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Abstract 57 

 Cerebellar granule cell precursors (GCPs) and granule cells (GCs) represent good 58 

models to study neuronal development. Here we report that the transcription factor, 59 

Meis1, plays pivotal roles to regulate mouse GC development. We found that Meis1 is 60 

expressed in granule cell lineage cells and astrocytes in the cerebellum during 61 

development. Targeted disruption of the Meis1 gene specifically in the GC lineage 62 

resulted in smaller cerebella with disorganized lobules. Knockdown/knockout 63 

experiments for Meis1 as well as in vitro assays show that Meis1 binds to an upstream 64 
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sequence of Pax6 to enhance its transcription in GCPs/GCs and further suggested that 65 

the Meis1-Pax6 cascade regulates morphology of GCPs/GCs during development. In 66 

the conditional knockout (cKO) cerebella, many Atoh1-positive GCPs were ectopically 67 

observed in the inner EGL, while a similar phenomenon was also observed in cultured 68 

cerebellar slices treated with a BMP inhibitor. Furthermore, expression of Smad 69 

proteins as well as Smad phosphorylation were severely reduced in the cKO cerebella 70 

and Meis1-knockdown GCPs cerebella. Reduction of phosphorylated Smad was also 71 

observed in cerebellar slices electroporated with a Pax6 knockdown vector. Because it 72 

is known that BMP signaling induces Atoh1 degradation in GCPs, these findings 73 

suggest that the Meis1-Pax6 pathway increases the expression of Smad proteins to 74 

upregulate BMP signaling, leading to degradation of Atoh1 in the inner EGL, which 75 

contributes to differentiation from GCPs to GCs. Thus, this work reveals crucial 76 

functions of Meis1 in GC development and gives insights into the general 77 

understanding of the molecular machinery underlying neural differentiation from neural 78 

progenitors. 79 

 80 



 

 6 

Significance Statement 81 

 We report that Meis1 plays pivotal roles to regulate mouse granule cell (GC) 82 

development. We show Meis1 is expressed in granule cell precursors (GCPs) and GCs 83 

during development. Our knockdown and conditional knockout (cKO) experiments as 84 

well as in vitro assays reveal that Meis1 is required for proper cerebellar structure 85 

formation and for Pax6 transcription in GCPs and GCs. The Meis1-Pax6 cascade 86 

regulates the morphology of GCs. In the cKO cerebella, Smad proteins and BMP 87 

signaling are severely reduced, while Atoh1-expressing GCPs are ectopically detected 88 

in the inner EGL. These findings suggest that Meis1 regulates degradation of Atoh1 via 89 

BMP signaling, contributing to GC differentiation in the inner EGL and should provide 90 

understanding into GC development. 91 

 92 

Introduction 93 

 Cerebellar granule cell precursors (GCPs) are generated from the rhombic lip (RL) and 94 

migrate circumferentially along the surface of the cerebellar primordium to form the 95 

external granule layer (EGL) at mid to late embryonic stages. They actively proliferate 96 
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in the outer EGL and then exit from the cell cycle to become granule cells (GCs) in the 97 

inner EGL at late embryonic and early postnatal stages. GCs then start to migrate into 98 

the molecular layer (ML) and eventually reside in the internal granular layer (IGL) 99 

(Komuro and Yacubova, 2003). During and after migration, maturation of GCs 100 

proceeds; they extend their processes to form parallel fibers in the ML (Sotelo, 2004; 101 

Espinosa and Luo, 2008). 102 

 Numerous studies have reported many molecules including transcription factors and 103 

environmental cues that are involved in GC development (Wang and Zoghbi, 2001; 104 

Komuro and Yacubova, 2003; Butts et al. 2011). Atoh1 is a well known key 105 

transcription factor which determines cell fates in the GC lineage and proliferation of 106 

GCPs (Flora et al., 2009). Dysregulated overexpression of Atoh1 can cause 107 

medulloblastoma (Ayrault et al., 2010). BMP signaling induces differentiation of GCPs 108 

into GCs (Zhao et al., 2008) and Shh can enhance Atoh1 expression (Forget et al., 2014). 109 

Pax6 is also a key transcription factor that controls migration and differentiation of GCs 110 

and its involvement in GC differentiation was also reported (Swanson et al., 2011; 111 

Lorenz et al., 2011). However, the overall machinery that regulates these processes of 112 
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GC development is still unclear. 113 

 Myeloid Ectopic viral Integration Site 1 homolog (Meis1) is a transcription factor of 114 

the TALE (Three Amino acid Loop Extension) protein family (Hisa et al., 2004; 115 

Azcoitia et al., 2005). Meis1 has been reported to maintain the undifferentiated state of 116 

progenitor cells, including retinal progenitor cells (Heine et al., 2008), olfactory 117 

epithelial cells (Tucker et al., 2010), postnatal thymic epithelial cells (Hirayama et al., 118 

2014), and hematopoietic stem cells (Hisa et al., 2004; Azcoitia et al., 2005). 119 

Misexpression of this gene has been linked to tumorigenesis, e.g. acute myeloid 120 

leukemia, acute lymphoblastic leukemia (Lawrence et al., 1999; Imamura et al., 2002) 121 

and neuroblastoma (Spieker et al., 2001; Geerts et al., 2003). In the developing nervous 122 

system, Meis1 is expressed in the forebrain (Barber et al., 2013), the midbrain (Heine et 123 

al., 2008; Erickson et al., 2010), the hindbrain (Stedman et al., 2009) and the deep 124 

cerebellar nuclei and the EGL of the cerebellum (Morales and Hatten, 2006). However, 125 

the function of Meis1 in the nervous system during neural development remains unclear 126 

as targeted disruption of Meis1 results in lethality at mid-embryonic stages.  127 

 In this study, we found that Meis1 is constitutively expressed in all cells in the granule 128 
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cell lineage, from GCPs in the EGL to GCs in the IGL during development but its 129 

expression is lost after all cerebellar cells reach their appropriate positions. This led us 130 

to consider the possibility that Meis1 is involved in the development of cerebellar 131 

granule cells at various developmental stages. Therefore, in this study, we investigated 132 

the function of Meis1 in granule cell development by in vitro and in vivo experiments 133 

including knockdown and conditional knockout analyses. We found that Meis1 activates 134 

Pax6 expression in GCPs/GCs. The Meis1-Pax6 pathway regulates the cell cycle exit of 135 

GCPs, probably involved in the cessation of Atoh1 expression in the inner EGL through 136 

enhancing BMP-dependent Atoh1 degradation. The Meis1-Pax6 pathway also 137 

participates in maturation of GCs and formation of parallel fibers that may contribute to 138 

proper folial formation and overall cerebellar structure. This study should contribute to 139 

understanding GC development and further reveal insights into the molecular 140 

machinery underlying neuron development from their precursors as well as oncogenesis 141 

of medulloblastoma, a cerebellar tumor. 142 

 143 

Materials and Methods 144 
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Animals 145 

  All animal experiments in this study have been approved by the Animal Care and Use146 

Committee of the National Institute of Neuroscience, National Center of Neurology and147 

Psychiatry (Tokyo, Japan; project 2008005). The Tg–Atoh1–Cre, and Meis1flox mouse 148 

lines have been described previously (Fujiyama et al., 2009; Ariki et al., 2014). Control 149 

and mutant mice of both sexes were used in this study. 150 

 151 

Plasmids 152 

  The cDNA of Meis1 (GenBank accession number NM_010789) was inserted into 153 

pEF-BOS-myc, pGEX-4T vector (GE Helthcare) and pEF-BOS-GST vectors (gifts from 154 

K.Kaibuchi, Nagoya University, Nagoya, Japan) to generate pEF–BOS-myc-Meis1 155 

plasmids and pEF-BOS-GST-Meis1. The cDNA of Meis1 fragment was generated by 156 

PCR with the primer (5’- AATTGGATCCATGGCGCAAAGGTACGACGA-3’) and 157 

(5’- AATTGGATCCTTATGTGCTGGGGGAAGCTA-3’) or (5’- 158 

AATTGGATCCATGACAGGTGACGATGATGAC-3’) and  (5’- 159 

AATTGGATCCTTACATGTAGTGCCACTGCC-3’). These fragments were inserted 160 
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into pEF-BOS-GST vector. The expression vector for H2B-GFP was described 161 

previously (Kanda et al., 1998). The following plasmids, pGL3-SV40 vector (Promega), 162 

pCAG-GFP vector (Addgene) and pRL-TK vector (Promega) were purchased. The 163 

cDNAs of Pax6 (GenBank accession number AJ292077.1) and Smad1 (GenBank 164 

accession number AH010073.2) were inserted into pCAG vectors. 165 

To construct shRNA-expressing vectors, oligonucleotides targeting the region in the 166 

Meis1 coding sequence Meis1shRNA-1 (5’- GCACAAGATACAGGACTTACC-3’), 167 

Meis1shRNA-2 (5’- GGTGTTCGCCAAACAGATTCG-3’), Meis1shRNA-3  (5’- 168 

TAAATTGTCACATAATTCC-3’) or a control scrambled sequence (Kawauchi et al., 169 

2006) and their complementary sequences were inserted into the mU6pro vector (Yu et 170 

al., 2002). All contain a nine-base hairpin loop sequence (5’-TTCAAGAGA-3’). The 171 

DNA fragment containing the Pax6 enhancer was generated by PCR with the primers 172 

5’-GAGTTGCAAGGTATTCAACT -3’ and 5’-TAAGCCCCTACCTTCCAGTC-3’ 173 

(Pax6 Up-Luc) or 5’- GACAAATGTCCATCCTGTAG-3’ and 174 

5’-TAAGCCCCTACCTTCCAGTC-3’ (ΔEnPax6Up-Luc). These fragments were 175 

inserted into pGL3-SV40 vector.  176 
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 177 

Antibodies 178 

  Anti-bromodeoxyuridine (BrdU) (1:200; sheep; abcam; RRID:AB_302944), cleaved 179 

Caspase-3 (1:100; rabbit; Cell Signaling Technology; RRID:AB_2687881), 180 

Parvalbumin (1:200; mouse; Sigma; RRID:AB_477329), Tbr2 (1:200; rat; 181 

eBio-science), L1 (1:500; rat; Millipore; RRID:AB_2133200), Phospo-histone H3 182 

(1:200; rabbit; Cell Signaling Technology; RRID:AB_331535), Phospho-Smad1/5/8 183 

(1:200; rabbit; Cell Signaling Technology; RRID:AB_331671), Smad1 (1:500; rabbit; 184 

Cell Signaling Technology; RRID:AB_2107780), Smad5 (1:500; rabbit; Cell Signaling 185 

Technology; RRID:AB_2193632), Pax6 (1:500; rabbit; Covance), Pax6 (1:200; goat; 186 

SantaCruz; RRID:AB_2236691), GFP (1:50; rat; a kind gift from Dr. A. Imura, 187 

Foundation for Biomedical Research and Innovation, Kobe, Japan), Ki67 (1:500;rat; 188 

eBio-science), GFAP (1:1; rabbit; Dakocytomation), GFAP (1:200 rat; Thermo), BLBP 189 

(1:200 goat; R&D systems), Calbindin (1:500; rabbit; Chemicon; RRID:AB_2068336), 190 

Calbindin (1:200 mouse; Abcam; RRID:AB_2040664), NeuN (1:200; mouse; 191 

Millipore; RRID:AB_177621), Sox9 (1:500; goat; R&D Systems; RRID:AB_2194160) 192 
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and Atoh1 (1:1000, rabbit) (Yamada et al., 2014) were purchased or obtained as gifts. 193 

Anti-Meis1 antibody was generated as follows. The fragment of mouse Meis1 194 

full-length (Full: 1–390 aa) or N-terminal side of homeobox domain (NT: 191–213 aa) 195 

was inserted into pMAL-c2 (New England Laboratories) or pGEX-4T-2 (GE 196 

Healthcare), respectively. Maltose-binding protein (MBP) and glutathione S-transferase 197 

(GST) fusion proteins were expressed in Escherichia coli BL21 (DE3) and purified 198 

according to the instructions of the manufacturer. Polyclonal rabbit anti-Meis1 antibody 199 

was prepared against MBP–Meis1–Full as an antigen and then purified by use of GST–200 

Meis1–NT. 201 

 202 

Immunohistochemistry 203 

  Tissues were fixed with 4% paraformaldehyde (PFA) in PBS and cryoprotected with 204 

30% sucrose in PBS. After tissues were embedded in OCT compound, cryosections 205 

were made at 14 μm. Sections were incubated in blocking buffer containing 1% BSA 206 

and 0.1% Triton X-100 in PBS at room temperature (RT) for 1 h and subsequently 207 

immunolabeled using the following primary antibodies in blocking buffer at 4 °C 208 
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overnight. Specimens were subsequently rinsed with PBS and incubated with secondary 209 

antibodies conjugated with Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 594, or 210 

Alexa Fluor 647 (1:400; Invitrogen) and DAPI (1:5000; Invitrogen) in blocking buffer 211 

containing 1% BSA and 0.2% Triton X-100 in PBS at RT for 2 h. Fluorescence images 212 

were acquired using a Zeiss LSM 780 confocal microscope system (Carl Zeiss, 213 

Oberkochen, Germany) and ZEN 2009 software. Quantification of the fluorescence 214 

intensity of immunolabeled cells was performed using the "Measure" and "Plot Profile" 215 

functions of Image J, NIH Image.  216 

 217 

Cell Cycle Exit Assay 218 

  Mice were given an intraperitoneal injection of BrdU at 100 mg/kg. 24 hours after the 219 

BrdU injection, tissues were fixed and subjected to immunohistochemical analyses as 220 

follows. After incubation with the anti-Ki67 antibody, tissue sections were post-fixed 221 

with 4% PFA at RT for 20 min and treated with 2N hydrochloric acid at 37°C for 30 222 

min. Sections were rinsed in PBS, and incubated with anti-BrdU antibody overnight. 223 

Then, sections were incubated with secondary antibodies to visualize BrdU and Ki67 224 
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signals. 225 

It is known that cell cycle length is around 16-18 hours in GCPs (Contestabile et al., 226 

2009). When BrdU is administered to the animals, BrdU is transiently incorporated in 227 

cells at S-phase. The BrdU-incorporated cells should undergo cell division once (but 228 

never twice) by 24 hours after BrdU administration. Therefore, at the 24 hour time-point 229 

after BrdU administration, Ki67-negative, BrdU-positive cells should represent cells 230 

that have exited from the cell cycle within the last 24 hours. Hence, the ratio of 231 

Ki67-negative, BrdU-positive cells/BrdU-positive cells can be used to determine the 232 

"cell cycle exit ratio" during the last 24 hours. 233 

 234 

In vivo electroporation 235 

  Pregnant ICR mice were purchased from SLC Japan. Postnatal mice were 236 

anesthetized by placing on ice for 1 min, after which they were put on a heated plate (37 237 

degrees). A small incision was made on the skull leaving the pial surface intact at P1, P5 238 

or P8. Three microliters of plasmid DNA (3μg/μl) in H2O containing fast green was 239 

injected on the pial surface. Holding the brain with forceps-type electrode (Nepa Gene), 240 
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50 ms of 70 V electric pulses were delivered eight times at intervals of 150 ms with a 241 

square electroporator (Nepa Gene). After electroporation, the wound was carefully 242 

wiped and the mouse allowed to spontaneously recover. After harvest, electroporated 243 

brains were cut into 14 μm sagittal sections with a cryostat. Fluorescence images of 244 

frozen sections of GFP-expressing mouse brains were captured by LSM780 (Zeiss) 245 

laser scanning confocal microscopes. Cells in the lobules -  were found to be the 246 

most frequently transfected. Experienced experimenters are able to target similar sites 247 

along the antero-positerior axis for electroporation. Medio-lateral sites of transfection 248 

can be controlled by orientation of electrodes against the cerebellum. 249 

Co-electroporation with EGFP and mCherry expressing vectors indicated that the 250 

co-electroporation efficiency was 91.1±3.9%. At least 3~4 mice were analyzed for each 251 

electroporation experiment. For quantification, at least 5 sections per mouse were 252 

analyzed. 253 

 254 

Luciferase assay 255 

  Neuro2a cells were grown in DMEM containing 10% FBS. Cells were transfected 256 
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using Trans Fectin reagent (BIO-RAD). Cells in 24-well plates were co-transfected with 257 

expression plasmids for Meis1 and reporter plasmids, together with Renilla luciferase 258 

vector (Promega). Forty-eight hours after transfection, cells were lysed with Reporter 259 

Lysis Buffer (Promega). The Dual-Glo Luciferase Assay System (Promega) was used to 260 

determine firefly and Renilla luciferase activities according to the manufacturer’s 261 

instructions. Measurements were performed with a multilabel counter (Wallac 1420), 262 

and firefly luciferase values were normalized to Renilla luciferase values. 263 

 264 

Cerebellar slice culture 265 

  WT P8 cerebella were embedded in UltraPure LMP Agarose (Invitrogen) and 300 266 

micrometer sagittal slices were obtained with a vibratome. P8 cerebellar slices were 267 

placed on a Millicell-CM (Millipore), mounted in collagen gel and soaked in culture 268 

medium (DMEM supplemented with 5% horse serum (Gibco), 5% FBS (Gibco), 10 269 

ng/ml EGF (PreproTechECz), 10 ng/ml bFGF (PreproTechECz), 1xB27 (Gibco), 1xN2 270 

(LifeTechnology), 3mM L-glutamine). The slices in Millicel-CM dishes were kept at 271 

37 ℃ in an incubator. After 48 hours, cerebellar slices were fixed with 4% 272 
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paraformaldehyde (PFA) in PBS.  Fixed slices were then blocked with 1%BSA, 273 

0.02%Triton/PBS at RT for 30 min, incubated in the same solution containing a primary 274 

antibody at 4 ℃ overnight, washed with PBS at RT for 5 min three times, and incubated 275 

with fluorescence-conjugated secondary antibody-containing solution 276 

(1%BSA,0.02%Triton/PBS) at RT for 2 hours. After slices were embedded in OCT 277 

compound, cryosections were made at 14 μm. At least 3~4 mice and 5 slices per mice 278 

were analyzed in each experiment.  279 

 280 

Cell culture and transfection 281 

  Neuro2a cells were maintained in DMEM containing 10% fetal calf serum and 282 

transfected with expression plasmids using Trans Fectin reagent (BIO-RAD) according 283 

to manufacturer’s instructions. Transfected cells were harvested after 48h in the 284 

following buffer: 50 mM Tris pH 8.1, 200 mM NaCl, 0.1% Triton-X100, 12.5 mM 285 

EDTA with Protease inhibitor cocktail (Roche). 286 

 287 

Granule cell cultures and transfection 288 
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Cerebella from postnatal day 6 (P6) mice were dissected and incubated at 37°C for 30 289 

min in papain solution (125 μg papain, 0.25% trypsin-EDTA in Hank’s balanced salt 290 

solution (Sigma)) for 15 min at 37°C. To collect a fraction enriched in GCPs, the cell 291 

suspension was loaded onto a step gradient of 35%–60% Percoll (Sigma) and centrifuged 292 

at 2000 rpm for 20 min at room temperature. GCPs were harvested from 60% and 35% 293 

Percoll step interface and added to ice-cold PBS. Cells were centrifuged at 1000 rpm for 294 

5min. GCPs were plated on cover glasses coated with 1 mg/ml poly-l-lysine (Sigma) and 295 

maintained in DMEM supplemented with 5% horse serum (Gibico), 5%FBS (Gibco), 10 296 

ng/ml EGF (PreproTechECz), 10 ng/ml bFGF (PreproTechECz), 1xB27(Gibco), 1xN2 297 

(LifeTechnology), 3mM L-glutamine) and 1 μM SAG (SAG dyhydrochloride, Sigma). 298 

GCPs were transfected with Neon Transfection systems (Thermo) according to 299 

manufacture’s instruction (Pulse voltage: 1200, Pluse width: 30, Pulse No: 1) and 300 

harvested after 24 h in the following buffer: 50 mM Tris pH 8.1, 200 mM NaCl, 0.1% 301 

Triton-X100, 12.5 mM EDTA with Protease inhibitor cocktail (Roche). 302 

 303 

ChIP assay 304 
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  Harvested GCPs were cross-linked by 1% formaldehyde at room temperature for 15 305 

minutes and washed with 0.125M glycine. Fixed tissue was rinsed twice with PBS and 306 

resuspended in lysis buffer (1%SDS, 10mM EDTA, 50mM Tris-HCl, pH 8.1 and 307 

Complete, Mini, EDTA-free (Roche)). Lysate was sonicated 5 min (30 sec on / 30 sec 308 

off) using UR-20P (TOMY) and centrifuged. The supernatant was used immediately in 309 

ChIP experiments. 50-150 μg of sonicated chromatin was diluted 10 in ChIP Dilution 310 

Buffer (16.7mM Tris-HCl, pH 8.1, 167mM NaCl, 1.1% Triton X-100, 1.2mM EDTA, 311 

0.01% SDS) and pre-cleared for 30 min, rotating at 4°C, with 75 μl blocked beads 312 

(Protein A Sepharose (GE Healthcare)) before the overnight incubation with 2-4μg of 313 

the Meis1 antibody. The beads were washed, for 5 minutes, once in Low Salt Buffer 314 

(0.1%SDS, 1%Triton-X100, 2mM EDTA, 20mM Tris-HCl, pH8.1, 150mM NaCl), once 315 

in High Salt Buffer (0.1%SDS, 1%Triton-X100, 2mM EDTA, 20mM Tris-HCl, pH8.1, 316 

500mM NaCl), and twice in TE wash Buffer (10mM Tris-HCl, 1mM EDTA). ChIP'ped 317 

material was eluted after 15 minutes incubations at room temperature with 250 μl 318 

Elution Buffer (1%SDS, 0.1M NaHCO3). Chromatin was reverse-crosslinked by adding 319 

20 μl of 5M NaCl and incubated at 65°C for 4 hours and DNA was treated with RNase 320 
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and proteinase K and extracted by phenol-chloroform. DNA was resuspended in 25 μl 321 

of TE (10mM Tris-HCl. pH8.1, 1mM EDTA) and 2 μl was used as template for PCR 322 

reactions using primer pairs to amplify the Meis1 binding consensus (MBC) region of 323 

the Pax6 gene. 324 

 325 

Statistical Analyses  326 

  Pairwise comparisons between the means of different groups were performed using a 327 

Student t-test (two tailed, unpaired). The difference between two subsets of data is 328 

considered statistically significant if the Student t-test gives a significance level P (P 329 

value) less than 0.05, 0.01 or 0.001. One, two or three asterisks in each graph indicate 330 

that the p value is <0.05, <0.01 or <0.001, respectively. The data are reported as the 331 

mean ± the standard error of mean (SEM).  332 

 333 

Results 334 

Expression profile of Meis1 in the cerebellum during development.  335 

 To investigate the expression of Meis1, we generated an anti-Meis1 antibody. Our 336 
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immunohistochemical studies revealed that Meis1 protein is localized in several regions 337 

of the cerebellar primordium (Fig. 1A-E). In embryonic day (E) 16.5 cerebella, Meis1 338 

was detected in Pax6-positive cells in the EGL, suggesting that this protein is expressed 339 

in GCPs (Fig. 1A, B). In addition, Meis1 is also expressed in Sox9-positive cells (Fig. 340 

1C-E). One population of Sox9-positive cells is cerebellar neuroepithelial cells (arrows 341 

in Fig. 1E) and another population might be cerebellar pluripotent precursor cells 342 

(arrowheads in Fig. 1D, E, Stolt et al., 2003; Vong et al., 2015), which are not well 343 

characterized. At postnatal day (P) 3, Meis1 expression was still observed in cells of 344 

granule cell lineage (GCPs in the EGL and GCs in the ML/IGL, Fig. 1F, G), and 345 

Sox9-positive cells inside the cerebellum (Fig. 1H).  346 

 In the P10 cerebella, co-immunostaining with Pax6 showed that all Pax6-positive cells 347 

expressed Meis1, suggesting that Meis1 was expressed in GCPs in the EGL, migrating 348 

GCs in the ML and differentiating GCs in the IGL (Fig. 2A, B). On the other hand, 349 

Meis1 was also expressed in non-GC lineage cells (Pax6-negative cells, arrowheads in 350 

Fig2B). Measurement of fluorescence intensities per unit area suggested stronger 351 

expression of Meis1 in non-GC lineage cells than in GC-lineage cells (Fig. 2C). 352 
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Coimmunostaining with Tbr2, a marker for unipolar brush cells (UBCs), and calbindin, 353 

a marker for Purkinje cells, revealed that Meis1 was not expressed in UBCs or Purkinje 354 

cells (Fig. 2D-F). The strong Meis1-positive cells adjacent to Purkinje cells in the 355 

Purkinje cell layer (PCL) are likely Bergmann glia (arrowheads in Fig. 2F). Similar to 356 

the P3 cerebella, all Sox9-positive cells expressed Meis1 in the P10 cerebella (Fig. 3A, 357 

B). The Meis1 expression in Sox9-positive cells (arrowheads in Fig. 3A, B) was 358 

stronger than that in GCs (arrows in Fig. 3B), as is shown in the quantitative analyses of 359 

the fluorescence intensities per unit area (Fig. 3C). We confirmed that Pax6-expressing 360 

and Sox9-expressing cells never overlap in the cerebellum at this stage (Fig. 3D, E). As 361 

these cells also expressed GFAP and BLBP (arrowheads in Fig. 3F, G), this population 362 

seemed to include Bergmann glia, astrocytes and pluripotent precursor cells (Pompolo 363 

and Harley, 2001; Stolt et al., 2003; Fleming et al 2013; Vong et al., 2015; Parmigiani et 364 

al 2015).  365 

  At P21, Meis1 expression was not observed in any regions in the cerebellum (Fig. 366 

3H). These results indicate that Meis1 is expressed in cells in the granule cell lineage 367 

and Sox9-positive cells in the cerebellum during development but its expression is lost 368 
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after most cerebellar neurons attain their appropriate positions, thus implying that Meis1 369 

is involved in the development of those cells. This manuscript, however, will focus on 370 

the function of Meis1 in the granule cell lineage. 371 

 372 

Knockdown of Meis1 causes abnormal granule cell development. 373 

  In order to analyze the physiological function of Meis1, we generated three 374 

knockdown vectors (sh-Meis1-1, sh-Meis1-2, sh-Meis1-3) that efficiently suppress 375 

Meis1 expression in vitro (Fig. 4A, B). We then injected the knockdown vector into the 376 

submeningeal space just above the EGL at specific developmental stages, followed 377 

immediately by electroporation. Animals were sacrificed several days after 378 

electroporation and electroporated cells were visualized by co-electroporated H2B-GFP 379 

(Kanda et al., 1998) or GFP that labels the nuclei or entire cell bodies, respectively. 380 

This electroporation strategy enabled us to specifically and efficiently introduce the 381 

vectors into GCPs in the EGL, avoiding other cell types, such as the Sox9-positive cells, 382 

GABAergic interneurons (Pax2-positive cells) or Purkinje cells (Fig. 4C-E). We 383 

observed that all sh-Meis1 vectors efficiently suppressed Meis1 expression in 384 
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electroporated cells (Fig. 4F), leading to similar results in all knockdown experiments in 385 

this study. The co-electroporation efficiency of two vectors is more than 90% 386 

(91.1±3.9%, see Materials and Methods, In vivo electroporation). 387 

  We first performed electroporation at P1 and examined cerebella three days after 388 

electroporation (at P4). Under these experimental conditions, the majority of introduced 389 

cells were found in the EGL, while some were detected in the ML and the IGL (Fig. 390 

4D-H). Interestingly, sh-Meis1-electroporated cells were rarely immunoreactive to Pax6 391 

(arrowheads in Fig.4 H), while adjacent non-electroporated cells and 392 

control-electroporated cells strongly expressed Pax6 (Fig. 4G, H), a difference which 393 

was statistically confirmed (Fig. 4I). Moreover, cointroduction of the 394 

knockdown-resistant Meis1 with sh-Meis1 rescued the expression of Pax6 (Fig. 4J, K). 395 

Pax6 expression was even more strongly induced in the knockdown-resistant 396 

Meis1-introduced cells compared with control (Fig. 4K). We think this may be caused 397 

by the strong exogenous expression of Meis1. These findings suggest that Meis1 is 398 

required for the expression of Pax6 in GCPs and GCs in the developing cerebellum. 399 
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Despite the loss of Pax6 expression, the electroporated cells retained their granule cell 400 

identity (described below). 401 

  The morphology of sh-Meis1 electroporated cells appeared somewhat disorganized 402 

(Fig. 5A-D). They possessed much wider processes, which were wavy, resembling 403 

lamellipodia-like structures (Fig. 5B, D). Accordingly, the cell area visualized with GFP 404 

per cell was much larger in the sh-Meis1 electroporated cerebella than control (Fig. 5G). 405 

This abnormal morphology was rescued by coelectroporation with the 406 

knockdown-resistant Meis1 (Fig. 5H, I). It was previously reported that processes 407 

extending from explant cultures of Pax6 knockout cerebellum exhibited 408 

lamellipodia-like structure (Yamasaki et al., 2001). Similarly, electroporation with 409 

shRNA for Pax6 (sh-Pax6) under the same conditions also resulted in a disorganized 410 

cellular GC morphology with lamellipodia-like processes (Fig. 5E-G). These results 411 

suggest that the Meis1-Pax6 pathway may be required for proper process formation of 412 

GCs.  413 

  Next, we calculated the ratios of electroporated cells localized in the EGL, ML, and 414 

IGL in the same experiment (Fig. 5J). No significant differences were observed in cell 415 
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distribution, suggesting that knockdown of Meis1 or Pax6 did not affect migration of 416 

GCs. 417 

  To investigate the function of Meis1 during late differentiation of GCs, sh-Meis1 was 418 

electroporated into the EGL at P8 (Fig. 5K, L) and brains were fixed at P21. We 419 

observed disorganized morphologies of parallel fibers in sh-Meis1-electroporated GCs 420 

with an abnormal vertical component (arrowheads in Fig. 5L). These abnormal 421 

processes never overlapped with GFAP, distinguishing them from the processes of 422 

Bergmann glia or astrocytes. Similar abnormal morphologies were also observed in 423 

sh-Pax6 introduced GCs (arrowheads in Fig. 5M), suggesting that the Meis1-Pax6 424 

pathway participates in proper formation of parallel fibers of GCs. 425 

  426 

Meis1 directly regulates Pax6 transcription in the cerebellum 427 

  A transgenic mouse line expressing the lacZ gene under the control of the 5' upstream 428 

sequence of Pax6 (Pax6-lacZ Tg) has been previously generated (Williams et al., 1998). 429 

In these mice, lacZ expression was strongly observed in the lens and in some parts of 430 

the brain, while expression of lacZ in the cerebellum was unclear. In the mouse lens, it 431 
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was shown that Meis1 binds to a short sequence in the Pax6 gene (red box in Fig. 6A, C, 432 

Meis1 binding consensus region, (MBC region)) and directly regulates Pax6 433 

transcription (Zhang et al., 2002). As our knockdown experiment showed that Meis1 is 434 

required for Pax6 expression in GCPs/GCs (Fig. 4G-I), we suspected that in GCPs/GCs, 435 

Meis1 may directly upregulate the transcription of Pax6, similar to the case in the lens. 436 

To test this, we performed luciferase assays in Neuro2a cells (Olmsted et al, 1970). The 437 

Meis1 expression vector and a luciferase reporter construct containing the Pax6 438 

upstream sequence (Pax6Up-Luc in Fig. 6A) were cotransfected in Neuro2a cells and 439 

luciferase activities were measured (Fig. 6B). We observed a significant increase in 440 

luciferase activity when Pax6Up-Luc was introduced with Meis1, but that effect was 441 

lost when the MBC region (red box in Fig. 6A) was deleted from the reporter construct 442 

( EnPax6Up-Luc). This suggests that the MBC region is involved in Meis1-induced 443 

transcriptional activation of Pax6 in Neuro2a cells.  444 

  Next, we tried to purify GCPs from P6 WT cerebellum and found that more than 96% 445 

of cells were Pax6/Ki67 double positive, ensuring that most cells in this purification 446 

condition were GCPs. To investigate whether Meis1 directly binds to the MBC region 447 
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of the Pax6 gene in the cerebellum, we performed chromatin immunoprecipitation 448 

(ChIP) assay to the purified GCPs. In this experiment, we used the anti-Meis1 antibody 449 

to precipitate endogenous Meis1 protein plus its associating genomic DNA fragments 450 

and used PCR primer pairs to amplify the MBC region (Fig. 6C-E). Detection of strong 451 

signals indicated that Meis1 binds to the MBC region in GCPs in the developing 452 

cerebellum, to positively regulate Pax6 transcription. 453 

 454 

Deletion of Meis1 in the granule cell lineage results in disorganized cerebellar 455 

structure 456 

  To genetically investigate the role of Meis1 in the cerebellar GCPs/GCs, the Meis1 457 

gene was conditionally ablated using the Cre/LoxP recombination strategy, because the 458 

whole body loss of Meis1 results in embryonic lethality at E14.5 (Hisa et al., 2004). 459 

Mice carrying floxed Meis1 alleles (Ariki et al., 2014) were crossed with Atoh1-Cre-Tg 460 

mice (Fujiyama et al., 2009, Yamada et al., 2014) to specifically knock out the Meis1 461 

gene in the granule cell lineage of their offspring. In P10 cerebella of 462 

Meis1flox/flox;Atoh1-Cre-Tg (Meis1 homozygous cKO) mice, Meis1 expression was 463 
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detected only in Sox9-positive cells (Fig. 7A, B), indicating that Meis1 expression was 464 

specifically eliminated in the granule cell lineage. This was also confirmed by the 465 

quantification of Meis1 fluorescent signals as well as immunoblotting of GCP cultures 466 

(Fig. 7C-E). 467 

  At P21, a pronounced reduction in the size of the cerebellum could be seen in Meis1 468 

cKO homozygotes (Fig. 7F, G). The morphology of the hemispheres and the vermis 469 

was also impaired (Fig. 7F, G). We performed Nissl staining to further investigate the 470 

cerebellar structure of Meis1 cKO mice during postnatal development. At P10, the 471 

cerebellum is much smaller and the structure of the lobules is severely disorganized in 472 

the Meis1 cKO mice (Fig. 7H, I). Although relatively fewer cells were observed in the 473 

ML of the WT cerebella, numerous cells were found to be abnormally located in the 474 

ML of Meis1 cKO homozygotes (Fig. 7J, K). Moreover, we often observed many 475 

abnormally clustered cells in the mutant ML (arrowheads in Fig. 7K).  476 

  At P21, disrupted folial formation was observed (Fig. 7L, M) and the laminar 477 

structure (ML-PCL-IGL) was barely recognizable (Fig. 7N, O) in the cKO 478 

homozygotes. The cell bodies of Purkinje cells are not aligned in monolayer but in 479 
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multilayers (Fig. 7N, O). These results suggest that Meis1 expression in the granule cell 480 

lineage is required for proper formation of cerebellar structure. 481 

  Immunolabeling with L1 at P10 revealed that the orientation of parallel fibers was 482 

disrupted in the cKO cerebella (Fig. 8A, B); some fibers curved perpendicularly into the 483 

deeper cerebellum (arrow in Fig. 8B). Abnormal clustered cells were always observed 484 

at the curving point (dotted line in Fig. 8B). Immunostaining with calbindin showed that 485 

cell bodies of Purkinje cells were not well aligned in the homozygous cerebella at P10 486 

and P21 (Fig. 8C, D, G, H). The morphology of Bergmann glia/astrocytes and 487 

GABAergic interneurons in the ML were not greatly affected, as visualized with GFAP 488 

and parvalbumin, respectively, in the cKO cerebella at these stages (Fig. 8E, F, I-L).  489 

  To examine the extent of apoptosis in the mutant cerebella at P10, we immunostained 490 

with active caspase 3 (apoptosis marker) but observed no significant difference in the 491 

numbers of apoptotic cells between wild type and cKO cerebella (Fig. 8M-O). This 492 

suggests that Meis1 is not involved in cell survival of GCPs/GCs.  493 

  We next examined the cKO cerebella by immunostaining with several GC markers at 494 

P10. The thickness of EGL as deduced from the DAPI signals was significantly reduced 495 
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in the Meis1 cKO mice (Fig. 9A-O). In addition, Pax6 expression was entirely lost in 496 

the mutant cerebella (Fig. 9A, B) as observed in the knockdown experiments (Fig. 4H, 497 

I), confirming that Meis1 is required for Pax6 expression in GCPs/GCs. Because several 498 

markers for GC lineage such as L1 (Fig. 8B), Atoh1 and NeuN (described below) were 499 

still observed in the cKO cerebella, it appears that the GCs retain their identity in the 500 

absence of Meis1 despite their loss of Pax6 expression. This is also supported by our 501 

observation of many GC-like cells by Nissl staining (Fig. 7H-O). 502 

  In the WT cerebella at P10, Atoh1 is expressed in GCPs in the outer EGL, which are 503 

known to proliferate actively (Fig. 9 C, E, Flora et al., 2009) and include many mitotic 504 

(Ki67-positive) cells (Fig. 9G, I). In contrast, NeuN is expressed in postmitotic GCs in 505 

the inner EGL, ML, and IGL of the WT cerebella (Fig. 9K, M, Weyer et al., 2003). In 506 

the cKO mice at P10, the EGL was largely populated by Atoh1-positive GCPs (Fig. 9D, 507 

F). Consistently the EGL was also largely populated by Ki67-positive GCPs (Fig. 9H, J) 508 

which was statistically confirmed by calculating the percentages of Atoh1-positive and 509 

Ki67-positive cells in the EGL (Fig. 9P, Q). This suggests that the cessation of Atoh1 510 

expression and the cell cycle exit of GCPs in the inner EGL were delayed in the absence 511 
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of Meis1. In contrast, NeuN-positive cells were rarely observed in the EGL and 512 

decreased in the ML (Fig. 9L, N, R), suggesting that differentiation of GCs was delayed 513 

in the cKO cerebella.  514 

 515 

Cell cycle exit is delayed in GCPs of cKO cerebella. 516 

  Next, we examined the cell cycle exit ratios of GCPs in the developing postnatal 517 

cerebellum. Brain sections at P10 were prepared 24 hours after pulse labeling with 518 

BrdU, and then immunostained with Ki67 (Fig. 10A-D). The number of cells that exited 519 

from the cell cycle 24 hours after BrdU incorporation was estimated by quantifying the 520 

BrdU-positive and Ki67-negative cells over total BrdU-positive cells. In this 521 

experimental condition, the cell cycle exit ratio of GCPs was 36.0 ± 5.0 % in the EGL 522 

of P10 control cerebella. However, that ratio was reduced to 10.3 ± 2.64% in the EGL 523 

of Meis1 cKO homozygous mice (Fig. 10E). This result suggests that Meis1 positively 524 

regulates the cell cycle exit of GCPs in the EGL. Loss of Meis1 results in the delay of 525 

its timing and leads to the occupancy of the EGL with mitotic cells. We also found 526 

mitotic ectopic GCP clusters (Ki67 and/or Atoh1 positive) in the deeper region (Fig. 9D, 527 
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F, H, J). The cell cycle exit ratio of these ectopic GCP clusters was 9.68 ± 1.93% (Fig. 528 

10E), indicating that the nature of these cells was similar to that of GCPs in the cKO 529 

EGL. Because Atoh1 was still expressed in these cells in the inner EGL and in the ML, 530 

and because Atoh1 is suggested to promote cell cycle progression in GCPs (Flora et al., 531 

2009), prolonged expression of Atoh1 may account for the delayed cell cycle exit in the 532 

cKO cerebella. 533 

  Next, to estimate proliferation of GCPs, we performed doubleimmunostaining with 534 

Ki67 and phospho-Histone H3 (a M-phase marker) to WT and cKO cerebella at P10 535 

(Fig. 10F,G). The number of pH3-positive cells was reduced in the Meisl cKO mice 536 

(Fig. 10H). On the other hand, cells in the mitotic state (Ki67-positive cells) were 537 

increased in the cKO mice (Fig. 10I) because of the inward expansion of mitotic cells 538 

(Fig. 10G), as were observed in Fig. 9H, J, Q. We calculated the ratio of M-phase 539 

(pH3-positive) cells in the Ki67-positive cells and found that the ratio was severely 540 

reduced in the mutants (Fig. 10J). These results suggest that, in the cKO mutants, 541 

proliferation of GCPs is much less active in the cKO cerebella than in WT, even though 542 

more cells are in the cell cycle. This may cause the smaller cerebella in the mutant mice. 543 
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Although we do not currently know how the loss of Meis1 leads to less activity in 544 

proliferation, it should be investigated in the future study. 545 

 546 

Meis1 suppresses Atoh1 expression in GCs in the inner EGL via BMP signaling  547 

It has been shown that mitotic GCPs are increased and differentiation of GCs is 548 

delayed in transgenic mice where Atoh1 expression is upregulated in the granule cell 549 

lineage (Helms et al., 2000). This suggests that Meis1 accelerates cell cycle exit and 550 

differentiation of GCPs/GCs by suppressing the Atoh1 expression in the inner EGL. 551 

Therefore, the decreased cell cycle exit rate and delayed differentiation of GCPs/GCs 552 

may be caused by delayed cessation of Atoh1 expression in the Meis1 cKO cerebella.  553 

  It was previously shown that BMP4 treatment induces Atoh1 degradation in a 554 

proteasome-dependent manner in cultured dissociated GCPs (Zhao et al., 2008). Our 555 

immunostaining with phosphorylated Smad (phospho-Smad1/5/8) revealed that Smad 556 

signaling is active in various regions of the developing cerebellum, including the entire 557 

EGL at P10 (Fig. 11D). We administered LDN-193189, an inhibitor of BMP signaling, 558 

to slices of P8 WT cerebella which were further cultured for 48 hours and then 559 
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examined. Although Atoh1 was expressed only in the outer EGL in control slices (Fig. 560 

11A), its expression expanded downward into the entire EGL in the presence of 561 

LDN-193189 (arrowheads in Fig. 11B), mimicking the phenotype observed in the 562 

Meis1 cKO cerebella (Fig. 9D, F). This suggests that BMP signaling is involved in the 563 

cessation of Atoh1 expression in GCs in the inner EGL, contributing to their proper 564 

differentiation.  565 

  In the retina of zebrafish, it has been reported that Meis1 positively regulates BMP 566 

signaling via induction of Smad1 expression (Erickson et al., 2010). Because it is 567 

known that the cerebellum expresses Smad1 and Smad5 but rarely Smad8 (Rios et al., 568 

2004), we suspected that Meis1 increases Smad1 and/or Smad5 expression in 569 

GCPs/GCs to enhance the BMP signaling pathway. To test this, we introduced sh-Meis1 570 

to purified GCPs from P6 cerebella. As expected, Smad1 and Smad5 proteins as well as 571 

phosphorylated Smad (phospho-Smad1/5/8) were remarkably reduced even in the 572 

presence of BMP in the culture medium (Fig. 11C). Consistently, 573 

immunohistochemistry showed Smad phosphorylation in small cells (putatively 574 

GCPs/GCs) was lost in the P10 Meis1 cKO cerebella (Fig. 11D, E), although strong 575 
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phosphorylation signals in large cells (putatively Purkinje cells) were still detected. 576 

These findings indicate that BMP signaling is not activated in the granule cell lineage of 577 

the Meis1 cKO mice, and therefore suggests that, in the wild type mice, Meis1 is 578 

involved in BMP signaling via induction of Smad1 and Smad5 expression, which may 579 

lead to the cessation of Atoh1 expression in the inner EGL (Fig. 12E).  580 

  Next, we electroporated the sh-Pax6 into cells in the WT EGL at P5 and observed 581 

Smad phosphorylation at P8 by immunostaining. Smad phosphorylation was 582 

significantly decreased by Pax6-knockdown (Fig. 11F-H). Next, we co-electroporated 583 

sh-Meis1 with Pax6 or Smad1 into the WT EGL. The reduction of phosphorylated 584 

Smad by sh-Meis1 was significantly rescued by cointroduction with Pax6 and Smad1, 585 

respectively (Fig. 11F, 12A-D), confirming that Pax6 and BMP signaling functions 586 

downstream of Meis1 (Fig. 12E).  587 

 588 

Discussion 589 

 We showed that Meis1 is expressed in all GC lineage cells throughout developmental 590 

stages. Although Meis1 is also expressed in non-GCP/GC cells in the developing 591 
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cerebellum, we focus on Meis1 function in GCPs/GCs in this study.  592 

 We showed that Meis1 upregulates transcription of Pax6 in the developing cerebellum 593 

via binding to a Pax6 enhancer. It has been reported that processes from microexplants 594 

of Pax6 KO cerebellum exhibit twisted and lamellipodia-like morphology (Yamasaki et 595 

al., 2001). In our Pax6 knockdown experiments, we also observed abnormal 596 

morphology of migrating neurons as well as parallel fibers. In addition, ectopic clusters 597 

of Pax6-/- GCPs have previously been observed in the ML of Pax6-/- and Pax6+/+ 598 

chimeric cerebella (Swanson et al., 2011), mimicking the phenotype of Meis1 cKO 599 

cerebella. These findings suggest that the Meis1-Pax6 pathway is involved in the 600 

regulation of GC morphology, their process formation and migration. 601 

 The cKO cerebella exhibited disorganized structures at P21, when most of the 602 

cerebellar neurons should be arranged at appropriate positions. This suggests that Meis1 603 

expression in the granule cell lineage is required for proper formation of the cerebellar 604 

structure. In the cKO cerebella during development, we observed ectopic clusters of 605 

mitotic GCPs in the ML that were Atoh1-positive. Those cells migrate inwardly from 606 

the EGL before they exit from the cell cycle, indicating that the two important 607 
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developmental processes, cell cycle exit and cell migration, can be distinct processes. 608 

That is, cell cycle exit and initiation of migration could be controlled by different 609 

molecular machineries. The ectopic GCPs in the mutant ML are proliferative and 610 

therefore may produce GCs, resulting in the disorganized lobules. 611 

 It was previously shown that administration of BMPs antagonized proliferation and 612 

induced differentiation of cultured GCPs by binding to their receptors, such as BMPR1a, 613 

BMPR1b, and BMPR2. The interaction of BMPs with their receptors leads to the 614 

phosphorylation of Smad proteins, and then induces cell cycle exit of GCPs via the 615 

transcription of two basic helix–loop–helix (bHLH) proteins, such as an inhibitor of 616 

DNA binding 1 (Id1) and Id2 (Rios et al., 2004; Zhao et al., 2008). In addition, Zhao et 617 

al., showed that administration of BMP to dissociated GCP cultures resulted in 618 

reduction of Atoh1 protein, which was inhibited by MG132, an inhibitor for 619 

proteasome-dependent protein degradation (Zhao et al., 2008). In this study, we showed 620 

that administration of a BMP inhibitor to cultured cerebellar slices induced ectopically 621 

Atoh1-expressing GCPs even in the inner EGL. These observations suggest that BMP 622 

signaling induces protein degradation of Atoh1 in cultured GCPs as well as cerebellar 623 
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tissue. On the other hand, Forget et al showed that an ubiquitin E3 ligase, Huwe1, is 624 

involved in Atoh1 degradation. However, administration of BMP to cultured GCPs 625 

purified from Huwe1 cKO mice still induced Atoh1 degradation, suggesting that Atoh1 626 

is degraded through at least two distinct pathways, BMP-dependent and 627 

Huwe1-dependent pathways. As Meis1 is involved in BMP signaling in GCPs via 628 

upregulation of Smad proteins, Meis1 likely participates in the BMP-dependent 629 

pathway of Atoh1 degradation in the inner EGL. 630 

 We have to note the fact that the Atoh1 expression is not suppressed in the upper part 631 

of the EGL even though Meis1 as well as phosphorylated Smad is also observed there. 632 

Although we do not know its underlying machinery, Atoh1 expression may be 633 

differentially regulated in GCPs/GCs in the upper and lower EGL. We suspect that the 634 

SHH signaling-dependent mechanisms might be involved in avoiding Atoh1 635 

degradation, because the signaling is only active in the outer EGL but not in the inner 636 

EGL. 637 

 BMP signaling is also reported to participate in cerebellar development at embryonic 638 

stages. At early neurogenesis stages, BMP6 and BMP7 are secreted from the choroid 639 
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plexus to induce GCP production from the RL (Krizhanovsky and Ben-Arie, 2006). 640 

Consistent with this, targeted disruption of Smad1/Smad5 (Tong and Kwan, 2013) as 641 

well as Bmpr1a/Bmpr1b (Qin et al., 2006) results in significant reduction of GCs, due 642 

to reduced production of GCPs from the RL, but phenotypes at postnatal stages (after 643 

P0) were not reported. In this study, we show that Meis1 participates in BMP signaling 644 

to regulate GC development at postnatal stages. 645 

 Meis1 has been reported to play important roles in maintaining the undifferentiated 646 

state of hematopoietic stem cells, as shown by the observation that targeted disruption 647 

of Meis1 leads to depletion of hematopoietic stem cells (Hisa et al., 2004). On the other 648 

hand, Meis1 has been linked to oncogenesis of leukemia (Imamura et al., 2002; 649 

Lawrence et al., 1999). Overexpression of Meis1 (in conjunction with Hoxa9) promotes 650 

transformation of hematopoietic stem cells into leukemic cells (Nakamura et al., 1996). 651 

Although Meis1 is also related to other tumors, such as neuroblastoma (Geerts et al., 652 

2003; Spieker et al., 2001), a direct relationship between Meis1 and medulloblastoma, a 653 

tumor derived from GCPs, has not been reported. However, Meis1 expression is 654 

increased in a subset of medulloblastomas as well as some cell lines established from 655 
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medulloblastomas (Jones et al., 2000; Robinson et al., 2012), suggesting that its 656 

misexpression may underlie the oncogenesis of medulloblastoma. 657 

 We found that Meis1 is required to form the proper overall structure of the cerebellum. 658 

We also found that Meis1 activates Pax6 transcription in GCPs/GCs and that this 659 

Meis1-Pax6 pathway regulates the cell cycle exit of GCPs in the inner EGL, maturation 660 

of GCs, and their subsequent formation of parallel fibers after leaving the EGL. The 661 

Meis1-Pax6 cascade is involved in BMP signaling in GCPs/GCs by inducing expression 662 

of Smad proteins, which leads to degradation of Atoh1 and differentiation of GCs from 663 

GCPs in the inner EGL. 664 

 This work should give insight into the molecular machinery for neural development, 665 

not only of the GCs but also of other neurons in the nervous system. Moreover, this 666 

work may also help our understanding of oncogenesis, especially in medulloblastoma. 667 

The function of Meis1 in Bergmann glia and astrocytes during cerebellar development 668 

remains unclear and requires future analyses. 669 
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Legends 830 

Figure 1. Distribution of Meis1 protein in the cerebellum during development 831 
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(A-H) Coimmunostaining with Meis1 and indicated markers in E16.5 (A-E) and P3 832 

(F-H) cerebellar sagittal sections. (B, G) High magnification images of the boxed 833 

regions in (A, F), respectively. (D, E) High magnification images of the upper and lower 834 

boxed regions in (C), respectively. Scale bars: A, C 100 μm; B, D-F, H 20 μm; G 10 μm. 835 

EGL: external granular layer ML: molecular layer PCL: Purkinje cell layer IGL: 836 

internal granular layer. 837 

 838 

Figure 2. Distribution of Meis1 protein in the postnatal cerebellum 839 

(A) Double immunostaining with Meis1 and pax6 in P10 cerebellar sagittal sections.  840 

(B) High magnification images of the boxed regions in (A). 841 

(C) Relative fluorescence intensities of Meis1 per unit area in Meis1+/Pax6+ cells and 842 

Meis1+/Pax6- cells. n=4 mice, 60 cells. 843 

(D) Double immunostaining with Meis1 and Tbr2 in P10 cerebellar sagittal sections. 844 

Arrowheads indicate Tbr-2 positive UBCs. 845 

(E) Double immunostaining with Meis1 and calbindin in P10 cerebellar sagittal 846 

sections. 847 
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(F) High magnification images of the boxed regions in (E). 848 

Scale bars: A, D, E 20 μm; B, F 10 μm. Data are mean ±SEM.  ***P<0.001, Student t 849 

test. 850 

 851 

Figure 3. Expression of Meis1 protein in astrocyte lineage 852 

(A) Double immunostaining with Meis1 and Sox9 in P10 cerebellar sagittal sections.  853 

(B) High magnification images of the boxed regions in (A). 854 

(C) Relative fluorescence intensities of Meis1 per unit area in indicated cells. n=4 mice, 855 

60 cells. 856 

(D) Double immunostaining with Pax6 and Sox9 in P10 cerebellar sagittal sections. 857 

(E) High magnification images of the boxed regions in (D). 858 

(F, G) Double immunostaining with Meis1 and GFAP or BLBP in P10 cerebellar 859 

sagittal sections. 860 

(H) Immunostaining with Meis1 in P21 cerebellar sagittal sections. 861 

Scale bars: A, D, F, G, H 20 μm; B, E 10 μm. Data are mean ±SEM.  ***P<0.001, 862 

Student t test. 863 



 

 55 

 864 

Figure 4. Effect of Meis1 knockdown in GCPs/GCs 865 

(A) Western blot analysis with indicated antibodies on extracts from N2a cells 866 

transfected with a Meis1 expression vector with or without the Meis1 knock-down 867 

vector (sh-Meis1-1, sh-Meis1-2, sh-Meis1-3).  868 

(B) Quantification of Meis1 protein in (A). 869 

(C) (left panel) Representative image of P4 brain that was electroporated with GFP at 870 

P1. Dorsal view. (right panel) Sagittal section of the cerebellum stained with GFP and 871 

DAPI. 872 

(D) Coimmunostaining with GFP and indicated antibodies to P4 cerebella that were 873 

electroporated with H2B-GFP at P1.  874 

(E) Percentages of immunoreactivity to indicated antibodies in H2B-GFP-positive cells.  875 

Pax6:97.9%±1.56% Sox9:3.04%±0.78% Pax2:0% Calbindin:0%, n=4 mice, 16 slices.  876 

(F) Immunostaining with Meis1 and GFP to P4 cerebella that were electroporated with 877 

sh-Meis1-1 (or -2, -3) and H2B-GFP at P1. Arrowheads indicate sh-Meis1 introduced 878 

cells in which Meis1 expression was suppressed.  879 
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(G, H) (left panels) Immunostaining with Pax6 and GFP in P4 cerebella that were 880 

electroporated with control shRNA and sh-Meis1 at P1. DAPI signal are shown in 881 

"Merge". (right panels) High magnification pictures of the boxed regions in (G, H). The 882 

GFP (green) and Pax6 (magenta) fluorescence intensities along the yellow dotted lines 883 

are plotted in the lower graphs. Merged regions for green and magenta were labeled in 884 

black. Yellow arrow indicates that sh-Meis1 introduced (GFP-positive) cell barely 885 

expressed Pax6 (green). 886 

(I) Relative fluorescence intensities of Pax6 per unit area in GFP-negative and positive 887 

cells in the experiment of Figure 4H. n=4 mice, 60 cells for each groups.  888 

(J) Immunostaining with GFP and Pax6 to P4 cerebella that were co-electroporated with 889 

sh-Meis1, sh-resistant Meis1 (Meis1-res) and H2B-GFP. Electroporated cells are 890 

highlighted by arrows. 891 

(K) Relative fluorescence intensities of Pax6 per unit area in GFP-positive cells of 892 

cerebella in Figure 4G and Figure 4J. n=4 mice, 60 cells for each groups.  893 

Scale bars: C 200 μm; D 20 μm; F, G, H, J 10 μm. Data are mean ±SEM; ***P<0.001 894 

Student t test.  895 



 

 57 

 896 

Figure 5. Meis1-Pax6 pathway affects process formation of GCs 897 

(A, C, E) Immunostaining with GFP in P4 cerebella that were electroporated with 898 

indicated shRNA vectors at P1. (B, D, F) High magnification of the boxed regions in (A, 899 

C, E).  900 

(G) Relative value of cell area per one cell visualized with GFP. n=4 mice, 60 cells for 901 

each groups. 902 

(H) Morphology of GCs in the P4 cerebella that were co-electroporated with sh-Meis1, 903 

sh-resistant Meis1 and GFP.  904 

(I) Relative value of cell area per one cell visualized with GFP in the experiments of  905 

(Figure 4A, H). n=4 mice, 60 cells for each groups.  906 

(J) Positions of GFP-positive cells in (A, C, E). n=4 mice, 60 cells for each group.   907 

(K-M) Coimmunostaining with GFP and GFAP in P21 cerebella that were 908 

electroporated with indicated shRNA vectors at P8.  909 

Scale bars: B, D, F, H 10 μm; A, C, E, K-M 20 μm. Data are mean ±SEM; *P<0.05. 910 

Student t test.  911 
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 912 

Figure 6. Regulation of Pax6 transcription by Meis1 913 

(A) Schematic of the 5' upstream sequence of the Pax6 gene and three reporter 914 

plasmids. 915 

(B) Luciferase activities of the reporter constructs in Neuro2a cells. n=3 cultures. 916 

(C) Schematic of positions of primer pairs used for the ChIP assay. 917 

(D, E) ChIP assays reveal interaction of Meis1 protein with the Meis1 binding 918 

consensus region (red boxes in A, C) of the Pax6 gene in purified GCPs. n=6 mice.  919 

Data are mean ±SEM; ***P<0.001. Student t test. 920 

 921 

Figure 7. Cerebellar structure is disrupted in the Meis1 cKO mice. 922 

(A, B) Immunostaining with Meis1 and Sox9 in cerebellar sagittal sections of control 923 

and Meis1 cKO mice at P10. Cell nuclei are visualized with DAPI. 924 

(C, D) Relative fluorescence intensities of Meis1 in Sox9-negative (C) and  925 

Sox9-positive cells (D) of control and Meis1 cKO cerebella. n=3 mice, 45 cells for each 926 

genotype. 927 
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(E) Immunoblot analysis with Meis1 in GCPs purified from control and Meis1 cKO 928 

cerebella at P6.  929 

(F, G) Dorsal view of whole brains of WT (F) and Meis1 cKO (G) mice at P21. Red 930 

lines demarcate the hemispheres and the vermis of the cerebellum.  931 

(H, I) Nissl staining of sagittal sections of cerebella from WT (H) and Meis1 cKO (I) 932 

mice at P10.  933 

(J, K) High magnification of the boxed region in H and I. 934 

(L, M) Nissl staining of sagittal sections of the cerebella of WT (L) and Meis1 cKO (M) 935 

mice at P21.  936 

(N, O) High magnification of the boxed region in L and M. Arrowheads indicate cell 937 

bodies of Purkinje cells that are not aligned. 938 

Scale bars: A, B, J, K, N, O 20 μm; H, I, L, M 200 μm. Data are mean ±SEM;  939 

***P<0.001 Student t test.  940 

 941 

Figure 8. Immunohistochemical analyses of Meis1 cKO cerebella  942 

(A-L) Immunostaining with indicated antibodies to cerebellar sections from WT (A, C, 943 
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E, G, I, K) and Meis1 cKO (B, D, F, H, J, L) mice at P10 (A-F) and P21 (G-L). Arrow 944 

in (B) indicates disorganized parallel fibers. Dotted line in (B) indicates abnormal 945 

clustered cells at the curving point of the parallel fibers. These abnormal parallel fiber 946 

morphologies were found at around 12 sites per sagittal section along the midline. 947 

(M, N) Immunostaining with cleaved caspase-3, a marker for apoptotic cells, in the 948 

cerebellar sections. Genotypes and developmental stages are indicated. 949 

(O) Quantification of apoptotic cells. n=4 mice, 12 slices for each genotype. 950 

Scale bars: A-L 20 μm; M, N 100 μm. Data are mean ±SEM; P>0.05 Student t test. 951 

 952 

Figure 9. GC differentiation is disorganized in Meis1 cKO cerebella. 953 

(A-N) Immunostaining with indicated antibodies in cerebellar sagittal sections from WT 954 

(A, C, E, G, I, K, M) and Meis1 cKO (B, D, F, H, J, L, N) mice at P10. Cell nuclei were 955 

visualized with DAPI. (E, F, I, J, M, N) High magnification of the boxed region in (C, D, 956 

G, H, K, L), respectively. Arrows indicate ectopically localized GCPs that are positive 957 

for Atoh1 and Ki67. Around 4 to 5 ectopic clusters of proliferating cells (D, F, H, J) 958 

were observed per sagittal section along the midline. 959 
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(O) EGL thickness of WT and cKO cerebella. n=4 mice for each genotype. 960 

(P-R) Percentages of Atoh1-positive cells (P), Ki67-positive cells (Q) and 961 

NeuN-positive cells (R) in the EGL of WT and cKO cerebella. n=4 mice, 12 slices for 962 

each genotype.  963 

Scale bars: A-D, G, H, K, L, 20 μm; E, F, I, J, M, N, 10 μm. Data are mean ±SEM; 964 

***P<0.001. Student t test. 965 

 966 

Figure 10. Cell cycle exit in Meis1 cKO cerebella  967 

(A) Schedule for the cell cycle exit assay at P10. 968 

(B-D) Immunostaining with Ki67 and BrdU of cerebellar sections from WT and Meis1 969 

cKO. 970 

(E) Ratios of BrdU-positive and Ki67-negative cells over total BrdU-positive cells, 971 

which represent the cell cycle exit ratios at P10. n=3 mice, 10 slices for each genotype.  972 

(F, G) Immunostaining with Ki67 and phospho-Histone H3 of cerebellar sections from 973 

WT (F) and Meis1 cKO (G) mice at P10.  974 
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(H, I) Quantification of phospho-Histone H3-positive (H) and Ki67-positive (I) cells. 975 

n=3 mice, 10 slices for each genotype. 976 

(J) Ratios of phospho-Histone H3 and Ki67 double-positive cells over total 977 

Ki67-positive cells. n=3 mice, 10 slices for each genotype. 978 

Scale bars: 20 μm. Data are mean ±SEM; **P<0.01. ***P<0.001. Student t test. 979 

 980 

Figure 11. Meis1 affects BMP signaling. 981 

(A, B) Immunostaining with Atoh1 in cultured cerebellar sagittal slices from P8 WT 982 

mice that were treated with control or 5 nM LDN-193189 (BMP inhibitor) for 48 hours. 983 

(C) Immunoblot analyses with indicated antibodies on purified GCPs transfected with 984 

control or sh-Meis1 that were cultured for 24 hours in the presence of 100 ng/ml BMP4. 985 

(D, E) Immunostaining with phospho-Smad1/5/8 (P-Smad) antibody in cerebellar 986 

sagittal sections from WT (D) or Meis1 cKO (E) mice at P10.  987 

(F, G) Immunostaining in P8 cerebellar sagittal sections with P-Smad antibody that 988 

were electroporated with control or sh-Pax6 at P5. Arrowheads indicate reduction of 989 

P-Smad fluorescence intensity in sh-Pax6 introduced cells.  990 
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(H) Relative value of P-Smad fluorescence intensity in GFP-positive cells. n=3 mice, 45 991 

cells for each groups.  992 

Scale bars: A, B, F, G, 10 μm, D, E, 20 μm. Data are mean ±SEM; ***P<0.001. Student 993 

t test. 994 

 995 

Figure 12. BMP signaling and Meis1 in granule cell development 996 

(A-C) Immunostaining with GFP and P-Smad on P8 cerebella that were electroporated 997 

with indicated vectors at P5.  998 

(D) Relative value of P-Smad fluorescence intensity in GFP-positive cells. n=3 mice, 45 999 

cells for each groups.  1000 

(E) Schematic model of the role of Meis1 in the GC development. 1001 

Scale bars: B-D 10 μm. Data are mean ±SEM; ***P<0.001 Student t test. 1002 


























