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Pou2f1 and Pou2f2 cooperate to control the timing of cone
photoreceptor production in the developing mouse retina
Awais Javed1,2, Pierre Mattar1,*, Suying Lu3, Kamil Kruczek4,‡, Magdalena Kloc4, Anai Gonzalez-Cordero4,§,
Rod Bremner3, Robin R. Ali4,5 and Michel Cayouette1,2,6,7,¶

ABSTRACT
Multipotent retinal progenitor cells (RPCs) generate various cell types
in a precise chronological order, but how exactly cone photoreceptor
production is restricted to early stages remains unclear. Here, we show
that the POU-homeodomain factors Pou2f1/Pou2f2, the homologs of
Drosophila temporal identity factors nub/pdm2, regulate the timely
production of cones inmice. Forcing sustained expression of Pou2f1 or
Pou2f2 in RPCs expands the period of cone production, whereas
misexpression in late-stage RPCs triggers ectopic cone production at
the expense of late-born fates. Mechanistically, we report that Pou2f1
inducesPou2f2 expression, which binds to aPOUmotif in the promoter
of the rod-inducing factor Nrl to repress its expression. Conversely,
conditional inactivation of Pou2f2 in RPCs increases Nrl expression
and reduces cone production. Finally, we provide evidence that Pou2f1
is part of a cross-regulatory cascade with the other temporal identity
factors Ikzf1 and Casz1. These results uncover Pou2f1/2 as regulators
of the temporal window for cone genesis and, given their widespread
expression in the nervous system, raise the possibility of a general role
in temporal patterning.

This article has an associated ‘The people behind the papers’
interview.
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INTRODUCTION
The generation of neuronal diversity is crucial to building a functional
nervous system. Classical studies have shown that, in some regions of
the nervous system, the spatial position of neural progenitors is key to
engage transcriptional regulatory networks that induce a particular
fate (Jessell, 2000). In other regions, developmental time is used to

diversify the progenitor pool (Ebisuya and Briscoe, 2018; Kohwi and
Doe, 2013). A particularly striking example of such ‘temporal
patterning’ is observed in the developing vertebrate retina, where the
temporal identity of multipotent retinal progenitor cells (RPCs)
changes progressively, such that their competence to give rise to
different retinal cell types is altered as a function of developmental
stage. Ganglion, horizontal, amacrine and cone photoreceptor cells
are generally born early, whereas rod, bipolar and Müller glial cells
are generally born late (Rapaport et al., 2004; Young, 1985a,b;
Carter-Dawson and LaVail, 1979a,b; Turner et al., 1990). Although
much is known about the transcriptional networks operating to
instruct the generation of various cell fates available to RPCs within a
given temporal window (Bassett and Wallace, 2012), much less is
known about how these differentiation programs are activated at the
appropriate time to control cell birth order.

Changing environmental signals in the developing retina
contribute to alter RPC cell fate potential (Ma et al., 2007; Ozawa
et al., 2007; Kim et al., 2005), but these cues act as inhibitory signals
for specific cell types rather than as instructive cues, and
heterochronic grafting studies have shown that the environment is
not sufficient to alter fate output (Cepko, 1999; Belliveau and Cepko,
1999;Watanabe and Raff, 1990).Moreover, the size and composition
of clones produced in clonal-density cultures are indistinguishable
from those of clones produced in situ and the general order of cell
birth is maintained in such cultures (Cayouette et al., 2003; Gomes
et al., 2011). Thus, cell-intrinsic programs largely appear to control
temporal identity transitions in RPCs. But what could these intrinsic
factors be? A clue was provided by pioneering studies of Drosophila
neuroblasts. In these lineages, the transcription factors hunchback
(Hb), krüppel (Kr), Nub/Pdm2 (collectively called Pdm) and castor
(Cas) are part of a temporal identity cascade where each factor is
necessary and sufficient for the generation of neurons born during the
temporal window in which they are expressed (Isshiki et al., 2001;
Kambadur et al., 1998; Brody and Odenwald, 2000; Grosskortenhaus
et al., 2005; Pearson and Doe, 2003; Novotny et al., 2002;
Grosskortenhaus et al., 2006; Cleary and Doe, 2006). This cascade
is tightly controlled by feedforward and feedback loops operating to
restrict the expression of each temporal factor in its respective
expression window (Doe, 2017). More recently, other temporal
identity factors have been identified in different lineages of the fly
nervous system (Li et al., 2013; Suzuki et al., 2013; Erclik et al.,
2017), suggesting that such cascades might represent a general
strategy to regulate progenitor competence.

Previously, we showed that mouse Ikzf1 (also known as Ikaros) is
orthologous toDrosophilaHb and confers early temporal identity in
RPCs, allowing production of three of the early born retinal cell
types: ganglion, horizontal and amacrine (Elliott et al., 2008).
Conversely, we showed that mouse Casz1 is orthologous to
Drosophila Cas and confers mid/late temporal identity in RPCs,
allowing the generation of rod photoreceptors and bipolar cells
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(Mattar et al., 2015). Intriguingly, however, Ikzf1 does not appear to
regulate cone photoreceptor production, even though these cells are
also produced during early stages of retinogenesis, from around
E11.5 to E18.5 (Young, 1985a,b; Rapaport et al., 2004; Carter-
Dawson and LaVail, 1979b; Turner et al., 1990). Considering that
the Drosophila temporal identity cascade appears to be conserved,
at least partially, to regulate temporal patterning in mammalian
RPCs, we hypothesised that other homologs of the fly cascade
might regulate the timely production of cone photoreceptors.
Here, we show that Pou2f1 and Pou2f2 (originally namedOct-1 and

Oct-2), the mammalian homologs of Drosophila Nub and Pdm2,
respectively, regulate the timely production of cone photoreceptors in
the mouse retina. This is achieved by the direct repressive action of
Pou2f2 on the rod-inducing factor Nrl, providing a rare link between
temporal identity factors and downstream regulators of cell fate choice
in mammalian CNS development. Importantly, we provide evidence
for cross-regulatory mechanisms operating between Pou2f1 and the
other temporal identity factors Ikzf1 and Casz1, reinforcing the idea
that some aspects of the strategy used to control temporal progression
in fly neuroblasts are conserved in mammalian neurogenesis.

RESULTS
Pou2f1 and Pou2f2 are expressed in early retinal progenitor
cells, and Pou2f1 expression is maintained in mature cone
photoreceptors
We first used BLAST-P to identifyMus musculus proteins presenting
high sequence conservation with Drosophila melanogaster Nub/
Pdm2 proteins (Altschul et al., 1990).We found that the DNA-binding
POU-specific domain and POU-homeodomain of Nub/Pdm2 are
highly homologous to mouse Pou2f1 and Pou2f2, respectively (Fig.
S1A), as previously reported for human POU2F1 and POU2F2 (Lloyd
and Sakonju, 1991). To study expression of Pou2f1 and Pou2f2
proteins in the developing retina, we first validated antibodies. As it
has previously been reported that Pou2f1 is expressed in the
developing retina at E11.5 (Donner et al., 2007), we asked whether
antibodies against Pou2f1 and Pou2f2 recognise the appropriate band
size in western blots from E12 retinal extracts. We found that the
Pou2f1 antibody recognises two bands around 80 kDa, corresponding
to the size of two of the isoforms of Pou2f1, whereas the Pou2f2
antibody recognises two bands at 70 kDa and 65 kDa, corresponding
to the size of the two Pou2f2 isoforms (Fig. S1B). To determine
whether the antibodies showed any cross-reactivity in
immunostaining, we electroporated either CAG:Pou2f1-IRES-GFP
or CAG:Pou2f2-IRES-GFP in P0 retinas and stained sections 48 h
later. We found that the anti-Pou2f1 antibody detected overexpressed
Pou2f1, but not Pou2f2, and, conversely, the anti-Pou2f2 antibody
detected overexpressed Pou2f2 but not Pou2f1 (Fig. S1C-F′),
indicating that each antibody does not crossreact with the other
Pou2f protein. Next, we generated shRNAs and gRNAs targeting both
Pou2f1 and Pou2f2, and electroporated P0 retinal explants with CAG:
GFP, CAG:Pou2f1-IRES-GFP or CAG:Pou2f2-IRES-GFP along
with the respective gRNA or shRNA vector (Fig. S1G, Table S1),
and stained the retina 3 days later with the antibodies against Pou2f1 or
Pou2f2. We found a considerable decrease in immunostaining signal
in both cases (Fig. S1H-S″). Furthermore, the shRNA vectors
significantly decreased the levels of Pou2f1 and Pou2f2 proteins
detected by western blot after co-expression in HEK293 cells
(Fig. S1T-U). Together, these results show that the Pou2f1 and
Pou2f2 antibodies recognise the right antigen and at the same time
validate the targeting efficiency of our gRNAs and shRNAs.
Using these validated reagents, we first studied the spatiotemporal

expression pattern of Pou2f1 and Pou2f2 in the developing mouse

retina. We found Pou2f1 and Pou2f2 positive (Pou2f1/2+) cells of the
retinal progenitor layer (RPL) that co-labelled with proliferating cell
markers Ki67 or EdU from E11.5 to E15.5, indicating expression in
RPCs. Starting from E15.5, however, the number of Pou2f1/2+ RPCs
declined (Fig. 1A-F″) and only a few RPCs expressing Pou2f1 at low
levels and virtually no RPCs expressing Pou2f2 by P0 were found
(Fig. S2A-B′). We observed Pou2f1/Pou2f2 co-labelling in the
majority of cells at E11 (Fig. S2C), consistent with recently published
RNA-seq datasets (Fig. S2D) (Clark et al., 2019; Hoshino et al.,
2017; Aldiri et al., 2017). This demonstrates that Pou2f1 and Pou2f2
are expressed in mitotic RPCs during the period of cone genesis, but
not in RPCs generating late-born cell types.

At E15.5, some Pou2f1+ cells co-labelled with Rxrg, which labels
cone photoreceptors on the apical-most region of the retina, whereas
others co-labelled with Vsx2, a marker for RPCs at this stage,
suggesting Pou2f1 expression in both cones and dividing RPCs (Fig.
S2E). By E17.5 and onwards, Pou2f1 was expressed primarily in
Rxrg+, Lim1+ (horizontal cell marker) and Brn3b+ (ganglion cell
marker) cells (Fig. 1G-L″, Fig. S2F-G″). Consistent with these data,
when we analysed expression of Pou2f1 in a published RNA-seq
dataset of sorted cone photoreceptors, we found high expression of
Pou2f1 mRNA (Daum et al., 2017). These data suggest that Pou2f1
expression is maintained inmature cone, horizontal and ganglion cells.

The antibodies against Pou2f2 and Rxrg were both raised in
rabbits, precluding double staining. We therefore used the Chrnb4-
eGFP mouse line, which expresses GFP specifically in cones and
ganglion cells, to assess Pou2f expression in these cells at E14.5
(Siegert et al., 2009; Decembrini et al., 2017). Some apically located
cells co-labelled with Pou2f2 and GFP, and were negative for
Brn3b, consistent with expression in a subset of cones, whereas
other Pou2f2+ cells were co-labelled with Brn3b, indicating
expression in RGCs (Fig. S2H).

Next, we asked whether POU2F1 and POUF2 are also expressed in
the developing human retina. Our POU2F2 antibodies did not produce
a signal in human retinas. However, the POU2F1-specific antibody
stained cells in the progenitor layer that lacked OTX2 and BRN3B,
while others expressed OTX2 or BRN3B at foetal week (FW) 12
(Fig. 1M), suggesting expression in RPCs, RGCs and differentiating
photoreceptors. From FW15 to FW19, POU2F1 labelling in the
progenitor layer decreased, but was maintained in cells found at the
apical side of the outer nuclear layer (ONL) in the macula region,
where cones reside, and co-labelled with OTX2 (Fig. 1N), a marker of
photoreceptors in this layer. Some POU2F1+ cells also co-labelled
with L/M-OPSIN and ONECUT2, cone and horizontal cell markers,
respectively (Fig. 1M‴-Q‴). To further characterise the expression of
POU2F1 in human retinal tissue, we generated human embryonic stem
cell-derived retinal organoids using a previously published protocol
(Gonzalez-Cordero et al., 2017). As observed in human foetal retinas,
we found that POU2F1 was expressed in proliferating KI67+

progenitors in early-stage organoids (Fig. S2I), whereas its
expression decreased in the progenitor layer at later stages, but
remained in differentiated cones at 24 weeks, as determined by co-
staining with S-OPSIN, L/M-OPSIN and ARRESTIN (Fig. S2J).
Thus, POU2F1 is expressed in early- but not late-stage RPCs and is
maintained in mature cone photoreceptors in the human retina, similar
to what we observed in the mouse retina.

Sustained Pou2f1 and Pou2f2 expression expands cone
production outside the normal developmental window
As expression of Pou2f1 and Pou2f2 in RPC is lost when cone
production is over, we wanted to investigate whether their sustained
expression could extend the period of cone production. We
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electroporated CAG:GFP, CAG:Pou2f1-IRES-GFP or CAG:
Pou2f2-IRES-GFP vectors in E14 retinal explants, and assessed
the percentage of cones produced by co-staining with GFP and cone
markers 19 days later (Fig. 2A). Interestingly, we found an increase
in the proportion of GFP+ cells that co-expressed Rxrg and S-opsin
after Pou2f1 or Pou2f2 expression (Fig. 2B-G). These additional
cones might have arisen from an increased production during the
normal temporal window of cone genesis or from an extension of
this window into later stages. To distinguish between these
possibilities, we added EdU to the culture medium 5 days after
electroporation of Pou2f1 or Pou2f2, when cone production is
normally over, and analysed the explants 14 days later (Fig. 2H).
Although virtually no S-opsin+/EdU+/GFP+ cells were detected in
controls (1/455 cells counted), as expected, we found a significant

fraction of these cells after Pou2f1 or Pou2f2 overexpression
(Fig. 2I-M). Moreover, we did not observe an increase in the total
number of EdU+/GFP+ cells, suggesting that misexpression of
Pou2f1 or Pou2f2 does not affect the proliferative potential of early
RPCs (Fig. S3A). These results suggest that sustained expression of
Pou2f1 and Pou2f2 in RPCs extends the period of cone production.

Ectopic expression of Pou2f1 or Pou2f2 in late-stage retinal
progenitors induces cone production at the expense of
late-born fates
Postnatal murine RPCs have normally lost the competence to
generate cones. To determine whether Pou2f1/2 is sufficient to
confer competence to generate cones in late-stage RPCs, we first
infected P0 retinal explants with retroviral vectors expressing

Fig. 1. Pou2f1 and Pou2f2 expression in
developing mouse and human retinas.
(A-F″) Co-immunostaining for Pou2f1 or Pou2f2,
the proliferation marker Ki67 or EdU (injected 1 h
before sacrifice) in the mouse retina at different
stages, as indicated. (G-L′) Co-immunostaining for
Pou2f1 (green) and the cone marker Rxrg (red) at
different stages of mouse retinogenesis.
Arrowheads indicate cone photoreceptors
expressing Pou2f1. (M-Q‴) Co-immunostaining for
POU2F1, OTX2, L/M OPSIN, BRN3, ONECUT2
and DAPI on human retinal sections at foetal
weeks (FW) 12, 15, and 19. White arrowheads
indicate OTX2−BRN3− cells expressing POU2F1.
Magenta arrowheads indicate OTX2+BRN3− cells
expressing POU2F1. Yellow and brown
arrowheads indicate L/M OPSIN+ and ONECUT2+

cells, respectively, expressing POU2F1. RPL,
retinal progenitor layer; ONL, outer nuclear layer;
INL, inner nuclear layer. Scale bars: 20 µm in A-I′;
10 µm in J-Q‴.
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Fig. 2. Continuous Pou2f1 and
Pou2f2 expression prolongs the
cone production window.
(A) Schematic representation of the
experimental paradigm for results
shown in B-G. (B-E″) Z-stack
projection of ex vivo electroporated
cells with a GFP control vector (B-E),
Pou2f1-IRES-GFP (B′-E′) or Pou2f2-
IRES-GFP (B″-E″) stained for the
cone photoreceptor markers Rxrg
and S-opsin. Arrowheads indicate
GFP+ cells expressing both Rxrg and
S-opsin. (F,G) Quantification of GFP+

cells expressing Rxrg (control, n=7;
Pou2f1, n=3; Pou2f2, n=7) (F) or S-
opsin (control, n=9; Pou2f1, n=7;
Pou2f2, n=9) (G) 19 days after ex vivo
electroporation at E14. (H) Schematic
representation of the experimental
paradigm for results shown in I-N.
(I-L″) Z-stack projection of the ONL
region of retinal explants
electroporated with control GFP (n=4)
(I-L), Pou2f1-IRES-GFP (n=3) (I′-L′)
or Pou2f2-IRES-GFP (n=4) (I″-L″)
and stained for EdU and S-opsin.
Arrows indicate GFP+S-opsin+ cells.
(M) Quantification of the number of
GFP+EdU+ cells expressing S-opsin
in each electroporated condition, as
indicated. (N) Quantification of all
EdU+GFP+ cells in explants analysed
in M. *P<0.05, **P<0.01 (one-way
ANOVA with Dunnett’s test). Data are
mean±s.e.m. INL, inner nuclear layer;
ONL, outer nuclear layer. Scale bars:
20 µm in B-E″; 10 µm in I-L″.
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Venus, Pou2f1-IRES-Venus or Pou2f2-IRES-Venus and analysed
cell type composition and clone size 14 days later (Fig. 3A).
Retroviral-mediated expression of Pou2f1 at P0 increased the
production of Rxrg+/S-opsin+, PNA+/S-opsin+ and Rxrg+/Otx2+

cells in the photoreceptor layer (Fig. 3B-E″, Fig. S3A-E′). Pou2f2,
in contrast, induced the production of Rxrg+ cells located in the

photoreceptor layer, but these cells did not express mature cone
markers like S-opsin (Fig. 3B″-E″). As Rxrg is also expressed in
ganglion cells, we wondered whether the Rxrg+ cells observed after
Pou2f2 expression might be ganglion cells mis-localised in the
photoreceptor layer. However, the Rxrg+ cells in the photoreceptor
layer observed after expression of Pou2f2 were co-labelled with

Fig. 3. Pou2f1 and Pou2f2 are sufficient to
induce cone production in mid/late-stage
mouse retina. (A) Schematic representation of
the experimental paradigm for results shown in
B-G. (B-E″) Z-stack projection of retrovirally
infected cells with Venus control (B-E), Pou2f1-
IRES-GFP (B′-E′) and Pou2f2-IRES-GFP
(B″-E″) stained for Rxrg and S-opsin as cone
markers. Arrows indicate GFP+Rxrg+ cells.
(F,G) Retroviral clonal analysis of control (1206
clones counted), Pou2f1 (639 clones counted)
or Pou2f2 (376 clones counted) misexpression
in mid-late stage retinas. n values are indicated
in the graph. (F) Cell type analysis of GFP+ cells
found in the clones. Clones were counted using
Rxrg as a marker, whereas the other cell types
were quantified based on morphology and
laminar positioning in the retina. (G) Average
size distribution of the clones presented in F.
(H) Quantification of GFP+ cells expressing
Rxrg in the ONL following in vivo electroporation
of GFP (n=15), Pou2f1 (n=5), Pou2f2 (n=6) or
Pou2f1+Pou2f2 (n=4). (I) RT-qPCR analysis of
Pou2f1 and Pou2f2 expression from sorted
GFP+ cells 9 h after electroporation at P0 in
retinal explants of either control GFP, Pou2f1-
IRES-GFP or Pou2f2-IRES-GFP. n values are
indicated in the graph. (J-M′) Retinal explant
electroporated at P0 with Pou2f1-IRES-GFP
with no gRNA (J-M) or gRNA-Pou2f1 (J′-M′),
cultured for 3 DIV, and stained for Pou2f2 (K,K′)
or Pou2f1 (L,L′). (N) Quantification of the number
of GFP+Rxrg+ cells after Pou2f1 misexpression
with either shControl-GFP (n=5) or shPou2f2-
GFP (n=5), and vice versa (Pou2f2+shControl,
n=4; Pou2f2+shPou2f1, n=4) in P0 retinal
explants. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 [one-way ANOVA with Dunnett
test (F-H), Mann–Whitney test (I) or two-way
ANOVA with Dunnett (G) and two-tailed
unpaired t-test (N)]. Data are mean±s.e.m. DIV,
days in vitro; RQ, relative quantitation; RPL,
retinal progenitor layer; ONL, outer nuclear layer.
Scale bars: 20 µm.
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Otx2, which labels photoreceptors in this layer, and never stained for
the RGC marker Brn3b (Fig. S3B″-E‴), excluding this possibility.
Pou2f2 also induced the production of a small number of horizontal
cells, another early-born cell type (Fig. 3F, Fig. S3F-H′).
Interestingly, both Pou2f1 and Pou2f2 promoted Rxrg+ cells at the
expense of late-born cell types (rod, bipolar and Müller), without
changing the distribution of clone size (Fig. 3F,G), suggesting that
Pou2f1 and Pou2f2 do not trigger cone production by altering
proliferation or cell death.
We next assessed whether Pou2f1 and Pou2f2 could promote cone

production in vivo. We electroporated mouse retinas at P0 with GFP,
Pou2f1-IRES-GFP or Pou2f2-IRES-GFP. Two weeks later, the
retinas were stained for GFP, Rxrg and S-opsin. Although GFP-
transfected RPCs did not generate cones at this stage, as expected,
misexpression of either Pou2f1 or Pou2f2 substantially increased the
proportion of Rxrg+ cells located in the photoreceptor layer (Fig. 3H,
Fig. S3I-L″). The Rxrg+ cells induced by Pou2f1 also expressed
S-opsin, whereas those induced by Pou2f2 did not (Fig. S3I″-L″), as
observed in retinal explants (see Fig. 3B-G). Interestingly, Pou2f1
misexpression did not promote M-opsin-expressing cells (data not
shown). Together, these results indicate that ectopic expression of
Pou2f1 in P0 RPCs is sufficient to trigger the production of S-cones,
whereas Pou2f2 induces the production of immature cones.
Interestingly, co-electroporation of Pou2f1 and Pou2f2 does not

elicit an additive effect in the number of cones produced by P0 RPCs
(Fig. 3H), suggesting that Pou2f1/2 might function in the same
genetic pathway. Consistently, we found that Pou2f1 significantly
increases Pou2f2 transcript levels 9 h after electroporation, whereas
Pou2f2 has no effect on Pou2f1 transcripts (Fig. 3I). Moreover, when
we electroporated Pou2f1 in P0 retinal explants and stained for
Pou2f2 3 days later, we found that Pou2f1 increases Pou2f2 levels in
some GFP+ cells, whereas co-electroporating Pou2f1 with a Pou2f1
gRNA and Cas9 abrogates this effect (Fig. 3J-M′). These results
suggest that Pou2f1 upregulates Pou2f2 expression. To test the
functional hierarchy of the Pou2f1→Pou2f2 cascade in cone
production, we co-electroporated P0 retinas with Pou2f1 while
knocking-down Pou2f2 with an shRNA, or vice versa, and assessed
cone production 14 days later. Whereas Pou2f1 increased cone
numbers when co-expressed with a control shRNA, as predicted, it
was unable to do so when Pou2f2 was knocked down (Fig. 3N). In
contrast, Pou2f2 was equally able to promote cones in the presence or
absence of Pou2f1 (Fig. 3N). Together, these results support a model
in which Pou2f1 requires Pou2f2 to promote the cone fate.

Pou2f1 and Pou2f2 are required for cone cell fate
specification in the developing retina
To determine whether Pou2f1 and Pou2f2 are required for cone
production, we first knocked down their expression using shRNA and
CRISPR/Cas9 gRNA in E14 retinal explants, a stage when cones are
normally produced. Three weeks later, we determined the proportion
of electroporated cells that became cones by counting the proportion
of GFP+/Rxrg+ cells in the photoreceptor layer. With both
approaches, we found a significant decrease in the proportion of
cones produced (Fig. S4A-C). Given that shRNAs were delivered
using retroviral vectors, we were also able to determine the effect of
Pou2f1 and Pou2f2 knockdown on other retinal fates and clone size.
We found that the loss of cones is compensated for by an increase in
late-born rod production after Pou2f2 knockdown, while Pou2f1
knockdown does not significantly affect other fates, most likely
because the decrease in cone production is less than with Pou2f2
knockdown (Fig. S4B). Both Pou2f1 and Pou2f2 knockdown did not
affect clone size distribution (Fig. S4C). Finally, Cre electroporation

in Pou2f2fl/fl retinal explants at E13 also significantly reduced the
generation of cones (Fig. S4D). These results suggest that Pou2f1 and
Pou2f2 are required for cone photoreceptor development.

Next, we sought to determine whether Pou2f1 and Pou2f2 are
required for cone production in vivo. As our data suggest that Pou2f2
lies downstream of Pou2f1 and is required for the cone-inducing
activity of Pou2f1, we decided to focus our analysis on Pou2f2. As
Pou2f2−/− mice die shortly after birth (Konig et al., 1995), we
generated conditional knockouts (cKO) by crossing Pou2f2fl/fl mice
(Hodson et al., 2016) with two different Cre driver lines: the alpha-
Pax6-Cre line, which drives Cre expression in peripheral RPCs from
E10 onwards (Marquardt et al., 2001), and the Chx10-CreERT2 line
(RIKEN Bioresource Centre RRID: IMSR_RBRC06574), which
allows tamoxifen-inducible activation of Cre. When we stained the
peripheral retina of αPax6-Cre+;Pou2f2fl/fl (αPax6Cre-Pou2f2 cKO)
with the Pou2f2 antibody, we observed a reduction in
immunostaining signal specifically in Cre+ cells at E12 (Fig. S4E-
G′) and in RGCs at P14 (Fig. S4H-J′). To assess the recombination
efficiency in the Chx10-CreERT2 mice, we crossed them with
Rosa26-tdT reporter mice, injected tamoxifen at E11.5, and
assessed tdT expression at E13.5. As expected, we found robust
recombination throughout the retina (Fig. S4K-M′). Next, we
stained retinas from Chx10-CreERT2; Pou2f2fl/fl (Chx10Cre-Pou2f2
cKOs) for Pou2f2 and observed a reduction in immunostaining
signal in the GCL at E17.5 (Fig. S4N-P′). These results provide
additional evidence for the specificity of the Pou2f2 antibody and
validate both conditional knockout approaches.

Next, we stained retinal sections from P14 αPax6Cre-Pou2f2
cKO and control mice for markers of various retinal cell types. We
found that deletion of Pou2f2 leads to a decrease in cone
photoreceptors and horizontal cells, as determined by counting
Rxrg-, PNA-, Arr3-, Cnga3- and Lim1-expressing cells (Fig. 4A-F).
We did not observe any significant change in the number of
amacrine (Pax6), bipolar (Chx10), ganglion (Brn3b) or Müller
(Sox2) cells produced in these retinas (Fig. 4F). We also observed a
decrease in Arr3 staining in flat-mounts of temporal regions of P14
cKO retinas (Fig. 4G-G″). Finally, we observed a similar decrease in
cone numbers (Rxrg+ in the photoreceptor layer) and a
compensatory increase in rod numbers (Nrl+ cells) in the
Chx10Cre-Pou2f2 cKO retinas compared with controls at E17.5
(Fig. 4H-J). Collectively, these experiments demonstrate that
Pou2f2 is required, at least partially, for the production of cone
and horizontal cells in the developing retina.

Ikzf1 induces Pou2f1, which in turn represses Casz1
We next investigated whether Pou2f1/2 might be part of a temporal
identity cascade controlled by cross-regulatory mechanisms, similar
to that observed in Drosophila, where Hb activates Kr, which then
activates Pdm to ensure temporal identity progression in neuroblasts
(Doe, 2017). We first hypothesised that Ikzf1 might induce Pou2f1
and Pou2f2 expression in mouse RPCs, as they are expressed at the
same stages. To test this idea, we transfected E14 retinal explants
with vectors expressing GFP, Ikzf1-IRES-GFP or Ikzf1-VP16-
IRES-GFP. After 10 h, a time point when the majority of GFP+ cells
are still RPCs, we sorted the GFP+ cells and isolated total RNA for
RT-qPCR (Fig. 5A). We found that Ikzf1 and Ikzf1-VP16 induced
or repressed Pou2f1/2, respectively (Fig. 5B,C). Interestingly, we
found that Ikzf1 has no effect on Pou2f1 expression in P0 retinal
explants (Fig. 5D,E), suggesting that Ikzf1 promotes Pou2f1
expression in early but not late RPCs.

In a previous study, we reported that Ikzf1 represses Casz1
expression, likely via an indirect mechanism (Mattar et al., 2015).
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Therefore, we hypothesised that Pou2f1 might function as an
intermediate factor downstream of Ikzf1 to repress Casz1.
Consistently, we found that ectopic Pou2f1 expression at P0,
during the window of Casz1 expression, decreases the levels of

Casz1 transcripts (Fig. 5F-G). In contrast, Pou2f2 did not
significantly alter expression of Casz1. Together, these results
suggest that Pou2f1 is part of a cross-regulatory temporal identity
cascade together with Ikzf1 and Casz1.

Fig. 4. Pou2f2 is required for cone development
in the developing mouse retina. (A) Diagram
showing area of analysis. (B-E′) Immunostaining
for Rxrg (B,B′), Cnga3 (C,C′), Arr3 (D,D′) and PNA
(E,E′) in either αPax6-Cre+ Pou2f2fl/+ (B-E) or
αPax6-Cre+ Pou2f2fl/fl (B′-E′) mouse retinas at
P14. (F) Quantification of retinal cell types using
various markers [αPax6-Cre+: Cnga3, Arr3, Lim1,
Pax6 and Chx10 (n=9); Brn3b (n=8); Rxrg and
PNA (n=7); Sox2 (n=4); αPax6-Cre+ Pou2f2fl/+:
Cnga3, Arr3, Lim1, Pax6, Chx10, Brn3b, Rxrg and
PNA (n=9); Sox2 (n=4); αPax6-Cre+ Pou2f2fl/fl:
Cnga3, Arr3, Lim1, Pax6, Chx10 and Brn3b (n=9);
Rxrg and PNA (n=7); Sox2 (n=5)]. (G-G″) Flat-
mount area of analysis and flat-mount image of
P14 retinas of either αPax6-Cre− (G′) or αPax6-
Cre+ Pou2f2fl/fl (G″). (H-I″) Immunostaining for Rxrg
(H,I) or Nrl (H′,I′) in either Chx10-CreERT2− (H,H′)
or Chx10-CreERT2+ Pou2f2fl/fl (I,I′) mouse retinas at
E17.5. (J) Quantification of the percentage of Rxrg+

(Chx10-CreERT2−, n=5; Chx10-CreERT2+ Pou2f2fl/+,
n=3; Chx10-CreERT2+ Pou2f2fl/fl, n=7) and Nrl+

(Chx10-CreERT2−, n=5; Chx10-CreERT2+ Pou2f2fl/+,
n=3; Chx10-CreERT2+ Pou2f2fl/fl, n=6) cells relative
to the wild type. *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 [one-way ANOVA with Tukey’s test
(E,J)]. Data are mean±s.e.m. Scale bars: 20 µm in
B-E′; 100 µm in G′-G″; 10 µm in H-I″.
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Pou2f2 binds to the Nrl promoter and represses its activity
How could Pou2f1 and Pou2f2 induce the cone photoreceptor cell
fate? In Olig2+ early RPCs, Onecut1 and Otx2 bind to a cis-
regulatory module (CRM) of the Thrb gene (active in dividing
RPCs) and promote cone and horizontal cell production (Emerson
et al., 2013). This CRM was cloned from the chick genome, but it
remains unclear whether an equivalent CRM exists in the mouse. As
this CRM is located at the downstream promoter of the chick Thrb

gene, we cloned the equivalent mouse region (Thrb-PR2::GFP) as
well as the upstream promoter sequence of the mouse Thrb gene
(Thrb-PR1::GFP) (Fig. S5A). When we electroporated GFP
constructs driven by these CRMs in E13 retinal explants, we
found that they are active in cones, similar to what was observed
with the chick sequences (Fig. S5B,C) (Emerson et al., 2013). To
test whether Pou2f1 or Pou2f2 might regulate any of the Thrb
CRMs, we co-electroporated P0 retinal explants with CAG:

Fig. 5. Ikzf1 induces Pou2f1 expression, and Pou2f1
represses Casz1. (A) Schematic representation of the
experimental paradigm for results shown in B and C. (B,C) RT-
qPCR analysis of Pou2f1 and Pou2f2 from GFP+ sorted cells
after electroporation at E14 of either control GFP (Pou2f1, n=8;
Pou2f2, n=8), Ikzf1-IRES-GFP (Pou2f1, n=4; Pou2f2, n=4) or
Ikzf1:VP16-IRES-GFP (Pou2f1, n=5; Pou2f2, n=5).
(D) Schematic representation of the experimental paradigm for
results shown in E-G. (E) RT-qPCR analysis of Pou2f1 from
GFP+ sorted cells after electroporation at P0 of either control
GFP (n=5) or Ikzf1-IRES-GFP (n=4). (F,G) RT-qPCR analysis
of the two isoforms of Casz1 (Casz1v1 and Casz1v2) after
electroporation of either control GFP (Casz1v1, n=7; Casz1v2,
n=4), Pou2f1-IRES-GFP (Casz1v1, n=7; Casz1v2, n=4) or
Pou2f2-IRES-GFP (Casz1v1, n=6; Casz1v2, n=4) at P0.
*P<0.05, **P<0.01, ***P<0.001 (Mann–Whitney test). Data are
mean±s.e.m. RQ, relative quantitation.
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mCherry to label all electroporated cells and an empty CAG vector,
CAG:Pou2f1, or CAG:Pou2f2, and either ThrbPR1:GFP or
ThrbPR2:GFP, and analysed GFP expression 24 h later (Fig.
S5D-I). Interestingly, we found that Pou2f1 and Pou2f2 induce
ThrbPR1:GFP activity but not ThrbPR2:GFP. Moreover, ThrbPR1:
GFP is active as soon as mCherry expression switches on, and the
GFP expression disappears 72 h after electroporation, suggesting
transient activity of the CRM in the electroporated cells (data not
shown). These data suggest that Pou2f1 and Pou2f2 operate in
parallel with Onecut1, acting transiently at a distinct CRM of Thrb
to promote the cone fate. Another role for Thrb2 has been shown at
later stages during cone differentiation to promote the M-cone
subtype (Ng et al., 2001; Applebury et al., 2007; Ng et al., 2009).
Therefore, we tested whether Pou2f1 and Pou2f2 could promote
Thrb2 mRNA expression in a stage-dependent manner. We
electroporated P0 retinal explants with CAG:GFP, CAG:Pou2f1-
IRES-GFP or CAG:Pou2f2-IRES-GFP, sorted the GFP+ cells 6 or
14 days later and assessed Thrb2mRNA levels. Consistent with the
promoter assays described above, we found that both Pou2f1 and
Pou2f2 increased Thrb2 expression at 6 days (Fig. S5J). In contrast,
both Pou2f1 and Pou2f2 had no effect on Thrb levels at 14 days. On
the other hand, when we assessed Thrb2 mRNA levels in adult
αPax6-Cre Pou2f2 cKOs, we observed no change in expression,
suggesting that Pou2f2 is sufficient but not required for Thrb2
expression (Fig. S5K). Finally, although POU-binding motifs were
present in this CRM of Thrb, when we conducted chromatin
immunoprecipitation (ChIP) in E14 mouse retinas to assess binding
of Pou2f2 at this region, we did not observe significant enrichment
(Fig. S5L,M). These results suggest that Pou2f1 and Pou2f2
transiently regulate Thrb2 levels to promote cone specification, but
likely via an indirect mechanism.
An additional pathway known to regulate the rod to cone fate

decision involves the transcription factor Nrl, which activates the
nuclear receptor Nr2e3 in photoreceptor precursors to promote rod
photoreceptor gene expression (Oh et al., 2008;Mears et al., 2001). In
Nrl KO mice, rods are not produced and all photoreceptor precursors
turn into S-cone-like cells (Mears et al., 2001). These results suggest a
model in which downregulation of Nrl is important for the generation
of cones, but direct repressors of Nrl remain unknown. Interestingly,
we noticed that the Nrl promoter region, which has been previously
characterised (Kautzmann et al., 2011), contains a POU-binding
motif. Combined with our observation that Chx10Cre-Pou2f2 cKO
had more Nrl+ cells (Fig. 4J), this prompted us to postulate that
Pou2f1 and Pou2f2 might repress Nrl expression. To test this
hypothesis, we transfected P0 retinal explants with either GFP,
Pou2f1-IRES-GFP or Pou2f2-IRES-GFP, sorted the GFP+ cells 20 h
later and analysed transcript levels by RT-qPCR. Remarkably, we
found that Pou2f2 significantly reduces the levels of Nrl and Nr2e3,
whereas Pou2f1 had no effect (Fig. 6A), most likely because 20 h is
not long enough for Pou2f1 to trigger sufficient Pou2f2 expression to
detect changes in Nrl andNr2e3 expression. Consistent with this idea,
Pou2f1 decreased Nrl transcript 6 days after transfection (Fig. 6B).
Pou2f2 overexpression also reduced the number of cells staining for
Nrl in the photoreceptor layer (Fig. 6C-E), supporting the RT-qPCR
data. These results suggest that Pou2f2 functions as a negative
regulator of Nrl.
We thus sought to determine whether Pou2f2 could repress the

Nrl promoter. To do this, we co-electroporated GFP, Pou2f1-IRES-
GFP or Pou2f2-IRES-GFP, together with an pNrl:dsRed reporter
construct (Akimoto et al., 2006; Matsuda and Cepko, 2007) in
retinal explants and studied dsRed expression 2 days later (Fig. 6F).
As expected, the pNrl:dsRed reporter was robustly activated when

co-electroporated with the control construct, but not when co-
electroporated with Pou2f1 or Pou2f2 (Fig. 6G-I″). Importantly,
when we mutated the POU-specific binding motif in the pNrl:dsRed
reporter, Pou2f1 and Pou2f2 no longer repressed dsRed expression
(Fig. 6J-L″). Given that Pou2f1 was unable to reduce Nrl transcripts
20 h after expression (Fig. 6B), we hypothesised that its repressive
action on the Nrl promoter activity was likely mediated via
upregulation of Pou2f2. If this were the case, we predicted that
Pou2f2, but not Pou2f1, would bind the Nrl promoter. Consistently,
ChIP-qPCR from E14 retinas detected significant enrichment of
Pou2f2 at the POU-specific binding region of the Nrl promoter,
whereas it was not detected in a control intronic region (Fig. 6M,N).
In contrast, we failed to detect any enrichment at the same region
after Pou2f1 ChIP (Fig. 6M,N). These results indicate that Pou2f2
represses Nrl expression by binding the POU motif in the Nrl
promoter.

Pou2f2 functions in postmitotic photoreceptor precursors to
promote the cone fate
We next wanted to determine whether Pou2f2 functions in RPCs or
in postmitotic photoreceptor precursors to induce the cone fate. To
address this issue, we used the wild-type and mutated Nrl promoter
(mpNrl) to drive expression of Pou2f1 or Pou2f2 in photoreceptor
precursors (Fig. 6O). We first validated these vectors by co-
electroporating them with GFP in retinal explants at P0 and staining
for Pou2f1 and Pou2f2 3 and 14 days later. We found that Pou2f1
and Pou2f2 were weakly expressed from the wild-type Nrl promoter
(Fig. S6A-G″), most likely due to the negative feedback of Pou2f2
on the promoter, whereas they were robustly expressed when using
mpNrl (Fig. S6H-N″).

We next stained the explants for Rxrg to assess whether
overexpressing Pou2f1 or Pou2f2 in post-mitotic photoreceptor
precursors was sufficient to drive cone production. Whereas mpNrl:
Pou2f2 induced Rxrg+ cells in the photoreceptor layer, mpNrl:
Pou2f1 was much less efficient at doing so (Fig. 6P-S). As control,
we found that the wild-type pNrl:Pou2f1 and pNrl:Pou2f2 did not
yield any Rxrg+ cells (Fig. S6F-F″). We speculate that the weak
activity of the mpNrl:Pou2f1 construct on cone production is due to
activation of Pou2f2 (Fig. 3G). These results indicate that
expression of Pou2f2 in post-mitotic photoreceptor precursors is
sufficient to promote the cone fate.

DISCUSSION
There has been considerable work carried out to understand how
neural progenitor cells generate neuronal diversity in the developing
central nervous system. However, not much is known about how
temporal identity is encoded in progenitors to initiate the correct
transcriptional code producing the appropriate cell types for a given
developmental stage. In this study, we provide evidence that Pou2f1
endows RPCs with the competence to generate cone photoreceptors
by promoting expression of Pou2f2, which then represses Nrl to
favour the cone fate. We also provide evidence that Pou2f1 lies in a
temporal cascade reminiscent of that observed in Drosophila
neuroblasts. Ikzf1 contributes to Pou2f1 upregulation, which in turn
represses the late-stage temporal factor Casz1, thereby ensuring that
RPCs do not switch prematurely to a late temporal identity and
allowing production of cones within the early developmental
window (Fig. 7).

Encoding temporal identity versus promoting cone fate
Multiple lines of evidence support a model in which Pou2f1 confers
RPCs competence to generate cones during early retinogenesis,
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Fig. 6. See next page for legend.
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whereas Pou2f2 functions primarily as a classical cone fate
determinant in photoreceptor precursors. First, although normal
P0 RPCs are unable to generate cones, Pou2f1 is sufficient to drive
production of mature cones in this context, whereas Pou2f2 is not.
Thus, Pou2f1 appears able to fully open the temporal identity
window in RPCs to generate cones. Subsequently, once the window
of cone development is open, Pou2f2 can repress Nrl and promote
cone photoreceptor specification. Consistently, expression of
Pou2f1 using the Nrl promoter fails to induce a high number of
cones, whereas mpNrl-Pou2f2 efficiently induces cones. Second,
while the early temporal identity factor Ikzf1 induces expression of
Pou2f1 followed by Pou2f2, only Pou2f1 regulates the expression of

the mid/late-stage temporal factor Casz1, although we did not assess
the recently discovered temporal identity factor Foxn4 (Liu et al.,
2020). Thus, Pou2f1 appears to be integrated into the temporal
cascade, but not Pou2f2. Whether Ikzf1 regulates Pou2f1 and
Pou2f2 directly will need further investigation, but genomic regions
upstream of the transcriptional start site of Pou2f1 and Pou2f2
contain multiple Ikzf ‘GGGAA’ consensus sequence, suggesting
possible binding. Third, Pou2f2 directly binds and represses the rod
determinant Nrl, which is restricted to post-mitotic photoreceptor
precursors (Oh et al., 2007; Mears et al., 2001). Together with our
finding that Pou2f2 is able to induce the cone fate when expressed
from the Nrl promoter, this is further evidence that Pou2f2 primarily
regulates cell fate decisions in postmitotic precursor cells, rather
than acting in RPCs to control temporal identity. Importantly,
however, we cannot rule out an additional role for Pou2f2 in
dividing RPCs. Indeed, we show that Pou2f2 is expressed in early
RPCs, and its overexpression not only promotes cone production,
but also horizontal cells, which is consistent with a role in RPCs.

Integrating Pou2f1 and Pou2f2 in the current view of cone
genesis
There are currently two non-mutually exclusive pathways by which
cone photoreceptors are thought to be generated. In one model,
postmitotic photoreceptor precursors default to the cone fate, unless
Nrl is induced, which in turn activates Nr2e3 to promote the rod fate
(Oh et al., 2008; Mears et al., 2001). In another model, RPCs
expressing Olig2 are pre-programmed to generate cones or
horizontal cells at their last division (Hafler et al., 2012; Emerson
et al., 2013). How do Pou2f1 ad Pou2f2 fit into these models?

As Pou2f1 and Pou2f2 are co-expressed in RPCs, we posit that
Pou2f1 induces Pou2f2 expression prior to cell cycle exit, which
may lead to sufficient levels of Pou2f2 expression in postmitotic
precursors to repress Nrl. Such transient and possibly weak
expression might have been difficult to detect by scRNA-seq
(Clark et al., 2019). Clearly, however, Pou2f2 is also expressed in
RPCs, as shown by the widespread immunostaining observed at
E11.5 and as reported in scRNA-seq data (Fig. 1D-F) (Clark et al.,
2019). As mentioned above, whether Pou2f2 is functionally
relevant in RPCs will need further investigation, but it may have a
role in controlling Olig2 progenitor fate decisions. RNA-seq
analysis of Onecut1 and Onecut2 double knockout retina reveals a
twofold increase in Pou2f2 mRNA levels at E14 (Sapkota et al.,
2014), suggesting that Onecut1 and Onecut2 might negatively
regulate Pou2f2 expression. Similar observations were recently
made in the developing spinal cord, where Onecut factors, although
not required for the production of V2 interneurons, repress Pou2f2
to regulate the distribution of V2 interneurons (Harris et al., 2019).
A possibility is that Pou2f2 and Onecut1 and Onecut2 constitute
two complementary branches of cone development. Pou2f1 might
compete with Onecut1 and Onecut2 for the activation or repression
of Pou2f2, respectively, in Olig2+ RPCs. When Pou2f1 activity is
dominant, Pou2f2 would be upregulated and progenitors would take
on the horizontal fate via unknown targets of Pou2f2 and the cone
fate via repression of Nrl in postmitotic photoreceptor precursors. In
contrast, when Onecut1 activity is dominant, Pou2f2 would be
repressed, leading cells into the Onecut1 pathway to produce cones
or horizontal cells. This model could explain why inactivation of
Pou2f2 (this study) or Onecut1 and Onecut2 (Sapkota et al., 2014)
only reduces cone production by about 25%. Consistent with this
idea, out of the two CRMs of Thrb that are active in cones, Pou2f2
activates one of the elements and Onecut1 activates the other
(Fig. S6D-F) (Emerson et al., 2013). As Pou2f2, Onecut1 and

Fig. 6. Pou2f2 binds to the promoter of Nrl and negatively regulates its
expression. (A) RT-qPCR analysis of Nrl and Nr2e3 mRNA expression
following electroporation of control GFP (n=6), Pou2f1-IRES-GFP (n=6) or
Pou2f2-IRES-GFP (n=6). (B) RT-qPCR analysis of Nrl from GFP+ sorted cells
6 days after electroporation at P0 of either control GFP, Pou2f1-IRES-GFP or
Pou2f2-IRES-GFP (n=5). (C-D″) Images of P0 retinal explants electroporated
with either control GFP (C-C″) or Pou2f2-IRES-GFP (D-D″) and
immunostained for Nrl. Yellow arrowheads show GFP+ cells lacking Nrl.
(E) Quantification of GFP+Nrl+ cells andGFP+Rxrg+Nrl− cells in theONL (n=4).
(F) Schematic representation of the experiments shown in G-L″. Retinal
explants were co-electroporated with vectors expressing GFP alone, Pou2f1-
IRES-GFP or Pou2f2-IRES-GFP with either control pNrl:dsRed or POU-motif
mutated pNrl:dsRed (mpNrl:dsRed). (G-L″) Photomicrographs of retinal
flatmounts showing reduced dsRed signal after expression of Pou2f1 (H′) or
Pou2f2 (I′). (J-L″) Photomicrographs of retinal flatmounts showing loss of
repression of Nrl promoter activity when Pou2f1 (K′) or Pou2f2 (L′) are co-
electroporated with the mpNrl-dsRed. (M,N) Chromatin immunoprecipitation
(ChIP) of Pou2f1 (n=3), Pou2f2 (n=4) or control IgG (n=4) followed by
quantitative PCR (qPCR) for the Nrl promoter region containing the POU-
binding site, compared with an intronic control region. (O) Schematic
representation of the experimental paradigm for results shown in P-R. (P-R″)
Retinal explants electroporated at P1 with either mpNrl-dsRed (P-P″), mpNrl-
Pou2f1 (Q-Q″) or mpNrl-Pou2f2 (R-R″) along with CAG:GFP, cultured for 13
DIV and immunostained for Rxrg to quantify cones in the ONL. (S)
Quantification of GFP+ cells expressing Rxrg in the ONL (pNrl-dsRed; n=5;
pNrl-Pou2f1, n=5; pNrl-Pou2f2, n=4). *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 [Mann–Whitney test (A,B,M,N), two-tailed unpaired t-test (E),
one-way ANOVA with Dunnett test (S)]. Data are mean±s.e.m. ONL, outer
nuclear layer; INL, inner nuclear layer; RQ, relative quantitation. Scale bars:
10 µm in C-D″,P-R″; 50 µm in G-L″.

Fig. 7. Model of temporal control of cone production during retinal
development. In RPCs, Ikzf1 sets up the early temporal window for horizontal,
amacrine and ganglion cell production, and upregulates Pou2f1 expression,
which in turn sets up the temporal window for cone production by preventing
expression of the mid/late temporal factor Casz1. Pou2f1 initiates expression
of Pou2f2, which binds and represses Nrl expression and promotes the cone
fate.
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Onecut2 could potentially regulate different CRMs of Thrb, it will
be interesting to assess whether Pou2f2 might also regulate Onecut1
and Onecut2 expression in Olig2+ RPCs.

Pou2f1/2 as negative regulators of Nrl
A long-standing question in the field has been how exactly Nrl
expression is repressed in some photoreceptor precursors. Positive
regulators of Nrl, such as Crx, Otx2 and RORβ have been identified
(Montana et al., 2011), but negative regulators have remained
elusive. Montana et al. hypothesised that a ‘repressor X’ could
downregulate Nrl in photoreceptor precursors, to restrict expression
to rod precursors. Although Onecut1 acts genetically upstream of
Nrl and eventually leads to its downregulation, this effect is likely
indirect (Emerson et al., 2013). While multiple studies have
analysed the regulatory regions of Nrl to uncover a direct repressor
(Kautzmann et al., 2011; Montana et al., 2011; Zelinger et al.,
2017), the identity of such repressors remained elusive. Our work
now identifies Pou2f2 as one of the direct repressors of Nrl in the
developing mammalian retina. We provide evidence that Pou2f2
functions by binding a POU-binding motif located 55 bp upstream
of the transcription start site of Nrl.

A potential role for Pou2f1 and Pou2f2 as temporal identity
factors outside the retina
The functional role of Pou2f1 and Pou2f2 has been extensively
characterised in the immune system and embryonic stem cells, but
the role of Pou2f1 and Pou2f2 in the developing CNS is poorly
studied. However, Pou2f1 and Pou2f2 are highly expressed in
different regions of the CNS (Luchina et al., 2003; Schonemann
et al., 1998; He et al., 1989; Treacy and Rosenfeld, 1992). One study
found that Pou2f1 is required for the development of radial glia in
Xenopus hindbrain and is modulated by Notch signalling (Kiyota
et al., 2008). Whether Pou2f1 regulates radial glia development in
mammals remains to be investigated, but the results reported here
support this possibility. On the other hand, Pou2f2 is expressed in
the diencephalon, mesencephalon and rhombencephalon during
embryogenesis, as well as in the suprachiasmatic and medial
mammillary nuclei in the adult hypothalamus (Treacy and
Rosenfeld, 1992). As the global Pou2f2 mutants die at birth, it
will be interesting to specifically delete Pou2f2 in these regions to
assess a potential role in neurogenesis (Konig et al., 1995). Finally,
as there is a high overlap of expression between Pou2f1 and Pou2f2
in the developing CNS (He et al., 1989; Treacy and Rosenfeld,
1992), it is possible that the same Pou2f1/Pou2f2 cascade operates
in the specification of the neurons in other parts of the CNS.

Conclusions
Understanding how the cone photoreceptor cell fate is specified is
crucial to the development of cell replacement therapies for various
retinal degenerative diseases. In this study, we add to the general
knowledge of cone specification mechanisms by identifying Pou2f1
and Pou2f2 as previously unknown players in cone development.
Our data also help to elucidate how Nrl expression is negatively
regulated during retinal development to ensure the correct balance
of rod and cone production.

MATERIALS AND METHODS
Animals
All experiments in this study were done in accordance with the Canadian
Council on Animal guidelines and United Kingdom Animals (Scientific
Procedure) Act of 1986 and Policies on the Use of Animals and Humans in
Neuroscience Research guidelines. Pregnant Pou2f2fl/fl females raised in the

C57BL/6J background (Mus musculus) were sacrificed at E13.5 and retinas
from embryos were extracted for pCAG:Cre electroporation and ex vivo
retinal explant culture. αPax6-Cre+ Pou2f2fl/fl micewere at P14 at the time of
cell count analysis. The Chx10-CreERT2 mouse line was generated in
Dr Takahisa Furukawa’s lab (Osaka University) and provided by the
RIKEN BRC through the National Bio-Resource Project of the MEXT/
AMED, Japan (RIKEN Bioresource RRID: IMSR_RBRC06574). Chx10-
CreERT2+ Pou2f2fl/fl pregnant females were injected with tamoxifen at E11.5
and sacrificed at E17.5 for cell count analysis. Chx10-CreERT2+ RosatdTomato

were injected with tamoxifen at E11.5 and sacrificed at E13.5. All other
mouse experiments in this study were carried out on wild-type CD1 mice
(Mus musculus, Charles Rivers).

Tissue collection and immunofluorescence
Mouse embryos were collected from timed pregnant females with the day of
vaginal plug considered as 0.5 day (E0.5). Embryos were collected from the
pregnant females at E11.5, E13.5, E15.5 and E17.5, whereas eyes were
collected at P0.5 and adult stages. The decapitated heads from embryos and
eyes from postnatal pups were fixed for 15 min or 5 min, respectively, in 4%
PFA/PBS followed by immersion in 20% sucrose/PBS for 2 h. Eyes were
then embedded in OCT, frozen in liquid nitrogen and sectioned at 25 µm
using a cryostat.

For immunofluorescence, retinal sections were blocked and permeabilised
with the blocking solution (3% BSA in 1× PBS with 0.5% Triton X-100) for
1 h. Primary antibodies diluted in blocking solution were then applied on the
sections overnight at room temperature. Sections were then washed three
times for 5 min with PBS and incubated with the appropriate secondary
antibodies diluted in PBS (Invitrogen, 1:1000) for 1 h at room temperature.
After three 5 min PBS wash, sections were incubated in Hoechst/PBS
(Invitrogen, 33342, 1:20,000) for 5 min at room temperature. Slides were
washed once in PBS for 5 min and cover-slipped withMowiol (Calbiochem).
List of primary antibodies can be found in Table S2.

Retroviral constructs preparation and retinal explant culture
The retroviral constructs were prepared and purified as previously outlined
(Cayouette et al., 2003). Retinal explants were prepared and cultured as
previously described (Cayouette et al., 2001). Retroviral infections were
carried out after placing the retinal explants in a CO2 incubator at 37°C 1 h
after dissection. In ex vivo electroporations and retroviral infections, left and
right retinas from the same animal were separated to ensure control and
experimental conditions were electroporated between different animals. The
clones generated by the retroviral infection were analysed using cell
morphology, positioning and cell type markers, as previously described
(Elliott et al., 2008).

Western blot
Protein extraction and immunoblotting was carried out as previously
described (Ramamurthy et al., 2014). The secondary antibody used was
HRP-conjugated goat anti-mouse or HRP-conjugated goat anti-rabbit
(1:10,000, Jackson Immunoresearch).

In vivo electroporation
P0 eyes were injected sub-retinally with 3 µg of DNA suspended in 1 µl
water containing 0.5% Fast Green and electroporated with 5 pulses at 50 V
for 50 ms as previously described (de Melo and Blackshaw, 2011). The
mice were sacrificed 14 days or more after the electroporation, and the
retinas were dissected, fixed and sectioned as stated above.

CRISPR-Cas9 gRNA generation
CRISPR-Cas9 gRNAs targeting Pou2f1 and Pou2f2 were generated and
cloned into pX330-U6-Chimeric_BB-CBh-hSpCas9 vector as described
previously (Wang et al., 2014; Cong et al., 2013; Ruan et al., 2017). gRNA
sequences used for CRISPR/Cas9 indel knockouts are listed in Table S1.

Plasmids
Pou2f1 and Pou2f2 cDNAwere cloned into a pCIG2-IRES-GFP and pCLE-
Venus backbone vector using appropriate restriction sites (Lennon et al.,
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1996; Gaiano et al., 2000; Hand et al., 2005). shRNA sequences listed in
Table S1 were cloned into pSIREN-retroQ-ZsGreen (Chan et al., 2006).
pmNrl-dsRed, pNrl-Pou2f1, pmNrl-Pou2f1, pNrl-Pou2f2 and pmNrl-Pou2f2
were generated by Infusion HD Plus cloning kit using primers listed in
Table S1. ThrbPR1:GFP and ThrbPR2:GFP sequences were generated by
amplifying the promoter regions of the long and short isoform of Thrb using
PCR primers listed in Table S1. PCR products were then cloned into CAG:
mGFP in place of the CAG promoter (Matsuda and Cepko, 2007).

EdU labelling assay
EdU (5 µM) was added in the culture medium for 2 h at specified time
points, depending on the experiment (see text). AClick-iT EdU Alexa Fluor
647 imaging kit was used to label the cells that incorporated EdU.

Chromatin immunoprecipitation
ChIP was performed using ∼50 E14 retinas per biological replicate (at least
three biological replicates were carried out for each ChIP condition). Retinas
were dissected and fixed for 10 min with 1% formaldehyde. Glycine/PBS
(125 mM) was used to quench the formaldehyde for 10 min. Buffer A
[0.25% Triton, 10 mM Tris (pH 8), 10 mM EDTA, 0.5 mM EGTA and
protease inhibitors] was added to the samples and incubated for 10 min. The
samples were then incubated for 30 min in buffer B [200 mMNaCl, 10 mM
Tris (pH 8), 1 mM EDTA, 0.5 mM EGTA and protease inhibitors). The
nuclei were sonicated to obtain fragments of 400 bp average length.
Immunoprecipitation of the sonicated chromatin was carried out with either
mouse IgG (Invitrogen, 02-6502), Pou2f1 (Santa Cruz, 12F11 X) or Pou2f2
(Santa Cruz, F-5 X) whereas 10% of the chromatin was used as input.
Dynabeads Protein G (Thermofisher Scientific, 10003D) were used to
collect immunoprecipitated material and Qiagen PCR purification kit
(28104) was used to isolate DNA fragments after washing and de-
crosslinking. qPCR was used to amplify regions of interest using specific
primers. A complete primer list is provided in Table S1.

RNA isolation and quantitative PCR
Retinal explants and cKO eyes were dissociated with 100 units of papain
(Worthington, LS003124). A MoFlo (Beckman Coulter) cell sorter was
used to isolate GFP+ cells from the electroporated and dissociated retinal
explants at various time points. Replicates with more than 1000 GFP+ cells
sorted were included in the study. Collected cells were placed directly into
Qiagen Buffer RLT plus and RNeasy microkit (Qiagen, 74004) was used to
isolate RNA from the cells, according to the manufacturer’s protocol but
with an additional 2 min of vortex in Buffer RLT. Isolated RNAwas reverse
transcribed using Superscript VILO Master Mix (Thermofisher Scientific,
11755050). cDNA was amplified by quantitative PCR using SYBR Green
Master mix (Thermofisher Scientific, A25742). The detailed primer list can
be found in Table S1 (Ouimette et al., 2010; Emerson et al., 2013). All
primers used in this study were validated with a standard curve dilution of
cDNA before the experiments were conducted.

Statistical and quantitative analysis
A two-tailed unpaired Student’s t-test, a one-way ANOVA with Tukey and
Dunnett, a two-way ANOVA with Tukey and Mann–Whitney tests were
conducted in this study, as indicated in the figure legends. All quantifications
shown are mean±s.e.m. n represents number of biological replicates. In
retroviral clonal analysis, explants containing fewer than 70GFP+ clones were
pooled to generate a single n to obtain representative sampling of the data, as
suggested by Pounds and Dyer (2008). In the E14 and P0 retinal explant
cultures, samples with disorganised retinal layers were discarded and only
retinal explants with organised layers were analysed. Retinal explants with
low number of cells counted were pooled to generate one biological replicate.
All experiments were repeated at least three times. All retinal sections were
oriented according to standard conventions with apical side of the retina at the
top of the image. All samplesmet the power testing criteria of at least n=3with
prespecified effect size of a 20% difference with default power value of 0.8
and a significance of P≤0.05.

αPax6-Cre+ Pou2f2fl/fl were analysed as follows. Two sections spanning
the naso-dorsal and temporo-dorsal regions around 200 µm apart from each
other were analysed per marker per animal (four sections per antibody per

animal for Lim1). Given that Cre expression in RPCs is restricted to the
periphery, only the distal-most one-third of the section was counted. The
same region was counted between different animals, sectioned at the same
time with the same orientation with the control sections on the same slide.
Cells positive for the respective markers were counted in a 200 µm segment
on the section. Retinas with poor antibody staining were excluded from the
study. The raw counts were then averaged and compared with the wild type
from the same experiment. n is equal to biological repeats. Cell counts were
carried out blind to the genotype; counts for the Pax6 cKOwere validated by
another lab member who analysed blindly the images taken by the primary
investigator. Sections with poor antibody immunostainings were omitted
from the analysis.

Chx10-CreERT2 Pou2f2fl/fl pregnant females were injected with 3 μl/g
tamoxifen at E11.5 and sacrificed at E17.5. The embryos were decapitated,
and heads were fixed with 4% PFA for 15 min and 1 h depending on the
antibody, whereas the tails were used for genotyping. Heads were oriented
similarly, and each mutant was embedded in OCT and subsequently
cryosectioned together with a control on the same slide. Counts for Rxrg−

and Nrl− cells were made on two 200 µm segments from the temporal and
nasal region of each peripheral retina, averaged and normalised over the
control. The investigator was blinded to the genotype during the acquisition
of the images and cell counting. Sections with poor antibody
immunostaining were omitted from the analysis.

Human ESC maintenance and retinal differentiation culture
The human embryonic stem cell line (H9 from Wicell) was maintained as
previously described (Gonzalez-Cordero et al., 2017). For retinal organoid
differentiation human ES cells were maintained until 90-95% confluent,
then media without FGF (E6, Thermo Fisher) was added to the cultures for 2
days (D1 and 2 of differentiation) followed by a neural induction period (up
to 7 weeks) in proneural induction media (Advanced DMEM/F12, MEM
non-essential amino acids, N2 Supplement, 100 mM glutamine and
penicillin/streptomycin). Lightly pigmented islands of retinal pigmented
epithelium (RPE) appeared as early as week 3 in culture. Optic vesicles were
formed from within the RPE region between weeks 4 and 7. During this
period, neuroretinal vesicles were manually excised with 21 G needles and
kept individually in low-binding 96-well plates in retinal differentiation
media (DMEM, F12, penicillin/streptomycin and B27 without retinoic
acid). At 6 weeks of differentiation, retinal differentiation medium was
supplemented with 10% FBS, 100 μM taurine (Sigma, T4871) and 2 mM
glutamax, and at 10 weeks 1 μM retinoic acid (RA) was added. For long-
term cultures, vesicles were transferred to low-binding 24-well plates (5
vesicles/well) at 10 weeks. At 12 weeks of differentiation, in addition to
B27 and other factors described above, media were supplemented with 1%
N2 and the RA concentration was reduced to 0.5 μM. Maintenance cultures
of hPSCs were fed daily and differentiation cultures were fed every 2 days.
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