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NEUROSCIENCE

Atoh7-independent specification of retinal ganglion

cell identity

Justin Brodie-Kommit'*, Brian S. Clark*3*, Qing Shi*", Fion Shiau?, Dong Won Kim?>,
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Retinal ganglion cells (RGCs) relay visual information from the eye to the brain. RGCs are the first cell type generated
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during retinal neurogenesis. Loss of function of the transcription factor Atoh7, expressed in multipotent early
neurogenic retinal progenitors leads to a selective and essentially complete loss of RGCs. Therefore, Atoh7 is
considered essential for conferring competence on progenitors to generate RGCs. Despite the importance of
Atoh7 in RGC specification, we find that inhibiting apoptosis in Atoh7-deficient mice by loss of function of Bax
only modestly reduces RGC numbers. Single-cell RNA sequencing of Atoh7;Bax-deficient retinas shows that RGC
differentiation is delayed but that the gene expression profile of RGC precursors is grossly normal. Atoh7;Bax-
deficient RGCs eventually mature, fire action potentials, and incorporate into retinal circuitry but exhibit severe
axonal guidance defects. This study reveals an essential role for Atoh7 in RGC survival and demonstrates Atoh7-
dependent and Atoh7-independent mechanisms for RGC specification.

INTRODUCTION

The retina has six major classes of neurons that develop from a
common progenitor cell pool during overlapping temporal inter-
vals. Retinal ganglion cells (RGCs), the only projection neurons
from the retina to the brain, are the first retinal cell type to be gen-
erated. RGC development in zebrafish, mice, and humans has been
shown to require the basic helix-loop-helix transcription factor
atonal homolog 7, Atoh7 (Math5) (1-8). Atoh7 is conserved across
all vertebrate species and distantly related to atonal, which specifies
the earliest-born neurons in Drosophila retina (1, 3, 7, 9). Atoh7-
deficient mice and zebrafish lack upward of 95% of RGCs (1, 8, 10, 11)
and likewise lack any visible optic nerve or functional connections
from the retina to the brain (12, 13). Human mutations in ATOH7
or its cis-regulatory regions have been associated with optic nerve
agenesis or hypoplasia (4, 6, 14) and increased susceptibility to glau-
coma (15, 16). Atoh7 deficiency also disrupts the development of
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retinal vasculature in both mice and humans, likely as an indirect
result of the loss of RGCs (17, 18).

In mice, Atoh7 is expressed in neurogenic retinal progenitor cells
(RPCs) between E12 and PO, corresponding to the interval in which
RGCs are generated (8, 19-26). Upon cell fate specification, Atoh7
expression is rapidly down-regulated in mouse RGC precursors (23, 27)
although expression persists in immature human RGCs (28, 29).
Genetic fate mapping indicates that Afoh7-expressing RPCs also give
rise to other early-born retinal cells, including cone photoreceptors,
horizontal, and amacrine cells, and that generation of these cell
types is increased in Atoh7-deficient mice (1, 8, 12, 30). Although it
has been reported that ectopic expression of Atoh7 can promote RGC
formation in some situations (22, 31), it is typically not sufficient to
drive RGC specification (22, 30, 32-38). However, misexpression of
Atoh7 in Crx-expressing photoreceptor precursors was sufficient to
rescue the development of a limited number of RGCs (22).

These findings have suggested that Atoh7 acts in neurogenic
RPC:s to confer competence to generate RGCs (10, 39, 40) potential-
ly in combination with as yet unidentified factors. Recent experi-
ments have shown that when Pou4f2 and IslI are expressed under
the control of the endogenous Atoh7 promoter, these transcription
factors are sufficient to fully rescue the defects in RGC development
seen in Atoh7 mutants (32, 34, 37). This implies that Atoh7 may act
permissively to enable the expression of these two factors in early-
stage RPCs in order to generate RGCs.

Other data, however, suggest that a large number of RGCs are
specified independently of Atoh7. Previous studies indicate that
immature RGCs are present in Atoh7-deficient mice in embryonic
retina, although at reduced numbers relative to controls (1, 10).
Genetic fate-mapping studies further raise questions about the
necessity of Atoh7 for specification of all RGC subtypes. Analysis of
Atoh7-Cre knock-in mice reveals that only 55% of all RGCs are
generated from Atoh7-expressing RPCs (10, 25, 41). Although this
outcome may reflect inefficient activation of Cre-dependent reporter
constructs, it may also imply that a subset of RGCs are specified
through an Atoh7-independent mechanism. However, the loss of
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95% of RGCs in Atoh7 mutant retinas may suggest that Atoh7-
independent RGCs require trophic support from either Afoh7-expressing
RPCs or Atoh7-derived RGCs.

To distinguish the role of Atoh7 in controlling RGC specifica-
tion and survival, we prevented RGC death in Atoh7-deficient mice
by simultaneously inactivating the proapoptotic gene Bax (42, 43).
The idea being if RGCs can be specified in the absence of Atoh7 but
require it for trophic support, we should reveal RGCs that are spec-
ified in an Atoh7-independent manner when cell death is prevented.
Notably, we observed only a 25.2 + 0.9% reduction in adult RGC
numbers in Atoh7 ' ";Bax™" retinas relative to Bax ™'~ controls, im-
plicating an unrecognized Atoh7-independent specification path-
way for RGCs. While mutant RGCs showed severe defects in the
formation of axonal projections and retinal vasculature, we found
that the Atoh7-independent RGCs expressed both Pou4f2 and Isl1,
the two transcription factors that are sufficient to fully compensate
for Atoh7 function. These RGCs also fired action potentials in
response to light and formed functional synapses with upstream
retinal neurons. Single-cell RNA sequencing (scRNA-Seq) analysis
of Atoh7;Bax-deficient retinas shows that Atoh7-deficient RGC
differentiation is delayed relative to wild type (WT), implicating
Atoh7 as responsible for generating early-born pioneering RGCs.
Last, Cut&Run analysis indicates that Atoh7 directly activates
genes enriched in RGC precursors while directly repressing genes
enriched in neurogenic RPCs and photoreceptor precursors. Our
results both identify a pathway for specifying RGCs that is indepen-
dent of Atoh7 and clarify the mechanism of Atoh7 function during
early retinal neurogenesis.

RESULTS

Atoh7 promotes RGC survival, but RGC specification is
largely Atoh7 independent

In the absence of Atoh7, there is an increase in apoptosis of both
Atoh7-derived cells across embryonic retinal development and non-
Atoh7-derived cells in the ganglion cell layer (GCL) at embryonic
day 16.5 (E16.5) and E17.5 (22, 25). These data suggest that Atoh7
may promote RGC survival in both a cell-autonomous and a non-
cell-autonomous manner. To better understand the role that Atoh7
plays in RGC development, independent of its role in RGC survival,
we disrupted both Atoh7 and the proapoptotic Bax gene in order to
inhibit apoptosis in the retina.

We used Atoh7“"/“" mice, in which the Atoh7 coding sequence
is replaced with Cre recombinase via targeted recombination, gener-
ating a null allele, to analyze Atoh7 function (40). We first examined
the expression of RBPMS and Isl1, both of which are broadly ex-
pressed in RGCs, in Atoh7“"“"*;Bax™~ mice (hereafter referred to
as Atoh7”";Bax™’" mice) (Fig. 1, A to C). Isl1, a LIM family homeo-
domain transcription factor, is necessary for RGC development
and maintenance in adulthood (32, 44) and is expressed in mature
RGCs, bipolar, and amacrine cells. Using anti-Rbpms to selectively
label all RGCs, we observed a 159 + 7% (Fig. 1, A and B) increase in
RGC number in Bax™" retinas, in line with previous results indicat-
ing that RGCs undergo extensive levels of apoptosis during devel-
opment (45-47). However, we observe only a 25.2 + 0.9% reduction
in RGCs in Atoh7";Bax™'" relative to Bax™’ retinas. This contrasts
with the 99.54 + 0.12% reduction in RGCs in Atoh7 ' retinas com-
pared to controls (Fig. 1, A and B). Similar results were observed for
anti-Isl1 cells in the GCL (Fig. 1, A and C).
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Specific RGC markers, Brn3a (Pou4fl) and Brn3b (Pou4f2),
were used to quantify RGCs. For WT and Bax™'" lines, Brn3a and
Brn3b numbers were similar to published reports (Fig. 1, D to F)
(8,22, 48,49). In the Atoh7”" line, 2 99.8 + 0.2% reduction in Brn3a
RGC density was observed. However, in Atoh7”";Bax”~ mice, the
Brn3a RGCs were substantially rescued in the Atoh7”’~ background
and remained into adulthood. Brn3a RGCs (74.7 + 0.9%) are res-
cued in Atoh7”";Bax™"" mice relative to Bax™~ levels in adult, and
RGCs display normal distribution across the entire retina (Fig. 1,
D and E; fig. S1, A and A’; and fig. S2). Brn3b RGCs were also res-
cued in Atoh7”";Bax™'" relative to Bax”'~ retinas, but to a much
lesser extent than the Brn3a (28.8 + 5.9%; Fig. 1, D and F, and fig. S1,
B and B’). Expression of IslI, Brn3b, and, to a lesser extent, Brn3a
has previously been reported to require Atoh7 (32, 37, 39, 44, 48, 50).
However, our data demonstrate that the expression of Isl1, Brn3a,
and Brn3b in RGCs can occur independent of Atoh7 (Fig. 1).

To investigate the extent to which rescued RGCs resembled WT
neurons, we examined the expression of markers of major classes of
mature RGCs. We investigated the prevalence of intrinsically photo-
sensitive RGCs (ipRGCs) within Afoh7~ /~:Bax™" retinas. During
the development of ipRGCs, most cells express Brn3b, although, in
some cases, only transiently (5I). To determine the percentage of
rescued ipRGCs in Atoh7~ ’~;Bax”"" mice, we used a melanopsin anti-
body that predominantly labels the high melanopsin-expressing M1
and M2 ipRGC populations. We observe that 34.1% of ipRGCs are
rescued in Atoh7 ' ~;Bax™"" mice relative to Bax™", proportions similar
to the fraction of Brn3b-positive RGCs in WT (Fig. 1, D and F, and
fig. S1, C to F). This indicates that rescued Brn3b-positive ipRGCs
can differentiate in the absence of Atoh?.

To eliminate the possibility that global loss of function of Bax
caused a nonspecific rescue of RGC development, we tested the effects
of retina-specific conditional mutants of Bax, using Chx10-Cre;
Atoh7°/Ce,Basx"! (Fig. 1, G and H). In this model, Bax is selective-
ly disrupted in RPCs beginning at E10 to 10.5 (52). Removal of Bax
from all RPCs shows RGC development to the same extent as in
Atoh7¢¢Ce.Bax ™~ (Fig. 1, G and H). This indicates that the rescue
of RGC:s is specific to the retina.

We then reasoned that if cell death has to be rescued specifically
in Atoh7-independent RGCs, then the number of RGCs should not
be restored in Atoh7"”“"%Bax""" mice. We observed that Atoh7"%“"%;
Bax™" mice did not show any notable rescue of RGC numbers
(Fig. 1, G and H), suggesting that preventing cell death in cells that
do not express Atoh7 is sufficient for RGCs to differentiate and form
connections with retinal neurons.

In both WT and Atoh7”~;Bax™~ animals, we observe that 34 + 11%
and 34 + 26% of RGCs, respectively, are derived from Atoh7-expressing
cells, a finding that independently confirms similar lineage tracings
in previous studies (fig. S3, A to C) (10, 25). This indicates that while
RGCs that are normally derived from Atoh7-expressing neurogenic
RPCs are reduced in the absence of Atoh7, Atoh7 is not required for
their specification. Furthermore, RGCs that are derived from non-
Atoh7-expressing RPCs require Atoh7 for survival through a non-
cell-autonomous mechanism.

While RGCs were the main focus of this study, Atoh7-expressing
progenitors also give rise to other early-born retinal cell types (1, 12),
so we investigated whether these cell types were affected in the adult
Atoh7”";Bax”"" retina. Using immunostaining for cell type-specific
markers, we observed no notable difference between cone photo-
receptors across any genotype (fig. S4, A and B). We observed a
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Fig. 1. Atoh7-independent development of RGCs. (A to C) We observed a 25.2 + 0.9 and 21 % 3% reduction in RBPMS* RGC density or IsI1* GCL cells when comparing

Atoh7”~;Bax™"~

to Bax™~ mice. (D to H) Brn3a- and Brn3b-positive RGC density are only moderately reduced when apoptosis is blocked in Atoh7~;Bax™~ mice. (G and H)

Brn3a-positive RGC numbers are rescued when apoptosis is blocked in all neural RPCs, when Bax'®/'*is crossed to the Chx10-Cre transgene, which is expressed in all RPCs.
However, when Bax is specifically removed in Atoh7-Cre knock-in mice, Brn3a RGCs are not rescued. Means + 95% confidence intervals. Statistical significance tested by
one-way analysis of variance (ANOVA) with Tukey'’s posttest for multiple comparisons *P < 0.045, **P = 0.0023, ***P < 0.0003, ****P < 0.0001. ns, non-significant.

significant decrease in horizontal cells in the Atoh7”";Bax™~ com-

pared with Atoh7" ’~ but neither with control nor with Bax™/~ (fig.
S4, C and E). We observed a notable decrease in amacrine cells in
the Atoh7";Bax™" retinas compared with both control and Bax ™~
mice, although no notable differences were observed between
control and Atoh7 "~ (fig. S$4, C and E). These results stand in con-
trast to a previous study that reported an increase in cone photo-
receptors in adult Atoh7~ /~ retinas (I) and may reflect technical
differences resulting from the use of different cone-specific markers
(S-opsin) and quantification of dissociated cells, rather than cones
in intact retina. In any case, these data clearly demonstrate that
RGCs are the only early-born retinal cell type whose levels are
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substantially increased by the loss of function of Atoh7 in the Bax
mutant background.

RGCs specified in the absence of Atoh7 generate light-driven
photic responses transduced from the outer retina

As we determined that loss of Bax in the Atoh7 ™ background res-
cues a large percentage of RGC specification, we next sought to in-
vestigate the degree to which RGCs differentiated in the absence of
Atoh7. One hallmark of RGC differentiation is the formation of
presynaptic contacts and the generation of light-induced action
potentials. We used multielectrode array (MEA) recordings to test
the light responsiveness of the RGCs within the various mutant
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models. Spatiotemporal noise stimuli were used to activate the retina
with a mean excitation of 398 nm (Ipean = 5 X 10° photons em2s7h,
a wavelength that predominantly activates S-cones (53) and does not
activate Opn4-expressing ipRGCs (54-57). We observed an identi-
cal stimulus-response profile in WT and Bax™'~ RGCs (Fig. 2A), an
expected result given that Bax ™'~ mice display normal visual re-
sponses within the Morris water maze test (42). The population of
RGCs included cells with similar light-evoked responses to ON sus-
tained, ON transient, ON/OFF transient, OFF transient, or OFF
sustained RGCs (Fig. 2A and fig. S5). The spatial receptive fields
of the Atoh7”";Bax”’~ RGCs were slightly smaller than normal
[Atoh7";Bax ™/~ average, 191 £ 37.1 um (n = 56 from eight mice);
control average, 212 + 42.3 um (n = 92 from five mice); and Bax '~
average, 223 + 42.4 um (n = 96 from four mice)] (Fig. 2B), and the
kinetics of the light-driven responses in the Atoh7”~;Bax”'" retinas
were slightly slower than those of control and Bax™'"cells (Fig. 2C).

The linear analysis used for the MEA data can only reveal an
averaged spike-triggered averaging (STA), which could be a com-
pression of multiple receptive fields. Thus, those having multiple
receptive fields such as ON-OFF cells could potentially be hidden
with this method and require more sophisticated analysis strategy
(58). However, diversity in peristimulus time histogram (PSTH)
profiles is clearly observed, suggesting that different cell types coexist
in Atoh7”";Bax™"" mice. We chose not to perform more complex
analysis such as classifying each cell into known cell types due to the
relatively small sample size. These will be intriguing questions to
address when larger amounts of data are made accessible. The near-
normal properties of the Atoh7”;Bax™~ RGCs show that RGCs
present in the Atoh7”~;Bax™" are wired properly to the outer reti-
na, specifically the S-cones, and receive normal circuit input.

RGC axon guidance is Atoh7 dependent

While RGCs in Atoh7”";Bax™" animals appropriately respond to
the detection of visual stimuli by the outer retina, the ability of these
RGCs to form postsynaptic connections in the brain is compromised.
We observed a substantially reduced pupillary light response (PLR)
in Atoh7”";Bax™'" animals compared to controls (Fig. 3, B and C).
To determine the cause of behavioral deficits, we assessed the distri-
bution of RGC axons. Immunostaining for Smi32 (nonphosphoryl-
ated Nfh) (Fig. 3, A and D, and fig. S6C), Nth, and Nfm (fig. S6, A
and B) was used to evaluate RGC axonal integrity and showed nor-
mal architecture in WT and Bax™~ mice. We were surprised to find
that the <1% of RGCs that survive in the Atoh7”’~ showed severe
guidance defects. These RGCs fasciculate, come in close proximity
to where the optic disc should be, seem to overshoot the optic disc,
and then continue to extend within the retina. The great majority of
Atoh7”~ RGC axons fail to correctly target the optic disc, with only
a few axons exiting and forming a rudimentary optic nerve, leading
to a severely reduced PLR (Fig. 3, B and C, and fig. S7, A to C). The
gross misguidance of axons was also observed in Atoh7 ' ";Bax™~ mice
(Fig. 3, Aand D). Asin Atoh7" ’~ mice, RGC axons in Atoh7”";Bax™'~
mice fasciculate, fail to correctly target the optic disk, and form
tracts that extend around the retina, with only rudimentary optic
nerves observed. This guidance defect did not obviously result from
the defective formation of the optic disc, as Pax2-positive glial cells
that mark this structure are present in the Atoh7”;Bax”~ at E12.5
(fig. S8, A and B), although it is possible that other features of optic
disc cells are disturbed. This demonstrates that the optic disk is
present, but the axons are unable to find their way out of the retina
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in large numbers. These findings are reminiscent of previous reports
in zebrafish, in which morpholino-mediated disruption of atoh”
expression in early-stage RPCs disrupted the correct targeting of
axons of later-born, atoh7-positive RGCs to the optic tectum (33).

Previous studies have observed a lack or massive reduction in
physical or functional connection to the brain in Atoh7”~ mice
(1, 12, 13, 59). Consistent with the failure of mutant RGCs to correctly
target the optic nerve, we observe severe disruptions in behavioral
responses to light in Atoh7”";Bax™~ mice that are essentially indis-
tinguishable from those seen in Atoh7 ™ mice. Atoh7”;Bax™"~
mice show no detectable optokinetic response (fig. SOA) and show
no visual cue-dependent reduction in escape time during succes-
sive trials of the Morris water maze (fig. S9B). Opn4:Tau-lacZ
knock-in mice, which visualize the axonal projections of M1 ipRGCs,
show no detectable signal in the brain in Atoh7”";Bax™"" (fig. S9C)
(55). Intraocular injection of fluorescently labeled cholera toxin beta,
which visualizes RGC axonal terminals (60), likewise shows no
brain labeling in both Atoh7~ /~:Bax™'~ and Atoh7”~ mice (fig. S9D).
However, while the contralateral PLR is significantly reduced com-
pared to WT in both the Atoh7”~ and Atoh7”";Bax™'" mice, it is,
nonetheless, detectable, indicating that a small number of RGC
axons target the olivary pretectal nucleus in Atoh7 ' ";Bax™~ mice,
although we are unable to detect these using standard techniques
(Fig. 3, Band C, and fig. S7, A to C).

Retinal vasculature development is disrupted in the
absence of Atoh7

In both mice and humans, loss of Atoh7 expression results in per-
sistence of the hyaloid vasculature (2, 7, 17, 61). The persistence of
the hyaloid vasculature in Atoh7 ™ retinas until P14 was previously
observed. We likewise observe persistence of the hyaloid vascula-
ture into adulthood in Atoh7 ™ retinas (Fig. 3E). Unexpectedly,
even with the rescue of a majority of Brn3a RGCs in Atoh7’;Bax™~
animals, the hyaloid vasculature still fails to regress (Fig. 3E). Like-
wise, Crx>Atoh7;Atoh7”~ mice, in which Atoh7 is misexpressed in
photoreceptor precursors, also fail to induce hyaloid regression
(Fig. 3E). This is in sharp contrast to the rescued vascular pheno-
type observed in Atoh7'"A"TA;B&I-EE mice, when Brn3b and Isl1
are ectopically expressed from the endogenous Atoh” locus in a
Atoh7-deficient mouse using the tet-off system (Figure 3E) (37),
and implies that Brn3b and Is/I may activate the expression of se-
creted factors that drive vascular regression in a narrow time win-
dow during development.

scRNA-seq analysis of RGCs generated in the

absence of Atoh7

To examine potential differences in RGC development within Atoh7”~
and Atoh7”;Bax™"~ compared to WT and Bax '~ control animals, we
next performed scRNA-seq on Bax ™", Atoh7”~, and Atoh7”;Bax™"~
retinas to more comprehensively profile changes in cell-type speci-
fication and global transcriptome across the genotypes. We profiled
67,050 E14.5 retinal cells from Bax ™", Atoh7”~, and Atoh7”~;Bax™"~
mice and aggregated the datasets with 26,078 age-matched WT ret-
inal cells from previous studies (Fig. 4, A and B, and fig. S10) (23).
Consistent with the previous single-cell studies of E14 mouse reti-
nal development (23, 62), in low-dimension space, we observed a
continuous manifold of cells, from primary RPCs to neurogenic
RPCs, leading to three separate differentiation trajectories that give
rise to RGCs, cones, and amacrine/horizontal cells, respectively
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Fig. 2. Atoh7 is not required for normal retinal wiring and electrophysiological function. Cells from Atoh7”~;Bax™~ and Atoh7~”~;Bax™~ mice responded to light
similarly to those from WT. (A) Two different examples, corresponding to two different sets of RGCs per genotype of peristimulus time histogram (PSTH) averaged from
120 repetitions of 1-Hz square-wave flash: WT (top), Atoh7"~;Bax™"~ (middle), and Atoh7~'~;Bax™'~ (bottom). (B) Distribution of the spatial receptive field measured using
white noise flickering checkerboard: WT (top; cell count = 92), Atoh7"~;Bax™" (middle; cell count = 94), and Atoh7~~;Bax™~ (bottom; cell count = 56). (C) The PSTH of re-
sponses to square-wave flash was calculated using 10-ms bins. Mice were assayed at P30. One-way ANOVA, followed by Dunnett’s test, P < 0.05, between AtohT/';Bax'/'
and WT.
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rescue all of the Atoh7 null phenotypes. When Atoh7 is rescued using the Crx>Atoh7 transgene on the Atoh7 null background, the optic nerve and 12% of RGCs are rescued

(22), but the hyaloid vasculature does not regress.

(Fig. 4, A and B, and fig. S11A). Analysis of the cell-type propor-
tions across the genotypes revealed a depletion of RGCs in both
Atoh7 mutant samples (Atoh7”~ and Atoh7”";Bax™'") compared to
both WT and Bax™'~ controls (Fig. 4, C and D, and fig. $10, E and
F). This reduction in the number of RGCs included a compensatory
increase in cone photoreceptors and neurogenic RPCs, consistent
with previous findings (Fig. 4, C and D, and fig. S10, E and F)
(1, 8,12, 63).
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Using the scRNA-seq data, we next assessed the differential gene
expression within neurogenic RPCs and RGCs across control—W'T
and Bax”""—and Atoh7-deficient—Atoh7”’~ and Atoh7 ' ";Bax™""—
sam]gles. Using strict differential expression cutoffs (q value < 1 x
107", we identified 230 Atoh7-dependent differentially expressed
transcripts within neurogenic RPCs and RGCs (table S1). Genes en-
riched within control samples (Fig. 4E) highlighted many known
factors in the specification and differentiation of RGCs, including
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across RGC development.

Poudf2 (Brn3b), Isl1, Pou6f2 (Rpf-1), Elavl4, Gap43, and Irx2 (fig.
S11B) (64-67). Conversely, differentially expressed transcripts en-
riched in the Atoh7 knockout samples (Fig. 4E) were enriched for
genes involved in the Notch signaling pathway—Rbpj, DII3, Notch1,
and Hes6—and for transcripts enriched in neurogenic cells and pho-
toreceptor precursors during retinal development—Btg2, Neurog2,
Bhlhe22, Insm1, Neurodl, Mybll, Sstr2, and 3110035E14Rik (fig.
S11B) (23).

Atoh7-deficient RGCs also show dramatically reduced expres-
sion of genes known to regulate axon guidance, including the cell
adhesion molecule Islr2, which has been found to control RGC
axon fasciculation, as well as axon guidance at the optic chiasm
(68). Of particular interest are the observed increases in Rbpj and
3110035E14Rik expressions in Atoh7”~ and Atoh7”";Bax™~ sam-
ples. Rpbj is an upstream regulator of Atoh7 expression (69) and
3110035E14Rik (Vxn), which functions similarly to Atoh7 by pro-
moting retinal neurogenesis and early retinal cell fate specification
(70). The increased expression of transcripts that show enriched
expression in neurogenic cells and photoreceptor precursors is con-
sistent with the increase in generation of cone photoreceptor pre-
cursors seen in Atoh7-deficient retinas (Fig. 4D) (I). Combined
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with a recovery in the specification of RGC numbers in adult
Atoh7”";Bax”~ animals, these data suggest that loss of Atoh7 ex-
pression leads to an increase in expression of genes specific to neu-
rogenic RPCs at the expense of RGC-enriched transcripts; results
are consistent with a developmental delay.

As albino mice are known to have fewer ipsilaterally projecting
RGCs (71) and because Bax~'~ mice are on an albino background,
we specifically examined the expression of transcripts traditionally
down-regulated in albino mice. Most of these transcripts are down-
regulated in Bax ™'~ retinas at E14.5; however, these ipsilateral tran-
scripts were similar to WT in both Atoh7 ™ and Atoh7”";Bax™~ E14.5
retinas (fig. S11C) (71), suggesting that the albino background does
not contribute to the observed phenotypes in Atoh7”'";Bax™'~ mice.

Pseudotemporal analyses identify changes in Atoh7-

dependent gene expression during RGC specification

To further assess the degree of an RGC-specific developmental de-
lay, we performed pseudotemporal analyses using Scanpy (Fig. 4F)
(72). We observed bias of the Atoh7-deficient cells within early
pseudotime stages during RGC differentiation. Both WT and Bax ™"~
control cells had a broader distribution of cells across pseudotime;
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results are consistent with a failure of maturation or developmental
delay of RGC specification in Atoh7-deficient RGCs (Fig. 4G). Dif-
ferential expression analysis assessing for differences between the
genotypes’ pseudotemporal gene expression dynamics revealed sig-
nificant genotypic differences across RGC development (Fig. 4H
and table S2).

In both Atoh7 ™ and Atoh7 ' ";Bax™~ samples, we observed a
reduction of expression in many genes enriched within mature
RGCs—Poudf2, Gap43, Sncg, and Isl1. We likewise observed re-
duced expression of a subset of genes in neurogenic RPCs, includ-
ing Gal. Increased expression of other genes predominantly expressed
in neurogenic RPCs, including Neurodl, Insml, Neurod4, Hes6,
Onecutl, Onecut2, and Sox4, is observed in both Atoh7-deficient
neurogenic RPCs and RGCs compared to controls (Fig. 4H). This
implies that loss of function of Atoh7 may delay the differentiation
of RGCs from neurogenic RPCs. The temporal expression patterns
of genes involved in RGC specification mimic those observed with-
in additional E14 scRNA-seq datasets (62), and analyses of tran-
scriptomic changes resulting from loss of Atoh7 expression closely
match those obtained from scRNA-seq-based analysis of Atoh7 /"
retina conducted at E13.5 (73).

We next performed in situ hybridization to examine changes in
global transcript expression within the developing retina. RNA
transcript expression was detected at E14.5, at which point most
RGCs are specified (19, 20), and we observed decreased expression
of Pou4f2 (Brn3b), Isl1,and Galin both Atoh7 '~ and Atoh7 ™ ;Bax™"~
mice, as determined by chromogenic in situ hybridization (Fig. 4I).
Immunostaining of E14 retinas confirms a reduction in the number
of cells immunopositive for Brn3a (Pou4fl) and Brn3b (Pou4f2)
(Fig. 4]), as well as the pan-RGC markers RBPMS and Isl1 (Fig. 4K),
in the developing GCL of Atoh7-deficient retinas. At E12.5, we ob-
served a marked decrease in both overall RGC density and RGC
number (fig. S8). Together, these results suggest that loss of func-
tion of Atoh7 delays RGC differentiation and leads to an accumula-
tion of neurogenic RPCs.

To further identify patterns of temporal changes in gene expres-
sion across RGC genesis between Atoh7 mutant and control retinas,
we performed the nonnegative matrix factorization analysis of
the Bayesian NMF technique Single Cell Coordinated Gene Activity
in Pattern Sets (scCoGAPS) (74). Implementation of scCoGAPS
parses the gene expression into groups (“patterns”) based on gene
expression profiles without a priori, literature-based knowledge of
gene interactions. Using 5235 highly variable genes across the 29,182
neurogenic RPCs and differentiating RGCs, we identified 31 pat-
terns of gene expression (Fig. 5, A, B, and E, and fig. S12). These pat-
terns correlated with both neurogenic RPC—patterns 6, 25, 5, 24,
11, 13, 18, 7, 21, 1, and 4—and RGC—patterns 8, 27, 28, 9, 26, 20,
22, 17, and 31—cell-type annotations and highlighted temporal
changes in gene expression, as assessed through pseudotime analy-
ses (Fig. 5, A, B, and E). Individual patterns, patterns 4, 5, and 29,
were highly correlated with neurogenic cell annotations and Atoh7”~
and Atoh7”";Bax™"~ genotypes, consistent with a temporal delay in
RGC specification, increased number of neurogenic cells, or failure
of cell-type specification of neurogenic RPCs as a consequence of
lost Atoh7 expression (Fig. 5, A, B, and E). Genes driving pattern 5
include genes enriched in early-stage neurogenic RPCs, Gadd45a
and Sox11 (23).

Conversely, patterns highly correlated with RGC cell-type anno-
tations and pseudotime—patterns 9, 26, and 28—had a high correlation
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with control samples (Fig. 5, A, B, and E). The most highly weighted
genes in patterns 9 and 26 are Gap43 and Igfbpll, respectively,
which have been implicated in RGC axonal growth (75, 76). Pattern
28 highlights cells toward the end of the RGC trajectory and is
largely driven by Sncg, a transcript enriched in most RGCs in the
adult mouse retina (Fig. 5, A and B) (77). The association of neuro-
genic patterns with Afoh7”/~ mutant retinas versus those that high-
light RGC differentiation and maturation patterns with control
retinas further support a developmental delay in mutant RGCs.
Analysis of pattern marker expression across the genotypes (fig. S12)
highlights both the temporal delay and global changes in gene ex-
pression across the Afoh7’~ mutant retinas compared to controls.

Recent studies have comprehensively profiled RGC subtype di-
versity in the mouse retina (78, 79). However, these studies did not
characterize either the birthdates of individual RGC subtypes or the
transcriptional networks controlling RGC subtype specification.
The delay in RGC maturation and the failure of optic nerve forma-
tion seen in Atoh7-deficient retinas suggest that the earliest path-
finding RGCs are Atoh7 dependent. We examined expression of
markers of mature RGC subtypes (78) within the developing retina
and correlated expression of the transcripts with RGC pseudotime
(fig. S13), as many of the mature RGC subtype markers are not spe-
cific to RGCs. We detected expression of selective markers for a
fraction of mature RGC subtypes within the E14.5 scRNA-seq data-
set. Of transcripts in which readily detectable expression was ob-
served, many—including Igfbp4, Foxpl, Stxbp6, Bhlhe22, and
Penk—also display enriched expression in primary or neurogenic
RPCs. Expression of some markers of RGC development and
maturation—Ebf3, Poudfl, Poudf2, Prdm8, and Slc17a6—correlated
well with pseudotemporal ordering and were depleted in Atoh7-
deficient RGCs. However, a limited number of RGC subtype markers,
including Irx3, Calb2, and Tacl, were largely absent from Atoh7
mutant RGCs.

Atoh7 binds to loci associated with neurogenic RPC, RGC,
and photoreceptor-enriched genes

To gain insight into the function of Atoh7 during RGC specifica-
tion, we performed Cut&Run experiments (80) on E14 mouse reti-
nas using the established Atoh7 antibody (27) and immunoglobulin
G (IgG) as a control. Peak calling was performed using the MACS2
pipeline (81). High concordance of called peaks is observed between
Atoh7 Cut&Run replicates (fig. S14A), with >3000 shared peaks
and little enrichment of peak sequences within the IgG sample.
Comparisons of Atoh7 peaks to developmental chromatin accessi-
bility (82) determined that peaks proximal to gene transcription
start sites, corresponding to proximal promoters, exhibited high
accessibility throughout retinal development (fig. S14B). Distal
peaks, corresponding to enhancer sequences (>3 kb from the tran-
scription start sites), however, displayed the greatest accessibility
during early periods of retinal development when RGCs are being
generated and when Atoh7 expression is maximal (fig. S14B) (27).
We next determined the enrichment of DNA sequence motifs un-
derneath called peaks using HOMER (83). We observed a highly
enriched motif (CAGCTG; P = 1 x 107/%%) that was present within
>55% of called peaks (13.75% of background peaks; Fig. 6A and
table S3). Analysis of motif similarity to known transcription factor
motifs indicated a high similarity of the called Atoh7 motif to the
Atohl motif (CAGCTG; P =1 x 10778, Fig. 6A) and other E-Box
transcription factors (table S4).
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We next assigned peaks to genes using ChiPSeeker (84). Many
strong peaks were located within genetic loci of transcripts with
known functions during early retinal development, including Neurod1,
Elavl4, Neurog2, Pou6f2, Otx2, Meis2, and Lhx4 (Fig. 6, B to E,
and table S5). We also observed strong enrichment of Atoh7 binding
within the Atoh7 proximal promoter and distal enhancer sequences
(14), suggestive of autoregulation of Atoh7 expression (Fig. 6D). In
addition, we detected Atoh7 binding within numerous loci associated
with RGCs, including Rbpms, Poudf2, Isl1, and PoudfI (fig. S14, C to
F, and table S5); however, the binding sites of Atoh7 within the Pou4f2
locus are located within the intron of the neighboring gene Ttc29 and,
therefore, are assigned to Ttc29 instead of Pou4f2.

To better understand the mechanism by which Atoh7 regulates
transcription of nearby genes, we next examined the consequence
of Atoh7 loss of function on bound loci gene expression, as deter-
mined by our scRNA-seq experiments in control (WT and Bax™")
versus Atoh7 null (Atoh7”~ and Atoh7 ' ;Bax™") neurogenic cells
and RGC:s (fig. S15). Our analyses indicated that many Atoh7-bound
genes display decreased expression within Atoh”7 mutant retinas,
including the RGC-enriched genes Pou6f2, Elavi4, Isl1, and Tubb2b
(Fig. 6E). Conversely, roughly similar numbers of “bound” genes
displayed increased expression in Atoh7 mutant retinas, including
neurogenic RPC-enriched transcripts Hes6, Btg2, Neurodl, Neurog2,
Sstr2, Pkib, and Bhlhe22 (Fig. 6E) (23). To gain further insight into
the biological relevance of Atoh7-bound and differentially expressed
transcripts, we first binned transcripts into five categories: (i) Atoh7-
bound and down-regulated in Atoh7 mutants, (ii) Atoh7-bound and
up-regulated in Afoh7 mutants, (iii) no binding and down-regulated
in Atoh7 mutants, (iv) no binding and up-regulated in Atoh7 mu-
tants, and (v) Atoh7-bound but no change in expression. Following
binning, we calculated the z scores of gene expression on an individ-
ual cell basis using the mouse retinal development single-cell dataset
(23) and examined the enrichment of expression of binned genes
within annotated cell types. Our analysis determined that Atoh7-
bound genes that displayed decreased expression in Afoh7 mutant
retinas show enriched expression in RGCs, suggesting an active role
of Atoh7 in promoting RGC fate (Fig. 6, F to H). Conversely, Atoh7-
bound genes that are up-regulated in Afoh7 mutant retinas display
high expression within neurogenic cells or photoreceptor precursors
and include Neurodl, Neurog2, and Hes6 (Fig. 6, F and I). We also
observe Atoh7 binding within additional cone photoreceptor gene
loci, including Lhx4, Otx2, and Thrb (table S5), although these
genes did not display robust differences in gene expression between
control and Atoh7 mutant retinas. The up-regulation of Atoh7-
bound neurogenic and photoreceptor-enriched genes in Atoh7 mu-
tant retinas suggest that Atoh7 actively represses photoreceptor fate
during early retinogenesis, an interpretation that is supported by
the observed modest increase in cone photoreceptor proportions
within Atoh7 mutant scRNA-seq samples (Fig. 4D).

Galanin is not the Atoh7-dependent secreted factor that
promotes RGC survival and pathfinding

Our data suggest the existence of Atoh7-dependent factors that pro-
mote both RGC survival and pathfinding, as well as hyaloid vascu-
lar regression, in a non-cell-autonomous manner. These are likely
derived from Atoh7-expressing neurogenic RPCs and/or RGCs.
Factors mediating hyaloid regression are likely to be secreted, while
those regulating RGC survival could also potentially act through
contact-mediated signaling. Few annotated secreted proteins show
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clear Atoh7-dependent expression in our scRNA-seq dataset. The neuro-
peptide galanin (Gal), which is strongly expressed in both neurogenic
RPCs and RGCs and is a direct target of Atoh7 (Fig. 6E), was by far
the most differentially expressed secreted factor in Atoh7-deficient
mice (Fig. 4, E and [; Fig. 6E; and table S1). Galanin has been implicated
in promoting the survival of neural precursors (85, 86) and to be en-
riched in ipsilaterally projecting RGCs (62). However, Gal-deficient
animals showed no differences in either the hyaloid vasculature re-
gression or RGC density, as compared to the control animals (fig. S16).

DISCUSSION

It is broadly accepted that Atoh7 acts in RPCs as a competence fac-
tor that is essential for RGC specification (10, 39, 40, 87). In this
study, though, we show that the specification of the great majority
of RGCs occurs even in the absence of Atoh7. While RGC specifica-
tion can occur independent of Atoh7, Atoh7 function is required to
maintain RGC survival and proper targeting of RGC axons to the
optic nerve head (Fig. 6]). Following disruption of both Atoh7 and
Bax, we observe only a 20% reduction in the number of RGCs rela-
tive to Bax-deficient controls. This compares to a greater than 95%
reduction in RGC numbers in Atoh7 mutants relative to WT con-
trols. Although RGCs in Atoh7”";Bax™'" retinas show severe de-
fects in targeting the optic nerve head, they respond robustly to
photoreceptor stimulation.

The presence of functional RGCs in the absence of Atoh7 helps
explain long-standing, puzzling observations: (i) 45% of RGCs are
not derived from Atoh7-expressing progenitors, (ii) molecular markers
of RGCs are observed at considerably higher levels during early
stages of retinal development than in adults in Atoh7-deficient retinas,
and (iii) the marked increase in apoptosis in the GCL that occurs in
the absence of Atoh7 (10, 22, 25). Previous studies have implicated
Atoh7 as a direct upstream regulator of the essential RGC transcrip-
tion factors Brn3a, Brn3b, and Isl1. Supporting this, an Atoh7 hier-
archy of RGC determinants, studies in which Brn3b and Isl1 were
inserted in place of the Atoh7 coding sequence observed a complete
rescue of normal RGC development (37). Our studies, however, in-
dicate that when apoptosis is inhibited, Brn3a, Brn3b, Isletl, and
Rbpms expression is induced at near-normal levels within RGCs in
both E14 and adult retinas, independent of Atoh7 expression. We
observe that Atoh7 binds to sites in the IslI and Pou4f1 (Brn3a) loci
(fig. S14, E and F), suggesting active regulation of Is/I and Brn3a
transcription by Atoh7. While no Atoh7 Cut&Run peak was as-
signed to Pou4f2 (Brn3b), two Atoh7-binding sites were identified
in the terminal intron of Pou4f2-neighboring gene Ttc29 (fig. S14D).
While further evidence is required to clearly demonstrate that
Atoh7 regulates Pou4f2 expression via these binding sites, we ob-
served reduced expression of Isl1, Pou4fl, and Pou4f2 within Atoh7-
deficient retinal cells. Therefore, we conclude that other factor(s) in
addition to Atoh7 activate expression of these genes.

The molecular mechanisms by which Atoh7 controls axonal
guidance and cell survival remain unclear. One hypothesis is that
RGC axonal guidance and cell survival are linked and that loss of
Atoh7 expression fails to initiate expression of target-derived trophic
cues. Because other studies have failed to detect substantial num-
bers of RGCs in Afoh7”~ mice at postnatal day 0 (P0) (I, 8, 22, 25)
and target-derived neurotrophic factors regulate apoptosis of RGCs be-
tween PO and P12, we suspect that Atoh7-regulated prosurvival factors
act at earlier time points than target-derived trophic signals. In addition,
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as we did not observe RGC rescue within Atoh7“™“";Bax™" mice,
we suggest that immature RGCs rapidly degenerate as the result of
the lack of an Atoh7-dependent survival factor. This wave of develop-
mental apoptosis has been observed previously, but the underlying
molecular mechanisms are unknown (46, 47, 88-92). We hypothesize
that this prosurvival factor or factors must be produced by either
Atoh7-expressing neurogenic RPCs or RGCs derived from these cells.

Our data also reveal a marked delay in the formation of RGCs
from neurogenic RPCs in the absence of Atoh7. This is consistent with
previous results in Atoh7”" retinas, where RGC formation is delayed
by at least a day, in part due to RPCs remaining in cell cycle (22, 93).
However, this delay in cell cycle exit later resolves, as essentially normal
levels of all other early-born cell types in the Atoh7 " ;Bax™'" retinas,
including RGCs (Fig. 1 and fig. 4). When Atoh7-dependent RGCs
are rescued later in development, as seen in targeted mutants in
which Atoh7 is expressed from the endogenous Crx locus, the hy-
aloid vasculature regression was not rescued, even though a modest
rescue of RGC formation is observed (22). Consistent with this re-
sult, loss of function of atoh” in early-stage RPCs in the zebrafish
retina disrupts the correct targeting of axons in later-born RGCs to
the optic nerve (33). Together with the fact that 45% of RGCs arise
from a non-Atoh7-dependent lineage in mice, we hypothesize that
early, pathfinding RGCs are Atoh7 dependent and provide both
survival and guidance cues for later-born RGCs.

Since Atoh7 was previously thought to be a master transcriptional
regulator of RGC specification, strategies aimed at targeted differ-
entiation of RGCs for therapeutic purposes have focused on using
the forced expression of Atoh7. We, however, now appreciate RGC
specification to be a far more complicated process. Although ecto-
pic expression of Atoh7 activates expression of RGC-specific genes
in cultured RPCs (94), induced pluripotent stem cells (95), and
Miiller glia-derived retinal stem cells (96, 97), it is, nonetheless, typ-
ically not sufficient to drive these cells to become RGCs. This study
sheds light on why this may be the case.

These findings demonstrate that additional factors act in parallel
to Atoh7 to control RGC specification. While multiple other tran-
scription factors have been reported to regulate RGC specification,
including Neurod1, Sox4, and Onecut2 (35, 98, 99), these factors are
unable to individually activate expression of Brn3b and Isl1. In
Atoh7”";Bax™"~ RGCs, however, we observe substantially increased
expression of each of these transcription factors (Fig. 4E and fig.
$12), suggesting the possibility that these factors, among others,
may compensate for the loss of Afoh7. The observations that Atoh7
binds to target sites in the genomic loci of multiple genes that are
up-regulated in Afoh7 mutant retinas, including Neurod1, Neurog2,
Otx2, and Onecut2, suggest that Atoh7 directly inhibits alternate
mechanisms of RGC genesis. However, the identity of the non-
cell-autonomous cues by which Atoh7 regulates RGC survival, axon
guidance, and hyaloid vasculature regression remains unknown
(Fig. 6]). Further identification of the mechanisms regulating the in-
terplay of intrinsic and extrinsic signals on RGC specification, survival,
and maturation will help guide the future design of therapies aimed at
maintaining and replacing RGCs lost due to degenerative disease.

MATERIALS AND METHODS

Mice

Animals were housed and treated in accordance with NIH (Nation-
al Institutes of Health) and IACUC (International Animal Care and
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Use Committee) guidelines, and we used protocols approved by the
Johns Hopkins University Animal Care and Use Committee (pro-
tocol number MO16A212). Atoh7"" mice are a knock-in line
where Cre recombinase replaced the entire Atoh7 gene and was a
gift from L. Gan (referred to as Atoh7”") (RRID:MGI:3717726)
(40). The Bax™!SM™mISk (B3x7~) mice containing a neomycin cas-
sette that replaces critical exons 2 to 5 were purchased from the
Jackson Laboratory (JAX:002994, RRID:IMSR_JAX:002994) (43).
The Bax™~ mice are unpigmented since the Bax gene is linked to the
Tyrosinase (Tyr) and Pink-eyed dilution (p) gene by 21 and 5 cM,
respectively. The conditional Bax™M2Sik/tm2Sik (g ffly ice con-
taining LoxP sites flanking exons 2 to 4 were purchased from the
Jackson Laboratory (JAX:006329, RRID:IMSR_JAX:006329) (100).
Atoh7™TA.B&I-EE mice are a combination of two genetic strains.
In the first strain (Atoh7tTA/ tTA), the tetracycline-responsive artifi-
cial transcription factor tTA replaces the Atoh7 gene. In the absence
of tetracycline, the tTA activates the tetracycline-responsive ele-
ment that is driving the expression of Brn3b and IslI in the second
strain (B&I-EE). Therefore, in effect, the Atoh7 promoter will drive
the expression of Brn3b and Isl1. This mouse line has been previ-
ously reported to rescue all reported effects of Atoh7 loss of function
and was a gift from X. Mu (MGI:5749708 and MGI:5749713) (37).
The Crx>Atoh7 mice, a transgene that expresses the full-length Atoh7
coding sequence under the control of the Crx promoter, was previ-
ously published (MGI:5433215) (22). A tdTomato Cre recombinase
reporter mouseRosa26' 1A% (JAX:007914, RRID:IMSR_JAX:007914)
(101) was used to label cells in a Cre recombinase—dependent man-
ner. The Chx10-Cre mouse line is a transgenic line purchased from
the Jackson Laboratory, originally developed by C. Cepko’s labora-
tory (JAX:005105, RRID:IMSR_JAX:005105) (52), and expresses
Cre recombinase broadly in all RPCs from E10 to E15.5. The
Opnd™™aZ mice were used to trace the ipRGC projections to the
brain (55). Throughout the manuscript, controls are heterozygous
for both Atoh7 and Bax (Atoh7"'";Bax*'"), whereas Atoh7'™ mice
were also heterozygous for Bax (Atoh7 ' ";Bax*").

Statistics

All statistical tests, apart from analysis of the scRNA-seq data, were
performed in GraphPad Prism 6 (RRID:SCR_002798). The statisti-
cal tests used are listed in figure captions.

Immunohistochemistry

Adult retinas from P40 to P200 mice were obtained by enucleating
whole eyes, fixing for 30 min in 4% paraformaldehyde (PFA) diluted
in phosphate-buffered saline (PBS), dissecting to remove the cornea
and lens, and dissecting the retina from the RPE, and antibody
staining proceeded in a 24-multiwell cell culture plate (Corning, no.
353047). Retinas were blocked in 500 pl of PBS containing 0.3% Tri-
ton X-100 and 6% goat serum for 2 hours at room temperature
(RT). Several antibodies were used in this study (dilutions are in
parentheses): Mouse IgG1 anti-Brn3a (Millipore, catalog no. MAB1585,
RRID:AB_94166) (1:250), Rabbit anti-RBPMS (GeneTex, catalog no.
GTX118619, RRID:AB_10720427) (1:250), Rabbit anti-Brn3b (1:100)
(49, 102), Mouse anti-Smi32 [nonphosphorylated anti-neurofilament H
(NF-H)] (BioLegend, catalog no. 801701, RRID:AB_2564642) (1:500),
Mouse anti-neurofilament medium (Thermo Fisher Scientific,
catalog no. 13-0700, RRID:AB_2532998) (1:500), Chicken anti-
neurofilament heavy (Millipore, catalog no. AB5539, RRID:
AB_11212161) (1:250), Mouse anti-GFAP (Sigma-Aldrich, catalog
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no. C9205, RRID:AB_476889) (1:1000), GS-IB4 (Molecular Probes,
catalog nos. 121411 and 121411, RRID:AB_2314662) (1:250), Rabbit
anti-Pax2 (BioLegend, catalog no. 901001, RRID:AB_2565001)
(1:100), Mouse anti-Tujl (R&D Systems, catalog no. MAB1195,
RRID:AB_357520) (1:200), Rabbit anti-DsRed (Takara Bio, catalog
no. 632496, RRID:AB_10013483) (1:250), Mouse anti-Isletl (DSHB,
catalog no. 40.2D6, RRID:AB_528315) (1:200), and Rabbit anti-Opn4
(Advanced Targeting Systems, catalog no. UF006, RRID:AB_2314781)
(1:500), Rabbit anti-Pax6 (Millipore, catalog no. AB2237, RRID:)
(1:500), Mouse anti-Rxrgamma (Santa Cruz Biotechnology, catalog
no. sc-365252, RRID:AB_10850062) (1:200), Rabbit anti-Cone arrestin
(Millipore, catalog no. AB15282, RRID:AB_1163387) (1:1000),
and Mouse anti-calbindin (Sigma-Aldrich, catalog no. C9848,
RRID:AB_476894) (1:1000). The appropriate antibodies were dilut-
ed in blocking solution and incubated for 2 days at 4°C. Retinas
were then washed in three changes of PBS, 15 min each, and then
placed in the appropriate Alexa Fluor secondary antibody (1:500;
Invitrogen) overnight at 4°C. Retinas were washed in 200 pl of PBS
containing 1x DAPI (4’,6-diamidino-2-phenylindole), then washed
three times in PBS for 15 min each, and mounted flat on slides in
VectaShield (Vector Labs, RRID:AB_2336789). Regionalized dis-
sections were done as follows: Before enucleation, the most nasal
part of the sclera was marked with a cauterizer. This mark was used
during the dissection to make a marking incision into the retina,
following the above staining protocol. Retinas were imaged on a Zeiss
LSM 700 or 800 confocal microscope at the Johns Hopkins Univer-
sity Integrated Imaging Center Core Facility (RRID:SCR_016187).
For embryonic studies, developing embryos harvested at E12.5
and E14.5 were washed in a petri dish with sterile PBS three times
for 10 min. Tail was used for genotyping. The heads were fixed in
4% PFA for 30 min and then cryoprotected in 30% sucrose at 4°C
overnight, frozen in optimal cutting temperature compound (OCT),
and sectioned at 18-um thickness using a cryostat. Sections were dried
at 30°C for 15 min and then washed for 10 min in three changes of
PBS. Sections were then blocked and stained as above in a humidified
chamber overnight. Sections were then mounted and imaged as described.

Cell density analysis
All cell counting was done manually. To confirm the reproducibili-
ty of the cell counts, randomly selected selections from each sample
were counted twice, and counts were consistently found to be es-
sentially identical. Density was calculated as the number of cells per
area. All measurements and cell number analysis were done manu-
ally in Image]J (Fiji, RRID:SCR_002285) and Adobe Photoshop CS6
(RRID:SCR_014199).

In adult flat-mounted retinas, the density of RGCs was calculat-
ed by obtaining at least four representative images at 40x of 600 pm x
600 um with 1-um optical sections. Optical sections were projected
together with maximum intensity, including cells only in the retinal
layers of interest. Representative images were taken similarly across
all genotypes without a priori knowledge of the genotype. However,
some genotypes contain marked phenotypic differences, which
include a pigment mutation linked to the Bax locus, drastic RGC
number reduction as in the Atoh7”", and/or misguided axons.
Three representative areas of each retina were averaged for the den-
sity analysis.

In E12.5 embryonic retinal sections, a representative confocal
image was taken at 40x of 600 pm x 600 um with optical sections of
1 um projected together with maximum intensity. The sections
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chosen for analysis were all positive for Pax2" optic nerve head cells,
as the central retina contains the earliest-born RGCs. At least two
sections with matching criteria were analyzed for each E12.5 em-
bryo. Density was calculated by dividing the number of Brn3a*
RGCs and dividing by the area of the retina. To limit the analysis to
the RGC neurogenic zone, we limited the quantification to the leading
edge of RGC genesis. The percentage of mature Brn3a* RGCs at E12.5
was determined by counting their number within the GCL. The
number of mature Brn3a* RGCs was then divided by the number of
total Brn3a® RGCs in a section and then averaged across all sec-
tions. This ratio represents the number of Brn3a™ RGCs already in
the nascent GCL versus RGCs migrating through the neuroblast
layer to the GCL.

MEA recordings

Mice were dark-adapted for 1 to 2 hours before being euthanized
and dissected under dim red light. Retinas were isolated in Ames’
medium (Sigma-Aldrich) bubbled with 95% O,/5% CO, (carbogen)
at RT, trimmed into small rectangles, and then placed on a 6 x 10
perforated MEA (Multichannel Systems, Tiibingen, Germany), gan-
glion cell side down. Tissue was perfused with Ames’ bubbled with
carbogen and kept at 32°C throughout the experiment. Data acqui-
sition was performed using the MC_Rack software (ALA Scientific
Instruments Inc.), at a 50-kHz sampling rate. An offline spike sorter
(Plexon Inc.) was used for spike sorting.

Ultraviolet stimuli (Iyean = 5 % 10> photons cm 257}, 398 nm) were
generated through a modified DLP projector (HP Notebook Projec-
tion Companion Projector, model HSTNN-FPO1) (frame rate = 60 Hz)
and were delivered through an inverted microscope objective. All
stimuli were programmed using the Psychophysics Toolbox in Matlab
(MathWorks, Natick, MA). Stimuli include the following: (i) 120-s,
1-Hz full-field square-wave flash (100% Michelson contrast); (ii)
10-min Gaussian white noise (GWN) flickering checkerboard (pixel
size = 44.77 pm); and (iii) 10-min spatially correlated “cloud” stimulus
that was generated by low-pass filtering the GWN. The cloud stimulus
introduced dark and bright areas of a range of scales within each
frame, with the purpose of driving large spatial receptive fields.

The analysis was first performed using custom-written Matlab
(MATLAB R2014b) codes; the results later were exported and edit-
ed in Adobe Illustrator CS6. For each cell, the PSTH of responses to
square-wave flash was calculated using 10-ms bins. Spatial and tem-
poral receptive fields were identified on the basis of noise data using
a nonlinear model previously described in detail (58, 103).

Fewer cells were recorded from Atoh7”“"*;Bax™~ mice com-
pared to the WT and Bax ™", as the nerve fiber layer (NFL) and ret-
inal vasculature are improperly developed and, thus, provide an
insulating layer that needs to be removed in order to obtain high-
quality recordings. No cells were recorded from Atoh7“"“" mice
due to the >99% reduction in RGC numbers.

Pupillary light response

PLR experiments were performed on mice that were dark adapted
for at least 1 hour before any experiment. PLR was measured by
gently restraining the mice by hand (without anesthesia) and expos-
ing them to a cool white light LED (light-emitting diode) bulb
(6500K, light intensity: 15 W/m?, MR16, SuperBrightLEDs.com)
that was directed at one eye using a gooseneck arm of a dissecting
microscope light source. Constriction of the pupil was recorded
using a Sony Handycam camcorder (FDRAX33) from either the
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contralateral or ipsilateral eye to the light source. The baseline pupil
size of each mouse was first recorded for at least 5 s using an infra-
red light source, following which the white LED bulb was turned on
for at least 30 s. Video recordings were analyzed by creating screen-
shot images in Joint Photographic Experts Group format (jpg) of
the pupil before and during light stimulation using VLC media
player (www.videolan.org/vlc/). The pupil area was then quantified
in Image] (Fiji, RRID:SCR_002285). To determine the relative pupil
area, pupil size during the light stimulation was divided by pupil
size before light stimulation.

Tissue dissociation for generation of single-cell suspensions
Eyes were enucleated from E14 time-pregnant animals and placed
directly into ice-cold 1x PBS. Retinas were dissected in cold 1x PBS
and then placed into 200 ul of cold HBSS (Hanks’ balanced salt
solution) per two to three retinas. Tissue dissociation was induced
through the addition of an equivalent volume of papain solu-
tion [1 ml to 700 ul of reagent grade water, 100 pl of fresh 50 mM
L-cysteine (Sigma-Aldrich), 100 ul of 10 mM EDTA, and 10 pl of
60 mM 2-mercaptoethanol (Sigma-Aldrich), with papain added to
1 mg/ml (1:10 dilution of 10 mg/ml papain solution; Worthington)].
The papain-retina mixture was placed at 37°C for 10 min with slight
trituration every 2 to 3 min. Enzymatic dissociation was halted
through the addition of 600 pl of Neurobasal media and 10% FBS
for every 400 pl of dissociation solution. DNA from lysed cells was
removed using 5 pl of RNase-free DNase I (Roche) for every 1 ml of
dissociated cells and incubated at 37°C for 5 min, followed by slight
trituration using a 1-ml pipette. Cells were pelleted after centrifuga-
tion [300 RCEF (relative centrifugal force) for 5 min at 4°C], followed
by resuspension in 2 to 3 ml of Neurobasal media supplemented
with 1% FBS. The final solution was passed through a 50-um filter
to remove cellular aggregates and undissociated debris.

10x Genomics sequencing and analysis

scRNA-seq of dissociated retinal cells from E14 Atoh7*;Bax™~
and Atoh7 " ";Bax™"~ was performed using the 10x Genomics Chro-
mium 3’ v2 platform (PN-120223) (Pleasanton, CA), followed by
sequencing using the NextSeq 500 platform with default 10x se-
quencing parameters [R1, 26 base pairs (bp); R2, 98 bp; i7, 8 bp].
Single-cell analysis of the WT E14 developing mouse retina was
obtained from previously reported samples obtained from GEO
(GSE118614); data obtained using similar isolation protocols are
described previously (23).

Gene set usage pattern discovery with scCoGAPS

CoGAPS v.3.5.6 (74, 104) was used to find patterns of gene set usage
by neurogenic and retinal ganglion cells. The expression matrix
used as input was normalized to 10,000 counts per cell, subsetted
down to 5235 most highly variable genes, and log,-transformed.
The CoGAPS parameters used are as follows: singleCell = TRUE,
nPatterns = 30, nlterations = 50,000, distributed = single-cell,
sparseOptimization = True, seed = 803L, and nSets = 10. The final
number of patterns stabilized at 31.

Identification of Atoh7-dependent genes

Data were subsetted down to neurogenic RPCs and RGCs. Mono-
cle’s differential gene test was conducted between control (WT and
Bax_/_) and Atoh7 mutants (Atoh7_/ ~ Atoh7";Bax™’ ") using the
following parameters:
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differential GeneTest(dat[genes expressed in >=10 cells], fullModel-
FormulaStr = '~(Atoh7 genotype) + Total_mRNAs', reduced-
ModelFormulaStr = '~Total_mRNAs',cores=4).

Pseudotime analysis between genotypes
Scanpy v1.4 (72) was first used to assign diffusion pseudotime values
(105) to cells in the RGC trajectory. Cell types included in this final
dataset were restricted to RGCs, primary RPCs, and neurogenic RPCs.
To preprocess the dataset, genes <10 counts were removed, and the
expression matrix was normalized to 10,000 counts per cell and
log-transformed. Highly variable genes used for ordering were identi-
fied using Scanpy’s “highly_variable_genes” function with default pa-
rameters except flavor = “cell_ranger” and n_top_genes = 3000. Fifty
principal components were calculated using default PCA (principal
components analysis) parameters with random_state = 123,456. To
compute the neighborhood graph with the batch effect of genotype
removed, we used BBKNN with batch_key = “Genotype” and
neighbors_within batch = 3 (106). Ten diffusion components were
then computed and used for input to assign diffusion pseudotime
values with an RPC cell as root. To find genes differentially expressed
between the developmental trajectories of the WT and Atoh7<"/“"%
Bax™"~ genotypes, Monocle’s differential gene test (107, 108) was per-
formed in R, on neurogenic RPCs and RGCs of WT and Atoh7“"/“";
Bax™"" null genotypes:

differentialGeneTest(dat[genes expressed in >=10 cells],
fullModelFormulaStr = '~sm.ns(Pseudotime,df=3)*Genotype+
Total_mRNAs', reducedModelFormulaStr = '~sm.ns(Pseudotime,
df=3)+Genotype+Total_mRNAs',cores=3).

In situ hybridization

Developing embryos harvested at E14.5 were washed in petri dishes
filled with sterile DEPC (diethyl pyrocarbonate)-treated PBS at
least three times. The head of the embryo was plunged into OCT
and then immediately frozen and stored at —80°C until needed, and
the tail was used for genotyping. Sections (20 um) were taken using
a cryostat. Sections were allowed to dry on slides for a few hours and
then were stored at —80°C until needed. In situ hybridization was
performed as previously described (109).

Cut&Run

Five retinas from E14 C57BL6/] embryos were dissected and pooled
per biological replicate and processed for Cut&Run as described in
(80) with a few modifications. All steps were carried out in 0.2 ml of
PCR (polymerase chain reaction) tube strips and 22 ul of BioMag
Concanavalin A beads (Polysciences, catalog no. 86057-3) suspended
in an additional 100 pl per sample of binding buffer [20 mM Hepes
(pH 7.9), 10 mM KCl, 1 mM CaCl,, and 1 mM MnCl,]. After two
washes, the beads were resuspended in 10 ul per sample of binding
buffer using a magnetic rack. Retinas were dissociated by pipetting
and centrifuged for 3 min at 300g in PBS at RT. Cells were then re-
suspended in 100 pl of buffer 1 [20 mM Hepes (pH 7.5), 150 mM
NaCl, 0.5 mM spermidine, and 1x Millipore Protease Inhibitor
Cocktail Set III: catalog no. 539134] at RT. After two washes, cells
were resuspended in 100 pl per sample of buffer 1 and incubated
with beads for 10 min at RT. Supernatant was discarded, and 50 pl
of cold buffer 2 (buffer 1, 2 mM EDTA, and 0.01% digitonin) was
used to resuspend the cell/bead mix. Two micrograms of Rabbit anti-
Atoh7 (Novus Biologicals, NBP1-88639) and 2 ug of rabbit iso-
type control IgG (Thermo Fisher Scientific, catalog no. 02-6102)
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antibodies were added to the samples and incubated at 4°C over-
night. Supernatant was cleared the next day, and the cell/bead mix
was gently resuspended in 200 pl of cold buffer 3 (buffer 1 and
0.01% digitonin). After two washes, cell/bead mix was gently resus-
pended in 50 pl of cold buffer 3. One microliter of 50x pAG-MNase
was added to the cell/bead mix and incubated at RT for 10 min.
Cold buffer 3 (200 pl) was added to wash the cell/bead mix twice.
Supernatant was discarded, and the cell/bead mix was resuspended
in 50 pl of cold buffer 3. CaCl, (100 mM) was added, and the sam-
ples were incubated on ice for 30 min. Thirty-three microliters of
stop buffer [340 mM NaCl, 20 mM EDTA, 4 mM EGTA, RNase A
(50 pg/ml), and glycogen (50 ug/ml)] was added to the cell/bead mix,
and the samples were incubated for 10 min at 37°C. Beads were dis-
carded, and the supernatant was used to extract DNA using the Qiagen
nucleotide removal kit as per the manufacturer’s specifications.
DNA was eluted in 20 pl of elution buffer and sent for library prepa-
ration. Libraries were prepared per the manufacturer’s instructions
using the KAPA HyperPrep Kit (Roche) and sequenced using the
Ilumina HiSeq 4000 sequencing system with 2 x 50 bp of sequenc-
ing parameters.

Cut&Run data processing

Paired-end reads were aligned to mm10 with Bowtie2 v2.3.5 under
parameters “--local --very-sensitive-local --no-unal --no-mixed--
no-discordant --phred33 -I 10 -X 700,” as described previously
(110, 111). Samtools filtered out alignments with less than a 30 MAPQ
score (112). Picard v2.0.1 MarkDuplicates removed duplicate reads.
MACS2v2.2.7.1 called peaks with the following parameters: “-t Atoh7_
bed -c IgG_bed -f BED -g mm --keep-dup all -p le-5 -n output_file”
(81). bedtools found an overlap between the two replicates’ peaks
with “intersect -u -a Repl.narrowPeak -b Rep2.narrowPeak” (113).
Overlapping peaks aligning to mitochondrial or random chromo-
somes were removed. Homer v4.11 was used for motif discovery by
using “findMotifsGenome.pl” under default parameters (83). In
ChlIPseeker v1.22.1, “annotatePeak” was used to annotate the over-
lapping peaks with genomic features (84). DeepTools v3.1.0 was
used to generate bigwig files for visualization (default parameters
and bin size of 5 bp) and for coverage heatmaps (114).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabe4983/DC1

View/request a protocol for this paper from Bio-protocol.
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