Ooep. This entire region was called as
one super-enhancer containing the
Dppa5a gene, whereas our enhancer
prediction denoted five enhancers sur-
rounding Dppa5a. We introduced a dele-
tion of EC(DppDn) into a clone that
already contained an EC(DppUp) dele-
tion on both alleles (Fig. 3). Strikingly,
we found these combined deletions
caused a further significant reduction in
the transcript levels of both Dppa5a and
Ooep to nearly undetectable levels (Fig.
3B). This occurs despite the fact that
deletion of EC(DppDn) alone has only a
modest effect on both Dppa5a (16%
reduction) and Ooep (15% reduction) ex-
pression (Table 1). This finding indicates
partially redundant control of Dppa5a
and Ooep by enhancers in the upstream
and downstream EC.

A second predicted super-enhancer near

Med13l lacks regulatory activity

We considered the possibility that previ-
ous deletions resulted in amore subtle ef-
fect on gene expression due to a similar
redundancy in enhancer function as we
observed at the Dppa5a/Ooep locus. The
original deletion of EC(Med13l), which
overlapped a predicted super-enhancer,
was found to cause a 41% reduction in
Med13l transcript levels, indicating that
additional elements are able to maintain
transcription ofMed13l. To identify addi-
tional elements that may be regulating
Med13l, we first investigated Hi-C and
capture-Hi-C data to identify the regions
interactingwith theMed13l promoter. ES
cell promoter capture-Hi-C defined a lo-
cal interaction domain of 600 kb sur-

rounding Med13l which corresponds to the TAD identified by
Hi-C (Dixon et al. 2012; Schoenfelder et al. 2015). Within this in-
teraction domain, theMed13l promoter interacts with EC(Med13l),
and interactions are reduced upstream of the 5′end of this EC
(Supplemental Fig. S6). Within the Med13l promoter interaction
domain is another predicted super-enhancer which did not

Figure 1. Enhancer clusters are required for transcription of their target genes. (A,D) Schematic repre-
sentation of the Sall1 (A) and Tet1 (D) loci. Transcription factor bound regions (red bars), MED1 and
H3K27ac ChIP-seq and RNA-seq data obtained from the CODEX database are shown. Predicted enhanc-
ers (prEnh) and called super-enhancers (SEs) are shown in black. Each deleted enhancer cluster (ΔEC) is
designated by a line that links the 5′ and 3′ gRNA targets. All data are displayed on themm10 assembly of
the University of California at Santa Cruz (UCSC) Genome Browser. (B,E) Allele-specific RNA-seq analysis
reveals EC specificity for cis-regulation of Sall1 (B) and Tet1 (E). Scatter plots indicate differences in 129
transcript abundance between F1 ES cells and the ΔEC129/+ clones. Transcript levels are log2-transformed
reads per million. In each scatter plot, the EC target gene is highlighted in red. (C,F) Deletion of the EC
dramatically reduces expression of the linked Sall1 (C ) or Tet1 (F ) allele. Allele-specific primers detect 129
or Cast RNA in RT-qPCR from F1 ES, ΔEC129/+, and ΔEC+/Cast clones. Expression for each allele is shown
relative to the total. Error bars represent SEM. Significant differences from the F1 ES values are indicated:
(∗∗) P < 0.01, (∗∗∗) P < 0.001.
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contain a predicted enhancer in our model; this region and the in-
tervening region between the two called super-enhancers are
sparsely bound by transcription factors (Fig. 4A). Of note, the cap-
ture-Hi-C data from Schoenfelder et al. (2015) indicated that none
of the other gene promoters within theMed13l TADdisplayed con-
tact in ES cells to the more promoter proximal predicted super-en-
hancer, suggesting that this regionwas not functioning to regulate
other genes within the Med13l TAD.

To better understand the transcriptionalmechanisms regulat-
ing Med13l, we carried out additional deletions within the up-
stream interaction domain for the Med13l promoter. We found
that deletion of EC(Med13l) reduced transcription of Med13l by
41% in cis, whereas deletion of the predicted super enhancer 60
kb upstream of Med13l had no effect on Med13l transcription

(Fig. 4B). To rule out any potential redun-
dancy between the two predicted super-
enhancers, we deleted the entire region
containing both the EC and the
super-enhancer, as well as the interven-
ing region (ΔEC/SEs) (Fig. 4). We found
that this deletion had an effect on
Med13l transcript levels that was sim-
ilar to deletion of EC(Med13l) alone, indi-
cating that the second predicted
super-enhancer does not contribute to
transcription of Med13l in ES cells. This
indicates that not all predicted super-en-
hancers are active in their endogenous
context, a finding similar to what we
have observed at the Sox2 locus where
the enhancers within the super-enhanc-
er flanking the Sox2 gene were not re-
quired for Sox2 transcription in ES cells
(Zhou et al. 2014), although selected
parts of this super-enhancer have been
shown to be involved in Sox2 regulation
in neural tissues (Ferri et al. 2004;
Iwafuchi-Doi et al. 2011).

Robust enhancers separate from

super-enhancers

Aswe found that deletion of somepredict-
ed super-enhancers had little (Macf1, Etl4)
(Table 1) or no effect (the super-enhancer
60 kb upstream of Med13l) (Fig. 4) on the
expression of proximal genes, we consid-
ered the possibility that the super-enhanc-
er prediction model may not accurately
describe the distal regulatory element
repertoire required to maintain pluripo-
tency in ES cells. We first compared our
enhancer predictions and regions bound
by multiple pluripotency-associated tran-
scription factors (MTLs≥ 5) to predicted
super-enhancers (Whyte et al. 2013). We
found that the majority of the super-en-
hancer set (88%) overlaps our predicted
enhancers or MTLs≥ 5 regions (Fig. 5A).
The remaining 28 super-enhancers which
do not overlap an MTL≥ 5 or predicted
enhancer may not represent active distal

regulatory elements. A representative of this group is the super-en-
hancer located 60 kb upstream of the Med13l promoter which,
when deleted, does not have any effect on Med13l expression (Fig.
4). In addition, 64% (18/28) of the super-enhancers which do not
overlap anMTL≥ 5 or predicted enhancer likely represent promoter
elements, as they overlap a gene promoter (TSS ± 2 kb).We also not-
ed that, although the super-enhancers were mostly contained with-
in the set of our predicted enhancers and MTL≥ 5 regions, 87% of
the predicted enhancers and 81% of the MTL≥ 5 regions were ig-
nored by the super-enhancer predictions. This finding indicates
that the super-enhancer predictions ignore a large proportion of
potentially functional regulatory regions in ES cells.

In other cell types, super-enhancers have been predicted
based on the magnitude of the H3K27ac ChIP signal (Chapuy

Figure 2. Partial enhancer cluster deletions reveal reduced effects on gene expression compared to
larger deletions. (A,D) Schematic representation of Dppa5a/Ooep (A) and Med13l (D) EC regions.
Transcription factor-bound regions (red bars) obtained from the CODEX database are shown.
Predicted enhancers (prEnh) are shown in black. The deleted enhancer cluster (ΔEC) and partial deletions
(A,B) are shown with a line that links the 5′ and 3′ gRNA targets. All data are displayed on the mm10 as-
sembly of the UCSC Genome Browser. (B) Enhancer activity was identified in a reporter assay for the −1
enhancer and the −5.8 enhancer within the EC(DppUpA) and EC(DppUpB) regions, respectively. Error
bars represent SEM. A significant difference from the promoter only vector is indicated: (∗∗∗) P <
0.001. (C,E) Partial deletion of an EC has a reduced effect on expression of the linked Dppa5a/Ooep
(C ) or Med13l (E) allele compared to the full deletion. Allele-specific primers detect 129 or Cast RNA in
RT-qPCR from F1 ES, Δ129/+, and Δ+/Cast clones. Expression for each allele is shown relative to the total.
Error bars represent SEM. Significant differences from the F1 ES values are indicated: (∗) P < 0.05, (∗∗)
P < 0.01, (∗∗∗) P < 0.001.
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et al. 2013; Hnisz et al. 2013; Khan and Zhang 2016). H3K27ac has
been suggested as an active enhancer feature (Creyghton et al.
2010); however, correlation between the magnitude of the
H3K27ac ChIP signal at specific regions and enhancer activity
has not been tested. To investigate correlation between enhancer
activity and ChIP-seq signals for features often used to predict en-
hancer regions (H3K27ac, EP300, andMED1), we cloned predicted
enhancer regions and investigated their enhancer activity in a lu-
ciferase reporter assay. We found that the best correlation to en-
hancer activity was indeed the magnitude of the H3K27ac ChIP-
seq signal (H3K27ac RPM/input) at the cloned enhancer region
(Pearson correlation coefficient r = 0.513) (Fig. 5B). Themagnitude
of theMED1 or EP300 ChIP-seq signal showed comparatively low-
er correlation to enhancer activity (Pearson correlation coefficient
r = 0.405 and r = 0.329, respectively) (Supplemental Fig. S7). Based
on this, we ranked individual MTL≥ 5 regions according to the
magnitude of the H3K27ac ChIP-seq signal in the 2 kb surround-
ing the MTL midpoint and separated these MTLs into two groups:
those found inside super-enhancers and those found outside of
super-enhancers (Fig. 5C; Supplemental Table S3). Surprisingly,
we found that individual MTL≥ 5 regions found outside of su-
per-enhancers displayed a similar range in magnitude of the
H3K27ac signal as did the ones within super-enhancers. In addi-
tion, some of the individual MTLs with the highest H3K27ac
signal were regions outside of super-enhancers. As we also found

correlation between the H3K27ac ChIP-
seq signal magnitude and enhancer ac-
tivity; this finding suggested that many
regions outside of super-enhancers have
similar, or higher, regulatory activity
than super-enhancers.

To further investigate regulatory ac-
tivity within the set of non-super-en-
hancer MTL≥ 5 regions, we paired each
MTL to the nearest TSS of an ES cell ex-
pressed gene (RPKM≥ 0.075). Based on
our enhancer luciferase data, we deter-
mined that regions with an H3K27ac
ChIP-seq signal higher than 14-fold
RPM enrichment over input were likely
to have strong enhancer activity. We
used this finding to separate MTL≥ 5 re-
gions into high and lowH3K27ac regions
(HiK27/LoK27). Consistent with our lu-
ciferase data, we found that HiK27 re-
gions were associated with genes that
were significantly more highly expressed
in ES cells compared to LoK27 (Fig. 5D).
We further subdivided the set of HiK27
regions into those found inside a super-
enhancer (HiK27SE) and those outside a
super-enhancer (HiK27nonSE) and
found that therewas no significant differ-
ence between gene expression levels for
these groups. Theseobservations indicate
that theMTLswhichare separate fromsu-
per-enhancers are equally as likely to be
associated with a highly expressed gene
as the MTLs contained within super-en-
hancers (Supplemental Table S3).

Within the HiK27nonSE set, we
identified several MTLs with predicted

target genes important for ES cell and chromatin maintenance.
Using GeneMANIA (Mostafavi et al. 2008), we identified overrep-
resented gene sets with functions in stem cell maintenance and
differentiation (Rif1, Lifr, Nodal, Ldb1, Cnot2, Chd2, Tcf7l1, Rbpj,
and Cfl1) and the Polycomb group (PcG) protein complex
(Jarid2, Mtf2, Rbbp7, and Rybp), which is important for maintain-
ing repressed and bivalent chromatin marks at genes associated
with ES cell differentiation (Supplemental Table S4; Leeb and
Wutz 2007; Pasini et al. 2007; Shen et al. 2008). We also identified
highly expressed genes involved in signaling (Map4K3, Epha4,
Epha2, and Tle4) and transcription (Trp53, Myc, Zfp42, Aff1,
Arid5b, Six4, Rai1).

To test whether the HiK27nonSEs have significant regulatory
activity, we chose two regions which contained both a predicted
enhancer in our model and at least one MTL but did not overlap
a predicted super-enhancer (Fig. 5E,F). One of these regions, a
small region of <5 kb containing oneMTL, lies upstreamof the leu-
kemia inhibitory factor receptor gene (Lifr), a gene involved in plu-
ripotency maintenance (Hirai et al. 2011). The other region lies
upstreamof Jarid2 and is an extended EC containing three separate
regions with predicted enhancer activity, two of which contain
MTLs. In both cases, we found that the deletion caused a signifi-
cant reduction in transcription of the target gene, with levels re-
duced by 90% or 88% for Lifr and Jarid2, respectively (Fig. 5G,H).
This effect is comparable to the effects we saw for deletion of the

Figure 3. Transcriptional control of Dppa5a and Ooep by multiple enhancers. (A) Schematic repre-
sentation of the Dppa5a/Ooep locus. Transcription factor-bound regions (red bars), MED1 and
H3K27ac ChIP-seq and RNA-seq data obtained from the CODEX database are shown. Predicted en-
hancers (prEnh) and called super-enhancers (SEs) are shown in black. The deleted enhancer clusters,
ΔEC(DppUp) and ΔEC(DppDn), are shown with a line that links the 5′ and 3′ gRNA targets. All data
are displayed on the mm10 assembly of the UCSC Genome Browser. (B) Deletion of EC(DppDn) in
clones carrying a homozygous deletion of EC(DppUp) greatly affects expression of the linked
Dppa5a and Ooep alleles. Allele-specific primers detect 129 or Cast RNA in RT-qPCR from F1 ES,
Δ129/+, Δ+/Cast, and Δ129/Cast clones. Expression is shown relative to the F1 ES 129 value. Error bars rep-
resent SEM. Significant differences from the F1 ES values are indicated: (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗)
P < 0.001. Significant differences from the parent ΔEC-Up129/Cast clone are indicated: (ΟΟ) P < 0.01,
(ΟΟΟ) P < 0.001.
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two super-enhancers (Sall1 and Tet1) which had the most signifi-
cant deletion-mediated effect on the expression of their target
genes. Together, these data reveal the functional importance of
theHiK27nonSE regions and indicate that the super-enhancer pre-
dictions ignore important regulatory elements with robust en-
hancer activity by focusing on linear clustering in the genome.

Coordinated regulation of paralogs in a gene cluster

In the case of the predicted enhancers surrounding Dppa5a, we
found that multiple regions coordinately regulate two genes,
Dppa5a and Ooep. Dppa5a and Ooep belong to a family of structur-
ally related proteins that are characterized by an atypical KH

domain (Pierre et al. 2007; Wang et al. 2012). To investigate the
possibility that other clusters of related genes may be coordinately
regulated, we looked for related genes linked to enhancers in the
set of high H3K27ac MTL≥ 5 and identified two sets of gene para-
logs: Ifitm and Six; notably, these enhancers did not overlap a pre-
dicted super-enhancer (Whyte et al. 2013).

Themouse Ifitm gene cluster on Chromosome 7 contains five
paralogs, three of which (Ifitm1, Ifitm2, and Ifitm3) are expressed in
EScells (Fig. 6A) andare involved ingermcell development (Tanaka
et al. 2005; Lange et al. 2008). The Six familymembers are involved
in embryonic development of multiple organs (Li et al. 2002; Xu
et al. 2003; Konishi et al. 2006). In the mouse genome, the Six
gene cluster on Chromosome 12 contains three paralogs, two of
which (Six1, Six4) are expressed in ES cells (Fig. 6B). Similar to the
phylogenetically related Dppa5a and Ooep genes, both the Ifitm
and Six genes display evidence for their co-evolution, as their syn-
teny has been maintained across several vertebrate species (Ozaki
et al. 1999; Hickford et al. 2012; Zhang et al. 2012).

Both the Ifitm and Six gene clusters include at least one pre-
dicted enhancer containing an MTL; the Ifitm EC contains two
MTLs separated by 2.6 kb, whereas the Six enhancer contains
oneMTL bound by seven transcription factors. To evaluate the po-
tential regulatory roles of these regions on the genes that surround
them, we deleted each region and evaluated the consequent
changes in expression of the expressed genes within the gene clus-
ter. Deleted clones containing a homozygous (Fig. 6C,D) or hetero-
zygous (Supplemental Fig. S8) deletion revealed that indeed all the
expressed genes in the gene cluster were regulated by the EC or en-
hancer. Furthermore, the reduction in expression was 59%–86%
and 73%–90%, respectively, for the expressed genes within the
Ifitm and Six gene clusters, revealing regulatory activity similar to
the Lifr and Jarid2 non-super-enhancer distal regulatory regions
we identified. Taken together, these data reveal that enhancers
have regulatory activity which is as intense as the most active su-
per-enhancers and furthermore, that regulatory control of multi-
ple genes is not restricted to super-enhancer clusters.

Discussion

Algorithm-based enhancer prediction models such as
ChromHMM, ROSE, MARGE, and super-enhancer predictions
claim to identify enhancers controlling cell identity (Ernst and
Kellis 2012; Loven et al. 2013; Whyte et al. 2013; Wang et al.
2016); however, the vast majority of these predictions remain
functionally unexplored. This enhancer deletion study in ES cells
revealed that, in some cases, transcriptional regulation of a single
gene (Sall1, Tet1, Lifr, Jarid2) or gene cluster (Dppa5a/Ooep, Ifitm,
and Six) was almost entirely dependent on the EC or isolated en-
hancer. This robust regulatory activity was found both for regions
called as super-enhancers and for regions not called as super-en-
hancers in ES cells; however, all of the regions with higher regula-
tory activity (1) contained predicted enhancers from our model
(Chen et al. 2012), (2) were bound by multiple transcription fac-
tors, and (3) displayed high H3K27ac for at least one of their
MTL regions. We also identified several cases where over 60% of
the transcript levels for the most affected target gene remained af-
ter EC deletion, indicating a wide range in the functionality of ECs
and predicted super-enhancers.

Deletion of several enhancer regions revealed that they gener-
ally regulate the expression of one target gene in cis (11 of 15 cas-
es); we did, however, find a few cases (four of 15) inwhichmultiple
genes were coregulated by common enhancers. This appeared to

Figure 4. The Med13l locus contains a required enhancer cluster and a
dispensable super-enhancer. (A) Schematic representation of Med13l lo-
cus. Transcription factor-bound regions (red bars), MED1 and H3K27ac
ChIP-seq and RNA-seq data obtained from the CODEX database are
shown. Predicted enhancers (prEnh) and called super-enhancers (SEs)
are shown in black. The deleted regions (ΔEC and ΔSE) are shown with a
line that links the 5′ and 3′ gRNA targets. All data are displayed on the
mm10 assembly of the UCSC Genome Browser. (B) Deletion of ΔEC but
not ΔSE significantly affects the expression of the linked Med13l allele.
Allele-specific primers detect 129 or Cast RNA in RT-qPCR from F1 ES,
Δ129/+, and Δ+/Cast clones. Expression for each allele is shown relative to
the total. Error bars represent SEM. Significant differences from the F1 ES
values are indicated: (∗∗∗) P < 0.001.
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occur for clusters of related genes and was not a phenomenon re-
stricted to super-enhancers. In the case of the super-enhancer sur-
rounding Dppa5a, we found that multiple regions coordinately
regulated both Dppa5a and Ooep. Dppa5a expression is an impor-
tantmarker of pluripotency which has been used to identify repro-
grammed cells (Kim et al. 2005; Aoki et al. 2010; Lee et al. 2014).

Although the prominent role of Ooep is
in oocytes, it is also expressed in ES cells
and coordinately regulated with Dppa5a
during reprogramming (Tashiro et al.
2010; Tran et al. 2015). This coordinated
regulation during reprogramming may
be due to regulation of both genes by
the same cluster of enhancers surround-
ing Dppa5a, characterized here by en-
hancer deletion analysis. Based on the
coordinated regulation of Dppa5a and
Ooep, whose expression products are
structurally related proteins, we hypoth-
esized that genes with common function
or related originmay be similarly regulat-
ed by common enhancers; we identified
two such clusters of genes: Ifitm and Six.
Interestingly, these two enhancers were
not in the set of regions previously iden-
tified as super-enhancers, indicating that
control of gene clusters can be achieved
by non-super-enhancer regions and
even a single MTL region, as is the case
for the enhancer within the Six locus.

In addition to the variable regulato-
ry activity we observed for super-enhanc-
ers, we also found examples where single
enhancers, or other regions not classified
as super-enhancers, had regulatory activ-
ity that was as intense as a super-enhanc-
er region; for example, the Lifr enhancer
and the Sall1 super-enhancer have simi-
lar regulatory activity with respect to
their target genes. Our enhancer deletion
data, which revealed an equivalent regu-
latory role for enhancers compared to su-
per-enhancers, are supported by recent
computational analyses. Finucane et al.
(2015) investigated links between classes
of functional elements and the heritabil-
ity of complex diseases and observed en-
richment for SNPs located in enhancers
but failed to find a significant difference
between super-enhancers and enhanc-
ers. In addition, investigation into DHSs
associated with changes in gene expres-
sion in hematopoietic cells at several dif-
ferentiation stages revealed that super-
enhancers were enriched in the set of
DHSs linked to genes with dynamic ex-
pression levels across the differentiation
process; however, super-enhancers ac-
counted for only ∼30% of the identified
regulatory regions predicted to drive the
expression of this class of genes
(Gonzalez et al. 2015). Our analysis also

revealed that the super-enhancer prediction model in ES cells ig-
nored 81% of the potentially active regulatory elements predicted
by cobinding of five ormore pluripotency-associated transcription
factors. As we also found, through deletion analysis, that regions
from this MTL group were indeed required for transcription of im-
portant genes in ES cells (Lifr, Jarid2, the Ifitm and Six gene

Figure 5. Robust enhancers separate from super-enhancers. (A) Venn diagram describing the overlap
between predicted enhancers (prEnh), multiple transcription factor-bound loci (MTLs≥ 5) and super-en-
hancers (SEs). (B) The significant correlation between enhancer activities in a luciferase reporter assay and
the H3K27ac ChIP-seq signal at these enhancer regions. Pearson correlation coefficient (r) and signifi-
cance level (P) are shown. (RPM) Reads per million. (C ) MTLs outside and inside of super-enhancers
were ranked according to the intensity of the H3K27ac signal within a region ±1 kb of theMTLmidpoint.
Genes predicted to be regulated by the indicated MTL regions located outside of super-enhancers (red)
are shown. (D) MTLs with high H3K27ac (HiK27) are associated with significantly higher ([∗∗∗] P < 0.001)
expression of their target genes than MTLs with low H3K27ac (LoK27). There is no significant difference
(ns) between the expression of associated genes for MTL with high H3K27ac found inside (HiK27SE) or
outside of super-enhancer (HiK27nonSE) regions. (E,F ) Schematic representation of the Lifr and Jarid2
loci. Transcription factor bound regions (red bars), MED1 and H3K27ac ChIP-seq and RNA-seq data ob-
tained from the CODEX database are shown. Predicted enhancers (prEnh) are shown in black. The de-
leted regions (ΔE and ΔEC) are shown with a line that links the 5′ and 3′ gRNA targets. All data are
displayed on the mm10 assembly of the UCSC Genome Browser. (G,H) Deletion of the Lifr enhancer
(ΔE) or the Jarid2 enhancer cluster (ΔEC) significantly affects the expression of the linked allele. Allele-spe-
cific primers detect 129 or Cast RNA in RT-qPCR from F1 ES, Δ129/+, and Δ+/Cast and Δ129/Cast clones.
Expression is shown relative to the F1 ES 129 value. Error bars represent SEM. Significant differences
from the F1 ES values are indicated: (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001.
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clusters), we conclude that the super-enhancer prediction model
ignores a large number of functional regulatory regions in ES cells
and overemphasizes the importance of clustered enhancers com-
pared to isolated enhancers.

Whereas our deletion data did not reveal increased regulatory
activity of super-enhancers compared to enhancers, it did deter-
mine that these regions function in a partially redundant manner
to control transcriptional output of their target genes. The dissec-
tion of two functional enhancer clusters determined that deletion
of individual regions containing MTLs had a subtle effect on the
one (Med13l) or two (Dppa5a/Ooep) genes they regulated. Had
these regions been completely redundant enhancers, wild-type
transcriptional output would have been maintained (Lam et al.
2015); therefore, the enhancers within the enhancer clusters that
we studied acted in a partially redundant manner. Interestingly,
we did not find a case where removal of one enhancer eliminated
expression of the target gene. Similarly, individual deletion of
three constituent enhancers of the Wap super-enhancer revealed
their partially redundant role in regulating transcription of Wap
(Shin et al. 2016). Furthermore, Hay et al. (2016) showed by dele-
tions within the Hba super-enhancer that each constituent en-
hancer acts independently in an additive manner to regulate
expression of Hba genes in vivo. In ES cells, deletion of
Dppa5aEC-Up or Dppa5aEC-Dn alone caused only a 36% and
16% reduction, respectively, in the levels of Dppa5a; deletion of
both regions caused a 99% reduction. Deletion of both enhancer
regions has a greater effect than deletion of either region alone;
this is contrary to synergistic action where both regions would to-

gether be required for high activity, and
conversely, sole deletion of either ele-
ment would greatly affect gene expres-
sion and produce a result more similar
to the effect of deleting both elements to-
gether. In fact, for ECs studied here, the
action of multiple enhancers was usually
observed to be less than additive and
therefore partially redundant. The one
exception to this was the action of the
EC(DppUp) region on Ooep. Loss of this
region caused a 92% reduction in tran-
script levels for Ooep, and although the
EC(DppDn) region was able to partially
compensate for the loss of EC(DppUp)
with respect to Dppa5a transcription, it
has a more limited role in regulating
Ooep. Functional redundancy of enhanc-
ers has been observed in other contexts;
for example, in the Drosophila genome,
they have been termed shadow enhanc-
ers and have been suggested to allow for
evolutionary variation in expression lev-
els or developmental patterns while
maintaining critical expression of their
target genes (Jeong et al. 2006; Hong
et al. 2008; Frankel et al. 2010; Perry
et al. 2010; Cannavo et al. 2016). In addi-
tion, redundant enhancers have been ob-
served in mammalian genomes where
they can function to coordinately main-
tain a critical threshold of expression
andmay in some cases buffer genetic var-
iation across populations (Xiong et al.

2002; Werner et al. 2007; Corradin et al. 2014; Ruiz-Narvaez
2014; Lam et al. 2015). Based on our data, we propose that the en-
semble of enhancers within a super-enhancer do not regulate
higher transcription of their target genes compared to enhancers
or act synergistically with each other but serve as partially redun-
dant regulatory elements that allow for flexibility in cis-regulatory
control that can fine tune transcriptional output of a target gene.

It is important to identify all regulatory regions active in a par-
ticular cell type and accurately assign the ensemble of enhancers to
the gene or genes they regulate. As the super-enhancer prediction
approach relies solely on genomic proximity for grouping ele-
ments and assigning them to a target gene, it is unlikely to account
for the position variance in regulatory control possible for enhanc-
er-type regulatory elements. Super-enhancers have been predicted
by various algorithms which group together larger regions of rela-
tively continuous H3K27ac signal or more discrete binding events
such as enrichment of MED1 or transcription factor binding with-
in a distance cutoff (Chapuy et al. 2013; Hnisz et al. 2013; Loven
et al. 2013; Whyte et al. 2013). It is possible that by clustering en-
hancers simply by their position in the genome, separate enhanc-
ers required to regulate different genes could be grouped together.
Conversely, enhancers which regulate the same gene or group of
genes could be ignored as a regulatory cluster if they exceed the ar-
bitrary distance cutoff employed. The Etl4 locus is a good example
of this; the entire gene contains 11 MTL regions, three of which
overlap the called super-enhancer (Supplemental Fig. S3). As we
found that deletion of the three MTLs in the super-enhancer re-
gion only reduced transcription by 18%, it is possible that

Figure 6. Coordinate control of paralogs in a gene cluster. (A,B) Schematic representation of the Ifitm
and Six loci. Transcription factor-bound regions (red bars), MED1 and H3K27ac ChIP-seq and RNA-seq
data obtained from the CODEX database are shown. Predicted enhancers (prEnh) are shown in black.
The deleted regions (ΔEC and ΔE) are shown with a line that links the 5′ and 3′ gRNA targets. All data
are displayed on themm10 assembly of the UCSC Genome Browser. (C,D) Deletion of the Ifitm enhancer
cluster (ΔEC) or the Six enhancer (ΔE) significantly affects transcription of the expressed genes in the clus-
ter. Allele-specific primers detect 129 or Cast RNA in RT-qPCR from F1 ES and Δ129/Cast clones. Expression
is shown relative to the F1 ES 129 value. Error bars represent SEM. Significant differences from the F1 ES
values are indicated: (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001.
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additional MTLs throughout the gene act in a redundant manner
with these enhancers to activate transcription of Etl4. We propose
that a more appropriate approach to predicting the ensemble of
enhancers that coordinately regulate a specific gene or group of
genes would first involve identifying individual enhancers using
an integrative model (Chen et al. 2012; Ernst and Kellis 2012;
Fernandez and Miranda-Saavedra 2012; Rajagopal et al. 2013), or
theMTL approach (Chen et al. 2008; Yip et al. 2012), ranking their
predicted strength using themagnitude of the H3K27ac signal and
then assigning each enhancer to its target gene(s) based on either
chromatin loop architecture data (Li et al. 2012; Hughes et al.
2014; Rao et al. 2014; Schoenfelder et al. 2015) or using a model
that predicts enhancer-gene interactions (Corradin et al. 2014;
Roy et al. 2016; Whalen et al. 2016). Regulatory predictions, how-
ever, must be followed by functional testing using an enhancer
deletion approach to reveal the contribution each enhancer region
makes to the regulation of a particular gene or group of genes.

Methods

Cas9-mediated deletion

Cas9-mediated deletions were carried out as previously described
(Zhou et al. 2014; Moorthy and Mitchell 2016). Briefly, F1 mouse
ES cells (M. musculus129 ×M. castaneus, obtained from Barbara
Panning) were cultured on 0.1% gelatin-coated plates in ES media
(DMEM containing 15% FBS, 0.1 mM MEM nonessential amino-
acids, 1 mM sodium pyruvate, 2 mM GlutaMAX, 0.1 mM 2-mer-
captoethanol, 1000 U/mL LIF, 3 µMCHIR99021 [GSK3β inhibitor;
Biovision], and 1 µM PD0325901 [MEK inhibitor; Invitrogen]),
which maintains ES cells in a pluripotent state in the absence of
a feeder layer (Mlynarczyk-Evans et al. 2006; Ying et al. 2008).

Cas9 targeting guides flanking predicted enhancer regions
were selected (Supplemental Table S5). Only gRNAs predicted to
have no off-target binding in the F1 mouse genome were chosen.
Guide RNA plasmids were assembled using the protocol described
by Mali et al. (2013). Briefly, two partially complementary 61-bp
oligos were annealed and extended using Phusion polymerase
(New England Biolabs). The resulting 100-bp fragment was assem-
bled into an AflII-linearized gRNA empty vector (Addgene,
ID#41824) using the Gibson assembly protocol (New England
Biolabs). The sequence of the resulting guide plasmid was con-
firmed by sequencing.

F1 ES cells were transfected with 5 µg each of 5′ gRNA, 3′

gRNA, and pCas9_GFP (Addgene, ID#44719) (Ding et al. 2013)
plasmids using the Neon Transfection System (Life Technologies).
Forty-eight hours post-transfection, GFP-positive cells were col-
lected and sorted on a BD FACSAria. Ten thousand to twenty thou-
sand GFP positive cells were seeded on 10-cm gelatinized culture
plates and grown for 5–6 d until large individual colonies formed.
Colonies were picked and propagated for genotyping and gene ex-
pression analysis as previously described (Zhou et al. 2014; Moor-
thy and Mitchell 2016). Genotyping of enhancer deletions was
done by qPCR with allele-specific primers. All deletions were con-
firmed by sequence analysis using primers 5′ of and 3′ from the
gRNA target sites; SNPs within the amplified product confirmed
the genotype of the deleted allele.

Allele-specific RNA-seq

Total RNA was isolated using TRIzol (Life Technologies), RNA was
DNase I-treated, and sequencing libraries were prepared using the
NEBNext mRNA Library Prep Reagent Set for Illumina and ana-
lyzed by multiplexed massively parallel sequencing (strand-specif-

ic paired-end 150 bp). Supplemental Table S6 contains a list of all
clones analyzed by RNA-seq. Paired-end reads were mapped to the
mouse genome using TopHat2 running Bowtie 2 (Langmead
et al. 2009; Trapnell et al. 2009; Langmead and Salzberg 2012;
Kim et al. 2013). To prevent allelic bias, mapping was carried out
to the M. musculus129 or M. castaneus genome generated from
the GRCm38/mm10 reference by SNP substitution using variant
files provided by the Sanger Mouse Genomes Project (Keane
et al. 2011). Mapped reads were split into 129, castaneus, or un-
known using variant data to allow allele-specific quantification
of transcripts. Only variant bases sequenced with Phred score >
20 (on standard 33 offset) were considered for allele calling.
Transcript quantification and χ2 statistical analysis were done in
SeqMonk (http://www.bioinformatics.babraham.ac.uk/projects/
seqmonk/).

RNA isolation and gene expression analysis by RT-qPCR

Total RNA was purified from >85% confluent six-well plates using
the RNeasy Plus Mini Kit (Qiagen), and an additional DNase I step
was used to remove genomic DNA. RNA was reverse-transcribed
with random primers using the high-capacity cDNA synthesis kit
(Thermo Fisher Scientific).

Gene expression was monitored by qPCR using allele-specific
primers that distinguish 129 from castaneus alleles (Supplemental
Fig. S9). The standard curve method was used to calculate expres-
sion levels, with F1 ES cell genomic DNA used to generate the stan-
dard curves. In the case of Ifitm2 F1, genomic DNA produced
nonspecific amplification products; F1 ES cell cDNA, which pro-
duced only the specific amplicon, was therefore used to generate
the standard curve. Levels of Gapdh RNA were used to normalize
expression values; primer sequences are shown in Supplemental
Table S7. All samples were confirmed not to haveDNA contamina-
tion by generating a reverse transcriptase negative sample and
monitoring Gapdh amplification. Significant differences in gene
expression between clones were determined by t-test.

Enhancer validation

Enhancerswere predicted based on themethoddeveloped inChen
et al. (2012) with the following alteration: 1-kb regions were tiled
by 700 bp across the genome, and predictions were made for
each of these regions. Predictions above a probability of 0.8 were
mapped to mm10 using liftOver (Supplemental Table S8).
Activity of predicted enhancer candidates (primer sequences pro-
vided in Supplemental Table S9) was assayed using a dual luciferase
reporter assay (Promega). The pGL4.23 vector was modified by re-
placing the Pmin promoter with a Pou5f1 promoter. The Pou5f1
promoter was amplified from mouse genomic DNA using the
following primers: pPou5f1_F 5′-GCAGTGCCAACAGGCTTTG
TGG-3′, pPou5f1_R 5′-CCATGGGGAAGGTGGGCACCCCGA
GC-3′, and inserted into pJET1.2. The Pou5f1 promoter was re-
moved from pJET1.2 with an XhoI/NcoI digest and inserted into
pGL4.23 at the XhoI/NcoI sites after removal of the Pmin promot-
er by XhoI/NcoI digest. PCR-amplified enhancer candidates were
inserted downstream from the firefly luciferase gene at the NotI
site in the pGL4.23 vector and cotransfected with a Renilla lucifer-
ase encoding plasmid (pGL4.75) into F1 ES cells on 96-well plates.
Luciferase activity (firefly/Renilla) wasmeasured on the Fluoroskan
Ascent FL plate reader. H3K27ac (GSE47949), MED1 (GSE22557),
and EP300 (GSE28247) ChIP-seq data (Kagey et al. 2010;
Handoko et al. 2011; Wamstad et al. 2012) for mouse ES cells
were mapped using Bowtie (Langmead et al. 2009), and reads per
million (RPM)/input for each factor was compared to luciferase ac-
tivity data.
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ES cell transcription factor ChIP-seq data for POU5F1(OCT4),
SOX2, NANOG, KLF4, KLF2, ESRRB, SMAD1, STAT3, and TFCP2L1
(TCFCP2L1) was obtained from the CODEX database (Sanchez-
Castillo et al. 2014) and used to identify MTL regions. MTL≥ 5 re-
gionswere obtained by identifying at least five unique factor ChIP-
seq peak overlaps within 1 kb of the first peak. MTL regions were
ranked by the intensity of the H3K27ac signal in the 2 kb sur-
rounding the MTL midpoint. Gene expression data for F1 ES cells
were obtained from our RNA-seq data by calculating RPKM (reads
per kilobase per million) from all mapped reads; genes with an ex-
pression value of <0.075 RPKM were considered not expressed in
ES cells.

Data access

The data from this study have been submitted to the NCBI Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)
(Edgar et al. 2002) under accession number GSE79313.
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