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Abstract

Enhancers control the timing, location and expression levels of their target genes. Nucleotide
variation in enhancers has been shown to lead to numerous phenotypes, including human disease.
While putative enhancer sequences and nucleotide variation within them can now be detected in a
rapid manner using various genomic technologies, the understanding of the functional
consequences of these variants still remains largely unknown. Massively parallel reporter assays
(MPRAS) can overcome this hurdle by providing the ability to test thousands of sequences and
nucleotide variants within them for enhancer activity en masse. Here, we describe this technology
and specifically focus on how it is being used to obtain an increased understanding of enhancer
regulatory code and grammar.
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1. Introduction

Enhancers regulate the location, timing and levels of gene transcription. Enhancers can be
located in non-coding sequences and also in coding exons [1, 2] and can regulate their target
gene/s both in cisand in trans (on another chromosome) [3, 4]. Enhancers were also shown
to be transcribed, termed as enhancer RNA (eRNA), and it is thought that their transcribed
sequence might contribute to their function [5-7]. Nucleotide variation in enhancers has
been shown to lead to a multitude of phenotypes, including morphological differences
between species [8] and human disease [9]. For example, the majority of disease-associated
genome wide association studies (GWAS) hits fall in non-coding regions of the human
genome [10, 11].
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Enhancers themselves are thought to be regulated by the binding of transcription factors,
which are expressed in a cell-type specific manner, to particular DNA motifs within their
sequence. Functional transcription factor binding sites (TFBS) tend to be clustered and
conserved among species [12-15]. In addition, transcription factors recruit histone
acetyltransferase (HAT), such as EP300 and CBP to enhancers. These proteins are thought
to affect the chromatin environment by acetylating lysine residues in core histone tails.
Amongst these marks, histone H3 acetyl Lys27 (H3K27ac) was shown to correlate with
active enhancers [16-18]. H3K4mel was shown to correlate with both active and poised
enhancers [16-18]. Transcription factor binding and histone modifications can be used to
identify potential enhancers in a genome-wide manner through chromatin
immunoprecipitation followed by massively parallel sequencing (ChlP-seq). Enhancers that
associate with active marks and transcription factors are located in open chromatin [17, 19].
This trait can also be used to identify enhancers via technologies such as DNase-seq,
FAIRE-seq, and ATAC-seq [20-23]. While these and other genomic technologies can
efficiently identify potential enhancer sequences in a genome-wide manner, they are
primarily descriptive and the sequences they detect are not necessarily functional enhancers.

To validate enhancer function, an experimental assay needs to be carried out. Enhancers are
generally characterized by a reporter assay that links a candidate enhancer sequence to a
minimal promoter (a promoter that is not sufficient to drive reporter expression without a
functional enhancer) and a reporter gene (GFP, LacZ, luciferase or others). The reporter
vectors are introduced into cell lines or organisms, and the reporter gene expression is
examined. If the candidate sequence acts as an enhancer, it should activate the minimal
promoter and the reporter gene expression in the tissue/cell type of interest. However, in this
‘classic’ method, enhancer activity is examined in a ‘one by one’ manner, and is thus low-
throughput and time-consuming. This is especially limiting with the current genomic
revolution that is producing in a rapid manner genome-wide enhancer prediction datasets
and human whole-genome sequences with thousands of potential phenotype causing
nucleotide variants whose function needs to be evaluated. Recently developed high-
throughput technologies that include massively parallel reporter assays (MPRA [2, 24, 25]),
MPFD [26], CRE-seq [27-29], STARR-seq [30-32], TRIP [33], FIREWACH [34] and
SIFseq [35], can enable us to overcome this obstacle (Fig. 1). In this review, we will focus
on MPRA, MPFD and CRE-seq that share a basic methodology. These three methods will
be mentioned as “MPRA” in this review.

2. Massively parallel reporter assays

MPRA is a high-throughput technology that enables the analysis of transcriptional activities
of thousands of regulatory elements in a single experiment (Fig. 2A-E). The principal of this
technology was first developed by Patwardhan et al. in 2009 for promoter assays [36]. In
this study, saturation mutagenesis of three bacteriophage promoters (T3, T7, and SP6) was
carried out in vitro. All possible point mutations and small indels of these promoters were
assayed for their function by synthesizing in parallel, on a programmable microarray, the
promoters along with a transcriptional start site that was followed by a specific 20-bp of
‘barcode’ sequence. Thus, if the sequence is a promoter it will lead to the transcription of the
barcode sequence. Each mutant variant was coupled to six distinct barcodes to provide a
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quantitative measurement for the activity of each variant, and assisted in reducing barcode-
dependent bias, such as a contingent gain of transcriptional activity in the barcode sequence.
Following in vitro transcription of the promoter-barcode library, transcribed barcodes were
then sequenced via RNA-seq to serve as a single readout for the differential activity of
distinct promoter variants. This assay was also used to test three mammalian core promoters
(CMV, HBB, and S100A4) in HeLa nuclear extract, and successfully detected mutations and
deletions that caused a significant drop in efficiency of transcription within essential regions
of these promoters, such as the TATA box and the initiator element.

3. Massively parallel enhancer saturation mutagenesis

Similar to the promoter mutagenesis experiments, MPRA technology was next used to
analyze via saturation mutagenesis the function of three liver enhancers [ALDOB (hg19:
chr9: 104195570-104195828), ECR11 (hg19: chr2: 169939082-169939701) and LTV1
(mm9: chr7: 29161443-29161744)] [26]. A library of >100,000 enhancer variants was
synthesized and cloned upstream of a minimal promoter and a luciferase reporter gene. A
20-bp barcode was pre-cloned in the 3° UTR of the reporter gene, resulting in each enhancer
haplotype being randomly coupled to a distinct barcode. The library was then introduced
into the mouse liver via hydrodynamic tail vein injection [37], livers were dissected after 24
hours and RNA-seq was carried out to determine the enhancer function of the various
haplotypes. Transcribed barcode counts were normalized by DNA barcode counts from the
plasmid library. These assays found that most enhancer mutations have modest effects on
enhancer activity, and that a TFBS was often but not always concordant with their function,
emphasizing the importance of direct experimental characterization.

A similar assay by another group was also used to analyze the effect of all possible
mutations or deletions of two inducible enhancers [synthetic cCAMP-regulated enhancer
(CRE) and the enhancer of the IFNB gene (hg19: chr9: 21077976-21078062)] on
transcriptional activity in HEK293T cells [25]. They identified mutations and indels that
alter the enhancer activity within CREB binding sites in the CRE enhancer, as well as
ATF-2/c-Jun, IRFs, and NF-kB binding sites in the IFNB enhancer. Furthermore, they
trained quantitative sequence-activity models (QSAMSs) using the MPRA data, and
demonstrated that these QSAMSs can be combined to compare the activity of the enhancers
in their induced and uninduced states.

Following these assays, additional MPRA saturation mutagenesis assays have been
published. Kwasnieski et al focused on the RhoCRE3 enhancer (mm9: chr6:
115881830-115881881), which regulates mouse Rho gene expression in rod photoreceptors,
and examined the effects of single nucleotide variants on transcription in the mouse retina
[28]. They found that the majority (86%) of single nucleotide substitutions showed
significant effects on enhancer activity. Changes of the activities were explained not only by
mutations within putative TFBS but also by complex phenomena, including transcription
factor competition and TFBS turnover during evolution, as they found gain-of-function
mutations that re-create CRX binding sites that are conserved among mammals but
disrupted in rodents.
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In another study, the enhancer activity of three coding exons that also function as enhancers,
[SORL1 exon 17 (hgl9: chrll: 121424477-121425074), TRAF3IP2 exon 2 (hg19: chré:
111912400-111913095), PPARG exon 6 (hg19: chrll: chr3: 12447098-12447677)], termed
eExons, was dissected in mouse liver and HeLa cells [2]. In these assay, both synonymous
and non-synonymous mutations showed similar effects on enhancer activity and many of the
deleterious mutation clusters overlapped known liver-associated TFBS, demonstrating that
mutation in eExons could lead to multiple phenotypes by disrupting both the protein
sequence and enhancer activity. Interestingly, the mutation profile of these eExons was
different in HeLa cells when compared to mouse liver, demonstrating that sequences that
function as enhancers in multiple tissues could have different operating profiles in each
tissue. This would suggest that mutations in these enhancers could cause different
phenotypes depending on their location in the enhancer.

4. Decoding using synthesized enhancers/promoters

MPRA can also be used in an opposing manner to saturation mutagenesis, testing for
example thousands of synthetic sequences for their enhancer activity, thereby obtaining a
better understanding of the ‘enhancer code’. In one such experiment, 4,970 synthetic
regulatory element sequences (SRESs), which harbor different combinations of 12 liver-
associated TFBS was tested [38]. This experiment assayed the effect of TFBS number,
spacing, combination and order on enhancer function. In terms of number, it was observed
that for some TFBS, having more copies increases enhancer activity, but not for all.
Sequences having different TFBS (heterotypic) were stronger than sequences that had the
same TFBS (homotypic). For pairs of two different TFBS, some combinations were favored
than others, while one combination (HNF1A and XBP1) actually interfered with one
another. As for order and spacing, flexibility was observed, supporting a ‘billboard model’,
in which heterotypic TFBS clusters constitute a flexible mechanism for fine-tuning robust
gene expression.

A similar experiment was also carried out in yeast. Sharon et al. used fluorescence-based
high-throughput reporter assays [39]. In their method, a mixed barcoded oligonucleotide
pool was inserted upstream of a core promoter followed by the yellow fluorescent protein
(YFP) gene to generate a library, and transformed yeast were sorted using fluorescence
activated cell sorting (FACS) based on YFP intensity to obtain transcriptionally active
sequences. They analyzed 6,500 synthesized sequences, and found that TFBS number,
location, and affinity were important for the activity, while orientation was flexible in most
cases. They also found a ~10-bp periodicity of TFBS location for the transcriptional activity.

5. Massively parallel testing of thousands of enhancer candidates

MPRA has also been utilized to gain an increased understanding of the enhancer code by
examining the enhancer activity of thousands of different candidate enhancer sequences. In
one such study, 2,104 ENCODE-predicted enhancers and 3,314 enhancer variants that
contain targeted motif disruptions were studied in HepG2 and K562 cells [24]. This study
found that disruption of TFBS of selected transcription activators (HNF1, HNF4 and FOXA
in HepG2; GATA and NFE2L2 in K562) led to reduced activity in the matched cell-type
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(i.e. disruption of HNF1 motif caused reduced expression in HepG2, but no effect in K562),
while disruption of repressor motifs (GFI1 in HepG2 and ZFP161 in K562) showed an
effect only in the unmatched cell type (i.e. disruption of GFI1 motif caused misexpression in
K562, but no effect in HepG2). This finding suggested an ‘enhancer activator and repressor
model’, in which the cell-type specificity of enhancers is maintained by the combined action
of activators that are expressed and bind in the matched cell type, and repressors that are
expressed and bind in the unmatched cell type. It also showed that evolutionary
conservation, nucleosome exclusion, binding of other factors, and strength of the motif all
correlated with enhancer activity.

In another study, 2,100 randomly chosen regulatory elements, which were predicted as
enhancer, weak enhancer, or repressed in K562 and/or H1 human embryonic stem cells
based on histone madification data from the ENCODE Project were tested [27]. They
showed that only ~26% of the ENCODE enhancer predictions portrayed gene regulatory
activity. They also showed that the weak enhancer predictions led to stronger expression
levels than did enhancer predictions. This discrepancy between predictions was partially
explained by their finding that lower levels of H3K27ac and H3K36me3 (a histone mark of
transcribed genes) were associated with higher enhancer activity in their assay. These results
highlight the need to carry out these functional assays so as to better improve these
predictions. In another MPRA experiment, 1,298 Crx-bound regions were compared to
3,035 control sequences in explanted mouse retina. They demonstrated that Crx-bound
regions with high GC contents drove expression, whereas unbound sequences with low GC
contents did not, even when liberated from their larger genomic context, suggesting the
importance of local sequence features for transcriptional activation rather than genomic
context [29]. Combined, these reports demonstrate the ability of the MPRA technology to
functionally test thousands of different enhancer predictions, obtain a better understanding
of their code and grammar and refine these predictions.

6. MPRA caveats

While MPRAs are becoming extremely efficient in obtaining a better understanding of
regulatory elements in a high-throughput manner, they have several caveats. Many MPRAs
take advantage of oligonucleotide arrays to synthesize their assayed sequence. In these
arrays, the current maximum length of the synthesized sequences is usually 200-bp. This
limitation is problematic, since enhancers could be longer in length and thus they would
miss out on potentially important sequences. In the saturation mutagenesis experiment, one
way around that was to use the polymerase cycling assembly, in which overlapping
oligonucleotides (~90-bp) that contain a programmed level of degeneracy were synthesized
and assembled to construct long enhancer variants that contained multiple substitutions (Fig.
2B). Using this technique longer enhancers could be assayed (>600-bp) [2, 26].
Substitutions in the long enhancer variants were determined by tag-guided subassembly,
which enabled full-length and high-accuracy sequencing of individual enhancer variants in
association with their downstream barcodes [40] (Fig. 2C). In this method, a long fragment
library is converted to a population of nested sub-libraries, and a tag sequence guides
grouping of short reads derived from the same long fragment, enabling localized assembly
of long fragments. However, it is not currently feasible to test thousands of variants in
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thousands of long enhancers (>200bp) using this method. DNA synthesis technologies that
can allow the generation of longer sequences at a cost efficient manner could overcome this
problem.

MPRA results include a certain level of false positives and false negatives because of
technical problems including synthesis, sequencing, and enhancer-barcode association
errors. It is thus important to carry out multiple replicate experiments, include positive and
negative control sequences in MPRA libraries, and compare the level of reporter gene
expression to that of controls. Once such example is the use of scrambled controls as done
by White et al who compared the activity of 1,298 enhancer candidates to 3,035 scrambled
DNA controls [29]. The scrambled DNA sequences produced distinct levels of reporter
expressions that can overlap with the activity of many functional sequences. From this they
concluded that enhancer function couldn’t be assessed solely by applying a threshold level
of activity [29]. In addition, to further confirm MPRA results, individual validation of a few
selected enhancers should also be carried out. Patwardhan et al for example, tested six
enhancer variants chosen from their MPRA result for their activities individually in the
mouse liver and showed high correlation of the individual data and MPRA [26]. An
alternative method to MPRA is STARR-seq, in which candidate enhancer sequences are
subcloned 3’ to a reporter gene, and if functional enhancers activate the transcription of
themselves, thus DNA synthesis and enhancer-barcode association is not required (Fig. 1).
However, because each enhancer induces only one readout (the enhancer itself), unlike other
MPRAs that use multiple barcodes per enhancer, STARR-seq does not provide high
multiplicity of enhancer activity if coverage is low for a specific sequence and can be biased
by enhancer RNA stability.

Most of the MPRAs are carried out in an episomal manner and thus may not acquire
chromatin marks or be influenced by other intrinsic factors. The development of MPRA
methods that allow for genomic integration such as lentivirus libraries or embryonic stem
cell (ESC) recombination, which were previously employed in similar MPRA studies, such
as FIREWACHh [34] or SIF-seq [35] (Fig. 1), can allow for enhancer assays in a
chromosomal context. TRIP, a high-throughput enhancer trap technology, allows enhancer
analysis in genomic context [33]. However, these studies could not provide specific
quantitative measurements.

Since enhancers tend to be tissue-specific, it is important to try and carry out MPRA for
these sequences in a homogenous cell population, if possible. Applying sorting technologies,
such as FACS, microfluidics, and Transcribed Ribosome Affinity Purification followed by
sequencing (TRAP-seq) [41], can allow MPRA to be utilized in heterogenic cell populations
or complex tissues. Also, although Patwardhan et al successfully used hydrodynamic tail
vein injection to introduce an MPRA library into the mouse liver [26], this technique cannot
deliver these libraries into other tissues at ample concentrations that could allow MPRA
measurements.

Another caveat of the MPRA and also the ‘standard’ one-by-one enhancer assays is that
query sequences are removed from their genomic context to construct an artificially
designed reporter plasmid. Therefore, the effect of enhancer-promoter distance, looping and
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the chromosomal environment on transcriptional activity is not taken into account in the
MPRA. In addition, most MPRA use a standard minimal promoter that is not the actual
promoter that is being targeted by the candidate enhancer. Ultimately, to characterize the
functional effects of enhancer mutations, they need to be assayed in their endogenous
setting. One potential tool that could be used to edit enhancer sequence in the genomic
context is saturation genome editing via CRISPR/Cas9 technology. This technology was
recently used to test the effect of every possible mutation in exons of two different genes,
BRCAL and DBR1, within HEK293T and Hap1 cells, respectively [42].

7. Future directions

Enhancer identification assays, such as ChlP-seq, DNase-seq, ATAC-seq, ChlA-PET and
others, are only able to highlight whether a certain sequence could be an enhancer. MPRA
compensates for these descriptive assays by experimentally characterizing functional
regulatory elements in a high-throughput scale, and provides a powerful resource to decode
functional regions and nucleotide variants in the human genome and other genomes. This
technology can be applied to verify the functionality of annotated regulatory regions, such as
TFBS, methylated or unmethylated DNA regions, open chromatin regions, and transposon-
derived enhancers. Other than promoters or enhancers, MPRAs can also be adopted to
analyze the function of silencers or insulators, of which molecular mechanisms are not well
known. Furthermore, translational regulatory elements, including miRNAs, can be also be
used in assays that are similar to MPRA. For example, Kosuri et al analyzed the function of
ribosome binding sites in E. coli, using FACS-based high-throughput assay [43] and Zhao et
al assayed the function of 3° UTR on RNA stability in human cell lines using ‘fast-UTR’
[44].

MPRAs have the potential to assist numerous biological disciplines such as development,
evolution, and disease. Enhancers are thought to be responsible for dynamic expression of
key developmental genes. Many developmental enhancers have been identified [45, 46],
however, the gene regulatory network that govern embryonic development is yet to be fully
characterized. MPRAs can be a useful tool to facilitate genome-wide discovery of
developmental enhancers. Morphological differences between species have been shown to
be caused also by changes in gene regulatory elements during evolution [47-49]. MPRA
could essentially be used to rapidly characterize the impact of nucleotide changes that cause
gain, loss, or any enhancer activity changes that could lead to these phenotypic differences.
As for human disease, with the rapid identification of nucleotide variation in whole genome
datasets, there is an unmet need for the functional characterization of these variants. MPRA
could address this need for testing for example all GWAS variants of a certain phenotype,
all expression quantitative trait loci (eQTLs) of a certain tissue or even all nucleotide
variants in a certain individual.
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Fig. 1.

Comparison of plasmid construct, assay model, strategy of reporter detection and advantage
and disadvantages of different MPRA technologies [2, 24-36, 38, 39]. ARS-CEN, yeast
autonomously replicating sequence and centromere; BC, barcode; HygroR, hygromycin-
resistance gene; LTR, long terminal repeat; P, promoter; pA, polyadenylation signal; TR,

terminal repeat, Ub, ubiquitin promoter.
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Fig. 2.

Ogerview of the massively parallel reporter assay. (A) To generate a short enhancer MPRA
library, candidate enhancer sequences and barcode sequences are synthesized on a
programmable microarray and cloned into a plasmid vector. Minimal promoter (mP) and
EGFP reporter gene are inserted between the enhancer and barcode. (B) Polymerase cycling
assembly is used to generate a long enhancer library. Long enhancer variants (red vertical
lines) and barcodes are separately inserted upstream of mP or within the 3 UTR of EGFP
gene, respectively. (C) To associate enhancer and barcodes, the downstream end of the
enhancer and upstream end of the barcode are digested and re-ligated to bring them adjacent
to one another, followed by sequencing with tag-guided subassembly. (D) The MPRA
library is introduced into cell lines or tissues. Transcribed barcode RNAs are extracted from
the cells. (E) The relative transcriptional activities of distinct enhancers are measured by
sequencing and counting their corresponding barcode RNAs. The counts of transcribed
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RNA barcodes are normalized by DNA barcode counts that are from the library. BC,
barcode; mP, minimal promoter; pA, polyadenylation signal.
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