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Meis1 Coordinates Cerebellar Granule Cell Development by
Regulating Pax6 Transcription, BMP Signaling and Atohl
Degradation
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Cerebellar granule cell precursors (GCPs) and granule cells (GCs) represent good models to study neuronal development. Here, we report
that the transcription factor myeloid ectopic viral integration site 1 homolog (Meis1) plays pivotal roles in the regulation of mouse GC
development. We found that Meisl is expressed in GC lineage cells and astrocytes in the cerebellum during development. Targeted
disruption of the Meis1 gene specifically in the GClineage resulted in smaller cerebella with disorganized lobules. Knock-down/knock-out
(KO) experiments for Meis1 and in vitro assays showed that Meis1 binds to an upstream sequence of Pax6 to enhance its transcription in
GCPs/GCs and also suggested that the Meis1-Pax6 cascade regulates morphology of GCPs/GCs during development. In the conditional
KO (cKO) cerebella, many Atohl-positive GCPs were observed ectopically in the inner external granule layer (EGL) and a similar phe-
nomenon was observed in cultured cerebellar slices treated with a bone morphogenic protein (BMP) inhibitor. Furthermore, expression
of Smad proteins and Smad phosphorylation were severely reduced in the cKO cerebella and Meis1-knock-down GCPs cerebella. Reduc-
tion of phosphorylated Smad was also observed in cerebellar slices electroporated with a Pax6 knock-down vector. Because it is known
that BMP signaling induces Atoh1 degradation in GCPs, these findings suggest that the Meis1-Pax6 pathway increases the expression of
Smad proteins to upregulate BMP signaling, leading to degradation of Atoh1 in the inner EGL, which contributes to differentiation from
GCPs to GCs. Therefore, this work reveals crucial functions of Meis1 in GC development and gives insights into the general understanding
of the molecular machinery underlying neural differentiation from neural progenitors.
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We report that myeloid ectopic viral integration site 1 homolog (Meis1) plays pivotal roles in the regulation of mouse granule cell
(GC) development. Here, we show Meis1 is expressed in GC precursors (GCPs) and GCs during development. Our knock-down and
conditional knock-out (cKO) experiments and in vitro assays revealed that Meis1 is required for proper cerebellar structure
formation and for Pax6 transcription in GCPs and GCs. The Meis1-Pax6 cascade regulates the morphology of GCs. In the cKO
cerebella, Smad proteins and bone morphogenic protein (BMP) signaling are severely reduced and Atohl-expressing GCPs are
ectopically detected in the inner external granule layer. These findings suggest that Meis1 regulates degradation of Atoh1 via BMP
signaling, contributing to GC differentiation in the inner EGL, and should provide understanding into GC development. j
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Introduction

Cerebellar granule cell precursors (GCPs) are generated from the
rhombic lip (RL) and migrate circumferentially along the surface
of the cerebellar primordium to form the external granule layer
(EGL) at the middle to late embryonic stages. They actively pro-
liferate in the outer EGL and then exit from the cell cycle to
become granule cells (GCs) in the inner EGL at the late embry-
onic and early postnatal stages. GCs then start to migrate into the
molecular layer (ML) and eventually reside in the internal gran-
ular layer (IGL) (Komuro and Yacubova, 2003). During and after
migration, maturation of GCs proceeds and they extend their
processes to form parallel fibers in the ML (Sotelo, 2004; Espinosa
and Luo, 2008).

Numerous studies have reported many molecules, including
transcription factors and environmental cues, that are involved
in GC development (Wang and Zoghbi, 2001; Komuro and Ya-
cubova, 2003; Butts et al., 2011). Atohl is a well known key tran-
scription factor that determines cell fates in the GC lineage and
proliferation of GCPs (Flora et al., 2009). Dysregulated overex-
pression of Atohl can cause medulloblastoma (Ayrault et al.,
2010). Bone morphogenic protein (BMP) signaling induces dif-
ferentiation of GCPs into GCs (Zhao et al., 2008) and Shh can
enhance Atohl expression (Forget et al., 2014). Pax6 is also a key
transcription factor that controls the migration and differentia-
tion of GCs and its involvement in GC differentiation was also
reported (Lorenz et al., 2011; Swanson et al., 2011). However, the
overall machinery that regulates these processes of GC develop-
ment is still unclear.

Myeloid ectopic viral integration site 1 homolog (Meis1) is a
transcription factor of the three amino acid loop extension
(TALE) protein family (Hisa et al., 2004; Azcoitia et al., 2005).
Meis1 has been reported to maintain the undifferentiated state of
progenitor cells, including retinal progenitor cells (Heine et al.,
2008), olfactory epithelial cells (Tucker et al., 2010), postnatal
thymic epithelial cells (Hirayama et al., 2014), and hematopoietic
stem cells (Hisa et al., 2004; Azcoitia et al., 2005). Misexpression
of this gene has been linked to tumorigenesis; for example, acute
myeloid leukemia, acute lymphoblastic leukemia (Lawrence et
al., 1999; Imamura et al., 2002), and neuroblastoma (Spieker et
al., 2001; Geerts et al., 2003). In the developing nervous system,
Meisl is expressed in the forebrain (Barber et al., 2013), the mid-
brain (Heine et al., 2008; Erickson et al., 2010), the hindbrain
(Stedman et al., 2009), and the deep nuclei and EGL of the cere-
bellum (Morales and Hatten, 2006). However, the function of
Meis1 in the nervous system during neural development remains
unclear because targeted disruption of MeisI results in lethality at
the mid-embryonic stages.
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In this study, we found that Meis1 is constitutively expressed
in all cells in the GC lineage, from GCPs in the EGL to GCs in the
IGL during development, but its expression is lost after all cere-
bellar cells reach their appropriate positions. This led us to con-
sider the possibility that Meisl is involved in the development of
cerebellar GCs at various developmental stages. Therefore, in this
study, we investigated the function of Meis1 in GC development
by in vitro and in vivo experiments including knock-down and
conditional knock-out analyses. We found that Meisl activates
Pax6 expression in GCPs/GCs. The Meis1-Pax6 pathway regu-
lates the cell cycle exit of GCPs, which is probably involved in the
cessation of Atoh1 expression in the inner EGL through enhanc-
ing BMP-dependent Atohl degradation. The Meis1-Pax6 path-
way also participates in maturation of GCs and formation of
parallel fibers that may contribute to proper folial formation and
overall cerebellar structure. This study should contribute to our
understanding of GC development and further reveal insights
into the molecular machinery underlying neuron development
from their precursors, as well as oncogenesis of medulloblas-
toma, a cerebellar tumor.

Materials and Methods

Animals. All animal experiments in this study were approved by the
Animal Care and Use Committee of the National Institute of Neurosci-
ence, National Center of Neurology and Psychiatry (Tokyo, Japan; proj-
ect 2008005). The Tg-Atohl-Cre and Meis1 ™ mouse lines have been
described previously (Fujiyama et al., 2009; Ariki et al., 2014). Control
and mutant mice of both sexes were used in this study.

Plasmids. The cDNA of Meisl (GenBank accession number NM_010789)
was inserted into pEF-BOS-myc, pGEX-4T vector (GE Healthcare) and
pEF-BOS-GST vectors (gifts from K. Kaibuchi, Nagoya University, Na-
goya, Japan) to generate pEF-BOS-myc-Meis1 plasmids and pEF-BOS-
GST-Meisl. The cDNA of the MeisI fragment was generated by PCR
with the primer (5'-AATTGGATCCATGGCGCAAAGGTACGACGA-
3") and (5"-AATTGGATCCTTATGTGCTGGGGGAAGCTA-3") or (5'-
AATTGGATCCATGACAGGTGACGATGATGAC-3")and(5'-AATTGG
ATCCTTACATGTAGTGCCACTGCC-3"). These fragments were inserted
into pEF-BOS-GST vector. The expression vector for H2B-GFP was de-
scribed previously (Kanda et al., 1998). The pGL3-SV40 vector was from
Promega, the pPCAG-GFP vector from Addgene, and the pRL-TK vector
from Promega. The ¢cDNAs of Pax6 (GenBank accession number
AJ292077.1) and Smadl (GenBank accession number AH010073.2) were
inserted into pCAG vectors.

To construct shRNA-expressing vectors, oligonucleotides targeting
the region in the MeisI coding sequence MeisIshRNA-1 (5'-GCACAAG
ATACAGGACTTACC-3"), MeisIshRNA-2 (5'-GGTGTTCGCCAAACA
GATTCG-3"), MeisIshRNA-3 (5'-TAAATTGTCACATAATTCC-3") or
a control scrambled sequence (Kawauchi et al., 2006) and their comple-
mentary sequences were inserted into the mU6pro vector (Yu et al,,
2002). All contained a nine-base hairpin loop sequence (5'-TTCAAG
AGA-3"). The DNA fragment containing the Pax6 enhancer was gener-
ated by PCR with the primers 5'-GAGTTGCAAGGTATTCAACT-3' and
5'-TAAGCCCCTACCTTCCAGTC-3" (Pax6 Up-Luc) or 5'-GACAAA
TGTCCATCCTGTAG-3' and 5'-TAAGCCCCTACCTTCCAGTC-3’
(AEnPax6Up-Luc). These fragments were inserted into pGL3-SV40
vector.

Antibodies. Anti-bromodeoxyuridine (BrdU) (1:200; sheep; Abcam;
RRID:AB_302944), cleaved Caspase-3 (1:100; rabbit; Cell Signaling
Technology; RRID:AB_2687881), parvalbumin (1:200; mouse; Sigma-
Aldrich; RRID:AB_477329), Tbr2 (1:200; rat; eBioscience), L1 (1:500;
rat; Millipore; RRID:AB_2133200), phospo-histone H3 (1:200; rabbit;
Cell Signaling Technology; RRID:AB_331535), Phospho-Smad1/5/8 (1:
200; rabbit; Cell Signaling Technology; RRID:AB_331671), Smad1 (1:
500; rabbit; Cell Signaling Technology; RRID:AB_2107780), Smad5 (1:500;
rabbit; Cell Signaling Technology; RRID:AB_2193632), Pax6 (1:500; rab-
bit; Covance), Pax6 (1:200; goat; Santa Cruz Biotechnology; RRID:
AB_2236691), GFP (1:50; rat; a kind gift from Dr. A. Imura, Foundation
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for Biomedical Research and Innovation, Kobe, Japan), Ki67 (1:500;rat;
eBioscience), GFAP (1:1; rabbit; Dakocytomation), GFAP (1:200 rat;
Thermo Fisher Scientific), BLBP (1:200 goat; R&D Systems), Calbindin
(1:500; rabbit; Millipore Bioscience Research Reagents; RRID:AB_2068336),
Calbindin (1:200 mouse; Abcam; RRID:AB_2040664), NeuN (1:200;
mouse; Millipore; RRID:AB_177621), Sox9 (1:500; goat; R&D Systems;
RRID:AB_2194160), and Atohl (1:1000, rabbit) (Yamada et al., 2014)
were purchased or obtained as gifts. Anti-Meis1 antibody was generated
as follows. The fragment of mouse Meis1 full-length (Full: 1-390 aa) or
N-terminal side of homeobox domain (NT: 191-213 aa) was inserted
into pMAL-c2 (New England Laboratories) or pGEX-4T-2 (GE Health-
care), respectively. Maltose-binding protein (MBP) and glutathione
S-transferase (GST) fusion proteins were expressed in Escherichia coli BL21
(DE3) and purified according to the instructions of the manufacturer. Poly-
clonal rabbit anti-Meis1 antibody was prepared against MBP-Meis1-Full as
an antigen and then purified by use of GST-Meis1-NT.

Immunohistochemistry. Tissues were fixed with 4% paraformaldehyde
(PFA) in PBS and cryoprotected with 30% sucrose in PBS. After tissues
were embedded in optimal cutting temperature (OCT) compound, cryo-
sections were made at 14 uwm. Sections were incubated in blocking buffer
containing 1% BSA and 0.1% Triton X-100 in PBS at room temperature
(RT) for 1 h and subsequently immunolabeled using the following pri-
mary antibodies in blocking buffer at 4°C overnight. Specimens were
subsequently rinsed with PBS and incubated with secondary antibodies
conjugated with Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 594, or
Alexa Fluor 647 (1:400; Invitrogen) and DAPI (1:5000; Invitrogen) in
blocking buffer containing 1% BSA and 0.2% Triton X-100 in PBS at RT
for 2 h. Fluorescence images were acquired using a Zeiss LSM 780
confocal microscope system (Carl Zeiss) and ZEN 2009 software. Quan-
tification of the fluorescence intensity of immunolabeled cells was per-
formed using the “Measure” and “Plot Profile” functions of Image].

Cell cycle exit assay. Mice were given an intraperitoneal injection of
BrdU at 100 mg/kg; 24 h later, tissues were fixed and subjected to immu-
nohistochemical analyses as follows. After incubation with the anti-Ki67
antibody, tissue sections were postfixed with 4% PFA at RT for 20 min
and treated with 2 N hydrochloric acid at 37°C for 30 min. Sections were
rinsed in PBS, incubated with anti-BrdU antibody overnight, and then
incubated with secondary antibodies to visualize BrdU and Ki67 signals.

It is known that the cell cycle length is ~16—18 h in GCPs (Contest-
abile et al., 2009). When BrdU is administered to the animals, it is tran-
siently incorporated in cells at S-phase. The BrdU-incorporated cells
should undergo cell division once (but never twice) by 24 h after BrdU
administration. Therefore, at the 24 h time point after BrdU administra-
tion, Ki67-negative, BrdU-positive cells should represent cells that have
exited from the cell cycle within the last 24 h. Therefore, the ratio of
Ki67-negative, BrdU-positive cells/BrdU-positive cells can be used to
determine the “cell cycle exit ratio” during the last 24 h.

In vivo electroporation. Pregnant ICR mice were purchased from SLC
Japan. Postnatal mice were anesthetized by placing on ice for 1 min, after
which they were put on a heated plate (37 degrees). A small incision was
made on the skull leaving the pial surface intact at P1, P5, or P8. Three
microliters of plasmid DNA (3 ug/ul) in H,O containing Fast Green was
injected on the pial surface. Holding the brain with forceps-type elec-
trode (Nepa Gene), 50 ms of 70 V electric pulses was delivered eight times
at intervals of 150 ms with a square electroporator (Nepa Gene). After
electroporation, the wound was carefully wiped and the mouse allowed
to spontaneously recover. After harvest, electroporated brains were cut
into 14 um sagittal sections with a cryostat. Fluorescence images of fro-
zen sections of GFP-expressing mouse brains were captured by LSM780
(Zeiss) laser scanning confocal microscopes. Cells in the lobules IV-VII
were found to be the most frequently transfected. Experienced experi-
menters are able to target similar sites along the anteropositerior axis for
electroporation. Mediolateral sites of transfection can be controlled by
orientation of electrodes against the cerebellum. Coelectroporation with
EGFP- and mCherry-expressing vectors indicated that the coelectropo-
ration efficiency was 91.1 * 3.9%. At least three or four mice were ana-
lyzed for each electroporation experiment. For quantification, at least
five sections per mouse were analyzed.
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Luciferase assay. Neuro2a cells were grown in DMEM containing 10%
FBS. Cells were transfected using Trans Fectin reagent (Bio-Rad). Cells in
24-well plates were cotransfected with expression plasmids for Meis1 and
reporter plasmids, together with Renilla luciferase vector (Promega).
Forty-eight hours after transfection, cells were lysed with Reporter Lysis
Buffer (Promega). The Dual-Glo Luciferase Assay System (Promega) was
used to determine firefly and Renilla luciferase activities according to the
manufacturer’s instructions. Measurements were performed with a mul-
tilabel counter (Wallac 1420) and firefly luciferase values were normal-
ized to Renilla luciferase values.

Cerebellar slice culture. WT P8 cerebella were embedded in UltraPure
LMP Agarose (Invitrogen) and 300 um sagittal slices were obtained with
a vibratome. P8 cerebellar slices were placed on a Millicell-CM (Milli-
pore), mounted in collagen gel, and soaked in culture medium (DMEM
supplemented with 5% horse serum (Invitrogen), 5% FBS (Invitrogen),
10 ng/ml EGF (PeproTech), 10 ng/ml bFGF (PeproTech), 1X B27 (In-
vitrogen), 1X N2 (LifeTechnology), 3 mm L-glutamine. The slices in
Millicel-CM dishes were kept at 37°C in an incubator. After 48 h, cere-
bellar slices were fixed with 4% PFA in PBS. Fixed slices were then
blocked with 1% BSA, 0.02% Triton/PBS at RT for 30 min, incubated in
the same solution containing a primary antibody at 4°C overnight, washed
with PBS at RT for 5 min 3 times, and incubated with fluorescence-
conjugated secondary antibody-containing solution (1% BSA, 0.02% Tri-
ton/PBS) at RT for 2 h. After slices were embedded in OCT compound,
cryosections were made at 14 wm. At least three or four mice and five slices
per mouse were analyzed in each experiment.

Cell culture and transfection. Neuro2a cells were maintained in DMEM
containing 10% fetal calf serum and transfected with expression plasmids
using Trans Fectin reagent (Bio-Rad) according to manufacturer’s in-
structions. Transfected cells were harvested after 48 h in the following
buffer: 50 mm Tris, pH 8.1, 200 mm NaCl, 0.1% Triton X-100, 12.5 mm
EDTA, with protease inhibitor mixture (Roche).

GC cultures and transfection. Cerebella from postnatal day 6 (P6) mice
were dissected and incubated at 37°C for 30 min in papain solution (125
ug of papain, 0.25% trypsin-EDTA in Hank’s balanced salt solution;
Sigma-Aldrich) for 15 min at 37°C. To collect a fraction enriched in
GCPs, the cell suspension was loaded onto a step gradient of 35%—60%
Percoll (Sigma-Aldrich) and centrifuged at 2000 rpm for 20 min at room
temperature. GCPs were harvested from 60% and 35% Percoll step in-
terface and added to ice-cold PBS. Cells were centrifuged at 1000 rpm for
5 min. GCPs were plated on cover glasses coated with 1 mg/ml poly-L-
lysine (Sigma-Aldrich) and maintained in DMEM supplemented with
5% horse serum (Invitrogen), 5% FBS (Invitrogen), 10 ng/ml EGF (Pe-
proTech), 10 ng/ml bFGF (PeproTech), 1X B27(Invitrogen), 1X N2
(Life Technology), 3 mm L-glutamine, and 1 um SAG (SAG dyhydrochlo-
ride; Sigma-Aldrich). GCPs were transfected with Neon Transfection
systems (Thermo Fisher Scientific) according to the manufacturer’s in-
struction (pulse voltage: 1200, pulse width: 30, pulse no: 1) and harvested
after 24 h in the following buffer: 50 mm Tris, pH 8.1, 200 mm NaCl, 0.1%
Triton X-100, 12.5 mm EDTA, with protease inhibitor mixture (Roche).

ChIP assay. Harvested GCPs were cross-linked by 1% formaldehyde at
room temperature for 15 min and washed with 0.125 m glycine. Fixed
tissue was rinsed twice with PBS and resuspended in lysis buffer (1% SDS,
10 mm EDTA, 50 mm Tris-HCI, pH 8.1, and Complete, Mini, EDTA-free;
Roche). Lysate was sonicated 5 min (30 s on/30 s off) using UR-20P
(TOMY) and centrifuged. The supernatant was used immediately in ChIP
experiments. Then, 50—150 ug of sonicated chromatin was diluted by 10 in
ChIP dilution buffer (16.7 mm Tris-HCI, pH 8.1, 167 mm NaCl, 1.1%
Triton X-100, 1.2 mm EDTA, 0.01% SDS) and precleared for 30 min,
rotating at 4°C, with 75 ul of blocked beads (Protein A Sepharose; GE
Healthcare) before overnight incubation with 2—4 ug of the Meis1 anti-
body. The beads were washed for 5 min once in low-salt buffer (0.1%
SDS, 1% Triton X-100, 2 mm EDTA, 20 mm Tris-HCI, pH 8.1, 150 mm
NaCl), once in high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mMm
EDTA, 20 mum Tris-HCL, pH 8.1, 500 mm NaCl), and twice in TE wash
buffer (10 mm Tris-HCI, 1 mm EDTA). ChIPed material was eluted after
15 min incubations at room temperature with 250 ul of elution buffer
(1% SDS, 0.1 M NaHCOj). Chromatin was reverse-crosslinked by adding
20 wl of 5M NaCl and incubated at 65°C for 4 h and DNA was treated with
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Distribution of Meis1 protein in the cerebellum during development. A—H, Coimmunostaining with Meis1 and indicated markers in E16.5 (A—E) and P3 (F-H) cerebellar sagittal

sections. B, G, High-magnification images of the boxed regionsin A and F, respectively. D, E, High-magpnification images of the upper and lower boxed regions in , respectively. Scale bars: 4, €, 100

um; B, D-F, H,20 pem; G, 10 em.

RNase and proteinase K and extracted by phenol-chloroform. DNA was
resuspended in 25 ul of TE (10 mm Tris-HCI, pH 8.1, 1 mm EDTA) and
2 wl was used as template for PCRs using primer pairs to amplify the
Meis1 binding consensus (MBC) region of the Pax6 gene.

Statistical analyses. Pairwise comparisons between the means of differ-
ent groups were performed using a Student’s ¢ test (two tailed, unpaired).
The difference between two subsets of data was considered statistically
significant if the Student’s 7 test gave a significance level of p < 0.05, p <
0.01, or p < 0.001. One, two, or three asterisks in each graph indicate that
the p-value is <0.05, <0.01, or <0.001, respectively. The data are re-
ported as the mean = SEM.

Results

Expression profile of Meis1 in the cerebellum

during development

To investigate the expression of Meisl, we generated an anti-
Meis1 antibody. Our immunohistochemical studies revealed that
Meis] protein is localized in several regions of the cerebellar pri-
mordium (Fig. IA-E). In embryonic day (E) 16.5 cerebella, Meis1
was detected in Pax6-positive cells in the EGL, suggesting that this
protein is expressed in GCPs (Fig. 1A, B). In addition, Meis1 is
also expressed in Sox9-positive cells (Fig. 1C—E). One population
of Sox9-positive cells is cerebellar neuroepithelial cells (arrows in
Fig. 1E) and another population might be cerebellar pluripotent
precursor cells (arrowheads in Fig. 1 D, E; Stolt et al., 2003; Vong
et al., 2015), which are not well characterized. At P3, Meisl ex-

pression was still observed in cells of GC lineage (GCPs in the
EGL and GCs in the ML/IGL; Fig. 1 F, G) and Sox9-positive cells
inside the cerebellum (Fig. 1H).

In the P10 cerebella, coimmunostaining with Pax6 showed
thatall Pax6-positive cells expressed Meis1, suggesting that Meis1
was expressed in GCPs in the EGL, migrating GCs in the ML and
differentiating GCs in the IGL (Fig. 2A, B). Conversely, Meisl
was also expressed in non-GC-lineage cells (Pax6-negative cells,
arrowheads in Fig 2B). Measurement of fluorescence intensities
per unit area suggested stronger expression of Meis1 in non-GC
lineage cells than in GC-lineage cells (Fig. 2C). Coimmunostain-
ing with Tbr2, a marker for unipolar brush cells (UBCs), and
calbindin, a marker for Purkinje cells, revealed that Meis1 was not
expressed in UBCs or Purkinje cells (Fig. 2D-F). The strong
Meis1-positive cells adjacent to Purkinje cells in the Purkinje cell
layer (PCL) are likely Bergmann glia (arrowheads in Fig. 2F).
Similar to the P3 cerebella, all Sox9-positive cells expressed Meis1
in the P10 cerebella (Fig. 3A,B). The Meisl expression in Sox9-
positive cells (arrowheads in Fig. 3 A, B) was stronger than that in
GCs (arrows in Fig. 3B), as is shown in the quantitative analyses of
the fluorescence intensities per unit area (Fig. 3C). We confirmed
that Pax6-expressing and Sox9-expressing cells never overlap in
the cerebellum at this stage (Fig. 3D, E). Because these cells also
expressed GFAP and BLBP (arrowheads in Fig. 3F, G), this popula-
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Figure2.

Distribution of Meis1 protein in the postnatal cerebellum. 4, Double immunostaining with Meis1and pax6 in P10 cerebellar sagittal sections. B, High-magnification images of the boxed

regionsin A. C, Relative fluorescence intensities of Meis1 per unit area in Meis1-positive/Pax6-positive cells and Meis1-positive/Pax6-negative cells. n = 4 mice, 60 cells. D, Double immunostaining
with Meis1 and Thr2 in P10 cerebellar sagittal sections. Arrowheads indicate Thr-2 positive UBCs. E, Double immunostaining with Meis1 and calbindin in P10 cerebellar sagittal sections.
F, High-magnification images of the boxed regions in E. Scale bars: 4, D, E, 20 m; B, F, 10 pum. Data are shown as mean == SEM. ***p < 0.001, Student’s t test.

tion seemed to include Bergmann glia, astrocytes, and pluripotent
precursor cells (Pompolo and Harley, 2001; Stolt et al., 2003; Flem-
ing et al., 2013; Parmigiani et al., 2015; Vong et al., 2015).

At P21, Meis1 expression was not observed in any regions in the
cerebellum (Fig. 3H). These results indicate that Meis] is expressed
in cells in the GC lineage and Sox9-positive cells in the cerebellum
during development, but its expression is lost after most cerebellar
neurons attain their appropriate positions, thus implying that Meis1
is involved in the development of those cells. Here, however, we will
focus on the function of Meis1 in the GC lineage.

Knock-down of Meis1 causes abnormal GC development

To analyze the physiological function of Meis1, we generated three
knock-down vectors (sh-MeisI-1, sh-MeisI-2, and sh-Meis1-3) that
efficiently suppress Meis1 expression in vitro (Fig. 4 A, B). We then
injected the knock-down vector into the submeningeal space just
above the EGL at specific developmental stages, followed imme-
diately by electroporation. Animals were killed several days after
electroporation and electroporated cells were visualized by co-
electroporated H2B-GFP (Kanda et al., 1998) or GFP, which label
the nuclei or entire cell bodies, respectively. This electroporation

strategy enabled us to specifically and efficiently introduce the
vectors into GCPs in the EGL, avoiding other cell types such as
the Sox9-positive cells, GABAergic interneurons (Pax2-positive
cells), or Purkinje cells (Fig. 4C-E). We observed that all sh-MeisI
vectors efficiently suppressed Meis1 expression in electroporated
cells (Fig. 4F), leading to similar results in all knock-down exper-
iments in this study. The coelectroporation efficiency of two vec-
tors is >90% (91.1 £ 3.9%, see Materials and Methods, “In vivo
electroporation” section).

We first performed electroporation at P1 and examined cere-
bella 3 d after electroporation (at P4). Under these experimental
conditions, the majority of introduced cells were found in the
EGL, whereas some were detected in the ML and the IGL (Fig.
4D-H). Interestingly, sh-MeisI-electroporated cells were rarely
immunoreactive to Pax6 (arrowheads in Fig. 4H ), whereas adja-
cent nonelectroporated cells and control-electroporated cells
strongly expressed Pax6 (Fig. 4G,H ), a difference that was statis-
tically confirmed (Fig. 4I). Moreover, cointroduction of the
knock-down-resistant Meisl with sh-MeisI rescued the expres-
sion of Pax6 (Fig. 4],K). Pax6 expression was even more strongly
induced in the knock-down-resistant Meisl-introduced cells



1282 - J. Neurosci., January 31,2018 - 38(5):1277-1294 Owa et al. ® Meis1 in Cerebellar Granule Cell Development

- Meis1 Merge DAPI

Sox9

12 q
1
' i
o
-—
o *
06 *
*

Fluorescence intensity of Meis1 (¢
8 o
®

® “Meis1+,Sox9+ Meis1+,Sox9-
cells cells

l Pax6 l Sox9 | Mrge | DAPI |

P10

P10

P10

Figure3. Expression of Meis1 protein in astrocyte lineage. A. Double immunostaining with Meis1 and Sox9in P10 cerebellar sagittal sections. B, High-magnification images of the boxed regions
in A. €, Relative fluorescence intensities of Meis1 per unit area in indicated cells. n = 4 mice, 60 cells. D, Double immunostaining with Pax6 and Sox9 in P10 cerebellar sagittal sections.
E, High-magpnification images of the boxed regions in D. F, G, Double immunostaining with Meis1 and GFAP or BLBP in P10 cerebellar sagittal sections. H, Immunostaining with Meis1 in P21
cerebellar sagittal sections. Scale bars: A, D, F, G, H, 20 m; B, E, 10 pum. Data are shown as mean == SEM. ***p < 0.001, Student's ¢ test.



Owa et al. @ Meis1 in Cerebellar Granule Cell Development J. Neurosci., January 31,2018 - 38(5):1277-1294 « 1283

Meist + + + + B C
sh-Meis1-1 = + = _
sh-Meist-2 = = + " GFP | GFP+DAPI |
sh-Meis1-3 _ = = - + o’
go.a <
2 o
. £06 T
Meis1 2
Qo4 * —
| — n_oz i : i m
== I = =
Meis1 sh-Meis1-1 sh-Meis1-2 sh-Meis1-3
GAPDH
N2a cells

H2B-GFP+Pax6 | H2B-GFP+Calbindin |H2B-GFP+Sox9 |H2B-GFP+Pax2 E -

Percent ge

T —— T T 1
Pax6 Sox9 Pax2 Calbindin

[H2B-GFP zs-

P1—P4

| .. J :
2 >
g | 3 £
5 g 16
2
€ o0 o =X
. % e ° K12
Q aos E ® sa
8 5 g 8 B os
®» 04 T + 7]
) = )
£ ; -— g ° 0.4
5 0 * ol s =
(™ < T8 , _ -
P - @ ° Control 'sh-Meis1
Control sh-Meis1 sh-els

+
Meis1-res

Figure4.  Effect of Meis7 knock-down in GCPs/GCs. A, Western blot analysis with indicated antibodies on extracts from N2a cells transfected with a Meis1 expression vector with or without the
Meis1 knock-down vector (sh-Meis1-1, sh-Meis1-2, and sh-Meis1-3). B, Quantification of Meis1 protein in A. C, Left, Representative image of P4 brain that was electroporated with GFP at P1. Right
dorsal view, Sagittal section of the cerebellum stained with GFP and DAPI. D, Coimmunostaining with GFP and indicated antibodies to P4 cerebella that were electroporated with H2B-GFP at P1.
E, Percentages of immunoreactivity to indicated antibodies in H2B-GFP-positive cells. Pax6: 97.9 == 1.56%, Sox9: 3.04 = 0.78%, Pax2: 0%, Calbindin: 0%, n = 4 mice, 16 slices. F, Inmunostaining
with Meis1 and GFP to P4 cerebella that were electroporated with sh-Meis7-1 (or sh-Meis1-2 or sh-Meis7-3) and H2B-GFP at P1. Arrowheads indicate sh-Meis7-introduced cells in which Meis1
expression was suppressed. G, H, Left, Inmunostaining with Pax6 and GFP in P4 cerebella that were electroporated with control shRNA and sh-Meis7 at P1. (Figure legend continues.)
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compared with control (Fig. 4K). We think that this may have
been caused by the strong exogenous expression of Meis1. These
findings suggest that Meis1 is required for the expression of Pax6
in GCPs and GCs in the developing cerebellum. Despite the loss
of Pax6 expression, the electroporated cells retained their GC
identity (described below).

The morphology of sh-MeisI-electroporated cells appeared
somewhat disorganized (Fig. 5A-D). They possessed much wider
processes, which were wavy, resembling lamellipodia-like struc-
tures (Fig. 5B, D). Accordingly, the cell area visualized with GFP
per cell was much larger in the sh-MeisI-electroporated cerebella
than control (Fig. 5G). This abnormal morphology was rescued
by coelectroporation with the knock-down-resistant Meisl
(Fig. 5H,I). It was reported previously that processes extend-
ing from explant cultures of Pax6 knock-out cerebellum exhib-
ited a lamellipodia-like structure (Yamasaki et al., 2001).
Similarly, electroporation with shRNA for Pax6 (sh-Pax6 ) under
the same conditions also resulted in a disorganized cellular GC
morphology with lamellipodia-like processes (Fig. 5E-G). These
results suggest that the Meis1-Pax6 pathway may be required for
proper process formation of GCs.

Next, we calculated the ratios of electroporated cells localized
in the EGL, ML, and IGL in the same experiment (Fig. 5/). No
significant differences were observed in cell distribution, suggest-
ing that knock-down of MeisI or Pax6 did not affect migration of
GCs.

To investigate the function of Meis1 during late differentia-
tion of GCs, sh-MeisI was electroporated into the EGL at P8 (Fig.
5K, L) and brains were fixed at P21. We observed disorganized
morphologies of parallel fibers in sh-MeisI-electroporated GCs
with an abnormal vertical component (arrowheads in Fig. 5L).
These abnormal processes never overlapped with GFAP, distin-
guishing them from the processes of Bergmann glia or astrocytes.
Similar abnormal morphologies were also observed in sh-Pax6-
introduced GCs (arrowheads in Fig. 5M), suggesting that the
Meis1-Pax6 pathway participates in proper formation of parallel
fibers of GCs.

Meisl regulates Pax6 transcription directly in the cerebellum

A transgenic mouse line expressing the lacZ gene under the con-
trol of the 5" upstream sequence of Pax6 (Pax6-lacZ Tg) was
generated previously (Williams et al., 1998). In these mice, lacZ
expression was strongly observed in the lens and in some parts of
the brain, whereas expression of lacZ in the cerebellum was un-
clear. In the mouse lens, it was shown that Meis1 binds to a short
sequence in the Pax6 gene (red box in Fig. 6A,C; MBC region)
and directly regulates Pax6 transcription (Zhang et al., 2002).
Because our knock-down experiment showed that Meisl is re-
quired for Pax6 expression in GCPs/GCs (Fig. 4G-I), we sus-
pected that, in GCPs/GCs, Meisl may directly upregulate the

<«

(Figure legend continued.) DAPI signal are shown in merge. Right, High-magnification images of
the boxed regions in G and H. The GFP (green) and Pax6 (magenta) fluorescence intensities
along the yellow dotted lines are plotted in the lower graphs. Merged regions for green and
magenta were labeled in black. Yellow arrow indicates that sh-Meis7 introduced (GFP-positive)
cell barely expressed Pax6 (green). I, Relative fluorescence intensities of Pax6 per unit area in
GFP-negative and positive cells in the experiment of Figure 4H. n = 4 mice, 60 cells for each
groups.J, Immunostaining with GFP and Pax6 to P4 cerebella that were coelectroporated with
sh-Meis1, sh-resistant Meis 1 (Meis1-res), and H2B-GFP. Electroporated cells are highlighted by
arrows. K, Relative fluorescence intensities of Pax6 per unit area in GFP-positive cells of cere-
bellain GandJ. n = 4 mice, 60 cells for each groups. Scale bars: C, 200 em; D, 20 wm; F-H, J,
10 wm. Data are shown as mean == SEM. ***p <C0.001, Student’s ¢ test.
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transcription of Pax6, similar to the case in the lens. To test this,
we performed luciferase assays in Neuro2a cells (Olmsted et al.,
1970). The Meis1 expression vector and a luciferase reporter con-
struct containing the Pax6 upstream sequence (Pax6Up-Luc in
Fig. 6A) were cotransfected in Neuro2a cells and luciferase activ-
ities were measured (Fig. 6B). We observed a significant increase
in luciferase activity when Pax6Up-Luc was introduced with
Meisl, but that effect was lost when the MBC region (red box in
Fig. 6A) was deleted from the reporter construct (AEnPax6Up-
Luc). This suggests that the MBC region is involved in Meisl-
induced transcriptional activation of Pax6 in Neuro2a cells.
Next, we tried to purify GCPs from P6 WT cerebellum and
found that >96% of cells were Pax6/Ki67 double positive, ensur-
ing that most cells in this purification condition were GCPs. To
investigate whether Meis1 binds directly to the MBC region of the
Pax6 gene in the cerebellum, we performed a ChIP assay to the
purified GCPs. In this experiment, we used the anti-Meis1 anti-
body to precipitate endogenous Meis1 protein plus its associating
genomic DNA fragments and used PCR primer pairs to amplify
the MBC region (Fig. 6C-E). Detection of strong signals indi-
cated that Meis1 binds to the MBC region in GCPs in the devel-
oping cerebellum to positively regulate Pax6 transcription.

Deletion of Meis1 in the GC lineage results in disorganized
cerebellar structure

To investigate genetically the role of Meisl in the cerebellar
GCPs/GCs, the Meis] gene was conditionally ablated using the
Cre/LoxP recombination strategy because the whole body loss of
Meis] results in embryonic lethality at E14.5 (Hisa et al., 2004).
Mice carrying floxed Meis1 alleles (Ariki et al., 2014) were crossed
with AtohI-Cre-Tg mice (Fujiyama et al., 2009, Yamada et al.,
2014) to specifically knock out the MeisI gene in the GC lineage
of their offspring. In P10 cerebella of Meis1 "**/1°;Atoh1-Cre-Tg
(Meis1 homozygous cKO) mice, Meisl expression was detected
only in Sox9-positive cells (Fig. 7 A, B), indicating that Meis1 ex-
pression was specifically eliminated in the GC lineage. This was
also confirmed by the quantification of Meis1 fluorescent signals
as well as immunoblotting of GCP cultures (Fig. 7C-E).

At P21, a pronounced reduction in the size of the cerebellum
could be seen in Meis! cKO homozygotes (Fig. 7 F,G). The mor-
phology of the hemispheres and the vermis was also impaired
(Fig. 7F,G). We performed Nissl staining to further investigate
the cerebellar structure of Meis! cKO mice during postnatal de-
velopment. At P10, the cerebellum is much smaller and the struc-
ture of the lobules is severely disorganized in the MeisI cKO mice
(Fig. 7H,I). Although relatively fewer cells were observed in the
ML of the WT cerebella, numerous cells were found to be abnor-
mally located in the ML of MeisI cKO homozygotes (Fig. 7],K).
Moreover, we often observed many abnormally clustered cells in
the mutant ML (arrowheads in Fig. 7K).

At P21, disrupted folial formation was observed (Fig. 7L, M)
and the laminar structure (ML-PCL-IGL) was barely recogniz-
able (Fig. 7N, O) in the cKO homozygotes. The cell bodies of
Purkinje cells are not aligned in a monolayer, but rather in mul-
tilayers (Fig. 7N, O). These results suggest that Meis1 expression
in the GC lineage is required for proper formation of cerebellar
structure.

Immunolabeling with L1 at P10 revealed that the orientation
of parallel fibers was disrupted in the cKO cerebella (Fig. 8 A, B);
some fibers curved perpendicularly into the deeper cerebellum
(arrow in Fig. 8B). Abnormal clustered cells were always observed
at the curving point (dotted line in Fig. 8B). Immunostaining
with calbindin showed that cell bodies of Purkinje cells were not
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well aligned in the homozygous cerebella at P10 and P21 (Fig.
8C,D,G,H). The morphology of Bergmann glia/astrocytes and
GABAergic interneurons in the ML were not greatly affected, as
visualized with GFAP and parvalbumin, respectively, in the cKO
cerebella at these stages (Fig. 8 E, F,I-L).

To examine the extent of apoptosis in the mutant cerebella at
P10, we immunostained with active caspase 3 (an apoptosis
marker), but observed no significant difference in the numbers of
apoptotic cells between WT and cKO cerebella (Fig. 8M—0). This
suggests that Meisl is not involved in cell survival of GCPs/GCs.

We next examined the cKO cerebella by immunostaining with
several GC markers at P10. The thickness of EGL as deduced from
the DAPI signals was significantly reduced in the MeisI cKO mice
(Fig. 9A-0). In addition, Pax6 expression was entirely lost in the
mutant cerebella (Fig. 9A,B), as observed in the knock-down
experiments (Fig. 4H,I), confirming that Meis1 is required for
Pax6 expression in GCPs/GCs. Because several markers for GC
lineage such as L1 (Fig. 8B), Atohl, and NeuN (described below)
were still observed in the cKO cerebella, it appears that the GCs
retain their identity in the absence of MeisI despite their loss of
Pax6 expression. This is also supported by our observation of
many GC-like cells by Nissl staining (Fig. 7H-0).

In the WT cerebella at P10, Atoh1 is expressed in GCPs in the
outer EGL, which are known to proliferate actively (Fig. 9C,E,
Flora et al., 2009) and include many mitotic (Ki67-positive) cells
(Fig. 9G,I). In contrast, NeuN is expressed in postmitotic GCs in
the inner EGL, ML, and IGL of the WT cerebella (Fig. 9K, M;
Weyer et al., 2003). In the cKO mice at P10, the EGL was largely
populated by Atoh1-positive GCPs (Fig. 9 D, F). Consistently, the
EGL was also largely populated by Ki67-positive GCPs (Fig.
9H,]), which was confirmed statistically by calculating the per-
centages of Atohl-positive and Ki67-positive cells in the EGL
(Fig. 9P, Q). This suggests that the cessation of Atoh1 expression
and the cell cycle exit of GCPs in the inner EGL were delayed in
the absence of MeisI. In contrast, NeuN-positive cells were rarely
observed in the EGL and decreased in the ML (Fig. 9L,N,R),

suggesting that differentiation of GCs was delayed in the cKO
cerebella.

Cell cycle exit is delayed in GCPs of cKO cerebella

Next, we examined the cell cycle exit ratios of GCPs in the devel-
oping postnatal cerebellum. Brain sections at P10 were prepared
24 h after pulse labeling with BrdU and then immunostained with
Ki67 (Fig. 10A—D). The number of cells that exited from the cell
cycle 24 h after BrdU incorporation was estimated by quantifying
the BrdU-positive and Ki67-negative cells over total BrdU-
positive cells. In this experimental condition, the cell cycle exit
ratio of GCPs was 36.0 = 5.0% in the EGL of P10 control cere-
bella. However, that ratio was reduced to 10.3 % 2.64% in the
EGL of Meis1 cKO homozygous mice (Fig. 10E). This result sug-
gests that Meis1 positively regulates the cell cycle exit of GCPs in
the EGL. Loss of MeisI results in the delay of its timing and leads
to the occupancy of the EGL with mitotic cells. We also found
mitotic ectopic GCP clusters (Ki67 and/or Atoh1 positive) in the
deeper region (Fig. 9D,F,H,J). The cell cycle exit ratio of these
ectopic GCP clusters was 9.68 = 1.93% (Fig. 10E), indicating that
the nature of these cells was similar to that of GCPs in the cKO
EGL. Because Atoh1 was still expressed in these cells in the inner
EGL and in the ML and because Atohl1 is suggested to promote
cell cycle progression in GCPs (Flora et al., 2009), prolonged
expression of Atoh1 may account for the delayed cell cycle exit in
the cKO cerebella.

Next, to estimate proliferation of GCPs, we performed
doubleimmunostaining with Ki67 and phospho-Histone H3 (a
M-phase marker) to WT and cKO cerebella at P10 (Fig. 10F, G).
The number of pH3-positive cells was reduced in the Meisl cKO
mice (Fig. 10H). Conversely, cells in the mitotic state (Ki67-
positive cells) were increased in the cKO mice (Fig. 10I) because
of the inward expansion of mitotic cells (Fig. 10G), as can be
observed in Figure 9, H, J, and Q. We calculated the ratio of
M-phase (pH3-positive) cells in the Ki67-positive cells and found
that the ratio was severely reduced in the mutants (Fig. 10]).
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Figure7. Cerebellar structure is disrupted in the Meis7 cKO mice. A, B, Inmunostaining with Meis1 and Sox9 in cerebellar sagittal sections of control and Meis7 cKO mice at P10. Cell nuclei are
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1288 - J. Neurosci., January 31,2018 - 38(5):1277-1294 Owa et al. ® Meis1 in Cerebellar Granule Cell Development

Calbindin

WT

P10

Meis1 cKQ‘

[ wr

P21

Meis1cKQ_

Cleaved caspase-3 0 .
] 2
1
Ol 25
oS §a"
g
I — © °" WT Meis1cKO
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sections. Genotypes and developmental stages are indicated. 0, Quantification of apoptotic cells. n = 4 mice, 12 slices for each genotype. Scale bars: A—L, 20 m; M, N, 100 um. Data are shown
asmean = SEM. p > 0.05, Student’s ¢ test.



Owa et al. @ Meis1 in Cerebellar Granule Cell Development J. Neurosci., January 31,2018 - 38(5):1277-1294 « 1289

DAPI Pax6 || DAPI Atoht |

...............

WT

P10

.............
...........................
..........
. .
--------
................
..........

Meis1cK0

Meis1cKO

§ § 100 g § 40k
% £ w % £ ER £
T s ) S +
20 3 ® T 70 30
= Lz RS o o
8 * row £ e 2 ®
30 * = 1 © 5 - S
B s -3 9 s > % 20
# 2 ,f 40 5 Y w15
2 s ® g » 210
1
=10 D - 8 20 - g
O] S € £ *
E 5 E 10 - 8 10 S 51 ;
0 p— ° o ! O 0 S0 —=—
WT  Meis1cKO s WT Meis1cKO o WT  Meis1cKO g WT  Meis1cKO
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These results suggest that, in the cKO mutants, proliferation of
GCPs is much less active in the cKO cerebella than in WT even
though more cells are in the cell cycle. This may cause the smaller
cerebella in the mutant mice. Although we do not currently know
how the loss of MeisI leads to less activity in proliferation, it
should be investigated in future studies.

Meisl suppresses Atohl expression in GCs in the inner EGL
via BMP signaling

It has been shown that mitotic GCPs are increased and differen-
tiation of GCs is delayed in transgenic mice in which Atohl ex-
pression is upregulated in the GC lineage (Helms et al., 2000).
This suggests that Meis1 accelerates cell cycle exit and differenti-
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ation of GCPs/GCs by suppressing the Atohl expression in the
inner EGL. Therefore, the decreased cell cycle exit rate and de-
layed differentiation of GCPs/GCs may be caused by delayed ces-
sation of Atohl expression in the Meisl cKO cerebella.

It was shown previously that BMP4 treatment induces Atoh1
degradation in a proteasome-dependent manner in cultured dis-
sociated GCPs (Zhao et al., 2008). Our immunostaining with
phosphorylated Smad (phospho-Smad1/5/8) revealed that Smad
signaling is active in various regions of the developing cerebel-
lum, including the entire EGL at P10 (Fig. 11D). We administered
LDN-193189, an inhibitor of BMP signaling, to slices of P§ WT
cerebella, which were further cultured for 48 h and then exam-
ined. Although Atohl was expressed only in the outer EGL in
control slices (Fig. 11A), its expression expanded downward into
the entire EGL in the presence of LDN-193189 (arrows in Fig.
11B), mimicking the phenotype observed in the MeisI cKO cer-
ebella (Fig. 9D, F). This suggests that BMP signaling is involved
in the cessation of Atohl expression in GCs in the inner EGL,
contributing to their proper differentiation.

In the retina of zebrafish, it has been reported that Meisl
positively regulates BMP signaling via induction of Smadl ex-
pression (Erickson et al., 2010). Because it is known that the
cerebellum expresses Smadl and Smad5, but rarely Smad8 (Rios
et al., 2004), we suspected that Meis] increases Smadl and/or
Smad5 expression in GCPs/GCs to enhance the BMP signaling
pathway. To test this, we introduced sh-MeisI to purified GCPs
from P6 cerebella. As expected, Smadl and Smad5 proteins and

phosphorylated Smad (phospho-Smad1/5/8) were remarkably
reduced even in the presence of BMP in the culture medium (Fig.
11C). Consistently, immunohistochemistry showed that Smad
phosphorylation in small cells (putatively GCPs/GCs) was lost in
the P10 MeisI cKO cerebella (Fig. 11 D, E), although strong phos-
phorylation signals in large cells (putatively Purkinje cells) were
still detected. These findings indicate that BMP signaling is not
activated in the GC lineage of the MeisI ¢cKO mice and there-
fore suggest that, in WT mice, Meis] is involved in BMP sig-
naling via induction of Smadl and Smad5 expression, which
may lead to the cessation of Atoh1 expression in the inner EGL
(Fig. 12E).

Next, we electroporated sh-Pax6 into cells in the WT EGL at
P5 and observed Smad phosphorylation at P8 by immunostain-
ing. Smad phosphorylation was significantly decreased by Pax6-
knock-down (Fig. 11F-H ). Next, we coelectroporated sh-MeisI
with Pax6 or Smad1 into the WT EGL. The reduction of phosphor-
ylated Smad by sh-Meis1 was significantly rescued by cointroduction
with Pax6 and Smadl, respectively (Figs. 11F, 12A-D), confirm-
ing that Pax6 and BMP signaling functions downstream of Meis1
(Fig. 12E).

Discussion

We showed that Meisl is expressed in all GC lineage cells
throughout developmental stages. Although Meisl is also ex-
pressed in non-GCP/GC cells in the developing cerebellum, we
focus on Meis1 function in GCPs/GCs in this study.
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We showed that Meisl upregulates transcription of Pax6 in
the developing cerebellum via binding to a Pax6 enhancer. It has
been reported that processes from microexplants of Pax6 KO
cerebellum exhibit twisted and lamellipodia-like morphology
(Yamasaki et al., 2001). In our Pax6 knock-down experiments,
we also observed abnormal morphology of migrating neurons as
well as parallel fibers. In addition, ectopic clusters of Pax6 '~
GCPs have previously been observed in the ML of Pax6 '~ and
Pax6 """ chimeric cerebella (Swanson et al., 2011), mimicking
the phenotype of MeisI cKO cerebella. These findings suggest
that the Meis1-Pax6 pathway is involved in the regulation of GC
morphology and their process formation and migration.

The cKO cerebella exhibited disorganized structures at P21,
when most of the cerebellar neurons should be arranged at ap-
propriate positions. This suggests that Meisl expression in the
GC lineage is required for proper formation of the cerebellar
structure. In the cKO cerebella during development, we observed
ectopic clusters of mitotic GCPs in the ML that were Atohl-
positive. Those cells migrate inwardly from the EGL before they
exit from the cell cycle, indicating that the two important devel-
opmental processes, cell cycle exit and cell migration, can be
distinct processes. That is, cell cycle exit and initiation of migra-
tion could be controlled by different molecular machineries. The
ectopic GCPs in the mutant ML are proliferative and therefore
may produce GCs, resulting in the disorganized lobules.

It was shown previously that administration of BMPs antago-
nized proliferation and induced differentiation of cultured GCPs
by binding to their receptors, such as BMPR1a, BMPR1D, and
BMPR2. The interaction of BMPs with their receptors leads to the
phosphorylation of Smad proteins and then induces cell cycle exit
of GCPs via the transcription of two basic helix-loop-helix
(bHLH) proteins such as an inhibitor of DNA binding 1 (Id1)
and Id2 (Rios et al., 2004; Zhao et al., 2008). In addition, Zhao et
al. (2008) showed that administration of BMP to dissociated GCP
cultures resulted in reduction of Atoh1 protein, which was inhib-
ited by MG132, an inhibitor for proteasome-dependent protein
degradation. In this study, we showed that administration of a
BMP inhibitor to cultured cerebellar slices induced ectopically
Atohl-expressing GCPs even in the inner EGL. These observa-
tions suggest that BMP signaling induces protein degradation of
Atohl in cultured GCPs as well as cerebellar tissue. Conversely,
Forget et al. (2014) showed that an ubiquitin E3 ligase, Huwel, is
involved in Atoh1 degradation. However, administration of BMP
to cultured GCPs purified from Huwel ¢KO mice still induced
Atohl degradation, suggesting that Atohl is degraded through at
least two distinct pathways, BMP-dependent and Huwel-depen-
dent pathways. As Meis1 is involved in BMP signaling in GCPs via
upregulation of Smad proteins, Meis1 likely participates in the
BMP-dependent pathway of Atoh1 degradation in the inner EGL.

We have to note that the Atoh1 expression is not suppressed in
the upper part of the EGL even though Meisl and phosphory-
lated Smad is also observed there. Although we do not know its
underlying machinery, Atohl expression may be differentially
regulated in GCPs/GCs in the upper and lower EGL. We suspect
that the SHH signaling-dependent mechanisms might be in-
volved in avoiding Atohl degradation because the signaling is
only active in the outer EGL, not in the inner EGL.

BMP signaling is also reported to participate in cerebellar devel-
opment at embryonic stages. At early neurogenesis stages, BMP6
and BMP?7 are secreted from the choroid plexus to induce GCP
production from the RL (Krizhanovsky and Ben-Arie, 2006). Con-
sistent with this, targeted disruption of Smad1/Smad5 (Tong and
Kwan, 2013) and Bmprla/Bmprlb (Qin et al., 2006) results in

J. Neurosci., January 31,2018 - 38(5):1277-1294 « 1293

significant reduction of GCs due to reduced production of GCPs
from the RL, but phenotypes at postnatal stages (after P0) were
not reported. In this study, we show that Meis1 participates in
BMP signaling to regulate GC development at postnatal stages.

Meisl has been reported to play important roles in maintain-
ing the undifferentiated state of hematopoietic stem cells, as
shown by the observation that targeted disruption of MeisI leads
to depletion of hematopoietic stem cells (Hisa et al., 2004). Con-
versely, Meis1 has been linked to oncogenesis of leukemia (Law-
rence et al., 1999; Imamura et al., 2002). Overexpression of Meis1
(in conjunction with Hoxa9) promotes transformation of hema-
topoietic stem cells into leukemic cells (Nakamura et al., 1996).
Although Meisl is also related to other tumors, such as neuro-
blastoma (Spieker et al., 2001; Geerts et al., 2003), a direct rela-
tionship between Meisl and medulloblastoma, a tumor derived
from GCPs, has not been reported. However, Meis1 expression is
increased in a subset of medulloblastomas and some cell lines
established from medulloblastomas (Jones et al., 2000; Robinson
et al., 2012), suggesting that its misexpression may underlie the
oncogenesis of medulloblastoma.

We found that Meisl is required to form the proper overall
structure of the cerebellum. We also found that Meis1 activates
Pax6 transcription in GCPs/GCs and that this Meis1-Pax6 path-
way regulates the cell cycle exit of GCPs in the inner EGL, matu-
ration of GCs, and their subsequent formation of parallel fibers
after leaving the EGL. The Meisl-Pax6 cascade is involved in
BMP signaling in GCPs/GCs by inducing expression of Smad
proteins, which leads to degradation of Atoh1 and differentiation
of GCs from GCPs in the inner EGL.

This work should give insight into the molecular machinery
for neural development, not only of the GCs, but also of other
neurons in the nervous system. Moreover, this work may also
help our understanding of oncogenesis, especially medulloblas-
toma. The function of Meisl in Bergmann glia and astrocytes
during cerebellar development remains unclear and requires fu-
ture analyses.
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