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Determining the rules of transcriptional regulation, associated
with a complex transcription factor grammar, is fundamental to
understand the control of most biological processes, disease
mechanisms, and evolution. High-throughput reporter assays,
such as MPRAs and STARR-seq, have enabled systematic
functional annotations of genomes and have provided large
substrates for training machine learning models to determine
these rules, predict the activity of native and synthetic ele-
ments, and design elements for different applications. This
review provides an overview of high-throughput reporter
assays and their applications for the study of enhancers, pro-
moters, silencers and insulators. We discuss how these
assays help identify causal disease-associated non-coding
variants and design synthetic elements with desired features
for functional studies or therapeutic purposes.
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Introduction
Gene expression programs are controlled by the binding
of transcription factors (TFs) to cis-regulatory elements
(CREs) such as promoters, enhancers, and silencers [1].
Understanding the logic and grammar of these binding
events is fundamental to determine mechanisms of gene
regulation and their role in development, disease, and
evolution. This requires multi-pronged studies to
identify CREs active in particular conditions, determine

the TF motifs contributing to activity, identify the
combinatorial mechanisms involved in regulation, and
www.sciencedirect.com
the rational design of CREs with specific functionalities
for bioengineering applications or to test different hy-
potheses of regulatory mechanisms [2]. Although these
have been central, long-standing goals in the gene
regulation field, they remained mostly elusive for several
decades given the large number of sequences that often
need to be evaluated.

With the advent of high-throughput sequencing, several
complementary approaches have been developed to fill
this gap. For example, chromatin immunoprecipitation
followed by sequencing (ChIP-seq) [3], DNase-seq [4],
and the assay for transposase-accessible chromatin with
sequencing (ATAC-seq) [5], have identified regions
bound by specific TFs and cofactors, open chromatin,
and different chromatin states. These studies have also
provided insights into the DNA binding logic of hun-
dreds of thousands of CREs based on combinations of
TF binding peaks or footprints [6e8]. However, these

studies do not directly measure transcriptional activity
and rely on the natural DNA sequence variability pre-
sent in the studied genomes. Given that this natural
variability only represents a very small fraction of the
possible sequence space, these studies are often limited
in the hypotheses that can be tested regarding regula-
tory logic, effect of variants, and design of novel se-
quences [9].

In the last 15 years, high-throughput reporter assays
have emerged as major tools to directly measure puta-

tive CRE activity across thousands of sequences simul-
taneously. These are an adaptation of reporter assays
that became increasingly popular in the 80s and 90s,
which couple candidate regulatory sequences to re-
porter genes and unique sequence barcodes, enabling
the measurement of transcriptional activity in a quan-
titative, highly reproducible manner, across tens of
thousands of sequences. A pioneering 2009 study laid
the ground through a saturation mutagenesis-based
in vitro assay to analyze the effect of mutations at
every position in bacteriophage and mammalian core

promoters, thereby providing a powerful tool for the
annotation of functional regulatory elements [10]. Since
then, different high-throughput reporter assays, such as
massively parallel reporter assays (MPRAs) and Self-
Transcribing Active Regulatory Region sequencing
(STARR-seq), [10e14], have been developed to iden-
tify and dissect the mechanism of regulation of
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thousands of CREs, determine the effects of genetic
variants, train statistical models that provide a better
understanding of regulatory mechanisms, and to ratio-
nally design synthetic elements sequences. Given the
breadth of this field, it is impossible to mention all the
important work performed. This review will therefore
provide a broad view of the main experimental ap-
proaches currently used as well as their different ap-

plications to CRE studies.

High-throughput reporter assay
methodologies
Different high-throughput reporter assays evaluate the
activity of thousands to millions of candidate CREs
simultaneously using a variety of construct designs

depending on the types of CREs evaluated and the goals
of the studies. The main distinctive features include: 1)
the source of DNA for library construction (sheared
genomic DNA or synthesized oligonucleotide pools); 2)
the cloning position of the DNA sequences tested
(upstream or downstream of the transcription start); 3)
the library delivery method into cells or living organisms;
and 4) the type of readout and analyses (barcodes or
peaks). For instance, some assays employ synthesized
DNA fragments representing candidate CREs, allowing
for full control to test specific hypothesis about the

impact of variants, perturbation of TF motifs, or specific
arrangement of TF binding sites, while others rely on
sheared genomic DNA, capturing a broader spectrum of
native sequences and exploiting natural variation in the
genome. Understanding these design variations and
their applications is crucial for selecting the appropriate
methodology for different research projects. Here, we
describe and compare two major classes of high-
throughput reporter assay methodologies, MPRAs and
STARR-seq, and their variations (Table 1).

MPRAs
MPRAs test thousands of DNA sequences synthesized
as oligonucleotide pools and transcriptional activity is
measured using barcodes placed in the transcribed
region (Figure 1a). Episomal MPRAs rely on transient
expression systems, where plasmid libraries are trans-
fected into cells, commonly via electroporation. Some

key advantages of episomal MPRAs are their rapid
turnaround time, as they bypass the need for genomic
integration, and the high dynamic range in activity
detected. This makes them particularly useful for high-
throughput screening of regulatory sequences in diverse
cellular contexts. However, episomal MPRAs present
some limitations: sequences tested are usually shorter
than most native CREs, cells should be easily trans-
fectable, and they may not fully recapitulate the chro-
matinized genome environment, potentially affecting
the physiological relevance of the results [15]. Despite

these limitations, episomal MPRAs remain widely used
for dissecting enhancer and promoter activity due to
Current Opinion in Structural Biology 2025, 94:103105
their scalability and efficiency. Pioneering studies have
laid the ground for using MPRAs to discover gene reg-
ulatory mechanisms and demonstrated their utility in
mapping functional motifs that contribute to activity
across cell types using saturation mutagenesis, where
single nucleotide mutations are introduced at each po-
sition of the target sequence [10,12,14].

lentiMPRAs have been developed to bypass limitations
of episomal MPRAs by employing lentiviral transduction
to stably integrate candidate CREs into the genome.
This approach allows for long-term expression, useful to
evaluate influence of chromatin state, epigenetic mod-
ifications, or slower transcriptional processes [16,17].
Additionally, lentiviruses can infect a broad range of cell
types. However, a key challenge is the random integra-
tion of lentiviruses which can introduce positional ef-
fects that influence reporter expression. While efforts
have been made to mitigate these effects through bulk

analysis of multiple integration events, variability, effi-
ciency and selection biases remain a concern [15].
Despite these limitations, several studies have high-
lighted lentiMPRA utility in identifying functional en-
hancers and understanding gene regulation mechanisms
in a chromatin context [16e19].

Bioinformatic pipelines to analyse MPRA data usually
include barcode-element mapping, barcode counting,
RNA to DNA count normalization, filtering and differ-
ential activity analysis through tools such as DESeq2,

and quality controls. While not as standardized as other
genomic assays analyses, multiple analysis pipelines
have been developed, including MPRAflow, mpralm,
MPRAanalyze and Sharpr-MPRA [17,20e22]. Down-
stream analyses, however, often vary according to the
experimental design, including the type of elements
tested (genomic or synthetic design), delivery method
(episomal vs lentiviral), and cell type or condition, and
use ad hoc pipelines that consider their specific goals.
Due to the use of multiple barcodes per sequence,
MPRAs are highly reproducible (0.97e0.99 correlation
between biological replicates) and highly sensitive,

enabling the detection of low active CREs and differ-
ential activity between CRE alleles as low as
10 % [14,23].
STARR-seq
Unlike MPRAs, which rely on determining barcode read
counts, STARR-seq directly places candidate CREs
within the 30 UTR of the construct (Figure 1b). This
enables measuring the activity of enhancers (or si-
lencers), which function independently of their posi-
tion, thus driving their own transcription. PCR around
the cloning site in the cDNA fraction, followed by
sequencing and mapping to genomic sites, allows to
identify peaks of high activity relative to the original
plasmid pool, genome-wide [11]. This is because
www.sciencedirect.com



Table 1

An overview of different high-throughput reporter assay methodologies.

Method Type of DNA Barcodes Position of DNA in
construct

Type of promoter Goal Sources

Episomal MPRA Synthesized 3’ UTR Upstream of
promoter

Minimal Test CRE activity, impact of SNVs,
and synthetic CREs

[12–14]

Saturation-
mutagenesis
MPRA

Synthesized 3’ UTR Upstream of
promoter

Minimal Test impact of CRE mutations [12,13,51]

lentiMPRA Synthesized 5’ UTR Upstream of
promoter

Minimal Test activity of integrated CREs [16–18]

STARR-seq Sheared, genomic No Downstream of
promoter

Minimal Identify enhancers genome-wide [11,35]

STAP-seq Sheared, genomic 5’ UTR Upstream of
promoter

Minimal Determine responsiveness of
genomic sequences to enhancers

[37]

SuRE-seq Sheared, genomic 5’ UTR Upstream of ORF Promoterless Identify enhancers and promoters
genome-wide

[31,32]

ChIP-STARR-seq ChIP fragments No Downstream of
promoter

Minimal Test TF-bound sequences for
activity

[27]

ATAC-STARR-seq Genomic/tagmented No Downstream of
promoter

Minimal Test open chromatin regions for
activity

[24,28]

TSS-MPRA Synthetic 5’ UTR Upstream of reporter Promoterless Measures TSS profiles [36]
Silencer-seq Sheared, genomic No Downstream of

promoter
Strong enhancer Identify silencers genome-wide [40]

ssSTARR-seq Sheared, genomic No Downstream of
promoter

Constitutive Identify silencers genome-wide [42]

MPRAduo Synthesized dual: coupled to CRE
and silencer libraries

Upstream of
promoter

Minimal Test enhancer/silencer
combinations

[41]

MPIRE Synthesized dual: genomic BC
and cis-reg BC

Upstream of
promoter

Minimal Identify insulators genome-wide [44]

snpSTARR-seq Sheared, pooled,
genomic

UMIs 3’ UTR Minimal Determine SNV effects [54]

scMPRA Synthesized dual: candidate and
random BC

Upstream of
promoter

Minimal Test CREs activity in single cells [70,71]
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Overview of MPRA and STARR-seq workflows. a. In MPRAs, candidate DNA sequences synthesized as oligonucleotide pools are associated with
random, unique barcodes either during synthesis or by PCR, and cloned into a plasmid. Sequences include putative CREs, sequences containing genetic
variants or systematic sequence perturbations, and engineered sequences containing TF motifs. Sequencing of this construct library enables matching
barcodes to the synthesized sequences to establish a barcode directory. A minimal promoter and an open reading frame (ORF) are cloned into this initial
library between the library DNA and the barcodes so that the library is located upstream of the transcription start site and the barcode is placed in the
3’UTR. The construct is then introduced into cells of interest via transfection, electroporation, or through lentiviral infection, depending on the application.
RNA is then extracted from cells, reverse transcribed to cDNA, and the region surrounding the barcodes are amplified by PCR and sequenced to
determine barcode read counts. Finally, barcode read counts are determined in the cDNA fraction relative to those in the plasmid fraction to determine
transcriptional activity of the candidate CRE. b. In STARR-seq, sheared genomic, ChIP- or ATAC-DNA can be cloned into a vector into the 3’ UTR,
containing a reporter gene, and downstream of a promoter, where an active fragment can drive transcription of the reporter gene. After delivery into cells
through transfection, RNA is extracted and the transcripts sequenced to determine which regulatory elements are associated with high levels of tran-
scription via peak calling.
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millions of genomic DNA fragments can be cloned and
tested, without the need to synthesize massive libraries,
which could be cost-prohibitive. Indeed, STARR-seq
has been employed to dissect the functional architec-

ture of enhancers across diverse genomic landscapes
[11,24e26]. Additionally, STARR-seq can be performed
on DNA sequences that have been immunoprecipitated
from chromatin or derived from open chromatin regions
(e.g., ATAC libraries), thereby focusing studies on
functional elements [27,28]. Because STARR-seq is
conducted using episomal vectors, context dependency
remains a limitation, similar to episomal MPRAs
[29,30]. Variations of STARR-seq, such as SuRE-seq,
detect regions with autonomous transcriptional activity
and improve CRE characterization [31,32]. In SuRE,
Current Opinion in Structural Biology 2025, 94:103105
random genomic DNA fragments are cloned in a
promoterless barcoded reporter plasmid, combining
strengths of both STARR-seq and MPRAs, to identify
fragments containing transcription start site (TSS).

Bioinformatic analysis of STARR-seq data usually in-
volves customizable pipelines that include raw data
preprocessing, mapping input DNA and output RNA
reads to the reference genome, peak calling, and peak
annotation. Although initial studies used peak calling
algorithms designed for ChIP-seq (e.g., MACS2),
STARR-seq-specific peak calling algorithms, such as
STARRPeaker [33] and CRADLE [34], were developed
that account for sequence-associated biases. While
STARR-seq peaks have shown consistency between
www.sciencedirect.com
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biological replicates [26], the absence of barcodes in the
traditional design, as well as the direct quantification of
enhancer-driven transcripts can all influence overall
reproducibility. For this reason, Das et al. compiled a
useful resource of STARR-seq experiments and provides
recommendations to increase reproducibility, including
intermediate sample validations and quality control as-
sessments [35].
Identification and characterization of cis-
regulatory elements
High-throughput reporter assays have been instru-
mental to identify different types of genomic elements,

including gene promoters, enhancers, silencers, and in-
sulators, as well as to determine the motifs that
contribute to their function (Figure 2a). These ap-
proaches either exploit the natural variation occurring
within genomes or employ mutagenized sequences to
investigate the impact of different TF motifs on activity.

MPRAs have revealed different promoter architectures
and mapped the sequence features that dictate strength,
specificity, and activity [36]. SuRE-seq experiments
mapped autonomous promoter activity, genome-wide

[32]. These and other studies showed that TSS-
proximal regions are responsible for most autonomous
promoter activity, that many promoters overlap with
CpG islands, that enhancers often act as autonomous
promoters, and identified sequence features using
generalized linear models. Further, lentiMPRAs have
expanded these results by showing that promoters
display a preference for strand directionality and that
their 200-nucleotide cores function as ‘on switches’ that
are generally not cell type specific, contrary to en-
hancers [16].

Genome-wide STARR-seq has generated comprehen-
sive enhancer maps, revealing thousands of enhancers
with both constitutive and condition-specific activities
across cell types and organisms [11,26,29,37]. Episomal
and lentiMPRA experiments have shown that enhancers
have weaker orientation bias and increased tissue and
cell type specificity compared to promoter elements
[16]. Saturation or tiling mutagenesis approaches iden-
tified sequence motifs that positively and negatively
contribute to enhancer activity and cell type specificity
[12,13,22,38]. Testing libraries of tens to hundreds of

thousands of enhancer variants revealed that most en-
hancers are robust to most single nucleotide sub-
stitutions, while substitutions in multiple TF binding
sites can additively affect enhancer activity [12,13].

Silencers have also been identified and characterized
using high-throughput reporter assays. One study
used DNase hypersensitivity data to exclude chromatin
and binding signatures associated with activating
CREs, to then build a STARR-seq library for testing
www.sciencedirect.com
“uncharacterized elements” hypothesized to be si-
lencers [39]. 40 % of these putative elements func-
tioned as silencers, and motif enrichment analysis
confirmed that silencers harbor motifs for the binding of
canonical transcriptional repressors, such as REST, JUN
and NRF2. Another group developed Silencer-seq, a
STARR-seq variation using a strong promoter/enhancer
to detect repressive activity, which identified w1000

silencers in Drosophila S2 cells [40]. This study uncov-
ered novel silencer features: they are rarely found in
open chromatin or heterochromatin regions; their TFs
binding sites have distinct nucleosome footprints that
render them undetectable by other techniques such as
ATAC-seq or DNase-seq; and that silencers can act as
enhancers or insulators in different contexts or cell-
types [24,39e42]. This is consistent with an in vivo
study in Drosophila that showed that silencers can
function as enhancers in different tissues [43].

Finally, insulators, which function as boundary elements
that prevent interactions between enhancers and pro-
moters, have proven more challenging to study, as their
activity is highly context-dependent. A recent study
using multiple landing pads randomly integrated into the
genome determined insulator capacity genome-wide and
found that insulator activity is highly context dependent
and dependent on CTCF or B-box motifs [44].
Determination of transcriptional effects of
genetic variants
Sequence variation in CREs can have profound effects
on gene expression often leading to disease [1,45].
Several Mendelian diseases have been associated with
promoter or enhancer mutations, which have been
characterized using low-throughput reporter, DNA
binding, and in vivo assays. Genome-wide association

studies (GWAS) have also identified hundreds of loci
associated with complex diseases such as psychiatric
disorders, cardiovascular diseases, autoimmune diseases,
and obesity. Multiple studies have shown that most
GWAS variants likely affect gene expression rather than
protein coding sequences [46]. However, because of
linkage disequilibrium, GWAS cannot pinpoint causal
variants within the statistically associated loci, which are
often in the order of tens to hundreds [47]. Therefore,
this requires evaluating thousands of variants across loci
to determine their impact on transcriptional activity.

Expression quantitative trait loci (eQTLs) have similar
limitations as associations cannot distinguish closely
linked variants.

High-throughput reporter assays have been instru-
mental to characterize genetic variants in disease,
development, and evolution (Figure 2b). By synthesiz-
ing libraries with thousands of variants, MPRAs can
functionally assess how CRE changes affect transcrip-
tional output. For instance, MPRAs have identified
Current Opinion in Structural Biology 2025, 94:103105
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Applications of high-throughput reporter assays. (a). Use of MPRAs and STARR-seq to identify different types of CREs (promoters, enhancers, silencers
and insulators). Identification of TF motifs that contribute to CRE activity can be performed by specific single- or multi- TF binding site perturbations or by
saturation mutagenesis to determine base contributions at a single-nucleotide resolution. (b). High-throughput reporter assays can help identify germline
and somatic SNVs and eQTLs that affect transcriptional activity and are associated disorders such as cancer and genetic diseases, and study the
evolutionary variation in CRE activity across species. (c). Deciphering regulatory grammar through MPRAs and STARR-seq datasets enables the
prediction of de novo sequences via machine learning models, which instruct the design of tissue-specific synthetic elements for therapeutic applications
and fine-tuned gene expression.
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hundreds of causal alleles from large candidate eQTL
and GWAS loci [14,48]. Similarly, SuRE-seq of random
genomic fragments from four individuals assessed 6

million single nucleotide variants (SNVs) leading to the
identification of thousands of SNVs affecting tran-
scriptional activity and helped identify functional hits
within GWAS and eQTL loci [31]. These are just a few
of an increasing set of studies identifying germline and
somatic variants associated with a wide range of diseases
including autoimmune diseases, neurological disorders,
and cancer [49e56].

High-throughput reporter assays have enormous po-
tential for applications in fields such as evolutionary

biology [45]. MPRAs have been employed to charac-
terize liver enhancer evolution in primates, where 84
SNVs were found to correlate with functional changes
such as CpG deamination [57]. Another study explored
the functional consequences of the modern humans/
Current Opinion in Structural Biology 2025, 94:103105
archaic hominins split and showed that 23% of CREs
drove differential activity between species [58]. These
studies are beginning to expand evolutionary studies

across different model and non-model organisms.

Elucidating and exploiting the rules of
transcriptional regulation
Understanding the regulatory grammar of gene expres-
sion is central to determining when, where, and how
genes are expressed and to predict the effect of disease
variants from sequence. In addition, this will enable the

rational design of synthetic CREs with specific features
to answer mechanistic questions and for the develop-
ment of therapeutic tools for cell type- or condition-
specific expression. Given the number of potential TF
binding site combinations, orientations and spacings in
CREs, studies to understand these grammar rules
require tens of thousands of sequences to train machine
learning models that can make accurate predictions.
www.sciencedirect.com
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High-throughput reporter assays provide a large sub-
strate for model training by testing sequences that
exploit natural sequence variation within genomes or
synthetic elements with user-selected TF binding site
architectures (Figure 2c). MPRAs have also been used
to test some of these model predictions, including the
design of de novo synthetic elements. For instance, a
study tested a lentiMPRA library of w200,000 se-

quences containing homotypic and heterotypic combi-
nations of 18 liver TF binding sites [59]. This and other
studies found multiple features that impact regulatory
activity, including number, orientation, distance, and
order of TF binding sites from the TSS, as well as
chromatin context [2,60,61].

Machine learning models trained on MPRA data have
provided accurate activity predictions of mammalian,
bacterial, and Drosophila enhancers and promoters
[61e67]. For instance, a cell-type specific deep learning

model trained on MPRAs was used to predict human
promoter activity genome-wide and design synthetic
human promoters that did not resemble any human
genome sequence, suggesting that the model learned
regulatory rules de novo [64]. Another study developed
DeepSTARR, a deep learning model to predict
enhancer activity from Drosophila sequences using
STARR-seq data [62]. This model learned sequence
regulatory features such as TF motifs, orientation, effect
of flanking sequences, and motif cooperativity, which
enabled the design of strong synthetic developmental

enhancers with specific motif composition and syntax. A
follow up study optimized the DeepSTARR architec-
ture and employed scATAC-seq and in vivo enhancer
activity datasets to design tissue-specific enhancers for
five Drosophila embryo tissues [65]. Another study
leveraged a deep neural network model termedMalinois
trained on MPRA data to generate synthetic sequences
with increased cell-type specificity relative to native
sequences and that even employs unique TF combina-
tions not found in the human genome [66]. As the scale
and diversity of MPRA experiments continue to grow,
centralized databases like MPRAbase offer a valuable

resource for the storage of MPRA results across different
organisms, cell types, and experimental conditions,
facilitating the training of machine learning models
aimed at deciphering, as well as engineering, cis-
regulatory logic [67]. These advances in synthetic
CRE design have broad implications for biotechnology,
synthetic biology, and therapeutic applications, which
require fine-tuned gene expression control, and may
reduce the need for in vitro and in vivo validation.
Limitations of high-throughput reporter
assays
Throughout this review, we highlighted the advantages of
high-throughput reporter assays to identify and charac-
terize CREs; however, there are some considerations and
www.sciencedirect.com
limitations for their use in gene regulation experiments. A
major challenge for both MPRAs and STARR-seq is their
reliance on testing sequences outside of their native
chromatin context. Because the reporter constructs
tested are episomal, randomly integrated, or integrated in
landing pads, they fail to recapitulate native chromatin
features, such as histone modifications, nucleosome
positioning, or 3D interactions between CREs. This

limits their ability to capture context-dependent regula-
tion, particularly for elements that rely on specific locus
architecture for activity. Conversely, other genomic assays
such asChIP-seq andATAC-seq can profileTFor cofactor
binding, histone modifications, or accessibility of native
chromatin, but do not directly measure regulatory func-
tion. Another challenge of high-throughput reporter
assays, shared by ChIP-seq and ATAC-seq approaches,
involves assigning CREs to specific target genes, espe-
cially for elements such as distal enhancers. More recent
approaches, such as CRISPR interference tiling across

genomic loci are beginning to enable endogenous per-
turbations of CREs and can address the contextual limi-
tations and CRE-target assignments [68,69]. However,
these assays are experimentally intensive and lack the
versatility of MPRAs to assay synthetic sequences or
multiple loci in parallel. Ultimately, a combination of
different complementary approaches is need dissect
CREs in context-specific manner.
Future outlooks
Recent advances in single-cell methods, in vivo systems,
and assays exploring geneeenvironment interactions, as
well as machine learning models, are expanding the
horizons of functional genomics. High-throughput re-
porter assays are generally conducted using populations
of millions of cells, which may mask the contributions of
individual cells and often lack the complexity of tissue

environments. The advent of single-cell MPRAs
(scMPRAs) addresses this limitation, revealing the di-
versity of CRE activity across different cell types and
states [70,71].

Further, extending MPRAs to in vivo systems would
allow assessment of CRE activity and specificity within
their native cellular types, states, and physiological
conditions. Pioneering studies performed MPRAs in
explanted newborn mouse retinas to identify retina
active CREs [72,73]. More recent studies have

performed whole-animal in vivo MPRAs, where intrave-
nous injection of plasmid or adeno-associated virus
MPRA libraries to mouse tissues lead to the identifica-
tion of brain- and liver-specific enhancers and the ef-
fects of synthetic and native TF binding site disruption
on enhancer activity [74,75]. Expanding these studies to
other sets of elements and tissues would offer a
powerful approach to dissect the contributions of indi-
vidual cells to CRE activity and effect of genetic variants
in different tissues or disease contexts.
Current Opinion in Structural Biology 2025, 94:103105
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Another major area of future development concerns
“Response MPRAs” [76], aimed at studying how CREs
respond to environmental stimuli. A few groups have
already used this growing approach to study CRE acti-
vation/repression by ligands. For example, STARR-seq
identified CREs that respond to the glucocorticoid
dexamethasone, as well as allele-specific effects [27,77].
Another study showed that retinoic acid, implicated with

risk for major depressive disorder, increased regulatory
activity of allelic variants harbouring retinoic receptor
motifs [78]. Future work is expected to extend these
studies to shed light onto the mechanisms governing
CRE activity in response to drugs, hormones, metabo-
lites, as well as endogenous and exogenous immune
stimuli and stresses. Coupling Response MPRAs with
machine learning models will also expand our ability to
predict and design stimulus-specific CREs. Along these
lines, a recent study designed a library of synthetic
promoters that serve as readouts of cellular stimuli [79].

Another study used a similar approach to design re-
porters that respond to the activation by specific TFs
[80]. The integration of machine learning models and
experimentalMPRA datasets in different conditions, cell
types, and in vivo settings will lead to more precise
models of gene regulation, advancing our ability to pre-
dict causal variants, design synthetic reporters, and
develop cell type- and context-specific elements for
biotechnology or disease treatment applications.
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