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phenotypes (Lettice et al, 2003; Kvon et al, 2020; Lim et al, 2022
Preprint). However, our understanding of the other hundreds of
thousands of predicted enhancers in the human genome lags far
behind this, and for the majority, it remains challenging to identify
even the target gene with confidence. Effective and efficient in vivo
analysis pipelines for characterisation of regulatory elements
are needed to address this knowledge gap. In this study, we have
described an in vivo method for generating high-resolution data
on the precise activities of developmental enhancers. Using a
combination of live imaging and scRNA-seq in embryos derived
from dual enhancer–reporter transgenic zebrafish lines, we
clearly demonstrate distinct patterns of spatiotemporal and
cell type-specific activity during retinal development for two
retinal enhancers (HS5 and NRE) from the PAX6 regulatory region
(Fig 6).

It has been shown that NRE is active in a retinal progenitor
population during mouse embryonic development (Marquardt
et al, 2001). In this study, we have shown that NRE is specifically
active in retinal stem cells of the CMZ, as can be seen by scRNA-
seq (Figs 3 and 4) and high-resolution live-imaging and im-
munofluorescence (Fig 5). NRE has also been reported as active
in non-cholinergic amacrine cells in postnatal mouse eyes, and
necessary for their development (Kim et al, 2017). It is also
observed as an active enhancer in GABAergic amacrine cells in
the scATAC-sequencing data generated from adult human ret-
inae (Wang et al, 2022). This mirrors the known functions of PAX6,
which is essential for the generation of amacrine cells (Remez
et al, 2017). Here, we show that as early as 48 hpf in the zebrafish
(~E14.5 in mouse), NRE is seen to be strongly active in differ-
entiating amacrine cells by immunofluorescence imaging (Fig 5),
in specifically the non-cholinergic population, as is shown by
scRNA-seq (Figs 3 and 4). It is likely that the reduced amacrine
cell phenotype reported by Kim et al (2017) upon NRE deletion is
because of the loss of NRE activity at these early time points
affecting PAX6 expression. The dual activity of NRE in retinal
stem cells and differentiating amacrine cells reflects the mul-
tifarious functions of PAX6, which is necessary both for pro-
moting the proliferation and potency of retinal progenitors, and
directing cell-cycle exit and differentiation of cell types in-
cluding amacrine cells (Farhy et al, 2013; Remez et al, 2017).

Previously, little was known about the precise function of HS5
in the developing retina (McBride et al, 2011). Here, we show that
HS5 is active in the rapidly proliferating progenitor population of
the developing retina, and Müller glia (Figs 3, 4, and 5). HS5 is also
detected as an active enhancer in Müller glia cells in scATAC-
sequencing data from adult human retinal samples (Wang et al,
2022). Transcriptionally, Müller glial cells share similarities with
retinal progenitor cells, in that they are specialised glial cells

with progenitor potential (Jadhav et al, 2009). Again, it is known
that PAX6 expression is detected in both of these cell types, and
is necessary for the maintenance of progenitors and generation
of Müller glia (Marquardt et al, 2001; Joly et al, 2011). In zebrafish,
Müller glial cells are capable of undergoing transcriptional
reprogramming to produce retinal progenitor cells after an
acute injury to the retina (Goldman, 2014). This property has also
been shown for human Müller glia in vitro and in rodent
transplants (Singhal et al, 2012). During development, each
retinal progenitor cell is capable of forming several neural retina
cells and a single Müller glia (Rulands et al, 2018). Whether HS5 is
active in Müller glia at later stages or if the activity of HS5 in
these cells is linked to Müller glia development and HS5 activity
in upstream retinal progenitors is unclear.

HS5 and NRE also showed distinct differences in their spa-
tiotemporal patterns of activity. The activity of HS5 in the
temporal retina is notable, as in zebrafish, this region is a fovea-
like region of high acuity named the “area temporalis,” char-
acterised by specialisation and increased density of cell types
(Schmitt & Dowling, 1999; Yoshimatsu et al, 2020). It is unclear if
HS5 may also show a similar pattern of activity in the human
fovea, and whether this may be functionally relevant to fovea
development. Of note, Müller glial cells play a key role in the
fovea, where they are one of only two cell types (the other being
cone photoreceptors), and provide essential support to the
structural integrity of this region (Bringmann et al, 2018;
Delaunay et al, 2020). The activity of HS5 in Müller glia and the
“area temporalis” could therefore be linked. Whereas HS5
shows greatest activity in the temporal zebrafish retina, the
fluorophore expression driven by this enhancer is still mea-
surable at lower levels in the nasal retina (Fig 2). It is therefore
unclear as to what extent this enhancer drives PAX6 expression
in cell types in this region. The previous study identifying HS5 in
a mouse lacZ reporter assay did not report any specific spatial
activities for this enhancer within the developing eye, and the
resolution of this assay would be poorly suited to do this
(McBride et al, 2011).

A limitation of this study, and enhancer–reporter assays in
general, is the fact that the enhancers are tested outside of their
native genomic context. An advantage of this dual enhancer–
reporter assay in zebrafish, however, is that the developmental
context of enhancer activity is preserved, and this can be easily
followed in live embryos, particularly in developing eyes. The
transgenic lines also serve as a valuable resource for isolating
enhancer-active cell populations, whose precise identity can be
determined by using scRNA sequencing. This generates an
enhancer-centric view of the cell types and stages of development
where the expression of the target gene is potentially regulated by

Figure 5. Immunofluorescence identifies enhancer-active cell types.
(A) Coronal-orientation image of a NRE-eGFP/HS5-mCherry embryo at 48 hpf showing the activity of NRE (eGFP) in the distal CMZ (stem cell niche) and cells of the INL,
and HS5 (mCherry) activity in the temporal retina, in the proximal CMZ, and cells of the INL. (B) Dot plot showing average expression and percentage of cells expressing
pcna, elavl3 (encoding HuC/D), and glula (encoding glutamine synthetase [GS]) in cell type clusters. (C) Immunofluorescence for PCNA, mCherry, and eGFP on a coronal eye
section from an NRE-eGFP/HS5-mCherry F1 embryo at 48 hpf. PCNA is a marker for progenitors and stem cells in the CMZ. An arrow indicates anmCherry/PCNA-positive
cell. An arrowhead indicates a eGFP/PCNA-positive cell. (D) As in (C), but using an antibody detecting HuC/D (elavl3/4). HuC/D is a marker for RGCs in the GCL and
amacrine cells in the INL. Arrowheads indicate eGFP/HuC/D-positive cells. (E) As in (C) but using an antibody detecting GS, on an embryo at 72 hpf (sagittal section). GS is a
marker for Müller glia. Arrowheads indicate mCherry/GS-positive cells. Scale bars 50 μm, 20 μm in zoom.
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this sequence. Given the small size of the enhancer-active cell
populations, this resolution cannot be achieved in scATAC-
sequencing experiments, unless they are coupled with expres-
sion studies (Wang et al, 2022). As such, zebrafish are an ideal model
to study the activity of the human PAX6 retinal enhancers tested
here. Zebrafish are already a well-established model for studying
ocular genetics, as eyes and eye development are highly conserved
between zebrafish and humans, including morphology, cell types,
protein markers, and gene expression (Richardson et al, 2017;
Angueyra & Kindt, 2018; Vöcking & Famulski, 2023). Species-specific
differences may limit the interpretation of some results, which we
have discussed.

To the best of our knowledge, ours is the first report where an
in vivo system has been used to isolate, characterise, and com-
pare the precise cell type-specific activities of developmental
enhancers. We have shown that two overlapping PAX6 retinal
enhancers have distinct spatial, temporal, and cell type-specific
activities, and as such, it is highly likely that they are nonre-
dundant with differing functions in human retinal development.
Based on our results, we suggest that other enhancers with ap-
parently overlapping domains of activity based on lower reso-
lution assays may have similar distinct functions that require
proper dissection at high spatial and temporal resolution. Indeed,
there are several other retinal enhancers at the PAX6 locus that
have yet to be characterised, and which may also have unique or
redundant functions. The comprehensive framework described
here to evaluate HS5 and NRE provides a systematic pipeline
to investigate the activities of enhancers, and the consequences
of enhancer mutations. The scRNA-seq dataset of developing
zebrafish retinal cell types, in which different enhancers are
active, sheds light on gene-regulatory networks during retinal
development, and can be utilised as a valuable resource in
future studies. The detailed description of the cell types and
stages in development where the enhancers are active would
inform analysis of functional studies deleting these sequences
or assessment of phenotypes of patients with variants in these
enhancers.

Materials and Methods

Generation of dual enhancer–reporter constructs

Dual enhancer–reporter constructs were generated using Gateway
cloning (Invitrogen) as described in Bhatia et al (2021). Destination
vectors containing the gata2-eGFP and gata2-mCherry gene units
were synthesised by GeneArt. These contain R3/R4 Gateway re-
combination sites for insertion of enhancer sequences, and the
cassette is flanked by either PhiC31 or Tol2 recombination sites for
genome integration. The sequences of HS5 and NRE were PCR-
amplified from human genomic DNA using Phusion high-fidelity
polymerase (NEB). Hg38 genome coordinates and sequences of
primers used, containing overhang Gateway recombination se-
quences, are in Tables S5 and S6. Purified PCR products were cloned
into Gateway pDONR entry vectors (pP4P1r or pP2rP3) using BP
clonase. Plasmids were sequenced using the original enhancer
primers to verify integration. The insulator construct was previously
created by cloning into a pDONR221 vector (Bhatia et al, 2021). The
insulator construct used in this study contains 2.5 copies of the
chicken HS4 sequence. Final dual enhancer–reporter constructs
were created using LR clonase in a multi-way Gateway reaction to
combine the two enhancer sequences and the insulator into the
destination vector. The NRE-eGFP/HS5-mCherry and NRE-eGFP/
NRE-mCherry constructs were created using the PhiC31 destina-
tion vector, and the swap construct NRE-mCherry/HS5-eGFP was
created using the Tol2 destination vector.

Generation of transgenic zebrafish lines

Transgenic zebrafish lines were created as described in Bhatia et al
(2021). For the PhiC31 constructs, embryos were obtained from
landing-line adults and injected at the one-cell stage. The loss of
reporter gene expression from the landing pad (described in Bhatia
et al [2021]) and simultaneous gain of expression driven by HS5 and
NRE in the dual enhancer–reporter construct injected were used to

Figure 6. Investigating the distinct
functions of overlapping PAX6 retinal
enhancers in a zebrafish dual
enhancer–reporter assay.
PAX6 retinal enhancers HS5 and NRE have
distinct spatiotemporal and cell type-specific
functions in a dual enhancer–reporter system
in zebrafish embryonic development. NRE is
active throughout the developing retina, and
is localised to stem cells of the CMZ and
amacrine cells of the INL (green). HS5 is
active mainly in the temporal region of the
retina, in proliferating progenitors, and Müller
glia (magenta).
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assess successful integration. For the Tol2 construct, embryos were
obtained from WT adults (strain AB) and injected at the one-cell
stage. F0s were screened for mosaic expression of eGFP and
mCherry (and loss of landing-line fluorescence expression when
using PhiC31) and raised to adulthood. Sexually mature F0s were
crossed with WT adults and F1s screened for fluorescence using a
Leica M165FC fluorescence stereo microscope. Fluorescent F1s were
used for imaging and scRNA-seq. At least two F0 founders per
construct were used to generate F1s.

Zebrafish husbandry

Adult zebrafish were maintained according to standard protocols
(Sprague et al, 2008). Embryos were raised at 28.5°C and staged by
hpf and morphological criteria (Kimmel et al, 1995). All zebrafish
work was carried out under a UK Home Office licence under the
Animals (Scientific Procedures) Act, 1986.

Live and time-lapse imaging

Before imaging, all embryos were treated with 0.003% 1-phenyl2-
thio-urea (PTU) from 12 hpf to prevent pigmentation from de-
veloping. For live imaging, embryos at the correct stage were
anaesthetised with Tricaine (20–30 mg/liter) and mounted in 1%
low-melting point agarose in a glass-bottom dish (P06-1.5H-N;
Cellvis). Embryo media were added to the dish to prevent drying
out. Embryos were imaged using a Nikon A1R (scanning) confocal
microscope, using a 10x objective or 40x water immersion ob-
jective. Data were acquired using NIS Elements AR software (Nikon
Instruments Europe). Images were taken as a Z stack (1-μm step
size). Imaging was repeated for several F1s per line (see figure
legends). For time-lapse imaging, embryos were mounted as
described, and a portion of the low-melting point agarose
surrounding the embryo head/body was carefully cut away
using a microsurgical knife (World Precision Instruments). This
left only the tail of the embryo embedded in agarose, allowing
unimpeded development throughout the imaging time-course.
Tricaine (20–30 mg/liter) and PTU (0.003%) were added to the
embryo media covering the embryos. Time-lapse imaging was
carried out using an Andor Dragonfly (spinning disk) confocal
(Andor Technologies), using a 10x objective. Data were collected
in spinning disk 40-μm pinhole mode on the iXon 888 EMCCD
camera using Andor Fusion acquisition software. Embryos were
maintained at 28.5°C using an Okolab bold line stage top incubator
chamber (Okolab S.R.L). Images were taken as a Z stack (1 μm step
size) every 60 min for ~48 h.

Immunostaining and imaging

NRE-eGFP/HS5-mCherry embryos were dechorionated and fixed in 4%
PFA overnight at 4°C, then stored in 30% sucrose. Embryos were
embedded in optimal cutting temperature compound, and flash-frozen
at −80°C. Optimal cutting temperature blocks were cryosectioned and
samples dried onto SuperFrost Plus Adhesion slides (Epredia). Samples
were then rehydrated in PBS for 5 min at RT, followed by antigen re-
trieval in 10mMsodiumcitrate (pH 6), heated for 20min in a rice cooker.
Once returned to RT, the samples were washed three times in PBS 0.1%

Triton X-100 (PBST) for 5min at RT. Samples were blocked for 1 h at RT in
1% BSA, 10% goat serum in PBST, and then incubated with a primary
antibody in a blocking solution overnight at 4°C. All samples were
incubated with chicken anti-GFP (GTX13970; Gene Tex) (1:1,000), rabbit
anti-mCherry (26765-1-AP; Proteintech) (1:1,000), and either mouse anti-
PCNA (P8825; Sigma-Aldrich) (1:200), mouse anti-HuC/D (A21271; Invi-
trogen) (1:200), mouse anti-parvalbumin (P3088; Sigma-Aldrich) (1:200)
or mouse anti-GS (66323-1-Ig; Proteintech) (1:300). After incubation
slides were washed three times in PBS for 20 min at RT, followed by
incubation with secondary antibody for 2 h at RT. The following Alexa
Fluor-conjugated secondary antibodies were used at 1:1,000 dilu-
tion—goat anti-mouse Alexa Fluor 647 (A-21235; Invitrogen), goat anti-
chicken Alexa Fluor 488 (A-11039; Invitrogen), goat anti-rabbit Alexa
Fluor 546 (A-11035; Invitrogen). The samples were then washed three
times in PBS for 20 min at RT, with 1 μg/ml of DAPI added to the last
wash. Slides were mounted with a coverslip using mounting medium
(Ab104139; Abcam), then stored in the dark at 4°C. Slides were imaged
on a Zeiss LSM 900 scanning confocal using a 40x water immersion
objective in z-stack acquisition mode (0.5-μm step size).

Image analysis

All images were processed using FIJI and are displayed in figures as
maximum intensity projections (Schindelin et al, 2012). eGFP and
mCherry mean fluorescence intensity measurements were taken using
FIJI in the temporal and nasal portions of the retina only. In R, ggplot2
and ggpubr packages were used to plot these measurements and
comparemeansbetween groups using aWilcoxon test (Wickham, 2009).

Dissociation and sorting of zebrafish embryonic retinae

F1 NRE-eGFP/HS5-mCherry embryos, and WT embryos, were
collected and treated with PTU as described. At 48 hpf, embryos
were anaesthetised with Tricaine (20–30 mg/liter) and placed
into Danieau’s solution (Sprague et al, 2008). Eyes were dis-
sected from ~100–150 embryos using fine forceps (#5SF; Dumont),
and immediately placed into Danieau’s solution on ice. Samples
were centrifuged at 300g for 1 min at 4°C, and then washed with
Danieau’s solution. The washing step was carried out three times
with Danieau’s solution, and once with FACSmax (Amsbio). In a
final 500-μl FACSmax, the samples were passed through a 35-μm
cell strainer to obtain single-cell suspension (on ice). Samples
were sorted for mCherry and eGFP fluorescence using a FACS Aria
II (BD) or CytoFLEX SRT (Beckman Coulter) machine. Forward and
side scatter sorting was used to select single cells from clumps
and debris, and DAPI staining was used to exclude dead cells. A
WT sample was used as a negative control for eGFP and mCherry
fluorescence to set the gates for sorting. Cells single positive for
eGFP were selected for the eGFP samples. Because of the smaller
population of mCherry-positive cells, the yield of mCherry
samples was increased by sorting cells single positive for
mCherry or double positive.

scRNA-seq

After FACS, ~10,000 cells/sample were processed using the 10x
Genomics Chromium single-cell 39 gene expression technology
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(v3.1), according to the manufacturer’s instructions (Zheng et al,
2017). Sequencing was performed on the NextSeq 2000 platform
(Illumina Inc.) using the NextSeq 1000/2000 P3 Reagents (100 cy-
cles) v3 Kit. Sequencing data were processed using Cell Ranger (10x
Genomics, v6.1.2). Cellranger mkfastq was used to create FASTQ files
from raw sequencing data, followed by cellranger count to perform
alignment, filtering, barcode counting, and UMI counting. A custom
reference genome was created for alignment using cellranger
mkref, combining the Danio rerio GRCz11 genome assembly with
manually annotated eGFP and mCherry sequences.

Computational analysis of scRNA-seq data

Cell calling and QC
Taking the raw (unfiltered) output from cellranger count, we used
the emptyDrops function from DropletUtils to filter-out empty
droplets/barcodes not corresponding to cells (Lun et al, 2019).
Mitochondrial and ribosomal genes were excluded from the
emptyDrops analysis to improve the filtering of droplets containing
ambient RNA or cell fragments. The scater package was used to
filter cells based on the QC metrics of library size, detected genes,
and mitochondrial reads (McCarthy et al, 2017). Cells with detected
genes ≥500, library size ≥800, and mitochondrial reads ≤10% were
retained. Within the processed dataset, mean reads per cell = 11,239,
and median genes per cell = 1,554.

Reference mapping and filtering
The SingleR package was used to annotate cell types based on
mapping to the zebrafish single-cell transcriptome atlas (Aran et al,
2019; Farnsworth et al, 2019). Expression matrix and cell annotation
data were downloaded from the UCSC cell browser (http://
zebrafish-dev.cells.ucsc.edu); only the 2 dpf data were used for
mapping. Erroneously sorted cells of non-retinal identity (for ex-
ample pigmented cell types such as melanocytes with high auto-
fluorescence) were filtered out at this stage. This was carried out to
improve the resolution of clustering for retinal cell types.

Clustering and cell-type annotation
Seurat (v4) was used for clustering and further analysis for a total of
6,288 cells (Butler et al, 2018). SCTransform was used to perform log
normalisation, scaling, and highly variable gene detection on a dataset
consisting of the six samples merged into one. Standard SCTransform
options were used, with regression of mitochondrial expression and
cell-cycle stage using “vars.to.regress.” We performed principle com-
ponent analysis on the normalized counts matrix restricted to highly
variable genes, using Seurat’s Run principle component analysis
functionwith number of PCs = 50. To enable integration of the samples,
we then used Harmony to generate PCs corrected for batch effects
between libraries (Korsunsky et al, 2019). The Harmony PCs were then
used to perform K-nearest neighbour analysis (k = 20) and Louvain
clustering using Seurat (15 dimensions and resolution 0.6). Clusters
were annotated as retinal cell types based on the highest expressed
marker genes, and other known genes for each cell type, using in-
formation from the literature and ZFIN (Sprague et al, 2008). Cell cycle
scoring was performed using the Seurat CellCycleScoring function,
using zebrafish genes homologous to the “s.features” and “g2m.fea-
tures” genes provided by Seurat.

Differential abundance analysis and topic modelling
DAseq and MiloR were used to perform differential abundance
analysis between eGFP and mCherry-enriched samples using the
standard, suggested parameters (Zhao et al, 2021; Dann et al, 2022).
UMAP embeddings from Seurat were used as the graphing inputs.
Topic modelling was carried out using fastTopics, using k = 8
number of topics (Dey et al, 2017). Non-normalised counts were
used as the input, as is standard for topic modelling. Correlation
between fluorophore expression and topic scores were calculated
using a two-sided Pearson’s product–moment correlation using the
cor.test function from R stats (R Core Team, 2021).

Data Availability

The raw and processed scRNA-seq data generated in this study are
available from the Gene Expression Omnibus (GEO) under the
accession number GSE240575.
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