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Abstract

Cell cycle-related kinase (CCRK) is a conserved regulator of ciliogenesis whose loss in mice leads
to a wide range of developmental defects, including exencephaly, preaxial polydactyly, skeletal
abnormalities, and microphthalmia. Here, we investigate the role of CCRK in mouse eye
development. Ccrk mutants show dramatic patterning defects, with an expansion of the optic stalk
domain into the optic cup, as well as an expansion of the retinal pigment epithelium (RPE) into
neural retina (NR) territory. In addition, Ccrk mutants display a shortened optic stalk. These
defects are associated with bimodal changes in Hedgehog (Hh) pathway activity within the eye,
including the loss of proximal, high level responses but a gain in distal, low level responses. We
simultaneously removed the Hh activator GLI2 in Ccrk mutants (Ccrk—/—;Gli2-/-), which resulted
in rescue of optic cup patterning and exacerbation of optic stalk length defects. Next, we disrupted
the Hh pathway antagonist GLI3 in mutants lacking CCRK (Ccrk—/-;Gli3—/-), which lead to even
greater expansion of the RPE markers into the NR domain and a complete loss of NR specification
within the optic cup. These results indicate that CCRK functions in eye development by both
positively and negatively regulating the Hh pathway, and they reveal distinct requirements for Hh
signaling in patterning and morphogenesis of the eyes.
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1. Introduction

Eye development begins with specification of the eye field along the anterior neural plate.
The single eye field is divided into two, and each side evaginates to form optic vesicles.
Each optic vesicle grows outward and makes contact with the overlying surface ectoderm,
where it induces lens formation. The lens placode induces invagination of the optic vesicle
to form a two-layered optic cup. The inner layer of the optic cup forms the neural retina
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(NR), while the outer layer forms the retinal pigment epithelium (RPE). During optic cup
formation, as the optic vesicle and lens are undergoing coordinated invagination, the
proximal region of the optic neuroepithelium forms the optic stalk, which will later
contribute to the optic nerve (Chow and Lang, 2001; Graw, 2010).

Such morphogenetic events are governed in part by a group of transcription factors termed
the eye field transcription factor network, which include RAX, LHX2, PAX6 and OTX2
(Chow and Lang, 2001; Zuber et al., 2003). This network coordinates with signaling centers
secreting FGFs, Wnts, BMPs, RA and Hedgehog (Hh) family members to control both cell
fate specification and morphogenesis of the developing eye (Fuhrmann, 2010; Yang, 2004).
Mutations in these factors result in major morphological abnormalities including
anophthalmia, microphthalmia, and coloboma (Deml et al., 2015; FitzPatrick and Van
Heyningen, 2005; Hever et al., 2006).

Sonic Hedgehog (SHH) is expressed in the ventral midline of the eye region and plays a
critical role in patterning and morphogenesis of the eye. Ablation of SA/4in mice results in
cyclopia, likely due to a failure to split the eye field (Chiang et al., 1996). Milder
perturbations of the Hh pathway reveal that Hh activity contributes to the establishment of
the proximo-distal and dorso-ventral axes within the eye (Amato et al., 2004; Ekker et al.,
1995; Macdonald et al., 1995; Perron et al., 2003; Sasagawa et al., 2002; Take-uchi et al.,
2003; Wang et al., 2015; Zhang and Yang, 2001; Zhao et al., 2010). However, the manner in
which different levels of Hh pathway activity contribute to proper ocular morphogenesis or
specification of distinct cell fates within the eye is not well understood.

In mice, the Hh pathway is mediated by three GLI transcription factors (GLI11-3). GLI1 is
required for aspects of bone/skeletal development (Kitaura et al., 2014; Palencia-Campos et
al., 2017), but in the early mouse nervous system (including the eye), this requirement is not
observed, apparently due to redundancy with GLI2 (Park et al., 2000). However, the G/i1
gene is a direct transcriptional target of the Hh pathway (Bai et al., 2002; Bai and Joyner,
2001; Dai et al., 1999) making it a useful indicator of pathway activity. In the mouse
embryo, GLI2 and GLI3 appear to be the primary effectors of the pathway (Bai et al., 2004;
Sasaki et al., 1999). Both GLI2 and GLI3 have activator and repressor activity; however,
GLI2 acts predominantly as a transcriptional activator, while GL13 acts mainly as a repressor
(Bai et al., 2004; Buttitta et al., 2003; Lei et al., 2004; McDermott et al., 2005; Rallu et al.,
2002; Yong et al., 2009).

Vertebrate Hh signal transduction is regulated within the primary cilium (Briscoe and
Thérond, 2013; Goetz and Anderson, 2010). In the absence of Hh ligands, the receptor
Patched (PTCHL) localizes to cilia and prevents activation of the obligate transducer
Smoothened (SMO). Upon ligand binding, PTCHL is inactivated and exits the cilium,
allowing for the localization of activated SMO within the cilium. This leads to an
accumulation of GLI2 and GLI3 within the cilium, and ultimately to their modification into
transcriptional activators. In the absence of Hh signaling, GLI2 and GLI3 are proteolytically
processed into transcriptional repressors at the base of the cilium. Indeed, failure of optic
progenitors to undergo proper ciliogenesis results in severe ocular defects resulting from
ectopic Hh activity within the eye (Burnett et al., 2017).
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Cell cycle-related kinase (CCRK) and its orthologs regulate the assembly of the primary
cilium in organisms ranging from green algae to mammals (Asleson and Lefebvre, 1998;
Erdmann et al., 2006; Ko et al., 2010; Phirke et al., 2011). In mice, loss of CCRK results in
abnormal cilia structure and length regulation, which are associated with widespread
developmental defects including exencephaly, preaxial polydactyly, skeletal abnormalities,
and microphthalmia (Moon et al., 2014; Snouffer et al., 2017; Yang et al., 2013).

Here we find that CCRK is expressed in the eye and is essential for proper ciliogenesis in
optic progenitors. We present evidence that CCRK controls patterning and morphogenesis of
the eye by regulating Hh pathway activity both positively and negatively. We demonstrate
that this regulation occurs downstream of SMO and upstream of the GLI transcription
factors. Furthermore, our data suggest that different cell fates within the eye are specified by
distinct levels of Hh activity.

Materials and methods

Mouse lines

All mice were on a C3Heb/FeJ background. Genotyping was performed from DNA isolated
from yolk-sac or tail tissue. When harvesting embryos, noon on the day of finding a vaginal
plug was determined to be embryonic day 0.5 (E0.5). Ccrkis a null allele generated from
Cre-mediated recombination of lox-P sites flanking the first two exons and were genotyped
as previously described (Snouffer et al., 2017). G/iZ™ and SmdMIAMC lleles were obtained
from Alexandra Joyner (Sloan Kettering Institute) and Andrew McMahon (University of
Southern California), respectively genotyped as previously described (Matise et al., 1998;
Zhang et al., 2001). G/i?X*) mice were obtained from the Jackson Laboratories (Bar Harbor,
ME) and genotyped as previously described (Hui and Joyner, 1993).

Immunohistochemistry

Immunohistochemistry of coronal cryosections was performed as previously described
(Burnett et al., 2017). Primary antibodies were used at the following concentrations: rabbit
anti-PAX2 (1:450, Covance Research Products), mouse anti-PAX6 (1:50, Developmental
Studies Hybridoma Bank), sheep anti-CHX10 (1:600, Exalpha Biologicals), mouse anti-
MITF (1:1500, Abcam), rabbit anti-OTX2 (1:600, Upstate Biotechnology), mouse anti-
COUPTFII (1:300, R & D Systems), goat anti-SOX1 (1:100, R & D Systems), rabbit anti-
SOX2 (1:300, EMD Millipore), mouse anti-y-TUBULIN (1:1000, Sigma-Aldrich), rabbit
anti-ARL13B (1:3000, T. Caspary, Emory University). Images were taken with either a Zeiss
Axioplan 2 or a Keyence BZ-x710 fluorescence microscope. High-magnification images of
cilia are maximum intensity projections from z-stacks taken on a Zeiss LSM510 confocal
microscope.

In situ hybridization

In situ hybridization of whole embryos was performed as previously described (Burnett et
al., 2017). A 509 bp region of the 3 UTR of Ccrk was cloned into pGEM-T Easy (Promega)
using the forward and reverse primers 5’-ACACCTGGTCCTGCTCCTTA-3’ and 5’-
GACTCTCGCTCCCAAATGAG-3’, respectively. For sense riboprobes, the Ccrk plasmid
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was digested with Ncol and transcribed using the Sp6 promoter. For antisense riboprobes,
the Ccrk plasmid was digested with Sacl and transcribed using the T7 promoter. Antisense
riboprobes for Vax2 (Mui et al., 2002), Shh (Echelard et al., 1993), Nkx2.1 (Long et al.,
2009) and G/i1 (Hui et al., 1994) were generated by in vitro transcription using a dig-UTP
labeling mix (Roche) following manufacturer’s specifications.

2.4. Optic stalk length measurement

Images of coronal cryosections stained with anti-PAX2 and antiCHX10 (as above) from
E11.5 embryos were used to determine the length of PAX2+ tissue (i.e., optic stalk)
measured with FI1JI software. N = 5 individuals were analyzed for each genotype. Statistical
analysis was performed using Student’s t-test.

2.5. Three-dimensional reconstruction

Three-dimensional reconstruction of the optic cup was performed as previously described
(Burnett et al., 2017). Briefly, serial sagittal sections of the eyes were stained with H & E,
and traces of the optic neuroepithelium were rendered into three dimensions using Surf
Driver™ 3.5.3 software (Surfdriver).

3. Results

3.1. CCRK regulates eye morphogenesis and cilia morphology within optic progenitors

Ccrknull mice exhibited microphthalmia by E12.5 (Fig. 1A). Threedimensional
reconstruction of Ccrk mutant eyes at E10.5, at which point there is no noticeable size
discrepancy compared to wild-type, revealed that Ccrk mutants initiate optic cup formation
by invagination of the distal optic vesicle (Fig. 1B). However, the resulting structure is
morphologically abnormal and exhibits coloboma (Fig. 1B). We observed variability in the
lens formation and optic cup morphology in Ccrk mutants. In some embryos, we did not
detect a lens structure (Fig. 1B), whereas a lens was present in others (as shown in Fig. 2B).
Interestingly, Ccrk mutants exhibited this variability in optic cup and lens formation even
between the eyes of the same embryo (as shown in Fig. 6A), indicating that such phenotypic
variability can be independent of embryonic stage and genetic background.

To determine the tissues in which CCRK might function, we performed /n situ hybridization
for CcrkmRNA at E9.5 (24-26 somites) and found Cerk transcripts throughout the embryo,
including the optic vesicle (Fig. S1). As CCRK and its homologs have been shown to control
ciliogenesis in other contexts (Snouffer et al., 2017), we analyzed cilia within the eye by
immunohistochemistry using antibodies against the axonemal marker, ARL13B, and the
basal body protein, GAMMMA-TUBULIN (Caspary et al., 2007; Muresan et al., 1993). We
found that the Ccrk mutant optic neuroepithelium had abnormally short, spherical cilia (Fig.
1C). We observed no change in cilia morphology as a function of position within this tissue.
These data are consistent with the hypothesis that CCRK function within the eye is linked to
its role in cilia formation.
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3.2. CCRK regulates specification of the optic stalk, RPE, and NR

To understand better the developmental basis for these eye defects, we examined cell fate
specification within the early optic vesicle of Ccrk mutants. Ccrk mutants expressed the core
eye field transcription factors Raxand LAx2at E9.5 (Fig. S2A). We focused our analyses on
specification of the optic stalk, RPE, and NR. Patterning of the Ccrk mutant optic vesicle
was largely normal at E9.5, at which point there was no notable morphological divergence
from wild-type (Fig. 2A). Specifically, we detected no clear change in expression of PAX2
or PAX6 (Fig. 2A), which mark the proximal and distal optic territories, respectively.
Similarly, there was no change in expression of the RPE marker, MITF, nor of the NR
marker, CHX10 (also known as VSX2) (Fig. 2A). We also found no apparent change in
COUP-TFII expression, which is found in the dorsal optic stalk and RPE (Fig. 2A).
However, we did observe ectopic OTX2 expression in the distal optic vesicle of Ccrk
mutants (Fig. 2A). Normally, OTX2 is initially expressed throughout the entire optic vesicle,
but it is then down-regulated distally and is eventually confined to the RPE (Martinez-
Morales et al., 2001). Thus, while most of the early Ccrk mutant optic vesicle is correctly
patterned, these data raise the possibility of ectopic RPE specification in the distal optic
vesicle.

We then analyzed patterning of Ccrk mutants during optic cup formation at E10.5. We found
ectopic MITF and OTX2 expression in the inner layer of the optic cup, providing further
evidence that the RPE domain is expanded into the NR territory in Ccrk mutants (Fig. 2B).
Interestingly, CHX10 and SOX2 were expressed in a smaller domain within the inner layer
of the optic cup, suggesting that NR specification is compromised in Ccrk mutants (Fig. 2B).
At this stage, the PAX2 or PAX6 expression domains continued to appear normal, despite
the abnormal tissue morphology (Fig. 2B). However, SOX1 expression appeared to be
expanded distally, raising the possibility that the optic stalk domain is expanded distally in
Ccrk mutants. These data indicate that loss of CCRK leads to misspecification of the optic
stalk, RPE, and NR upon the transition into the optic cup.

3.3. CCRK regulates the Hh pathway within the eye

The distal expansion of optic stalk markers and expansion of RPE markers into the inner
optic cup in Ccrk mutants is consistent with elevated levels of Hh pathway activity within
the eye (Amato et al., 2004; Ekker et al., 1995; Macdonald et al., 1995; Perron et al., 2003;
Sasagawa et al., 2002; Zhang and Yang, 2001). In addition, we found that expression of the
ventral marker, Vax2, was expanded dorsally in Ccrk mutants (Fig. S2B). Dorsal expansion
of VaxZexpression is another hallmark of elevated Hh activity in the eye (Sasagawa et al.,
2002; Take-uchi et al., 2003; Wang et al., 2015; Zhang and Yang, 2001). These results led us
to investigate Hh pathway activity directly in Ccrk mutants.

In the optic region of wild-type embryos, SHH is expressed in the ventral midline and is
thought to promote proximo-ventral fates and inhibit dorso-distal fates in a concentration
dependent manner (Amato et al., 2004). High levels of SHH induce expression of the direct
target Nkx2.1 while inhibiting G/iZ (Ribes et al., 2010; Vokes et al., 2007). Lower levels of
SHH induce expression of the direct target G//1.
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In wild-type embryos at E9.5, Shh expression, which is induced by Shh signaling from the
prechordal plate (Dale et al., 1997), was found in the ventral midline (Fig. 3A). Nkx2.1
expression was found in the ventral midline and periocular neuroepithelium (Fig. 3C). In
contrast, G/i1 expression was absent in the midline and was found distal to the Nkx2.1
domain in the optic vesicle (Fig. 3E). Importantly, G/iZ expression was very low in the
dorso-distal tip of the optic vesicle, indicating this region normally experiences little, if any,
Hh pathway activity (Fig. 3E).

We found that Cerk mutants expressed Shh in a proximally restricted domain compared to
somite-matched, wild-type controls (Fig. 3B). We observed a similar proximal restriction of
Nkx2.1 expression in Ccrk mutants (Fig. 3D). These data suggest that high levels of Hh
activity are compromised in Ccrk mutants. We observed G/iZ expression in the midline of
Ccrk mutants, whereas no Glil expression was observed in the wild-type midline. Very high
levels of Shh signaling in the ventral midline normally repress G/i1 expression (Ribes et al.,
2010), yet intermediate-to-low levels of Hh signaling further from the ligand source
normally induce G/iI expression. The finding that G/iZ expression is retained in the mutant
midline suggests that signaling in this domain is not high enough to repress G/i1 expression
in Ccrk mutants (Fig. 3F). In conjunction, we observed elevated G/iZ expression in the
dorso-distal optic vesicle of Ccrk mutants compared to somite-matched controls (Fig. 3F).
Taken together, these results suggest that loss of CCRK not only prevents full activation of
the Hh pathway, but it also leads to an ectopic increase in Hh activity in the distal optic
vesicle.

3.4. CCRK restricts the Hh pathway downstream of SMO within the optic vesicle

The ectopic G/i1 expression in the distal optic vesicle of Ccrk mutants suggested that CCRK
is required to fully restrict Hh activity. To test this hypothesis, we performed an epistasis
experiment with Smo. SMO is cell autonomously required for cells to respond to Hh ligands
(Wijgerde et al., 2002). As a consequence, Srmo mutants fail to specify the floor plate and
other ventral cell types. We found that Smo mutants failed to induce PAX2 expression, while
PAX6 was expressed ectopically throughout the entire optic vesicle (Fig. 4). We generated
Ccrk,Smo double mutants to test whether loss of CCRK could rescue the Srmo phenotype.
Such double mutants showed restoration of proximal PAX2 expression and dorso-distal
restriction of PAX6 expression, similar to wild-type and Ccrk mutants (Fig. 4). Thus, CCRK
indeed restricts the Hh pathway within the eye, and it does so at a step downstream of SMO.

3.5. Rescue of eye patterning in Ccrk mutants by loss of GLI2

To determine whether the ectopic Hh activity in the Ccrk mutant optic vesicle underlies the
patterning or morphological defects, we performed another epistasis experiment. As GLI2 is
the primary transcriptional activator of the Hh pathway, we hypothesized that ablation of
Gli2in a Ccrk mutant background would reduce Hh levels to allow for normal eye
development. Our analysis of ocular patterning of G/i2mutants at E11.5 was consistent with
previous analyses indicating G/i.2 mutants undergo normal cell fate specification and optic
cup development (Fig. 5; Furimsky and Wallace, 2006; Burnett et al., 2017). Patterning and
morphology of the Ccrk mutant optic cup at E11.5 was similar to that at E10.5: optic stalk
markers were expanded distally, RPE markers were ectopically expressed in the inner optic
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cup, and NR markers were present in a reduced domain (Fig. 5). Although PAX2 and PAX6
expression was normal at E10.5, by E11.5, PAX2 expression was expanded distally into the
optic cup, while PAX6 expression was distally restricted, indicating the proximo-distal axis
of the optic cup is not properly established at this stage in Ccrk mutants (Fig. 5). We
generated Ccrk;G/i2 double mutants, which showed rescue of both optic cup morphogenesis
and optic stalk, RPE and NR patterning (Fig. 5). These data suggest that elevated levels of
Hh activity are responsible for the optic cup patterning and morphogenesis defects resulting
from the loss of CCRK.

3.6. Ccrk mutants exhibit shorter optic stalks, a phenotype exacerbated by loss of GLI2

3.7.

The angle of the optic cup in Ccrk;G/i2 double mutants appeared to be shifted ventrally,
suggesting a possible defect in optic stalk outgrowth (Fig. 5; Furimsky and Wallace, 2006).
This prompted us to compare the lengths of the ventral optic stalk of wild-type, Ccerk, Gli2,
and Ccrk;G/i2 mutants at E11.5. As PAX2 marks the optic stalk territory, we measured
PAX2+ tissue in coronal sections that encompassed both eyes (see Materials and Methods).
We found that Cerk mutants exhibited a significantly shorter optic stalk than wild-type
embryos (p < 0.01; Fig. 6A,B). Interestingly, Ccrk;G/i2 double mutant optic stalks were not
only shorter than those of wild-type (p < 0.0001), but also shorter than those of Ccrk single
mutants (p < 0.01). Ccrk;G/i2 double mutants also lacked a PAX2-negative ventral midline,
whereas this domain was present in both Ccrkand G/i2 single mutants (Fig. 6A). Ccrk
mutants also exhibited hypotelorism, which was further exacerbated by loss of GL/2 (Fig.
6A). Thus CCRK appears to be required for optic stalk outgrowth and to act synergistically
with GLI2 in this process (Fig. 6A,B).

Collectively, these experiments suggest that, in addition to restricting Hh activity, CCRK
promotes proper responses to high levels of Hh signals. In Ccrk mutants, the gain of low-
level, ectopic Hh activity contributes to the distal patterning defects, whereas the diminished
response to high levels of Hh signals proximally leads to incomplete outgrowth of the optic
stalk (see Discussion).

Exacerbation of eye defects in Ccrk mutants by simultaneous loss of GLI3

Our patterning analysis of Ccrkand Ccrk;G/i2 double mutants suggested that Hh activity
influences RPE and NR cell fates. To test the hypothesis that these cell fates are indeed
sensitive to elevated levels of Hh activity, we compared patterning of Ccrk mutants to that of
Gli3 mutants. GLI3 is the primary Hh transcriptional repressor, whose loss leads to an
elevation of the Hh pathway. At E11.5, G/i3 mutants phenocopied Ccrk mutants, including
the variability of the phenotype. In both mutants, the optic stalk was expanded into the optic
cup, the RPE was expanded into the NR, and the size of the NR domain was reduced (Fig. 7;
Burnett et al., 2017). Further elevating the Hh pathway in Ccrk mutants by simultaneously
removing GLI3 (Ccrk-/-;Gli3—-/-) led to a greater expansion of the RPE marker MITF into
the NR domain and a complete loss of CHX10+ cells (Fig. 7). Furthermore, whereas most
Ccrk-land G/i3-/single mutants generated a lens by this stage (n = 8/10 and 7/8,
respectively), we did not observe a lens in any of the Ccrk—/—;G/i3-/double mutants
analyzed (n = 0/6). Thus, disruption of Ccrkand G/i3together resulted in a phenotype
exacerbated beyond that seen in either single mutant.
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Collectively, the data suggest that optic progenitors are sensitive to subtle changes in the
levels of Hh activity, and that progressively lower doses of Hh activity are required for
proper specification of the optic stalk, RPE, and NR, respectively.

4. Discussion

4.1. CCRK controls early eye development and Hedgehog signaling

Our results indicate that CCRK regulates morphogenesis and patterning of the late optic
vesicle/early optic cup in the mouse embryo. Ccrk null mutants execute properly the earliest
stages of eye development: by E9.5, Ccrk mutants have specified and split the eye field and
have generated optic vesicles whose patterning is largely normal. However, by E10.5,
invagination of the optic vesicles and the lens placodes to form the optic cup and lens,
respectively, is variably disrupted. By E11.5, specification of the neural retina (NR),
characterized by CHX10 and SOX2 expression and the absence of SOX1, is significantly
reduced. Concomitantly, the mutants show ectopic expression of the retinal pigment
epithelium (RPE) markers MITF and OTX2 within the domain that would normally adopt
the NR fate. Moreover, Ccrk mutants show distal expansion of PAX2+ optic stalk (OS)
identity and failure to close the optic fissure (coloboma). As cells adopting the NR, RPE,
and OS fates arise from the distal, intermediate, and proximal portions of the optic vesicle,
respectively, these results suggest that cell fates in the Ccrk mutant eye are shifted towards a
more proximal identity at the expense of distal identity.

Such defects in patterning are consistent with changes in Hh pathway activity, which has
been shown to regulate proximo-distal identity in the mouse eye (Amato et al., 2004; Ekker
et al., 1995; Macdonald et al., 1995; Perron et al., 2003; Sasagawa et al., 2002; Take-uchi et
al., 2003; Wang et al., 2015; Zhang and Yang, 2001; Zhao et al., 2010). Indeed, the
expression of Shhand downstream targets, Nkx2.1and GliZ, in Ccrk mutants indicates that
the Hh pathway is dysregulated in the absence of CCRK. These findings suggest there are
two aspects to the effect of the Ccrk mutation on Hh pathway activity. First, the expansion of
Gli1 expression throughout the distal optic vesicle suggests the pathway is inappropriately
upregulated in cells that would normally exhibit very low, if any, levels of pathway activity.
This defect may explain the reduction of NR specification and disruption of optic cup
formation. In addition, the expression domains of Shh and NkxZ2.1 in the ventral midline of
Ccrk mutants are reduced. As both genes are normally activated by the highest levels of
Hedgehog signaling, these data suggest that CCRK is also required for strong Hh responses.
This aspect of CCRK’s function may explain the finding that CCRK and GLI2 act together
to promote the length of the PAX2+ ventral optic stalk. These results are consistent with
recent work from our laboratory (Snouffer et al., 2017) showing that, in the developing
spinal neural tube and in embryonic fibroblasts, CCRK has two functions in Hh signaling: it
acts in Hh signal-receiving cells to promote responses to the highest level of signals, while it
also inhibits pathway activity in cells that are distant from the source of SHH and are not
exposed to such signals. Our hypothesis, summarized in Fig. 8, helps to explain how CCRK,
through its control of Hh pathway activity, allows for proper patterning and morphogenesis
in the distal eye while also promoting ventral midline specification in conjunction with
GLI2.
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4.2. Therole of GLI proteins in the Ccrk mutant phenotype

We suggest that the major, if not sole, mechanism by which CCRK controls early eye
development is through regulation of the activity of the Hh pathway. The phenotype in the
distal portion of the eye is consistent with ectopic activation of the pathway, which typically
promotes proximal fate specification and the expense of distal fate specification. As the
expression domain of the Shh ligand is restricted in Ccrk mutants, we hypothesized that loss
of CCRK causes ligandindependent activation of the pathway. In support of this hypothesis,
we found that Hh-dependent repression of PAX6 expression in the ventral midline and
activation of PAX2 expression were rescued by disruption of Cerkin a background that
lacks SMO (which otherwise shows complete lack of pathway activity).

Hh signaling is transduced by the GLI transcription factors, with GLI2 acting primarily as an
activator and GLI3, after being proteolytically processed, functioning primarily to repress
Hh target gene expression. Gli2 null mutants show a rather subtle phenotype in the eye
(reported as slight shortening of the optic stalk) with distal development remaining largely
normal (Furimsky and Wallace, 2006; Fig. 5). This is not surprising as distal optic tissues
show little, if any, Hh pathway activity at the early optic vesicle stage, so a reduction of such
activity would have little consequence. G/i3null mutants, however, show disruption of distal
eye development and exhibit a phenotype remarkably similar to that of Ccrk mutants
(Furimsky and Wallace, 2006; Fig. 7). This is likely due to ectopic Hh activity in the distal
eye, which would inhibit NR specification and promote RPE and OS identity.

Consistent with our hypothesis, removing GLI2 function from Ccrk mutants rescues
morphogenesis and patterning of the distal eye. Our interpretation is that removing GLI12
reduces the level of ectopic Hh activity in Ccrk mutants to near normal levels, thus allowing
distal development to occur normally. Thus, CCRK may prevent GLI2 from ectopically
activating the Hh pathway. However, in the ventral midline and OS, where Ccrk mutants
exhibit lower than normal levels of activity, further reduction of activity by removing GLI2
results in shortening of the PAX2+ OS and hypotelorism.

Further support for the hypothesis comes from the fact that removal of GLI3 from Ccrk
mutants exacerbates the distal developmental defects, resulting in robust, ectopic RPE
specification in the distal eye and a complete failure of NR specification. Thus, the
simultaneous removal of two repression mechanisms, executed by CCRK and GLI13, would
lead to even higher levels of ectopic pathway activity and further proximalization of distal
eye development.

In principle, activation of the pathway in CCRK mutants may be caused by loss of GLI
repressor functions. The importance of GLI3 repressor (GLI3Rep) in restricting Hh
signaling has been well established (Rallu et al., 2002; Wijgerde et al., 2002). However, the
fact that the Ccrk/Gli3 double mutant eye is much more severely affected than that of Gli3
single mutants suggests that ectopic activity caused by the Ccrk mutant is not due simply to
loss of GLI3Rep. Indeed, the levels of processed GLI3Rep forms are reduced only to a
minor extent in Ccrk mutants (Snouffer et al., 2017). Processed GLI2 has also been reported
to have a repressor function (GLI2Rep), but this remains controversial and its importance
appears to be minor (McDermott et al., 2005; Pan et al., 2009, 2006). The fact that loss of
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GLI2 rescues, rather than exacerbates, the Ccrk distal eye phenotype does not support a role
for CCRK in promoting GLI2Rep function. Furthermore, if the Ccrk distal eye phenotype
were to be caused by the loss of both GLI3Rep and GLI2Rep function, one would expect
that the distal eye phenotypes of Ccrk/Gli2, Ccrk/Gli3, and G/li2/G1i3 double mutants to be
similar to one another, which is not the case. G/i2/G/i3 double mutants (Furimsky and
Wallace, 2006) show subtle disruption of distal eye development—a phenotype that is less
severe than that seen in Cerk/G/i3 double mutants and is more severe than that seen in Ccrk/
Gli2 double mutants. Taken together, the data suggest that CCRK restricts Hh pathway
activity in the distal eye primarily by inhibiting constitutive activity of GLI activators
(mainly GLI2 activator). This does not rule out an additional role for CCRK in promoting
GLIRep function, but this cannot be the sole mechanism for regulation.

4.3. The cell biological function of CCRK in Hh pathway regulation

CCRK likely controls the Hh pathway in the eye via its function in ciliogenesis. A large
body of evidence indicates that many steps in Hh signaling occur within, and depend upon,
the primary cilium (Caspary et al., 2007; Christopher et al., 2012; Goetz and Anderson,
2010; Haycraft et al., 2005; Huangfu et al., 2003; Huangfu and Anderson, 2005; Liu et al.,
2005; Mukhopadhyay and Rohatgi, 2014; Rohatgi et al., 2007). Loss of CCRK disrupts the
overall morphology and length of primary cilia in the optic primordium (Fig. 1), as well as
in the spinal neuroepithelium and embryonic fibroblasts (Snouffer et al., 2017). This
function of CCRK is consistent with those of its homologs in other systems, such as
Chlamydomonas (LF2), C. elegans (DYF18), and Danio rerio (CCRK). Moreover, we
recently showed that loss of primary cilia or defective ciliary transport in cells of the optic
primordium leads to ectopic activity of Hh pathway activity and disruption of distal eye
development (Burnett et al., 2017). Collectively, the data suggest that CCRK regulates GLI
function and Hh pathway activity by virtue of its role in assembling normal cilia.

Although the precise mechanism by which CCRK contributes to ciliary regulation of Hh
signaling remains unclear, our recent findings suggest that CCRK promotes the efficient
import of key Hh pathway regulators, such as GLI2 and SMO, into primary cilia (Snouffer et
al., 2017). The mechanisms by which CCRK controls ciliary transport and the reason why
GLI proteins achieve this intermediate state when transport is perturbed are still to be
elucidated.

4.4, Control of early eye development by Hh signaling

The specification of RPE and NR identity is under the control of a variety of signaling
pathways, such as the WNT, BMP, Notch and FGF pathways, as well as a gene regulatory
network involving a number of transcription factors, such as CHX10, MITF, OTX2, VAX2,
and PAX6 (Bharti et al., 2012; Galy et al., 2002; Martinez-Morales et al., 2003; Nishihara et
al., 2012; Ou et al., 2013; Steinfeld et al., 2017, 2013; Veien et al., 2008). Our results
indicate that the Hh pathway also regulates RPE and NR identity. These findings are
consistent with previous work showing that overexpression of Hh ligands promotes RPE at
the expense of NR specification in chick embryos (Zhang and Yang, 2001), and work on
Xenopus showing that at least some Hh signaling is normally required for RPE development
(Perron et al., 2003). The phenotype of Ccrk mutants, as well as those of Ccrk;G/i2and
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Ccrk,;Gli3 double mutants, collectively support the view that, whereas high levels of Hh
activity promote midline and OS fate specification, low-to-intermediate levels of Hh activity
promote RPE specification and inhibit specification of the NR fate (Fig. 8).

Because our understanding of the rather complex regulatory networks controlling RPE and
NR fate remains incomplete, there are many possibilities as to the role of the Hh pathway in
this decision. We think it likely that Hh signaling directly controls few aspects of the
network while influencing other aspects indirectly. For example, although Hh signaling
could act through parallel mechanisms to promote RPE fate and inhibit NR fate, it is perhaps
more likely that Hh signaling directly controls one of these aspects, with effects on the other
being secondary. This suggestion is supported by the data indicating that MITF, a
transcription factor expressed by RPE cells, and CHX10, a NR transcription factor, inhibit
each other’s expression (Horsford et al., 2005; Nguyen and Arnheiter, 2000). Thus, it is
possible that down-regulation of Chx10 expression and NR specification in Ccrk mutants is
secondary to ectopic Mitf expression induced by low-level Hedgehog signaling.
Alternatively, ectopic Mitf expression may be secondary to a more direct inhibitory effect of
the Hh pathway on ChxZ0expression. Still, other scenarios are also possible whereby Hh
activity controls the expression or activity of factors upstream of Mitfand Chx10expression.
The direct and indirect roles of Hh signaling in this specification process should be clarified
by future studies of the candidate regulatory factors and pathways.

In the absence of Hh signaling (e.g., in SAf-lor Smo-/mutants), no discernable pattern within
the optic system is apparent (Chiang et al., 1996; Fig. 4). This indicates that there is, at a
minimum, a permissive role for Hh signaling in establishing proximo-distal pattern.
Additionally, our data strongly support the view that different levels of Hh signaling
contribute instructively to the specification of distinct cell fates in the developing eye, as
both increasing and decreasing Hh pathway activity clearly alter cell fate choice
(summarized in Fig. 8). Nevertheless, our data also indicate that differences in the levels of
signaling by the graded distribution of Hh ligands cannot be the sole source of positional
information that distinguishes between cell fate choices. For instance, increasing Hh
pathway activity by removal of CCRK in a background lacking SMO still allows for
patterning along the proximal-distal axis (Fig. 4). According to existing data, cells should
not be able to sense Hh ligands (via the canonical pathway) in the absence of SMO
(Varjosalo and Taipale, 2008; Zhang et al., 2001), and yet cells in the ventral midline of
Ccrk;Smo double mutants express neither PAX6 nor PAX2, cells towards the distal region of
the optic vesicle express both PAX6 and PAX2, and cells in the dorsal optic vesicle express
PAX®6 alone. This hypothesis is also supported by the phenotype of Ccrk mutants, which
appear to express uniform low levels of G/iZ (Fig. 3F); despite this apparent lack of graded
Hh activity, cells in this region are still able to make distinct regionally-defined choices.
How such positional information is imparted to cells in the absence of a gradient of Hh
activity is unclear, but it could occur through graded BMP, WNT, or FGF signals from
sources external to the optic vesicle, such as the surface ectoderm or extraocular
mesenchyme.
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:

Fig. 1.
Ccrk mutants show defects in eye morphology and ciliogenesis. (A) Whole-mount images of

wild-type and Ccrk-/embryos at E12.5. Note the microphthalmia in the Ccrk mutant. (B)
Representative images of sagittal serial sections of wild-type and Ccrk mutant eyes at E10.5
stained with H& E from a set used to generate the 3-D models shown. Note the coloboma
and abnormal optic cup shape in the Ccrk mutant. Abbreviations: OC, optic cup; Do, dorsal;
V, ventral; Di, distal; P, proximal. Scale bar indicates 50 pm. (C) Confocal maximum
intensity projections of cilia in both wild-type and Ccrk mutant optic stalk at E10.5,
visualized with antibodies against ARL13B (green) and GAMMA-TUBULIN (red); DNA is
counterstained with DAPI (blue). Note that cilia in Ccrk mutants appear abnormally short
and round. Scale bar indicates 2 um.
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Fig. 2.

Al:?normal cell fate specification in the Ccrk mutant optic vesicle and optic cup. (A) Sections
through somite-matched E9.5 wild-type and Ccrk mutant optic vesicles stained with markers
for cell fates. Note that Ccrk mutant patterning is largely normal, except for expansion of
OTX2 into the pNR territory. Abbreviations: pOS, presumptive optic stalk; pRPE,
presumptive retinal pigment epithelium; pNR, presumptive neural retina; Do, dorsal; V,
ventral; P, proximal; Di, distal. (B) Sections through E10.5 wild-type and Ccrk mutant eyes
stained with markers for cell fates. Note the reduced size of the CHX10 and SOX2 domain
within the NR and the expansion of MITF and OTX2 into the inner optic cup. 3-6 embryos
per genotype per stage were analyzed. Abbreviations: OS, optic stalk; RPE, retinal pigment
epithelium; NR, neural retina.
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Loss of CCRK results in results in bimodal changes in Hh pathway activity. (A-F) Sections

of wild-type (A, C, E) and Ccrk-lembryos (B, D, F) at the indicated somitestages (ss)

following whole-mount in situ hybridization against Shh (A, B), Nkx2.1 (C, D), and G/i1 (E,
F). Note the proximal restriction of Sh#(B) and Nkx2.1 (D) expression, but the proximal
and distal expansion of G/iI expression (F), in the Ccrk mutant. Arrows and arrowheads in
(E) mark the G/iz-negative midline and G/iZ-low distal optic vesicle, respectively, in wild-
type embryos. Arrows and arrowheads in (F) mark ectopic G/iZ expression in the midline
and distal optic vesicle, respectively, in Cerk mutants. 3 embryos per genotype per assay

were analyzed.
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Wild-type Ccrk-/- Smo-/- Ccrk-/-;Smo-/-

Fig. 4.
Loss of CCRK activates the Hh pathway independently of SMO. Sections through the optic

vesicle of wild-type, Cerk, Smo, and Ccrk; Smo double mutants stained with antibodies
against PAX2 and PAX6. Note that the loss of PAX2 expression and the proximal expansion
of PAX6 expression in the Smo mutant is suppressed in the Ccrk; Smo double mutant. 3—4
embryos per genotype were analyzed.
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Wild-type Ccrk-/- Gli2-/- Ccrk-/-;Gli2-/-

Fig. 5.

E)?e patterning defects in Ccrk mutants are suppressed by loss of GLI2. Sections through
E11.5 wild-type, Ccrk, G/iZ, and Ccrk;G/i2 double mutant eyes stained with markers for cell
fates. Note the dorsal expansion of PAX2, dorsal restriction of PAX6, expansion of MITF
and OTX2 into the inner optic cup, reduction of CHX10+ cells, distal expansion of SOX1,
and loss of SOX2 expression in the Ccrk mutant, yet the rescue of abnormal patterning in the
Ccrk,;Gli2 double mutant. 4-6 embryos per genotype were analyzed.
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Fig. 6.
Ccrk mutants show shortened optic stalks and loss of GLI2 exacerbates this defect. (A) Low-

magnification images of coronal sections through the eyes of E11.5 wild-type, G/i2, Ccrk,
and Ccrk,;G/i2 double mutants stained with antibodies against PAX2 and CHX10 to mark the
optic stalk and neural retina, respectively. Scale bar indicates 100 um. (B) Lengths of the
ventral optic stalks of wild-type, G/i2, Ccrk, and Ccrk;G/i2 double mutants at E11.5 as
indicated by PAX2 expression. 5 embryos analyzed per genotype. Error bars indicate
standard error.
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Data were analyzed using Student’s t-test: not significant (n.s.); p < 0.05 (*); p < 0.01 (**); p
<0.001 (***).
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Wild-type Ccrk-/- Gli3-/- Ccrk-/-;Gli3-/-

Fig. 7.

Digsruption of GLI3 exacerbates the eye patterning phenotype of Ccrk mutants. Sections
through E11.5 wild-type, Ccrk, GIi3, and Ccrk,;G/i3 double mutant eyes stained with
markers for cell fates. Note the loss of CHX10 and SOX2 expression in the inner optic cup
and the extensive expansion of MITF into the inner optic cup in the double mutant. 5-7
embryos per genotype were analyzed.
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Fig. 8.

CCRK controls eye development by both promoting proximal, high-level activation of the
Hh pathway and by restricting distal, low-level Hh activity. (A) Model for the role of CCRK-
dependent Hh activity during eye morphogenesis. In the absence of CCRK, the proximal,
high levels of Hh activity are not achieved (green arrow). This leads to a shorter optic stalk
compared to wild-type. Loss of GLI2 in a Ccrk mutant background, which further reduces
Hh pathway activity, shortens the optic stalk even further while also preventing formation of
a ventral midline. In the absence of CCRK, there is also ectopic, low-level Hh activity in the
distal eye, as in G/i3mutants (red arrow). This shifts the boundary between the optic stalk
and optic cup distally, as evidenced by distal PAX2 expansion. This also compromises lens
formation. Loss of GLI3 in a Ccrk mutant background, which further elevates the Hh
pathway activity, completely abolishes lens formation and severely impairs optic cup
morphogenesis. (B) Model for the role of CCRK-dependent Hh activity in specification of
the RPE and NR. The elevation of Hh activity in the distal eye of Ccrk mutants results in an
expansion of RPE fate and a corresponding restriction of NR fate. Loss of GLI2 in Cerk
mutants reduces Hh activity and restores normal patterning of the RPE and NR. In contrast,
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loss of GLI3 in Ccrk mutants further elevates the Hh pathway, which leads to a complete
expansion of the RPE and abolishes NR specification.
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