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Technique Plasmid/Chromatin Length of element 
tested Elements

In-vitro transcription 
(Shendure, Nat. 
Biotech, 2009)

In-vitro (100K) 200 bp / 3-4 promoters Effect of variants

MPRA (Tarjei, Nature 
Biotech, 2012)

Plasmid/ human cells 
(40K) - RNAseq 87 bp / 2 enhancers Effect of variants 

(indels/subs)

MPFD (Shendure, Nat. 
Methods, 2012) Plasmid/ mouse 1kb /3-4 enhancers Effect of variants

eFS (Bulyk, Nat. 
Methods, 2013)

Genome/fly  
1 clone per cell 1 kb/ ChIP-seq of TF Finding enhancers

STARR-Seq (Stark, 
Nature, 2013)

Plasmid/fly  600 bp/whole genome Finding enhancers

CRE-Seq (Cohen, 
Genome Res, 2014) Plasmid/human 132 bp/chromHMM and 

Segway Accuracy of predictions

FIREWACh (Dailey, 
Nature Methods, 2014)

Genome/mouse  
1 clone per cell 100-300bp/DNase Finding enhancers

SIF-Seq (Pennacchio, 
Nature Methods, 2014)

Genome/mouse  
1 clone per cell

1-2 kb/specific regions 
of genome Finding enhancers

A number of massively parallel assays have been developed 
in the last 5 years for testing enhancer activity

2



Pros and cons of method

All methods do not contain 3D information of native chromosome.
All methods do not work for cooperative enhancers.
These methods are not sensitive (negatives may be positives).

Methods that work for plasmids do not contain epigenetic information.
Methods that work with integration into genome can contain noise due 
to random insertion into functional regions (repetition is key).
Methods that reduce the tested region to < 500 bp are seriously limiting 
for mammalian enhancers.

These assays are the only tests for high-throughput functional 
enhancer validation or for measuring the effect of sequence on these 
enhancers.
All these methods are supposed to be specific (so a positive is 
presumably a functional enhancer).
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genes and in addition having one of the following features: regions 
identified by ChIP6 as bound by at least one of the somatic meso-
derm transcription factors Twist (Twi), Tinman (Tin) or Myocyte 
enhancing factor 2 (Mef2); regions identified as bound by the 
transcriptional coactivator CREB binding protein (CBP)16,17; 
regions containing DNase I–hypersensitive sites (DHS)18; dense 
clusters of evolutionarily conserved motif occurrences for meso-
dermal transcription factors19; and additional regions surround-
ing mesodermal genes not covered by the aforementioned features 
(Supplementary Note 2).

eFS experiments
In our cCRM plasmid library, each cCRM flanked by attL sites was 
cloned into a vector that contains attR sites for Gateway cloning, 
the phiC31 attB site, the mini-white (mini-w) gene and a reporter 
cassette comprising the Hsp70 minimal promoter driving expres-
sion of a nuclear localization signal–tagged EGFP gene with an 
SV40 polyadenylation sequence. We injected the library into two 
batches of Drosophila embryos carrying a single phiC31 attP site 
on the second chromosome. This strain of flies expresses a nuclear- 
localized phiC31 integrase under the control of the nanos (nos) 
promoter, which causes mRNA to be produced during oogenesis 
and deposited in the egg before fertilization. The recombination 
of an attP and an attB site, mediated by the phiC31 integrase, pro-
duces an attL and an attR site (distinct from and not cross-reacting 
with those used in the Gateway system), which are not themselves 
substrates for the integrase; thus, integration is nonreversible and 
one integration event destroys the attP site used, preventing any 
further events at that genomic locus. Each resulting embryo has 
one GFP reporter under the control of one cCRM integrated at 
the same genomic site by the phiC31 integrase20. Use of a site-
specific integrase avoids artifacts that would result if more than 
one cCRM were present in a cell and also avoids potential position 
effects on enhancer activity. In the first batch, we injected ~3,500 
embryos and crossed transformant males (selected by eye color) 
to females from two different CD2 lines to identify enhancers 
active in distinct tissues: twi:CD2 for whole mesoderm, and I-ED5: 
CD2 (Mef2-I-ED5:CD2) for a subset21 of largely fusion-competent  
myoblasts (FCMs). In the second batch, we injected ~4,500 
embryos and crossed transformant males to duf:CD2 females to 
identify activity in somatic mesoderm founder cells22.

At developmental stages 11–12, we dissociated embryos and 
purified them by FACS. From the twi:CD2 embryos, we collected 
~315,000 GFP+CD2+ cells and ~198,000 GFP+CD2− cells as well 
as 1 × 106 ‘input’ cells regardless of GFP status (Online Methods, 
Fig. 1b, Supplementary Fig. 2 and Supplementary Table 2). 
We collected fewer GFP+CD2+ cells from the Mef2-I-ED5:CD2 
and duf:CD2 embryos (Supplementary Table 2) because the 

Mef2-I-ED5 enhancer is active in ~50-fold fewer cells than the 
twi enhancer, which is active in roughly 50,000 cells at this stage, 
whereas the duf enhancer is active only in most of the 660 founder 
cells per embryo, nearly an order of magnitude fewer cells than 
for the Mef2-I-ED5 enhancer.

We extracted genomic DNA from the collected cells, amplified 
the cCRMs by PCR and sequenced the resulting amplicons on 
the Illumina platform. We mapped the sequencing reads (Fig. 1c  
and Supplementary Table 3) to the D. melanogaster genome 
using segemehl software23 (Supplementary Fig. 3). We detected 
213 and 400 cCRMs (false discovery rate (FDR) < 5 × 10−5; Online 
Methods) as having integrated into the fly genome from the  
first and second batches of injections, respectively. The greater 
number of cCRMs detected from the second batch was likely due 
to the fact that we collected transformant progeny from more 
injected embryos.

To evaluate the enhancer activity of the detected cCRMs, we 
calculated each cCRM’s enrichment in a particular cell population 
as compared to the corresponding ‘input’ sample (Fig. 1a) using 
DESeq software24. The input sample provides information on the 
baseline read counts resulting from cCRM representation in the 
embryo populations. In control experiments CD2+ and CD2− 
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Figure 1 | eFS methodology. (a) Overall design of eFS. (b) FACS of 
GFP+CD2+ cells prepared from embryos resulting from a cross of Mef2- 
I-ED5:CD2 females to cCRM library transgenic males (top) and wild-type 
(GFP−) males (bottom). Plotted is yellow (‘PE-A’) versus green (‘FITC-A’) 
fluorescence for cells that pass the CD2+ gate out of 106 cells prepared 
from embryos. Percentages indicate fraction of cells called GFP+ (in the 
depicted polygonal FACS gate) or GFP− (outside the depicted FACS gate). 
(c) Representative example of a cCRM, surrounded by native genomic 
flanking sequence, detected by eFS. (d) Enrichment ratios for cCRMs in 
twi:CD2− cells, as compared to twi:CD2+ cells. Large points: Padj < 0.1 
(significantly enriched); small points: Padj > 0.1. 

eFACS-seq (eFS) study design

- Enhancer candidates chosen by ChIP-Seq of 
mesoderm-specific TF-binding sites. 

- Each candidate is approximately 1kb long.  
- Each candidate cloned upstream of Hsp70 promoter 

and EGFP gene. A second gene added in tissue 
specific manner to ensure that they can identify tissue-
specific enhancers. Both genes integrated into host 
genome.  

- 100s of candidates in each tissue. 
- Only one clone gets integrated per cell. 
- 61 traditional enhancer assays with majority reporting 

enhancer activity. 
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(H3K4me1), H3K4 trimethylation (H3K4me3), H3K79me3 and 
occupancy by RNA polymerase II26–29 were enriched (area under 
receiver operating characteristic curve (AUC)  0.6, P < 0.05 by 
Wilcoxon-Mann-Whitney U test) among enhancers found to be 
active in mesoderm by eFS (Fig. 4a). However, in contrast to a 
prior report that H3K27me3 was depleted among active mesoder-
mal enhancers26, we found H3K27me3 to be enriched among meso-
dermal enhancers. We also observed enrichment of H3K27ac, 
H3K4me1 and H3K9ac when comparing modENCODE data  
for 4–8-h whole embryos17 to active enhancers identified by  
eFS in duf:CD2− cells, which approximate whole embryo sam-
ples (Fig. 4b and Supplementary Note 3). Although H3K9ac is 
known as a mark of active transcription start sites30, our observed  
enrichment of H3K9ac among active enhancers supports the 
observation of H3K9ac in the ‘strong enhancer’ chromatin state 
in human cells31.

Our enhancer data allowed us to investigate which genomic 
data types6,16–18 provide the greatest utility in identifying enhanc-
ers. Occupancy by sequence-specific transcription factors  
(Twi, Tin, Mef2, Bagpipe (Bap) and Biniou (Bin)) expressed  
specifically in the mesoderm was most enriched among active 
mesodermal enhancers (Fig. 4c and Supplementary Fig. 6). 
DHSs18 were nearly as enriched as enhancer-associated histone 
modifications (Fig. 4b, Supplementary Fig. 6). Among enhancers 
found in whole mesoderm, we observed the greatest enrichment 
for regions bound by Tin at 2–4 h (stages 5–7), suggesting that Tin 
might be a pioneer factor32 that premarks mesodermal enhanc-
ers that are active later in development. These same Tin-bound 
enhancers exhibited enhanced Tin binding at 4–6 h (stages 8–9; 
data not shown) and were consistent with tin being essential for 
specification of ventral founder cells33 and also with tin activity 
and putative Tin binding sites being required for the activity in 
ventral muscle progenitors of an enhancer that does not become 
expressed until after Tin protein expression has become restricted 
to the dorsal mesoderm34. Our observed enrichment of Mef2, 
Twi and Tin occupancy at 4–6 h or 6–8 h (stages 10–11) among 
enhancers identified from Mef2-I-ED5:CD2+ cells supports the 
role of Mef2, Twi and Tin in regulating FCM genes coordinately 
with Lameduck (Lmd)35.

Enrichment of transcription factor binding site motifs
We separately analyzed each of the three sets of eFS-identified 
mesodermal enhancers (whole mesoderm, FCMs or founder 
cells) for over-represented motifs and pairwise motif combina-
tions that might be required for enhancer activity. We used the 
PhylCRM and Lever algorithms19 to determine enrichment of 
matches, scored according to their evolutionary conservation, 
to 567 publicly available Drosophila transcription factor binding  

site motifs6,35–38 (Online Methods). Many motifs were signifi-
cantly enriched (AUC  0.65, FDR  0.1) either individually  
or in pairwise combination (Fig. 5a, Supplementary Figs. 7  
and 8, and Supplementary Table 7) for the whole-mesoderm 
and FCM enhancers.

For each of these two sets of enhancers, we observed strong 
enrichment of the primary, known master regulator of that cell 
population: Twi for whole mesoderm39 and Lmd for FCMs21,40. 
We found motifs for other known mesodermal regulators in 
enriched combinations, including Bap, Lola-PC and Mef2 in 
whole mesoderm, and Twi and Mef2 in FCMs. We also saw strong 
enrichment of motifs for sequence-specific DNA-binding proteins 
z, grh and Trl (also known as GAGA factor (GAF)) that participate 
in recruitment of chromatin-modifying PcG and trxG proteins41, 
supporting prior findings of the enrichment of the z and/or Trl 
motifs among regions bound by Mef2, Twi or Tin in ChIP- 
microarray studies42. For the eFS-identified founder cell enhanc-
ers, no individual motifs or combinations thereof met our statistical  
significance criteria of AUC  0.65 and FDR  0.1, although a few 
combinations for known and candidate mesodermal regulators 
narrowly missed our thresholds (Supplementary Table 7).

FCM enhancers exhibited enrichment for a variety of motifs 
(among them Twi and Trl) in combination with a Lmd motif, 
supporting the previously observed enrichment of these motifs 
in Lmd ChIP-sequencing (ChIP-seq) peaks35. We also observed 
many significantly (AUC  0.65, FDR  0.1) enriched motif com-
binations (many involving the uncharacterized zinc-finger pro-
tein CG7928) not found in the Lmd ChIP-seq study35. As eFS data 
are not constrained by occupancy by a particular transcription 
factor, they allow for more unbiased identification of regulatory 
motifs. We also observed enrichment of many motif combinations 
comprising a master regulator and a factor with either ubiquitous 
or mesoderm-specific expression at the appropriate stage but no 
known role in mesoderm development (for example, schlank  
and Lola-PK), suggesting previously unidentified regulators of 
mesodermal expression (Fig. 5a and Supplementary Fig. 7).

Classifier to predict mesodermal enhancer activity
We developed a machine learning approach to model whether 
cCRMs will be active or inactive in the mesoderm or specifi-
cally in FCMs. We selected the mesodermal transcription factor 
binding site motifs, independently in tenfold cross-validation  
(we split cCRMs into ten equally sized sets, and in each of ten iter-
ations we used 90% of the sets to learn discriminatory motifs and 
withheld the remaining 10% for subsequent testing as described 
below), that were most discriminatory in distinguishing active 
versus inactive cCRMs (Online Methods). We then trained a naive 
Bayes classifier43 (Fig. 5b) based on the number and quality of 

Figure 4 | Enrichment of various genomic  
marks among eFS-identified enhancers. 
Enrichment of the indicated genomic features 
(DHS, histone modifications, transcription 
factor (TF) ChIP binding) associated with  
active enhancers in whole mesoderm  
(a,c; twi:CD2+) or approximately whole  
embryos (b; duf:CD2−). *P < 0.05, Wilcoxon-
Mann-Whitney U test. Error bars, 1 s.d. 
Developmental time points relative to egg 
deposition are indicated. 

In addition to activating marks, repressive marks can also 
be enriched in positives.

eFACS-seq (eFS) results
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RESULTS
SIF-seq accurately identifies mouse ES cell enhancers
For the de novo identification of mouse ES cell enhancers, we 
constructed two enhancer test libraries by shearing two bacterial 
artificial chromosomes (BACs) containing loci of interest into 
~1–1.6 kb fragments (Fig. 1, Table 1 and Supplementary Fig. 1). 
The first BAC (RP23-225H20) covered ~231 kb of mouse genomic 
sequence, including the Sall1 gene. In mouse ES cells, this region 
has a high density of sites that are marked with H3K27ac or the his-
tone acetyltransferase p300 (Supplementary Fig. 2)3, both strong 
predictors of enhancer activity14,15. The second BAC (RP24-73P7) 
contained ~233 kb of mouse sequence encoding several genes, 
including the pluripotency gene Nanog (Supplementary Fig. 3a). 
We cloned the sheared BAC fragments into a genomic targeting 
plasmid next to a gene encoding the Venus yellow fluorescent 
protein20 that is under the control of a minimal promoter. We 
then delivered the resulting plasmids to Hprt-deficient male 
mouse ES cells, where these plasmids integrated by homologous 
recombination into the Hprt locus on the X chromosome19, and 
we used drug selection to remove any cells that were not correctly 
targeted. This resulted in ES cell libraries in which every cell had 
exactly one potential enhancer sequence coupled to a reporter 
gene integrated as a single copy in the Hprt locus, a site that has 
been previously shown to be a suitable neutral region to study the 
activity of tissue-specific regulatory elements21.

To identify the active ES cell enhancers present in the tested 
regions, we used fluorescence-activated cell sorting (FACS) to 
isolate cells with robust reporter expression (Fig. 2a). To calibrate 
the sorting process, we used populations transfected with two DNA 
fragments that had no or strong enhancer activity as negative and 
positive controls, respectively. Cells from the negative control 
showed universally low reporter expression, in contrast to the posi-
tive control, in which the majority of cells showed very strong Venus 
expression. Each ES cell library from randomly sheared BACs con-
tained a small population of cells with robust reporter expression 
and a large population with negligible reporter expression, which is 
expected considering that any given genomic locus is likely to har-
bor only a few enhancers active in any given cell type. We collected 
by FACS the Venus-expressing cells, which are expected to contain 
an enhancer activating reporter gene expression, and amplified the 
enhancer sequences in these fluorescent cells by PCR using univer-
sal primers that recognize the sequences flanking the enhancer site. 

We then sequenced enhancer amplicons using high-throughput 
sequencing technology and mapped the reads to the BAC reference 
sequence. To determine which sequences we tested in each library 
and to control for biases in the library construction, we amplified 
and sequenced candidates present in an unsorted sample of each 
ES cell library, analogous to a ChIP-seq input sample. We defined 
functionally active enhancers as those sequences that showed a 
significant enrichment in the fluorescent cell population relative 
to the input control (Online Methods).

For both BACs, we constructed ES cell libraries containing a 
diverse collection of DNA fragments that in total randomly cov-
ered ~85% of each BAC region (Supplementary Table 1, and 
Supplementary Figs. 2 and 3a). Both libraries showed strong 
enrichment of a small number of putative enhancer sequences in 
the reporter-expressing cell types (Fig. 2b, and Supplementary 
Figs. 2 and 3a). Testing of the same BAC region using different 
versions of the Hprt targeting plasmid supported the reproduc-
ibility of the assay (Supplementary Note). In the assayed regions, 
we re-identified a previously described ES cell enhancer ~5 kb 
upstream of Nanog22 as well as a new putative enhancer between 
Nanog and Dppa3, more than 40 kb away from the Nanog tran-
scription start site. We also identified a putative enhancer ~25 kb  
upstream of Slc2a3 and three putative enhancers downstream 
of Sall1. Recently published chromatin interaction data support 
the role of these sites as enhancers by demonstrating a physical 
interaction between the majority of these putative enhancers and 
at least one promoter, including those for the genes Nanog, Sall1, 
Slc2a3 and Gdf3 (Supplementary Fig. 4)23. These results suggest 
that SIF-seq can correctly identify ES cell enhancers present in 
complex libraries of DNA sequences.

To confirm the accuracy of our enhancer discovery, we exam-
ined the enhancer activities of the six candidate enhancer sites 
that were identified by SIF-seq and of 14 sites with no predicted 

In vitro
differentiation

Randomly
sheared BAC

Enhancer-reporter 
plasmid library

‘Enhancer’ Reporter

ES cell library 

Single-copy targeted 
genomic integration 

Cardiomyocyte library

FACS

Nonfluorescent 
cells are discarded

Fluorescent
cells are collected, and

presumptive enhancer sequences are
PCR-amplified and sequenced

Figure 1 | Overview of SIF-seq. DNA test fragments containing putative 
enhancers, linked to a reporter, are targeted into a single site in mouse 
ES cell genomes. After drug selection, each cell in the library contains 
exactly one candidate fragment–reporter construct. Reporter-expressing 
cells are isolated by flow cytometry, and presumptive enhancer sequences 
from these cells are amplified and sequenced. ES cell libraries can be 
differentiated in vitro before sorting (dashed arrows).

Table 1 | Summary of experiments
Library name BAC name BAC (base pairs) Cell type

mSall1 RP23-225H20 230,977 ES cell
mNanog RP24-73P7 233,215 ES cell
hNANOG RP11-103J24 163,875 ES cell
hMYH6 and hMYH7 RP11-929J10 223,497 ES cell

Cardiomyocyte
Ultraconserved NA NA Neural progenitor
In library names: m, mouse; h, human. NA, not applicable.

SIF-Seq study design
- Enhancer candidates chosen based on locii 

of interest in mouse ES cell (50kb) (and ChIP-
Seq) and human heart/neurons (160 kb). 

- Create BAC with mouse DNA and then 
randomly shear into approx. 1 kb length. 

- Integrated into plasmid close to a minimal 
promoter and YFP. 

- Integrated into X chromosome.
- One potential enhancer per cell. 
- FACS to sort cells expressing YFP. 
- Small population of cells show positive 

enhancer activity. 
- Amplified positive enhancer sequences with 

PCR using primers recognizing the flanking 
sequences. 

- Unsorted sample used as input. 
- Tested enhancer activity using traditional 

assays. 
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FIREWACh study design

- Enhancer candidates chosen based on open 
DNA in cell-line (murine ESC). 

- Integrated into virus particles close to a 
minimal promoter and GFP. 

- Integrated into genome randomly with 1 
clone per cell (H1-hESC). 

- One potential enhancer of length 100-300 bp 
per cell. 

- FACS to sort cells expressing GFP. 
- Small population of cells show positive 

enhancer activity. 
- Amplified positive enhancer sequences with 

PCR using primers recognizing the flanking 
sequences. 

- Tested enhancer activity using traditional 
assays. 
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further demonstrating the utility of FIREWACh to identify essen-
tial components of transcriptional networks.

RESULTS
Lentiviral reporter library preparation with ESC NFR DNAs
We have previously shown that incubating permeabilized nuclei 
with restriction enzymes results in the selective digestion and 
release of DNA from NFRs and the diffusion of these molecules 
out of the nucleus into the surrounding buffer7,8. The resulting 
DNA population is enriched for regulatory regions in the virtual 
absence of background DNA, making it feasible to use reporter-
based functional assays to interrogate the DNA population for 
elements capable of activating transcription (Fig. 1).

We used murine ESCs, as they have been the subject of a 
multitude of genome-wide chromatin immunoprecipitation 
(ChIP)10–13 and DNase studies, and, accordingly, these anno-
tated chromatin features provide a valuable platform for the 
evaluation of putative CRMs identified using FIREWACh. ESC 
nuclei were exposed to either HaeIII or RsaI restriction enzymes, 
and the two separate NFR DNA populations were isolated. The 
HaeIII- or RsaI-generated NFR DNAs were amplified using 
ligation-mediated PCR and an oligonucleotide primer comple-
mentary flanking adaptor DNA (Supplementary Table 1), and 
inserted within the lentiviral (LV) reporter plasmid FpG5 to 
create two distinct NFR-GFP-LV libraries. FpG5 is a derivative 
of the self-inactivating FUW lentivirus14 and contains a clon-
ing site for insertion of the NFR DNAs immediately upstream 
of a minimal promoter and GFP-coding sequences, as well as 

a hygromycin-resistance gene for selection of stably transduced 
cells (Fig. 1). A positive-control construct, FGF4enhLV, was cre-
ated by insertion of Fgf4 enhancer DNA sequences, which are 
specifically active in ESCs15 upstream of the minimal promoter 
within FpG5. Illumina sequencing revealed a total of 84,240 ele-
ments in the two NFR DNA libraries that were found to be, on 
average, 154 bp in length and to align with unique positions in 
the mouse reference genome (Supplementary Table 2). These 
loci strongly correlated with annotated DNase I–accessible loci 
in ESCs (area under the curve of the receiver operating charac-
teristic (AUROC) = 0.86; Fig. 2a and Supplementary Fig. 1) and 
comprised approximately 4% of the total DNA within accessible 
chromatin of ESCs (Supplementary Note). In contrast, random 
DNA fragments with a similar size distribution generated by  
in silico digestion of the mouse genome showed only weak correspond-
ence with DNase I–accessible regions, as expected (AUROC = 0.52;  
Fig. 2a and Supplementary Fig. 1). Together these results con-
firm that DNAs within the NFR-GFP-LV libraries derive from 
accessible chromatin regions in ESCs.

Separate analysis of the HaeIII and RsaI NFR DNAs showed 
that both NFR populations showed comparable alignment with 
DNase I–accessible sites but that the genomic regions targeted by 
each enzyme were largely distinct and nonoverlapping (Fig. 2b).  
Indeed, HaeIII was more likely than RsaI to target promoter- 
proximal regions (i.e., near a transcription start site, or TSS) (Fig. 2c),  
likely owing to differences in recognition sequence GC content. 

Input-library NFR DNAs:

FIREWACh elements:

Active NFR DNAs recovered
from GFP+ sorted cells

Unscreened NFR DNAs
NFR

5  LTR GFP

Transduction
of ESCs with
NFR-GFP-LV

libraries

FACS purification
of GFP+ cells

NFR-GFP-LV
libraries

Ub HygroR 3  LTR

Figure 1 | Overview of FIREWACh. Lentiviral (LV) reporter plasmids contain 
a cloning site for NFR DNAs (NFR) upstream of minimal Fgf4 promoter 
sequences (yellow) and the transcription start site (arrow), ubiquitin 
promoter (Ub) and hygromycin-resistance gene (HygroR). Small colored 
circles represent LV particles; large circles represent GFP+ (green) or  
GFP− (white) transduced cells.
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Figure 2 | NFR-derived DNAs correspond to accessible chromatin 
regions located throughout the genome. (a) Carpet plots depicting 
the correspondence of in silico–generated genomic DNA fragments 
(n = 61,844) or input-library NFR DNAs (n = 84,241) with DNase I 
hypersensitive sites (HSs) in ESC chromatin9. The DNAs in each data  
set were ranked according to the expression of their associated gene(s)  
in ESCs (color bars indicate expression level). The presence of a DNase 
I HS (black) was assessed for a region corresponding to the genomic 
interval 1 kb of the center (green vertical lines) of the DNA fragments 
within input-library NFR– or in silico–generated random DNA fragments. 
(b) Venn diagram examining the relatedness of genomic regions present in 
the HaeIII- and RsaI-generated NFR DNA libraries. The total number  
of elements in each library is indicated at the top of each circle.  
(c) Genomic distribution of HaeIII- or RsaI-generated input-library  
NFR DNA populations relative to annotated TSSs (black arrows).
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Sutton-Seq study design
- Enhancer candidates chosen by shredding 

whole genome - 2.5 kb length. 
- Integrated into virus particles close to a 

minimal promoter and GFP. 
- Integrated into genome randomly with 1-5 

clones per cell (H1-hESC). This leads to 
carrier plasmids in a single cell but the 
hope is that different replicates will not 
have the same DNA regions as carrier 
enhancers. 

- FACS to sort cells expressing GFP. 
- ?? population of cells show positive enhancer 

activity. about 70K peaks per replica but only 
17K peaks common to all three replicas 
(treated as single experiment). 

- Amplified positive enhancer sequences with 
PCR using primers recognizing the flanking 
sequences. 

- Tested enhancer activity using similar assays. 
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What Sutton has asked of us?

Figure out how to improve analysis of data? 
Can we do further bioinformatic analysis of data?

Pros and Cons of this Method

It is the first method to test enhancer activity on a genome wide 
scale for humans.

Can the problem of carrier enhancers be solved using 3 
replicates in an experiment? - Don’t know at the moment!
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Improving analysis of paper

Multimapping. 
PCR duplicates. 
Peak calling? 
Simulations to find FDR when looking at intersection of peaks 
from 3 different replicates. 
Post processing analysis - histone marks, TF binding, GRN

10



Any promise from current paper

H3K27ac

H3K4me1

H3K4me2

H3K4me3

H3K36me3

H3K27me3*

H3K9me3*

0 17.5 35 52.5 70
% of Sutton peaks intersecting with histone peaks

<25% of peaks do not intersect with these histone peaks. 
1914 peaks in DRM and 7734 peaks in PRM - ENCODE metatrack (55-60% of peaks). 

49 peaks intersect with VISTA positives.11



Extra Slides for Other Methods
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CRE-Seq study design
- 600 strong enhancers, 600 weak enhancers, and 300 repressed 

enhancers in K562. Also 600 predicted enhancers in H1 that were not 
enhancers in K562. 

- Compared to random controls (scrambled sequences with same di-
nucleotide frequency). Total number of elements = 3237. 

- Predictions inserted into construct had a hard 130 bp limit. 300 of the 600 
strong and 600 weak enhancers were full-length predictions while the rest 
were central region of the prediction. All 300 repressed region were 
central regions of the prediction. 

- Cloned upstream of Hsp68 minimal promoter with a unique sequence 
barcode on 3’ UTR. 

- RNA-seq to figure out which enhancers were active. 
- Replicates show correlation of 0.95-0.97!! 
- Luciferase assays to measure expression driven by 12 CREs with a minP 

basal promoter. 
- 26% of enhancers are active and repressors do not repress activity. 
- Weak enhancers stronger than strong enhancers in assay. 
- DHS best indicator of enhancer activity. Adding chromatin features and 

TF motifs improves the model.

Barak Cohen (Genome Research 2014)13



MPRA study design
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Finally, we demonstrate that these QSAMs can be combined to iden-
tify mutations that increase enhancer inducibility (the ratio of induced 
versus uninduced activity).

RESULTS
Experimental design and mutagenesis strategies
We synthesized 142-mer oligonucleotide pools containing 87-nt CRE 
and IFNB enhancer variants, as well as 10-nt tags and various invari-
ant sequences required for cloning (Supplementary Fig. 1).

We tested two different mutagenesis strategies. The first was ‘single-
hit scanning’8 where we assayed ~1,000 specific enhancer variants, 
including all possible single substitutions, multiple series of consecu-
tive substitutions and small insertions at all positions (Supplementary 
Table 1). Each scanning variant was linked to 13 tags for a total of 
13,000 distinct enhancer-tag combinations. This redundancy provides 
parallel measurements for each variant, which can be used to both 
quantify and reduce the impact of experimental noise, including tag-
dependent bias (Supplementary Fig. 2). The second was ‘multi-hit  
sampling’9 where we assayed ~27,000 distinct enhancer variants 
(Supplementary Table 2), each linked to a single tag. These variants 
were constructed by introducing random nucleotide substitutions into 
the enhancers at a rate of 10% per position. Because the variants were 
designed in silico and then synthesized, they provided a uniform muta-
tional spectrum. This strategy is advantageous because each substitu-
tion is assayed in a larger fraction of the variants and the use of multiple 
substitutions enables detection of interactions; one disadvantage is that 
the measurements for individual variants are less accurate.

We cloned oligonucleotide pools synthesized according to both 
strategies into identical plasmid backbones, inserted a minimal TATA-
box promoter and a luciferase gene between the variants and tags, and 
transfected the resulting plasmid pools into human embryonic kidney 
(HEK293T) cells. To induce the CRE or IFNB enhancer, we treated 
the transfected cells with forskolin or infected them with Sendai 
virus, respectively. To estimate the relative activities of the enhancer 
variants, we sequenced 20–120 million PCR-amplified mRNA and  
plasmid tags from each transfection.

Assay validation
We validated the resulting data using several different approaches 
(Supplementary Fig. 3). First, we examined the distributions of plas-
mid tag counts. We found that the vast majority ( 99.6%) of the tags 
we designed were indeed present in each pool, and that their relative 
concentrations were similar (coefficient of variation, 0.45–1.0). This 
confirms we successfully generated high-complexity plasmid pools.

Second, we synthesized and transfected each of the two CRE plas-
mid pools twice. We found that the ~13,000 and ~27,000 pairs of 
mRNA-plasmid tag ratios obtained from the single- and multi-hit 
pools, respectively, were highly correlated (Pearson r2 = 0.61 and 0.67, 
least significant P < 10−100). The medians of the 13 tag ratios from 

each distinct variant in the replicate single-hit pools were even more 
similar (r2 = 0.89, P < 10−100). This indicates that MPRA is robust, 
and that the noise level can be controlled by adjusting the number of 
distinct tags linked to each distinct variant.

Finally, we subcloned 24 plasmids from each of two CRE pools and 
individually measured their luciferase expression levels after forsko-
lin treatment. We found a linear relationship between the MPRA- 
and luciferase-based activities for both pools (r2 = 0.45 and 0.75,  
P < 0.0002). This indicates that MPRA is directly comparable to  
traditional reporter assays.

Single-hit scanning
We began our analysis by attempting to dissect the two induced 
enhancers using the scanning mutagenesis data. We estimated the 
relative activity of each variant by comparing the median of its  
13 mRNA/plasmid tag ratios to the median ratio for tags linked to the 
corresponding wild-type enhancer8.

We first focused on the CRE, which contains two consensus CREB 
dimer binding sites (denoted as sites 1 and 4 in Fig. 2a) separated by 
two monomer sites (sites 2 and 3). We found that 154 of the 261 pos-
sible single substitutions significantly altered its activity (5% FDR), 
with the majority (79%) resulting in decreased activity (Fig. 2b and 
Supplementary Table 3). The substitutions that resulted in the 
largest decreases were in or immediately flanking the CREB sites. 
Substitutions in the promoter-proximal CREB site 4 had the largest 
effects, which is consistent with reports of the cAMP responsiveness 
of CREB sites being inversely correlated with their distance from a 
TATA-box14. Within the two dimer sites, substitutions in the central 
CGs were the most deleterious. This is consistent with biochemical 
data that show that this dinucleotide is critical for high-affinity CREB-
DNA interactions15.
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Figure 1 Overview of MPRA. Oligonucleotides containing enhancer 
variants coupled to distinguishing tags are first generated using 
microarray-based DNA synthesis. The variants and tags are separated by  
two common restriction sites (circles/squares). The oligonucleotides are PCR  
amplified from universal primer sites (not shown) and directionally cloned 
into a plasmid backbone. An invariant promoter-ORF segment is then 
inserted between the variants and tags by double digestion and directional 
ligation. The resulting reporter plasmid pool is co-transfected into a 
population of cells. The relative regulatory activities of the transfected 
variants are inferred by sequencing and counting their corresponding 
tags from the cellular mRNA and the transfected plasmid pool. See 
Supplementary Figure 1 for additional details.

- Well studied enhancers chosen for variant 
study (NFKB and CRE) - single mutation, 
deletion, insertion, and multihit mutations. 

- Create plasmid with variants added randomly. 
87 bp length. (28000 variants). 

- Integrated into plasmid close to a minimal 
promoter and luciferase gene in human 
embryonic kidney cell-line. 

- RNA-Seq of PCR-amplified RNA to measure 
the effect of mutations. 

- Developed linear models to measure the 
effects of mutations on enhancer activity. 

- The largest effect observed in activity is only 
2-fold in most drastic case but inducibility 
changed by a higher amount. 

14



266 VOLUME 30 NUMBER 3 MARCH 2012 NATURE BIOTECHNOLOGY

A RT I C L E

assembly using overlapping oligonucleotides (~90 bp) that contain a 
programmed level of degeneracy. At each position, 97% of molecules 
were expected to be synthesized correctly with 1% doping of each pos-
sible single-nucleotide substitution (Online Methods). Therefore, each 
synthetic enhancer molecule contained, on average, three mutations 
per 100 bp, randomly distributed along its length. The population of 
molecules was inherently complex, both with respect to representation 
of all possible SNVs of the wild-type enhancer as well as myriad unique 
combinations. Because nearly all synthetic enhancers contained multi-
ple substitutions, they are referred to here as ‘enhancer haplotypes’.

Next, a library for assessing the activity of each enhancer haplo-
type was created by cloning the synthetic enhancers into a plasmid 
(Promega pGL4.23), which contains a minimal promoter upstream 
of the luciferase gene. In order to uniquely tag each enhancer haplo-
type, we cloned an oligonucleotide containing a 20-bp, fully degener-
ate subsequence to a separate site in the 3  untranslated region (UTR) 
of the luciferase gene. The sequences of specific 20-bp tags cloned in 
cis with specific enhancer haplotypes were determined by massively 
parallel sequencing. As the enhancer haplotypes were highly related 
sequences with lengths that exceeded the maximum read-length of 
the Illumina platform, we used tag-guided subassembly15 to enable 
full-length, high-accuracy sequencing of individual enhancer haplo-
types in association with their downstream tags. Each resulting library 
included >100,000 fully sequenced enhancer haplotypes, with nearly 
all containing multiple substitutions, and each associated with one or 
more unique tags.

The library was then subjected to what was effectively a massively 
parallel in vivo reporter assay. For the experiments described here,  
we used the hydrodynamic tail vein assay13,16 to assess in vivo 
enhancer activity in the mouse liver. Mice were euthanized 24 h after 
injection, at which time total RNA was extracted from each liver,  
followed by RT-PCR and massively parallel sequencing of cDNA  
from transcribed tags.

MPFD of three enhancers
We studied three mammalian enhancers identified by diverse methods 
(Supplementary Fig. 1). ALDOB (259 bp) is a human intronic 

enhancer of the aldose B gene10–12. ECR11 (620 bp) is a human 
enhancer located in an intron of dehydrogenase/reductase SDR 
family member 9 (DHRS9)13. LTV1 (302 bp) is a candidate mouse 
enhancer located on the 3  side of zinc-finger protein 36 (Zfp36) 
(Supplementary Fig. 2a,b). The activity of each wild-type enhancer 
was confirmed using a conventional hydrodynamic tail vein injection 
assay, in which luciferase activity in liver tissue was measured 24 h 
after injection (Supplementary Fig. 2c).

We applied MPFD to systematically dissect the functional con-
sequences of all possible SNVs in these three enhancers (Fig. 1). 
Sequencing with subassembly confirmed that the resulting libraries  
were complex, with a total of 641,135 distinct haplotypes associ-
ated with 1,186,696 tag sequences (Table 1). The observed number 
of mutations per haplotype approximated expectations, with ~2–3 
substitutions per 100 bp (Supplementary Fig. 3) and were well dis-
tributed (Supplementary Fig. 4). All possible substitution variants 
of each enhancer were represented in 42 uniquely tagged haplo-
types. On average, each position was disrupted on ~4,000 distinct 
enhancer haplotypes. Furthermore, all possible pairs of positions were 
disrupted in 1 haplotype with the exception of a single pair of posi-
tions in LTV1.

Table 1 Enhancer haplotype library characteristics

Library Number of haplotypes Number of tags
Percent of possible substitutions  

in at least one haplotype
Percent of possible pairs of  

positions in at least one haplotype
Per-base mutation rate per  

haplotype (mean  s.d.)

ALDOB 378,450 406,071 100 (777 of 777) 100 (33,411 of 33,411) 0.021  0.010
ECR11 105,795 105,832 100 (1,860 of 1,860) 100 (191,890 of 191,890) 0.023  0.006
LTV1 rep. 1 119,950 403,869 100 (906 of 906) 99.99 (45,449 of 45,451) 0.031  0.010
LTV1 rep. 2 105,188 270,924 100 (906 of 906) 99.99 (45,449 of 45,451) 0.031  0.010

For each library of enhancer haplotypes, we list the number of distinct haplotypes, the number of tags with which those distinct haplotypes are associated in cis, the percentage of 
possible single-nucleotide substitutions that are present in at least one haplotype, the percentage of possible pairs of positions where both positions contain mutations together in 
at least one haplotype and the per-base mutation rate in each library.

Degenerate tags

minP/Luc polyA

Tail vein
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Single-nucleotide
activity profile

PCA-synthesized
enhancer haplotype

variants

Figure 1 Overview of MPFD. We used doped oligonucleotide synthesis and 
polymerase cycling assembly (PCA) to generate a highly complex library of 
enhancer haplotypes for each enhancer studied. On average, each enhancer 
haplotype diverged from wild type by ~2–3% (red circles represent 
mutations). These mutant enhancers, along with 20-bp degenerate tags, 
were cloned into an expression vector (pGL4.23) containing a minimal 
promoter driving transcription of luciferase (minP/Luc). We performed 
‘subassembly’ on each library to determine the full sequence of each 
enhancer haplotype and to identify the 20-bp tag to which each haplotype 
was cloned in cis. Each library was then introduced into two mice through 
hydrodynamic tail vein injection, livers were harvested after 24 h and 
sequencing was performed to quantify abundance of transcribed 20-bp 
tags. These data were used to estimate the effect of each possible mutation 
on transcriptional activation.

MPFD study design

- 3 well studied enhancers chosen for variant 
study - single mutation, and average of 2 
mutations. 

- Create plasmid with variants added randomly. 
< 1kb length. (>100K variants). 

- Integrated into plasmid close to a minimal 
promoter and luciferase gene in mouse tail 
vein cells. 

- DNA-Seq (cDNA) of PCR-amplified RNA to 
measure the effect of mutations. 

- Substitutions tend to have additive effects. 
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