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ARTICLE INFO ABSTRACT

Keywords: Since 1967, it is known that the loss of GLI3 causes very severe defects in murine eye development. GLI3 is able to
Eye development act as a transcriptional activator (GLI3-A) or as a transcriptional repressor (GLI3-R). Soon after the discovery of
Len,S these GLI3 isoforms, the question arose which of the different isoforms is involved in eye formation — GLI3-A,
gz:;g:hog GLI3-R or even both. For several years, this question remained elusive. By analysing the eye morphogenesis of
WNT Gli3*/XY mouse embryos that lack GLI3-A and GLI3-R and of Gli3*6°%/4%%? mouse embryos in which only GLI3-A
DKK is missing, we revealed that GLI3-A is dispensable in vertebrate eye formation. Remarkably, our study shows that
B-CATENIN GLI3-R is sufficient for the creation of morphologically normal eyes although the molecular setup deviates sub-

stantially from normality. In depth-investigations elucidated that GLI3-R controls numerous key players in eye
development and governs lens and retina development at least partially via regulating WNT/B-CATENIN

signalling.

1. Introduction

Vision is the dominant sense of most vertebrates. To study vertebrate
eye development, the mouse is one of the most used organisms. Eye
development in mice begins with the formation of the eye field at em-
bryonic day (E)8.0 and of the optic pit at E8.5 (Fuhrmann, 2010). Af-
terwards, the optic pit evaginates to give rise to the optic vesicle. In
midgestation, the formation of the lens placode is initiated by the optic
vesicle. Concomitantly, the optic vesicle invaginates to form the bilay-
ered optic cup. The inner layer becomes the neural retina, while the outer
layer turns to retinal pigment epithelium. The optic cups are linked to the
diencephalon by the optic stalks. A proximal extension of the optic
vesicle invagination which includes the ventral portion of the optic stalk
causes a transient groove (optic fissure). Through this opening, mesen-
chymal cells migrate into the eye chamber to give rise to hyaloid vessels
which represent the main blood supply for the eye (Barishak, 1992).
After this migration event, the optic fissure closes. The so called optic disc
(blind spot of the retina) is defined as the region of the retina where the
ganglion cell axons exit the eye. Thus, these axons run together at the
optic disc being a part of the optic nerve. Any deviations from these
development processes result in the appearance of congenital eye defects.

Human congenital eye defects appear at a frequency of about 0.05%
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of live births (Ludwig and Czyz, 2017). Several of these defects like
anophthalmia (loss of one or both eyes), microphthalmia (one or both
eyes are reduced in size), coloboma (a portion of a structure of the eye
e.g. iris, retina, lens or lid is missing and leads to a gap in the eye
structure) or aphakia (absence of the lens in one or both eyes) are asso-
ciated with blindness (de Verdier et al., 2017; Gogate et al., 2011; Sano
etal., 2018; Verma and Fitzpatrick, 2007). In view of the large number of
blind children (an estimated 1.4 million of the children worldwide) and
based on that congenital eye defects are the leading cause of blindness,
great effort has been made to identify factors that play a prominent role
in the development of congenital eye defects (Graw, 2003; Li and Lin,
2013; Solebo et al., 2017). In search of the molecular reasons underlying
congenital eye defects, genetic screens revealed that patients suffering
from these defects often bear mutations in ALDH1A3, CRYAB, FOXE3,
GJA8, ODZ3, OTX2, PAX2, PAX6, SIX3, SMOC1, SOX1 or SOX2 (Aldah-
mesh et al., 2012; Berry et al., 2001; Ceroni et al., 2018; Graw, 2009a,b;
Hever et al., 2006; Jiao et al., 2015; Khan et al., 2010; Khan et al., 2015;
Kumar et al., 2011; Medina-Martinez and Jamrich, 2007; Pineda-Alvarez
et al., 2011; Reis and Semina, 2015; Traboulsi, 1998; Williamson and
FitzPatrick, 2014). Moreover, it was shown that vertebrate eye devel-
opment requires a complex interplay of various signalling transduction
cascades (Cvekl and Zhang, 2017; Fuhrmann, 2010; Gregory-Evans et al.,
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2013; Kumar, 2001; Lee et al., 2018; Russell, 2003). Examples of these
signalling cascades are the WNT/B-CATENIN and the Hedgehog (HH)
signalling pathway.

Canonical WNT/B-CATENIN signalling is initiated by the binding of
the WNT ligand to a receptor complex consisting of Frizzled (FZD) and
the Low-density lipoprotein receptor-related proteins 5 and 6 (LRP5 and
LRP6) (Bhanot et al., 1996; Pinson et al., 2000; Tamai et al., 2000; Wehrli
et al., 2000). Subsequently, p-CATENIN translocates from the cytoplasm
into the nucleus where it interacts with the TCF/LEF family of tran-
scription factors and thereby induces the expression of WNT/B-CATENIN
target genes (Willert and Nusse, 1998). Upon binding of DKKI1 to
LRP5/6, the formation of the WNT/FZD/LRP5/6 complex and hence the
activation of WNT signalling is inhibited (Bafico et al., 2001; Mao et al.,
2001; Semeénov et al., 2001). In this case, cytoplasmic 3-CATENIN be-
comes phosphorylated, ubiquitinated and finally degraded. In the context
of eye development, WNT/B-CATENIN signalling plays an important role
in for example regulating the formation of the optic cup, ocular tissue
patterning and supporting the differentiation of the retinal pigment
epithelium (Fuhrmann, 2008, 2010; Fujimura, 2016). At the molecular
level, WNT/B-CATENIN signalling regulates the expression of e.g. Otx2,
Six3, Sox2 and Vax2 in eye organogenesis (Hagglund et al., 2013).

HH signalling plays an important role in the patterning of the optic
cup and in the closure of the optic fissure (Amato et al., 2004; Take-uchi
et al., 2003). The HH signalling cascade starts with the binding of the HH
ligand to its receptor Patched (PTCH). Due to this binding, SMO is able to
activate members of the Glioblastoma (GLI) family of zinc finger tran-
scription factors named GLI2 and GLI3. Both proteins mediate HH sig-
nalling and can function as activators or repressors of HH target gene
expression (Ruiz i Altaba, 1999b; Sasaki et al., 1999). By doing so, GLI2
and GLI3 play crucial roles ensuring the proper formation of numerous
structures and organs (Ingham and McMahon, 2001; Ruiz i Altaba,
1999a; Ruiz i Altaba et al., 2003; Ruiz i Altaba et al., 2002). To take up
their work as transcriptional repressors, GLI2 and GLI3 are proteolyti-
cally processed by the proteasome (Li et al., 2011; Pan et al., 2006; Wang
et al., 2000). Although both repressors play important roles in vertebrate
development (Gerhardt et al., 2016b), the repressor form of GLI3 was
described to be predominant (Bai et al., 2004; Bangs and Anderson, 2017;
Jacob and Briscoe, 2003; Rallu et al., 2002). Gli3XV/xJ homozygous
mutant mice lack GLI3 (Schimmang et al., 1992) and display a plethora of
developmental defects from which they die during embryogenesis (Franz
and Besecke, 1991; Furimsky and Wallace, 2006; Johnson, 1967). These
defects include, inter alia, eye malformations which have been described
extensively and vary widely in their severity (Franz and Besecke, 1991;
Johnson, 1967). It is a long-lasting and still open question how GLI3
regulates eye formation. In this context, it would be a big step forward to
reveal which isoform of the GLI3 protein is pivotal for eye formation - the
GLI3 activator (GLI3-A), the GLI3 repressor (GLI3-R) or both. Since the
general view is that GLI3 functions mainly as a transcriptional repressor,
it was previously proposed that the repressor form of GLI3 is essential for
eye development (Zaki et al., 2006). However, it is known that GLI3-A is
involved in some aspects of vertebrate development, e.g. in limb digit
and neural tube patterning as well as in genital development (Bai et al.,
2004; He et al., 2016; Lei et al., 2004; Wang et al., 2007). The eye phe-
notypes described in mouse mutants of the positive HH signalling regu-
lators SHH and SMO suggest that GLI2-A and GLI3-A play important roles
in vertebrate eye development. Shh-negative mouse embryos are cyclopic
and their eyes exhibit a disrupted formation of the optic stalk and an
impaired development of the neural retina (Chiang et al., 1996; Kim and
Lemke, 2006). Conditional deletion of SMO in the eye results in lens
defects, corneal defects and loss of the complete eye structure (Choi et al.,
2014; Zhao et al., 2010). With regard to GLI3, the Shh and Smo mutants
are supposed to have less GLI3-A but an unaltered or even higher amount
of GLI3-R. Based on this, one can hypothesise that GLI3-A is needed for
proper eye development in vertebrates. In addition of the decreased
GLI3-A amount, it is also expected that the amount of GLI2-A is reduced
in Shh”" and Smo”” murine eyes. Since GLI2 functions as a stronger
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activator in the HH signalling cascade than GLI3 (Sasaki et al., 1999), it is
also conceivable that these defects develop due to the loss of GLI2-A
rather than to the loss of GLI3-A. However, Gli2~/~ mouse eyes show
no eye defects except of a slightly shortened optic stalk (Furimsky and
Wallace, 2006) suggesting that not GLI2-A but GLI3-A might be decisive
for vertebrate eye development.

All previous studies that investigated the relationship between GLI3
and eye development used Gli3*” mutant mouse embryos and hence
worked under conditions in which GLI3 was completely missing (Aoto
et al., 2002; Burnett et al., 2017; Franz and Besecke, 1991; Furimsky and
Wallace, 2006; Johnson, 1967; Lieven and Riither, 2011; Lupu et al.,
2018; Zaki et al., 2006). Thus, these former investigations did not allow
to discriminate between the effects of GLI3-A and the effects of GLI3-R on
eye development. In our study, we used Gli3**”° mutant mice, which
express a constitutively active GLI3-R protein (Bose et al., 2002), to
distinguish between the function of GLI3-A and GLI3-R in vertebrate eye
development. We compared the eye phenotypes of Gli3*”/*¥ and
Gli34597/46% mouse embryos at E14.5 and E18.5. While GLi3XY/* em-
bryos exhibit eye defects varying from microphthalmia to anophthalmia,
Gli34997/46% embryos did not display any morphological eye defects
demonstrating that GLI3-R but not GLI3-A is critical for eye development.
To investigate the consequences of the different mutations molecularly,
we performed a microarray analysis that revealed a higher number of
expressionally altered genes in Gli3*%°?/2%% than in Gli3*“/*¥ embryonic
eyes. However, this analysis points out that a large number of factors
which represent main protagonists in eye development showed a
changed expression in Gli3X””%Y but not in Gli3*9%?/46%embryonic eyes.
To unveil how GLI3-R controls eye morphogenesis, we carried out in situ
hybridisation and immunofluorescence studies at E12.5. These exami-
nations showed that the loss of GLI3-R affects several key players of eye
development. Most of these factors are associated with WNT/B-CATENIN
signalling. In summary, our data reveal that the activator form of GLI3 is
dispensable for proper eye morphogenesis, while the repressor form of
GLI3 governs vertebrate eye development at least partially via control-
ling WNT/f-CATENIN signalling.

2. Results

Previously, it was shown that GLI3 is present in embryonic mouse
eyes and plays a role in their development (Aoto et al., 2002; Choi et al.,
2014; Franz and Besecke, 1991; Furimsky and Wallace, 2006; Johnson,
1967; Zaki et al., 2006). The GLI3 full-length protein can be modified
either into a transcriptional activator or a transcriptional repressor
(Sasaki et al., 1999). Until now, it is unknown if both forms of the GLI3
protein are involved in eye development or whether only one of these
forms is sufficient for proper eye formation. To discriminate between the
functions of GLI3-A and GLI3-R, we generated Gli3*5°°-mutant mice
which produce a constitutive active GLI3-R protein (Bose et al., 2002).
We assessed the roles of GLI3-A and GLI3-R in eye morphogenesis by
comparing the eye phenotypes of Gli3*%*72%% and Gli3*”/*¥ mouse
embryos at E14.5 and E18.5.

2.1. GLI3-A is dispensable for proper eye morphogenesis

In line with previous reports about the mutant eye phenotype of
Gli3XYXY mouse embryos (Franz and Besecke, 1991; Johnson, 1967), we
observed microphthalmia, anophthalmia, coloboma, lens stalk persis-
tence, hyaloid hypercellularity or aphakia in the absence of GLI3
(Fig. 1A-D). As described before (Franz and Besecke, 1991), we also
found phenotypically normal Gli3*”/* eyes (Fig. 1A and B). We detected
eye defects in 71% (27 out of 38) of all analysed Gl XY mouse em-
bryos at E14.5 and E18.5. Remarkably, 50% (11 out of 22) of all analysed
Gli3X/X eyes at E14.5 showed phenotypical defects, while 100% (16
out of 16) of all analysed Gli3*”/*¥ eyes at E18.5 exhibited morpholog-
ical abnormalities (Table 1) indicating that GLI3 deficiency might affect
processes in eye development even after E14.5 and lead to malformations
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Fig. 1. Gli3*“/X mutant mouse embryos display a variety of eye defects while Gli3*?/45%° mutant eyes are phenotypically normal. (A) Morphology of
heads from embryos at embryonic stage E14.5. WT and Gli3*%°%/25%° embryos show no eye defects. Gli3*”/*¥ mutant embryos display normal shaped eyes or several
defects like microphthalmia (indicated by black arrowheads) or anophthalmia (indicated by black arrow). The asterisk indicates the presence of exencephaly. The
scale bar represents a length of 500 um. (B) HE staining of embryonic eyes at embryonic stage E14.5. WT (n = 21) and Gli3*%**/4¢%° (n = 14) embryos show no eye
defects. Gli3*/*¥ embryos (n = 22) exhibit normally shaped eyes (50%) or show different defects (50%). In most of the cases Gli3*/*¥ embryos display a micro-
phthalmia (indicated by black arrowheads), which can be combined with other abnormalities like a lens stalk persistence (indicated by blue arrowheads) or a hyaloid
hyper cellularity (indicated by blue asterisks). Additional defects in the formation of the anterior and posterior eye chamber (indicated by yellow asterisk) as well as
the loss of several eye structures like the lens (aphakia) can be observed. Moreover, a total absence of the eye (anophthalmia; indicated by black arrow) or just
remnants of eye structures like pigmented cells (indicated by yellow arrowhead) and extraocular muscles can be monitored in Gli3*”/** embryos. Percentages indicate
the defect frequencies. The scale bar represents a length of 250 pm. C, cornea; NR, neural retina; ON, optic nerve; RPE, retinal pigmented epithelium. (C) Morphology
of eyes from embryos at embryonic stage E18.5. WT and Gli3*%?*/4%% eyes show no defects. Gli3*”/* mutant embryonic eyes show a variety of defects. Besides
different degrees of microphthalmia (indicated by white arrowheads) they can display an aphakia (small/absent lens; indicated by yellow asterisk), a pigmented optic
nerve (indicated by yellow arrowhead) or a coloboma (indicated by red arrowhead). The scale bar represents a length of 500 pm. (D) HE staining of eyes at embryonic
stage E18.5. WT (n = 12) and Gli3*%°%/2%? (n = 4) embryos show no eye defects. Gli3*”* embryos (n = 16) exhibit a variety of defects (100%) ranging from eye
chamber defects (indicated by yellow asterisks) to anophthalmia (indicated by black arrow). In most of the cases Gli3*”** embryos display a microphthalmia
(indicated by black arrowheads), which can be combined with other abnormalities like coloboma, a pigmented optic nerve (indicated by yellow arrowhead) or a
hyaloid hyper cellularity (indicated by blue asterisk). Additional defects like a lens stalk persistence (indicated by blue arrowhead) as well as a neural retina
degeneration (indicated by green asterisk), a neural retina thickening (indicated by green arrowhead) or a retinal dysplasia (indicated by green arrow) can be
observed. Moreover, a total absence of the eye (anophthalmia; indicated by black arrow) with remnants of eye structures like pigmented cells (indicated by yellow
arrowheads) and extraocular muscles can be monitored in Gli3*/*¥ embryos. Percentages indicate the defect frequencies. The scale bar represents a length of 500 pm.
9, cornea; NR, neural retina; RPE, retinal pigmented epithelium.

of every eye. In contrast to the GlLizXv/XJ embryos, all examined 2011; Bakthavachalu et al., 2010; Bassett et al., 2007; Behesti et al.,
Gli34699/4699 mouse embryos displayed eyes which looked completely 2006; Behesti et al., 2009; Ben-Zur et al., 2000; Blixt et al., 2000;
normal (Fig. 1A-D). These findings indicate that GLI3-R contributes Brownell et al., 2000; Chapman et al., 1996; Chassaing et al., 2016; Dupé
significantly to proper eye morphogenesis, while GLI3-A seems to play no et al., 2003; Kerscher et al., 1995; Koshiba-Takeuchi et al., 2000; Kurose
role at all. et al., 2004; Leamey et al., 2007; Lee et al., 2005; Matt et al., 2005; Merlin
et al., 2013; Mic et al., 2000; Okada et al., 2011; Rainger et al., 2011;

Steele et al., 1998; Suzuki et al., 2000; Takatsuka et al., 2004; Templeton

2.2. Key players of eye development are altered in GliZ*""*" eyes et al., 2013; Tomita et al., 1996)) showed a changed expression in
Gliz*7XU byt not in Gli3*5°%/25%° embryonic eyes. Cryab, Gja8, Hesl,

Our phenotypic investigations at E18.5 revealed that 100% of the Tfap2a, Tbx2, Tbx5, Fgf15 and EphrinB2 were downregulated in Gli3*¥/X

Gli3*9%?/2%%% eyes develop normally whereas 100% of all analysed eyes and unaltered in Gli3*%°%/26% eyes (Fig. 2C), while Odz3, Smoc1 and
Gli3XU/X eyes are defective. However, the effects of these mutations at Foxn3 were upregulated in Gli3*”/%¥ eyes and unaltered in Gli3*69%/46%°
the molecular level are unknown. To obtain a comprehensive view of the eyes (Fig. 2C). In two cases, the expression of genes which are deeply
transcriptional consequences caused by the different mutations, we involved in eye development was changed in both GligX"Xt and

assayed gene expression of Gli3*”/*” and Gli3***/*%* murine eyes at Gli34099/46% eves but in different directions. Aldhla3 was upregulated in
E18.5. This embryonic day allowed us to obtain sufficient RNA from Gli3*/X¥ eyes and downregulated in Gli32%9%/46% eyes, while Foxe3 was

accurately isolated eyes of individual mouse embryos without pooling downregulated in Gli3*”/X¥ eyes and upregulated in Gli3*6°%46% eyes

- XtI/XtJ :
them. T? et?/sxlge that el?ough RNA from Gli3" eyes was‘avalle'ible, (Fig. 2C). We confirmed the microarray data by performing qRT-PCR
only Gli3® eyes with the mild mutant phenotype (mild micro- studies for selected gene expressions (Fig. 2D-G).

phthalmia) were used. The microarray assay revealed that in both,
Gli34699/46% and Gli3*/X¥ eyes, numerous transcripts were differen-
tially expressed (Fig. 2A and Tables S1-9). In this context, the individual

samples of each mutant showed consistent results (Fig. ZB;Agg;/algigsgingly, Several genes (Foxe3, Hes1, Tbx2, Fgf15, Gja8) whose expression was
eye

the number of altered gene expressions was higher in Gl S downregulated in Gli3*”/*V eyes and that play important roles in eye
(1532 differentially expressed genes) than in GH3™“/*” eyes (1095 development are known to be positive regulators of cell proliferation
differentially expressed genes) demonstrating that, at the molecular during eye formation (Behesti et al., 2009; Medina-Martinez et al., 2005;
level, eye development is altered by both mutations. Analysing causal Wall et al., 2009; Wang et al., 2016, 2017). Interestingly, the expression
relationships of the altered gene expressions in the respective mutant of these genes was upregulated (Foxe3) or not changed at all (Hes1, Thx2,
eyes by using the Ingenuity Pathway Analysis software (IPA; Qiagen) Fgf15, Gja8) in Gli3*9%/46% eyes (Fig. 2C). Since cell proliferation is
(Kramer et al., 2014), we recognised that a large number of genes which indispensable for proper vertebrate eye development (Bozani¢ and
represent key players in eye development (Aldhla3, Smocl, Odz3, Foxe3, Saraga-Babi¢, 2004; Fuhrmann, 2010), we investigated proliferation in
Hesl1, Tfap2a, Tbx2, Tbx5, Fgf15, EphrinB2, Gja8 and Cryab (Andley et al,, mouse embryonic eyes at E18.5. Again, we used Gli3*”/*¥ eyes which

exhibit a mild microphthalmia. In comparison to wild-type eyes, the

2.3. GLI3-R regulates proliferation of the eye at late developmental stages

Table 1 proliferation rate was unaltered in Gli3269%/4%%9 eyes, while it was
Frequencies of eye defects in WT, Gli3*?*¥ and Gli3*5°?/%°? embryonic eyes at reduced in the absence of GLI3 (Fig. 3A). To elucidate whether the
embryonic stages E14.5 and E18.5. changes in these cellular processes also exist in earlier stages of eye
embryonic stage genotype n eye defects frequency development in GLi3*"XJ mouse embryos, we quantified the prolifera-
E14.5 Glig+/+ 21 0/21 0% tion rate %tg 9]2/%629.95. The proliferation rate was unaltered in both Gl3*%/Xt/
Glig<x 29 11/22 50% and Gli3* eyes in comparison to wild-type eyes at E12.5 (Fig. 3B).
Gliz“0%9/46% 14 0/14 0% Consequently, the defects which were observed in Gl3*?/X¥ eyes at
o/t . . .
E18.5 Gtz —_— 12 0712 0% E14.5 are not caused by a reduced proliferation rate. Nevertheless, it can
Glig*” 16 16/16 100% -
Gli32699/2699 4 0/4 0% be assumed that the GLI3-R has an influence on eye development at later
E14.5 + E18.5 Glis*/+ 33 0/33 0% developmental stages by at least the control of proliferation (Fig. 3A).
Glig*//X 38 27/38 71%
GligA69/4699 18 0/18 0%
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Fig. 2. Genes which are known to play crucial roles in eye development are differentially expressed in the eyes of Gli3*/**/ mutant embryos at E18.5.
(A-C) Microarray assay was performed using RNA isolates from WT (n = 3), Gli3*”/%¥ (n=3) and Gli32%°°/2%%? (n = 3) eyes at embryonic stage E18.5. (A) Venn
diagram shows differentially expressed genes in Gli3*”/*¥ (red circle) and in Gli3*%%%/2%° (blue circle) eyes compared to WT eyes. A fold change of minimum 1.5 was
defined for differentially expressed genes. (B) 2D Principle Components Analysis (PCA) illustrates a distinct clustering of the WT, Gli3X/XV and Gli32099/26% yalues.
Black squares indicate the grouped genotypes. The red line denotes the difference between Gli3*Y"*¥ (above zero) and WT and Gli3*%%%/2%% (below zero). (C) List of
genes which play crucial roles in eye development and their change of expression in GLi3*”"*¥ and Gli3*%°%/25% eyes. (D-G) Confirmation of Microarray assay results
for Foxe3 (D), Hes1 (E), Smocl (F) and Thx5 (G) via qRT-PCR analyses. Lysates were obtained from WT (D: n=3; E: n=5; F: n=4; G: n = 3), Gli3***¥ mutant (D:
n=>5;E:n=4,F: n=3;G: n=3) and Gli3*°*%° mutant (D: n = 3; EEn=4;F:n=3; G: = 3) embryonic eyes. The WT bars were normalised to 1. Data are shown as
mean + s.e.m. Asterisks denote statistical significance according to one-way ANOVA and Tukey HSD tests (*P < 0.05; **P < 0.01) (D: F (2, 8) =11.69, P < 0.0042; E: F
(2, 10) =6.455, P < 0.0158; F: F (2, 7) = 8.828, P < 0.0122; G: F (2, 6) = 23.53, P < 0.0014).
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Fig. 3. Gli3*”/X mutant mouse embryos show a reduced proliferation rate in the eyes at E18.5 but not at E12.5. (A, B) Inmunofluorescence on mouse
embryonic eyes at embryonic stages (A) E18.5 and (B) E12.5. Cryosections were obtained from WT, Gli3**/*¥ and Gli3*®?*/4%°° mouse embryos and stained with DAPI
(in blue) and anti-phospho Histone H3 (pH3 in green). At least 6 sections per individual were used for quantification. The number of pH3-positive cells in the eyes
were counted and related to the total cell number. Finally, the proliferation rates were normalised to WT. The scale bars in white represent a length of 200 pm. Data are
shown as mean =+ s.e.m. Asterisks denote statistical significance according to one-way ANOVA and Tukey HSD tests (***P < 0.001) (A: F (2, 29) =11.5, P < 0.0002).
(A) The quantification of pH3-positive cells per eye shows a significant decreased proliferation rate in eyes of Gli3*/** mutant mouse embryos at embryonic stage
E18.5. Eyes of Gli3*%°?/45%° mutants display no alteration in the proliferation rate (WT: n = 3; Gli3*“/X¥: n = 3; Gli3*%%9/45%°; n = 3). INL, inner nuclear layer; ONL,

outer nuclear layer. (B) Quantification of pH3-positive cells per eye show no differences in proliferation rates between WT, Gli3*“/X¥ and Gl

(3469974699 mutants at

embryonic stage E12.5 (WT: n=5; GlizXUX¥, n = 5, Gli3A099/4699. n — 5). C, cornea; NR, neural retina; ON, optic nerve; RPE, retinal pigmented epithelium.

2.4. GLI3-R regulates pattern formation of several genes and proteins
involved in early eye development

In search of the molecular differences between GL3*”/XY and
Gli34699/469 ayes at E12.5, we analysed the expression pattern of genes
which are known to be essential for eye development at this time by
performing in situ hybridisation studies. The expression pattern of Pax6
was unaltered in the eyes of both mutants (Fig. 4A). Pax2 expression
pattern was expanded from the optic nerve to the neural retina in Gli3*"/
XU eyes, while it was unaltered in Gli3*0°%/4%% eyes (Fig. 4A). Thus, the
expression of Pax2 was increased in the absence of GLI3 but unchanged
in the presence of GLI3-R alone. These results were confirmed by qRT-
PCR studies (Fig. 4B). The expression pattern of Six3 and Vax2 were
decreased in Gli3*"/*¥ eyes and unaltered in Gli39/4%%° eyes (Fig. 4A).
In the case of Six3, the result was confirmed by a qRT-PCR study
(Fig. 4C). Wnt3a expression pattern was increased in Gli3*”/X¥ eyes and
unchanged in Gli3%7%/46% eyes (Fig. 4A). To get a deeper insight into eye
patterning of Gli3*"/X¥ and Gli32¢9/46% eyes, we analysed additional
factors by performing immunofluorescence studies. We detected an
expansion of OTX2, PAX2 and SOX1 into the neural retina of Gli3*X%/X/
eyes, while the localisation of these proteins was unchanged in GIi34%%"/
4699 eyes (Fig. 5A-C). In the case of PAX2, these data confirm the results
of the in situ hybridisation study (Fig. 4A). While the expression pattern
of SOX2 was reduced in Gli3*”/X¥ eyes, it was properly localised in
Gli34699/4699 eyes (Fig. 5D).

2.5. GLI3-R influences canonical WNT-signalling in early stages of eye
development

In a former study, we suggested that GLI3 realises its effect on eye
development via DKK1 (Lieven and Riither, 2011). To get an idea of
whether our hypothesis might be true, we performed immunofluores-
cence studies for DKK1 in Gli3*/*¥ and Gli326%/46% eyes. The expres-
sion pattern of DKK1 was decreased in the lens and the optic stalk of
Gli3X"/X¥ eyes and unaltered in Gli39?/2%%eyes (Fig. 6A). This finding
was confirmed by a qRT-PCR analysis (Fig. S1). In a former study, we
elucidated that MSX2 directly binds to the conserved non-coding element
(CNE)195 optic cup enhancer of Dkk1 (Lieven et al., 2014). Interestingly,
Msx2 is a target of GLI3-R (Lallemand et al., 2009) and MSX2 functions as
a transcriptional repressor (Semenza et al., 1995). All these findings are
in line with our hypothesis that GLI3-R might regulate the expression of
Dkk1 via controlling Msx2. To get further insights in the relation between
Gli3-R, Dkkl and Msx2, we examined MSX2 in GLF*Y*V and
Gli3469%/46% eyees. The expression pattern of MSX2 was unchanged in the
eyes of both mutants (Fig. 6B). Since DKK1 is an antagonist of
WNT/B-CATENIN signalling (Fedi et al., 1999; Glinka et al., 1998), we
analysed B-CATENIN in Gli3*”/X¥ and Gli329%7/26%? eyes. Due to the fact
that many antibodies are not suitable for immunofluorescence studies on
eye tissue, we firstly tested several antibodies for their eligibility. The
illustrated immunofluorescence staining provided a nuclear signal that is
characteristic for B-CATENIN in active canonical WNT signalling
(Fig. S2). Thus, the staining allowed us to perform comparative exami-
nations. While we detected no difference between wild-type and
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Fig. 4. Unaltered gene expression patterns in Gli3*%?°/26%° mutant mouse
embryonic eyes at E12.5, while the expression pattern of several key
players in eye formation are changed in E12.5 Gli3*"”/*% eyes. (A) In situ
hybridisation on transversal sections of WT, Gli3*¢?*/4%% and Gli3*"/X¥ eyes at
embryonic stage E12.5. The expression pattern of Pax6 is unaltered in Gli3*%*
4699 and Gli3**Y mutant embryonic eyes. The expression pattern of Pax2 is
expanded from the optic nerve to the neural retina in Gli3*** mutants and
unaltered in eyes of Gli3*®?*/46%? embryos (indicated by black brackets). Six3
and Vax2 expression patterns are weaker in the eyes of Gli3*”* mutants and
unaltered in eyes of Gli32%°%/4%%° mutants. The expression pattern of Wnt3a is
increased in Gli3*”*¥ mutant eyes and unaltered in eyes of Gli3*®*®/4%% mu-
tants. The scale bar represents a length of 250 pm. C, cornea; NR, neural retina;
ON, optic nerve; RPE, retinal pigmented epithelium. (B, C) Confirmation of in
situ hybridisation results for Pax2 (B) and Six3 (C) via qRT-PCR analyses. Ly-
sates were obtained from WT (B: n = 3; C: n=5), Gli3*¥/*¥ mutant (B: n=3; C:
n=4) and Gli3*®?*/4¢%° mutant (B: n = 3; C: n = 3) embryonic eyes. The WT
bars were normalised to 1. Data are shown as mean =+ s.e.m. Asterisks denote
statistical significance according to one-way ANOVA and Tukey HSD tests
(**P <0.01) (B: F (2, 6) =15.64, P < 0.0042; C: F (2, 9) =13.34, P < 0.002).

<
<

A Gli3** Gli3XtIixtJ G1i 34699/ 4699

Pax6

Pax2

Gli34099/46% ayes regarding the localisation of B-CATENIN, its expression
pattern was strongly increased in Gli3*”/*¥ eyes (Fig. 6C). In summary,
our data reveal that GLI3-A is dispensable for vertebrate eye morpho-
genesis and that GLI3-R regulates eye formation by ensuring proper
expression pattern of well-known key players in eye development.

Six3

3. Discussion

The transcription factor GLI3 mediates the transduction of HH sig-
nalling and is essential for the development of numerous structures and
organs in vertebrates. Considering that GLI3 is expressed in the eye and
that Gli3*”/*¥ mouse embryos which lack GLI3 display severe eye defects
(Choi et al., 2014; Franz and Besecke, 1991; Johnson, 1967), it is obvious
that GLI3 plays a pivotal role in eye development. However, it was re-
ported that some Gli3*”/*¥ embryos form “apparently normal” eyes at
E11.5 (Franz and Besecke, 1991). We detected several eye defects
(microphthalmia, anophthalmia, lens stalk persistence, hyaloid hyper-
cellularity, defects in the formation of the anterior and posterior eye
L £ chamber, loss of several eye structures etc.) in 71% of all analysed
Gli3*”/X embryos (Table 1). The frequency of 71% suggests that GLI3 is
25 not necessary for the development of every eye but a closer look on the
*x defect statistics contradicts this suggestion. While 50% of the analysed

= Gli3*¥/X embryos displayed eye abnormalities at E14.5, 100% of these
15 embryos exhibited eye defects at E18.5 (Table 1) demonstrating that
GLI3 deficiency also affects eye development after E14.5. Consequently,

Vax2

Wht3a

w

o0 GLI3 is absolutely essential for eye morphogenesis. In dependency of the
presence or absence of the HH ligand, GLI3 functions either as a tran-

scriptional activator or as a transcriptional repressor (Sasaki et al., 1999;

Glig* Glizuxt Gli3A699/2699 Wang et al., 2000). Previous studies showed that GLI3 deficiency alters
the expression of genes which are essential for eye development (Aoto

et al., 2002; Furimsky and Wallace, 2006; Zaki et al., 2006). However,

i these studies did not allow to distinguish between GLI3-A and GLI3-R,

since they were performed by using Gli3*®*¥ mouse embryos which

1.0
08 lack both GLI3-A and GLI3-R. In our current study, we used Gli3*”*¥ and
06 ** Gli3*%97/46% embryos. In Gli3*%9?/25%° embryos, GLI3-R is constitutively
04 . active, while GLI3-A is missing (Bose et al., 2002). Thus, the comparison

0.5

rel. Pax2 expression

(9]

16
1.4
1.2

0.2

rel. Six3 expression

of the two mouse mutants provides insights into the specific functions of
GLI3-A and GLI3-R. Importantly, we observed no eye defects in
Gli3** GligXtxt G1i34699/4699 Gli3A099/4699 embryos (Fig. 1 and Table 1). In combination with the fact
that the absence of GLI3 leads to eye defects in 100% of all analysed eyes
at E18.5 (Table 1), these data show that GLI3-A is dispensable in eye
morphogenesis, while GLI3-R is essential for eye development.
Remarkably, it was previously reported that GLI3*®®° may not be as
potent as the natural occurring GLI3-R (Cao et al., 2013). Since
Gli3699/4699 embryos display no obvious morphological eye defects,
even a small amount of GLI3-R might be sufficient to ensure proper eye
development. Investigations in mouse mutants which suffer from a ciliary

(caption on next column)
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Fig. 5. Unaltered localisation of proteins associated to eye formation in Gli32%??246*° mutant mouse embryonic eyes at E12.5, while the localisation of

these proteins is changed in E12.5 Gli3*”/*¥ eyes. (A-D) Immunofluorescence on mouse embryonic eyes at embryonic stage E12.5. Cryosections were obtained
from WT (n =5), Gli3**/XY (n = 5) and Gli3*®?*/4%%° (n = 5) mouse embryos. The scale bars in white represent a length of 200 um. C, cornea; NR, neural retina; RPE,
retinal pigmented epithelium. (A) OTX2 is detectable in the retinal pigmented epithelium of WT and Gli3*%°%/25%° embryonic eyes. In eyes of Gli3*"/X¥ mutants OTX2
expands from the retinal pigmented epithelium to the neural retina (indicated by a white asterisk). (B) PAX2 is restricted to the optic nerve in WT and Gli3*5%%/46%?
embryonic eyes and expanded in the neural retina of Gli3*/X¥ mutants (indicated by a white asterisk). (C) The marker SOX1 is detectable in the lenses of WT and

Gli34699/4699

(indicated by a white asterisk). (D) SOX2 is expressed in the neural retina of WT and Gli.

mutant eyes.

dysfunction revealed that primary cilia ensure proper murine eye for-
mation by controlling the amount of GLI3-R (Burnett et al., 2017). This
finding is supported by a study that examined ocular development in
Rpgrip1l”~ embryos which suffer from a ciliary dysfunction (Andreu--
Cervera et al., 2019). RPGRIP1L is a ciliary protein whose loss results in
ciliary dysfunction, in turn leading to an impaired transduction of several
signalling pathways, reduced autophagy and a decreased activity of the
cilia-regulated proteasome in vertebrates (Chen et al., 2015; Gerhardt
et al., 2013, 2015, 2016a; Mahuzier et al., 2012; Struchtrup et al., 2018;
Vierkotten et al., 2007; Wiegering et al., 2017, 2018a). Importantly,
RPGRIP1L deficiency results in a reduced amount of GLI3-R (Besse et al.,
2011; Gerhardt et al., 2013, 2015, 2016b; Vierkotten et al., 2007; Wie-
gering et al., 2018b). Previously, it was shown that RpgripIl’~ embryos
display microphthalmia, deep set or even no detectable eyes (Delous
etal., 2007; Vierkotten et al., 2007). The frequency of eye defects in these

embryos as well as neuronal tissue (indicated by white arrowheads). In eyes of Gli3*”/*¥ mutants SOX1 is distally expanded in the neural retina

3469974699 embryos and a weaker expression pattern is detectable in Gli3*“/X¥

embryos is about 80% (Wiegering et al., 2018a). Andreu-Cervera and
colleagues revealed that the introduction of the Gli3*%%? allele into
Rpgrip1l-negative embryos results in a partial rescue of early eye devel-
opment (Andreu-Cervera et al., 2019). The outcome of this experiment
highlights the important role of GLI3-R in eye development.

Although the morphology of the Gli326%7/46%? eyes was not different
from wild-type eyes, the gene expression profile at E18.5 differed
tremendously (Fig. 2A and B). 1532 genes were differentially expressed
(Fig. 2A). Apart from the eye, Gli3*6%%/46% mouse embryos exhibited
massive developmental disorders which result in perinatal death. They
suffer from malformations of the respiratory system, an imperforate anus,
genital abnormalities, intestinal defects, the absence of the epiglottis, a
laryngeal cleft, the loss of the adrenal gland, the absence of one kidney
combined with phenotypic abnormalities in the remaining kidney, bone
and skull malformations and a proximo-distal shortening of the limbs,
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mutant mouse embryonic eyes at E12.5, while the localisation of

these proteins is changed in E12.5 Gli3*”/*% eyes. (A-C) Immunofluorescence on mouse embryonic eyes at embryonic stage E12.5. Cryosections (A-C) were
obtained from WT (n = 5), Gli3*“/X¥ (n = 5) and Gli3*5°°/%% (n = 5) mouse embryos. The scale bars in white represent a length of 200 ym. C, cornea; NR, neural
retina; RPE, retinal pigmented epithelium. (A) DKK1 is detectable in the lens and optic stalk of WT and Gli3*®**/4%%° embryonic eyes. The DKK1 pattern in eyes of
Gli3X/XY mutants is reduced. (B) MSX2 is located in the retina, the cornea and the lens and is unaltered in Gli326°%/4%% and Gli3X"/*¥ eyes. (C) A low amount of
B-CATENIN is detectable in the lens, the RPE and the hyaloid canal of WT and Gli32%%%/4%%? eyes. In eyes of Gli3*”/*¥ mutants p-CATENIN shows an increased

expression pattern in the lens and optic stalk.

syndactyly and polydactyly (Bose et al., 2002; Cao et al., 2013; He et al.,
2016; Hill et al., 2009). Importantly, the eye tolerates the radically
altered genetics and belongs to the few organs which do not show
external abnormalities. This is very remarkable, especially in the context
of the finding that the microphthalmic GIi3*?/*¥ eyes evinced only 1095
differentially expressed genes (Fig. 2A). Interestingly, both mutants share
only 164 differentially expressed genes (Fig. 2A). However, there were
several among the differentially expressed genes in Gli3*"/X¥ eyes which
are known to be pivotal for eye development. The expression of most of
these genes (e.g. Cryab, Gja8, Hes1, Tfap2a, Tbx2, Tbx5, Fgf15, EphrinB2,
0dz3, Rab23, Smocl and Foxn3) was unaltered in Gli34699/4699 eyes
(Fig. 2C). The minority of these genes (e.g. Aldhla3 and Foxe3) was
changed in opposing directions in the eyes of the two different mutants
(Fig. 2C). Consequently, GLI3-R controls the genetic program which is
needed for proper eye formation. One central process in eye development
is proliferation (Bozani¢ and Saraga-Babic, 2004; Fuhrmann, 2010) and
many genes that show an altered expression in Gli3*”/*¥ eyes at E18.5

are involved in proliferation during eye development. At E18.5, the
number of proliferating cells is significantly decreased in Gli3*?/*¥ eyes,
while it is unaltered in GIi32%99/469% eyes (Fig. 3A). Since the proliferation
rate in the eyes of both mutants was unchanged at E12.5 (Fig. 3B), we
assumed that most of the defects in Gli3*?/XY eyes are caused by the
alteration of factors that do not control proliferation. In search of the
molecular mechanisms underlying the regulation of eye development by
GLI3-R, we investigated the gene and/or protein expression pattern of
key factors in eye development at E12.5. Our investigations revealed that
GLI3-R controls the closure of the optic fissure. To test whether optic
stalk patterning might be affected by the loss of GLI3-R, we compared the
expression pattern of Pax2 and PAX2 in the optic stalk of Gli3**/*¥ and
Gli34699/4699 eyes. We detected an expansion of its expression/localisa-
tion from the optic stalk to the neural retina in Gli3*”/X? eyes, while its
expression/localisation was unchanged in Gli32%%*/4% eyes at F12.5
(Figs. 4A and 5B). Considering these data, GLI3-R restricts the expres-
sion/localisation of Pax2/PAX2 to the optic stalk at E12.5 (Fig. 7).
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Fig. 7. Schematic model of how GLI3-R controls eye development at E12.5.
We hypothesise that GLI3-R regulates WNT/B-CATENIN signalling by governing
the amount of B-CATENIN in the lens and the retinal pigmented epithelium
(RPE) as well as of WNT3A in the lens and in the neural retina (NR). By con-
trolling this pathway, GLI3-R governs the amount of OTX2 in the RPE, the
amount of VAX2 and SIX3 in the NR and the amount of DKK1 in the lens and the
optic stalk (OS). In turn, SIX3 regulates the amount of SOX2 in the NR. More-
over, GLI3-R controls the amount of PAX2 in the OS.

Remarkably, it was formerly published that an impaired HH signalling
leads to the occurrence of optic nerve defects and that HH signalling is
required for the differentiation of optic disc and stalk neuroepithelial
cells (Dakubo et al., 2003; Kahn et al., 2017; Take-uchi et al., 2003).
Accordingly, it was shown that HH signalling promotes the expression of
Pax2 in the optic stalk at E12 in the mouse (Dakubo et al., 2003). Thus,
we suggest that the repression of HH signalling by the action of GLI3-R
ensures proper optic fissure closure. The boundary between optic stalk
and the optic cup is established by a reciprocal inhibition between PAX2
and PAX6 (Schwarz et al., 2000). Since we detected an expansion of Pax2
and PAX2 from the optic stalk to the neural retina in Gli3*”/*¥ eyes but
not in Gli3*69%/46% eyes (Figs. 4A and 5B), we examined the expression
pattern of Pax6 in the eyes of both mutants. Neither in Gli32¢?*/46%° nor
in Gli3*7/X¥ eyes, we observed an alteration of the Pax6 expression
pattern at E12.5 (Fig. 4A) demonstrating that GLI3 is not involved in
governing Pax6 expression at this time. Furthermore, we hypothesise
that GLI3-R controls eye development inside a complex network of sig-
nalling cascades which are involved in eye morphogenesis at E12.5 in a
great extent via regulating WNT/B-CATENIN signalling (Fig. 7). In the
absence of GLI3, the expression pattern of the WNT ligand Wnt3a was
increased in the lens and the neural retina (Fig. 4A), the expression
pattern of the WNT inhibitor DKK1 was reduced in the lens and the optic
stalk (Fig. 6A) and the expression pattern of the WNT signalling mediator
B-CATENIN was elevated in the lens and the optic stalk (Fig. 6C).
Remarkably, an enhanced amount of f-CATENIN results in the loss of lens
and retinal structures as well as to a disruption of RPE patterning (Fu
et al., 2006; Fujimura et al., 2009; Kreslova et al., 2007; Miller et al.,
2006; Smith et al., 2005). Since it was already reported that the
expression of the transcription factors Six3, Vax2, Otx2 and Sox2 are
regulated by WNT/B-CATENIN signalling (Hagglund et al., 2013), we
hypothesise that the upregulation of WNT/p-CATENIN signalling leads to
the observed reduced expression of Six3 and Vax2 in the lens and the
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neural retina (Fig. 4A) as well as to the increased amount of OTX2 in the
neural retina (Fig. 5A) and to the decreased amount of SOX2 in the neural
retina (Fig. 5D). The alteration of these factors provoke defects in retina
and lens development (Barbieri et al., 2002; Kamachi et al., 1998; Liu
et al., 2006; Nishihara et al., 2012). Accordingly, SOX1 which is required
for proper lens development (Kamachi et al., 1998; Nishiguchi et al.,
1998) was expanded from the lens to the neural retina (Fig. 5C). In the
presence of GLI3-R alone, the expression pattern of Wnt3a, Six3 and Vax2
as well as of DKK1, OTX2 and SOX2 were unaltered (Figs. 4A and 5A and
D and Fig. 6A) highlighting the importance of GLI3-R for proper
WNT/B-CATENIN signalling in eye development. How does GLI3-R
control WNT/B-CATENIN signalling in eye morphogenesis? Our data
elucidate an influence of GLI3-R on the WNT ligand WNT3A and on the
WNT antagonist DKK1. It is already known that Wnt3 contains a GLI
binding site (McNeill et al., 2012). Considering that the absence of
GLI3-R caused an increased expression pattern of Wnt3a in the lens and
the neural retina (Fig. 4A), a direct transcriptional regulation of Wnt3a by
GLI3-R is very likely. Due to the existence of several GLI3 binding sites in
relevant conserved Dkk1 regulatory sequences, we previously suggested
that GLI3-R controls eye development via DKK1 (Lieven and Riither,
2011). However, the finding that GLI3-R deficiency results in less DKK1
(Fig. 6A) argues against a direct regulation of the ocular Dkk1 expression
by GLI3-R. Furthermore, the hypothesis that GLI3-R governs the amount
of DKK1 via regulating MSX2 has to be rejected. Although the tran-
scriptional repressor MSX2 directly binds to the CNE195 optic cup
enhancer of Dkk1 (Lieven et al., 2014), Msx2 is a target of GLI3-R (Lal-
lemand et al., 2009) and an increased amount of MSX2 leads to
congenital eye defects in mice and humans (Plaisancié et al., 2015; Wu
et al, 2003), the expression pattern of MSX2 was unaltered in
Gli3A099/4699 5 q GlLigXW/ Xt eyes (Fig. 6B). Based on the fact that Dkk1 is a
target of B-CATENIN (Niida et al., 2004), it is possible that GLI3-R reg-
ulates the expression of Dkk1 via a feedback loop that is triggered by the
GLI3-R-mediated repression of $-Catenin expression (Ulloa et al., 2007)
(Fig. 7).

Our study clearly demonstrates that GLI3-R but not GLI3-A is essential
for vertebrate eye development and we hypothesise that GLI3-R ensures
proper eye development by controlling WNT/B-CATENIN signalling.
Since several other signalling pathways (like for example BMP, FGF and
VEGF signalling) act downstream of HH signalling in eye development
(Iwata and Hevner, 2009; Liu et al., 2018; Surace et al., 2006; Zhao et al.,
2010), it is questionable whether the regulation of WNT/B-CATENIN
signalling is the only mechanism which is governed by GLI3-R to assure
proper eye development. In mice, a disturbed BMP signalling has been
elucidated as a cause of a defective retinal development (Murali et al.,
2005), microphthalmia (Liu et al., 2010; Okada et al., 2011) and
anophthalmia (Dudley et al., 1995; Karsenty et al., 1996), an impaired
FGF signalling has been shown to provoke the formation of coloboma
(Atkinson-Leadbeater et al., 2014; Cai et al., 2013; Chen et al., 2013) and
a perturbed VEGF signalling has been identified as a reason for the
occurrence of microphthalmia (Rutland et al., 2007). Since these eye
defects are also observed in Gli3**/X¥ eyes, it is conceivable that GLI3-R
controls eye development by regulating these signalling pathways in
addition to the WNT/B-CATENIN pathway. Future studies in which
B-CATENIN is knocked down in Gli3*?/*V eyes (e.g. by mating Gli3X*/*+
mice with inducible miRNA expressing knockdown mice) could provide
valuable insights into this issue and hence make a substantial contribu-
tion to unravel the relationships between signalling cascades known to be
essential for the development of the vertebrate eye.

4. Materials and methods
4.1. Ethics statement and animal husbandry
All mice (Mus musculus) used in this study were either on the B6C3F1

background (Gli3*¥) or on the C3H background (Gli3A699) and kept under
standard housing conditions with a 12/12 h dark-light cycle and food and
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water ad libitum. All animal procedures were carried out in accordance
with National Institutes of Health guidelines and with local and state
regulations for research with animals.

4.2. Mouse strains

Gli3* mutant mice and Gli3*%®” mutant mice have been described
previously (Bose et al., 2002; Franz and Besecke, 1991; Johnson, 1967).
Genotypes were determined with PCR amplification of total genomic
DNA, using 2 pairs of primers respectively.

For Gli3*” following primers were used:

WT strand forward 5-GGCCCAAACATCTACCAACACATAG-3';

WT strand reverse 5'-GTTGGCTGCTGCATGAAGACTGAC-3'; deleted
strand forward 5-TACCCCAGCAGGAGACTCAGATTAG-3';

deleted strand reverse 5'-AAACCCGTGGCTCAGGACAAG-3'.

For Gli3*%% following primers were used:

WT strand forward 5'-GGCCCAAACATCTACCAACACATA-3';

WT strand reverse 5'-CTGGCCACACTGAAAGGAAAAGAA-3’; deleted
strand forward 5'-GATGCGGCGGTGGTAATGAC-3';

deleted strand reverse 5'-TGTGTCTGTCCTCCGGAAGG-3'.

4.3. Antibodies

The following primary antibodies were used: anti-phospho Histone
H3 (Ser10) (06-570; EMD Millipore), anti-OTX2 (AF1979; R&D Sys-
tems), anti-SOX1 (AF3369; R&D Systems), anti-SOX2 (AB5603; EMD
Millipore), anti-PAX2 (901001; BioLegend), anti-B-CATENIN (PY489;
Developmental Studies Hybridoma Bank), anti-MSX2 (sc-365232; Santa
Cruz Biotechnology) and anti-DKK1 (kindly provided by Christof Niehrs,
IMB Mainz).

4.4. Histology

Embryos at embryonic stages E14.5 and E18.5 or embryonic eyes
were dissected and images were taken immediately. Afterwards the
embryos were fixed in 4% paraformaldehyde (PFA) overnight at 4 °C. On
the next day, they were gradually dehydrated using ethanol and
embedded in paraffin. 12 pm sections were prepared. The sections were
stained with haematoxylin and eosin (HE).

4.5. Image acquisition

Morphology and HE staining images were obtained using the Zeiss
Axioskop 2 system, an AxioCam MRc (Carl Zeiss AG) and the AxioVision
Rel. 4.7.1 software package (Carl Zeiss AG). Fluorescence image acqui-
sition and data analysis were performed at room temperature using a
Zeiss Imager.A2 microscope, 20x, NA 0.5 objective lens (Carl Zeiss AG), a
monochrome charge-coupled device camera (AxioCam MRm; Carl Zeiss),
and the AxioVision Rel. 4.8 software package (Carl Zeiss AG). Cy3 and
Alexa488 were used as fluorochromes. Cell counting was performed by
using Fiji (ImageJ; National Institutes of Health).

4.6. Immunofluorescence

Embryos at embryonic stage E12.5 were dissected, fixed in 4% PFA
for 1.5h and incubated in 30% sucrose (in PBS) overnight at 4 °C. The
samples were embedded in Tissue-Tek O.C.T. compound (Sakura Fine-
technical #4583) and freezed at —80 °C. Transverse cryostat sections
(7 pm) were prepared and washed with PBS. A permeabilisation with
PBS/0.5% Triton X-100 was performed. After three washing steps with
PBS/0.1% Triton X-100 blocking was realised by incubation in 10%
donkey serum in PBST. The sections then underwent an incubation in the
primary antibodies diluted in PBS/0.1% Triton X-100 overnight at 4 °C.
After overnight incubation the paraffin- and cryosections were washed
three times, they were incubated with the secondary antibody (diluted in
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PBS/0.1% Triton X-100) for 2h and were washed again. Finally, they
were embedded in Mowiol optionally containing DAPI (Merck
#1.24653).

4.7. In situ hybridisation

For immunofluorescence on paraffin-sections, embryos at embryonic
stage E12.5 were dissected and fixed in 4% PFA overnight at 4 °C. On the
next day, they were gradually dehydrated using ethanol and embedded
in paraffin. 12 um sections were prepared. In situ hybridisations were
performed as previously described (Lieven and Riither, 2011). The
following probes were used: Pax6, Pax2, Six3, Vax2 and Wnt3a.

4.8. Microarray

Transcriptome analyses were performed from samples of three mice
strains. RNA was quantified by fluorometric Qubit assay (RNA HS;
ThermoFisher scientific) measurement and quality measured by capillary
electrophoresis Bioanalyzer assay (Eukaryote Total RNA Nano; Agilent).
All samples in this study showed high quality RNA Integrity Numbers
(RIN; median = 10) (Fig. S3). Synthesis of cDNA and subsequent biotin
labeling of cRNA was performed according to the manufacturer's proto-
col (GeneChip® WT PLUS Reagent Kit 902462; ThermoFisher scientific).
Briefly, 100 ng of total RNA were converted to cDNA, followed by in vitro
transcription and biotin labeling of cDNA. After fragmentation labeled
cDNA was hybridized to Affymetrix Mouse Gene 2.0 ST Gene Expression
Microarrays for 16 hat 45°C, stained by strepatavidin/phycoerythrin
conjugate, and scanned as described in the manufacturer's protocol.

4.9. Statistical analysis

Data analyses on Affymetrix CEL files were conducted with Gene-
Spring GX software (Vers. 12.5; Agilent Technologies). Probes within
each probe set were summarized by GeneSprings' ExonRMA16 algorithm
after quantile normalization of probe-level signal intensities across all
samples to reduce interarray variability (Bolstad et al., 2003). Input data
preprocessing was concluded by baseline transformation to the median of
all samples. After grouping of samples (three biological replicates each)
according to their respective experimental condition, a given probe set
had to be expressed above background (i.e., fluorescence signal of that
probe set was detected within the 20th and 100th percentiles of the raw
signal distribution of a given array) in all three replicates in at least one of
three conditions to be further analysed in pairwise comparisons.

4.10. gRT-PCR

RNA was isolated from mouse embryonic eyes at E18.5 by using the
RNeasy Kit (74104; Qiagen) and RNase-Free DNase Set (79254; Qiagen).
Isolated RNA was converted into cDNA by QuantiTect Reverse Tran-
scription Kit (205311; Qiagen). Quantitative real-time PCR was per-
formed using a Step One Real-Time PCR System Thermal Cycling Block
(4376357; Applied Biosystems) and a Maxima SYBR Green/ROX qPCR
Master Mix 2x (K0222; Thermo Scientific). The following primer sets
were used: Dkk1 (forward 5'-ATATCACACCAAAGGACAAG-3'; reverse 5'-
CCTTCTTTAAGGACAGGTTTAC-3'); Foxe3 (forward 5'-ATCTACCGCTT-
CATCACC-3'; reverse 5'-ATCTACCGCTTCATCACC-3'); Hes1 (forward 5'-
AAGCCTATCATGGAGAAGAG-3'; reverse 5-GGAGCTATCTTTCT-
TAAGTGC-3); Pax2 (forward 5-ACAAGATTGCCGAATACAAG-3';
reverse  5'-GATGATCCTGTTGATGGATG-3); Six3 (forward 5'-
CCACTGCTCCCTACTTCTGG-3'; reverse 5'-GCAACTGGAACATGGA-
CAAC-3"); Smocl (forward 5'-CCTTATGGATTAAGCACTTGG-3'; reverse
5-TCACAGGAATGGACTTTCTC-3") and Tbx5 (forward 5-CCAGAATCA-
CAAGATCACAC-3'; reverse 5'-GGATACTCTTTACTTTGCATCC-3'). Real-
time PCR was carried out with 50 ng of embryonic cDNA of each sam-
ple in triplicate reactions in a 25 pl volume containing 100 nM primers
and 50 nM probe. Cycling conditions were 50 °C for 2 min and 95 °C for
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10 min, followed by a 40-cycle amplification of 95 °C for 155, 60 °C for
30s and 72 °C for 30s. The analysis of real-time data was performed by
using included StepOne Software version 2.0.

4.11. Statistical data

Data are presented as mean =+ standard error of mean (SEM). Analysis
of variance (ANOVA) and Tukey honest significance difference (HSD)
tests were performed for all data using GraphPad Prism (GraphPad
Software). A P-value < 0.05 was regarded to be statistically significant
(one asterisk), a P-value < 0.01 was accounted as statistically very sig-
nificant (two asterisks), and a P-value < 0.001 was considered statisti-
cally high significant (three asterisks).
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