1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Dev Biol. Author manuscript; available in PMC 2018 August 01.

-, HHS Public Access
«

Published in final edited form as:
Dev Biol. 2017 August 01; 428(1): 164-175. doi:10.1016/j.ydbio.2017.05.026.

Six3 in a small population of progenitors at E8.5 is required for
neuroretinal specification via regulating cell signaling and
survival in mice

Wei LiuaP." and Ales CveklaP
aDepartment of Ophthalmology and Visual Sciences, Albert Einstein College of Medicine, 1300
Morris Park Ave., Bronx, NY 10461, USA

bDepartment of Genetics, Albert Einstein College of Medicine, 1300 Morris Park Ave., Bronx, NY
10461, USA

Abstract

Neuroretina and retinal pigment epithelium (RPE) are differentiated from the progenitors in optic
vesicles, but it is unclear when and how the two lineages are segregated. Manipulation of chick
embryos reveals that the early anteroventral optic vesicle is crucial for neuroretinal development,
but the molecular mechanism is unclear. Homeodomain transcription factor Six3 is required for
neuroretinal specification and is dispensable for RPE formation, but the cell fates of Six3-deficient
progenitors and the origins of remnant RPE are unknown. Here, we performed lineage tracing of
Six3-Cre positive cells in wild-type and Six3-deficient mouse embryos. Six3-Cre positive
progenies were found in a population of progenitors in the anteroventral optic pits/vesicles starting
at E8.5, and were found in neuroretina, optic stalk, ventral forebrain, but not RPE, at E10.5. Six3
deletion in the small population of progenitors at E8.5 was sufficient to cause rostral expansion of
Wnt8b and drastic reduction of Fgf8/MAPK signaling, ablating neuroretinal specification without
affecting RPE. Lineage tracing revealed Six3-deficient progenitors at E8.5 were eventually lost
and the remnant RPE was derived from Six3-Cre negative cells. Thus, Six3 in a small population
of progenitors expressing Six3-Cre at E8.5 is required for neuroretinal specification via regulating
cell signaling and survival in mice.
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1. Introduction

Morphogenesis of the vertebrate eyes is a multistep process starting with eye field formation
in the anterior neural plate. In mice, optic pits are visible in the anterior neural plate at 5- to
7-somite stages (E8.0) (Kaufman, 1992). Fate mapping in mouse embryos identifies the
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origins of eyes in a rostral territory inside the anterior neural plate (Inoue et al., 2000). The
optic pits evaginate to form optic vesicles, which then invaginate to form double-layered
optic cups at E10.5 when neuroretina (NR) and retinal pigmented epithelium (RPE) are
partitioned into the inner and outer layers of optic cups, respectively (Fuhrmann, 2010).
Meanwhile, surface ectoderm overlaying the optic vesicles forms lens placodes, which later
form lens vesicles (Cvekl and Ashery-Padan, 2014). Live imaging of medaka, zebrafish, and
chick embryos reveals complex cell movements coordinated between the prospective NR,
RPE and lens (Ivanovitch et al., 2013; Kwan et al., 2012; Rembold et al., 2006). Pinwheel
movement and anterior rotation in 8- to 9-somite chick embryos make the cells at the
anterior margin of optic vesicles move laterally and ventrally whereas the cells at the lateral
margin move medially and dorsally (Kwan et al., 2012). In chick embryos, removal of
ventral or anterior optic vesicles at 9- to 14-somite stages ablates NR, leading to pigmented
vesicles that express RPE marker Mitf at the cost of NR markers Rax and Vsx2 (Hirashima
et al., 2008). On the other hand, the anteroventral quadrant of optic vesicles develops whole
eye after the other three quadrants are surgically removed, indicating that the anteroventral
quadrant of early optic vesicles has the full potential for ocular development (Hirashima et
al., 2008). In addition, transplantation of an anteroventral quadrant of the optic vesicle and
the surrounding anterior cephalon from quail embryos into the same stage (9- to 11-somite)
chick embryos generates a second eye (Kobayashi et al., 2009). Despite these findings, it is
unclear why anteroventrally localized activity in the early optic vesicles are crucial for NR
specification in chicks.

Transcription factors and cell signaling molecules coordinately regulate eye morphogenesis.
In E8.0 mouse embryos, the eye field expresses a group of transcription factors, including
Six3, Rax, Pax6, Lhx2, and Otx2 (Liu et al., 2010; Zuber et al., 2003). Rostral to the eye
field, an Fgf8-expressing signaling center at the anterior neural ridge is required for the
expression of telencephalon and rostral retina marker Foxgl (Hebert and McConnell, 2000;
Shimamura and Rubenstein, 1997). Inactivation of Shp2-mediated Fgf/MAPK signaling
converts parts of the NR into the cells expressing RPE marker Mitf (Cai et al., 2010). Caudal
to the eye field, a territory expresses Wnt8b, and overexpression of Wnt8b suppresses NR
specification (Liu, 2012; Liu et al., 2010). In the eye field and optic vesicles, the markers are
initially expressed in the whole optic vesicles, and the optic vesicle neuroepithelium is
bipotential: the prospective NR and RPE can trans-differentiate under certain experimental
conditions (Fuhrmann, 2010). In late stage optic vesicles (E9.5-E10.0), prospective NR and
RPE become delineated by the expression of homeodomain transcription factor Vsx2 and
bHLH transcription factor Mitf at ventral and dorsal optic vesicles, respectively. At E10.5,
Vsx2 and Mitf are expressed in retinal progenitor cells (RPCs) in NR and the progenitors in
RPE, respectively (Fuhrmann, 2010; Nguyen and Arnheiter, 2000). In retinal organoids
derived from human embryonic stem cells, VSX2 and MITF positive cells are spontaneously
partitioned into two adjacent domains (Lowe et al., 2016; Nakano et al., 2012). Still, it is
unclear when and how NR and RPE lineages are segregated.

The homeobox gene Six3is dynamically expressed during forebrain and visual system
development (Oliver et al., 1995). Germ line inactivation of Six3in mice causes truncation
of forebrain, loss of the eye field, and rostral expansion of Wntl (Lagutin et al., 2003).
Haploinsufficiency of Six3 fails to activate Shh expression in the ventral forebrain and
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causes holoprosencephaly (Geng et al., 2008). Conditional inactivation of Six3using Rx-Cre
ablates NR specification, but does not affect RPE formation (Liu et al., 2010). Direct
transcriptional repression of Wnt8b by Six3 is required for NR specification (Liu et al.,
2010). Six3 overexpression and knockdown into neonatal mouse retinae via electroporation
causes small quantitative changes in cell proportions (Rapicavoli et al., 2011). Collectively,
Six3 is required for NR specification and is dispensable for RPE formation, but the cell fates
of Six3-deficient progenitors and the origins of remnant RPE are unclear.

Lineage tracing is a powerful tool to understand cell-fate decisions in tissue morphogenesis
(Kretzschmar and Watt, 2012). We sought to determine the cell fate of Six3-deficient
progenitors and the origins of remnant RPE in mice. Compared with Rx-Cre, Six3-Cre
positive progenies are restricted to NR lineage (Furuta et al., 2000; Liu et al., 2010; Swindell
et al., 2006), making it useful for tracking NR lineage. Here, we performed lineage tracing
of Six3-Cre positive cells in wild-type and Six3-deficient mouse embryos and found that
Six3 in a small population of progenitors in the anteroventral optic pits/vesicles at E8.5
regulates cell survival and signaling in NR specification.

2. Material and methods

2.1. Mice

Six3F and Six3"2 (Liu et al., 2006), Six6™~ (Li et al., 2002), Six3-Cre (Furuta et al.,
2000), CAGG-CreER (Hayashi and McMahon, 2002), and Pax6 a-Cre mice (Marquardt et
al., 2001) were maintained in the NMRI background and genotyped as previously reported.
Six3 8 Six3-Cre embryos were generated by crossing female Six3”7F mice with male
Six3'2: Six3-Cre mice. Six3F2;a-Cre mice were generated by crossing female Six37F
mice with male Six3"2:a-Cre mice. Six3 2, Six3-Cre, Six6~'~ embryos were generated by
crossing female Six37F; Six6*~ mice with male Six3"/2; Six3-Cre, Six6"'~ mice.

Six3 AL CAGGCreER: Six6™~ embryos were generated by crossing female Six37F; Six6'/-
mice with male Six3"/2; CAGGCreER: Six6™'~ mice. Tamoxifen (TM) (2.25 mg/40 g body
weight) was intraperitoneally injected into pregnant dams for early and late phases of
deletion: at E8.0 and E8.5 for early phase deletion, and at E9.25 and E10.0 for late deletion.
Animal experiments were approved by the Animal Care and Use Committees in St. Jude
Children's Research Hospital and Albert Einstein College of Medicine.

2.2. Lineage tracing

For lineage tracing in wild-type condition, embryos and pups from the breeding between
female Six3-Cre mice and male homozygous R26R mice (also known as Gtrosa26tm15or,
Jackson lab, Stock No: 003309) were harvested for X-gal staining as described previously
(Liu et al., 2006). For lineage tracing in Six372; Six3- Cre embryos, embryos from the
breeding between female Six37F: R26RIR26R mice and male Six3"/2; Six3-Cre mice were
harvested for X-gal staining.

2.3. Immunohistochemistry and mRNA in situ hybridization

Standard protocols were followed (Liu et al., 2010, 2006). The following antibodies were
used: anti-Pou4f2 (also known as Brn3b, Santa Cruz #SC-6026, 1:100), anti-Calb2 (also
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known as Calretinin, Chemicon #AB149, 1:2000), anti-Calb1 (also known as Calbindin
D28K, Sigma #C9848 clone CB-955, 1:2000), anti-Glul (also known as glutamine
synthetase, BD Bioscience #610517, 1:500), anti-pH3 (Upstate #05806, 1:2000), anti-1sl1
(T. Jessell, 1:1000), anti-Ki67 (NeoMarkers #RM-9106-51, 1:500), Lhx3 (T. Jessell,
1:4000), activated MAP Kinase (also known as diphosphorylated ERK-1 & 2, Sigma
#M8159, 1:200, with TSA signal amplification (PerkinElmer #NEL701A001KT)), anti-Mitf
(H. Arnheiter, 1:2000), anti-Pax6 (Covance #PRB-160P, 1:500), anti-Prkca (also known as
PKCa, Upstate #05-154, 1:300), anti-Rax (also known as Rx, Abcam #ab86210, 1:1000),
anti-Revrn (K.W. Koch, 1:2000), anti-Rho (B. Molday, 1:500), anti-Six3 (G. Oliver, 1:500),
anti-Sox2 (Chemicon #AB5770, 1:800), anti-Tubb3 (BabCO #MMS435P clone Tuj1,
1:500), anti-Vsx2 (Abcam #AB9016, 1:200). The following in situ hybridization probes
were used: Wnt8b (Xbal/T3), Fgf8 (Pstl/T7), Shh (Hindl11/T3), Bmp4 (Accl/T7), Six6
(Xbal/T7), and Nkx2.1 (Xbal/T3).

2.4. TUNEL assay

3. Results

TUNEL assay was performed on frozen sections (10 um) or whole mount embryos by using
the ApoTag Kit (Chemicon) according to the manufacturer's instructions.

3.1. Lineage tracing reveals that Six3-Cre positive progenitors at E8.5-9.5 are fated to NR,
optic stalk, and ventral forebrain at E10.5

We sought to specifically delete Six3in NR lineage using Six3-Cre mouse line for
phenotype analysis. Six3-Cre mice carry transgenic Cre under the control of a Six3
promoter/enhancer, and R26R reporter for Six3-Cre was previously found in retina and
ventral forebrain starting at E9.0-9.5 (Furuta et al., 2000). In our studies, p-gal (R26R
reporter) was detected in the anteroventral optic pits/vesicles as early as at 8-somite stage
(E8.0-8.5) with variable onset (Fig. 1A-E, n = 3/8). On sections, p-gal positive cells
intermingled with B-gal negative cells in optic vesicle epithelium at 11-somite stage (E8.5)
(Fig. 1E). At E9.0 and E9.5, B-gal was widely found in ventral optic vesicles and ventral
forebrain, but not in dorsal optic vesicles (Fig. 1F-1). At E9.75, NR marker Rax became
restricted to ventral optic vesicles, whereas RPE marker Mitf was expressed in dorsal optic
vesicles, delineating prospective NR domain and prospective RPE domain at the ventral and
dorsal optic vesicles, respectively (Fig. 1J,K). The p-gal positive domain overlapped with
the prospective NR domain, but not with the prospective RPE (Fig. 11-K). At E10.5, B-gal
positive cells were found at NR, optic stalk and ventral forebrain, but not at RPE (Fig. 1L).
Only one or two Six3-Cre positive progenies were found in RPE at E10.5. Collectively,
Six3-Cre positive progenies were found in a small population of progenitors in the
anteroventral optic pits/vesicles starting at E8.5, and sequentially accumulated progenies
were fated to NR, optic stalk, and ventral forebrain at E10.5.

3.2. Inactivation of Six3 using Six3-Cre causes two major retinal phenotypes

Compared with Rx-Cre, Six3-Cre is restricted to NR lineage with later onset, allowing
functional studies of Six3 in a more specific cell population during NR specification.
Conditional inactivation of Six3in Six3F2; Six3-Cre mutant embryos (referred to as
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Six35x3-Cre KO mice hereafter) by crossing female Six37* mice (Liu et al., 2006) with male
Six3B: Six3-Cre mice led to two major retinal phenotypes at E10.5-11.5, a stage when NR
has just been specified and pigmentation in RPE becomes visible (Fig. 2). In type | mutant
embryos (n=12/26), optic cups formed normally or were slightly reduced in size, and NR
was present. In type |1 mutant embryos (n = 12/26), optic cups did not form, NR was absent,
but RPE remained (Fig. 2A-C,D-F). In addition, the size of forebrain was significantly
reduced in type Il mutant embryos, but not in type | mutant embryos. A few Six35x3-Cre KO
mutant embryos only had optic stalks (n=2/26). In sum, Six35%3-Cre KO mytant embryos
displayed two major retinal phenotypes.

3.3. Six3-deficiency disrupts NR specification and lens vesicle formation in type Il
Six3Six3-Cre KO mytant embryos

Although Six3 was absent in both type I and Il mutant retinae (Fig. 2G-1), RPC markers Rax
(Mathers et al., 1997), Sox2 (Taranova et al., 2006), and Vsx2 (Nguyen and Arnheiter, 2000)
appeared normal in type | mutant embryos, but were absent in type 11 mutant embryos (Fig.
2J-0,P-R). RPE marker Mitf (Nguyen and Arnheiter, 2000) was normal in type | mutant
embryos, but was expressed in whole remnant vesicles in type Il mutant embryos (Fig. 2S-
U). In the control and type | mutant embryos, Pax6 was expressed in both NR and RPE. In
type Il mutant embryos, Pax6 was expressed in whole mutant vesicles, reflecting Pax6
expression in RPE (Fig. 2V-X). In addition, lens vesicle markers Sox2 and Pax6 were absent
in the defective surface ectoderm, indicating the lack of lens placodes/vesicles in type Il
mutant embryos (Fig. 2M-0,V-X). The retinal phenotypes in type Il Six35*3-Cre KO mytant
embryos mimic the phenotypes in Six3™-¢7€ KO embryos driven by Rx-Cre (Liu et al.,
2010), confirming our previous findings. Thus, inactivation of Six3using Six3-Cre disrupted
NR specification and lens vesicle formation in type 11 Six35%3-Cre KO mytant embryos.

3.4. Retinal cell fate determination and proliferation of RPCs are grossly normal in type |
Six3Six3-Cre KO mytant NR

We sought to determine the retinal phenotypes in type | Six35X3-Cre KO retinae at later
stages. Although Six3 was absent in mutant NR at E13.5-14.5 and mutant retinae were
slightly smaller (Fig. S1A,B), the expression of retinal ganglion cell markers Tubb3 and
Pou4f2 (also known as Brn3b) (Gan et al., 1996) was mostly normal (Fig. S1C-F, n=3/3),
except for occasional axon pathfinding errors (arrow in Fig. S1D, n=1/3). The axon
pathfinding errors are consistent with the retinal phenotypes previously described in
compound six3a,six3b mutant zebrafish (Samuel et al., 2016). The reduction in retinal size
could be due to smaller optic cups at E10.5 (see Fig. S6). In type | Six35%3-Cre KO retinae,
RPCs were unaffected, as indicated by normal Pax6 and Vsx2 expression (Fig. S1G-J). In
addition, there were no overt change in proliferation and cell survival at E13.5-14.5 (Fig.
S1K-P). At postnatal stages, Six35%3-Cre KO mutant pups grew much slower compared with
the controls, and most of the mutant pups did not survive beyond postnatal day (P) 5. One
mutant pup survived to P11 and was used for retinal phenotype analysis. In the mutant NR,
although Six3 was absent, markers for the major retinal cell types were present in the
normally stratified NR (Fig. 3). The tested markers include ganglion cell markers (Pou4f2,
Isl1), amacrine cell markers (Pax6, Calb2 (also known as calretinin)), horizontal cell marker
(Calb1, also known Calbindin D28), bipolar cell markers (Isl1, Vsx2, Prkca (also known as
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PKCa)), Miller glia marker (Glul, also known as glutamine synthetase), and photoreceptor
markers (Rcvrn, Rho). The reduced thickness of the mutant NR could be due to growth
retardation caused by pituitary defects (see Fig. 7), smaller optic cups at E10.5 (see Fig. S6),
or minor changes in proliferation and apoptosis. To overcome the lethality in postnatal
Six35ix3-Cre KO mytant pups, we also conditionally inactivated distal retinae using Pax6 a-
Cremice (Marquardt et al., 2001) and found that retinal cell fate determination was normal
(Fig. S2), confirming the findings in Six35*3-Cre KO mytant retina. Taken together, our
findings indicate that retinal cell fate determination and proliferation of RPCs were grossly
normal in type | Six35%3-Cre KO mutant NR.

3.5. Six3-deficiency is compensated by Six6 in NR specification intype | Six3Six3-Cre KO
mutant embryos

The lack of overt phenotypes in type | Six35%3-Cre KO mytant retinae could be due to
compensation by Six6, the closely related gene family member that is expressed in E9.5
ventral optic vesicles (Jean et al., 1999). Previous studies show that inactivation of Six6in
mice results in variable retinal and pituitary hypoplasia (Li et al., 2002). In the 129sv
background, RPC proliferation is moderately reduced, but all retinal cell types are present in
Six6-null adult retinae (Li et al., 2002). We closely compared Six3 and Six6 expression in
mouse retinal development. In the mouse eye field at 6-somite stage (E8.0), Six3was
strongly expressed, whereas Six6 was undetectable (Fig. S3A,F). At 12-somite stage (E8.5),
Six3 was strongly expressed in the optic vesicles, whereas Six6 was weakly expressed in the
distal ventral optic vesicles (Fig. S3B,C,G,H). At E9.5, Six3 was expressed in the whole
optic vesicles, whereas Six6 was expressed in the ventral optic vesicles (Fig. S3D,I). At
E10.5, both Six3 and Six6 were widely expressed in the NR (Fig. S3E,J). Thus, in mouse
retinal development, Six3 expression precedes Six6, and Six3 and Six6 are later co-
expressed in NR lineage.

To evaluate potential redundant functions between Six3 and Six6 in NR development, we
performed phenotypic analysis of Six35%5-Cre KO. 5jx6-/~ compound mutant embryos. At
E11.0, Six6-null embryos did not show any overt ocular defects. However, in all
Six35x3-Cre KO 5ix6-1= compound mutant embryos, type 11 retinal phenotypes (NR was
absent but RPE vesicles remained) was observed, and no type | retinal phenotype was found
(Fig. 4, n =6/6). This result indicates that inactivation of Six6in type | Six35x3-Cre KO
embryos led to type Il retinal phenotypes, and thus Six6 compensated Six3-deficiency in
type | Six35x3-Cre KO embryos when Six6 was expressed in optic vesicles.

3.6. Six3 expression at E8.0-8.5 is required for NR specification

Type Il retinal phenotypes in Six35%3-Cre KO embryos could be due to Six3 deletion at E8.0-
8.5, a stage before Six6 is expressed. To test this hypothesis, we temporally deleted Six3in
Six3B; CAGG-CreER embryos (referred to as Six3¢AGGCreER KO hereafter) at early and
late phases by Tamoxifen (TM) administration at E8.0-8.5 and E9.25-10.0, respectively.
Six3-deletion at E8.0-8.5 led to type Il retinal phenotypes, whereas Six3-deletion at E9.25—
10.0 resulted in type I retinal phenotypes (Fig. S4, n=3/3). Consistent with the phenotypes
caused by temporal Six3-deletion, Six3-deletion using Rx-Cre, which becomes active much
earlier and wider than Six3-Cre, also led to type 1 retinal phenotypes (Liu et al., 2010).
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These findings indicate that early (E8.0-8.5) and late (E9.25-10.0) Six3-deficiency cause
type Il and type I retinal phenotypes, respectively. Thus, the essential functions of Six3 in
NR specification have temporal dependence, and Six3-deletion at E8.0-8.5 disrupts NR
specification.

3.7. Six3-Cre positive progenies are lost and the remnant RPE cellsare derived from Six3-
Cre negative cells in type Il Six353-Cre KO mytant embryos

In type 1l Six35%3-Cre KO mutant embryos, NR was absent, but RPE remained. To clarify
whether the progenitors fated to NR were directly converted into RPE cells upon Six3-
deletion, we performed lineage tracing using R26R reporter in Six35%5-Cre KO mytant
embryos. As early as 14-somite stage (E8.5), the number of -gal positive cells in type 11
Six35x3-Cre KO mutant optic vesicles became reduced compared that in the controls (Fig.
5A-D). Drastic reduction of B-gal positive cells in type 11 Six35%3-Cre KO mytant optic
vesicles was continuously observed at 18-somite stage and E9.5 (Fig. 5E-L). At E10.5, p-gal
positive cells were undetectable in type Il Six35%3-Cre KO mutant optic vesicles that
exclusively expressed RPE marker Mitf (Fig. 5M-P). In contrast to Six3-Cre, R26R reporter
expression for Rx-Cre (Liu et al., 2010; Swindell et al., 2006) was found in both NR and
RPE in E10.5 control embryos (arrowhead and arrow in Fig. S5A). When Six3was
conditionally deleted using Rx-Cre, NR was absent, but RPE remained. Importantly, R26R
reporter expression for Rx-Cre remained in the RPE in Six3®-Ce KO mytant embryos
(arrow in Fig. S5F), indicating that gene expression in R26R locus was active in both wild
type and Six3-null RPE and does not requires Six3 functions. Thus, the lack of p-gal
positive cells in type 1l Six35%3-Cre KO mutant optic vesicles indicates that the progenies of
Six3-Cre positive cells were lost upon Six3-deficiency and the remnant RPE cells were
differentiated from Six3-Cre negative progenitors.

In contrast to type Il Six35X3-C7e KO mytant retinae, B-gal positive cells remained in type |
Six35ix3-Cre KO mytant retinae in which optic cups formed and NR specification took place
(Fig. S6). Thus, progenies of Six3-Cre positive cells behave differently in the two types of
Six35ix3-Cre KO empryos and the loss of Six3-Cre positive progenies coincides with the
ablation of NR.

3.8. Six3-deficiency in a small population of progenitors expressing Six3-Cre at E8.0-8.5 is
sufficient to disrupt paracrine signaling and cell survival

We sought to determine whether Six3-deletion in the small population of progenitors
expressing Six3-Cre at E8.5 is sufficient to cause type Il retinal phenotypes. Consistent with
the reporter assay, immunofluorescence demonstrated that Six3 was only deleted in a small
cell population in optic pits at 8-somite stage (E8.0) (arrowhead in Fig. 6A,B, n = 2/4). In
the mutant embryos, one Six3allele is conditional and the other Six3allele is null, and thus
Six3 expression was reduced even in the cells in which Six3-Cre was negative. Importantly,
Six3 heterozygotes were routinely maintained in our mouse colonies and never displayed
type Il retinal phenotypes (data not shown). To obtain an overview of Six3-deletion in whole
embryos, we performed immunostaining of Six3 on serial coronal sections of 7-somite
embryos. In the control embryos, Six3 expression displayed a gradient along anteroposterior
axis and ventrodorsal axis, with high levels at the anteroventral eye field / optic pit (Fig. S7
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A.D,G,J,M). In Six35ix3-Cre KO empbryos, Six3-deletion was found in a small population of
progenitors in the eye field / optic pit, and gross reduction of Six3 expression was striking at
the anteroventral eye field / optic pit (Fig. S7 B,C,E,F,H,I, K,L,N,0), which pattern is
consistent with that of R26R reporter for Six3-Cre at 8- to 11-somite stages (Fig. 1).
Interestingly, Six3-deficient cells appeared to be disintegrated from retinal epithelium
(arrowheads in Fig. S7 B,C,H,I,K,L,N,0), indicating that these cells were dying. Upon Six3-
deletion, Rax expression was reduced in corresponding areas (Fig. 6C,D), and so was Lhx2
(Fig. S8). It was reported that non-parallel recombination exists between R26R reporter and
targeted gene deletion, and the differences in the chromosomal location, the distance
spanning LoxP sites, the sequences around the LoxP sites and the level of Cre activity in the
cells probably contribute to the non-parallel recombination (Liu et al., 2013). In our hand,
Six3-deletion and p-gal reporter expression are mostly exclusive and we did not see
complete Six3-deletion in E8.5 Six3 mutant embryos in which drastic phenotypes were
obvious, no matter Six3-deletion was driven by Six3-Cre (Fig. S9) or Rx-Cre (Fig. S10).
Despite partial Six3-deletion in Six35*3-Cre KO mytant embryos, Wnt8b expression was
strikingly expanded rostrally to the anterior neural ridge at 7-somite stage (Fig. 6E-H, n =
2/4), and Fgf8 expression was significantly reduced at the anterior neural ridge at 8-somite
stage (Fig. 61-L, n=2/4). In addition, activated MAP Kinase (also known as
diphosphorylated ERK-1 and ERK-2), downstream mediators of FGF8 signaling (Harada et
al., 2016), was found in the anteroventral optic pits at 6- to 8-somite (E8.0) stages in control
embryos, but was absent in type 11 Six35*3-Cre KO mytant embryos (Fig. 6M-P, n=3/4, Fig.
S11). In control embryos, a number of physiological apoptotic cells were found at the
anterior neural ridge at 8-somite stage. In type Il Six35%3-Cre KO mytant embryos, the
physiological apoptosis at the anterior neural ridge was significantly reduced (arrows in Fig.
6Q-T), and ectopic apoptosis were found in the optic pits (arrowhead in Fig. 6S,T). On
sections, ectopic apoptosis was found in Six35%3-Cre KO mutant eye field / optic pit at 8-
somite stage and became rare at 12-somite stage (arrowheads in Fig. S12), but was
significant in the dorsal optic vesicles and dorsal periocular mesenchyme at 12-somite stage
(arrows in Fig. S12), whereas physiological apoptosis was significantly reduced in the
ventral optic stalks and the anteroventral neural ridge (double-headed arrows in Fig. S12). In
addition, anterior neuropore closure was delayed in Six35*3-Cre KO mytant embryos (Fig.
S12). The apoptosis profiles in Six35%3-Cr¢ KO mutant optic vesicles at 12-somite stage are
consistent with our previous findings in Six3**-C¢"e KO mytant embryos (Liu et al., 2010). At
E9.5, a significant increase of apoptosis in the periocular mesenchyme was found in
Six35x3-Cre KO mytant embryos (Fig. S13). Taken together, these results indicate that Six3-
deficiency in a small population of progenitors expressing Six3-Cre at E8.0-8.5 is sufficient
to disrupt paracrine signaling and cell survival, ablating NR specification.

3.9. Six3-deficiency in the ventral forebrain leads to the loss of Six3-Cre positive progenies
and the defects in the infundibulum and Rathke's pouch

To determine the mechanisms of growth retardation in Six35%3-C7e KO mytant pups, we
examined R26R reporter for Six3-Cre in pituitary development. B-gal positive cells were
found in a population of cells in the infundibulum and ventral forebrain at E9.5-10.5, but
never in Rathke's pouch (Fig. 7A,B). Later, p-gal positive cells were located in the posterior
pituitary, but not in the anterior pituitary at postnatal day 0 (Fig. 7C,D).
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Six35ix3-Cre KO mutant pups at P11 displayed severe growth retardation and pituitary
hypoplasia (Fig. 7E-G). Defective infundibulum was obvious as early as at E10.5.

In E10.5 control embryos, Six3 was expressed in the infundibulum, ventral forebrain and
Rathke's pouch (Fig. 7H), whereas p-gal positive cells (Six3-Cre positive progenies) were
only found in the infundibulum and ventral forebrain. In E10.5 Six35*3-Cre KO mytant
embryos, B-gal positive cells were absent in these areas, and the infundibulum was broader
(Fig. 7H,1), indicating that Six3-Cre positive progenies were lost in the defective
infundibulum upon Six3-deficiency. Meanwhile, Six3 expression in the mutant
infundibulum and Rathke's pouch was gradually reduced (Fig. 7H-K). It is worth noting that
the reduction of Six3 expression in these areas reflected overall cell fate changes rather than
Cre recombinase-mediated gene deletion, because these cells were derived from Six3-Cre
negative cells (Fig. 71) and a number of other key markers also showed defective expression
in the mutant embryos: Isl1 (Rizzoti and Lovell-Badge, 2005) at the infundibulum was
reduced (Fig. 7L,M), Lhx3 (Zhao et al., 2006) in Rathke's pouch was absent (Fig. 7N,O, n =
3/6), Shh and Bmp4 at ventral forebrain (Rizzoti and Lovell-Badge, 2005) was reduced (Fig.
7P-S), Six6 (Li et al., 2002) was absent or significantly reduced (Fig. 7T, U), and Nkx2.1
(Kimura et al., 1996) was moderately reduced (Fig. 7V,W). We conclude that Six3-
deficiency at the ventral forebrain causes the loss of Six3-Cre positive progenies and
defective cell signaling, leading to defects in the infundibulum and Rathke's pouch.

4. Discussion

Using lineage tracing and conditional Six3-deletion in mice, we demonstrate that Six3 in a
small population of progenitors expressing Six3-Cre at E8.5 is required for neuroretinal
specification. Six3-deletion driven by Six3-Cre at E8.5 is sufficient to cause rostral
expansion of Wnt8b and drastic reduction of Fgf8/MAPK signaling, disrupting NR
specification and leading to the loss of Six3-Cre positive progenies. Similarly, Six3-
deficiency in the ventral forebrain driven by Six3-Cre causes defective paracrine signaling
and the loss of Six3-Cre positive progenies, leading to defects in the infundibulum and
Rathke's pouch. Thus, Six3 is essential for neuroretinal and pituitary development through
regulating paracrine signaling and cell survival.

Our findings provide novel insight into the molecular and cellular mechanisms of NR
specification. Previously, we demonstrated that inactivation of Six3using Rx-Cre abolishes
NR specification without affecting RPE (Liu et al., 2010). Six3-Cre positive progenies are
restricted to NR lineage and is later-onset compared with Rx-Cre (Liu et al., 2010; Swindell
et al., 2006). Inactivation of Six3 using Six3-Cre causes the same retinal phenotypes as those
using Rx-Cre, confirming our previous findings. Importantly, our current studies narrow
down the cell population in which Six3 exerts its essential roles in NR specification, since
Six3-deletion in a small population of progenitors expressing Six3-Cre at E8.0-8.5 is
sufficient to cause rostral expansion of Wnt8b and drastic downregulation of Fgf8/MAPK
signaling, disrupting NR specification. Similar expression changes in Wnt8b and Fgf8 are
also found in Six37*-C7€ KO embryos (Liu et al., 2010). The contrast between the restricted
Six3-deletion in E8.5 Six35%3-Cre KO mytant embryos and the wide-range changes in Wnt8b
and Fgf8/MAPK signaling indicate that, besides the direct transcriptional repression of
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Whnt8b identified previously (Liu et al., 2010), non-cell-autonomous regulation of Wnt8b
and Fgf8/MAPK signaling by Six3 also exists. We previously demonstrated that ectopic
Wnt8b expression is sufficient to abolish NR specification (Liu et al., 2010). Cai et al.
(2010) demonstrated that inactivation of Shp2-mediated Fgf/MAPK signaling at an early
stage, but not at a late stage, converts parts of the NR into the cells expressing RPE marker
Mitf. Thus, we conclude that Six3 in a small population of progenitors expressing Six3 at
E8.5 is required for suppressing Wnt8b and maintaining Fgf8/MAPK signaling in NR
specification.

Lineage tracing reveals lineage relationships during NR specification. Furuta et al. (2000)
previously described that $-gal reporter for Six3-Cre were restricted to prospective NR, but
not prospective RPE, at E9.5 (27-somite); at E12.5, staining was also found in RPE. The
staining in RPE at E12.5 described by Furuta et al. (2006) is questionable, since Six3-Cre
failed to delete B-catenin or a-catenin genes in RPE in mouse embryos (Chen et al., 2012;
Fu et al., 2006). Consistent with Chen et al. and Fu et al.'s findings and Furuta et al.'s
findings at E9.5 (27-somite), we found that B-gal reporter for Six3-Cre was initially found in
the anteroventral optic pits at E8.5 and then was restricted to NR but not RPE at E10.5. The
findings that RPE marker Mitf expands to the entire defective optic vesicles at the cost of
NR markers Rax, Sox2 and Vsx2 in both Six35%3-Cre KO gnd Sjix3Rx-Cre KO mytant embryos
at E10.5 easily lead to the speculation that prospective NR progenitors are directly converted
to RPE progenitors upon Six3-deficiency. However, lineage tracing of Six3-Cre positive
cells in Six35%3-Cre KO embryos refutes this speculation, because B-gal reporter for Six3-Cre
was absent in the remnant RPE in type Il Six35%3-Cre KO embryos in which NR was absent.
Importantly, gene expression in R26R locus is active in RPE and does not require Six3
functions, since R26R reporter for Rx-Cre is present in the remnant RPE in Six37x-¢re KO
mutant optic vesicles. Although non-parallel recombination between R26R reporter and
targeted gene deletion was found to an extent (Liu et al., 2013), there is still a very high
correlation between R26R reporter and Six3-deletion. Accordingly, the lack of B-gal reporter
in the remnant RPE cells in type 11 Six35*3-Cre KO empryos indicates that Six3-Cre positive
progenies were eventually lost upon Six3-deletion and the remaining RPE cells were derived
from Six3-Cre negative cells in the optic vesicles. Consistent to the findings revealed by
lineage tracing, ectopic apoptosis was found in Six35%3-Cre KO mutant optic pits/vesicles at
E8.5. It is unclear at the moment whether the ectopic apoptosis is directly or indirectly
caused by Six3-deletion. Interestingly, mutations in so, the Six3 homolog in Drosophila,
result in massive cell death anterior to the morphogenetic furrow in eye discs (Cheyette et
al., 1994). The lack of drastic ectopic apoptosis in Six35*3-Cre KO yentral optic vesicles at
later stages indicates that Six3-Cre negative cells in the ventral optic vesicles remained to be
Six3-Cre negative upon non-cell-autonomous Six3-deficiency rather than switched on Six3-
Cre expression and then went on apoptosis. We conclude that 1) the progenitors at the
ventral optic vesicles sequentially switch on Six3-Cre starting at E8.5, and Six3-Cre
expression in the optic vesicles indicates a change of cell state towards prospective NR fate,
because Six3-Cre positive progenies are found in NR but not in RPE at E10.5; therefore,
lineage segregation between neuroretina and RPE starts at E8.5 and is a progressive process;
2) upon Six3-deficiency at E8.5, Wnt8b is rostrally expanded and Fgf8/MAPK signaling is
drastically reduced, Six3-Cre positive progenies are eventually lost, leading to the
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phenotypes that Six3-Cre negative cells in the ventral and dorsal optic vesicles remain to be
Six3-Cre negative and are specified as RPE; 3) Six3-Cre negative cells in E8.5 ventral optic
vesicles eventually express Six3-Cre at later stages fating to NR in wild-type embryos, but
remain to be Six3-Cre negative fating to RPE upon non-cell-autonomous Six3-deficiency in
Six35x3-Cre KO mytant embryos, and thus are bipotential.

The population of Six3-Cre positive progenies in E8.5 mouse embryos is interesting. It is
located at the anteroventral optic pits/vesicles and is close to the anterior neural ridge, and is
reminiscent of the anteroventral quadrant of optic vesicles that plays crucial roles in early
eye development in chick embryos (Hirashima et al., 2008; Kobayashi et al., 2009).
Importantly, Six3-deficiency in this cell population in mice leads to retinal phenotypes very
similar to the phenotypes generated by surgical removal of ventral or anterior optic vesicles
in chick embryos at 9- to 14-somite stages (Hirashima et al., 2008). In chick and zebrafish
embryos, pinwheel movement and anterior rotation make the cells at the anterior and ventral
margins of the optic vesicles to take part in retinal morphogenesis (Kwan et al., 2012), and
such cell movements could also exist in mouse embryos. Fate mapping of mouse embryos
reveals the origins of eyes at a rostral territory inside the anterior neural plate (Inoue et al.,
2000). These findings support that the cell population where Six3-Cre positive progenies are
located in E8.5 mouse embryos are important in early eye development. It is worth noting
that Six3-Cre positive progenies in E8.5 mouse embryos are only a part of the cell
population in which endogenous Six3 is expressed and it is unclear that why Six3-Cre
positive progenies display such an pattern. Nevertheless, Six3 in the small population of
progenitors expressing Six3-Cre in E8.5 mouse embryos is essential for proper paracrine
signaling at the anterior neural ridge during NR specification, providing a molecular
mechanism why anteroventrally localized activity in the early optic vesicles are crucial for
NR specification.

The essential roles of Six3 in NR specification have temporal dependence. Analysis of
temporal Six3-deficient embryos driven by CAGG-CreER indicates that Six3-deletion at
early and late phases causes type Il and type | retinal phenotypes, respectively. In the
temporal Six3-deficient embryos, Six3is deleted ubiquitously, and thus Six3-deletion in
surface ectoderm could also contribute to defective NR specification (Liu et al., 2006).
However, Six3-deficiency in neural lineage at E8.5 driven by Six3-Cre causes rostral
expansion of Wnt8b and drastic reduction of Fgf8/MAPK signaling, indicating that Six3
expression in the neural lineage at E8.5 is essential for NR specification. The two major
phenotypes in Six35%3-Cre KO mutant embryos are caused by variable onset of Six3-Cre
activity, as variable onset of R26R reporter for Six3-Cre is found for an unknown reason. In
compound Six35%3-Cre KO: sjx6-1- mutant embryos, only type 11 retinal phenotypes are
found, indicating that inactivation of Six6in type | Six35%3-Cre KO embryos converts type |
retinal phenotypes into type Il retinal phenotypes, and thus Six6 compensates Six3-
deficiency when Six6 is expressed in the optic vesicles. The functional redundancy between
Six3 and Six6 in NR specification is further supported by their identical homeodomain
sequences and largely co-localized expression in the optic vesicles. We conclude that Six3
expression at E8.5 in a small population of progenitors expressing Six3-Cre is required for
NR specification, and Six3 and Six6 jointly regulate NR specification when Six6 is
expressed in the optic vesicles.
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Six3 plays essential roles in early pituitary development. Although Six3 is expressed in the
infundibulum of ventral forebrain and the Rathke's pouch, Six3-Cre positive progenies are
only found in a cell population in the infundibulum and ventral forebrain, but not in the
Rathke's pouch. Similar to what happens in NR specification, Six3-deletion driven by Six3-
Cre is sufficient to disrupt proper cell signaling in the infundibulum of ventral forebrain,
leading to defects in the infundibulum and Rathke's pouch and the loss of Six3-Cre positive
progenies in the defective infundibulum. Thus, Six3 regulates cell signaling and survival in
neuroretinal specification as well as in early pituitary development.
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Fig. 1.
Six3-Cre positive progenitors at E8.5-9.5 are fated to NR, optic stalk, and ventral forebrain

at E10.5. (A-E) In the anteroventral optic pits/vesicles as early as at 8-somite stage (E8.0-
8.5), weak p-gal expression was detected (arrowheads in A, B, n = 3 (B-gal positive
embryos) /8 (embryos with a genotype positive for Six3-Cre and R26R). In the same area at
11-somite stage (E8.5), p-gal expression became stronger (arrowheads in C, D, n = 2/4). On
sections, B-gal positive cells intermingled with negative cells in the ventral optic vesicles,
but were not found in the dorsal optic vesicles (arrowheads and arrow in E). (F-K) At 15-
somite stage, B-gal positive cells were found in areas comprising the ventral optic vesicles,
ventral optic stalks and ventral forebrain, but were not detected in the dorsal optic vesicles
(arrowheads and arrow in F-H, n = 3/3). At E9.5, p-gal positive cells were located at the
entire ventral vesicles, but were not found in the dorsal optic vesicles (arrowheads and arrow
in 1, n=3/3). At E9.75, NR marker Rax and RPE marker Mitf were restricted to the ventral
and dorsal optic vesicles, respectively (arrowheads and arrows in J, K). The p-gal positive
domain overlapped with the Rax positive domain, but not with the Mitf positive domain (I-
K). (L) At E10.5, p-gal positive cells were found in the NR, optic stalk, and ventral forebrain
(arrowhead in L, n = 3/3, a whole mount view in Fig. 5). pB-gal positive cells were generally
not found in RPE at E10.5 (arrow in L) except for one or two mysterious cells. Scale bars,
500 um (A-D, F, G), 100 pm (E, H, I-L).
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Fig. 2.
Inactivation of Six3using Six3-Cre causes two major retinal phenotypes. Six35x3-Cre KO

and littermate control embryos at E10.5-11.5 were used. Morphology examination at E11.5
and molecular characterization at E10.5 identified type I (grossly normal, n = 12/26) and
type 11 (severely affected, n = 12/26) Six35%5-Cre KO embryos. (A-C) At E11.5, a dorsal rim
of pigmentation became visible in the control eyes. Compared with the controls, type |
Six351x3-Cre KO eyies were grossly normal, whereas type 11 Six35%3-Cre KO gyes were severely
affected and displayed as pigmentation dots (arrowheads in A-C). In addition, the forebrain
was grossly normal in type | Six35%3-Cre KO embryos, but was severely reduced in size in
type 1l Six35%5-Cre KO embryos. (D-F) On H & E stained sections at E10.5, the control and
type | Six35x3-Cre KO embryos exhibited double-layered optic cups, but type II

Six35x3-Cre KO empryos did not have optic cups and exhibited defective vesicles. (G-R) At
E10.5, Six3 was absent in both type | and type Il Six35%3-Cre KO mytant retinae (arrowheads
in G-1). However, NR markers Rax, Sox2, and Vsx2 were normal in type | Six35x3-Cre KO
retinae, but were absent in type 11 Six35%3-Cre KO retinae (arrowheads in J-R). (S-T) RPE
marker Mitf was found at the outer layer of optic cups in the control and type |

Six35ix3-Cre KO embryos, but was in the whole defective vesicles in type Il Six35x3-Cre KO
embryos (arrowheads in S-T). (V-X) Pax6 was expressed in both NR and RPE in the control
and type | Six35%3-Cre KO empryos, but was found in the whole defective vesicles in type I
Six35x3-Cre KO embryos (arrowheads in V-X). In addition to retinal phenotypes, lens
vesicles were normal in type | Six35%3-Cre KO embryos, but were absent in type 11
Six35x3-Cre KO embryos, as indicated by both altered morphology and the absence of lens
vesicle markers Six3, Sox2, and Pax6 (D-F, G-I, M-O, V-X). Scale bar, 100 um.
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Retinal cell fate determination is grossly normal in type | Six35%3-Cre KO retinae on
postnatal day 11. The results represent the only survival pup in three litters on postnatal day
(P) 11. (A-D) Six3 was efficiently deleted in type | Six35%3-Cre KO retinae (arrowhead in D).
Panels C and D show higher magnifications of the rectangle areas in A and B, respectively.
(E-V) Type | Six35x3-Cre KO retinae on P11 contained all major retinal cell types as revealed
by immunostaining of the markers: Pax6 for amacrine cells (arrowhead in F), Isl1 for
ganglion and bipolar cells (arrowhead in H), Pou4f2 for ganglion cells (arrowhead in J),
Calb1 for horizontal cells (arrow in L), Calb2 for amacrine cells (arrowhead in L), Glul for
Mdiller glia (arrowhead in N), Vsx2 and Prkca for bipolar cells (arrowheads in P, R), Rcvrn
and Rho for photoreceptors (arrowheads in T, V). The green signals in photoreceptor layers
in 1 and J were artifacts from red channel that was used to identify Rcvrn. ONH, optic nerve
head. Scale bars, 100 pm (B), 25 pm (D).
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Fig. 4.

513(39’*3'0’9 KO. six67I~ embryos displayed type |1 retinal phenotypes. The results represent
six out of six mutant embryos. (A-C) At E11.0, the control (Six37*; Six6"~) and Sixé-null
(Six37*; Six67") eyes were grossly indistinguishable (arrowheads in A, B). In contrast,
Six35ix3-Cre KO: six671- eyes were severely affected and displayed as pigmentation dots
(arrowhead in C, n = 6/6). (D-U) At E11.0, Six3 was expressed in the control and Six6-null
NR, but was absent in Six35%3-Cre KO. 5jx67/~ embryos (arrowheads in D-F). In Six6-null
embryos, optic cups formed and NR markers Rax, Sox2, Vsx2, and RPE marker Mitf were
expressed indistinguishably compared with the controls. In Six35*3-Cre KO: 5jx6-/~ embryos,
optic cups did not form, NR markers Rax, Sox2 and Vsx2 were absent, and RPE marker
Mitf was expressed in the whole defective vesicles (arrowheads in G-R). In the control and
Six6-null eyes, Pax6 was expressed in both NR and RPE. In Six35%3-Cre KO. 5jx6/= eyes,
Pax6 was expressed in the whole defective vesicles (arrowheads in S-U). Scale bar = 100
pm.

Dev Biol. Author manuscript; available in PMC 2018 August 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Page 19

Six3F+;Six3-Cre;R26R Six3;Six3-Cre;R26R Six3F+;Six3-Cre;R26R Six37;Six3-Cre;R26R

Fig. 5.

Si?(B-Cre positive progenies are eventually lost in type 11 Six3Six3-Cre KO (gjx3F/A:Sjx3-
Cre;R26R) optic vesicles. Control and type 1l mutant embryos (defined by altered
morphology in the eyes, n = 3 for each stage) were sectioned and immunostained with a Mitf
antibody (C, D, K, L, O, P). (A-L) At 14-somite to E9.5 stages, 3-gal positive cells were
located in the ventral but not the dorsal optic vesicles in the control embryos (arrowheads
and arrows in C, G, K). In type Il Six35*3-Cre KO embryos, the number of R-gal positive
cells gradually reduced in the defective optic vesicles (arrowheads in A-L). In E9.5 mutant
optic vesicles, B-gal positive cells were absent, and Mitf expression extended ventrally (K,
L). (M-N) In E10.5 type Il Six35%3-Cre KO empryos, optic cups did not form, B-gal positive
cells were absent, and Mitf was expressed in the entire defective vesicles (arrowheads in M-
P). Scale bars =500 um (A, E, I, M), 100 um (C, G, K, O).
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Fig. 6.
Six3-deficiency in a small population of progenitors in the anteroventral optic pits/vesicles at

E8.5 is sufficient to disrupt paracrine signaling and cell survival. (A, B) Six3 was deleted in
a small population of progenitors in the optic pits/vesicles in 8-somite stage Six35X3-Cre KO
embryos (arrowheads in A, B, n = 2/4). In the mutant embryos, one Six3 allele is conditional
and the other Six3allele is null, and thus Six3 expression was widely reduced. (C, D) Rax
expression was reduced (arrowheads in C, D, n = 2/4). (E, L) In Six35*3-Cre KO empryos at
7- to 8-somite stages, Wnt8b was expanded rostrally and Fgf8 was downregulated drastically
at the anterior neural ridge (arrowheads in E-L, n = 2/4). Unaffected Fgf8 expression at
midbrain-hindbrain boundary served as an internal control. (M-P) Severe downregulation of
activated MAP kinase (also known as diphosphorylated ERK-1 & 2) in Six35x3-Cre KO
embryos (arrows and arrowheads, n = 2/4). Coronal sections at two levels were displayed.
(Q-T) Drastic changes in apoptosis in Six35%3-Cre KO embryos at 8-somite stage: ectopic
apoptosis was found in the optic pits/vesicles (arrowheads in S, T, n = 2/4), but physiological
apoptosis at the anterior neural ridge was reduced (arrows in Q-T. In addition, the folding of
the anterior neural plate and evagination of optic pits/vesicles in Six35*3-C¢ KO empryos
were defective (double-headed arrows in Q, R, n = 2/4). Scale bars = 100 um (A, M), 500

um (E, 1, Q).
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Fig. 7.

Si?(3-deficiency in the ventral forebrain leads to the loss of Six3-Cre positive progenies and
the defects in the infundibulum and Rathke's pouch. (A-D) Six3-Cre positive progenies were
found in the infundibulum and ventral forebrain at E9.5 and E10.5 (arrowheads in A-B, n
=3/3) and in the anterior pituitary on postnatal day 0 (arrowheads in C-D, n = 3/3), but were
not in the Rathke's pouch and the posterior pituitary (arrows in A-D). (E-F) One survival pup
on postnatal day 11 was significantly smaller than its littermate (E) and displayed pituitary
hypoplasia (F, G). (H-1) Six3-Cre positive progenies in the infundibulum were lost upon
Six3 deficiency. In the control embryos, B-gal positive cells were only found in the
infundibulum and ventral forebrain, although endogenous Six3 was expressed in the
infundibulum, ventral forebrain, and Rathke's pouch (brown in H). In Six35%3-Cre KO mytant
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