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Abstract: Anophthalmia (missing eye) describes a failure of early embryonic ocular development. 

Mutations in a relatively small set of genes account for 75% of bilateral anophthalmia cases, yet 25% 

of families currently are left without a molecular diagnosis. Here, we report our experimental work 

that aimed to uncover the developmental and genetic basis of the anophthalmia characterising the 

X-linked Ie (eye-ear reduction) X-ray-induced allele in mouse that was first identified in 1947. His-

tological analysis of the embryonic phenotype showed failure of normal eye development after the 

optic vesicle stage with particularly severe malformation of the ventral retina. Linkage analysis 

mapped this mutation to a ~6 Mb region on the X chromosome. Short- and long-read whole-genome 

sequencing (WGS) of affected and unaffected male littermates confirmed the Ie linkage but identi-

fied no plausible causative variants or structural rearrangements. These analyses did reduce the 

critical candidate interval and revealed evidence of multiple variants within the ancestral DNA, 

although none were found that altered coding sequences or that were unique to Ie. To investigate 

early embryonic events at a genetic level, we then generated mouse ES cells derived from male Ie 

embryos and wild type littermates. RNA-seq and accessible chromatin sequencing (ATAC-seq) data 

generated from cultured optic vesicle organoids did not reveal any large differences in gene expres-

sion or accessibility of putative cis-regulatory elements between Ie and wild type. However, an un-

biased TF-footprinting analysis of accessible chromatin regions did provide evidence of a genome-

wide reduction in binding of transcription factors associated with ventral eye development in Ie, 

and evidence of an increase in binding of the Zic-family of transcription factors, including Zic3, 

which is located within the Ie-refined critical interval. We conclude that the refined Ie critical region 

at chrX: 56,145,000–58,385,000 contains multiple genetic variants that may be linked to altered cis 

regulation but does not contain a convincing causative mutation. Changes in the binding of key 

transcription factors to chromatin causing altered gene expression during development, possibly 

through a subtle mis-regulation of Zic3, presents a plausible cause for the anophthalmia phenotype 

observed in Ie, but further work is required to determine the precise causative allele and its genetic 

mechanism. 

Keywords: anophthalmia; X-chromosome; X-ray induced allele; linkage analysis; Zic3; genome 

wide analysis; eye development 

 

1. Introduction 

Anophthalmia affects 1 per 30,000 births [1] and is the severest structural eye malfor-

mation within the MAC phenotypic spectrum, that also includes Microphthalmia (small 

eye) and Coloboma. All are caused by disruptions to early eye organogenesis [2–4]. More 

than 90 genes have been associated with anophthalmia and microphthalmia (Reviewed 
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in [2]), and the majority of causative variants disrupt transcription factors involved in 

early eye developmental events or pathways, such eye field specification and the retinoic 

acid signalling pathway [1,5,6]. Although some causative anophthalmia mutations follow 

a Mendelian inheritance pattern, a great proportion of non-syndromic anophthalmia as-

sociated mutations are sporadic de novo, with variable phenotypic expressivity even be-

tween immediate family members carrying the same mutation [1,2,7]. Despite the signifi-

cant progress in the genetics research of severe ocular malformations, there is still a sig-

nificant proportion of affected patients without an appropriate molecular diagnosis. 

Therefore, the investigation of new mechanisms or unexplored novel loci involved in the 

disruption of the normal process of eye development is important to extend the repertoire 

of anophthalmia genes [4,5] but more importantly, to expand our understanding of mo-

lecular mechanisms of eye diseases and their treatment or management. 

The Ie mouse line is characterised by a combination of developmental eye and ear (Ie) 

malformations. The line was generated through an X-ray irradiation research programme 

in 1947 at Oak Ridge National Laboratory. The severe eye malformations segregated as 

an X-linked trait in a brief study published by Patricia Hunsicker [6], with details as fol-

lows. The disease locus was reported to be situated close to Bent tail (Bn) (since mapped 

to a loss of function mutation for Zic3) [7,8], and between Greasy (Gs), and sparse fur (Spf) 

on chromosome X. Males and homozygous females displayed anophthalmia and malfor-

mations of the external ear. A broad phenotypic spectrum was observed in heterozygous 

females, from a barely noticeable eye phenotype to severe microphthalmia (small eye). 

Beyond the eye phenotype, the mice were viable and fertile [6]. We reasoned that this was 

an interesting anophthalmia allele, as additional alleles have never arisen spontaneously 

or through other mutagenesis screens, while the orthologous locus in humans has also not 

been associated with any structural eye malformations. We therefore set out to delineate 

the genetic basis of Ie to improve understanding for the genetic causes of anophthalmia. 

2. Materials and Methods 

2.1. Mice 

The Ie mouse line was rederived and maintained in Biological Research Facilities at 

the University of Edinburgh. Animals were monitored regularly, with all husbandry and 

breeding performed according to the Animals (Scientific Procedures) Act 1986. All mouse 

work was undertaken according to study protocols approved within the Home Office pro-

ject licences: 60/4424 and P1914806F (replacing 60/4424 in January 2018) under the Uni-

versity of Edinburgh establishment licence 60/2605 and subject to approval by institu-

tional AWERB. Mouse eye processing for histology was performed as previously de-

scribed [9]. 

2.2. High Molecular Weight DNA Isolation 

Genomic high molecular weight DNA was isolated from 50 mg of kidney from Ie and 

wild type littermates. Tissue lysis was performed using 500 µL of 0.25% trypsin-EDTA 

(59428C, Sigma-Aldrich, MA, United States) and 5 mL of 1× red blood cell lysis buffer. 

Cell lysates were obtained using 3 mL lysis buffer (20 mM Tris-HCL pH7.5, 75 Mm NaCl, 

50 mM EDTA pH8), 30 L proteinase K PCR-grade (20 mg/mL) (03 115 879 001, Roche, 

Basel, Switzerland) and 150 L Sarkosyl 20% (Sigma-Aldrich, MA, United States). A 

standard DNA isolation procedure using phenol:chloroform was performed. We used 1 

µL DNAase-free RNase (Roche, Basel, Switzerland) to remove remaining RNA. DNA was 

purified using 1.2× Ampure XP beads. Genomic DNA was analysed for quality by elec-

trophoresis with a 0.8% agarose gel stained with GelRed (ThermoFisher Scientific, MA, 

US). 
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2.3. Whole Genome Sequencing 

Genomic DNA samples were evaluated for quantity and quality using an AATI Frag-

ment Analyzer and the DNF-487 Standard Sensitivity Genomic DNA Analysis Kit (Ag-

ilent, California, US). The AATI ProSize 2.0 software provided a quantification value and 

a quality (integrity) score for each sample. Based on quantification, gDNA samples were 

pre-normalised to fall within the acceptable range of the Illumina SeqLab TruSeq Nano 

library preparation method using Hamilton MicroLab STAR. Sequencing libraries were 

prepared using SeqLab specific TruSeq Nano High Throughput library preparation kits 

(Illumina, California, US) in conjunction with the Hamilton MicroLab STAR and Clarity 

LIMS X Edition. The samples were normalised to the concentration and volume required 

for the Illumina TruSeq Nano library preparation kits, then sheared to a 450 bp mean in-

sert size using a Covaris LE220 focused-ultrasonicator. The inserts were ligated with blunt 

ended, A- tailed, size selected, TruSeq adapters and enriched using 8 cycles of PCR am-

plification. The libraries were evaluated for mean peak size and quantity using the Caliper 

GX Touch with a HT DNA 1k/12K/HI SENS LabChip and HT DNA HI SENS Reagent Kit 

and normalised to 5nM using the GX data and the actual concentration established using 

a Roche LightCycler 480 (Roche, Basel, Switzerland) and a Kapa Library Quantification 

kit and Standards (Roche, Basel, Switzerland). 

The libraries were normalised, denatured, and pooled in eights for clustering and 

sequencing using a Hamilton MicroLab STAR with Genologics Clarity LIMS X Edition. 

Libraries were clustered onto HiSeqX Flow cell v2.5 on cBot2s and the clustered flow cell 

is transferred to a HiSeqX for sequencing using a HiSeqX Ten Reagent kit v2.5. 

Demultiplexing was performed using bcl2fastq 2.17.1.14, allowing 1 mismatch when 

assigning reads to barcodes. Samples were quality checked with FastQC (https://www.bi-

oinformatics.babraham.ac.uk/projects/fastqc/, accessed on November 2018), aligned to the 

GRCm38 assembly with bwa 0.7.13-r1126 [10] and duplicates marked with biobambam2 

2.0.44 (https://github.com/gt1/biobambam2). Indel realignment, base quality score recali-

bration, and GVCF generation was performed with the Genome Analysis ToolKit (GATK) 

3.4.0 [11]. Joint genotyping of samples was performed with GATK 4.0.2.1 and annotated 

with the Ensembl Variant Effect Predictor v94 [12] and the Mouse Genome Project version 

6 database [13]. 

2.4. Long-Read Sequencing 

High molecular weight DNA quality was analysed using the Agilent 2200 TapeSta-

tion system (Agilent, California, US) and by pulse-gel electrophoresis. Subsequently, sam-

ples were sequenced using Oxford Nanopore Technologies at Edinburgh Genomics facil-

ity. Long-read sequencing analysis was performed using nano-snakemake [14] where an 

average read length of ~14 Kb was obtained. Subsequently, we performed structural var-

iant (SV) analysis using Sniffles (https://github.com/fritzsedlazeck/Sniffles) with the same 

parameters as the Decode nanopore sequencing report [15]. Then, a joint called using 

SURVIVOR (https://github.com/fritzsedlazeck/SURVIVOR) [16]. 

2.5. Derivation of mESCs 

Mouse embryonic stem cells were derived from the Ie mouse and maintained in 2i 

media as previously described [17]. E2.5 embryos were flushed from oviducts in M2 me-

dia (Sigma) and maintained overnight in M16 media (Sigma-Aldrich®, MA, United 

States) supplemented with 1 µM PD0325901, 3 µM CHIR99021, and 1× penicillin/strepto-

mycin. Subsequently, blastocysts were maintained in 2i media for two days followed by 

isolation of inner cell mass by immunosurgery. The inner cell mass was maintained in 2i 

media for 5–7 days until cell outgrowths were dissociated and expanded following stand-

ard cell culture procedures. 
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2.6. DNA Isolation from mESCs 

Cell lysates were obtained adding 50 µL of lysis buffer (see above) to mESCs cultures 

in 32 mm2 wells, followed by incubation for 14 h at 55 °C and 1.5 h at 85 °C. We added 1 

µL of cell lysate directly to PCR. 

2.7. Sex Determination and Genotyping of mESCs 

Mouse embryonic stem cells derived from the Ie mouse were genotyped with the 

following oligonucleotides: Vgll1 Forward: 5′-CCTGAAAATGGTGCCAGAAG-3′, Vgll1 

Reverse 5′-CATGAGCGATCCTGTGCTT-3′, Ie_mut Forward 5′-GCTATA-

CACACAGATGGATCCA-3′ and Ie_mut Reverse 5′-GCTTCTGAATTATAATCTTTCAT-

3′. Previously published PCR oligonucleotides specific for Rbm31x and Rbm31y were used 

for sex determination [18]. 

2.8. Optic Organoids Culture 

Optic vesicle 3D culture was performed following the procedure described previ-

ously [19]. The Rax-GFP cell line is a derivative from E14Tg2A from the 129/Ola mouse 

strain. Bulk RNA was isolated using the RNeasy®® mini columns (QIAGEN, Düssel-

dorf, Germany) following the manufacturer’s instructions. Subsequently, cDNA was syn-

thesized from 150 ng of total RNA with AffinityScript RT buffer (Agilent, California, US) 

according to the manufacturer’s instructions. TaqMan assays used the following probes, 

Rax: Mm01258704_m1; Pax6: Mm00443081_m1 for qPCR analysis using the Roche Light-

Cycler 480 System. 

2.9. Statistical Analysis 

Analyses of data derived from qPCR were performed using ‘PCR’ package in Rstudio 

[20]. Non-parametric Wilcoxon test for independent samples was performed, where a nor-

mal distribution and homogeneous variance was not assumed. 

2.10. RNA-seq 

Libraries for RNA-seq analysis were prepared using 500 ng of total RNA from three 

independent replicates using NEBNext Ultra II Directional RNA library prep kit for Illu-

mina (NEB) and PolyA mRNA magnetic isolation module (NEB). Sequencing was per-

formed using NextSeq 500/550 High-Output v2.5 (150 cycle) kit on NextSeq 550 platform 

(Illumina, San Diego, US). Libraries were combined into a single equimolar pool of 12, 

based on Qubit and Bioanalyser results and run across a High Output v2.5 Flow Cell. 

RNA was sequenced in the Clinical Research Facility in the Welcome Trust Unit at 

the Western General Hospital of Edinburgh. Data quality control was performed using 

FastQC: http://www.bioinformatics.babraham.ac.uk/projects/fastqc  and cutadapt: 

http://cutadapt.readthedocs.io/en/stable/ . Reference genome indexing was done using 

STAR: https://github.com/alexdobin/STAR , and read mapping with SAMtools: 

http://www.htslib.org/. Subsequently, featureCounts: http://subread.sourceforge.net/  

was used for gene expression quantification. To perform differential expression analysis 

edgeR, pheatmap and PCAtools packages were used in RStudio v1.3.1093 (Rsutdio, PBC. 

Boston, US) [21,22]. 

2.11. ATAC-seq 

ATAC-seq samples and libraries were generated from two independent biological 

replicates of optic vesicle cultures for each genotype as previously described [23]. Library 

quality was assessed using Agilent Bioanalyser (Agilent Technologies, #G2939AA) with 

DNA HS kit (#5067-4626). Sequencing was performed using the NextSeq 500/550 High-

Output v2.5 (150 cycles) kit (#20024907) on the NextSeq 500/550 platform (Illumina). Two 

pools of four libraries were sequenced on high-output flow cells. 
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2.12. ATAC-seq Mapping and Analysis 

To perform initial quality control, pre-processing, alignment, peak-calling and quan-

tification we used the nf-core ATAC-seq pipeline [24] with default parameters. The full 

pipeline details can be found at https://nf-co.re/atacseq, but we highlight that sequencing 

reads were aligned to the mm10 mouse genome and in this work we used consensus broad 

peaks across replicates called using MACS2 [25]. Differential accessibility of peak-regions 

was performed using DEseq2 [26]. To quantify putative differences in TF binding we used 

the TOBIAS framework [27]. As input to TOBIAS we used the BAM files from merged 

wild type and mutant replicates, and we used the Mus Musculus motifs from the JAS-

PAR2020 database [28] to identify putative binding sites and compute footprint scores 

within the consensus peak set. In detail, we use TOBIAS-ATACorrect to correct for Tn5-

insertion bias, followed by TOBIAS-ScoreBigwig to compute base-pair footprint scores 

across the selected input peak regions. We then use the latter results together with the 

JASPAR2020 motif database, to identify occurrences of motifs, compute associated foot-

print scores and quantify differences in putative binding of TFs, using the TOBIAS-

BINDetect. Finally, we use TOBIAS-PlotAggregate to generate aggregate footprint results 

-- corrected ATAC-seq signal averaged across all detected occurrences -- for any input TF-

motif. To visualise ATAC-seq results (differential binding and footprints) we have used 

the Matplotlib Python library [29]. 

3. Results 

3.1. Phenotyping Ie Ocular Defects 

We rederived the Ie mouse onto a C57BL/6J inbred strain background (Supplemen-

tary Figure S1A) and observed the anophthalmia and external-ear phenotypes in adults 

as previously described [9] (Figure 1A). We then examined Ie eyes at embryonic stages 

and observed that the phenotype was characterized by severe structural defects at E13.5, 

including hypoplastic retina and lens (Figure 1B–E, Supplementary Figure S1B,C). Exam-

ination of eyes from earlier embryonic stages indicated that development of the optic ves-

icle in Ie was apparently normal at E9.5, but the optic cup had become defective by E11.5, 

when ventral retinal structures were underdeveloped and the dorsal RPE was abnormally 

thickened (Supplementary Figure S1C). Surprisingly, lens development appeared compa-

rable between wild type and Ie at E11.5 (Supplementary Figure S1C), suggesting that de-

generation of early retinal tissues may underlie the subsequent broader eye phenotype. 

 

Figure 1. Ie gross phenotyping. (A) Adult Ie mice display abnormal pinnae (arrowhead) and small 

eyes (arrow). (B) Whole embryo analysis at E13.5 revealed severe ocular malformations in mutant 

eyes (B) and enlarged in (D), compared to stage-matched wild types (C) and enlarged in (E). Ar-

rowheads indicate pigmented cells within the hypoplastic eye. 
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3.2. Genetic Mapping Ie 

Ie was identified from the progeny of an irradiated male mouse—an F1 from a 101 

(female) x C3H (male) cross (Supplementary Figure S1A). Female Ie/+ offspring were then 

crossed to C3H for multiple generations (P Hunsicker, personal communication). Previ-

ous linkage-based mapping positioned the Ie locus to the X chromosome, between the Gs 

(Greasy) and Spf (Sparse fur, a mutation in Otc, Ornithine transcarbamylase) loci, close to 

Bn (Bent tail). Bent tail has been identified as a ~60 to 170 kb deletion on the X-chromosome 

in a gene desert that includes the Zic3 gene [10,11]. It was therefore concluded that Ie had 

arisen on 101 near Zic3, but was not phenotypically consistent with a loss-of-function mu-

tation for Zic3 [9]. After rederivation, phenotypically heterozygous females (i.e., visible 

microphthalmia) were serially backcrossed with wild type C57BL/6J males to enable mei-

otic recombination and therefore reduce the background 101 region to facilitate genetic 

mapping. 

We began our mapping strategy using a panel of microsatellite and SNP markers on 

chromosome X that extended ~5 Mb on either side of the Zic3 locus. We found three spec-

ulative candidate regions between single informative SNP markers (Figure 2A). These 

were, region 1: rs33880149-rs13483760 (GRCm39, chrX:48,737,129-54,971,490); region 2: 

rs13483761-rs13483770 (chrX:55,261,254-58,280,858); and region 3: from rs29058690--

rs29051707 (chrX:58,352,618-66,158,608). At this point we were prevented from continua-

tion of this strategy due to a lack of informative and strain-specific microsatellite and SNP 

markers available in published online genomic databases, and difficulties in reliably 

sourcing 101 genomic DNA. Instead, we adopted short-read whole genome sequencing 

(WGS) approach using genomic DNA from phenotypic Ie mutant (X(Ie)/y) and wild type 

(X(wt)/y) male littermates. 
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Figure 2. Interval mapping. (A) Schematic of chromosome X. Highlighted region mapped using a 

panel of microsatellite markers and SNPs (rs33880149 [chrX:48,737,129] to rs29051707 

[chrX:66,158,608]; GRCm39). Parental chromosomes C57BL/6J (red), 101 (green) and C3H (blue) are 

shown. Chromosome regions of a heterozygous female (early cross) and an affected male (cross 12) 

displaying three mapped Ie intervals within this region. (B) Short-read whole genome sequencing 

(WGS) alignment for male wild type (non-affected) and Ie mutant (affected) littermates. Critical in-

terval: chrX: 56,145,000–58,385,000 (green) and multi-nucleotide centromeric and telomeric variant 

clusters (black) present in mutant mouse. (C) Annotated transcripts within critical interval. 

3.3. Whole Genome Sequencing 

First, we used short read WGS data to refine the candidate interval. We used DNA 

obtained from an affected (Ie) and unaffected (wild type) males and generated paired-end 

sequencing libraries of 150 bp average read length. This analysis allowed us to identify 

variants in Ie that were absent from wild type and not seen in other mouse strain geno-

types available from the Mouse Genome Project. Using these, we mapped the Ie critical 

interval to a 6 Mb region at chrX:56,145,000-58,385,000 (Figure 2B). Within this large re-

gion, the WGS data identified two separate internal regions with high levels of sequence 

variation between Ie and Wt: (i) a centromeric variant cluster chrX:56,795,360-57,255,360 

and (ii) a telomeric variant cluster chrX:57,965,360-58,075,360. Within these regions were 

the coding genes Zic3 and Fgf13, respectively (Figure 2C). 

We then used the same data to identify potential causative non-synonymous changes 

in coding exons for all genes within the larger Ie critical interval. Only one intragenic cod-

ing mutation was identified, a 39 bp in-frame deletion in exon 6 of Vgll1 (c.606_644 del39; 

p. Asp203_Pro215del) that was present in Ie but not in Wt mouse DNA. Vgll1 encodes for 

a transcriptional coactivator that interacts with TEAD proteins [30,31]. In humans, VGLL1 

is expressed in different embryonic tissues such as the lung, heart, and placenta [32], but 

no evidence of activity in the eye has so far been reported. However, in further analysis 

we found this same deletion was present in genomic DNA sequences obtained from wild 

type E14 mouse ES cells from the inbred mouse strain 129/Ola. Thus, this lesion was clas-

sified as benign. No other variants were identified within coding exons, UTRs, or splice-

sites for the coding genes contained within the large candidate interval, including Zic3 

and Fgf13. 

3.4. Long-Read Genomic DNA Sequencing 

As we were unable to find any coding mutations in Ie, we then reasoned that the 

causative mutation may be a genomic rearrangement event, especially as exposure to X-

ray irradiation is often the cause of structural genetic rearrangements [33], and our previ-

ous work found a balanced chromosomal inversion as the cause of a mouse line with a 

severe eye malformation that had arisen as part of a similar radiation induced strategy [9]. 

Therefore, to further investigate the genetic basis of anophthalmia in Ie, we generated 

long-read sequencing (Oxford Nanopore Technologies) to enable both coding mutation 

analysis (small indels, substitutions) and the identification of structural variants (SVs; in-

versions and large deletions or insertions). From these analyses, 22 SVs were identified 

that were specific to Ie within the chrX large critical interval (Supplementary Table S1). 

However, these SVs were either intergenic or intronic mutations, five of which had been 

already reported in the mouse genome project (https://www.sanger.ac.uk/data/mouse-ge-

nomes-project/). 

3.5. Expression Analyses 

As no clearly causative genetic lesion that segregated exclusively with Ie had been 

identified through mapping and whole genome sequencing strategies, we chose to exam-

ine differences at the gene expression level between wild type and Ie, testing the hypoth-

esis that changes to gene expression levels may implicate a genetic pathway or mechanism 

for Ie. Mouse embryonic stem cells (mESCs) were derived from a cross between an affected 
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Ie female and a wild type C57BL6/J male (Figure 3A). Wild type and mutant male mESCs 

were then used to generate optic vesicle (OV) organoids (Figure 3A), following the 

method described previously [19]. Mutant and Wt organoids were imaged at day 7 and 

compared to additional control organoids derived from Rax-GFP mESCs, which allowed 

us to monitor and confirm OV development using the retinal-specific Rax driven GFP ex-

pression as a reporter for successful OV development (Figure 3B). Pax6 and Rax expres-

sion were also measured in OV organoids by qRT-PCR (Figure 3C) and confirmed the 

expected retinal differentiation compared to uninduced mESCs. No significant differences 

of expression for these two marker genes were observed between Wt and Ie. To then iden-

tify gene expression changes in the critical interval, RNA-seq analysis was performed at 

day five of OV culture in pools of forty-five organoids per sample and using two inde-

pendent biological replicates (independently derived cell lines) for each genotype. Princi-

pal component analysis revealed high variability between the two mutant biological rep-

licates (Supplementary Figure 2A), with one sample showing the presence of detectable 

alleles indicative of contaminating non-source mESCs. Therefore, subsequent analyses 

were performed using technical replicates from OV culture from one mutant and two wild 

type lines (Figure 3D). No significant differences in gene expression were observed for 

eye field transcription factors, pluripotency, or neural markers between the genotypes 

(FDR > 0.01 obtained by multiple test correction. Genes located within the critical interval 

identified in our earlier microsatellite and SNP analyses were then assessed (Figure 3D) 

for differential expression and indicated potential decreased expression in Ie for Zic3, 

Map7d3, and Mospd1 but these gene expression changes failed to reach significance. We 

then asked whether existing transcriptomic data could support the identification of can-

didate genes in this broader Ie critical interval; mRNA-seq data of laser-capture dissected 

tissue from dorsal and ventral eye during optic fissure closure stages (E11.5–E12.5) from 

Patel et al. [34] was used to determine expression levels (Supplemental Figure S2). Those 

genes with expression levels determined to be physiologically relevant in either dorsal or 

ventral eye were: Fgf13, Fhl1, Htatsf1, Ints6l, Mmgt1, Rbmx, Zfp449, and Zic3. Thus, alt-

hough no mutations or significant gene expression changes were identified in Ie for these 

genes, they could be considered as potential candidates for further analyses arising from 

this work. 
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Figure 3. Ie mouse embryonic stem cells derivation and gene expression analyses. (A) Schematic of 

mouse breeding between a heterozygous affected Ie female and a wild type C57BL/6J male. ES cells 

were isolated from the inner cell mass of E2.5 blastocysts. (B) OV culture from day 0 to day 7. (C) 

OV at day 7, Ie mutant and Ie wild type organoids shown in bright field, and Rax:GFP-derived or-

ganoids used as a positive control. Forty-five organoids per group were used in triplicate to measure 

gene expression by qPCR. Bar plot on the left shows Rax and Pax6 expression in Ie mutant and Ie 

wild type OV at day 7 relative to Rax:GFP positive controls. Bar plot on the right shows Rax and 

Pax6 expression in mutant and wild type organoids at day 7 relative to undifferentiated mESCs. (D) 

Heat map of RNA-seq data depicting differential expression of genes within the initial critical inter-

val in chrX between triplicates of mutant (m2) and wild type (w1 and w2) OV culture samples. 

3.6. ATAC-seq 

Lastly, we wanted to investigate the differences between affected and unaffected Ie 

mouse at chromatin accessibility level. To do so, an ATAC-seq analysis was performed in 

parallel to the RNA-seq analysis, at day five of optic vesicle organoid culture (Figure 4A). 

Focusing on the critical regions within chromosome X, we found no evidence of differen-

tially accessible peaks (DeSeq2, adjusted-p value < 0.01). Extending our search to look for 

differences in regulatory element accessibility genome-wide, we found only a handful 

(12×) of such peaks, all located on chromosome 14. The two most significant of these peaks 

(both relatively depleted in the mutant samples) overlap the promoters of Uchl3 and Pibf1, 

which have been associated with retinal layer [35], and lens morphology defects according 

to the mouse phenotyping consortium [36]. We noted that no differentially accessible 

peaks are found within a window of 1 Mb around each of the canonical eye-field genes. 

This could be evidence towards regulation of eye-field initiation either being unaffected 

or only very slightly affected in the Ie mouse, as far as chromatin accessibility of their 

driver regulatory elements is concerned. Because we found no strong distinguishing chro-

matin peak signals between wild type and mutant, we investigated whether our ATAC-

seq datasets could provide evidence of more subtle effects and in particular differences in 
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TF binding. To do this we used genomic-footprinting analyses, which exploit the fact that 

the presence of bound TFs can protect DNA against transposase cleavage, resulting in 

relative decreases in accessibility signals within accessible regulatory elements. 

Using the TOBIAS framework [27], we computed base-pair footprint scores (relative 

depletion inaccessible chromatin) for consensus peaks in the wild type and mutant.. Dif-

ferences between these footprint scores at TF-motif occurrences within consensus peaks 

were then used to compute differential binding scores for each mouse motif available in 

the Jaspar database [28]. Interestingly, amongst the motifs displaying higher binding 

scores in Ie mutant compared to wild type, are a group of motifs belonging to the Zic-

family of TFs (Figure 4B), including Zic3 which lies within the identified X-chromosome 

critical region. The same analysis suggests a relative depletion of binding of TFs important 

in ventral structure development, such as Vax1, Vax2 and Hes1, as well as Sox2 (known 

causative gene for eye-malformations) in the mutant (Figure 4B). This may be evidence 

that these TFs do not bind their cognate motifs as strongly at regulatory elements control-

ling ventral-TF target gene expression and aligns with the ventral morphological defects 

observed in the Ie mouse. These apparent differences in binding between Ie and wild type 

can be made visually discernible by looking at the aggregate ATAC-seq signal (corrected 

for Tn5 bias) around the TF-motif occurrences and in particular the difference between 

depletion in signal around the motif centre and in the regions flanking the motif. Indeed, 

the aggregate signal around Zic3 motif occurrences (Figure 4C) indicate a noticeably 

deeper footprint (evidence of stronger binding) in the mutant compared to the wild type 

samples, and shallower footprints (evidence of weaker binding) for TFs such as Sox2 and 

Vax1 (Supplementary Figure S3). 

This was made further apparent by looking at the aggregate ATAC-seq signal (cor-

rected for Tn5 bias) around the Zic3 motifs, which illustrates a deeper binding footprint 

in the mutant compared to the wild type (Figure 4C). Additionally, the differential foot-

printing analysis suggests a depletion of binding of TFs important in ventral structure 

development, such as Vax1, Vax2 and Hes1, as well as Sox2 (known causative genes for 

eye-malformations) in the mutant (Figure 4A, Supplementary Figure S3). This may be ev-

idence that these TFs do not bind their cognate motifs as strongly at regulatory elements 

controlling ventral-TF target gene expression and aligns with the ventral morphological 

defects observed in the Ie mouse. 
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Figure 4. ATAC-seq analysis in optic vesicle organoids. (A) Diagram summarizing chromatin ac-

cessibility analysis from OV organoids. (B) Volcano plot of TOBIAS differential binding analysis. 

Positive and negative scores are evidence of increased TF binding across consensus sets of peak 

regions, in wild type and mutant samples, respectively. Red points highlight results for motifs of 

TFs known to be important in eye-field specification and ventral ocular structure development. (C) 

Zic3 motif footprint in wild type and mutant samples. Aggregate Tn5-bias corrected ATAC-seq sig-

nal around detected Zic3 motif occurrences in consensus peak regions for wild type (green line) and 

mutant (red line) samples. Vertical dashed lines indicate edges of the Zic3 motif. 

4. Discussion 

Genetic factors are recognised as the major cause of developmental eye malfor-

mations. Even though a significant number of eye disease-causing mutations have been 

reported, a considerable proportion of patients with eye structural malformations remain 

without a molecular diagnosis [4,37]. In this study, we investigated the basis of the X-ray 

induced anophthalmia in the Ie mouse as a potential novel locus and to identify additional 

genetic mechanisms involved in the disruption of eye development. 

Our first analyses suggested that the causal mutation is non-coding and potentially 

a chromosomal rearrangement derived from the radiation exposure. However, subse-

quent analyses in short and long read WGS did not show any plausible coding mutations 

or structural rearrangements that may indicate causality on the eye phenotype. It has been 

reported previously how exposure to ionizing radiation can result in a significant increase 

in de novo single-nucleotide variants and indels with a notable over-representation of 

clustered mutations [38,39]. From our analyses, we found an imbalance of mutations 

across the Ie mouse genome, particularly within the critical region in chrX (Supplementary 

Table S2). We hypothesise that the multiple de novo single-nucleotide mutations found 

within the centromeric and telomeric variant clusters in the critical region of chrX may be 

involved in the severe ocular phenotype. 
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Previous studies have shown that the transcription factor Zic3 is involved in devel-

opmental decisions during early embryogenesis, including patterning of the anterior vis-

ceral endoderm, gastrulation induction, and positioning of the primitive streak. In hu-

mans, ZIC3 mutations are associated with X-linked heterotaxy (MIM 306955) [40]. Multi-

ple Zic binding sequences have been identified [41], and we found evidence for an enrich-

ment of Zic3 motif binding in ATAC-seq data during optic vesicle differentiation from 

ESCs. However, whether Zic TFs act as transcriptional activators or repressors is poorly 

understood [42]. Our data suggest that there is an increase in binding affinity of the Zic-

family in the mutant compared to the wild type, yet how this is associated with eye struc-

tural malformations remains unclear. The Ie locus was originally mapped using classical 

mouse genetics strategies, [9], with crosses to Greasy (Gs), Blotchy (Blo), Bent tail (Bn) and 

sparse fur (Spf), all of which are located on chromosome X. Remarkably, in over 2,000 males 

obtained from crosses only one recombination event was observed between Bn and Ie, but 

this male was unfortunately not kept for further mapping (P. Hunsiker, personal commu-

nication). The Bn locus has since been refined to a <170 kb deletion that includes the entire 

coding region for Zic3 [11] providing strong evidence that the Ie locus is close to Zic3 on 

chrX and consistent with our data presented here. Our analysis of existing transcriptomic 

data found that Zic3 is expressed in the developing eye, however given the disparity be-

tween the phenotypes of these two lines, Ie is unlikely to be a loss of function allele for 

this gene. As our in silico data suggest increased binding of Zic TFs at a genome-wide 

level, one plausible mechanism for the Ie phenotype is that the ancestral DNA contains an 

allele that causes increased expression of Zic3. Increased levels of Zic3 protein and tran-

scription factor activity could affect the expression of genes whose dosage is critical dur-

ing development of the ventral optic cup. More refined transcriptional analyses of ocular 

tissues from Ie are required to confirm this hypothesis. 

As a follow up to the evidence provided by our ATAC-seq analyses it could be very 

useful to perform Cut and Run experiments on the organoids targeting DNA-bound tran-

scription-factors highlighted from our ATAC-seq data. This would allow us to validate 

the hypotheses of stronger/weaker binding of Zic3 and Sox2 in the Ie mutant compared to 

wild-type, as well as investigating whether there is redistribution of these important TFs 

recruited at different regulatory elements. This would also potentially uncover currently 

unknown genes involved in ventral retina development. To provide more insight into the 

consequence rather than the cause of the Ie genetic lesion at the gene expression level, it 

would also be informative to conduct transcriptomic analyses of resected ventral retina, 

and to include analyses at the single-cell level. Indeed, scRNAseq could also be applied to 

the organoid cultures to overcome any heterogeneity among the cells comprising these 

samples. 

We conclude that despite the application of a range of mapping and sequencing ap-

proaches, and the use of gene expression and regulation analyses, we have been unable 

to reveal the causative mutation for the developmental eye and ear defects observed in 

the Ie mouse. Nevertheless, our data provides a useful framework for others to build upon 

to identify the genetic cause of Ie, and to reveal the precise molecular mechanism of the 

severe developmental anophthalmia found in this unique and enigmatic mouse line. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/genes13101797/s1, Figure S1: Ie mouse breeding and histology phe-

notype; Figure S2: Variability between replicates in Ie OV organoids; Figure S3: Sox2 motif footprint 

in wild type and mutant samples; Supplementary Table S1: SVs call in chrX critical interval; Sup-

plementary Table S2: Indels found in autosomal and chrX critical region in Ie mouse wild type and 

mutant. 

Author Contributions: Conceptualization, J.R. and D.R.F.; methodology, B.A.H.-M., J.R., I.R.A., 

M.K. and H.B.; validation, B.A.H.-M., J.R. and H.B.; formal analysis, A.S.P., A.M., G.G., P.G., D.P., 

B.A.H.-M. and V.T.-R.; investigation, B.A.H.-M., and J.R.; data curation, A.S.P., A.M., and G.G.; writ-

ing—original draft preparation, B.A.H.-M., and J.R.; writing—review and editing, J. R., I.J.J., D.J.A.; 

visualization, B.A.H.-M., J.R., and A.S.P.; supervision, J.R. and D.R.F.; project administration, D.R.F., 



Genes 2022, 13, 1797 13 of 14 
 

 

J.R., and B.A.H.-M.; funding acquisition, D.R.F. and J.R. All authors have read and agreed to the 

published version of the manuscript. 

Funding: B.A.H.M. doctoral studentship was awarded by the Mexican National Council of Science 

and Technology (CONACyT). D.R.F., I.J.J, I.R.A., A.M., P.G., and G.G. were funded through an MRC 

University Unit Grant to the University of Edinburgh. J.R. is supported by UKRI Future leaders 

Fellowship (MR/S033165/1) and Biotechnology and Biological Sciences Research Council 

(BBS/E/D/10002071). A.S.P. is a cross-disciplinary post-doctoral fellow supported by funding from 

the University of Edinburgh and Medical Research Council (MC_UU_00009/2). 

Institutional Review Board Statement: All mouse husbandry and breeding were performed with 

UK Home Office project license approval and no regulated procedures were undertaken.  

Data Availability Statement: All sequence data (ATAC, RNAseq, WGS) for this study have been 

deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under accession number 

PRJEB55172. 

Acknowledgments: We would like to thank the staff at the Biological Research Facilities at the Uni-

versity of Edinburgh. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Open Access: For the purpose of open access, the author has applied a CC BY public copyright 

licence to any Author Accepted Manuscript version arising from this submission. 

References 

1. Williamson, K.A.; FitzPatrick, D.R. The Genetic Architecture of Microphthalmia, Anophthalmia and Coloboma. Eur. J. Med. 

Genet. 2014, 57, 369–380. https://doi.org/10.1016/j.ejmg.2014.05.002. 

2. Harding, P.; Moosajee, M. The Molecular Basis of Human Anophthalmia and Microphthalmia. J. Dev. Biol. 2019, 7, 16. 

3. Inoue, M.; Kamachi, Y.; Matsunami, H.; Imada, K.; Uchikawa, M.; Kondoh, H. PAX6 and SOX2-Dependent Regulation of the 

Sox2 Enhancer N-3 Involved in Embryonic Visual System Development. Genes to Cells 2007, 12, 1049–1061. 

https://doi.org/10.1111/j.1365-2443.2007.01114.x. 

4. Plaisancié, J.; Ceroni, F.; Holt, R.; Zazo Seco, C.; Calvas, P.; Chassaing, N.; Ragge, N.K. Genetics of Anophthalmia and Microph-

thalmia. Part 1: Non-Syndromic Anophthalmia/Microphthalmia. Hum. Genet. 2019, 138, 799–830. https://doi.org/10.1007/s00439-

019-01977-y. 

5. Hall, H.N.; Williamson, K.A.; Fitzpatrick, D.R. The Genetic Architecture of Aniridia and Gillespie Syndrome. Hum. Genet. 2018, 

1–18. https://doi.org/10.1007/s00439-018-1934-8. 

6. Hunsicker, P. Ie = Eye-Ear Reduction X Linked. Mouse News Lett. 1974, 50, 51–52. 

7. Garber, E.D.; D Garber, B.E. “Bent-Tail,” A Dominant, Sex-Linked Mutation in the Mouse. Proc. Natl. Acad. Sci. USA 1952, 38, 

876–879. https://doi.org/10.1073/PNAS.38.10.876. 

8. Carrel, T.; Purandare, S.M.; Harrison, W.; Elder, F.; Fox, T.; Casey, B.; Herman, G.E. The X-Linked Mouse Mutation Bent Tail Is 

Associated with a Deletion of the Zic3 Locus; 2000; Vol. 9;. 

9. Rainger, J.; Keighren, M.; Keene, D.R.; Charbonneau, N.L.; Rainger, J.K.; Fisher, M.; Mella, S.; Huang, J.T.J.; Rose, L.; van ’t Hof, 

R.; et al. A Trans-Acting Protein Effect Causes Severe Eye Malformation in the Mp Mouse. PLOS Genet. 2013, 9, e1003998. 

https://doi.org/10.1371/JOURNAL.PGEN.1003998. 

10. Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754–

1760. https://doi.org/10.1093/BIOINFORMATICS/BTP324. 

11. Van der Auwera, G.; O’Connor, B.; Safari,  an O.M.C. Using Docker, GATK, and WDL in Terra. Genomics in the Cloud 2020, 300. 

12. McLaren, W.; Gil, L.; Hunt, S.E.; Riat, H.S.; Ritchie, G.R.S.; Thormann, A.; Flicek, P.; Cunningham, F. The Ensembl Variant Effect 

Predictor. Genome Biol. 2016, 17, 1–14. https://doi.org/10.1186/S13059-016-0974-4/TABLES/8. 

13. Keane, T.M.; Goodstadt, L.; Danecek, P.; White, M.A.; Wong, K.; Yalcin, B.; Heger, A.; Agam, A.; Slater, G.; Goodson, M.; et al. 

Mouse Genomic Variation and Its Effect on Phenotypes and Gene Regulation. Nature 2011, 477, 289–294. 

https://doi.org/10.1038/nature10413. 

14. De Coster, W.; De Rijk, P.; De Roeck, A.; De Pooter, T.; D’hert, S.; Strazisar, M.; Sleegers, K.; Van Broeckhoven, C. Structural 

Variants Identified by Oxford Nanopore PromethION Sequencing of the Human Genome. 2019. 

https://doi.org/10.1101/gr.244939.118. 

15. Sedlazeck, F.J.; Rescheneder, P.; Smolka, M.; Fang, H.; Nattestad, M.; Von Haeseler, A.; Schatz, M.C. Accurate Detection of 

Complex Structural Variations Using Single-Molecule Sequencing. Nat. Methods 2018, 15, 461–468. 

https://doi.org/10.1038/s41592-018-0001-7. 

16. Jeffares, D.C.; Jolly, C.; Hoti, M.; Speed, D.; Shaw, L.; Rallis, C.; Balloux, F.; Dessimoz, C.; Bähler, J.; Sedlazeck, F.J. Transient 

Structural Variations Have Strong Effects on Quantitative Traits and Reproductive Isolation in Fission Yeast. Nat. Commun. 

2017, 8, 1–11. https://doi.org/10.1038/ncomms14061. 



Genes 2022, 13, 1797 14 of 14 
 

 

17. Nichols, J.; Jones, K. Derivation of Mouse Embryonic Stem (ES) Cell Lines Using Small-Molecule Inhibitors of Erk and Gsk3 

Signaling (2i). Cold Spring Harb. Protoc. 2017, 2017, 379–386. https://doi.org/10.1101/pdb.prot094086. 

18. Tunster, S.J. Genetic Sex Determination of Mice by Simplex PCR. Biol. Sex Differ. 2017, 8, 6–9. https://doi.org/10.1186/s13293-017-

0154-6. 

19. Eiraku, M.; Sasai, Y. Mouse Embryonic Stem Cell Culture for Generation of Three-Dimensional Retinal and Cortical Tissues. 

Nat. Protoc. 2012, 7, 69–79. https://doi.org/10.1038/nprot.2011.429. 

20. Ahmed, M.; Kim, D.R. Pcr: An R Package for Quality Assessment, Analysis and Testing of QPCR Data. PeerJ 2018, 1–13. 

https://doi.org/10.7717/peerj.4473. 

21. McCarthy, D.J.; Chen, Y.; Smyth, G.K. Differential Expression Analysis of Multifactor RNA-Seq Experiments with Respect to 

Biological Variation. Nucleic Acids Res. 2012, 40, 4288–4297. https://doi.org/10.1093/nar/gks042. 

22. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital 

Gene Expression Data. Bioinformatics 2010, 26, 139–140. https://doi.org/10.1093/bioinformatics/btp616. 

23. Buenrostro, J.D.; Wu, B.; Chang, H.Y.; Greenleaf, W.J. ATAC-Seq: A Method for Assaying Chromatin Accessibility Genome-

Wide. Curr. Protoc. Mol. Biol. 2015, 2015, 21.29.1-21.29.9. https://doi.org/10.1002/0471142727.mb2129s109. 

24. Ewels, P.A.; Peltzer, A.; Fillinger, S.; Patel, H.; Alneberg, J.; Wilm, A.; Garcia, M.U.; Di Tommaso, P.; Nahnsen, S. The Nf-Core 

Framework for Community-Curated Bioinformatics Pipelines. Nat. Biotechnol. 2020, 38, 276–278. https://doi.org/10.1038/S41587-

020-0439-X. 

25. Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, J.; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; et al. 

Model-Based Analysis of ChIP-Seq (MACS). 2008. https://doi.org/10.1186/gb-2008-9-9-r137. 

26. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Ge-

nome Biol. 2014, 15, 550. https://doi.org/10.1186/s13059-014-0550-8. 

27. Bentsen, M.; Goymann, P.; Schultheis, H.; Klee, K.; Petrova, A.; Wiegandt, R.; Fust, A.; Preussner, J.; Kuenne, C.; Braun, T.; et al. 

ATAC-Seq Footprinting Unravels Kinetics of Transcription Factor Binding during Zygotic Genome Activation. Nat. Commun. 

2020, 11. https://doi.org/10.1038/S41467-020-18035-1. 

28. Fornes, O.; Castro-Mondragon, J.A.; Khan, A.; Van Der Lee, R.; Zhang, X.; Richmond, P.A.; Modi, B.P.; Correard, S.; Gheorghe, 

M.; Baranašić, D.; et al. JASPAR 2020: Update of the Open-Access Database of Transcription Factor Binding Profiles. Nucleic 

Acids Res. 2020, 48, D87–D92. https://doi.org/10.1093/NAR/GKZ1001. 

29. Hunter, J.D. Matplotlib: A 2D Graphics Environment. Comput. Sci. Eng. 2007, 9, 90–95. https://doi.org/10.1109/MCSE.2007.55. 

30. Pobbati, A. V.; Hong, W. Emerging Roles of TEAD Transcription Factors and Its Coactivators in Cancers. Cancer Biol. Ther. 2013, 

14, 390–398. https://doi.org/10.4161/cbt.23788. 

31. Zerbino, D.R.; Achuthan, P.; Akanni, W.; Amode, M.R.; Barrell, D.; Bhai, J.; Billis, K.; Cummins, C.; Gall, A.; Girón, C.G.; et al. 

Ensembl 2018. Nucleic Acids Res. 2018, 46, D754–D761. 

32. Faucheux, C.; Naye, F.; Tréguer, K.; Fédou, S.; Thiébaud, P.; Thézé, N. Vestigial like Gene Family Expression in Xenopus: Com-

mon and Divergent Features with Other Vertebrates. Int. J. Dev. Biol. 2010, 54, 1375–1382. https://doi.org/10.1387/ijdb.103080cf. 

33. Griffiths, A.; Gelbart, W.; Miller, J. Chromosomal Rearrangements. Mod. Genet. Anal. 1999, 112–118. https://doi.org/10.1007/978-

1-4615-6369-3_11. 

34. Patel, A.; Anderson, G.; Galea, G.L.; Balys, M.; Sowden, J.C. A Molecular and Cellular Analysis of Human Embryonic Optic 

Fissure Closure Related to the Eye Malformation Coloboma. Development 2020, 147, dev193649. 

https://doi.org/10.1242/DEV.193649/VIDEO-3. 

35. Sano, Y.; Furuta, A.; Setsuie, R.; Kikuchi, H.; Wang, Y.L.; Sakurai, M.; Kwon, J.; Noda, M.; Wada, K. Photoreceptor Cell Apop-

tosis in the Retinal Degeneration of Uchl3-Deficient Mice. Am. J. Pathol. 2006, 169, 132–141. https://doi.org/10.2353/AJ-

PATH.2006.060085. 

36. Dickinson, M.E.; Flenniken, A.M.; Ji, X.; Teboul, L.; Wong, M.D.; White, J.K.; Meehan, T.F.; Weninger, W.J.; Westerberg, H.; 

Adissu, H.; et al. High-Throughput Discovery of Novel Developmental Phenotypes. Nature 2016, 537, 508–514. 

https://doi.org/10.1038/nature19356. 

37. Verma, A.S.; FitzPatrick, D.R. Anophthalmia and Microphthalmia. Orphanet J. Rare Dis. 2007, 2, 47. https://doi.org/10.1186/1750-

1172-2-47. 

38. Adewoye, A.B.; Lindsay, S.J.; Dubrova, Y.E.; Hurles, M.E. The Genome-Wide Effects of Ionizing Radiation on Mutation Induc-

tion in the Mammalian Germline. Nat. Commun. 2015, 6. https://doi.org/10.1038/ncomms7684. 

39. Satoh, Y.; Asakawa, J. ichi; Nishimura, M.; Kuo, T.; Shinkai, N.; Cullings, H.M.; Minakuchi, Y.; Sese, J.; Toyoda, A.; Shimada, Y.; 

et al. Characteristics of Induced Mutations in Offspring Derived from Irradiated Mouse Spermatogonia and Mature Oocytes. 

Sci. Rep. 2020, 10. https://doi.org/10.1038/s41598-019-56881-2. 

40. Ware, S.M.; Harutyunyan, K.G.; Belmont, J.W. Zic3 Is Critical for Early Embryonic Patterning during Gastrulation. Dev. Dyn. 

2006, 235, 776–785. https://doi.org/10.1002/DVDY.20668. 

41. Hatayama, M.; Aruga, J. Role of Zic Family Proteins in Transcriptional Regulation and Chromatin Remodeling. Adv. Exp. Med. 

Biol. 2018, 1046, 353–380. https://doi.org/10.1007/978-981-10-7311-3_18/FIGURES/7. 

42. Yang, S.H.; Andrabi, M.; Biss, R.; Murtuza Baker, S.; Iqbal, M.; Sharrocks, A.D. ZIC3 Controls the Transition from Naive to 

Primed Pluripotency. Cell Rep. 2019, 27, 3215-3227.e6. https://doi.org/10.1016/j.celrep.2019.05.026. 


