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Abstract

Uncovering the gene regulatory networks that control cone photoreceptor formation has been 

hindered because cones only make up a few percent of the retina and form asynchronously during 

development. To overcome these limitations, we used a γ-secretase inhibitor, DAPT, to disrupt 

Notch signaling and force proliferating retinal progenitor cells to rapidly adopt neuronal identity. 

We treated mouse retinal explants at the peak of cone genesis with DAPT and examined tissues at 

several time-points by histology and bulk RNA-sequencing. We found that this treatment caused 

supernumerary cone formation in an overwhelmingly synchronized fashion. This analysis revealed 

several categorical patterns of gene expression changes over time relative to DMSO-treated control 

explants. These were placed in the temporal context of the activation of Otx2, a transcription factor 

that is expressed at the onset of photoreceptor development and that is required for both rod and 

cone formation. One group of interest had genes, such as Mybl1, Ascl1, Neurog2, and Olig2, that 

became upregulated by DAPT treatment before Otx2. Two other groups showed upregulated gene 

expression shortly after Otx2, either transiently or permanently. This included genes such as 

Mybl1, Meis2, and Podxl. Our data provide a developmental timeline of the gene expression 

events that underlie the initial steps of cone genesis and maturation. Applying this strategy to 

human retinal organoid cultures was also sufficient to induce a massive increase in cone genesis. 

Taken together, our results provide a temporal framework that can be used to elucidate the gene 

regulatory logic controlling cone photoreceptor development.
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Introduction

The vertebrate retina is an extension of the central nervous system that detects, processes, 

and relays visual information to the brain. The neural retina is a complex multi-layered 

tissue that harbors seven major cell types, six neuronal and one glial. Within the outer 

nuclear layer (ONL) resides the two primary light sensing cells: rod and cone 

photoreceptors. Rods are responsible for sight in low light conditions, while cones are 

required for color and high acuity daytime vision. Some of the most debilitating visual 

impairment in humans results from the loss or dysfunction of cone photoreceptors. Cones 

and the other six major cell types within the neural retina are derived from a pool of retinal 

progenitor cells (Cepko, 2014). Progenitors permanently exit the cell cycle (“birthdate”) and 

give rise to each retinal cell type in a stereotypical, yet overlapping fashion (Carter-Dawson 

and LaVail, 1979; la Vail et al., 1991; Rapaport and Vietri, 1991; Wong and Rapaport, 2009; 

Young, 1985). These cells become specified to a particular fate and then acquire their mature 

morphology, connectivity, and function. Cone photoreceptors form relatively early in both 

human and rodent development. In mice, cones permanently exit the cell cycle from 

embryonic (E) day 12 to E19, with their peak genesis occurring around E14.5 (Carter-

Dawson and LaVail, 1979). This peak overlaps with the genesis of other retinal neurons, 

primarily horizontal, amacrine, and ganglion cells. In rodents and humans, rods massively 

outnumber cones, such that cones represent just a few percent of the total cells in the retina 

(Jeon et al., 1998; Sloan et al., 1990). Their rarity and their birthdating overlap with other 

retinal cell types has made it difficult to uncover the gene regulatory events that control cone 

photoreceptor genesis.

Transcription factors control fate specification events during retinal development. The 

homeodomain transcription factor Otx2 is expressed by a subset of retinal progenitors in 

their last cell cycle (Muranishi et al., 2011). OTX2 becomes permanently expressed in cells 

that adopt rod, cone, and bipolar cell interneuron fate (Fossat et al., 2007; Koike et al., 

2007). In retinas where Otx2 is deleted, there are no rods, cones, or bipolar cells. Instead, 

mutants form excess amacrine cells at the expense of photoreceptors and bipolar cells 

(Nishida et al., 2003; Sato et al., 2007). Downstream of Otx2, the transcription factor Prdm1 
acts in nascent photoreceptors to suppress bipolar cell fate (Brzezinski et al., 2013, 2010; 

Katoh et al., 2010). Also downstream of Otx2 is the closely related transcription factor Crx, 

which is necessary for the expression of many photoreceptor-specific genes (Chen et al., 

1997; Freund et al., 1997; Furukawa et al., 1999, 1997; Hennig et al., 2008; Hsiau et al., 

2007). In contrast to Otx2 mutants, mice lacking Crx still form rod and cone photoreceptors 

(Blackshaw et al., 2001; Furukawa et al., 1999; Hsiau et al., 2007). While Otx2, Crx, and 

Prdm1 broadly mark developing photoreceptors, the transcription factors Rxrg and Thrb 
mark only cones. Mutating Rxrg or Thrb does not prevent cone formation, but instead affects 

which types of cone opsin are expressed (Ng et al., 2001; Roberts et al., 2006, 2005; 

Applebury et al., 2007; Eldred et al., 2018). Taken together, these data suggest a multi-step 

model of photoreceptor development. First, a subset of retinal progenitors exits the cell cycle 

and activates Otx2 expression. Second, the presence of OTX2 imparts these cells with the 

potential (competence) to adopt rod, cone, and bipolar cell fates. Third, these OTX2+ cells 
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are instructed to adopt either rod, cone, or bipolar fate choice. How these steps are regulated 

during cone development is poorly understood.

Since cones are rare and form over several days of development in mice (Carter-Dawson and 

LaVail, 1979; Jeon et al., 1998), we have relatively little power to investigate the gene 

regulatory networks that control cone development. To overcome these barriers, we sought 

to create a developmental system where: (1) the fraction of cells that adopt cone fate is 

greatly increased, and (2) cone development is relatively homogeneous. Combined, these 

two key features provide power to temporally profile of the events that occur in cone 

development. To create this developmental system, we perturbed the Notch signaling 

pathway. Prior work has shown that Notch signaling maintains retinal progenitors and 

suppresses photoreceptor formation (Cau et al., 2019; Eiraku et al., 2011; Geling et al., 

2002; Jadhav et al., 2006; Mizeracka et al., 2013; Muranishi et al., 2011; Nakano et al., 

2012; Nelson et al., 2007; Perron and Harris, 2000; Riesenberg et al., 2009; Völkner et al., 

2016; Yaron et al., 2006). The γ-secretase inhibitor DAPT was initially developed to reduce 

amyloid-beta peptide levels in the brain, but it also inhibits the cleavage of NOTCH 

receptors and blocks signal transduction (Panza et al., 2010). Treatment of retinas with 

DAPT strongly inhibits Notch signaling, quickly forces retinal progenitors out of the cell 

cycle, and leads to excess neuron production (Nelson et al., 2007). This supernumerary 

neurogenesis is temporally restricted, showing bias toward the cell types that are normally 

born at the time of treatment (Nelson et al., 2007; Perron and Harris, 2000; Wall et al., 2009, 

Kuribayashi et al., 2014). We administered DAPT at the peak of cone genesis (E14.5) 

(Carter-Dawson and LaVail, 1979) in mouse retinal explants to increase the number of cones 

formed over a narrow window of time. We observed that DAPT treatment massively 

increased the number of cones in retinal explants. By conducting histology and bulk RNA-

sequencing at multiple time-points, we determined that cone development progressed in a 

semi-synchronous fashion. From our temporal analysis, we identified many genes whose 

expression increased upon DAPT treatment. Some of these genes, such as the transcription 

factors Ascl1, Neurog2, Olig2, and Mybl1, preceded Otx2 expression. These genes may 

regulate the activation of Otx2. Other genes, such as Meis2, Podxl, and Vexin were 

upregulated after Otx2 and may instead act as regulators of cone fate specification. We 

further show that the membrane protein PODXL is expressed specifically within the inner 

segments of cone photoreceptors. Lastly, we demonstrate that human 3-dimensional (3D) 

retinal organoids can be made cone dominant by a similar treatment regimen with γ-

secretase inhibitors and that this regimen may also accelerate the rate of cone development. 

Together, our results provide insight into the temporal gene regulatory events that occur both 

upstream and downstream of Otx2 as cells adopt cone identity. Further studies will show 

whether these genes control Otx2 expression and if they instruct cone fate choice.

Results

γ-secretase inhibitor treatment of E14.5 mouse retinas increases cone photoreceptors at 
the expense of progenitors

During development, Notch signaling prevents retinal progenitors from prematurely 

differentiating as neurons, such as cone photoreceptors (Cau et al., 2019; Eiraku et al., 2011; 
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Geling et al., 2002; Jadhav et al., 2006; Mizeracka et al., 2013; Muranishi et al., 2011; 

Nakano et al., 2012; Nelson et al., 2007; Perron and Harris, 2000; Riesenberg et al., 2009; 

Völkner et al., 2016; Yaron et al., 2006). Treatment with γ-secretase inhibitors, which 

disrupt Notch signal transduction, depletes the progenitor pool and induces neurogenesis in a 

temporally restricted fashion that parallels the birth dating pattern seen for retinal neurons 

(Nelson et al., 2007; Perron and Harris, 2000; Wall et al., 2009, Kuribayashi et al., 2014). 

Since cone photoreceptor birthdating peaks around E14.5 in mice (Carter-Dawson and 

LaVail, 1979), we reasoned that inhibiting Notch signaling at this stage would result in 

supernumerary cone formation. To test this, we treated E14.5 retinal explants with multiple 

concentrations of the γ-secretase inhibitor DAPT (Geling et al., 2002; Nelson et al., 2007). 

Retinas from E14.5 embryos were cultured for 48 hours in either DMSO vehicle or nine 

increasing doses of DAPT (100nM to 10μM). One hour prior to harvest, EdU was added to 

explant cultures to acutely mark cells in S-phase (i.e., progenitors). Explants were collected, 

sectioned, and stained for EdU, RXRγ (cones), and OTX2 (all photoreceptors) (Fig. S1A) 

(Fossat et al., 2007; Nishida et al., 2003; Roberts et al., 2005). There was a clear dose-

response to DAPT treatment (Fig. S1A). While relatively low concentrations of DAPT were 

able to significantly (unpaired t-test, P<0.05) increase OTX2+ cells compared to DMSO 

treatment (Fig. S1B), it took a higher dose of DAPT to increase RXRγ+ cones (Fig. S1B). 

Moreover, it took a DAPT dosage of 2μM to significantly reduce the number of EdU+ cells 

(Fig. S1). Since 10μM DAPT treatment showed the most robust and reproducible increase in 

photoreceptors (Fig. S1B), we used this dosage for subsequent experiments.

To further validate this treatment paradigm, we immunostained explants grown for 48 hours 

in DMSO or 10μM DAPT with additional progenitor and photoreceptor markers (Fig. 1). 

Treatment with DAPT resulted in an overt loss of EdU+ cells and a strong reduction in the 

numbers of PAX6+ and SOX2+ retinal progenitors compared to DMSO control explants 

(Fig. 1B). Since these transcription factors also mark amacrine cells (Cherry et al., 2009; De 

Melo et al., 2003; Marquardt et al., 2001; Surzenko et al., 2013; Taranova et al., 2006; 

Walther and Gruss, 1991), we expected there to be a small number of PAX6+ and SOX2+ 

neurons in DAPT-treated explants (Fig. 1B). In contrast to progenitor markers, we saw a 

massive increase in the number of OTX2+ photoreceptors and RXRγ+ cones in DAPT 

treated explants compared to controls (Fig. 1C). PRDM1, a pan-photoreceptor marker 

directly downstream of OTX2, (Brzezinski et al., 2013, 2010; Chang et al., 2002; Hsiau et 

al., 2007; Katoh et al., 2010; Mills et al., 2017; Wang et al., 2014), was also strongly 

increased in DAPT treated explants (Fig. 1C). Taken together, our results show that γ-

secretase inhibitor treatment at E14.5 massively increases cone photoreceptor genesis at the 

expense of retinal progenitors.

Cone photoreceptor formation is semi-synchronous

DAPT treatment of the developing retina leads to permanent cell cycle exit after only 8 

hours of treatment (Nelson et al., 2007). This raises the possibility that DAPT-treated 

progenitors are quickly forced out of the cell cycle and then progressively develop into cones 

in a predominantly synchronized fashion (Nelson et al., 2007). If true, we expected that gene 

expression changes would align with the events that occur in cone development (Fig. 1A): 

(1) retinal progenitors permanently exit the cell cycle, (2) Otx2 expression is activated to 
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impart photoreceptor competence, (3) cone fate is selected, and (4) cone-specific gene 

regulatory networks become stabilized (Brzezinski and Reh, 2015). To test this, we treated 

E14.5 mouse explants with either 10μM DAPT or DMSO and profiled transcriptional 

changes at multiple time-points of culturing using a bulk RNA-sequencing methodology 

(Baird et al., 2014; Bradford et al., 2015; Park et al., 2017) (Fig. 2A). Explants were 

removed at eleven time-points from 6 hours to 48 hours of culture, their RNA extracted, and 

cDNA generated for bulk RNA-sequencing (Fig. 2A). The average gene expression for each 

treatment was calculated and compared by ANOVA. Gene expression differences within 

time-points were compared using unpaired t-tests. Genes that were significantly changed 

between DMSO and DAPT treatment (P<0.05) at one or more culturing time-points were 

considered for further analysis (Table S1, S2). DAPT treatment had a strong effect on gene 

expression (Fig. 2B); however, these changes were not equivalent across all culturing time-

points (Fig. 2B–D). Relatively few genes were differentially expressed after 6 hours of 

DAPT treatment (Fig. 2C), while many genes were divergent by 48 hours (Fig. 2D). As 

expected, Notch target genes such as Hes1, Hes5, and Hey1 were decreased after 6 and 48 

hours of DAPT treatment (Fig. 2C, D). The Notch ligands Dll1, Dll3, and Dll4 were rapidly 

upregulated in response to DAPT treatment (Fig. 2B), as previously described (Nelson et al., 

2007). Further Notch pathway component gene expression changes are illustrated in Figure 

S2.

Consistent with a developmental progression, transcriptional changes were clustered into 

four major temporal patterns that we denoted as groups 0–3 (Fig. 2B). We observed that 

group 0 genes were downregulated at all DAPT treatment time-points (Fig. 2B). Within this 

group were genes made only by retinal progenitors (e.g., Fgf15) and many known Notch 

signaling targets (e.g., Hes1, Hey1). Group 1 genes were transiently increased prior to Otx2 
upregulation, which occurred after ~9 hours of DAPT treatment. This group contains genes 

made in progenitors, such as Ascl1, Neurog2, and Olig2 (Fig. 2B, 2D). Group 2 genes were 

increased after Otx2 upregulation, but their elevation was only transient. This group included 

genes such as Atoh7 and Onecut1 (Fig. 2B). The genes in group 3 were activated after Otx2 
and remained expressed throughout the treatment window. Since DAPT-treated explants at 

48 hours were cone dominant, these group 3 genes presumably mark nascent cones. Indeed, 

many pan-photoreceptor (e.g., Crx, Prdm1) and cone-specific (e.g., Thrb, Pdc, and Gnat2) 

genes were in this group (Fig. 2B, 2D) (Welby et al., 2017). Overall, these four temporal 

gene expression groups paralleled the developmental events that occur in cone photoreceptor 

genesis (Fig. 1A).

If DAPT treatment caused excess cone genesis to proceed in a synchronous fashion, we 

predicted that we would observe a developmental progression of gene expression changes 

that matched the sequence of known events in cone formation (Fig. 1A). While this pattern 

was grossly apparent (Fig. 2B, Table S1, S2), we investigated the expression of 

photoreceptor genes in more detail to establish whether the known temporal order was 

recapitulated upon DAPT treatment. We observed that Otx2 became significantly 

upregulated (unpaired t-test; P<0.05) at about 9 hours of DAPT treatment (Fig. 2B, Table 

S1, S2). Next, we observed that pan photoreceptor markers Prdm1 and Crx became 

significantly (P<0.01) upregulated at about 18 and 21 hours post-DAPT, respectively (Fig. 

2B, Table S1, S2). This is consistent with Prdm1 and Crx being regulatory targets of Otx2 
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(Brzezinski et al., 2010; Katoh et al., 2010; Mills et al., 2017; Wang et al., 2014). Moreover, 

this follows the temporal pattern we previously showed by histology where OTX2 

expression was activated prior to PRDM1, which was itself activated before CRX 

(Brzezinski et al., 2010). Downstream of these pan-photoreceptor genes, we observed that 

early cone-specific factors, such as Rxrg and Thrb (Ng et al., 2001; Roberts et al., 2006, 

2005), became significantly (P<0.01) upregulated after 24 hours of DAPT (Fig. 2B, Table 

S1, S2). Cone-specific markers that characterize more mature cones, such as Gnat2 and 

Gngt2 (Welby et al., 2017), were not significantly upregulated until 48 hours of DAPT-

treatment (P<0.01) (Fig. 2B, Table S1). Considering that gene expression changes occurred 

in the expected temporal order, it is likely that DAPT treatment synchronized cone 

development in these explants. However, since proliferative retinal progenitors do not cycle 

synchronously or uniformly during development (Alexiades and Cepko, 1996; Gomes et al., 

2011), it is unlikely that progenitors responded to DAPT treatment with identical timing or 

kinetics. This suggests that DAPT treatment causes supernumerary cone genesis in a semi-

synchronous fashion. Nonetheless, this treatment paradigm still robustly recapitulates the 

series of events that occur during cone development.

Gene expression profiling uncovers the temporal events in cone development

It is unknown how a subset of retinal progenitors decide to express Otx2, acquire 

photoreceptor competence, and then become specified as cone photoreceptors. To gain 

insight into these events, we took advantage of the semi-synchronous nature of cone 

development in DAPT treated explants. We reasoned that the transcriptional changes that 

precede Otx2 upregulation could determine how a subset of progenitors becomes OTX2+ 

and photoreceptor competent. We further hypothesized that genes activated after Otx2 would 

include factors that control cone fate choice within this population. Since a robust cone 

signature is detected by the end of the DAPT treatment paradigm, we expect that the genes 

that control cone fate choice and that uniquely mark nascent cones to become differentially 

expressed prior to 48 hours of culture. We further examined a subset of genes in groups 1–3 

because their expression changes were consistent with a role in cone genesis.

A small group of genes are transiently expressed prior to Otx2

While the downregulation of genes in group 0 may allow for Otx2 activation, we instead 

focused our analysis on transcription factor genes in group 1 that were increased by DAPT 

treatment prior to the upregulation of Otx2 at ~9 hours (Fig. 2B, 3A). Of note were three 

basic helix-loop-helix (bHLH) transcription factors (Ascl1, Neurog2, and Olig2) that are 

made by subsets of progenitors (Brzezinski et al., 2011; Hafler et al., 2012; Hufnagel et al., 

2010; Tomita et al., 1996; Jasoni and Reh, 1996). Ascl1, Neurog2, and Olig2 are expressed 

in progenitors with limited proliferative capability or that are in their final cell cycle 

(Brzezinski et al., 2011; Hafler et al., 2012). Based on this pattern, we expected that DAPT-

treated progenitors forced to exit the cell cycle would quickly and transiently upregulate 

these factors. We observed that Ascl1, Neurog2, and Olig2 expression increased before Otx2 
upregulation (Fig. 3A). Immunostaining for ASCL1, NEUROG2, and OLIG2 showed a salt-

and-pepper pattern in DMSO control samples across all time-points (Fig. 3B). DAPT 

treatment sharply upregulated the number of cells that expressed these transcription factors 

as early as 6 hours of culture (Fig. 3B, Fig S3). A subset of OTX2+ cells co-expressed 
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ASCL1 and NEUROG2 in both DMSO and DAPT treated explants (Fig. S3). This argues 

that ASCL1+ and/or NEUROG2+ progenitors directly give rise to OTX2+ cells. Since 

Ascl1, Neurog2, and Olig2 are made by progenitors, we expected their expression to 

decrease after protracted DAPT treatment. By 48 hours, ASCL1+ and NEUROG2+ cells 

were nearly absent from DAPT treated retinas, matching the transcriptional analysis (Fig. 

3A, 3B, S3). OLIG2 staining showed a less dramatic decrease after 48h of DAPT treatment, 

but this was consistent with the RNA-seq data (Fig. 3A, 3B, S3). Next, we examined the 

expression pattern of the transcription factor Mybl1. Using RNA in situ hybridization in 

wild-type E14.5 retinal sections, we observed a salt-and-pepper pattern of Mybl1 expression 

(Fig. 3C). A subset of Mybl1+ cells were co-labeled with antibodies to OTX2 (Fig. 3C). In 

E14.5 explants treated with DAPT for 24 hours, Mybl1 in situ signal overlapped nearly 

completely with OTX2 (Fig. 3C). Similar to what we observed with ASCL1, NEUROG2, 

and OLIG2, our data suggest that Mybl1 is made by a subset of retinal progenitors that give 

rise to OTX2+ cells.

Several genes are transiently activated following Otx2

To understand the developmental events that occur after Otx2 upregulation, we examined 

genes in group 2. These genes were upregulated shortly after Otx2 activation, but decreased 

by 48 hours of DAPT treatment (Fig. 2B, 4A). This pattern is consistent with genes that 

become activated in cells that just stopped dividing. Moreover, this transient pattern suggests 

that these genes play a switch-like role in development. Among this group are the well-

characterized Atoh7 and Onecut1 transcription factors (Fig. 4A). ATOH7 is primarily made 

in newly postmitotic cells and is required for ganglion cell competence (Brown et al., 2001; 

Brzezinski et al., 2012; Kay et al., 2001; Wang et al., 2001; Yang et al., 2003). In DMSO-

treated explants, ATOH7 expression showed a salt-and-pepper distribution in the retina that 

partially overlapped with OTX2 (Fig. 4B). This is consistent with prior lineage tracing data 

that showed that the majority of ATOH7+ cells adopt photoreceptor identities (Brzezinski et 

al., 2012). DAPT treatment increased Atoh7 expression starting around 18 hours of culture 

(Fig. 4A, S4). Correspondingly, we observed an increase in the number of ATOH7+ cells 

histologically, which peaked between 18 hours and 24 hours of DAPT treatment (Fig. 4B, 

S4). ATOH7 overlapped with OTX2 at these time-points (Fig. 4B), but by 48 hours of DAPT 

treatment ATOH7+ cells were nearly absent (Fig. 4B, S4). This closely matched what was 

observed by RNA-seq (Fig. 4A). Similar to ATOH7, ONECUT1 marks a complex 

population of cells during development. This includes horizontal cells, ganglion cells, and 

some OTX2+ cells (Emerson et al., 2013; Sapkota et al., 2014; Wu et al., 2013, 2012). 

Onecut1 has also been shown to activate the cone-specific marker Thrb (Emerson et al., 

2013; Sapkota et al., 2014). Onecut1 expression changed similarly to Atoh7 in DAPT-treated 

retinas (Fig. 4A). ONECUT1 partially overlapped with OTX2 in DMSO control and DAPT 

treated explants at all time-points (Fig. 4B). However, by 48 hours of DAPT treatment there 

were fewer ONECUT1+ cells and they rarely co-expressed OTX2 (Fig. 4B). This is 

consistent with prior data showing that ONECUT1 expression is transient in a subset of 

developing OTX2+ cells (Emerson et al., 2013). Several other genes with similar mRNA 

expression profiles, such as Vexin, Psip1, and Sstr2, remain to be examined as tools become 

available.
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Some of the group 2 genes are unlikely to positively influence cone development. For 

example, Sox11 and Tcfap2d are transcription factors made by ganglion cells and amacrine 

cells, respectively (Bassett et al., 2007; Jiang et al., 2013). While cones are overwhelmingly 

increased upon DAPT treatment, it is likely that other early born fates like horizontal, 

amacrine, and ganglion cells are modestly increased. We stained explants with AP2B 

(amacrine/horizontal) and pan-BRN3 (ganglion cell) antibodies (Fig. S5B) (Xiang et al., 

1995; Bassat et al., 2012). In contrast to our prediction, we observed significantly fewer 

AP2B+ and BRN3+ cells (P < 0.001) after 48 hours of DAPT treatment compared to DMSO 

controls (Fig. S5B). We next co-stained DAPT-treated explants cultured for 48 hours with 

PAX6 (amacrines, horizontals, ganglion cells), LHX1 (horizontal cells) and OTX2 (De Melo 

et al., 2003; Liu et al., 2000; Marquardt et al., 2001). The PAX6+ and LHX1+ populations 

did not overlap with OTX2+ photoreceptors (Fig. S5A). Similarly, AP2B was rarely, if ever, 

co-expressed with the cone marker RXRγ (Fig S5B). A few cells were seen that co-

expressed AP2B and BRN3, but this overlap was not increased by DAPT treatment (Fig. 

S5B). These data suggest that DAPT treated explants form a limited number of amacrines, 

horizontals, and ganglion cells, but do not co-express definitive markers of multiple 

identities simultaneously.

Since we did not observe the expected increase in other retinal neuron types born at E14.5, 

we reasoned that some cells were dying from the DAPT treatment. We also expected there to 

be elevated ganglion cell death because these cells do not receive trophic support from their 

brain targets in explants (Meyer-Franke et al., 1995). We stained for activated caspase 3 

(AC3) to mark apoptotic cells and observed considerable cell death in the ganglion cell layer 

(Fig. S7A). When we quantified AC3+ cells outside of the ganglion cell layer, we observed 

significantly (P < 0.01) elevated cell death in DAPT treated retinas compared to controls at 

both 6 and 48 hours of treatment (Fig. S7A). These results suggest that DAPT treatment 

increases cone and other retinal neuronal cell death.

A large subset of genes are expressed following Otx2, remain expressed, and may 
contribute to cone photoreceptor identity and function

Similar to group 2, the genes in group 3 were upregulated after Otx2 activation (Figs. 2B, 

5A). However, these genes remained upregulated after 48 hours of DAPT treatment. Most of 

the group 3 genes were only significantly upregulated at the 48 hour treatment time-point. 

This included numerous cone-specific genes, such as Arr3, Gnat2, Pded6c, Gngt2, Opn1sw, 

and Ccdc136 (Fig. 1C, 2C, Table S1) (Corbo et al., 2007; Smiley et al., 2016; Welby et al., 

2017). A small subset of group 3 genes became upregulated prior to 48 hours. These could 

represent cone fate choice regulators and includes genes with known roles in photoreceptor 

development, such as Prdm1, Crx, Thrb, and Rxrg (Fig. 1C, 2B, 2D, 5A). We further 

examined two of these genes (Podxl and Meis2) that were first significantly upregulated 

after 24 hours of DAPT treatment (P<0.01) (Fig. 5A).

PODXL (Podocalyxin-like) is a membrane protein found in podocytes of the kidney and 

within vascular endothelial cells (Chen et al., 2004; Doyonnas et al., 2005; Kerjaschki et al., 

1984). We stained DMSO and DAPT treated retinal explants using antibodies specific to 

PODXL (Kang et al., 2017). In 24 hour DMSO and DAPT treated explants, PODXL 
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staining strongly labeled the apical surface of cells on the scleral side of the retina (Fig. 5B). 

After 48 hours of DAPT treatment, the area of PODXL staining was increased, mirroring the 

gene expression data (Fig. 5A, B). We then co-stained wild-type E14.5 retinal sections with 

RXRγ and PODXL (Fig. 5C). PODXL stained the apical portion of the retina intensely and 

labeled some hyaloid vessels abutting the inner retinal surface (Fig. 5C). Low intensity 

PODXL staining surrounded RXRγ+ cells, suggesting that this is an early cone-specific 

marker in the retina. Since group 3 genes remain expressed at end of the treatment period, 

we reasoned that Podxl would be expressed by mature cones. Therefore, we stained adult 

wild-type retinal sections for PODXL and cone-specific markers (RXRγ, ARR3, and 

OPN1MW) (Fig. 5C) (Kühn, 1978; Wilden et al., 1986). RXRγ staining in the outer retina is 

specific for cones. We observed strong PODXL staining immediately adjacent to RXRγ+ 

cones (Fig. 5C). Co-staining with ARR3 (cone arrestin) showed that PODXL marked all 

cone photoreceptors, but that it was localized to only a subdomain of the cell (Fig. 5C). We 

then stained sections for M-opsin (OPN1MW), which preferentially marks the outer 

segment of many mouse cones. PODXL staining overlapped poorly with M-opsin and was 

localized closer to the cell body (Fig. 5C). This pattern is consistent with PODXL marking 

the inner segments of cone photoreceptors in the adult retina. In all sections, PODXL stained 

the retinal and choroidal vasculature systems (Fig. 5C). Taken together, our data suggest that 

PODXL is an early marker of developing cone photoreceptors.

We then examined the expression of the homeodomain transcription factor Meis2 by RNA in 
situ hybridization. In E15.5 wild-type retinal sections, Meis2 was detected in a small number 

of cells localized towards the outer portion of the retina (Fig. 5D). The Meis2 signal 

overlapped extensively with OTX2 (Fig. 5D). This suggests that Meis2 is expressed by a 

subset of OTX2+ cells. We were unable to determine whether Meis2 expression is cone-

specific as the in situ hybridizations were incompatible with our cone markers. Although 

Meis2 remains upregulated at 48 hours, we were not able to detect signal in adult cones 

(data not shown). Recently, Meis2 has been described in the adult retina, where it marks 

OFF-type retinal ganglion cells (Peng et al., 2019). Therefore, Meis2 may only be 

transiently expressed within a subset of developing photoreceptors. As described above, 

some genes in group 3 appear to mark other neuronal populations. For example, the increase 

in Neurod4 is likely marking amacrine cells (Inoue et al., 2002). We also noted a small, but 

significant (P<0.01) increase in some rod photoreceptor genes, such as Nrl and Samd7, after 

48 hours of DAPT treatment (Fig. 5A, Table S1) (Akimoto et al., 2006; Hlawatsch et al., 

2013; Mears et al., 2001; Omori et al., 2017).

Human 3D retinal organoids can be programmed to a cone-biased state

Since the γ-secretase inhibitor DAPT increased cones in mouse retinal explant cultures, we 

reasoned that human 3D retinal organoids would respond similarly. In the human retina, 

cones are formed over a longer developmental window than in mice. There are also large 

regional differences in the timing of development, such that neurons near the fovea are 

formed weeks before those in the peripheral-most retina (Hendrickson et al., 2012; 

Hendrickson and Yuodelis, 1984; Hoshino et al., 2017). In human 3D retinal organoids, pan-

photoreceptor markers like CRX and RECOVERIN are seen by 6 weeks of culture 

(Gonzalez-Cordero et al., 2017; Zhu et al., 2018). Since the first photoreceptors formed are 
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cones, this suggested that 6 week human retinal organoids were capable of generating cones. 

Thus, we tested whether γ-secretase inhibitors could massively increase cone photoreceptor 

formation in 6 week human organoids.

Human retinal organoids derived from IPSCs were grown in culture for 6 weeks and then 

treated with DMSO vehicle or DAPT for an additional 3 days. While DAPT was able to 

promote cone formation, its effects were highly variable in our experiments (data not 

shown). Therefore, we used the γ-secretase inhibitor PF-03084104 (PF-4014) (10μM) 

instead of DAPT (Fig. 6A). PF-4104 is similar in function to DAPT and acts as a non-

transition state γ-secretase inhibitor (Olsauskas-Kuprys et al., 2013). It is a potent Notch 

signaling inhibitor and may have less off-target sensitivity (Wei et al., 2010). Control and 

PF-4014 treated retinal organoids were sectioned and stained with progenitor and 

photoreceptor-specific markers. Ki67 and VSX2 progenitor staining was robust in controls, 

but these markers were essentially absent from PF-4014 treated organoids, consistent with a 

loss of retinal progenitors (Fig. 6B, 6C). Similar to what is seen in DAPT-treated mouse 

explants (Figs. 3B, 4B), ATOH7 and ASCL1 expression were severely decreased in 

organoids treated with PF-4014 (Fig. 6B, 6C). Like treated mouse explants, there was a 

massive increase in the number of cells expressing photoreceptor markers upon treatment 

with PF-4014 (Fig. 6B, 6C). Cells that expressed the pan-photoreceptor markers OTX2, 

CRX, and PRDM1 were increased by PF-4014 treatment versus controls (Fig. 6B, 6C). The 

cone markers RXRγ and ARR3 were sparsely detected in untreated control organoids (Fig. 

6B). In contrast, PF-4014 treated organoids had considerably more RXRγ+ and ARR3+ 

cones (Fig. 6B, 6C). Since PF-4014 treatment may increase other early-born neurons, we 

examined these organoids for ganglion cells with antibodies against BRN3A (Fig. S6C). 

Unlike mouse explants, we saw a modest yet significant increase (P<0.01) in BRN3A+ 

ganglion cells after PF-4014 treatment (Fig. S6C’). We next assayed cell death in the 

organoids using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

assay (Fig. S7B). Unlike DAPT-treated mouse explants, we observed no increase in TUNEL

+ dying cells between control and PF-4014 treated organoids (Fig. S7B). Taken together, γ-

secretase inhibitor treatment of human organoids can cause supernumerary cone genesis and 

largely recapitulates what is seen in mice at a similar developmental stage.

Discussion

The gene regulatory networks that govern cone photoreceptor development are largely 

unknown. Here we used γ-secretase inhibitor treatment to semi-synchronize cone 

development. From this, we were able to use histology and RNA-seq to temporally map the 

transcriptional events that occur during cone formation. This confirmed known regulatory 

genes and revealed several novel genes that may control cone photoreceptor fate 

specification and function. Our analysis provides a foundation for further studies to 

determine how these novel genes control cone development.

Treating with γ-secretase inhibitors semi-synchronizes cone development

Several experiments have shown that blocking Notch signaling genetically or with γ-

secretase inhibitors can increase retinal neuron formation (Cau et al., 2019; Eiraku et al., 
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2011; Geling et al., 2002; Jadhav et al., 2006; Mizeracka et al., 2013; Muranishi et al., 2011; 

Nakano et al., 2012; Nelson et al., 2007; Perron and Harris, 2000; Riesenberg et al., 2009; 

Völkner et al., 2016; Yaron et al., 2006). The types of neurons that are increased depends on 

the stage of development that Notch signaling is blocked (Nelson et al., 2007; Perron and 

Harris, 2000; Wall et al., 2009, Kuribayashi et al., 2014). We show that using γ-secretase 

inhibitors at E14.5 in the mouse, the peak of cone genesis, leads to a massive increase in 

cones. Similarly, we show that γ-secretase inhibitor treatment of human IPSC-derived 

organoids at 6 weeks of culture greatly increased cone genesis. RNA-seq and histology 

revealed that regulators of mouse cone development were upregulated in their previously 

known temporal order. Since mouse progenitors are heterogeneous (Alexiades and Cepko, 

1996; Gomes et al., 2011) and we used a bulk RNA-sequencing approach that will average-

out gene expression changes, the clear temporal order we see strongly indicates that cone 

development has been synchronized by DAPT treatment. Since DAPT is unlikely to have 

differentiated all cells with the same timing or rate, we suggest that γ-secretase inhibitor 

treatment acts to semi-synchronize cone development. Nonetheless, this is sufficient to infer 

a temporal order of developmental events in cone genesis (see below). While there was a 

massive increase in cones, we also detected signatures of other cell types by the end of the 

DAPT treatment (Table S1). This is not unexpected as the genesis of these cell types also 

occurs at E14.5 (Rapaport et al., 2004; Young, 1985).

Temporal analysis of gene expression reveals genes that may control unique aspects of 
cone development

Our analysis of gene expression changes between control and DAPT treated mouse explants 

recapitulated the events that are thought to occur in photoreceptor development (Fig. 1A) 

(Brzezinski and Reh, 2015). In order, we saw that: (1) retinal progenitor genes were 

downregulated, (2) genes marking cells in their terminal cell cycle (i.e., neurogenic or 

proneural) became transiently upregulated, (3) Otx2 was upregulated, (4) pan-photoreceptor 

genes become upregulated, (5) cone-specific genes were upregulated, and finally (6) mature 

cone marker genes were activated. To better understand genes whose roles are unknown in 

cone development, we grouped them into four broad groups based on the direction, timing, 

and permanence of their expression changes upon DAPT treatment.

Genes in group 0 were downregulated throughout the treatment period. The known genes in 

this group mostly represented progenitor-specific and Notch pathway related genes. While 

beyond our current investigation, these genes may directly repress Otx2. Downregulating 

group 0 genes may “release” cells, enabling them to adopt neuronal identities. In contrast, 

genes upregulated prior to Otx2 may directly activate its expression. To find such factors we 

focused on group 1 genes, which became transiently upregulated by DAPT treatment prior 

to Otx2 activation. These genes may activate Otx2 and establish the population of cells that 

are competent to form rods, cones, and bipolar cells. Of particular interest in this group were 

the transcription factors Ascl1, Neurog2, Olig2 and Mybl1. ASCL1, NEUROG2, and 

OLIG2 are expressed in retinal progenitor cells, albeit in a heterogeneous partially 

overlapping pattern (Brzezinski et al., 2011). Overexpression of these factors can have a 

proneural effect and drive progenitors out of the cell cycle (Bertrand et al., 2002). We 

observed that some OTX2+ cells in controls and DAPT treated explants co-expressed these 
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transcription factors. Consistent with an activating role, Ascl1 overexpression in Müller glia 

was able to turn on Otx2 expression (Pollak et al., 2013). Nonetheless, individual knockouts 

of these three genes have only modest effects on photoreceptor development (Brzezinski and 

Reh, 2015). Ascl1 null mice are able to form cone photoreceptors (Tomita et al., 1996). 

Neurog2 mutants show no effect on cone formation and a just mild phenotype on the 

numbers of rods and bipolar cells that are generated (Hufnagel et al., 2010; Kowalchuk et 

al., 2018). Olig2 loss has no effect on retinal cell populations (Hafler et al., 2012). Taken 

together, these findings suggest that there is redundancy or compensation that occurs 

between these factors during development. The transcription factor Mybl1 showed a similar 

transcriptional pattern to Ascl1, Neurog2, and Olig2 and co-localized with OTX2. How 

Mybl1 controls retinal development is unknown, but it has been shown to regulate meiosis 

during spermatogenesis (Bolcun-Filas et al., 2011). Mybl1 is similar to two other genes 

expressed in the retina (Myb, Mybl2) (Table S1–3) and may also act in a redundant or 

compensatory fashion to regulate Otx2 and photoreceptor development. Future experiments 

where multiple transcription factors are simultaneously mutated will overcome these barriers 

and reveal whether group 1 genes regulate cone genesis.

Genes in group 2 were transiently upregulated by DAPT treatment after Otx2. Group 2 

genes may act like switches downstream of Otx2 to select fate choices within this population 

of cells. In this group were two previously characterized genes, Atoh7 and Onecut1. Atoh7 
is required for ganglion cell formation and cells expressing this factor are competent to 

adopt other fates, such as rod and cone photoreceptors (Brown et al., 2001; Brzezinski et al., 

2012; Kay et al., 2001; Wang et al., 2001; Yang et al., 2003). Thus, it is unlikely that Atoh7 
controls fate choice in OTX2+ cells, but instead acts permissively and transiently marks cells 

that will become cones. Onecut1 is normally expressed by a subset of OTX2+ cells and can 

activate cone-specific gene expression (Emerson et al., 2013). However, double mutants of 

Onecut1 and Onecut2 do not totally prevent cone genesis in the mouse (Sapkota et al., 

2014). This raises the possibility that redundant and/or compensatory mechanisms mask 

whether Onecut1 controls cone fate specification. Several other group 2 genes may influence 

cone fate specification and remain to be investigated. Of particular interest is the gene 

3110035E14Rik, now referred to as Vexin. This gene has been identified as a neurogenic 

factor that may cooperate with bHLH transcription factors to modulate their developmental 

effects (Moore et al., 2018). Moore and colleagues showed that both overexpression and 

knockdown of Vexin in Xenopus affected photoreceptor genesis at the expense of other 

retinal cell types (Moore et al., 2018). They also found that Vexin works through a cyclin 

dependent kinase inhibitor to increase Neurog2 and promote neurogenesis (Moore et al., 

2018). How genes in groups 1 and 2 interact with each other and Otx2 to control cone 

development remains to be determined.

The largest category of gene expression changes showed upregulation after Otx2 and had 

sustained activation after 48 hours of DAPT treatment. These group 3 genes included pan-

photoreceptor transcription factors such as Crx and Prdm1 along with cone-specific factors 

like Thrb and Rxrg. Many other known cone-specific genes are in this group, but most of 

these were not upregulated until 48 hours of DAPT treatment. Of particular interest were 

genes whose expression was upregulated around the time of Thrb and Rxrg at ~24 hours of 

DAPT treatment. While both of these factors mark cones, neither are necessary for cone 

Kaufman et al. Page 12

Dev Biol. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



genesis. Instead, they control cone subtype (M versus S) choice (Ng et al., 2001; Roberts et 

al., 2006, 2005; Applebury et al., 2007; Eldred et al., 2018). One transcription factor that 

became upregulated with similar timing was Meis2, which showed near complete overlap 

with OTX2. We were unable to determine whether Meis2 marks the subset of OTX2+ cells 

that adopt cone identity for technical reasons. We did not detect Meis2 in adult cones, 

suggesting that any role it plays in cone development is transient. Another factor with a 

similar expression pattern is Podxl or Podocalyxin-like, a transmembrane protein first 

identified as an anti-adhesion glycoprotein molecule similar in structure and function to the 

well characterized CD34 (Sassetti et al., 1998). It is expressed in the kidney, the vascular 

system, and within the developing nervous system (Ney et al., 2007; Siemerink et al., 2016; 

Vitureira et al., 2010, 2005; Zhang et al., 2019). Loss of Podxl is perinatal lethal and has 

been shown to cause axonal and synaptic deficits in the central nervous system (Vitureira et 

al., 2010). We found that PODXL marks developing photoreceptors, though it was difficult 

to determine whether this was cone-specific due to its localization in apical membranes. 

Nonetheless, we observed that PODXL specifically marked cone inner segments in the adult 

mouse retina. Other gene expression profiling experiments have detected Podxl, with some 

attributing it to rods, cones, or both (Hughes et al., 2017; Lakowski et al., 2011; Welby et al., 

2017). The reasons for these disparities are unclear, though our immunostaining data argues 

in favor of cone-specific expression in the mature retina (Fig. 5C). It is unclear what role 

PODXL plays during cone development and homeostasis. One possibility is that PODXL 

has an anti-adhesive role and keeps cones from clumping together. Conditional Podxl knock-

out mice will be needed to ascertain its role in cones, both to escape lethality and to avoid its 

potentially confounding roles in the ocular vasculature.

Using γ-secretase inhibitors to increase and accelerate human cone development

We and others have seen that γ-secretase inhibitors can increase the formation of cone 

photoreceptors in human 3D organoid cultures (Nakano et al., 2012). We saw a very robust 

increase in cone-specific markers when we treated 6-week human organoids with the γ-

secretase inhibitor PF-4014. Prior work has shown an increase in human cones with DAPT 

treatment, but this was done with slightly earlier timing and did not result in as robust of an 

effect (Nakano et al., 2012). In our experiments, PF-4014 was much more effective than 

DAPT. While PF-4014 is thought to be slightly more effective at inhibiting Notch signaling 

than DAPT (Wei et al., 2010), it remains unclear why there was a difference as we used 

relatively high doses of both compounds in our experiments. One possibility is that PF-4014 

had better delivery properties than DAPT, reaching cells in the 3D organoids more 

effectively. The differences in cell death and ganglion cell numbers between mouse and 

human retinas suggests that PF-4014 has less toxicity than DAPT. Alternatively, mouse and 

human cells may respond slightly differently to these drugs. The cells could also be at a 

modestly different developmental stage or competence state at the time of treatment. 

Regardless of the mechanism, the use of PF-4014 on 6-week human organoids may be a 

highly effective method for generating large numbers of cones for developmental studies, 

drug screens, or for cell transplantation experiments. We also observed that ARR3 

expression was strongly upregulated by PF-4014, but was essentially absent from control 

organoids. This raises the possibility that γ-secretase inhibitor treatment accelerates the 

developmental timing of cone genesis. The large number of known cone-specific genes seen 
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in 48 hour DAPT treated E14.5 retinal explants suggests that this may occur in the mouse 

system as well. Moving forward, single-cell RNA-sequencing approaches can be used to test 

whether cone development is accelerated by γ-secretase inhibitors. Accelerating human 

cone genesis has the potential to facilitate drug screening assays and cell transplantation 

experiments by greatly shortening organoid culturing times.

Methods

Murine Retinal explant culture and immunostaining

All animal experiments were conducted in accordance with the University of Colorado 

Denver IACUC guidelines. Embryonic day 14.5 wild-type CD1 embryos (strain #022, 

Charles River Laboratories, Wilmington, MA) were used for retinal explant cultures. Both 

eyes were removed and placed in cold Hank’s Balanced Salt Solution (HBSS with Ca2+ and 

Mg2+) (Corning, Corning, NY, USA) containing 6mg/mL glucose and 0.05M HEPES. The 

eyes were further dissected leaving only the retina and lens intact. These were kept on ice in 

growth media, which consisted of Neurobasal Medium containing 1X N2 supplement, 1X L-

glutamine, 1X Penicillin/Streptomycin, and 1% Fetal Bovine Serum (FBS) (Gibco/Thermo 

Fisher Scientific, Waltham, MA, USA) until ready for subsequent experimental incubations 

(Mills et al., 2017). Three to four retinas per treatment were placed into a single well of a 

24-well plate containing growth media with either 10μM DAPT (565770, Calbiochem 

Milipore Sigma, Burlington, MA, USA) or the equivalent volume of DMSO vehicle (1 part 

in 1000). The explants were grown under 5% CO2 in a 37°C incubator using a nutator (at 12 

RPM) to gently mix them for 6, 8, 10, 12, 18, 24, or 48 hours. After culture, explants were 

fixed in 2% paraformaldehyde for 20 minutes, passed through a sucrose gradient (at 10% & 

20% for 30 minutes and 30% overnight) and frozen in OCT medium (Sakura, Torrance, CA, 

USA). Sections were cut at 10μm and placed on slides for immunohistochemistry 

(Brzezinski et al., 2010). Briefly, slides were incubated at room temperature for 1 hour in 

milk block solution (the supernatant of 5% milk and 0.5% Triton X-100 in Phosphate 

Buffered Saline (PBS)). Primary antibodies diluted in milk block were incubated overnight 

for 12 to 18 hours on slides, which were then washed in PBS. Sections were then incubated 

for 1 hour at room temperature with fluorescently conjugated secondary antibodies (Jackson 

ImmunoResearch, West Grove, PA, USA) diluted 1:500 in milk block solution. Images were 

acquired using a Nikon C2 laser scanning confocal microscope (Melville, NY, USA). A 

1024 × 1024 pixel photograph was captured for each of the retinal sections using each laser 

sequentially to generate the final image. Three to five z-stacks (1–1.5μm per slice) were 

captured, maximum-intensity Z-projected with ImageJ (Schneider et al., 2012) and 

minimally processed in Adobe Photoshop CC 2015 (Adobe, San Diego, CA, USA). Primary 

antibodies used: rabbit anti-AC3 (1:250) (5559565, Becton Dickinson, Franklin Lakes, NJ, 

USA) rabbit anti-AP2B (1:250) (SC8976, Santa Cruz Biotechnology, Santa Cruz, CA, 

USA), mouse anti-ASCL1 (1:250) (556604 BD Pharmingen, San Jose, CA, USA) or guinea 

pig anti-ASCL1 (1:1000, gift from J. Johnson, UT Southwestern), rabbit anti-ARR3 (1:250) 

(AB15282, Millipore, Burlington, MA, USA), rabbit anti-ATOH7 (1:500) (NBP1–88639, 

Novus, St. Charles, MO, USA), goat anti-BRN3 (1:250) (sc-6026, Santa Cruz,), rabbit anti-

M-OPSIN (1:250) (AB5405, Millipore), mouse anti-NEUROG2 (1:250) (MAB3314, Santa 

Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-OLIG2 (1:250) (AB9610, 
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Millipore), rabbit anti-ONECUT1 (1:250) (sc-13050, Santa Cruz), goat anti-OTX2 (1:250) 

(BAF1979, R&D, Minneapolis, MN, USA), rabbit anti-PAX6 (1:250) (901301, Biolegend, 

San Diego, CA, USA), goat anti-PODXL (1:1000) (AF1556, R&D), rat anti-PRDM1 

(1:250) (AA235–395, Santa Cruz), rabbit anti-RXRᵧ (1:250) (sc-555, Santa Cruz), goat anti-

SOX2 (1:250) (sc-17320, Santa Cruz). Visualization of EdU incorporation was performed 

using the Click-iT™ EdU Imaging Kit (C10337, Thermo Fisher). Immunostaining 

quantification was performed using captured images from above. Image stacks were 

imported into ImageJ and channels normalized. Manual cell counts were made in each 

channel and recorded in Microsoft Excel (Microsoft, Redmond, WA, USA). Cell counts 

were acquired from images and normalized to 250μm of retinal length or per 200X field. 

Unpaired t-tests were performed using Excel or GraphPad Prism 6 (GraphPad, San Diego, 

CA, USA) and P-values less than 0.05 were considered to be significant.

Adult Murine Tissue Collection

For comparative analysis, adult eyes were acquired from CD1 (Charles River) female mice 

at the time of embryo harvest (above). Corneas were punctured with a 30g needle and eyes 

were fixed in 2% paraformaldehyde. Whole eyes then were incubated in 10% & 20% 

sucrose for 1 hour each and 30% sucrose overnight. Tissue was then frozen in OCT, 

sectioned at 10μm, and stained and imaged as above.

Mybl1 and Meis2 In Situ Hybridization

Retinal tissue was harvested from C57BL/6J mice (strain #0664) (Jackson Laboratories, Bar 

Harbor, ME, USA) as described above at E14.5 or E15.5. RNA in situ hybridization was 

done as previously described (Park et al., 2017) using the Affymetrix View RNA ISH kit 

(Affymetrix, Santa Clara, CA, USA). Briefly, 12μm tissue sections were fixed at room 

temperature in 4% paraformaldehyde for 30 minutes. The tissue sections were treated with 

protease for 10 minutes at 40°C. Probes to murine Meis2 and Mybl1 (Catalog #VB1–19318, 

VB1–15979) were hybridized for 3 hours at 40°C. Slides were developed for 40 minutes 

with the ViewRNA Chromogenic Kit (Fast Red) (Affymetrix) (Park et al., 2017). These 

slides were then used for a subsequent round of immunostaining as described above.

RNA and cDNA Library Prep

E14.5 C57BL/6J wild-type embryos were collected for culturing as described above. Retinas 

treated with either 10μM DAPT or DMSO were grown for 6, 7, 8, 9, 10, 12, 15, 18, 21, 24, 

or 48 hours. Six to eight retinas were pooled for each sample such that all the left eyes and 

the right eyes of each embryo were included in either the DAPT or the DMSO treatment 

groups. A single retina from each group was cultured separately and saved for histology (as 

above, data not shown) to confirm successful DAPT treatment, while the rest were used for 

RNA isolation. Three replicates for each time-point were collected independently from 

separate C57BL/6J litters. The pooled retinas were homogenized in 0.5mL of TRIzol and the 

RNA isolated according the manufacturer’s protocol (Thermo Fisher Scientific). RNA was 

further purified using RNeasy kit (Qiagen, Valencia, CA, USA). Samples were then 

submitted to the University of Colorado Genomics and Microarray Core Facility for quality 

control, barcoding, and subsequent sequencing (Illumina HiSeq 2000; Illumina, San Diego, 

CA, USA).
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RNA Sequencing and Analysis

Raw reads were processed for Illumina adapters using trimmomatic-0.36 (Bolger et al., 

2014). Trimmed sequencing reads were then aligned to the GRCm38/mm10 version of the 

reference mouse genome using GSNAP (Wu and Nacu, 2010). Transcripts for uniquely 

expressed genes were assembled by Cufflinks (Trapnell et al., 2012) and their relative 

abundances quantified as FPKM (fragments per kilobase exon per million mapped reads) 

values. PCA analysis of replicate groupings led to an exclusion of individual 12h, 15h, and 

48h replicates from the analysis (Fig. S6). Fold change was calculated between treatment 

groups and differential expression assessed via ANOVA in R to reveal potential candidate 

genes in the initial screen. Individual genes at each time-point were compared by unpaired t-

tests with a false discovery rate (FDR) correction to account for multiple tests. Downstream 

data filtering and processing were conducted with Python. To be considered in the top 750 

differentially expressed (DE) gene list (Fig. 2B), three criteria had to be met: (1) the mean 

FPKM had to be higher than 20 in any one sample treatment, (2) the log2 fold change had to 

be less than −0.5 or greater than 0.5, and (3) the gene had to have a FDR-corrected P-value 

less than 0.05. Volcano plots were generated using the interactive visualization library 

Bokeh (Bokeh contributors). Heatmaps were generated using the matrix visualization tool 

Morpheus (Morpheus).

Generation of Retinal Organoids from Human iPSCs

Undifferentiated induced pluripotent stem cells (iPSCs) (NCL1, NXCell Inc., Novato, CA) 

were maintained in Essential 8 Flex medium (Gibco, Grand Island, NY, USA). For 

generating embryoid bodies (EBs), the cells were dissociated using 0.5mM EDTA (Corning) 

in DPBS (Corning) for 4–5 minutes. The dissociation media was removed and 1.5mL of ES8 

Flex containing 10μM Y-27632 (Tocris, Minneapolis, MN, USA), was added to each well of 

a 6-well plate. Cells were gently scraped and transferred to a 15mL tube. The cells were 

resuspended at a concentration of 4–6 million cells/mL and 60μL of the suspension was 

seeded into low attachment microwells (Microtissues Inc., Providence, RI, USA). This 

yielded about 6,000–9,000 cells per EB. Additional ES8 Flex media with 10μM Y-27632 

was added around the microwells after 30 minutes. After 24 hours, most of the media was 

removed and changed to media containing DMEM (Gibco), L-ascorbic acid (Sigma, St. 

Louis, MO, USA), sodium pyruvate, NEAA (Corning), N1 supplement (Sigma), and B27 

supplement (Gibco) along with 1% Matrigel (Corning) and 3μM of IWR-1 (Tocris, 

Minneapolis, MN, USA). The media was changed daily. IWR-1 was removed on day (D) 7 

and Matrigel was removed on D8. Starting around D8, organoids were gently transferred to 

a suspension plate. On D10, 100nM SAG (Sigma) was added to the media. From D12 

onwards, the cells were maintained in media containing DMEM/F12, 0.5% FBS, NEAA, 

Sodium Pyruvate, B27 supplement and taurine at 1μM. 100nM SAG was added from day 

12–19 and 500nM all-trans retinoic acid (Sigma) was added from D20–75.

Notch Inhibition of Human Retinal Organoids

Six week-differentiated retinal organoids, 5 or 6 per condition, were treated with either 10–

25μM DAPT (data not shown) or 10μM PF-4014 (PF-03084014 hydrobromide, Sigma) for 3 

days and compared to control treated organoids following culture for 11 more days. DAPT-
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treated organoids had variable outcomes, leading us to utilize PF-4014 treatment for 

subsequent experiments. Organoids were fixed with cold 4% PFA for 30 minutes followed 

by washing with PBS. Tissue was cryopreserved, frozen in OCT, and cryosectioned at 10μm 

for histological analysis.

Retinal Organoid Immunohistochemistry

Tissue sections were blocked in solution containing PBS with 0.1% Triton X100 and 1% 

donkey serum for 30 minutes. Sections were incubated with the primary antibodies 

overnight at 4°C followed by 3 washes with PBS. The sections were then incubated with 

fluorescently tagged secondary antibodies (Alexa Fluor 488, 555, 647, Invitrogen, Waltham, 

MA, USA) for 1 hour in the dark at room temperature. Following PBS washes, the sections 

were incubated in DAPI for 1 minute to mark nuclei and mounted with Fluoromount-G. 

Images were taken with Zeiss LSM510 or LSM700 confocal microscope. Primary 

antibodies used in this part of the analysis not mentioned previously: rabbit anti-CRX 

(1:200) (Abcam, Cambridge, UK), goat anti-LHX2 (1:100) (sc-19344, Santa Cruz), rabbit 

anti-Ki67 (1:250) (AB15580, Abcam), mouse anti-VSX2 (1:100) (Clone:D-11, sc-374151, 

Santa Cruz), mouse anti-Brn3a (1:100) (sc-8429, Santa Cruz) and rabbit anti-RCVRN 

(1:100) (AB5585, Millipore). TUNEL was performed using the In Situ Cell Death Detection 

Kit (Sigma) as per manufacturer guidelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• γ-secretase inhibitor treatment forces excess cone photoreceptor generation

• Supernumerary cone formation occurs in a synchronized fashion

• Temporal analysis of cones reveals genes that correlate with developmental 

events

• Human retinal organoids treated with γ-secretase inhibitors become cone 

dominant
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Figure 1: 
DAPT treatment at E14.5 leads to supernumerary cone formation and a depletion of 

progenitors. A. A multi-step model of cone photoreceptor specification showing 

transcription factor genes that mark different temporal states. B-C. Histological comparison 

of DMSO control and DAPT treated explants after 48 hours of culture. B. Markers for 

progenitors (EdU incorporation, SOX2, PAX6) are strongly reduced by DAPT treatment. 

PAX6+ and SOX2+ cells remaining after DAPT treatment likely represent amacrine cells. C. 
Pan-photoreceptor (OTX2, PRDM1) and cone-specific (RXRᵧ) markers are greatly 

increased by DAPT treatment. Arrows point to areas of outer retinal rosetting typically seen 

after 48 hours of DAPT treatment. Scale bars = 50μm for EdU panels and 100μm for the 

remaining panels. GCL = ganglion cell layer.
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Figure 2: 
Temporal patterns of gene expression changes as cells differentiate into cone photoreceptors. 

A. Schema of DMSO control and DAPT treated explant culturing and time-points for RNA-

seq analysis. B. Heatmap of the top 750 differentially expressed genes (blue is 

downregulated by DAPT and red is upregulated). Upon clustering, they form four 

conspicuous groups (0 – 3) based on the timing and direction of gene expression changes. 

The subset of genes on the right side includes markers representing photoreceptors, 

progenitors, and the Notch pathway. C-D. Volcano plots showing the expression differences 

between DMSO control and DAPT treated retinas at 6h and 48h, respectively. Notable genes 

are indicated in blue (downregulated) and red (upregulated) text. C. At 6 hours of treatment: 

Notch effector genes (e.g., Hey1, Hes1, Hes5) and progenitor genes (e.g., Fgf15 and Vsx2) 

are greatly downregulated, while the Notch ligand Dll1 is upregulated. Transcription factors 

(e.g., Neurod1, Ascl1, Neurog2, Olig2) are upregulated at this early time point. 

Photoreceptor genes are generally not differentially expressed (gray) at the earliest treatment 

time-points. D. At 48 hours of treatment, Notch effector genes and progenitor genes are still 

downregulated. However, there is strong upregulation of pan-photoreceptor (e.g., Crx, Otx2, 

Prdm1) and cone-specific genes (e.g., Thrb, Rxrg, Pde6c, Opn1sw, Ccdc136) after 48 hours 

of DAPT treatment.
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Figure 3: 
A small cohort of transcription factors are upregulated in advance of Otx2. A. Heatmap of 

selected transcription factor expression from group 1. These genes are upregulated before 

Otx2 (~9 hours) and become downregulated after 48 hours of DAPT treatment. B. 
Histological examples of three bHLH family transcription factors (ASCL1, NEUROG2, 

OLIG2) over the course of treatment. The number of ASCL1+ and NEUROG2+ cells is 

increased in DAPT treated retinas starting around 6 hours, while OLIG2 numbers increase 

starting around 12 hours of treatment. ASCL1 and NEUROG2 labeled cells are nearly 

absent from DAPT treated retinas by 48 hours, while some OLIG2+ cells remain, matching 

the patterns seen in the heatmap (A). C. RNA in situ hybridization for Mybl1 in DMSO 

control and DAPT treated retinas. Overlap with OTX2 is seen in both cases (arrows), but is 

nearly complete following DAPT treatment. The arrowhead marks Mybl1 signal that does 

not overlap with OTX2 in the DMSO group. Scale bars = 100μm for large panels and 25μm 

for insets. GCL = ganglion cell layer.
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Figure 4: 
Several genes are upregulated after Otx2, but are only transiently expressed. A. Heatmap of 

genes from group 2 that increase in DAPT treated retinas after Otx2 (~9 hours). B. 
Immunohistochemistry showing the expression of ATOH7 and ONECUT1 in comparison to 

OTX2 in DMSO control or DAPT treated explants at 12, 18, 24, and 48 hour time-points. 

ATOH7 and ONECUT1 expression peaks around 18 hours post-DAPT treatment. ATOH7 

expression is lost by 48 hours while ONECUT1 is limited to horizontal or ganglion cells 

(OTX2-negative, arrows), matching the expression seen in the heatmap (A). Scale bars = 

100μm for all panels. GCL = ganglion cell layer.
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Figure 5: 
Many genes are upregulated after Otx2 and remain expressed. A. Heatmap for genes in 

group 3 that remain upregulated after 48 hours of DAPT treatment. This includes many 

genes made by cones, such as Rxrg and Thrb. B-C. Immunostaining for PODXL, a known 

membrane protein. B. PODXL staining in E14.5 explants treated for 24 or 48 hours with 

either DMSO or DAPT. PODXL staining is localized to apical portion of the nascent 

photoreceptor layer and reveals the outer retinal rosetting that occurs in explants treated with 

DAPT for 48 hours. C. PODXL expression in untreated retinas at E14.5 and in adults 

relative to the cone markers RXRγ, ARR3, and M-Opsin. At E14.5, PODXL is ubiquitous 

along the apical membrane (arrow) of the photoreceptor layer and it is difficult to distinguish 

whether expression is cone-specific (RXRγ+). In the adult retina, PODXL expression marks 

the vasculature and a subdomain of photoreceptors. Arrows point to localization of PODXL 

relative to RXRγ, ARR3, or M-Opsin staining. PODXL is localized apically in a one-to-one 

ratio with RXRγ (arrow). All of the cone arrestin (ARR3) positive cells co-express PODXL, 

but only in a subdomain of the cone (arrows) that is consistent with the inner segment 

region. Arrowheads mark the outer segment area. M-Opsin staining marks the outer segment 

(arrowheads) of most mouse cones and this staining was distal to the PODXL signal 

(arrows). Together, this suggests that PODXL is cone-specific and localized to only the inner 

segment region of cones. D. RNA in situ hybridization for Meis2 at E15.5. At this stage, 

Meis2 signal overlaps extensively with OTX2 (arrows), but only a subset of OTX2+ cells co-
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express Meis2. Scale bars = 100μm for panels within B, C, & D and 25μm for insets. GCL = 

ganglion cell layer.
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Figure 6: 
Supernumerary cone formation occurs in human retinal organoid cultures. A. Schema of 

human cone enrichment in retinal organoid culture and treatment for three days (+3D) with 

either water vehicle or the γ-secretase inhibitor PF-4104. Organoids were treated on day 42 

and examined by histology on day 56. B. Human retinal organoids immunostained with 

markers for progenitors (Ki67, VSX2, ASCL1, ATOH7), photoreceptors (OTX2, CRX, 

PRDM1), and specifically for cones (ARR3, RXRγ). Similar to mouse E14.5 explants, there 

is a strong loss of progenitor markers (Ki67, VSX2, ASCL1, ATOH7) following PF-4014 
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treatment. As expected, PF-4014 treatment results in a strong upregulation of pan-

photoreceptor markers (CRX, OTX2, PRDM1). The number of cells expressing the cone-

specific markers RXRγ and ARR3 is greatly increased by PF-4014 treatment. PF-4014 may 

advance the timing of ARR3 expression, as it was not appreciably present in DMSO-treated 

organoids at day 56. Scale bars = 100μm for all panels. GCL = ganglion cell layer. C. 
Quantification of selected marker expression compared to DAPI. Error bars represent the 

SD.
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