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Table 4-1. Existing Zic Mutant Mice 
Gene/Allele Type Lethality?a Reference 

Zic1- null perinatalb (Aruga, Minowa et al. 1998) 
Zic2kd hypomorph perinatal (Nagai, Aruga et al. 2000) 
Zic2ku null mid embryonic (Elms, Siggers et al. 2003) 

Zic2m1Nisw hypomorph perinatal (Zhang and Niswander 2013) 

Zic3Bn spontaneous  
null mutation earlyc (Carrel, Purandare et al. 2000; Klootwijk, 

Franke et al. 2000) 
Zic3- null variesd (Purandare, Ware et al. 2002) 

Zic3flox conditional none (Sutherland, Wang et al. 2013) 

Zic4- null none (Grinberg, Northrup et al. 2004; Blank, 
Grinberg et al. 2011) 

Zic5tm1Jaru null postnatale (Inoue, Hatayama et al. 2004) 
Zic5tm1Sia null perinatal (Furushima, Murata et al. 2005) 

Zic1-; Zic4- null postnatal (Grinberg, Northrup et al. 2004; Blank, 
Grinberg et al. 2011) 

a mid-embryonic (E13.5), perinatal (E17.5 to P1), postnatal (P1 to P21) 
b 50% die before P1, all die by P21 
c embryonic, but no exact age specified 
d no definitive time point (death occurs prior to E10.5 and into adults) 
e some die by P3, all die by P60 

 
 
 
development (Barald and Kelley 2004; Bok, Bronner-Fraser et al. 2005; Choo 

2007) and which is a critical source of SHH and WNT signals to the developing 

inner ear (Klootwijk, Franke et al. 2000; Nagai, Aruga et al. 2000; Riccomagno, 

Martinu et al. 2002; Inoue, Hatayama et al. 2004; Riccomagno, Takada et al. 

2005). Because the neural tube is a source of both SHH and WNT signaling, and 

these signaling pathways are critical for inner ear development, the interpretation 

of data from these Zic mutant mice is not straightforward. The question is still 

unanswered: Are Zic genes directly involved in inner ear development, or is 

altered ear formation secondary to neural tube defects caused by the loss of Zic 

genes (Riccomagno, Martinu et al. 2002; Riccomagno, Takada et al. 2005). 

Further, no data exists showing with which genes ZIC proteins interact in the 

hindbrain, otic epithelium, and periotic mesenchyme, so attempts at determining 

the mechanism of Zic function in inner ear development are limited to speculating 
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which genes might be affected based on the morphological phenotype. The 

following discussion details ways to model Zic gene loss in both mouse and chick 

and how to determine with which genes ZICs interact. Using this information, 

experiments can be proposed to investigate the mechanism of Zic gene function 

during inner ear development. 

 

4.2. Modeling Zic Mutations in Mouse and Chick 

As described above, the current Zic mutant mice are poorly suited to 

investigating the role of Zic genes in inner ear development. Lethality, defects in 

the neural tube, a major signaling center during inner ear development, and the 

inability to selectively and specifically isolate Zic gene loss to specific regions of 

the developing inner ear are all major issues that need to be addressed. 

 

Conditional Zic Knockout Mice 

Using the Cre-Lox system, the loss of each Zic gene could be more carefully 

controlled, thereby avoiding or significantly delaying the lethality associated with 

the global loss of these genes. Careful selection of the specific Cre-driver mouse 

line could also restrict the loss of each Zic gene to a specific tissue (e.g., neural 

tube, periotic mesenchyme), enabling the analysis of Zic gene function in isolated 

regions of the developing inner ear. If more precise timing is required, an 

inducible Cre-driver line could be used, further restricting the loss of Zic genes in 

time, as well as space. 

To date, Zic3 is the only Zic gene with a conditional (floxed) allele 



	  

129 

Table 4-2. Floxed Alleles of Zic Genes Being Developed 
Gene Project Status 
Zic1 KOMP-CSD Design Completed 
Zic2 KOMP-CSD Vector Design In Progress 
Zic4 EUCOMM VEGA Annotation Requested 
Zic5 EUCOMM Vector Construction In Progress 

 
 
 
(Sutherland, Wang et al. 2013). Currently, laboratories are developing floxed 

alleles of the other Zic genes, though many are still early in the process (Table 4-

2; EUCOMM 2013). Once mice have been generated with these floxed alleles, 

they would be bred to Tbx18Cre (mesenchyme; Trowe, Shah et al. 2010) or 

Hoxa3Cre (rhombomeres 5 and 6; Macatee, Hammond et al. 2003) mice to 

generate mice with complete loss of Zic expression in either the periotic 

mesenchyme or the neural tube adjacent to the inner ear (the analysis of these 

mice will be described in a later section). After generating single conditional 

mutants, compound conditional Zic mutants would be created. Initially, Zic2/Zic5 

and Zic2/Zic3/Zic5 compound mutants will be generated, as these Zic genes 

have overlapping expression patterns within the developing inner ear and 

therefore have the highest possibility of functional redundancy/compensation 

(Chervenak, Hakim et al. 2013). A Zic1flox/Zic4flox compound mutant would not be 

necessary to generate, as the Zic1/Zic4 compound mutant (Grinberg, Northrup et 

al. 2004; Blank, Grinberg et al. 2011) is viable up to post-natal stages and does 

not appear to have defects in inner ear development, as shown by our paint-fills. 

Generation of a conditional mouse with complete loss of all 5 Zic genes in either 

the mesenchyme or the neural tube would also be informative and could address 

at which stages of ear development function of the Zic genes is critical. 
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Knockdown of Zic Genes in Chick Embryos Using In Ovo Electroporation 

As a complimentary approach to selectively knocking out Zic genes using the 

Cre-Lox system in mice, in ovo electroporation of chicken embryos could be 

used. In ovo electroporation has been used to overexpress or knockdown the 

expression of genes in a variety of tissues in the chick, including the neural tube, 

limb mesoderm, dermomyotome, and somites (Krull 2004; Nakamura, Katahira et 

al. 2004; Scaal, Gros et al. 2004; Das, Van Hateren et al. 2006). The advantage 

of these experiments is that the targeted area can be tightly controlled by limiting 

the size of the electrodes, the strength of the electrical field, and the location of 

where the plasmid DNA (containing the cDNA of the gene to be over-expressed 

or the RNA sequence targeting the gene to be knocked down) is injected. These 

experiments used to be limited to those tissues located near a natural reservoir 

for the DNA solution, such as the lumen of the neural tube, but new techniques 

using DNA-soaked beads allow for the localization of the plasmid DNA to nearly 

any tissue (Simkin, McKeown et al. 2009). 

For these experiments, multiple micro RNA (miRNA) sequences to target 

Zic1-4 could be designed and cloned into the pRFPRNAiC vector (Das, Van 

Hateren et al. 2006). Previously, experiments were designed to knockdown Zic1 

and Zic2 in the otocyst in chick embryos. As part of these experiments, a plasmid 

with a miRNA sequence targeting GFP (pRFPRNAiC-GFP) was co-

electroporated with a plasmid expressing GFP (pCAX-EGFP) into the otic cup of 

a HH stage 10 chick embryo to see if the plasmid worked in the otic cup/otocyst 
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(Figure 4-2). The pRFPRNAiC-GFP plasmid effectively knocked down 

expression of GFP in the otocyst, demonstrating that this plasmid worked in the 

inner ear in chick. miRNA sequences to target Zic1 (2 sequences) and Zic2 (2 

sequences) were designed and tested in the dorsal neural tube, but none of 

these resulted in effective knockdown of either Zic1 or Zic2 in the neural tube 

(unpublished results). Additionally, expression analysis of the Zic genes in the 

chick inner ear (Chervenak, Hakim et al. 2013) showed that none of the Zic 

genes is expressed in the otic epithelium, so the previous experimental design 

(knocking down Zic genes in the otic epithelium) was abandoned. 

Just as for the Zic riboprobes, the miRNA sequences for each Zic gene 

would be designed to target regions of low similarity among the different Zic 

genes (i.e. outside of the ZF, ZOC, and ZF-NC domains; refer to Figure 2-3). 

Initially, each target sequence would be tested individually, but eventually two 

different target sequences directed against the same Zic gene could be cloned 

into a single RNAi plasmid to increase knockdown efficiency. To test each 

miRNA target sequence, the left dorsal neural tube of HH stage 18 (Zic1-3) or 

HH stage 24 (Zic4) chick embryos could be electroporated with the miRNA 

plasmid. These specific stages would be used because older embryos (HH stage 

17-20) survive better after electroporation and because significant expression of 

Zic4 is not detected in the neural tube until HH stage 24, compared to HH stage 

18 for Zic1-3 (Chervenak, Hakim et al. 2013). After electroporation, the embryos  
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Figure 4-1. Validation of siRNA Knockdown System in Chick Inner Ear. 
Otocysts from chick embryos at HH stage 13 were injected with a combination of 
either pRFPRNAiC and pCAX-EGFP (A-C; “control”) or pRFPRNAiC-GFP and 
pCAX-EGFP (D-F; “siRNA”) to test this siRNA system in the chick inner ear. Otic 
cups successfully electroporated with the control combination of plasmids were 
both RFP+ (A) and GFP+ (B). Otic cups successfully electroporated with the 
siRNA combination of plasmids were RFP+ (D) and GFP- (E), indicating that the 
RNAi target sequence directed against GFP mRNA reduced or eliminated GFP 
mRNA, leading to undetectable expression of GFP protein (compare panel B to 
panel E). (G, H) Experimental design schematic. Plasmids (pRFPRNAiC or 
pRFPRNAiC-GFP, red; pCAX-EGFP, green) were co-injected into the otocyst 
(G), then electrodes were positioned as in (H) to target the plasmid DNA to cells 
in the otic cup. 
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would be allowed to develop for an additional 24-36 hours before being collected, 

fixed, and sectioned. In situ hybridization would then be performed using a probe 

for the Zic gene that was targeted. Probes for the other Zic genes could also be 

used to demonstrate the specificity of the knockdown; if the knockdown was 

successful, then there would be a drastic reduction in the number of Zic-

expressing cells in the left dorsal neural tube (electroporated) compared to the 

right dorsal neural tube (unelectroporated) as shown by in situ hybridization. 

Antibodies to the specific ZIC protein whose mRNA was targeted in the siRNA 

electroporation experiment would also be used to demonstrate that reduced 

levels of mRNA result in reduced protein levels: RFP+ cells (electroporated) in 

the left dorsal neural tube should be negative for the ZIC protein being targeted, 

and the ZIC protein level should be lower in the left dorsal neural tube compared 

to the right dorsal neural tube. 

Another factor needing to be addressed is the length of time that Zic 

knockdown can be achieved from the standard pRFPRNAiC plasmid. For testing 

the miRNA target sequences, the plasmid only needs to be active for 24-36 

hours, which is within the time range used in experiments using this plasmid 

(Das, Van Hateren et al. 2006). In the actual experiments, embryos would be 

electroporated at HH stage 10 (~E2) and analyzed as late as HH stage 32 

(~E7.5), so expression of the miRNA must be maintained the entire time. The 

simplest read-out for plasmid activity is RFP expression, so initially embryos 

would be electroporated in the left dorsal neural tube at HH stage 10, allowed to 

develop until HH stage 32, and then whole embryos viewed under a dissecting 



	  

134 

microscope by UV illumination through an RFP filter to see if RFP+ cells are still 

present in the electroporated side of the neural tube. If they are, then embryos 

would be collected and processed as described above, using riboprobes (in situ 

hybridization) and antibodies (immunofluorescence) to assess knockdown at 

both the mRNA and protein levels. If RFP+ cells were not seen, then the 

replication competent avian splice (RCAS) vector would be used instead, as it 

was shown to not only remain active but also to spread to new cells over the 

course of longer experiments (Das, Van Hateren et al. 2006). 

Once the Zic miRNA plasmids have been created and tested, the dorsal 

neural tube adjacent to the otic cup or the periotic mesenchyme surrounding the 

otic cup of HH stage 10 chick embryos will be electroporated with the miRNA 

plasmids to knockdown each of the Zic genes (Figure 4-2). For the neural tube 

electroporations, plasmid DNA would be injected into the lumen of the neural 

tube and the electrodes positioned to target the left dorsal neural tube (Figure 4-

2A). Since no easily-accessible lumen exists to hold the plasmid DNA for the 

periotic mesenchyme electroporations, beads would be soaked with the plasmid 

DNA (Simkin, McKeown et al. 2009), carefully implanted into the mesenchyme, 

and then electroporated in at least two different directions to ensure targeting of 

multiple regions of the periotic mesenchyme (Figure 4-2B). The exact area for 

bead implantation, as well as the number and direction of electroporations 

required to target the majority of the periotic mesenchyme would need to be 

determined, as well as the tolerance of embryos to bead implantation and 

multiple electroporations. 
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Figure 4-2. Electroporation Strategies to Target Dorsal Neural Tube and 
Periotic Mesenchyme. (A) Plasmid DNA (red) is injected into the lumen of the 
neural tube and then electrodes are positioned so that the current flows in the 
direction of the left dorsal neural tube, resulting in targeting of cells in the left 
dorsal neural tube. (B) Plasmid DNA-soaked beads (red) are implanted 
underneath the periotic mesenchyme and then electrodes are placed at position 
1, the embryo is electroporated, and then the electrodes moved to position 2 and 
electroporated again so that a large extent of the periotic mesenchyme is 
targeted. Green arrows illustrate direction of current flow, and thus point to 
location being targeted. 



	  

136 

In an alternative approach, antisense oligonucleotide morpholinos 

targeting the Zic genes could be electroporated directly into the developing chick 

inner ear. We successfully used this strategy to examine the role of the DAN 

gene in inner ear development in the chick embryo (Gerlach-Bank, Cleveland et 

al. 2004) and have also used this strategy to examine the role of other genes 

involved in both nervous system and inner ear development and distinguish them 

from one another in the zebrafish (Holmes, Wyatt et al. 2011; Shen, Thompson 

et al. 2012). 

 

4.3. Inner Ear Morphology of Conditional Zic Mouse Mutants and 

Electroporated Chick Embryos 

After generating the conditional Zic mouse mutants and chick embryos with 

reduced Zic gene expression through any of these strategies, embryos would be 

collected at different time points and their inner ears paint-filled to analyze 

changes in inner ear morphology. Mouse embryos (mutants and wild type 

littermates) would be collected at E11.5, E12.5, E13.5, and E16.5, while chick 

embryos (electroporated and mock electroporated) would be collected at HH 

stages 18, 24, 32, and 35 (~E3, E4.5, E7, and E9). After dissection and fixation, 

inner ears would be filled with a paint solution as described previously (Kiernan 

2006). Comparisons would be made between inner ears from wild type or mock 

electroporated embryos and those from Zic conditional knockouts or 

electroporated embryos. The results from these experiments will show which Zic 

genes are most critical for inner ear development and could be used to guide and  
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Figure 4-3. Electroporation Scheme For Live Imaging of Inner Ear 
Morphogenesis in Chick Embryos After Zic Knock-Down. (A) Electroporation 
of dorsal neural tube with Zic siRNA plasmid (A1), followed by electroporation of 
the otic cup with RCAS-BA-EGFP (A2) to observe otic epithelium morphogenesis 
after otic cup closure in inner ears with one of the Zic genes knocked-down in the 
neural tube (A3). (B) Electroporation of periotic mesenchyme with Zic siRNA 
plasmid (B1), followed by electroporation of the otic cup with EGFP-tagged beta-
actin (B2) to observe otic epithelium morphogenesis after otic cup closure in 
inner ears with one of the Zic genes knocked-down in the periotic mesenchyme 
(B3). Red indicates siRNA plasmid injection/bead placement (A1, B1) and red 
asterisks indicate cells electroporated with Zic siRNA or control siRNA plasmids 
(A2, B2). Green indicates site of injection of RCAS-BA-EGFP (A2, B2) or beta-
actin/EGFP-tagged otic epithelial cells (A3, B3). Blue area adjacent to otic 
epithelium marks the periotic mesenchyme. Magenta arrows (A1, A2, B1, B2) 
indicate direction of current and thus points to cells that will be electroporated. 
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prioritize future experiments. 

 

4.4. Live-Imaging of Inner Ear Morphogenesis in Chick Embryos 

Once the Zic genes that most affect inner ear development in chick have been 

identified, we would attempt live cell imaging to visualize the changes in inner ear 

morphogenesis when these Zic genes are knocked-down. Two separate 

electroporation schemes would be employed: in the first scheme, we would 

electroporate the Zic siRNA plasmids into the dorsal neural tube and 

electroporate the proviral RCASBP(B) plasmid containing a coding sequence for 

β-actin-EGFP (RCAS-BA-EGFP) into the otic cup at HH stage 13 (Figure 4-3A; 

Bird, Daudet et al. 2010), and in the second scheme we would electroporate the 

Zic siRNA plasmids into the periotic mesenchyme and RCAS-BA-EGFP into the 

otic cup at HH stage 13 (Figure 4-3B). Then, 16-24 hours after electroporating 

(~HH stage 18) we would set-up for live confocal imaging of the inner ear in an 

intact chick embryo to observe morphogenesis of the inner ear as it occurs and 

compare it to the morphogenesis of embryos electroporated with the control 

siRNA plasmid and RCAS-BA-EGFP. One benefit of the periotic mesenchyme 

elctroporations would be the ability to have both the otic epithelium and periotic 

mesenchyme labeled with different fluorescent proteins (periotic mesenchyme in 

red, otic epithelium in green) so that interactions between the periotic 

mesenchyme and otic epithelium could be observed. What happens to the 

periotic mesenchyme when Zic genes are knocked down? What happens to 

proliferation in the periotic mesenchyme when Zic genes are knocked down? 
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Under normal conditions, how does the periotic mesenchyme move in relation to 

the otic epithelium? These same observations could be made for the 

electroporations in which the dorsal neural tube was targeted, except an 

additional electroporation would need to be performed using a third fluorescent 

protein to label the periotic mesenchyme. 

A possible complication to this approach would be the depth of imaging 

required, as the otocyst at HH stage 18 is between 150 and 200µm, which would 

be difficult to image completely. As inner ear morphogenesis proceeds, portions 

of the ear would thin along the medio-lateral axis before widening again, and 

along the dorso-ventral axis, tremendous lengthening occurs. To control for this, 

separate movies could be made of the inner ear along its dorso-ventral axis. 

Another imaging scheme would be to take thick transverse sections through the 

inner ear at HH stage 18, place them in imaging chambers with minimal media, 

and use a confocal equipped with an environmental chamber to keep the 

sections close to physiological conditions, allowing them to survive through the 

imaging period (Bird, Daudet et al. 2010). 

 

4.5. Identifying Transcriptional Targets of Zic Genes 

Very little is known about downstream targets of Zic genes, and what little is 

known is limited to their roles in regions other than the inner ear. Gain and loss of 

function studies, primarily in fish and frog, and analysis of mouse mutants has 

identified a few genes in which expression changes have been documented in 

response to changes in Zic expression (Brewster, Lee et al. 1998; Aruga 2004). 
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However, the results to date indicate that these genes (including Wnt3a, NeuroD, 

Atoh1, and Cyclin D1, among others) are downstream of Zic genes, and not 

necessarily direct transcriptional targets (see Table 4 in Aruga 2004). Previous in 

vitro studies have identified ZIC binding sequences in the promoters of a handful 

of genes and have demonstrated that these are direct transcriptional targets of 

Zic genes (see Table 1C in Merzdorf 2007). No experiments to date have looked 

for direct transcriptional targets of Zic genes in whole embryos or isolated 

tissues. 

 

ChIP-chip to Identify Zic Transcriptional Targets in the Inner Ear 

As a first step to identifying genes that are direct transcriptional targets of Zic 

genes in the inner ear, chromatin immunoprecipitation followed by hybridization 

to a mouse promoter microarray (ChIP-chip) would be employed. Wild type mice 

would be collected at E8.5 (otic placode), E9.0 (otic cup), E9.5 (early otocyst), 

E10.5 (late otocyst), E11.5, E12.5, E13.5, E15.5, and E17.5 (progressive stages 

of inner ear morphogenesis) and the inner ear regions dissected. Tissues (otic 

placode/otic epithelium, periotic mesenchyme, and neural tube) would be 

microdissected and pooled from multiple embryos, then prepared for chromatin 

immunoprecipitation (ChIP). After ChIP using antibodies to ZIC1, ZIC2, ZIC3, 

ZIC4, or ZIC5, the resulting DNA would be hybridized to a mouse promoter 

microarray (Agilent Technologies). These experiments would identify which 

promoters each of the ZIC proteins occupies, as well as where and when, during 

inner ear development. 
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4.6. Changes in Gene Expression in Zic Mutants 

Microarray analysis would be used to identify genes whose expression changes 

in response to loss of each of the Zic genes in the inner ear. As for the ChIP-chip 

experiments, tissues (otic placode/otic epithelium, periotic mesenchyme, neural 

tube) would be microdissected from mouse embryos between E8.5 and E17.5. 

However, in addition to tissues from wild type mice, tissues would also be 

collected from the conditional Zic mutant mice (described in section 4.2.1). RNA 

would be extracted from the tissues, amplified and labeled (RNA from wild type 

tissue labeled with one fluorophore, RNA from mutant tissue labeled with a 

different fluorophore), and then applied to a mouse cDNA microarray such that 

comparisons are made between wild type and mutant tissues from the same 

region (otic placode/otic epithelium, periotic mesenchyme, neural tube) at the 

same time point. Results from the microarray experiments could then be sorted 

into logical arrangements (e.g., by signaling pathway, type of gene, ear 

developmental process) to guide further hypotheses. 

The results from the microarray experiments could then be compared to 

the ChIP-chip data to differentiate between direct and indirect targets of ZIC 

proteins. That is, if the expression of gene “X” decreased in the periotic 

mesenchyme in the Zic1flox/flox;Tbx18Cre and gene “X” was identified in the ChIP-

chip experiment, then gene “X” is a direct transcriptional target of Zic1 in the 

periotic mesenchyme. If gene “X” was not identified in the ChIP-chip experiment, 

then gene “X” is not a direct transcriptional target of Zic1 but instead lies 

downstream of Zic1. Then, if gene “X” is a direct transcriptional target of gene 
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“Y”, and from the experiments gene “Y” was shown to be a direct transcriptional 

target of Zic1, then a possible transcriptional pathway can be assembled (Zic1 

Gene “Y” Gene “X”). Thus, combining the microarray data and the ChIP-chip 

data with current knowledge about signaling pathways involved in inner ear 

development would enable the placement of the Zic genes within these signaling 

pathways and possibly identify signaling networks with the Zic genes acting as 

factors that integrate multiple signaling pathways into networks. 

 

4.7. Validation of Microarray Experiments 

Once genes in which the expression increases or decreases significantly in 

response to loss of each of the Zic genes are identified, these results would need 

to be validated by in situ hybridization in conditional Zic mutant mouse embryos. 

Since there would likely be a large number of genes to validate, the experiments 

would be prioritized starting with those genes shown to be direct transcriptional 

targets of ZIC proteins. After that, genes whose downstream targets are best 

characterized would be given the highest priority. Once the findings of the 

microarray experiments had been validated, the hypothesized signaling 

pathways/networks could be tested. Previously described mouse mutants might 

be reexamined for changes in Zic gene expression, further solidifying the role of 

Zic genes in those specific signaling pathways/networks. Additionally, in mouse 

mutants with inner ear defects, Zic genes that are direct targets of those genes 

could be added back through the introduction of a bacterial artificial chromosome 

containing the Zic gene under control of a different promoter to express the ZIC 
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protein. If the added Zic gene rescues the inner ear defects, then this further 

strengthens the order of those genes in a signaling pathway affecting inner ear 

development. 

 

4.8. Conclusions 

The Zic genes play a role in inner ear development, as they are expressed in 

cells of the periotic mesenchyme and dorsal neural tube adjacent to the inner ear 

during development in both mouse and chick (Chervenak, Hakim et al. 2013), 

and inner ears from Zic2kd/kd and Zic2Ku/Ku mice have a range of morphological 

defects (Chervenak, Gerlach-Bank et al., manuscript in preparation). However, 

limited knowledge about what genes ZIC proteins interact with both in the entire 

organism, as well as specifically in the inner ear, makes it difficult to determine 

what next steps to take. Further complicating matters is that true Zic null mice 

often die during embryonic development or perinatally from a variety of neural 

defects, making analysis of inner ear development difficult. The experiments 

outlined here would provide new Zic mouse models, as well as a complimentary 

Zic loss of function model in chick embryos, identify direct transcriptional targets 

of Zic genes in the inner ear, and identify genes further downstream of the Zic 

genes during inner ear development. Combining these new tools and knowledge, 

better hypotheses could be made regarding the role of Zic genes in inner ear 

development in both mouse and chick that could be tested in complementary 

animal models more amenable to the genetic manipulations and live imaging 

experiments proposed above for chick and mouse. 
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Appendix 

Additional Data 

 

A.1. Results and Discussion 

Effects of Zic2 Loss on Signaling Pathways Involved in Inner Ear 

Development 

 

FGF Signaling 

FGFs, especially Fgf3 and Fgf10 in the mouse, are critical for the initial 

specification of the otic placode, as mice lacking both Fgf3 and Fgf10 fail to form 

otic vesicles (Wright and Mansour 2003). In Zic2Ku/Ku mutants, otic vesicles form 

and look normal compared to otic vesicles from wild type and heterozygous mice 

(Figure 3-4, compare otic vesicles in panel C’ with those in panels A’ and B’). In 

cross-section, the overall size and shape of the otic vesicles from Zic2Ku/Ku 

mutants are similar to wild type and heterozygous mice, with the only appreciable 

difference being that the otic vesicles in most of the Zic2Ku/Ku mutants are 

positioned at a ~45-80o angle from the normal dorsal-ventral (vertical) orientation 

seen in heterozygotes and wild type embryos. The extent of this positional shift 

depends on the extent of the failure of the neural tube to close, and varies both 

among mutants (e.g., compare otocysts from embryos #1, #2, and #3 in 

Supplemental Figure 9) and even within the same mutant embryo (compare 
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otocysts from different sections of the same mutant embryos in Figures A-8 

[embryo #2], A-22 [embryo #2], and Supplemental Figures 4 [embryo #2] and 

10). Since the otic vesicles formed and looked normal, we concluded that the 

initial specification of the otic placode and subsequent morphogenetic events 

were relatively unaffected. It is possible that either Fgf3 or Fgf10 expression was 

affected, as otic vesicle formation does occur in mice with a loss of either Fgf3 or 

Fgf10 (Wright and Mansour 2003). Due to the unavailability of mutant embryos at 

E8-E9, the age when the otic placode is specified, we cannot rule out this 

possibility. 

We examined the expression of Fgf3 (Figure A-1) and Fgf10 (Figure A-2) 

in the otic region of Zic2+/+, Zic2Ku/+, and Zic2Ku/Ku embryos at E9.5 and E10.5. 

Fgf3 expression was found in the neural tube and the medial wall of the branchial 

arch in all embryos at E9.5, though the positioning of the branchial arch (ba; 

yellow arrows) is altered in the Zic2Ku/Ku embryos (Figure A-1). At E10.5, Fgf3 

expression was detected in all embryos. In the Zic2Ku/Ku embryos, there was a 

cluster of Fgf3+ cells adjacent to the medial wall of the otic epithelium that was 

also seen in the wild type embryos, though the cluster of cells was much smaller 

(blue asterisks in Figure A-1). Without further replicates, it is difficult to determine 

if the size difference in this cluster of cells represents a real difference between 

mutant and wild type embryos, as this experiment was only performed once and 

some sections were lost in this region of the ear in the wild type and 

heterozygous embryos. Fgf10 expression at E9.5 was difficult to detect in these 

samples, so we cannot begin to speculate about differences in expression 
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among the Zic2+/+, Zic2Ku/+, and Zic2Ku/Ku mice. Expression of Fgf10 was more 

readily demonstrated at E10.5 and was observed in all embryos in the ventral 

and ventral-medial wall of the otocyst and in the mesenchyme immediately 

adjacent to this region (blue asterisks in Figure A-2). As with the Fgf3 

experiments, we were limited to analysis of a single mutant embryo, so further 

experiments are needed before we can draw any definitive conclusions. In 

addition, since there are many FGF proteins, it may be better to use antibodies to 

detect pERK expression as a readout of FGF pathway activation. 

 

BMP Signaling 

To determine if BMP signaling was affected in the inner ears from Zic2Ku/Ku mice, 

we performed immunofluorescence experiments using a phospho-Smad-1/5/8 

antibody on sections through the inner ear region at E9.5 (Figure A-3), E11.5 

(Figure A-4), and E12.5 (Figure A-5). Phospho-Smad-1/5/8 is a read-out of BMP 

pathway activation, so changes in the expression of phospho-Smad-1/5/8 would 

indicate that BMP signaling had been altered. We were only able to examine one 

or two mutants at each age, and the data for these mutants was variable and of 

poor quality, making interpretation difficult. We also examined the expression 

pattern of one of the BMP ligands, Bmp4 (Figure A-6). Expression at both E9.5 

and E10.5 varied widely in sections from Zic2+/+, Zic2Ku/+, and Zic2Ku/Ku mice, so 

we could not determine a consistent expression pattern for any of the three 

genotypes. Due to the small numbers of replicates and wide variations in the 
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quality of the data, we were unable to draw any conclusions about changes in 

BMP pathway activation in the inner ears from the Zic2Ku/Ku mutants. 

 

SHH Signaling 

Another key signaling pathway involved in inner ear development is the SHH 

pathway. Shh secreted from the notochord and floor plate of the ventral neural 

tube signals to the mesenchyme and the otic epithelium where it positively 

regulates the expression of the SHH pathway genes Ptch1 and Gli1. Shh also 

either positively or negatively regulates the expression of a number of 

downstream genes involved in inner ear development, as well as opposes WNT 

signals from the dorsal neural tube (Riccomagno, Martinu et al. 2002; 

Riccomagno, Takada et al. 2005). 

We first used in situ hybridization to look at the expression of Ptch1 as a 

readout of SHH pathway activation (Figures A-7 through A-11). In wild type mice 

at both E9.5 and E10.5, Ptch1 expression extends in all directions from the 

notochord and ventral neural tube, the source of SHH ligand (Figure A-7A, A-

7D). In the inner ear region, Ptch1 expression was found in the ventral two-thirds 

of the neural tube, in the ventro-medial otic epithelium, and in the mesenchyme 

directly below the Ptch1-expressing portion of the otic epithelium (Figure A-7A, 

A-7D). Both heterozygotes and mutants exhibited a similar expression pattern 

(cf. Figures A-7B, A-7E, Figures A-7C, A-7F and Figures A-7A, A-7D), indicating 

that SHH signaling at these ages appears to be unaffected by the partial or total 

loss of Zic2. Starting at E11.5 the expression pattern of Ptch1 changes slightly as 
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morphogenesis of the inner ear proceeds (Figure A-7G, H, I). In Zic2+/+, Zic2Ku/+, 

and Zic2Ku/Ku mice, expression was maintained in the ventral portion of the neural 

tube, but expanded to a larger portion of the otic epithelium as the epithelium 

expanded ventro-medially (and closer to the source of SHH ligand) due to the 

emergence of the cochlear duct. Ptch1 expression in the mesenchyme was 

primarily limited to cells near the midline of the embryo, but also extended to cells 

located dorso-laterally between the neural tube and the developing ear. By E12.5 

(Figure 3-10J, K, L), Ptch1 expression appeared to become restricted to cells 

near the lumen of the ventral neural tube and to cells in portions of the otic 

epithelium closest to the midline. In the mesenchyme, expression was not 

detected, except in the Zic2Ku/Ku mutant. However, our in situs gave variable 

expression patterns at E12.5 for Ptch1 in the Zic2Ku/Ku mutants, ranging from 

undetectable to seemingly much higher than that detected in either wild type or 

heterozygous mice. It is possible that this variability in the expression of Ptch1 in 

the Zic2Ku/Ku mutants is correlated with the severity of the neural tube closure 

defect. Again, due to variability in the strength of the signal from the in situs and 

the low number of replicates, we cannot make any definitive statements about 

the status of SHH pathway activation in the Zic2Ku/Ku mutants. We also examined 

the expression of Gli1 as another readout of SHH pathway activation, though our 

analysis was limited to one embryo per genotype (Zic2+/+, Zic2Ku/+, Zic2Ku/Ku) at 

E9.5 (Figure A-12). As for the Ptch1 in situs, the results of these experiments 

were variable, preventing us from drawing any conclusions from this data. 
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To further investigate the SHH pathway, we analyzed the expression of 

the SHH pathway ligand, Shh, at E9.5 and E10.5 (Figures A-13 and A-14). In 

Zic2+/+, Zic2Ku/+, and Zic2Ku/Ku embryos, Shh expression was detected in the floor 

plate of the ventral neural tube, as well as in the notochord, at both E9.5 and 

E10.5, consistent with findings from the original characterization of the Zic2 

Kumba mutant (Elms, Siggers et al. 2003). The notochord in some sections is 

missing, although we observed this in samples from all genotypes. This is most 

likely due to the notochord peeling off of some sections during the in situs, as the 

loose arrangement of cells in the mesenchyme along the midline does not allow 

cells in this region to adhere as tightly to the microscope slides. Overall, we did 

not observe any changes in Shh expression in the Zic2Ku/Ku mice; however, 

further replicates are needed. 

 

WNT Signaling 

The WNT signaling pathway is another of the major pathways involved in inner 

ear development. Wnt1 and Wnt3a from the dorsal neural tube signal to the otic 

epithelium and periotic mesenchyme, positively regulating the expression of the 

WNT pathway gene Axin2, as well as either positively or negatively regulating the 

expression of a number of downstream genes involved in inner ear development, 

and opposes SHH signals from the ventral neural tube (Riccomagno, Martinu et 

al. 2002; Riccomagno, Takada et al. 2005). We first examined the expression of 

Axin2 as a readout of WNT signaling to see if pathway activation was altered in 

the Zic2 mutants (Figures A-15 through A-19). At E9.5, Axin2 expression was 
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found in the dorsal neural tube and in the mesenchyme between the neural tube 

and the otic epithelium, as well as in the mesenchyme directly under the ventral 

region of the otic epithelium in both wild type (Figure A-15A, Figure A-16) and 

heterozygous mice (Figure A-15B, Figure A-16). In the one mutant with an open 

neural tube, Axin2 expression was weakly detected in the same regions as in 

wild type and heterozygous mice (cf. Figure A-15C and Figure A-15A, A-15B). 

However in a Zic2 mutant with no neural tube closure defect in the region of the 

developing inner ear, the expression pattern of Axin2 was indistinguishable from 

that of wild type and heterozygous mice (embryo #2, Figure A-16). The 

expression pattern of Axin2 at E10.5 mirrored that at E9.5, though the distance 

between the region of expression in the dorsal neural tube and the otic 

epithelium was much greater in the Zic2Ku/Ku mutants (cf. Figure A-15F and 

Figure A-15D, A-15E; Figure A-17). By E11.5, the expression of Axin2 remained 

in the dorsal neural tube (although expression is weakly detected in the mutants), 

but mesenchymal expression became restricted to the dorso-medial region 

between the neural tube and the otic epithelium in the anterior half of the 

developing inner ear, though this expression appeared to be slightly increased in 

the mutants (Figure A-15G-I; Figure A-18). Axin2 expression was weakly 

detected in the dorsal neural tube and completely absent in the mesenchyme in 

Zic2+/+, Zic2Ku/+, and Zic2Ku/Ku embryos at E12.5 (Figure A-19). 

To further investigate the WNT pathway, we analyzed the expression of 

the WNT pathway ligands, Wnt1 and Wnt3a, at E9.5 and E10.5 (Figures A-20 

through A-23). In Zic2+/+, Zic2Ku/+, and Zic2Ku/Ku embryos at E9.5, Wnt1 
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expression was found in the dorsal-most portion of the neural tube, with no 

changes in expression seen among the different genotypes (Figure A-20). 

Differences in signal intensity made comparison of Wnt1 expression at E10.5 

difficult (Figure A-21), though Wnt1 expression was weak in the dorsal neural 

tube of the Zic2+/+ embryo and in one of the heterozygotes and strong in the 

dorsal neural tube of the mutants and one of the heterozygotes. 

Similar variability was present in the in situs analyzing Wnt3a expression. 

At E9.5, Wnt3a was expressed in the dorsal-most neural tube adjacent to the 

dorsal one-third of the otocyst in mice from all three genotypes (Figure A-22). By 

E10.5, the Wnt3a-expressing region expanded ventrally, encompassing the 

neural tube adjacent to the dorsal half of the otocyst (Figure A-23). Variation in 

staining intensity was observed primarily at E10.5. Some of the embryos at E9.5 

had otocysts whose shapes more closely resembled that of an E10.5 ear, leading 

to some “E9.5” embryos having Wnt3a expression patterns more similar to that of 

an E10.5 embryo. Despite these variations, expression of the WNT ligands Wnt1 

and Wnt3a appeared to be unchanged in the region of the inner ear in the 

Zic2Ku/Ku mice. 

 

Additional Otocyst Patterning Genes 

Finally, we looked at the expression of Wnt2b (dorso-medial otic epithelium/ED; 

Figure A-24), Ngn1 (ventro-medial otic epithelium/neuroblasts; Figure A-25), and 

Otx2 (ventral otic epithelium/CD; Figure A-26), but conclusions could not be 
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made due to inconsistent or non-existent staining as well as the lack of replicates 

(n=1). 

 

Conclusions 

Variability in the in situs, coupled with low numbers of replicates (n=1 or 2) made 

it difficult to draw any conclusions from our data about the activation of the SHH, 

BMP, and WNT signaling pathways, as well as about the status of the expression 

of pathway components of the FGF, SHH, BMP, and WNT signaling pathways. 

Further, variability in the extent of the neural tube defects in the Zic2Ku/Ku mice, as 

well as the differing extent of otocyst displacement/rotation resulting from those 

neural tube defects, adds another layer of complexity to the analysis of the inner 

ear phenotypes from these mice. Future experiments will need to be carefully 

controlled so that in addition to having greater numbers of replicates per 

genotype for each riboprobe, there will also be replicates for each type/degree of 

severity of neural tube/otocyst defect. This will allow for detection of changes in 

expression between genotypes as well as any changes in expression resulting 

from differing degrees of severity of the neural tube closure and otocyst 

positioning defects. 
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A.2. Figures 

 

 

 
 
 
Figure A-1. Fgf3 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5 and E10.5. In situ hybridization on 12µm 
transverse sections through the otocyst of E9.5 (top 2 rows) and E10.5 (bottom 2 
rows) mouse embryos using a probe for Fgf3. Abbreviations: oe, otic epithelium; 
nt, neural tube. Blue dashed line outlines the otic epithelium. Light blue asterisks 
highlight mesenchymal expression. Top and bottom sections within each embryo 
cluster (“embryo #1”) are from different levels of the ear in the same embryo. 
[n=1 for all genotypes at both E9.5 and E10.5] 
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Figure A-2. Fgf10 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5 and E10.5. In situ hybridization on 12µm 
transverse sections through the otocyst of E9.5 (top 2 rows) and E10.5 (bottom 2 
rows) mouse embryos using a probe for Fgf10. Abbreviations: oe, otic epithelium; 
nt, neural tube. Blue dashed line outlines the otic epithelium. Light blue asterisks 
highlight mesenchymal expression. Top and bottom sections within each embryo 
cluster (“embryo #1”) are from different levels of the ear in the same embryo. 
[n=1 for all genotypes at both E9.5 and E10.5] 
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Figure A-3. Comparison of BMP Pathway Activation in the Developing Inner 
Ear at E9.5 in the Zic2Ku Mouse Model. Immunofluorescence experiments 
using phospho-Smad-1/5/8 antibody were performed on sections through the 
inner ear region from Zic2+/+ (A, D), Zic2Ku/+ (B, E), and Zic2Ku/Ku (C, F) mice. (A-
C) Phospho-Smad-1/5/8 (green), (D-F) Phospho-Smad-1/5/8 (green) and nuclei 
(blue). Scale bar in A, 50µm (applies to A-F). [n=2 for Zic2+/+ and Zic2Ku/+; n=1 
for Zic2Ku/Ku] 
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Figure A-4. Comparison of BMP Pathway Activation in the Developing Inner 
Ear at E11.5 in the Zic2Ku Mouse Model. Immunofluorescence experiments 
using phospho-Smad-1/5/8 antibody were performed on sections through the 
inner ear region from Zic2+/+ (A, D), Zic2Ku/+ (B, E), and Zic2Ku/Ku (C, F) mice. (A-
C) Phospho-Smad-1/5/8 (green), (D-F) Phospho-Smad-1/5/8 (green) and nuclei 
(blue). Scale bar in A, 200µm (applies to A-F). [n=2 for all genotypes] 
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Figure A-5. Comparison of BMP Pathway Activation in the Developing Inner 
Ear at E12.5 in the Zic2Ku Mouse Model. Immunofluorescence experiments 
using phospho-Smad-1/5/8 antibody were performed on sections through the 
inner ear region from Zic2+/+ (A, D), Zic2Ku/+ (B, E), and Zic2Ku/Ku (C, F) mice. (A-
C) Phospho-Smad-1/5/8 (green), (D-F) Phospho-Smad-1/5/8 (green) and nuclei 
(blue). Scale bar in A, 200µm (applies to A-F). [n=2 for all genotypes] 
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Figure A-6. Bmp4 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5 and E10.5. In situ hybridization on 12µm 
transverse sections through the otocyst of E9.5 (top 4 rows) and E10.5 (bottom 2 
rows) mouse embryos using a probe for Bmp4. Abbreviations: oe, otic 
epithelium; nt, neural tube. Blue dashed line outlines the otic epithelium. Top and 
bottom sections within each embryo cluster (“embryo #1”, “embryo #2”) are from 
different levels of the ear in the same embryo. [E9.5: n=2 for all genotypes; 
E10.5: n=1 for all genotypes] 
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Figure A-7. Comparison of SHH Pathway Activation in the Developing Inner 
Ear in the Zic2Ku Mouse Model. In situ hybridization using a probe for Ptch1 
was performed on sections through the inner ear region of Zic2+/+ (A, D, G, J), 
Zic2Ku/+ (B, E, H, K), and Zic2Ku/Ku (C, F, I, L) embryos at E9.5 (A-C), E10.5 (D-F), 
E11.5 (G-I), and E12.5 (J-L). Blue dashed lines outline the otic epithelium. 
Abbreviations: oe, otic epithelium; nt, neural tube; d, dorsal; m, medial. Scale bar 
in A, 50µm (applies to A-F); scale bar in G, 200µm (applies to G-L). [E9.5: n=2 
for Zic2+/+, n=3 for Zic2Ku/+ and Zic2Ku/Ku; E10.5: n=1 for Zic2+/+; n=2 for 
Zic2Ku/+ and Zic2Ku/Ku; E11.5: n=3 for Zic2+/+ and Zic2Ku/Ku; n=2 for Zic2Ku/+; 
E12.5: n=3 for Zic2+/+ and Zic2Ku/Ku; n=2 for Zic2Ku/+] 
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Figure A-8. Ptch1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Ptch1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=2 for Zic2+/+; n=3 for Zic2Ku/+ and Zic2Ku/Ku] 
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Figure A-9. Ptch1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E10.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E10.5 mouse embryos using a probe for Ptch1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”) are from different levels of the ear in the same embryo. [n=1 
for Zic2+/+; n=2 for Zic2Ku/+ and Zic2Ku/Ku] 
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Figure A-10. Ptch1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E11.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E11.5 mouse embryos using a probe for Ptch1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for Zic2+/+ and Zic2Ku/Ku; n=2 for Zic2Ku/+] 
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Figure A-11. Ptch1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E12.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E12.5 mouse embryos using a probe for Ptch1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for Zic2+/+ and Zic2Ku/Ku; n=2 for Zic2Ku/+] 
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Figure A-12. Gli1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Gli1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”) are from different levels of the ear in the same embryo. [n=1 for all 
genotypes] 
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Figure A-13. Shh expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Shh. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for all genotypes] 
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Figure A-14. Shh expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E10.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E10.5 mouse embryos using a probe for Shh. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”) are from different levels of the ear in the same embryo. [n=2 
for Zic2+/+ and Zic2Ku/Ku; n=1 for Zic2Ku/+] 
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Figure A-15. Comparison of WNT Pathway Activation in the Developing 
Inner Ear in the Zic2Ku Mouse Model. In situ hybridization using a probe for 
Axin2 was performed on sections through the inner ear region of Zic2+/+ (A, D, 
G), Zic2Ku/+ (B, E, H), and Zic2Ku/Ku (C, F, I) embryos at E9.5 (A-C), E10.5 (D-F), 
and E11.5 (G-I). Blue dashed lines outline the otic epithelium. Abbreviations: oe, 
otic epithelium; nt, neural tube; d, dorsal; m, medial. Scale bar in A, 50µm 
(applies to A-C); scale bar in D, 100µm (applies to D-F); scale bar in G, 200µm 
(applies to G-I). [E9.5: n=3 for all genotypes; E10.5: n=1 for Zic2+/+, n=2 for 
Zic2Ku/+ and Zic2Ku/Ku; E11.5: n=2 for Zic2+/+ and Zic2Ku/+, n=3 for Zic2Ku/Ku] 
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Figure A-16. Axin2 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Axin2. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for all genotypes] 
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Figure A-17. Axin2 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E10.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E10.5 mouse embryos using a probe for Axin2. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”) are from different levels of the ear in the same embryo. [n=1 
for Zic2+/+; n=2 for Zic2Ku/+ and Zic2Ku/Ku] 
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Figure A-18. Axin2 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E11.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E11.5 mouse embryos using a probe for Axin2. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=2 for Zic2+/+ and Zic2Ku/+; n=3 for Zic2Ku/Ku] 
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Figure A-19. Axin2 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E12.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E12.5 mouse embryos using a probe for Axin2. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for Zic2+/+ and Zic2Ku/Ku; n=2 for Zic2Ku/+] 
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Figure A-20. Wnt1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Wnt1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for all genotypes] 
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Figure A-21. Wnt1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E10.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E10.5 mouse embryos using a probe for Wnt1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”) are from different levels of the ear in the same embryo. [n=1 
for Zic2+/+; n=2 for Zic2Ku/+ and Zic2Ku/Ku] 
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Figure A-22. Wnt3a expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Wnt3a. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for Zic2+/+ and Zic2Ku/+; n=2 for Zic2Ku/Ku] 
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Figure A-23. Wnt3a expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E10.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E10.5 mouse embryos using a probe for Wnt3a. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”, “embryo #2”, “embryo #3”) are from different levels of the ear in the same 
embryo. [n=3 for all genotypes] 
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Figure A-24. Wnt2b expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Wnt2b. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”) are from different levels of the ear in the same embryo. [n=1 for all 
genotypes] 
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Figure A-25. Ngn1 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. In situ hybridization on 12µm transverse 
sections through the otocyst of E9.5 mouse embryos using a probe for Ngn1. 
Abbreviations: oe, otic epithelium; nt, neural tube. Blue dashed line outlines the 
otic epithelium. Top and bottom sections within each embryo cluster (“embryo 
#1”) are from different levels of the ear in the same embryo. [n=1 for all 
genotypes] 
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Figure A-26. Otx2 expression in the otic region of Zic2+/+, Zic2Ku/+, and 
Zic2Ku/Ku mouse embryos at E9.5. and E10.5. In situ hybridization on 12µm 
transverse sections through the otocyst of E9.5 (top 3 rows) and E10.5 (bottom 3 
rows) mouse embryos using a probe for Otx2. Abbreviations: oe, otic epithelium; 
nt, neural tube. Blue dashed line outlines the otic epithelium. Top and bottom 
sections within each embryo cluster (“embryo #1”) are from different levels of the 
ear in the same embryo. [E9.5: n=1 for all genotypes; E10.5: n=1 for Zic2Ku/+ 
and Zic2Ku/Ku] 
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