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Abstract

Regulatory elements (enhancers) are major drivers of gene expression in mammals and harbor many genetic variants associated with human
diseases. Here, we present an updated VISTA Enhancer Browser (https://enhancer.lbl.gov), a database of transgenic enhancer assays conducted
in developing mouse embryos in vivo. Since the original publication in 2007, the database grew nearly 20-fold from 250 to over 4500 experiments
and currently harbors over 23 500 images. The updated database provides structured information on experiments conducted at different stages
of embryonic development, including enhancer activities of human pathogenic and synthetic variants and sequences derived from a variety of
species. In addition to manually curated results of thousands of individual experiments, the new database also features hundreds of manually
curated comparisons between alleles. The VISTA Enhancer Browser provides a crucial resource for study of human genetic variation, gene
regulation and developmental biology.
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Introduction

Enhancers are typically defined as DNA sequences capable
of driving gene expression at a distance. They often act in
a cell type-specific fashion, have critical roles in regulating
developmental processes, and changes in enhancer sequences
have been central to vertebrate evolution (1,2). A major-
ity of variants discovered in genome-wide association stud-
ies (GWAS) overlaps enhancers and numerous experimen-
tal studies demonstrate distal regulatory variation is crucial
for normal and pathological human biology (3,4). Identi-
fication of active enhancers is thus fundamental to under-
standing of human diseases, embryonic development and
evolution.

Genome-wide measurements of open chromatin status, hi-
stone modifications, and transcription factor binding are of-
ten used to discover potential regulatory elements, but are not
sufficient to demonstrate that a given region is capable of driv-
ing gene expression. To elucidate the full in vivo function of a
given enhancer conclusively, it is necessary to remove it from
the genome or to silence its activity through genome engineer-
ing. However, these methods do not scale well at organismal
level and are therefore predominantly applied to iz vitro cul-
tured cells, requiring prior assumptions about cell type speci-
ficity. Further, endogenous loci often harbor multiple regula-
tory elements, which may mask changes in target gene expres-
sion due to removal of an individual enhancer or introduction
of a variant (5,6).

Transgenic mouse reporter assays are a sensitive, repro-
ducible method for assessing iz vivo enhancer activity at
scale across all tissues. In a typical experiment, a putative
enhancer is coupled to a minimal promoter and a LacZ re-
porter gene, inserted into the DNA of a fertilized mouse
egg, and assessed for activity after a desired gestation pe-
riod. Recent advancements in transgenic assay technology us-
ing CRISPR/Cas9 to direct the integration of transgenic con-
struct to a safe harbor locus (enSERT method), have con-
siderably improved the reproducibility and efficiency of this
assay (7). No assumptions about tissue of activity are nec-
essary, allowing discovery of elements active in multiple tis-
sues and cell types. Crucially, effects of genetic variants on
gene regulatory activity can be studied using these assays
without the confounding of redundant elements at their en-
dogenous loci (7,8). This is especially important for variants
involved in common diseases, which often have low effect
sizes.

Large catalogs of elements with confirmed regulatory ac-
tivity in vivo are a crucial resource for genetic and genomic
research. They serve as a golden standard for training and as-
sessment of computational methods identifying regulatory el-
ements and variants, as well as a substrate for studies on evo-
lutionary innovation and tissue-specific gene regulation. Here,
we present an update of the VISTA Enhancer Browser (9),
which houses the results of over 4500 transgenic 7z vivo mouse
experiments conducted in developing embryos. The structure
of the new database allows easy access to and comparison
of experiments performed at different embryonic stages, with
different transgenic methods, using elements derived from dif-
ferent species or harboring human and synthetic variants. We
anticipate the updated VISTA Enhancer Browser to provide
value for the genomics, genetics, and developmental research
communities.
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Experimental workflow and database structure

The data model of the updated VISTA Enhancer Browser
database encompasses a hierarchical, one-to-many structure
consisting of loci, elements, experiments, and embryos (Fig-
ure 1), recapitulating the experimental workflow. These en-
tities reflect the place in the genome from which the tested
element originates (locus), its exact DNA sequence (element),
the conditions under which it was tested (experiment) and the
in vivo results of each independent transgenic insertion event
(embryo; Figure 1A).

DNA sequences tested in the VISTA Enhancer Browser are
often selected based on the presence of tissue- and embryonic
stage-specific epigenomic marks correlating with transcrip-
tional activity (H3K27ac histone mark measured by ChIP-
seq, p300 protein binding measured by ChIP-seq), transcrip-
tion factor binding (measured by ChIP-seq), open chromatin
(measured by ATAC-seq or DHS-seq), or evolutionary con-
servation (Figure 1B). In many cases, more than one of these
criteria are considered, and in many projects additional exper-
imental data or pre-existing knowledge about a given locus is
taken into consideration (9-17). Therefore, the content of the
VISTA Enhancer Browser data should not be considered a ran-
dom genomic sample, an important consideration when using
this data for genome-wide statistical analyses.

The genomic region from which the tested DNA sequence
is derived corresponds to the locus level in the database and is
defined as a unique combination of a genomic assembly (hg38
for human loci, mm10 for mouse loci; Figure 1B) and ge-
nomic coordinates (e.g. chrX:123456-124567). Each locus is
assigned an ID—an integer prefixed with ‘hs’ for human loci,
‘mm’ for mouse and ‘x’ for other species (e.g. hs200). Note
that highly conserved enhancers from different species do not
share a locus in this definition—links between them are es-
tablished through comparative annotation (see Comparative
experiment annotation below).

While DNA tested in the transgenic assay may correspond
to locus reference sequence from a given genomic assembly,
other sequences may be tested as well. Element level of the
database corresponds to a specific DNA sequence from a
given locus, including sequences containing human or syn-
thetic variants, even larger deletions. Each element is identi-
fied by a unique VISTA ID, which is composed of the locus
ID, appended by a number, for example hs200.2. Reference
elements are typically assigned a zero, for example hs200.0
(Figure 1B). When locus ID is used without a qualifying num-
ber (e.g. hs200), it refers to the reference element.

Elements can be tested under a variety of conditions, which
correspond to the experiment level of the database. An el-
ement is cloned into the desired reporter plasmid, typically
one with a minimal promoter and a beta-galactosidase re-
porter (LacZ). The resulting DNA construct is then injected
into mouse zygotes, along with Cas9 reagents (7), if targeted
integration is desired (enSERT method, Figure 1C). The zy-
gotes are transferred into pseudopregnant recipient mice and
recovered as embryos at a chosen developmental stage (typi-
cally 11.5 days post-fertilization, E11.5, Figure 1D). A com-
bination of element, minimal promoter, reporter, transgenic
method, and developmental stage defines the experiment level
in the database. It is also the level at which manual curation
is performed, making it the central level of the database and
the level displayed in the Browse tab on the website.
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Figure 1. Database organization and experimental workflow. (A) Structure of VISTA Enhancer Browser data. (B) Selection of putative enhancers and
introduction of variants. Locus and element hierarchy levels. (C) Cloning of selected enhancer into a reporter construct, zygote injection and targeted
integration (enSERT method). Experiment hierarchy level. (D) Results. E11.5 = embryonic stage E11.5.

The information about the promoter, reporter and trans-
genic method can also be expressed in shorthand form as a
‘backbone’ - predominantly hZR (hsp68 minimal promoter,
lacZ reporter, Random transgenesis), for older experiments,
or sZH (shh minimal promoter, LacZ reporter, H11 enSERT
targeted transgenesis), for more recent experiments. A specific
experiment can thus be uniquely referred to as, for instance,
‘element hs200.0 tested using sZH backbone at E11.5” or ‘el-
ement hs200.0 tested using enSERT with Shh minimal pro-
moter at E11.5”. Experiments are also uniquely identified in
the flat tables provided with the database using a 12-digit, base
36 hierarchy number, e.g. 002q000100135, to make joining of
different tables easier. Currently, about 90% of experiments
in the database are the single experiment for the correspond-
ing element, in which case their VISTA ID is sufficient for
their identification. Each experiment has its own unique page
that can be directly accessed using the above mentioned infor-
mation, e.g.: https://enhancer.lbl.gov/vista/element?vistald=
hs200&alleleld=08&backbone=sZH&stage=e11.5.

Embryos resulting from a transgenic mouse experiment are
stained for LacZ activity, genotyped (see next section), im-
aged, and stored indefinitely for additional imaging or sec-
tioning (Figure 1D). Their identifier in the database is an or-
dinal number given at collection. Since embryos that are not
transgenic, transgenic embryos that do not show any reporter
staining, and transgenic embryos that show predominantly

non-reproducible ectopic staining may not be imaged or dis-
played, the numbering of embryos displayed in the database
need not be consecutive. Once a sufficient number of trans-
genic embryos has been collected, the results of the experi-
ment are manually curated and published on VISTA Enhancer
Browser website (see next section).

The VISTA Enhancer Browser is implemented using React
and TypeScript. Data are served through a dedicated Applica-
tion Programming Interface (API), developed using the Slim
Framework. For each experiment entry, links are provided to
external resources, namely, the UCSC Genome Browser and
NCBI RefSeq for genomic coordinates and flanking genes, re-
spectively.

Genotyping and curation

Most of the experiments published in the VISTA Enhancer
Browser are individually curated to confirm which activity
patterns were reproducible. The criteria for assessing the re-
producibility of activity in individual anatomical structures
depend on the transgenesis method used. Older experiments
performed using random transgenesis are more susceptible to
ectopic staining in individual embryos due to position effects
and therefore require a more stringent reproducibility thresh-
old than experiments performing the newer targeted reporter
integration approach (enSERT), which shows higher repro-
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Figure 2. Genotyping. (A) Schematic of enSERT experimental workflow. (B) Interpretation of enSERT genotyping results.

ducibility across embryos (7,18). The reproducibility criteria
for both methods were established empirically, based on the
results observed across thousands of transgenic experiments.
Both methods require a minimum number of transgenic em-
bryos to make a curation call.

When using random transgenesis, presence of any LacZ
staining is considered conclusive evidence of successful trans-
genesis of a given embryo. With this method, elements with-
out intrinsic activity often yield embryos with variable ectopic
staining due to positional effects, i.e. activation of the reporter
construct by enhancers or promoters present near the genomic
insertion site. PCR genotyping to identify additional trans-
genic, unstained embryos would only be performed only if the
number of stained embryos is insufficient to make a conclusive
call. When the minimum number of transgenics is obtained,
the experiment can be curated as:

e POSITIVE if a similar staining pattern is observed for
any anatomical structure in at least three embryos

e NEGATIVE if at least five transgenic embryos were ob-
tained and positive criteria were not fulfilled

With the site-directed enSERT method (7), elements with-
out intrinsic activity typically yield transgenic embryos with-
out staining (Figure 2A). Further, embryos injected with el-
ements that do drive reporter activity often differ in overall
staining intensity based on the copy number of integration
events. Thus, to establish that a sufficient number of transgen-
ics has been obtained for negative elements, and to enable cor-
rect interpretation of results for positive elements, PCR geno-
typing is required.

All embryos generated using the enSERT method are geno-
typed using two PCR reactions: one assessing correct targeting
at the H11 locus and one assessing the presence of the reporter
plasmid backbone (Figure 2A, B). Embryos positive for both
PCRs are labeled tandem, indicating that at least two concate-
nated copies of the vector are inserted correctly at the targeted
H11 locus. Embryos only positive for the targeting PCR are
labeled single, indicating insertion of a single copy of the vec-
tor at the H11 locus. Embryos only positive for backbone PCR
are labeled random, indicating insertion of at least two con-
catenated copies of the vector outside of the H11 locus. These

labels match observed activity patterns. Staining intensity of
tandem embryos is usually greater than that of single embryos,
with both tandem and single embryos exhibiting very repro-
ducible activity patterns. Random embryos tend to either be
negative, likely due to integration in repressive chromatin, or
to have variable, ectopic staining, due to bystander activation.
These genotypes are therefore an important component of our
annotation protocol (Figure 2B).

Thanks to the additional layer of information provided by
genotyping and due to overall higher reproducibility, exper-
iments using site-directed enSERT transgenesis require fewer
transgenic embryos to make a call than experiments using ran-
dom transgenesis. Experiments are curated as:

e POSITIVE if a similar pattern in the same structure is
observed in at least two transgenic embryos, at least one
of which was correctly targeted at the safe harbor locus
(i.e. had a single or tandem genotype)

e POSITIVE if a similar pattern in the same structure is
observed in at least three embryos of any genotype (same
as for random transgenesis)

e NEGATIVE if two tandem embryos without staining
were observed

e NEGATIVE if no reproducible expression was observed
in five random or tandem transgenic embryos (similar to
random transgenesis criterion)

PCR genotype and the observed patterns do not always co-
incide, since routine genotyping does not directly assess the
genomic location of all insertions or their copy number. In
particular, an estimated 14% of embryos with an intrinsically
active enhancer and a tandem genotype exhibit divergent pat-
terns. These include variable ectopic staining, single-like ac-
tivity pattern and no activity. This is likely due to true tandem
insertion at H11 locus being indistinguishable co-occurence of
a targeted insertion at H11 locus (low or high copy number)
with a random genomic insertion, which can be silenced or
ectopically activated. Single genotypes are more reliable. Less
than 2% of embryos with an intrinsically active enhancer and
a single genotype exhibit divergent patterns, virtually all of
which are tandem-like.
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Figure 3. Experiment comparison. (A) Example of a manually curated comparison between alleles. Shown are the reference ZRS allele experiment
(hs2496.0 sZH E11.5) and an experiment using single basepair ZRS mutation associated with polydactyly in hemimelic extra-toe mouse (hs2496.34 sZH
E11.5). Introduction of the variant resulted in additional activity in the limb, as described in the boxed panel. Top panel is a fragment of Experiment page
for reference experiment, bottom is a fragment of Experiment Comparison page. (B) Example of a side-by-side view of two experiments. The same
element (hs271.0) was tested at two embryonic timepoints (E11.5 and E14.5). Similar forebrain-specific activity was observed at both timepoints.

Comparative experiment annotation

The VISTA Enhancer Browser allows for direct comparison
of differences between any two experiments. Related exper-
iments, such as those testing testing different alleles of the
same element (Figure 3A), the same element at different em-
bryonic stages (Figure 3B) and the same element with different
transgenic methods are automatically linked in the database
to enable convenient side-by-side visual comparison (see ex-
ample in Figure 3B). In addition, selected comparisons, in par-

ticular those between different alleles of the same element
or between evolutionarily related elements, have been man-
ually curated (see example in Figure 3A). The results of man-
ual comparative curation are reported for each tissue as 7o
change, a gain of function, a loss of function, a partial loss
of function or complex. For complex results, a description
of the change in activity within the tissue is also provided,
e.g. ‘loss of original dorsal forebrain staining, ventral gain’.
Manually curated comparisons also explicitly mention which
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genotypes were taken into account when making the call—all
transgenics, tandems and singles in combination, or tandems
alone.

Curation calls on experiments involving suspected hu-
man pathogenic variants are made through blind annota-
tion involving at least four reviewers, unless noted other-
wise. For more details on any particular comparison, re-
fer to cited studies or inquire with the VISTA Enhancer
Browser team. Changes associated with synthetic variants and
non-allelic comparisons are typically called in a non-blinded
fashion.

The database currently contains records for 315 manually
curated allelic comparisons, ~62% of which are annotated as
resulting in a change of function. The large majority of manu-
ally curated allelic comparisons stem from studies on limb loss
in snakes due to ZRS mutations, on human pathogenic mu-
tations in ZRS enhancers or on sensitivity of ultraconserved
brain enhancers (7,8,19).

Database contents

As of August 2024, the database contained data from over
4500 experiments, including over 23 500 images of over
13 500 transgenic embryos. The majority of experiments
were assessed at embryonic stage E11.5 (>85%), using ran-
dom transgenesis with Hsp68 minimal promoter (>70%) or
enSERT (>25%; targeted H11 transgenesis with Shh mini-
mal promoter), testing a human or mouse element (>60%
and >35%, respectively) with a positive result (~50%; Figure
4A). Of the positive experiments, nearly 80% showed activ-
ity in the brain, limb or heart (Figure 4B), reflecting the main
tissue groups investigated by this lab and the propensity of
evolutionarily conserved elements to be positive for brain ac-
tivity (9-17).

As an example of an analysis that can be performed using
this data, we investigated the co-occurence of activity across
all pairs of tissues with more than 50 experiments (Figure 4C).
We found an expected, strong correlation between activity in
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dorsal root ganglia, the trigeminal nerve and other cranial
nerves, between different parts of the brain and the neural
tube, between heart and somites, as well as between cranio-
facial tissues (branchial arches, facial mesenchyme, nose, ear).
Interestingly, there was also a strong correlation between cran-
iofacial and limb activity, likely reflecting a common evolu-
tionary origin of these structures (20).

The VISTA Enhancer Browser with its enhanced features
for display of time series, allelic comparisons, and major ex-
pansion in content will continue to provide a rich resource
for enhancer studies in the context of developmental biology,
gene regulation, and human variation.

Data availability

All data is available on enhancer.lbl.gov and on gitlab.com/
egsb-mfgl/vista-data.
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