ABSTRACT

STUDY OF THE PHOSPHORYLATION OF PAX6 TRANSACTIVATION DOMAIN IN
VITRO AND IN VIVO

by Peipei Qi

The transcription factor, PAX6, plays essential roles during the development of eyes, brain, and
pancreas. Loss of Pax6 causes complete lack of eye formation in both humans and mice and even
prenatal lethality in mice. Heterozygotes for Pax6 null mutations possess “small eyes” in mice and
aniridia in humans. Truncation mutations of human PAX6 C-terminus can also lead to aniridia,
demonstrating a critical role of the PAX6 transactivation domain (TAD) during eye formation.
Previous studies found that in vitro phosphorylation of the PAX6 TAD by p38 kinase and HIPK2
at seven sites could regulate Pax6 transactivation. Here, a comprehensive analysis of all thesis
phosphorylation sites revealed that PAX6 lost almost all ability to activate transcription when all
sites were mutated. Furthermore, phosphorylation of the last site accounts for about 40% of the
transcriptional activity and plays the most dominant role among all the phosphorylation sites
studied. Additionally, it was proved that TAD phosphorylation could critically regulate Pax6
transcriptional repression. Together, these in-vitro data demonstrate that PAX6 TAD
phosphorylation can strongly affect the dual function of Pax6 as a trans-activator and trans-
repressor. Transgenic mice with sites 2 and 3 mutations exhibited normal eye development, which
was consistent with the in-vitro data.
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STUDY OF THE PHOSPHORYLATION OF PAX6 TRANSACTIVATION
DOMAIN IN VITRO AND IN VIVO

Introduction

Pax6 in mammal development

Paired Box 6 (Pax6) is a member of the Pax gene family and PAXG6 protein is a master transcription
factor that plays pivotal roles during the development of eye, pancreas and central nervous system
(CNS) in vertebrates (Walther and Gruss 1991; Callaerts, Halder, and Gehring 1997,
Panneerselvam et al. 2019). The loss of Pax6 leads to lethality during murine embryogenesis. In
the clinic, Pax6 heterozygotes display pan-ocular disorders, such as aniridia, congenital cataract,
microcornea, glaucoma and Peters anomaly. Abnormally small eyes are found in mice
heterozygous for Pax6 null mutations and eye formation fails in homozygous Pax6 null mice (Hill
et al. 1991; Machon et al. 2009). In mouse ocular lens development (Fig. 1), Pax6 is expressed
from a very early time point, embryonic day 8.0 (E8.0) in the head surface ectoderm (SE) and the
ocular vesicle (OV) where it induces the formation of the lens placode, which subsequently
invaginates to form the lens pit that closes off to form the lens vesicle (Goudreau et al. 2002; Cvekl
and Ashery-Padan 2014). From E12.5, the posterior cells of the lens vesicle initiate elongation and
differentiate into primary lens fiber cells (Kallifatidis et al. 2011). These primary fiber cells fill the
lens vesicle and become the embryonic lens nucleus. In the meantime, the anterior cells of the lens
vesicle differentiate into lens epithelium, which possesses proliferative ability. Proliferation of lens
epithelial cells results in a displacement of cells toward the equator where epithelial cells undergo
secondary fiber cell differentiation (Beebe et al. 1982; Piatigorsky 1981). Although the basic
anatomy of the lens is formed during embryogenesis, continuous proliferation of lens epithelial
cells followed by secondary fiber cell differentiation fuels the growth of the lens throughout the
vertebrate lifespan. Cellular and molecular data demonstrate that Pax6 is essential for the
specification of murine lens placode at E9.5 (R. Ashery-Padan et al. 2000) and lens fiber cell
differentiation at E14.5 (Shaham et al. 2009). Therefore, ablation of Pax6 leads to the absence of
lens. Also, at the time of lens placode formation, the anterior cells of OV elongate and invaginate
into an optic cup (OC) which subsequently differentiates into mouse retina progenitor cells (RPC),
that give rise to all cell types of the neural retina. Previous studies have found that murine Pax6-
deficient RPCs fail to accomplish retina cell differentiation at E10.5 (Klimova and Kozmik 2014).
Consequently, reduced retina size is observed in Pax6-deficient eyes at E14.5 and morphologically
normal retina cells are hardly detected at postnatal day 0 (PO) (Klimova and Kozmik 2014). Thus,
Pax6 is key to retina cell specification.

Besides the essential role in eye development, Pax6 also can crucially regulate the formation
of the mouse CNS. Pax6 is expressed from the onset of brain development at E8 (Walther and
Gruss 1991) to adulthood (Osumi et al. 2008). Inactivation of Pax6 leads to a severe impairment
of neurogenesis, particularly in brain patterning. For instance, in Sey/Sey mice (Roberts 1967), loss
of Pax6 disrupted the differential expression of Gsh2 and Ngn2 (Toresson, Potter, and Campbell
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2000; Yun, Potter, and Rubenstein 2001), and thus severely impaired the establishment of the
pallial-subpallial boundary (PSPB), which could critically promote the differentiation of the
cerebral cortex and the striatum in normal brain development (Georgala, Carr, and Price 2011).
Furthermore, Pax6 is required to regulate the proliferation of cortical progenitors and abnormally
increased number of exit cells cycle resulted in reduced size of cortical progenitor pool in Pax6-/-
mutated cortex (Quinn et al. 2007). Thus, Pax6 plays multiple critical roles in brain development.

Additionally, Pax6 also plays an essential role in pancreas formation and is initially detected at
E9 in developing mouse pancreas (St-Onge et al. 1997). During differentiation of islet endocrine
cells, Pax6 controls both the number and morphology of endocrine cell types (Sander et al. 1997).
Notably, the levels of insulin and glucagon were dramatically reduced in Pax6 null homozygous
mice (Sander et al. 1997; Ruth Ashery-Padan et al. 2004). Besides, conditional inactivation of
Pax6 in 6-month-old mice strongly diminished the expression of Pdx1, which acted as a vital
regulator of glucose sensing (A. W. Hart et al. 2000). Depletion of Pax6 led to a great reduction
of the production of the endocrine hormones (including insulin, glucagon, and somatostatin) in
mature pancreases. Subsequently, typical symptoms of diabetes were found quickly in these mice,
suggesting a continued requirement for Pax6 expression in adult animals (Alan W. Hart et al.
2013). Taken together, Pax6 plays both a vital role in embryonic development and in regulating
normal glucose homeostasis in mammals.

Functional Domains of PAX6

To determine the molecular mechanism underlying PAX6 roles, the biochemical structure of
PAX6 has been intensively studied. As a transcription factor, PAX6 harbors two distinct DNA-
binding domains, paired domain (PD) and homeodomain (HD). PAX6 also contains a
transactivation domain (TAD) at the C-terminus. In the N-terminal region of PAX6, both the PD
and the HD contain individual DNA-recognition sequences (Treisman, Harris, and Desplan 1991;
Czerny et al. 1999), which enable them to independently occupy some target genes and/or
cooperatively work on the promoters of some other genes via helix-turn-helix (HTH) motifs (H.
E. Xu et al. 1999; W. Xu et al. 1995). This feature lays the structural foundation for the robust
ability of PAX6 to bind diverse target genes from different tissues. Interestingly, an alternative
splicing isoform of Pax6, PAX6(5a), includes a short 14-aa peptide within PD, which alters its
DNA-binding activity and engages distinct target genes for regulation (Epstein et al. 1994; Xie
and Cvekl 2011). Although PAX6(5a) is not as abundant as the conical PAX6 in most tissues, the
loss of PAX6(5a) leads to iris hypoplasia and irregular iris morphology (Nishimura 2002).
Additionally, the maintenance of certain ratios of PAX6(5a) and PAX6 is important during the
proper differentiation of mouse lens, retina, and iris (Davis et al. 2009; Duncan et al. 2000; Sanjaya
et al. 2002). Taken together, distinct DNA-recognition sequences on HD, PD, and PD(5a),
establish a large spectrum of target genes regulated by PAXG6 in different tissues. The C-terminal
153aa residue TAD domain of PAXE6 is rich in proline (P), serine (S) and threonine (T), also called
PST domain. Transcription factors often recruit co-interacting proteins (CIP) to achieve regulation
of transactivation activity. In Leiden Open Variation Database (LOVD) reports more than 100
types of clinical cases with various mutations of the TAD region of Pax6. These include deletions,
premature termination, and missense mutations. Many of these mutations cause TAD truncations
and consequently lead to Pax6 dysfunction. Notably, these patients displayed similar eye disorders
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as those with dysfunction mutation at the DNA-binding domain of Pax6, which confirms the
essential role of TAD. Although the importance of the PAX6 DNA binding domains have been
deeply analyzed in the existing literature, the molecular understanding of TAD regulation remains
relatively low. This study sought to reveal novel information regarding TAD regulatory
mechanisms upon post-translational phosphorylation.

Previous studies have found that the function of protein PAX6 could be affected by post-
translational modification. Several types of post-translational modifications occur on PAX6,
including sumoylation, ubiquitination, acetylation, and phosphorylation. Sumoylation can
facilitate PAX6 p32 (a shorter PAX6 isoform which contains only HD and TAD) to upregulate the
expression of target genes via elevating the DNA binding activity in human lens epithelial cells
(Yan et al. 2010), whereas sumolyzed PAX6(5a) is subjected to destabilization in human corneal
endothelial cells (Yu et al. 2020). Despite the important roles of sumoylation in PAX6 isoforms,
this modification occurs on lysine (K) residues in the DNA binding domains and not in the TAD.
Second, Trim11, a ring finger E3 ubiquitin ligase, can modulate the degradation of PAX6 protein
via the ubiquitin proteasome system (UPS) during cortical neurogenesis. Furthermore, Trim11
inhibits the transcriptional activity of PAX6 (Tuoc and Stoykova 2008). Although early research
reports that PAX6 TAD could physically interact with Trim11 in vitro (Cooper and Hanson 2005),
no direct evidence exists regarding the correlation of TAD-Trim11 interaction and the repression
of PAX6 transcriptional activity. Next, the glycosylated form of PAX6 with O-N-
acetylglucosamine (GIcNAC) residue is found on PAX6 and PAX6(5a) in the quail retina, while
the glycosylation sites are mainly localized on its DNA-binding domains not TAD (Lefebvre et al.
2002). In contrast, all seven phosphorylation sites of PAX6 are located in TAD, which is present
in all isoforms of Pax6. Additionally, several luciferase reporter assays (Yan et al. 2007; Kim et
al. 2006) provided evidence that the promoters of aB-crystallin and proglucagon (two target genes
of PAXG6) were robustly turned up by wildtype PAX6 in contrast to the groups of PAX6 carrying
multiple phosphorylation-site mutation in vitro, implicating that transactivation ability of PAX6
was potently repressed without TAD phosphorylation. Overall, given the impact of
phosphorylation on regulating the function of the PAX6 TAD, | chose to investigate
phosphorylation among all types of PAX6 post-translational modifications.

The highly-conserved PAX6 TAD is phosphorylated by p38 mitogen-activated protein kinase
(p38 MAP kinase) at five amino acid threonine (T) or serine (S) residues (T303, T304, T360,
S361, and S398) (Mikkola et al. 1999) and the homeodomain-interacting protein kinase 2 (HIPK2)
at three amino acid threonine (T) residues (T281, T304, and T373) (Yan et al. 2007; Kim et al.
2006). These same phosphorylation sites existed in PAX6 of humans, mice, and zebrafish. In
Mikkola and his colleagues’ work, a protein sequence alignment of the PAX6 TAD was initially
performed on PAX6 from six species ranging from sea urchin to human and several T and S
residues were highly conserved. Furthermore, secondary structure element prediction highlighted
four putative phosphorylation sites, which were predicted to be exposed away from any secondary
structures (a-helix, B-sheet, or turn) and prone to be phosphorylated by MAP kinases. To verify
these interesting sites, experiments conducted using in-vitro phosphorylation and
[=P]orthophosphate autoradiography demonstrated that TAD (derived from cDNA of zebrafish
Pax6) was phosphorylated by p38 at three sites. Substitution mutation into alanine (A) at these
sites (T303A/T304A, T360A/S361A, and S398A) could be phosphorylated due to loss of hydroxy
group at the side chains. Phosphorylation by p38 on three-site-mutated PAX6 was proved to be
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completely missing in contrast to the strong phosphorylation band of wildtype PAX6. Since these
three “sites” involve five single amino acid residues, they are adjusted to five phosphorylation-
sites (T303A, T304A, T360A, S361A, and S398A) for better clearance here. Besides, PAX6 TAD
(encoded by a mouse embryonic cDNA) was found to be phosphorylated by HIPK2 as well (Kim
et al. 2006). Co-immunoprecipitation (Co-IP) assays have demonstrated that PAX6 had a high
affinity for HIPK2, and it was only the TAD and not the DNA binding domain that can be
phosphorylated in-vitro by HIPK2. Additionally, three phosphorylation sites (T281, T304, and
T373) on TAD were identified through Liquid chromatography-matrix-assisted laser
desorption/ionization mass spectrometry (LC-MALDI-MS/MS), which used a tandem time-of-
flight mass spectrometer. Taken together, there are seven phosphorylation sites (T281, T303,
T304, T360, S361, T373 and S398) on TAD catalyzed by p38 and HIPK2. In this work, these sites
were called by order as Site 1, Site 2, Site 3, Site 4, Site 5, Site 6, and Site 7 for short (see Fig. 2).

As mentioned above, TAD phosphorylation is able to strongly regulate the transcriptional
capacity of PAX6. First, in HeLa and NIH 3T3 cells, co-transfection was performed with
pG5E1bTATA-LUC reporter construct (harboring five copies of GAL4 binding sites(G5),
E1bTATA promoter (Lillie and Green 1989) and luciferase gene) together with the construct
containing the GAL4 DNA binding domain and wildtype PAX6 TAD or phosphorylation-site
mutated TAD. Subsequently, the relative level of transactivation was determined. Loss of PAX6
TAD phosphorylation sites corresponded with a large reduction of transactivation in these assays.
Notably, the loss of phosphorylation of site S398, site 7, had the greatest impact on PAX6
transactivation capacity among five single phosphorylation sites catalyzed by p38 (Mikkola et al.
1999). Interestingly, the five-site mutation led to a greater PAX6 transactivation capacity than that
of Site-398 mutation, suggesting the presence of other phosphorylation sites on TAD. In addition,
a similar luciferase system was applied to determine the sites on TAD by HIPK2 (Kim et al. 2006).
A Gb5-TK-Luciferase reporter plasmid (containing G5 and the luciferase gene driven by a
thymidine kinase minimal promoter), was co-transfected with plasmids encoding GAL4-PAX6
TAD and HIPK2 into the U20S cell line. The relative transactivation of wildtype TAD was
substantially greater than cells co-transfected with GAL4-PAX6 carrying mutation of three
HIPK2-dependent sites. Overall, the p38 phosphorylation-sites and the HIPK2 phosphorylation-
sites were independently determined to be crucial in modulating the transcriptional activity of
PAX6. Nevertheless, all these sites have never been investigated together and a full analysis of the
phosphorylation of all seven sites for the proper function of PAXG6 is lacking. Besides, as above,
phosphorylation of site S398 possesses more capacity in regulating PAX6 transactivation than the
rest of other four single sites phosphorylated by p38. However, it remains unknown if site S398 is
relatively more important compared to HIPK2 phosphorylation-sites. Therefore, | sought to answer
these questions in the first part of this study by establishing an evaluation of the impact of all seven
individual phosphorylation sites on the PAX6 transactivation domain.

TAD phosphorylation and PAX6 trans-repression ability

Besides to promote the expression of some target genes, PAX6 is also able to inhibit some other
downstream gene expression. For instance, PAX6 can directly activate the expression of Sfrpl,
Sfrp2, and Dkk1, which subsequently repress the canonical Wnt/B-catenin signaling in the lens
surface ectoderm (Machon et al. 2009). In absence of Pax6, Co-IP assays found that these Wnt
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inhibitors, SFRP1 and SFRP2, were profoundly reduced, leading to subsequent ectopic activation
of Wnt signaling and disruption of normal lens development. Likewise, transcriptional repression
by PAX6 also plays critical roles in embryonic development. Recently, bioinformatics analysis
and functional studies have demonstrated that the gene Mab2112 is directly negatively regulated
by PAX6 in mouse lenses (Wolf et al. 2009). In humans, the dysfunction of Mab21I2 triggers
bilateral iris coloboma with microcornea and corectopia as well as chorioretinal coloboma (Deml
et al. 2015). Loss of Mab2112 causes the murine embryo to die at E12 with underdeveloped retinas
(Wong and Chow 2002). In zebrafish, homozygous Mab2112 null mutants displayed severe lens
and retina defects with embryo lethality (Deml et al. 2015). Mab21I2 expression initiates at E8.5
in murine optic tissue, midbrain, branchial arches and forelimb bud, and its expression gradually
ceases by E14. During eye development, MAB21L2 is very low in lens but abundant in optic
vesicles. Nevertheless, the mMRNA level of Mab2112 was significantly elevated in Pax6+/- lenses
in comparison with wildtype lens tissue. Besides, based on the fact of high abundance of Pax6 and
low level of Mab2112, it shows that a robust inhibition of Mab21l2 from Pax6 exists in lens
epithelial development. Another target gene, Cone-Rod Homeobox (Crx), normally expressed in
the peripheral RPCs of the optic cup, is directly down-regulated by PAX6 at E12 (Oron-Karni et
al. 2008). Misexpression of Pax6, via in vivo injection and then electroporation in developing
mouse eyes, resulted in the reduction of Crx expression and disruption of rod photoreceptor
differentiation. Furthermore, co-introduction of Pax6 and Crx rescues phenotypes caused by Pax6
misexpression in photoreceptor precursors (Furukawa, Morrow, and Cepko 1997; Chen et al. 1997;
Remez et al. 2017). Therefore, the proper inhibition of Crx by Pax6 is essential in murine retinal
development. There are also many genes negatively regulated by PAX6 in other tissues (for
example, the brain and pancreas) and this PAX6 mediated repression is essential for proper tissue
formation. In the embryonic cerebral cortex, Foxdl and Isl1 were found to be directly repressed
by Pax6 through chromatin immunoprecipitation (ChIP) array along with expression analysis of
Pax6 gain and loss-of-function cortices. By downregulating the expression of the vital
transcription factors, Foxdl and Isl1, Pax6 could inhibit the neocortical identity of interneuron
(Sansom et al. 2009). In the pancreas, PAX6 acts as a transcriptional repressor of many genes. For
example, the PAX6 target gene Ghrelin is significantly upregulated in human and mouse f cells
with deletion of Pax6 (Alan W. Hart et al. 2013). Indeed, many genes have been recently found to
be directly repressed by PAX6 in mammals, including Pax2 (Baumer et al. 2003; Schwarz et al.
2000), Csf1 (Sun et al. 2016), Snca (Xie et al. 2013), cyclin D1 (Sun et al. 2015), yF-Crystallin in
developing eyes (Yang et al. 2004), Ascll, Fezf2 in embryonic forebrain (Sun et al. 2015),
glucagon, somatostatin, Isl1, and Foxa2 in 3 cells of the pancreatic islets (Swisa et al. 2017). Taken
together, the transcriptional repression of PAXG6 is essential for the proper development of eyes,
brain, and pancreas in humans and mice.

The existing data in Drosophila have suggested that the transcriptional repression of PAX6 is
achieved through the interaction of its TAD with Gro, a co-repressor protein (Choi et al. 2005). In
parallel, it has been demonstrated that TAD phosphorylation is able to strengthen the affinity of
PAXG6 to co-interacting proteins (like p300) when upregulating the expression of target genes (Kim
et al. 2006). Hence, phosphorylation on TAD is highly likely to affect Pax6’s trans-repressive
capacity on downstream genes. However, there is no knowledge available in any context regarding
the correlation between TAD phosphorylation and transcriptional repression of PAX6. In the
present study, | addressed this problem by determining the change of repressive target gene levels
between the wildtype Pax6 group and the phosphorylation-site-mutated Pax6 group. This work
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provides novel insights into the role of TAD phosphorylation in transcriptional repression of
PAXE6.

Pax6 phosphorylation-site-mutated transgenic mice and mouse Pax6 null lens
epithelial cell

Although the eye phenotype of Pax6 null transgenic mice is well known, there is little knowledge
of the phenotype and developmental role of PAX6 TAD phosphorylation. To date, there have been
several morphological studies of only HIPK2 and p38 MAPK, the two kinases that determine the
phosphorylation-status of the PAX6 TAD. First, Hipk2 has been characterized to be important for
eye development. Deficiency of Hipk2 in mice leads to small eyes with underdeveloped lens and
cataract at an early age (Inoue et al. 2010). p38 MAPK is an essential gene for embryonic placental
and vascular development (Cuenda and Rousseau 2007). A recent study demonstrated that
inactivation of p38 protein is able to alleviate elevated intraocular pressure of glaucoma in adult
mice, rats, and even squirrel monkeys (Lambert et al. 2020). Thus, these findings suggest that
phosphorylation by HIPK2 and p38 MAPK plays a critical role in embryogenesis and maintenance
of normal ocular environment. Therefore, HIPK2 and p38 work as multi-function factors in
multiple tissues. However, direct evidence of the effect of PAX6 TAD phosphorylation by these
kinases during mammalian eye development is lacking.

In addition to the in-vitro investigation of PAX6 TAD phosphorylation effect, | further explored
if TAD phosphorylation is essential to murine eye development by generating a transgenic mouse
line with mutation of Pax6 phosphorylation-sites via the Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas9 genome editing tool (Ran, Hsu, Wright, et al. 2013). Since
seven PAX6 phosphorylation-sites are scattered across about 3.5 kilo base pair(bp) of the mouse
genome, it was difficult to create this type of transgenic mouse without antibiotic screening.
Alternatively, with the use of ES (embryonic stem cells), it is possible to combine gene targeting
with positive neomycin selection screening. Despite much effort, my experiments were not able to
evaluate the role of each phosphorylation site on PAX6 in mouse eye development. However, we
were able to confirm that phosphorylation of sites 2 and 3 on PAX6 are not required for normal
eye development in mice.

Objectives/Goals

My primary objective was to determine the function and importance of mammalian PAX6 TAD
phosphorylation in vitro and in vivo. My central hypothesis is that the dual function of Pax6 as a
trans-activator and trans-repressor is regulated by PAX6 TAD phosphorylation and plays a critical
role in murine eye development. In Figure 3, the transactivation ability of PAX6 with all the seven
phosphorylation-site mutation was analyzed in vitro. Based on the changes of reporter gene levels,
PAX6 nearly lost all the transcriptional activity when all seven sites were mutated to the
unphosphorylatable amino acid, alanine. Furthermore, phosphorylation of site 7 accounts for about
40% of the transcriptional activity, which plays the most dominant role among all the single
phosphorylation-sites. Specifically, the downregulation of target genes by PAX6 was remarkably
disrupted upon the mutations of Pax6 phosphorylation sites. Thus, these in-vitro data demonstrate
that PAX6 TAD phosphorylation is able to strongly affect the dual function of Pax6 as a trans-
activator and trans-repressor. As to the transgenic mouse line with Pax6 phosphorylation-site


https://paperpile.com/c/rPWQoI/BANXS
https://paperpile.com/c/rPWQoI/qll5s
https://paperpile.com/c/rPWQoI/2xsQx
https://paperpile.com/c/rPWQoI/8d05L

mutations, | obtained a transgenic mouse line with mutations at both sites 2 and 3. These mice
display normal eyes throughout the embryogenesis and postnatal development. This result showed
that the phosphorylation on these two sites was not essential in modulating the transcriptional
activity of Pax6, which is consistent with our in-vitro data. Unfortunately, no other transmittable
phosphorylation-site  mutations in transgenic mice were generated even though multiple
approaches were employed. Additionally, a relatively simple system, the mouse lens epithelial cell
line 21EM15, was employed to study the role of PAX6 TAD phosphorylation due to its unique
potential that it can spontaneously form lentoid bodies (LB) during culture. | also established
several Pax6-deletion cell lines (including Line F9 and B7). Nevertheless, none of them show any
impact on the formation of LB, suggesting that Pax6 is not essential for lentoid body formation.

Method and Materials

Constructs with single mutations of all seven sites via site-mutagenesis

To compare the importance of all sites during modulating TAD transcriptional activation, a series
of constructs with single or multiple phosphorylatable serines (S) or theronines (T) mutated into
alanines (A) were created by site directed mutagenesis. Primers (Integrated DNA Technologies
IDT) used to create these constructs are listed in Table 1. Briefly, the plasmid pMXs-Pax6
(Addgene) with a wildtype Pax6 cDNA was mutated by PCR using the QuickChange Lightning
Site-Directed Mutagenesis Kit (Agilent Technologies). This reaction was primed by a pair of
primers with specific mutations at the 5’ end and a desired mutant plasmid was generated with the
rest of non-mutated circular DNA as templates using Q5 high-fidelity DNA polymerase (NEB).
Plasmids carrying the desired mutations were selected and exclusively amplified prior to
confirmation by sequencing assays (Eurofins Genomics) in Table 2. Another powerful Kit,
QuickChange Lightning Multi Site-Directed Mutagenesis Kit, facilitated all seven sites to be
mutated successfully in one step. Mutated plasmids were established with the primers designed at
a specific website (https://www.agilent.com/store/primerDesignProgram.jsp) by following the
protocol of the kit. Likewise, mutations of the constructs were verified by sequencing analysis.

Cells

The murine lens epithelial cell line, 21EM15, (Reddan et al. 1989) was grown in MEF media
containing DMEM supplemented with 10% fetal bovine serum, 1% non-essential amino acids, and
1% antibiotic-antimycotic (Thermo Fisher). The mouse kidney cell line, MK4, was grown in the
same media as above. The mouse embryonic stem cell line, G4, (George et al. 2007) was cultured
in DMEM high glucose supplemented with 10% knock-out serum replacement, 1% sodium
pyruvate, 1% antibiotic-antimycotic, 1% non-essential amino acids, and 0.1% beta-
mercaptoethanol in the presence of feeder mouse embryonic fibroblast cells, while neomycin-
resistant G4 clones were picked up into gelatin-coated plates instead of the feeder cell
environment.

To grow LBs, about 100 wildtype or mutated 21EM15 cells (fully trypsinized for over 10 min
at 37° C) were seeded into each well of 96-well plates and cultured at 37° C with MEF media, with
the media changed once every three days. After 1 week, cells reached 80% confluency. Then cells
were checked every day for fried-egg structures (some cells simultaneously aggregate to roughly
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form a 2D circle with lower transparency as the central part of a fried egg) until the onset of lentoid
body formation, and then the fresh media was changed once per 48 hours. After fried-egg clusters
were formed, the media were replaced every 24 hours to generate mature LB with cells aggregating
into a ball-like 3D structure.

Luciferase assay to determine the effect of phosphorylation site mutations on
PAX6 transactivation

To evaluate the relative transactivation strength of all sites, MK4 cells with low endogenous
abundance of PAX6, were grown in DMEM supplemented with 10% fetal bovine serum, 1% non-
essential amino acids, and 1% antibiotic-antimycotic until confluency at which point, they were
passaged twice. After reaching 80% confluence, the cells were transfected using Turbofect
Transfection Reagent (ThermoFisher #R0531) with the appropriate vectors following the
manufacturer’s protocol. The vector DNA containing a PAX6-inducible promoter (Cignal
Reporter, Promega 336841) and the mutated Pax6 cDNA constructs (with phosphorylatable
serines and/or threonines replaced with alanine(s)) were co-transfected into MK4 cells. After 32
hours, cells were collected and lysed to conduct Luciferase assays using the Dual-Luciferase
Reporter Assay System (Promega E1910) according to the manufacturer’s instructions, and the
ratios of the luminescence intensity by firefly luciferase over the one by Renilla luciferase was
measured on Luminometer (Nicar). Then, a comparative analysis was performed among all the
mutant groups. ANOVA test was conducted as statistical analysis.

RT-gPCR assay

As previously described (Padula et al. 2019), total RNA was extracted from MKA4 transfected cells
via an RNA extraction kit (Zymo Research) and DNase | digestion was performed to eliminate
DNA prior to reverse transcription of the isolated RNA (Promega ImProm-II™ Reverse
Transcription). Concentrations of cDNA from amplified samples were analyzed through a
Nanodrop Spectrophotometer. Real-time quantitative PCR was performed on a Bio-Rad CFX
device to examine the level of specific gene expression via GoTagq Promega gPCR master mix
(Promega). Intron-spanning primers were designed to specifically quantify targeted mRNA
transcripts. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) expression was used as an
endogenous control (sequences were listed in Table 3). The cycling conditions consisted of 1 cycle
at 95 °C for 120 s for denaturation, followed by 40 two-step cycles for amplification (each cycle
consisted of 95 °C incubation for 15 s and an appropriate annealing temperature as the annealing
and product elongation temperature for 60 s). The reaction specificity was checked by the melting
temperature and the presence of a single DNA band on agarose gels from the RT-gPCR products.
The melting curve cycle (Cq) was generated from the RT-gPCR reaction, and gene expressions
were calculated and normalized to GAPDH level using the delta-delta Ct method. ANOVA test
was conducted as statistical analysis.

To examine the role of Pax6 phosphorylation on transcriptional capacity in Pax6 null 21EM15
cells, pMXs-Pax6 constructs were transfected via Turbofect Transfection Reagent and then total
MRNA was isolated from cells after 36 hours to assess gene expression changes among interesting
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target genes between the groups transfected with wildtype and phosphorylation-site mutated Pax6
constructs.

Animals

All procedures were approved by the Miami University Institutional Animal Care and Use
Committee and complied with the ARVO Statement for the Use of Animals in Research, consistent
with those published by the Institute for Laboratory Animal Research (Guide for the Care and Use
of Laboratory Animals). In the initial experiment, a strategy, double nicking by RNA-guided
CRISPR Cas9, was utilized to increase specificity and minimize off-target cutting (Ran, Hsu, Lin,
et al. 2013) in Fig. 3. In this research, all sgRNAs were designed using the software on the website
(https://zlab.bio/guide-design-resources). Due to the size restriction of the single strand DNA
template (sSDNA, 200 nt at maximum, Integrated DNA Technologies), the first three
phosphorylation-sites were targeted to be mutated into A in one experiment, in which FVB/N
zygotes were injected with the fresh TE buffer added with 20 pg/uL Cas9 Nickase mRNA, 20 ng/
uL of a single guide RNA (sgRNA 1, Integrated DNA Technologies), 20 pg/uL of a second single
guide RNA (sgRNA2, Integrated DNA Technologies), and 10 pg/uL of ssDNA template (Table
4). Following microinjection, zygotes were implanted into ICR host females, and resultant pups
were collected for genotyping and phenotyping analysis to investigate the role of PAX6
phosphorylation during eye development (Fig. 4). In genotyping analysis, PCR assays were
conducted based on Fig. 5B. Finally, sequencing analysis were conducted on single DNA copies
containing site 1, 2, and 3 via subcloning (PCR cloning kit, Promega corporation). Alternatively,
successful genome editing created a restriction site that could be cleaved by the enzyme, MIuCl
(NEB), creating a cheaper and faster method for screening than direct sequencing assays.

In parallel, | attempted to create the transgenic mice with all phosphorylation-site mutations
using CRISPR/Cas9 with double sgRNAs. | devised a method to target all seven sites
simultaneously. Wild type mouse zygotes were introduced with a mixture of Cas9 enzyme, sgRNA
1, sgRNA 5, and a double-strand homologous repair DNA template containing desired mutations
via microinjection (Table 5), so that a DNA fragment between the two cleavage sites was cut out
by Cas9 enzyme guided by two sgRNAs. This design facilitated the repair of the broken genomic
DNA via homology-directed repair (HDR) using the DNA template carrying the mutations in all
seven sites (Fig. 6). Next, as Fig. 5 and Table 5 showed, the same strategy as above was conducted
in the first part of genotyping of these mice, including digestion by the restriction enzyme, MIuCl
(NEB), and then sequencing analysis. To further identify whether seven phosphorylation-sites of
the mice were mutated, genomic PCR was conducted for DNA copies for sequencing. Firstly, to
ensure the tested DNA located on the expected position, one of the primers was designed to bind
to the upstream DNA of 5’HA (Homology Arm) and the reverse primer targeting the downstream
DNA of Site 3. Then, with the PCR product as the template, the DNA copies with a size of about
0.5kb, were acquired in the second PCR for sequencing, which was covered by one read.

Another strategy was to create transgenic embryos with all phosphorylation-site mutation Pax6
derived from mouse embryonic stem cell G4. In this way, mouse stem cells would be manipulated
instead of mouse zygotes to permit positive selection with the neomycin drug, G418 disulfate salt
(Sigma-Aldrich) to increase the rate of stem cells with desired mutations out of thousands of total
cells. With the microinjection method it’s less likely to obtain the desired mutations in zygotes
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without any selection because of the low efficiency of long DNA editing. Initially, the preliminary
experiment was conducted to identify the optimal sgRNA pair responsible for all-site mutation of
Pax6 in the MK4 cell line. Cells with the desired mutations would exhibit the resistance to G418
(Fig. 7, Table 6). In the cells targeted with SgRNAZ2 and 4, 12 colonies were acquired in the media
containing 700 ng/uL of neomycin after 10 days of selection, and genotyping analysis found that
all seven sites of Pax6 in these MK4 cells were mutated properly. However, no cells survived
under the neomycin environment in the cells targeted withsgRNAL and 5 or cells from the control
group. Therefore, sSgRNAZ2 and 4 was chosen to make the seven-site mutants using embryonic stem
cells. As shown in Fig.8, a pair of single gRNAs (one sgRNA targeting the relative 5 side of the
mutated DNA region, and another sgRNA at the 3’ end) were inserted in the plasmid, px458
(Addgene) containing Cas9 DNA, separately. Additionally, a DNA fragment that included sites 1-
7 (about 3.7kb in size) flanked with 0.8 kb DNA at each end as homology arms was cloned into a
plasmid, pMINI-T, via a PCR cloning Kit (NEB). As repair template, multiple-site mutations from
T or S into A plus missense mutations of the PAM sites were introduced into the pMINI-T
construct via QuickChange Lightning Multi Site-Directed Mutagenesis Kit. To facilitate selection
for mutated cells, a neomycin-resistance gene driven by an independent phosphoglycerate kinase
(PGK) promoter was inserted into the middle of intron 10. After the confirmation by sequencing
analysis, three types of constructs (two sgRNA constructs and one repair template construct) were
co-transfected into G4 cell line via electroporation (Bio-Rad Gene Pulser Xcell modular
electroporation systems). Then, the drug, G418, was applied from 100 pg/mL and slowly increased
to 250 pg/mL to poison cells without the neomycin-resistant gene. Finally, the surviving cells were
grown into single clones. Half of each single clone was used for genotyping analysis. To amplify
the edited region, at least one primer was directed to the DNA region located outside of repair
template sequence, eliminating the possibility of mis-insertion of template into non-Pax6 region
on genome. Two long DNA fragments (one containing Site 1, 2, and 3; another site 4 to 7) were
acquired by following the strategy shown in Figure 5. Instead of sequencing these long DNAs
from all the Neo-resistant clones directly, an additional round of PCR was performed to generate
three shorter DNA fragments containing sites 1-3, Site 4-6, and Site 7, separately. As shown in
Fig.5, two novel restriction sites, MIuCl and BsrDI (NEB) were introduced during the mutation of
Pax6 and these are unique within the shorter DNA sequences (0.5 or 0.6 kb in size). Therefore,
only DNA fragments that could be cut by MIuCI and BsrDI were selected for further sequencing
assays to confirm the presence of all seven phosphorylation-site mutations.

G4 clones (feeder-cell free) with proper mutations at all sites were intended for generating
transgenic mouse lines. Wildtype ICR blastocysts were collected at E3.5 and then injected with
targeted G4 ES cells. Next, chimeric blastocysts were transferred into pseudo-pregnant ICR
females to generate live chimeric animals that were distinguished by coat color. ICR mice are
albino, but the G4 ES cells are agouti. Chimeric mice were mated to normal FVB/N adults to
transmit the mutant Pax6 allele through the germline. Additionally, since G4 cells harbor XY
chromosomes and agouti coat alleles, male chimeric mice with more brown color coat were able
to exhibit stronger potential to transmit mutations to offspring by mating with FVB/N female mice
(see Fig. 8).
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Western Blot and Histological analysis

Briefly, cell pellets were collected from MK4 or 21EM15 cells transfected with Pax6 constructs
and then washed with cold PBS buffer carefully twice. Next, RIPA lysis buffer (ThermoFisher
Scientific) was added to re-suspend the pellets and mixed thoroughly via gently shaking for 15
min on ice. The mixture was centrifuged at ~14,000 x g for 15 minutes, and the supernatant would
be kept as total protein extracted from lysed cells. After quantification analysis using the Pierce
BCA Protein Assay Kit (ThermoFisher Scientific 23225), 20 pg of protein samples was boiled for
5 minutes in 4X Laemmli sample buffer (Bio-Rad) supplemented with p-Mercaptoethanol and
then loaded into single wells of 12% SDS-PAGE (sodium dodecyl sulphate—polyacrylamide gel
electrophoresis) gel, separately. After electrophoresis for 1.5h in Bio-Rad Running reagent at a
voltage of 200mV, proteins were then transferred onto PVVDF membrane using the Bio-Rad
TurboBlot system. Blots were blocked in 5% BSA in tris buffered saline with 0.1% Tween-20
(TBST) and incubated in the primary antibody overnight at 4° C. The following primary anti-
PAX6 antibodies (Santa Cruz, sc-81649) were used at 1:200 dilution. Primary antibody was
detected using the secondary goat anti-mouse antibody (Bio-Rad 12005867) and imaged using the
Bio-Rad ChemiDoc Touch Imaging System.

New-born embryos were collected and fixed in 10% neutral buffered formalin overnight at room
temperature. Standard protocols (Titford 2009; Hoang et al. 2017) were used to fix and embed
tissue in paraffin wax before embryos were sectioned at Sum. Sections were subjected to xylene
washes followed by dehydration. For histological analysis, standard Hematoxylin and Eosin
staining protocols were used and lens sections were imaged on a Nikon T1-80 microscope.

Mouse lens epithelial cell line with Pax6 mutation

As an alternative to transgenic mice, the mouse lens epithelial cell line, 21EM15, was employed
to study the role of the PAX6 TAD phosphorylation, based on its unique potential to spontaneously
form LB during culture. Similar genome-editing materials (the ones to create ES-derived
transgenic mice) were used to create a Pax6 phosphorylation-site mutation cell line when 80%
confluence cells were co-transfected via Turbofect Transfection Reagent. In the meantime, to test
if Pax6 is required for LB formation, Pax6-null 21EM15 cells were generated in combination with
the construct px458 inserted with sgRNA8 (see Table 7), in which a cleavage would occur around
the transcription starting site of Pax6 combined with non-homologous end joining (NHEJ) repair
to create indel frameshift mutations. Then, single cells were seeded into individual wells on 96-
well plates and cultured to form clonal colonies. Unlike the genotyping strategy above to detect
missense mutations, genome PCR was conducted on single clones to screen for indels generated
at the cleavage site region targeted by sgRNAS in contrast to the DNA size of wildtype cells, and
then single cDNA copies of the clones with indel mutation were prepared for sequencing analysis.
Thus, interesting clones were confirmed at DNA level. Next, PAX6 protein in these clones were
further examined through Western blot to verify the absence of PAX6 compared to the wildtype
PAX6 from control 21EM15 cells.
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Results and Discussion

Evaluation of all seven phosphorylation-sites of Pax6 TAD

The relative transactivation capacity of PAX6 with all seven phosphorylation-sites mutated into
alanine was only 20% that of that from cells transfected with wild-type PAX6 (Fig. 9), implying a
remarkably reduction of transactivation capacity of PAX6 due to loss of TAD phosphorylation.
This was similar to the activation of the PAX6 luciferase reporter in the negative control (GFP)
transfected cells, in which no PAX6 was expressed. This finding demonstrated that the ablation of
phosphorylation modification on PAX6 led to a complete depletion of the transcriptional activation
capacity of Pax6, suggesting that phosphorylation of TAD is essential for maintaining the
transactivation ability.

Among all the single or double phosphorylation-sites in this assay, site 7 was characterized as
the most important site. As shown in Fig. 9, loss of phosphorylation at site 7 reduced the relative
transactivation capacity by approximately 30% and this was the greatest effect for any single site
mutation. Other single or double phosphorylation-site mutations, without the inclusion of site 7,
made little difference in the transactivation capacity of PAX6. Although the role of site 7 (the
corresponding conserved site in zebrafish) had been noted earlier among five p38-catalyzed sites
in zebrafish (Mikkola et al. 1999), in which Site 7 exhibited greater importance than other single
p38-catalyzed sites, this work provided a comprehensive understanding of the great importance of
Site 7 among all seven phosphorylation-sites in mice. Taken together, these results demonstrate
that mutating all the phosphorylation sites on Pax6 results in an effect similar to the Pax6 null
mutation and mutating Site 7 alone should cause a hypomorphic mutation in mice.

Pax6’s trans-repression capacity was strictly tuned by TAD phosphorylation

As a dual role factor, PAX6 was also examined to determine whether the phosphorylation
modification of TAD would affect the ability of PAXG6 to repress transcription. Wildtype Pax6 and
the phosphorylation-site mutation Pax6 constructs were transfected into MK4 cells, respectively,
and then downstream target genes, previously shown to be repressed by PAX6 in literature, were
examined for their expression changes between the groups of various transfectants with GFP and
Pax6 constructs. As shown in Fig. 10A, overexpression of wildtype Pax6 and the phosphorylation-
site mutated Pax6 constructs were successful, in which the mRNA levels of Pax6 transcribed by
three Pax6 constructs were significantly higher than that of cells transfected with GFP construct.
The two mutated Pax6 constructs displayed even more transcripts than the wildtype Pax6
construct, though all groups were treated with the same amount of plasmid. Moreover, the protein
levels of Pax6 in all four groups were determined by Western blot assay (Fig. 10B), and the result
was remarkably consistent with the data in Fig. 10A. Due to the poor abundance of endogenous
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Pax6 in MK4 cells, minimum levels of Pax6 mRNA and protein were detected in cells transfected
with GFP construct. In other three groups, wildtype and mutated PAX6 were strongly translated
by Pax6 constructs, and wildtype PAX6 exhibited a weaker band than that of two mutated PAX6,
which also confirmed the RT-gPCR data in Fig. 10A. These outcomes demonstrated that the
treatment of introducing exogenous PAX6 to MK4 cells was effective.

In Figure 11, the expression of two repressive target genes, Csfl (Sun et al. 2016) and Pax2
(Schwarz et al. 2000), was reduced by 60% and 50%, respectively when transfected with wildtype
Pax6 relative to their expression when transfected with GFP. However, the introduction of all
seven phosphorylation-site mutated PAX6 failed to significantly reduce either Csfl or Pax2
expression, implying the complete inactivation of Pax6 phosphorylation at seven sites abolished
the inhibition of the expression of Csfl and Pax2. Additionally, based on the comparative analysis
of the Just-Site-7 group, the wildtype group and the GFP group, the levels of Csfl and Pax2 in the
Just-Site-7 group were greatly elevated from these in wildtype group, while they were still
significantly lower than those in the GFP group. These results indicated that the inactivation of
only Site 7 was able to partially rescue the expression of both genes. Furthermore, the levels of
Pax2 and Csf1 in the Just-Site-7 group was significantly restored to about 80% of that of the all-
phosphorylation-site group, suggests that phosphorylation at site 7 exhibited a greater importance
in modulating the repression by PAX6 than that of PAX6 activation.

In addition, the relative level of Pax6 in the wildtype group was only 3, which was much lower
than 7 or 8 in the Just-Site-7 group and the all-phosphorylation-site group, respectively. Of note,
the relative expression of both Csfl and Pax2 in the wildtype group was just 0.4 in contrast to 1 of
the other two Pax6 mutant groups (see Fig. 11). Taken together, a relatively low level of PAX in
wildtype construct group still could remarkably inhibit the expression of both gene, whereas the
relative high levels of PAX6 in two mutated construct groups failed to maintain the transcription
repression due to phosphorylation-site mutation at PAX6 TAD. These results demonstrated that
the repression of Pax6 on target gene expressions was remarkably attenuated by TAD
phosphorylation. Overall, | concluded that the trans-repression ability of Pax6 was potently
regulated by TAD phosphorylation.

The molecular mechanism of how target gene expression is activated or inhibited by PAX6
remains to be illustrated. The existing data found that PAX6 acts by forming a complex, including
additional DNA-binding factors and co-interacting factors associated with core histone
posttranslational modifications (PTMs). Jian Sun and his colleagues raised a model (Sun et al.
2016), in which PAX6, accompanied with Sox2, Maf and Setla, can recruit M111/2 complexes and
p300 to promote the transcriptions. Besides, to repress downstream gene transcription, it indicates
that PAX6 needs to interact with Groucho (co-repressor), and HDAC in Drosophila (Choi et al.
2005). Therefore, PAX6’s regulatory complexes require co-DNA-binding factors and co-
interacting factors, leading to loss or gain histone methylation or acetylation at PAX6-binding
DNA areas.

Pax6 phosphorylation-site mutated transgenic mice

Since Site 1, 2, and 3 are closer than the rest of the four sites in the location of the genome, the
first three sites were initially designed to be mutated into A in the one experiment via
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CRISPR/Cas9 nickase technique (Ran, Hsu, Lin, et al. 2013). FVB/N wildtype zygotes were
introduced with sgRNA1, sgRNA2, single strand DNA template ssDNA, and 20 pg/ul Cas9
nickase MRNA via micro-injection, and then these zygotes were implanted into ICR host females.
In this experiment, one founder mouse (ID: 1280) heterozygous for mutations of T303A (site 2)
and T304A (site 3) was obtained through double nicking CRISPR/Cas9 system via zygote
microinjection (Fig. 12A and B). To get the homozygous mutants, 1280 was mated with FVB/N
wildtype mice and then the offspring were intercrossed. These homozygotes appeared normal with
respect to eye development (Fig.12C and D). Thus, it indicated the phosphorylation of these two
sites were dispensable to proper eye formation and the other five sites were still sufficient to
activate PAX6. This outcome was consistent with the result of luciferase assay above that no
significant differences were observed in the activation ability of Pax6 in the group of Site 2 and 3
mutated (see Fig 9, site 2 + 3 A).

A second transgenic founder female mouse (ID: 1270) was acquired along 1280, and all 4 single
DNA copies via subcloning from the product of genome PCR were sequenced to be mutated at
three phosphorylation-sites. It proved that at least the tail tissues of 1270 that were used for
genotyping contained desired mutations at both alleles. Although it carried the wanted mutation at
Site 1, 2, and 3, it displayed normal eyes and was unable to transmit the mutated Pax6 to its
offspring based on the fact that over 40 pups were screened to be wildtype mice without any Pax6
phosphorylation-site mutation. This phenomenon could be interpreted that CRISPR/Cas9
materials started to work at a later embryogenesis stage of 1270 rather than single-cell zygote stage
so that part of the multi-cell embryo was not subject to genome editing and the rest was mutated
by CRISPR/Cas9 materials. Consequently, 1270 developed into a mosaic mouse and its
germinative cells were unmutated in Pax6. Thus, this line could not serve as a good model for this
study.

To accelerate the study of the role of TAD phosphorylation in murine embryogenesis, |
switched to create transgenic mice targeting all seven phosphorylation-sites directly in one
experiment. To mutate all phosphorylation-sites on Pax6, a donor DNA was constructed carrying
seven alanine mutations on the corresponding sites flanked by a repair arm with 0.8 kb in size at
each end. Only 5 wildtype mice were obtained after two rounds of zygote microinjection based on
CRISPR/Cas9 technique. I also used mouse embryonic stem cells that were manipulated by the
CRISPR/Cas9 genome editing tool. The donor DNA was inserted with a neomycin-resistance
gene, which could facilitate the screening for the mutated cells. Although about 65 single colonies
gained the resistance to G418, the genotyping assays showed that the neomycin-resistance gene
was not integrated into Pax6 in any of these colonies. We assumed that the gRNA didn’t work
well, and thus it failed to initialize the homology repair on the Pax6 gene. Therefore, | was unable
to generate mice having phosphorylation site mutations as sites other than 2 and 3.

To select new sgRNA pairs, another preliminary experiment was conducted in MK4 cells,
which grew more quickly in a cheaper media than the G4 ES cells. The new sgRNAs with higher
efficiency would establish more cell clones with the neomycin resistance. Cells targeted with
SgRNAZ2 and sgRNA4 (Table 6) were found to develop the most neomycin-resistant clone plate
after 10 days of positive selection. Further genotyping analysis of these clones revealed that all
seven phosphorylation sites were mutated properly. Conversely, no clones survived under the
neomycin environment in the group of sgRNA1 and sgRNADS, indicating poor performance by this
pair of sgRNAs. Therefore, sgRNA2 and 4 were chosen to target another batch of ES cells.
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Subsequently, I acquired Clone 67, which was hemizygous in Site 1, 2, and 3 but homozygous in
Site 4-7, meaning that the seven sites of Pax6 on one allele were completely mutated as desired
whereas Site 1-3 still unmutated on Pax6 of another allele in Clone 67. This was the best clone
among over one hundred clones that | tested. Clone 67 was injected into wildtype blastocyst
embryos to obtain chimeric offspring. These chimeric mice were mated with normal FVB/N mice
in an attempt to achieve germline transmission and to acquire Pax6 phosphorylation-site mutation
animals. In Fig.13, 4 Clone-67-derived chimeric mice (3 females and 1 male) were obtained with
normal eyes, but they were either infertile or unable to transmit the G4 mutations to the next
generation. Interestingly, all the three female chimeric mice displayed dramatically larger coat
areas in black than that of the male. Among the mice, one female with the largest black coat area
(up to 70% of the total area) was infertile, suggesting that its cells in the reproductive system
originated from G4 stem cells containing X and Y chromosomes.

These results indicated the double-sgRNA genome-editing strategy is not friendly to create Pax6
mutant mice. There are two possibilities for why no Pax6 mutated mice were available. First, my
CRISPR/Cas9 system worked poorly and failed to edit Pax6. Apparently, it is rejected by the fact
that | have got Pax6 mutated cell lines of both MK4 cells and G4 cells. Another possibility is that
Pax6 was over-edited in double-sgRNA strategy, leading to a serious impairment or even failure
of normal murine embryogenesis. It implies that double or single cleavages were introduced well
to Pax6, but it wasn’t repaired or mis-repaired on the genome. Consequently, the embryos with
the dysfunction of Pax6 were unable to develop successfully. To date, all the data is prior to support
this possibility. Besides, since NHEJ occurs more frequently than HDR to repair the broken
genomic DNA in CRISPR/Cas9 system, it’s very likely to form a mutant cell/mouse with one
allele repaired through HDR carrying the neomycin resistant gene and the other allele via NHEJ.
In this case, the function of Pax6 on both alleles was abolished and thus it led to the mal-
development or under-development of mice, making it nearly impossible to get live newly born
animals. Transgenic mice served as the platform in the entire research, but this process is
overwhelmingly inefficient. Apparently, it’s necessary to propose an alternative since no satisfying
transgenic mice were established after five years. To replace transgenic mice, 21EM15 cells were
manipulated to be edited on genomic Pax6 through CRISPR/Cas9 technique, in which more cell
materials could be collected efficiently for cell screening and clone genotyping. In addition,
21EM15 cells can spontaneously grow LB, and the role of phosphorylation of PAX6 TAD was
determined during this process.

Pax6-null mouse lens epithelial 21EM15 cell line

The CRISPR/CAS9 technique with sgRNA8 was utilized to knockout Pax6 from 21EM15 cells
by introducing a cleavage site within the second coding exon (exon 4), which was very close to
the transcription starting site of Pax6 depicted in Fig. 14 and Table 7. Technically, after sgRNAS8-
px458 including the Cas9-coding region was transfected into 21EM15 cells, CAS9 protein and
SgRNAS8 were expressed in transfected cells and an indel mutation on Pax6 was created by NHEJ
to repair the CAS9-induced double strand DNA break. Hence, three mutated clones, F9, D8, and
B7, were created and their genotype information were listed in Table 8. First, one in-frame
mutation (36-bp deletion) in D8 still led to the production of a truncated PAX6 and it could not
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destroy PAX6. Secondly, F9 was also found to contain an indel at the same spot as D8, whereas
the protein PAX6 was abolished upon the frameshift mutation (44-bp deletion) in F9. As to B7, a
largest indel (about 61bp deleted) was seen in Table 8, while the DNA copy (300bp approximately)
were sequenced to be an irrelevant DNA fragment which was about 60bp shorter than that of
wildtype DNA. Hence, D8 was eliminated from the following studies, and F9 and B7 were further
investigated via WB. As shown in Figure 15, PAX6 protein was ablated in F9 and B7. By the
protocol of LB culturation, normal LBs were observed in F9 and B7, which were similar in size
and shape to wildtype-cell-originated LB in Figure 16. Therefore, it proved that Pax6 is not
required for LB formation in 21EM15 cells.

Conclusions and Future Studies

In this study, PAX6 TAD phosphorylation is able to strongly affect the dual function of Pax6 as a
trans-activator and trans-repressor in vitro. First, the transactivation ability of seven
phosphorylation-sites on PAX6 TAD was compared in one experiment in vitro for the first time.
PAX6 nearly lost all the transcriptional activity when phosphorylation at all seven sites were
abolished. Moreover, phosphorylation of site 7 (S398 in mice) accounts for about 40% of the
transcriptional activity and plays the most dominant role among all the single phosphorylation-
sites. Additionally, in MK4 cells, the repression of target genes (Pax2 and Csfl) by PAX6 was
remarkably disrupted upon the complete dephosphorylation on PAX6 and the expressions of genes
were promoted up to two folds compared to the group transfected with wildtype Pax6. Importantly,
a largely rescued expression was observed in both target genes when Site 7 was specifically
mutated. Overall, I concluded that the dual functions of Pax6 as a trans-activator and trans-
repressor were firmly tuned by phosphorylation modifications at seven sites of TAD, particularly
Site 7.

However, one question that might challenges these results is that the dysfunction of mutated
PAXG6 is potentially caused by the mis-conformation due to mutation. To eliminate this possibility
or to ensure that the changes in PAX6’s transactivation/trans-repression capacities is resulted from
its loss of TAD phosphorylation, a supplementary experiment will be performed by knocking
down Hipk2 and p38 in MK4 cells using small interfering RNAs (siRNA). Specific SIRNAs will
be applied to MK4 cells to silence the expression of Hipk2 and p38, and then same luciferase assay
or RT-gPCR as above need to be conducted in these pre-treated cells. A negative result with no
significant difference in all the groups transfected with wildtype or mutated Pax6 constructs will
demonstrate that the effects are caused by the alteration of TAD phosphorylation status.
Nevertheless, if the same responses are observed as the results in MK4 cells without siRNA
treatment, it will imply that phosphorylation-site mutation disrupts the normal confirmation of
PAX®6 protein and consequently destructs its function. Although there is no a certain answer to this
question before the experiment is completed, I’'m prior to assume that the mutation of
phosphorylation sites will not lead to the alteration of PAX6’ proper conformation, given to the
outcome of normal eyes in transgenic mouse with site 2 and 3 mutations.

During several efforts of generating the transgenic mouse line with Pax6 phosphorylation-site
mutation, a transgenic mouse line with the mutation at Site 2 and 3 was acquired and displayed
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normal eyes. To gain more in vivo evidence regarding the role of TAD phosphorylation in the
murine eye development, mouse stem cells were manipulated via CRISPR/Cas9 technique and
antibiotic screening was performed to increase the rate of clones with desired mutations. Thus,
Clone 67 was obtained with seven Pax6 phosphorylation-sites mutated on one allele and Site 4-7
mutation on another allele, whereas no C67-derived phosphorylation-site mutated mice were
produced. Besides, a few partially mutated cell 21EM15 cell lines (including Clone 4 and Clone
25) and several Pax6-deficient cell lines (Clone F9, and B4) were acquired containing mutated
Site 1,2, 3 and a following 75-bp deletion. Nevertheless, none of them show any impact on the
formation of LB, suggesting that Pax6 is not essential to this process. Although it has been revealed
that the dual function of Pax6 was strictly regulated by PAX6 TAD phosphorylation in vitro, the
research of the function of Pax6 TAD phosphorylation in the murine eye formation in vivo still
remained elusive.

For future work, we could determine the molecular mechanism of how PAXG6 trans-repressive
ability is regulated by the phosphorylation state of PAX6 TAD in vitro. The existing evidence has
demonstrated that the TAD phosphorylation could elevate the affinity of PAX6 to the co-
interacting protein p300 to activate the transcription of target genes. During the process, p300 was
characterized as a co-activator. However, there is little known about the co-repressors recruited by
PAXG6 to inhibit gene expression. Interestingly, a candidate, Groucho acting as a co-repressor, has
been proved to be essential in eye development of Drosophila (Sekiya and Zaret 2007). Finally,
the co-binder Groucho would be detected through Co-immunoprecipitation and western blot to
illustrate if the interaction with PAX6 was affected by TAD phosphorylation in MK4 cells with
the introduction of wildtype Pax6 and phosphorylation-site mutated Pax6, respectively.
Furthermore, mass spectrometry could be conducted to verify Groucho and further identify more
novel co-binders.
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Figure 1. The brief depiction of mouse lens development (Cvekl and Ashery-Padan 2014).
Photo was created using the software BioRender.
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Figure 2. Map of 7 phosphorylation sites on TAD of murine PAX6 catalyzed by HIPK2 and
p38 kinases. All the sites were labeled numerically by order.
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gRNA2 Genomic Paxé

PAM site 2
5’-ACTCC--------AGCCAATCCCACAGCCCACCACACCTGgtaacttgaaatcecace tgccaagaakggl3’

3-TGAGG------TCGGTTAGGATGTCGGGTGGTGTGGACc attgaacttta gggtegacgst tet t gee -5

PAM site 1
+ ssDNA Template
HDR 5- Larm GCTCC------AGCCAATTCCACAGCCCGCCGCACCTGgtaacttgaaatcccacctgecaagaacCg Rarm -3

Edited Pax6
5 Larm |GCTCC----AGCCAATTIC CACA GCCQGCAGCACCTGgtaacttgaaatcccacctgecaagaa Rarm -3’

3eeee- Larm CEAGG---TCGGTTAALGTGTCGGGLGGLETGGAC Ccattgaactttagggtggac gattct t Rarm ----5

@ 15T PAM @ @ 2n pPAM

Figure 3. Double nicking by RNA-guided CRISPR Cas9 nickase to mutate the first three
phosphorylation-sites of Pax6 TAD.
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Figure 4. Flow chart of generating transgenic mouse model.
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P1 P2
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0.5kb
WT: AATC WT: CATTTC
Mut: AATT (MluCl) Mut:CATTGC (BsrDI)

Figure 5. Schematic representation of genotyping PCR plan on the PAX6 TAD mutant mice.
A, two rounds of PCR reactions were performed to test the mutations of Site 1-3 located at the 5’end of the targeted
DNA. Firstly, to ensure the tested DNA located on the expected position, one of the primers was designed to bind to
the upstream DNA of 5’HA (Homology Arm) and the reverse primer targets the downstream DNA of Site 3. Next,
using PCR product as the template, the DNA copies with a size of about 0.5kb were obtained in the second PCR for
sequencing. Compared with the wildtype sequence, a novel restriction site of MIuCl was introduced within the DNA
region of 0.5kb in size if the first PAM site was mutated properly. B, two rounds of PCR reactions were done to
examine the mutations of Site 4-6 and Site 7 located at the 3’end. The first PCR product was gained with the reverse
primer targeting the downstream DNA of 3’HA. In the next round of PCR, the DNA copies containing the Site 4-6
and the Site 7 mutations, was produced respectively, based on the first PCR product above. Compared with the
wildtype sequence, a novel restriction site of BsrDI, was introduced within the DNA region of 0.6kb in size if Site 7
was mutated properly. WT, wildtype sequence; Mut, mutated phosphorylation-site sequence.
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Figure 6. Diagram of creating zygotes with Pax6 seven phosphorylation site mutations
through CRISPR/Cas9 using SQRNA 1 and 5. 5> HA, 5° Homology arm; 3’HA, 3’ Homology
arm.
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Figure 7. Schematic depicting the generation mouse stem cells with Pax6 seven
phosphorylation site mutations through CRISPR/Cas9 system using SQRNA 2 and 4. 5° HA,
5’ Homology arm; 3’HA, 3° Homology arm; Neo, neomycin-resistant gene.
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Figure 8. Flow chart of generating ES-derived transgenic mouse lines. Mutate mouse stem cells
were injected into early blastocysts and then transimplanted into ICR foster mice for chimeric offspring. Finally, the
mosaic mice were bred with wildtype FVB/N mice to gain the pure stem cell-derived mutants. Photo was created
using the software BioRender.
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Figure 9. Examination of the effects of phosphorylation sites on transactivation potential of

PAX6 through Luciferase in vitro assays. PAX6 transactivation activity differences were determined by
measuring the ratios of firefly luciferase over renilla luciferase from MK4 (mouse Kidney 4) cells that were co-
transfected with plasmid DNA containing a PAX6-inducible promoter (called Cignal Reporter) and the plasmid with
mutated Pax6 cDNA on phosphorylation site(s) into alanine(s); Blank Ctr, just Cignal Reporter DNA was transfected
into cells; WT, wildtype Pax6 cDNA, along with Cignal Reporter; 1,2-A, Pax6 plasmid with both Site 1 and 2 mutated
into alanine and Cignal Reporter; 2,3-A, Site 2 and 3 inactivated; 4,5-A, Site 2 and 3 altered ; 6A, Site 6 mutated;
6,7-A, Site 6 and 7 changed; All-A, all 7 sites mutated; WT, Pax6 plasmid with all 7 sites unaltered and Cignal
Reporter.
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Figure 10. The overexpression wildtype and mutated Pax6 in MK4 cells were examined

through RT-qgPCR and Western blot assays.
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Figure 11. The RT-gPCR assays demonstrated that the repression of Csfl and Pax2
expression was abolished by Pax6 with Site-7 mutation, especially when all seven sites were
destroyed in MK4 cells. To determine if the repressive target genes, Csfl and Pax2, were
regulated by PAX6 TAD phosphorylation, wildtype or phosphorylation-site mutated plasmid
DNA was transfected into MK4 cells, respectively. After 36 hours, cells would be harvested for
RT-PCR to detect the mRNA levels of target genes, in contrast to that of GFP control group. GFP,
GFP construct; WT, wildtype Pax6 cDNA; Just 7, site 7 changed into A; All-A, all 7 sites mutated.
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Figure 12. Analysis of founder mouse 1280 with mutations on 2nd and 3rd sites. A, mutated
DNA could be cleaved by the restriction enzyme MIuCl; B, the sequencing analysis of 1280 with
one allele mutated (ACCA into GCCG) and the other not; C and D, histology staining analysis
on lens of newborn wildtype (FVB/N) and the homozygous mutant, respectively.
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Figure 13. Four Clone-67-derived chimeric mice. Mouse B was male, and the rest three mice
were females.
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Figure 14. Schematic representation of creating Pax6-null cell line via CRISPR/CAS9
technique. For the sequence information of P1 and P2 was listed in Table 7.
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Figure 15. Deletion of Pax6 in Clone F9 and B7 was verified in Western blot.
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Figure 16. No obvious difference was seen in the comparison of lentoid body formation
between wildtype and mutated 21EM15 cells. A, wildtype 21EM15 cells; B, F9 mutant cells;
C, B7 mutant cells. Scale bar=100um.
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Table 1 Summary of primers to create Pax6 phosphorylation-site alanine substitution
mutations in pMXs-Pax6

Site 1 mutated Forward aagacaggccagcaacgctcctagtcacattcc
Site 1 mutated Reverse ggaatgtgactaggagcegttgetggectgtctt
Site 2,3 mutated Forward caatcccacagceccgecgcacctgtetectec
Site 2,3 mutated Reverse ggaggagacaggtgcggcgggctgtgggattg
Site 4,5 mutated Forward cgtgcatgctgeeccgecgecccgtcagtgaatg
Site 4,5 mutated Reverse cattcactgacggggcggegggcagcatgeacg
Site 7 mutated Forward acttcaacaggactcattgcacctggagtgtcagt
Site 7 mutated Reverse actgacactccaggtgcaatgagtcctgttgaagt
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Table 2 Sequence of wildtype and mutated pMXs-Pax6

Wildtype Pax6
in pMXs-Pax6 *

Pax6 with seven-site-
substitution mutation in

pMXs-Pax6 *

ATGCAGAACAGTCACAGCGGAGTGAATCAGCTTGGTGGTGTCTTTGTCAACGGGCGGCCACTGCCGG
ACTCCACCCGGCAGAAGATCGTAGAGCTAGCTCACAGCGGGGCCCGGCCGTGCGACATTTCCCGAAT
TCTGCAGGTATCCAACGGTTGTGTGAGTAAAATTCTGGGCAGGTATTACGAGACTGGCTCCATCAGA
CCCAGGGCAATCGGAGGGAGTAAGCCAAGAGTGGCGACTCCAGAAGTTGTAAGCAAAATAGCCCAG
TATAAACGGGAGTGCCCTTCCATCTTTGCTTGGGAAATCCGAGACAGATTATTATCCGAGGGGGTCT
GTACCAACGATAACATACCCAGTGTGTCATCAATAAACAGAGTTCTTCGCAACCTGGCTAGCGAAAA
GCAACAGATGGGCGCAGACGGCATGTATGATAAACTAAGGATGTTGAACGGGCAGACCGGAAGCTG
GGGCACACGCCCTGGTTGGTATCCCGGGACTTCAGTACCAGGGCAACCCACGCAAGATGGCTGCCA
GCAACAGGAAGGAGGGGGAGAGAACACCAACTCCATCAGTTCTAACGGAGAAGACTCGGATGAAG
CTCAGATGCGACTTCAGCTGAAGCGGAAGCTGCAAAGAAATAGAACATCTTTTACCCAAGAGCAGA
TTGAGGCTCTGGAGAAAGAGTTTGAGAGGACCCATTATCCAGATGTGTTTGCCCGGGAAAGACTAGC
AGCCAAAATAGATCTACCTGAAGCAAGAATACAGGTATGGTTTTCTAATCGAAGGGCCAAATGGAG
AAGAGAAGAGAAACTGAGGAACCAGAGAAGACAGGCCAGCAACACTCCTAGTCACATTCCTATCAG
CAGCAGCTTCAGTACCAGTGTCTACCAGCCAATCCCACAGCCCACCACACCTGTCTCCTCCTTCACAT
CAGGTTCCATGTTGGGCCGAACAGACACCGCCCTCACCAACACGTACAGTGCTTTGCCACCCATGCC
CAGCTTCACCATGGCAAACAACCTGCCTATGCAACCCCCAGTCCCCAGTCAGACCTCCTCATACTCG
TGCATGCTGCCCACCAGCCCGTCAGTGAATGGGCGGAGTTATGATACCTACACCCCTCCGCACATGC
AAACACACATGAACAGTCAGCCCATGGGCACCTCGGGGACCACTTCAACAGGACTCATTTCACCTGG
AGTGTCAGTTCCCGTCCAAGTTCCCGGGAGTGAACCTGACATGTCTCAGTACTGGCCTCGATTACAG
TAA
ATGCAGAACAGTCACAGCGGAGTGAATCAGCTTGGTGGTGTCTTTGTCAACGGGCGGCCACTGCCGG
ACTCCACCCGGCAGAAGATCGTAGAGCTAGCTCACAGCGGGGCCCGGCCGTGCGACATTTCCCGAAT
TCTGCAGGTATCCAACGGTTGTGTGAGTAAAATTCTGGGCAGGTATTACGAGACTGGCTCCATCAGA
CCCAGGGCAATCGGAGGGAGTAAGCCAAGAGTGGCGACTCCAGAAGTTGTAAGCAAAATAGCCCAG
TATAAACGGGAGTGCCCTTCCATCTTTGCTTGGGAAATCCGAGACAGATTATTATCCGAGGGGGTCT
GTACCAACGATAACATACCCAGTGTGTCATCAATAAACAGAGTTCTTCGCAACCTGGCTAGCGAAAA
GCAACAGATGGGCGCAGACGGCATGTATGATAAACTAAGGATGTTGAACGGGCAGACCGGAAGCTG
GGGCACACGCCCTGGTTGGTATCCCGGGACTTCAGTACCAGGGCAACCCACGCAAGATGGCTGCCA
GCAACAGGAAGGAGGGGGAGAGAACACCAACTCCATCAGTTCTAACGGAGAAGACTCGGATGAAG
CTCAGATGCGACTTCAGCTGAAGCGGAAGCTGCAAAGAAATAGAACATCTTTTACCCAAGAGCAGA
TTGAGGCTCTGGAGAAAGAGTTTGAGAGGACCCATTATCCAGATGTGTTTGCCCGGGAAAGACTAGC
AGCCAAAATAGATCTACCTGAAGCAAGAATACAGGTATGGTTTTCTAATCGAAGGGCCAAATGGAG
AAGAGAAGAGAAACTGAGGAACCAGAGAAGACAGGCCAGCAACGCTCCTAGTCACATTCCTATCAG
CAGCAGCTTCAGTACCAGTGTCTACCAGCCAATCCCACAGCCCGCCGCACCTGTCTCCTCCTTCACAT
CAGGTTCCATGTTGGGCCGAACAGACACCGCCCTCACCAACACGTACAGTGCTTTGCCACCCATGCC
CAGCTTCACCATGGCAAACAACCTGCCTATGCAACCCCCAGTCCCCAGTCAGACCTCCTCATACTCG
TGCATGCTGCCCGCCGCCCCGTCAGTGAATGGGCGGAGTTATGATACCTACGCCCCTCCGCACATGC
AAACACACATGAACAGTCAGCCCATGGGCACCTCGGGGACCACTTCAACAGGACTCATTGCACCTG
GAGTGTCAGTTCCCGTCCAAGTTCCCGGGAGTGAACCTGACATGTCTCAGTACTGGCCTCGATTACA
GTAA

*, red and underlined nucleotides are the interesting nucleotides in seven phosphorylation-site
substitution mutations.
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Table 3 Primers for gPCR

Pax2-F
Pax2-R
Csf1-F
Csf1-R
Plekhal-F
Plekhal-R
Pax6-F
Pax6-R
Gapdh-F
Gapdh-R

AAGCCCGGAGTGATTGGTG
CAGGCGAACATAGTCGGGTT
ATGAGCAGGAGTATTGCCAAGG
TCCATTCCCAATCATGTGGCTA
GACAGAATCGCATCTGTGGA
TGAAGGCAGGTTCTGTGGAT
ACCCGGCAGAAGATCGTAG
ACCGTTGGATACCTGCAGAA
CTTCCGTGTTCCTACCC
TGCTGTAGCCGTATTCAT
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Table 4 Sequence information of the material in generating Pax6 Sitel-3 mutation
transgenic mice

SgRNA-1 GAAATCCCACCTGCCAAGAA
SgRNA-2 TACCAGGTGTGGTGGGCTGT
ssDNA repair template* AATGGAGAAGAGAAGAGAAACTGAGGAACCAGAGAAGACAGGCCAGCAAC

GCTCCTAGTCACATTCCTATCAGCAGCAGCTTCAGTACCAGTGTCTACCAGCC
AATTCCACAGCCCGCCGCACCTGgtaacttgaaatcccacctgeccaagaaccgttcttaacc
ttgectgeecttgactttctettgecttgtaatgaatgac

Genotyping Forward Primer ggtttgcaaagactcccttg

Genotyping Reverse Primer GGTGGCAAAGCACTGTACG

*, red and underlined nucleotides are the interesting nucleotides in seven phosphorylation-site
substitution mutations; black and underlined nucleotides are the interesting nucleotides in PAM-
site mutations.
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Table 5 Sequence information of the material in generating Pax6 all-site mutation
transgenic mice via zygote

Name
SgRNA-1
SgRNA-5
Repair
template*

Primer P1
Primer P2
Primer P3
Primer P4

Sequence
GAAATCCCACCTGCCAAGAA

TTCACTCCCGGGAACTTGGA

cagagaaaccttaaatcaaaggaaatgccacagcaaaagcacaaagggctaaatttagctagggctctttgcataaaggatgaaaagecccecccccccacttttcagtgtgtgtgt
gttttttttttttttgtgtgtgtgtgtgtgcgcegcatatgeatittctctctictittcacacaccagcaaactgaaatattacaattctgacagacaaaggaaatgatgacctatctgactgtctt
aggccacagataaggacaaacactaaatgtcattccaaagaaaacttgctcctggtgggaaagttcttgctagtacagtcagcacactgtcaagcetgtctgattggetggatgagatg
ggagttgggtgttaaaagctaggttgatccagtgtctgaactatettgtgttctggtataatatataaaatcaacttactctttcag
AGTTTGAGAGGACCCATTATCCAGATGTGTTTGCCCGGGAAAGACTAGCAGCCAAAATAGATCTACCTGAAG
CAAGAATACAGgtacctagggaccatgtggtttttatgcactgggatgcttatattttgccttggctgtataccagtcactgatataatcatggtcaggtttgcaaagactcect
tgttctagggtaagggtggggatggagggctttttgtttgtggccgagtggtagcaagcatagggcetaacctgttetgtgeatttccagGTATGGTTTTCTAATCGA
AGGGCCAAATGGAGAAGAGAAGAGAAACTGAGGAACCAGAGAAGACAGGCCAGCAACGCTCCTAGTCACA
TTCCTATCAGCAGCAGCTTCAGTACCAGTGTCTACCAGCCAATTCCACAGCCCGCCGCACCTG
gtaacttgaaatcccacctgccaagaaccgttcttaacctigectgeecttgactttetettgecttgtaatgaatgacettgecctetctctgtetcttttetettectetgeag
TCTCCTCCTTCACATCAGGTTCCATGTTGGGCCGAACAGACACCGCCCTCACCAACACGTACAGTGCTTTGCC
ACCCATGCCCAGCTTCACCATGGCAAACAACCTGCCTATGCAAgtaagagaggacggtcacctgctgcacagggcaagggatgggttc
aggcttgcagaccccattcattgcatttactccctigggagtecttcttgtgacagtgattagetigaccagtcaactctgagacagtcaatccaacctcttttagetgattgattgactgat
tgattgattcatgcccttggaaaacaaacactctatctgttcagtcaagttaatgtgcctttcatcattatgttagctggagaaggccgggegggcgggagtgaggtegctttcggcetac
cagggatgtttgtatcaaagtagaaataattcgggcataatgaaaggtactaaagatgttggcatgtaaaaagtttaggtttacgttagtgggtttgtattaataaatgcagaagcagcea
caaatattttgaggattactttttggttcctctaagaagctagtgaggaagaggaaaaagggaggggcagctgaaaagcaagattcetetitagagagtgaaatgcatttagtaaaata
gggaaactagctcctictacatttaaaagtaaaaatggagtagaaggtatttgctagaaatctaatgtgtgtcagctgtagccgatgtgacaggtcagtggtaaccetigetgectagg
gagctggagggcattcttcctataataccctggeccgtgttcttaggggttggttctggaccaagetggceatggectagtgtaagttctgcatgactectggtatgtgctagatcactgtt
gcttagaggattctgatgtcttaggaacatcagcaagtcctaaggctectgctgtacgaccatcagatatgectgetggtatacgactggaagcatgageectgctggaageagttcg
ggggagggggttctacagattacttagcctgtactgaacatctttigccaggcetiggaattcaaataacagcaaaataaagtctctcagtcticaggectagaactggataageggtge
cggaggacatattccectgcttcttttctatggceatctgtettttatiggacatagtgcaactgatgtaaatgaaggggcecageageccattaagtgggtatggcetacaactattttggaat
ttcccagaagtcactttgcctagaggaagtgattgcaggaattagaagcaaatgcaagctgaagttctggcagggcecctttaggectgtttgecttttigaacttgacacgagceagtca
tcaacagactttaatgaggccattgagtagcetigtgcacttttatatattctagcaacttctaggtttctatgagggtgacataatgtgcacatggtaaaaaaaaaaaaaaacaaaaacce
agaaataattaaatagatgagggattatattaagcttgcttccatttctaaagaaataggttggggtoacttatttaaacattgacttttaaaaattacacagattatacagtcacaaaagta
aatagcttcattgaacaaagaaaacagaaacaatgtgtgattttattgttcggagaaaactactttttaggttttggaatggggaggggtagtctctgtcaattgettcttcctgttgaccaa
gatcctctetgtettgcaaagaatgggtatccecctgecggacctteectcggtggetgtcaggctttgtgaaggaaggtctgaggatgtcaagaattticagagcacagctattgetgac
cctctgtttctattgatccgectectgaggtttitgacctcaagtaaccttgagggagctgtetectggetcggcatatttettgtttagttatgagagacattcatctcecccaacatttctgttt
tgaatactttgaagatagcaatacaattttatggatgagactcaagcaggggttttgagtcagttaggaagtcacagttgattctcaggttgtgtttaagttatattcactgacatttctaac
ctcttcaatctgatctcattatggttgtggttttttttaattttttattttatttatttatttittattaaatctctaatccticaagtccagtccagcactgaactgttcccaaggtceectacatcaaaca
ttccagagagtcctactattgctctattgaactatggaatttggtgatcagagcattccacaatagatccaagtttgtagatggaggatatctttcatgatagtaactctagcagaggtaaa
agtcagcacagactgccaaaactggacatttgtttgcggtttactgtgtttcagaaatttagtacacagcatgctctggtggtggecaatgaattctaggacattccaaagagacatcag
taatgaccaagcgtgctggcaagecctggagaagagggtagcectgggatgtagttgtetggtggttccagtaatcacaggcttttetttcttctggcag CCCCCAGTCCCC
AGTCAGACCTCGTCATACTCGTGCATGCTGCCCGCCGCCCCGTCAGTGAATGGTCGGAGTTATGATACCTAC
GCCCCTCCGCACATGCAAACACACATGAACAGTCAGCCCATGGGCACCTCGGGGACCACTTCAACAGgtgagct
ctctgcagctgtgtagaggcatctactgggcctctttgaccagetgatctttcacactgtgtttectattgtcttgaagagaaacttctgaccttgcattcaggactgtgttgaatattttact
actcttgtcttgaaagaaaacagactgaatagggaaattcagttaagttagcgcgttgacagcatatagacaaatcatcgcttatggtggtaaatgtgatcacagagacagagtatgg
agacaagaacccaaatcacgttttcagatgatatcttagtcagagctggacagtgagggtccactgaactttgatgtgatgggtactttttagaaggcgttcacatcttctagettcttga
tgccagctgaggagtggagaagttaggtcetggtttttccacccagcecccatttiggcttctgaggatgtageatgttagtcttccagagatggtigcactaaaaaacttccaaacattgg
gtatcatgaggtacttgcaaacatagcctcgagtttcaaaaggtctgcttticttictaattgtigaaagttttctttctttctttctttctttcttictttctttctttctttcttictttctt tetttetttcttt
cttttttataaagtaaaaaccatattatgaagtgttaggaattttagaaggtctgtgtgttcatgctgtgttctatcgtagaatctacctatgcggatggtgtttgaattitagaaagtctgtgty
ttcgcgecgtgttctattgtagaatgtacctatgcagetgttattgtattcatttatagGACTCATTGCACCTGGAGTGTCAGTTCCCGTGCAAGTTC
CCGGGAGTGAACCTGACATGTCTCAGTACTGGCCTCGATTACAGTAAAGAGAGAAGGAGAGAGCATGTGAT
CGAGAGAGGAAATTGTGTTCACTCTGCCAATGACTATGTGGACACAGCAGTTGGGTATTCAGGAAAGAAAG
AGAAATGGCGGTTAGAAGCACTTCACTTTGTAACTGTCCTGAACTGGAGCCCGGGAATGGACTAGAACCAA
GGACCTTTGCGTACAGAAGGCACGGTATCAGTTGGAACAAATCTTCATTTTGGTATCCAAACTTTTATTCATT
TTGGTGTATTATTTGTAAATGGGCATTGGTATGTTATAATGAAGAAAAGAACAACACAGGCTGTTGGATCGC
GGATCTGTGTTGCTCATGTGGTTGTTTAAAGGAAACCATGATCGACAAGATTTGCCATGGATTTAAGAGTTTT
ATCAAGATATATCAAATACTTCTCCCCATCTGTTCATAGTTTATGGACTGATGTTCCAAGTTTGTATCATTCCT
TTGCATATAATTGAACCTGGGACAACACACACTAGATATATGTAAAAACTATCTGTTGGTTTTCCAAAGGTT
GTTAACAGATGAAGTTTATGTGCAAAAAAGGGTAAGATATGAATTCAAGGAGAAGTTGATAGCTAAAAGGT
AGAGTGTGTCTTCGATATAATACAATTTGTTTTATGTCAAAATGTAAGTATTTGTCTTCCCTAGAAATCCTCA
GAATGATTTCTATAATAAAGTTAATTTCATTTATATTTGACAAGAATACTC

tagtgaactctccgecgtct
GGTGGCAAAGCACTGTACG
ggtttgcaaagactcccttg
tcagcacagactgccaaaac
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Primer P5 TGTGCTTCTTCGCAAATGAC

Primer P6 caaagaggcccagtagatgc

Primer P7 tggcttctgaggatgtagca

Primer P8 TACGCAAAGGTCCTTGGTTC

*, red and underlined nucleotides are the interesting nucleotides in seven phosphorylation-site
substitution mutations; black and underlined nucleotides are the interesting nucleotides in PAM-

site mutations.
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Table 6. Sequence information of the material in generating Pax6 all-site mutation
transgenic mice via mouse stem cells

Name
SgRNA-2
SgRNA-4
Repair
template
with
Noemycin-
resistant
gene*

Sequence
TACCAGGTGTGGTGGGCTGT
CCACCAGCCCGTCAGTGAAT

cagagaaaccttaaatcaaaggaaatgccacagcaaaagcacaaagggctaaatttagctagggctctttgcataaaggatgaaaagcececccceccccacttttcagtgtgtgtgtgttttttttttttt
tgtgtgtgtgtgtgtgcgcgcatatgcattttcteteticttttcacacaccagcaaactgaaatattacaattctgacagacaaaggaaatgatgacctatctgactgtcttaggccacagataaggaca
aacactaaatgtcattccaaagaaaacttgctcctggtgggaaagttcttgctagtacagtcagcacactgtcaagetgtetgattggetggatgagatgggagttgggtgttaaaagetaggttgatee
agtgtctgaactatcttgtgttctggtataatatataaaatcaacttactctttcag AGT TTGAGAGGACCCATTATCCAGATGTGTTTGCCCGGGAAAGACT
AGCAGCCAAAATAGATCTACCTGAAGCAAGAATACAGgtacctagggaccatgtggtttttatgcactgggatgcttatattttgccttggctgtataccagtcactga
tataatcatggtcaggtttgcaaagactcccttgttctagggtaagggtggggatggagggcetttttgtttgtggccgagtggtagcaagcatagggetaacctgttctgtgcatticcagGTATGG
TTTTCTAATCGAAGGGCCAAATGGAGAAGAGAAGAGAAACTGAGGAACCAGAGAAGACAGGCCAGCAACGCTCCTAGTC
ACATTCCTATCAGCAGCAGCTTCAGTACCAGTGTCTACCAGCCAATICCACAGCCCGCCGCACCTGgtaacttgaaatcccacctgee
aagaaccgttcttaaccttgcctgcecttgactttetettgecttgtaatgaatgaccttgceectetetetgtetcttttctettcctctgcag TCTCCTCCTTCACATCAGGTTCCATG
TTGGGCCGAACAGACACCGCCCTCACCAACACGTACAGTGCTTTGCCACCCATGCCCAGCTTCACCATGGCAAACAACC
TGCCTATGCAAgtaagagaggacggtcacctgctgcacagggcaagggatgggttcaggettgcagaccecattcattgcatttactcecttgggagtecttcttgtgacagtgattagettg
accagtcaactctgagacagtcaatccaacctcttttagctgattgattgactgattgattgattcatgcccttggaaaacaaacactctatctgttcagtcaagttaatgtgectttcatcattatgttaget
ggagaaggccgggcgggcgggagtgaggtegctttcggetaccagggatgtttgtatcaaagtagaaataattcgggcataatgaaaggtactaaagatgttggcatgtaaaaagtttaggtttacg
ttagtgggtttgtattaataaatgcagaagcagcacaaatattttgaggattactttttggttcctctaagaagctagtgaggaagaggaaaaagggaggggcagetgaaaagcaagattcctetttag
agagtgaaatgcatttagtaaaatagggaaactagctcctictacatttaaaagtaaaaatggagtagaaggtatttgctagaaatctaatgtgtgtcagctgtagccgatgtgacaggtcagtggtaa
cccttgctgectagggagetggagggceattcttcctataataccetggecegtgticttaggggttggttctggaccaagetggcatggectagtgtaagttctgcatgactectggtatgtgetagatcac
tgttgcttagaggattctgatgtcttaggaacatcagcaagtcctaaggcetectgctgtacgaccatcagatatgcectgetggtatacgactggaageatgagecctgctggaageagttcgggggagg
gggttctacagattacttagcctgtactgaacatcttttgccaggcettggaattcaaataacagcaaaataaagtctctcagtcttcaggcctagaactggataagcggtgccggaggacatattceect
gcttcttttctatggcatctgtcttttattggacatagtgcaactgatgtaaatgaaggggccagcagceccattaagtgggtatggctacaactattttggaatttcccagaagtcactttgcctagaggaa
gtgattgcaggaattagaagcaaatgcaagctgaagttctggcagggcecctttaggectgtttgectttttgaacttgacacgagcagtcatcaacagactttaatgaggccattgagtagettgtgcac
ttttatatattctagcaacttctaggtttctatgagggtgacataatgtgcacatggt ccagaaataattaaatagatgagggattatattaCTCGAGGTC
GACGGTATCGATAAGCTTGATATCGAATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGGTCTGAAGAGGAG
TTTACGTCCAGCCAAGCTAGCTTGGCTGCAGGTCGTCGAAATTCTACCGGGTAGGGGAGGCGCTTTTCCCAAGGCAGTC
TGGAGCATGCGCTTTAGCAGCCCCGCTGGGCACTTGGCGCTACACAAGTGGCCTCTGGCCTCGCACACATTCCACATCC
ACCGGTAGGCGCCAACCGGCTCCGTTCTTTGGTGGCCCCTTCGCGCCACCTTCTACTCCTCCCCTAGTCAGGAAGTTCCC
CCCCGCCCCGCAGCTCGCGTCGTGCAGGACGTGACAAATGGAAGTAGCACGTCTCACTAGTCTCGTGCAGATGGACAGC
ACCGCTGAGCAATGGAAGCGGGTAGGCCTTTGGGGCAGCGGCCAATAGCAGCTTTGCTCCTTCGCTTTCTGGGCTCAGA
GGCTGGGAAGGGGTGGGTCCGGGGGCGGGCTCAGGGGCGGGCTCAGGGGCGGGGCGGGCGCCCGAAGGTCCTCCGGA
GGCCCGGCATTCTGCACGCTTCAAAAGCGCACGTCTGCCGCGCTGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACCTG
CAGCCTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGGATC
GGCCATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAA
CAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACC
TGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAG
CTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATC
TCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGC
CCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATC
TGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGATGATC
TCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGG
CCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATG
GGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGT
TCTTCTGAGGGGATCAATTCTCTAGAGCTCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGC
CCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCA
TTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAG
CAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCGACTAGAGCTTGCGG
AACCCTTCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCATCAGTCAGGTACATAATATAACTTCGTATAATGTATGC
Tagcttgcttccatttctaaagaaataggttggggtgacttatttaaacattgacttttaaaaattacacagattatacagtcacaaaagtaaatagcttcattgaacaaagaaaacagaaacaatgtg
tgattttattgttcggagaaaactactttttaggttttggaatggggaggggtagtctetgtcaattgcttcttcctgttgaccaagatcctetctgtcttgcaaagaatgggtatccectgeeggaccttect
cggtggctgtcaggctttgtgaaggaaggtetgaggatgtcaagaattttcagagcacagcetattgctgaccetctgtttctattgatccgectectgaggtttttgacctcaagtaaccttgagggagety
tctectggeteggeatatttettgtttagttatgagagacattcatctccccaacatttetgttttgaatactttgaagatagcaatacaattttatggatgagactcaagcaggggttttgagtcagttagga
agtcacagttgattctcaggttgtgtttaagttatattcactgacatttctaacctcttcaatctgatctcattatggttgtggttttttttaattttttattttatttatttattttttattaaatctctaatccttcaag
tccagtccagcactgaactgttcccaaggtcectacatcaaacattccagagagtectactattgctctattgaactatggaatttggtgatcagagcattccacaatagatccaagtttgtagatggagg
atatctttcatgatagtaactctagcagaggtaaaagtcagcacagactgccaaaactggacatttgtttgcggtttactgtgtttcagaaatttagtacacagcatgctctggtggtggccaatgaatte
taggacattccaaagagacatcagtaatgaccaagcgtgctggcaagccctggagaagagggtagectgggatgtagttgtetggtggttccagtaatcacaggcttttetttettctggcagCCCC
CAGTCCCCAGTCAGACCTCGTCATACTCGTGCATGCTGCCCGCCGCCCCGTCAGTGAATGGTICGGAGTTATGATACCTA
CGCCCCTCCGCACATGCAAACACACATGAACAGTCAGCCCATGGGCACCTCGGGGACCACTTCAACAGgtgagctctctgcagetgt
gtagaggcatctactgggcctctttgaccagctgatctttcacactgtgtttcctattgtcttgaagagaaacttctgaccttgcattcaggactgtgttgaatattttactactcttgtcttgaaagaaaaca
gactgaatagggaaattcagttaagttagcgcgttgacagcatatagacaaatcatcgcttatggtggtaaatgtgatcacagagacagagtatggagacaagaacccaaatcacgttttcagatgat
atcttagtcagagctggacagtgagggtccactgaactttgatgtgatgggtactttttagaaggcgttcacatcttctagcttcttgatgccagctgaggagtggagaagttaggtetggtttttccacce
agccccattttggettctgaggatgtageatgttagtcttccagagatggttgcactaaaaaacttccaaacattgggtatcatgaggtacttgcaaacatagectcgagtttcaaaaggtctgettttett
tctaattgttgaaagttttctttctttctttctttctttctttctttctttctttcttctttetttetttctttctttctttcttttttataaagtaaaaaccatattatgaagtgttaggaattttagaaggtctgtgtgttc
atgctgtgttctatcgtagaatctacctatgcggatggtgtttgaattttagaaagtctgtgtgttcgegecgtgttctattgtagaatgtacctatgcagetgttattgtattcatttatag GACTCAT
TGCACCTGGAGTGTCAGTTCCCGTGCAAGTTCCCGGGAGTGAACCTGACATGTCTCAGTACTGGCCTCGATTACAGTAA
AGAGAGAAGGAGAGAGCATGTGATCGAGAGAGGAAATTGTGTTCACTCTGCCAATGACTATGTGGACACAGCAGTTGGG
TATTCAGGAAAGAAAGAGAAATGGCGGTTAGAAGCACTTCACTTTGTAACTGTCCTGAACTGGAGCCCGGGAATGGACT
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AGAACCAAGGACCTTTGCGTACAGAAGGCACGGTATCAGTTGGAACAAATCTTCATTTTGGTATCCAAACTTTTATTCAT
TTTGGTGTATTATTTGTAAATGGGCATTGGTATGTTATAATGAAGAAAAGAACAACACAGGCTGTTGGATCGCGGATCTG
TGTTGCTCATGTGGTTGTTTAAAGGAAACCATGATCGACAAGATTTGCCATGGATTTAAGAGTTTTATCAAGATATATCA
AATACTTCTCCCCATCTGTTCATAGTTTATGGACTGATGTTCCAAGTTTGTATCATTCCTTTGCATATAATTGAACCTGGG
ACAACACACACTAGATATATGTAAAAACTATCTGTTGGTTTTCCAAAGGTTGTTAACAGATGAAGTTTATGTGCAAAAAA
GGGTAAGATATGAATTCAAGGAGAAGTTGATAGCTAAAAGGTAGAGTGTGTCTTCGATATAATACAATTTGTTTTATGTC

AAAATGTAAGTATTTGTCTTCCCTAGAAATCCTCAGAATGATTTCTATAATAAAGTTAATTTCATTTATATTTGACAAGAA
TACTC

*, red and underlined nucleotides are the interesting nucleotides in seven phosphorylation-site

substitution mutations; black and underlined nucleotides are the interesting nucleotides in PAM-
site mutations.
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Table 7. Sequence information of the material in generating Pax6-null and Pax6-
phosphorylation-site mutation 21EM15 cell Lines

Sg-RNA8 TCGTAGAGCTAGCTCACAGC
PrimerP1  TCAGCTTGGTGGTGTCTTTG
Primer P2 GGGGAAAGCTGGAAGGTAAG
Primer P3° GAAGGAGGGGGAGAGAACAC

Primer PA  ACTTGGACGGGAACTGACAC
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Table 8. Pax6-null 21EM15 cell lines

D8 36bp-deletion, in-frame mutation on both alleles
F9 44bp-deletion, causing pre-mature mutation on both alleles
B7 about 61bp deleted on both alleles
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