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ABSTRACT

The developing vertebrate eye cup is partitioned into the neural retina (NR), the retinal
pigmented epithelium (RPE) and the ciliary margin (CM). By single cell analysis, we showed
that a gradient of FGF signaling regulates demarcation and subdivision of the CM and controls
its stem cell-like property of self-renewal, differentiation and survival. This regulation by FGF is
balanced by an evolutionarily conserved Wnt signaling gradient induced by the lens ectoderm
and the periocular mesenchyme, which specifies the CM and the distal RPE. These two
morphogen gradients converge in the CM where FGF signaling promotes Wnt signaling by
stabilizing B-catenin in a GSK3B-independent manner. We further showed that activation of Wnt
signaling converts the NR to either the CM or the RPE depending on the level of FGF signaling.
Conversely, activation of FGF transforms the RPE to the NR or CM dependent on Whnt activity.
We demonstrated that the default fate of the eye cup is the NR, but synergistic FGF and Wnt
signaling promotes CM formation both in vivo and in retinal organoid culture of human iPS
cells. Our study reveals that the vertebrate eye develops through phase transition determined by a

combinatorial code of FGF and Whnt signaling.
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INTRODUCTION

The vertebrate neural retina (NR) is insulated from extra-ocular tissue by the retinal
pigmented epithelium (RPE) and circumscribed by the ciliary body (CB) and the iris in the
periphery, the latter two structures control the intraocular pressure and the light intake,
respectively (1, 2). These ocular structures arise in the embryonic eye cup from corresponding
zones of the NR, RPE and ciliary margin (CM) (Fig. 1A). Similarly, the Drosophila eye is
insulated optically by the subretinal pigment layer (SRP) at its base and the pigment rim on the
side, which is derived from the pupal eye disc similar to the NR (3). Remarkably, the molecular
mechanism specifying peripheral eye structure also appears to be conserved. In Drosophila,
Wingless secreted by the eye-encasing head capsule generates a gradient of Wnt signaling
required for PR formation (3). In mouse, Wnt signaling mediated by B-catenin is necessary for
development of both the RPE and the CM (4-7). Interestingly, constitutively active -catenin
transforms the NR to the PR in Drosophila, but only to the CM in mouse (3, 7, 8). Why Wnt

signaling in mouse fails to produce ectopic RPE in the retina is not known.

In vertebrate eye development, FGF is another transforming signal like Wnt. We and others
have shown that genetic inactivation of FGF signaling disrupts formation of the NR and the optic
disc (9-11). In contrast, ectopic expression of FGF not only transforms the RPE to the NR (12-
15), but also induces markers of the CM in the junction between the ectopic NR and the
remaining RPE (16). It is unclear, however, whether the ectopic CM is induced directly by FGF
or indirectly by the ectopic NR. In fact, based on experiments performed in retinal organoids,
Sasai and colleagues proposed that mutual inhibition of FGF and Wnt pivots the retinal
progenitor cells to either the NR or RPE fate, leaving the NR-RPE boundary tissue to self-

organize into the CM (17). In the current study, we show that, unlike in Drosophila, murine
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Figure 1. Genetic ablation of FGF receptors disrupted CM development. (A) The
evolutionary conservation of peripheral ocular structures. The vertebrate eye cup is partitioned
into the neural retina (NR), the retinal pigmented epithelium (RPE) and the ciliary margin (CM),
the latter of which gives rise to the ciliary body (CB) and the iris. This resembles the Drosophila
eye where the NR is shielded by the pigment rim (PR), the head capsule (HC) and the sub retinal
pigment (SRP). (B) Deletion of FGF receptors in the peripheral retina abolished FGF signaling
as indicated by the loss of pERK, E#v5 and Spry2 expression. (C) The NR domain (dotted lines)
marked by Vsx2, Sox2, Pax6, N1CD, Glil, Sfrp2 and Atoh7 expression was reduced in Fgfi“®¢!
mutants. (D) Fgfi“®¢ mutant retina displayed ectopic expression of Mitf, Pcad and Cx43 (dotted
lines), but down regulated Wfdc1, indicating loss of the CM domain. (E) Fgfi“®¢ mutant animals

exhibited dysmorphic ciliary body (arrows) and iris hypoplasia (arrow heads) at P7 and aniridia
(white arrowheads) in adulthood.
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embryos have opposing morphogen gradients of FGF and Wnt in the peripheral eye cup induced
by their distinctive sources of ligands in the NR and the lens ectoderm, respectively. Single-cell
analysis further revealed that FGF signaling promotes subdivision of the CM zone in a dose
dependent manner. Unexpectedly, FGF signaling is required to maintain the high level of Wnt
activity necessary for CM fate. By genetic manipulation in mouse and chemical induction in
retinal organoids, we demonstrate that the vertebrate eye cup is specified in a phase transition

mode that can be programed reversibly by a binary code of FGF and Whnt signaling.

RESULTS

FGF signaling is required for CM development

During embryonic development, we observed a proximal"¥'-distal'®" pattern of pERK in
E13.5 retinae (Fig. 1B), suggesting a gradient of FGF signaling (18). To examine its functional
significance, we ablated FGF receptors 1 and 2 using Pax6 a-Cre, which is active in the
peripheral retina beginning at E10.5 (19). In concordance with the role of FGF in inducing ERK
signaling, both phosphorylation of ERK and expression of FGF-response genes Etv5 and Spry2
were lost in distal retinae of a-Cre;Fgfri/1oviox: pgfrfioxfiox (EgfrdRery mutants (Fig. 1B), leading
to significant reduction in the retinal progenitor cell domain marked by Vsx2, Sox2, Pax®6,
Notchl intracellular domain (NICD), Glil and Sfrp2 (Fig. 1C). As a result, the zone of the
Atoh7-positive NR was also contracted, whereas the RPE markers Mitf, Pcad and Cx43 invaded
deeply into Fgfri®¢ mutant retinae, followed by a striking reduction in the pan-CM marker
Wifdcl (Fig. 1D). At P7, control pups displayed well-organized ciliary bodies and elongated iris,

but only clumps of pigmented cells were present at the tip of Fgfr/®¢ mutant retinae (Fig. 1E). In
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accordance with this, adult Fgfr#®¢ mice displayed almost complete aniridia (lacking the iris),

demonstrating the critical role of FGF signaling in CM development.

Single-cell analysis reveals that FGF signaling controls self-renewal, differentiation and

survival of CM progenitors

To investigate the molecular basis of FGF signaling in regulating CM development, we
performed single-cell RNA-sequencing (SCRNAseq) of E13.5 eye cups. Taking advantage of an
IRES-GFP cassette embedded in the Pax6 a-Cre driver, we used flow cytometry to enrich for
Cre/GFP-expressing cells from peripheral retinae (Fig. 2A) and sequenced 6,628 control and
4,607 Fgfri®¢ mutant cells at the mean depth of 2,811 genes per cell. As expected, unsupervised
clustering analysis identified distinctive groups of retinal progenitor cells (RPC-1 to 4),
neurogenic cells (Ngn-1, 2 and boundary) and differentiated retinal neurons (retinal ganglion
cells (RGC), amacrine/horizontal cells (AC/HC) and photoreceptor cells (PRC), which were
confirmed by expression of known molecular markers (Fig. 2B and S1A). Unlike previous
SscCRNAseq analyses (20, 21), however, we were also able to discern three clusters that express
CM specific markers Mitf, Wls, Msx1 and Wfdcl (Fig. 2B and S1B). Projected onto the 2-
dimensional UMAP plot, these CM cells formed a separate branch connected to the RPC
clusters, diametrically opposite to the branch of retinal neurons (Fig. 2C). We next examined the
trajectory of cell differentiation by RNA velocity analysis, which exploits dynamics of mMRNA
splicing to uncover the rate and direction of transcriptomic changes (22). It correctly identified
the differentiation path from the RPC to either the NR or the CM fates (Fig. 2D), which
correlated with the transitioning of the cell cycle from the S phase via the G2M to the G1 phase
(Fig. 2E). Interestingly, our analysis showed that once progenitor cells on the NR trajectory

entered the neurogenic state in the G2M phase, they irreversibly progressed toward terminal
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Figure 2. Single cell analysis showed that FGF signaling regulates self-renewal and
differentiation of CM progenitors. (A) Schematic diagram of single-cell RNAseq. (B) Heat
map of differential gene expression in single-cell clusters. RPC: retinal progenitor cell, RGC:
retinal ganglion cell, AC: Amacrine cell, HC: Horizontal cell. PR: photoreceptor. (C) UMAP
representation of single-cell clusters. (D) Left: Diffusion analysis of RNA velocities identified
the root and the end of cell differentiation as represented by high density regions (dark green)
after forward and reverse Markov processes. Right: Cell differentiation trajectories were revealed
by the velocity field projected on the UMAP plot. Arrows indicate local RNA velocities on a
regular grid. (E) The state of the cell cycle represented on the UMAP plot. (F) Single-step
transition probabilities from the starting cells (red square) to neighboring cells showed the bias of
CM progenitors in Fgfi“®¢ mutants toward differentiation against self-renewal. (G)
Quantification of single-cell velocities in each cluster showed the accelerated differentiation and
reduced proliferation of CM progenitor cells.
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Figure S1: Identification of single-cell clusters by known cell type specific markers. (A)
Feature plots identified RPC clusters expressing Sfrp2, neurogenic clusters expressing Afoh7, the
RGC cluster expressing Pou4f2, the photoreceptor cluster expressing Crx and the AC/HC cluster
expressing Ptfla. (B) Feature plots of the CM specific genes. Notice the increased expression of
Mitf and Wis, the reduced expression of Wfdcl and the loss of Msx! in Fgfi*®' mutants.
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differentiation. On the CM trajectory, however, progenitor cells (RPC-3) residing in the G2M
phase could either move toward the terminal CM state or reenter the cell cycle to replenish the
RPC pool. Thus CM progenitor cells displayed the hallmark of stem cells in their capacity to
either self-renew or differentiate. In Fgfr/® mutants, however, RPCs were biased against self-
renewal in favor of the terminal CM fate. This was confirmed by comparing transition
probabilities between control and mutant progenitor cells at similar locations within RPC clusters
(Fig. 2F). Consistent with this, cell proliferation was significantly reduced in FgfrZ¢ mutants
(Fig. S2A) and the overall RNA velocity slowed down considerably in the circling RPC pool, but
it accelerated in proximal and medial CM clusters before ramping down in the distal CM (Fig.
2G). This accounted for the increase in the percentage of CM cells at the expense of RPC cells
(Fig. S2B). Therefore, FGF signaling controls the decision of self-renewal versus differentiation

of CM progenitors.

We next asked whether FGF signaling is also required for terminal differentiation of the CM.
Our scRNAseq analysis classified CM cells into three clusters: the distal CM defined by
expression of WIs and Otx2, the medial CM by Msx1 and the proximal CM by overlapping
expression of Sox2 and Cdo (Fig. 3A). We showed that this in silico segregation of CM cells
corresponds to their spatial separation in situ (23), as expression of Wls and Otx2 extended
beyond the Pcad-positive RPE into the distal tip of the retina, bordering the domain of Msx1
expression (Fig. 3B). Msx1 in turn overlapped with Sox2 and Cdo, the latter two reaching further
into the center of the retina. In contrast, Fgfr?¢ mutant retinae displayed encroachment of Pcad,
expansion of WIs and Otx2, loss of Msx1 and retreat of Sox2 and Cdo. This was in agreement
with scRNAseq analysis of Fgfr/®¢ mutants that Wls and Otx2 expanded from the distal CM into

the medial or even proximal CM domains at the expense of Msx1, Sox2 and Cdo. These results
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Figure S2: Loss of FGF signaling promoted differentiation of RPCs instead of proliferation
(A) The percentages of BrdU+ versus DAPI+ cells were significantly reduced in the peripheral
retina (circled in dotted lines) in Fgfi“®¢ mutants. Arrow points to hyaloid cells in the vitreous.
(B) The proportions of CM clusters in Fgfi“® mutants were increased at the expense of RPCs.
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Figure 3. FGF signaling is required for CM subdivision and survival. (A) Violin plots
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and Cdo, all of which were dysregulated in Fgfi“® mutants. (B) Immunostaining confirmed that
the in silico clustering of CM cells matches the spatial separation of CM subdomains. Aberrant
invasion of Pcad, expansion of Wls and Otx2, loss of Msx1 and reduction in Sox2 and Cdo in
Fgfi® mutants demonstrated CM differentiation defects. Brackets indicate the domain of the
RPE and the distal, medial and proximal CM, corresponding to black, dark blue, yellow and light
blue regions in diagrams on the right. The NR is indicated in green. Arrowhead marks residual
wild type cells still expressing Msx1. (C) At E13.5, although Pax6 a-Cre was expressed only in
the peripheral retina indicated by its GFP reporter, it has already activated tdTomato expression
(arrows) from the 4i9 Cre reporter throughout the retina. At P2, these tdTomato positive
progenies remained in control retinae, but only a few (arrowheads) were left in Fgfi“%¢ mutants.
The tdTomato expression is indicated in red in diagrams. (D) CM cells were pulse labeled by
tamoxifen induction of MsxI-Cre®®? at E13.5 and detected at E18.5 by tdTomato expression
from the 479 Cre reporter. Although these cells remained in the control CM identified by Cdo
expression (arrow), they had largely disappeared in the Fgfi“®* mutant (arrowhead), suggesting
cell survival defects.
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demonstrated that FGF signaling is required for spatial demarcation and molecular distinction of

the CM subdivisions.

Lastly, we examined the potential role of FGF signaling in retinal cell survival. To this end,
we permanently labeled a-Cre-expressing cells at E10.5 using the Ai9 Cre reporter and followed
their cell fates through development by the tdTomato expression (Fig. 3C). At E13.5, we
observed tdTomato positive cells spread to much of the retina in both control and Fgfri&e
mutants, even beyond the a-Cre expressing domain marked by GFP expression. Although
control retinae at P2 still displayed ubiquitous expression of tdTomato, only a handful of
tdTomato+ cells persisted in Fgfr#®¢ mutants, likely a result of incomplete recombination due to
Cre mosaicism. To determine whether loss of tdTomato+ cells in Fgfr#®¢ mutants was solely due
to depletion of the RPCs, we selectively labeled medial CM cells by inducing Msx1-Cre=*"2 with
Tamoxifen at E13.5 and examined their fates at E18.5 (Fig. 3D). In contrast to abundant
expression of tdTomato reporter in control ciliary bodies marked by Cdo, Msx1-CreERT2
:Fgfrafioxfiox: pafr2fiodilox Ajg (Fgfr/Ms</: Aj9) mutants were largely devoid of tdTomato+ cells.
Therefore, FGF signaling is required for survival of CM cells even after their onset of

differentiation.

The ciliary margin is patterned by graded FGF signaling

We next focused on how FGF signaling regulates patterning of the CM. Our scRNAseq
analysis revealed that the retina expresses three FGF ligands - Fgf3 restricted to the RPCs, Fgf9
extending into the proximal CM and Fgf15 further encompassing the medial CM (Fig. 4A).
Intriguingly, this nested pattern of Fgf expression coincides with the proximal-distal gradient of

FGF signaling (Fig. 1B) and subdivision of the CM in the distal retina. We hypothesized that
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Figure 4. CM development is dependent on the dosage of FGF signaling. (A) scRNAseq
analysis revealed a nest pattern of Fgf3, Fgf9 and Fgfl5 expression in the retina. (B) By reducing

the dosage of Fgf ligands, Fgf9'®“ and Fgf3/9°%*' exhibited progressive expansion of the distal
CM/RPE marker Mitf, reduction in the proximal CM/NR marker Vsx2, and loss of pan CM
marker Wfdcl and medial CM marker Msx1. (C) Overexpression of Fgf8 in Fgf8°F mutants
stimulated pERK and FGF-responsive gene Spry2 in the presumptive RPE territory, which was
transformed to NR as indicated by Atoh7 expression. Reducing the strength of FGF signaling by
deleting Fgfrl and 2 in Fgfi“R¢; Fgf8°F mutants down regulated pERK. This prevented
expression of Afoh7, but induced the CM markers Otx/ and Msx1, indicating the transformation
to the CM fate.
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sequential removal of Fgfs may flatten the gradient of FGF signaling and disrupt the patterning
of the CM (Fig. 4B). To test this model, we first deleted Fgf9, which was previously shown to
control the anterior boundary of the RPE (24). In a-Cre;Fgf9flodlox (EgfgdRery mutants, Mitf
expression advanced from the distal CM toward the central retina, accompanied by the down
regulation of Vsx2, Wfdcl and Msx1 expression in the proximal CM domains. We next ablated
both Fgf3 and Fgf9 in a-Cre;Fgf3Mio¥flox; Fgfglloxfiox (Egf3/94Rery mytants, which led to further
encroachment of Mitf into the retina accompanied by a reduction in Vsx2 and Wfdc1 and loss of
the medial CM maker Msx1. These results suggested that the graded expression of Fgfs in the

distal retina is necessary for the subdivision of the CM.

Previous studies have shown that over activation of FGF signaling can transform the RPE
into the NR. Since our above result indicated that the dosage of Fgfs is important for the
specification of the CM in the retina, we wondered if titration of FGF signaling may redirect the
RPE to the CM fate. To this end, we first crossed a-Cre with R26-5-F98 to induce ectopic
expression of Fgf8 in the retina, which is expected to diffuse to the RPE to activate FGF
receptors (Fgfrl-4). This was confirmed by the ectopic induction of pERK and FGF response
gene Spry2 throughout the RPE/NR double-layered eye cup in a-Cre;R26S--F98 (FgfgOF)
embryos (Fig. 4C). Furthermore, the original RPE layer now resembled the NR in both the
thickness and the Vsx2"Atoh7"Mitf “Gjal™ expression pattern, confirming its conversion into the
NR. We next attenuated the ectopic FGF signaling in the former RPE territory by ablating Fgfrl
and 2, leaving only Fgfr3 and 4 available to transmit the Fgf8 signal. Indeed, this genetic
manipulation reduced but did not eliminate pERK and Spry2 staining in the presumptive RPE in
the a-Cre; Fgfri1fioxfiox; pgfppflovflox- RogLSLFaf8 (EgfrRet: Fgf8OF) embryo. Although this region

remained thickened compared to the control RPE, it no longer expressed the NR marker Atoh7,
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but instead acquired CM markers Otx1 and Msx1. Taken together, these results showed that
graded FGF signaling is important for CM differentiation in both the RPE and the retinal

domains.

FGF signaling determines the transformative activity of Wnt signaling

Since the above results demonstrate an essential role of FGF signaling in CM development,
we wondered whether FGF interacts with Wnt signaling, which is also known to promote the
CM fate (7). Analyzing our sScRNAseq data, we noticed that Lefl and Axin2, two response genes
for canonical Wnt signaling, were down regulated in Fgfr#®¢ mutants, suggesting that FGF
signaling may be required for Wnt activity in the peripheral retina (Fig. 5A). This was
unexpected because previous studies have suggested that FGF and Wnt play opposing roles in
early eye cup patterning (6, 17). We thus sought to confirm our findings by mosaic analysis. As
described above, inactivation of FGF signaling resulted in expansion of Mitf and Otx2
expression into the Fgfr®¢ peripheral retina (Fig. 5B). Due to the mosaic activity of a-Cre,
however, we occasionally observed patches of cells still negative for Mitf and Otx2 in distal
retinae, suggesting that they were residual wild type cells. Remarkably, Lefl expression was
retained in these Mitf/Otx2" cells but lost in their neighbors (Fig. 5B, arrowheads and dotted

line), demonstrating that FGF signaling cell-autonomously regulates Wnt signaling.

We next asked whether FGF signaling is also required functionally for Wnt signaling to
promote CM formation. To test this hypothesis, we first induced constitutive Wnt signaling in
the retina by deleting exon 3 of S-catenin, which encodes the Ser45 phosphorylation site
necessary for GSK3p-regulated degradation (25). Identified by an antibody specific to the -

cateninSe™S (BSe*%) residue, S-catenin mutant cells in a-Cre;s-catenin™3 (Bcar®?) retinae up
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Figure 5. FGF signaling determines the CM fate by promoting Wnt signaling. (A) Violin
plots showed down regulation of Wnt response genes Lef! and Axin2 in the Fgfi*®¢' mutant
transcriptome. (B) In mosaic analysis, Fgfi“*¢ mutant cells acquired ectopic expression of Otx2
and Mitf at the expense of Lefl. In contrast, the remaining wild type cells identified by the lack
of Otx2 and Mitf expression still maintained Lefl expression. (C) Constitutively activation of
Whnt signaling by deleting the B-catenin>™° (B5°*%) motif transformed fcat“ retinae to the CM
as indicated by Cdo expression. Further deletion of FGF receptors in Fgfi“®*; fcat™ mutant
retinae converts them to the RPE as indicated by ectopic expression of Pcad and Otx2 as well as
the appearance of pigmentation (arrows). Both the level of Lefl and the amount of B-catenin
detected by the B-catenin C-terminal antibody (B¢'P) arose in fcat“ retinae but declined in
Fgfi*®!: fcat™ mutants, showing that the Wnt-B-catenin signaling is dependent on FGF
signaling. The mutant regions are marked by dotted lines.
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regulated the expression of the CM marker Cdo at the expense of Sox2 (Fig. 5C). This is
consistent with previous reports that activation of Wnt signaling transforms the NR to the CM (7,
8). The Cdo expression, however, was abolished after the inactivation of FGF signaling in a-Cre;
Fgfrafiodiox. pgfpofiontiox p_catenin™3 (FgfriRe fear®) retinae. Instead, these Fgfri®e;p-catenin®?
cells acquired expression of Otx2 and Pcad as well as RPE-like pigmentation (Fig. 5C, arrows),
confirming that they have taken on an RPE identity. Taken together, these results demonstrated
that the level of FGF signaling dictates whether Wnt signaling transforms the NR to either the

CM or the RPE fate.

To understand the mechanism by which FGF signaling regulates Wnt activity, we examined
Lefl expression induced by the stabilized -catenin. As expected, Lefl expression was greatly
elevated in Bcat“” retinae, but it became significantly attenuated after the loss of FGF signaling
in Fgfré®e:: Bcat? retinae (Fig. 5C). This is consistent with our above finding that FGF signaling
influences Lefl expression in wild type retina (Fig. 5A and B). Moreover, we observed that
Peat“® mutants exhibited strong cytoplasmic B-catenin staining as revealed by a p-catenin C-
terminal antibody (B¢™P), but this staining was markedly reduced in Fgfr®¢; pca“* mutants.
Since Bcat“® mutants expressed the truncated B-catenin resistant to GSK3p phosphorylation, this
result suggested that FGF signaling promotes the stability of B-catenin in an GSK3p-independent
manner. To determine the downstream effector that mediates FGF signaling to promote Wnt
activity, we further disrupted MAPK pathway by deleting Mek1 and 2 in a-
Cre;Mek1M1o¥flox-NMek2 (Mek?Rey mutants, which was confirmed by loss of pERK in the
peripheral retina. Importantly, Mek?%¢ animals phenocopied Fgfr#®¢ mutants in their aberrant

expression of Vsx2, Atoh7, Wfdcl, Msx1 and Mitf during the embryogenesis and dysgenesis of
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the ciliary body and iris in adults (Fig. S3). Altogether, these results show that FGF-MAPK

signaling stabilizes f-catenin to promote Wnt signaling in CM development.

The lens ectoderm and periocular mesenchyme induce a Wnt signaling gradient to pattern

the eye cup

In Drosophila development, the head capsule patterns the peripheral eye structures by
secreting Wnt ligand to induce the Wnt signaling gradient (3). We wondered whether this
mechanism of Wnt signaling induction is conserved in vertebrates. The vertebrate RPE consists
of the proximal and distal domains (2), the latter forms the pigmented epithelium of the ciliary
body lining the non-pigmented epithelium derived from the CM. Consistent with previous
reports (7, 26), we found that Wnt signaling revealed by a highly sensitive TCF-GFP reporter is
strongest in the distal CM and distal RPE before tapering off toward the center of the eye cup
(Fig. 6A) (27). We reasoned that there could be three potential sources of Wnt - the distal retina,
the periocular mesenchyme and the lens ectoderm (the surface ectoderm and the lens). These
tissues can be targeted by a-Cre, Wnt1-Cre and Le-Cre, respectively (Fig. 6A), allowing us to
eliminate their Wnt production by genetically ablating Wntless, a cytoplasmic transporter
necessary for Wnt secretion (19, 26, 28, 29). In both a-Cre;Wntless"®/ox (Wis##¢’) and Wnt1-
Cre;Wntless"/1ox (W1s?”M) embryos, we did not observe any ocular defects (Fig. S4). In line
with a previous report, however, Le-Cre;Wntless"Mo% (WiIs2£) mutants exhibited posteriorly
shift of the RPE-retina boundary (Fig. 6B) (26). In addition, we observed that WIs?:Z mutants
lost the distal RPE marker Wnt2b, but not the proximal marker Ttr, suggesting a role of lens
ectoderm-derived Wnt ligands in RPE regionalization (30). We further generated Le-Cre;R26S%
Wntl to overexpress Wntl in the lens ectoderm, which abolished lens development due to its

inhibitory effect in lens induction (Fig. 6C) (31). In the eye cup, however, this led to the up
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Figure S3: Inactivation of MAPK pathway phenocopied FGF signaling defects. Genetic
ablation of MeklI and 2 in Mek®¢ mutants abolished pERK staining in the peripheral retina. This
led to reduced expression of retinal markers Vsx2 and Afoh7, loss of CM markers Wfdcl and

Msx1 and expansion of the RPE marker Mitf. The adult Mek?®*' animals also resemble Fgfi“®*
mutants in the iris and ciliary body defects.
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Figure 6. Paracrine Wnt signaling patterns the CM and the distal RPE. (A) The potential
source of Wnt signaling gradient revealed by the TCF-GFP reporter may be targeted by a-Cre
for retina, WntI-Cre for periocular mesenchyme and Le-Cre for the lens ectoderm (the surface
epithelium and the lens). (B) Ablation of Wnt transporter Wls in the lens ectoderm specifically
disrupted the proximal RPE differentiation in Wis?‘£ mutants as indicated by loss of Wnt2b, but
not the proximal RPE marker 7tr. (C) Overexpression of Wntl in the lens ectoderm also affected
the proximal RPE by expanding Wnt2b expression in Le-Cre;R26™5-"! eye cup without
affecting Ttr expression. (D) The CM was lost in Wis?*f mutants as shown by the expansion of
Vsx2 and absence of Wfdcl, OtxI, MsxI and Mitf. The band of the RPE was further diminished
in WIsLEHPM mutants. (E) WiIs?FE4PM mutant eyes lost Wls and Lefl in both the lens ectoderm

and the periocular mesenchyme, leaving only a small band of Lef1 expression next to the Pax6-
expressing RPE (arrowheads).
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Figure S4: Wis is dispensable in the peripheral retina and the periocular mesenchyme. No
retinal phenotype was observed in Wis?k¢

where Wls was deleted in the peripheral retina and in
Wis"™ where Wls was deleted in the periocular mesenchyme.
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regulation of Wnt2b without affecting Ttr expression. Moreover, the distal eye cup in WIs#:£
mutants expressed RPC marker Vsx2, but none of the pan CM markers Wfdc1 and Otx1, the
medial CM marker Msx1 and distal CM marker Mitf (Fig. 6D). Taken together, these results
showed that the lens ectoderm-derived Wnt is responsible for specification of both the distal RPE

and the CM.

We next explored the source of Wnt ligands for specifying the proximal RPE by combining
Wntl1-Cre and Le-Cre to abolish Wnt secretion from both the lens ectoderm and the periocular
mesenchyme. Compared to WIs?“£ embryos, Le-Cre;Wnt1-Cre;Wntless"/flox (w]gdLE+4PM)
mutants exhibited further shortening of the RPE that led to a severe hypopigmentation of the eye
(Fig. 6D). This was confirmed by Pax6 and Sox2 staining, which showed extensive invasion of
the NR into the backside of the WIs?Z£*4”M mutant eye cup, leaving only a vestigial segment of
the RPE in the center (Fig. 6E, arrowheads). As WIs was ablated in the lens, the surface
ectoderm and the periocular mesenchyme, Lefl expression was also largely eliminated in these
regions, except in a small band of mesenchymal cells next to the remaining RPE (Fig. 6E,
arrowheads). These results demonstrated that the lens ectoderm, in partial redundancy with the
periocular mesenchyme, induces a Wnt signaling gradient in the eye cup to specify the CM and

the distal RPE.
Balanced FGF and Wnt signaling drives CM fate

Our results thus far demonstrated that the eye cup is biased toward the fate of the NR, RPE or
CM depending on the availability of FGF and Wnt signaling. What then is the default fate of the
eye cup when both FGF and Wnt signaling are absent? To answer this question, we first

abolished Wnt signaling by deleting B-catenin in a-Cre;p-catenin 1o (pcq'Ret) mutants.
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Consistent with previous studies (7, 8), this transformed the CM into the NR as evident by the
expansion of Sox2 and loss of Cdo and Msx1 without incurring invasion of Otx2 and Pcad (Fig.
7A). As aresult, the pERK level was also elevated in the distal retina. We next ablated both FGF
receptors and B-catenin in a-Cre; Fgfrifioxfiox: pgfrofloxfilox. o_cateninflovoxs (FgfraRer: geqiRer)
embryos. Despite the loss of pERK in the B-catenin negative domain, these Fgfri®¢; Bcar’®¢!
mutant cells retained the same NR-like expression patterns as Scatr*® mutants (Fig. 7A),

indicating that the eye cup developed into the NR in the absence of FGF and Wnt signaling.

We next explored the fate of the eye cup when FGF and Wnt signaling are elevated
simultaneously. We first bred a-Cre;R261W (Wint19F) animals to overexpress Wntl in the
retina. Likely because the Wnt transporter WIs is restricted to the distal CM, Wnt1°F embryos
did not exhibit any ocular phenotypes (Fig. 7B), consistent with the above result that the retinal
Whnt is dispensable for eye cup patterning (Fig. S4). In contrast, co-expression of both Wnt1 and
Fgf8 in a-Cre;R26-S-Wnt-R26LSL-F98 (\Wit1OF; Fgf8©F) mutants led to thickening of the
presumptive RPE, which exhibited ectopic FGF signaling activity as indicated by the expression
of Spry2 (Fig. 7B). Unlike Fgf8°F mutants (Fig. 4C), however, the transformed RPE region in
Wnit1°E: Fgf8°E mutants failed to express the NR marker Atoh7, but up regulated the pan CM
markers Otx1 and Cdo at the expense of the RPE marker Mitf (Fig. 7B). As reducing the dosage
of ectopic Fgf8 signaling can also transform the RPE into the CM, these results demonstrated

that the CM fate is specified by the relative, not the absolute, levels of FGF and Wnt signaling.

With this understanding of FGF and Whnt function in CM development, we sought to improve
Sasai’s induction-reversal method to generate CM-like stem cells from human embryonic stem
cells (hESCs) (17). Instead of sequential induction of RPE and NR tissues by adding and then

removing GSK and FGFR inhibitors, we hypothesized that, in the absence of FGFR inhibitor,
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Figure 7. FGF and Wnt induces phase transition to generate the CM. (A) Deletion of either
B-catenin alone (Bcat’®*") or B-catenin and Fgf receptors together (Fgfi“®'; fcat’**') transformed
the distal retina into the NR as indicated by loss of Cdo and Msx 1, lack of Otx2 and Pcad and
expansion of Sox2. The B-catenin or B-catenin/pERK deficient regions are marked by dotted
lines. (B) Although overexpression of Wntl in Wnt1°F embryos did not produce any phenotype
in the retina, when combined with overexpression of Fgf8, it transformed the RPE domain of the
Wnt19F;Fgf8°F eye cup into the CM as indicated by the up regulation of the CM specific genes
Otx1 and Cdo and the lack of the RPE marker Mitf and the NR marker Atoh7. (C) The untreated
human iPSC organoid culture contained few MSX1" or CDO" CM-like cells. Addition of the 3
uM WNT agonist CHIR99021 significantly expanded the number of MSX1" and CDO" cells.
(D) Quantification of the MSX1" and CDO" area as the percentage of the total organoid culture.
(E) FGF and Wnt signaling promote the abrupt and reversible transition of eye cup progenitors
into three phases, the NR, the CM and the RPE. Our study showed that the NR can be
transformed by constitutive activation of Wnt signaling (Scat“?) into the CM, which is converted
to the RPE after the loss of FGF signaling (Fgfi”'). The RPE reverts back to the CM by titrating
FGF signaling (Fgf8°F;Fgfi'). Otherwise, ablation of Wnt signaling (Bcat?) or overexpression of
Fgf8 (Fgf8°F) can turn the RPE into the NR, which may transition further into the CM after
overexpression of Wntl (Wnt1°E).
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exogenous WNT agonist may cooperate with endogenous FGF produced by the retinal organoid
to directly promote the CM fate (32). Using human induced pluripotent stem cells (hiPSCs), we
confirmed that the standard retinoid differentiation protocol without GSK and FGFR inhibitors
produced only a small amount of CM-like tissue as indicated by the limited MSX1 and CDO
expression (Fig. 7C). Addition of WNT agonist CHIR99021 (3 uM) drastically increased the
number of MSX1 and CDO positive cells in the organoid culture (Fig. 7C and D). Therefore,

WNT signaling in the presence of FGF promotes CM differentiation in human retinal organoids.

DISCUSSION

In this study, we have shown that both FGF and Whnt are transformative signals in eye-cup
patterning, forming the basis of a combinatorial code that determines the ocular cell fate. This
can be depicted in a two-dimensional map on the strength of FGF and Wnt signaling (Fig. 7E).
As demonstrated by our genetic analysis, stimulation of Wnt signaling by constitutively active -
catenin transforms the NR into the CM, which can be further converted to the RPE after removal
of FGF receptors. The RPE can revert back to the NR by deleting [3-catenin or overexpressing
FGF. Otherwise, FGF overexpression may be coopted to transform the RPE to the CM by either
the overexpression of Wntl or the ablation of FGF receptors, which either balances or reduces
the strength of FGF signaling, respectively. Thus cell fate determination at the eye cup stage is a
reversible process dictated by the balance between FGF and Wnt signaling, but it is also highly
tolerant of extrinsic noise as long as these signals stay within certain confines. Such a switch-like
behavior resembles the principle of phase transition in physics, in which matter is maintained in
discrete states of solid, liquid or gas within broad ranges of temperature and pressure. Once the
boundary of these domains is crossed, however, these physical matters abruptly transition into

another phase in an all-or-none manner. We propose that eye cup patterning also acts in a mode
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of phase transition, a mechanism that may be broadly applicable to other biological systems to
achieve versatile yet stable outcomes. As demonstrated by our success in inducing hiPSCs into
the CM fate, systematic exploration of biological phase maps may provide insightful guidance

for tissue engineering.

In vertebrates from teleost fish to avian, the CM not only contributes to the NR and the
peripheral ocular structures during embryogenesis, but also maintain stem cells in adulthood that
could replenish retinal neurons after injury (33). The regenerative capacity of the CM appears to
be lost in adult mammals, but recent studies suggested that, at least in embryonic mice, the CM
could give rise to both neuronal and non-neuronal cells (34, 35). Previous sScCRNAseq analyses of
mouse retina have readily identified RPCs and neurogenic progenitors that yield retinal neurons,
but the CM progenitor pool remains elusive (20, 21). By enriching for the peripheral retina, our
scRNAseq study has mapped the CM progenitor population, showing that they reside in the same
G2/M phase of the cell cycle as neurogenic progenitors. Interestingly, our velocity analysis
revealed that neurogenic progenitors inevitably exit cell cycle to differentiate. In contrast, CM
progenitors have the bivalent potential to either differentiate or to resume the cell cycle, the latter
decision produces daughter cells that may then branch into the neurogenic route. This explains
why the CM progenitors can generate both CM cells and retinal neurons, suggesting that these
progenitors resemble stem cells in their ability to either self-renew or differentiate. This stem
cell-like capacity apparently requires FGF signaling, since loss of FGF signaling will bias CM
progenitors toward terminal differentiation. As the regenerative capacity wanes from lower
vertebrates to mammals, it will be interesting to explore whether FGF signaling is important for

the adult CM to preserve the stem cell-like capability.
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Despite their stark differences in anatomical structures, both vertebrate and Drosophila eyes
acquired dark pigments to shield them from unwanted light exposure. In Drosophila eye, a Wnt
signaling gradient induced by the adjacent head capsule is necessary for emergence of the
pigment rim (3). In the mouse eye cup, we show that both the lens ectoderm and periocular
mesenchyme are sources of Wnt ligands. An earlier study concluded that Wnt ligands from the
lens ectoderm regulate proliferation but not differentiation of the optic cup rim (26). Our analysis
instead reveals that the lens ectoderm-derived Whnt is responsible for specification of the distal
RPE and the CM. This is consistent with classic embryological studies that the lens epithelium
has the capacity to induce the iris and ciliary body in the optic cup (36, 37). Our study thus
demonstrates an evolutionarily conserved requirement for paracrine Wnt signaling to induce

differentiation of peripheral ocular structures.

In contrast to the conserved role of Wnt signaling, FGF signaling appears to be uniquely
required for peripheral eye development in vertebrates. In fact, our study showed that graded
FGF signaling is necessary for subdivision of the CM into the proximal, medial and distal zones,
which may correspond to pars plana and pars plicata of the ciliary body and the iris in adult eyes.
We found that FGF signaling maintains the strength of Wnt signaling, which may serve to extend
the range of Wnt signaling gradient. Importantly, FGF signaling stabilizes 3-catenin
independently of its GSK3[ degradation motif, revealing a previously unrecognized mechanism
of Wnt signaling regulation (38). On the other hand, our study also showed that genetic ablation
of both FGF and Whnt signaling transforms the entire retina into the NR. This is reminiscent of
NR transformation by deleting -catenin in the RPE, which lacks FGF signaling (4, 5). Thus we
propose that the ground state of the eye cup is the NR, which explains why the 3D ES cell

culture in the low growth-factor (serum-free) condition naturally develops into the NR (39). Only
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a combination of FGF and Wnt signaling can induce CM formation in the eye cup. These
insights are instrumental in our rational design of the CM differentiation protocol for human
IPSC culture. Our study shows that FGF and Wnt signaling cooperate to determine the
demarcation and subdivision of the eye cup into the NR, CM and RPE. It demonstrates how
cross talk between two signaling pathways are able to generate remarkable complexity in organ

development.

MATERIALS AND METHODS
Mice

All animal procedures were performed according to the protocols approved by the Columbia
University’s Institutional Animal Care and Use Committee. 5-catenin™ was obtained from Dr.
Stavroula Kousteni (Columbia University), Fgf3 1 from Dr. Suzanne L Mansour (University of
Utah), Fgfr21° from Dr. David Ornitz (Washington University Medical School), Mek1/1¥%x gng
Mek2”- from Dr. Jean Charron (Universite™ Laval), Pax6 a-Cre (a-Cre) from Dr. Nadean Brown
(Children’s Hospital Research Foundation), Pax6 Le-Cre (Le-Cre) from Dr. Richard Lang
(Children’s Hospital Research Foundation), R26-5-F98 from Dr. Yiping Chen (Tulane
University), R26S-"! from Dr. Thomas Carroll (UT Southwestern), and Ai9, f-Catenin 1%,
Fgfri1o, Msx1-CrefR™, Wis ¢ and Wnt1-Cre from Jackson lab (28, 29, 40-49). Mice were
maintained on a mixed genetic background. At least three animals were analyzed for each of the
crosses described. We did not observe phenotypic variations between Cre- heterozygous controls

and no-Cre homozygous controls. These two genotypes are hence described together as controls.
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Histology and immunohistochemistry

Histology and immunohistochemistry were performed on the paraffin and cryosections as
previously described (50, 51). Briefly, slides were washed in PBS 3 times for 5 minutes each,
followed by PBST (0.3% Triton) washes 3 times for 5 minutes each before blocked in 10%
Horse Serum in PBST (blocking buffer) for 1 hour. Primary antibodies listed in Table 2 were
diluted in blocking buffer according to the dilutions and added to the slides in 4C overnight.
Antigen retrieval was performed in 10mM Sodium Citrate 0.05% Tween, pH 6.0 in an antigen
retriever (Aptum Biologics) for 3 cycles of heating. Secondary antibodies were added the next
day for 2 hours at room temperature followed by 5 minutes incubation with DAPI. Slides were
cover-slipped using NPG-Glycerol mounting medium for imaging. The antibodies used are listed

in Table 2.

In-situ hybridization

Cryo-sections were processed for in-situ hybridization using previously established protocols
(52). Briefly, DIG-labeled mRNA in situ probes diluted in hybridization buffer was added to the
slides and incubated at 65C overnight, followed by washes of high stringent buffers and MABT
before blocking with 10% Goat Serum in MABT. Anti-DIG antibody diluted in MABT (with 1%
Goat Serum) was added to the slides for 4C overnight. Slides were then washed in MABT
followed by Alkaline Phosphatase buffer (NTMT). BM Purple (Millipore Sigma) was added and
the color reaction was allowed to develop overnight. Slides were then briefly washed in PBS and

cover-slipped with mounting medium for imaging. The probes used are listed in Table 3.

Retina dissociation and Flow cytometry
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E13.5 retinae with attached RPE from 3 control and mutant embryos each were harvested in
ice cold HBSS after removal of the lens. Dissociation was performed using papain dissociation
kit (Worthington Biochemical) for 20 minutes at 37°C and stopped using DMEM + 10% FBS.
DNase | was added to the samples followed by incubation at 37°C for 5 minutes. Cells were
gently triturated using P1000 pipet, centrifuged at 300g and washed with DMEM + 10% FBS.
After passing through a 40pum filter and washed again in DMEM + 10% FBS, the cell suspension
was with SYTOX to mark dead cells before flow cytometry performed at the Columbia
University stem cell core facility. Single cells were collected with Bio-Rad S3e and gated for live
cells, GFP positive cells and TdTomato positive cells using FlowJo software. Approximately
100,000 cells were collected into 1.5 ml tubes pre-coated with FBS and containing DMEM +

10%FBS for submission for single cell sequencing.

Single-cell sequencing

Single-cell sequencing was performed at the single cell sequencing core in the Columbia
Genome center. Flow sorted single cells were loaded into Chromium microfluidic chips with v3
chemistry and barcoded with a 10X Chromium controller (10X Genomics). RNA from the
barcoded cells was reverse-transcribed and sequencing libraries constructed with Chromium
Single Cell v3 reagent kit (10X Genomics). Sequencing was performed on a NovaSeq 6000

(IMumina). The RNAseq data have been deposited at the GEO database (GSE139904).

Raw reads mapped to the mm10 reference genome by 10X Genomics Cell Ranger pipeline
(v2.1.1) using default parameters was used for all downstream analyses using Seurat v3 and
Velocyto. Briefly, the data set was filtered to contain cells with at-least 200 expressed genes and

genes with expression in more than 3 cells. Cells were also filtered for mitochondrial gene
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expression (<20%). The data-set was log-normalized and scaled. Cells with Td-Tomato reporter
expression were extracted and a separate expression matrix was constructed. This provided the
‘control” and ‘mutant’ gene expression matrices. Unsupervised clustering was performed
initially, followed by the manual annotation of Seurat clusters. Biological incompatibility based
on gene expression was used to identify doublets. Previously known unique gene expression in
extra-retinal cells such as the cornea, lens, and mesenchyme were used to identify extra-retinal
clusters. An integration analysis was performed to compare and analyze the ‘control’ and
‘mutant’ gene expression matrices, which included a normalization for cell numbers. The
unsupervised clustering with a resolution parameter of 0.7 for both control and mutant cells were
represented on a common UMAP space and cluster identity was assigned. Expression of various
known genes were used to determine cluster identities. Cell-cycle was assessed using the

vignette from Seurat.

For RNA velocity analysis, Velocyto.py was run following an example notebook
(https://github.com/velocyto-team/velocyto-notebooks/blob/master/python/ DentateGyrus.ipynb)
using the clustering from Seurat. Briefly, loom files were constructed by extracting the reads
from the 10X single-cell dataset. Following gene filtering, spliced and unspliced counts were
normalized based on total counts per cell. Velocity plots are represented as the transcriptomic
integration of control and mutant datasets, to represent similarities and differences in their
velocities respectively. Velocity vector fields of control and mutant datasets were calculated by
pooling the unspliced and spliced counts from similar cells using the KNN imputation method

with 120 neighbors.

Retinal organoid culture
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The hiPSC line PLA-1-3 was maintained on Matrigel (BD)-coated plates in mTeSR medium
(STEMCELL Technologies) and passaged with ReleSR (STEMCELL Technologies) (53).
Retinal organoid differentiation was carried out as previously reported with minor modifications
(54, 55). In brief, iPSCs at 90% confluence were checkerboard-scraped, approximately 1-1.5
mm?, using a 200 pl pipette tip and lifted using a cell scraper. Colony fragments were collected
and incubated with (z)blebbistatin in mTeSR medium overnight before moving to Neural
Induction Medium 1 (NIM)-1 to form Embryoid Bodies (EBs) in floating culture over three
days. All floating culture steps were performed in poly-HEMA (Sigma) coated wells. On
differentiation day (DD) 7, floating EBs were transferred to Matrigel-coated wells till DD28,
with transition from NIM-1 to NIM-2 medium at DD16. Neuroepithelia were lifted using the
checkerboard-scraping method (56). From DD28 to DD32, retinal organoids were sorted into
poly-HEMA-coated wells and maintained in NIM-2 until the end of the experiment. For ciliary
margin induction, differentiation day 32 retinal organoids were treated with GSK inhibitor CHIR
99021 (3 uM) for 10 days of treatment, followed by two days of no treatment before collection.
Organoids were washed twice with PBS (Phosphate Buffer saline), fixed for 30 min 4%
paraformaldehyde in PBS and cryoprotected by subsequent incubations of 30 min in 15% and
30% sucrose in PBS. The organoids were embedded in Tissue-Tek O.C.T Compound (Sakura
Finetek), frozen and stored at -80°C. Sections of 10 um were generated with a Leica CM1850
cryostat for immunohistochemistry. The CM area was identified by the MSX1* and CDO*
expression pattern and measured as the percentage of the total area of organoids in Image J. The
statistical significance was calculated using the student’s t test and results are expressed as mean
+ s.d. NIM-1: 48.95 mL DMEM/F12 supplemented with 0.5 mL 100x N2 supplement, 0.5 mL

100x Minimum Essential Media-Non Essential Amino Acids (MEM NEAASs), 10 puL 10 mg/mL
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Heparin (Sigma). NIM-2: 96 mL DMEM/F12 (3:1) supplemented with 2 mL 50x B27
Supplement, 1 mL 100x NEAA, 1 mL 100x Pen Strep (10,000 units/mL of penicillin, 10,000

pg/mL of streptomycin).
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FIGURE LEGENDS

Figure 1. Genetic ablation of FGF receptors disrupted CM development. (A) The
evolutionary conservation of peripheral ocular structures. The vertebrate eye cup is partitioned
into the neural retina (NR), the retinal pigmented epithelium (RPE) and the ciliary margin (CM),
the latter of which gives rise to the ciliary body (CB) and the iris. This resembles the Drosophila
eye where the NR is shielded by the pigment rim (PR), the head capsule (HC) and the sub retinal
pigment (SRP). (B) Deletion of FGF receptors in the peripheral retina abolished FGF signaling
as indicated by the loss of pERK, Etv5 and Spry2 expression. (C) The NR domain (dotted lines)
marked by Vsx2, Sox2, Pax6, N1CD, Gli1, Sfrp2 and Atoh7 expression was reduced in Fgfra&¢
mutants. (D) Fgfr#%¢ mutant retina displayed ectopic expression of Mitf, Pcad and Cx43 (dotted
lines), but down regulated Wfdc1, indicating loss of the CM domain. (E) Fgfr2¢ mutant animals
exhibited dysmorphic ciliary body (arrows) and iris hypoplasia (arrow heads) at P7 and aniridia

(white arrowheads) in adulthood.

Figure 2. Single cell analysis showed that FGF signaling regulates self-renewal and
differentiation of CM progenitors. (A) Schematic diagram of single-cell RNAseq. (B) Heat
map of differential gene expression in single-cell clusters. RPC: retinal progenitor cell, RGC:
retinal ganglion cell, AC: Amacrine cell, HC: Horizontal cell. PR: photoreceptor. (C) UMAP
representation of single-cell clusters. (D) Left: Diffusion analysis of RNA velocities identified
the root and the end of cell differentiation as represented by high density regions (dark green)
after forward and reverse Markov processes. Right: Cell differentiation trajectories were revealed
by the velocity field projected on the UMAP plot. Arrows indicate local RNA velocities on a
regular grid. (E) The state of the cell cycle represented on the UMAP plot. (F) Single-step

transition probabilities from the starting cells (red square) to neighboring cells showed the bias of
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CM progenitors in Fgfr#®¢ mutants toward differentiation against self-renewal. (G)
Quantification of single-cell velocities in each cluster showed the accelerated differentiation and

reduced proliferation of CM progenitor cells.

Figure 3. FGF signaling is required for CM subdivision and survival. (A) Violin plots
showed that the CM can be subdivided by the overlapping expression of Wls, Otx2, Msx1, Sox2
and Cdo, all of which were dysregulated in Fgfr#®¢ mutants. (B) Immunostaining confirmed that
the in silico clustering of CM cells matches the spatial separation of CM subdomains. Aberrant
invasion of Pcad, expansion of WIls and Otx2, loss of Msx1 and reduction in Sox2 and Cdo in
Fgfr/®¢ mutants demonstrated CM differentiation defects. Brackets indicate the domain of the
RPE and the distal, medial and proximal CM, corresponding to black, dark blue, yellow and light
blue regions in diagrams on the right. The NR is indicated in green. Arrowhead marks residual
wild type cells still expressing Msx1. (C) At E13.5, although Pax6 a-Cre was expressed only in
the peripheral retina indicated by its GFP reporter, it has already activated tdTomato expression
(arrows) from the Ai9 Cre reporter throughout the retina. At P2, these tdTomato positive
progenies remained in control retinae, but only a few (arrowheads) were left in Fgfr#®¢ mutants.
The tdTomato expression is indicated in red in diagrams. (D) CM cells were pulse labeled by
tamoxifen induction of Msx1-Cre=R™ at E13.5 and detected at E18.5 by tdTomato expression
from the Ai9 Cre reporter. Although these cells remained in the control CM identified by Cdo
expression (arrow), they had largely disappeared in the Fgfr#®¢ mutant (arrowhead), suggesting

cell survival defects.

Figure 4. CM development is dependent on the dosage of FGF signaling. (A) SCRNAseq
analysis revealed a nest pattern of Fgf3, Fgf9 and Fgf15 expression in the retina. (B) By reducing

the dosage of Fgf ligands, Fgf9/*¢ and Fgf3/9/%¢ exhibited progressive expansion of the distal
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CM/RPE marker Mitf, reduction in the proximal CM/NR marker Vsx2, and loss of pan CM
marker Wfdc1 and medial CM marker Msx1. (C) Overexpression of Fgf8 in Fgf8°F mutants
stimulated pERK and FGF-responsive gene Spry?2 in the presumptive RPE territory, which was
transformed to NR as indicated by Atoh7 expression. Reducing the strength of FGF signaling by
deleting Fgfrl and 2 in Fgfr4®¢; Fgf8°F mutants down regulated pERK. This prevented
expression of Atoh7, but induced the CM markers Otx1 and Msx1, indicating the transformation

to the CM fate.

Figure 5. FGF signaling determines the CM fate by promoting Wnt signaling. (A) Violin
plots showed down regulation of Wnt response genes Lefl and Axin2 in the Fgfr#®¢ mutant
transcriptome. (B) In mosaic analysis, Fgfr%¢ mutant cells acquired ectopic expression of Otx2
and Mitf at the expense of Lefl. In contrast, the remaining wild type cells identified by the lack
of Otx2 and Mitf expression still maintained Lefl expression. (C) Constitutively activation of
Whnt signaling by deleting the B-cateninS¢™® (B5¢%) motif transformed fcat®” retinae to the CM
as indicated by Cdo expression. Further deletion of FGF receptors in Fgfr?¢: fcat® mutant
retinae converts them to the RPE as indicated by ectopic expression of Pcad and Otx2 as well as
the appearance of pigmentation (arrows). Both the level of Lefl and the amount of f-catenin
detected by the B-catenin C-terminal antibody (B¢™P) arose in Scat® retinae but declined in
Fgfrike: gcat® mutants, showing that the Wnt-B-catenin signaling is dependent on FGF

signaling. The mutant regions are marked by dotted lines.

Figure 6. Paracrine Wnt signaling patterns the CM and the distal RPE. (A) The potential
source of the Wnt signaling gradient revealed by the TCF-GFP reporter may be targeted by a-
Cre for retina, Wnt1-Cre for periocular mesenchyme and Le-Cre for the lens ectoderm (the

surface epithelium and the lens). (B) Ablation of Wnt transporter WIs in the lens ectoderm
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specifically disrupted the proximal RPE differentiation in WIs?2Z mutants as indicated by loss of
Wnt2b, but not the proximal RPE marker Ttr. (C) Overexpression of Wntl in the lens ectoderm
also affected the proximal RPE by expanding Wnt2b expression in Le-Cre;R26-S-Wtt eye cup
without affecting Ttr expression. (D) The CM was lost in WIs?2Z mutants as shown by the
expansion of Vsx2 and absence of Wfdc1, Otx1, Msx1 and Mitf. The band of the RPE was further
diminished in WIs#E+4PM mytants. (E) WIS?E4PM mutant eyes lost WIs and Lef1 in both the lens
ectoderm and the periocular mesenchyme, leaving only a small band of Lefl expression next to

the Pax6-expressing RPE (arrowheads).

Figure 7. FGF and Wnt induces phase transition to generate the CM. (A) Deletion of either
B-catenin alone (Bcat*®*) or B-catenin and Fgf receptors together (Fgfr?®¢’; fcar*®*’) transformed
the distal retina into the NR as indicated by loss of Cdo and Msx1, lack of Otx2 and Pcad and
expansion of Sox2. The B-catenin or B-catenin/pERK deficient regions are marked by dotted
lines. (B) Although overexpression of Wnt1 in Wnt1°E embryos did not produce any phenotype
in the retina, when combined with overexpression of Fgf8, it transformed the RPE domain of the
Wnit1°E;Fgf8©E eye cup into the CM as indicated by the up regulation of the CM specific genes
Otx1 and Cdo and the lack of the RPE marker Mitf and the NR marker Atoh7. (C) The untreated
human iPSC organoid culture contained few MSX1* or CDO" CM-like cells. Addition of the 3
UM WNT agonist CHIR99021 significantly expanded the number of MSX1" and CDO" cells.
(D) Quantification of the MSX1* and CDO™ area as the percentage of the total organoid culture.
(E) FGF and Wnt signaling promote the abrupt and reversible transition of eye cup progenitors
into three phases, the NR, the CM and the RPE. Our study showed that the NR can be
transformed by constitutive activation of Wnt signaling (scat?) into the CM, which is converted

to the RPE after the loss of FGF signaling (Fgfr?). The RPE reverts back to the CM by titrating
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FGF signaling (Fgf8®F;Fgfrd). Otherwise, ablation of Wnt signaling (fcat?) or overexpression of
Fgf8 (Fgf8C°F) can turn the RPE into the NR, which may transition further into the CM after

overexpression of Wnt1 (Wnt1°F).

Figure S1: Identification of single-cell clusters by known cell type specific markers. (A)

Feature plots identified RPC clusters expressing Sfrp2, neurogenic clusters expressing Atoh7, the
RGC cluster expressing Pou4f2, the photoreceptor cluster expressing Crx and the AC/HC cluster
expressing Ptfla. (B) Feature plots of the CM specific genes. Notice the increased expression of

Mitf and WIs, the reduced expression of Wfdc1 and the loss of Msx1 in Fgfr#®¢ mutants.

Figure S2: Loss of FGF signaling promoted differentiation of RPCs instead of proliferation
(A) The percentages of BrdU+ versus DAPI+ cells were significantly reduced in the peripheral
retina (circled in dotted lines) in Fgfr#®¢ mutants. Arrow points to hyaloid cells in the vitreous.

(B) The proportions of CM clusters in Fgfr#® mutants were increased at the expense of RPCs.

Figure S3: Inactivation of MAPK pathway phenocopied FGF signaling defects. Genetic
ablation of Mek1 and 2 in Mek“®¢ mutants abolished pERK staining in the peripheral retina. This
led to reduced expression of retinal markers Vsx2 and Atoh7, loss of CM markers Wfdc1 and
Msx1 and expansion of the RPE marker Mitf. The adult Mek?%¢ animals also resemble Fgfr/<¢

mutants in the iris and ciliary body defects.

Figure S4: Wis is dispensable in the peripheral retina and the periocular mesenchyme. No
retinal phenotype was observed in Wis?%¢ where WIls was deleted in the peripheral retina and in

WIs?PM where WIis was deleted in the periocular mesenchyme.
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Reagent type or | Designation Reference Identifiers Source
Resource
Genetic reagent | Ai9 PMID: 20023653 | RRID:MGI:3817869 | Jackson
(M.Musculus) Laboratory
Stock #:
007908
Genetic reagent | p-catenin™ PMID: 10545105 | RRID: Dr. Stavroula
(M.Musculus) MGI:1858008 Kousteni
(Columbia
University
Medical
Center)
Genetic reagent | f-Catenin "™ | PMID: 11262227 | RRID:MGI:2148567 | Jackson
(M.Musculus) Laboratory
Stock #:
004152

Genetic reagent

(M.Musculus)

Fgf3 flox

PMID: 20171206

RRID:MGI:4456396

Dr. Suzanne L
Mansour
(University of

Utah)
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Genetic reagent | Fgf9 fox PMID: 16496342 | RRID:MGI:3621452
(M.Musculus)
Genetic reagent | Fgfr1fiox PMID:16421190 | RRID:MGI:3713779 | Jackson
(M.Musculus) Laboratory
Stock #:
007671
Genetic reagent | Fgfr2fiox PMID: 12756187 | RRID:MGI:3044690 | Dr. David
(M.Musculus) Ornitz
(Washington
University
Medical
School)
Genetic reagent | Mek1 o PMID: 16887817 | RRID:MGI:3714918 | Dr. Jean
(M.Musculus) Charron
(Universite®
Laval)
Genetic reagent | Mek2 7 PMID: 12832465 | RRID:MGI:2668345 | Dr. Jean
(M.Musculus) Charron
(Universite
Laval)
Genetic reagent | Msx1-Cre5*™? | PMID: 21693521 | RRID: Jackson
(M.Musculus) MGI:5049923 Laboratory
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Stock #:027850

Genetic reagent

(M.Musculus)

Pax6*-Cre (-

Cre)

PMID: 11301001

RRID:MGI:3052661

Dr. Nadean
Brown
(Children’s
Hospital
Research

Foundation)

Genetic reagent

(M.Musculus)

Pax6e-

Cre (Le-Cre)

PMID: 11069887

RRID:MG1:3045795

Dr. Richard
Lang
(Children’s
Hospital
Research

Foundation)

Genetic reagent | R26-S--Fdf8 PMID: 23358455 | RRID:MGI:5694148 | Dr. Yiping
(M.Musculus) Chen (Tulane
University)
Genetic reagent | R26-SE-Wntt PMID: 16054034 | RRID:MGI:3589804 | Dr. Thomas
(M.Musculus) Carroll (UT
Southwestern)
Genetic reagent | WIs X PMID: 20614471 | RRID:MGI:4452362 | Jackson
(M.Musculus) Laboratory
Stock #:

012888
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Genetic reagent | Wnt1-Cre PMID: 9843687 | RRID:MGI:2386570 | Jackson

(M.Musculus) Laboratory
Stock #:
003829

Table 2: List of Antibodies used in the Study
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Reagent type Designation Source Identifiers Additional
or Resource Information
Antibody Goat anti- Cdo | R&D Systems RRID:AB_2078891 IHC 1:1000
Antibody Rabbit anti- Cell Signaling RRID: AB_2294590 IHC 1:400
Cx43 Technology
Antibody Rabbit anti-p Sigma-Aldrich RRID: AB_476831 IHC 1:200
catenin (BC™P)
Antibody Rabbit anti- Cell Signaling RRID: AB_ 2650576 IHC 1:200
Non-phospho | Technology
[-catenin
(B>
Antibody Mouse anti- Developmental RRID:AB_1157913 IHC 1:200
Brdu Studies
Hybridoma Bank
Antibody Rabbit anti- Thermo Fisher RRID:AB_221569 IHC 1:1000
GFP Scientific
Antibody Chick anti- Aves Labs RRID:AB_10000240 | [IHC 1:1000

GFP
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Antibody Rabbit anti- Sigma-Aldrich RRID: AB_477163 IHC 1:1000
Laminin

Antibody Rabbit anti- Cell Signaling RRID:AB_659971 IHC 1:200
Lefl Technology

Antibody Rabbit anti- Abcam RRID:AB_10902226 IHC 1:100
Mitf

Antibody Goat anti- R&D Systems RRID:AB_2148804 IHC 1:100
Msx1

Antibody Rabbit anti- Cell Signaling RRID: AB_ 2153348 IHC 1:100
NICD Technology

Antibody Goat anti- Santa Cruz RRID:AB_2157183 IHC 1:500
Otx2 Biotechnology

Antibody Rabbit anti- Rockland RRID: AB_828390 IHC 1:1000
RFP Immunochemicals

Antibody Rabbit anti- Covance RRID:AB_291612 IHC 1:200
Pax6 Research

Products Inc.

Antibody Goat anti-Pcad | R&D Systems RRID: AB_355581 IHC 1:200

Antibody Rabbit anti- Cell Signaling RRID:AB_2095853 IHC 1:200
pERK Technology

Antibody Rat anti-Sox2 | Thermo Fisher RRID:AB_ 11219471 IHC 1:500

Scientific



https://doi.org/10.1101/2021.08.12.455556
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.12.455556; this version posted August 13, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Antibody Rabbit anti- Seven Hills Catalogue number: IHC 1:200

WiIs Bioreagents RLAB-177

Table 3: List of ISH probes used in the study

Reagent type or | Designation Source Identifiers

Resource

ISH probe Atoh7 Dr. Tom Glaser (University of PMID: 16038893
(Mathb5) California Davis)

ISH probe Etvb Dr. Bridget Hogan (Duke University PMID: 15809037

Medical Center)

ISH probe Gjal Dr. Carol Mason (Columbia PMID: 30254141
University)
ISH probe Glil Dr. Alexandra Joyner (New York

University Medical Center)

ISH probe Mitf Dr. Hans Arnheiter (NI1H) PMID: 15576400
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ISH probe Msx1 Dr. Valerie Wallace (University of PMID: 17574231
Toronto)

ISH probe Otx1 Dr. Valerie Wallace (University of PMID: 17574231
Toronto)

ISH probe Spry?2 Dr. Gail Martin PMID: 15809037

(University of California San

Francisco)

ISH probe Ttr Dr. Carol Mason (Columbia PMID: 30254141
University)

ISH probe Vsx2 (Chx10) | Dr. Roderick Mclnnes (McGill PMID: 7914735
University)

ISH probe Wifdcl Dr. Jean Hebert (Albert Einstein PMID: 22102609

College of Medicine)

ISH probe Whnt2b Dr. Tom Jessell (Columbia PMID: 30254141

University)
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