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SUMMARY

Transitions in competence underlie the ability of CNS progenitors to generate a diversity of
neurons and glia. Retinal progenitor cells in mouse generate early-born cell types embryonically
and late-born cell types largely postnatally. We find that the transition from early to late progenitor
competence is regulated by Jarid2. Loss of Jarid2 results in extended production of early cell
types and extended expression of early progenitor genes. Jarid2 can regulate histone modifications,
and we find reduction of repressive mark H3K27me3 on a subset of early progenitor genes with
loss of JaridZ, most notably Foxpl. We show that Foxpl regulates the competence to generate
early-born retinal cell types, promotes early and represses late progenitor gene expression, and is
required for extending early retinal cell production after loss of Jarid2. \We conclude that Jarid2
facilitates progression of retinal progenitor temporal identity by repressing Foxp1, which is a
primary regulator of early temporal patterning.

In brief

Temporal patterning of neural progenitors is essential to generate neuronal diversity. Zhang et al.
find that Jarid2 facilitates retinal progenitor temporal identity transition via H3K27me3 deposition
and repression of early genes, most notably Foxpl. They find that Foxp1 is an effector of Jarid2in
regulating timing of retinal neurogenesis.
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INTRODUCTION

Temporal patterning of progenitors is critical for generating a diversity of cell types during
development of the nervous system, driving the differentiation of neurons and glia in specific
proportions in a defined sequence.l2 Changes in neural progenitor competence govern the
ability of progenitors to differentiate into diverse neuronal and glial cell types.34 A major
challenge is determining how regulation of temporal competence in the vertebrate central
nervous system (CNS) is coordinated by transcriptional programs and changes in chromatin
accessibility.1:25-7

This problem is well defined in the developing retina, since lineage analysis has shown

that multipotent retinal progenitor cells (RPCs) progress through temporally regulated
competence states during which they generate distinct cell types in a defined sequence

that is conserved across species.>8 In the mouse, early-born cell types (retinal ganglion

cells [RGCs], cone photoreceptors, horizontal cells, some amacrine cells) are generated
embryonically, while late-born cell types (most rod photoreceptors, remaining amacrine
cells, bipolar cells, Miller glia) are generated postnatally, with precise regulation of cell

fate specification.” Cell-intrinsic processes primarily regulate the timing of cell genesis, with
late progenitors restricted from generating earlier cell types.8-10 Recent single-cell analysis
of mouse and human retinal development has revealed a distinct shift in gene expression
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and chromatin accessibility from early- to late-stage RPCs, consistent with a change in
competence to generate early- versus late-born retinal cell types.11-13 Multiple temporal
identity factors and regulators have been shown to regulate RPC competence and timing

of retinal cell production, including those with similarity to temporal identity factors first
identified in Drosophila such as Ikaros family (Ikzfl and 1kzf4) and Casz1, as well as other
transcription factors such as FoxN4, Pou2f1/Pou2f2, Lhx2, and NFI factors, along with
microRNA regulation through Dicer.11:13-25 However, whether additional factors contribute
to, and the molecular mechanisms regulating, progressive changes in RPC competence are
still unclear.

Histone modifications contribute to changes in the ability of CNS progenitors to generate
diverse cell types,3:6:17:26.27 and also play a role in retinal development.28 A key repressive
histone modification, methylation of H3 at lysine 27 (H3K27me3) is dynamically regulated
on progenitor and differentiation genes during mouse and human retinal development.22
H3K27 methylation is catalyzed by polycomb repressive complex 2 (PRC2), which is
composed of obligate core components and an array of accessory proteins.30 PRC2 plays
important developmental roles in multiple embryonic lineages including the developing
nervous system.27:31.32 |n retinal progenitors, loss of core components, Ezh2 or Eed, results
in widespread derepression of genes not normally expressed in retinal lineages, accelerated
differentiation of late-born cell types, as well as premature cell-cycle exit resulting in
progenitor depletion.33-35 These findings suggest that PRC2-mediated gene repression
maintains retinal lineage integrity and regulates progenitor differentiation.

Jarid2 (Jumonji, AT-rich interactive domain 2) is best characterized as a component of
PRC2.2, one of two alternate subcomplexes that methylate H3K27,36-40 and Jarid2 can
also associate with complexes that methylate H3K9.4142 Jarig2is required for embryonic
development, including brain development, as well as transition between pluripotent

and differentiated states of embryonic stem cells (ESCs), although its /n vivo function,
particularly in CNS development, is not fully defined.3943-46 |n humans, the JARID2
gene is associated with autism spectrum disorder, schizophrenia, and neurodevelopmental
delay.4”-%1 Since Jarid2 has been implicated in CNS development, and plays a role in
regulating histone modification and gene repression, we sought to further investigate its
function.

Here, we show that Jarid2is important for temporal patterning of progenitors, facilitating
the progression from early to late RPCs. Conditional loss of JaridZresulted in a delayed
transition from early to late RPC gene expression, and extended production of early-born
retinal cell types. We also observed selective loss of H3K27me3 and derepression for a
subset of genes expressed in early RPCs, most notably the transcription factor Foxpl.
Through gain- and loss-of-function analysis, we show that FoxpI promotes the production
of early retinal cell types, and functions as a key effector in extending early retinal cell
production after loss of Jarid2. We conclude that Jaria2 promotes repression of FoxpIto
facilitate the progression from early to late RPC competence.
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RESULTS

Loss of Jarid2 affects retinal neurogenesis

We first sought to examine the expression of JaridZ, so we performed /n situ hybridization
on sections of E14.5 and PO mouse retina and found that JaridZ2 is expressed in retinal
progenitors in the neuroblastic layer and differentiating cells in the ganglion cell layer
(GCL) (Figures SLA-S1D). To address its function, we conditionally inactivated Jarid2 in
retinal progenitors prior to onset of neurogenesis using either Six3-Cre (Six3-Cre Jarid2
cKO)°2 or Rax-CreER'?, a tamoxifen-inducible Cre (Rax-Cre Jarid2 cK0)>3 (Figure S1E).
Tamoxifen interferes with birth, so Rax-Cre Jaria2 cKO pups were collected embryonically,
while Six3-Cre Jarid2 cKO was used for postnatal analysis. We confirmed reduction of
full-length Jarid2 mRNA from Six3-Cre Jarid2? cKO retina at PO by RT-PCR (Figure S1F),
and by sequencing the knockout product confirmed loss of exon 3, which results in a
frameshift and premature stop. We also confirmed reduced protein expression by western
blot (Figure S1G).

During mouse retina development, RGCs, horizontal cells, cone photoreceptors, and some
amacrine cells are born during the embryonic period, so we asked whether the generation of
these early-born cell populations is impacted by loss of Jarid2. We generated Rax-Cre Jarid2
cKO by administering tamoxifen at onset of retinal neurogenesis at E10.5,%3 and collected
embryos at E18.5 after early cell genesis is largely complete. In Rax-Cre Jaria2 cKO retina
we observed increased Brn3a+ RGCs in the GCL (Figures 1A, 1B, and 11). There was also
an increase in the number of Rxry+ cone photoreceptors (Figures 1C, 1D, and 1J) and
increased Calbindin+ horizontal cells in outer retina (Figures 1E, 1F, and 1K). Calbindin
also labels a subset of amacrine cells and RGCs, and we found increased Calbindin+ cells in
the inner retina (Figures 1E, 1F, and 1L). Consistent with this, there were increased AP2a.+
amacrine cells (Figures 1G, 1H, and 1M). We confirmed increased Brn3+ RGCs in Six3-Cre
Jarid2 cKO at PO (Figures S2A, S2B, and S2G). In Six3-Cre Jarid2 cKO there were also
increased Calbindin+ amacrine cells (Figures S2C, S2D, and S2H) and increased Rxry+
cone photoreceptors (Figures S2E, S2F, and S21). We found no difference in pH3-labeled
mitotic cells at E18.5 in Rax-Cre Jarid2 cKO retina (p = 0.18, Table S6), suggesting that
proliferation did not contribute to the shift in early cell number. We did observe an increase
in cleaved caspase-3-labeled apoptotic cells at PO in Six3-Cre Jarid2 cKO retina (p < 0.05,
Table S6), but still found that the increased early-born cells persisted, with increased Brn3a+
RGCs, AP2a+ amacrine cells, and Rxry+ cone photoreceptors evident in the Six3-Cre
Jarid2 cKO retina at P14 (Figures S2S-S2AA). Thus, loss of JaridZ results in an overall
increase in early-born retinal cell populations.

One possible explanation for this phenotype is increased production of these cells during
their normal developmental window. To address this, we performed analysis of Six3-Cre
Jarid2 cKO at E16.5 when early cell genesis is still ongoing. At that time point, we detected
no change in the number of Brn3+ RGCs (Figures S2J, S2K, and S2P), Otx2+ photoreceptor
precursors (Figures S2L, S2M, and S2Q), or Rxry+ cone photoreceptors (Figures S2N,
S20, and S2R). Thus, we conclude that there is not an increased production of these cell
populations during the initial period of early cell genesis.
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We hypothesized that the increased early-born retinal cells may potentially affect the
generation of rod photoreceptors, bipolar cells, and Miller glia, which are largely born
after birth. We found a reduced number of photoreceptors labeled for Recoverin in the
central retina at PO in Six3-Cre Jarid2 cKO (Figures 1N, 10, and 1T). Retinal neuron
differentiation follows a central to peripheral gradient, and at the periphery we found that
the leading edge of Recoverin labeling was more central in the cKO, suggesting delayed
photoreceptor differentiation (Figures IN” and 10”). At P14 the number of Vsx2+ bipolar
cells was reduced in Six3-Cre Jarid2 cKO (Figures 1P, 1Q, and 1U), but there was no
apparent change in Lhx2+ Miiller glia (Figures 1R, 1S, and 1V). Together, we conclude that,
with loss of JaridZ2, there is enhanced production of early-born retinal neurons during the
late embryonic period, and consequently reduced production of later born retinal neurons,
suggesting a delayed shift from early to late retinal cell generation.

Loss of Jarid2 results in extended production of early-born retinal neurons

To directly assess whether there is increased production of early retinal cell types during the
late embryonic period, we labeled mitotic cells by administering EdU at E16.5 and E17.5,
followed by EdU detection and immunostaining for differentiated cell markers at E18.5
(Figure S3A). Compared with controls, Rax-Cre Jarid2 KO retinas showed a significant
increase in EAU+Brn3a+ RGCs (Figures S3B, S3C, and S3H). Similarly, we detected an
increase in EQU+AP2a+ amacrine cells (Figures S3D, S3E, and S3I) and in EAU+Rxry+
cone photoreceptors (Figures S3F, S3G, and S3J). These findings indicate that, with loss

of JaridZ, there is increased production of multiple early retinal cell types during the late
embryonic period, from E16.5 to birth.

Inactivation of Jarid2 may lead to an increased production of early-born cell types toward
the end of their normal window of production, or may extend the window. To distinguish
between these possibilities, we administered EdU to control and Six3-Cre Jarid2 cKO
animals at E18.5, after all early retinal cell types are normally generated,>* then performed
analysis at PO (Figure 2G). We first asked whether there is a change in cell-cycle exit by
combining EdU detection with immunostaining for mitotic marker PCNA. We found that
the percent EQU+PCNA-/EdU+ cells was increased, indicating that loss of Jarid2 promotes
enhanced cell-cycle exit of progenitors (Figure 2H). When we immunostained for markers of
early retinal cell types, control retinas showed no EdU+Brn3a+ RGCs, consistent with RGC
genesis being complete. In contrast, EdU+Brn3a+ RGCs were evident in Six3-Cre Jarid2
cKO retinas, although this did not reach significance due to low number and variability (p

= 0.08; Figures 2A, 2B, and 2I). Similarly, control retinas showed no EdU+Oc2+ horizontal
cells nor EdU+ Rxry+ cone photoreceptors, while these were significantly increased in
Six3-Cre Jarid2 cKO retinas (Figures 2C-2F, 2J, and 2K). Thus, loss of Jarid2 promotes
RPC differentiation with extended production of multiple early-born cell types beyond their
normal developmental window.

Loss of Jarid2 results in increased early-stage RPC gene expression

Prior single-cell RNA sequencing (sScRNA-seq) analysis of gene expression across the
course of retinal neurogenesis (E11-P14) showed a shift from early to late RPC gene
expression signatures between E16.5 and E18.5.11 We hypothesized that this transition may
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be delayed with loss of Jarid2. To determine whether RPC gene expression is altered, we
performed scRNA-seq on cells isolated from whole retinas of Rax-Cre Jarid2 cKO and
littermate controls at E18.5, and performed the experiment twice to obtain two biological
replicates for each sample. We saw a clear overlap between the two batches and genotypes
(Figures S4C and S4D), and we identified retinal cell types using established markers
(Figures 3A, S4A, and S4B).11 We performed dimensional reduction using spliced transcript
counts to narrow the window of gene expression to only mature transcripts. Interestingly,

we observed that Jarid2 cKO and control cells were distinguishable in the primary RPC
population, arguing that gene expression in this cell population is changed with loss of
Jarid2 (Figure 3B).

To understand the molecular basis for extended generation of early retinal cell types, we
focused on primary RPCs and found 125 upregulated and 105 downregulated genes in
Jarid? cKO RPCs compared with control RPCs (Figure 3D, Table S1). We sought to
compare these to genes previously found to be enriched in early versus late RPCs, so

we reanalyzed published scRNA-seq data to visualize expression of select RPC genes from
E11 to P51 (Figure S5). We found that Jarid2 cKO primary RPCs showed significantly
increased expression of multiple early-stage RPC genes, including Foxpl, Sfrp2, ItmZ2a,
Nr2fl, Col9al, and Fgf15, while multiple late-stage RPC genes, including Nadufa4/2, Car2,
Gasl, Cox4/l2, Isl1, and Ascl1, were decreased (Figures 3C and 3D).

To investigate the possibility of a delayed shift to late-stage RPCs in the absence of

Jarid2, we directly compared our findings to gene expression data from E11 to P5 RPCs.11
Using Monocle,>® we identified gene sets, or modules, from this dataset that vary across
developing RPCs (Table S2). We compared aggregated module gene expression of RPCs at
each time point to that of Jarid2 cKO and control RPCs (Figure 3E). This analysis found that
Jarid2 cKO RPCs from E18.5 retinas showed greater similarity in module gene expression to
early RPCs (E16.5 and earlier), while Jarid2 control RPCs were more similar to late RPCs
(E18.5 and later). Altogether, these findings suggest that loss of Jarid2 results in a delay in
the transition from early to late-stage RPCs.

Jarid2 regulates H3K27me3 deposition on genes expressed in early RPCs

Since Jarid2 can regulate PRC2 activity and recruitment to target genes,36:56 we
hypothesized that the observed transcriptional differences in the Jarid2 cKO could be
attributed to changes in H3K27me3-mediated gene repression. To test this, we performed
CUT&RUN chromatin profiling to define the distribution of H3K27me3 modification in
control and Rax-Cre Jarid2 cKO retinas at E18.5. Altogether, we generated 8 samples

each from Jarid2 cKO and control animals, in two separate batches. We identified 19,034
H3K27me3-enriched peaks in the control and Jarid? cKO samples, with 840 significantly
increased and 744 significantly decreased in Jarid2 cKO retinas (Figure 4A; Table S3). To
reveal cohorts of genes that may be important for the change in temporal patterning of
RPCs in Jarid? cKO, we identified genes associated with differential H3K27me3 peaks that
are also differentially expressed in Rax-Cre Jarid2 cKO RPCs (Figure 4B). Since Jarid2 is
reported to promote transcriptional repression, we focused on those that lose H3K27me3
repression and have higher RNA expression in the Jarid2 cKO RPCs. Among these, the early
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RPC gene Foxpl was notable due its increased expression in Jarid2 cKO RPCs combined
with decreased H3K27me3, with at least seven significantly decreased peaks in or near the
FoxpI locus (Figures 4B and 4C).

To identify the changes in H3K27me3 distribution during early versus late retinal
development, we performed CUT&RUN analysis on E14.5 retina during peak early cell
production, and on PO retina, when early cell genesis is complete and late cell production
has begun. We observed sparse H3K27me3 labeling of the FoxpI locus at E14.5, with a
substantial increase by PO (Figure 4D). An inspection of prior H3K27me3 ChlIP data across
retinal development2® showed that similar regions within the Foxp locus progressively
acquire H3K27me3 during normal retinal development, from E17.5 to P3 (Figures S6A
and S6B). These data suggest that Jarid2 facilitates FoxpI repression via H3K27me3
deposition during the transition from early to late retinal cell production. Similarly, several
previously identified Jarid2 target genes (Pcdhz, Fign, Efnas, and Reln) show reduced
H3K27me3 and increased expression in Jarid2 cKO RPCs (Figure 4B). These genes are
also expressed in early RPCs (Figure S5) and acquire H3K27me3 from early (E14.5) to late
(PO) stages (Figure S6),4>°6 although the effect on Foxp was the most robust. Altogether,
the intersection of H3K27me3 profiling combined with scRNA-seq suggests that Jarid2
promotes the repression of a subset of genes expressed in early RPCs during the transition
from early to late RPC states.

Foxpl regulates the generation of early-born retinal cell types

To better understand genes that may mediate Jar/ad2 function in RPC competence transitions,
we focused our attention on Foxpl, since it encodes a transcription factor, and is thus most
likely to mediate changes in temporal competence of progenitors. In addition, FoxpI has
been shown to regulate the window for early neurogenesis during cortical development.>’
In the developing retina, FoxpI was reported as an early RPC gene and shown to decline
in expression by E17.5 (Figure S5).11:13.58 To better define FoxpI temporal expression in
the developing mouse retina, we used antibody detection and found that it is expressed in
RPCs in the neuroblastic layer at E12.5 and E14.5, with declining expression at E16.5, and
virtually no detectable expression in RPCs at PO (Figure 5A). We saw strong expression

of Foxp1 in a subset of RGCs as reported previously8:59 (Figure 5A). Thus, Foxpl

is downregulated in RPCs during the transition from early to late retinal neurogenesis,
consistent with the increased H3K27me3-mediated repression we detected at the FoxpI
locus (Figure 4D).

To determine the function of FoxpZ in early RPCs, we conditionally abolished Foxp1
expression by crossing Six3-Cre mice with FoxpI-floxed mice (FoxpI cKO),%0 and used
littermates lacking Cre as controls. The efficiency of FoxpZ cKO in the retina was confirmed
by Foxpl immunostaining at E14.5 (Figures 5B and 5C). To test if the generation of
early-born cell types was affected in FoxpI cKO, we performed immunostaining at PO for
early-born retinal cell type markers. All cell types were present, as reported previously

for Dkk3-Cre-mediated Foxpl cKO,%8 so we quantified to detect potential shifts in their
proportions. We observed a thinning of the GCL and a significant reduction in Brn3a+
RGCs (Figures 5D, 5E, and 5J). We also found a significant reduction in Calbindin+
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horizontal cells in the outer retina (Figures 5F, 5G, and 5K), and a significant reduction

in Rxry+ cone photoreceptors (Figures 5H, 51, and 5L). Together this suggests that FoxpZ
promotes early-born cell generation. To determine whether the loss of Foxp1 alters the
transcriptional profile of RPCs, we performed bulk RNA-seq on E16.5 Foxp cKO and
littermate control retinas. Several early RPC genes, including /tmZ2a, Ndufa4, and Col9al,
were downregulated, while a group of late RPC genes, such as Casz1, Nfib, and Sox9, were
upregulated, indicating premature expression of late RPC genes in FoxpI cKO (Figure 5M;
Table S4).

We have shown that Jaria2 cKO results in elevated Foxpl expression at the late embryonic
stage, and that loss of Foxpl reduces early-born cell generation, which is the opposite

of the Jaria2 cKO phenotype. Based on these observations, we hypothesized that loss of
Jarid2-mediated repression of FoxpI could be a major factor in the delayed transition to
late progenitor competence and extended production of early cell types. To test this, we
generated Foxpl.Jarid2 double cKO animals using Six3-Cre. We confirmed that Six3-Cre
Jarid2 cKO mice showed increased Brn3a+ RGCs at PO (Figures 5N, 50, and 5W). In
contrast, FoxplI:Jarid2 double cKO mice showed no significant change in Brn3a+ RGCs
compared with littermate controls lacking Cre (Figures 5N, 5P, and 5W). Similarly, the
increase in Calbindin+ horizontal cells and Rxry+ cone photoreceptors seen in Jarid2 cKO
retinas were also reversed in FoxpZI:Jaria2 double cKO mice (Figures 5Q-5V, 5X, and 5Y).
Thus, elevated Foxpl is required for increased early-born cell production after loss of Jarid?.

Ectopic Foxpl expression in RPCs affects retinal cell genesis

Since Foxpl expression normally declines and is absent in RPCs by PO, we asked whether
sustained FoxpI expression is sufficient for the generation of early-born neurons. We
conditionally elevated Foxpl in RPCs by crossing Six3-Cre mice with conditional Foxpl
transgenic mice expressing FoxpZ under the CAG promoter (Foxpl cTG).51 We confirmed
by immunostaining that Foxpl expression was increased in retinal progenitors of Six3-Cre
Foxp19* mice, with mosaic levels of expression in radial columns (Figures 6A, 6B, S7A,
and S7B). We then assessed effects on the generation of early cell types and found that by
PO, overexpression of FoxpI led to an increase in Brn3a+ RGCs in the GCL similar to the
Jarid2 cKO phenotype (Figures 6C, 6D, and 6K). We also observed a significant increase
in other early-born cell types, including Onecut2+ horizontal cells (Figures 6E, 6F, and
6L), and Rxry+ cone photoreceptors (Figures 6G, 6H, and 6M). We observed more Brn3a+
RGCs in regions with higher Foxp1 levels in Six3-Cre Foxp19* mice (Figures STC-S7E),
suggesting that RGC generation may be FoxpI dosage dependent. To test this, we analyzed
Foxpl cTG mice with two copies of the FoxpI transgene and found that Brn3a+ RGCs were
dramatically increased in (Figures 61 and 6J).

We then asked whether there was a corresponding effect on late-born cell generation

by examining FoxpI cTG retina at P10. We found a reduction in late-born retinal cells
including Vsx2+ bipolar cells (Figures 6N, 60, and 6T) and Rhodopsin+ rod photoreceptors
(Figures 6P, 6Q, and 6U). This is consistent with a prior study showing increased cones

and reduced rods following FoxpI overexpression.>® We also observed disruption of the
outer limiting membrane with abnormal Rhodopsin+ cells in the subretinal space (Figures
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6P and 6Q) in Foxpl cTG, although the severity of such aberrant rosette-like structures was
variable across sections and animals (Figures S7TF-S7H). We found that Lhx2+ and Cralbp+
Muiller glia were reduced in the inner nuclear layer (Figures 6R, 6S, and 6V), and some
were mislocated to the outer plexiform layer and outer nuclear layer (Figure 6V”). Thus,
late-born cell generation is reduced and Miiller glia development impacted by misexpression
of Foxpl.

To determine if the increased generation of early-born retinal cells was due to an extended
window of production, we administered EdU to FoxpI cTG mice at E18.5 and performed
immunostaining for Brn3a+ RGCs at PO. Control retinas showed no Brn3a+ RGCs colabeled
with EdU, in contrast to FoxpI cTG retinas (Figures 6W-62), indicating an extended
window of RGC genesis. As in Jaria2 cKO, this extended window was coupled with
enhanced exit of RPCs, as we found that the percentage of EAU+PCNA-/EdU+ cells was
increased (Figure 6AA). Taken together these results suggest that FoxpI promotes the
generation of early-born retinal cells at the expense of late-born cell generation by extending
the window of early cell genesis.

Sustaining Foxpl in RPCs maintains early RPC transcription pattern

To assess if FoxpI overexpression in RPCs changes the gene expression pattern of RPCs,

we performed scRNA-seq on PO Foxp cTG and control littermate retinas (Figure 7A). We
observed a dramatic difference in the UMAP embedding of RPCs between Foxp1 cTG and
control retinas (Figure 7B). Focusing our analysis on RPCs, we identified 575 differentially
expressed genes in the Foxpl cTG retinas. We noted upregulation of early RPC genes,
including Sfrp2, Col9al, Fgf15, and /tmZa, and downregulation of late RPC genes Nauifa4/2,
Car2, Casz1, and Nfib, suggesting that an early RPC transcriptional pattern is artificially
maintained in Foxpl cTG RPCs (Figures 7C and 7D).

As the gene expression pattern in FoxpI cTG RPCs is reminiscent of that in Jarid2 cKO
RPCs we compared the genes that were significantly differentially expressed in these two
datasets. We found that, of the 230 genes differentially expressed in Jarid2 cKO and 575
in Foxpl cTG RPCs, 96 were differentially expressed in both conditions. Among these,
96 genes are upregulated early RPC genes (Fgfl5, Sfrp2, Itm2a, Pcdh7, Pol35, Rpl27a,
and Co/9a1) and downregulated late RPC genes (CarZ, Gasl, and Ndufa4/2) (Figure 7E).
The large overlap between these two datasets suggests that Foxpl and Jarid2 may regulate
similar biological processes.

We took an unbiased approach to define the biological processes altered in Jarid2 cKO

and Foxpl cTG RPCs. Significantly altered MSigDB mouse hallmark gene sets were
identified from each dataset through preranked gene set enrichment analysis (Figure 7F).52
We found that two gene sets were significantly depleted in both Jarid2 cKO and Foxpl

cTG RPCs: Myc targets V1 and hypoxia. Several additional gene sets were significantly
reduced in Foxpl cTG, with Jarid? cKO data trending in the same direction: E2F targets,
G2M checkpoint, P53 pathway, apoptosis, mTORC1 signaling, TNF-a signaling via NF-xB,
and UV response. The only significantly discordant result was enrichment of oxidative
phosphorylation in FoxpI cTG RPCs and depletion in Jarid2 CKO RPCs. Thus, we find that
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Jarid2 and Foxpl similarly regulate gene signatures of proliferation, biological pathways,
cell signaling, and DNA damage.

DISCUSSION

Here, we report that temporal progression of CNS progenitors in developing retina is
regulated by Jarid2-mediated repression of a subset of genes expressed in early progenitors,
most notably Foxpl, which we show functions as a key effector of Jarid2-dependent
regulation of temporal patterning. We thus define an important 777 vivorole for JaridZin
facilitating a transition in neural progenitor competence.

H3K27me3 levels are highly dynamic across retinal development,29 and we found that loss
of Jarid2results in a selective decrease in H3K27me3 and derepression of a subset of genes
active in early RPCs. This derepression was detected at E18.5, after the transition to late
RPCs. Prior evidence suggests that Jarid2 may play a role in targeting active genes for
repression. For example, Jarid2/PRC2.2 is required for de novosilencing of genes active in
ESCs, during differentiation to neural progenitor cells in vitro.3 In addition, Jarid2, together
with Aebp2, can partially overcome inhibition of PRC2 methyltransferase activity caused
by activation marks such as H3K4me3 and H3K36me3.38 Jarid2 has also been shown to
facilitate H3K9 methylation to promote silencing of the NMofch1 locus by SETDB1 during
heart development#! and to silence CyclinD1 via G9a/GLP,*2 so it is possible that additional
Jarid2-mediated histone modifications contribute to silencing of early RPC genes during
retinal development, potentially in concert with H3K27me3-mediated repression.®3 Overall,
our findings show that Jarid2 promotes selective repression of subsets of active genes and a
shift in gene expression during temporal pattering of progenitors to promote the change in
production from early to late retinal cell types.

We identified FoxpZ as a critical target of Jarid2-mediated polycomb repression, since it was
upregulated in Jarid2 mutant RPCs at E18.5 and showed significant reduction in H3K27me3
across the locus. Foxpl is notable, since its expression is highest at embryonic stages of
retina development,®® and scRNA-seq analysis has identified it as a gene enriched in early
RPCs.1! Foxp1 encodes a transcription factor of the forkhead box (FOX) family that is
expressed in developing CNS, with mutations linked to neurodevelopmental disorders.54
During normal retinal development, we observed little H3K27me3 at the FoxpZ locus at
E14.5, when the gene is actively expressed in early RPCs, but saw acquisition of H3K27me3
by birth when the gene is silenced in late RPCs. This is consistent with prior ChIP-seq
analysis showing progressive increase in H3K27me3 at the FoxpZ locus from E17.5 to

P3,29 coincident with the progressive reduction of FoxpI expression in RPCs.11:58 |t is

also possible that changes in the cell composition of the retina contributes to changes in
H3K27me3 since the CUT&RUN analysis was performed on total retina. But, together

with scRNA-seq analysis, our findings suggest that silencing of Foxpz expression in RPCs
is facilitated by Jarid2-mediated repression, although other regulatory and transcriptional
mechanisms likely contribute.13:29

We further establish FoxpI as a key competence factor for early retinal cell genesis. We
first showed that FoxpI plays a role in early retinal cell specification, since RGCs, cones,
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and horizontal cells were reduced in FoxpI cKO retina. A prior study did not report a
visible change in retinal neurogenesis with Dkk3-Cre-mediated conditional knockout of
Foxpl, potentially due to differences in Cre drivers used or stage of analysis resulting

in a more subtle phenotype. They did report that overexpression of FoxpI resulted in
increased cones and reduced rods, consistent with our findings.>8 Other related forkhead
family transcription factors (Foxp2,4) are also expressed in the developing retina, raising
the possibility of compensation by these other factors, although FoxpZ is the most highly
expressed during early development.>® We found that elevated expression of Foxp, using
an inducible transgene, phenocopied the loss of JaridZ, resulting in enhanced production

of multiple early cell types and reduced generation of late cell types such as bipolar cells
and rod photoreceptors. For both loss of Jariad2 and upregulation of Foxpl, this was due

to extended production of early cell types. This parallels the role of FoxpI during cortex
development, where its expression in apical radial glia during early cortical neurogenesis
acts to gate the window for production of early-born deep layer neurons.>” We found a
dose-dependent effect of FoxpZ, with two copies of the transgene promoting even higher
levels of RGC differentiation, consistent with FoxpI levels being highest early when RGCs
are being produced then gradually declining. Notably, we found that loss of Jar/idZ2 or
elevation of Foxpl expression resulted in enhanced cell-cycle exit of progenitors, which is in
contrast to the effects of FoxpZ in promoting self-renewal and maintenance of apical radial
glia during cortex development, suggesting potential context-dependent functions.®’ Despite
divergent effects on progenitor cell proliferation, our findings suggest a conserved role for
Foxpl in CNS progenitors in regulating the period of early neurogenesis.

RNA-seq analysis at E16.5, during the period of early cell generation, revealed that loss
of FoxpI resulted in upregulation of multiple genes normally expressed in late RPCs or
Miiller glia, including Sox9and Nfib.11 Conversely, sScRNA-seq analysis of Foxpl cTG
retina at PO showed effects on RPC gene expression, with upregulation of multiple early
RPC genes and downregulation of late RPC genes, including known late temporal identity
genes Caszl and Nfib.11:16.17 This raises the possibility that FoxpI promotes extended
production of early retinal cell types by repressing genes in RPCs important for late
temporal identity. This would be consistent with a repressor-decay timer mechanism for
temporal progression whereby a temporal identity factor initiates expression when its
repressor decays to a sufficiently low level, as in Drosophila,®® with decline in Foxpl
facilitated by Jarid2-mediated repression. Interestingly, our findings support predictions
from scATAC-seq analysis revealing potential cross-regulatory gene networks involving
Foxp1 and Nfi13 Altogether, our observations support the conclusion that expression of
Foxpl promotes early competence during retinal neurogenesis.

We provide substantial evidence that FoxpI functions as a primary effector in extending the
early competence window after loss of Jarid2. Foxp1is upregulated in Jarid2 cKO retina,
and we find that loss of Jarid2 or increased Foxpl expression can extend the window for
early cell production, have similar effects on temporal patterning of RPC gene expression,
and similarly regulate gene signatures of proliferation, biological pathways, cell signaling,
and DNA damage. Importantly, we show that FoxpI acts epistatically to Jarid?2, as loss of
Foxp1 reverses the enhanced production of early cell types observed with loss of Jarid2
alone. In lymphoma, Foxp1 is targeted and suppressed by £zh2 gain of function, suggesting
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that Foxp1 may be regulated by PRC2 in other contexts.56 Foxp:Jaria2 double cKO mice
did not show reduced early cell types as seen in Foxpl cKO mice alone, suggesting that
additional factors may contribute to early cell generation. Several other genes also show
increased expression and reduced H3K27me3 in the Jarid2 cKO retina, including previously
identified Jarid2 target genes,*>:56.67 hut they are less highly expressed in RPCs (Figure S5)
and are unlikely to drive transcriptional changes.

We found that, while Foxp cTG showed reduced Miller glia number and mislocalization,
Jarid2 cKO did not affect Mller glia development. This is potentially due to more modest
levels of FoxpI upregulation with loss of Jarid2than with transgenic Foxp misexpression.
Consistent with effects on Muller glia development, in Foxp cTG retina we observed
disruption of the outer limiting membrane with mislocated rod cells in the subretinal space,
which is similar to the retinal phenotype reported for the Dicer conditional knockout.23
Overall, we conclude that Foxpl is critical for extending the early competence window after
loss of Jarid2, providing additional mechanistic insight into the interplay between epigenetic
regulation, in this case related to histone modifications, and transcriptional regulation of
temporal patterning in CNS progenitors. More generally, Jarid2-mediated repression may
contribute to competence restriction, whereby late progenitors are restricted from generating
earlier cell types.8-10

In Drosophila CNS, polycomb-dependent regulation restricts an early competence window
for neuroblasts as they transition from motoneuron to interneuron production.58 PRC2 also
plays a role in timing of mammalian cortical neurogenesis and glial differentiation.27:69

In retina, the late temporal factor Casz1 associates with nucleosome remodeling and
deacetylase complex, and Jarid2 was also found in this Casz1 interactome suggesting
potentially more direct interaction between regulators of temporal identity.1” Based on our
findings, it will be interesting to explore how Jarid2 contributes to these diverse roles. While
multiple mechanisms likely converge to modulate regulation of temporal patterning in neural
progenitors, we propose that dynamic regulation of H3K27me3 by Jarid2 plays a role in
restricting progenitor cell competence.

Limitations of the study

During the course of development,’ or as a consequence of genetic manipulation such as
Jarid2 cKO or Foxpl cTG, there are changes in the proportion of different retinal cell
populations. While our scRNA-seq analysis revealed gene expression changes within RPCs,
we were only able to perform the CUT&RUN analysis for H3K27me3 on bulk retina, so
changes in histone modification could be in part due to changes in cell composition. In
addition, while loss of Jarid2resulted in derepression of Foxpl, we were not able to show
Jarid2 binding to the FoxpI locus, despite testing several antibodies, so it remains possible
that the effect on FoxpI repression is indirect.

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Monica Vetter
(monica.vetter@neuro.utah.edu).
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Materials availability—This study did not generate new unique reagents.

Data and code availability

. All raw and processed bulk RNA-seq, single cell RNA-seq, and CUT&RUN data
generated for this study have been deposited at GEO and are publicly available
as of the date of publication. Accession numbers are listed in the key resources
table. Additionally, this paper analyzes existing, publicly available data and the
accession numbers for these datasets are listed in the key resources table.

. This paper does not report original code.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains—The heterozygous Jarid2 knockout first (KO-first) mouse line carrying
a Jarid? KO-first allele was generated in the University of Utah Transgenic and

Gene Targeting Core using cryo-archived embryos of JarigZm1a(KOMP)Wsi from KOMP
Repository (RRID: MMRRC:048262-UCD). The Jarid2 floxed mice were generated

by crossing Jarid2 KO-first mice with B6.Cg-Tg(ACTFLPe) 9205Dym/J mice (RRID:
IMSR_JAX:005703) which express flippase (FIp) recombinase to delete the FRT flanked
trapping cassette (see Figure S1).

In order to generate retinal Jarid2 conditional knockout (cKO), JaridZ2 floxed mice

were crossed with Six3-Cre (RRID: IMSR_JAX:019755)°2 or Rax-CreER2 (RRID:
IMSR_JAX:025521).53 For Rax-CreER? animals, Cre activity was induced by
intraperitoneal injection of 75 g Tamoxifen per gram of body weight to pregnant females
at E10.5. Tamoxifen was dissolved in corn oil (Sigma-Aldrich, C8267) at a concentration
of 10 mg/ml. Foxp1 floxed (RRID: IMSR_JAX:017699) and Foxplatransgenic mice
(MGI:5607369) were crossed with Six3-Cre mice®2 to generate Six3-Cre; Foxp1™ and
Six3-Cre;, Foxp19* mice, respectively. To generate Foxpl:Jarid2 double conditional
knockout mice, Foxp1™ mice were crossed with Six3-Cre, Jarig2™"

The morning a plug was detected was considered embryonic day 0.5. All animals were
treated within the guidelines of the University of Utah Institutional Animal Care and Use
Committee (IACUC) and all experiments were IACUC approved. Both male and female
animals were used unless otherwise stated.

METHOD DETAILS

Western blot—Freshly dissected retinal tissue at PO was homogenized in lysis buffer
with HaltProtease Inhibitor Cocktail (ThermoFisher 87786). Protein concentration was
determined using BCA (Millipore Sigma B9643-1L). Protein was separated on Bio-Rad
Mini-protean TGX Gels 4-20% (Bio-Rad 456-1093) and transferred using Bio-Rad Trans-
Blot Turbo Transfer Pack (Bio-Rad 1704156). Membranes were then incubated with the
primary antibodies followed by HRP conjugated secondary antibodies, and detection with
Clarity Western ECL Substrate (Bio Rad 1705060).
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Tissue processing—For embryonic and PO retinal cryostat sectioning, whole heads were
collected. For P10/P14 retinal cryostat sections, eyeballs were enucleated from euthanized
mice and the dorsal eye marked by a cauterizer. Tissue was pre-fixed in 4% PFA for 15
minutes and a small incision was made on the cornea. Tissue was further fixed in 4% PFA
for 30 minutes, washed 3 times for 20 minutes in PBS, then submerged in 10% and 20%
sucrose in PBS at 4°C. Tissue was embedded in OCT compound (Tissue-Tek, Cat #27050)
and stored at —80°C. Coronal cryostat sections were made at 16 um thickness and later
processed for RNA /n situhybridization and immunostaining with antibodies listed in the
table as previously described.3°

EdU incorporation—Pregnant females were given intraperitoneal injection of EAU (2ul
10mM EdU/gram of body weight, Invitrogen #C10637) at specific time points as indicated
in the figure legends. EdU staining was performed on cryostat section using Click-iT plus

EdU Imaging Kits (Invitrogen 10637 and 10640) prior to immunostaining with antibodies.

Confocal microscopy—Confocal images were acquired on an inverted Nikon A1R
Confocal Microscope. Images were acquired at 20X objective with a 3X digital zoom to
obtain a 0.2 um pixel resolution. Stacks through the Z plane were taken at 0.8 um step
distance through at total of about 16 pm, covering the entire thickness of the retina. Image
acquisition settings were consistent across ages and genotypes.

RT-PCR—Total RNA was isolated from freshly dissected PO retina using RNeasy Plus Mini
Kit. cDNA was synthesized using SuperScript Il first-strand synthesis superMix (Invitrogen
11,752-050) followed by PCR reaction using forward (AGTTGACTCTTCTGCTCGCAC)
and reverse (CTCGACGGCCCTTCTTCAAA) primers (Figure S1C). After agarose gel
electrophoresis, expected bands were excised and purified before DNA sequencing.

Bulk RNA sequencing—For bulk RNA-seq analysis of FoxpI cKO, total RNA from
E16.5 retinas was isolated using RNeasy Plus Mini Kit. Three biological replicates of each:
Six3-Cre;, Foxp1™ animals and Foxp1™7 controls, all from the same litter, were used for
RNA sequencing.

Library generation, sequencing, and alignment were performed by the Huntsman Cancer
Institute High-Throughput Genomics and Bioinformatics Analysis Shared Resource. Total
RNA concentration and quality were measured by RNA ScreenTape Assay (Agilent
Technologies, 5067-5576, 5067-5577). All samples had a RIN value of 9.9 or better. The
NEBNext Ultra 1l Directional RNA Library Prep Kit for Illumina with NEBNext rRNA
Depletion Kit v2 (E7400) was used to generate libraries which were qualified by D1000
ScreenTape Assay (Agilent Technologies, 5067-5582, 5067-5583) and quantified with a
Kapa Library Quant Kit (Kapa Biosystems, KK4824). Samples were sequenced on an
Illumina NovaSeq 6000 instrument using the NovaSeq XP workflow (20043131). A 150 x
150 cycle paired end sequence run was performed using a NovaSeq 6000 S4 reagent Kit
v1.5 (20028312).

To clean up the sequencing data for analysis, overlapping reads were grouped by BBTools
v38.34 clumpify script,’0 specified to remove duplicate reads and optical duplicates at a max
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distance of 12000. lllumina adapters were trimmed with cutadapt v2.871 using a minimum
read length of 20 and minimum overlap between read and adaptor of 6, then aligned to
mouse Ensembl genome annotation release 102 with STAR v2.7.6a in two pass mode.”2
Reads were assigned to the target that had the largest overlap and uniquely aligned, reverse
stranded, reads were counted with featureCounts v1.5.1.73 Genes with fewer than 5 counts
in every sample were eliminated and differentially expressed genes were identified using
DESeq2 v1.32.0.74 In addition to the variable of interest: genotype, the additional variable:
sex, was included in the DESeq2 design formula to mitigate its effect on the results.

Single cell library preparation and sequencing—TFor single cell analysis of Jaria?
cKO, cells were obtained from two E18.5 tamoxifen-treated female littermates with the
genotypes Jarid™ ™. Rax-CreER? (cKO) and Jarid™ " (control). For single cell analysis in
Foxp1 cTG, PO retinas from female littermates with the genotypes Foxp19'*; Six3-Cre
(Foxpl cTG) and Foxp19* (control) were used. For each sample, two freshly dissected
retinas from one individual animal were pooled and dissociated in PBS, 50 mM HEPES,
0.05 mg/ml DNase | and 0.025 mg/ml Liberase for 35 min with intermediate trituration.
Cells were passed through a 40 um nylon cell strainer, washed with washing buffer (1X
PBS, 2% BSA, 0.1% sodium azide, 0.05% EDTA), and red blood cells were lysed in RBC
lysis buffer. Cell counts were determined using a Countess. 1x 10° cells was resuspended
in 1mL DPBS and provided to the High Throughput Genomics Core for library prep. This
protocol was repeated on different days to provide cells for Jarid2 batch I, Jarid2 batch Il
and Foxpl cTG.

Single cell libraries were generated with Single Cell 3" Gene Expression Library Prep v3
reagents for batch | and Next GEM Single Cell 3" Gene Expression Library prep v3.1
with UDI for batch 11, according to manufacturer’s protocol (10X Genomics PN-1000092
and PN-1000128). Sequencing libraries were applied to a NovaSeq flow cell using XP
chemistry workflow v1 and v1.5 for batch | and batch 11 samples respectively (Illumina
20,021,021664 and 20043131). A 150 x 150 cycle paired end sequence run was performed
using an lllumina NovaSeq 6000 instrument and NovaSeq S2 reagent Kit for batch I or

S4 reagent Kit v1.5 for batch Il (Illumina 20012860 and 20028312). Batch | libraries were
sequenced in two separate runs to a read depth of > 600 million reads per sample. Batch Il
libraries were sequenced to > 200 million reads per sample in a single run. Single cell library
for Foxpl cTG was prepared using the same protocol as Jarid2 batch II.

Analysis of single cell RNA-seq data—Single cell RNA-seq data was processed with
the CellRanger software from 10X genomics. Briefly, sequencing reads from the Jarid2
experiment were aligned to the mm10 reference genome provided by 10X genomics (version
2020-A from Ensembl 98) while reads from Foxpl experiment were aligned to a reference
including the mm10 genome, GFP, and Cre. Feature-barcode matrices were generated

using cellranger count v3.1.0 with expected-cells set to 5000. Spliced and unspliced
transcripts counts were also generated from Jarid2 batch 1l single cell samples with velocyto
v0.17.17.7° Total transcripts were used for all analyses unless specified otherwise.

Filtered feature matrices from CellRanger were further filtered with the aid of Seurat v4.0.3.
High quality cells were identified by a mitochondrial percentage <7.5 and a high number
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of genes/features. The feature cut-off was determined independently for each sample by
the local minimum cell density between 200 and 2000 features (con | = 1490, cKO | =
1845, con Il = 1367, cKO 11 = 1481. Foxpl con = 1000, Foxpl cTG = 1050). Each sample
was run, individually, through Seurat’s SCTransform pipeline, regressing out mitochondrial
percentage, to generate unsupervised cell clusters. For Jarid2 samples DoubletFinder v2.0.3
identified likely doublets assuming 0.8% doublets in 1000 cells, adjusted for homotypic
doublets.”® Doublets were excluded from downstream analysis.

Jarid2 batch | and batch Il were combined into a single dataset using the Seurat’s
integration anchor pipeline with principal components set to 30 and cluster resolution to
2.81 Foxp1 cTG single cell samples were combined with the merge function. Clusters were
manually annotated using expression of known cell markers: Vsx2, LhxZ, and Pax6 for
RPCs, Neurog2and Olig2 for neurogenic cells, Crx for photoreceptor precursors, 7hrb
for cones, Nir/for rods, Ropms for retinal ganglion cells, T7ap2afor amacrine cells,

and L/AxI for horizontal cells. Differential expression analysis was performed with Seurat
FindMarkers, using logfc.threshold of 0.1. For Foxpl cTG, markers were further narrowed
by g-value <0.01. Using Jarid2 batch Il samples only, the SCTranform pipeline was run on
spliced transcripts, regressing out cell cycle scores, to obtain a UMAP representing mature
transcriptional state. Cell type annotation for the spliced UMAP was carried over from the
integrated dataset.

Gene set enrichment analysis was run on RPC gene expression from the Jarid2 cKO dataset
and Foxpl cTG dataset sperately using gene sets obtained from the Molecular Signatures
Database.82 Specifically, we used the mouse-ortholog hallmark gene sets v2022.1. All
detectable genes were ranked by average log2 fold change between Jarid2 control and

cKO or between Foxp1 control and cTG, and analyzed with both fgsea v1.18.07° and gage
v2.42.080 using default settings. We only marked gene sets as significant if they were
significantly changed, in the same direction, by both methods. Q-values listed are from fgsea
results.

Gene module analysis—To identify gene modules that vary across development, we
utilized single cell sequencing data from whole retina across from E11 to P51 (GEO:
GSE118614). Retinal progenitor cells, as defined in that study were analyzed with Seurat’s
SCTransform function followed by dimensional reduction, with cell cycle differences and
mitochondrial percentage regressed out of the model. Highly variable features, identified
from the retinal progenitor cells, were grouped into 22 modules with Monocle functions.>®
Normalized counts were summed for the genes in each module at each age, and scaled
across the modules. Only those modules that varied across development, with a standard
deviation range >1.25, were selected to display. We also eliminated module 22 for being
driven by red blood cell transcripts. Separately, gene expression was aggregated from
control and Jarid2 cKO RPCs across these same modules. These data were combined, and
values were scaled across each age or condition to generate a heatmap and dendrogram.
Hierarchical clustering was performed with hclust using method ward.D2.

CUT&RUN sample and library preparation—The H3K27me3 CUT&RUN was
performed in two separate batches. In batch I, two biological replicates were used for control
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(Jarid2™ 7 and conditional knockout (Rax-CreER™2; Jarid2™™), one male and one female
of each genotype, all from a single litter. Batch Il consisted of all male littermates: three
biological replicates, each with two technical duplicates, for a total of 12 samples. Single
cell suspensions were made using the same method described for single cell sequencing.
CUT&RUNS3 was performed using a CUT&RUN Assay Kit according to manufacturer’s
protocol. 300K single cells were used for each reaction. 2 pl rabbit anti-H3K27me3
antibody was used for H3K27me3 Immunoprecipitation. This antibody has been validated
for specificity by ENCODE.8485 5 il Rabbit | (DA1E) mAb 1gG XP Isotype Control
provided by the kit was used as a negative control. DNA fragments were purified on spin
columns, eluted with 50 pl buffer (Cell Signaling 14209) and provided to University of Utah
High Throughput Genomics Core for library generation.

DNA quality was confirmed by PCR, libraries were created with the NEBNext Ultra Il DNA
Library Prep Kit (New England Biolabs E7645S), and 150 bp paired-end sequencing was
performed on a NovaSeq 6000 using the XP chemistry workflow (20021664) and S4 reagent
Kit v1.5 (20028312).

CUT&RUN data analysis—All CUT&RUN samples were aligned to mouse genome
build mm10 with Novoalign v4.02.02 using standard Illumina TruSeq adapters. Samtools
fixmate v1.1077 removed unmapped reads and added mate scores, then bam files were
sorted and indexed. Unique Molecular Indexes (UMIs) were sequenced to identify PCR
duplicates, and the UMIs were handled by scripts written by the Huntsman Cancer Institute
Bioinformatics Core. PCR and optical duplicates were removed with optical distance
threshold at 2500. H3K27me3 broad peak calling was done with a Macs2-based pipeline,’8
MultiRepMacsChlPSeq v17.7, developed by the University of Utah Bioinformatics

Shared Resource (github.com/HuntsmanCancerlnstitute/MultiRepMacsChIPSeq). Briefly,
multirep_macs2_pipeline.pl was run with the following parameters: g-value threshold for
peak calling set to 2, minimum peak size of 600, maximum gap size of 300, minimum
mapping quality of 10, g-value cutoff of 0.1, maximum link size of 1500 and mappable
genome size 2500000000,. The output of this pipeline includes fragment tracks, log2 fold
enrichment of H3K27me3 relative to 1gG, identification of called peaks, annotation with
Ensembl release 102, and counts of fragments in each peak. Difference calling between
control and Jarid2 cKO was done with DESeq2 v1.38.1, controlling for batch effect.

Wild type E14.5 and PO CUT&RUN samples were prepared, sequenced and analyzed as
described above, with the following specific changes: PO H3K27me3 and PO IgG samples
were run in technical triplicate, E14.5 H3K27me3 was run in duplicate, and E14.5 IgG
was a single sample. Only female pups were used to perform CUT&RUN for H3K27me3,
and 1gG. Samples were purified on DNA spin column (cell signaling #14209) and eluted
with 35 pL elution buffer. 5 pL was used for PCR to validate sample quality and the rest
used for library preparation. PCR showed specific bands with positive control primers for
H3K27me3. MultiRepMacsChlIPSeq was run with expected fragment size of 200 to obtain
fragment and log2 fold enrichment tracks of H3K27me3 relative to 1gG at E14.5 and PO.

For developmental time-course comparison, we obtained fastq files from2? (GEO:
GSE87037). Specifically, input samples and ChlP-seq targeting H3K27me3 in whole murine
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retina at E17.5, PO and P3 were used. Alignment to mmZ10 was performed as described
above except that, as these are single-read samples, a mate score was not added. Broad
H3K27me3 peaks were called for each replicate with the MultiRepMacsChIPSeq pipeline
run as above with specific changes: no optical distance set and duplication rate set to

5%. Peaks from individual samples were merged into a single bed file for counting, and
differential peak enrichment was done with DESeq?2.

QUANTIFICATION AND STATISTICAL ANALYSIS—Confocal images shown are
representative of at least 3 animals/6 retinas. For quantification, the number of retinal cells
was quantified manually and blindly by averaging total positive cells within the central
retinal region (~300 um length) from 4-5 sections per retina using Nikon Elements software.
For EdU birthdating analysis, the number of cells colocalizing EdU with different retinal
markers was counted within the central retinal region (~1000 um length) and averaged per
retina. For cell-cycle exit analysis, EAU was injected 24 h before retina collection. Total
EdU+ cells and EdU+PCNA-cells were counted within the central retinal region (~300 pm
length) and the cell-cycle exit index was calculated as EdU+PCNA—/total EQU+.86 The
index was then averaged from 3—4 sections per retina.

Statistical analysis was performed on all image data using GraphPad Prism software and

the details (p values, sample sizes and statistical methods) can be found in Table S6. The
sample size (n) is the number of experimental units which represents individual eyes. In each
experiment, the sample size was determined to meet the criteria that statistical power would
be more than 80% with the use of a two-tailed unpaired t test at the significance level (p
value) of 0.05. All graph data are presented as mean + standard error of the mean (SEM).

In all graphs, dots represent individual retina. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001. ns = not significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Loss of JaridZ delays retinal progenitor early- to late-identity transition

Jarid2 mediates H3K27me3 deposition and repression of early genes
including Foxp1

Foxpl regulates the timing of early retinal cell production

Foxpl is an effector of Jarid2-mediated temporal patterning
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Figure 1. Loss of Jarid2 affects retinal neurogenesis
Rax-Cre Jarid2 cKO retina at E18.5 shows (A, B, and 1) increased Brn3a-labeled RGCs

within the GCL (bracket), (C, D, and J) increased Rxry-labeled cone photoreceptors
(bracket), (E and F) increased calbindin-labeled horizontal cells (yellow bracket, K) and
amacrine cells (white bracket, L), and (G, H, and M) increased AP2a-labeled amacrine
cells (bracket). At PO, Six3-Cre Jarid2 cKO shows (N, O, and T) reduced Recoverin-labeled
photoreceptors in the central retina (N” and O”) and delayed differentiation in the peripheral
retina (dotted line). At P14 (P, Q, and U), Vsx2-labeled bipolar cells were reduced, (R, S
and V) but Lhx2-labeled Miiller glia were unchanged. Graphs represent mean + SEM. n =
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6 retinas in (J, M, and T) and control in (1), n = 8 for Jarid2 cKO in (1), n = 4 in (K), and
control in (L), n =5 for Jarid2cKO in (L), and n =3 in (U and V). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 by Student’s t test. Scale bars, 100 um. See also Figure S2
and Table S6 for statistical details.
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Figure 2. Loss of Jarid2 promotes extended production of early-born retinal neurons
Animals were administered EdU at E18.5 and analyzed at PO (G). Six3-Cre Jarid2 cKO but

not control retinas showed EdU-labeled (A, B, and I) Brn3a+ RGCs, (C, D, and J; p = 0.08)
Oc2+ horizontal cells, and (E, F, and K) Rxry+ cone photoreceptors. (H) Cell-cycle exit
(EdU+PCNA-/EdU+) of RPCs was increased in Six3-Cre Jarid2 cKO retina. Zoomed-in
images were obtained from a single imaging plane. Graphs represent mean + SEM, n = 6.
**p < 0.01, ***p < 0.00 by Student’s t test. Scale bars, 100 um. See also Figure S3 and
Table S6 for statistical details.
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Figure 3. Increased early RPC gene expression in Rax-Cre Jarid2 cKO RPCs
(A) UMAP dimensional reduction separates single cells from E18.5 retinas into distinct

retinal cell types.

(B) Dimensional reduction based on mature transcripts highlights the difference between
Jarid2 cKO and control RPCs.

(C) Violin plots of SCTransform-normalized mature transcript counts in JaridZ2 control
and cKO RPCs. These selected early and late RPC genes are significantly differentially
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expressed in the two populations by Wilcoxon rank-sum test (default for Seurat FindMarkers
function).

(D) Differential expression analysis comparing total gene expression from Jarid2 cKO and
control RPCs. Volcano plot of all expressed genes with significantly changed genes in

red. p-adj < 0.05, average log2 fold change > 0.1. Genes are plotted such that those with
increased expression in the Jarid2 cKO are on the right.

(E) Module analysis across retinal RPCs. Heatmap represents scaled aggregate gene
expression for RPCs from Jarid2 cKO, Jarid2 control, and E11-P5 RPCs (raw data from
Clark et al.11). See also Figure S4 and Tables S1 and S2.
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Figure 4. Jarid2 regulates H3K27me3 deposition at select genes
(A) Heatmap of H3K27me3 enrichment compared with IgG, 5 kb to either side of the center

of merged peaks called from E18.5 Jarid2 control and cKO CUT&RUN experiments. Peaks
are grouped according to significant increase (red bar), decrease (blue bar), or no change
(gray bar) in Jarid2 cKO. n = 8.

(B) Intersection of gene annotation for differentially regulated H3K27me3 peaks in

whole retina and differentially expressed in Jarid2 cKO RPCs. Those peaks with reduced
H3K27me3 and increased associated gene expression in Jarid2 cKO RPCs are in the bottom
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right quadrant. Relative confidence, —log(q value), is indicated by font size for CUT&RUN,
or font color for sScRNA-seq.

(C) Jarid2 control and cKO H3K27me3 CUT&RUN reads over the FoxpI gene locus and
called peaks (black bars). Red asterisk: significantly reduced peaks (g < 0.05).

(D) H3K27me3 CUT&RUN tracks for wild-type whole retina at E14.5 and PO. See also
Figure S6 and Table S3.
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Figure 5. Foxpl regulates generation of early-born retinal cell types
(A) Foxpl expression in wild-type retinas at E12.5, E14.5, E16.5, and PO.

(B and C) Foxp1 expression in the central retina of E14.5 Foxp1™* (control) and Six3-Cre;
Foxp1™7 (Foxp1 cKO) littermates.
(D-L) Foxp1 cKO retina showed (D, E, and J) reduced Brn3a-labeled RGCs, (F, G, and

K) reduced Calbindin-labeled horizontal cells, and (H, I, and L) reduced Rxry-labeled cone
photoreceptors within central dorsal retinas at PO. Regions of interest marked by white

brackets.
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(M) Cropped volcano plot of Foxp cKO E16.5 bulk RNA-seq results. Red dots represent
significantly differentially expressed genes. p-adj < 0.05.

(N-V) Representative images of early-born retinal cell types in (N, Q, and T), control
animals in (O, R, and U), and Six3-Cre Jarid2 cKO in (P, S, and V), or Foxp1.Jarid2 double
cKO littermates at PO with (W and Y) associated quantification.

(N-P and W) Brn3a-labeled cells, (Q-S and X) Calbindin-labeled horizontal cells, (T-V and
Y) Rxry-labeled cone photoreceptors. Region of interest marked by white brackets. NBL,
neuroblastic layer. Graphs represent mean + SEM. n =6 in (J and L) and FoxpI:Jarid2
double cKO in (W-Y), n =8 in (K), and control in (X and Y), n = 10 in control in (W), n =4
in Jarid2 cKO in (W-Y). *p < 0.05, **p < 0.01. ns, not significant. Scale bars, 100 pm. See
also Tables S4 and S6 for statistical details.
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Figure 6. Sustaining Foxpl in RPCs increases in early-born and decreases in late-born retinal
cells

(A and B) Foxp1 expression in PO Foxp19'* (control) and Six3-Cre;, Foxp19* (Foxp1 cTG)
littermates.

(C-H and K-M) FoxpI cTG showed increased (C, D, and K) Brn3a-labeled RGCs (E, F, and
L) Onecut2-labeled horizontal cells, and (G, H, and M) Rxry-labeled cone photoreceptors at
PO.

(1 and J) Foxp1 expression and Brn3a-labeled RGCs in PO Six3-Cre, Foxp1'99 retina.
Foxp1 cTG at P10 showed (N, O, and T) decreased Vsx2-labeled bipolar cells and (P, Q, and
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U) reduced thickness of Rhodospin-labeled rod photoreceptor layer. Arrowheads in (P) and
(Q) indicate abnormal structure in the subretinal region.

(R, S, and V) Foxp1 cTG had reduced Lhx2 and Cralbp-colabeled Miiller glia in the INL
and (V) increased Miiller glia in the ONL and OPL. Arrowheads in (S, S’, and S””) indicate
mislocated Miiller glia in the ONL and OPL.

(Y) FoxplcTG administered EdU at E18.5 and analyzed at PO (W-Z) showed increased
EdU+Brn3a+ RGCs. Zoomed-in images were from a single imaging plane. (AA) Foxpl
cTG retina showed increased cell-cycle exit of progenitors. NBL, neuroblastic layer; GCL,
ganglion cell layer; ONL, outer nuclear layer; INL, inner nuclear layer. Graphs represent
mean £ SEM, n = 6. *p < 0.05, **p < 0.01, ***p < 0.001, by Student’s t test. Scale bars, 100
um. See also Figure S7 and Table S6 for statistical details.
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Figure 7. Elevated Foxpl expression results in increased early RPC gene expression
(A and B) UMAP dimensional reduction of scRNA-seq data from PO FoxpI cTG and

littermate control, colored by annotated cell types (A) and colored by genotype (B).

(C) Violin plots of normalized transcript counts of selected early and late RPC genes
differentially expressed in FoxpI control and FoxpI cTG RPCs.
(D) Wolcano plot of all expressed genes, with genes significantly differentially expressed in
FoxplcTG in red. p-adj < 0.01, average log2 fold change >0.1. Genes are plotted such that
those with increased expression in the FoxpZ cTG are on the right.
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(E) Venn diagram comparing differentially expressed genes common to Jariad2 cKO and
Foxpl cTG RPCs. RPC marker genes are shown.

(F) GSEA of MSigDB mouse hallmark gene sets. A positive enrichment score indicates
enrichment in Jarid2 cKO (green) and Foxp cTG (brown) RPCs, while a negative score
represents enrichment in the control. Significantly enriched genes sets (p-adj < 0.05) are
marked with an asterisk. Gene sets are grouped by shared biological process. See also Table
S5.
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