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 The balance between proliferation and differentiation of cells during 

development requires coordination between many signaling pathways.  Zinc 

finger protein 423 (Zfp423) has been shown to interact with several signaling 

pathways including Ebfs, BMP/SMAD, RA, and Notch signaling giving it 

opportunity to be a factor that integrates these pathways.  Zfp423 may also 

regulate other signaling pathways, identification of which would further our 

understanding of control of when progenitor cells decide to make the switch 

from proliferating to differentiation. 

 In chapter two, we identify a mutation in Zfp423 in a mouse with 

cerebellar hypoplasia.  We find that Zfp423 promotes proliferation of cerebellar 
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progenitor cells, particularly in the midline granule cell precursors, and is 

necessary for proper differentiation of Bergmann glia and Purkinje neurons. 

 Two approaches are used to identify interactions with Zfp423.  In 

chapters three and four, we map QTLs that modify the cerebellar phenotype in 

mice lacking Zfp423.  Four significant QTLs are identified, complicated by 

interactions from other QTLs, suggesting many interactions with Zfp423. 

 The second approach is to compare expression differences between 

cerebellums with and without Zfp423.  We identify a few genes with significant 

expression changes in the absence of Zfp423 including an increase in 

expression of Rhbdl3, an activator of EGF, putting the EGF pathway under 

regulation by Zfp423. 
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Chapter 1: 
 

Introduction 
 

 

The Cerebellum 

 The cerebellum, or “little brain”, located between the midbrain and 

hindbrain, controls and integrates motor activity.  Signals are received from the 

spinal cord, vestibular system, and cerebral cortex.  Output signals go to the 

vestibular and reticular nuclei, red nucleus, and thalamus.  The cerebellar 

cortex is organized in three cell layers, 1) the molecular layer containing 

basket and stellate cells, 2) the Purkinje cell layer, and 3) the internal granule 

layer (IGL) containing granule neurons and Golgi cells.  The inhibitory Purkinje 

cells are the sole output of the cerebellum, which receive excitatory signals 

from granule neurons and inhibitory signals from basket and stellate cells. 

 The cerebellum develops from the anterior-most rhombomere of the 

hindbrain, rhombomere 1 (Wingate and Hatten, 1999) and has two 

proliferative zones.  The ventricular zone (VZ) gives rise to deep cerebellar 

nuclear cells followed by GABAergic Purkinje cells and molecular layer 

interneurons as well as Bergmann radial glial cells.  The Purkinje cells (PC) 

differentiate from E12.5 to E14 and migrate along radial glial fibers from E14 to 

E17.  The external granule layer (EGL) forms as glutamatergic granule cell 
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precursors (GCP) born in the rhombic lip (RL) from E12.5 to E17 (Machold 

and Fishell, 2005) migrate in a layer over the top of the cerebellum.   

 Increase in GCP number leads to growth in the size and increased 

foliation of the cerebellum.  The GCPs then differentiate and migrate along 

Bergmann glial fibers through the Purkinje cell plate to form the internal 

granule layer (IGL) (Chizhikov and Millen, 2003; Wang and Zoghbi, 2001).  To 

form the adult cerebellum, cells derived from the VZ maintain their 

mediolateral positions, while granule cells migrate from lateral positions to 

form the cerebellar vermis (Sgaier et al., 2005).  

 

Developmental signaling pathways 

 There are many signaling pathways that are involved in controlling 

proliferation and determining cell fate during neural development.  The major 

signaling pathways will be overviewed here. 

 Sonic hedgehog (Shh) is a morphogen important for progenitor 

proliferation in the central nervous system.  It signals through transmembrane 

protein Patched (Ptc).  In the absence of Shh signal, Ptc inhibits Smoothened 

(Smo) from translocating to the cilia.  The transcription factor Gli3 is 

constitutively cleaved and it acts as a transcriptional repressor.  Shh binding to 

Ptc releases Smo, allowing it to accumulate in the cila.  This prevents 

cleavage of Gli3, and this now active Gli3 acts with Gli2 to activate 
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transcription of Gli1.  Gli1 targets include cell cycle regulators (Vaillant and 

Monard, 2009). 

 The transforming growth factor β (Tgfβ) pathway inhibits cell 

proliferation in many different tissue types.  The pathway is divided into two 

branches defined by the ligands.  The Tgfβ side of the pathways has Tgfβ, 

Activin, and Nodal ligands.  The BMP pathway has BMPs and GDFs as 

ligands.  In general, the ligand brings together Type I and Type II receptors, 

which are serine/threonine kinases.  The Type II receptor activates the Type I 

receptor, which in turn activates R-SMADs by phosphorylation.  R-SMAD 

phosphorylation is regulated by inhibitory Smad6 for the BMP pathway and 

Smad7 for the Tgfβ pathway.  Each branch of the pathway has its own set of 

R-SMADs, conferring pathway specificity.  R-SMADs for the Tgfβ pathway are 

SMADs 2 and 3.  R-SMADs for the BMP pathway are SMADs 1, 5, and 8.  

Phosphorylation of the R-SMAD increases affinity for the Co-SMAD, of which 

SMAD4 is the only one.  The SMAD transcription factors contain a MH1 

domain that recognizes a consensus DNA sequence.  This SMAD heterodimer 

then goes to the nucleus where it binds cell-specific DNA binding cofactors 

that determine target gene and activity (Massague et al., 2000). 

 Another pathway that regulates cell proliferation and differentiation is 

the Wnt signaling pathway.  The Wnt ligand binds the Frizzled receptor, which 

activates Dishevelled (Dvl).  Dvl inhibits a destruction complex, containing 

glycogen synthase kinase-3b (Gsk3b), adenomatous polyposis coli (APC), 
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Axin, and casein kinase1 (CK1).  When the pathway is inactive, the 

destruction complex degrades β-catenin.  When the pathway is active, β-

catenin accumulates and goes to the nucleus, where it interacts with the TCF 

transcription factor to activate Wnt target genes (Lancaster and Gleeson, 

2010). 

 Development of the central nervous system also depends on Notch 

signaling.  The Notch receptor is a transmembrane receptor that is activated 

by five transmembrane ligands (Delta-like (Dll) 1, 3, and 4, and 

Serrate/Jagged (Jag) 1 and 2).  Binding of the ligand results in cleavage of the 

Notch intracellular domain (NICD).  The NICD goes to the nucleus, binds RBP-

J, and transactivates target genes including the hairy/enhancer of split (HES) 

and HEY transcription factors (Jarriault et al., 1995; Lino et al., 2010). 

 Retinoic acid (RA) is a metabolite of Vitamin A and signals through 

nuclear receptors RARα and RXRα.  These nuclear receptors bind to RA 

response elements (RAREs) to regulate activation of target genes.  When 

there is no ligand, RARα/RXRα heterodimer acts as a transcriptional 

repressor by binding a complex with histone deacetylase activity.  When RA 

binds RARα/RXRα, they bind a coactivator complex with histone acetylase 

activity, which leads to transcriptional activation of RA target genes (Tang and 

Gudas, 2010). 

 The effects of each of these pathways depends on factors specific to 

the cell receiving the signal.  The overall effect for each cell will also depend 
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on what signals the cell receives and their coordination to determine the final 

outcome. 

 

Genetic control of cerebellar development 

 The location of the isthmus organizer, which delimits the anterior of the 

cerebellum, is determined by Otx2 and Gbx2 expression (Broccoli et al., 1999; 

Millet et al., 1999).  These genes in turn coordinate expression of Fgf8 and 

Wnt1 to determine mid/hindbrain fate (Liu et al., 1999; McMahon and Bradley, 

1990). 

 The GCPs, born in the RL, are specified by signals from the adjacent 

roof plate. The roof plate gene Lmx1a is required for posterior vermis GCPs in 

the early RL.  Loss of this gene results in these cells located more anteriorly 

and early regression of RL, causing hypoplasia, particularly of the posterior 

vermis (Chizhikov et al., 2010; Millonig et al., 2000).  The Tgfβ family genes 

Bmp6, Bmp7, and Gdf7 expressed in or adjacent to the roof plate have a role 

in specifying GCPs in the RL by inducing expression of Atoh1 (Alder et al., 

1999; Chizhikov et al., 2006).  Atoh1 is critical for initial specification of GCPs.  

Mutation of this gene results in complete loss of the granule neurons (Ben-Arie 

et al., 1997).  

 GCPs undergo a rapid amplification after migrating out of the RL to 

form the EGL.  Genes involved in control of this clonal expansion include Zic1 

and Zic2, which are expressed as GCPs migrate out of the RL.  Loss of these 
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genes results in reduced proliferation of GCPs and abnormalities in cerebellar 

folia (Aruga et al., 2002; Aruga et al., 1998).  The GCPs also proliferate in 

response to Shh released from PCs (Dahmane and Ruiz i Altaba, 1999; 

Wallace, 1999; Wechsler-Reya and Scott, 1999).  Activation of the Notch 

pathway in GCPs maintains proliferation of GCPs (Solecki et al., 2001).   

 Cell cycle genes have been shown to control proper proliferation and 

differentiation of GCPs.  These include cyclin D2, which promotes proliferation 

(Huard et al., 1999), and p27/Kip1, an inhibitor of proliferation (Miyazawa et 

al., 2000).  The two genes are regulated by N-myc, without which there is 

decreased cyclin D2, increased p27/Kip1, and reduced proliferation of GCPs 

(Knoepfler et al., 2002).  Once GCPs are exiting the cell cycle, NeuroD1 

promotes survival and proper differentiation of postmitotic granule neurons 

(Miyata et al., 1999). 

 

Human cerebellar vermis disorders 

 Human disorders involving cerebellar hypoplasia can also give clues to 

the genetic mechanisms of cerebellar development.  Dandy-Walker 

malformation and Joubert syndrome are two human disorders involving 

hypoplasia of the vermis that have genetic causes identified in some patients. 

 Dandy-Walker malformation (DWM) is the most common cerebellar 

congenital malformation in humans.  DWM is characterized by hypoplasia of 

the cerebellar vermis, anterior rotation of the cerebellum, cystic dilation of the 
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fourth ventricle, and hydrocephalus (Parisi and Dobyns, 2003).  DWM usually 

occurs as part of another disorder (Murray et al., 1985).  Patients are 

commonly found to have chromosomal abnormalities associated with DWM 

(Imataka et al., 2007).   

 A deletion of chromosome 3q24 is linked to DWM and within that region 

linked genes Zic1 and Zic4 were identified as candidate genes.  Mice with 

heterozygous deletions of these two genes have a phenotype similar to DWM 

(Grinberg et al., 2004).  Another deletion on chromosome 13q32 contains 

linked genes Zic2 and Zic5 as possible candidate genes (Mademont-Soler et 

al., 2010).  The Zic proteins have been found to interact with the Gli 

transcription factors downstream of Shh (Koyabu et al., 2001), so mutations in 

Zic result in reduced GCP proliferation through this interaction. 

 Another gene implicated in DWM is Foxc1 in the chromosome 6p25 

region (Aldinger et al., 2009).  The forkhead box transcription factor, Foxc1, 

expressed in head mesenchyme (Rice et al., 2003) is required for expression 

of Tgfβ growth factors, without which, the cerebellum loses Atoh1 expression 

resulting in loss of GCPs (Aldinger et al., 2009).  

 The recessively inherited Joubert syndrome presents with congenital 

ataxia, low muscle tone, episodic breathing dysregulation, abnormal eye 

movements, and intellectual disability (Parisi and Dobyns, 2003).  This 

syndrome is characterized by the molar tooth sign (MTS) in axial images at the 

level of midbrain-hindbrain junction.  The MTS is the result of malformations of 
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the brainstem, cerebellum, and cerebellar peduncles (Maria et al., 1999).   

 There have been ten genes identified to have causal mutations in 

Joubert syndrome patients: INPP5E (Bielas et al., 2009), TMEM216 (Valente 

et al., 2010), AHI1 (Dixon-Salazar et al., 2004), NPHP1 (Parisi et al., 2004), 

CEP290 (Valente et al., 2006), TMEM67 (MKS3) (Baala et al., 2007), 

RPGRIP1L (Arts et al., 2007), ARL13B (Cantagrel et al., 2008), CC2D2A 

(Gorden et al., 2008), OFD1 (Coene et al., 2009).  These genes have all been 

linked to cilia function.  Joubert syndrome overlaps with other ciliopathies, 

including diseases affecting retina, kidney, and neurons (Lancaster and 

Gleeson, 2009).  Primary cilia mediate the Shh pathway in promoting 

proliferation of GCPs.  In mice without cilia in the developing brain, GPCs fail 

to proliferate after leaving RL (Chizhikov et al., 2007; Spassky et al., 2008).  

This is because Shh pathway proteins Smo and Gli are located and function in 

cilia, so without cilia there is no response to Shh (Corbit et al., 2005; May et 

al., 2005). 

 

Zfp423 

 Zinc finger protein 423 (Zfp423), also known as ROAZ, OAZ, Ebfaz, 

and ZNF423, is a transcription factor with 30 Krüppel zinc-fingers (Hata et al., 

2000).  It was originally identified by Tsai and Reed in a yeast two-hybrid 

screen as a binding partner of Ebf1, where it was determined to be a co-

regulator of Ebf1 in the olfactory epithelium by preventing Ebf1 
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homodimerization (Tsai and Reed, 1997).  This Ebf1-Zfp423 

heterodimerization occurs at the C-terminal zinc-fingers.  They showed that 

Zfp423 also has DNA binding capacity by identifying a target DNA sequence 

(inverted repeats of GCACCC) that Zfp423 binds to with the N-terminal zinc 

fingers (Tsai and Reed, 1998). 

 Zfp423 has been identified as a co-factor in the BMP/SMAD pathway 

conferring specificity to target genes.  Zfp423 was found to bind to a BMP 

response element (BRE) from the Xvent2 promoter (Hata et al., 2000; Lee et 

al., 2002) from Xenopus with ventralizing effects.  Zfp423 mediates the 

response of Xvent2 to BMP signaling by binding to the BRE with zinc-fingers 

9-13.  The SMAD proteins bind to zinc-fingers 14-19, which does not overlap 

with the Ebf1 binding region.  However SMAD and Ebf1 cannot bind Zfp423 at 

the same time allowing Zfp423 to coordinate these two pathways (Hata et al., 

2000).  There is no homolog of Xvent2 in the mouse, but Smad6, an inhibitor 

of the BMP pathway, has been identified as a target gene of the Zfp423-

SMAD transcription factor complex.  The tissue-specific activation of Smad6 

alters the response to BMP (Ku et al., 2006). 

 The retinoic acid (RA) signaling pathway also requires Zfp423 as a 

cofactor.  RA receptor complex RARα/RXRα represses transcriptional 

activation of RA target genes.  RA ligand releases RARα/RXRα from target 

gene promoter to allow transcription.  Zfp423 association with RARα/RXRα is 
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required for this transactivation to allow differentiation of neuroblastomas and 

mouse embryonic stem cells (Huang et al., 2009). 

 Zfp423 has also been implicated in Notch signaling.  The Notch 

intracellular domain (NICD) and Zfp423 act together to activate expression of 

Hes5, a Notch target gene.  The activation of Hes5 is increased further with 

the addition of Bmp4, suggesting that Zfp423 integrates the BMP and Notch 

pathways, especially since Notch associates with Zfp423 at the same zinc-

fingers that are necessary for BMP/SMAD signaling.  Zfp423 is unable to 

interact with NICD and Ebf1 at the same time, adding in another level of 

interaction between these pathways (Masserdotti et al., 2010). 

 

Goal of the dissertation 

 In this work, I aim to further understand the mechanisms that control 

progenitor cell proliferation and differentiation during development of the 

cerebellum.  To do this, I aim to determine the role of Zfp423 in cerebellar 

development and identify signaling pathways that interact with and are 

regulated by Zfp423.  
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Chapter 2: 
 

Zfp423 controls proliferation and differentiation of neural precursors in 
cerebellar vermis formation.  

 
 

 

 

ABSTRACT 

 Neural stem cells and progenitors in the developing brain must choose 

between proliferation with renewal and differentiation.  Defects in navigating 

this choice can result in malformations or cancers, but the genetic 

mechanisms that shape this choice are not fully understood.  We show by 

positional cloning that the 30-zinc finger transcription factor Zfp423 (OAZ) is 

required for patterning the development of neuronal and glial precursors in the 

developing brain, particularly in midline structures.  Mutation of Zfp423 results 

in loss of the corpus callosum, reduction of hippocampus, and a malformation 

of the cerebellum reminiscent of human Dandy-Walker patients. Within the 

cerebellum, Zfp423 is expressed in both ventricular and external germinal 

zones.  Loss of Zfp423 results in diminished proliferation by granule cell 

precursors in the EGL, especially near the midline, and abnormal 

differentiation and migration of ventricular zone-derived neurons and 

Bergmann glia.
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INTRODUCTION  

 Brain malformations in both human patients and experimental animals 

provide an important source of information about normal brain development as 

well as potential targets for clinical intervention. Many malformation disorders 

have a strong genetic basis, yet the genetic mechanisms are not fully 

understood. High-throughput chemical mutagenesis of the mouse has created 

a resource of single-gene alterations that may illuminate some of these 

mechanisms. Mutations that selectively affect the cerebellum are particularly 

tractable due to the relatively late development of the cerebellum and viability 

of cerebellar lesions. 

Malformations affecting the cerebellar vermis are only poorly 

understood at the genetic level. Dandy Walker malformations (DWM) are 

characterized by dilation of the fourth ventricle, anterior rotation of the 

cerebellum, vermis hypoplasia or agenesis, and hydrocephalus and may occur 

together with other abnormalities (ten Donkelaar et al., 2003). Recent work 

identified a subset of DWM patients carrying interstitial deletions on 

chromosome 3, most of which were hemizygous for both ZIC1 and ZIC4 

(Grinberg et al., 2004), transcription factors that promote proliferation of 

cerebellar granule cell precursors. Mice heterozygous for both Zic1 and Zic4 

reproduce several DWM phenotypes, but show more modest effects on other 

characteristic features (Grinberg et al., 2004). Identifying genes with related 



 

 

19 

phenotypes should help to clarify the developmental mechanisms behind such 

malformations. 

The nur12 mouse was identified as having an ataxic gait and cerebellar 

hypoplasia, including agenesis of the vermis, in a large chemical mutagenesis 

screen (Kile et al., 2003).  Here we use positional cloning and non-

complementation with a gene trap allele to identify the Ebf- and SMAD-

interacting 30 zinc finger protein, Zfp423 (also known as ROAZ or OAZ) as the 

gene mutated in nur12 mice. Tsai and Reed first described ROAZ in rat 

olfactory tissue as an Ebf1 (previously OLF-1, or O/E-1) interacting protein 

identified in a yeast 2-hybrid assay (Tsai and Reed, 1997, 1998). Based on 

the overlapping temporal sequence of Zfp423 and Ebf1 expression in olfactory 

precursors, they proposed that their interaction maintains olfactory precursors 

in an immature state, while release of Ebf to form homodimers promotes 

terminal differentiation. Subsequent genetic manipulations indicate that Ebf 

family members promote neuronal differentiation coupled to cell cycle exit and 

migration out of germinal zones (Corradi et al., 2003; Croci et al., 2006; 

Garcia-Dominguez et al., 2003; Garel et al., 1999; Wang et al., 2004). Our 

results show that Zfp423 is required for proliferation and differentiation by 

precursor cells in the developing brain. We propose that by forming mutually 

exclusive complexes with other transcription factors, Zfp423 sharpens the 

response of precursor cells to external differentiation signals. The phenotypic 
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similarities between nur12 mutant cerebellum and DWM may further shed light 

on a group of human disorders for which few genetic clues have been found. 

 

RESULTS 

Ataxia and brain malformations in nur12.  

Homozygous nur12 mice are ataxic and have a malformation of the 

cerebellum that is more severe at the vermis than the hemispheres (Figure 

2.1A) and a pronounced anterior rotation of the cerebellum within the posterior 

fossa (Figure 2.1B). These features are characteristic of certain human 

hindbrain malformations, including DWM and Cerebellar Vermis Hypoplasia 

(CVH), but not common among ataxic mouse mutations. Among intercross 

progeny, the nur12 cerebellum can range from complete loss of vermis with 

somewhat smaller hemispheres to almost complete loss of the cerebellum. 

Within the cerebellum of a single animal, regional cellular architecture may 

vary from essentially normal layers, with or without foliation, to regions of 

heterotopic Purkinje cells (arrowhead in Figure 2.1A) or internalized parallel 

fiber tracts. 

Developmentally, mutant embryos show dilation of the fourth ventricle 

and a modest rotation of the cerebellum relative to other structures as early as 

E12.5.  Severe hypoplasia of the presumptive vermis, with variable reduction 

in the hemispheres, is evident by E15.5 (Figure 2.1B). Fourth ventricle choroid 

plexus is strikingly reduced and the anterior membrane segment (area 
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membranacea superior), which connects the developing choroid plexus to the 

rhombic lip, remains juxtaposed to the roof plate of the hindbrain and becomes 

abnormally elongated (arrowheads in Figure 2.1B).  

Homozygous nur12 mutants also show defects in forebrain (Figure 

2.1C). In particular, the corpus callosum is absent and the hippocampal 

formations are noticeably reduced and somewhat disorganized in nur12 

animals compared to littermate controls. The lateral ventricles are enlarged in 

both embryos and adult.  

 

Reduced proliferation in both germinal zones of nur12 cerebellum.  

 To determine whether cerebellum hypoplasia in nur12 is primarily due 

to decreased proliferation, increased apoptosis or both, we assayed DNA 

replication and markers of programmed cell death in staged embryos. 

Pregnant dams were injected with BrdU and the number of cerebellar cells 

incorporating high levels after 1.5 hours was determined by 

immunofluorescence for matched sections from nur12 and littermate controls. 

Mutant animals have significantly (and progressively) fewer BrdU+ cells than 

controls at E12.5, E14.5 and E15.5. By contrast, no significant difference is 

observed between genotypes in the number of TUNEL+ apoptotic cells at 

E14.5 (Supporting Figure 2.7).  Precursor cell populations, including Wnt1-

expressing cells in the rhombic lip and isthmus organizer and Math1-

expressing cells in the superficial layer of the cerebellar anlage appear grossly 
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normal at E12.5, while Math1+ cells that form the external germinal layer 

(EGL) appear progressively reduced in number from E13.5 to E15.5 

(Supporting Figure 2.8). 

 To examine each germinal zone in more detail, we counted mitotic cells 

(Ki67-positive), recently divided cells (BrdU) and total cell nuclei (DAPI) in 

sagittal sections from defined mediolateral positions at E12.5 and E14.5. In all, 

>170,000 cells were counted from five littermate pairs (Table 2.1). At E12.5, 

when most proliferation is in the ventricular zone (VZ), the number of cells 

counted for BrdU or DAPI is significantly reduced in nur12 (p<0.01 for BrdU, 

p<10–5 for DAPI, t-test for Poisson counts). However, the proportion of mitotic 

cells (Ki67/DAPI) or cells in S phase (BrdU/DAPI) is not significantly reduced 

(p= 0.88 and p=0.97, respectively, Fisher’s exact test with one tail), suggesting 

either fewer initial precursors or cumulative effects of a modest reduction in VZ 

proliferation. At E14.5, reductions in the ratios of both mitotic and S phase 

cells for the whole cerebellum are highly significant (p=3x10–4 and p<10–6, 

respectively). Analysis of each germinal zone as a function of distance from 

the midline shows that the most striking difference is the loss of S phase cells 

in the EGL near the midline (Figure 2.2A, B), although the absolute number of 

proliferating cells is reduced in all mediolateral planes examined. The 

proportion of VZ cells entering S phase at E14.5 is marginally significant 

(p=0.054). 
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Positional cloning of nur12 identifies a null allele of Zfp423. 

 To identify the gene mutated in nur12, we mapped its position by 

recombination.  We performed genome-wide homozygosity mapping on eight 

mutant animals from a nur12/+ x BALB/c intercross, using markers spaced 

~20 cM throughout the genome. This initial scan identified probable linkage to 

chromosome 8 (16/16 chromosomes sharing B6 genotype at D8Mit106). 

Genotypes for an additional six affected and 38 unaffected mice confirmed the 

localization of nur12 to an interval between D8Mit312 and D8Mit106. Fine-

mapping through >1000 more meioses identified a non-recombinant interval of 

~810 kb (Figure 2.3A), based on public sequence assembly 

(http://genome.ucsc.edu). This interval contains two known genes, Zfp423 and 

Cbln1, and two EST clusters. 

 To identify mutations, we sequenced transcripts from all four positional 

candidate genes after reverse transcription polymerase chain reaction (RT-

PCR) from both mutant and control cerebellum. A nonsense mutation in the 

fourth exon of Zfp423 is specific to nur12 (Figure 2.3B). Consistent with the 

calibrated mutation rate for the protocol that induced nur12 (Concepcion et al., 

2004), this is the only polymorphism between nur12 and its parental strain 

(C57BL/6) observed among the positional candidate genes. Re-sequencing 

from genomic DNA confirmed that the mutation is unique to nur12. In addition, 

Cbln1 deficient mice have been recently reported with physiological, but no 

overt neuroanatomical defects (Hirai et al., 2005). 
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 Zfp423 protein is not expressed in nur12. A monoclonal antibody 

against a C-terminal epitope of Zfp423 recognizes a protein of appropriate 

molecular weight in neonatal brain extracts from littermate control, but not 

nur12 (Figure 2.3C). Zfp423 normally encodes 30 Krüppel-like C2H2 zinc 

fingers (Figure 2.3D). Zfp423 was first described as ROAZ, for rat Olf-1 (Ebf1) 

associated zinc finger (Tsai and Reed, 1997) and orthologous genes have 

also been referred to as ZNF423 in human, OAZ in frog (Hata et al., 2000) and 

Ebfaz in mouse (Warming et al., 2004).  Three functional domains have been 

identified: a DNA binding domain that recognizes the sequence 

GCACCCTTGGGTGC, a domain required for BMP signaling, and a C-terminal 

domain that interacts with Ebf1 (Hata et al., 2000; Tsai and Reed, 1997, 

1998). If the nur12 mutant transcript is translated, the resulting protein would 

terminate in the second zinc finger, losing all of the functionally annotated 

protein interaction and DNA binding clusters. 

 To delimit where Zfp423 might act on cerebellum development, we 

examined its developmental expression by in situ hybridization (Figure 2.3E).  

Expression is evident in both germinal zones of the developing cerebellum as 

well as other dividing cell populations. At E10.5 Zfp423 is expressed in the 

dorsal portion of hindbrain neural tube and prominent expression in the 

rhombic lip is evident by E12.5.  By E15.5, expression includes both the VZ 

and EGL. By postnatal day two, Zfp423 expression in cerebellum is 

substantially reduced. 
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Reduction of Zfp423 activity by a weak gene trap allele causes mild 

hypoplasia. 

We generated a second allele of Zfp423 from gene-trap ES cells 

(Figure 2.4). ES cells containing a gene trap inserted into intron three of 

Zfp423 were obtained from the BayGenomics consortium (Figure 2.4A) and 

injected into C57BL/6 blastocysts. The resulting chimeras were then crossed 

to nur12 heterozygotes. XH542/nur12 progeny show mild cerebellar 

hypoplasia (Figure 2.4B) and gait abnormalities not seen in heterozygotes for 

either allele alone (Figure 2.4C). Comparison to nur12 suggests that XH542 is 

a hypomorphic allele. Residual low-level expression of a full-length RNA 

indicates that this gene trap is also a partial loss of function allele at the 

molecular level (≤50% of +/+, Figure 4D). RT-PCR sequence confirms that the 

residual RNA is properly spliced at the exon 3–exon 4 junction. Although the 

gene trap and nur12 alleles produce similar Zfp423 RNA levels, the residual 

gene trap RNA encodes full-length protein while the nur12 nonsense transcript 

does not. 

 

Zfp423 alters the pattern of Ebf1 expression. 

To determine whether Zfp423 impacts differentiation of cells in the 

ventricular zone, which expresses Zfp423 but has only modest reduction in 

proliferation, we analyzed cell type markers for VZ-derived neurons and glia 



 

 

26 

(Figure 2.5). Ebf1 is an early differentiation marker in several neuronal cell 

types, including Purkinje cells. Ebf1 promotes neuronal differentiation and cell 

cycle exit (Garcia-Dominguez et al., 2003; Garel et al., 1999) and is a 

dimerization partner of Zfp423 (Tsai and Reed, 1997). Within the embryonic 

cerebellum, Ebf1 is selectively expressed in newly postmitotic VZ-derived  

neurons, however the spatial pattern of Ebf1-expressing cells is broader and 

more diffuse in nur12 embryos (Figure 2.5A).  Strikingly, Ebf1-positive cells 

and cell clusters in the VZ are ~twice as frequent in nur12 than in littermate 

controls (Figure 2.5B, C). Double-label immunofluorescence shows that EBF-

positive cells in the VZ also express Tuj1, confirming that even the most 

superficial layer of the nur12 VZ contains cells that have acquired a neuronal 

identity (Figure 2.5C). In contrast, Car8 (a later Purkinje cell marker that is 

dependent on RORα, (Gold et al., 2003; Gold et al., 2006) is only seen in the 

presumptive cerebellar cortex (Supporting Figure 2.9), indicating that Ebf1-

positive cells typically do migrate out of the VZ. However, heterotopic clusters 

of Purkinje cells in mutant adults (Figure 2.1A and Supporting Figure 2.9) do 

suggest deficits in cell migration. 

 

Zfp423 is required for differentiation of radial and Bergmann glia. 

Bergmann glia are also born in the ventricular zone where they express 

lineage-restricted markers, including Gdf10 as early as E13.5. By E15.5, 

Gdf10-positive cells appear in the presumptive cerebellar cortex. In nur12, 
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Gdf10 staining is reduced at the lateral edges of the E13.5-E15.5 cerebellum 

(Figure 2.6A). More strikingly, Gdf10-positive cell bodies do not infiltrate the 

cerebellar cortex at E15.5 in nur12, but instead remain in the posterior portion 

of the VZ, adjacent to the rhombic lip. Immunolabeling for RC2, an 

intermediate filament epitope in neuroepithelial and radial glial cells, shows 

that radial fibers do form, but at lower density than in controls (Figure 2.6B). 

Labeling with GLAST (Slc1a3) confirms that the cell bodies remain more 

closely associated with the VZ in nur12 at E15.5, when they have migrated 

into the cortex in controls. GFAP and Nestin labeling at P7 show that this 

paucity and disorganization of glial fibers persists at later developmental 

stages (Figure 2.6C). 

 

DISCUSSION 

 Zfp423 has been proposed to play a role in production of olfactory 

neurons (Tsai and Reed, 1997; Wang et al., 1997), oncogenic transformation 

of lymphocytes (Warming et al., 2004), and BMP-mediated dorsoventral axis 

patterning in amphibian embryos (Hata et al., 2000; Ku et al., 2006). Here we 

show by positional cloning that germline inactivation of Zfp423 results in 

malformation of the cerebellum, including agenesis of the vermis, through 

effects on both proliferation and differentiation of neural and glial precursor 

cells. Partial inactivation of Zfp423 through a hypomorphic gene trap allele has 

a less severe effect on development and reduced penetrance in heteroallelic 
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combinations, suggesting sensitivity of these phenotypes to Zfp423 level. 

Complementary studies on Zfp423 in olfactory precursors are reported by 

Reed and colleagues. While this work was under review, a preliminary report 

confirmed the gross cerebellar defect of Zfp423 knockout mice (Warming et 

al., 2006). 

 Zfp423-deficient mice show reduced levels of proliferation in both 

germinal zones, but particularly in the midline EGL. Both the number and 

proportion of proliferating cells is reduced in nur12 and the divergence 

between mutant and control embryos increases as development proceeds. 

This correlates with a temporal shift in cell fate of Math1-positive precursors in 

the rhombic lip, from progenitors of hindbrain nuclei and some of the most 

anterior cerebellar granule cells at E10.5-E12.5 to predominantly granule cells 

at E13.5-E16.5 (Machold and Fishell, 2005; Sgaier et al., 2005). 

 Loss of Zfp423 also affects differentiation of ventricular zone-derived 

Purkinje neurons. Migration out of the proliferative zone is a common feature 

early in the differentiation program of immature neurons. The presence of 

EBF, Tuj1 double positive cells in the VZ of Zfp423 mutant animals suggests a 

defect in migration, which may be secondary to an abnormal coupling of 

differentiation to cell cycle exit. The abnormal positioning of postmitotic 

Purkinje cells after leaving the VZ (Car8, Supporting Figure 2.9) further 

suggests that the accuracy of migration or the timing of their differentiation 

with respect to migration is affected in nur12. 
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 Radial glia are also reduced in number and retarded in maturation in 

nur12 embryos. Immature Bergmann glial cells express Gdf10 by E13.5 in the 

posterior ventricular zone and retain expression through their migration and 

into adulthood. However, in nur12, expression of Gdf10 is reduced and Gdf10-

expressing cells do not invade the presumptive cortex at E15.5. 

Immunolabeling of intermediate filaments common to both neuroglial precursor 

cells and astroglia (RC2 and nestin) or elevated in astroglia (GFAP) confirms 

that radial glia in the nur12 cerebellum are reduced in number and delayed in 

their development (Figure 2.6). Together with the increase in EBF+, Tuj1+ cells 

in the VZ, this suggests a defect in the timing of differentiation by neural stem 

cells or restricted precursors in Zfp423-deficient animals. The retardation of 

radial glial fibers may contribute to the aberrant morphology of the nur12 

cerebellum by disrupting normal migration patterns of both VZ- and EGL-

derived neurons. 

 Our data support a model in which Zfp423 and EBFs have both shared 

and opposing functions. Immature ventricular zone cells express Zfp423, but 

not Ebf1 (Figures 2.3E and 2.5B). EBF expression increases, while Zfp423 

expression diminishes, during neuronal differentiation and maturation. At high 

concentration, Ebf1 is sufficient to drive neural progenitors out of the cell cycle, 

while dominant negative Ebf1 blocks neuronal differentiation (Garcia-

Dominguez et al., 2003). In contrast, loss of Zfp423 appears to promote neural 

differentiation over proliferation and renewal. However, like EBFs, Zfp423 
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function appears to be required for proper differentiation. Building on the 

model of Tsai and Reed (Tsai and Reed, 1997), we propose that prior to 

accumulation of EBF protein Zfp423 promotes a progenitor cell fate. EBF 

expression alters transcriptional targets of Zfp423 through formation of EBF-

Zfp423 heteromeric complexes. At higher EBF levels, EBF homodimers drive 

further differentiation. BMP-dependent formation of SMAD:Zfp423 complexes 

(or possibly complexes with other signal-dependent regulators), which are 

mutually exclusive with EBF:Zfp423 (Hata et al., 2000), should both act on 

unique target genes and shift Zfp423 away from EBF-containing complexes. 

An important prediction of this model is that Zfp423 sharpens the transition 

between proliferation and differentiation. In the absence of Zfp423, EBF 

should form functional homodimers earlier in the cell intrinsic program, with 

less dependence on external signals, driving a premature and likely atypical 

differentiation. This transcriptional network may be one mechanism for 

regulating cell-intrinsic timing events in neurogenesis (Shen et al., 2006).  

Identifying the intersections of these pathways on transcriptional control in 

neural progenitor cells will be important for understanding how these cells 

initiate their differentiation programs. 

 Selective vermis malformations have been reported in only a few 

previous genetic experiments, involving either proliferation signals from the 

midline (Trokovic et al., 2003; Xu et al., 2000) or more limited anterior lobe 

defects due to transcriptional response in lineage-restricted granule cell 
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precursors (Aruga et al., 2002; Grinberg et al., 2004). Although we also see 

reduced proliferation in Zfp423-expressing granule progenitors, this could be 

secondary to reduced Shh signaling from immature Purkinje cells (Dahmane 

and Ruiz-i-Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999), 

which is functionally significant as early as E15.5 (Gold et al., 2003) and 

probably earlier. Our results provide the first direct evidence that Zfp423 is 

required for proliferation and differentiation by a subset of neuroglial 

progenitors. Zfp423 has its strongest impact on the cerebellar vermis, where it 

is required by both germinal zones. Zfp423 is required for both proliferation 

and proper differentiation of neurons and radial glia, with selective genetic 

vulnerability at the midline. These results place Zfp423 and its transcriptional 

network as regulators of neural precursor cell proliferation and differentiation 

and therefore candidate targets for human hindbrain malformations and 

potentially for pediatric brain cancers. 

 

MATERIALS AND METHODS 

Mice and genetic typing. 

 nur12 was induced on C57BL/6 (B6) and held on a B6 x 129 hybrid 

background at the Mouse Mutagenesis Center for Developmental Defects, 

Baylor College of Medicine. The line was rederived onto BALB/c (Harlan) at 

the UCSD Cancer Center Transgenic Mouse Core Facility after severe 

flooding in Houston had compromised the serological status of the stock. Mice 



 

 

32 

reported here are thus on a mixed background and each replicate experiment 

includes littermate controls. Simple sequence length repeat markers (Dietrich 

et al., 1996) were selected from MIT Mouse Genetic and Physical Mapping 

project (http://www.broad.mit.edu/cgi-bin/mouse/index) for genetic mapping. 

Additional microsatellites identified from genomic sequence 

(http://genome.ucsc.edu) were developed for fine mapping. After positional 

cloning, nur12 was typed by allele-specific PCR or DNA sequencing of PCR 

products. Gene-trap insertions in 129/Ola-derived ES cells were obtained from 

BayGenomics (http://baygenomics.ucsf.edu/). Injections into C57BL/6 

blastocysts were performed at the UCSD Core Facility. Gene-trap alleles were 

typed by PCR for sequences unique to the insertion. 

 

Sequencing 

 RNA from mutant and control mice was isolated using Trizol reagent 

(Invitrogen), converted into cDNA using Superscript II Reverse Transcriptase 

(Invitrogen), and amplified by PCR. DNA sequencing was performed as 

described (Concepcion et al., 2004). 

 

BrdU incorporation assays 

 300 µl of BrdU (5 mg/ml) was injected into each pregnant dam 1.5 hr. 

before sacrifice unless otherwise noted.  Comparable results were obtained by 

fixation with either 4% paraformaldehyde (PFA) or 10% formalin. Fixed 
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embryos were equilibrated in 30% sucrose, embedded into a 1:1 mixture of 

OCT (TissueTek): Aquamount (Lerner Laboratories), frozen, and cut into 8 µm 

sections.  Sections were permeabilized with 0.1% Triton, denatured in 2 M 

HCl, then buffered with 0.1 M borate, pH 8.5. BrdU incorporation was 

visualized by immunofluorescence. 

 

In situ hybridization and immunofluorescence 

 Embryos were fixed as above. Adults were perfused with buffered 

saline followed by 4% PFA. Mutant and control littermate sections (8 or 16 µm) 

were mounted together on each slide.  Slides were boiled in 10 mM sodium 

citrate, and incubated with digoxygenin-labeled RNA probes overnight.  Slides 

were washed and treated with RNase.  Hybridized probe was detected with 

alkaline phosphatase-conjugated anti-digoxygenin antibody (Roche) and 

BCIP/NBT substrate. 

 

Antibodies 

 For western blotting, anti-Roaz (mouse monoclonal, BD-Transduction 

Laboratories) was used at 1:1000 and detected by enhanced 

chemiluminescence. Antibodies for immunolabeling were anti-Ki67 (rabbit 

polyclonal, Novocastra) at 1:100 dilution, anti-BrdU (mouse, clone G3G4 from 

the Developmental Studies Hybridoma Bank [DSHB]) at 1:20, anti-EBF (rabbit, 

gift of Dr. Randall Reed) 1:200, anti-Tuj1 (mouse, Covance) 1:200, RC2 and 
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anti-Nestin (mouse, DSHB) 1:10, anti-GLAST (guinea pig, Chemicon, gift of 

Dr. Jean Christophe Deloulme), 1:8000 and anti-GFAP (mouse, Sigma) 1:100.  

Secondary antibodies used were from Molecular Probes (donkey anti-mouse 

Alexa 594 and donkey anti-rabbit Alexa 488 at 1:750), Jackson 

Immunoresearch (goat anti-mouse IgM Cy2, 1:100) and Chemicon (goat anti-

guinea pig Alexa 488 at 1:400). 
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Figure 2.1:  Ataxia and malformation in nur12 mutant mice. 
(A) P14 littermates photographed mid-stride illustrate severe ataxia and 
reduced weight gain by nur12 mutants. Surface view of littermate brains 
shows selective loss of the cerebellar vermis. Grid lines are 1mm. 
Fluorescence micrographs with Calbindin (red), GFAP (green), and DAPI 
(blue) illustrate diminished foliation and heterotopic clusters of Purkinje cells 
(arrow). Higher magnification image shows dendritic arborization in both 
aligned (left) and heterotopic (right) cells in nur12. Scale bars, 100µm. (B) 
Sections through E15.5 embryos show midline-biased hypoplasia of 
cerebellum and choroid plexus. Note the anterior rotation of the cerebellum 
and distortion of the area membranacea superior (ams, arrowheads). Scale 
bar, 500µm. (C) Dysgenesis of hippocampal formation and enlargement of the 
lateral ventricles of nur12 mutant compared to littermate control. Nuclear DAPI 
stain reveals pattern of cell bodies. 
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Figure 2.2: Reduced proliferation rate is biased toward the midline in 
EGL. 
Immunofluorescence and summary graphs illustrate proliferation rates along 
the mediolateral axis of ventricular zone (A-C) and external germinal zone (D-
F) in nur12 and control littermates.  BrdU incorporation (red) and Ki67 protein 
expression (green) are seen among DAPI-stained nuclei (blue) in ventricular 
zone (A, wild-type; B, nur12) and external germinal layer (D, wild-type; E, 
nur12).  Representative fields 192 µm from the midline at E14.5 are shown.  
Graphs show the ratio of BrdU-positive nuclei to DAPI-stained nuclei in 
ventricular zone (C) and external germinal layer (F) as a function of distance 
from the midline.  Data are pooled counts from matched pairs of nur12/nur12 
and +/+ littermates.  Standard errors of the mean are indicated. No EGL was 
present in at least one nur12 animal for each point from 0-192 µm.  Single 
pairs were counted at 576 and 704 µm. 
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Figure 2.3: nur12 is a null allele of Zfp423. 
(A) Recombination map for nur12. Numerals indicate number of recombinants 
observed between markers. The non-recombining interval contains Cbln1, 
Zfp423, and two ESTs. Star marks site of the mutation. (B) Sequencing RT-
PCR products from mutant and control identifies a nonsense mutation in 
Zfp423, at codon 166 of 1292 with respect to RefSeq protein NP_201584. (C) 
Monoclonal antibody detects Zfp423 in neonatal brain extracts from +/+ but 
not nur12. A cross-reacting band of unknown origin is seen in both genotypes. 
(D) Zfp423 encodes 30 predicted C2H2 zinc finger domains. Domains required 
for consensus site binding, BMP signaling, and EBF binding (Hata et al., 2000) 
are labeled. Star shows nur12 stop codon; lines indicate exon junctions. (E) In 
situ hybridization shows Zfp423RNA expression in dorsal neural tube of the 
presumptive hindbrain by E10.5. At E12.5, Zfp423 is detected in the 
ventricular zone (filled arrowhead) of the cerebellar anlage and in the rhombic 
lip (open arrowhead). At E15.5, Zfp423 is detected in the remaining ventricular 
zone, rhombic lip, and external germinal layer (upper arrowhead). 
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Figure 2.4: A hypomorphic Zfp423 gene trap allele does not complement 
nur12. 
(A) Schematic view of Zfp423 locus showing BayGenomics gene trap cell 
lines. Orientation is reversed with respect to the chromosome to show Zfp423 
5’ to 3’. Reported gene trap integration sites (localized to introns by 5’ RACE) 
are indicated by grey bars. Star shows location of stop codon in nur12. (B) 
Cross-sectional area of the vermis of XH542/nur12 is ~half that of XH542/+ or 
+/+ controls. Bar, 1mm. (C) Distribution of cerebellar phenotypes is indicated 
for each Zfp423 genotype. Ataxia and vermis agenesis are fully penetrant in 
nur12, although involvement of hemispheres is variable. Mild ataxia and 
cerebellar hypoplasia are seen in XH542/nur12, but not in either single 
heterozygote from the same cross. (D) Gene trap mice have reduced 
expression of Zfp423. Northern blot of 7µg total RNA for animals of the 
indicated genotypes hybridized with Zfp423 cDNA fragment 3’ to the insertion 
site.  Size markers are indicated in kilobases. 
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Figure 2.5: Differentiation of ventricular zone neurons in nur12. 
(A) In situ hybridization shows Ebf1 expression in post-mitotic neurons 
(presumptive Purkinje cells) in the cerebellum by E12.5. At E14.5, the 
mediolateral pattern of Ebf1 is both increased and more diffuse in nur12 than 
control littermate. Approximate locations of sagittal sections are indicated on 
the horizontal section at right. (B) Ebf1-expressing cells in the ventricular zone 
(VZ) are ~twice as frequent in nur12 than littermate control. Sagittal plane, 
posterior to the right. Scale bar, 50 µm. (C) Immunofluorescence shows EBF, 
Tuj1 double positive cells in the most superficial layer of the nur12 ventricular 
zone at E15.5, indicating neuronal identity of these cells, in both medial and 
lateral sections. The proportion of EBF+, Tuj1+ cells in VZ of nur12 is ~2x that 
of wild-type in both medial and lateral sections. 
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Figure 2.6:  Defects in Bergmann glial and neuroepithelial progenitor 
cells. 
(A) Gdf10, a marker for presumptive Bergmann glia, appears in ventricular 
zones of both nur12 and littermate controls by E13.5. At E14.5, expression is 
reduced in the hemispheres of the mutant. At E15.5, migrating Gdf10 positive 
cells are seen in the cerebellar cortex of control, but not mutant in either 
sagittal (left) or horizontal (right) orientations. Scale bar, 200 µm. (B) 
Immunofluorescence shows fewer glial cell bodies and radial fibers in nur12. 
Both immature progenitors in the ventricular zone (VZ) and migrating glia 
express RC2 and GLAST. By E15.5, fewer marker-positive cells are seen in 
either VZ or presumptive cortex of nur12 compared to littermate control, 
although some radial fibers are evident. Scale bar 100 µm (C) By P7, nestin- 
and GFAP-positive cells remain poorly organized in nur12, though end feet are 
clearly visible at the pial surface above the EGL. Merged images show nuclei 
stained by DAPI. VZ, ventricular zone; EGL, external granule layer; ML, 
molecular layer; IGL, internal granule layer. Scale bar, 50 µm. 
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Supporting Figure 2.7: Reduced proliferation in nur12 cerebellum. 
(A) BrdU incorporation shows slight reduction in proliferation in nur12 
ventricular zone at E12.5 (sagittal), but striking reductions in EGL and rhombic 
lip by E14.5 and E15.5 (left, sagittal; right, horizontal. (B) Histogram of BrdU 
cell count ratios for both germinal zones at shows progressive loss of 
proliferation across the cerebellum; nur12 mutants exhibit about a four fold 
loss in BrdU incorporation as compared to wildtype mice at E15.5. Counts 
were performed with matched littermate animals. (C, D) nur12 mutants show 
almost no BrdU incorporation at the midline. 
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Supporting Figure 2.8:  Progressive loss of precursor cell markers in 
nur12 cerebellum. 
At E11.5 Wnt1 expression shows grossly normal patterns in both rhomibic lip 
(open arrowheads) and the midline isthmic organizer (filled arrowhead). Math1 
expression in nur12 the cerebellum appears grossly normal to slightly 
enhanced at E11.5 and E12.5, but shows reduced levels beginning at E13.5, 
when granule cell precursors migrate to form the external germinal zone.  Loss 
of Math1 expression becomes progressively more pronounced at E14.5 and 
E15.5.  The defect in Math1 is more pronounce at the vermis.  Results similar 
to Math1 were observed for Zic2, Zic4, and Pax6. Scale bar, 200 µm. 
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Supporting Figure 2.9: Differentiating Purkinje cells migrate out of the 
ventricular zone in nur12.   
Car8 expression in Purkinje cells is dependent on the lineage-restricted 
transcription factor RORa.  Approximate mediolateral positions of the E15.5 
sagittal sections at left are indicated on the horizontal section for each animal.  
In contrast to our results for the early differentiation marker Ebf1, in situ 
hybridization of Car8 to embryonic cerebellum shows staining only in the 
presumptive cortex, among cells that have migrated out of the ventricular 
zone. By P2, Car8-expressing Purkinje cells form a less compact zone in 
nur12 mutant than in littermate control. Adult sections show both relatively 
normal cortical layering (left panel) and heterotopic clusters of Purkinje cells 
(right panel). 
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 Chapter 2, in full, is a reprint of the material as it appears in Alcaraz, 

WA., Gold, DA., Raponi, E., Gent, PM., Concepcion, D., and Hamilton, BA. 

Zfp423 controls proliferation and differentiation of neural precursors in 

cerebellar vermis formation. Proceedings of the National Academy of Science 

U S A, 2006. 103(51): p. 19424-19429.  The dissertation author was the co-

primary investigator and author of this paper.  Contributions to the work 

included proliferation assays, non-complementation test with XH542/nur12 

transheterozygote, and in situ hybridization assays for localization of Zfp423 

expression and cell-type differences. 
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Chapter 3: 

Genetic and non-genetic factors shape cerebellar phenotype in Zfp423-
deficient mice 

 

 

ABSTRACT 

 Development of neural circuitry depends on the integration of signaling 

pathways to coordinate specification, proliferation and differentiation of cell 

types in the right number, in the right place, at the right time.  Zfp423, a 30-

zinc finger transcription factor, forms alternate complexes with BMP-activated 

SMADs, retinoic acid receptors, activated Notch intracellular domain, and 

differentiation-inducing EBF family members.  We previously showed that mice 

lacking Zfp423 have reduced proliferation of cerebellar precursor cells, 

resulting in complete loss of vermis and variable hypoplasia of cerebellar 

hemispheres.  Here we show that variation in cerebellar hypoplasia between 

two inbred mouse strains is due to both genetic and non-genetic factors.  We 

identify additive and interactive QTLs that together explain ~one-third of the 

phenotypic variance. 
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INTRODUCTION 

 Brain development requires accurate integration of proliferation, 

differentiation, and migration signals in order to produce the correct number, 

type, and organization of cells.  The cerebellum is a particularly useful system 

in which to study these processes, owing to its evolutionary plasticity, post-

natal development, and access to genetic mutations that mark important 

molecular components (Goldowitz and Hamre, 1998; Herrup et al., 2005; 

Sillitoe and Joyner, 2007; Wang and Zoghbi, 2001).  For similar reasons, 

developmental abnormalities of the cerebellum are also a source of many 

human disorders, including several with a selective midline bias (see chapter 

1).  The severity of human malformation disorders is often subject to modifier 

genes (Louie et al., 2010).  In addition, modifier genes derived in experimental 

organisms may identify unexpected molecular properties (Concepcion et al., 

2009; Floyd et al., 2003) and pathways with therapeutic potential (Nadeau, 

2003; Nadeau and Topol, 2006). 

 Zfp423-deficient mice provide a compelling model of cerebellar vermis 

hypoplasias, completely lacking cerebellar vermis with varying degrees of 

hypoplasia in the hemispheres (Alcaraz et al., 2006; Cheng et al., 2007).  

Zfp423 encodes a 30 C2H2 zinc finger transcription factor.  Deficient animals 

have diminished proliferation of cerebellar precursor cells, particularly at the 

midline, and abnormal differentiation and migration of neurons and Bergmann 

glia from the ventricular zone (Alcaraz et al., 2006; Sgaier et al., 2005).  In 
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other developmental contexts, Zfp423 also regulates maturation of olfactory 

receptor neurons (Cheng and Reed, 2007), differentiation of adipocytes 

(Gupta et al., 2010), and progression of some cancers (Holzel et al., 2010; 

Huang et al., 2009; Miyazaki et al., 2009; Warming et al., 2004). 

 The Zfp423 interaction network is not fully known, but several potent 

interactions have been described. Zfp423 binds Ebf1 and represses Ebf1 

target genes (Tsai and Reed, 1997) that otherwise promote cell cycle exit and 

neuronal differentiation in olfactory receptor neurons (Wang et al., 2004) and 

chick neural tube (Garcia-Dominguez et al., 2003).  Zfp423 also binds BMP-

activated SMADs (Hata et al., 2000), acting as a coactivator in at least some 

contexts (Ku et al., 2006).  Zfp423 cannot bind both Ebf and SMAD proteins at 

the same time (Hata et al., 2000), suggesting that Ebfs and SMADs compete 

for Zfp423 binding and that one pathway could modulate the other through this 

competition.  Zfp423 also binds cleaved Notch intracellular domain (NICD) to 

regulate Hes5 transcription (Masserdotti et al., 2010).  NICD interaction also 

competes for binding with EBFs.  In addition, Zfp423 binds retinoic acid 

receptors as a necessary cofactor in neuroblastoma cells, allowing RA-

induced cell cycle exit and differentiation (Huang et al., 2009).  This brings yet 

another key developmental signaling pathway under regulation by Zfp423. 

 We previously reported an ENU-induced null allele of Zfp423, nur12, 

which introduces a premature termination codon near the start of the fourth 

exon, in the second of 30 zinc fingers.  Mutant mice lacked a cerebellar vermis 



 52 

and had variable hypoplasia of laterally placed hemispheres on a mixed 

genetic background that included C57BL/6, 129, BALB/c and C3H strain 

contributions (Alcaraz et al., 2006).  Targeted alleles eliminating the fourth 

exon have also been reported on mixed backgrounds (C57BL/6 and 129 

strains) with medially joined hemispheres (Cheng et al., 2007; Warming et al., 

2006) and in some cases no cerebellum (Cheng et al., 2007).  To understand 

the variability in clinically-relevant phenotypes of Zfp423-deficient mice, we 

tested genetic and non-genetic sources of variation.  We report differences 

within and between BALB/c and 129S1 strain backgrounds and identify 

modifier genes that account for one-third of the variation between these 

strains. 

  

RESULTS 

Variation in Zfp423nur12 cerebellar hypoplasia is strain dependent. 

 Zfp423nur12 (null) mice showed a range of cerebellar phenotypes on a 

mixed genetic background (Figure 3.1A).  While the vermis was absent in all 

mutant mice, the hemispheres varied both in degree of hypoplasia and in 

mediolateral position.  Hemispheres when present were either very small or 

nearly full and either laterally diverged with substantial space between them 

or, among animals with larger hemispheres, met at the midline. 

 To test whether variation in cerebellar hypoplasia is either uniquely 

determined or influenced in distribution by strain background, we constructed 
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fully congenic lines.  The Zfp423nur12 mutation was serially backcrossed to 

BALB/cAnNHsd (BALB) and 129S1/SvImJ (129S1), two strains that 

contributed to the original mixed background, for at least 10 generations.  We 

assayed SSLP markers (Dietrich et al., 1996) flanking Zfp423 to minimize 

linked variation in the resulting congenic lines.  

 Zfp423nur12/nur12 mice from these congenic lines were sacrificed at two 

weeks, dissected, and assessed for cerebellum gross anatomy.  For each line, 

as for the mixed stock, mutant phenotypes fell into four discrete categories: 1) 

no evident cerebellum, 2) rudimentary flaps of cerebellar tissue, 3) 

hemispheres that do not meet at the midline, and 4) hemispheres that meet at 

the midline (Figure 3.1A).  However, each strain had a quantitatively different 

distribution of phenotypes.  Among 50 mutant animals collected from the 

BALB-nur12 congenic line (N10F1-N19F1 generations), the majority had 

cerebellar hemispheres and very few had no cerebellum.  Among 31 129S1-

nur12 mutant mice (N10F1-N16F1), most fell into either the no cerebellum or 

the medially located hemispheres categories, with few having the laterally 

located hemispheres (Figure 3.1B).  The difference between these two 

distributions is significant (p = 1.49 x 10-5, Fisher’s exact test) indicating that at 

least one component of the variation in cerebellar hypoplasia is strain 

dependent. 
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Four BALB x 129S1 QTLs modify Zfp423nur12 cerebellar phenotype. 

 To determine the number and strength of BALB x 129S1 genetic 

variants that modify nur12 phenotype, we assayed Zfp423nur12/nur12 mice from 

an F2 intercross.  Two nur12/+ males from the BALB/c congenic line were 

bred to 129S1 stock females.  Resulting F1 nur12 heterozygotes were 

intercrossed to produce 1031 F2 progeny.  All 222 Zfp423nur12/nur12 F2 mice 

that survived to two weeks were dissected, photographed and assigned 

categorical phenotypes as for the congenic lines prior to genotyping. 

 We performed an initial linkage scan on genomic DNA from these mice 

using SSLP markers spaced on average 14.8 cM apart, with the largest 

distance between markers at 22.3cM on chromosome 12.  Linkage was 

evaluated for the categorical trait score using a non-parametric model 

implemented in R/QTL (Broman et al., 2003) and 10,000 permutations of the 

data to define an empirical genome-wide significance threshold (Sen and 

Churchill, 2001). This analysis identified three significant quantitative trait loci 

(Figure 2A), on chromosome 2 (LOD = 4.01, p = 0.013), chromosome 3 (LOD 

= 4.47, p = 0.0039), and chromosome 17 (LOD = 5.12, p = 3.2 x 10-4) as well 

as a suggestive linkage on chromosomes 11 (LOD = 2.64, p = 0.22) and 15 

(LOD = 2.36, p = 0.38).  

 To ask whether different QTLs act on different underlying aspects of 

cerebellum development, categorical phenotypes were reassigned as three 

dichotomous traits for further evaluation (Figure 2B).  The first dichotomous 
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trait was absence of cerebellum vs any visible cerebellar tissue (dichotomous 

trait 1: phenotype 1 vs 2, 3, 4). For this trait, nominally significant QTLs were 

found on chromosome 12 (LOD = 3.58, p = 0.049) and at the chromosome 15 

(LOD = 3.86, p = 0.029) loci implicated in the categorical analysis.  The 

second dichotomous trait was minimal cerebellar tissue vs. organized 

hemispheres (dichotomous trait 2: phenotypes 1, 2 vs 3, 4).  Significant QTLs 

were found at the chromosome 2 (LOD = 4.09, p = 0.014) and 17 (LOD = 

4.97, p = 0.0013) loci.  The third dichotomous trait was medially located 

hemispheres versus all others (dichotomous trait 3: phenotypes 1, 2, 3 vs 4).  

This identified a single significant QTL, at the chromosome 3 locus (LOD = 

6.24, p < 0.0001).  Loci on chromosomes 2, 3, 15 and 17 survive correction for 

the for phenotype models examined.  We refer to these loci as Anatomic 

modifiers of Zfp423-nur12 (Amzn) loci. 

  

Refinement of modifier effects at Amzn loci. 

 We refined the four significant modifier loci by placing additional genetic 

markers and quantifying the effects of alternative genotypes at each linkage 

peak (Figure 3.3).  

 

Amzn1 – Chromosome 3 

 The chromosome 3 locus is referred to as Amzn1.  To narrow down the 

location of best LOD score for Amzn1, ten additional SSLP markers were 
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typed within the linkage region between D3Mit164 (2.2 cM) and D3Mit284 

(49.2 cM) on all F2 mutant animals (Figure 3.3AB).  For the categorical 

phenotype, marker D3Mit25 has the best linkage, increasing the peak LOD 

score to 4.62 (p = 0.0019), exceeding the recommended conservative 

threshold for significant linkage under assumption of an infinitely dense map 

(Lander and Kruglyak, 1995).  Amzn1 is centered at 26.2 cM (95% Bayes 

confidence interval, 18.7-38.2 cM) for the categorical phenotype.  For 

dichotomous trait 3, the peak LOD score of 6.5 (p < 10-5) is also centered at 

26.2 cM (95% CI, 14.2-36.2 cM) and highly significant and the only significant 

QTL for this phenotype (Figure 3.3B and Table 3.2).  The direction of effect is 

towards reduced hemispheres for the 129S1 genotype, which is the dominant 

genotype (Figure 3.3C). 

  

Amzn2 - Chromosome 17 

 For Amzn2, four additional markers were typed on chromosome 17 

(2.2-57.7 cM).  The peak LOD score for the categorical phenotype dropped to 

4.82 (p = 0.0013), but remains significant with marker D17Mit139 having the 

best linkage.  Amzn2 is centered at 30.2 cM (95% CI, 8.2-42.2 cM) for the 

categorical phenotype (Figure 3.3A).  This QTL is also significant for 

dichotomous trait 2 with a LOD score of 4.99 (p = 0.0012).  For this 

phenotype, the QTL is centered at 32.2 cM (95% CI, 12.2-40.2 cM; Figure 

3.3B and Table 3.2).  The direction of effect is towards reduced hemispheres 
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for the BALB genotype with 129S1 as the dominant genotype (Figure 3.3C). 

 

Amzn3 - Chromosome 15 

 The linkage peak on chromosome 15 for dichotomous trait 1 has a peak 

LOD score of 4.63 (p = 0.0054) with more densely spaced markers between 

D15Mit226 (9.8 cM) and D15Mit107 (47.3 cM).  The marker with the best 

linkage is D15Mit270.  This QTL is centered at 31.6 cM (95% CI, 23.8-35.8 

cM) for this phenotype (Figure 3.3AB and Table 3.2).  The direction of effect is 

towards reduced hemispheres for the 129S1 genotype, with BALB as the 

dominant genotype (Figure 3.3C). 

 

Amzn4 - Chromosome 2 

 The QTL on chromosome 2 has a maximum LOD score of (LOD = 4.01, 

p = 0.013), centered at 18.2 cM for both the categorical phenotype (95% CI, 

11.7-49.7 cM) and dichotomous trait 2 (95% CI, 11.7-51.7 cM) (Figure 3 and 

Table 2).  Marker D2Mit151 has the best linkage for this QTL.  The direction of 

effect is towards reduced hemispheres for the 129S1 genotype with a semi-

dominant effect (Figure 3C). 

 

Covariate QTLs interact with Amzn modifier genes. 

 We used two approaches to detect potential synthetic interactions that 

might explain a large proportion of the phenotypes.  First, we performed a two-
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dimensional linkage scan within R/QTL using the data from this F2 intercross.  

This comprehensive approach makes no prior assumptions about independent 

linkage of potentially interacting sites.  Additive effects are seen between each 

of the four QTL, but no significant interactions between the QTLs or any other 

loci. 

 Second, we repeated the one-dimensional linkage analysis using each 

of the previously identified QTLs as a covariate to identify interactions.  This 

approach has greater power to detect interactions with identified modifiers, 

due in part to the reduced number of hypotheses tested.  Under the 

categorical phenotype model with Amzn1 as the covariate, a significant QTL is 

identified on chromosome 2 at 69.7cM (LOD = 3.46, p = 0.016).  With Amzn2 

as the covariate, a significant QTL is found on chromosome 13 at 23.1cM 

(LOD = 3.42, p = 0.033, Table 3.3).   

 A similar approach found interacting QTLs for Amzn1-3 for the 

dichotomous traits.  With Amzn3 as the covariate for dichotomous trait 1, an 

interacting QTL was identified on chromosome 2 at 105.7cM (LOD = 3.40, p = 

0.044).  For dichotomous trait 2, three interacting QTL were found to be 

interacting with Amzn2, one on chromosome 2 at 51.7cM (LOD = 3.50, p = 

0.029), a second on chromosome 13 at 25.3cM (LOD = 3.25, p = 0.048), and 

a third on chromosome 14 at 67.3cM (LOD = 3.30, p = 0.044).  With Amzn1 as 

the covariate for dichotomous trait 3, an interacting QTL was identified on 

chromosome 7 at 76.9cM (LOD = 3.40, p = 0.033) (Table 3.3).  These results 



 59 

identify QTL that interact with the Amzn1, Amzn2, and Amzn3 that were not 

significant on their own in the initial linkage scan. 

  

QTL models explain between 21-34% of the variance. 

 To determine percent variance explained by these loci, they were fit into 

a QTL model for each phenotype comparison (Table 3).  For the categorical 

phenotype, there are three significant QTLs (Amzn1, Amzn2, and Amzn4) and 

the interacting QTL on chromosome 2 with Amzn1 and on chromosome 13 

with Amzn2.  This model gives an overall LOD score of 19.98 and 33.9% of 

variance explained.  Within this model, Amzn1 contributes 10.8%, Amzn2 

contributes 12.3%, and Amzn4 contributes 4.59% of the phenotype variance. 

 For dichotomous trait 1 there are two significant QTLs (Amzn3, and a 

QTL on chromosome 12) and the interacting QTL on chromosome 2 with 

Amzn3.  Fitting these QTL into a model results in a LOD score of 11.73 and 

overall variance explained of 21.6%.  Within this model Amzn3 contributes 

14.2% of the variance. 

 For dichotomous trait 2 there are two significant QTLs (Amzn2 and 

Amzn4) and the three interacting QTL on chromosomes 2, 13, and 14 with 

Amzn2.  A model fit with these QTL has a LOD score of 18.6 and explains 

32.0% of the variance.  Within this model Amzn2 contributes 21.0% and 

Amzn4 contributes 4.46% of the phenotype variance. 

 For dichotomous trait 3 there is one significant QTL (Amzn1) and the 
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interacting QTL on chromosome 7 with Amzn1.  Fitting these QTL into a model 

results in a LOD score of 11.5 and 21.3% of the variance explained.  Within 

this model Amzn1 contributes 18.7% of the variance.  

 

Amzn1 and Amzn2 candidate genes. 

 Candidate modifier genes within these QTL may be identified by SNPs 

between the strains.  Using the Wellcome Trust Sanger Institute website 

(http://www.sanger.ac.uk/resources/mouse/genomes) I compared SNPs 

between 129S1/SvImJ and BALB/cJ.  For Amzn1, there are a total of 96894 

SNPs in this region, including 23061 intronic SNPs, 92 non-synonymous 

SNPs, 226 synonymous SNPs, 356 SNPs in 3’UTRs, and 74 SNPs in 5’UTRs.  

The 92 non-synonymous SNPs are located within 43 genes.  To narrow down 

the list of genes for possible candidates, genes were first sorted by 

involvement in developmental signaling pathways and then SNPs limited to 

those with amino acid changes at conserved residues.  A SNP in Spry1, 

786C>A (P262H) alters a highly conserved proline in the sprouty translocation 

domain.  The amino acid P262 is conserved back to at least D. melanogaster 

and among all of the paralogs in M. musculus.   

 Within the Amzn2 region there are 680 non-synonymous SNPs, 857 

synonymous SNPs, 2 SNPs in splice sites, 5 SNPs that introduce stop 

codons, 356 SNPs in 3’UTRs, and 74 SNPs in 5’UTRs.  The 680 non-

synonymous SNPs are located within 194 genes.  SNPs affecting highly 
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conserved amino acids were identified in Pkd1 and Notch4.  Pkd1 has five 

SNPs, one of which is at a highly conserved amino acid.  SNP 4895T>C 

(V1632A) affects an amino acid between PKD domains 7 and 8 and is 

conserved back to Danio rerio.  Notch4 has 6 non-synonymous SNPs, three of 

which are highly conserved among mammals. SNP 2898C>A (D966E) is 

located among the EGF-like repeats, 4309T>C (S1437P) is located between 

the Lin-Notch repeats and the cleavage site, and 4406G>A (R1469Q) is 

located in the stop transfer sequence.   

 

DISCUSSION 

 A modifier gene is one whose variation alters the phenotypic 

consequence of another gene.  Either direct or indirect interactions between a 

genetic mutation and a modifier may contribute to the variation between 

individuals (Nadeau, 2001).  In this study, we set out to test the genetic basis 

for variation in the Zfp423nur12 cerebellar phenotype and to map potential 

modifier genes that interact with Zfp423.  We identify four modifier loci of the 

Zfp423nur12 cerebellar phenotype between BALB/cHSD and 129S1/SvImJ that 

reach genome-wide significance.  Candidate modifier genes within these 

regions may tag additional developmental signaling pathways that integrate at 

Zfp423-containing transcriptional regulatory complexes.  

 Each of the dichotomous traits analyzed in this study resulted in 

different significant QTLs.  And while many QTLs were significant for more that 
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one phenotype analyses, there was a different best QTL for each trait.  Amzn1 

showed best fit to a lateral versus medial hemispheres phenotype, suggesting 

a plausible role in lateral to medial migration of granule neurons, which is 

necessary to fill out the cerebellar midline (Sgaier et al., 2005).  Amzn2 and 

Amzn4 were best fit to no cerebellum versus any cerebellum and likely to be 

involved in proliferation or survival of precursor cells.  Amzn3 was best fit to 

well versus poorly formed hemispheres.  This may also indicate proliferation, 

which correlates with degree of foliated hemispheres (Aruga et al., 1998; 

Corrales et al., 2006; Doughty et al., 1998), but might act at a different phase 

or degree compared with Amzn2 and 4. 

 Candidate genes identified by SNPs in coding regions that affect amino 

acid composition of the protein include Spry1 for Amzn1 and Pkd1 and Notch4 

for Amzn2.  Spry1 is an antagonist of tyrosine kinase-containing receptors 

including FGFR and EGFR (Hacohen et al., 1998; Kramer et al., 1999) and in 

the developing cerebellum is induced by FGF8b signaling (Liu et al., 2003).  

Alterations of Spry1 function could affect activation of targets downstream of 

these pathways that are known to affect cell growth and differentiation.  Pkd1, 

a gene mutated in polycystic kidney disease, is localized to cilia (Yoder et al., 

2002), and encodes polycystin-1, loss of which results in hydrocephalus 

(Wodarczyk et al., 2009).  Alterations of polycystin-1 could have affects on 

signaling pathways that have components localized to the cilia, including Shh 

and Wnt signaling pathways.  Notch4 is a receptor in the Notch pathway, 
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which maintains cells in an undifferentiated state and is important for 

differentiation of glia and neurons (Gazit et al., 2004; Justice and Jan, 2002).  

 Identification of QTL that interact with Amzn1, Amzn2, and Amzn3 point 

toward interactions of many genetic factors to affect the cerebellar phenotype.  

This may lead to identification of a network of pathways around Zfp423 

involved in cerebellar development.  The broad and overlapping distributions 

of each inbred congenic line suggest that there are also environmental factors 

that influence the phenotype.  The modifiers identified do not explain 100% of 

the phenotype difference, so it is likely that there are non-genetic factors as 

well as other genetic effects that were too small to detect in this cross.   

 

MATERIALS AND METHODS 

Mice 

 Derivation and mapping of the nur12 mutation on hybrid stock have 

been described (Alcaraz et al., 2006; Kile et al., 2003).  

 Zfp423nur12 is genotyped by a three-primer assay specific for the single 

nucleotide change.  Two reactions are performed, one for each allele, with 

primers nur12-5'end: CTGCAGATGGTGATGACGAC, nur12-3'(1): 

GAGCTGGTGGAGGAGAAGC, and allele specific primers: nur12-5'SNP-

wt(3): GAGCTACTTGAAGAGGCATGAAC and nur12-5'SNP-mt(3): 

GAGCTACTTGAAGAGGCATGAAT.  Optimized discrimination of alleles uses 

32 cycles of 94°C 15 s, 66°C 15 s, 72° 30 s.  The expected product sizes are 
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258 bp for each allele-specific band and 436 bp for an allele-independent 

internal control. 

 Zfp423nur12 mice were backcrossed to BALB/cHSD or 129S1/SvImJ for 

at least 10 generations.  Simple sequence-length polymorphism (SSLP) 

markers from Massachusetts Institute of Technology Mouse Genetic and 

Physical Mapping project were used to minimize variation linked to the nur12 

mutation on chromosome 8.  Linkage region congenics were made by 

backcrossing 129-nur12/+ mice to BALB/cHSD and using SSLP markers 

D3Mit164, D3Mit65, D3Mit241, and D3Mit97 for Amzn1 and D17Mit113, 

D17Mit51, D17Mit139, D17Mit160, and D17Mit129 for Amzn2 to maintain 

129S1 genotype for the linkage region.  

 

Statistical Analysis 

 Significance of difference in categorical phenotype distribution between 

strains or lines of mice was determined using Fisher’s exact test (R version 

2.10.1 from the R Project for Statistical Computing). 

 QTL analysis is performed using the QTL package (version 1.16-6) 

(Broman et al., 2003) in R (version 2.10.1).   Single-QTL analysis was 

performed using the scanone function and the non-parametric model for the 

categorical phenotype or the binary model for the dichotomous traits.  

Significant (p < 0.05) and suggestive (p < 0.63) LOD thresholds are 

determined empirically by 10,000 permutations of the data for the autosomes 
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and 151,860 X-chromosome-specific permutations.  Interval estimates of QTL 

location were calculated by Bayes credible intervals using bayesint function to 

determine 95% confidence intervals.  Variances were determined by fitting a 

QTL model to the data using the fitqtl function (Broman and Sen, 2009).     
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FIGURES AND TABLES 

 

 
 
 
 
Figure 3.1:  Variation in Zfp423nur12/nur12 cerebellar hypoplasia within and 
between mice of different strain backgrounds.   
Whole brains showing cerebellar phenotypes (A): 1) no cerebellum, 2) non-
hemisphere cerebellar tissue, 3) separated hemispheres, and 4) medially 
joined hemispheres.  (B) Distribution of cerebellar phenotypes is different 
between Zfp423nur12/nur12 on BALB (n=50) vs 129S1 (n=35) strain backgrounds 
(Fisher’s exact test, p = 1.49 x 10-5). 
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Table 3.1: Marker locations for genome scan. 

marker chr 
MIT* pos 
(cM) 

calculated** 
pos (cM)  marker chr 

MIT* pos 
(cM) 

calculated** 
pos (cM) 

D1Mit430 1 6.6 6.6  D7Mit114 7 5.5 5.5 
D1Mit123 1 19.7 20.2  D7Mit83 7 25.1 21 
D1Mit303 1 32.8 33.5  D7Mit31 7 31.7 39.5 
D1Mit48 1 52.5 55.6  D7Mit237 7 41.5 52.1 
D1Mit102 1 75.4 62.3  D7Mit206 7 45.9 60.8 
D1Mit36 1 91.8 76.3  D7Mit259 7 67.8 76.3 
D1Mit462 1 111.5 97.7  D8Mit155 8 0 0 
rs27070230 2 7.7 7.7  D8Mit4 8 12 19.7 
D2Mit151 2 20.8 18.2  D8Mit205 8 31.7 27.9 
D2Mit458 2 31.7 27.5  D8Mit271 8 59 57.9 
D2Mit14 2 49.2 45.6  D8Mit56 8 75.4 71.7 
D2Mit395 2 55.7 59  D9Mit85 9 4.4 4.4 
D2Mit168 2 66.7 76.7  D9Mit171 9 23 25.3 
D2Mit311 2 83.1 88.7  D9Mit208 9 33.9 31.2 
D2Mit265 2 91.8 105.7  D9Mit12 9 53.6 47.3 
D3Mit164 3 2.2 2.2  D9Mit19 9 68.9 65.3 
D3Mit65 3 17.5 19.7  D10Mit189 10 4.4 4.4 
D3Mit231 3 28.4 39.2  D10Mit194 10 20.8 19.8 
D3Mit284 3 38.3 49.2  D10Mit186 10 36.1 35 
D3Mit291 3 45.9 68.2  D10Mit134 10 57.9 50.6 
D3Mit19 3 66.7 86  D10Mit103 10 76.5 70.3 
D4Mit286 4 18.6 18.6  D11Mit80 11 8.7 8.7 
D4Mit81 4 31.7 31.8  D11Mit231 11 14.2 17.8 
D4Mit31 4 50.3 43.6  D11Mit23 11 25.1 31.9 
D4Mit204 4 61.2 60.1  D11Mit120 11 43.7 52.6 
D4Mit343 4 75.4 70.5  D11Mit99 11 60.1 61.2 
D5Mit348 5 5.5 5.5  D11Mit48 11 80.9 81.6 
D5Mit233 5 19.7 22.3  D12Mit170 12 5.5 5.5 
D5Mit398 5 32.8 37.6  D12Mit199 12 18.6 24.1 
D5Mit24 5 45.9 46.5  D12Mit52 12 27.3 35 
D5Mit98 5 66.7 64.8  D12Mit139 12 47 57.3 
D6Mit83 6 3.3 3.3  D13Mit17 13 3.3 3.3 
D6Mit223 6 9.8 19.6  D13Mit266 13 7.7 13.6 
D6Mit188 6 21.9 31.6  D13Mit91 13 16.4 23.1 
D6Mit213 6 29.5 40.4  D13Mit99 13 25.1 39.9 
D6Mit149 6 40.4 54.3  D13Mit213 13 40.4 61 
D6Mit374 6 66.7 74.2  D14Mit109 14 3.3 3.3 
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Table 3.1: Marker locations for genome scan, continued. 

marker chr 
MIT* pos 
(cM) 

calculated** 
pos (cM)  marker chr 

MIT* pos 
(cM) 

calculated** 
pos (cM) 

D14Mit54 14 19.7 18  D17Mit129 17 49.2 56.1 
D14Mit113 14 33.9 30.7  D18Mit111 18 7.7 7.7 
D14Mit195 14 52.5 45.7  D18Mit74 18 16.4 24.3 
D14Mit166 14 62.3 57.4  D18Mit184 18 26.2 37.4 
D14Mit266 14 67.8 70.6  D18Mit210 18 31.7 49.8 
D15Mit226 15 9.8 9.8  D18Mit25 18 39.3 60.7 
D15Mit121 15 24 27.2  D19Mit68 19 3.3 3.3 
D15Mit63 15 28.4 31.1  D19Mit40 19 17.5 21.9 
D15Mit107 15 41.5 45.4  D19Mit46 19 24 36 
D15Mit14 15 61.2 64.8  D19Mit122 19 37.2 51.7 
D16Mit73 16 8.7 8.7  D19Mit6 19 57.9 64.5 
D16Mit57 16 21.9 22.5  DXMit136 X 2.2 2.2 
D16Mit14 16 29.5 34.6  rs29853200 X 18.6 20.2 
D16Mit19 16 40.4 45.3  DXMit140 X 20.8 35.6 
D17Mit113 17 2.2 2.2  DXMit149 X 40.4 56.9 
D17Mit21 17 9.8 19.3  DXMit153 X 50.3 77.3 
D17Mit139 17 25.1 31.7  DXMit31 X 57.9 83.4 
D17Mit39 17 40.4 46.2      
         
* Positions based on Massachusetts Institute of Technology Mouse Genetic 
and Physical Mapping project.  
** Positions calculated from genetypes of F2 intercross mice in this study. 
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Figure 3.2: Significant linkage in genome-wide scan of 129S1 x BALB-
nur12 F2 intercross.   
(A) Linkage regions found on chromosomes 2, 3, and 17 for categorical 
cerebellar phenotype.  (B) Analysis of dichotomous traits shows additional 
linkage regions on chromosome 12 and 15 and improved LOD score on 
chromosome 3. Dichotomous trait 1 in blue, dichotomous trait 2 in red, and 
dichotomous trait 3 in green.  Nominal significance of the linkage on 
chromosome 12 does not survive correction for testing four phenotype models.  
Top line represents significant LOD score (p < 0.05) and bottom line 
represents suggestive LOD score (p < 0.63), determined empirically by 10000 
permutations of the data. 
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Figure 3.3: Significant linkage identifies four Amzn loci.   
(A) Refined linkage statistics with added markers on chromosomes 2, 3, 15, 
and 17 for categorical phenotype.   (B) Linkage scores for dichotomous 
models.  Dichotomous trait 1 in blue, trait 2 in red, trait 3 in green.  95% 
confidence intervals are represented by color-coded bars below peaks.  In 
both (A) and (B), top line represents significant LOD score (p < 0.05) and 
bottom line represents suggestive LOD score (p < 0.63), determined 
empirically by 10,000 permutations of the data.  (C) Effect plots show bias 
toward hemispheres with BALB alleles at three of the four significant QTLs.  
BALB alleles are also dominant or semi-dominant for chromosomes 2 and 15, 
while 129S1 alleles are dominant or semi-dominant for chromosomes 3 and 
17. 
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Chapter 4: 
 

Modifier genes affect survival and anatomical variation of Zfp423-
deficient mice 

 

 

 

 

ABSTRACT 

 Zfp423, a transcription factor composed of 30 C2H2 zinc fingers, 

interacts with several developmental signaling pathways that regulate 

precursor cell proliferation and differentiation.  We have shown that Zfp423 

promotes precursor cell proliferation in the embryonic cerebellum and is 

necessary for midline development, especially of the vermis.  Zfp423 is also 

required for establishment of other cell types, including, olfactory receptor 

neurons and brown and white adipocytes.  Here we report early lethality on the 

C57BL/6J strain and identify possible QTL for both survival and cerebellar 

phenotype differences between C57BL/6J and BALB/cHSD mouse strains.  
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INTRODUCTION 

 Zfp423 is a transcription factor that plays a central role in the integration 

of developmental signaling pathways.  Zfp423 binding with Ebf bHLH factors 

prevents homodimerization and activation of the Ebfs to promote neuron 

differentiation during olfactory neurogenesis (Tsai and Reed, 1997).  Zfp423 is 

a cofactor in the BMP/SMAD pathway to determine target specificity (Hata et 

al., 2000; Massague et al., 2000).  Zfp423 and BMP signaling also cooperate 

to upregulate NICD activation of Hes5 (Masserdotti et al., 2010).  This 

interaction is antagonized by EBF (Masserdotti et al., 2010) which cannot bind 

Zfp423 at the same time that the SMADs do (Hata et al., 2000).  Zfp423 is also 

necessary for proper differentiation of adipocytes, likely through interaction 

with the BMP/SMAD pathway (Gupta et al., 2010).  Zfp423 has also recently 

been shown to be required for retinoic acid induced differentiation of 

neuroblastoma cells and a powerful predictor of patient survival (Huang et al., 

2009).  Zfp423 regulates each of these signaling pathways (and possibly 

others) and likely coordinates their input to allow a unitary cellular response.  

Identifying other components of this Zfp423 regulatory network will give us 

insight into how the signals from these canonical pathways are integrated to 

determine cell fate. 

 Previously, we showed that Zfp423nur12 mice have cerebellar hypoplasia 

due to reduced proliferation in the cerebellar geminal zones, particularly of the 

external granule layer (Alcaraz et al., 2006).  The Zfp423nur12 mice on a mixed 
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background had variations in amount of cerebellar hypoplasia.  In the previous 

chapter, we demonstrated both genetic and non-genetic bases for the 

distributions of nur12 phenotypes in inbred strain backgrounds.  The 

phenotype ranged from medially or laterally located hemispheres to no 

cerebellar hemispheres.  Four primary QTLs were identified that drive variation 

of the Zfp423nur12 cerebellar phenotype between these strains as well as the 

three secondary modifiers that interect epistatically with those Amzn loci.  

Here we extend this analysis to C57Bl/6J and identify possible additional 

anatomical modifier of Zfp423nur12 as well as a locus that affects survival of 

Zfp423-deficient mice. 

   

RESULTS 

Zfp423nur12 is lethal on C57BL/6J. 

 To test whether variation in cerebellar hypoplasia is strain dependent, 

we backcrossed the Zfp423nur12 mutation to BALB/cHSD (BALB), 

129S1/SvImJ (129S1), and C57BL/6J (B6) strains, for at least 10 generations.  

We used an array of SSLP markers (Dietrich et al., 1996) flanking Zfp423 to 

minimize any linked variation in the resulting congenic lines. 

 Starting as early as 3-generations (N3) of backcross we began 

collecting F1 intercross progeny from the incipient congenic line for 

phenotyping.  In contrast to BALB and 129S1 lines, we were unable to obtain 

Zfp423nur12/nur12 mice from the B6 backcross line (Table 4.1).  In order to 
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determine the lethality period mice were genotyped at birth or shortly after 

(postnatal day (P) 0 - 2).  At this time point, only 16.0% of the pups are 

Zfp423nur12/nur12 mice (Table 4.1).  This is significantly less than the 25% 

expected (p = 0.0142, χ2 test).  Of these 24 Zfp423nur12/nur12 mice from 22 

litters, only two N4F1 littermates survived beyond P2.  This early generation of 

backcross is likely to have residual genome from the original mixed strain.   

 Including the 96 mice from 13 litters that survived from the P0-P2 

analysis, 398 F1 mice have been collected from the B6-nur12 line, with only 

the two Zfp423nur12/nur12 mice mentioned above, for a 0.5% (p < 10-4, χ2 test) 

rate of nur12 homozygotes (Table 4.1).  This is in comparison to 18.7% of 769 

from the BALB-nur12 line and 16.2% 536 from the 129S1-nur12 line.  

Although, these are both significantly below expected Mendelian ratios, the 

percentage of B6-nur12 homozygotes is significantly less (p < 10-15, Fisher’s 

Exact test) than either the BALB-nur12 or 129S1-nur12 homozygote 

percentages, suggesting synthetic lethality with a modifier of the Zfp423 

phenotype in the B6 genome. 

 To determine how early the B6-nur12 mice are reduced in number, 

embryos from the B6-nur12 line were collected at E12.5, E14.5, and E18.5 

and genotyped.  Expected numbers of nur12 homozygotes are obtained at 

E12.5 and E14.5 (Table 4.1), but only 15.1% of E18.5 embryos are nur12 

homozygotes (p = 0.0463, χ2 test).  The nur12 homozygotes on B6 genetic 

background have reduced mortality between E14.5 and E18.5. 
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 Unfortunately, the lethality of the B6-nur12 homozygotes, prevents us 

from comparing the cerebellar phenotype of these mice to the other strains.  

The two N4F1 nur12/nur12 mice collected at P14 had joined hemispheres, but 

this anecdotal evidence is not sufficient to distinguish B6 line from distributions 

in BALB, 129S1, or the original mixed background. 

 
 
One BALB x B6 QTL explains 10.4% of variance in Zfp423nur12 cerebellar 

phenotype. 

 We assayed Zfp423nur12/nur12 mice from an F2 intercross to determine 

genetic variants that modify nur12 phenotype between BALB and B6.  A single 

heterozygote male founder from the BALB-nur12 congenic line was bred to B6 

stock females.  Resulting F1 nur12 heterozygotes were intercrossed to 

produce 931 F2 progeny.  All 134 Zfp423nur12/nur12 F2 mice that survived to two 

weeks were assigned categorical phenotypes prior to genotyping.  The 

categories are 1) no cerebellar hemispheres, 2) cerebellar tissue that does not 

form hemispheres, 3) lateral hemispheres, 4) medially joined hemispheres 

(see previous chapter). 

 We performed an initial linkage scan on genomic DNA from these mice 

using SSLP markers spaced on average 15.2cM apart with the largest 

distance between markers at 29.5cM on chromosome 2 (Table 4.2).  Linkage 

was evaluated for dichotomous trait 2 (hemispheres vs less than hemispheres) 

using the binary model in R/QTL (Broman et al., 2003) and 10000 
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permutations of the data to define an empirical significance threshold (Sen and 

Churchill, 2001). This analysis identified one significant quantitative trait locus 

(Figure 4.1) on chromosome 4 (LOD = 4.1, p = 0.0153). 

 To narrow down the location of best LOD score for this QTL, four 

additional SSLP markers were typed within the linkage region between 

D4Mit81 and D4Mit204 on all F2 mutant animals.  This decreased the peak 

LOD score to 3.39 (p = 0.079) (Figure 4.2A) below the significance threshold, 

but it remains by far the best linkage peak.  This QTL is centered at 46.0cM 

with the 95% Bayes confidence interval between 40.0-60.0 cM (Figure 4.2A).  

The direction of effect is towards reduced hemispheres for the BALB genotype 

(Figure 4.2B). 

 To look for interactions with this QTL, a two-dimensional linkage scan 

was performed within R/QTL using the data from this F2 intercross.  No 

significant additive or interactive effects are seen for this genome scan. 

 To determine percent variance explained by this QTL on chromosome 

4, the fitqtl function in R/QTL was used to analyze the QTL model with just the 

one QTL.  This model was found to have a LOD score of 3.19 and contributing 

10.4% of the phenotype variance.  Since this QTL does not explain all of the 

variance, there are likely other genetic factors as well as non-genetic factors 

that contribute to the variation in the phenotype. 
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Possible lethality locus on chromosome 11. 

 From this F2 intercross between B6 and BALB, only 14.4% of mice at 

age of dissection (two weeks) are nur12 homozygotes (p < 10-4, χ2 test).  

Based on the lethality seen on the B6 strain, it is likely that the mice that have 

survived to dissection age would have at least one BALB allele of any 

synthetically lethal gene, because mice homozygous for the B6 allele at this 

locus would not survive beyond P2. 

 In order to find linkage to a synthetic lethality locus, a χ2 test was 

performed for each marker from the genome scan of this cross to find markers 

that deviate from the expected 1:2:1 ratio of genotypes.  We would expect 

markers near a lethality locus to have few B6 homozygous genotypes.  

Results from the χ2 test identify two markers from the genome scan that have 

p-values below the nominal 0.05 significance threshold.  Only two markers 

show even point-wise significance.  D7Mit246 on chromosome 7 has a p-value 

of 0.026, but has B6 alleles overrepresented, the converse of the expected 

effect.  D11Mit338 on chromosome 11 has a p-value of 0.0011, the most 

extreme value for any point in the genome, and has fewer B6 than BALB 

genotypes (15 B6/B6 : 73 B6/BALB : 43 BALB/BALB). 

 To narrow down the location of this lethality locus, additional markers 

were genotyped around D11Mit338.  All have χ2 p-values below 0.05 (Table 

4.3), but D11Mit338 remains the best linkage for synthetic lethality locus. 
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 We next tested the D11Mit338 genotypes for the two surviving B6-

nur12 homozygotes from generation N4 backcross.  If the D11Mit338 locus 

fully determines synthetic lethality, then these should not be homozygous B6 

at the lethality locus.  However, both mice have B6 genotypes for all of the 

markers in this region, suggesting either incomplete penetrance or additional 

factors that influence survival of Zfp423-null animals. 

 

DISCUSSION 

 In this study we demonstrated high perinatal lethality of the 

Zfp423nur12/nur12 mice on the B6 mouse strain as compared to BALB and 129S1 

strains.  The survival differences between strains indicates synthetic lethality 

between B6 Zfp423 alleles at one or more other loci.  Analysis of marker 

genotypes from an F2 intercross suggested a region at the distal end of 

chromosome 11 has the highest statistical support for such a locus in a 

genome-wide search.  However, B6 genotypes of the two surviving B6-nur12 

homozygotes for chromosome 11 indicate that this locus is not sufficient for 

fully penetrant Zfp423 lethality. 

 Zfp423 has recently been shown to regulate PPARγ in adipose cell 

determination, possibly by acting through the BMP/SMAD signaling pathway 

(Gupta et al., 2010).  These authors found that Zfp423 knockout mice had 

reduced amounts of differentiated brown and white adipocytes at E18.5 on a 

C57BL/6 background and these mice did not survive beyond 24 hours after 
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birth.  It will be interesting to see if there are adipose tissue differentiation 

differences between strains, and if so could these differences contribute to 

early mortality. 

 Localizing the lethality modifier would also allow for breeding of a 

dicongenic line of mice with Zfp423nur12 and the modifier allele from BALB, to 

allow for survival of the nur12 homozygotes and analysis of the Zfp423nur12 

cerebellar phenotype on the B6 strain.   

 From the F2 intercross in this study we identified a QTL on 

chromosome 4 for the cerebellar phenotype of hemispheres versus not 

hemispheres.  This QTL was significant in the initial scan determined by 10000 

permutations of the data.  After addition of extra markers around the QTL, the 

LOD score was reduced and is no longer significant by the same criteria. This 

is likely due to the limited power of this cross.  The four significant QTLs that 

we found between 129S1/SvImJ and BALB (see previous chapter) were 

identified in an F2 intercross with 222 mice, while this cross used only 134 

mice. 

 This QTL accounts for only 10% of the variation seen for this 

phenotype, indicating that other factors likely contribute to modification of the 

Zfp423nur12 cerebellar phenotype between BALB and B6 mouse strains. 
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MATERIALS AND METHODS 

Mice 

 Derivation and mapping of the nur12 mutation on hybrid stock have 

been described (Alcaraz et al., 2006; Kile et al., 2003). 

 Zfp423nur12 is genotyped by a three-primer assay specific for the single 

nucleotide change.  Two reactions are performed, one for each allele, with 

primers nur12-5'end: CTGCAGATGGTGATGACGAC, nur12-3'(1): 

GAGCTGGTGGAGGAGAAGC, and allele specific primers: nur12-5'SNP-

wt(3): GAGCTACTTGAAGAGGCATGAAC and nur12-5'SNP-mt(3): 

GAGCTACTTGAAGAGGCATGAAT.  Optimized discrimination of alleles uses 

32 cycles of 94°C 15 s, 66°C 15 s, 72° 30 s.  The expected product sizes are 

258 bp for each allele-specific band and 436 bp for an allele-independent 

internal control. 

 The nur12 mice were then backcrossed to BALB/cHSD, 129S1/SvImJ, 

and C57BL/6J for multiple generations as stated in text.  Simple sequence-

length polymorphism (SSLP) markers from Massachusetts Institute of 

Technology Mouse Genetic and Physical Mapping project were used to 

eliminate variation linked to the nur12 mutation on chromosome 8. 

 

Statistical Analysis 

 Significant deviation of genotype ratios from expected ratios was 

calculated by χ2 test for goodness of fit (VassarStats 
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http://faculty.vassar.edu/lowry/VassarStats.html).  Fisher’s Exact test was 

used to determine significance of survival differences between strains (R 

version 2.10.1 from the R Project for Statistical Computing). 

 QTL analysis is performed using the QTL package (version 1.16-6) 

(Broman et al., 2003) in R (version 2.10.1).  Single-QTL analysis was 

performed using the scanone function and the non-parametric model for the 

categorical phenotype or the binary model for the dichotomous traits.  

Significant (p < 0.05) and suggestive (p < 0.63) LOD thresholds are 

determined empirically by 10,000 permutations of the data for the autosomes 

and 151,860 X-chromosome-specific permutations.  Interval estimates of QTL 

location were calculated by Bayes credible intervals using bayesint function to 

determine 95% confidence intervals.  Variances were determined by fitting a 

QTL model to the data using the fitqtl function (Broman and Sen, 2009).     
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Table 4.2: Marker locations for genome scan.    

marker chr 
MIT* pos 
(cM) 

calculated** 
pos (cM)  marker chr 

MIT* pos 
(cM) 

calculated** 
pos (cM) 

D1Mit3 1 7.7 7.7  D7Mit178 7 0 0 
D1Mit318 1 16.4 14.6  D7Mit246 7 12 9.6 
D1Mit414 1 31.7 29.6  D7Mit83 7 25.1 22.6 
D1Mit215 1 47 41  D7Mit318 7 28.4 37.1 
D1Mit135 1 61.2 50.5  D7Mit281 7 38.3 52.4 
D1Mit425 1 82 70.1  D7Mit105 7 49.2 66.9 
D1Mit403 1 99.5 78.7  D7Mit259 7 67.8 80.2 
D1Mit155 1 115.8 96.1  D9Mit297 9 12 12 
D2Mit1 2 2.2 2.2  D9Mit302 9 33.9 28.2 
D2Mit365 2 21.9 19.8  D9Mit51 9 59 45.7 
D2Mit14 2 49.2 49.2  D9Mit19 9 68.9 63.5 
D2Mit164 2 56.8 59.9  D10Mit189 10 4.4 4.4 
D2Mit493 2 72.1 72.9  D10Mit194 10 20.8 21.6 
D2Mit414 2 85.2 85.4  D10Mit134 10 57.9 47.3 
D3Mit164 3 2.2 2.2  D10Mit103 10 76.5 64.6 
D3Mit65 3 17.5 29.3  D11Mit80 11 8.7 8.7 
D3Mit311 3 33.9 46.6  D11Mit235 11 19.7 21.1 
D3Mit291 3 45.9 73.1  D11Mit320 11 39.3 35.8 
D3Mit128 3 63.4 80.9  D11Mit98 11 60.1 53.6 
D4Mit149 4 0 0  D11Mit338 11 78.7 72.3 
D4Mit236 4 16.4 16.7  D12Mit170 12 5.5 5.5 
D4Mit81 4 31.7 28.3  D12Mit199 12 18.6 19.4 
D4Mit31 4 50.3 40.1  D12Mit14 12 31.7 35.9 
D4Mit54 4 68.9 54.9  D12Mit7 12 44.8 49.8 
D4Mit254 4 80.9 67  D12Mit20 12 56.8 63.1 
D5Mit346 5 0 0  D13Mit17 13 3.3 3.3 
D5Mit386 5 9.8 15.7  D13Mit179 13 15.3 14 
D5Mit233 5 19.7 36.3  D13Mit99 13 25.1 33.1 
D5Mit398 5 32.8 50.4  D13Mit213 13 40.4 53.3 
D5Mit95 5 57.9 68.4  D13Mit78 13 59 60.6 
D5Mit101 5 74.3 85.3  D14Mit111 14 12 12 
D6Mit83 6 3.3 3.3  D14Mit113 14 33.9 29.9 
D6Mit223 6 9.8 20  D14Mit193 14 47 35.2 
D6Mit188 6 21.9 31.3  D14Mit265 14 59 53.3 
D6Mit230 6 36.1 44.5  D14Mit266 14 67.8 70.9 
D6Mit290 6 51.4 61.1  D15Mit226 15 9.8 9.8 
D6Mit294 6 63.4 74  D15Mit209 15 26.2 28.5 
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Table 4.2: Marker locations for genome scan, continued   

marker chr 
MIT* pos 
(cM) 

calculated** 
pos (cM)  marker chr 

MIT* pos 
(cM) 

calculated** 
pos (cM) 

D15Mit107 15 41.5 43.7  D18Mit178 18 15.3 23.6 
D16Mit122 16 6.6 6.6  D18Mit210 18 31.7 44.7 
D16Mit57 16 21.9 21.3  D19Mit68 19 3.3 3.3 
D16Mit4 16 25.1 29.8  D19Mit117 19 17.5 20.9 
D16Mit140 16 33.9 48.8  D19Mit46 19 24 31.3 
D16Mit86 16 51.4 58.3  D19Mit49 19 38.3 44.5 
D17Mit11 17 10.9 10.9  D19Mit6 19 57.9 62.1 
D17Mit139 17 25.1 22.8  DXMit140 X 20.8 20.8 
D17Mit39 17 40.4 36.7  DXMit149 X 40.4 42 
D17Mit129 17 49.2 47.3  DXMit186 X 57.9 63.7 
D18Mit111 18 7.7 7.7  DXMit249 X 70.8 72.4 
         
* Positions based on Massachusetts Institute of Technology Mouse Genetic 
and Physical Mapping project.  
** Positions calculated from genotypes of F2 intercross mice in this study. 
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Figure 4.1: One significant linkage region found in genomewide scan of 
B6 x BALB-nur12 F2 intercross.   
Linkage region found on chromosome 4 for dichotomous trait 2.  Top line 
represents significant LOD score (p < 0.05) and bottom line represents 
suggestive LOD score (p < 0.63), determined empirically by 10000 
permutations of the data. 
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Figure 4.2: A. QTL plot of chromosome with best linkage after addition of 
markers within linkage region.   
QTL located on chromosome 4 at 46.0cM with 95% confidence interval 
between 40.0cM and 60.0cM represented by bar below peak.  Top line 
represents significant LOD score (p < 0.05) and bottom line represents 
suggestive LOD score (p < 0.63), determined empirically by 10000 
permutations of the data.  B. Effect plot 
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Table 4.3: Markers on chromosome 11 have fewer B6 genotypes. 
 chr pos (cM) missing B6 het BALB χ2 p-value 
D11Mit98   11 54.0 6 26 66 36 0.430 
D11Mit181 11 63.5 1 21 73 39 0.0464 
D11Mit168 11 66.9 8 20 67 39 0.0442 
D11Mit42 11 66.9 9 19 67 39 0.0295 
D11Mit338 11 70.5 3 15 73 43 0.00107 
D11Mit104 11 74.2 9 16 70 39 0.00590 
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Chapter 5: 

Zfp423 downregulates expression of EGF regulator Rhbdl3 

 

 

 

 

ABSTRACT 

 Zfp423, a 30 zinc-finger transcription factor, has been implicated in 

coordinating multiple developmental signaling pathways to promote 

proliferation and differentiation in different cell types.  In the cerebellum, 

Zfp423 promotes proliferation of granule cell precursors as well as 

differentiation of Bergmann glia that is not explained by known mechanisms.  

In this study, we identify genes downstream of Zfp423, implicating other 

pathways under Zfp423 regulation.  Rhbdl3, an activator of the EGF pathway, 

is upregulated at the cerebellar midline in mice lacking Zfp423.   
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INTRODUCTION 

 Previously, we showed Zfp423 promotes proliferation of cerebellar 

progenitor cells and proper differentiation of Bergmann glia during cerebellar 

development (Alcaraz et al., 2006).  Zfp423 has also been implicated in 

several signaling pathways, including EBFs (Tsai and Reed, 1997, 1998), 

BMP/SMAD (Hata et al., 2000), RA (Holzel et al., 2010; Huang et al., 2009), 

and Notch signaling (Masserdotti et al., 2010).   

 Zfp423 is a 30 zinc-finger transcription factor with only a few identified 

targets.  In Xenopus, Zfp423 is required for BMP activation of Xvent 

transcription (Hata et al., 2000).  Smad6, an inhibitor of the BMP pathway, has 

also been identified as a Zfp423 target, regulating the BMP pathway (Ku et al., 

2006).  Zfp423 interacts with NICD to activate Hes5 and Fabp7 expression 

(Masserdotti et al., 2010).  Zfp423 is also a critical cofactor in RA activation of 

target genes with RAREs, including Rarβ (Huang et al., 2009).  

 Further identification of genes downstream of Zfp423 in the embryonic 

cerebellum, would determine the mechanism by which Zfp423 promotes 

proliferation GPCs and differentiation of glial cells and increase our knowledge 

of the interactions between Zfp423 and developmental signaling pathways.  
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RESULTS 

Zfp423-linked gene, Prdx2, expression is strain dependent. 

 To identify target genes of the Zfp423 transcription factor in the 

developing cerebellum, we looked at genome-wide expression differences 

between Zfp423nur12/nur12 and Zfp423+/+ control embryonic cerebellum.  E12.5 

and E14.5 cerebellums were collected from Zfp423nur12 homozygotes and wild-

type littermate controls with biological replicates for each age and genotype.  

RNA was processed from pools of three cerebellums each for a total of eight 

samples from 24 embryos.  Samples were hybridized to Illumina Sentrix 

Expression MouseRef-8 BeadChip containing oligonucliotide probes for 

~24,000 known genes and transcripts. 

 Although no genes were significant when p-values were corrected for 

multiple testing, two genes that have nominally significant differences with an 

expression difference of 1.25-fold or higher, are Zfp423 with an expression 

difference of 1.3 fold higher in the control than in nur12 homozygote (p = 

3.22x10-4, 2-way ANOVA) (Figure 5.1A) and peroxiredoxin 2 (Prdx2) with a 

3.8-fold increase in E12.5 nur12 and 3.2-fold increase in E14.5 nur12 (p = 

7.54x10-6, 2-way ANOVA) (Figure 5.1B).  This gene is linked to Zfp423 on 

chromosome 8, ~3Mb apart.  On the mixed background, when selecting nur12 

which was induced on a B6 background versus control which do not have B6 

background for this region on chromosome 8, we are also selecting for 

different strains for all of the genes linked to the Zfp423 locus.  So, we would 
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not be able to distinguish expression differences due to nur12 genotype 

difference from strain difference for genes in this region. 

 To eliminate genetic background confounders, a second expression 

array was hybridized with E12.5 cerebellums from nur12 homozygotes and 

controls from congenic lines for Zfp423nur12 on BALB/cHSD (BALB), 

129S1/SvImJ (129S1), and C57BL/6J (B6) strains.  Three cerebellums were 

pooled per sample, with three samples per genotype per strain for a total of 18 

samples from 54 embryos.  Samples were hybridized to Illumina MouseWG-6 

v2 BeadChip. 

 To determine if Zfp423 and Prdx2 expression differences from the first 

array are due to strain difference, the expression of these genes were 

reanalyzed from this array with strain matched samples.  For Zfp423, there 

were two probes each resulting in a non-significant ~1.2 fold increase in 

control over nur12 (Figure 5.2A).  However, there is also no significant 

difference between strains that could explain the expression difference see in 

the initial array.  For Prdx2, the 3.4 fold increase disappeared and there is no 

significant difference between nur12 and control (Figure 5.2B).  There is a 

significant expression difference between strains for Prdx2 (1.33x10-5, 2-way 

ANOVA) with a 1.4-6 fold increase in expression of B6 over BALB and a 8-10 

fold increase in expression in B6 over 129S1.  

   

 



  100 

Expression differences between Zfp423nur12/nur12 and control. 

 We also found expression differences between Zfp423nur12/nur12 and 

control samples for genes not linked to Zfp423.  By a two-way ANOVA for 

gene by strain corrected for multiple testing, one gene exceeds genome-wide 

significance for difference between genotype, Prelp, encoding a heparan-

sulfate binding protein, with a 1.7-2.3 fold higher expression in control than in 

nur12 (p = 0.031, 2-way ANOVA). 

 By a paired T-Test between all nur12 and controls, three genes meet 

genome-wide significance limits.  Nr6a1, an orphan nuclear receptor, has a 

1.2 fold increase in nur12 (p = 4.85 x 10-4, paired T-test). βA3-crystallin 

(Cryba1), a structural protein known for its role in eye lens, has a 1.9 fold 

increase in nur12 (p = 0.032, paired T-test).  Filamin C (Flnc), a structural 

protein known for its role in muscle Z-disc (Dalkilic et al., 2006; van der Ven et 

al., 2000), has a 3.54 increase in nur12 cerebellum (p = 0.032, paired T-test). 

 

Ectopic midline expression of Rhbdl3 in Zfp423nur12 homozygotes. 

 Rhomboid veinlet-like 3 (Rhbdl3) has a 1.7-fold (p = 0.011, pointwise 

paired T-test) increase in nur12 from the initial array (Figure 5.3A) and a 2-fold 

(p = 5.6x10-4, pointwide paired T-test) increase of nur12 from the congenic 

array (Figure 5.3B).  Rhbdl3 is the vertebrate homolog of Drosophila 

Rhomboid, which is a regulator of EGF receptor signaling (Petri et al., 2006).   

 To determine alteration of expression in nur12, we performed RNA in 
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situ hybridization to look at expression pattern of Rhbdl3 transcript.  In control 

embryos, Rhbdl3 expression is seen in lateral regions of ventricular zone of 

E12.5 cerebellum, but not medial regions.  In the nur12 cerebellum, Rhbdl3 is 

seen in both lateral and medial regions of the cerebellum (Figure 5.4).  This 

result shows that loss of Zfp423 results in ectopic expression of Rhbdl3 at the 

cerebellar midline. 

 

Amzn1 and Amzn2 candidate genes based on strain expression 

differences. 

 To identify candidate modifier genes within the Amzn1 locus, transcript 

expression differences between 129S1 and BALB within this region were 

cross-referenced with SNPs between these strains.  We identified 22 genes 

that met genome-wide p-value of 0.05 and had at least a 2-fold change in 

transcript levels.  Of these genes, 6 have SNPs in the 3’ UTR and 4 have 

SNPs in the 5’UTR, possible regulatory regions.  One of these genes is 

Ppm1l, a gene that regulates stress-activated protein kinase signaling 

pathways (Saito et al., 2007). 

 The same approach was used for Amzn2 locus.  We identified 44 

genes that met genome-wide p-value of 0.05 and had at least a 2-fold change 

in transcript levels.  Of these genes, 14 have SNPs in 3’UTR and 6 have SNPs 

in the 5’UTR.  One of these genes is Phf10, which is required for cell 

proliferation in fibroblast cells (Banga et al., 2009). 
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DISCUSSION 

 Zfp423 is a transcription factor, loss of which would affect expression 

levels of downstream genes.  Identifying downstream genes will give more 

knowledge about the pathways that Zfp423 integrates and the mechanism by 

which Zfp423 promotes proliferation of cerebellar progenitor cells and 

differentiation of glial cells.  To identify possible downstream genes, 

expression levels were compared between Zfp423nur12/nur12 embryo 

cerebellums and littermate control cerebellums.  Genes with expression 

differences include Nr6a1, Prelp, and Rhbdl3.   

 Nuclear receptor subfamily 6, group A, member 1 (Nr6a1) is an orphan 

nuclear receptor (Chen et al., 1994) known for its role in germ cell 

development by repressing transcription of Bmp15 and Gdf9 in oocytes (Lan 

et al., 2003).  It is not known if Nr6a1 can regulate expression of Tgfβ family 

genes in other cell types, but Nr6a1 has also been found to promote neuronal 

differentiation dependent on expression level (Sattler et al., 2004).  

 Proline/arginine-rich end leucine-rich repeat (LRR) protein (Prelp) is a 

heparin/heparan sulfate–binding protein found in cartilage, basement 

membrane, and developing bone.  Osteoclasts can internalize Prelp where it 

then binds the p65 subunit of NF-κB to inhibit NF-κB activity (Rucci et al., 

2009).  This is a cell-type specific function of Prelp, but it is not known what 

other cell types might have this activity.  NF-κB is expressed in developing 
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cerebellum and granule neurons of postnatal cerebellum, where it maintains 

function of differentiated cells (Schmidt-Ullrich et al., 1996).  Prelp may 

regulate this activity of NF-κB in granule neurons as well. 

 Rhbdl3 is a homolog of the Drosophila Rhomboid gene of the EGF 

pathway.  Spitz (Spi), a Tgfα homolog, is a ligand of the EGFR pathway.  In its 

inactive form it is a transmembrane precursor (Rutledge et al., 1992).  

Activation of Spi requires proteolytic cleavage by Rhomboid, a seven-

transmembrane domain protein.  This intramembrane cleavage by Rhomboid 

releases the extracellular portion of Spi as an active secreted ligand (Urban et 

al., 2001). Rhomboid is localized to the Golgi in mammalian cells (Lee et al., 

2001; Urban et al., 2002) and late endosomes in Drosophila cells (Tsruya et 

al., 2007), while Spi is retained in the endoplasmic reticulum. Star, a single-

pass transmembrane protein, mediates trafficking of Spi to Rhomboid (Lee et 

al., 2001; Tsruya et al., 2002).  Star is inactivated by cleavage by Rhomboid, 

preventing trafficking of Spi, which regulates EGFR signaling (Tsruya et al., 

2007). 

 Here we have identified Rhbdl3 as a downstream target of Zfp423, and 

likely Nr6a1 and Prelp as well, linking Zfp423 to the EGF pathway and 

possibly NF-κB.  Loss of Zfp423 results in increased expression of Rhbdl3 in 

embryonic cerebellum, particularly at the midline.  This would result in 

activation of EGF pathways at the cerebellar midline and alteration of 

proliferation and differeration of neurons and glia.   
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MATERIALS AND METHODS 

Mice and Sample Preparation 

 Zfp423nur12 mice on a mixed genetic background and Zfp423nur12 

congenic mice on BALB/cHSD, C57BL/6J, and 129S1/SvImJ strains, were 

collected at E12.5 or E14.5.  Cerebellums were dissected out and 

homogenized in TRIzol (Invitrogen) or stored in RNAlater (Ambion).  After 

genotyping, RNA was prepared from pools of three cerebellums, most of 

which were sex-matched littermate pairs.  For the mixed strain samples, there 

are two pools of three per genotype per time point.  For the congenic samples, 

there are three pools of three per genotype per strain at E12.5.  RNA was 

purified with QIAGEN’s RNeasy mini kit with DNase. 

 

Microarray Analysis 

 Labeled cRNA from the mixed strain was hybridized to Illumina Sentrix 

Expression MouseRef-8 BeadChip and labeled cRNA from the congenic 

strains were hybridized to Illumina MouseWG-6 v2 BeadChip at UCSD’s 

Biomedical Genomics laboratory (BIOGEM).  Expression array data was 

analyzed using GeneSpringGX 11.0 (Agilent).  We performed both pairwise T-

test and ANOVA to find differential expression between nur12 and wild-type 

controls.  P-values were determined by asymptotic method and multiple 

testing correction was performed by Benjamini-Hochberg method. 
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In situ hybridization 

 Embryos were fixed with 10% formalin.  Fixed embryos were 

equilibrated in 30% sucrose, embedded into a 1:1 mixture of OCT 

(TissueTek): Aquamount (Lerner Laboratories), frozen, and cut into 16 µm 

sections.  Mutant and control littermate sections were mounted together on 

each slide.  Slides were boiled in 10 mM sodium citrate, and incubated with 

digoxygenin-labeled RNA probes overnight.  Slides were washed and treated 

with RNase.  Hybridized probe was detected with alkaline phosphatase-

conjugated anti-digoxygenin antibody (Roche) and BCIP/NBT substrate. 
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FIGURES AND TABLES 

 

 
 

 
 
 
 
Figure 5.1: Zfp423 and linked gene Prdx2 have altered expression.   
The mixed strain array showed significant expression differences between 
nur12 and littermate controls for (A) Zfp423 (p = 3.22x10-4, 2-way ANOVA) 
and linked gene (B) Prdx2 (p = 7.54x10-6, 2-way ANOVA).  Each bar 
represents three cerebellums pooled into one sample.

A
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Figure 5.2: Prdx2 but not Zfp423 has significant expression differences 
between strains. 
(A) Zfp423 does not show significant expression difference between nur12 and 
control or between strains for 2 of 2 probes from array with congenic samples.  
1 of 2 probes shown.  (B) Prdx2 shows significant expression difference 
between strains (p = 1.33x10-5, 2-way ANOVA) for 2 of 3 probes, but not 
between nur12 and control.  1 of 3 probes shown. 

A
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Figure 5.3: Loss of Zfp423 increases Rhbdl3 expression in embryonic 
cerebellum. 
(A) Mixed array shows increased expression of Rhbdl3 (p = 0.011, T-test) in 
nur12 cerebellum. Each bar represents three cerebellums pooled into one 
sample.  (B) Array from congenic samples shows increased expression of 
Rhbdl3 across all three strains (p = 5.6x10-4, T-test). 
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Figure 5.4: Loss of Zfp423 alters Rhbdl3 expression location in 
embryonic cerebellum. 
In situ hybridization of E12.5 sagittal sections with Dig-labeled RNA probe for 
Rhbdl3 transcript shows gain of expression of Rhbdl3 at cerebellar midline in 
nur12. 
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Chapter 6: 
 

Discussion 
 

Loss of Zfp423 results in reduction of cerebellar progenitor proliferation.  

 Zfp423 plays an important role in cerebellar development.  In Chapter 

2, we described a mouse mutant with agenesis of the cerebellar vermis and 

hypoplasia of the cerebellar hemispheres.  These nur12 mice also have 

rotation of the cerebellum, enlargement of the fourth ventricle, and sometimes 

hydrocephalus, similar to the Dandy-Walker malformation in Humans.  We 

identified the mutation in these mice as a single nucleotide change that 

introduces a stop codon in the fourth exon of the gene Zfp423 on chromosome 

8.  Despite a previous report using lacZ expression from a genetrap line to 

show that Zfp423 is expressed in Purkinje cells (Warming et al., 2006), we find 

by in situ hybridization of endogenous transcript that Zfp423 is expressed in 

the dorsal neural tube adjacent to the roof plate and in proliferative zones of 

the cerebellum, including rhombic lip, ventricular zone, and external granule 

layer. 

 We show that the reduction in size of the cerebellum in these mice is 

due to decreased proliferation in the cerebellar progenitor cells as early as 

E12.5.  The greatest reduction is seen in the midline granule cell precursors 

(GCP) that are necessary for formation of the cerebellar vermis.  Cheng and 

Reed analyzed proliferation of GCPs at postnatal time points and found 
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reduced proliferation at P3 and P7 and increased proliferation at P10, 

suggesting a delay in peak proliferation (Cheng et al., 2007), possibly until 

Zfp423 expression decreases. 

 Cell specific marker analysis in these cerebellums reveals abnormal 

differentiation.  Presence of cells expressing neuronal differentiation markers 

in the ventricular zone suggests premature differentiation.  These mice also 

show defects in Bergmann glial differentiation and ectopic Purkinje cells.  The 

different effects loss of Zfp423 has on different cell types suggests that Zfp423 

is working through different pathways in the different cells. 

  

Identifying Zfp423 interacting pathways. 

 One approach we took to identify pathways that interact with Zfp423 

was to locate modifier genes that produce variation in the Zfp423nur12 

cerebellar phenotype.  In Chapters 3 and 4, we identified modifier loci on 

chromosomes 2, 3, 15, and 17 in a cross between 129S1 and BALB mice.  We 

refer to these QTL as Amzn1 (chromosome 3), Amzn2 (chromosome 17), 

Amzn3 (chromosome 15), and Amzn4 (chromosome 2) for Anatomic modifiers 

of Zfp423-nur12.  Additional QTL were also identified that interact with Amzn1, 

Amzn2, and Amzn3, and together they explain about one-third of the 

cerebellar phenotype variation.  In addition a QTL was identified on 

chromosome 4 between B6 and BALB mice explaining ~10% of the variation 

in cerebellar phenotype.  For Amzn1-4, fine mapping the linkage regions and 
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identifying the modifier genes is complicated by the number of QTLs and the 

interactions between them.  Instead, a candidate gene approach, combining 

SNP differences with expression variations between strains for genes within 

the QTL, would be more efficient. 

 A second approach we took to identify Zfp423 interacting pathways was 

to determine the downstream effects of loss of the Zfp423 transcription factor.  

In Chapter 5, we identified embryonic cerebellar gene expression differences 

between Zfp423nur12 mice and controls in Prelp, Nr6a1, Cryba1, Flnc, and 

Rhbdl3.  The increase in expression of Rhbdl3 corresponds to an expansion of 

Rhbdl3 expression into the cerebellar midline.  Rhbdl3 is a homolog of 

Drosophila Rhomboid, an activator of EGF, so loss of Zfp423 possibly results 

in abnormal activation of EGF pathway at the cerebellar midline. 

 

Zfp423 role in developmental signaling pathways. 

 In the external granule layer, Shh acting through Gli transcription 

factors induces proliferation of the GCPs.  Shh-induced proliferation of GPCs 

is suppressed by Bmp2/4 signaling through phosphorylation of Smad5.  This 

signaling through the BMP/SMAD pathway downregulates Smo and Gli1 after 

24 hours (Rios et al., 2004).  It is likely that Gli1 downregulation is downstream 

of Smo downregulation, because Smo is necessary for cleavage of Gli3 to 

activate transcription of Gli1.  This regulation of the Shh pathway by BMP 

signaling is likely to play a role in GCP cell cycle exit. 
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 The presence of Zfp423 in the proliferating zones of the cerebellum 

delays this response to BMP until Zfp423 is downregulated postnatally.  The 

mechanism for this is by transcriptional activation of Smad6 (Ku et al., 2006), 

an inhibitor of BMP/SMAD signaling.  In the absence of Zfp423, such as in the 

Zfp423nur12 mice, there is no inhibition of the BMP signaling and the Shh 

pathway would be suppressed, resulting in decreased proliferation of the 

GCPs.  

 Zfp423 has been implicated in the Notch signaling pathway to promote 

maintenance of undifferentiated radial glial progenitor pool that generates 

neurons and glia (Campbell and Gotz, 2002).  Zfp423 interacts with the Notch 

intracellular domain (NICD) to promote transcription of Notch target genes, 

Hes5 and Fabp7 and may also coordinate NICD and SMADs to further 

increase Hes5 transcription (Masserdotti et al., 2010).  Without Zfp423, there 

will be reduced inhibition of SMAD activation, but at the same time, Zfp423 

won’t be able to promote transcription of Hes5 and Fabp7, resulting in loss of 

undifferentiated radial glial cells.  For development of the cerebellum in the 

Zfp423nur12 mice the outcome is loss of Bergmann glial cells. 

 The ectopic expression of Rhbdl3 at the cerebellar midline in mice 

lacking Zfp423, brings the epidermal growth factor (EGF) pathway under 

regulation by Zfp423.  The EGF precursor is a glycosylated transmembrane 

protein (Breyer and Cohen, 1990) that is processed into its mature form by 

proteolytic cleavage by Rhbdl3.  EGF is a ligand of the EGF receptor (EGFR), 
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which is a membrane spanning protein with an intracellular protein kinase 

domain.  EGF binding to EGFR results in EGFR/ErbB-2 heterodimerization 

and tyrosine phosphorylation of ErbB-2 by EGFR (Graus-Porta et al., 1995; 

King et al., 1988).  EGF signaling activates several pathways, including inositol 

triphosphate (IP-3) and protein kinase C (PKC) which is involved in control of 

proliferation and differentiation (Nishizuka, 1992), the Ras (Buday and 

Downward, 1993; Egan et al., 1993) and MAPK signaling pathway that 

activates transcription factors such as Elk-1 and c-Myc (Alvarez et al., 1991), 

and the Jak/Stat pathway.  EGF stimulates proliferation and differentiation of 

glial cells and enhances survival and outgrowth of processes of neurons, 

including cerebellar neurons (Morrison et al., 1988).  Loss of Zfp423 increases 

Rhbdl3 expression at cerebellar midline.  This would lead to activation of EGF 

pathway and possibly altering the balance of proliferation and differentiation of 

Bergmann glia in coordination with Notch signaling. 

 Many of these pathways are known to have different outcomes, 

sometimes even contradictory results, such as proliferative versus 

differentiative effects, depending on the context in which the signaling occurs.  

These outcomes may be determined by which combination of signals the cell 

receives and what combination of factors are present within the cell.  Zfp423 

has an important role in coordinating these signaling pathways to produce the 

correct outcome for proper cerebellar development. 
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Appendix: 
 

Dicongenic mice for Zfp423nur12 and either Amzn1 or Amzn2 constructed 
to verify linkage peaks. 

  

 To test the independence of Amzn1 effect on Zfp423nur12 phenotypes 

more formally, we developed congenic mice for the linkage regions on 

chromosome 3.  Because linkage data indicated that the 129S1 allele of 

Amzn1 is dominant, 129S1 was maintained at the linkage region in 

backcrosses to BALB.  A marker-assisted breeding design maintained the 

Zfp423nur12 mutation and the linkage region between markers D3Mit164 and 

D3Mit97 as a dicongenic stock through >10 generations. 

 Incipient congenic BALB.129S1–Amzn1, Zfp423nur12/+ mice were 

intercrossed beginning at 5 generations to produce Zfp423nur12/nur12 mice for 

analysis.  102 Zfp423nur12/nur12 mice were collected ranging from 5 to 12 

generations of backcross.  As with the initial linkage cross, cerebellum 

phenotypes were scored prior to genotyping to prevent observer bias.  

Distribution of cerebellum phenotypes in Zfp423nur12/nur12 mice were compared 

between the 56 Zfp423nur12/nur12 mice heterozygous or homozygous for 

Amzn1129S1 and mice from the BALB-Zfp423nur12 congenic stock.  The 

distribution of phenotypes is not significantly different between these two 

groups (p = 0.217, Fisher’s Exact test; Figure A.1A).   

 BALB.129S1–Amzn2 (chromosome 17), Zfp423nur12 dicongenic mice 

were similarly bred and analyzed after 10 generations of backcross.  42 
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Zfp423nur12/nur12 mice were collected from 10 and 11 generations of backcross.  

The phenotype distribution of the 29 Zfp423nur12 mutant mice homozygous or 

heterozygous for 129S1 at the Amzn2 locus showed a non-significant shift in 

phenotype toward having no cerebellar hemispheres compared to BALB-

nur12 mice (p = 0.0770, Fisher’s Exact test; Figure A.1B).  We have 

insufficient power to determine if Amzn1 or Amzn2 can act independently. 
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FIGURE 

 
 
 
 
Figure A.1:  Insufficient power to determine if linkage region congenic 
mice do not show significant shift in cerebellar phenotype.   
Distribution of cerebellar phenotypes of BALB.129-Chr3,nur12/nur12 mice (n = 
56, p = 0.217, Fisher’s Exact test) and BALB.129-Chr17,nur12/nur12 mice (n = 
29, p = 0.0770, Fisher’s Exact test) do not show a shift that is statistically 
significant compared to BALB-nur12/nur12 mice.   
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