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SUMMARY

Atoh7 is transiently expressed in retinal progenitor cells (RPCs) and is required for retinal
ganglion cell (RGC) differentiation. In humans, a deletion in a distal non-coding regulatory region
upstream of ATOH?7 is associated with optic nerve atrophy and blindness. Here, we functionally
interrogate the significance of the Atoh7 regulatory landscape to retinogenesis in mice. Deletion of
the Atoh7 enhancer structure leads to RGC deficiency, optic nerve hypoplasia, and retinal blood
vascular abnormalities, phenocopying inactivation of Atoh7. Further, loss of the Ato/17remote
enhancer impacts ipsilaterally projecting RGCs and disrupts proper axonal projections to the
visual thalamus. Deletion of the Atoh7 remote enhancer is also associated with the dysregulation
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of axonogenesis genes, including the derepression of the axon repulsive cue Robo3. Our data
provide insights into how Atoh7 enhancer elements function to promote RGC development and
optic nerve formation and highlight a key role of Atoh7 in the transcriptional control of axon

guidance molecules.
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In brief

In this study, Mehta et al. dissect the roles of Atoh7 cis-regulatory elements during retinogenesis.
They demonstrate that deleting the enhancer landscape upstream of Atoh7 phenocopies Atoh7
mutant mice histologically and transcriptionally. They also found that loss of the remote enhancer

affects ipsilateral RGCs and their projections to the brain.

INTRODUCTION

Page 2

Retinal development is achieved through sequential coordinated steps that ultimately lead

to the generation of seven major cell types, born in a conserved order.2:2 Initial retinal
developmental events involve the expansion of the retinal progenitor cell (RPC) pool

through multiple rounds of cell division before progenitors exit the cell cycle and give rise to
six neuronal and one glial cell type.1 Retinal ganglion cell (RGC) differentiation originates

during embryonic stages as a result of an early wave of neurogenesis under the control

of the retinal progenitor transcription factors. This leads to the expression of the basic-helix-
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loop-helix (bHLH) transcription factor Afoh7in retinal precursors between embryonic day
(E)11 and E14.5 in the mouse retina.*8 Aroh7is required for RGC differentiation in
zebrafish, mice, and humans.”11 Additionally, murine retinae deficient of Atoh7 display
persistence of the hyaloid vasculature, disruption of post-natal blood vessels, and abnormal
electrophysiological responses.12:13 Previous studies indicated that Azoh7 triggers a genetic
program that includes the expression of several transcription factors required for RGC
terminal differentiation.6-14.15

How Atoh7 expression is controlled during retinogenesis has been under intensive
investigation. A potential primary regulatory mechanism of gene expression underlies cis-
regulatory elements, which govern transcriptional outputs spatially and temporally.16:17
Earlier work has identified a highly conserved mouse Afoh7 cis-regulatory constituent
(termed a proximal enhancer), 1.5 kb upstream of its transcription start site (TSS), which
drives the expression of a reporter gene in a pattern similar to endogenous Afoh7in
transgenic frogs.18:19 In humans, a large deletion in a distal non-coding region upstream

of ATOH?7 is associated with nonsyndromic congenital retinal nonattachment (NCRNA)
disorder, characterized by optic nerve atrophy and complete blindness. It was suggested that
the missing DNA region acts as a remote regulatory element that governs Atoh7 expression
through an as-yet unexplored mechanism.20 This element (termed a remote enhancer) is
conserved in mammals and matches the spatiotemporal expression of Afoh7in transgenic
mice, further suggesting that it regulates Atoh7 and implying a functional similarity between
mice and humans.2? Subsequent human genetic studies identified mutations in the Atoh7
coding region that are associated with key features of NCRNA.10-21 However, whereas the
orthologous mouse deletion of the remote enhancer leads to a significant reduction in Atoh7
expression in the developing retina, it does not phenocopy NCRNA, and RGCs appear

to be minimally affected in adult retina.22 Thus, the functional relevance of the Atoh7
enhancer landscape in mice and humans remains poorly understood, and a mouse model
that recapitulates NCRNA disease is yet to be generated. This information is necessary for
understanding the pathological manifestations of NCRNA and improving RGC generation
paradigms from stem cells.

Here, we comprehensively investigated the requirement of the mouse Atoh7 enhancer
landscape /n vivo. We demonstrate that deletion of the entire cis-regulatory element
upstream of Atoh7 leads to the loss of RGCs and the absence of the optic nerve, with
structural, functional, and transcriptional abnormalities comparable to what is observed upon
Atoh7 inactivation. We further show that disruption of the Atoh7 remote enhancer leads to
transcriptional aberrations in axonogenesis genes and defects in RGC axon innervations to
the visual centers in the brain. Our data provide insights into how Atoh7 enhancer elements
function to promote RGC genesis and axonogenesis and uncover a key role of Atoh7 in

the transcriptional control of axon guidance molecules that may include chromatin-based
mechanisms.
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Detailed mapping of the cis-regulatory signature dynamics near Atoh?7 in the developing

retina

We first comprehensively investigated the chromatin dynamics of Afo/7 cis-regulatory
topology in mice using the assay for transposase-accessible chromatin with sequencing
(ATAC-seq) and chromatin immunoprecipitation sequencing (ChlP-seq) analyses of 8
stages of murine retinal development.23 The chromatin accessibility and enhancer signature
defined an enhancer signal within 3 kb of the Afoh7TSS, corresponding to the previously
characterized proximal enhancer.18 A second, more pronounced, major putative regulatory
region is located approximately 9 kb from Afoh7 (distal/remote enhancer) and is associated
with the occupancy of the active enhancer marks H3K27Ac, BRD4, and RNA polymerase
I1 (RNAPII), and discernible with ATAC-seq peaks (Figure 1A). Interestingly, whereas

the binding dynamics of BRD4 and RNAPII correlated well with the timing of Atoh7
expression, H3K4me3 and H3K27Ac deposition persisted in post-natal stages and show
little evidence of decommissioning (Figure 1A). We also found that the Atoh7 locus
accumulated the polycomb-mediated repressive mark H3K27me3 after E14.5 as Atoh7
expression subsided (Figure 1A). The reduction in H3K27me3 deposition in later post-natal
stages may reflect the decline in the proportions of RGCs and RPCs as late-born cell-type
genesis progresses in the post-natal developing retina.

To delineate the cell-type-specific accessibility pattern of Afoh7at E14.5, when Atoh7
expression peaks, we performed single-cell (sc)-ATAC-seq (103 Genomics). Our analysis
revealed 9 clusters of cells spatially organized in a continuum-like pattern that mirrors

the progression from proliferation to differentiation at E14.5, in agreement with previous
data2425 (Figures 1B and S1; Table S1). We annotated cell cluster identity based on
chromatin accessibility profiles associated with well-established retinal cell-type-specific
markers and identified five major retinal cell populations known to be present at E14.5:
RPCs, neurogenic precursor cells, RGCs, horizontal/amacrine cells, and cones (Figures 1B
and S1; Table S1). Chromatin accessibility of Atoh7 and its enhancers was predominant in
cell clusters underlying the transition from an RPC-like state to differentiation (Figures
1B-1D and S1). Specifically, an increase in Atoh7 chromatin accessibility in areas
corresponding to the proximal and distal (remote) enhancer regions was observed in retinal
neurogenic precursor cells (cluster 4) and spanned differentiating cones and RGCs clusters
(clusters 5 and 7, respectively) and then became less abundant in differentiated RGCs
(cluster 8) (Figures 1B-1D and S1). The highly accessible open chromatin configuration
of the Atoh7 enhancer in differentiating cones is interesting and in agreement with the
suggested roles of Atoh7 in cone genesis.28:27 To confirm these data, we integrated sc-
ATAC-seq with sc-RNA-seq performed on wild-type (WT) E14.5 mouse retina using a
recently developed method that employs imputed gene activity scores from sc-ATAC-seq
data as the reference.28:29 In line with our sc-ATAC-seq annotations, Atoh7 activities are
highest in the neurogenic cluster, followed by the RGC and cone clusters (Figure S1; Table
S1). Overall, the single-cell analyses corroborate the results of our bulk chromatin analyses,
reflecting the pronounced transient expression of Ato/7in retinal precursor cells as they exit
the cell cycle and differentiate into RGCs.30
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Structural and functional defects in the retina upon loss of the Atoh7 enhancer landscape

To functionally test whether the mouse Atoh7 enhancer landscape is necessary for
retinogenesis, we generated an enhancer knockout (KO) that spans its entire regulatory
landscape (termed Atoh7-TEN: total retinal enhancer for Atoh7) using CRISPR-Cas9
(Figure 2A). Homozygous KO mice are viable and fertile, but gross morphological
analyses of Atoh7-TEN'~ brains indicated hypoplasia of the optic nerve and chiasmata,
signifying RGC deficiency (Figure 2B). To assess structural defects in the adult retina of
Atoh7-TEN'~ mice, we carried out high-axial-resolution fiber-based visible-light optical
coherence tomography (vis-OCT) imaging3! on mutant animals and aged-matched controls
(Figure 2C). We found that the optic nerve head was under-developed and, in many cases,
was difficult to distinguish, while the nerve fibers were dramatically reduced and their
morphology was abnormal (Figure 2C). Additionally, the retina and RGC layer thickness
was significantly reduced (Figure S2; 7= 6 mice for WT; 9 mice for Atoh7-TEN™~, p<
0.0001).

Loss of RGCs is also associated with defects in retinal blood vessels.12:21:32 To determine
whether the blood vasculature was affected in Atoh7-TEN mutant retina, we performed
OCT angiography on adult WT and Afoh7-TEN™'~ mice. We detected defects in the
superficial vascular plexus, a network of large blood vessels proceeding radially from the
optic nerve head to the periphery in a star-shaped manner (Figure 2C; 7= 6 mice for

WT; 9 mice for Atoh7-TEN™").33 Overall, OCT data underscore striking morphological
defects in the primary blood vessels and in the patterns of the smaller capillaries, including
neovascularization, abnormal tortuosity, lack of/multiple merging points for outlet, and/or
sudden termination (Figures 2C and S2; Video S1, S2, and S3). We also detected evidence
of retinal detachment and persistent fetal vasculature, a failure of the regression of the
retinal embryonic vasculature in the post-natal retina, reminiscent of the human eye disease
persistent hyperplastic primary vitreous, and a feature of NCRNA (Figures 2C and S2;
Videos S1 and $2).20:21.34 To examine the blood vasculature defects histologically, we
performed immunostaining of the endothelial cell marker CD31 (PECAML) on whole flat-
mount adult retina from control and Ao/ 7-TEN'~ animals.3235 We observed loss of the
superficial vascular plexus structure and defects in the blood capillary network branching,
particularly in the peripheral retina, in agreement with data from Atoh7-deficient mice
(Figure S2).12:32

To assess the consequences of disrupting the Atoh7 enhancer on the retinal
electrophysiological activities, we performed electroretinogram experiments on age-matched
adult mice from WT and Atoh7-TEN-deficient lines. Data underscore the loss of vision and
a significant reduction in A and B waves (7= 6 mice/group, p <0.001), indicating severe
functional defects in photoreceptors and retinal interneuron responses, respectively (Figures
2D and S2).

Histological analysis of the retina using H&E staining revealed several structural defects
in the Atoh7-TEN™~ mice, including reduced retina thickness, disruption of the laminar
structure, the absence of the optic stalk, and ectopic blood vessels in the vitreous, all

of which are reminiscent of loss of Atoh7 in the retina (Figure 2E). Taken together, we
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conclude that the Atoh7 enhancer landscape is required for proper retina morphology and
function.

The Atoh7 enhancer landscape is essential for RGC genesis and axonogenesis

The lack of the optic nerve and optic chiasm in the Afoh7-TEN™'~ ice suggests a loss of
RGCs. To test this, we performed immunolabeling of the RGC markers RBPMS, BRN3B
(POU4F2), BRN3A (POU4F1), ISL1, TUBB3, and PAX6 on adult retina from WT and
Atoh7-TEN™~ mice. The results indicated a strong reduction in the staining of those
markers, underscoring a substantial decline in RGC numbers in the mutant retina (Figures
2E and S3). Indeed PAX6* cells in the RGC layer were significantly reduced (7= 3 per
group, p < 0.001; Figure S3). The residual presence of PAX6" cells in the RGC layer likely
represents displaced amacrine cells (Figure 2E).” We also examined the possible effect of
Atoh7-TEN deficiency on different retinal cell types by immunostaining retinal sections
from adult control and Afoh7-TEN-'~ animals with cell-type-specific markers (Figure S3).
We found that most cell types suffered from a significant reduction, consistent with a
previous report.36

The reduction in RGC staining can be detected as early as in post-natal day (P)O0 retina

of the mutant mice, indicative of a developmental defect (Figure S3). To further delineate
whether RGC differentiation is affected in the Atoh7-TEN-deficient mice, we performed
immunolabeling of the RGC markers OC2, ISL1, TUBB3, and BRN3B (POU4F2) at E14.5,
when RGC genesis peaks (Figure 3A). We observed a severe decrease in the RGC markers
at this stage in Atoh7-TEN"!~ retina compared to control (Figure 3A). To corroborate

these results and elucidate the transcriptional programs impacted in E14.5 Atoh7-TEN™~
retinae, we performed bulk RNA-seq analysis and identified 1,571 downregulated and 370
upregulated transcripts (17 = 4 for each genotype; >1.5-fold change; adjusted p < 0.05;
Table S2). Atoh7 was among the most significantly downregulated genes (>90% reduction,
adjusted p < 0.05), along with well-established regulators of RGC differentiation, including
Isl1, Poudf2, Eya2, and Mytll (Figure 3B; Table S2). Significantly upregulated transcripts
included genes such as the proneural bHLH factors Neurod1, Neurog2, and components of
Notch signaling, all of which are known to be increased upon the loss of Atoh7 (Figure
3B).37 Gene Ontology (GO) analysis using the database for annotation, visualization, and
integrated discovery38 revealed that downregulated and upregulated genes are significantly
associated with functions related to nervous system development and neurogenesis (Figure
30).

The above phenotypic and transcriptomic changes are consistent with the proposed role

of Atoh7 in promoting RGC differentiation. To further evaluate this on a global level,

we examined the degree of transcriptional overlap between the Atoh7-TEN deletion and

the Atoh7 gene KO in the developing retina. Using RNA-seq data generated from Atoh7”/

~ retinae,3” we defined 569 (84.5%) and 121 (50.6%) transcripts that were commonly
downregulated and upregulated in Atoh7 gene KO, respectively (Figures 3D; Table S2).
Overall, genes that are known to be transcriptional targets for Atoh7 were similarly
impacted in both Atoh7'~ and Atoh7-TEN!~ retina. For instance, shared upregulated genes
include factors such as Gadd45g, Bhlhe22, and Vxn (3110035E14Rik), while Hhip, Ebf3,
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and Pou6f2 are among those that are commonly downregulated (Table S2). To further
corroborate these results, we intersected the differentially expressed genes (DEGS) from our
bulk RNA-seq analysis with the cell-type-specific DEGs previously identified in sc-RNA-
seq performed on the developing retina from the Atoh7 gene KO.37 Data indicate that RGC
clusters are highly enrichmed with DEGs from our bulk RNA-seq, followed by cone clusters
(Figure S3; Table S2). Taking these results together, we conclude that the Atoh7 enhancer
landscape is required for proper RGC genesis, phenocopying inactivation of Atoh7 in mice
and NCRNA in humans.

Transcriptomic analysis of the Atoh7 remote enhancer KO

Previously, it was shown that loss of the murine Atoh7 remote enhancer led to a significant
reduction in Atoh7 expression.22 However, the corresponding transcriptional changes in

the developing retina of this mouse have not been investigated. Considering the apparent
contrast between the robust decrease in Atoh7 expression and the lack of a strong
phenotypic impact in the Atoh7 remote enhancer KO mice, we sought to investigate the
transcriptome of the developing retina in this enhancer KO in detail. We used CRISPR-Cas9
to generate a mouse KO (termed Atoh7-REN hereafter) lacking the remote enhancer (Figure
4A). We found no obvious gross abnormalities in eye size or retina structure in adult mice
carrying Atoh7-REN deletion, and immunolabeling of RGC markers indicated that RGCs
were formed, recapitulating previously published results?? (Figures 4B-4G). To elucidate
possible molecular mechanisms, we assessed the transcriptional programs affected in the
Atoh7-REN'~ retinae by carrying out bulk RNA-seq at E14.5 (n= 3 for each genotype;
Figure 4H; Table S3). The analysis identified a total of 308 of differentially expressed
transcripts, far less than what was observed in the Atoh7-TEN'~ retina, of which 153 were
downregulated and 155 were upregulated (>1.5-fold change; adjusted p < 0.05; 7= 3; Table
S3). Compared to the near-complete loss of the Atoh7 transcript in Afoh7-TEN'~ retina
(>99%; adjusted p < 0.05), Atoh7 expression was significantly reduced in the Atoh7-REN!~
retinae by 80% (Figures 4H and 41; Table S3). However, contrary to the Atoh7-TEN'~
retinae, we found a mixed effect on the expression of the RGC gene regulatory network
(GRN) in the Atoh7-REN-deficient retina (Figures 4H and 41; Table S3). Aside from Atoh7,
many of the known RGC regulatory transcription factors downstream of Atoh7 did not pass
the 0.5-fold reduction threshold (e.g., Isl1, 0.37-fold reduction; Pou4f2, 0.39-fold reduction;
adjusted p < 0.05, n= 3 for each genotype), while others were not significantly impacted
(e.g., Pou4fl, adjusted p = 0.87; Table S3; Rbpms, adjusted p = 0.34; Figure 4l; Table

S3). This is in far contrast to the robust fold reduction observed in Atoh7-TEN KO (0.83-,
0.81-, 0.80-, and 0.63-fold decreases for Isl1, Pou4f2, Pou4fl, and Rbpms, respectively;
adjusted p < 0.05, n=3; Figure 4l; Table S2). Globally, we found little overlap between

the transcriptome of Atoh7 KO and Atoh7-REN'~ retinae. Only 12.5% of downregulated
(84/670) and 9.2% (22/239) of upregulated transcripts were significantly changed in Atoh7
KOs, with the fold change of many of these genes generally less than what was observed

in Atoh7-TEN™'~ mice (Table S3). In conclusion, despite the robust reduction in Atoh7
expression in Atoh7-REN'", the expression of key components of the GRN underlying
RGC genesis does not seem to be critically sensitive to Atoh7 dosage perturbation, and RGC
development managed to proceed with minimal interruption.
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Cell-type-specific changes in Atoh7 expression in Atoh7-REN~/~ retina

To delineate the underlying cell-type-specific transcriptional programs in the Atoh7-REN"!
~ retina, we carried out sc-RNA-seq analysis on retinae from WT and Atoh7-REN™~

mice at E14.5. We successfully identified 9 clusters organized into 5 major cell types:
RPCs, neurogenic cells, cones, RGCs, and amacrine/horizontal cells, in agreement with
published data3? (Figure 4J; Table S3). Uniform manifold approximation and projection
visualization indicated no major differences in the cluster composition between WT and
Atoh7-REN-deficient retinae, and we found that the key members of the GRN associated
with RGC development were expressed in the mutant retina, while Atoh7 was significantly
downregulated, supporting our bulk RNA-seq data (Figures 4J-4M). Interestingly, we
observed that the downregulation of the Atoh7 transcript was disproportional across cell
types (Figures 4L and 4M). Whereas retinal precursor cells (neurogenic cells) maintained
some level of Atoh7 expression, it was strongly reduced in differentiating RGCs and cones
(Figures 4L and 4M).

Atoh7 is required for the proper binocular visual circuit formation

GO term analysis of the top transcriptionally downregulated genes (adjusted p < 0.05)

in the Atoh7-REN-deficient retinae indicated the enrichment of pathways associated with
axon development, guidance, and neuron projection (Figure 5D). Thus, we hypothesized
that aspects of axon growth and/or guidance might be particularly affected in the Afoh7-
REN'~ retina. To investigate this, we analyzed optic nerve innervations to the dorsal
lateral geniculate nucleus (ALGN), a key relay center to convey visual information from
RGCs to the visual cortex.40 RGC axon terminals from contra- and ipsilateral eyes occupy
non-overlapping domains of the dLGN, whereby small ipsilateral projections localized

to the medial dLGN, while contralateral axons terminated in the distal areas.*! Using
well-characterized methods,*2-44 we performed anterograde axonal labeling using Alexa
Fluor 488-conjugated cholera toxin subunit B (CTB 488) and Alexa Fluor 555-conjugated
CTB (CTB 555) on P30 mice. These tracers were injected intravitreally into the left and
right eye of WT and Atoh7-REN~ mice, respectively. As expected, ipsilateral axons from
WT animals formed bundles and projected to the medial dLGN (Figures 5A-5C). In Afoh7-
REN~ mice, the overall structure of the dLGN in the mutant mice appeared intact, and
RGC axons managed to reach the dLGN (Figure 5A). Strikingly, however, ipsilateral axons
vigorously defasciculated, and their axons inappropriately invaded contralateral-occupied
terminals within the dLGN (Figures 5A and 5B; n= 3 for each genotype, p < 0.05).

Thus, we conclude that Atoh7 is required for the proper establishment of the eye-specific
retinogeniculate projection.

Atoh7 is associated with chromatin-regulated axon guidance cues

Analysis of RNA-seq data from the Afoh7-REN!~ retina at E14.5 suggests that several
axonogenesis genes are dysregulated, including Ntn1, Nell2, Eph3a, and Eph4a (= 3 for
each genotype, adjusted p < 0.05; Table S3). Interestingly, one of the most upregulated
genes in our RNA-seq dataset was Robo3, a non-canonical member of a family of receptors
that acts to repel growing axons from inappropriate targets (8-fold increase, adjusted p
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< 0.05; n= 3/group; Figure 5E).4> The deregulation of Robo3 expression in Atoh7-REN
~ retina is selective, as the expression of the other family members Robo-1, -2, and -4
remained unchanged (7= 3 for each genotype; Figures 5E; Table S3). This was particularly
interesting given that Robo3 is expressed at low levels in the WT retina, which warrants
further investigation. We first corroborated these data by performing fluorescence /17 situ
hybridization of Robo3 on E14.5 WT and Afoh7-REN' retina (Figure 5G). Importantly,
using our sc-RNA-seq profiling, we discovered that the upregulation of Robo3 occurred
mainly in the RGC lineage (Figure 5F). To test the impact of ectopic Robo3 on optic nerve
pathfinding, we turned to zebrafish and generated a 5xUAS:robo3b.1-p2A-tdTomatoCAXX
transgenic line, where ectopic Robo3-expressing cells are labeled by membrane-bound
Tomato. We then overexpressed robo3b.1 under the control of the vsx2regulatory element
(vsx2:Gald), which drives expression in RPCs.#6 To ensure that non-specific protein
overexpression does not affect the optic nerve, we utilized vsx2.Gal4; 14xUAS.Kaede, which
expresses the benign Kaede protein in the same vsx2 domain as robo3b.1, as a control.

At 5 days post-fertilization, all vsx2.Gal4; 14xUAS:Kaede embryos showed normal optic
nerve morphologies and pathfinding to the chiasm (Figure S4). In contrast, all robo3b.1-
overexpressing embryos showed defects in optic nerve pathfinding (Figure S4). 4/9 of these
were classified as severe, with axonal trajectories deviating substantially dorsally before
redirecting ventromedially toward the optic chiasm (Figure S4), while the remaining 5/9
were milder in phenotype but still displayed this dorsal flexion of the optic nerve (Figure
S4).

To investigate possible molecular mechanisms underlying Robo3 upregulation in the retina,
we profiled the chromatin signature nearby the Robo3 locus and discovered that the

Robo3 promoter is bivalently occupied by the active histone mark H3K4me3 and the
repressive mark H3K27me3, the latter of which is catalyzed by the activities of the
polycomb repressive complex (PRC2; Figure 51).4748 Interestingly, the nearby family
member Robo4 is devoid of such deposition, indicating a selective targeting of Robo3

by chromatin-mediated regulation (Figure 51). We hypothesized that Robo3 is H3K27me3
repressed via a mechanism that, directly or indirectly, involves Atoh7. To address this, we
queried transcriptomic data published on the murine developing retina deficient of Ezh2,4°
which is the catalytic subunit of the PRC2 and is required for H3K27me3 deposition.>0
We found that Robo3 is indeed significantly upregulated in the Ezh2 KO retina (n=4

per group; 3-fold increase, adjusted p < 0.0001; Figure 5H).4° We then tested whether

the reduced expression of Atoh7 observed in Afoh7-REN" results in a concomitant
reduction in H3K27me3 occupancy on the Robo3 promoter. We performed H3K27me3
ChIP-seq on the developing retina from WT and Atoh7-REN'~ retina at E14.5 and found
no obvious differences in H3K27me3 enrichment on the Robo3 promoter between WT and
Atoh7-REN-!~ retinae (Figure 5J). We speculate that this result likely reflects the relatively
small number of retinal cells showing Robo3 derepression in the Atoh7-REN™'~ retina
(Figure 5G). Whether the derepression of Robo3 in Atoh7-REN~ is directly mediated by
the loss of H3K27me3 acquisition remains unclear. Taken together, we conclude that the
Atoh7 distal c/s-regulatory element is required for proper expression of axonogenesis gene
expression and transcriptionally regulates the H3K27me3-occupied Robo3.
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ipRGCs are significantly affected in the Atoh7-REN KO

Analysis of the total ipsilateral axon density in the dLGN of Atoh7-REN™~ mice indicated a
significant reduction in axon projection compared to Afoh7-REN'"* mice (Figure 5C, n= 4
per group; p< 0.05). Ipsilateral RGC (ipRGC) projections originate from a small population
of RGCs that occupy the ventral retina.#3:51:52 |nterestingly, Atoh7 is expressed in iRGCs

at E15.5, and a recent work suggests a possible involvement of Atoh7 in the formation

of ipRGCs.53:54 We reasoned that differentiation of the ipRGCs is particularly impacted

in Atoh7-REN'~ mice during retinogenesis. To test this hypothesis, we immunoassayed

the developing retina from Afoh7-REN™'~ and Atoh7-REN** embryos for Isl1/2 (pan-RGC
marker) and Zic2, which is highly expressed in the peripheral ventral RGCs from E14.5

to E18.5 (Figure 6A).52:55 We quantified the number of RGCs in the peripheral ventral
temporal (VT; Zic2*, Islet1/2%) and dorsal temporal (DT; Isletl/2*) retina of Atoh7-REN-
and WT embryos at two time points, E14.5 and E17.5 (Figures 6B—6D and S4). When
compared to control, we noted that E17.5 Afoh7-REN"!~ retina showed a slight, but
significant, decrease in the number of DT and VT Islet1/2* cells (7= 3/group; p < 0.05),
consistent with previously reported data?? (Figures 6A-6C and S4). However, intriguingly,
ipRGCs are more significantly reduced compared to contralateral RGCs in Atoh7-REN!~
embryos at E17.5 but not E14.5 (n = 3/group, Figures 6D and S4). To confirm these

data, we crossed our Atoh7-REN-'~ mice to the Sic6a4: Cre; R26RZ5G€ mouse line,
which specifically expresses ZsGreen under the control of the ipRGC-specific marker SERT
(encoded by Slc6a4).42:55 We found a significant reduction in ZsGreen* cell number in
Atoh7-REN'~ mice in comparison to control (7= 5/group, Figures 6E and 6F). Thus, our
data indicate that the Atoh7 remote enhancer is particularly required for iRGC development.

Tissue-specific requirement of Atoh7 enhancer landscape

Enhancers function to drive gene expression in a specific spatiotemporal manner during
organogenesis.1® Outside the retina, Atoh7is post-natally expressed in the mouse and human
cerebellum,8 albeit at lower levels than in the retina, raising the interesting question of
whether the regulatory activities of the Atoh7 enhancer elements in the cerebellum and

the retina are functionally and structurally distinct. We first defined the c/s-regulatory
architecture in the cerebellum at P18, a time point of noticeable Atoh7 expression, by
carrying out ChlP-seq analyses of the active chromatin marks H3K27Ac and H3K4me2
(Figure 7A). We observed high concordance of H3K27Ac and H3K4me2 enrichment nearby
Atoh7 between the retina at E14.5 and the cerebellum at P18 (Figure 7B). To delineate the
functional potential of the Atoh7 enhancer landscape on the cerebellar Atoh7 transcription,
we performed bulk RNA-seq on the cerebellum at P18 from WT, Atoh7-REN~, and
Atoh7-TEN™~ mice. Remarkably, loss of the remote enhancer does not affect cerebellar
Atoh7 expression (1= 3/group, adjusted p > 0.05), while Atoh7-TEN deficiency led to a
~50% reduction in the Atoh7 transcripts (n7= 3/group, adjusted p < 0.05; Figure 7C; Table
S4). Collectively, these data suggest that the requirement of the Atoh7 core c/s-regulatory
elements for its expression is highly tissue restricted.
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DISCUSSION

Given the phenotypic similarity between NCRNA disorder and Atoh7 inactivation in mice,

it was proposed that a cis-regulatory element that lies within a non-coding genomic deletion
in NCRNA governs Atoh7 expression.20 While this hypothesis awaits conclusive validation,
two lines of evidence support its premises. First, the missing human genomic DNA fragment
can recapitulate the spatial expression of Atoh7 in mice.2? Second, cases of patients with
NCRNA phenotypic manifestations carrying mutations in the coding region of Atoh7 have
been reported.10 As retinogenesis is conserved on the cellular and molecular level in
humans and mice, it is reasonable to suggest that disruption of the corresponding murine
non-coding region would phenocopy NCRNA. A preliminary prediction to this hypothesis is
that, in addition to DNA sequence similarity, the analogous mouse Atoh7 genomic landscape
would be conserved on the chromatin level, bearing the chromatin hallmarks of active
enhancers. Indeed, combined with previous data, our comprehensive epigenomic profiling

of the mouse developing retina defined such a putative regulatory region with precision,
revealing that it is marked by an active enhancer signature with developmental dynamics that
mirror the transient expression of Atoh7. Our integrated single-cell analysis further validated
these results, showing a robust correlation between cell-type-specific Atoh7 chromatin
accessibility dynamics and Atoh7 expression. Notably, the Atoh7 locus in mice and humans
seems to accumulate the repressive histone mark H3K27me3 as Atoh7 expression declines,
reflecting its poised transcriptional state in embryonic stem cells (Figure 1; data not

shown). Whereas the presence of a bivalent domain (concurrent enrichment of H3K4me3
and H3K27me3) on the developmental genes in embryonic stem cells primes cells for

their subsequent activation during lineage differentiation,>’ the biological significance of
H3K27me3 deposition on Atoh7 in the developing retina is unknown. A compelling
hypothesis is that it may prevent spurious activation of Atoh7 past the temporal window

of RGC genesis. A recent study established a related paradigm whereby the polycomb-
mediated repression of Foxpl, an early RPC transcription factor, is essential to restrict
prolonged production of early-born retinal cell types.>® However, conditional inactivation of
Ezh2, the catalytic subunit of PRC2, does not lead to the upregulation of Atoh7 in E16 retina
or the expansion of the RGC population.#9:59 Thus, the functional implication of H3K27me3
deposition on the Atoh7 promoter remains unclear.

The Atoh7 enhancer landscape contains two key regulatory regions, termed proximal and
distal enhancers.1820 A dual cis-regulatory module has been proposed to explain their
regulatory actions, in which the proximal and distal enhancer elements function redundantly,
rather than cooperatively, to govern Atoh7 expression.22 We reasoned that the collective
disruption of both elements would severely impact Atoh7 expression and RGC genesis
and tested this prediction by targeting a genomic region that contains both elements. We
show that mice harboring such a deletion exhibit a dramatic effect on ocular structure

and function. In fact, the phenotypic manifestations in Ato/7-TEN'~ mice broadly match
what is observed in the Atoh7 gene KO.7:8 Such a resemblance was also observed at the
transcriptional level at the time of RGC genesis, whereby the developing retina suffered a
severe downregulation of Atoh7 and its well-known downstream GRN.
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Defects in retinal angiogenesis upon Atoh7 inactivation have been well documented.12.21.32
Evidence suggests that deficiencies in adult blood vasculature are secondary to loss of
RGCs and optic nerve.22:32 Specifically, it was shown that RGCs provide instructive signals
that facilitate vasculature-forming astrocyte colonization of the retina periphery and that
disruption of the optic disc structure hinders the ability of astrocytes to migrate.12:22:32
Additionally, Atoh7-TEN and Atoh7 gene KOs also suffer from persistent hyperplastic
primary vitreous,”-2 and our transcriptional data indicated a significant dysregulation of
key regulators of angiogenesis in the Afoh7-TEN'~ retina, including Ndp (Norrin; 0.6-fold
reduction; adjusted p < 0.05), Pdgfd (2-fold upregulation, adjusted p < 0.05), and shh
(>0.99-fold reduction; adjusted p < 0.05; Table S2).60-62

In contrast, deletion of the Atoh7 remote enhancer led to more subtle defects in
retinogenesis, despite a strong reduction in Atoh7 expression. Our data are consistent with
previous results produced using an independent mouse line harboring a different mutant
allele.?2 Specifically, the Atoh7-REN deletions generated by Miesfeld and co-workers are
larger in size (~5,700 vs. 4,900 bp in this study). Still, both enhancer deletions considerably
overlap and span the remote enhancer region as defined by chromatin marks at E14.5, hence
the phenotypic similarity. Transcriptionally, we found that most of the RGC GRNSs are
expressed in the developing retina from Atoh7-REN=, in agreement with immunostaining
data from the study by Miesfeld and co-workers.22 Our data may imply that the retinal
precursor cells in Afoh7-REN™' retina retained a sufficient residual Atoh7 dosage to
sustain the transcription of the GRN factors underlying RGC differentiation. The residual
expression of Afoh7in retinal precursor cells is likely conferred by the intact proximal
regulato ry element near the Afoh7TSS,22 a hypothesis that needs to be further tested.

The role of Atoh7 in regulating axon growth and guidance is not well studied because
Atoh7 mutant mice effectively do not develop the optic nerve.”:8 However, recent studies
have begun to shed light on this aspect of Atoh7 function.22:63 Qur data revealed that
Atoh7 is required for the expression of several axonogenesis genes, of which the collective
dysregulation may be responsible for the observed defects in the dLGN retinotectal map.
The robust upregulation of Robo3, an axon guidance cue that regulates axon turning, is
particularly striking, given that Robo3 is not normally expressed in the retina. Interestingly,
Robo3 repression appears to be selectively mediated by PRC2, a well-studied histone-
modifying complex that is associated with gene repression.4”:64 While the exact molecular
underpinnings of Robo3 repression remain unknown, a possible mechanism might involve
Atoh7-mediated recruitment of PRC2 to the Robo3 promoter. Proneural bHLH factors

are known to interact with positive regulators of chromatin accessibility such as the
chromatin remodeling factor Brg1, supporting our reasoning.®> However, we could not find
evidence of Atoh7 occupancy on the Robo3 promoter in published Atoh7 CU-T&RUN
data,®3 suggesting that Atoh7-mediated regulation of Robo3 may be indirect or that Atoh7
recruitment to the Robo3 genomic region in RGC precursors is transient. Still, our data
suggest that proneural bHLH factors may utilize repressive chromatin-based mechanisms
to control gene expression during retinogenesis, an exciting hypothesis that requires further
work in the future.
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Limitations of the study

Our work addressed the requirements of the entire regulatory landscape of Atoh7 and

its remote enhancer to RGC genesis and axonogenesis. However, the role of the Atoh7
proximal enhancer in the context of the remote enhancer mutant condition was not
established. Additionally, the molecular mechanisms by which Atoh7 affects axonogenesis
and iRGC development remain unclear. Specifically, how Atoh7 loss of function leads to the
upregulation of Robo3 and subsequent defects in axonal innervations is unknown.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Issam Aldiri (aldirii@pitt.edu).

Materials availability—All unique/stable reagents generated in this study are available
from the lead contact with a completed materials transfer agreement.

Data and code availability

. This paper does not report original code.

. High-throughput sequencing data have been deposited in the Gene Expression
Omnibus(GEQO)database under accession number GSE245549.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—Mice: All animals were housed and maintained in accordance with the
guidelines set forth by the Institutional Animal Care and Use Committee of the University
of Pittsburgh. C57 BL/6 mice were purchased from Jackson Laboratory. B6.FVB(Cg)-
Tg(Slc6ad-cre) ET33Gsat/Mmucd (referred to as Slc6a4: Cre, RRID:MMRRC 031028-UCD
to which they were donated by Dr. Nathaniel Heintz), B6.Cg-Gt(ROSA)26Sortm6(CAG-
ZsGreen1)Hze/j mice (referred to as R26RZ5Gree) was purchased from Jackson Laboratory
(007906, RRID:IMSR_JAX:007906).

Zebrafish: Zebrafish (Danio rerio) were maintained in a controlled environment at a
temperature of 28.5°C, following a 14-h light/10-h dark cycle. All procedures conducted

in this research were granted approval by the Institutional Animal Care and Use Committee
of The University of Texas at Austin and adhered to the guidelines outlined in the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. The transgenic
lines used in this study are Tg(vsx2Gal4-Vp16)™39 and Tg(Z4XUAS:Kaedérk?) referred
as vsx2.Gal4 and UAS:kaede, respectively.
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Mice enhancer knockouts—Generation of the enhancer knockout lines has been
performed as previously described.”? B6D2 (C57 BL/6J x DBA/2] F1) females (6-8 weeks
old) were stimulated by intraperitoneal administration of 5 IU of PMSG (Pregnant Mare
Serum Gonadotropin) at 3:30 p.m. on day 1, 5 IU of hCG (human chorionic gonadotropin)
48 h after PMSG injection, then mated to B6D2 F1 stud males. Following morning, embryos
were collected from oviducts, and cultured in KSOM medium at 5% CO2, 37°C until
electroporation. Embryos were further electroporated with 100 ng of Cas9 protein and 200
ng/uL of gRNAs each in Opti-MEM medium. gRNAs were chosen based on off-target
analysis and tested prior to embryo injection for activity in mouse N2A cells using targeted
next generation sequencing as previously described.”3 Electroporation was performed using
the Super electroporator NEPA21 type Il and CUY 501-1-1.5 electrode (NEPA GENE Co.
Ltd, Chiba, Japan) at the conditions: poring pulse (voltage 40 V, pulse length 2.5 ms, pulse
interval 50 ms, number of pulses 4, decay rate 10%, polarity +); transfer pulse (voltage 7V,
pulse length 50 ms, pulse interval 50 ms, number of pulses 5, decay rate 40%, polarity +/=).
After electroporation, the embryos were washed two times in KSOM medium, then cultured
in KSOM medium overnight at 5% C02,37°C. Subsequently, the two cell stage embryos
were transferred to the oviducts of pseudo-pregnant CD1 females (0.5 dpc). The resulting
founder animals (P0) were genotyped using PCR and Illumina Mi-Seq to identify mice with
desired deletions. Adult animals positive for deletion were backcrossed to C57 BL/6J to
generate WT, heterozygous and homozygous animals, in which Sanger sequencing was used
to confirm genotyping. Deletion coordinates are depicted in the main figures.

Generation of zebrafish Tg (vsx2:Gal4;5xUAS:robo3b.1-p2A-tdTomatoCAXX)—
The pMErobo3b.1 and p3E-p2A-tdTomatoCAXX plasmids were generously donated by Dr.
Wolfgang Driever (The Albert-Ludwigs—Universitét Freiburg).86 LR Clonase 11 Plus was
used for Multisite Gateway assembly reactions,’# using pSE-UAS (20 ng), pMErobo3b.1
(without stop codon) (45 ng), p3E-p2A-tdTomatoCAXX (28 ng), and pDestTol2CG2

(102 ng) plasmids. Tol2 mRNA was synthesized from pCS2FA-transposase using the
Ambion mMessage mMachine Sp6 /n vitro transcription kit (Thermo Fisher Scientific,
AM1340). Tol2 mRNA (75pg) was co-injected with pDestTol2CG2; 5xUAS:robo3b.1-P2A-
tdTomatoCAAX (30 pg) into vsx2.Gal4 embryos at the 1-cell stage. Embryos were raised to
adulthood and subsequently outcrossed for founder screening.

METHOD DETAILS

Confocal laser scanning Microscopy and image processing of zebrafish—

F1 embryos derived from vsx2.Gal4; 5xUAS:robo3b.1-p2A-tdTomatoCAXX and control
vsx2.Gal4; 14xUAS.Kaede were treated with 1-phenyl-2-thiourea (PTU; Sigma-Aldrich)
from 6hpf to 5dpf to inhibit pigmentation. The fluorescence of GFP and tdTomato was
initially assessed using a fluorescent dissecting microscope. For a more in-depth analysis of
fluorescence, live 5-day post-fertilization (dpf) larvae were immobilized in 1% low-melting
agarose and anesthetized with MS-222 (Tricaine, Sigma-Aldrich, St. Louis, MO, USA)
prior to imaging. Confocal images were acquired using a Nikon AXR upright microscope
equipped with a 40x water immersion objective. Image stacks were recorded with a z-
spacing of 2 um. Subsequent processing of the images for presentation was conducted using
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ImageJ (Fiji) software. The final image was prepared using Adobe Photoshop CC 2024
(Adobe Systems Inc., San Jose, CA, USA).

Retinal histology

H&E staining: To examine the overall morphology of the adult retina, the whole eyes from
WT and KO mice were fixed in 4% paraformaldehyde. Fixed eyes were dehydrated in a
series of graded ethanol (70%, 80%, 95% 100%) for 20 min each. After three changes in
xylene for 20 min each, the eyes were embedded in molten paraffin wax in an automated
tissue processor (Sakura Tissue-Tek VIP 5). FFPE blocks were sectioned at 5 um thickness
using Leica 2235 rotary microtome, stained with H&E (Hematoxylin and Eosin) and
imaged with bright field microscope (Olympus). All histological procedures were performed
following the protocols established by our histology core facility’s guidelines.

Immunostaining

The immunostaining on embryonic eyes (E14.5) and postnatal retinae (P21) was performed
as previously described.’2 Briefly, wild-type and mutant eyes were enucleated and fixed in
4% formaldehyde overnight in 4°C, followed by a PBS wash for 5 min. The tissues were
subsequently subjected to graded concentrations of sucrose (5%, 10%, 20% and 40%) in

1X PBS (pH = 7.4) until they sank and then cryoembedded in a mixture of 40% sucrose

and OCT (Optimum Cutting Temperature) in 1:1 (v/v) ratio, and later cryosectioned at
14-16 um thickness. Retinae were washed three times with PBST (0.5% Triton X-), blocked
with 1% BSA in 1X PBS for 1hr and then incubated in primary antibody overnight at

4°C. The sections were washed 3 x 5 min with 1X PBS and then incubated in fluorescent
dye-conjugated secondary antibody for 1 h at room temperature. After labeling, sections
were incubated in 2 pg/mL Hoechst 33342 stain (Invitrogen H3570) for 10 min, washed with
1XPBS, then mounted with ProLong Glass Antifade Mountant (Invitrogen P36980). Images
were acquired on Olympus Fluoview Confocal microscope (v 4.2). Antibodies used in the
present study are listed in key resource table.

Axonal projection assay—P30 animals were anesthetized with ketamine/xylazine. 2
uL of2 pg/uL of Alexa Fluor 488 and 555 conjugated cholera toxin B subunit (CTB)
(ThermoFisher, C34775, C22843) were injected into the left and right retina of the same
animal respectively 2 days before euthanasia. Animals were then humanely euthanized with
CO2 and perfused with 4% paraformaldehyde (PFA) following PBS. The heads were cut
and post-fixed in 4% PFA overnight at 4°C and washed with PBS for further analysis. For
cryosectioning, the whole brain was incubated in 20% sucrose in PBS for 24h and then
30% sucrose in PBS for 48 h at 4°C, and embedded with Tissue-Tek O.C.T. (Optimum
cutting temperature). 30 um dLGN cryosections were prepared and mounted with Fluoro-
Gel mounting medium (Electron Microscopy Sciences, 17985-11). Two dLGN cryosections
per animal were used to quantify the mean intensity of CTB-555 fluorescence (ipsilateral
axons), and the average of the intensity values from two sections per animal/condition was
provided, and normalized to the control samples.

Analysis of ipsilateral and contralateral RGCs—For quantification of E14.5 and
E17.5 ipsilateral and contralateral RGCs, 14 um coronal retinal cryosections were prepared,
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and the number of Zic2* and/or Islet1/2* cells within 150 um from the peripheral edge of
VT and DT retina was counted in both eyes of 4 sections (E17.5) and 2 sections (E14.5)
at the level of the optic nerve per embryo. For quantification of E17.5 ZsGreen-SERT
ipsilateral RGCs on 14 um coronal retinal cryosections, ZsGreen-SERT* cells within 150
um from the peripheral edge of VT retina was counted in both eyes of 4 sections. These
experiments were repeated in three embryos each condition.

Electroretinography (ERG)—ERG was performed as previously described.”2 Prior to
ERG testing, mice were subjected to dark adaptation overnight. Following day, mice were
anesthetized intraperitoneally with ketamine/xylazine (80 mg/kg bw/7 mg/kg bw) and
allowed to become completely sedated. Both the eyes were treated with 1% Tropicamide
and 2.5% phenylephrine hydrochloride solution for the dilation of pupil. The mouse was
positioned on a heating platform and reference electrodes were gently applied on the central
cornea. The scotopic ERG recordings were obtained at light intensities ranging from 0.0001
cd s/m? to 100 cd s/m2. ERG responses of dark-adapted eyes to seven flashes from were
recorded and averaged from ten sweeps per flash intensity with inter-sweep intervals of
10-30 s. After exposure to 10 cd/m? illumination for 10 min, the photopic ERG responses
were recorded from the light-adapted eyes in response to flashes from 0.01 cd s/m? to 100 cd
s/m? in addition to a 10 cd/m? background light. ERGs were analyzed for six mice per group
by plotting the amplitude (uV) of a-and b-waves against varied light intensities (cd.s/m?)
over the entire stimulus range. The a-wave amplitude was measured from the pre-stimulus
baseline to the peak negative voltage, and the b-wave amplitude was measured from the
a-wave trough to the b-wave peak.

RNA sequencing—Fresh retinae were placed in TRIReagent (Zymo Research
R2050-1-50), and RNA was extracted according to Direct-zol RNA MiniPrep kit protocol
(Zymo Research R2050). RNA integrity was determined using 4200 Agilent Tapestation
(Agilent Technologies, Santa Clara, CA). Stranded total RNA libraries were prepared
following manufacturer’s instructions lllumina TruSeq Stranded RNA (Ribo-Zero) with the
following modifications: Total RNA input is depleted for rRNA and fragmented. Random
primers initiate first and second strand cDNA synthesis. Adenylation of 3" ends is followed
by adapter ligation and library amplification with indexing. The sequencing was run on
high output 150 cycles flowcell with read length 2x75 using the Sequencing Platform
NextSeq500.

Analysis of bulk RNA-Seqg—Raw sequencing reads first went through the pipeline of
quality control [QC] using Trimmomatic. After pre-processing, surviving reads were aligned
to mouse reference genome mm210 by STAR aligner and quantified by read count using
HTSeq tool. Differential expression analysis comparing wild-type and knock-out samples
were performed by R package DESeq?2. Significant changes in gene expression were defined
by adjusted p-value lower than 0.05 (FDR = 5%) and fold change greater than 1.5. All the
bioinformatics and biostatistical analysis were performed by default parameters.

Optical coherence tomography (OCT) imaging—Animals were anesthetized by
intraperitoneal injection of ketamine (80 mg/kg) and xylazine (8 mg/kg) and their pupils
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were dilated with 1% tropicamide followed by 2.5% phenylephrine. To keep the cornea
moist, sterile irrigating salt solution (Alcon Laboratories Inc.) was applied frequently
throughout the experiments. Body temperature was maintained at 38°C with a heating

pad. One eye of each animal was randomly chosen for the /n vivo OCT retinal imaging.
OCT scans were acquired at a visible light OCT (vis-OCT) prototype developed at PITT
OCT Lab which operates at 560 nm with an A-line sampling rate of 50 kHz.31 The

vis-OCT provides a 1.2-pm axial resolution in tissue and ~6-um lateral resolution. The
incident power on the cornea was 0.8 mW. At each image session, volumetric raster scans
consisting of 500 x 2x500 A-lines covering a 1.5 x 1.5-mm field of view were acquired for
retinal structure and angiography analysis. Customized software written in LABVIEW with
real-time OCT visualization was used to record the interferogram by a line scan camera.
Scan processing were performed in MATLAB. OCT angiography (OCTA) was calculated
with spilt-spectrum amplitude-decorrelation angiography (SSADA) algorithm. Retinal layers
were first automatically segmented using a graph-searching method and then manually
corrected to ensure boundary accuracy. To evaluate retinal damages in the Atoh7 mice, we
performed retinal layer thickness measurements on two slabs: the total retina and ganglion
cell complex (GCC). The whole retina en face images were projected from OCT total retinal
slab. RGC axon bundle en face images were projected from OCT nerve fiber layer (NFL).
Retinal vasculature en face images were projected from OCTA total retinal slab.

Sc-ATAC-seq—C57BL/6J E14.5 retinae were collected and dissociated using Postnatal
dissociation kit (MACS #130-094-802), according to the manufacturer protocol. Retinal cell
suspension was filtered through 70-um strainer (MACS #130-098-462) and then PBS+0.1
%BSA was added to bring the total volume to 10 mL. After centrifuging to clear debris,
supernatant was discarded and cells were resuspended in 250uL of PBS+ 0.1 %BSA.

After determining cell numbers by hemocytometer, retinal cells were further diluted to a
concentration of 1 million cells per mL. Cell suspension was spun down at 300 g for 5

min at 4°C. Supernatant was discarded and cells were resuspended in 100 pL of Cold Lysis
Buffer (10mM Tris 7.4, 10mM NaCl, 3mM MgCI2, 0.1% Tween 20, 0.1%NP40, 0.01%
Digitonin, 1% BSA) and incubated on ice for 3 min. One mL of chilled Wash Buffer (10mM
Tris 7.4, 10mM NaCl, 3mM MgClI2, 0.1% Tween 20, 1% BSA) was added and the cell
suspension was spun again at 500 g for min at 4C. Nuclei were resuspended in Diluted
Nuclei Buffer (10X genomics single cell ATAC kit) and cell concentration was determined
by hemocytometer. Approximately 5000 nuclei were used in transposition reaction and
further processed according to the 10X genomics single cell ATAC protocol (Chromium
Single Cell ATAC Reagent Kits protocol CG000168). SCATAC-seq libraries were normalized
and pooled as per manufacturer protocol (lllumina). Sequencing of two technical replicas
was performed using NovaSeq 6000 platform (I1lumina) with 50bp/49bp paired-end reads on
an SP-100 cycles flow cell for a total of 800M reads. Samples were sequenced a the UPMC
Genome Center.

Analysis of scATAC-seq data—Processed data were analyzed using the Signac
(https://CRAN.Rproject.org/package=Signac) and Seurat (https://CRAN.Rproject.org/
package=Seurat) R software packages, and the EnsDb.Mmusculus.v79 annotation package
was used for moue genome annotation. We used the following criteria to filter cells for
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each sample separately: Peak region fragments between 10,000 and 500,000, Reads in peaks
>15%, Blacklist ratio <0.05.

Nucleosome signal <4, TSS enrichment >2.

Samples were then aligned by intersecting peak calls from both samples and keeping
only peaks where the overlap in at least one sample reaches 50%; peaks larger than

10kb and peaks smaller than 50bp were discarded, then fragments were re-counted for
the aligned peak set. Peaks/features detected in less than 10 cells were discarded, as were
cells with fragments detected in less than 200 features. This yielded 1,823 cells (837

cells from sample Al and 986 cells from sample A2) with fragments in 113,567 peaks/
features for further analysis. For these cells we recovered 70,772 fragments in (aligned)
peaks per cell on average (IQR: 51,734-87,589), and the average number of detected
peaks/features in a cell was 39,295.97 (IQR: 26,856-35,281). Term frequency inverse
document frequency normalization was applied followed by principal component analysis,
and principal components 2 to 10 were used for UMAP dimension reduction (parameters:
metric = “cosine”, n.neighbors = 30L, min.dist = .2, spread = .2) and clustering.

Gene accessibility/activity was calculated by counting fragments in peaks/features
overlapping a gene’s transcripts and promoters and subsequent normalization.

(NormalizeDatafunction from the Seurat package using the “LogNormalize” method).

Marker genes for clusters (based on accessibility/activity) were obtained using the
FindAllMarkers function (parameters: test.use = “roc” and logFC.threshold = log(1.5))
provided by the Seurat R package, which was also used for generating gene activity
heatmaps, violin plots and coverage plots. Differentially accessible peaks were calculated
in two ways. First, for each cluster using the FindAllMarkers function provided by the
Seurat package (parameters: test.use = “roc”, logFC.threshold = log(1.5), pseudocount.use
=.1). Second, we combined clusters 0-3 and clusters 4-8 and used FindAllMarkers again
(same parameters as before).

Co-embedding scRNA-seq and scATAC-seq datasets—Firstly, gene activity scores
were derived from scATAC-seq data utilizing the GeneActivity function available in the
Signac package. Subsequently, cell types within the SCRNA-seq dataset were annotated
through label transfer, employing imputed gene activity scores from scATAC-seq as the
reference. Following this, we embarked on co-embedding sSCATAC-seq with ScCRNA-seq
data. We identified the anchors between scRNA-seq and sSCATAC-seq datasets by inputting
gene expression profiles from scRNA-seq and gene activity scores derived from sCATAC-seq
into the canonical correlation analysis. Subsequent to anchor identification, we merged the
datasets by leveraging these computed anchor points, achieving a unified representation of
the scRNA-seq and scA-TAC-seq data.

GO analysis—DAVID was used to analyze significantly changed genes in Afo/h7enhancer
knockouts with default settings.”> 76
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Single cell-RNA-Seg—Retinae from E14.5 embryos were freshly dissected, and cells
were dissociated using Macs Miltenyi Adult Brain Tissue Dissociation Kit (130-107-677),
according to manufacturer’s recommendations. The cells were resuspended in 0.1% BSA in
D-PBS and processed immediately for ScRNA-seq. Samples were prepared for single cell
analysis using a 10x Chromium Single Cell 3" v3.1 Kit. The resulting libraries were pooled,
and an additional targeted gene enrichment protocol was performed using 10x Chromium
Targeted Gene Expression kit. Samples were submitted for deep sequencing on Illumina
Novaseq S2 or SP flow cells at the UPMC Genome Center.

The sequenced scRNA-seq libraries were processed and aligned to the mm210 mouse
reference genome using Cell Ranger software (version 6.1.2) by 10x Genomics. Unique
molecular identifier (UMI) counts were then aggregated for each barcode. To distinguish
cells from background noise, cell calling was conducted on the full raw UMI count matrices,
yielding filtered UMI count matrices, which recovered 12,627 and 14,458 cells from WT
mice’s retinae, as well as 13,864 and 15,716 cells from ATOH7-REN-/- mice’s retinae.

Upon import into R, the filtered UMI count matrices were subjected to analysis using the R
package Seurat (version 4.0.1). Cells from both WT and ATOH7-REN-/- mice were pooled,
revealing negligible disparities among the four samples regarding gene count, total UMI
count, and the proportion of mitochondrial genes. Subsequently, pooled cells underwent
filtering, adhering to the following criteria: a minimum detection threshold of 200 genes,

a maximum detection threshold of 10,000 genes, and a cap of 25% for mitochondrial

genes. Normalization of the UMI count data for the remaining cells was carried out using
regularized negative binomial regression (SCTransform), with the mitigation of potential
confounding effects from mitochondrial mapping percentage. To enhance normalization
speed, gimGamPoi was integrated into the process. The identification of 3,000 highly
variable genes was instrumental in performing principal component analysis (PCA) for
dimensionality reduction. To counteract batch effects, Harmony was applied to the first 50
components of PCA reduction, with distinct samples serving as covariates and the maximum
number of rounds set as 20. UMAP dimensionality reduction was employed with the first 50
Harmony-adjusted components as input to visualize cells. Subsequently, cells were clustered
using the Shared Nearest-neighbor (SNN) graph, leveraging the original Louvain algorithm
with a resolution of 0.2.

In the preliminary clustering, clusters comprising low-quality cells, as indicated by

the prevalence of dominant mitochondrial, ribosomal, crystallin, and hemoglobin genes,
were identified. These clusters were subsequently excluded, and the normalization, batch
correction, dimensionality reduction, and clustering processes were reiterated. The final
clusters were delineated using the original Louvain algorithm with a resolution of 0.2.
Markers for each cluster were identified through the FindAllMarkers function, utilizing

a Wilcoxon Rank-Sum test with parameters only.pos = TRUE, min.pct = 0.25, and
logfc.threshold = 0.25. The clusters were subsequently annotated based on the marker genes
characteristic of each cluster.

FISH analysis—We conducted RNA /n-situ hybridization analysis on 14 um thick frozen
sections of E14.5 retina using a two-stage Hybridization Chain Reaction (HCR) protocol
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following the manufacturer’s instructions (Molecular Instruments, Inc., Los Angeles, CA).
Initially, slides were pre-warmed at 37°C for 10 min and then dehydrated in a series of
graded alcohol (50%, 70%, and two changes of 100% ethanol) for 5 min each at room
temperature. After a brief wash in 1X PBS, the sections were treated with a 10 pg/mL
proteinase K solution (200 pL) for 10 min at 37°C. Following two 5-min washes in 1X
PBS, the slides were placed in a pre-warmed humidified chamber at 37°C for 10 min with
200 pL of probe hybridization buffer. The sections were subsequently immersed overnight
in a 37°C humidified chamber with 200 pL of the probe solution (prepared by mixing 6
pL of 1 uM stock with 200 pL of probe hybridization buffer). We utilized two HCR probe
sets, Mouse-Robo3-B4 and Pou4f2-B1 (Molecular Instruments Inc.). Excess probes were
removed by incubating the sections at 37°C in varying concentrations of probe wash buffer
combined with 5x SSCT for 15 min each. Amplification was carried out using 6 pmol

of hairpin h1 and 6 pmol of hairpin h2, prepared by snap cooling 5 pL of 3 uM stock

in 200 pL of amplification buffer. Two HCR amplifiers (B4-546 and B1-488) were used
specific to each probe set. Slides were coverslipped and incubated overnight (>12 h) in a
dark, humidified chamber at room temperature. The following day, excess hairpins were
removed through three washes in 5x SSCT for specified durations. Finally, the slides were
mounted with anti-fade media and examined using a 40X objective on a laser-scanning
confocal microscope (Olympus FluoView FV1000 confocal microscope; Olympus, Center
Valley, PA).

Chromatin immunoprecipitation—ChIP experiments for mouse retina and cerebellum
have been performed as previously described.23 In brief, tissue was isolated and fixed

in 1% FA for 10 min. TruChIP chromatin shearing kit (Covaris #520127) was used to
prepare cells for shearing according to the manufacturer’s protocol. iDeal ChlP-seq kit
(Diagenode #C01010051) was used to perform ChlP on sheared chromatin using the
following antibodies H3K27Ac (Abcam, Cat. # AB4729), H3K4me2 (Abcam, Cat. #
AB7766), H3K27me3 (Millipore, Cat. # 07-449). Sequencing libraries were prepared using
NEBNext Ultra II DNA Library Prep kit (NEB, Cat. #£7645) following the manufacturer’s
protocol. Sequencing was done at the Health Sciences Sequencing core of the Children’s
Hospital of Pittsburgh using Illumina NextSeq 2000. Sequencing reads were aligned to
mouse (mm10) reference genome by Burrows-Wheeler Aligner (BWA) algorithm. Low-
quality alignment and duplicate reads were removed by SAMtools. Standard MACS2
algorithm was used to call peaks, comparing matched treated and input samples. ChIP tracks
were visualized with Integrative Genomics Viewer (IGV) and heat maps were generated
using Pluto Bioinformatics platform.

QUANTIFICATION AND STATISTICAL ANALYSIS

Detailed explanations of statistical analyses and sample sizes (n) for each figure panel are
provided in the legends. Mean values for each dataset are reported with their corresponding
standard error of the mean (SEM) or standard deviation (SD) where appropriate. The
comparisons for ERG waves under varying light intensities were conducted using two-way
ANOVA in GraphPad Prism 9 software (San Diego, California USA. All other comparisons
were analyzed using two-tailed student’s T test. All p-values reported were deemed
significant at a threshold of p< 0.05.
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The Atoh7 cis-regulatory landscape is required for RGC development and
optic nerve formation

Deletion of the Atoh7 remote enhancer impacts ipsilateral RGCs and
retinotectal mapping

Loss of Atoh7 leads to derepression of the axonal guidance cue Robo3
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Figure 1. Enhancer landscape dynamics of the mouse Atoh7 locus during mouse retinal
development
(A) Occupancy of the active enhancer marks H3K27Ac, BRD4, and RNAPII and ATAC
profile near Atoh?.

(B) Uniform manifold approximation and projection (UMAP) of different clusters based on

sc-ATAC-seq.
(C) Violin plot showing the distribution of chromatin accessibility of Atoh7 in retinal
clusters.

(D) Coverage plots highlighting chromatin accessibility profile of Atoh7 across cell clusters.
Shaded regions represent the location of the remote (REN) and proximal (PEN) enhancers.
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Figure 2. Structural and functional defects in the retina lacking the Atoh7 enhancer landscape
(Atoh7-TEN")

(A) The chromatin landscape near Atoh7 in the E14.5 retina as revealed by ATAC,
H3K27Ac, H3K9/14Ac, H3K4mel, BRD4, and RNAPII occupancy. The relative genomic
site of the entire Atoh7 regulatory landscape and mouse knockout (KO) deletion borders
(CRISPR-Cas9) are indicated by black dotted lines.

(B) Images of ventral adult brains from WT and Atoh7-TEN™'~ mice showing the absence of
the optic nerve and optic chiasma (indicated by black arrows in WT) in Atoh7-TEN"~ mice.
Scale bar: 1 mm.

(C) Representative enface images of whole retina from adult WT and Atoh7-TEN"~ mice
showing RGC axon bundle (OCT; left), and retinal blood vasculature (vis-OCT; right).
White arrowheads represent the shadow of embryonic hyaloid vasculature.

(D) Representative electroretinograms (ERGs) and their quantification of adult Atoh7-TEN
~and WT littermates recorded at a light intensity of 1 cd s/m? (77=6 mice for each
genotype). Afoh7-EN-'~ mice showed reduced amplitudes for scotopic b and a waves. 7= 6
mice for each genotype (readings taken in duplicates for each animal). Data were analyzed
using two-tailed Student’s t test, and significance levels are shown at **p < 0.01 and ***p <
0.01.

(E) Representative confocal images from adult WT and Atoh7-TEN™~ retinae stained for
RBPMS, BRN3B, BRN3A, ISL1, TUBB3, and PAX6. Scale bar: 20 um. H&E staining of
WT and Atoh7-TEN" retinal sections from adult mice is also shown. Scale bar: 1 mm.
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Figure 3. Loss of RGCs in Atoh7-TEN KO retina at E14.5
(A) Representative confocal images showing immunostaining of the RGC markers OC2,

ISL1, and TUBB3 and BRN3B in WT and Afoh7-TEN~ E14.5 retina. Scale bar: 20 pm.
(B) Heatmap of selected differentially expressed genes between WT and Atoh7-TEN-
deficient retinae unveiled by RNA-seq analysis (/7= 4 retinae per group).

(C) Gene Ontology (GO) analysis of downregulated and upregulated genes in Atoh7-TEN
KO.

(D) Venn diagram showing shared differentially expressed genes in Atoh7 gene KO and
Atoh7-TEN-KO retina at E14.5.
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Figure 4. Transcriptomic analysis of ATOH7-REN-deficient retina at E14.5
(A) The chromatin landscape near Atoh7 in the E14.5 retina highlighting the borders of the

Atoh7 remote enhancer deletion.
(B, C, E, and F) Representative confocal images of the adult retinae from Atoh7-REN**
(top) and Atoh7-REN!~ stained with the RGC markers BRN3A and RBPMS. Scale bar: 20

gm.

(D and G) H&E staining of WT and ATOH7-REN-deficient retinae: Scale bar: 1 mm.

(H) Volcano plot from bulk RNA-seq of ATOH7-REN-KO (7= 3/genotype).

() Normalized RNA levels of Atoh7, Isl1, Pou4f2 (Brn3b), Pou4fl (Brn3A), and Rbpms as
revealed by RNA-seq of E14.5 retina in WT, ATOH7-REN-KO, and Atoh7-TEN-KO.

(J) UMAP plots showing retinal clusters from Atoh7-REN''* and Atoh7-REN™'~ E14.5

mice.

(K and L) Violin plots showing overall RNA levels (K) and cluster-specific expression (L) of

Atoh7.
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(M) RNA distribution of the indicated genes across retinal clusters in WT and ATOH7-REN-
KO retina at E14.5.
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Figure 5. Atoh7 is required for proper retinotectal mapping
(A) Representative images from anterograde CTB labeling in the medial dLGN of P30 WT

and Atoh7-REN'~ mice. Scale bar: 100 um.

(B) Quantification of the service area of ipsilateral and contralateral axon innervations in
Atoh7-REN'~ mice compared to WT (/7= 3/genotype).

(C) Normalized signal intensity of ipsilateral projections in WT and Atoh7-REN™'~ dLGN
(n=3/group). Data are compared using two tailed Student’s t test (p < 0.05).

(D) GO term analysis of the top downregulated genes in the ATOH7-REN-deficient retinae
revealed.

(E) RNA levels of Robo3 and related family members in E14.5 retina of Atoh7-REN!~
normalized to WT.

(F) UMARP distribution of Robo3 RNA in E14.5 retina from Atoh7-REN** and Atoh7-
REN~ mice.

(G) Confocal images of fluorescence /n situ hybridization staining of Robo3 in E14.5 retina.
Scale bar: 20 um.
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(H) Normalized RNA levels of Robo3 in Ezh2 KO retina at E16 (/7= 4/genotype).
(1) Chromatin profiling of the Robo3 locus at E14.5 as revealed by the histone markers
H3K4me3, H3K4me2, H3K4mel, and H3K27me3.

(J) ChIP-seq tracks of H3K27me3 from WT and Atoh7-REN'~ retinae at E14.5 near
Robo3.
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Figure 6. Atoh7 is essential for ipsilateral RGC genesis
(A) Representative confocal images from Atoh7-REN™'~ and Atoh7-REN** E17.5 retina

showing immunolabeling of Zic2 and Islet1/2 in the ventral retina. Scale bar: 20 um.

(B) An illustration depicting the anatomical distribution of ipsilateral and contralateral
RGCs in the ventral and dorsal retina. A reference area of 150 pm was considered for cell
counting.

(C) Ratio of Zic2*/Islet1/2* cells (Ipsilateral RGCs) in Atoh7-REN™'~ and Atoh7-REN*!*
retinae at E17.5.

(D) Numbers of ipsilateral RGCs (Zic2*/Islet1/2*) in the ventral temporal (VT; D) and
contralateral RGCs (Zic2™, Islet1/2*) in the dorsal temporal (DT; E) retina compared to the
WT retina at E17.5 (n =3 embryos/genotype; 8 sections per embryo).
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(E) Representative confocal images of ipRGCs as labeled with ZsGreen from control and
Atoh7-REN~,Slc6a4::Cre;R26RZ5C¢€" retina at E17.5.

(F) The number of ipsilateral RGCs (ZsGreen* cells) in control and Atoh7-REN!
~,Slc6a4::Cre;R26RZSCreen (n = 5 embryos/genotype; 8 sections per embryo). All the data
are presented as mean + SD and compared using two-tailed Student’s t test (v < 0.0001).
Scale bar: 20 um.
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Figure 7. Requirement of Atoh7 regulatory landscape to its expression in the developing
cerebellum
(A) Heatmaps of chromatin occupancy of the histone marks H3K27Ac and H3K4me2 in

P18 mouse cerebellum.

(B) H3K27Ac and H3K4me2 peaks near Atoh7 in E14.5 retina and P18 cerebellum. The
shaded area represents the position of the remote enhancer.

(C) Normalized RNA levels of Atoh7 in P18 cerebellum from WT, Atoh7-REN™'~, and
Atoh7-TEN"~ mice (n= 3/genotype, *p < 0.05).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-Isl1 & IsI2 DSHB Cat #39.4D5-S; RRID:AB_2314683
Rabbit Anti-PAX6 Biolegend Cat #901302; RRID:AB_2565003

Guinea pig Anti-RBPMS
Mouse Anti-BRN3A
Mouse Anti-TUBB3 (b-111 Tubulin)
Human Anti-ONECUT2
Goat Anti-BRN3B

Rabbit Anti-Zic2

Mouse Anti-Calbindin
Mouse Anti-SOX9

Mouse Anti-VSX2

Rabbit Anti-ConeA
Lectin-PNA Pre-conjugated

PhosphoSolutions
Millipore

Santa Cruz

R&D systems
Rockland
EMDMillipore
Sigma Aldrich
Millipore

Santa Cruz
Millipore

Thermo Fisher Scientific

Cat #1832; RRID:AB_2492226

Cat #MAB1585; RRID:AB_94166

Cat #Sc-80005; RRID:AB_2210816
Cat #AF6294; RRID:AB_10640365
Cat #600-101-MJO; RRID:AB_2942111
Cat #AB15392; RRID: AB 2315623
Cat #C9848; RRID:AB_476894

Cat #AB5535; RRID:AB_2239761

Cat #sc-365519X; RRID:AB_10842442
Cat #AB15282; RRID:AB_1163387
Cat #L.32460; RRID:AB_3099671

CD31 (PECAM1) Abcam Cat #AB28364; RRID:AB_726362
Rabbit Anti-H3K27Ac Abcam Cat #AB4729; RRID:AB_2118291
Rabbit Anti-H3K4me2 Abcam Cat #AB7766; RRID:AB_2560996
Rabbit Anti-H3K27me3 Millipore Cat #07-449; RRID:AB_310624
Chemicals, peptides, and recombinant proteins

Hoeschst 33342, trihydrochloride, trihydrate Invitrogen Cat #H3570

TRIReagent

Zymo Research

Cat #R2050-1-50

Critical commercial assays

NEB Next Ultra Il DNA Library Prep kit
TruChlIP chromatin shearing kit
Direct-zol RNA MiniPrep kit

Sc-ATAC seq Postnatal dissociation kit
Adult Brain Tissue Dissociation Kit

10x Chromium Single Cell 3’ v3.1 kit
Chromium Single Cell ATAC Reagent Kit

Ambion mMessage mMachine Spé /n vitro
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