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Two transcription factors, Pou4f2 and Isl1, are
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As with other retinal cell types, retinal ganglion cells (RGCs) arise
from multipotent retinal progenitor cells (RPCs), and their forma-
tion is regulated by a hierarchical gene-regulatory network (GRN).
Within this GRN, three transcription factors—atonal homolog
7 (Atoh7), POU domain, class 4, transcription factor 2 (Pou4f2),
and insulin gene enhancer protein 1 (Isl1)—occupy key node posi-
tions at two different stages of RGC development. Atoh7 is up-
stream and is required for RPCs to gain competence for an RGC
fate, whereas Pou4f2 and Isl1 are downstream and regulate RGC
differentiation. However, the genetic and molecular basis for the
specification of the RGC fate, a key step in RGC development,
remains unclear. Here we report that ectopic expression of Pou4f2
and Isl1 in the Atoh7-null retina using a binary knockin-transgenic
system is sufficient for the specification of the RGC fate. The RGCs
thus formed are largely normal in gene expression, survive to
postnatal stages, and are physiologically functional. Our results
indicate that Pou4f2 and Isl1 compose a minimally sufficient reg-
ulatory core for the RGC fate. We further conclude that during
development a core group of limited transcription factors, includ-
ing Pou4f2 and Isl1, function downstream of Atoh7 to determine
the RGC fate and initiate RGC differentiation.
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cell fate specification | gene regulation

Acentral question in neural development is how the extreme
cellular diversity in the central nervous system arises from
multipotent neural progenitors. The neural retina is an excellent
system to address this question because of its well-defined
structure and stereotypical cellular composition. The six neuro-
nal cell types and one glial cell type (Miiller glia) form a well-
laminated tissue with the various types of cells positioned at
distinct layers (1). Many of these cell types are composed of
multiple subtypes with distinct functions (2). All cell types in the
retina originate from a common pool of retinal progenitor cells
(RPCs) following a distinct temporal order (3-5). The ordered
births of the retinal cell types are caused by changes of compe-
tence in RPCs for the various retinal cell types (6). Both intrinsic
and extrinsic mechanisms are involved in regulating the pro-
duction of the various retinal cell types, but the intrinsic factors,
mostly transcription factors, appear to play more deterministic
roles in directing progenitor cells toward specific cell fates (5).
Many such transcription factors have been identified by loss- and
gain-of-function analyses, but these studies often fail to reveal
the specific roles these factors play in the development of the cell
types with which they are involved (7-9). RPCs are heteroge-
neous, as has been demonstrated by the nonuniform expression
of many RPC genes (10-13). RPCs expressing specific genes,
particularly those encoding transcription factors, although still
multipotent, tend to be biased for certain retinal cell types. In
a few cases, specific factors dictating particular fates between
binary choices have been identified. For example, Nrl switches
a photoreceptor precursor from a default cone fate to a rod fate
(14). The amacrine cells and horizontal cells share the same
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precursors, which all express Ptfla. Expression of the onecut
transcription factors (Onecutl and Onecut2) in these precursors
specifies the horizontal cell fate from the default amacrine fate
(15). However, in these cases the factors involved function at
relatively late stages, when the cells become very restricted in the
cell fates they can adopt. How a multipotent RPC decides to
adopt a particular cell fate remains an open question (5).
Retinal ganglion cells (RGCs) are the earliest-born retinal
cell type, arising from a subpopulation of multipotent RPCs
expressing the basic helix-loop-helix transcription factor atonal
homolog 7 (Atoh7; also known as “Math5”) (16, 17). Atoh7 is
essential but not sufficient for the RGC fate, because, although
mutations in Afoh7 or its orthologs lead to failure of RGC for-
mation (18-21), Atoh7-expressing RPCs give rise to all retinal
cell types (16, 17). Therefore, Atoh7 does not specify the RGC
fate. It is conceivable that the RGC fate is determined by factors
immediately downstream of Atoh7. Two transcription factors,
POU domain, class 4, transcription factor 2 (Pou4f2) and insulin
gene enhancer protein 1 (Isl1), are potential candidates because
of their relationships to Atoh7. Both are downstream of Atoh7 in
the gene-regulatory network of RGC development and have
essentially identical retinal expression patterns at the early stages
of development (22-25). More importantly, they are transiently
coexpressed with Atoh7 in newly formed RGCs and are the
earliest known transcription factors expressed specifically in
developing RGCs (10, 17). Thus, the initiation of expression of
these two factors appears to coincide with RGC fate commit-
ment. Poudf2 and Isll are continuously expressed in RGCs after
fate determination and are required for RGC differentiation by
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regulating two distinct but intersecting sets of downstream genes
(23, 25-28). More recently, we found the Poudf2 and Isll form
a complex to regulate their shared target genes, further dem-
onstrating that their functions are closely linked (29).

The emergence of RGCs from RPCs is a transition from a
relatively dynamic state to a more static state. Transitions from
one cellular state to another during development often are dic-
tated by limited numbers of key regulators. Limited numbers of
key regulators likely control RGC formation as well, and the
expression patterns and functions of Pou4f2 and Isll suggest that
they may be involved in RGC fate specification. In fact, ectopic
expression of Pou4f2 can promote RGC genesis, although the
experiments were performed in the presence of Atoh7 and the
presumed RGCs thus generated were not characterized in detail
(30-32). However, initial analysis of knockout mice (10) seem to
argue against roles for Poudf2 and Isll in RGC fate commit-
ment, because the RGCs, although abnormal, still can form,
migrate to the inner side of the retina, and project axons in the
absence of Isll and/or Pou4df2 (23, 25, 28). Interestingly, RGCs
in Pou4f2-knockout mice assume a hybrid identity, expressing
a mixture of marker genes for RGCs, amacrine cells, and hori-
zontal cells, suggesting that Pou4f2 indeed may play a role as an
RGC specifier (33, 34). Based on these considerations, we hy-
pothesized that the RGC fate is determined by a core group of
transcription factors and that Pou4f2 and Isl1 belong to this core
group. The function of this core group of transcription factors is
to lock in the RGC fate irreversibly and jumpstart the RGC
transcription program. These core transcription factor genes
are all downstream of Atoh7 but cross-regulate each other to
sustain their expression after Afoh7 is turned off; thus the
function of Atoh7 in RGC specification is to activate the ex-
pression of these core transcription factors. If this hypothesis is
correct, the requirement of Atoh7 should be negated by ectopic
expression of these early transcription factors in its place. To test
this hypothesis, we created two mouse lines, Atoh7" 7 and tetO-
P&I (Poudf2 and Isll), and ectopically expressed Pou4f2 and Isl1
in Atoh7-null retinas. Our results demonstrate that, together,
Poudf2 and Isll are sufficient to specify the RGC fate in the
developing retina.

Results

Ectopic Expression of Poudf2 and Isl1 in Atoh7-Expressing Cells. Be-
cause Pou4f2 and Isll are downstream of Atoh7, and the Atoh7-
null retina generates very few RGCs (19, 20), we reasoned that
Pou4f2 and Isll should be able to promote RGC formation in
the Atoh7-null retina if they determine the RGC fate. We de-
cided to test the idea in the developing retina in vivo. For that
purpose we generated two mouse alleles. The first, Atoh 7™, was
a knockin line in which the Atoh7 ORF was replaced by
sequences encoding the tetracycline-responsive artificial tran-
scription factor tTA (tetracycline transactivator) of the Tet-Off
system (35); thus this allele was null for Atoh7 but expressed tTA
under the Afoh7 promoter (Fig. S14). The other allele, tetO-P&I,
was created by pronuclear injection. The construct used to make
the transgenic mouse followed the Brainbow strategy (36), in
which three cassettes encoding both Pou4f2 and Isll linked by
sequences encoding the T2A self-cleaving peptide (37), Isll
alone, and Pou4f2 alone were separated by loxP and 1ox2272 (a
variant of loxP) sequences (Fig. S1B). The arrangement of the
lox sites allows mutually exclusive recombinations by the Cre
recombinase so that only one cassette would be expressed at
a time, enabling the generation of three transgenic alleles from
one founder line. The tetO promoter upstream of these cassettes
can be activated by tTA. Our focus was on the first cassette,
which expressed both Pou4f2 and Isll.

To test if the system functioned as designed, we examined the
expression of Poudf2 and Isll in retinas of Atoh7' ™" tetO-P&I
embryos at embryonic day (E)14.5. At this stage, Pou4f2 and Isl1
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had essentially identical expression patterns and were expressed
mostly in the ganglion cell layer (GCL) and sporadically in the
neuroblast layer (NBL) in the control Atoh7™** retina (Fig.
S1C). This expression pattern was similar to that in the wild-type
retina as reported previously (25); therefore Atoh7' ™'+ retinas
were used as controls throughout this study. In the Atoh7 74+,
tetO-P&I retina, there were markedly more cells expressing both
Pou4f2 and Isll in the NBL (Fig. S1D). Because Afoh?7 is active
in a larger population of cells than Pou4f2 and Is/I in the NBL
of wild-type retinas (10), the increased number of Pou4f2- and
Isl1-expressing cells indicated that tTA from the Atoh7'™ allele
activated the tetO-P&I transgene and thus produced Pou4f2 and
Isl1 in RPCs that normally express Atoh7. Consistent with this
notion, most Pou4f2/Isl1-expressing cells in the NBL (>80%)
were Atoh7", as indicated by colabeling of Pou4f2 and HA in the
Atoh 7™M 4 4et0-P&I retina (Fig. S1 E-G) in which Atoh7 ex-
pression was marked by an HA tag (10). However, many Atoh7-
expressing cells did not express Pou4f2, indicating a lapse
between the expression of tTA from the Atoh7 promoter and the
activation of the tetO-P&I transgene.

Pou4df2 and Isl1 Specify the RGC Fate. We then examined RGC
development at E14.5 in Atoh7' ™™, tetO-P&I embryos, which
were null for Afoh7 but should express Poudfl and Isl1 in Atoh7-
expressing cells, using Atoh7"* and Atoh7""™ as controls
(Fig. 1). There were very few RGCs, as detected by anti-Pou4f2
and anti-Isl1 antibodies, in the Atoh7' """ retina (Fig. 1 B-B""),
confirming that Atoh7" was a null allele (19, 20). There were
many more cells expressing Poudf2 and Isll in the NBL of the
Atoh7 T T tet0-P&I retina (referred to hereafter as “P&I*F,”
for “Pou4f2 and Isll ectopically expressed”) than in the NBL of
the Atoh7'"™"* retina (Fig. 1 A-A"", D-D"’, and E), indicating that
Atoh7™ still efficiently activated expression of the transgene in
the Atoh7-null background. Strikingly, the GCL, as indicated by
the stratum of cells positive for both Pou4f2 and Isll in the inner
side of the retina, which was absent in the Atoh7' 7™ retina,
could be readily observed in the P&I** retina, and the numbers
of RGCs in the GCL were comparable to those found in the
control retina (Fig. 1E). Thus, RGCs formed and migrated
normally to the inner side of the retina when Pou4f2 and Isll
were expressed in place of Atoh7.

To determine if RGCs could form when only one of the fac-
tors was ectopically expressed in Atoh7-expressing cells, we ex-
amined the Atoh7 V"™ tetO-P&I;Six3-Cre (P&IEE;Cre) retina
(Fig. 1 C-C""), in which recombination by the retina-specific
Six3-Cre would lead to the expression of only one factor in in-
dividual cells. For unknown reasons, the great majority of cells
expressed only Pou4f2, but a very few expressed Isl1 or both (Fig.
1 C-C""). PCR analysis with primers for specific recombination
events suggested that only recombination leading to Pou4f2, but
not Isll, expression occurred (Fig. S2). The number of cells
expressing Pou4f2 in the NBL was about half the number in the
P&IFE retina, and the expression levels in individual cells were
comparable (Fig. 1 C-C"", D-D"’, and E). However, no GCL was
formed in the P&I*%;Cre retina (Fig. 1 C-C’"), suggesting that
only one factor was not sufficient to specify the RGC fate.

Native Poudf1 and Isl1 Genes Are Activated by Ectopic Pou4f2 and
Isl1. At E14.5, similar to observations in the control retina (Fig. 1
A-A'""), Poudf2 and Isll were expressed in both the NBL and the
GCL of the P&I™ retina, (Fig. 1 D-D'"). Because Atoh7, and
thereby Atoh7'™  is active in only a subset of RPCs in the NBL
but not in RGCs that already have migrated to the GCL (10, 38),
we reasoned that the persistent expression of Pou4f2 and Isll
could have resulted either from tTA and/or Pou4f2/Isl1 being
very stable or from the activation of the native Pou4f2 and Isll
genes by the ectopically expressed Pou4f2 and Isll. If the former
scenario were true, we would have expected at least some early-born
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Fig. 1. Isl1 and Pou4f2 specify RGC fate. (A-D) Immunostaining for Pou4f2 (red) on E14.5 Atoh7™A* (A), Atoh7t™AA (B), P&IFE:Cre (C), and P&IFE (D) retinal
sections. (Scale bar, 37.5 pm.) (A’-D’) Immunostaining for Isl1 (green) on E14.5 retinal sections of the different genotypes. (A”-D"’) Merged images of Pou4f2
and Isl1 staining of retinal sections with the different genotypes. Note there are more Pou4f2- and Isl1-expressing cells in the NBL of the P&/ retina (D”’) than
in the NBL of the Atoh7'™ retina (A”). (E) Counting of Pou4f2* and Isl1* cells in the NBL and GCL. *P < 0.01 (compared with Atoh7"4"*) as determined by
Student’s t test. Error bars indicate + SD.

RGCs to lose expression by E14.5. However, the expression of  robustly expressed in the GCL of the P&I“” retina (Fig. 2 D-D"") at
Pou4f2 and Isll in the GCL of the P&I™* retina was fairly uniform  levels comparable to those in the Atoh7 ™"+ retina (Fig. 2 A-A""),
(Fig. 1 D-D""), rendering this scenario unlikely. Furthermore, strongly supporting the notion that the native Poudf2 and Isll
at E17.5, when Atoh7 expression had tapered down significantly — genes were activated. In contrast, no appreciable expression of
(10, 38), as indicated by the decreased numbers of Pou4f2- and  Pou4f2 and Isl1 expression was observed in the inner side of either
Isll-expressing cells in the NBL, Pou4f2 and Isll remained the Atoh7 TV or P&IFE,;Cre retina (Fig. 2 B-B' and C- C").

Atoh7tTA/+ Atoh7tTAATA P&IEE;Cre

Fig. 2. Ectopic Pou4f2 and Isl1 activate the endogenous Pou4f2 and Isl1 genes. (A-D) Immunostaining for Pou4f2 (red) in Atoh7t™"* (A), Atoh7!™t™A (B),
P&IFE;Cre (C), and P&IFE (D) retinal sections at E17.5. (Scale bar, 75 um.) (A'-D’) Immunostaining for Isl1 (green) of retinal sections with the different genotypes.
(A”-D"") Merged images of Pou4f2 and Isl1 staining of retinal sections from the different genotypes. (E) Detection of different mRNA transcripts by RT-PCR
from E17.5 retinal tissues of the different genotypes as indicated.
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To validate unequivocally that the native Pou4f2 and Isll
genes were activated in the P&I®F retina, we isolated total RNA
from E17.5 retinas of different genotypes and performed RT-
PCR using primers that could distinguish transcripts produced by
the Poudf2-T2A-Isl1 cassette of the transgene (Fig. S14) from
those produced by the endogenous genes (Fig. 2E). As expected,
transcripts from endogenous Pou4f2 and Isll were detected in
the Atoh7'™"* retina, whereas transcripts from the transgene
were absent. In the Atoh7T4"™ and P&I“E;Cre retinas, very low
levels of transcripts of the endogenous genes, and no transcripts
from the transgene, were detected, confirming that few RGCs
were produced. In the P&IFE retina, however, robust levels of
transcripts, not only from the transgene but also from both en-
dogenous genes, were detected, confirming that the endogenous
Pou4f2 and Isll genes indeed were activated by the ectopically
expressed Poudf2 and Isll but not by Pou4f2 alone.

Poudf2 and Isl1 Promote Cell-Cycle Exit. Atoh7 is expressed while
the retinal progenitor cells are still dividing. Although Atoh7 has
been suggested to promote cell-cycle exit, it has not been un-
equivocally demonstrated to mark the last cell cycle (16, 39).
Pou4f2 and Isll are expressed largely in postmitotic RGCs, al-
though their expression can be initiated during the S phase of the
last cell division (40, 41). Cells normally expressing Atoh7 in the
Atoh7-null retina experience a transient pause in cell-cycle pro-
gression but will continue to divide (17, 39). Thus it is not clear
whether Pou4f2 and Isll play any roles in the cell-cycle exit
during RGC development. Therefore we examined the re-
lationship between the ectopically expressed Poudf2 and cell-
cycle progression at E14.5 by BrdU pulse labeling of S-phase
progenitors, which are located in the NBL (Fig. 3). In the control
retina (Fig. 3 A-A"""), consistent with previous reports, the great
majority of Poudf2™ cells did not overlap with BrdU, confirming
that Pou4f2, as one of the earliest RGC markers, is expressed
largely postmitotically. In the Atoh7-null retina (Fig. 3 B-B'""),
the few Poudf2* cells that were present were also BrdU™. In the

P&IFE retina, the Poudf2™ cells largely did not overlap with the
BrdU™ cells (Fig. 3 C-C"""), indicating that ectopic expression of
Pou4f2 and Isll promotes cell-cycle exit. Our finding suggests
that cell-cycle exit and RGC fate commitment are coupled and
that Pou4f2 and Isll are involved in both processes.

RGCs Generated by Ectopic Pou4f2 and Isl1 Have a Largely Normal
Gene-Expression Program. An important question was how normal
were the RGCs generated by ectopic Poudf2 and Isl1. This question
was addressed first by analyzing how completely the gene expression
program for RGC differentiation was activated in the P&I™" retina.
To that end, we analyzed 11 RGC-expressed genes through
immunostaining or in situ hybridization (Fig. 4). These genes are
expressed in the RGCs of the control retina, but their expression is
severely diminished in the Afoh7-null retina (Fig. 4) (15, 22-24, 42,
43). Among them, Nflm, Pgp9.5, Poudfl, Sncg, and Rbpms are de-
pendent on Pou4f2 and/or Isl1 for expression, whereas Ocl, Stmn2,
Sox4, Sox11, Ina, and Eya2 are not. Nevertheless, all these genes
except Eya2 were expressed robustly in the P& retina (Fig. 4),
indicating that the cells in the presumed GCL were bona fide
RGCs. The finding that genes normally independent of Pou4f2 or
Isll also were activated indicated nearly complete activation of the
RGC differentiation program in the P&F“* retina.

We also examined the expression of Ccndl (cyclin DI) and
Glil, two genes expressed in RPCs (Fig. 4). These two genes are
regulated by sonic hedgehog secreted from the RGCs through
a feedback loop (44, 45). The expression of these two genes is
compromised significantly in Atoh7-, Isli-, and Pou4f2-null retinas
(Fig. 4) (22-24). In the P&I™* retina, the expression of both Ccndl
and GIlil reached levels comparable to those in the heterozygous
control (Fig. 4). These results imply that the non—cell-autonomous
gene-regulation pathway mediated by RGC-secreted molecules
also resumed in the P&I"F retina.

RGCs Generated by Pou4f2 and Isl1 Survive to Adulthood. In both
IslI- and Pou4f2-null retinas RGCs are born initially but do not

BrdU/Pou4f2

Atoh7tTA/ |

| Aton7tmanTa |

Fig. 3.

| Pou4f2 BrdU/Pou4f2

g

Isl1 and Pou4f2 promotes cell-cycle exit. (A) Immunostaining of BrdU (green) and Pou4f2 (red) on Atoh7!™* retinal sections at E14.5. (Scale bar,

150 pm.) (A’ =A""’) High-magnification images of A in separate (red for Pou4f2 and green for BrdU) and merged channels. (Scale bar, 25 pm.) (B) Costaining of
BrdU and Pou4f2 on E14.5 Atoh7'"*/"™ retinal sections. (B'-B""") High-magnification images of B in separate and merged channels. (C) Costaining of BrdU and
Pou4f2 on E14.5 P&/ retinal sections. (C'—-C'"") High-magnification images of C in separate and merged channels.
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Fig. 4. The gene-expression program in the RGCs of the P&/ retina is almost fully activated. Immunostaining for Nflm (green), PGP9.5 (green), Onecut1
(green), and Pou4f1 (red) and in situ hybridization for Sncg, Nflm, Rbpms, Stmn2, Sox4, Sox11, Ina, Eya2, Cyclin D1 (Ccnd1), and Gli1 in Atoh7!™*, Atoh7 A4,
and P&/ retinal sections at E14.5. With the exception of Eya2, these genes are fully activated in the P& retina. (Scale bar, 150 um.)

differentiate normally, and the majority die through apoptosis by  natal stages. At postnatal day (P)18, we observed that the P&I™*
birth (P0) (23, 25, 27, 28). Therefore, it was important to know if ~ retina possessed an optic nerve that was similar in thickness to
the RGCs generated in the P& retina could survive to post-  that of the control retina (Fig. 54), indicating that the RGCs

[ smi32

Pou4f1

Fig. 5. RGCs in the P&I®F retina survive to postnatal stages. (A) The optic nerves from P18 Atoh7:™/*, Atoh7~"™A, P&IFE;Cre, and P&I®F retinas. (B-E) Whole-
mount immunostaining of RGC axons with SMI32 in Atoh7"**, Atoh7!™TA, P&IFE;Cre, and P&I®F retinas at P18. (Scale bar, 150 pm.) (F-/) Inmunolabeling of
RGCs with anti-Pou4f1 in whole-mount retinas of the various genotypes at P18. (Scale bar, 75 pm.)
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survived to postnatal stages. However, the Atoh7 "™ retina
displayed only a rudimentary optic nerve, as previously reported
(20) (Fig. 54). The P&I“*;Cre retina was similar to the Atoh7-
null retina and also possessed only a very thin optic nerve (Fig.
5A). Consistently, by whole-mount staining for neurofilament
heavy chain with SMI32, we observed well-fasciculated optic
fibers in the P&I“F retina at P18 which were similar in number to
those in the control retina and projected normally to the optic
disk (Fig. 5 B and E). In contrast, very few optic fibers could be
seen in the Atoh7™"* and P&I*;Cre retinas (Fig. 5 C and D).
Additionally, staining for Pou4fl further confirmed that there
were equivalent numbers of RGCs in the P18 P&I“ retina and
the control (Fig. 5 F and I), in contrast with the Atoh7' "™
and P&I"*;Cre retinas, which displayed very few RGCs (Fig. 5 G
and H). These observations demonstrated that the RGCs gen-
erated by ectopically expressed Pou4f2 and Isl1 were maintained
in the mature retina.

Development of RGC Subtypes in the P&IF Retina. There are about
20 RGC subtypes based on function and morphology (2, 46).
These subtypes are involved in detecting the various features of
vison. Molecular markers are available for only a few of the
subtypes (46). Nevertheless, we used some of these markers to
examine whether the corresponding RGC subtypes were present
in the P&I”F retina. Tbr2 (also known as “Eomes”) is expressed
in a subset of RGCs, from which the intrinsically photosensitive
RGCs (ipRGCs) arise (47-49). At E14.5, by coimmunostaining for
Tbr2 and Poudf2, we observed that Tbr2 was expressed in equiva-
lent numbers of RGCs in the P&IEE retina and the control retina,
althouigh its expression was almost completely absent in the
Atoh 7" retina (Fig. 6 A-C and M). Consistent with these
results, there were essentially no ipRGCs, as determined by anti-
melanopsin immunostaining, in the Atoh7' 7™ retina at P30.
However, there were a substantial number of ipRGCs in the P&I*F
retina (Fig. 6 D-F and M). CART (cocaine and amphetamine-
regulated transcript) is a marker for ON-OFF direction-selective

RGC:s (Fig. 6 G and M) (50), which could barely be detected in the
Atoh7™"™ retina (Fig. 6 H and M); in contrast, numerous CART*
RGCs were observed in the P&I“* retina (Fig. 6 I and M). Cal-
bindin is expressed in both displaced amacrine cells and a subset of
RGCs in the GCL (51). Calbindin* RGCs could be distinguished
from displaced amacrine cells by colabeling with Pou4fl. It is ap-
parent that the calbindin* RGCs are a subclass of RGCs (Fig. 6/),
although their physiological function is not known, because only
a subset of Poudfl™ cells expressed calbindin. In the Aroh7 7414
retina, the great majority of calbindin® cells were Poudf1~ (Fig. 6K),
indicating that they were displaced amacrine cells. In the P&I®
retina, however, the numbers of calbindin*Pou4f1™ cells were
comparable to those found in the control retina (Fig. 6 L and M).
These results indicate both that the generic RGCs were formed
and maintained in the P&I®F retina and that their specification
into individual subtypes occurred normally.

Development of Other Retinal Cell Types in the P&IE Retina. We also
examined the development of other retinal cell types, including
amacrine cells, bipolar cells, Miiller glial cells, cones, rods, and
horizontal cells in the P&I® retina with various cell-type—spe-
cific markers at P18. Most of these retinal cell types appeared
normal both in number and position (Fig. S3). Notably, cone
photoreceptors, which are overproduced in the Afoh7-null retina
(Fig. S3 K and S) (20), were normal in the P&I*F retina (Fig. S3
L and §). The Atoh7-null retina often displays disrupted lami-
nation in areas within the retina (Fig. S3 K and N) (20). In-
terestingly, this defect also was corrected in the P&I®F retina
(Fig. S3 L and O), although currently we do not understand the
underlying mechanisms. Horizontal cells also have been reported
to be underproduced in Atoh7-null retinas (Fig. S3 Q and S) (16).
We observed a further reduction of horizontal cells by flat-mount
staining with anti-calbindin in the P&I** retina (Fig. S3 R and S).
It is possible that some of the progenitor cells normally becoming
horizontal cells adopted the RGC fate, leading to fewer hori-
zontal cells being formed.
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Fig. 6. RGC subtypes form in the P&IFE retina. (A-C) Immunostaining for Tbr2 (green) and Pou4f2 (red) in E14.5 Atoh7"™* (A), Atoh7™TA (B), and P&I*F (C) retinal
sections. Arrows indicate the Tbr2* cells. (Scale bar, 25 pm.) (D-F) Flat-mount immunostaining for melanopsin to visualize ipRGCs (indicated by arrows) in retinas of
different genotypes at P30. (Scale bar, 75 pm.) (G-/) Staining for CART to visualize dsRGCs in retinas of different genotypes at P30. (J-L) Costaining of Calbindin (Calb,
green) and Pou4f1 (red) in flat-mount retinas of the different genotypes at P30. (M) Cell counting of the different RGC subtypes in retinas with the different
genotypes. Melan, melanopsin. *P < 0.01 (compared with Atoh7"*) as determined by Student's t test. Error bars indicate + SD.
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RGCs in the P&IF Retina Show Robust Light-Evoked Spike Activity.
Ultimately, we wanted to know if the RGCs in the P&IFE retina
were normal in their physiological function. To that end, we
investigated whether the ganglion layer cells (GLCs) of P&I®®
mice had light-evoked spike activity. Spike activity was measured
either simultaneously from a population of cells using the mul-
tiple electrode array (MEA) (Fig. 7F) or from single cells using
patch-clamp recording. In total, we were able to observe light-
evoked spike activity in five of five retinas tested from three P30
animals. We tested the ability of GLCs in the P&I“* retina to extract
the ON/OFF and transient/sustained information from the light
stimulus. ON cells respond with increased spike activity after light
onset, and OFF cells respond with increased light activity after
light offset. Transient cells respond with a short burst of spikes
immediately after the onset or offset of light stimulus, but sus-
tained cells respond with sustained spike activity for the duration
of the stimulus. The responses of GLCs to a square pulse of light
can be broadly classified as ON-sustained, OFF-sustained, ON-
transient, OFF-transient, and ON-OFF transient (52). As shown
in Fig. 7, each of these response types was found in multiple GLCs
of the P&I“F retina (Fig. 7 A-E).

The light responses were robust and precise across several
light trials as shown in the raster plot of a single transient ON cell
spike activity (Fig. 7G) and in the superimposed light-evoked
synaptic currents (Fig. 7 H and I), indicative of stable synapses.
We isolated the light-evoked excitatory postsynaptic currents
(EPSCs) or inhibitory postsynaptic currents (IPSCs) by voltage
clamping the recorded cell at —60 mV or 0 mV, respectively (Fig.
7 H-J) (53). In response to light, both EPSCs and IPSCs were
robust and precise across at least five light trials (superimposed
traces), confirming the stability of bipolar-RGC and amacrine-
RGC synapses (54, 55). We also observed miniature spontaneous
EPSCs and IPSCs in the dark, again indicating that these cells
form synapses with both bipolar and amacrine cell inputs (Fig. 7
H, Inset and I, Inset) (56). Both light-evoked EPSCs and IPSCs
were of amplitudes commonly observed in the normal mouse
retina (Fig. 7J) (52).

Although the GLCs we tested may have included some dis-
placed amacrine cells, the presence of multiple cells with all
types of responses seen in wild-type retinas suggested that all
major physiological RGC subtypes were present in the P&I™*
retina and were functionally incorporated into the visual cir-
cuitry. This result further supports the conclusion that Pou4f2
and Isll are sufficient to specify the RGC fate and activate the
RGC differentiation program.

Discussion

In this study, we show that in the absence of Atoh7, ectopic
expression of Pou4f2 and Isll leads to essentially normal de-
velopment of RGCs, which survive to postnatal stages, diversify
into distinct subtypes, and functionally integrate into the visual
circuitry. Because the Atoh7-expressing cells in the Afoh7-null
retina adopt all retinal cell types but RGCs, and Pou4f2 and Isl1
are the earliest factors expressed in the RGC lineage, our results
unequivocally demonstrate that Pou4f2 and Isll determine the
RGC fate. Further, we show that ectopic Pou4f2 and Isll can
activate the native Pou4f2 and Isll genes. These observations
lead us to a model of RGC determination in development (Fig.
8). In this model, the function of Atoh7 is to activate the core
RGC fate-determining transcription factor genes including Pou4f2
and Is/] in a subset of Atoh7-expressing RPCs. Once this core
group of genes is activated, the transcription factors sustain
their own expression by cross-regulation and/or autoregulation
and no longer rely on the upstream activator Atoh7. This core
group of transcription factors then activates the gene-expression
program required for RGC differentiation. In the P&I** retina, al-
though Atoh7 is not present, ectopic Pou4f2 and Isll activate
the endogenous genes encoding this core group of factors,
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Fig. 7. RGCs in the P&F retina are physiologically functional and show
robust light-evoked spike activity. (A-E) Spike raster plots for cells recorded
using both MEA and single-cell patch clamping. (A) ON-sustained cells
showed sustained spike activity for the onset of light but stopped spiking at
light offset. Each row shows the response of a single cell (n = 13). The light
stimulus (1 s in duration) is represented by the black bar on top. The black
traces show cells recorded in an MEA; the gray traces show cells recorded by
single-cell patch-clamp recording. (B) ON-transient cells showed brief spike
activity at light onset (n = 12). (C) OFF-sustained cells exhibited sustained
activity at light offset (n = 11). (D) OFF-transient cells had phasic spike ac-
tivity at light offset (n = 11). (E) ON-OFF cells showed spike activity at both
light onset and offset (n = 8). (F) A window created in the GCL to record
light-evoked activity in single cells. Even in this small window, a majority of
cells (white marks) responded with spike activity to light. (Scale bar, 25 pm.)
(G) Light-evoked spike activity of an ON transient cell in seven trials. The
light response was robust and precise across trials. (H) Light-evoked EPSCs
of the cell shown in G for five trials. Cells were held at Vh = —-60 mV to
isolate EPSCs. The responses of the trials are shown superimposed, illus-
trating the precision of the responses. (Inset) Sample spontaneous EPSCs
evoked in the absence of light. (/) Light-evoked IPSCs of a cell shown in
G for five trials (Vh = 0 mV). (Inset) Spontaneous IPSCs observed in the
absence of light. (J) Comparison of peak light-evoked EPSCs in five cells and
light-evoked IPSCs in three cells. Each line indicates the EPSC and IPSC
recorded from the same cell.

thereby leading to almost normal RGC development. This model
also explains why RGCs, although abnormal, still form in the
Pou4f2- and IslI-null retinas, because other members in the core
group still can activate a substantial, although incomplete, part of
the RGC developmental program.
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Fig. 8. A model for RGC fate determination in development. In this model,
Atoh7 activates a small set of transcription factor genes, including Pou4f2
and Is/1, in a subset of Atoh7-expressing cells. Expression of this group of
transcription factors determines the RGC fate. The question mark indicates
the unidentified member(s) of this group. Once expressed, these factors can
sustain their own expression, and Atoh7 becomes disposable. Arrows des-
ignating regulations between factors within the core group (including
Pou4f2 and Isl1) are conceptual and do not necessarily implicate direct
regulation (see text). This core group of transcription factors in turn activates
the whole gene-expression program for RGC differentiation.

Additional factors must be involved (Fig. 8), because there are
RGC genes whose expression does not change in IslI-, Poudf2-,
or Isl1/Pou4f2 double-null retinas (22, 23, 29). Nevertheless,
most of these genes are activated by ectopically expressed Pou4f2
and Isll in the Afoh7-null background. This observation actually
is consistent with our model, in which the transcription factors in
the core group cross-regulate each other’s expression. Therefore,
although only Pou4f2 and Isl1 are ectopically expressed initially,
the unknown member(s) of this core group also can be activated,
leading to an almost complete activation of RGC differentiation
program. Currently the details of the cross-regulation, either
direct or indirect, and the autoregulation of these factors are
not very clear, but it is known that Isll is required for the
sustained expression of Pou4f2 (23). It also is not clear how
many transcription factors belong to this core group, but it is
likely that there are not very many, considering the numbers of
genes whose expression is affected in the Pou4f2-, IslI-, and
Atoh7-null retinas (23).

Candidates for the unknown factors include Sox4 and Sox11,
because they are downstream of Atoh7 but are independent of
Pou4f2 and Isl1, and double knockout of Sox4 and SoxI1 leads to
severely compromised RGC production (43). Our observations
that Sox4 and Sox11 are activated by ectopic Pou4f2 and Isl1 also
support this idea, although further experimental confirmation is
needed. The finding that Eya2 expression is not rescued by
ectopic Isl1 and Pou4f2 is intriguing. Eya? is highly expressed in
developing RGCs with a pattern very similar, if not identical, to
those of Pou4f2 and Isl1 and thus is an early RGC transcription
factor (42, 57). Its expression is dependent on Atoh7 but is
independent of Pou4f2 and Isll (42). The fairly normal de-
velopment of RGCs in the P&I”F retina in the absence of Eya2
expression suggests that Eya2 may play only a minor role in
RGC development. However, given its specific expression
patterns during retinal development, it is highly possible that
Eya2 may have a specific role, independent of Pou4f2 and Isl1,
in RGC development.

RGC fate determination, exit of cell cycle, and migration to
the future GCL are three concomitant aspects of RGC genesis.
Ectopic expression of Poudf2 and Isll led not only to RGC
formation but also to their cell-cycle exit and correct migration,
indicating that Poudf2 and Isl1 regulate all three aspects and that
the three aspects are tightly linked. Cell-cycle exit and cell mi-
gration during RGC development thus must be carried out by
genes downstream of Pou4f2 and Isll. How cell-cycle exit and
directional cell migration are regulated and coordinated with
cell-fate specification remains poorly understood but will be

E1566 | www.pnas.org/cgi/doi/10.1073/pnas.1421535112

addressed only by identifying the genes involved in these
processes.

Another remaining question is the mechanism by which Atoh7
activates Pou4f2 and Isll. Because Atoh7 does not activate
Pou4f2 and Isl1 in all cells, a stochastic mechanism may be at
play. This stochastic mechanism could result from the natural
fluctuation of Atoh7 levels among the Atoh7-expressing cell
population, because the levels of Atoh7 affect the numbers of
RGCs produced (58). It also is possible that Atoh7 collaborates
with another factor, which is not available in all Atoh7-express-
ing progenitors, to activate Pou4f2 and Isl1. A related question is
whether the final cell division of Atoh7-expressing cells before
RGC fate commitment is symmetrical or asymmetrical, i.e.,
whether Pou4f2 and Isl/I are activated in both daughter cells
from the last cell division to specify them into the RGC fate. This
issue may be resolved by clonal labeling experiments in
the future.

Because RPCs are heterogeneous, and their competence for
retinal cell types changes over time, it would be interesting to
know whether Pou4f2 and Isll could direct RGC formation in
different cellular contexts, e.g., in non—-Atoh7-expressing RPCs
from either temporally appropriate (early) or inappropriate (late)
developmental stages. In this study, we ectopically expressed
Pou4f2 and Isll in Atoh7-expressing cells in the absence of Atoh7.
Because the Afoh7-null RPCs normally expressing Atoh7 give rise
to all retinal cell types but RGCs, it is not clear whether they still
possess unique properties or are more similar to other RPCs that
do not express Atoh7 at the early stage. This issue could be
addressed in the future by analyzing the transcriptomes of the
different RPC populations in the presence and absence of Atoh7
and by ectopically expressing Pou4f2 and Isll in non-Atoh7-
expressing cells at different stages.

RGC death is involved in several retinal diseases such as
glaucoma and optic ischemia, which often lead to vision loss and
even blindness (59, 60). Much effort has been undertaken to
produce RGCs for cell-based therapies directly in vitro from
various stem cells (61-63). Unlike other retinal cell types such as
photoreceptors, these efforts suffer a major obstacle: the low
efficiencies for the RGC lineage. Our finding that Pou4f2 and
Isl1 together can determine the RGC fate and promote their
genesis will provide guidance for those efforts.

Materials and Methods

Generation of Mouse Lines. The Atoh7'™ allele was generated as shown in
Fig. S1A. Using recombineering (23), a targeting construct was generated by
replacing the Atoh7 ORF with the tTA ORF followed by a PGK-Neo cassette.
The construct was used to electroporate the G4 129xC57BL/6 F1 hybrid ES
cells (23, 64). Two positive clones, identified by Southern blot hybridization,
were injected into C57/BL6 blastocysts to generate chimeric mice, which then
were mated with wild-type C57BL/6 females for germline transmission.
Please note that this line was different from another Atoh7-tTA line, which
was mistargeted with Atoh7 still being expressed and functional (42). The
tetO-P& mice were made by pronuclear injection. A transgenic construct
containing the Pou4f2- and Isl1-expressing cassettes under the tetO pro-
moter, as shown in Fig. S1B, was made by PCR and standard cloning. Positive
founder pups (two were obtained) were identified by PCR for the presence
of the transgene. Only one line was responsive to tTA from Atoh7" and
was used in this study. All mice were maintained in a C57/BL6 x 129 genetic
background. All procedures using mice conform to the US Public Health
Service Policy on Humane Care and Use of Laboratory Animals (65) and were
approved by the Institutional Animal Care and Use Committees of Roswell
Park Cancer Institute and the University at Buffalo.

Immunofluorescence Staining. Inmunofluorescence staining followed a pro-
tocol we have described previously (15, 66, 67). Briefly, after fixation with 4%
paraformaldehyde for 30 min and three washings with PBS (pH7.4) plus
0.1% Tween 20 (PBST), embryos (E14.5) or eyes (PO and older) were em-
bedded in Optimum Cutting Temperature (OCT) compound. The embedded
tissues then were sectioned at 16 um. For immunofluorescence labeling, the
sections were washed three times for 10 min with PBST and blocked with
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2% (wtivol) BSA in PBST for 1 h and then were incubated with primary
antibodies for 1 h. After three 10-min washings with PBST, fluorescent dye-
conjugated secondary antibodies (Life Technologies) were applied to the
sections, incubated for 1 h, and washed with PBST. When necessary, the
sections were counterstained with propidium iodide. For whole-mount
staining, the same general procedure was followed, except that the in-
cubation time and washing time were considerably longer. Sources of all
antibodies and their dilutions also have been published previously (15, 66,
67). Counting of positive cells was performed as described previously (66),
and the significance of difference (P < 0.1) between various genotypes and
the control was determined by Student'’s t test.

Images were acquired with a Leica TCS SP2 confocal microscope. In some
cases, the contrast of images was adjusted in Adobe Photoshop. The
adjustments were made to the same degree for sections of different gen-
otypes for the same experiment.

In Situ Hybridization. In situ hybridization followed a protocol described
previously (15, 66). The tissues were fixed in 4% (wt/vol) paraformaldehyde
overnight, embedded in OCT, and sectioned at 16 pm. Digoxigenin (Dig)-
labeled anti-sense probes were made by in vitro transcription (22). The
sections then were hybridized with the probes at 65 °C overnight in hy-
bridization solution [1x salt, 50% (vol/vol) formamide, 10% (wt/vol) dextran
sulfate, 1mg/mL tRNA, 1x Denhardt’s solution (Life Technologies)] followed
by three 30-min washings with washing buffer (1x SSC, 50% formamide,
0.1% Tween 20) at 60 °C. The slides then were incubated twice with 1x
MABT buffer (0.1 M maleic acid, 0.25 M NaCl, 0.1% Tween 20, pH7.5) at
room temperature, blocked with 20% (vol/vol) sheep serum/2% (wt/vol)
Blocking Reagent (Roche), and incubated overnight with alkaline phos-
phatase-conjugated anti-Dig (1:1,500; Roche) at room temperature. Then
they were washed thoroughly with 1x MABT and were developed with
nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate to the desired
signal intensities.

RT-PCR. Total RNA isolation from retinal tissues and reverse transcription
reaction were carried out as described previously (66). cDNA equivalent to
40 ng of total RNA then was used as template for each PCR. The primers used
to detect the different transcripts were tetO-P&I, forward 5-CGA AAA GCT
GGA TCT CAA GA-3/, reverse 5'-AAT ACT GAT TAC ACT CCG CA-3’; Isl1,
forward 5'-TTG CAA AGC GAC ATA GAT CA-3’, reverse 5'-CAT TGA CTG GGT
CGT TAA AT-3’; Pou4f2, forward 5-TCT GGA AGC CTA CTT CGC CA-3/, re-
verse 5'-CTG GGT TCA CAT TTA CCG GA-3’; p-actin, forward 5-ATC ATG TTT
GAG ACC TTC AAC A-3', reverse 5'-GGT CAG GAT CTT CAT GAG GTA-3". The
PCR products were resolved on a 1.5% (wt/vol) agarose gel.

GLC Recording. To prepare tissue for electrophysiology, animals were killed by
overdose of 1-3% (vol/vol) halothane and were decapitated, and the eyes
were enucleated. The retinal whole-mount preparation has been described
in detail elsewhere (53). The tissue was constantly superfused with oxy-
genated Ringer’s solution containing 111 mM NaCl, 2.5 mM KCI, 1 mM
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CaCl2, 1.6 mM MgClI2, 22 mM NaHCO3, and 10 mM dextrose buffered to
pH 7.4 using bubble 95% (vol/vol) 02 and 5% (vol/vol) CO,. A gravity-fed
perfusion system was used to maintain a flow rate of ~1.5 mL/min.

For MEA recordings the flat mounted retina was inverted onto an MEA
with 60 electrodes of 10-um diameter spaced 100 um apart (Multi Channel
System; MCS GmbH). The light responses were recorded 60 min after the
retina was placed in the MEA chamber. The data were acquired and analyzed
using the Multi Channel System software. The signals were filtered between
20 Hz (low cutoff) and 700 Hz (high cutoff). The spikes were sorted by setting
a threshold higher than 30 pV. A diffuse full-field light stimulus from a white
light-emitting diode was presented for 1 s with an interstimulus time interval
of 10 s. At least 20 trials were recorded for each experiment. The irradiance
calculated between 300 and 800 nm of the LED was ~1 pW-cm‘Z-s‘1, measured
by an RPS900-R wideband spectroradiometer (International Light).

The single-cell patch-clamp recording experiments were performed under
infrared light as described in detail elsewhere (53). In brief, recordings were
made from GLCs at room temperature. Extracellular spike activity was
measured with a loose seal (25-50 MQ) using an 8-10 MQ electrode filled
with Ringer’s solution. Neurons were patched for whole-cell recordings us-
ing a separate 5-7 MQ electrode containing either (i) potassium internal
(115 mM potassium gluconate, 5 mM KCl, 1 mM MgCl2, 10 mM Hepes, and
10 mM EGTA buffered to pH 7.4 with KOH) or (ii) cesium internal (112.5 mM
CsMeSO3, 9.7 mM KCl, 1 mM MgCI2, 10 mM Hepes, 10 mM EGTA, and
QX-314.Cl buffered to pH 7.4 with CsOH).

Data were acquired using a Multiclamp 700B Amplifier (Molecular Devices).
Analog signals were low-pass—filtered at 2 kHz and sampled at 10 kHz with
the Digidata 1322A analog-to-digital board (Molecular Devices). Clampex
10.1 software (Molecular Devices) was used to control the voltage command
outputs, acquire data, and trigger stimuli. Photoreceptors were stimulated
by a 200-um spot from a green light-emitting diode (LED, Amax = 520 nm)
projected through the objective lens. The irradiance calculated between
500 and 540 nm of the LED was ~1.6 uW-cm~2s~", measured by an RPS900-R
wideband spectroradiometer (International Light). A 1-s light stimulus was
presented every 15s.

The peak light-evoked EPSCs and IPSCs were monitored only when the
EPSP induced spike activity. For example, the cell in Fig. 7H had excitatory
currents at both light onset and offset, but spike activity was induced only
after light onset (Fig. 7G). Hence only the light onset EPSC and IPSC peaks
were used to represent this cell in Fig. 7J.
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Fig. S1. Strategy for expressing Isl1 and Pou4f2 in Atoh7-expressing cells in the absence of Atoh7. (A) Generation of the Atoh7"* knockin allele by ho-
mologous recombination. Structures of the wild-type Atoh? allele, targeting construct, and targeted allele Atoh7" are shown. Green triangles are loxP sites,
and TK indicates the thymidine kinase cassette used for negative selection. (B) Generation of the tetO-P&I transgenic allele. The construct design and the
generation of two other alleles by Cre-mediated recombination are shown. (C) Immunofluorescence staining of E14.5 Atoh7!""* retinal sections for Pou4f2
and Isl1, marking both newly emerging RGCs in the NBL and those that already have migrated to the GCL. (Scale bar, 150 pm.) (D) Immunostaining of Pou4f2
and Isl1 on Atoh7 ™/ ;tetO-P&I retinal sections. There are more cells expressing Pou4f2 and Isl1 in the NBL than in the Atoh7"™* control, indicating that the
tetO-P&I transgene is activated by tTA from the Atoh7"* allele. (E-G) Coimmunostaining of Pou4f2 and Atoh7 (HA) on E14.5 Atoh7 /HA tetO-P&l retinal
sections. Most Pou4f2* cells in the NBL are also Atoh7(HA)", but some cells have little or very low Atoh7(HA) (arrow in Insets), indicating the Atoh7 promoter
has been turned off. In contrast, many Atoh7(HA)* cells do not express Pou4f2, implying a delay from the activation of the Atoh7 promoter to the expression
of Pou4f2. (Scale bar, 37.5 pm.)
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Fig. S2. Examination of Cre-induced recombination of the tetO-P&/ transgene in the P&I“E;Cre retina by PCR. See Fig. S1A for the structure of the transgene
and possible outcomes after Cre recombination. Genomic DNA from retinas of the indicated genotypes was analyzed by three PCR reactions. Reaction
A detects both the Poudf2-T2A-Isl1 cassette (300 bp) and the other two cassettes when present (500 bp). The absence of the 300-bp band in the P&/E;Cre
mouse indicates that the Pou4f2-T2A-IsI1 cassette is efficiently deleted by Cre, as expected. Reaction B detects either the Pou4f2-T2A-IsI1 cassette or the Pou4f2
cassette when brought next to the tetO promoter by Cre. The sizes (~470 bp) are very close and could not be resolved on the gel. Because the Pou4f2-T2A-IsI1 is
absent in the P&IFE;Cre mice, the detection of the 470-bp band indicates that the Pou4f2 cassette is brought next to the tetO promoter. Reaction C detects the
Isl1 cassette only when it is next to the tetO promoter after recombination. We did not detect the expected band (470 bp), suggesting the designed re-
combination did not occur, but the reason is unknown. These results are consistent with the immunostaining data shown in Fig. 1 C-C". Primers used in
reaction A are forward: 5'-CGA AAA GCT GGA TCT CAA GA-3’ and reverse: 5'-AAT ACT GAT TAC ACT CCG CA-3'". Primers in reaction B are forward: 5'-TAT CAG
TGA ATG AGA AAA GTG-3' and reverse: 5'-ACT GTG TAG CGC CGA GTA CTT-3". Primers in reaction C are forward: 5'-TAT CAG TGA ATG AGA AAA GTG-3' and
reverse: 5'-AAT ACT GAT TAC ACT CCG CAC-3".
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Fig. $3. Other cell types in the P&/ retina. (A-O) Immunofluorescence staining of retinal sections from P30 retinas with the different genotypes (as indicated)
using antibodies to various cell-type-specific markers (green): Pax6 for amacrine cells (A-C); Chx10 for bipolar cells (D-F); Vimentin for Muller glial cells (G-/);
cone arrestin (CAR) for cone photoreceptors (J-L); and rhodopsin for rod photoreceptors (M-0). Nuclei are stained with propidium iodide (red). Arrows in
K and N point to areas of disrupted lamination in the Atoh7-null retina. (Scale bar, 75 um.) (P-R) Flat-mount immunostaining for calbindin to label horizontal
cells in the Atoh7t™"* (P), Atoh7™ A (Q), and P&/ (R) retinas at P30. (Scale bar, 75 um.) (S) Counting of the various cell types in retinas with the different
genotypes. AC, amacrine cells; BC, bipolar cells; CP, cone photoreceptors; HC, horizontal cells; MC, Muller cells; RP, rod photoreceptors. *P < 0.1, **P < 0.01 in
comparison with Atoh7"™*, as determined by Student’s t test. Error bars indicate + SD.
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