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Itpr1 regulates the formation of anterior eye segment tissues

derived from neural crest cells
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ABSTRACT

Mutations in ITPR1 cause ataxia and aniridia in individuals with
Gillespie syndrome (GLSP). However, the pathogenic mechanisms
underlying aniridia remain unclear. We identified a de novo GLSP
mutation hotspot in the 3’-region of /ITPR1 in five individuals with
GLSP. Furthermore, RNA-sequencing and immunoblotting revealed
an eye-specific transcript of lfpr1, encoding a 218amino acid isoform.
This isoform is localized not only in the endoplasmic reticulum, but
also in the nuclear and cytoplasmic membranes. Ocular-specific
transcription was repressed by SOX9 and induced by MAF in the
anterior eye segment (AES) tissues. Mice lacking seven base pairs
of the last /ltpr1 exon exhibited ataxia and aniridia, in which the
iris lymphatic vessels, sphincter and dilator muscles, corneal
endothelium and stroma were disrupted, but the neural crest cells
persisted after completion of AES formation. Our analyses revealed
that the 218-amino acid isoform regulated the directionality of actin
fibers and the intensity of focal adhesion. The isoform might control
the nuclear entry of transcriptional regulators, such as YAP. It is also
possible that ITPR1 regulates both AES differentiation and muscle
contraction in the iris.

KEY WORDS: Inositol 1,4,5-triphosphate receptor 1 gene (ITPR1),
Anterior eye segment, Gillespie syndrome, Aniridia, Neural crest cell

INTRODUCTION

The vertebrate eye is a complex organ composed of many tissues;
therefore, it exhibits a complicated developmental process.
Interactions between the epidermal ectoderm and a neural-derived
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structure, originally called the optic vesicle but later known as the
optic cup, result in the development of the lens, corneal epithelium
and retina [reviewed by Adler and Canto-Soler (2007) and
Heavner and Pevny (2012)]. Microtissues, such as the dilator and
sphincter muscles of the iris, also develop from the optic cup
ectoderm (Mann, 1925; Ferrari and Koch, 1984). The periocular
mesenchyme, including neural crest cells (NCCs) and mesoderm
cells, also participates in eye formation [reviewed by Cvekl and
Tamm, 2004; Davis-Silberman and Ashery-Padan, 2008; Johnston
et al., 1979; Trainor and Tam, 1995). In the mouse anterior eye
segment (AES), the stroma and endothelium of the cornea, stroma
of'the iris and ciliary body, and Schlemm’s canal wall originate from
NCCs (Kanakubo et al., 2006). However, theories regarding the
origin of AES remain controversial (Gage et al., 2005).

Aniridia (MIM: 106210) is a rare congenital eye anomaly that
occurs in one in every 64,000-96,000 newborns (Shaw et al., 1960)
and is defined as the complete or partial hypoplasia of the iris
[reviewed by Jafari and Amiri (2015)]. Haploinsufficiency of the
paired box gene 6 (PAX6, MIM: 607108), a master regulator of eye
development, has been identified in individuals with congenital
aniridia (Axton et al., 1997). However, several other transcription
factors (TFs) contribute to eye development. For example,
the v-MAF avian musculoaponeurotic fibrosarcoma oncogene
homolog or MAF (MIM: 177075) is an important regulator of
eye development, specifically that of the lens [reviewed by Eychéne
et al. (2008) and Xie and Cvekl (2011)]. In humans, heterozygous
mutations in MAF cause ocular malformations, such as iris coloboma,
congenital cataract, glaucoma, microcornea and microphthalmia
(Anand et al., 2018). Furthermore, mutations in the genes encoding
cytoskeletal proteins also cause iris malformations. Mutations in the
actin genes ACTB (MIM: 102630) and ACTGI1 (MIM: 102560)
cause iris coloboma in 70% of patients with Baraitser—Winter
syndrome (Riviere et al., 2012). Mice with mutations in the
unconventional myosin member Myo6 (tvrm89), in which leucine
at position 480 is replaced by proline, have been reported to exhibit
iris malformation (Samuels et al., 2013). However, the detailed
mechanisms by which these various genes cause iris malformations
remain unknown.

Gillespie syndrome (GLSP, MIM: 206700) is a rare genetic
disorder characterized by cerebellar ataxia, mild-to-severe intellectual
disability and aniridia (Gillespie, 1965). Recently, five independent
groups reported that the gene encoding inositol 1,4,5-triphosphate
receptor 1 (/ITPR1), located on 3p26.1, is mutated in GLSP (Gerber
et al., 2016; McEntagart et al., 2016; Dentici et al., 2017; Carvalho
et al., 2018; Paganini et al., 2018). ITPR1, a receptor for inositol
1,4,5-triphosphate (IP;), functions as a calcium channel that
mediates Ca®" release from the endoplasmic reticulum (ER) upon
stimulation by IP3; (Maeda et al., 1990). Correspondingly, mutations
or deletions of ITPR] also cause spinocerebellar ataxias (SCAs) 15,
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16 and 29, in which aniridia has never been observed (Iwaki et al.,
2008; Synofzik et al., 2011; Huang et al., 2012; Sasaki et al., 2015).
Abnormal calcium channel function reportedly leads to ataxia in
both GLPS and SCA; however, the mechanisms by which the
calcium channel protein on the ER causes aniridia only in GLSP are
unclear.

We hypothesized a new function of ITPR1 in eye development, in
addition to it being a calcium channel. Here, we provide evidence of
an ocular-specific isoform of /tpr1 and demonstrate that disruption of
Itprl leads to iris and corneal dysplasia. Although the pathogenic
mechanism remains unclear, there is a possibility that ITPR 1 regulates
the nuclear entry of mechanosensitive transcriptional regulators.

RESULTS

De novo mutations in ITPR1 cause Gillespie syndrome

Five individuals with GLSP and their healthy parents participated in
this study after providing written informed consent (GLSP families
1-5). All individuals with GLSP manifested ataxia and aniridia
(Fig. 1A,B). Using whole-exome sequencing, two de novo missense
mutations and a recurrent in-frame deletion mutation in /7PRI
(NM_001168272) were identified in GLSP families 1-4. Based on
the human GRCH37/hg19 assembly, the mutations were designated
as chr3:4,859,894G>A (c.7951G>A; p.G2651R) in GLSP family 1,
chr3:4,856,836T>C (c.7756T>C; p.F2586L) in GLSP family 2 and
chr3:4,856,866delAAG> (c.7786_7788delAAG; p.K2596del) in
GLSP families 3 and 4. Using Sanger sequencing, we also identified
a de novo mutation in ITPRI1, chr3:4,856,205G>A (c.7615G>A;
p-G2539R), in GLSP family 5 (Fig. 1C). These mutations were
absent in our in-house datasets and available public databases, such
as dbSNP135, Complete Genomics 69 Genomes, ESP5400 Exome
Sequencing Project and 1000 Genomes.

ITPR1 is a giant tetrameric calcium channel protein with six
transmembrane domains located in the ER membrane. The Ensembl
database (http:/www.ensembl.org; Yates et al., 2019) contains
various human /7PR1 transcripts, the longest of which comprises 61
exons and encodes 2743 amino acid residues (NM_001168272.1
and NP_001161744 in GenBank). Detailed structural analyses of rat
Itprl at near-atomic resolution revealed that this protein contains
106 o-helices (Fan et al., 2015). All mutated amino acids in ITPR1
were positioned in the region between o-helices 101 and 105,
which contained the last transmembrane domain and helix linker
domain (Fig. 1C). Furthermore, all mutated residues have been
evolutionarily conserved, from nematodes to humans and among
ITPR family members, which suggests the functional importance of
these residues in the structure and function of ITPR1 (Fig. 1D).

Itpr1 expression in the eye

According to the Human Protein Atlas (https:/www.proteinatlas.
org; Uhlén et al., 2015), ITPR1 is ubiquitously expressed in human
organs, including the eye. To visualize Itprl expression in the
ocular tissues, we generated genetically modified mice harboring
a V5-tag in-frame at the 3'-terminus of ltprl (Itpri1””, Fig. S1A).
We performed immunohistochemical experiments with rabbit
monoclonal anti-V5 antibody on the eye sections from this
knock-in mouse.

First, we tested the specificity of the anti-V5 antibody on eye
sections from the Irprl”>"> mouse at postnatal days 7 and 14
(P7 and P14). Positive signals were observed in the ciliary body,
iris and cornea with the V5 antibody, but not with the rabbit
IgG negative control (Fig. 2A-D; Fig. SIB,C). Additionally,
immunofluorescence staining with the V5 antibody revealed that
Itprl was expressed in the iris stroma, sphincter and dilator muscles,
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Fig. 1. Symptoms of individuals with GLSP, location of the mutated
amino acids and evolutionary conservation of ITPR1. (A) Brain magnetic
resonance imaging of five individuals with GLSP (GLSP 1-5). Arrows and
arrowheads indicate the areas of the brain affected. (B) Aniridia in patients 1,
2, 4 and 5 with GLSP. (C) De novo mutations in the C terminus of ITPR1 in
GLSP family members. In GLSP families 1-5, independent de novo
mutations occurred in exons 57-59 of human ITPR1, which comprises 61
exons. These locations correspond to a-helices 101-105 of human ITPR1,
which are part of the transmembrane and helical linker domains. (D) Amino
acid conservation in nematodes, mice and humans and in other members of
the ITPR family.

ciliary body unpigmented epithelium, angle mesenchyme, corneal
endothelium and stroma, and hyaloid vessels (Fig. 2E-H).
Consequently, it was reasonable to assume that /7PR/ mutations
result in aniridia in individuals with GLSP.

A novel Itpr1 transcription start site identified using RNA-
sequencing

Mutations or deletions in the anterior half of ITPRI result in
autosomal-dominant neurological disorders, namely SCAs 15, 16
and 29; however, individuals with SCA do not exhibit aniridia
(Iwaki et al., 2008; Synofzik et al., 2011; Huang et al., 2012; Sasaki
etal., 2015). Moreover, the de novo mutations found in our patients
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Fig. 2. Itpr1 distribution in the mouse eye. (A) Immunohistochemistry with
normal rabbit IgG as a negative control in /tpr1V?V®> mouse eye at P7.

(B) Magnified view of boxed area in A. (C) Immunohistochemistry with a
rabbit monoclonal anti-V5 antibody in ftpr1V%V> mouse eye at P7.

(D) Magnified view of boxed area in C. (E) Double immunofluorescence
staining with anti-V5 tag antibody (red) and Pdpn (green) in lfpr1V%V® mouse
eye at P7. (F) Magnified view of boxed area in E. (G) Magnified view of
boxed area in E. (H) Magnified view of boxed area in E. Scale bars: 300 um
in A,C and E; 100 pm in B, D and F-H. AM, angle mesenchyme; CE, corneal
endothelium; CNPE, ciliary nonpigmental epithelium; CS, corneal stroma;
HV, hyaloid vessel; ID, iris dilator muscle; IS, iris stroma; I1Sp, iris sphincter
muscle.

with GLSP clustered in the 3’-coding region (Fig. 3A). Therefore,
we hypothesized that an undiscovered TSS may be present near the
3’ end of ITPRI. To confirm this, we performed RNA-sequencing
(RNA-seq) using total RNA extracted from the eyes and brains of
Itpr1”>"? mice at PO (Fig. S2A). RNA-seq demonstrated that the
number of reads increased remarkably only in the eye at GRCm38/
mm10 chr6:108,517,585 in exon 57 of liprl (Fig. 3B; Fig. S2B).
This position corresponded to GRCh37/hg19 chr3:4,854,885, that
is, exon 56 of human /7PRI (Fig. 3C). No extra exons were
identified using RNA-seq and 3’ rapid amplification of cDNA ends.
Thus, the transcript from the novel transcription start site (TSS)
comprises the last six exons of /tpr1.

MAF participates in transcription from the novel Itpr1 TSS
The UCSC Genome Browser based on GRCh/hgl9 showed that
the TSS upstream sequence chr3:4,854,530-4,854,885 was
conserved among 100 vertebrate species and showed nearly 90%
similarity between humans and mice (Fig. S3). The PAX6-binding
motif is positioned in the vicinity of the 5’ end of the novel
TSS, chr3:4,854,739-4,854,759 (Fig. 3D; Fig. S3). To determine
whether the sequence around the novel TSS possesses
transcriptional activity, a reporter assay was performed. Reporter
vectors containing DNA fragments with or without a PAX6-binding
site were transfected into the human embryonic kidney (HEK) 293T
cell line (Fig. 3D). Clones 1-5 induced robust reporter
activity, although the fragment containing the PAX6-binding
site without the sequence proximal to the TSS, clone 6, failed
to increase transcription (Fig. 3E). These results suggest that
PAXG6 is not necessary for transcription from the TSS of ITPRI.
Given that various TFs (other than PAX6) participate in
eye development, PAX6, PAX6(5a), PITX3 and MAF
cDNAs were cloned into expression vectors with an N-terminal
3XFLAG-tag, and each expression vector was co-transfected
with reporter clone 2. MAF dramatically enhanced the
transcriptional activity (Fig. 3F). Additionally, other TFs
(FOXCI, FOSL2, OTX1, MSXI and PITX2) were also analyzed,
however, these did not induce reporter activity to the same extent as
MAF (Fig. S4).

Clones 7 and 8, without the proximal region and PAX6-binding
domain, notably increased the reporter activity (Fig. 3D). We sought
to detect MAF-binding sites using VISTA (http:/genome.lbl.gov/
vista/index.shtml; Mayor et al., 2000), an online tool to predict TF-
binding motifs depending on the evolutionary conservation among
species, and identified three potential MAF-binding sites tandemly
positioned within clone 8, chr3:4,854,530-4,854,664 (Fig. S4B).
Wild-type MAF greatly increased the reporter activity of clone 8,
whereas the MAF mutant, R288P, which had been identified in
individuals with ocular diseases, failed to do so (Fig. 3G; Anand
et al., 2018). To determine whether MAF associates with these
motifs in vitro, 3xFLAG-tagged MAF and the mutant R288P were
incubated with magnetic nanobeads conjugated with double-
stranded oligonucleotides with the MAF-binding motif and
immunoblotted with an anti-FLAG (DDDDK) antibody. This
assay demonstrated that MAF showed direct binding with each
MAF-binding motif, however, the R288P mutant showed
weak binding (Fig. S4C). Additionally, a chromatin
immunoprecipitation (ChIP) assay revealed that the wild-type
MAF bound to the motifs with higher strength compared with the
R288P mutant (Fig. 3H).

To explain the significant reduction in reporter activity in
clone 6, including MAF-binding sites, we hypothesized that
some TFs suppressed the reporter activity by competing with it in
that region to occupy the binding motif. Using the JASPAR
database (http:/jaspar.genereg.net; Sandelin et al., 2004), inverted
overlapping SOX9-binding motifs were detected in GRCh37/
hgl9 chr3:4,854,734-4,854,742 (sense) and 4,854,731-4,854,739
(antisense), which involved adjustments to the PAX6-binding
motif (Fig. 31). The binding of SOX9, an NCC marker, to these
motifs was demonstrated by a ChIP assay using the mouse cranial
neural crest cell line O9-1 (Fig. 3J). Wild-type SOX9 with a FLAG
tag showed binding with the SOX9 motifs, whereas the H165Q
mutant showed a lower binding capacity compared with the wild
type (Fig. S4D). We also observed that SOX9 neutralized the
increase in transcriptional activity that was induced by MAF
(Fig. 3K).
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Fig. 3. Eye-specific novel TSS and regulation by MAF and SOX9. (A) Distribution of GLSP mutations and mutations identified in individuals with
spinocerebellar ataxia (SCA). Hereditary forms of GLSP mutations are classified by color: magenta, de novo; green, autosomal-dominant; and light blue,
autosomal-recessive. The mutations identified in this study are indicated by an asterisk. SCA mutations have been reported by Sasaki et al. (2015). (B) The
raw number of mapped RNA-seq reads of mouse eye at PO on GRCm38/mm10 chr6:108,517,526-108,517,618, exon 57 of ltpr1. The magenta bar indicates
the eye-specific TSS. (C) Comparison of human and mouse sequences around the novel TSS. The magenta and red characters indicate the TSS in human
and mouse, respectively, and the asterisks indicate the amino acids common to both sequences. (D) DNA fragments were cloned into a reporter vector
(pNL1.1), resulting in clones 1-8. The indicated genomic positions are based on the human genome GRCh37/hg19. The PAX6- and MAF-binding motifs are
indicated as boxes. (E) Relative nanoLuc luciferase (NLuc) activities in HEK293T cells transfected with the different deletion constructs (clones 1-8) shown in
D. Total NLuc activity was divided by the total amount of protein for normalization. **P<0.01, ***P<0.001, post hoc Dunnett's test, n=9. (F) Relative NLuc
activities in HEK293T cells transduced with clone 2 in combination with each TF. **P<0.01, ***P<0.001, two-tailed Student’s t-test, n=9. (G) Induced
transactivation of clone 8 by the wild-type MAF and R288P mutant. ***P<0.001, two-tailed Student’s t-test, n=9. (H) ChIP assay of MAF binding in HEK293T
cells. To confirm the expression of wild-type and R288P mutant MAF, the retrieved chromatin solution was used for immunoblotting using an anti-FLAG
antibody and H3 as an internal control. The binding capacity was quantified using quantitative PCR. The y-axis represents the amount of immunoprecipitated
DNA relative to the total amount of 2% input DNA. ***P<0.001, two-tailed Student’s t-test, biological replicates (n=3) with three technical replicates. (I) SOX9-
binding motifs adjacent to the PAX6-binding site in D. (J) ChIP assay of Sox9 binding in the mouse neural crest cell line 09-1. ***P<0.001, two-tailed
Student’s t-test, biological replicates (n=3) with three technical replicates. (K) Neutralization of MAF-induced transcriptional activity by SOX9. Plus sign
indicates 0.25 pg of expression vector. ***P<0.001, two-tailed Student’s t-test, n=9. IP3, IP3 binding domain; LNK, helix linker domain; SD, suppressor
domain; TM, transmembrane domain.
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An ocular-specific transcript encodes a transmembrane by this transcript, cDNA fragments containing exons 57-62 of
protein consisting of only 218 amino acid residues Itprl with a V5 tag sequence at the 3’ end were cloned into
The short /tprl transcript comprises several open reading frames; an expression vector and transfected into HEK293T cells. This
however, the longest one consists of 218 amino acid residues construct produced three protein bands with molecular weights
(hereafter referred to as the 218-aa isoform) and contains all the (MWs) of 30, 25 and 20 kDa; the 20 kDa band corresponded to a
relevant mutations detected in the patients with GLSP included in  peptide of 175 amino acids (Fig. 4B). The upper two bands
our study (Fig. 4A). To determine the nature of the protein encoded  disappeared upon mutagenesis, which removed the first methionine
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residue of the 218-aa isoform. The 25 kDa band coincided with the
expected MW of the 218-aa isoform, whereas the identity of the
30 kDa band was unknown. We hypothesized that the higher-
molecular-weight protein was a post-translationally modified 218-
aa isoform. We did not observe any changes upon phosphatase
treatment. We then screened N-acetylglucosamine (GIlcNAc)-
binding motifs (Asn-X-Ser/Thr) and found two putative GIcNAc-
binding sites, asparagine residues at positions 91 and 179, in the
218-aa isoform. Substitution of asparagine for lysine at position 91
in the 218-aa isoform (N91K) resulted in loss of the 30 kDa band,
whereas substitution of asparagine for lysine at amino acid position
179 (N179K) did not have an effect (Fig. 4C). Treatment with
EndoH glycosidase, which removes oligosaccharides from N-linked
glycoproteins, also resulted in the loss of the 30 kDa band, similar to
that observed in the N91K mutant (Fig. S5A).

The 218-aa isoform was expected to contain a single ER
transmembrane domain (Fig. 4A); therefore, we attempted to
determine the intracellular localization of this protein. Immunoblotting
assays using cellular fractions of HEK293T cells transfected
with 218-aa-V5-expressing vectors revealed that the protein
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was localized in the membrane and nuclear fraction
and that the K71Del mutation did not affect the localization
(Fig. 4D).

The 218-aa isoform is expressed in the eye corresponding
to AES formation
To confirm the existence of the 218-aa isoform in the eye, total protein
samples were extracted from the eyes of IfprI** and Itpr1">"> mice
and then immunoblotted. A weak band of 27 kDa corresponding to
the 218-aa isoform was detected in the protein fraction from the eye
of Itpr1">"? mice, but not in that from Itprl ™" mice (Fig. 4E).
We examined the serial expression of the 218-aa isoform of Itprl
in the eye according to the developmental stage. We found that this
isoform began to be expressed at a very low level at embryonic day
(E) 13 and that its expression was abundant during the formation
of AES; however, this expression was not detected in the brain
(Fig. 4F,G; Fig. S5B). Western immunoassay analysis of proteins
extracted from multiple tissues at E18 and P7 revealed that this form
was only expressed in the eye (Fig. 4H; Fig. S5C). Sox9 suppressed
transcription of a novel TSS (Fig. 3I-K). Furthermore, Sox9
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Fig. 4. An Itpr1 isoform comprising 218 amino acid residues is localized in the ER. (A) Amino acid sequence of the 218-aa isoform of mouse Itpr1.
GLSP mutations in this study and the Itpr1 transmembrane domain are highlighted in magenta and yellow, respectively. Asparagine (N) residues at positions
91 and 179 are shown in red (see Fig. 3C,D). (B) Cytomegalovirus (CMV) promoter-driven constructs expressing various types of mouse Itpr1 with a C-
terminal V5 tag. Immunoblot with an anti-V5 tag antibody is presented on the right. a-Tubulin (a-Tub) was used as an internal control. (C) Two predicted
GlIcNAc-binding motifs at positions 91 and 179. N was replaced with lysine (K) by PCR-based mutagenesis in each mutant construct. Wild-type and N79K
and N179K mutants of the 218-aa Itpr1 isoform were expressed in HEK293T cells, and cell extracts were then used for immunoblotting. B-Actin was used as
an internal control. (D) Fractions of HEK293T cells transfected with wild-type or K71Del mutant constructs were used for immunoblotting. Cell fractions were
confirmed by immunoblotting with the following control antibodies: a-Tub for the cytoplasm, PDI for the ER membrane and H3 for the nuclear fraction.

(E) Immunoassays of brain and eye extracts from ltpr1*'* and Itpr1V%V® mice at P7 performed with a rabbit monoclonal anti-V5 antibody that recognizes the
Itpr1 C terminus. Staining for glyceraldehyde-3-phosphate (Gapdh) was used as a loading control (red arrowhead). (F) Electropherograms of capillary
western immunoassays using brain (top) and eye (bottom) samples at P14. (G) Western immunoassay of brain and eye extracts from /tpr1¥V> mice of
different ages between E13 and P14 performed with an anti-V5 antibody and an anti-Gapdh antibody. (H) Immunoassays of extracts from Itpr1¥%V® mouse
tissues at P7 with an anti-V5 antibody. (1) Immunoassay of extracts from an Itpr1V%V® mouse eye at each age using antibodies against V5, Sox9 and Gapdh.
cp, cytoplasm; me, biological membrane; nuc, nuclear fraction that included the nuclear membrane.
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expression decreased after birth, which corresponded to the
formation of AES (Fig. 41).

Loss of Itpr1 causes ataxia and failure of AES development
We attempted to disrupt exon 59 of mouse Itpri (NM_010585)
corresponding to exon 58 of human /TPRI, which includes two
mutations, p.F2586L and p.K2596del, using the CRISPR/Cas9
method (Fig. S6A). Three founder mice with a deletion in exon 59 at
a high mosaic rate died soon after birth for unknown reasons.
Histological analysis revealed that the /¢pr/-deficient mice appeared
normal (Fig. S6B), because the formation of the AES structures was
completed after birth (Hagglund et al., 2017).

Given that almost all [lfpri-deficient mice died in utero
(Matsumoto et al., 1996), we established another mouse line with
a seven-base pair deletion (c.8238_8244delAGCCGGC) in the last
exon of Itprl, Itpr147"7, which resulted in a frameshift and read-
through mutation, p.Q2747PfsTer40 (Fig. 5A). In vertebrates with
image-forming eyes, the last amino acids of the C-terminal region of
ITPR1 are highly conserved. However, the similarity of this
sequence between vertebrates and invertebrates, as well as among
ITPR family members, was low (Fig. 5B). Western immunoassay
analysis with antibodies recognizing 1883-NKKKDDEVDR-
DAPSRKKAKE-1902 of Itprl revealed that the seven-base pair
deletion led to the loss of Itprl (Fig. 5C). However, mice
homozygous for this mutation survived until weaning (~3 weeks)
and exhibited both ataxia and aniridia (Fig. 5D and Movie 1).

We then observed abnormalities of the AES in Itpr 47574700
mice at P21 using Hematoxylin and Eosin (H&E) staining. In
comparison with their Itpri™" littermates, Itpri47%PA77 mice
showed AES defects, including shrunken iris and reduced corneal
thickness; however, no defects in the lens and retina were found
(Fig. SE). The iris of Itpr 1272475 mice showed a loss of lymphatic
vessels in the stroma and dilator muscles, and sparse sphincter
muscles. Additionally, these mice developed a reduction in corneal
thickness resulting from a compact layer of the stromata and failure
of epithelial stratification, and thinner and nonsmooth corneal
endothelium (Fig. 5F,G; Fig. S6C). Notably, the iris stroma, corneal
stroma and corneal endothelium originate from NCCs (Kikuchi
et al., 2011). In addition, we found that Ifprl 477 mice did not
show aniridia or AES defects (Fig. S6D).

Failure of AES development and the presence of
undifferentiated NCCs in Itpr147°P17bP mice

In addition to its multipotency, a high migratory capacity is a feature
of NCCs. First, we assessed the existence of NCCs in the AES
region at PO in Irpr127%"A7% mice using the p75 neurotrophin
receptor (p75NTR), which is an NCC marker (Pan et al., 2016). We
observed the presence of p7SNTR-positive cells in the iridocorneal
region in Itpr147°P"A7P mice (Fig. S7A). Furthermore, apoptotic
cells were not detected in the AES in mice at PO (Fig. S7B). Thus,
we assumed that aniridia in Jrpr147°7A7%7 mice was caused by the
failure of differentiation and not by either NCC migration or
apoptosis.

Next, we studied the reason for the loss of /tpr1, leading possibly
to the failure of AES differentiation. H&E staining indicated the loss
of iris stroma and lymphatic vessels in the iris in Jipr147?PA75 mice;
therefore, we chose podoplanin (Pdpn) as an iris stromal marker
protein (Birke et al., 2010; Kaser-Eichberger et al., 2015). Pdpn
is a transmembrane glycoprotein and a marker of lymphatic
endothelial cells that participates in cancer metastasis through
actin reorganization (Wicki et al., 2006). As expected, Pdpn signals
were observed in the iris stroma, lymphatic vessels and sphincter

muscles of Jtpr1** mice. However, the signals were only detected

in the iris sphincter muscle of Itpri47°7A7%P mice at P21, which
indicated dysplasia of the iris stroma and loss of lymphatic vessels
(Fig. 6A). Glutamine receptor interacting protein 1 (Gripl), a
marker of corneal endothelium (Yoshihara et al., 2015), was
selected to visualize the presence of aberrant AES structures in
Itpr147bP’A7bP mice at P21. Similar to the findings described above,
there were thick continuous lines of Gripl signals in the corneal
endothelium of Itprl ™" mice, whereas thin discontinuous lines
were observed in that of ltpr1477A7bP mice. Furthermore, Gripl
signals were lost in the iris stroma of Itpri47%"A7%P mice at P21,
which implies the failure of AES differentiation (Fig. S7C).

Immunofluorescent staining with an anti-o-SMA antibody was
also performed to confirm the abnormal structure of the iris
sphincter and dilator muscles in Trpr /47?7477 mice at P21. Their
dilator muscles were noncontiguous or lost and their sphincter
muscles were sparse, as shown by H&E staining and
immunostaining (Fig. 5G and Fig. 6B).

We determined the expression of Pdpn and a-SMA from E13 to
P7, corresponding to the timing of the elevated expression of the
218-aa isoform in the mouse eye. The expression levels of Pdpn and
0-SMA were indistinguishable between Itpr1 ™+ and Itpr1476P/A7bp
mice by E18, whereas the a-SMA-positive cells, the progenitors of
dilator muscle, decreased in Jtpri27%"A7P mice at PO. Pdpn
decreased in the iris stroma and a-SMA signals were disrupted in
Itpr147bP’A7b mice, indicating the loss of iris stroma and dilator
muscles by P7 (Fig. 6C). Loss of Itpr1, probably the 218-aa isoform,
disrupted AES formation after birth. The expression levels of
Pdpn and o-SMA were normal in Itprl 7% mice (Fig. S7D).
Finally, p75NTR-positive cells, most likely undifferentiated NCCs,
remained in the iris and corneal stroma, and ciliary body in
Itpr147bP/A7 mice at P21 (Fig. 6D; Fig. STE).

The 218-aa isoform interacts with actomyosin filaments and
regulates nuclear entry of transcription factors

We confirmed that the 218-aa isoform of Itprl was expressed in
ocular tissues and localized to the membrane fraction through its
transmembrane domain (Fig. 4A,D). However, the mechanism that
causes aniridia in individuals with GLSP remains unknown. To
investigate this, we characterized ITPR1-associated proteins using
mass spectrometry (MS). Cell lysates extracted from the eyes of
Itpr1V"> mice at PO were immunoprecipitated with an anti-V5
antibody and separated using SDS-PAGE. Three intense bands at
245, 100 and 45 kDa were visualized using Coomassie Brilliant
Blue staining, clipped out of the gel and used for MS (Fig. 7A). MS
analysis showed that the 245 kDa band corresponded to non-muscle
myosin family members (myosin 9 and 10), the 100 kDa band to
actinin and the 45 kDa band to actin family members (f-actin and
o-actin). Interaction between the wild-type or K71Del mutant of
the 218-aa isoform and actomyosin members was confirmed by
immunoprecipitation followed by immunoblotting with anti-B-actin
and anti-myosin Ila (myosin 9) antibodies; however, the 218-aa
isoforms were incapable of binding to vinculin, a component of
focal adhesion (Fig. S8A).

We developed NIH3T3 mouse fibroblast cell lines expressing the
wild-type or K71Del mutant of the 218-aa isoform with a V5-tag
under treatment with 1 pg/ul doxycycline (Fig. S8B). First, the
localization of the 218-aa isoform of Itprl was verified using
immunofluorescence staining. We chose protein disulfide isomerase
(PDI) as an ER marker protein and lamin A/C as a nuclear
membrane marker; double immunostaining revealed that both wild-
type and K71Del mutants of the 218-aa isoform were localized not
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Fig. 5. Defects in neural crest-derived ocular tissues are caused by a seven base pair deletion in the mouse Iltpr1 3’ terminus. (A) Deletion of seven
base pairs in the last /tpr1 exon ¢.8240_8246delAGCCGGC resulted in the p.Q2747PfsX40 protein mutation. (B) Similarity of amino acid sequences at the
C-terminal end of ITPR1. Highlighted residues indicate amino acids conserved between human ITPR1 and other proteins. (C) Images of immunoassays of
brain extracts from ltpr1*'* and Itpr147°PA7bP mice at P21 performed with a rabbit polyclonal anti-Itpr1 antibody that recognizes 1883-
NKKKDDEVDRDAPSRKKAKE-1902 of mouse ltpr1. Gapdh was used as a loading control. (D) Frontal views of lfpr1** mouse eye (left) and /tpr1470p/47bp
mouse eye (right) at P21. (E) H&E staining of eye sections at P21 in the /tpr1** mouse (left) and Itpr147°P/A7°P mouse (right). (F) Magnified images of ltpr1*/*
mouse showing the cornea and tip of iris (left) and ciliary body (right). (G) Magnified image of ltpr147°P/47bP mouse. Scale bars: 1 mm in D; 300 um in E;

100 ym in F,G. CE, corneal endothelium; CEp, corneal epithelium; CNPE, ciliary nonpigmental epithelium; CPE, ciliary pigmental epithelium; CS, corneal
stroma; ID, iris dilator muscle; IS, iris stroma; ISp, iris sphincter muscle; LV, lymphatic vessel.

only in the ER, but also in the nuclear and cytoplasmic membranes
(Fig. 7B; Fig. S8C).

An immunofluorescence assay using phalloidin also revealed that
the wild-type isoform of Itprl was associated with unidirectional
actin filaments; conversely, the mutant isoform caused a radial
arrangement of actin fibers (Fig. 7C,D). To visualize the
morphology of actin fibers in AES tissues, we performed
immunostaining with an anti-B-actin antibody on the sections of

the eye at P21. Strong striated signals were observed in the iris and
cornea in Itpr1™", but fewer and weaker signals were found in the
iris and corneal stroma in Jtpr 147272757 (Fig. 7E).

Given that the proteins that were immunoprecipitated with
Itprl, namely, actin, myosin and actinin, are components of
focal adhesions, we examined the shape and configuration of
focal adhesions in each cell line using an anti-vinculin antibody.
Focal adhesions were arranged in a unidirectional pattern in the cells
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Fig. 6. Developmental failure of iris and cornea in Itpr147°P47bP mice. (A) Immunostaining of Pdpn (green) at P21. (B) Immunostaining of a-Sma (red) at
P21. (C) Iris development from E13 to P7 using anti-Pdpn (green) and anti-a-Sma (red) antibodies. (D) Double immunofluorescence staining of p75NTR
(red) and Pdpn (green) at P21. Scale bars: 100 pm. a-Sma, a-smooth muscle actin; CE, corneal endothelium; CS, corneal stroma; ID, iris dilator muscle; IS,

iris stroma; I1Sp, iris sphincter muscle; LV, lymphatic vessel.

expressing the wild-type 218-aa isoform, whereas the K71Del
mutant showed long, narrow, radially arranged adhesions (Fig. 7F,
Fig. S8D). The focal adhesion signal intensity was quantified using
vinculin antibodies, and the signal intensity in the wild type was
significantly higher than in the K71Del mutant (Fig. 7G).

A mechanosensitive transcriptional regulator, Yes-associated
protein (YAP), regulates the development of craniofacial structures
derived from NCCs (Wang et al., 2016). In addition, nuclear
translocation of YAP is induced by mechanical forces generated by
extracellular matrix stiffness, stress fibers and focal adhesions
(Dupont et al., 2011; Elosegui-Artola et al., 2017). Nuclear Yap
translocation was quantified by immunofluorescence and western
immunoassays. The signal intensity of Yap in the nucleus of wild
type-expressing cells was significantly higher than that of the
deletion mutant-expressing cells (Fig. 7H,I). We performed a

scratch assay to compare the motility of the two cell lines but found
no difference (Fig. S8E).

DISCUSSION

Although ITPRI, a causative gene of SCA, is not associated
with aniridia, independent studies have reported that mutations in
this gene cause GLSP characterized by aniridia and ataxia (Gerber
et al., 2016; McEntagart et al., 2016; Dentici et al., 2017; Carvalho
et al., 2018; Paganini et al., 2018). However, the pathogenic
mechanisms of aniridia and the reasons underlying its occurrence
solely in individuals with GLSP remain unclear. Against this
background, we identified an ocular-specific lfprl transcript
encoding 218 amino acid residues (218-aa isoform), as a key
molecule in AES development and established a GLSP model
mouse, Ttpr 1475747 which displays developmental failure of AES.
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(C) Immunofluorescence images of actin filaments in NIH3T3 cells. Actin filaments visualized with phalloidin (green) and anti-V5 antibody indicating
V5-tagged 218-aa isoforms (red) in wild type (top) and K71Del mutants (bottom). (D) Evaluation of the actomyosin morphology. The unidirectional
filament is shown in light blue, radially arranged filament in gray, and others in orange; n=200 each. Parent indicates NIH3T3. (E) Double immunostaining
of B-actin (red) and Pdpn (green) at P21. (F) Immunofluorescence images of focal adhesions in NIH3T3 cells, showing vinculin (green) and V5-tagged
218-aa isoforms (red) in wild-type 218-aa isoforms (top) and K71Del mutants (bottom). (G) Fluorescence intensity of vinculin. **P<0.01, two-tailed
Student’s t-test. (H) Nuclear signal intensity of Yap. ***P<0.001, two-tailed Student’s t-test; =100 each. (I) Imnmunoassay of nuclear fraction proteins with Yap
and lamin A/C, a nuclear marker. Ratio indicates the value of signal intensity of Yap divided by that of lamin A/C. Scale bars: 30 ym in C; 50 ym in B,F;

100 ym in D.

Novel function of ITPR1 in AES formation, in addition to its
function as a calcium channel

ITPR1 is a ubiquitously expressed giant calcium channel that
regulates calcium ion release from the ER in an IP; binding-
dependent manner. Calcium ions play important roles in neural
activity and muscle contraction; therefore, it is reasonable that
aberrant ITPR1 function causes SCA and aniridia. Adult mice
harboring the C1976Y mutation in /zprl have been reported to
exhibit dysfunction in the contraction of the iris constrictor muscles
(Chen et al., 2020). However, this result is insufficient to explain
why aniridia develop only in individuals with GLSP.

In the current study, we found a mutation hotspot in individuals
with GLSP and a novel TSS in exon 57 of murine [ltpri,
which corresponds to exon 56 of human [TPRI. Transcripts
transcribed from the TSS encoded only 218 amino acid residues but
contained all the identified de novo GLSP mutations. As a
complement to the novelty of the TSS, the latest version of
DBTSS (https:/dbtss.hge.jp; Suzuki et al., 2018) suggests
the existence of this TSS in the adult human brain; however,
the transcript and its translated product have not been identified
in vivo; therefore, this is the first report to reveal its existence.
Immunoblotting assay revealed that the 218-aa isoform increased in
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an eye-specific manner from E13 to P14, coinciding with the period
of AES development in mice.

Our experiments using doxycycline-inducible cell lines
demonstrated that the 218-aa isoform affected actomyosin
filament and focal adhesion, and IrprI?7%PA7bP mice displayed
shredded actin fibers in the iris and corneal stroma. Mutations in the
actin and non-muscle myosin family members cause eye
malformations in humans and mice (Riviére et al., 2012; Samuels
et al., 2013). These findings suggest that the ITPR1-actomyosin-
focal adhesion network might be required for ocular development.
Given that Yap nuclear localization was higher in the wild type of
218 aa isoform-expressing cells than in the K71Del mutant-
expressing cells, it is possible that the mechanical force generated by
the network induces nuclear translocation of YAP or another
transcriptional regulator in developing AES tissues. The
involvement of the ITPR1-actomyosin-focal adhesion network in
the differentiation of AES is an excellent target for regenerative
medicine, and further studies in this area are warranted. In addition,
the cGMP kinase signaling complex, which includes ITPR1 as a
component, interacts with actin (Schlossmann et al., 2000; Koller
etal., 2003), and this interaction might play a role in AES formation.

The C terminus of ITPR1 is essential for AES development
Our /tpr1-deficient mice with a frameshift mutation in exon 59 died
soon after birth and exhibited no overt eye abnormalities, similar to
the mice established by McEntagart et al. (2016). Itpr1472PA70p
mice survived until their weaning date, developed ataxia and failed
to form AES tissues. This implies that the C terminus of ITPRI
has an unknown function evolutionarily in the differentiation into
AES tissues. For instance, a homology search using BLASTP in
NCBI (https:/blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al.,
1990) predicted that the last 32 amino acids of ITPR1 (2712-
LKDQMTEQRKQKQRIGLLGHPPHMNVNPQQPA-2743)  are
homologous to the prohead core protein serine protease, an
uncharacterized peptidase from the S77 superfamily. Consequently,
we conclude that the C terminus of ITPR1, probably the 218-aa
isoform, contributes to the differentiation into AES tissues.

Competition between MAF and SOX9 regulates AES
formation via the 218-aa isoform

Complex interactions between TFs and their targets regulate the
development of the AES. PAX6, a master regulator of ocular
development, did not activate transcription from the TSS identified
in this study, whereas MAF greatly enhanced the transcription.
These results indicate that the eye-specific expression of the 218-aa
isoform of /TPR1 induced by the direct binding of MAF leads to the
differentiation of AES from NCCs. Given that MAF contributes to
the late differentiation of several tissues and cells, such as lenses and
chondrocytes (Kim et al., 1999; MacLean et al., 2003), it might also
participate in the late differentiation of AES.

However, SOX9, a marker of NCCs and bound downstream of
the MAF-binding motifs, suppressed the expression of the novel
transcript. Sox9 disappeared in a stepwise fashion through the
process of differentiation into AES tissues. Competition between
SOX9 and MAF contributes to AES formation, probably in
cooperation with other TFs.

Are AES tissues derived from NCCs or mesoderm?

Our knowledge of the differentiation of NCCs into AES tissues is
based on transplantations between chicken and quail embryos
(Johnston et al., 1979). Using these animal models, it has been
shown that AES tissues, such as corneal stroma and endothelium,

iridial stroma and pericytes are of NCC origin (Etchevers et al.,
2001; Creuzet et al., 2005). Additionally, NCC migration and
differentiation have also been visualized using genetically modified
mice. Kikuchi et al. (2011) analyzed the migration and
differentiation of NCCs using P0-Cre; EGFP transgenic mice and
showed that EGFP-positive cells were localized in the iris stroma,
corneal endothelium and trabecular meshwork. However, cell fate
and AES formation might differ between chicken and quail. Gage
et al. (2005) reported that the iris stroma originated from the
mesoderm and that the corneal endothelium and stroma derived
from both the NCCs and mesoderm. In the current study, we could
not conclude that aniridia in Itpr 1472727 mice is caused only by
the failure of NCC differentiation. However, we demonstrated that
p75SNTR-positive cells, which are most likely undifferentiated
NCCs, remained in the iris and corneal stroma in Itpr 14727275 mice
at P21. Our future plan is to cross our mice with NCC-specific or
mesoderm-specific marker-expressing mice to determine the fate of
periocular mesenchymal cells in AES.

Additionally, in Jtpr147°P"A7PP mice, iris smooth muscles derived
from the optic cup were lost or sparse and the corneal epithelium
originating from the epithelial ectoderm failed to stratify. This
suggests that the interaction between the periocular mesenchyme or
mesoderm and ectodermal cells is essential for AES formation.
Previous experiments have also suggested an interaction between
these tissues via growth factors and their downstream signal
transduction (Fuhrmann et al., 2000; Kanakubo et al., 2006).
However, additional experiments are required to confirm the nature
of this interaction.

MATERIALS AND METHODS

Human subjects

This study was approved by the Ethics Committee of Nagasaki University.
We received written informed consent from five individuals with GLPS and
their healthy parents, and then obtained their blood samples. Genomic DNA
extraction was performed in accordance with the conventional proteinase
K/phenol and chloroform protocol, followed by dialysis (Green and
Sambrook, 2012). Magnetic resonance imaging (MRI) at 1.5 tesla was
performed for each patient. Axial and sagittal T1 or T2 weighted images
were conducted and representative images were demonstrated.

Exome sequencing

Exome capture was performed using an Agilent SureSelect S5SMB Exome
Plus kit (Agilent Technologies), in accordance with the manufacturer’s
protocol. The captured libraries were sequenced using paired-end
sequencing on an Illumina HiSeq 2000 system (Illumina). The data were
analyzed using our pipeline (Horai et al., 2018). Briefly, read mapping was
performed using Novoalign software (Novocraft) and then sorted BAM
files were processed by Genome Analysis Tool Kit (GATK) software
package (McKenna et al., 2010). Variant calling was performed using
HaplotypeCaller in GATK. The mutations identified were confirmed
using Sanger sequencing on a 3130x] Genetic Analyzer (Thermo Fisher
Scientific).

Generation of Itpr1-V5 knock-in mice

All animal (Mus musculus) experiments in this study were carried out in
accordance with Standards Relating to the Care and Keeping and Reducing
Pain of Laboratory Animals (Notice of the Japanese Ministry of the
Environment No. 88 of 2006) and its latest revision (2013). The animal
experimental protocol was approved by the Ethics Committee of Nagasaki
University (approval number: 1602151283).

The V5-tag sequence was inserted into the Nael site adjacent to the stop
codon in exon 62 of mouse /fpri. A total of 6.3 kb of the 5'-arm, including
V5-tagged exon 62 and 2.4 kb of the 3’-arm, was cloned into the vector
containing the floxed phosphoglycerate kinase (Pgk) promoter-neomycin
resistance gene cassette for positive selection and diphtheria toxin cassette
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for negative selection. The gene-targeting construct was digested with Notl
and the linearized product was then electroporated into mouse embryonic
stem cells (ESCs) derived from the C57BL/6J strain. Through screening
using PCR and Southern hybridization, six homologous recombinants were
obtained. ESCs were transferred into mouse ICR blastocysts to establish
chimeric mice. Mice that were heterozygous for V5-tagged /tprl were
obtained by crossing male chimeras with C57BL/6J female mice. The
floxed Pgk-neomycin resistance gene cassette was removed by subsequent
mating with CAG-Cre transgenic mice (Sakai and Miyazaki, 1997).
Genotyping PCR was performed using the following primers: 5'-GCAG-
AGTTCCGAAGCAAGTCAAG-3’ and 5'-TGGGGAAAATGCCAAGT-
TAAAGG-3’, using KOD FX Neo DNA polymerase (KFX-201; Toyobo).

Determination of the novel TSS of Itpr1

Total RNA was extracted from the eyes and brains of PO mice with a V5-
tagged sequence using a NucleoSpin RNA Kit (740955; Macherey-Nagel),
followed by DNase I (2270A; Takara) treatment and purification using a
NucleoSpin  RNA Clean-up kit (740948; Macherey-Nagel). RNA
concentration and RNA integrity number were determined using an
Agilent RNA 6000 Pico kit (5067-1513; Agilent Technologies) on a
2100 Bioanalyzer. Complementary DNA (cDNA) libraries were prepared
using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing
(Z4888N; Takara). Total RNA (1 pg) was reverse-transcribed using a V5-
specific reverse primer with the M13F-20 sequence (5'-CGACGTTGT-
AAAACGACGGCCAGTNNNNNNGGTGCTGTCCAGGCCCAGCA-3';
N represents any nucleotide for barcoding to distinguish monoclonal
products, and the underlined sequence indicates M 13-20) or /tpr! exon 60-
specific primer with the M13-20 sequence (5'-CGACGTTGTAAAAC-
GACGGCCAGTNNNNNNCCACGTAACTCTCAGGCCCGGTGTA-3")
instead of the oligo(dT) primer with the adaptor sequence supplied by the
manufacturer. Locked nucleic acid (LNA)-capped cDNA libraries were then
amplified using the M13-20 reverse primer and LNA-specific forward
primer. Amplified libraries were further amplified with an exon 59-specific
reverse primer (5'-CACTCCTCAGGTCAGCAAAGGTGTCA-3') and a
nested LNA forward primer.

Massive parallel sequencing was performed using Illumina HiSeq 2500
(100 bp paired-end reads), while adapter trimming and quality filtration
of raw reads were performed using Trim Galore-0.4.4 (https:/www.
bioinformatics.babraham.ac.uk/projects/trim_galore/). Sequence reads were
mapped to mouse GRCm38/mm10 using HISAT-2.1.0 (Pertea et al., 2016)
and the sorted BAM files were generated using SAMtools 1.3.1 (Li et al.,
2009). BAM files were visualized using Integrative Genomics Viewer
(IGV) (Robinson et al., 2011). The sequencing data have been deposited in
the DDBJ Sequence Read Archive (DRA) under accession number
DRAO011309.

Cell culture and transfection

Authentication of human embryonic kidney 293T (HEK293T) cells was
conducted by the Japanese Cell Bank of Research Bioresources (JCRB). We
also purchased the NIH3T3/Tet-on 3G cell line (631197; Clontech) and O9-
1 mouse cranial neural crest cell line (SCC049; Merck Millipore) for this
study. All cell lines were cultured at 37°C in an atmosphere containing 95%
air and 5% CO,. HEK293T cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium supplemented with L-glutamine (DMEM, 044-
29765; Fujifilm Wako Pure Chemical Corporation), 10% fetal bovine serum
(FBS, 04-001-1A; Biological Industries), and 100 units/ml penicillin/
streptomycin (168-23191; Fujifilm Wako Pure Chemical Corporation). The
09-1 cell line was cultured on a Matrigel-coated (354234; Corning)-coated
plastic dish filled with complete ESC medium (ES-101-B; Merck Millipore)
supplemented with 25 ng/ml FGF-2 (GF003; Merck Millipore). The
NIH3T3/Tet-on 3G cell line was cultured in DMEM supplemented with
10% Tet System Approved FBS (Z1107N; Takara).

For HEK293T cells, transfection was performed with polyethylenimine
‘Max’ (PEI-Max, 24765-1; Polysciences), in which DNA-reagent complexes
were prepared using DNA (ug) and PEI-Max reagent (ul) at a 1:2 ratio. For
NIH3T3/Tet-on 3G cells, the ScreenFect A Plus reagent (293-73203; Fujifilm
Wako Pure Chemical Corporation) was used at the same ratio.

Reporter assay and TF expression vectors

For the reporter assay, chr3:4,854,261-4,854,825 DNA fragments within
GRCh37/hg19 were amplified from the human BAC clone RP11-106B10 as
atemplate and cloned into the Xhol site of the pNL1.1[N/uc] vector (N1001;
Promega). We chose PAX6, PAX6(5a), PITX3, MAF, FOXCI, FOSL2,
OTX1, MSXI and PITX2 as candidate TFs. Circular (c)DNAs encoding TFs
were amplified via PCR using a human fetal multiple-tissue cDNA panel
(Z6748N; Takara) and cloned into the p3xFLAG-CMV-7.1 vector (E7533;
Merck Millipore). All plasmids in this study were purified using
NucleoBond® Xtra Midi (740410; Macherey-Nagel). In total, 50,000
HEK293T cells were seeded onto 48-well plates and transfected with
reporter plasmids (0.25 pg), using the pGL4.54[luc2/TK] vector (E5061;
Promega) as an internal control (10 ng), with or without a TF-expressing
vector (0.25 pg). After 48 h of incubation, the cells were lysed in 80 ul of 1x
Passive Lysis Buffer (E1941; Promega) and clarified using centrifugation at
14,000 rpm (17,800 g) at 4°C for 3 min. The Nano-Glo Dual-Luciferase
Reporter Assay System (N1610; Promega) was used for the assay, and the
protein concentration was measured using a Protein Assay BCA kit (297-
73101; Fujifilm Wako Pure Chemical Corporation). The observed NanoLuc
luciferase activity data were normalized to the amount of protein (activity/ug
of protein; n=9 for each test).

MAF- and SOX9-binding assays

The 3xFLAG-tagged human MAF or mutant R288P-expressing vector was
transfected into HEK293T cells in 10 cm culture dishes. The FLAG-tagged
SOX9 or mutant H165Q was also transfected. After 48 h of incubation,
nuclear proteins were extracted using the EZSubCell Extract kit (2332337
Atto), and the protein concentration was determined using the BCA assay.
FG beads magnetic nanoparticles were purchased from Tamagawa Seiki
(TAS8848N1010; lida). The double-stranded oligonucleotides shown in
Fig. SSA for MAF were directly bound to the FG beads, in accordance with
the manufacturer’s protocol. For SOX9 binding, the double-stranded
oligonucleotide 5'-TGTTATTTATGTAAAGAATTGTTTAATCAGCCG-
TGAATTGGGGACT-3’ was also directly bound (underline indicates the
SOX9-binding motif). These FG beads coated with double-stranded
oligonucleotides were mixed with 200 pg of nuclear protein at 4°C for 4 h.
After washing three times, the FG beads with the nucleotide-protein complex
were separated on a SureBeads magnetic rack (1614916; Bio-Rad). Bound
proteins were eluted in 1x Laemmli buffer at 100°C for 5 min and then
separated using SDS-PAGE, followed by immunoblotting with an anti-FLAG
(DDDDK)-tagged mouse monoclonal antibody (1:10,000, M185-3L; MBL).

Chromatin immunoprecipitation assays

HEK293T cells were transfected with the expression vectors of the
3xFLAG-tagged human MAF or 3xFLAG-tagged R288P mutant. After
48 h of incubation, the cells were fixed with formaldehyde at a final
concentration of 1% for 10 min. O9-1 cells were fixed under the same
conditions. We used a SimpleChIP® Plus Sonication Chromatin IP Kit
(56383; Cell Signaling Technology), as per the manufacturer’s protocol. For
fragmentation, a combination of Covaris S2 system and microtube AFA
Fiber Pre-Slit Snap-Cap 6x16 mm (520045; Covaris) was used with a
program of 12 min per set, duty 2%, cycle intensity 3 and cycle/burst ratio
200. A total of 2 pg of an anti-FLAG-tag mouse monoclonal antibody
(1:250, M185-3L; MBL), an anti-SOX9 rabbit polyclonal antibody
(AB5535; Merck Millipore), or normal rabbit IgGl (2729S; Cell
Signaling Technology) was added to each fragmented chromatin solution.
To confirm ChIP efficiency, immunoblotting was performed with an anti-
FLAG (DDDDK)-tagged mouse monoclonal antibody (1:10,000) and anti-
H3 rabbit polyclonal antibody (1:1000, 9715S; Cell Signaling Technology)
as an internal control. Quantitative PCR was performed using KOD SYBR
qPCR mix (QKD-201; Toyobo) and LightCycler 480 (Roche Diagnostic).
The following primers were used to amplify the sequence that included the
MAF and SOX9-binding sites: for MAF-binding sites, 5'-AATCTTGCC-
AGAGTCTGTACGTT-3' and 5'-ACTTTCATTTGGTGATCTGGATG-3’,
and for SOX9 binding sites, 5'-TGCAGTATTGGAGGGTGTTATTTATG-
3’, and 5-TGGGATAGAGAAGGGAGTTTTGTG-3". PCR conditions
were as follows: initial denaturation at 95°C for 2 min; 40 cycles of 95°C for
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155, 60°C for 15 s, and 68°C for 20 s; followed by a final extension at 68°C
for 5 min [biological replicates (n=3) with three technical replicates].

Determination of the translation start site in the novel

transcript of Itpr1

Total RNA was isolated from the eyes of lipr mice and reverse-
transcribed using a PrimeScript™ II 1st Strand cDNA Synthesis Kit
(6210A; Takara). The C-terminal V5-tagged /tpr/ cDNA fragments were
amplified using PCR with PrimeSTAR MAX DNA Polymerase (R045A,;
Takara) and cloned into the pcDNA3.1(—)-Hyg Mammalian Expression
vector (V87520; Thermo Fisher Scientific). Each expression vector was
transfected into HEK293T cells and lysed in RIPA buffer [SO mM Tris-HC1
(pH 7.6), 150 mM NaCl, 1% Nonidet P-40 (18558-54; Nacalai Tasque),
0.5% sodium deoxycholate and 0.1% SDS] supplemented with a protease
inhibitor cocktail (0484-11; Nacalai Tesque), followed by three cycles of
sonication for 10 s and centrifugation at 20,000x g for 10 min. Proteins were
resolved using SDS-PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes (033-22453; Fujifilm Wako Pure Chemical
Corporation) for immunoblotting. Anti-V5-tagged mouse monoclonal
(1:1000, M215-3; MBL) and anti-o-tubulin mouse monoclonal antibodies
(1:2000, 017-25031; Fujifilm Wako Pure Chemical Corporation) were used
for this assay. Chemiluminescent signals were detected using ImmunoStar
Zeta (297-72403; Fujifilm Wako Pure Chemical Corporation) and the
ChemiDoc Touch Imaging System (Bio-Rad).

] Vs/wvs

Protein glycosylation analysis

C-terminal V5-tagged mouse /tpr! cDNA fragments were cloned into the
pcDNA3.1(—)-Hyg mammalian expression vector. GlcNAc-binding sites
were predicted using the NetNGlyc 1.0 server (http:/www.cbs.dtu.dk/
services/NetNGlyc/). Asparagine residues in the two predicted GIcNAc-
binding motifs were replaced with lysine by PCR-based mutagenesis.
Extracts from transfected cells were treated with EndoH (P0702S; New
England BioLabs), according to the manufacturer’s protocol, followed by
SDS-PAGE and immunoblotting with anti-V5-tagged mouse monoclonal
antibody (1:1000). Mouse monoclonal anti-B-actin (1:1000, 010-27841;
Fujifilm Wako Pure Chemical Corporation) and mouse monoclonal anti-o.-
tubulin (1:2000) antibodies were used as internal controls.

Cellular fractionation and immunoblotting

An expression vector encoding the 218-aa isoform of Itpr] was transfected
into the HEK293T cell line. After 48 h of transfection, cellular fractionation
was performed using the EZSubCell Extract kit. Immunoblotting was
performed using anti-mouse monoclonal V5 (1:1000), anti-mouse monoclonal
o-tubulin (1:2000), anti-PDI (C81H6) rabbit monoclonal (1:1000, 3501S;
Cell Signaling Technology), and anti-H3 rabbit polyclonal antibodies
(1:1000).

Protein extraction from animal tissues and western
immunoassays

Ground tissues were lysed in 1x cell lysis buffer (9803; Cell Signaling
Technology) supplemented with | mM phenylmethylsulfonyl fluoride (8553;
Cell Signaling Technology), followed by three cycles of sonication for 10 s
each on ice. Protein samples were clarified by centrifugation at 20,000% g for
15 min at 4°C, and their concentrations were measured using the BCA assay.
Total protein samples (2 pg/ul) were separated using a Simple Western WES
system (004-600A-N001; ProteinSimple) and a 12-230 kDa WES separation
module, with 25 capillary cartridges (SM-WO004; ProteinSimple).
Immunoassay was performed using anti-V5 (D3H8Q) rabbit monoclonal
antibody (1:25, 13202S; Cell Signaling Technology), anti-IP3 receptor 1
rabbit polyclonal antibody (1:25, PA1-901; Thermo Fisher Scientific), anti-
SOXO9 rabbit polyclonal antibody (1:25, AB5535; Merck Millipore), and anti-
GAPDH mouse monoclonal antibody (1:100, 60004-1-Ig; Proteintech).

Generation of Itpr1-knockout mice using CRISPR/Cas9

For in vitro guide RNA (gRNA) synthesis, DNA oligonucleotide sets were
designed to disrupt exons 59 and 62 of mouse /tprl. For exon 59, the
following sense and antisense oligonucleotides were used: oligo 1, 5'-
aggeCGTCCTGAACCTGATTTTCG-3';  antisense  oligo 1, 5'-

aaacCGAAAATCAGGTTCAGGACG-3'; sense oligo 2, 5'-agggTGAT-
GACCATGAAGAAGAAG-3’; antisense oligo 2, 5-aaacCTTCTTC-
TTCATGGTCATCA-3" (lowercase letters indicate the adaptor sequence
for cloning). For exon 62, the sense oligo was 5'-agggGAATGTCAACC-
CACAGCAGC-3’, and the antisense oligonucleotide was 5'-
2aacGCTGCTGTGGGTTGACATTC-3'. Double-stranded DNA
oligonucleotides were ligated into T7 gRNA cloning and production
vectors (CAS510A-1; System Biosciences), which were then transformed
into the ECOS competent Escherichia coli DH5a. strain (310-06236;
Nippon Gene). The vectors were purified using a FastGene Plasmid Mini
Kit (FG-90502; Nippon Genetics), and the inserted sequences were
confirmed using Sanger sequencing. gRNA templates containing the T7
promoter sequence were amplified using PCR with the attached T7 gRNA
PCR primer mix (CAS510A-KIT; System Biosciences). The gRNAs were
transcribed in vitro using the MEGAscript™ T7 Transcription kit
(AMB1333; Thermo Fisher Scientific) with amplicons as a template and
purified using a NucleoSpin RNA Clean-up kit (740955; Macherey-Nagel).
RNA fragment size and concentration were determined using an Agilent
RNA 6000 Nano kit (5067-1511; Agilent Technologies). Transfection-
ready hspCas9 SmartNuclease mRNA (CASS500A-1; System Biosciences)
and gRNA were microinjected into fertilized C57BL/6]J mouse eggs.
Genotyping was performed using the DNA extracted from the tail tips of the
mice. For exon 59-knockout mice, the genotypes were determined by TA
cloning followed by Sanger sequencing. For mice with a deletion of seven
base pairs in exon 62, genotypes were determined by direct sequencing
using the following primers: 5'-GACGCACAGGAAGTGTCTGA-3" and
5'-TGGTTCAAGTGCAAATCAGG-3'".

Histological analysis

Isolated murine eyes were fixed in Super Fix (KY-500; Kurabo) and
embedded in paraffin. The tissues were sliced to a thickness of 5 um. H&E
staining was performed using Hematoxilin and Eosin Stain Kit (H-3502,
Vector Laboratories) according to the manufacturer's instructions. For
immunohistochemistry, the slides were unmasked by heating at 98°C for
20 min in citrate buffer (pH 6.0), followed by incubation in 3% hydrogen
peroxide for 10 min. The slides were blocked with Protein Block Serum-
Free Ready-To-Use (X0909; DAKO) for 1 h at room temperature and then
incubated overnight at 4°C with an anti-V5 tag (D3H8Q) rabbit monoclonal
antibody (1:200; Cell Signaling Technology) or normal rabbit IgG (1:1000,
CTK4721; Wako). After washing three times in 1x PBS for 5 min each,
signals were obtained using the SignalStain Boost IHC Detection Reagent
(HRP, Rabbit, 8114; Cell Signaling Technology) and SignalStain DAB
Substrate Kit (8059; Cell Signaling Technology). The slides were
counterstained with hematoxylin, dehydrated and mounted.

For immunofluorescence assays, the slides were incubated overnight at
4°C with the following primary antibodies: anti-V5 tag (D3H8Q) rabbit
monoclonal antibody (1:200), anti-Pdpn (clone 8.1.1) Syrian hamster
monoclonal antibody (1:1000, MABT1512; Millipore), anti-GRIP1 rabbit
polyclonal antibody (1:100, 22398-1-AP; Proteintech), anti-smooth muscle
actin (D4K9N) rabbit monoclonal antibody (1:800; 19245; Cell Signaling
Technology), anti-p75NTR antibody (1:1600, 8238; Cell Signaling
Technology), anti-cleaved caspase-3 (Aspl175) (SA1E) rabbit monoclonal
antibody (1:400, 9664; Cell Signaling Technology), anti-PAX6 (P3U1)
mouse monoclonal antibody (1:200, AB_528427; Developmental Studies
Hybridoma Bank, University of Iowa), and anti-B-actin rabbit polyclonal
antibody (1:500, GTX109639, GeneTex). After washing, the slides were
incubated for 1h with the following secondary antibodies for the
immunofluorescence assay: anti-rabbit IgG (H+L), F(ab)2 fragment Alexa
Fluor® 488 conjugate (1:1000, 4412; Cell Signaling Technology), anti-
rabbit IgG (H+L), F(ab)2 fragment Alexa Fluor® 555 conjugate (1:1000,
4413S; Cell Signaling Technology), anti-mouse IgG (H+L), F(ab)2
fragment Alexa Fluor® 488 conjugate (1:1000, 4408S; Cell Signaling
Technology), anti-mouse IgG (H+L), F(ab)2 fragment Alexa Fluor® 555
conjugate (1:1000, 4409S; Cell Signaling Technology) and anti-Syrian
hamster IgG H&L Alexa Fluor® 488 (1:1000, ab180063; Abcam). To
reduce autofluorescence, the slides were treated using the TrueVIEW
Autofluorescence Quenching kit (SP-8500; Vector Laboratories). Slides
were mounted using Vectashield Vibrance Antifade Mounting Medium,
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which included DAPI (H-1800; Vector Laboratories). Immunofluorescence
images were obtained using a BZ-X800 microscopy system (Keyence).

Mass spectrometry assay

Total protein (200 pg) extracted from Itpri”>”" mouse eyes at PO was
immunoprecipitated with the magnetic bead-conjugated anti-V5-tagged
mouse monoclonal antibody (M215-11; MBL). Precipitated protein
samples were separated on a 10% acrylamide gel and stained using
Coomassie Brilliant Blue R 250 (112553; Merck). The protein bands were
visualized, clipped from the gel and used for identification of the ITPR1-
interacting proteins using MS. The experiment was performed in accordance
with the protocol using the murine database instead of the human database
(Tanimura et al., 2016).

Immunoprecipitation assay

A vector expressing the C-terminal V5-tagged wild-type or K71Del mutant
of the ITPR1 218-aa isoform was transfected into HEK293T cells in 10 cm
dishes using the method described above. After 48 h, the cells were lysed in
a buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.05% NP-40
and 1% protease inhibitor cocktail, followed by sonication and centrifugation
(17,800 g). A total of 200 pg of supernatant was incubated with the
magnetic bead-conjugated anti-V5-tagged mouse monoclonal antibody
(1:100) overnight. The next morning, protein-bound beads were washed
three times with 1x PBS and eluted in 1x SDS sample buffer. The eluted
proteins were separated on 4-20% mini-protean TGX Stain-Free gel
(4568093; Bio-Rad). Immunoblotting was performed using mouse
monoclonal anti-B-actin (1:1000), rabbit polyclonal anti-myosin Ila
(1:1000, 3403; Cell Signaling Technology) and anti-vinculin (2B5A7)
mouse monoclonal antibody (1:5000, 66305-1-Ig, Proteintech).

Doxycycline-inducible expression of ITPR1 218-aa isoform in
NIH3T3/Tet-on 3G cells
The Xhol fragment of the hygromycin resistance cassette from the
pTRE2hyg vector (Z1014N; Clontech) was cloned into the site of the
pTRE-Tight vector (Z1059N; Clontech). cDNA encoding the 218-aa
isoform of ITPRI1 with a V5-tagged sequence was then cloned into the
modified vector. NIH3T3/Tet-on 3G cells were seeded at a density of
200,000 per well in a six-well plate and transfected with 2 pg of the
doxycycline-inducible expression vector. After 2 days, cells were split into
four 10 cm dishes and selected using 200 pg/ml Hygromycin B Gold (ant-
hg-1; InvivoGen) for 2 weeks. Single colonies were transferred into single
wells of 24-well plates. Cells were treated with doxycycline (Z1311; Takara)
at a final concentration of 1 pg/ml for 24-48 h to induce expression.
Immunofluorescence assays were performed with anti-V5 tag (D3H8Q)
rabbit monoclonal antibody (1:1000), anti-PDI (C81H6) rabbit monoclonal
antibody (1:100) and anti-Lamin A/C (4C11) mouse monoclonal antibody
(1:200, 4777; Cell Signaling Technology) in accordance with the protocol
supplied by Cell Signaling Technology. Actin staining was performed using
Acti-stain™ 488 phalloidin (PHDGI1-A; Cytoskeleton), following the
manufacturer’s protocol. Mounting was carried out with mounting medium
for fluorescence, which included DAPI. Cell migration assays were
performed in accordance with the procedure reported by Tanimura et al.
(2016). Immunoblotting and quantification were performed using Simple
Western WES system with rabbit monoclonal anti-YAP (1:50) and mouse
monoclonal Lamin A/C (1:50) antibodies

Measurement of vinculin and YAP signal

Immunofluorescence assays were performed in accordance with the
protocol supplied by Cell Signaling Technology. The primary antibodies
included an anti-V5 mouse monoclonal antibody (1:1000), an anti-vinculin
rabbit polyclonal antibody (1:400, Ab73412; Abcam) and anti-YAP
(D8H1X) XP rabbit monoclonal antibody (1:100, 14074; Cell Signaling
Technology). The secondary antibodies used were anti-rabbit IgG (H+L),
F(ab)2 fragment Alexa Fluor®™ 488 conjugate and anti-mouse IgG (H+L),
F(ab)2 fragment Alexa Fluor® 555 conjugate. Actin staining was performed
using Acti-stain™ 488 phalloidin (PHDG1-A; Cytoskeleton), following the
manufacturer’s protocol. Mounting was carried out with mounting medium
for fluorescence, which included DAPI.

Quantification of protein expression using fluorescence intensity as an
index was performed as previously described (de Kerckhove et al., 2018).
Briefly, at least three randomly selected fields of view per group
(magnification, x20) were scanned using a confocal laser scanning unit
microscope (C2.. system, Nikon) equipped with Plan Apo VC20X (0.75 NA)
and NIS-Elements C software version 4.13 (Nikon). Vinculin- and YAP-
positive areas were delineated using the frechand drawing tool and the
fluorescence intensity was measured using AR software version 4.0 (Nikon).

Statistical methods

Post hoc Dunnett’s test was performed with ANOVA using the SAS
software package (version 9.3; SAS Institute). Data are expressed as
mean#s.e.m. Differences were significant at P<0.05. Student’s #-test was
performed with GraphPad (GraphPad Software).
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