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Abstract Despite ground- breaking genetic studies that have identified thousands of risk variants 
for developmental diseases, how these variants lead to molecular and cellular phenotypes remains a 
gap in knowledge. Many of these variants are non- coding and occur at enhancers, which orchestrate 
key regulatory programs during development. The prevailing paradigm is that non- coding variants 
alter the activity of enhancers, impacting gene expression programs, and ultimately contributing to 
disease risk. A key obstacle to progress is the systematic functional characterization of non- coding 
variants at scale, especially since enhancer activity is highly specific to cell type and developmental 
stage. Here, we review the foundational studies of enhancers in developmental disease and current 
genomic approaches to functionally characterize developmental enhancers and their variants at 
scale. In the coming decade, we anticipate systematic enhancer perturbation studies to link non- 
coding variants to molecular mechanisms, changes in cell state, and disease phenotypes.

Introduction
Enhancers are regulatory elements that drive development and lineage specification through temporal 
and cell- type- specific control of gene expression (Banerji et  al., 1981). Thus, it is not surprising 
that enhancer dysregulation has been frequently implicated in developmental diseases (termed 
‘enhanceropathies’). Whole genome sequencing (WGS) and genome- wide association studies (GWAS) 
have highlighted an abundance of disease- associated genetic variants at enhancers (Gusev et al., 
2014; Parker et al., 2013). It is thought that these variants alter the activity of enhancers, impact 
gene expression programs, and ultimately contribute to disease risk and pathogenesis (Kleinjan and 
van Heyningen, 2005).

Several notable developmental enhanceropathies highlight key concepts. First, unlike protein- 
coding variants, the impact of genetic variants on enhancers may not be obvious. For example, point 
mutations of an enhancer of the sonic hedgehog (SHH) gene cause the developmental malformation, 
polydactyly (Lettice et  al., 2017; Lettice et  al., 2003). This enhancer was initially mapped to an 
intron of the LMBR1 gene through breakpoint analysis in a patient with preaxial polydactyly (Lettice 
et al., 2003). Functional analysis of the enhancer sequence in transgenic mouse embryos showed that 
the regulatory element’s activity overlapped with SHH expression in the zone of polarizing activity 
(ZPA) during early limb specification. Remarkably, this enhancer is over 1 Mb away from the SHH 
gene promoter and does not regulate the expression of several genes in closer proximity (Williamson 
et al., 2016). This example illustrates the potential for non- coding enhancer variants to cause devel-
opmental defects owing to their roles in early cell specification, by regulating distally located genes. 
This example also highlights the importance of 3D genome architecture in gene regulation and the 
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interpretation of enhanceropathy mechanisms. Other examples include a long- range enhancer of 
IRX3 with obesity- associated variants in the brain (Smemo et al., 2014) and a cardiometabolic risk- 
associated enhancer that regulates the FST gene ∼522 kb away in the liver (Civelek et al., 2017). This 
topic of long- range gene regulation is more extensively covered in recent reviews (Razin et al., 2023; 
Vermunt et al., 2019).

Second, expanding on the first concept, enhancers can contribute to disease through indirect 
and cell- type specific mechanisms. For example, a risk- associated enhancer for the persistence of 
fetal hemoglobin alters the expression of the transcriptional repressor BCL11A (Bauer et al., 2013). 
However, it is not BCL11A per se, but its target HbF (fetal hemoglobin) that is directly responsible for 
the phenotype (Basak et al., 2015). Importantly, this gene regulatory event only manifests in hema-
topoietic cells. Third, enhanceropathies can phenocopy genetic variants. Congenital heart defects 
(CHD) are a widespread class of cardiac defects with multiple gene drivers (Fahed et al., 2013). One 
of the more well- known drivers is TBX5, with exon mutations associated with a variety of CHD- related 
complications such as Holt- Oram Syndrome and atrial/septal defects (Bruneau et al., 2001; McDer-
mott et al., 2005). Sequencing studies in CHD patients identified several genetic variants, a handful 
of which ablated the activity of a TBX5 enhancer (Smemo et al., 2012). This observation suggests 
that TBX5 enhanceropathies can contribute to CHD by reducing TBX5 expression, and phenocopies 
haploinsufficiency of TBX5 caused by gene mutations.

The culmination of genetic studies has identified enhancer variants as major factors in the human 
diseases and underscores the role of disrupted spatiotemporal gene regulation in developmental 
disease. However, as the above examples indicate, the assignment of risk variants to the mecha-
nisms of developmental diseases is often non- trivial. A key challenge in the field is to directly perturb 
enhancers, their variants, and associated genes in the appropriate cell type to identify their impacts on 
molecular, cellular, and organismal phenotypes that are relevant to developmental diseases (Figure 1). 
Here, we will review the development of recent genomic technologies to accomplish this ambitious 
goal and anticipate future challenges along three key dimensions: genomic perturbations, cellular 
systems, and the phenotypic readouts.

Functional evaluation of enhancer elements
Since disease- associated variants overlap enhancers, one approach to gain clues to the mechanisms 
of variants is to first perform a functional analysis of whole enhancer elements. This approach has 
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Figure 1. Pathway of how enhancer variants cause developmental defects. The functional characterization of enhancer variants is a multi- step process 
linking genotypes to molecular phenotypes (target genes and networks), cellular phenotypes (cell state, morphology), and organismal phenotypes 
(developmental defect) (top row). A genetic variant of a Sonic Hedgehog enhancer driving polydactyly is one well- characterized example (bottom row). 
However, the role of most cis- regulatory elements in developmental disease remains unclear.
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several advantages. First, diverse tools have been developed to measure enhancer function at scale, 
including massively parallel reporter assays and CRISPR- based screening approaches (Table 1). Recent 
approaches have coupled these technologies with single- cell assays to further increase the scale and 
resolution of enhancer characterization (Dixit et al., 2016). Second, by focusing analyses on the small 
subset of enhancers that overlap variants (out of the universe of millions), this approach significantly 
reduces the set of enhancers to functionally test. While a given developmental state may have thou-
sands of active enhancers, many will not be relevant to the disease. However, it is important to note 
that measuring the activity of an entire enhancer does not directly answer how a disease variant 
functions. Nonetheless, this approach can serve to prioritize enhancers for downstream variant- level 
analyses, which are more challenging to perform and lower throughput.

Reporter assays for analysis of enhancer elements during in vivo 
development
Since enhancer activity is cell- type and developmental time specific, an important initial step is to 
define active enhancers in a developmental system. Chromatin- based approaches have been widely 
adopted for this purpose. In particular, recent applications of single- cell ATAC- Seq in developmental 
systems have enabled the identification of thousands of potential enhancers at a cell- type specific 
level (Cusanovich et al., 2018a; Cusanovich et al., 2018b; Domcke et al., 2020; Gao et al., 2022). 
Chromosome conformation capture assays have also been extensively applied to identify enhancers 
that engage in 3D chromatin interactions with putative target genes (Lu et al., 2020; Ron et al., 
2017). For focused discussion on these topics, we refer the reader to other reviews (Gasperini et al., 
2020; Razin et al., 2023; Shlyueva et al., 2014; Vermunt et al., 2019).

While epigenetic signatures can be used to identify putative enhancer elements, functional assays 
are needed to definitively demonstrate an enhancer’s spatiotemporal activity during in vivo develop-
ment. Reporter assays are simple and flexible tools that have addressed this gap in enhancer functional 

Table 1. Summary of genomic approaches to characterize enhancers and variants.

Approach Application Pros Cons Example studies

VISTA
Measures in vivo enhancer reporter 
activity in transgenic mice.

in vivo and spatial readouts of 
enhancer activity

single time point (E11.5), low 
throughput

Pennacchio et al., 2006; 
Visel et al., 2007

Massively parallel reporter 
assays (MPRA), Self- 
transcribing active regulatory 
region (STARR)- Seq

Measures the activity of enhancer 
sequences and variants with high 
throughput reporter assays. Single- cell 
MPRA gives readouts on cell- specific 
enhancer activity.

very high throughput, variant- 
level activity

lacks endogenous genomic 
context, readouts can depend on 
the design of reporter constructs

Inoue et al., 2019; Kircher 
et al., 2019; Arnold et al., 
2013; Zhao et al., 2023; 
Lalanne et al., 2022

CRISPR screen

Measures endogenous activity of 
enhancer by perturbating sequences with 
CRISPR/Cas9, using sgRNA dropout as a 
phenotypic readout.

high throughput, endogenous 
genomic context

requires a selectable phenotype, 
the readout is only sgRNA 
abundance

Sanjana et al., 2016; 
Korkmaz et al., 2016

CRISPRi FlowFISH, HCR 
FlowFISH

Measures endogenous enhancer activity 
on the expression of candidate genes 
with high sensitivity.

medium throughput, 
endogenous genomic context, 
sensitive transcriptional 
readout

only a small number of genes can 
be measured in each experiment

Fulco et al., 2016; Reilly 
et al., 2021

Single- cell CRISPRi screen
Measures endogenous enhancer activity 
on transcriptome- wide phenotypes.

high throughput, endogenous 
genomic context, 
transcriptome- wide readout

low sensitivity for lowly expressed 
genes or enhancers with modest 
effects; expensive

Genga et al., 2019; 
Armendariz et al., 2022

Base editing screen

Measures endogenous activity of 
enhancer variants after high throughput 
base editing.

variant- level perturbations 
more relevant to disease 
modeling, endogenous 
genomic context

some base substitutions 
incompatible with current base 
editors, limited editing window 
restricts sgRNA design; modest 
effect sizes

Martin- Rufino et al., 2023; 
Chen et al., 2022

merFISH, seqFISH, osmFISH
Measures spatial RNA expression with 
high sensitivity.

spatial context, sensitive 
readout of many transcripts

existing screens are low 
throughput, expensive, specialized 
equipment

Xie et al., 2017; Eng et al., 
2019; Codeluppi et al., 2018

Imaging screen (Cell Painting, 
optical)

Measures morphological phenotypes 
after perturbation.

spatial readout, morphological 
phenotypes of multiple cellular 
components

enhancer perturbations may not 
cause morphological phenotypes; 
lacks gene expression readout; 
limited cell type compatibility Bray et al., 2016
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characterization. In a reporter assay, enhancer activity is assessed by cloning a putative enhancer 
downstream of a minimal promoter driving expression of a reporter gene (Stanojevic et al., 1991). 
For example, Conrad and Botchan used a reporter assay to discover the first enhancer as an element 
of the SV40 genome that drove the expression of a B- globin reporter gene in HeLa cells (Conrad and 
Botchan, 1982). However, reporters test enhancers outside of their native genomic context. A key 
development has been the extension of reporter assays to characterize the activity of enhancers in 
vivo (Hammer et al., 1987; Johnson et al., 1989; Pinkert et al., 1987; Swift et al., 1984). Imaging- 
based approaches, such as those incorporating luciferase or lacZ, have also enabled high- resolution 
spatiotemporal characterization of enhancer activity during mammalian development (Kvon et al., 
2020; Pennacchio et  al., 2006; Smemo et  al., 2012). Notably, the VISTA Enhancer browser now 
documents thousands of enhancers that have been experimentally tested using reporter assays in 
embryonic mice (Visel et al., 2007). These detailed images of stained embryos provided by in vivo 
reporter assays demonstrate the exquisite spatiotemporal specificity of enhancers in development. 
However, the scale of traditional reporter assays remains limited to a handful of targets.

High throughput functional characterization of developmental 
enhancers
Massively parallel reporter assays (MPRA) use next- generation sequencing to measure enhancer 
activity at scale (Melnikov et al., 2012; Patwardhan et al., 2009). In an MPRA, thousands of DNA 
sequences are cloned into a reporter construct upstream of a minimal promoter, a fluorescent marker, 
and a barcode. By sequencing the barcodes and measuring abundance, the level of expression 
provided by each enhancer can be determined (Inoue and Ahituv, 2015). Innoue et al., applied an 
MPRA to characterize over 2,000 enhancers throughout the differentiation of human embryonic stem 
cells toward neural progenitors (Inoue et al., 2019). By collecting samples at multiple time points, the 
authors demonstrated the temporal specificity of enhancers. Notably, enhancer activity in the exog-
enous reporter correlated with epigenetic hallmarks found at the endogenous enhancers including 
ATAC- seq and H3K27ac, and target gene expression. As MPRAs test thousands of enhancers, they 
also reveal patterns of transcription factor binding and the features that drive enhancer activity (Smith 
et al., 2013). For example, Inoue et al., found that regulatory activity depended primarily on chro-
matin context (Inoue et al., 2019). The sequence of the regulatory elements, including binding motifs, 
primarily dictated whether these regions acted to increase or decrease transcription. STARR- seq is 
another massively parallel reporter assay that systematically tests all genomic fragments for enhancer 
activity (Arnold et al., 2013). An adaptation of STARR- seq has been applied in vivo to assess 408 
sequences for enhancer activity in the early mouse brain (Lambert et al., 2021). This approach has 
the advantage of measuring the spatial activity of enhancers in vivo.

Traditional MPRAs are limited to characterizing putative enhancers in a uniform cell population. 
To address this issue, MPRAs have recently been combined with single- cell RNA- Seq (scRNA- seq) to 
characterize enhancer activity in heterogeneous cell systems (Lalanne et al., 2022; Zhao et al., 2023). 
Lalanne et al characterized 213 putative regulatory elements in mouse embryonic stem cell- derived 
embryoid bodies generating the three germ layers (Lalanne et al., 2022). The authors identified an 
enhancer of Lamc1 which exhibits pleiotropic activity in two populations, in contrast to the Lamc1 
gene which is expressed in a single cell type. This discordant regulation suggests that the expression 
of Lamc1 is not strictly dependent on the activity of its nearby enhancer. These studies highlight the 
power of single- cell technologies to address enhancer cell- type specificity and their ability to reveal 
regulatory networks. Thus, MPRAs expand the throughput of reporter assays and can be used to 
identify features of enhancers active in particular developmental systems.

Despite the widespread use, reporter assays have several limitations. First, the choice of the expres-
sion vector can produce dramatic differences in enhancer- mediated expression that can complicate 
interpretation (Lungu- Mitea and Lundqvist, 2020). For example, Lungu- Mitea et al., queried multiple 
reporter backbones and identified an induction fold difference of 10 between two backbones. Second, 
the length of the insert selected, often limited by DNA synthesis technologies, may not capture all 
the functional sequences of an enhancer (Romanov et al., 2021). Klein et al., performed an MPRA 
containing different enhancer lengths and found that results tended to correlate poorly between 
lengths (Klein et al., 2020). Finally, since reporter assays are exogenous, they do not recapitulate 
endogenous enhancer function. For example, in a screen of over 2000 DNA sequences, Inoue et al., 
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observed that half of the identified putative enhancers did not correlate with endogenous chromatin 
signatures (Inoue et  al., 2019). Thus, while reporter systems have the flexibility and scalability to 
assess thousands of sequences for enhancer activity, other methods are required to determine the 
developmental relevance of enhancers in their native genomic context.

Genome engineering for endogenous analysis of enhancers in 
development
Endogenous perturbations of enhancers in their genomic context are required to understand the 
role of these regulatory elements in development. TALENs, which are programmable nucleases that 
can be recruited to user- specified genomic loci, were initially applied to this question (Boch et al., 
2009; Moscou and Bogdanove, 2009). Wang et al. directed TALENs to an enhancer in which lupus- 
associated variants had been identified (Wang et al., 2016). The introduction of variants at this enhancer 
disrupted promoter interaction with TNFAIP3 and ultimately led to the downregulation of the down-
stream autoimmune gene NF-κB. While TALENs allow for targeted genetic perturbations, they are too 
difficult to scale for genetic screens (Morbitzer et al., 2011; Reyon et al., 2012; Weber et al., 2011). 
In contrast, CRISPR/Cas9 has been widely adopted to endogenously perturb genes (Jinek et  al., 
2012). However, since enhancers consist of hundreds of base pairs, short indel introduced by one 
sgRNA alone may not be sufficient to disrupt enhancer activity (He et al., 2011; Reddy et al., 2012). 
Thus, paired sgRNAs flanking an enhancer have been used for deletion studies. For example, Zhou et 
al., used this approach to delete putative enhancers of the developmental gene SOX2 in embryonic 
stem cells (ESCs) (Zhou et al., 2014). This study identified multiple enhancers that were essential for 
regulating SOX2 expression and for the maintenance of pluripotency. To increase the throughput of 
this approach, Diao et al., generated a pool of sgRNAs spanning 174 potential enhancers to tile the 
POU5F1 locus in human ESCs (Diao et al., 2017). The authors identified regulators of POU5F1 within 
hESCs, including enhancers that behaved atypically by only temporarily reducing gene expression 
when perturbed. By systematically tiling the entire locus, they also found enhancer- like promoters 
which regulate POU5F1 as well as other genes in the region. Tiling screens can thus uncover a gene’s 
regulatory elements from a single pooled perturbation experiment. However, CRISPR/Cas9- mediated 
genetic perturbation of enhancers is limited by two factors: efficiency and scalability. Requiring two 
sgRNAs to excise an enhancer is inefficient, and often generates a heterogeneous population of cells 
in which not every cell will harbor an enhancer deletion (Zheng et al., 2014). Clonal selection is also 
required to ensure homozygous knockout as the cleavage efficiency of both alleles is even lower 
(Eleveld et al., 2021). Enhancer deletion also complicates high- throughput screens because sgRNA 
pairs must be simultaneously introduced into an individual cell.

To address these issues, a flexible suite of CRISPR- based tools has been developed to alter 
enhancer activity through epigenetic modification. This approach fuses catalytically dead Cas9 
(dCas9) with chromatin modifiers to introduce epigenome edits (Qi et al., 2013). Common dCas9 
modifiers include: KRAB, which introduces the heterochromatic modification H3K9me3 to repress 
enhancer activity (CRISPRi); and p300, a histone acetylase that activates enhancer activity (CRISPRa) 
(Gilbert et al., 2013; Hilton et al., 2015). CRISPRi/a has proven to be a potent modifier of enhancer 
activity and gene expression capable of robust effects even with a single sgRNA (Thakore et  al., 
2015). This capability has enabled CRISPRi screens with hundreds to thousands of sgRNAs to system-
atically interrogate multiple enhancers in a single experiment. Fulco et al., applied a tiling CRISPRi 
screen targeting two loci harboring essential transcription factors (TFs) and enriched them for cells 
that influence viability (Fulco et al., 2016). This approach identified 9 enhancers which regulate TF 
expression and harbor phenotypic consequences on cell growth. These experiments indicate that 
only a subset of enhancers identified by chromatin profiling (Crawford et al., 2006) have impacts on 
downstream gene expression (Malin et al., 2013). Besides cellular proliferation, RNA expression is 
another selectable marker that has been applied to CRISPRi enhancer screens (Fulco et al., 2019). 
CRISPRi- FlowFISH applies an enhancer screen to cells with genes fluorescently labeled using RNA 
FISH. Sorting cells into bins of expression based on fluorescence intensity identifies enhancers which 
regulate the labeled genes and the relative level of regulation. Fulco et al., applied CRISPRi- FlowFISH 
to over 4,000 enhancer- gene pairs to identify the features of enhancer- promoter regulation (Fulco 
et al., 2019), and showed that enhancers do not always regulate the closest gene. This highlights 
the importance of chromatin looping and architecture which mediates the DNA- to- DNA interactions 
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mediating enhancer to promoter regulation (Kadauke and Blobel, 2009). One disadvantage of 
viability and gene expression CRISPRi screens is that the throughput is typically limited to a single 
phenotypic readout.

Single-cell screens for enhancer activity in heterogeneous 
developmental systems
Traditional bulk CRISPR screens are restricted to a single readout that can be assessed. Single- cell 
RNA- seq (scRNA- seq) has been combined with CRISPR screens to address this limitation by providing 
high- content transcriptome- wide readouts of cell state (Dixit et  al., 2016). In single- cell CRISPR 
screens, a pool of sgRNAs is transduced into cells followed by scRNA- Seq to detail the transcriptome 
and perturbations of individual cells. Dixit et al., first demonstrated single- cell CRISPR perturbations 
(Perturb- seq) to knock out dozens of genes and screen for transcriptional differences (Dixit et al., 
2016). As Cas9- mediated genetic knockout has low efficiency, Perturb- seq has also been applied 
in conjunction with dCas9- KRAB in a similar genetic screen (Adamson et al., 2016). Both of these 
approaches allow for the large- scale screening of multiple elements from a single experiment. This 
approach has been applied to a developmental system of hESC to cardiomyocyte differentiation, iden-
tifying enhancers which impact lineage specification of the cardiac system (Armendariz et al., 2022). 
Leveraging single- cell gene expression provides not only the transcriptional phenotypes mediated 
by each enhancer, but also the effect enhancer repression has on cell state. In this way, phenotypes 
such as differentiation potential can be identified. Similar screens have been applied to promoters in 
neuronal and endoderm development, yet the application towards enhancers remains limited (Genga 
et al., 2019; Tian et al., 2019). A significant limitation of using scRNA- seq as a readout is that lowly 
expressed genes are difficult to detect, which limits statistical analysis and can result in false negatives. 
To address this problem, TAP- Seq selectively enriches key transcripts in single- cell libraries to increase 
the sensitivity of detecting genes of interest (Schraivogel et al., 2020). TAP- seq thus increases the 
detection of genes regulated by targeted enhancers and has the added advantage of reducing 
sequencing costs. Transcript amplification methods are ideal for enhancer studies as enhancers typi-
cally regulate nearby genes, reducing the number of candidate genes for amplification. However, the 
low overall sensitivity of single- cell RNA- Seq means that very lowly expressed genes may still escape 
robust detection. Methods to perturb enhancers have rapidly advanced in scale and efficiency over 
the last decade. Improvements to delivery systems and differentiation models that can better recapit-
ulate development have also provided an increase in disease relevance.

Functional evaluation of enhancer variants
High throughput reporter assays to interpret enhancer variants
While studying enhancers at the element level provides information on their molecular and cellular 
roles (Figure 1), they lack the resolution of nucleotide variants observed in disease states (Lensch 
et al., 2022; Thakore et al., 2015). Thus, it is crucial to study perturbations at a nucleotide resolution 
to elucidate the role of enhancer variants in disease. However, one key challenge is that the effect 
of a nucleotide variant on an enhancer’s activity is expected to be modest compared to the whole- 
enhancer perturbations (Kheradpour et al., 2013; Patwardhan et al., 2012). As a result, the molec-
ular changes in target gene expression and downstream cellular phenotypes are also expected to be 
modest. Thus, sensitive assays are required to measure variant effects (Table 1).

Reporter assays can be readily adapted to study variants by directly incorporating patient- derived 
nucleotide changes in tested fragments. For example, Smemo et al., identified a TBX5 enhancer G- to- T 
transversion in a patient with an isolated congenital heart defect. TBX5 is a transcription factor well- 
studied in the context of cardiac development with coding variants causing the cardiac developmental 
disorder Holt- Oram syndrome. The wildtype sequence of the enhancer showed myocardium- specific 
expression in the ventricles and ventricular septum in transgenic mice. Notably, the authors showed 
abrogation of heart- specific enhancer activity in the G- to- T mutant using beta- galactosidase reporter 
assay. (Smemo et al., 2012). This study is a rare example validating a patient- derived enhancer variant 
in a model for developmental disease. However, extending this approach more widely requires higher 
throughput methods.

To increase the throughput of the variants and elements in the reporter assays, saturation muta-
genesis with MPRA has been used to study many disease- associated variants at a single nucleotide 
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resolution (Kircher et al., 2019). In this study, the authors examined over 30,000 single nucleotide 
variants for 20 disease- associated regulatory elements. The authors identified developmentally rele-
vant enhancer variants, including the well- known zone of polarizing activity regulatory sequence (ZRS). 
ZRS is a SHH limb enhancer and the identified variants are known to cause severe limb malformations 
like polydactyly (Riddle et al., 1993; Zeller et al., 2009). Another example is Factor IX (F9) which is 
associated with an X- linked bleeding disorder called Hemophilia B Leyden. Single nucleotide changes 
in the promoter region have been implicated in the disease. Kircher et al discovered mutations in the 
binding sequences for HNF4A and ETS- related transcription factors that reduced promoter activity.

MPRAs have historically lacked the ability to pinpoint the cell type- specific activity of enhancers, 
which is critical while studying development. Recent work by Zhao et al., addressed this challenge by 
developing single- cell MPRA screens. Zhao et al applied this approach in the mouse retina to test 113 
variants of the Gnb3 promoter, a cis- regulatory element known for its differential expression among 
the subtypes of retinal cells. Beyond validating the cell type specificity of Gnb3 promoter a variant 
identified in a previous study, the authors captured the effects of single nucleotide variants across 
different binding sites in the promoter in different retinal cells (Murphy et al., 2019; Zhao et al., 
2023). For example, the authors created single nucleotide variants in the E- box motif, which is critical 
for the development of multiple retinal cell subtypes. While most of these variants showed effects 
on gene expression level, only one variant affected cell type specificity. Thus, scMPRA provides a 
powerful tool to study the effect of single nucleotide variants in a developmental context in complex 
tissues.

CRISPR genome engineering for analysis of enhancer variants
While CRISPRi is an effective tool for enhancer perturbation at ~1 kb resolution, it is too blunt and 
cannot resolve function at the level of variant- identified disease conditions.(Lensch et al., 2022; Li 
et  al., 2020; Thakore et  al., 2015) Thus, to model the effect of nucleotide variants on enhancer 
function, alternative tools are needed. The short indels generated by CRISPR/Cas9- directed genome 
editing (typically <30 base pairs) offer higher resolution than CRISPRi/a (Allen et al., 2018; Koike- 
Yusa et al., 2014; Kosicki et al., 2022; van Overbeek et al., 2016). This method exploits the ability 
of the cells to be repaired by a non- homologous end joining pathway and generate random insertions 
and deletions in the guide RNA targeted region. The first study to successfully characterize enhancer 
activity using CRISPR/Cas9 studied the human erythroid enhancer of BCL11A (Canver et al., 2015). 
BCL11A is a developmentally crucial transcriptional repressor that facilitates fetal (HbF) to adult 
hemoglobin switching (Bauer et al., 2012). Bauer et al identified common genetic variants in the 
erythroid- specific enhancer of BCL11A that was associated with HbF expression (Bauer et al., 2013). 
By dissecting the enhancer at near- base- pair resolution using CRISPR/Cas9 saturation mutagenesis, 
the authors pinpointed nucleotides in the enhancer that altered BCL11A expression and subsequently 
HbF expression (Canver et al., 2015). Specifically, the authors tiled the enhancers identified using 
DNAse hypersensitivity assays with gRNAs and quantified the effect of perturbation on target gene 
HbF, through flow cytometry- based sorting. They identified the effect of enhancer perturbation 
through guide RNA abundance. Other studies using similar single- gene screening strategies have 
also functionally identified enhancers at scale (Diao et al., 2017; Sanjana et al., 2016).

One drawback of CRISPR/Cas9 approaches is that the double- strand breaks caused can be detri-
mental to the cells. Recently developed technologies like base editing have solved this problem. For 
example, Martin- Rufino et al applied base editing screens to precisely alter variants in the promoter 
region of the γ-hemoglobin gene (HBG1/2), an important component of fetal hemoglobin (Martin- 
Rufino et  al., 2023). Using a pooled base editing screen for ~120 sgRNAs targeting the 300 bp 
promoter, coupled with FACS- based enrichment for HbF populations, the authors identified new 
and previously known variants that increase HbF expression. Importantly, the authors also performed 
pooled single- cell genotyping to link the nucleotide variants to the phenotype. In a separate study, 
Chen et al., took a tiered approach by combining deep learning- based methodologies with CRISPRi 
and base editing screens to identify variants in enhancers of CD69 (Chen et al., 2023). Finally, Morris 
et al., extended this base editing screening strategy to functionally test GWAS variants for blood traits 
with a single- cell RNA- Seq readout (Morris et al., 2023). Besides base editing, other methods like 
prime editing, which is currently being used to study variants in protein- coding regions, can be also 
applied to study enhancer variants (Erwood et al., 2022).
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One challenge to studying enhancer variants is the ability to map variants to phenotypes. In the 
BCL11A enhancer dissection study, the authors sorted the cells based on target gene expression 
(HbF) and quantified gRNAs contributing to that phenotype. While this enables the study of pertur-
bations at scale, it is an indirect measure for actual edits on DNA. Variant- level analyses that measure 
nucleotide edits at scale have been recently applied to study exons. Findlay et al., used saturation 
mutagenesis to study 13 exons of BRCA1 to characterize variants of unknown significance (Findlay 
et al., 2018). This study used homology- directed repair to supply all possible single nucleotide vari-
ants and quantified the effects using growth- based screens. Since the authors sequenced the installed 
variants in genomic DNA and measured the effects of the variants at the RNA level, this study offers 
a comprehensive way to link variants to gene expression. Extending this approach to non- coding 
elements in a disease- relevant system can offer a way to map enhancers’ effect on target genes at 
variant resolution.

Future challenges
GWAS indicate that ~90% of disease- associated variants are non- coding and likely at enhancers 
(Edwards et  al., 2013). However, to date, the vast majority of enhancers and their phenotype- 
associated genetic variants remain uncharacterized. Thus, to understand the molecular and cellular 
mechanisms of developmental diseases, a key future challenge will be the development of new tech-
nologies that enable more comprehensive functional studies of enhancers and their genetic vari-
ants. We view the spectrum of these genomic technologies along three dimensions: the resolution of 
genomic perturbations, the complexity of the cellular system, and the depth of the readout (Figure 2). 
Here, we evaluate current technologies along each of these dimensions and discuss future challenges.

Genomic perturbation: From elements to variants
MPRAs enable the high- throughput study of enhancer function at base- pair resolution but lack endog-
enous context. Conversely, CRISPRi/a studies enable medium- scale perturbation of enhancers in their 
native endogenous context, but lack the resolution to give insights on base- level variants sequenced 
in patients (Armendariz et al., 2022; Fulco et al., 2019; Fulco et al., 2016; Xie et al., 2017). One 
recent development is to employ base editing or prime editing to test the molecular and cellular 
phenotypes of endogenously installed variants. These tools are already being used to study disease- 
relevant protein coding regions (Erwood et al., 2022). A key future goal will be to gain comprehen-
sive analysis of enhancers, with both endogenous context and base- pair resolution. This could be 
attained by a combination of multiple technologies (CRISPRi/a for endogenous context and MPRA for 
base- pair resolution), or by scalable base/prime editing approaches. However, one complication could 
be enhancer redundancy in which multiple enhancers or variants cooperatively regulate a given gene. 
Notable examples indicate that variants in multiple enhancers may jointly contribute to disease devel-
opment (Cannavò et al., 2016; Corradin et al., 2014; Corradin and Scacheri, 2014; Kvon et al., 
2021; Osterwalder et al., 2018). Combinatorial perturbation of multiple enhancers will require more 
efficient perturbation systems and would add significant complexity to functional analyses.

Cell systems: From cell lines to organoids to animal models
Existing enhancer studies have largely focused on static in vitro systems, especially immortalized or 
primary cell lines (Fulco et al., 2019). However, the temporal- specific activity of enhancers requires 
dynamic biological systems to model development and capture the impact of enhancers on devel-
opmental phenotypes. One approach taken is to perform CRISPRi studies in human pluripotent 
stem cells (hPSCs) during differentiation (Armendariz et al., 2022; Genga et al., 2019; Wu et al., 
2022). One key challenge is that, since enhancers are time- dependent, understanding how they work 
together to establish and maintain gene expression networks could require a dense sampling of time 
points (Bonn et al., 2012).

More complex biological systems like human organoids and mouse models, which better recapit-
ulate development, are needed to study the spatiotemporal impacts of enhancers. Organoids are 
currently available for a variety of developmental systems including the brain, kidney, and heart (Di 
Lullo and Kriegstein, 2017; Lewis- Israeli et  al., 2021; Nishinakamura, 2019). One advantage is 
that these systems represent 3D models of human development. A CRISPRi screen has been applied 
to an organoid model, identifying key TFs in fetal lung development through perturbation of select 
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promoters (Sun et al., 2022). Similar 3D systems could be used to study the role of enhancers in 
developmental disease. In vivo systems are currently able to interrogate individual enhancers and 
variants (Smemo et al., 2012). While in vivo studies offer the highest level of disease relevance, they 
suffer from low throughput. As a result, they are best employed to characterize enhancers which have 
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been prioritized using screens in simpler models. While in vivo CRISPR screens have been accom-
plished, perturbation complexity remains a key challenge (Gemberling et al., 2021; Jin et al., 2020). 
A delivery system is needed that can endogenously perturb enhancers with high efficiency that can 
capture enhancer activity at the appropriate developmental time point. However, the number of 
cells available for analysis at relevant developmental stages may be limiting. Until this critical issue 
is addressed, organoid models will be a more tractable system for perturbation screens in the near 
future. A tiered approach with multiple systems of increasing complexity could also serve as a bridge 
until newer technologies are developed.

Readouts: From expression to morphology to function
Interpreting the function of an enhancer or its variants is limited by the sensitivity and scalability of the 
phenotype measured. There are many phenotypes that can be measured in cells, including growth, 
transcription, and morphology. Measuring gene expression is a common readout for many enhancer 
studies (Armendariz et al., 2022; Canver et al., 2015; Diao et al., 2017; Fulco et al., 2016; Reilly 
et al., 2021). Gene expression readouts offer a trade- off between the scalability and sensitivity of 
the genes measured. RNA sequencing- based approaches can provide an unbiased measurement of 
the transcriptome. However, detecting lowly expressed genes remains a challenge, especially at the 
single- cell level. This is especially relevant for transcription factors, which are often lowly or moder-
ately expressed (Pokhilko et al., 2021). On the other hand, direct RNA labeling through fluorescent 
in- situ hybridization (FISH) is more sensitive. For example, FISH- based methods have been adapted 
to identify regulatory elements of key genes by perturbing enhancers and sorting cells based on fluo-
rescence intensity after RNA labeling (Fulco et al., 2019; Reilly et al., 2021). One drawback is that 
FISH- based approaches can only survey a handful of pre- identified genes. More recent approaches 
including MerFISH, seqFISH, osmFISH, and others can increase the scale of genes detected, but are 
significantly more challenging to establish (Codeluppi et al., 2018; De Biase et al., 2021; Eng et al., 
2019; Xia et  al., 2019). Similarly, targeted transcript amplification has been developed to enrich 
genes of interest (Schraivogel et al., 2020). These approaches and improved single- cell chemistry will 
likely increase the sensitivity of transcript detection.

While gene expression readouts are common, more complex phenotypes could offer different 
insights into disease states. Morphological and functional readouts are two such phenotypes. 
Morphology as a phenotype has been enabled by advances in imaging. For example, Cell Painting 
is a multiplexed image- based assay for the detection of cellular organelles like mitochondria, Golgi 
apparatus, and cytoskeleton through fluorescent dyes (Bray et al., 2016). Subtle perturbation pheno-
types such as size, shape, and structure can then be interrogated across multiple cellular components. 
In combination with CRISPR perturbations, optical screens can provide information on organelle local-
ization, cell morphology, and cell- cell interactions (Feldman et al., 2019). Optical CRISPR screens 
have been employed to characterize multiple phenotypic features of perturbation of essential genes 
(Funk et al., 2022). Since optical screens are compatible with live- cell imaging, combining them with 
enhancer perturbation can provide insights into the cellular dynamics across lineage specification 
during development. Beyond morphology, enhancers and their variants can lead to other organismal 
and physiological phenotypes. For example, Cunningham et al., identified two enhancers of Tbx5 
that are not essential for limb development through genetic knockout (Cunningham et al., 2018). 
However, such phenotypes are not amenable to high throughput characterization (Bender et  al., 
2000; Cunningham et al., 2018; Johnson et al., 2012). Several functional assays have been devel-
oped which incorporate high- throughput techniques for large- scale screening. Patch- seq is one such 
readout that combines whole- cell electrophysiological recordings with single- cell RNA sequencing 
and immunochemistry (Cadwell et  al., 2016; Fuzik et  al., 2016). Such multimodal readouts will 
enable the linking of perturbations to gene expression and functional phenotype. Such analyses will 
yield fuller insights into an enhancer’s role in disease and development.

Predictive modeling
Since there are millions of regulatory elements in the human genome and many more sequence vari-
ants, it is not feasible to experimentally test all of them for their impact on developmental disorders. 
Computational models that can accurately predict the regulatory activity of sequence variants will be 
an essential component to close this gap. Several recent advances highlight the promise of this nascent 
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field. For example, Sei is a sequence- based deep learning model trained on a compendium of ~20,000 
epigenetic features, including open chromatin and transcription factor binding from ~1300 cell lines 
and tissues (Chen et al., 2022). Given a DNA sequence, Sei accurately predicts whether the sequence 
is a regulatory element and in what cell contexts. Since Sei models sequences, it can also predict how 
genetic variants alter enhancer activity. Similarly, Enformer also applies deep learning to predict gene 
regulatory activity from genomic sequences (Avsec et al., 2021). One key advance of Enformer is the 
ability to use information from distal genomic interactions (~100 kb) to improve predictions. In this 
way, Enformer can predict long- range interactions between promoters and enhancers.

Predictive modeling is an exciting area for future research, and there are many areas for future 
improvement. First, current approaches have focused on predicting molecular phenotypes including 
expression and epigenetic status. Future needs include the accurate modeling of how biological 
networks and pathways are perturbed by sequence variants, as well as more complex cellular and 
organismal phenotypes. Second, accurate predictions rely on good training data. However, much 
of our existing training data is derived from cell lines. Epigenetic data from human developmental 
systems, especially in vivo, are still rare. In addition, since there is limited data on systematic pertur-
bation studies, existing models will need to improve as these data become available. Active learning 
strategies with deep integration of experimental and modeling components will be crucial to guide 
experiments to where computational modeling can be most improved. Third, predictive models need 
to be accurate across diverse populations, and doing so requires the ability to model the effect of 
genetic background. Fourth, the development of explainable AI models will offer insights into these 
models and the features important for prediction (Novakovsky et  al., 2023). We anticipate that 
improved predictive modeling capabilities will drive clinical applications to interpret the molecular, 
cellular, and organismal impact of newly identified variants in patients.

Conclusion
From the initial discovery of enhancers in SV40 four decades ago, the field has witnessed a rapid 
progression of tools to characterize enhancers and their variants in development (Banerji et al., 1981). 
The 2000s saw the development of advanced reporter systems to characterize enhancer activity in 
vivo and culminated in the development of MPRAs (Patwardhan et al., 2012; Patwardhan et al., 
2009). The 2010s witnessed the comprehensive mapping of enhancers, as well as new genome engi-
neering tools to perturb enhancers endogenously at scale, both at increasingly cellular resolution. In 
the coming decade, we anticipate that innovative technologies will spearhead the high- throughput 
characterization of how developmental enhancers and their genetic variants impact molecular and 
cellular phenotypes in vivo (Figure  2). However, to gain comprehensive views of all enhancers at 
the nucleotide and cellular resolution, experimental strategies alone will not be sufficient. Predictive 
modeling and machine learning approaches will be instrumental to achieve this goal. Ultimately, this 
knowledge will enable the interpretation of enhancer variants in both research and clinical settings.
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