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Abstract

During development, multipotent retinal progenitor cells generate a large number of unique cell
types. Recent evidence suggests that there are fate-restricted progenitor cell states in addition to
multipotent ones. Here we report a transcriptomic analysis of fate-restricted progenitor cells biased
to produce cone photoreceptors and horizontal cells, marked by the THRB cis-regulatory element
ThrbCRM1. Comparison to a control population enriched in multipotent progenitor cells identified
several genes considered to be pan-progenitor, such as VSX2, LHX2, and PAX6, as downregulated
in these fate-restricted retinal progenitor cells. This differential regulation occurs in chick and in a
different restricted progenitor population in mouse suggesting that this is a conserved feature of
progenitor dynamics during retinal development. S-phase labeling also revealed that nuclear
positions of restricted progenitor populations occupy distinct spatial niches within the developing
chick retina. Using a conserved regulatory element proximal to the VSX2 gene, a potential
negative feedback mechanism from specific transcription factors enriched in cone/horizontal cell
progenitor cells was identified. This study identifies conserved molecular and cellular changes that
occur during the generation of fate restricted retinal progenitor cells from multipotent retinal
progenitor cells.
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INTRODUCTION

Seven major classes of retinal cells emerge from a pool of common retinal progenitor cells
(RPCs) during development: cone and rod photoreceptors (PRs), horizontal cells (HCs),
bipolar cells (BCs), amacrine cells (ACs), retinal ganglion cells (RGCs) and Muller glia
(MG). Approximately 100 different morphological and physiological types of these
principal cell classes (Kolb et al., 2001; Zeng and Sanes, 2017) are produced in distinct
temporal windows during retinal development and organized into a well-defined,
phylogenetically-conserved structure. However, the mechanisms responsible for the
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generation of this cell diversity are not fully understood. Several studies have described the
multipotency of retinal progenitor cells (RPCs) through viral clonal composition
experiments (Holt et al., 1988; Turner et al., 1990; Wetts and Fraser, 1988), where randomly
labeled clones varied greatly in size and produced all possible retinal cell types, suggesting
that all retinal cells derive from a pool of RPCs. Models to explain RPC fate commitment
have invoked both deterministic as well as probabilistic mechanisms (Cepko et al., 1996;
Chenetal., 2012; He et al., 2012).

The use of specific genetically-encoded reporters has allowed the identification of several
types of RPCs that have restricted competence to form specific cell types (Brzezinski et al.,
2011; Brzezinski IV et al., 2012; De la Huerta et al., 2012; Gao et al., 2014; Hafler et al.,
2012; Rompani and Cepko, 2008). There is evidence that in these cell populations, daughter
cells are biased to acquire certain cell fates at ratios that differ from those predicted by the
number of cells in the adult or in random clonal compositions. For example, both bHLH
transcription factor genes ATOH7 and ASCL1 have been reported to be expressed in
restricted RPC populations (Brzezinski et al., 2011; Brzezinski IV et al., 2012; Mu et al.,
2005). The ATOHY lineage is enriched for early-born cell types including RGCs, while the
ASCL1 lineage rarely produces RGCs. Another study identified a subpopulation of RPCs
that express a member of the cadherin family, CDH6. These RPCs generate all major retinal
classes but, when producing a daughter RGC, are biased to produce RGCs that respond
selectively to vertical motion (De la Huerta et al., 2012). These studies, however, are
dependent on Cre recombination, which can occur post-mitotically and therefore lead to
labeling of cells that are not actually derived from the specific RPC cell population.

Another notable example of RPCs with restricted competence is a class of RPCs expressing
oligodendrocyte transcription factor 2 (OLIG2). To circumvent the limitations of Cre, this
study employed a knock-in allele that expresses the receptor for an avian virus tumor virus A
(TVA) under the OLIG2 promoter. This type of virus allows infection only in mitotic cells
expressing TVA, thereby limiting the readout to the progeny of the OLIG2 RPCs. The
progeny of these RPCs is typically comprised of one or two cells, indicating a terminal
division or one additional preceding cell division. In addition, these RPCs are biased towards
specific cell fates at different developmental time points (Hafler et al., 2012). OLIG2 RPCs
infected during early embryonic stages, produce predominantly cone PRs and HCs (Hafler et
al., 2012). Recently, restricted RPC populations that preferentially generate cones and HCs
have also been observed in other animal models. Using a reporter of the early cone-
associated THRB gene (Ng et al., 2001, 2009), a lineage of RPCs was found to be biased to
produce cones and HCs in zebrafish (Suzuki et al., 2013). A similar study reported a
population of RPCs in the chick marked by a more discrete cis-regulatory element of the
THRB gene, ThrbCRM1 (Emerson at el., 2013). Viral tracing studies have shown that these
RPCs also preferentially produce cones and HCs, establishing this cis-regulatory activity as
one of the earliest developmental events currently known in a lineage that specifically
produces cone PRs in vertebrates.

While these studies provide a foothold for understanding cell fate determination in the retina
at the population level, many questions relating to restricted RPCs remain. Namely, it is
unknown what makes a restricted RPC molecularly distinct from a multipotent RPC and
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how do these RPCs become restricted to specific fates. This study addresses these questions
through differential transcriptome analysis between cells labeled by the ThrbCRM1 reporter
and other concurrent retinal populations, predominantly multipotent progenitors. Thus, here
is reported the first trancriptomic analysis of a cell population in the retina enriched in a
restricted RPC type biased towards the PR and HC fate. This study reveals that canonical
RPC genes are differentially expressed in the two RPC populations. VSX2 expression is
dramatically reduced in the ThroCRM1 population as compared to its control, while LHX2
and PAX6 are expressed in spatially segregated subsets of these RPCs, indicating differences
in the downregulation dynamics for these transcription factors. Using a regulatory element
proximal to VSX2, we observed two distinct populations defined at a transcriptional level:
multipotent, VSX2-expressing RPCs, and the ThrboCRML restricted RPCs. These data
indicate that specific changes in transcriptional and cellular position occur during the
formation of restricted RPCs such as those that generate cone photoreceptors and horizontal
cells.

Transcriptome analysis of the ThroCRM1-positive population

As shown previously, ThrbCRM1(+) RPCs preferentially give rise to cones and HCs and
have limited mitotic potential compared to other RPCs (Emerson at el., 2013, Fig. 1 A). To
investigate the molecular differences between these restricted RPCs and multipotent RPCs,
we sought to compare their transcriptomes. Retinas from embryonic day 5 (E5) chick
embryos were electroporated with both ThrbCRM1-GFP and UbiqC-TdTomato plasmids.
TdTomato is broadly expressed under the UbiqC promoter and serves to mark the
ThrbCRM1-negative electroporated cells (Fig. 1 B), which would include multipotent RPCs
(Matsuda and Cepko, 2004). Transcriptomes from ThrboCRM1-GFP and UbigC-TdTomato
expressing cells were obtained after retinas were incubated 1 day ex-vivo and sorted by
florescence-activated cell sorting (FACS) (Fig. 1 C). A representative illustration of the
collection windows used during cell sorting is presented in Fig. 1 D. For simplicity, the two
populations will be referred as ThrboCRM1 and UbiqC herein.

Abundance of transcripts was quantified in collected populations against Galgal/5 RNA
sequences using kallisto (Bray et al., 2016) and differential expression analysis was
performed between the ThrboCRM1 and UbigC group with sleuth (Pimentel et al., 2017)
(Suppl. File 1). As expected, expression of THRB was enriched in the ThrbCRM1
population (Fig. 1 E) as well as the OTX2 and OCL transcription factors, shown to occupy
the ThrbCRM1 element in vivo (Emerson et al., 2013). This suggests that the ThrboCRM1
population contains the majority of Otx2 and OC1 expressing cells that are present at this
developmental time, and able to be targeted by electroporation. The abundance of EGFP
transcripts confirmed proper enrichment of this population. In contrast, the TdTomato target
sequence was not significantly enriched in either of the two populations.

Previous viral lineage tracing experiments have suggested that ThrbCRML1 cells are biased to
produce PRs and HCs. Consistent with this, enrichment of PR-specific transcripts, such as
OTX5 (homologous to mouse CRX) and RCVRN (also known as Visinin), and of known
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HC-enriched transcripts including PTF1A, TFAP2A, and LHX1 (Fig. 1 E) were observed in
the ThroCRM1 population.

Because the ThrboCRML1 element drives reporter expression in the mouse retina during the
window of cone birth at E13.5 but not at postnatal day 0, when rods are produced (Emerson
etal., 2013), it’s likely that photoreceptors arising from this population are a type of cone
PR. Accordingly, cone-enriched transcripts such as GNGT2 and RXRG are highly enriched
in the ThrboCRM1 population (Enright et al., 2015; Roberts et al., 2005; Rodgers et al.,
2016). In contrast, MAFA, a rod-specific transcript that is functionally homologous to
mouse NRL (Kim et al., 2016; Ochi et al., 2004), was not significantly expressed in either
population (Fig. 1 E).

To validate known and novel transcripts, a subset identified as differentially expressed
between the two RPC populations were examined by RNA in situ hybridization (ISH) at E6
in the central retina. For most of the tested genes upregulated in the ThrbCRM1 population,
the ISH signal was present either at the scleral or vitreal side of the retina. Signal intensity
largely corresponded with the estimated number of transcripts in the RNAseq analysis (Fig.
2). Expression of RBP4 and GNGT2, known photoreceptor and cone-specific genes
respectively, was restricted to the scleral part of the retina where developing PRs are located
(Fig. 2 A-B), while THRB and NEUROD1 had a similar pattern but with additional
scattered expression in the neuroblast layer (NBL) (Fig. 2 C-D). THRB is known to be
present in a subset of RPCs (Trimarchi et al., 2008a) so it is therefore likely that this pattern
is indicative of the RPC stage of ThrbCRML1 cells. A prominent layer of ThrbCRM1-GFP
(+) cells is found near the vitreal surface of the embryo (see Fig. 1 B and Emerson et al.
2013), which is not observed with the Thrb RNA in situ hybridization. This discrepancy is
likely due to the persistence of the GFP reporter in HC cells derived from the ThrboCRM1
population.

LHX1 and TFAP2A, two genes associated with HC genesis, had restricted expression in the
vitreal retina (Fig. 2 E-F), whereas other HC-related genes such as FGF19 and TFAP2C also
had expression in the NBL (Fig. 2 G-H). This suggests expression during mitotic stages or
while the HCs are migrating postmitotically (Edqvist and Hallb6dk, 2004). GJAL and CERS,
genes enriched in the UbiqC population, exhibit ISH patterns spanning the whole retina,
with decreasing expression outside of the NBL (Fig. 2 1-J), whereas CYP1B1 and NR2E1,
also enriched in the UbiqC population, are present in a gradient of decreasing expression
towards the apical part of the NBL (Fig. 2 K-L).

Taken together, confirmation of transcript enrichment and RNA presence in situ support that
this dataset is enriched for ThrbCRM1 progenitor genes and the molecular profile is in
accordance with the previously observed restriction to PR and HC fates of these progenitor

cell types.

A subset of retinal progenitor genes is downregulated in the transcriptome of the
ThrbCRM1 population

The ThrbCRM1 and UbiqC populations are expected to be predominantly composed of
RPCs, because electroporation targets dividing RPCs and the short (20hrs) culture time post-
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electroporation in this experiment. In addition, the ThrbCRM1 element has been shown be
active in a class of restricted RPCs (Emerson et al., 2013). To further test the idea that the
UbiqC and ThrbCRM1 populations are comprised of comparable percentages of RPCs,
expression levels of cell cycle genes were compared between the two populations. The
majority of cell cycle genes examined (Liberzon et al., 2011), were not significantly
differentially expressed between the two populations (Fig. 1 F) indicating that ThrbCRM1
and UbigC populations contain similar percentages of RPCs. To further assess the
percentages of RPCs in each population, a combination of 5-ethynyl-2’-deoxyuridine (EdU)
labeling and 4’,6-Diamidine-2’-phenylindole (DAPI) was used to determine the percentage
of ThrbCRM1 and UbiqC populations in the GO/G1, S-phase, and G2/M phases of the cell
cycle (Supp. Fig. 1). Retinas were electroporated with ThrbCRM1-EGFP and UbiqC-
TdTomato plasmids, cultured for 1 day and exposed to EdU for 1 hour. These retinas were
then dissociated into single cells, which were fixed, labeled by DAPI and EdU detection
performed, and then analyzed by flow cytometry. The ThrboCRM1-EGFP, UbiqC only
population, and the not electroporated populations were analyzed with respect to their S-
phase status using EdU labeling and DNA content using DAPI (Supp. Fig. 1 A). Cell
populations with respect to the cell cycle were similar between all thee populations (Supp.
Fig. 1 B). A statistically significant difference was only identified between the ThrbCRM1
and not electroporated populations with the percentage of cells in G2/M slightly higher in
the ThroCRM1 population. From this analysis, we conclude that the ThrboCRM1 and UbiqC
populations contain similar percentages of RPCs across the major subdivisions of the cell
cycle.

During early retinal development, the large majority of RPCs are multipotent and it is likely
that a ubiquitous promoter will predominantly mark such RPCs. To assess the types of RPCs
targeted in the UbiqC and ThrbCRM1 populations, canonical RPC genes were examined.
VSX2 (Burmeister et al., 1996; Ferda Percin et al., 2000; Zou and Levine, 2012), LHX2
(Gordon et al., 2013; Roy et al., 2013), PAX6 (Marquardt et al., 2001), RAX (Furukawa et
al., 1997, 2000), SOX2 (Taranova et al., 2006), SOX9 (Poché et al., 2008), and NR2E1
(Miyawaki et al., 2004) are necessary for retinal development and have been characterized as
markers for RPCs at embryonic stages. Strikingly, some of these genes that are considered
pan-RPC were significantly downregulated in the ThrboCRM1 population: VSX2 (2.11 b
[fold change], <0.001 g), RAX (2.26 b, <0.001 g), and NR2E1 (2.8 b, <0.001 q). Other pan-
RPC genes were also significantly downregulated but less differentially expressed, such as
SOX2 (0.73 b, <0.001 q), SOX9 (1.22 b, <0.001 g) and LHX2 (0.45 b, <0.001 q), or in the
case of PAX6 (0.26 b, >0.05 q), not significantly different at all (Fig. 1 E).

To further validate differential pan-RPC gene expression in RPCs within the ThrbCRM1
population, a short (1 hour) pulse of EdU was used along with 3 pan-RPC markers: VSX2,
LHX2 and PAX®6. In accordance with the transcriptome analysis, most ThroCRM1 cells do
not express VSX2 (Suppl. Fig. 2 A-C) and only a subpopulation express LHX2 or PAX6
(Suppl. Fig. 2 E-G, I-K). This data suggests that the UbiqC and ThrboCRM1 populations are
composed of similar percentages of restricted and multipotent RPCs, respectively, and that
pan-RPC genes are differentially expressed between these two populations.
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The majority of OC1 and OTX2 expressing progenitor cells do not express VSX2 and are
spatially segregated from VSX2(+) progenitors

To characterize further this differential regulation of canonical RPC genes and to ensure that
differential regulation was not an artifact of prolonged culture or electroporation, retinas
were harvested from E5 and E6 embryos and exposed to EdU for 1 h, to positively identify
RPCs. ThrbCRML1 is activated by OTX2 and OC1, and these markers, in combination with
EdU, were used to identify ThroCRM1 RPCs. These populations likely include RPC types
that only express one of the transcription factors, but should still provide insight into non-
canonical RPCs. The presence of VSX2, LHX2, or PAX6 was assayed in addition to EdU
and OTX2 or OCL1.

At both E5 and E6 timepoints, most EdU(+) cells were VSX2(+) and were located in the
neuroblast layer (NBL). In contrast, OTX2(+)/EdU(+) RPCs were found throughout the
retina, and the vast majority of these RPCs did not express VSX2 (Fig. 3 A-B). OC1(+)/
EdU(+) RPCs were enriched in the scleral and vitreal portions of the retina, especially at E6,
and the majority of these cells also lacked VSX2 (Fig. 3 D-E). A fraction of EAU(+) cells
were negative for OC1, OTX2 and VSX2 (Fig. 3 G).

To visualize the spatial locations of RPC populations, a scatter plot of the distribution of
these cells along the scleral-vitreal axis was generated (Fig. 3 C, F). The quantitative results
are reported in Fig. 3 G and Suppl. Table 1. The location of EdU(+) cells differed between
those RPCs that expressed OC1 or OTX2 and those that expressed only VSX2. At E5 and
E6, all VSX2(+) RPCs cluster in the NBL in the lower middle portion of the retina along the
scleral-vitreal axis. In contrast, OC1 and OTX2 RPCs extend throughout the retina and,
unlike VSX2(+) RPCS, appear to form a unique population that is found near the scleral side
(Fig. 3C ,F).

At E6, a new and distinct population of OC1(+) RPCs emerges (some are observed at E5) in
the vitreal 20% of the retina (Fig. E, F). HC RPCs have been reported to cell cycle arrest in
G2, migrate to the vitreal side of the retina and undergo mitosis (Boije et al., 2009; Edqvist
and Hallbook, 2004). It is likely that these are those same RPCs, although, given that these
cells are marked by EdU, it appears that some of these RPCs are undergoing S-phase during
the vitreal migration, or after their arrival. In support of this, the HC marker LHX1 is
expressed in many of these OC1(+)/EdU(+) cells, both in the NBL and close to the vitreal
part of the retina (Suppl. Fig. 3A) (Edqvist and Hallb66k, 2004; Liu et al., 2000). This assay
confirms that EdU- labeled RPC populations that express OTX2 and OC1 have differential
expression of the VSX2 protein and the nuclei of these RPCs undergoing S-phase are
localized in patterns that are distinct from those of VSX2 RPCs.

Retinal progenitor cells that express OTX2 or OC1 and LHX2 are spatially segregated from
those that do not express LHX2

As anticipated from the known role of LHX2 in multipotent RPCs, LHX2 expression was
observed in most of the RPCs at a similar proportion and location in the NBL as VSX2 (Fig.
4 A-F). As with VSX2, a population of spatially-segregated RPCs was positive for OC1 or
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OTX2 and negative for LHX2, although these accounted for a smaller fraction of all EdU(+)
cells than was observed with VSX2 (Fig. 4 G).

The transcriptome analysis indicated that LHX2 is significantly, but not very highly,
enriched in the UbigC population. Therefore, in contrast to VSX2, a subpopulation of OC1
or OTX2 RPCs were also expected to be immunoreactive for LHX2. Indeed, OTX2 RPCs
that are LHX2(+) represent 9.4% at E5 and 13.9% at E6 of the total number of RPCs and are
found in a distinct spatial position from those RPCs that only express OTX2. OTX2-only
RPCs are found clustered in the scleral portion of the retina, while OTX2 RPCs that also
express LHX2 are found in a spatial location that overlaps that of the whole LHX2
population. OC1 RPCs that are LHX2(+) are 3.2% of all RPCs at E5 but reduced to 0% at
E6. Like OTX2, there is a distinct population of RPCs located in the scleral portion of the
retina that expresses OC1, but not LHX2. However, there is an additional population of
OC1-only RPCs that is found in the vitreal retina. The location of LHX2 RPCs that
expressed OC1 or OTX2 was still restricted to the NBL (Fig. 4 C, F). This analysis confirms
that LHX2 is also differentially regulated in restricted and multipotent progenitors but in a
distinct pattern from that of VSX2. Thus, there be separable genetic mechanisms that are
controlling the gene expression timing of these RPC genes.

The majority of OC1 and OTX2 expressing progenitor cells do not express PAX6 and are
spatially segregated to the scleral side

PAX®6, like LHX2 and VVSX2, is known to be expressed and required in multipotent RPCs.
However, the levels of PAX6 were not found to be significantly different between the
transcriptomes of the two populations. To determine if PAX6 was down-regulated in
restricted RPCs, EdU-labeled populations in the E5 and E6 retinas were examined for
expression of PAX6, OTX2, and OC1 (Fig 5). Unexpectedly, in a similar pattern to LHX2,
RPCs that express PAX6 were predominantly scattered through the NBL, while RPCs that
express OTX2 and OC1 but not PAX6 were spatially-segregated to the scleral part of the
retina (Fig 5 C, F).

At E6, however, a population of OC1(+) RPCs that expressed PAX6 were found clustered at
the vitreal side of the retina (Fig 5F). These cells were not identified as VSX2 or LHX2 in
the previous immunostained retinas (Fig 3F and 4F), and instead a OC1(+), EdU(+)
population that specifically lacks these markers was observed under these conditions. PAX6
expression is qualitatively stronger in the vitreal cluster of cells than in PAX6-only RPCs
(Suppl. Fig. 3 B). This increase in protein amount detected by immunohistochemistry could
reflect a higher number of transcripts in a subpopulation of the ThrbCRM1 RPCs (mainly
those at the vitreal side of the retina that are likely HCs), potentially explaining the absence
of significant differential expression compared to the UbiqC population. These data indicate
that like VSX2 and LHX2, PAX6 is spatially downregulated in restricted RPCs, notably
those present at the scleral side of the retina.
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OC1 and OTX2 restricted progenitors differentially regulate VSX2, LHX2 and PAX6 proteins
at E5 and E6

To more closely examine the differences between the expression of the three pan-RPC
markers relative to OTX2 and OCL, the defined RPC populations were compared directly to
one another and statistical significance was assessed (Suppl. Fig. 4). This analysis included a
control for ex vivo culture conditions, which was a set of E5 retinas cultured overnight to E6
and analyzed in an identical fashion to in vivo wild-type (WT) retinas (Suppl. Fig. 5). This
group will be referred to as ‘E5D1’.

As expected from the differential expression analysis, OTX2 RPCs that expressed VSX2,
were a significantly smaller fraction at E5 and E5D1 (E6 was not statistically significant but
showed a similar trend) compared to those that express LHX2 or PAX6, while there was a
concomitant increase in the number of OTX2-only RPCs (Suppl. Fig. 4 A, B).

In the group stained with OTX2 and PAX6 almost all RPCs are accounted for, unlike when
VSX2 and LHX2 are used where there is a small population of RPCs negative for all
markers (Suppl. Fig. 4 C). This suggests that there are RPCs that express PAX6, but not
OTX2, VSX2, or LHX2 and these are seen as positively marked by OC1 (Suppl. Fig. 4 E,
Fig. 5F). Thus, there is an RPC population that is vitreally located and only expresses OC1
and PAX6 out of the genes that were tested.

A comparison between the profiles of the OTX2 and OC1 groups also revealed that there
was a RPC population that is likely positive for OTX2 and not OC1 or any of the pan-RPC
markers, because there was a large population of unmarked RPCs when stained for OC1, but
not when stained for OTX2 (Suppl. Fig. 4 C, G). This suggests that there exist OTX2-only,
OC1-only, and OTX2/0OC1 double-positive RPC populations that all have differential
regulation of the pan-RPC markers compared to the majority of the RPC populations that are
present.

To assess the effects of ex vivo culture conditions, the E5D1 group was examined for the
expression of the same set of genes. In the E5D1 group, most patterns remain the same
(Suppl. Fig, 5 D, I). Distinct OTX2 or OC1 RPC populations that lack VSX2, LHX2, or
PAX6 were present in the scleral-adjacent portion of the retina, just as in WT retinas. One
notable difference is that the percentages of these RPC populations are increased under these
culture conditions. In addition, there were fewer OTX2 RPCs that expressed LHX2 than in
WT retinas while OTX2-only RPCs are increased concomitantly (Suppl. Fig. 5 E, J). These
OTX2-only RPCs are not solely restricted to the scleral part of the retina as in the E6 WT
retinas, but also extend into the NBL. These data indicate that culture conditions have small
but identifiable effects in these progenitor populations.

To analyze the spatial distribution patterns between the OTX2 and OCL1 single-positive
RPCs relative to VSX2, LHX2 and PAX6 expression, cumulative distributions were
generated (Suppl Fig. 6 A-D). OTX2 single-positive RPCs have significantly different
distributions depending on the pan-RPC marker used. OTX2(+)/VSX2(-) RPCs are spread
across the retina, while OTX2(+)/PAX6(=) RPCs are more commonly found towards the
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scleral side and OTX2(+)/LHX2(-) RPCs almost completely segregated to the upper 20% of
the retina (Suppl Fig. 6 A-B, E).

The distributions of OC1 RPCs at E5 between OC1(+)/VSX2(-) and OC1(+)/LHX2(-) or
OCL1(+)/PAX6(-) are also significantly different (Suppl Fig. 6 C). However, at E6 the
distributions become bimodal in the VSX2 and LHX2 group due to the presence of OC1
vitreal RPCs. Distribution of OC1-only RPCs in the PAX6 group is still restricted to the
scleral part of the retina since all vitreal RPCs that express OC1 also express PAX6 (Suppl
Fig. 6 D). Given the known nuclear migration of RPCs in the scleral direction from S-phase
to mitosis, these data support the interpretation that the OTX2 and OC1 RPC populations
downregulate VSX2 expression prior to that of LHX2 and PAXG6.

Restricted progenitors in the mouse differentially regulate VSX2 and LHX2 in the mouse

retina at PO

We explored whether the downregulation of VSX2 and LHX2 observed in the chick retina
was applicable to mouse development by using similar immunofluorescence assays,
exposing the retinal tissue to EAU for 2 hours. We first investigated the embryonic mouse
retina at a comparable developmental timepoint to the chick when cones and HCs are being
formed and when OC1 and OT X2 expression has been observed in RPCs. At E13.5, as
expected, the majority of RPCs were VSX2 or LHX2 positive. However, in contrast to the
chick retina, more OTX2 and OC1 RPCs expressed VSX2 and only a small fraction was
negative for VSX2. (Suppl. Fig. 7). Interestingly, we did not detect OTX2 or OC1 RPCs that
were negative for LHX2. OTX2 and OC1-only RPCs are, consequently, a very small fraction
of the total RPC pool at E13.5.

To assess whether a different restricted RPC type had similar differential regulation of
progenitor markers, we next examined postnatal OLIG2(+) RPCs (Hafler et al., 2012). EdU
labeling was performed on PO retinas and expression of OLIG2 relative to VSX2 and LHX2
expression was assessed. At PO, the majority of RPCs were marked by the multipotent RPC
markers VSX2 and LHX2. We observed a similar pattern to the chick retina when examining
the expression of VSX2 and LHX2 relative to OLIG2(+) RPCs. 6.4% of RPCs express
OLIG2 and VSX2, while 14.4% express OLIG2 and LHX2; 7.6% of OLIG2(+) RPCs are
negative for VSX2 while only a negligible fraction (0.7%) are negative for LHX2,
suggesting that OL1G2(+) RPCs negative for VSX2 are expressing LHX2 (Suppl. Fig. 7 M-
P). This data suggests that at PO, VSX2 is downregulated either temporally before LHX2 or
in a subpopulation of OLIG2(+) RPCs in the mouse retina. This similar gene regulation to
what is observed in a different type of restricted RPC present in the chicken retina suggests
that this may be an important feature of at least some restricted RPC types.

Expression of Visinin and LHX1 in OTX2 and OC1 progenitors

Given that evidence has emerged for the existence of RPC states that generate homotypic
daughter cell pairs, including PRs and HCs, we explored whether some of the OTX2 and
OC1 labeled RPCs could also show evidence of PR or HC gene expression indicating their
final fate (Rompani and Cepko, 2008; Suzuki et al., 2013; Wong and Rapaport, 2009). To
label the RPCs that are fated to become PRs, we used Visinin, an early and specific marker
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of PRs in the chick retina, at E6. Some OTX2(+) cells observed to be undergoing M-phase,
detected by Phospho-Histone3 (PH3) immunoreactivity, also expressed Visinin (Suppl. Fig.
3 C). These Visinin(+) cells, at least in part, are presumably ThrboCRM1(+) cells since they
express OC1 as well as OTX2 (Suppl. Fig. 3 D) and Visinin is highly enriched in the
ThrbCRML1 transcriptome. This is in agreement with previous reports of OC1 being present
in Visinin(+) cells in the chick and in postmitotic PRs in the mouse (Emerson el al., 2013,
Muranishi et al., 2010).

As noted before, we also observed OC1 populations of cells at the vitreal side of the retina
(and in some cells of the NBL) that express LHX1 (Suppl. Fig. 3 A). LHX1 is also highly
enriched in the ThrboCRM1 transcriptome. This indicates that it is possible that OC1 and
OTX2 progenitors, most of which are likely to be ThrboCRM1(+) cells, have the potential to
upregulate some PR or HC genes and possibly divide one more time into their terminal fates.

ThrbCRM1 restricted progenitors and VSX2 multipotent progenitor populations are defined
at a transcriptional level

To explore the molecular nature of the division between multipotent and restricted RPCs, we
searched for an enhancer element that would be active only in cells positive for VSX2,
because that population should have minimal overlap with restricted OTX2 and OC1
progenitors. Six evolutionarily conserved regions (ECRs) around the VSX2 locus were
tested for their ability to drive reporter expression. We identified an active element 5’ of the
protein coding region (Fig. 6 A). VSX2ECRA4 drives reporter expression in EdU (+) cells
with distinctive RPC morphology in the NBL after electroporation at E5S and 24h culture
(Fig. 6 D). We verified that this element is active in VSX2(+) cells and, after 8h of culture,
strong reporter expression is detected in the NBL of chick retinas. VSX2 can be found in
91.6% of VSX2ECRA4(+) cells (Fig. 6 B-C). VSX2ECR4 is also active at PO in the mouse
retina in VSX2(+) cells (Suppl. Fig. 8 A). Taken together, this data indicates that
VSX2ECRA4 is reliably active, in the chicken and mouse retina, in a population of cells
enriched for multipotent progenitors and positive for VSX2.

The previous observation that VSX2 protein is downregulated in OTX2 and OC1 RPCs at
both the mRNA and protein levels supports the hypothesis that this is due to a cessation of
VSX2 gene transcription in these cells. To determine if the VSX2ECRA4 element
recapitulates the differential expression in these RPC populations, we co-electroporated a
VSX2ECRA4-GFP construct and a ThrbCRM1-AU1 construct. Immunofluorescence
examination revealed that on a qualitative level these reporter constructs were largely active
in two distinct RPC populations, though a small number of co-expressing cells were
observed (Fig. 6 D). To quantitate this effect, a flow cytometry assay was used. This assay
confirmed that fluorescent reporters (EGFP and TdTomato) driven by ThroCRM1 and
VSX2ECR4 are largely found in two distinct populations and, after 24h of culture, only 3%
of electroporated cells were found to be double-positive for the two reporters (Fig. 6 E). The
percentage of double-positive cells is similar when the fluorescent reporters were switched
between these cis-regulatory elements (Fig. 6 F). Thus, VSX2ECR4 and ThrboCRML1 are
targeting separate populations, corresponding to multipotent and restricted progenitors.
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OC1 and OTX2 are responsible for driving at least some of the molecular characteristics of
the ThroCRM1 population and misexpression of these transcription factors can induce
changes in cell fate (Emerson et al., 2013; Nishida et al., 2003). We investigated whether
these transcription factors can also function to drive the transition from multipotent to
restricted RPCs. Previous results have shown that in multiple contexts, OC1 and OTX2 are
both necessary and sufficient to drive the activation of ThrboCRM1. To determine whether
OC1 and OTX2 also influence the activation of the VSX2ECR4 element, the effects of
misexpression of these factors on the number of ThrbCRM1(+), VSX2ECRA4(+), and
ThrbCRM1(+)/VSX2ECR4(+) cells was assessed. The number of ThroCRM1 cells
significantly increased in number with the introduction of CAG-OC1 and CAG-OTX2 as did
ThrbCRM1/VSX2ECR4 double-positive cells. Notably, there was a significant decrease of
VSX2ECRA4 cells in the electroporated population (Fig. 6 G). The increase in double-
positive cells did not reflect the same proportion as the increase in ThrbCRML1 cells, likely
indicating that the addition of these two transcription factors induced an exit from the
multipotent state and that it can be detected by changes in transcriptional activation. To
determine if the observed decrease in VSX2ECRA4 activity was simply a result of cells being
driven out of the cell cycle by misexpression of OTX2 and OC1, a cell cycle analysis using
DAPI and EdU, was performed as in Supp. Fig. 1 (Supp. Fig. 9 A). It was observed that
misexpression of OTX2 and OCL1 does in fact lead to a highly significant decrease in both S-
phase and G2/M cells in electroporated cells (Supp. Fig. 9). However, the total decrease in
these populations (and comparable increase in the GO/G1 population) was approximately
5%, which would not be sufficient to explain the greater than 50% reduction in VSX2ECR4
activity that was observed. The decrease in VSX2ECR4 activity is unlikely to be through
direct repression of VSX2ECR4 by OTX2 or OC1, since there are no predicted binding sites
for either transcription factor in the sequence. Such decrease could also be due to a
downregulation of an activator of VSX2ECR4.

Flow cytometry experiments were performed to identify VSX2ECR4 subfragments that had
reporter activity, and identified a 220bp subfragment that contained critical elements for
reporter activation (Suppl. Fig. 10 A,B). Mutation of a highly conserved sequence within
this element completely eliminated reporter expression (Suppl. Fig. 10 C). This sequence is
therefore likely to be important for recruiting a transcription factor that can activate
transcription in these VSX2-positive cells, but the identify of this transcription factor(s) is
not yet known. Overall, this data indicates that, during early retinal development in the
chicken retina, multipotent and restriction progenitor populations can be detected and
differentiated at a transcriptional level and that specific factors, like OTX2 and OC1, can
affect the multipotent state.

DISCUSSION

While the adult retina possesses a remarkable organization recognized by early
neuroanatomists, such order is notably lacking during development. The cell bodies of RPCs
and postmitotic cells are often intermixed and differentially expressed genes are found in
scattered cell populations. This has hindered the identification of the molecular and cellular
events that allow a pool of multipotent RPCs to generate the diverse set of retinal cell types.
Only recently have examples of restricted RPCs been characterized, though these studies
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have been mostly limited to determining competence and possible fates of these cells. A
previous study has examined the transcriptome of ATOH7 (MATHS5) positive cells in the
mouse retina (Gao et al., 2014). This population would be expected to include RPCs that
give rise primarily to early cell types including RGCs, HCs, and cones, but also to later born
cell types. However, this study used a transgenic reporter to identify and purify these cells,
and whether the collected population was enriched in RPCs instead of postmitotic cells was
not determined. In the current study, the technique of electroporation of a specific cis-
regulatory element has allowed the first transcriptome analysis of a cell population enriched
in a restricted RPC type. Enrichment in ThrbCRM1 RPCs is likely due to the temporal
dynamics of electroporation and the relatively short time between electroporation and cell
harvest. This novel use of electroporation to target a transient population in a developmental
context for transcriptome analysis will allow for more systematic analysis of transient cell
states in the retina and perhaps in other systems.

The regulation of VSX2 in ThrbCRM1 RPCs is very much consistent with a previous study
of zebrafish VSX2 (Vitorino et al., 2009). Using a BAC VSX2-GFP reporter, it was shown
that GFP expression was present in many RPCs but decreased in genetically-marked
restricted RPCs, such as ATH5(+) or VSX1(+) RPCs. The interpretation from this study was
that VSX2 is expressed in multipotent RPCs and is actively repressing the activation of
lineage-restricted RPCs. Other reports have also suggested variability in VSX2 regulation
within RPCs (Pacal and Bremner, 2012; Trimarchi et al., 2008b). In the present study, we
support these observations in other vertebrates and extend them to other RPC types. These
include OTX2 and OC1 positive RPCs in chick and OLIG2 positive RPCs in mouse,
supporting the idea that this is a widespread phenomenon in vertebrates. In addition,
misexpression experiments with OTX2 and OC1 show repressive effects on the VSX2ECR4
reporter, which suggests VSX2 might ultimately be a target of repression by restricted
progenitor genetic networks, instead of VSX2 repressing these networks as had been
previously suggested (Vitorino et al., 2009).

Previous studies have also identified differences in the spatial locations of RPC populations
defined primarily by the non-apical position of where these cells undergo mitosis (Boije et
al., 2009; Godinho et al., 2007; Weber et al., 2014). These studies have identified RPC
populations that homotypically divide to generate HCs, BPs, and PRs. However,
ThrbCRM1-labeled RPCs appear to be occurring in a developmentally earlier RPC
population than these RPC types, as they generate both HCs and PRs. ThroCRM1 RPCs also
undergo mitosis apically (data not shown), though the daughter cells of these RPCs are
likely to include homotypically dividing HCs and possibly homotypically dividing PRs. A
previous study in zebrafish has also identified differences in the interkinetic nuclear
migration patterns such that RPCs whose nucleus migrates more basally are more likely to
produce postmitotic neurons upon apical mitotic divisions (Baye and Link, 2007). In
addition, a graded distribution of Notch signaling has been observed across the apical-basal
axis of the zebrafish retina, which would lead to increased Notch signaling in apically
localized cells, increasing their mitotic potential (Del Bene et al., 2008). However,
ThrbCRML1 retinal progenitor cells have less mitotic potential than the more basally located
multipotent retinal progenitor cells. This suggests that there could be fundamental species
differences in Notch signaling or other signaling pathways that account for this difference.
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Further studies are required to determine whether restricted RPCs and multipotent RPCs
differ in their nuclear migration behavior and the implications for their exposure to
extracellular signaling molecules during this migration.

While these previous studies have described cellular differences in the behavior of different
RPC types, the molecular differences in these cells is relatively unknown. The transcriptome
analysis revealed that many transcription factors considered to have pan-RPC expression are
in fact differentially downregulated in ThrboCRM1 cells, including NR2E1, RAX, SOX2,
SOX9, LHX2, and PAX6. Like VSX2, characterization of PAX6 and LHX2 protein
expression through immunohistochemistry revealed that these proteins are down-regulated
in RPCs that express OTX2, OC1, and OLIG2. However, in these populations, PAX6 and
LHX2 appear to be present in greater numbers of RPCs. Part of this appears to be because of
the upregulation of PAX6 in HC cells within the ThrbCRM1 population. It is not yet defined
whether this collection of genes is all under the control of one or multiple gene regulatory
networks.

We propose a model for the transcriptional and cellular events that occur during the
formation of ThrboCRML1 restricted RPCs (Fig. 7). Given the functional role and gene
expression in most RPCs, it is probable that dividing multipotent RPCs have a high
likelihood of producing at least one other multipotent RPC that expresses VSX2, LHX2, and
PAX6. The VSX2 expression is driven, at least in part, by the ECR4 module of VSX2
described here. The division of these multipotent RPCs could generate another multipotent
RPC and a ThrbCRM1 RPC. This ThrbCRM1 RPC would begin to express OTX2 and OC1,
through gene regulatory networks that have yet to be defined and OTX2 and OC1 would in
turn activate the ThrboCRM1 element. The previously described OTX2ECR2 element
(Emerson and Cepko, 2011) is likely to mediate some of the transcriptional activation of
OTX2 in these cells, though there may be others as well. In addition, the timing of their
activation is unclear, though the lack of overlap with VSX2 suggests that it does not express
in the parental multipotent cell and the occurrence of robust expression during S-phase
suggests that G1 could be a likely beginning point for their expression. OTX2 and OC1
could function to consolidate the formation of a restricted RPC through repression of VSX2
expression via indirect effects on the VSX2ECR4 element. The experiments presented above
where the activity of VSX2ECR4 and ThrbCRM1 reporters was assessed suggest that they
are not active in the same cells. This implies that either: 1) these are two distinct states or 2)
the simultaneous transcriptional activity of these two elements is extremely low and this
assay is not sensitive enough to capture the concurrent activity. Given the overlap at the
protein level of VSX2 with OTX2 and OC1 in only a small number of EdU labeled cells,
this supports the hypothesis that these are really two distinct states. The presence of OTX2
and OC1 positive cells that lack VSX2 occur throughout the extent of the retina at E5 with
the greatest number near the scleral surface. In contrast, LHX2 and PAX6 are expressed in
the OTX2 and OC1 positive RPCs located near the middle of the retina at E5 and are notably
absent from the scleral population. Assuming that restricted RPCs follow the same nuclear
kinetic movements of other RPCs and are undergoing mitosis on the scleral surface and S-
phase further away from this surface, this spatial profile would suggest that VSX2
downregulation precedes that of LHX2 and PAX®6.
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Two major types of cells derived from ThrboCRM1 RPCs are cones and HCs, though the
specific types of both cell classes are not yet known. In addition, the specific cell division
patterns that lead to the formation of these cells is not identified, including whether both
cones and HCs are made from the same RPC and whether there are homotypic RPC states
that occur before the final formation of postmitotic cells. Previous work has shown that HC-
only RPC states exist (Godinho et al., 2007; Rompani and Cepko, 2008; Zhang et al., 2003),
and the population of OC1(+), PAX6(+), but OTX2(-), VSX2(-), LHX2(-) RPCs that
become prominent at E6 is likely such a RPC population (see Fig. 5F). In support of this,
these cells are located a few cell bodies above the vitreal layer where they have been
previously described, express strong PAX6 and OC1 (both genes upregulated in HCs) and
express LHX1, a dedicated marker of HCs in the retina. It is interesting to note that PAX6
has multiple phases of expression - presence in multipotent RPCs, absence in ThrbCRM1
RPCs and initiating again in the cells that will migrate vitreally to form HC RPCs. This
suggests that there could be multiple gene regulatory networks controlling these two phases
and in support of this, a cis-regulatory module of PAX6 has been previously described to
drive expression in RPCs that only generate HCs (Zhang et al., 2003). In zebrafish, RPCs
that divide homotypically to produce PRs (He et al., 2012) and, specifically, those that
produce cones have been described (Suzuki et al., 2013). In mouse, a few such clones have
been observed, both in random infections (Turner et al., 1990) as well as in infections of
restricted RPCs (Hafler et al., 2012), although on both occasions these clones were a very
small fraction of the total observed. The OTX2(+), OC1(-) RPCs could be this progenitor
population given the role of OTX2 in photoreceptor development. In support of this, some
OTX2(+) cells that express the mitotic marker PH3 can be observed to also express Visinin,
which at this timepoint in the chick is considered to be a PR marker (Bruhn and Cepko,
1996; Fischer et al., 2008; Hatakenaka et al., 1985; Yamagata et al., 1990).

Another goal of this study was to investigate the molecular events that occur in ThrboCRM1
RPCs because of their link to cone genesis. Cone PRs are critical for high acuity vision and
are often lost during retinal diseases such as retinitis pigmentosa and macular degeneration,
among others. One approach to replace these cells in patients is through the production of in
vitro generated cells that could be introduced into the diseased retina. Thus, our
understanding of the molecular events that occur during the genesis of these cells during
normal development may provide insight into strategies to induce or identify these cells
during stem cell differentiation protocols. For instance, using OC1 and OTX2 as markers of
the early steps of cone genesis has been useful for optimizing cone-producing stem cell
protocols (Kruczek et al., 2017). The results of the current study suggest that the
downregulation of multipotent RPC genes could serve as a useful biomarker to enrich for the
production of restricted RPCs that will form cones. Future studies to understand the gene
regulatory networks that underlie the transition from multipotent to restricted RPCs could
also aid in designing protocols to enrich for cone PR production through induction of this
restricted RPC state.
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All experimental procedures were carried out in accordance with the City College of New
York, CUNY animal care protocols. CD-1 mice were used and provided by Charles River.
Fertilized chick eggs were from Charles River, stored in a 16°C room for 0-10 days and
incubated in a 38°C humidified incubator. All experiments that used animals were not sex-
biased.

Cloning and DNA electroporation

The Stagia3 and AU reporter plasmids were previously described (Billings et al., 2010;
Emerson and Cepko, 2011). VSX2 evolutionary conserved elements (ECRs) were identified
using ECR Browser (Ovcharenko et al., 2004). One or both orientations of the ECR were
screened for activity using the AP reporter. No difference was noted in the activity of
VSX2ECR4 in the two orientations, therefore, only one was used for all experiments. The
co-electroporation control plasmid UbiqC-TdT was described in (Rompani and Cepko,
2008). CAG:mOtx2 and CAG:mOC1 were described in (Kim et al., 2008) and (Emerson et
al., 2013). For the CAG-iRFP plasmid, the iRFP coding sequence was cloned from
piRFP670-N1 vector (Addgene plasmid #45457) into the Stagia3 backbone, from which the
GFP had been removed and the CAG promoter had been cloned upstream.

To deliver the plasmids to the freshly dissected retinas, ex vivo electroporation experiments
were carried out as detailed in Emerson and Cepko 2011. A BTX ECM830 electroporator
was used for the cell sorting experiment. All other experiments used a Nepagene
electroporator. Retinas were cultured between 8 h and 2 days, according to the experiment.
The DNA mixtures used for the ex vivo electroporations were diluted in sterile 1X PBS to a
final concentration of 0.16 g/ for reporter plasmids and 0.1 pg/u for the co-
electroporation control plasmids and misexpression plasmids.

Retinal cells dissociations and Florescence Activated Flow Sorting (FACS)

After incubation in culture, remaining retinal pigment epithelium and condensed vitreal
material was removed from the retinae in HBSS (GIBCO, 14170112) and dissociated using
a papain-based procedure (Worthington, L5003126) (Matsuda and Cepko, 2004). Samples
used for quantitation of reporter activity were fixed in 4% paraformaldehyde for 15 minutes
and washed three times in 1X PBS. Dissociated cells were collected separately into FACS
tubes (BD Falcon, 352054) upon being filtered through 40um cell strainers to ensure
suspension of individual cells (Biologix, 15-1040). For cell cycle analyses, retinae were
incubated in regular culture media containing 10-504M EdU for 1 hour. After fixation,
incorporated EdU was detected and cells were resuspended in a 1:10,000 DAPI solution for
FACS analysis (Pozarowski and Darzynkiewicz, 2004).

Fluorescent activated cell sorting (FACS) for quantitative reporter assay was carried out with
a BD FACS Aria machine, using the following lasers: 488nm, 561nm and 633nm. FACS
data was analyzed using FlowJo Version 10.2. The overall duration of the dissociation and
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cell sorting processes is approximately 4 hours. FACS experiments were replicated at least 3
times, unless noted.

Immunohistochemistry and EdU labeling

Microscopy

Retinae processed for immunohistochemistry were fixed in 4% paraformaldehyde for 30
minutes at room temperature, sunk in 30% sucrose/0.5X PBS and then snap-frozen in OCT
(Sakura Tissue-Tek, 4583). 20 um vertical sections were obtained using a Leica Cryostat and
collected on slides (FisherBrand, 12-550-15) in a way to collect sections from the entire
retina, avoiding collecting consecutive sections on the same slide.

All immunofluorescence experiments were performed as in Emerson and Cepko, 2011. For
VSX2, LHX2 and PAX6 antibodies, the percentage of Tween was raised to 0.3% and used in
combinations with 0.3-0.5% Triton X-100 (AMRESCO, 9002-93-1). After a minimum of 1
h at room temperature in blocking solution, the slides were incubated at 4°C overnight with
a mix of the primary antibodies (Suppl. Table 2), 5% serum and 0.1% Tween. Secondary
antibodies appropriate for multiple labeling were from Jackson ImmunoResearch. Alexa 488
and 647 conjugated secondary antibodies were used at 1:400 and Cy3 at 1:250. A solution of
1:10,000 DAPI was applied on sections prior to 3 final washes of 15 minutes at room
temperature in 1X PBT and slides were mounted in Fluoromount (Southern Biotech, 0100—
01) with 34x60mm cover slips (VWR, 48393 106).

For EdU labeling, retinae were incubated in regular culture media containing 10-504M EdU
for 1 hour. For E13.5 mouse retinas, EAU labeling was performed by injecting pregnant
dams with 150ml of 10mM EdU resuspended in 1X PBS. EdU detection was performed
with a Click-iT EdU Alexa Fluor 647 imaging or flow cytometry kit (C10340, Invitrogen).

Confocal images were acquired using a Zeiss LSM880 confocal microscope using ZEN
Black 2015 2.1 SP2 software and images were converted into picture format using the FIJI
version of ImageJ (Schindelin et al., 2012). Figures were assembled using Affinity Designer
vector editor. Micrographs of in-situ hybridized retinas were acquired with a Zeiss Axioplan
microscope with a dry 40x objective and processed offline with ZEN software (Zeiss) and
Affinity Photo editor. Images were adjusted uniformly with regards to brightness and
contrast.

In Situ Hybridization

In situ hybridization used mRNA probes designed as described in Sajgo et al., 2017. Suppl.
Table 3 shows the primers used for probe amplification. DNA templates were amplified
from genomic DNA or chick E6 retina cDNA and probes were amplified using a high-
fidelity Pfu-based DNA polymerase (Agilent, catalog #600675). cDNA was made from
chick embryo total RNA extracted using a Qiagen RNEasy® Plus Mini kit (Qiagen, 74134),
then reverse transcribed using SuperScript 11 Reverse Transcriptase® (Thermo Scientific,
18064014).
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After sequence confirmation, amplicons were re-amplified with primers that included a T7
promoter reverse primer (TAATACGACTCACTATAGGG), and used as template for the
RNA synthesis reaction. For the THRB probe, SP6 promoter was used
(AGATTTAGGTGACACTATAGA). DIG RNA Labeling mix (Roche Applied Science,
17109820) and T7 polymerase (Roche, 13644023 10881775001) were used according to the
vendor’s protocol to generate the RNA probe, that was then precipitated with LiCl and
Ethanol and RNA pellets were resuspended in RNase free water (VWR, 02-0201-1000).

E6 chick retinas were fixed overnight at 4°C, processed as for immunohistochemistry, and
20 um vertical sections were collected and stored at —80°C. Slides were air-dried for 10
minutes, fixed for 10 minutes in 4% PFA, treated with 1ug/ml proteinase K in 1x PBS for 10
minutes, fixed again for extra 10 minutes in 4% PFA and permeabilized in 0.1% Tween in 1x
PBS, all at room temperature. Acetylation was carried out in 50ml RNAse-free glass jars,
with 49.2 ml RNase free H,0, 625/ Triethanolamine and 1254 acetic anhydride for 10
minutes at room temperature. Slides were permeabilized post acetylation for a total of 30
minutes in 0.1% Tween in 1x PBS, then rinsed with RNase-free H,0.

The hybridization solution contained 2x Formamide (Amresco, 0314-950ML, lot#
12531C148), 5x SSC, 5x Denhart’s solution (ThermoFisher Sci., cat #750018) and 250
ug/ml baker’s yeast RNA and approximately 500ng DIG-labeled RNA probe. After probe
application, a glass cover slip was applied and slides were incubated overnight in a sealed
tray at 65°C in a lab oven. Slides were washed in a gradient of SSC from 5x to 0.2x, the first
3 washes being done at 65°C, followed by one at room temperature. Slides were equilibrated
in a buffer containing 0.1M Tris pH7.5, 0.15M NaCl (herein called B1) for 10 minutes at
room temperature, then blocked with 20% heat-inactivated normal goat serum (HINGS)
(VWR, IR2430, 10152-210) in B1, for a minimum of 1 hour at room temperature. Anti-
DIG-AP antibody at 1:2500 (Anti-Digoxigenin-AP, Fab fragments, Roche, 11633716001)
was applied in 5% HINGS B1 buffer at 4°C overnight.

Post incubation with the primary antibody, slides were washed 3x 10 minutes in buffer B1,
and incubated in 0.1M Tris pH9.5, 0.1M NaCl, 50mM MgCl, for 10 minutes. The substrate,
250mg/ml NBT (VWR, MB1019100MG, 100270-436) and 125 mg/ml BCIP (VWR,
H56265-06, AAH56265-06) in the buffer above, at a pH of 9.5, was applied on slides for 3
to 48 hours until signal was detected. Slides were then immersed in 1x PBS for 3x 10
minutes and mounted with coverslips and Aquamount (Sigma Aldrich, USA).

RNA extraction and library preparation

A minimum of 1 million cells of each sample were collected, pelleted at 800xg for 5
minutes, flash frozen on dry ice, and stored at —80°C prior to RNA extraction. Total RNA
was purified using a Qiagen RNEasy kit with a genome shredder. RNA was quality
controlled on an Agilent Bioanalyzer and RNA samples with RNA integrity number (RIN)
values of >8.5 were selected for further processing. mMRNA was polyA-selected and libraries
were prepared for sequencing on the Illumina platform. Paired end sequencing of 50 base
read length was performed and >20 million reads were collected for each sample. Two
independent replicates for each sample were generated.
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Transcriptome analysis

Reads were clipped for adapter sequences and any sequencing artifacts removed. To verify
the composition of the RNAseq reads, Bowtie2 (Langmead and Salzberg, 2012) was used to
map the reads to all possible target sequences (Suppl. File 1).

Transcript abundance was quantified using kallisto (Bray et al., 2016) against Galgal/5 RNA
transcripts as target sequences and is reported as Transcripts Per Million (TPM). The
sequences for EGFP and TdTomato sequences were added. Average TPM was calculated by
adding TPM for all transcripts belonging to each gene and averaging between replicates for
each group (Suppl. File 1).

Differential expression was measured using sleuth (Pimentel et al., 2016) in gene
aggregation mode, which produces for each gene a g-value False Discovery Rate (FDR)
adjusted p-value) and b-value (analogous to fold change) (Suppl. File 1).

Data availability

The data discussed in this publication will be deposited in NCBI’s Gene Expression
Omnibus (Edgar et al., 2002) and will be accessible through GEO Series accession number
GSE107498.

Quantitative analysis of different markers in retina sections

For chick retinas, three single planes in adjacent areas on the central retina of three
biological replicates per condition. For mouse retinas, three single planes were obtained
from one Z-stack in three biological replicates. Cells were counted using Cell Counter
plugin in ImageJ or Fiji (Schindelin et al., 2012; Schneider et al., 2012). All counts in the
three technical replicates of each biological replicate were averaged to a single data point
and used for mean and SEM calculations in each condition. Final n=3 for each condition.

Scatterplots and cumulative distribution plots

Each replicate XY pixel coordinate data was extracted from Cell Counter for each cell
counted and the retina was measured in pixels for each Y coordinate. To normalize for
differences in retina thickness and image acquisition, for each cell the Y location was
subtracted by the bottom Y of the retina at that X coordinate, giving an adjusted-Y value for
each cell. The adjusted-Y value for each cell was then divided by the full length of the retina
in their respective X coordinate and a fraction from 0.0 to 1.0 was obtained. In this
measurement 0.0 indicates the vitreal edge of the retina and 1.0 scleral side. For each group,
all 3 technical replicates for all 3 biological replicates were pooled. For mouse E13.5, all 3
technical replicates from 2 biological replicates were pooled.

Statistical analysis

A minimum of three biological replicates was used across the study. Statistical tests were
used as reported in each figure. Two-tailed student #test for independent samples was
performed in Microsoft Excel. One-way ANOVAs with a post hoc Tukey test for each
timepoint using pan-RPC marker (VSX2/LHX2/PAX®6) as an independent variable were
calculated using the JASP software (JASP Team 2017, Version 0.8.1.2). Data run through #
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test and ANOVA was verified for normal distribution using a Shapiro-Wilk test. If not
normally distributed, Mann-Whitney test or Kruskall-Wallis with Dunn’s posthoc (Pohlert,
2014) test was performed using R 3.3.0. Kolmogorov-Smirnov tests were performed using R
3.3.0. RNAseq dotplots and EdU count scatterplots were created using R 3.3.0 (R Core
Team, 2016) and RStudio 1.0.136 (RStudio Team, 2016) using the ggplot2 (Wickham, 2009)
and ggrepel (Slowikowski, 2016) package. FACS plots were produced in FlowJo Version
10.2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 —. Experimental design for ThrbCRM1 population collection and RNAseq analysis
(A) Schematic of ThrboCRM1 activity in a restricted RPC that is biased to produce cones and

HCs.

(B) Cross-section of a chick retina electroporated at E5 with ThrbCRM1-GFP and UbiqC-
TdTomato and cultured for 24 hours.

(C) Workflow for collection of ThrboCRM1 and UbigC-populations.

(D) Representative FACS plot with windows used for cell collection.

(E) Fold change and statistical significance between each transcript in the ThrboCRM1and
UbiqC populations. Shown are genes involved in retinal cell fate specification.

(F) Average TPM of cell cycle genes and known retinal progenitor genes between
ThrbCRM1 and UbigC populations.
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Figure 2 —. mRNA expression of differentially expressed transcripts
Patterns observed by hybridizing RNA probes (denoted on panel) on E6 chick retinas. A bar

graph of the TPM values for the same gene in each of the samples is shown below. (A- D)
Genes with PR and/or subset of progenitor pattern, (E-H) gene with HCs pattern and (I-L)
genes highly expressed in UbiqC population. PR: Presumptive photoreceptor layer; NBL.:
Neuroblast layer; HCs: Horizontal Cells; RGCs: Retinal Ganglion Cells. Scale bar is 50 zm.
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Figure 3 —. OTX2 and OC1 progenitors do not express VSX2 and are spatially segregated from

VSX2 progenitors.

Single Z-plane images of each channel as denoted. Retinas were exposed to EdU for 1 hr

and subsequently fixed.

(A-B) Retina cross- sections imaged for OTX2, VSX2 and EdU at age E5(A) or E6 (B). Edu
+ cells positive for OTX2 or VSX2 are enlarged in insets, shown in all channels imaged.
(C) Scatter plot of the location in the apical-basal axis of the retina of EdU(+) cells positive

for OTX2 and/or VSX2.

(D-E) Retina cross-sections imaged for OC1, VSX2, and EdU at age E5 (D) or E6 (E). Edu+
cells positive for OC1 or VSX2 are enlarged in insets, shown in all channels imaged.
(F) Scatter plot of the location in the apical-basal axis of the retina of EdU(+) cells positive

for OC1 and/or VSX2.

(G) Stacked bar chart of percentages of EdU(+) cells labeled by combinations OTX2 and
VSX2 or OC1 and VSX2. Error bars denote SEM. Scale bar represents 50um for (A),(B),
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(D), and (E). PR: Presumptive photoreceptor layer; NBL: Neuroblast layer; HCs: Horizontal
Cells; RGCs: Retinal Ganglion Cells.
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Figure 4 —. A population of OTX2 and OCL1 progenitors do not express LHX2 and are spatially
segregated from progenitors that express only LHX2.

Single Z-plane images of each channel as denoted. Retinas were exposed to EdU for 1 hr
and subsequently fixed.

(A-B) Retina cross- sections imaged for OTX2, LHX2 and EdU at age E5(A) or E6 (B). Edu
+ cells positive for OTX2 or LHX2 are enlarged in insets, shown in all channels imaged.

(C) Scatter plot of the location in the apical-basal axis of the retina of EdU(+) cells positive
for OTX2 and/or LHX2.

(D-E) Retina cross-sections imaged for OC1, LHX2, and EdU at age E5 (D) or E6 (E). Edu+
cells positive for OC1 or LHX2 are enlarged in insets, shown in all channels imaged.

(F) Scatter plot of the location in the apical-basal axis of the retina of EdU(+) cells positive
for OC1 and/or LHX2.

(G) Stacked bar chart of percentages of EdU(+) cells labeled by combinations OTX2 and
LHX2 or OC1 and LHX2. Error bars denote SEM. Scale bar represents 50um for (A),(B),
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(D), and (E). PR: Presumptive photoreceptor layer; NBL: Neuroblast layer; HCs: Horizontal
Cells; RGCs: Retinal Ganglion Cells.
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Figure 5 - A population of OTX2 and OC1 progenitors do not express PAX6 and are spatially
segregated from progenitors that express only PAX®6.

Single Z-plane images of each channel as denoted. Retinas were exposed to EdU for 1 hr
and subsequently fixed.

(A-B) Retina cross-sections imaged for OTX2, PAX6 and EdU at age E5(A) or E6 (B) with
1lhr EdU pulse. Edu+ cells positive for OTX2 or PAX6 are enlarged in insets, shown in all
channels imaged.

(C) Scatter plot of the location in the apical-basal axis of the retina of EdU(+) cells positive
for OTX2 and/or PAX®.

(D-E) Retina cross-sections imaged for OC1, PAX6, and EdU at age E5 (D) or E6 (E). Edu+
cells positive for OC1 or PAX6 are enlarged in insets, shown in all channels imaged.

(F) Scatter plot of the location in the apical-basal axis of the retina of EdU(+) cells positive
for OC1 and/or PAXE6.
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(G) Stacked bar chart of percentages of EdU(+) cells labeled by combinations OTX2 and
PAX6 or OC1 and PAX6. Error bars denote SEM. Scale bar represents 50um for (A),(B),
(D), and (E). PR: Presumptive photoreceptor layer; NBL: Neuroblast layer; HCs: Horizontal
Cells; RGCs: Retinal Ganglion Cells.
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Figure 6 —. VSX2ECR4 is a regulatory element proximal to VSX2 and is active in a multipotent
progenitor population separate from the ThrboCRMZ1(+) population.

(A) Location of ECR4 near the VSX2 locus on hg38 genome, on the UCSC genomic
browser.

(B) E5 chick retina electroporated with VSX2ECR4-GFP and CAG-Bgal and cultured for
8h. Maximum projection Z-plane images of each channel as denoted.

(C) Percentage of cells at 8h positive for VSX2ECR4-GFP and VSX2 protein of all
VSX2ECRA4(+) cells. N=3.

(D) E5 chick retina electroporated with VSX2ECR4-GFP and ThrboCRM1-AU1, cultured for
24h. Maximum projection Z-plane images of each channel as denoted.

(E) FACS plot of retinal cells after E5 electroporation with VSX2ECR4-GFP and
ThrbCRM1-Tdt and 24 h culture.
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(F) Quantification of VSX2ECR4 and ThroCRM1 overlap. Electroporated plasmids are
shown along the X-axis. N=4 and experiment was replicated 3 times, one replicate
displayed.

(G) Quantification of FACS analyzed E5 retinas electroporated. and cultured 24h. Constructs
used were CAG-iRFP, VSX2ECR4-GFP and ThrboCRM1-Tdt, with and without CAG-OT X2
and CAG-OC1. Reporters used for Y-axis calculations are shown along the X-axis.
Statistical significance determined by t-test (***: p < 0.001, two-tailed t test), n=4,
experiment replicated additional 2 times.
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Figure 7 —.
Model of the molecular and transcriptional changes in ThrbCRML1 restricted progenitors
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KEY RESOURCES TABLE

Reagent or resource Source Identifier

Antibodies

Rabbit PH3 — 1:500 EMD Millipore 06-570
AB_310177*

Rabbit OLIG2 - 1:500 EMD Millipore AB9610
AB_570666*

Rabbit OTX2 - 1:500 EMD Millipore AB9566

AB_2157186*

Goat OTX2 - 1:500

Novus biologicals

AF1979

AB_2157172*

Rabbit OC1 - 1:500 Santa Cruz SC-13050
AB_2251852*
Sheep VSX2 — 1:500 (mouse); 1:200 (chick) ExAlpha X1180P
AB_2314191*
Goat LHX2 — 1:500 (mouse); 1:50 (chick) Santa Cruz SC-19344
AB_2618817*
Mouse 1gG1 PAX6 — 1:10 DSHB Pax6-s
AB_2315070*
Mouse 1gG1 LIM1+2 - 1:10 DSHB 4F2-C
AB_2314743*
Mouse 1gG1 VISININ - 1:250 DSHB 7G4-s
AB_528510*

*RRID: Repository Resource ID, http://antibodyregistry.org/

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Dev Biol. Author manuscript; available in PMC 2019 November 01.

Page 34


http://antibodyregistry.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Buenaventura et al.

Reagent or resource Source Identifier
Antibodies

Critical Commercial Assays

Qiagen RNEasy® Plus Mini kit Qiagen 74134
Click-iT EdU Alexa Fluor 647 imaging kit Invitrogen C10340
Deposited Data

RNAseq data - NCBI GEO Edgar et al., 2002 GSE107498
Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Chicken eggs, SPF, Premium, Fertile Charles River 10100326
Oligonucleotides

Recombinant DNA

Stagia3 Billings et al., 2010 Addgene #28177
ThrboCRM1:AU1 Emerson et al., 2013 N/A
CAG:mOTX2 Kim et al., 2008 N/A
CAG:mOC1 Emerson et al., 2013 N/A
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Reagent or resource Source Identifier
Antibodies

CAG:iRFP This paper N/A
VSX2ECR4:GFP This paper N/A
Software and Algorithms

FlowJo V10.2 FlowJo LLC N/A
F1JI version of ImageJ Schindelin et al., 2012 | N/A
kallisto Bray et al., 2016 N/A
sleuth Pimentel et al., 2016 N/A
JASP V0.8.1.2 JASP Team 2017 N/A
ggplot2 Wickham, 2009 N/A
Other
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