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 46 

Abstract 47 

 48 

 49 

 50 

Bergmann glia facilitate granule neuron migration during development and maintain the 51 

cerebellar organization and functional integrity. At present, molecular control of Bergmann 52 

glia specification from cerebellar radial glia is not fully understood. In this report, we show 53 

that Zeb2 (a.k.a. Sip1 or Zfhx1b), a Mowat-Wilson-syndrome-associated transcriptional 54 

regulator, is highly expressed in Bergmann glia, but hardly detectable in astrocytes in the 55 

cerebellum. The mice lacking Zeb2 in cerebellar radial glia exhibit severe deficits in 56 

Bergmann glia specification, and develop cerebellar cortical lamination dysgenesis and 57 

locomotion defects. In developing Zeb2-mutant cerebella, inward migration of granule 58 

neuron progenitors is compromised, the proliferation of glial precursors is reduced, and radial 59 

glia fail to differentiate into Bergmann glia in the Purkinje cell layer. In contrast, Zeb2 60 

ablation in granule neuron precursors or oligodendrocyte progenitors does not affect 61 

Bergmann glia formation, despite myelination deficits caused by Zeb2 mutation in the 62 

oligodendrocyte lineage. Transcriptome profiling identified that Zeb2 regulates a set of 63 

Bergmann glia-related genes and FGF, NOTCH and TGFβ/BMP signaling pathway 64 

components. Our data reveal that Zeb2 acts as an integral regulator of Bergmann glia 65 

formation ensuring maintenance of cerebellar integrity, suggesting that Zeb2 dysfunction in 66 

Bergmann gliogenesis might contribute to motor deficits in Mowat-Wilson syndrome.   67 

 68 

  69 
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 70 

Significance Statement 71 

 72 

Bergmann glia are essential for proper cerebellar organization and functional circuitry, 73 

however, the molecular mechanisms that control the specification of Bergmann glia remain 74 

elusive. Here, we show that transcriptional factor Zeb2 is highly expressed in mature 75 

Bergmann glia, but not in cerebellar astrocytes. The mice lacking Zeb2 in cerebellar radial 76 

glia, but not oligodendrocyte progenitors or granular neuron progenitors, exhibit severe 77 

defects in Bergmann glia formation. The orderly radial scaffolding formed by Bergmann glial 78 

fibers critical for cerebellar lamination was not established in Zeb2 mutants, displaying motor 79 

behavior deficits. This finding demonstrates a previously unrecognized critical role for Zeb2 80 

in Bergmann glia specification, and points to an important contribution of Zeb2 dysfunction 81 

to cerebellar motor disorders in Mowat-Wilson syndrome. 82 

 83 

 84 

 85 

86 
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Introduction 87 
 88 
The cerebellum is essential for smoothly coordinated vestibular, motor and cognitive function. 89 

Cerebellar malformation disrupts not only balance and locomotion (Ito, 2006), but also 90 

sensory-motor learning, speech, and spatial memory (Boyden et al., 2004; Buckner, 2013). 91 

The cerebellar cortex consists of three layers: an outer molecular layer (ML), the middle 92 

Purkinje cell layer, and an inner granular layer (IGL). The IGL neurons, the most prevalent 93 

cerebellar neurons, are derived from granule neuron precursors (GNPs), which are 94 

peripherally located in the external germinal layer (EGL) during early postnatal stages. The 95 

Purkinje cell layer contains the soma of Purkinje neurons and Bergmann glia.  96 

 Bergmann glia are “specialized” radial astrocytes in the cerebellar cortex, where their 97 

cell bodies are located in the Purkinje cell layer and processes extend into the ML layer, 98 

terminating at the pial surface (Hatten, 1999; Wang and Zoghbi, 2001). During early 99 

postnatal stages, GNPs proliferate in the EGL and migrate radially along the Bergmann glial 100 

process in an outside-in manner to form mature IGL neurons in the cerebellum (Sillitoe and 101 

Joyner, 2007; Millen and Gleeson, 2008). Bergmann glia also interact with Purkinje neurons 102 

and facilitate synaptic transmission and maintenance (Bellamy, 2006; Lopez-Bayghen et al., 103 

2007). Impairment of Bergmann-glia mediated GNP migration disrupts the laminar structure 104 

of the cerebellum and synaptic connections and thereby disrupts cerebellar functions (Roussel 105 

and Hatten, 2011; Buckner, 2013).  106 

Bergmann glia are derived from radial glia in the cerebellar ventricular zone through 107 

retraction of apical processes (Yuasa, 1996; Yamada and Watanabe, 2002). During the radial-108 

to-Bergmann glial transition, which occurs between mouse embryonic days (E) 14.5 and 18.5, 109 

Bergmann glia precursors maintain the radial basal processes and relocate their soma from 110 

the ventricular zone to the future Purkinje cell layer, and subsequently differentiate into 111 

mature Bergmann glia around P6 (Yuasa, 1996; Yamada and Watanabe, 2002). Bergmann 112 
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glial radial fibers facilitate inward migration of differentiating GNPs from the EGL to form 113 

the IGL (Buckner, 2013).  114 

Coordinated spatial and temporal gene expression drives the production and patterning of 115 

Bergmann glia, which are required for proper cerebellum lamination (Sudarov and Joyner, 116 

2007). A number of signaling pathways have been implicated in regulating these processes. 117 

FGFR signaling in Bergmann glia is required for normal cerebellar architecture formation 118 

(Muller Smith et al., 2012). In addition, Notch signaling ligand DNER and Notch1/RBP-J are 119 

critical for monolayer formation and morphogenesis of Bergmann glia (Lutolf et al., 2002; 120 

Eiraku et al., 2005; Komine et al., 2007). Integrin-linked kinase signaling is also required for 121 

Bergmann glial differentiation (Belvindrah et al., 2006). Recently, a role of Ptpn11/Shp2 and 122 

ErbB3 signaling in Bergmann glia maturation was identified during the initiation of 123 

cerebellar foliation (Li et al., 2014; Sathyamurthy et al., 2015). In contrast to the multiple 124 

signaling pathways identified for Bergmann glia development, the cell-intrinsic 125 

transcriptional regulators that control Bergmann glia formation have not been fully defined.  126 

Patients with Mowat-Wilson syndrome (MOWS), an autosomal dominant disorder, 127 

exhibit congenital developmental abnormalities such as mental retardation, growth delay, 128 

epilepsy, and motor deficits (Mowat et al., 2003). MOWS is caused by mutations in ZEB2 129 

(Cacheux et al., 2001; Wakamatsu et al., 2001). Recent studies indicate that Zeb2-mediated 130 

gene programs control neurogenesis, the fate switch between cortical and striatal interneurons, 131 

and cortical interneuron migration in the developing brain (Seuntjens et al., 2009; McKinsey 132 

et al., 2013; van den Berghe et al., 2013; Parthasarathy et al., 2014). Zeb2, also known as 133 

Sip1 (Smad-interacting protein 1), can interact with Smads and modulate TGFβ/BMP 134 

signaling to regulate oligodendroglial differentiation (Verschueren et al., 1999; Weng et al., 135 

2012).  136 
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In this study, we find that Zeb2 is expressed in Bergmann glia and is required for 137 

Bergmann glial specification from radial glia. Mice lacking Zeb2 in radial glia failed to form 138 

Bergmann glia, and the orderly radial scaffolding formed by Bergmann glial fibers critical for 139 

cerebellar lamination was not established. Thus, our data reveal that Zeb2 is a key regulator 140 

for Bergmann glial formation during cerebellar development. 141 

 142 

Materials and Methods 143 

Animals 144 

Zeb2lox/lox mice (Wu et al., 2016) were crossed with hGFAP-Cre or Math1-Cre (He et al., 145 

2014), or Olig1-Cre (Xin et al., 2005) mice to produce control (Zeb2lox/+:Cre+/−) and Zeb2 146 

conditional knockout offspring (Zeb2lox/lox:Cre+/−).  Littermates Zeb2lox/lox or 147 

Zeb2lox/+:Cre+/− mice were used as controls. Transgenic hGFAP-Cre and GFAP-GFP reporter 148 

mice were obtained from Jackson Laboratory, FVB-Tg(GFAP-cre)25Mes/J and FVB/N-149 

Tg(GFAPGFP)14Mes/J, respectively. Animals of either sex were used in the study and 150 

littermates were used as controls unless otherwise indicated. The GFAP-GFP line was 151 

intercrossed with the hGFAP-Cre line to obtain Zeb2-cKO mice carrying the GFAP-GFP 152 

transgene. The mouse strains used in this study were generated and maintained on a mixed 153 

C57Bl/6;129Sv background and housed in a vivarium with a 12-hour light/dark cycle. All 154 

animal experiments were conducted in mice of both genders. All animal use and studies were 155 

approved by the Institutional Animal Care and Use Committee at the Sichuan University and 156 

the Cincinnati Children's Hospital Medical Center, USA. 157 

 158 

Immunostaining and In Situ Hybridization  159 

The brains of mice at defined ages were dissected and fixed for 45 min in 4% PFA, 160 

embedded in 4% agarose, and sectioned at 50 μm (for postnatal samples) and 60 μm (for 161 

embryonic samples) as longitudinal vibratome-sections. For BrdU pulse labeling, animals 162 

were injected subcutaneously with 100 mg BrdU/kg body weight for appropriate times prior 163 

to collection. For immunostaining, we used antibodies to Zeb2 (rabbit; Santa Cruz 164 

Biotechnology, SC-48789), BLBP (rabbit; Abcam, ab32423), Zic1 (rabbit; Rockland, 200-165 

401-159), Calbindin (rabbit; Immunostar, 24427), NeuN (mouse; Millipore, MAB377), 166 

GFAP (mouse; Sigma, G3893), MBP (goat; Santa Cruz Biotechnology, SC-13914), Ki67 167 

(Rabbit; Thermo Scientific, RM-9106) and BrdU (Rat; Abcam, ab6326). Secondary 168 
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antibodies conjugated to Cy2, Cy3 or Cy5 were from Jackson ImmunoResearch Laboratories. 169 

All images were acquired using an Olympus Fluoview FV1000 confocal microscope and 170 

quantified in a double-blinded manner by ImageJ (https://imagej.nih.gov/ij/). Images from at 171 

least five sections per animal were collected for analysis. RNA in situ hybridization was 172 

performed using digoxigenin-labeled riboprobes as described previously. The probes used 173 

were: murine Glast/Slc1a3, Fgfr2, Ntng2, Gdf10, Notch2 and Hes5. Detailed protocols are 174 

available upon request. Images were taken using a Nikon Eclipse 80i microscope. 175 

 176 

Cell number quantification in the cerebellum 177 

Cerebella were sectioned sagittally at 50 μm. Cerebellar hemispheric sections were 178 

immunostained with cell-type specific markers and counted by visualizing labeling positive 179 

cells in the parasagittal sections using ImageJ software. Three individual mice from each 180 

group were used for the experiment, and at least 4 sagittal sections from each animal were 181 

used to count the total number of labeled cells in a genotyping blinded manner. Data were 182 

analyzed with unpaired student’s t-tests. 183 

 184 

RNA Isolation and Quantitative Real Time-PCR 185 

RNAs from control and Zeb2-cKO mouse cerebella were extracted using TRIZOL (Life 186 

Technologies). cDNA was synthesized from 1 μg RNA using PrimeScript® RT reagent Kit 187 

(Takara) according to the manufacturer’s instructions. QRT-PCR was performed using the 188 

CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad Inc.). qRT-PCR was performed 189 

using FAST qPCR Kit Master Mix (KAPA Biosystems). Primers used for qRT-PCR analysis 190 

are: Zeb2: Forward, accttacgaatgcccaaact; Reverse, gggaagaacccgtcttgatatt; Glast/Slc1a3: 191 

Forward, aagttcagagcctcaccaag; Reverse, ctcattttatacggtcggaggg; Fgfr2: Forward, tatggaag 192 

aggaccagggatt; Reverse, tggttctaaagtggtatcctcaac; Notch2: Forward atgaagacgaagatgctgagg; 193 

Reverse, catcagctctcgaatagcgg Hes1: Forward, ggcgaagggcaagaataaatg; Reverse, 194 

gtgcttcacagtcatttccag; Hes5: Forward, gaaacacagcaaagccttcg Reverse, agcttcatctgcgtgtcg; 195 

Gdf10: Forward, gtcctcattgccctcgg; Reverse, cggttgtacttctcatagagcc; Ntng2: Forward, 196 

gctctcccaatgcctgtg; Reverse, gttgtgtttacagctgacgc. 197 

 198 

Transient Transfections and Luciferase Assays 199 

For reporter assays, HEK293 cells were transfected with pGL3-luciferase reporters 200 

driven by indicated promoters carrying Zeb2 consensus binding sites to TSS (Fgfr1,  1.9 kb 201 
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to – 0.1 kb; Fgfr2, + 1.3 kb to + 2.8 kb; Hes1,  5.0 kb to  2.3 kb; Hes5;  1.5 kb to + 0.1 202 

kb; erbB3,  0.3 kb to + 1.2 kb; Gdf10,  2.8 kb to  1.6 kb) using Polyjet per the 203 

manufacturer's protocol and assayed 48 hours, post-transfection for luciferase activity by 204 

using a Promega luciferase assay kit according to the manufacturer's instructions. The pSV-β-205 

galactosidase control vector was included to control for variable transfection efficiencies 206 

between independent experiments.  207 

 208 

RNA Sequencing and Data Analysis 209 

RNA from control and Zeb2 mutant cerebella were extracted using TRIZOL (Life 210 

Technologies) followed by purification using an RNeasy Mini Kit (Qiagen). RNA-seq 211 

libraries were prepared using Illumina RNA-Seq Preparation Kit and sequenced by HiSeq 212 

2000 sequencer. RNA-seq reads were mapped using TopHat with default settings 213 

(http://tophat.cbcb.umd.edu). TopHat output data were then analyzed by Cufflinks to (1) 214 

calculate FPKM values for known transcripts in mouse genome reference, and (2) test the 215 

changes of gene expression between mutant and control. GO-analysis of gene expression 216 

changes was performed using Gene Set Enrichment (GSEA, 217 

http://www.broadinstitute.org/gsea/index.jsp). Normalized enrichment score (NES) reflects 218 

the degree to which the gene-set is overrepresented at the top or bottom of a ranked list of 219 

genes. The GSEA summary plots showing upregulated and downregulated pathways were 220 

plotted according to (https://www.biostars.org/p/168044/). Genes categorized with negative 221 

or positive NES are downregulated or upregulated, respectively. Circle size is proportional to 222 

the number of significant genes defined here as the number of genes represented in the 223 

leading-edge subset, i.e. the subset of members within a gene set that shows statistically 224 

significant, concordant differences between two biological states and contribute most to the 225 

NES. Circle colors represent FDR q values. The heatmap was generated based on log2 226 

[FPKM] (Fragments Per Kilobase of transcript per Million mapped reads) by AltAnalyze 227 

(http://www.altanalyze.org/) with normalization of rows relative to row mean. 228 

Statistical analysis  229 

All analyses were done using Microsoft Excel or GraphPad Prism 6.00 (San Diego California, 230 

www.graphpad.com). Data are shown in histograms as mean ± s.e.m. P < 0.05 is deemed 231 

statistically significant. Data distribution was assumed to be normal, but this was not formally 232 

tested. Count data was assumed to be non-parametric, and appropriate statistical tests were 233 
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used. Statistical analysis was performed by two-tailed unpaired Student's t tests. 234 

Quantifications were performed from at least three experimental groups in a blinded fashion. 235 

No statistical methods were used to predetermine sample sizes, but our sample sizes are 236 

similar to those generally employed in the field. No animals or data points were excluded 237 

from analyses.  238 

 239 

Accession code: All the RNA-seq data have been deposited in the NCBI Gene Expression 240 

Omnibus (GEO) under accession number GSE84058. 241 

 242 

Results 243 

Bergmann glia express Zeb2 in the developing cerebellar cortex 244 

To determine the identity of Zeb2-expressing cells in the developing cerebellar cortex, we 245 

assessed Zeb2 expression by immunohistochemistry in GFAP-promoter driven GFP (GFAP-246 

GFP) transgenic mice. In these mice, the GFAP-GFP reporter is expressed in Bergmann glia 247 

in the Purkinje cell layer and in astrocytes in the white matter in the postnatal stages (Zhuo et 248 

al., 1997; Koirala and Corfas, 2010). Zeb2 expression in the Purkinje cell layer overlapped 249 

with GFAP-GFP (Figure 1A), a surrogate marker for Bergmann glia within the Purkinje cell 250 

layer (Koirala and Corfas, 2010). Approximately 98% and 90% Zeb2+ cells were co-labeled 251 

with GFP in the Purkinje cell layer at P0 and P6, respectively (Figure 1B). GFAP-GFP co-252 

labeling with BLBP (brain lipid-binding protein), a marker for Bergmann glia, confirmed that 253 

the GFP reporter was expressed in Bergmann glia (Figure 1C). Consistently, at P6, Zeb2 was 254 

detected in GFAP-expressing Bergmann glia in the Purkinje cell layer (Figure 1D). In 255 

contrast, Zeb2 was hardly detectable in the GFAP-GFP+ (Figure 1E, F) or GFAP+ (Figure 1G) 256 

astrocytes of the cerebellar white matter, suggesting that Zeb2 is mainly expressed in 257 

Bergmann glia but not astrocytes in the cerebellum. We did not detect Zeb2 expression in 258 

IGL neurons marked NeuN at P6 (Figure 1H). Similarly, Zeb2 was essentially absent in the 259 

granule neuron progenitors in the EGL at P0 (Figure 1I). In the developing cerebellum, a 260 
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population of Zeb2 was detected in Sox2+ radial glia or neural stem/progenitors in the 261 

ventricular zone (VZ) of the cerebellum at E14.5 (Figure 1J). These observations suggest that 262 

Zeb2 expression is detected in the radial glia and Bergmann glia in the developing 263 

cerebellum. 264 

 265 

Deletion of Zeb2 in radial glia/neural progenitors disrupts cerebellar development 266 

To assess the function of Zeb2 in Bergmann glia formation from radial glia/neural 267 

progenitors during cerebellar development, we bred Zeb2-floxed mice with a human GFAP 268 

promoter driven-Cre (hGFAP-Cre) deleter line (Zhuo et al., 2001). hGFAP-Cre is expressed 269 

in cerebellar radial glia or neural stem/progenitors, which can give rise to the majority of the 270 

cell types including Bergmann glia, astrocytes, oligodendrocytes and granule neurons in the 271 

cerebellum (Zhuo et al., 2001; Malatesta et al., 2003; Yue et al., 2006). The resulting Zeb2-272 

ablated mice (hGFAP-Cre-Zeb2fl/fl, referred to here as Zeb2-cKO mice) were born at a normal 273 

Mendelian ratio; however, Zeb2-cKO mice developed severe tremors and defects in balance 274 

control beginning around two weeks after birth. The phenotypes of Zeb2 heterozygous 275 

control animals (Zeb2fl/+:hGFAP-Cre) are essentially the same as those in wildtype or Zeb2fl/fl 276 

mice. In contrast to control mice, which stride forward with a regular gait in a footprint test, 277 

the Zeb2-cKO mice exhibited irregular gaits and had difficulty in maintaining equilibrium 278 

(Figure 2A), indicating that locomotor function is severely impaired in mice that lack Zeb2. 279 

At E18.5, multiple lobular foliations were detected in the cerebella of heterozygous 280 

control animals that were similar to that in wild-type animals. In contrast, cerebellar foliation 281 

and fissures between adjacent lobules were barely detectable in Zeb2-cKO mutants at this 282 

stage (Figure 2B). At P28, the cerebella of control mice exhibited well-organized cerebellar 283 

lobules with formation of distinct molecular layers and granular layers, whereas Zeb2-cKO 284 

mice had smaller cerebella with disorganized lobular structures (Figure 2C, D). Consistently, 285 
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the cerebellum in the Zeb2-cKO mice exhibited hypoplasia in the cerebellar vermis 286 

and hemisphere (Figure 2C), and appeared smaller and does not reach the size of the control 287 

cerebellum. In contrast to the disappearance of GNPs in EGL due to their inward migration in 288 

control mice at P28, clusters of GNPs were retained at the surface of the cerebellum in the 289 

Zeb2 mutant mice (Figure 2E, arrows).  290 

 To determine whether ectopic cells were GNPs that had not successfully migrated, we 291 

stained control and Zeb2-cKO cerebella for Zic1, which marks both GNPs in the EGL and 292 

mature neurons in the granular layer (Wang and Zoghbi, 2001; He et al., 2014), and for NeuN, 293 

which marks mature neurons in the IGL. In control mice at P18, the majority of GNPs had 294 

migrated to the IGL (Figure 2F). Only a few Zic1+ cells were present in the ML; these cells 295 

are likely completing the migration process from EGL to the IGL. In contrast, clusters of 296 

Zic1+ and NeuN+ neurons were detected in the EGL and ML in Zeb2-cKO cerebella (Figure 297 

2E, inset). The ectopic cell clusters stayed on the surface of ML in the cerebellar cortex, 298 

however, they were not Ki67+ proliferative GNPs (Figure 2G), suggesting that they are 299 

postmitotic GNPs or immature granule neurons, and fail to migrate into the molecular layer 300 

to become mature granule neurons in the IGL of the Zeb2-cKO mice. 301 

 302 

Impaired radial migration of granule neurons in Zeb2-cKO mutants 303 

A characteristic feature of Bergmann glia is that they exhibit unipolar morphology and form 304 

parallel processes that provide scaffolding for GNP migration during cerebellar development. 305 

Beginning at P6, GNPs begin to migrate inward along Bergmann glia processes and 306 

eventually cross the Purkinje cell layer to form the IGL. In control mice at P10, GFAP+ 307 

Bergmann glial processes were parallel to each other and projected into the pial surface along 308 

the ML (Figure 3A). These migrating GNPs were visible in the ML as were GNPs distributed 309 

along the EGL in wild-type cerebella (Figure 3A). Postmitotic granule neurons, which have 310 
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successfully migrated across the Purkinje cell layer, form the IGL. Cerebellar cortical 311 

lamination was distinctly organized into the EGL, ML, and IGL at P10 (Figure 3A).  312 

 In contrast to control mice, no parallel radial processes were detected in Zeb2-cKO 313 

mutants due to the absence of Bergmann glia at P10 (Figure 3A). In addition, GFAP-GFP+ 314 

cells were scattered across the ML/PCL of Zeb2-cKO mutants as compared to those lining 315 

along the Purkinje cell layer in the control (Figure 3B). Furthermore, the number of 316 

Bergmann glia-like cells (GFP+ cells with radial processes) were much reduced in Zeb2-cKO 317 

animals at P3 and P10 (Figure 3C). The majority of GFAP-GFP+ glia detected in the Zeb2-318 

cKO cerebellar cortex expressed astrocytic S100β (Figure 3D) without unipolar processes, 319 

suggesting that these GFAP-GFP+/S100β+ cells represent astrocytes. In the mutant cerebella, 320 

Zic1+ granule neurons or their progenitors were dispersed throughout the EGL, ML and IGL 321 

without a clear ML boundary between EGL and IGL as in the control (Figure 3A). 322 

To verify GNP migration defects, we performed BrdU fate-tracing study of proliferating 323 

GNPs by injecting BrdU at P6, when the majority of GNPs are proliferative, into control and 324 

mutant mice. The cerebella were harvested 110 hours after BrdU injection at P6 and 325 

immunostained for BrdU and calbindin. In control mice, we observed very few granule 326 

neurons with BrdU label in the ML. Most BrdU label-retaining GNPs had migrated through 327 

Purkinje cell layer, marked by Calbindin labeling, into the IGL (Figure 3E). In the Zeb2-cKO 328 

cerebella, however, the majority of the BrdU-labeled GNPs remained in the EGL and ML, 329 

and very few BrdU+ GNPs migrated into the IGL (Figure 3E,F). These observations suggest 330 

that deletion of Zeb2 in radial glia blocks Bergmann glial formation, leading to defects in 331 

GNP migration into the IGL. 332 

 333 

Specification of Bergmann glia is impaired in Zeb2-cKO mutants 334 
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In control embryos, at E15.5, GFAP-GFP-expressing precursors appear to migrate outward to 335 

the cerebellar cortex from the ventricular zone with long radial processes directed toward the 336 

pial surface (Figure 4A). By E18.5, the GFAP-GFP+ Bergmann glia had successfully reached 337 

their destination and cell bodies were aligned with the Purkinje cell layer (Figure 4B). In 338 

contrast, in Zeb2-cKO embryos, the GFAP-GFP+ cells were barely detectable in the 339 

cerebellar cortex at E15.5. At E18.5, we however did not detect these GFAP-GFP+ glial cells 340 

in the location along the Purkinje cell layer occupied principally by Bergmann glia (Figure 341 

4B). Most of the detectable GFAP-GFP-expressing glia were dispersed throughout the inner 342 

cerebellar region in Zeb2-cKO mutants. These observations suggest a deficit in the 343 

specification of Bergmann glia in the developing cerebellum of Zeb2-cKO mutants. There 344 

were significantly fewer GFP+ glia in the presumptive Purkinje cell layer in Zeb2-cKO 345 

animals than in controls at E18.5 (Figure 4C). The number of activated cleaved-caspase 3 346 

labeled cells in the cerebellum was similar between control and Zeb2 mutant animals (data 347 

not shown), suggesting that the reduction in the number of Bergmann glia is not due the 348 

compromised cell survival.  349 

To evaluate the effects of Zeb2 on the proliferation of GFAP-GFP+ glia, we 350 

immunostained for a cell proliferation marker Ki67 in cerebella during embryogenesis, when 351 

Bergmann glia undergo extensive proliferation. At E15.5 and E17.5, the number of GFP+ 352 

cells stained for Ki67 in the presumptive Purkinje cell layer was reduced in Zeb2-cKO 353 

animals (Figure 4D-F). Similarly, the proliferation rate of GFAP-GFP+ cells (the percentage 354 

of Ki67+GFP+ among GFP+ cells) was lower in Zeb2-cKO cerebella compared with controls 355 

(Figure 4G), suggesting that the defects in Bergmann glia generation is in part attributed to 356 

the deficiency of GFAP-GFP+ glial precursor expansion in Zeb2-cKO mutants.  357 

 358 

Granule neurons and Purkinje cells are generated in the Zeb2-cKO cerebellum 359 
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To determine whether the formation of GNPs in the EGL was affected due to the loss of Zeb2 360 

in cerebellar neural progenitors, we quantified GNPs in the EGL in control and Zeb2-cKO 361 

mutant cerebella assayed by expression of Zic1, which marks both outer EGL (mitotic GNPs) 362 

and the inner EGL (post-mitotic GNPs) (Wang and Zoghbi, 2001). At P3, the density of 363 

Zic1+ GNPs in the EGL was comparable between control and Zeb2-mutants (Figure 5A, B). 364 

In addition, we did not detect a significant difference in the percentage of BrdU+ GNPs in the 365 

EGL between control and Zeb2-cKO mice (Figure 5C, D), suggesting that Zeb2 deletion in 366 

radial glia does not affect GNP generation. 367 

To determine the effects of Zeb2 ablation on Purkinje cell development, we examined 368 

expression of calbindin, a Purkinje cell marker, at postnatal stages. Calbindin+ Purkinje cells 369 

aligned to form a monolayer and extended their dendrites toward the EGL in the control 370 

animals at P3 and P10 (Figure 5E). In Zeb2-cKO mutants, Purkinje cells had extended 371 

dendrites, but their cell bodies aggregated into multicellular clusters (Figure 5E). Nonetheless, 372 

overall Purkinje cell numbers were comparable between control and mutant cerebella at P10 373 

(Figure 5F). These observations suggest that Zeb2 is not required for the formation of granule 374 

neurons or Purkinje cells. 375 

 376 

Zeb2 deletion in oligodendrocyte progenitors or GNPs does not affect Bergmann glia 377 

formation  378 

Previous studies showed that Zeb2 (a.k.a. Sip1) is expressed in oligodendrocyte lineage cells 379 

and is critical for oligodendrocyte differentiation (Weng et al., 2012). To evaluate whether 380 

the defects in Bergmann glia development in Zeb2-cKO animals can be caused by 381 

myelination deficiency in a non-cell autonomous manner, we examined cerebellar 382 

development in Zeb2fl/fl:Olig1-Cre mice with Zeb2 deletion in the oligodendrocyte lineage. 383 

At P14, Purkinje cells and Bergmann glia process formation marked by calbindin and GFAP, 384 
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respectively, appeared normal in the Zeb2fl/fl:Olig1-Cre mutant cerebellum. The cerebellar 385 

cortical lamination and foliation were essentially intact except for the loss of expression of 386 

MBP and Zeb2 expression in the cerebellar white matter in the Zeb2fl/fl:Olig1-Cre mutant 387 

mice (Figure 6A,B), suggesting that myelination deficits in the Zeb2fl/fl:Olig1-Cre mutants do 388 

not affect Bergmann glia formation.  389 

To examine the possibility that the Bergmann glia defects in Zeb2-cKO mutant mice may 390 

be caused indirectly by the loss of Zeb2 function in GNPs, which are derived from neural 391 

progenitors, we generated mice in which Zeb2 floxed alleles were deleted using a GNP-392 

specific Cre line, Atoh1/Math1-Cre (Lumpkin et al., 2003; He et al., 2014). The cerebellar 393 

foliation, and the morphology and number of S100 + Bergmann glia in the cerebellum of 394 

Zeb2fl/fl:Atoh1-Cre mice were comparable to the control (Zeb2fl/+:Atoh1-Cre) mice at P24 395 

(Figure 6C,D). The granule neuron marker Zic1 expression was not altered in the cerebellum 396 

of Zeb2fl/fl;Atoh1-Cre mutant mice (Figure 6E), consistent with the lack of Zeb2 expression in 397 

GNPs at the EGL (Figure 1). In Zeb2fl/fl:Atoh1-Cre mice at P1, BrdU-pulse labeling showed 398 

that the percentage of BrdU+ cells among Zic1+ GNPs in the EGL were indistinguishable 399 

from control animals (Figure 6F,G), suggesting that deletion of Zeb2 in Atoh1+ GNPs does 400 

not affect the formation of granule neurons and Bergmann glia.  401 

 402 

Differentially expressed gene profiling in Zeb2-cKO cerebella identifies new Bergmann 403 

glial markers 404 

To determine the potential mechanisms underlying Zeb2 regulation of Bergmann glia 405 

development, we carried out RNA-seq profiling using cerebella of control and Zeb2-cKO 406 

mice at P0, when Bergmann glial cells undergo proliferation and specification processes. The 407 

control and Zeb2-cKO groups exhibited distinct gene expression profiles (Figure 7A). We 408 

identified a set of differentially expressed genes in the Zeb2-cKO cerebella relative to the 409 
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control by interrogating gene expression signatures. Gene profiling analysis indicated that the 410 

genes upregulated in Zeb2-cKO cerebella, were associated with epithelial–mesenchymal 411 

transition (EMT), which is consistent with a role of Zeb2 in EMT through repressing 412 

epithelial cell-cell junction gene expression (Vandewalle et al., 2005); GPCR signaling, 413 

calcium, Stat3 signaling, and astrocytic signature genes (Figure 7B). Consistently, Gene set 414 

enrichment analysis (GSEA) revealed an upregulation of astrocytic signatures alongside the 415 

EMT pathway in Zeb2-cKO cerebella (Figure 7C). In contract, the genes that were 416 

downregulated in Zeb2-cKO cerebella indicated an enrichment of gene categories that are 417 

related to mitotic cell cycle, Bergmann glia- and oligodendrocyte-expressing genes (Figure 418 

7B-D), consistent with the defects in Bergmann glia specification and proliferation as well as 419 

myelination in Zeb2-cKO mice.  420 

 Genes known to be enriched in Bergmann glial cells like Glast (Slc1α3) were 421 

downregulated in the Zeb2-cKO mutant (Figure 7D). In addition, genes encoding several 422 

signaling components in the Notch pathway (e.g. Hes5 and Notch2), FGF pathway (e.g. 423 

Fgfr2, Fgf9 and Ptpn11), and the BMP pathway such as Gdf10, also known as Bmp3b, were 424 

downregulated in Zeb2-cKO cerebella. FGF/FGFR signaling (Lin et al., 2009; Muller Smith 425 

et al., 2012; Li et al., 2014), Notch/Hes signaling (Eiraku et al., 2005; Komine et al., 2007) 426 

and BMP signaling (Mecklenburg et al., 2014) have been shown to regulate Bergmann glial 427 

development. Notably, we found that Ntng2, which encode Netrin G2 in the Netrin family 428 

functioning in axonal guidance and neuronal migration (Barallobre et al., 2005; Nishimura-429 

Akiyoshi et al., 2007), exhibited an expression pattern that resembles that of Bergmann glia-430 

expressing markers like Glast and Gdf10 (Figure 7D). 431 

 Given the defects in Bergmann glia differentiation, we focused on the downregulated 432 

genes in Zeb2-cKO mutants, which likely identified the genes that are highly expressed in 433 

Bergmann glia. To verify dysregulation in FGF, Notch, BMP and Netrin pathways, we 434 
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performed in situ hybridization to examine the expression of components of these pathways 435 

in control and Zeb2-cKO mutants. In control cerebella, expression patterns of Fgfr2, Hes5, 436 

Notch2, Gdf10 and Ntng2 at E17.5 were similar to that of a Bergmann glial-expressing gene 437 

Glast (Figure 7E), suggesting that expression of these genes is enriched in Bergmann glia. In 438 

contrast, in Zeb2-cKO cerebella, expression of Fgfr2, Hes5, Notch2, Gdf10 and Ntng2 did not 439 

extend to where Bergmann glia are located along the Purkinje cell layer (Figure 7E). 440 

Quantification by qRT-PCR further indicated that these mRNAs were expressed at lower 441 

levels in the Zeb2-cKO cerebella than wild-type controls (Figure 7F), consonant with reduced 442 

in situ signals in the Bergmann glia at the PCL layer in the mutants. Consistently, Zeb2 over-443 

expression enhanced the activity of reporter genes driven by the promoters of FGF receptors 444 

Fgfr1 and Fgfr2, a Notch effector Hes5, as well as a TGFβ receptor ligand Gdf10 (Figure 7G), 445 

suggesting that Zeb2 expression potentially promotes FGF receptor, Notch and TGFβ 446 

receptor signaling pathways for Bergmann gliogenesis. 447 

 448 

 449 

Discussion 450 

Our studies present a previously unrecognized, essential role of the transcription factor Zeb2 451 

for Bergmann glia specification from radial glial cells in the cerebellum. Besides present 452 

cerebellar radial glia/neural progenitor cells in the VZ and oligodendrocytes, Zeb2 is highly 453 

expressed in Bergmann glia, but hardly detectable in astrocytes in the cerebellar white matter 454 

tract or interneurons in the postnatal cerebellum, consistent with expression of Zeb2/Sip1-455 

EGFP knock-in reporter detected in Bergmann glia (Nishizaki et al., 2014). Since there are 456 

no well-established specific markers to distinguish astrocytes and Bergmann glia, except for 457 

their distinct anatomical locations and morphology, Zeb2 may represent a cell nucleus-458 
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expressing marker for mature Bergmann glia that are distinct from astrocytes in the cerebellar 459 

cortex. 460 

During embryonic development, Bergmann glia precursors are derived from the radial 461 

glial cells in the VZ. The nascent Bergmann glia precursors continue to proliferate until P7, 462 

when they exit the cell cycle and differentiate into mature Bergmann glia (Parmigiani et al., 463 

2015). The lack of radial process-bearing Bergmann glial formation, but not astrocytes, in the 464 

presumptive Purkinje cell layer in the Zeb2-cKO embryos, where Zeb2 is deleted in radial 465 

glia/neural progenitors mediated by hGFAP-Cre, suggests that Zeb2 is required for 466 

Bergmann glia specification from radial glia in the developing cerebellum.  467 

It is worth noting that GFP-expressing cells from the hGFAP-GFP transgenic line label 468 

specifically astrocytes and Bergmann glia in the developing cerebellum as previously 469 

reported (Su et al., 2004; Koirala and Corfas, 2010), they are not equivalent to those labeled 470 

by hGFAP-Cre transgenic line, where Cre recombination occurs in radial glia or neural 471 

progenitors at embryonic stages, which give rise to both glia and neurons (Zhuo et al., 2001). 472 

hGFAP-Cre is also shown to mediate floxed allele recombination in astrocytes, Bergmann 473 

glia and their progenitors (Komine et al., 2007). In the developing forebrain, Zeb2 is critical 474 

for neurogenesis, neuronal migration and oligodendrogenesis from neural progenitor cells 475 

(Seuntjens et al., 2009; McKinsey et al., 2013; van den Berghe et al., 2013; Parthasarathy et 476 

al., 2014). Although we cannot completely exclude the possibility that the defects in cortical 477 

development lead to impairment of cerebellar development in Zeb2-cKO mice, we show that 478 

Zeb2 is expressed in Bergmann glia, and observed a specific loss of Bergman glia, but not 479 

granule neurons despite their migration being impaired.  480 

Although suitable specific markers for Bergmann glia precursors are not available at 481 

present, the number and the proliferation of glial precursors labeled by GFAP-GFP in the 482 

presumptive Purkinje cell layer at embryonic stages is reduced. We do not detect significant 483 
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alteration of cell death between control and Zeb2 mutant cerebella assayed by activated 484 

caspase 3 expression (data not shown). This suggests that Zeb2 may potentially regulate the 485 

proliferation of presumptive Bergmann glia precursor. Consistently, transcriptome profiling 486 

of Zeb2-cKO cerebellum at P0 reveals a significant downregulation of the genes related to 487 

mitotic cell cycle (Figure 7). The failure in Bergmann glial differentiation likely contributes 488 

to severe defects in inward migration of GNPs from EGL to IGL, causing disorganization of 489 

the laminar structure of the cerebellar cortex in Zeb2-deficient cerebella. 490 

Myelination defects caused by Zeb2 deletion in oligodendrocyte lineage cells by Olig1-491 

Cre did not cause a defect in Bergmann glia formation, despite the lack of myelinating 492 

oligodendrocytes in the white matter of mutant cerebella. Knockout of Zeb2 in Atoh1+ GNPs 493 

did not affect granule neuron formation and migration during cerebellar development, which 494 

is consistent with the lack of Zeb2 expression in GNPs. These observations suggest that 495 

defects in Bergmann glia formation in Zeb2-cKO mice was not due to the non-cell 496 

autonomous function of Zeb2 in myelination or GNPs. At present, there is no Bergmann glia-497 

specific Cre line, we cannot definitely define the cell-autonomous role of Zeb2 in Bergmann 498 

glia formation or maturation. Given that Bergmann glia are derived from the cerebellar radial 499 

glia, our data indicate that Zeb2 is expressed in both Bergmann glia and the radial glia/neural 500 

progenitors in the cerebellar ventricular zone, and that deletion of Zeb2 in radial glia by 501 

hGFAP-Cre leads to defects in Bergmann glia specification. 502 

In Zeb2-cKO animals, cerebellar dysgenesis appears more severe in anterior lobules than 503 

posterior lobules. The incomplete deletion of Zeb2 due to potential regional specificity of Cre 504 

recombination in the hGFAP-Cre line or distinct requirements of Zeb2 in a specific region of 505 

the cerebellum might contribute to the varying severity of the phenotypes across the Zeb2-506 

cKO cerebellum. Alternatively, it is possible that other unidentified factors may compensate 507 
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for the loss of Zeb2 function in Bergmann glia formation, however their identity remains to 508 

be determined.  509 

In the Zeb2-cKO cerebellum, intriguingly, some migration events occur and the IGL is 510 

visible, this suggests that GNPs potentially could migrate to a certain extent without radial 511 

processes or utilize other cellular processes. The mechanisms underlying inward migration of 512 

a population of GNPs in the absence of mature Bergmann glia in the Zeb2-mutant cerebellum 513 

remain to be determined. Nonetheless, Zic1+ GNPs were dispersed throughout the ML and 514 

IGL layers appears to be disorganized in Zeb2-cKO mutant cerebella, suggesting that 515 

Bergmann glia are critical for the organized migration of GNPs and proper cerebellar 516 

lamination.  517 

 Given the defects in Bergmann glia differentiation in Zeb2-cKO mutants, down-518 

regulated genes may reflect those genes or pathways highly expressed in Bergmann glia. 519 

Transcriptome profiling analysis indicated a downregulation of Notch signaling components 520 

including Hes5, and FGF signaling such as Fgfr2 in the Zeb2-cKO cerebellum. Notch 521 

signaling components are expressed in Bergmann glia in addition to neural progenitors 522 

(Tanaka et al., 1999; Ohtsuka et al., 2001; Koirala and Corfas, 2010; de Oliveira-Carlos et al., 523 

2013). Similarly, Fgfr2 is expressed in a spatiotemporal pattern consistent with expression in 524 

Bergmann glia (Lin et al., 2009). Given that the mice with deletion of Fgfr1/2 or Shp2, which 525 

is essential for FGF/ERK activation, display a defect in the induction of Bergmann glia 526 

formation similar to the Zeb2-cKO mice (Muller Smith et al., 2012; Li et al., 2014), it 527 

remains to be determined if Zeb2 is critical for FGF signaling activation during Bergmann 528 

glia development. We find that overexpression of Zeb2 enhanced the promoter activity of 529 

FGF receptors Fgfr1 and Fgfr2, a Notch effector Hes5, as well as a TGFβ receptor ligand 530 

Gdf10, suggesting that Zeb2 overexpression may enhance FGF, Notch and TGFβ receptor 531 

signaling for Bergmann gliogenesis. 532 
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Transcriptome analysis reveals a set of new Bergmann glia-expressing genes. Consistent 533 

with the reduction of Bergmann glia in the Zeb2-cKO cerebellum, we observed a 534 

downregulation of axonal guidance factors such as Netrin G2, which regulates attraction and 535 

repulsion of neuronal axons (Barallobre et al., 2005; Nishimura-Akiyoshi et al., 2007) and 536 

Gdf10, which modulates axonal sprouting (Li et al., 2015). In contrast to predominant 537 

expression of Netrin family members in neurons of other brain regions (Barallobre et al., 538 

2005; Nishimura-Akiyoshi et al., 2007), our data that Ntng2 encoding Netrin G2 and Gdf10 539 

are highly enriched in Bergmann glia in the developing cerebellum, it would be interesting to 540 

determine whether Bergmann glia-expressing axonal guidance cues are required for GNP 541 

migration and Bergmann glial morphogenesis.  542 

Bergmann glia and astrocytes share many common gene expression profiles, intriguingly, 543 

we found that Bergmann glia-enriched gene expression was downregulated, while a set of 544 

astrocytic genes (Cahoy et al., 2008) was upregulated in the Zeb2-cKO cerebellum (Figure 7). 545 

GFAP-GFP+/S100 + astrocytes were present in the Purkinje cell layer, where Bergmann glia 546 

were lost. This raises a possibility that Zeb2 may regulate the fate switch between Bergmann 547 

glia and astrocytes. In the absence of Zeb2, a population of Bergmann glia precursors that fail 548 

to differentiate into mature radial process-bearing Bergmann glia might become astrocytes.  549 

 Previous efforts to discover the mechanisms that drive cerebellar foliation initiation and 550 

gyrification have mostly focused on the role of GNPs and Purkinje cells (Lewis et al., 2004; 551 

Swanson et al., 2005; Corrales et al., 2006; Sudarov and Joyner, 2007). Our data show that 552 

the Zeb2 loss causes cerebellar foliation defects through regulating Bergmann glia formation, 553 

suggesting a critical role of Zeb2-dependent Bergmann glia development for cerebellar 554 

foliation and laminar organization. MOWS is an autosomal dominant disorder characterized 555 

by a non-random association of multiple birth defects impairing normal development and 556 

motor deficits. The phenotypic variation between the ZEB2 haploinsufficient human mutants 557 
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and heterozygous knockout mice could be due to a sensitivity to different gene dosage 558 

between mouse and human or dominant negative effects of human mutant proteins, which 559 

may produce effects similar to homozygous null Zeb2 in mice. The critical role of Zeb2 in the 560 

control of Bergmann glia formation in cerebellar lamination points to a potential mechanism 561 

of motor control and coordination in Mowat-Wilson Syndrome patients with ZEB2 mutations. 562 

  563 
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Figure legends: 564 
 565 
Figure 1. Zeb2 expression is restricted to cerebellar Bergmann glia  566 

(A) Immunostaining for Zeb2 in sagittal cerebellar sections of GFAP-GFP transgenic mice at 567 

P0 and P6. The white-boxed regions in the left panels are shown at higher magnification in 568 

the right panels. Arrows indicate co-labeling cells. Scale bars: 100 μm. 569 

(B) Bar graph showing the percentage of Zeb2+ and Zeb2- cells among GFAP-GFP+ cells at 570 

P0 and P6 in wildtype mice (n = 4 animals/stage). 571 

(C) Immunostaining for BLBP in sagittal cerebellar sections of GFAP-GFP transgenic mice 572 

at P6. Scale bar: 100 μm 573 

(D) Double immunostaining for Zeb2 with GFAP in the WT cerebellum at P6. Arrows 574 

indicate co-labeling cells. Scale bars: 100 μm. 575 

(E) Immunostaining for Zeb2 in sagittal cerebellar sections of GFAP-GFP transgenic mice at 576 

P6. Scale bars: 25 μm. 577 

(F) High magnification image of the boxed region in E. Scale bars: 25 μm. 578 

(G) Double immunostaining for Zeb2 with GFAP in the WT cerebellum at P6. Scare bars: 25 579 

μm. 580 

(H) Double immunostaining for Zeb2 with NeuN in the WT cerebellum at P6. Scale bars: 581 

100 μm. 582 

(I) Immunostaining of Zeb2 and DAPI staining for the EGL in cerebella of wildtype mouse at 583 

P0. Scale bars: 100 μm. 584 

(J) Double staining for Zeb2 and Sox2 in the cerebellum at E14.5. Arrows indicate 585 

Sox2/Zeb2 co-labeling positive cells in the VZ. Scale bars: 50 μm. 586 

 587 

Figure 2. Zeb2 is required for normal cerebellar development  588 

(A) Footprint test in the control (Zeb2fl/+:hGFAP-Cre) and Zeb2-cKO mice at P20. 589 

(B) Hematoxylin and eosin (H&E) stain shows the morphology of the control and Zeb2-cKO 590 

cerebella at E18.5. Arrows indicate primordial fissures. Scale bars: 100 μm. 591 

(C) Whole mount view of brains of control (Zeb2fl/+:hGFAP-Cre) or Zeb2-cKO mutant mice 592 

at P28. The white dashed line indicates the cerebellar vermis. 593 

(D, E) H&E stain showing the lobule formation of the cerebellum in control and two 594 

individual Zeb2-cKO mice at P28. Lobules are labeled with Roman numerals. The boxed 595 

regions in panel C are shown respectively at higher magnification in panel D. Arrows 596 

indicate the ectopic cell mass. Scale bars: 100 μm. 597 
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(F) Double-staining for Zic1 and NeuN in control and Zeb2-cKO mice at P18. Arrowhead 598 

and arrow in insets indicate EGL and the ectopic cell mass in the ML, respectively. Scale 599 

bars in main panels and insets are 100 and 20 μm, respectively. 600 

(G) Immunostaining for Ki67 and NeuN in the Zeb2-cKO cerebellum at P18. Scale bars: 100 601 

μm. 602 

 603 

Figure 3. Migration defects of granule neurons in Zeb2-deficient cerebella 604 

(A) Double-staining for Zic1 and GFAP in cerebella of control and Zeb2-cKO mice at P10. 605 

Scale bars: 100 μm. 606 

(B) GFAP-GFP expression in the ML of control and Zeb2-cKO cerebella at P10. The right 607 

panels were shown at a high magnification of the PCL layer. Scale bars: 50 μm. 608 

(C) Quantification of the number of Bergmann glia-like cells with radial processes in the 609 

anterior lobules (II-VI) from control and Zeb2-cKO cerebella at P3 and P10 (n = 3 610 

animals/genotype/time-point). Data represent means ± S.E.M. **p < 0.01, Student’s t-test.  611 

(D) Immunostaining for S100  in Zeb2-cKO mutant cerebellum carrying the GFAP-GFP 612 

transgene at P10. Arrows indicate the S100 /GFP double positive cells. Scale bars: 30 μm 613 

(E) Double-staining for BrdU and calbindin in cerebella of control and Zeb2-cKO mice at 614 

P10 after BrdU labeling for 110 hours beginning at P6. Scale bars: 100 μm.  615 

(F) Quantification of the number of BrdU+ cells in indicated layers per area (0.1 mm2) in B (n 616 

= 3 animals/genotype). Data represent means ± S.E.M. ***p < 0.001, Student’s t-test.  617 

 618 

Figure 4. Bergmann glial defects in Zeb2-cKO mice  619 

(A-B) GFAP-GFP-expressing Bergmann glial cells in control and Zeb2-cKO cerebella at 620 

E15.5 and E18.5 as indicated. The boxed regions in the left panels in A are shown 621 

respectively at higher magnification in right panels. Scale bars in A, 100 μm, B, 50 μm. 622 

(C) Quantification of GFP+ cells per parasagittal section of control and Zeb2-cKO cerebella at 623 

indicated stages (n = 3 animals/genotype). Data represent means ± S.E.M. **p < 0.01, ***p< 624 

0.001, Student’s t-test. 625 

(D-E) Immunostaining for Ki67 in control and Zeb2-cKO cerebella of GFAP-GFP transgenic 626 

animals at E15.5 and E17.5. The boxed regions in the left panels in D are shown respectively 627 

at higher magnification in right panels. Arrows in E indicate the presumptive PCL (Purkinje 628 

cell layer). Scale bars: 100 μm. 629 
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(F) Quantification of Ki67/GFP double-positive cells in control and Zeb2-cKO cerebella (0.1 630 

mm2) at E15.5 and E17.5 (n = 3 animals/genotype). Data are means ± S.E.M. **p < 0.01, 631 

***p < 0.001, Student’s t-test. 632 

(G) Percentage of Ki67 positive cells among GFP+ cells at E17.5. (n = 3 animals/genotype). 633 

Data are means ± S.E.M. *p < 0.05, Student’s t-test. 634 

 635 

Figure 5. Granule and Purkinje cell development is normal in Zeb2-cKO mice  636 

(A) Immunostaining for Zic1in the of control (Zeb2fl/+:hGFAP-Cre) and Zeb2-cKO mice at 637 

P3. Scale bar: 50 μm. 638 

(B) The average density of Zic1+ cells per 0.04 mm2 in the EGL of all lobules in control and 639 

Zeb2-cKO cerebella at P3 (n = 3 animals/genotype). Data are means ± S.E.M. 640 

(C) Immunostaining for BrdU and calbindin in the cerebella of control and Zeb2-cKO mice at 641 

P3 with BrdU-pulse labeled for 2 hours. Scale bars: 50 μm. 642 

(D) Percentage of BrdU+ GNPs in the EGL of control and Zeb2-cKO cerebella at P3 (n = 3 643 

animals/genotype). Data represents the mean ± S.E.M. 644 

(E) Immunostaining for calbindin in the cerebella of control and Zeb2-cKO mice at P3 and 645 

P10. Scale bars: 100 μm. 646 

(F) Quantification of calbindin+ cells per cerebellum section at P3 (n = 3 animals/genotype). 647 

Data represents the mean ± S.E.M. 648 

 649 

Figure 6. Zeb2 deletion in the OL lineage or GNPs does not affect cerebellar cortical 650 

development  651 

(A) Immunostaining for calbindin, GFAP, and MBP in cerebella of Zeb2fl/fl:Olig1-Cre mouse 652 

and littermate control (Zeb2fl/+:Olig1-Cre) at P14. Scale bars: 50 μm. 653 

(B) Double immunostaining of MBP and Zeb2 in control (Zeb2fl/+:Olig1-Cre) and Zeb2 654 

mutants (Zeb2fl/fl:Olig1-Cre) in the oligodendrocyte lineage at P14. Scale bars: 50 μm 655 

(C) HE staining of control and Zeb2fl/f:Atoh1-Cre cerebella at P24. Scale bars: 100 μm. 656 

(D) S100  immunostaining of control and Zeb2fl/f:Atoh1-Cre cerebellar sections at P24. 657 

PCL: Purkinje cell layer. Scale bars: 50 μm. 658 

(E,F) Double staining for Zic1 and BrdU in cerebella of Zeb2fl/fl:Atoh1-Cre mouse and 659 

littermate control (Zeb2fl/+:Atoh1-Cre) at P1. Panel D shows EGL and ML layers, and panel E 660 

shows higher magnification images of the interfaces between these layers. Scale bars: 100 661 

μm. 662 
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(G) Percentage of BrdU+ cells among Zic1+ cells in the control and Zeb2fl/fl:Atoh1-Cre 663 

cerebellar sections at P0 (n = 3 animals/genotype). Data represent means ± S.E.M. 664 

 665 

Figure 7. Zeb2 regulates multiple signaling pathways necessary for Bergmann glial 666 

development 667 

(A) Principal component analysis showing separation of gene expression patterns in the 668 

cerebellum of heterozygous control (Zeb2fl/+:hGFAP-Cre) and Zeb2-cKO groups. 669 

(B) GSEA enrichment analysis of RNA-seq comparing Zeb2-cKO (n = 3) and control 670 

cerebella (n = 3) for gene signatures from the MSigDB database. Top 5 gene sets up-671 

regulated in Zeb2-cKO with FDR q values < 0.03 are plotted as a function of normalized 672 

enrichment scores (NES). Circle size is proportional to the number of significant genes 673 

defined here as the number of genes represented in the leading-edge subset, i.e. the subset of 674 

members within a gene set that shows statistically significant, concordant differences 675 

between two biological states and contribute most to the NES. Circle colors represent FDR q 676 

values. 677 

(C) GSEA enrichment plots show normalized gene expression of representative upregulated 678 

gene signatures (astrocytic and EMT signatures) and downregulated gene signatures 679 

(oligodendrocyte differentiation and cell cycle signatures) in Zeb2-cKO cerebella compared 680 

with control. 681 

(D) Heatmap showing representative Zeb2-regulated genes in control and Zeb2-cKO mutant 682 

cerebella at P0. 683 

(E) Zeb2 immunostaining and in situ hybridization for Glast, Fgfr2, Hes5, Notch2, Gdf10, 684 

and Ntng2 in cerebella from control and Zeb2-cKO mice at E17.5. Arrows indicate the 685 

presumptive Bergmann glia layer. Scale bars: 50 μm. 686 

(F) Quantitative real-time PCR analysis of the indicated genes in control and Zeb2-cKO 687 

cerebella at P0 (n = 3 animals/genotype). Data represent means ± S.E.M.*p <0.05, **p< 0.01, 688 

***p< 0.001. Student t-test. 689 

(G) Luciferase activity of the reporters driven by Zeb2 consensus sites-containing promoter 690 

regions of Fgfr1, Fgfr2, Hes1, Hes5, erbB3 and Gdf10 in 293T cells co-transfected with 691 

control vector pCIG or vectors for Zeb2 expression. Values presented are the average of three 692 

independent experiments (*p < 0.05; **p < 0.01; Student t-test).  693 
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