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Abstract

Arl13bis a gene known to regulate ciliogenesis. Functional alterations in this gene's activity have
been associated with Joubert syndrome. We found that in Ar/Z3 null mouse embryos the
orientation of the optic cup is inverted, such that the lens is abnormally surrounded by an inverted
optic cup whose retina pigmented epithelium is oddly facing the surface ectoderm. Loss of Ar/13b
leads to the disruption of optic vesicle's patterning and expansion of ventral fates. We show that
this phenotype is consequence of miss-regulation of Sonic hedgehog (S//) signaling and
demonstrate that the Ar/1367'~ eye phenotype can be rescued by deletion of G/i2, a downstream
effector of the Shh pathway. This work identified an unexpected role of primary cilia during the
morphogenetic movements required for the formation of the eye.
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1. Introduction

The primary cilia is a hair-like organelle present in the surface of most vertebrate cells
(Berbari, O'Connor, Haycraft and Yoder, 2009). It is responsible for receiving and
processing chemical and mechanical cues from the multicellular environment, including
light from photoreceptor cells (Wheway et al., 2014), mechanical forces (Malone et al.,
2007; Nishimura et al., 2019) and growth factors (Nishimura et al., 2019). Because of the
diversity of interactors that each primary cilia can establish, their functional roles diverge
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from cell to cell depending on the precise environment at a particular moment (Wallingford
and Mitchell, 2011). This functional variability is central for developmental processes, as it
was first demonstrated in genetic experiments showing that cilia are required for viability
and patterning of the mouse embryo (Huangfu et al., 2003). Cilia defects can also affect
many signaling pathways and cilia deficiencies underlie several neural abnormalities in
humans (D'Angelo and Franco, 2009; Ware et al., 2011).

Joubert Syndrome (JS) is a rare ciliopathy that mainly affects the brain. JS is divided into six
main clinical subgroups; one subgroup is JS with ocular defects (JS-O) (Makino and Tampo,
2014; Valente et al., 2008; Valente et al., 2013). This subgroup has been associated with
mutations in Ar/13b (JBTS8) (Cantagrel et al., 2008; Thomas et al., 2014; Valente et al.,
2013), an ADP-ribosylation factor within the Ras superfamily of regulatory GTPases
abundant in cilia and required for ciliogenesis in multiple organs (Caspary et al., 2007).
Arl1367/~ mice exhibit the hennin (Hnn) phenotype, characterized by defects in cilia
structure resembling those described in JS (Caspary et al., 2007; Thomas et al., 2014). In
this particular murine model, cilia are present but are shorter than in wild type and are
functionally impaired (Caspary et al., 2007; Larkins et al., 2011). It has been reported that
Arl1367"~ mouse embryos have abnormal eyes (Caspary et al., 2007). It was also recently
shown that conditional deletion of Ar/13bin the mouse retina during later developmental
stages is essential for retinogenesis and outer segment morphogenesis (Dilan et al., 2019).
However, no detailed characterization of possible functional roles of Ar/1367~ during early
stages of the eye morphogenesis has yet been reported.

In mice, the first morphological evidence of optic vesicle development is their symmetrical
bilateral evagination from the diencephalon at around embryonic (E) day 8.0 (Adler and
Canto-Soler, 2007; Heavner and Pevny, 2012). Each optic vesicle grows outward, such that it
will eventually contact the lens placode within the surface ectoderm, thereby inducing lens
formation (Ashery-Padan et al., 2000). At E10.5, the optic vesicles become a two-layer optic
cup with the inner layer forming the neural retina (NR) and the outer layer forming the
retinal pigment epithelium (RPE) which connects to the diencephalon via the optic stalk
(OS) (Adler and Canto-Soler, 2007; Yun et al., 2009). The optic-vesicles (OVs) opening face
toward the surface ectoderm; as development proceeds the lens is located inside the optic
cup's aperture.

Optic vesicle morphogenesis is dependent on multiple signals, including SA/ originating
from the ventral midline, FGFsand BMPs from the presumptive lens ectoderm, and 7GF-58
superfamily ligands from the cephalic mesenchyme (Bharti et al., 2006; Chow and Lang,
2001; Martinez-Morales et al., 2004; Yun et al., 2009). An interesting link between cilia and
Shh signaling has been provided by data showing that in many cases, defects resulting from
alterations in embryonic cilia are consequence of defective S/ signal transduction (Caspary
et al., 2007; Endoh-Yamagami et al., 2009; Houde et al., 2006; Huangfu and Anderson,
2005; Vierkotten et al., 2007). Previous studies have also shown that primary cilia act mainly
as regulators of the cell cycle and of the Shhand Whni signaling pathways (D'Angelo and
Franco, 2009).
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To gain a better understanding on the functional role of cilia during early eye morphogenesis
we took advantage of Ar/1367/~ standard and conditional mouse strains. We found that in
Arl13b71~ embryos the morphogenesis of the OVs is defective, such that the lens is
abnormally surrounded by an inverted optic cup whose RPE is oddly facing the surface
ectoderm. Using Six3¢"e and Wnt1€"® to conditionally delete Ar/13bwe determined that this
particular phenotype is consequence of Ar/13b deletion in the neural tissue. Furthermore, we
also determined that this phenotype is the result of ShAsignaling miss-regulation leading to
abnormal dorsal-ventral identity. Finally, we show that the Ar/1357/~ eye phenotype is
rescued by deletion of the downstream effector of the Sh/ pathway G/i2.

Results

Defective eye development in Arl13b mutant mice

Arl1367"~ embryos and heterozygous littermates were analyzed at E11.5 and E12.5 (Fig. 1
A-B’; phenotype is fully penetrant and representative figures are shown along the
manuscript). Ar/1367~ embryos exhibit excencephaly, with flaps of neural tissue extending
over the side of the head (n = 31 embryos, 16 litters). Initial morphological analysis showed
that all Ar/1367/~ embryos have bilateral defective eyes in which only the RPE was evident
(Fig. 1A, B” white arrows indicate the defective eyes). Detailed molecular characterization
of the eye revealed a very intriguing phenotype. As seen in coronal sections of the mouse
head in Fig. 1C-H’ (all sections are at the same level as the optic stalk), the orientation of the
optic-cups and their surrounding RPE appears inverted in Ar/1357/~ embryos, such that the
optic-cups opening was abnormally facing toward the inside of the diencephalic stalk,
instead than toward the surface ectoderm. Furthermore, at this stage the p-crystallin-
expressing lens was abnormally engulfed by the Rax-expressing optic cups blocking their
normal contact with the surface ectoderm (Fig. 1C’). Although the mutant optic-cups are
inverted, they expressed the typical NR and RPE markers at this stage, such as Vsx2 and
Mitf (Fig. 1D, D”).

To evaluate possible NR patterning defects, we performed immunostainings against Vax2, a
marker for the ventral retina (Barbieri et al., 2002). As shown in Fig. 1E, Vax2 expression is
restricted to the ventral retina of E12.5 Ar/136*'~ optic vesicles. Conversely, in Ar/1367/
embryos Vax2 expression is expanded all throughout the NR (Fig. 1E’); a result suggesting
that the mutant NR is abnormally ventralized. Interestingly, the lens is also not properly
oriented. As shown in Fig. 1F’, the orientation of the Pdgfra-positive germinal epithelium
and the developing Prox1-positve lens fibers also appears to be abnormal in the mutant eye,
such that the lens fibers are elongating toward the opposite direction that in their normal
littermate controls. Additionally, the lens fibers appear shorter and reduced in number when
compared to those in Ar/136'~ littermates (Fig. 1F). Basal laminin deposition highlighted
the morphological inversion of the eye, and shows that the basal polarity of the eye is normal
in the mutant embryos (Fig. 1G’).

At around E12.5, the ciliary marginal zone (CMZ) is normally detected in the peripheral-
most region of the retina, in the interphase with the RPE (Belanger et al., 2017).To better
understand the anatomy of the mutant eyes, we evaluated the expression of Otx2, a marker
for the RPE and CMZ. As shown in Fig. 1H (green arrows), the presumptive CMZ is
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restricted to the interphase between the retina and the RPE in E12.5 Ar/136~ embryos.
Conversely, in Ar/1367/~ embryos the CMZ appears to be missing, as indicated by the lack
of Otx2 expression along the optic-cup territory (Fig. 1H’). As expected, the optic fissure at
the optic stalk level is completely closed in Ar/736"'~ embryos (Fig. 1H white arrow
indicates the optic nerve); instead the optic fissure is still open in mutant littermates (Fig.
1H’ white arrow and Fig. 2A,B). We also found that expression of the optic stalk marker
Pax2 was abnormally expanded into the region of the outer optic cup in Ar/1357/~ embryos
(Fig. 2C°, C”), suggesting that the proximal-distal axis of the optic cup is not properly
established in the mutant eye. Furthermore, we also found that expression of the dorsal optic
cup marker Thx5 is missing in the Ar/1367/~ optic cup (Fig. 2D-E”), a result suggesting that
dorsal-ventral patterning is also affected in these mutant optic cups.

These initial results argue that the Ar/13b6 mutant optic cups and lens are abnormally
inverted, such that the ventral optic cup appears to overgrowth and engulf the developing
lens (Fig. 7A’,B’ and 6, 7, 8); however, the molecular identity of the main eye tissues (RPE,
lens and NR) appears normal, although the NR appears to be ventralized and the CMZ is not
properly established (Fig. 11, I’).

2.2. Molecular characterization of the Arl13b™~ optic vesicles

To better understand how loss of Ar/13b function impacts eye development we examined
earlier stages of eye morphogenesis. At E9.5, the OVs normally evaginate toward the
overlying Six3 and Pax6 positive surface ectoderm (lens placode) that later on will give rise
to the lens (Fig. 3A-D). Instead, the mutant OVs exhibit an abnormal shape, likely
consequence of their unusual bending toward the ventral side of the diencephalon (Fig. 3A’-
D’). In addition to these obvious morphological alterations, we also analyzed the expression
of different molecular markers required during eye development. Six3 is normally expressed
in the OVs, lens placode and ventral diencephalon (Fig. 3A) (O. Lagutin et al., 2001; Liu et
al., 2010; Oliver et al., 1995). In Ar/13b '~ embryos the Six3-expressing domains in the lens
placode and OVs are narrower, and its level of expression in those two tissues also appears
reduced (Fig. 3A’ white arrow). In contrast, its expression level in the ventral diencephalon
appears to be increased (Fig. 3A’ green arrow). Similar alterations were observed with the
OV and lens placode marker Pax6 (Fig. 3B) (Ashery-Padan et al., 2000; Liu et al., 2006),
whose expression was also narrower and reduced in the mutant OVs and lens placode (Fig.
3B’). In control embryos, expression of one of the Bmp pathway (dorsal promoting signal)
target genes, Lhx2, is detected throughout the entire OV and surrounding neural tissues (Fig.
3C) (Horner and Caspary, 2011; Yun et al., 2009); instead, its expression was drastically
reduced in Ar/136 '~ OVs (Fig. 3C’); a result that is in agreement with the absence of Thx5
(dorsal marker) expression shown in Fig. 2. The pan-neural marker Sox1 is not expressed in
the distal OVs of control embryos (Fig. 3D) (Wood and Episkopou, 1999); however, we
found that it is ectopically expanded into the distal portion of the evaginating mutant OV's
(Fig. 3D’). These results demonstrated that Ar/13b activity is required for the normal
formation and patterning of the developing mammalian OVs and lens placode.

Next, we aimed to determine which of the Arlb13-expressing tissue types were responsible
for the eye phenotype. We took advantage of an Ar/b13 conditional mouse strain (Su et al.,
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2012) that we crossed with Cre lines expressed in neural crest (Wnt1€"e, neural crest
eventually migrates to the ocular mesenchymal region) and forebrain (Six3¢"8). No obvious
eye phenotype was observed when using Wnt1€e (Fig. 4A”); however, conditional null
Arl13bembryos generated using Six3%’¢ exhibited an inverted OV phenotype similar to the
one seen in standard Ar/Z367~ null embryos (Fig. 4A”’). This suggests that cilia defects in
the diencephalon are likely responsible for the mutant phenotype.

2.3. Arl13b deficiency impacts the Shh pathway

Next, we aimed to identify the molecular mechanisms responsible for the observed eye
phenotype. Shh signaling from the ventral midline is necessary for axial patterning, as
during dorso-ventral patterning Shh establishes ventral identity in the OVs (Take-uchi,
Clarke and Wilson, 2003). The identified alterations in dorsal-ventral patterning, as well as
the expanded expression of the ventral NR marker Vax2 and the optic stalk marker Pax2
suggested that defects in the Sh/h pathway could be responsible for the phenotype (Perron et
al., 2003). Furthermore, it is known that Shh drives expression of the ventralizing
transcription factors Vax1 and Vax2, as overexpression of Shh expands Vax gene expression
into the dorsal OVs; instead, Vax induction fails in the absence of Sh/signaling (Mui et al.,
2005; Take-uchi et al., 2003). It is known that SA/ signaling distribution is mediated by
primary cilia components, and Caspary et al. (2007) showed that in Ar/13b mutant embryos
this signal is defective (Caspary et al., 2007). Accordingly, whole-mount in situ
hybridization of E9.5 mutant embryos showed that S/ expression was reduced in the
ventral diencephalon, but it was ectopically expanded into the dorsal portion (Fig. 5A’;
white arrow indicates dorsal and green arrow ventral diencephalon). Next, we evaluated the
expression of the Shh pathway effector G/iZ (Burnett et al., 2017). Whole-mount in situ
hybridization of E9.5 mutant embryos showed that G/iI expression is ectopically expressed
in the dorsal diencephalon, including the anterior forebrain (Fig. 5B, B” white arrow
indicates dorsal diencephalon). The ectopic expression of Shh was validated by
immunostaining (Fig. 5C’ white arrows indicate dorsal and green arrow ventral
diencephalon). Importantly, in agreement with these results, expression of Nkx2.1, a
downstream target of Sh/ signaling, was ectopically expressed into the mutant dorsal
diencephalon (Fig. 5D’ white arrow). This result suggested that in the mutant embryos the
dorsal diencephalon acquired a ventral identity.

Previous ectopic expression studies demonstrated that Shh has a mitogenic role during
central nervous system development (Belgacem et al., 2016; Rowitch et al., 1999). To
analyze if at least some of the morphological defects identified in the mutant OVs were a
consequence of abnormal proliferation, we performed immunostainings against Ki67. We
found that in the mutant OVs proliferation was increased from 4.32% to 12.65% (Suppl Fig.
1A-A"). However, we did not find significant differences in cell death around the optic
vesicle using a TUNEL assay at this stage (Suppl Fig. 1B-B”).

These results indicated that during OV morphogenesis, Arl13b activity in neural cilia is
essential for modulating Shh signaling along the dorsal-ventral axis and thus, is necessary
for establishing proper dorso-ventral polarity of the OVs. Some of those morphogenetic
roles could be mediated by its regulation of OV proliferation.
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2.4. Arl13b restricts the Shh pathway within the eye

The ectopic Shh expression and the upregulation of G/iZ detected in the dorsal diencephalon
of Arf13b null embryos (Fig. 5A’-C”) suggested that Arl13b is required to restrict Shh
activity. To test this hypothesis, we took advantage of a G/i2-3°Z* mouse strain. Gli2 is the
primary transcriptional activator for SA/ signaling in the neural tube (Lebel et al., 2007) and
Gli2 knockout embryos are not excencephalic and their eyes are normal (Bai and Joyner,
2001; Mo et al., 1997). Accordingly, we generated Ar/13b;G/i2 double mutant mice to test
whether loss of Gli2 could rescue the Ar/13bnull phenotype. As shown in Fig. 6, we found
that the eye phenotype was rescued in E11.5 Ar/13b7/~ /G1i2-2¢Z* embryos (Fig. 6A, A").
Immunostaining against the neural retina marker Rax and the lens marker B-crystallin
revealed that the orientation of the neural retina and lens in Ar/2367~C2-%“" mutant
embryos was rescued in these mutant embryos (Fig. 6B, B”). Arl13b immunostaining was
used to confirm the Arl13b mutant phenotype (Fig. 6C, C”). Thus, we concluded that Arl13b
restricts the Shh pathway within the eye field.

These results indicated that during OV morphogenesis, Ar/13bactivity in neural cilia is
essential to modulate SA/signaling along the dorsal-ventral axis and therefore, to establish
DV polarity of the OVs, and ultimately their proper morphogenesis.

3. Discussion

In this paper we describe a novel inverted optic vesicle phenotype in Ar/1367~ embryos
consequence of defective primary cilia. We argue that this defect is likely a direct
consequence of upregulation of Sh/signaling, that in turn leads to an abnormal increase in
cell proliferation in the “ventralized optic vesicles”. We also show that the inverted eye
phenotype can be rescued by knock-down of Gli2 activity.

How different alterations in primary cilia result in variable types of eye and brain defects is
still not known. Although most of those alterations will impact the SA/ pathway to a
different extent, additional players are likely also responsible for the variable phenotypes. It
is well known that primary cilia is important during embryogenesis and some mutant mouse
models have been characterized (Goetz and Anderson, 2010). However, not much is known
about the role of primary cilia in the context of eye development. A recent work about the
role of the intra-flagelar transport (IFT) proteins IFT122 and IFT172 suggested that proper
assembly of primary cilia is critical for restricting the S/ pathway during eye formation in
the mouse (Burnett et al., 2017). The authors found that IFT172 mutant embryos lacking
primary cilia exhibit modest ectopic S/h/ activity in the distal OV resulting in a proximalized
optic cup with expanded RPE and reduced NR. Alternatively, IFT122 mutants with strong
ectopic Shhsignaling have cilia with abnormal morphology (similar to Ar/Z3b mutants), and
do not form optic cups or lenses, therefore they fail to specify RPE and NR cell types
(Burnett et al., 2017). Those different phenotypes between primary cilia mutants could be
related to differences in the amount and localization of the ectopic SA/signaling, as well as
with the defective intercellular signaling components involved in the pathway. Besides the
comparative work between IFT122 and IFT172 (Burnett et al., 2017), it was documented
that others IFT mutant models such as IFT52, IFT57 and IFT88 have a reduction in G/i2/
Gli3processing and Shhsignaling (Gerdes et al., 2009); instead, disruption in Ar/13b leads
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to low levels of constitutively active Gli2 and normal Gli3 repressor activity (Caspary et al.,
2007). However, it was recently shown that Arl13 has two different functions depending on
the localization of the protein. Arl13b’s role in ciliogenesis is within cilia, whereas its role
as a regulator of Shh signaling appears to be from outside the cilium (Gigante et al., 2019).

Not all ciliopathy phenotypes can be explained by defective Shhsignaling (Wallingford and
Mitchell, 2011), as demonstrated by Rfx3 mouse mutants with short cilia but apparently
unaffected Shh activity (Bonnafe et al., 2004), evidence supporting a direct relationship
between primary cilia and abnormal SA/signaling (Goetz and Anderson, 2010). It is worth
noting that between different cilia mutations affecting the Shh pathway, not all result in loss
of Shh signaling, thereby suggesting that the cilium provides more than just a permissive
context for Shh signaling, (reviewed in (Bangs and Anderson, 2017). Sh/ deletion leads to
the dorsalization of the ventral telencephalon (Chiang et al., 1996), while its overactivation
results in the dorsal expansion of ventral-specific genes including Nkx2.1 (Goodrich et al.,
1997). Partial recovery of the inverted eye phenotype in Arl1367~ :G/i2-3Z* double mutant
embryos suggests that this phenotype is affecting a Sh/#-dependent pathway. The extent of
the rescued phenotype is variable, likely consequence of incomplete penetrance, thereby
suggesting that other factors besides Gli2 (Shh pathway) may interact with Arl13b to
regulate eye development. It has been demonstrated that ectopic expression of Shh in the
optic vesicles could abolish the expression of Bmp4 in the retina (Zhang and Yang, 2001).
One of the effectors proteins involved in Bmp4 signaling in the optic vesicles is Lhx2 (Yun
et al., 2009). Interestingly £Ax2~ mice develop optic vesicles but the morphogenetic
process is arrested such that optic cup and lens formation fails (Porter et al., 1997; Yun et al.,
2009). Conditional deletion of L/Ax2at different developmental stages showed that the
degree of progress in optic vesicle development is critically dependent on the stage at which
Lhx2activity is removed (Roy et al., 2013) leading to the proposal that L/AxZ2is not essential
for eye field specification (Hagglund et al., 2011). We showed that Lhx2 expression is
severely reduced in E9.5 mutant optic vesicles (Fig. 3 C, C”); however, its expression in
these tissues appears to be restored at around E12.5 (data not shown). Furthermore,
expression of the dorsal marker Thx5 was missing in the mutant optic cups supporting the
idea that the ectopic dorsal expression of Shh is affecting the patterning of the optic vesicles.

Excessive Shhsignaling also promotes Pax2 expression at the expense of Pax6 suppression
(Ekker et al., 1995; Macdonald et al., 1995; Perron et al., 2003). This is well documented in
the case of mutant embryos lacking the SA/ antagonist Fkbp8 (Bulgakov et al., 2004) during
CNS development. In these mutant embryos, eyes are smaller and have a thinner neuroretina
layer, exhibit a hypo-pigmented pigment epithelium and lens morphogenesis is delayed:;
most defects are associated with an ectopic and ligand-independent activation of the ShA
pathway. In these embryos Pax2 is expressed ectopically in the dorsal optic vesicles, Pax6
expression is reduced in the neural retina, and the optic cup is internalized into the cephalic
mesenchyme (Bulgakov et al., 2004). Interestingly, consistent with inappropriate activation
of the Shh pathway, we also identified some of those same molecular alterations in Ar/136
=/~ mutant embryos. In Ar/1367/~ embryos the expression pattern of Pax2 and some of the
eye phenotypes are similar to the ones reported for Fkbp8'~ embryos (Bulgakov et al.,
2004). However, different to Fkbp8™'~ embryos, the neuroretina and RPE in Ar/1367/~ mice
appeared normal (Fig. 1C’, D’), and their inverted OVs phenotype seems rather unique.
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It was previously reported that Gli activators can regulate Nkx2.1 (Gulacsi and Anderson,
2008), and that Nkx2-1 expression is reduced in G/i2 knock-out mice. Furthermore, double
deletion of Glil and Gli2 results in a more severe phenotype such that Nkx2.1 expression is
completely lacking in those mutant embryos (Park et al., 2000). We showed that in Ar/136
I~ embryos there is an ectopic expansion of Nkx2.1 into the dorsal diencephalon (Fig. 5D,
D’). Additionally, numerous G1 cyclins are transcriptional targets of Shh-mediated
mitogenic response (Kenney and Rowitch, 2000). Shh is required for cyclinD1 expression
and the consequent growth of the diencephalon in mouse embryos (Ishibashi and McMahon,
2002). Therefore, Shh ectopic expression in the dorsal diencephalon could be the link
between the patterning alterations and the increase in proliferation observed in the dorsal
diencephalon and optic vesicles. This data supports the proposal that ectopic SA/ signaling
activation is likely responsible for the inverted OV phenotype in Ar/1367~ embryos.

It is worth commenting about the associated lens phenotype in which the Pdgfra -positive
germinal epithelium and the developing Prox1-positve lens fibers are also inverted in the
mutant eye, such that the lens fibers appear to be elongating toward the opposite direction
that in normal controls. Although in the ArZ367~ embryos the initial induction of the lens
vesicle was unaffected (lens placode was induced as indicated by Six3 and Pax6 expression),
we noticed that the lens was inverted and that there was minimal elongation of the lens fibers
towards the anterior epithelium. We argue that the aberrant lens phenotype seen in Ar/1367~
embryos is likely a secondary consequence of the defective OV patterning and movement
that eventually engulfs the lens.

In conclusion, we show that Sh#signaling is upregulated in Ar/1367/~ dorsal diencephalon
and that it plays a role in ventralizing the mutant OVs (Heavner and Pevny, 2012) leading to
a change in the dorso-ventral patterning of the optic vesicles. The scheme included in Fig. 7,
as well as the whole mount immunostaining followed by tissue clearing (iDISCO) and 3D
reconstruction of acquired images shown in Suppl Fig. 2 and Suppl Videos 1 and 2,
summarize the defective morphogenetic process resulting from the loss of Ar/136. In WT
embryos, the initial step of Rax-expressing OVs evaginating from the ventral diencephalon
occurs at E9.5 (Figs. 7A and 1-2). At E10.5, a coordinate invagination process of the lens
placode and the OV generate the lens vesicle and the double layered optic cup (Figs. 7B and
3). The inner layer is the NR while the external layer becomes the RPE. The lens vesicle
remains between the NR and the ectoderm (Figs. 7C and 4) (Heavner and Pevny, 2012).
However, at around E9.5 the Rax-expressing mutant OV's become abnormally elongated and
bend toward the ventral portion of the head (Fig. 7A’, and 6-7). In the mutant embryos, the
surface ectoderm is still capable of interacting with the OVs such that the lens placode and
lens vesicles are normally formed; however, the invagination of the lens placode appears
abnormal, likely consequence of the change in the morphology and in the dorsal-ventral
patterning alterations of the optic vesicles (Fig. 7B’ and 7-8). Finally, the lens gets engulfed
by the NR and RPE, such that its orientation is inverted and the aperture is facing toward the
inside of the diencephalic stalk (Fig. 7C” and 9). This abnormal growth pattern of the OVs
causes the ventral NR to completely surround the lens vesicle, thereby generating an
inverted eye. It's interesting to note that despite these major alterations in eye
morphogenesis, Ar/1367~ embryos have eyelids and remnants of the anterior eye chamber
(Fig. 7, 10).
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4. Materials and methods

4.1. Mice

Arl13b*/~ mice were kindly provided by E. Anton (UNC Neuroscience Center) and were
previously described (Caspary et al., 2007). Genotyping was performed using specific
primers to identify the point mutation.

Six3C"* mice were previously described (Furuta et al., 2000). Primers spanning the Creand
the Six3sequences were used for PCR genotyping.

Wnt1Cr¢* mice were purchased from Jackson Laboratory (Stock No:009107). Primers
spanning the Creand the Wht1 sequence were used for PCR genotyping.

Gli2Lacz* mice were kindly provided by Alexandra Joyner (Memorial Sloan Kettering) (Bai
and Joyner, 2001). Two set of primers were used for PCR genotyping. Primers spanning the
LacZand the endogenous G/i2sequences and primers to detect WT G/i2allele were used.

Arl13b'oxP/IoxP mjce were kindly provided by S. Zakharenko (St. Jude Children's Research
Hospital) (Su et al., 2012). PCR genotyping uses primers that distinguish the wild type and
floxed Ar/13balleles.

Embryonic stages were assessed from the day of the vaginal plug that was designated as
E0.5. All experimental procedures involving animals in this study were approved by IACUC
and Northwestern University.

4.2. Immunohistochemistry

Standard protocols for embryos (Liu et al., 2006; Takata et al., 2017) were used. Briefly,
embryos for immunohistochemistry were dissected in PBS and fixed in 4%
paraformaldehyde in 0.1 M PBS (pH 7.4). After overnight protection in 30% sucrose/PBS,
tissues were embedded in sucrose:OCT (Tissue-Tek) and sectioned in a cryostat. The
following antibodies were used: anti-Arl13b (1:50; NeuroMab clone N295B/66), anti-
Acetylated tubulin (1:1000, Sigma, T6793), anti-Rax (1:1000; TaKaRa, M229), anti-Six3
(1:1000; Rockland, custom), anti-Pax6 (1:250; Covance, PRB-278P), anti-Otx2 (1:1000,
R&D systems, AF1979-SP), anti-Ki67 (1:200, Invitrogen, MA5-14520), anti-Mitf (1:1000;
provided by H. Arnheiter, National Institute of Neurological Disorders and Stroke), anti-
Vsx2 (1:500; Exalpha, x1179P and x1180P), anti-B-Crystallin (1:1000; provided by J.S.
Zigler, Wilmer Eye Institute, Johns Hopkins Hospital, Baltimore, Maryland), anti-Prox1
(1:500, AngioBio, #11002), anti-Laminin (LAMA1, 1:250, Sigma, L9393), anti-Shh (1:100
DSHB, 5E1), anti-Lhx2 (1:50, Santa Cruz, Sc19342), anti-PdgfRa (1:100, R&D systems,
AF1062), anti-Nkx2.1(1:100, Cell signal D2E8), anti-Vax2 (1:100; provided by G. Lemke,
Salk Institute for Biological Studies, La Jolla, California), anti-Pax2 (1:50, Biologend,
901001), anti-Thx5 (1:100, Santa Cruz, SC-515536). anti-Sox1 (1:250, CST #4194). The
secondary antibodies were Alexa-488, Cy3, and Cy5 (1:200; Molecular Probes and Jackson
Immuno Research), DAPI (1:1000) for DNA and Alexa Fluor® 647 Phalloidin (Thermo
fisher, A22287) for F-Actin. Images were obtained with a Zeiss Axioscope.
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4.3. Whole mount in situ hybridization

It was performed as described (O. V. Lagutin et al., 2003; Takata et al., 2017). Sh/in situ
probe was a gift from Andrew McMahon and G//Z in situ probe a gift from Alexandra
Joyner.

4.4. Whole tissue clearing, 3D imaging and reconstruction

Whole-mount immunostained tissues were tissue cleared according to an iDISCO protocol
(kindly provided by Dr. Kristy Red-Horse). Primary antibody was used as follows: Rax
(guinea pig, 1/500, TaKaRa). Cy3 (Jackson) was used as dye conjugated to secondary
antibodies. Z-stack images were acquired by an inverted microscope equipped with a
spinning disk confocal system. The image analysis was initially done by ImageJ analysis.
Briefly, the divide function was used in ImageJ image calculator to reduce autofluorescence
background signals using signals from the far-red channel. These images were subsequently
used to reconstruct three-dimensional images using Imaris software. The movies were
generated with the motion function in the Imaris.

4.5. Cell counting

We quantified the number of proliferating and apoptotic cells by staining for Ki67 and
TUNEL and normalizing the total number of cells in the optic vesicles using ImageJ
software (version 2.0.0-rc-69/1.52i). To define the area for quantification we used
anatomical features to define the optic vesicle. Cells were counted in two optic vesicle
sections from five Ar/136"'~ and Arl1367~ embryos (all sections are at the same level at the
connection between the optic vesicle with the ventral diencephalon).

4.6. Statistics

All experiments were performed from a minimum of 3 independent experiments. Values are
expressed as mean + S.E.M (standard error of the mean). Results were analyzed using
GraphPad Prism, using student t-test (GraphPad Software). Differences with P < 0.05 were
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Optic cups are inverted in Arl13pb7/~ embryos.
At E11.5, eye defects are obvious in Ar/1357~ embryos (A”). Defects are also seen at E12.5

(B”). White arrows indicate the defective eyes. Immunostaining against Rax and B-crystallin
shows the normal optic cup and lens in Ar/136*'~ embryos (C). However, in Ar/1367~
littermates (C”) the opening of the optic cup is inverted. Immunostaining against Mitf and
Vsx2 shows that the RPE is abnormally facing the surface ectoderm in Ar/2367~ embryos
and the NR is entirely surrounded by the RPE (D”). Vax2 is ectopically expressed all around
the mutant NR (E”) instead, its expression is localized in the ventral NR in Ar/136%~
littermates (E). Prox1 and Pdgfra staining of the lens fibers and lens germinal epithelium
shows that the lens is inverted in the mutant embryos (F”). Laminin is expressed in the basal
part of the NR, RPE and lens in Ar/13"~ (G) and Ar/13~/~ (G") embryos. Immunostaining
against Otx2 in Ar/136"'= (H) and Ar/13b '~ (H") embryos shows the RPE in both
embryos, but the CMZ (green arrow) is only detected in control Ar/135*/~ embryos. White
arrows show the optic stalk. Schematic representation of the E12.5 Ar/136*/~ (1) and Ar/13b
== (1" eyes. Scale bar: 100 pm. (N: 3).
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DAPI Tbhx5 Pax2

Fig. 2. The optic stalk is defective in Arl137~ embryos.
Immunostaining against laminin (LAMAL) indicates the basal polarity of the optic stalk in

Arl13b7!~ embryos (B), white arrow indicates the optic stalk. In Ar/136*/~ embryos, Pax2 is
expressed in the central retina and optic stalk (C), instead, in Ar/Z36™~ embryos in addition
to the optic stalk, Pax2 is also ectopically expressed in the proximal segment of the inner
layer of the optic cup (C’, C”). Immunohistochemistry against Thx5 and Pax2 in E10.5
Arl136*~ (D-D”) and Arf136~'~ (E-E”) optic cups. In the mutant embryos Pax2
expression is dorsally expanded and that of Thx5 is missing (white arrowheads indicate the
putative dorsal eye territory). Scale bar: 100 um. (N: 3).
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Fig. 3. Optic vesicles are defective in Arl13pb~/~.

Immunostaining against Six3 (A, A”), Pax6 (B, B”), Lhx2 (C, C") and Sox1 (D, D”) in E9.5
embryos. Six3 and Pax6 are classical eye markers whose expression is still detected in the
Arl1367"~ OVs and lens placode (A’-B’) although at a lower levels and extension in
comparison with Ar/136*'~ littermates (A-B). Lhx2 expression is dramatically reduced in
the mutant optic vesicles (C”). Sox1, a gene that is not normally expressed in the OVs (D), is
abnormally detected in this tissue in the Ar/2367~ OVs (D). Those results indicate that at
E9.5 patterning is affected in Ar/136 =/~ embryos with the OVs abnormally bending toward
the ventral diencephalon. Green arrows indicate the ventral diencephalon (A, A”). White
arrows indicate OVs (A- D”). Scale bar: 100 pm. (N: 3).
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Arl13b 4+ Arl13b74: Wnt1Cre : Arl 131_5 74. Six3Cre

Fig. 4. Arl13b activity in the forebrain is necessary for proper OV morphogenesis.
OV morphogenesis appears normal upon conditional deletion of Ar/13busing Wnt1€"e at

E11.5 (A”). Conditional deletion using Six3°"€ recapitulates the same inverted optic cup
phenotype seen in Ar/136™/~ embryos. Immunostaining is against Mitf (RPE marker) and
acetylated tubulin (primary cilia and axon marker). Scale bar: 100 pm. (N: 3).
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Fig. 5. Loss of Arl13b affects Shh signaling.
E9.5 whole-mount in situ hybridization against SA#in Arl136*~ (A) and Ar/1367~ (A")

embryos shows reduced expression in the ventral diencephalon (green arrow) and ectopic
expression in the dorsal side (white arrow) of the mutant embryos. As expected, in situ
hybridization against G/i1, a readout for Sh/ signaling, shows G/i1 ectopic expression in the
dorsal diencephalon (white arrow) and forebrain of Ar/2367~ embryos (B”).
Immunostaining against Shh (C-C”) confirms the ectopic expression of Shh in the dorsal
diencephalon (white arrow: dorsal diencephalon and green arrow: ventral diencephalon).
Immunostaining against the downstream Shh signaling effector Nkx2.1 shows that it is
ectopically expressed in the dorsal diencephalon (white arrow) of Ar/1367~ (D-D’)
embryos. Scale bar: 100 pm. (N: 3).
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Fig. 6. The inverted eye phenotype is rescued by removing the Shh signaling mediator Gli2.
(A, A”) Optic vesicles are normal in Ar/13"~ :G/i2-2¢Z* embryos. The eye phenotype and

brain exencephaly is partially rescued in Ar/1367/~G/i2-32* embryos. Arrow indicates the
eye. (B, B”) Immunostaining against the neural retina marker Rax and the lens markers p-
crystallin and F-actin reveals that the orientation of the neural retina and lens in Ar/13b
~I=:Glj2LecZ* embryos was rescued. (C, C”) Immunostaining against Arl13b in Ar/136"~
retinas reveals the cilia in the apical side of the neural retina. However, no signal is detected
in Arl13b mutant retinas, confirming that the mutant embryos lack Arl13b protein
expression. Scale bar: 100 pm. (N: 3).
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Fig. 7. Schematic representation of the normal (Arll3b+/ 7) and defective (ArI13b‘/ 7) process of
OV morphogenesis.

Immunostaining against Rax shows the normal shape of the evaginating OV at E9.5 (1). (A,
2) Ataround E9.5, in Ar/136"'~ embryos (WT) the optic vesicles (red) start to evaginate
from the adjacent diencephalon (purple) toward the surface ectoderm (E, light blue). Soon
after, the distal portion of the OVs contacts the overlying surface ectoderm and induces the
formation of the lens placode (light green, LP). This interaction promotes the invagination of
the lens placode and of the distal OV resulting in the formation of a bilayered optic cup at
around E10.5. SAh (yellow drops) from the ventral forebrain is important for proper D-V
patterning of the OV. (B, 3) At around E10.5, neuroretina (NR, yellow) fate specification
will start in the inner layer of the optic cup and the RPE (red) will form in the outer layer. At
the same time, the lens vesicle (LV) starts to invaginate. (C, 4) By E11.5 the lens (L)
separates from the surface ectoderm and differentiates into a mature lens and the most
proximal part of the OV narrows to form the optic stalk (purple). (5) Image of the normal
looking eye in E16.5 embryos. Immunostaining against Rax shows the abnormal shape of
the OV at E9.5 (6). (A”, 7) In Ar/13/~ embryos the initial step of optic vesicle evagination
appears defective, as the evaginating OV starts to abnormally bend ventrally (arrow). This
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alteration is likely consequence of the hyperactivation of SA/signal in the dorsal
diencephalon that in the mutant embryos appears enlarged and “ventralized”. (B, 8) As the
evagination process progresses, the mutant OV keeps moving ventrally engulfing the lens
vesicle. (C’, 9) Finally, at around E11.5 the orientation of the optic-vesicle in Ar/1367~
embryos is completely inverted, such that the opening is facing toward the inside of the
diencephalic stalk instead than to the surface ectoderm. (10) Image of the E16.5 mutant eye.
LP, lens placode; LV, lens vesicle; L, lens. Scale bar: 100 pum.
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