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ABSTRACT 

The striatum is a central regulator of behavior and motor function through the actions 

of D1 and D2 medium-sized spiny neurons (MSNs), which arise from a common 

lateral ganglionic eminence (LGE) progenitor. The molecular mechanisms of cell fate 

specification of these two neuronal subtypes are incompletely understood. Here, we 

found that deletion of Meis2, which is highly expressed in the LGE and derivatives led 

to a large reduction in striatal MSNs due to a block in their differentiation. Meis2 
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directly binds to the Zfp503 and Six3 promoters and is required for their expression 

and specification of D1 and D2 MSNs, respectively. Finally, Meis2 expression is 

regulated by Dlx1/2 at least partially through the enhancer hs599 in the LGE SVZ. 

Overall, our findings define a pathway in the LGE whereby Dlx1/2 drives expression of 

Meis2 which subsequently promotes the fate determination of striatal D1 and D2 

MSNs via Zfp503 and Six3.   
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INTRODUCTION 

The striatum is first component of the basal ganglia that receives cortical input; it 

participates in computations that mediate complex movements, reward learning, 

decision making, emotion and cognition (Hikida et al., 2010; Hintiryan et al., 2016; 

Valjent and Gangarossa, 2020; Xiao et al., 2020). In mammals, the majority of striatal 

neurons are GABAergic medium-sized spiny neurons (MSNs), which can be 

subdivided into two subpopulations according to their transcriptional profile and target 

innervation (Doyle et al., 2008; Gerfen and Surmeier, 2011; Lobo et al., 2006). 

Striatonigral neurons (D1 MSNs) are characterized by the transcription factors (TFs) 

Zfp503 and Isl1 and specifically express the dopamine D1 receptor (DRD1) and the 

neuropeptide TAC1 (known as substance P) (Chen et al., 2020; Ehrman et al., 2013; 

Gerfen et al., 1990; Gerfen and Surmeier, 2011; Lu et al., 2014; Soleilhavoup et al., 

2020). In contrast, striatopallidal neurons (D2 MSNs) are characterized by the Sp8/9 

and Six3 TFs, and specifically express the dopamine D2 receptor (DRD2) and the 

neuropeptide enkephalin (ENK) (Gerfen et al., 1990; Gerfen and Surmeier, 2011; 

Gokce et al., 2016; Lobo et al., 2006; Stanley et al., 2019; Xu et al., 2018; Zhang et al., 

2016). Both cell types originate from a common pool of progenitor cells located in the 

lateral ganglionic eminence (LGE) and express TFs such as Gsx1/2, Ascl1 and Dlx1/2 

(Anderson et al., 1997; Bocchi et al., 2021; Kelly et al., 2018; Long et al., 2009b; Pei 

et al., 2011; Wang et al., 2013; Yun et al., 2002). The molecular mechanisms of that 

specify D1 and D2 MSNs remain to be fully elucidated.    
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Homeodomain TFs comprise a large family of evolutionarily conserved DNA binding 

proteins that have a myriad of roles in controlling animal development (Gehring et al., 

1994).The Meis1/2/3 homeodomain TFs belong to the three amino acid loop 

extension (TALE) family of homeodomain proteins, that include the PBX and PKNOX 

families; together they play important roles in development and disease in part 

through modulating the function of HOX TFs (Golonzhka et al., 2015; Moens and 

Selleri, 2006; Mukherjee and Burglin, 2007). In nonneuronal tissues, Meis2 regulates 

the proliferation, differentiation and survival in the limbs, craniofacial skeleton and 

heart (Cunningham and Duester, 2015; Machon et al., 2015; Wang et al., 2020; Zha et 

al., 2014). Furthermore, Meis2 plays pivotal roles in the gene regulatory network 

driving the differentiation of human embryonic stem cells towards cardiovascular cell 

types (Paige et al., 2012). Meis2 loss of function causes a triad of palatal defects, 

congenital heart defects, and intellectual disability in humans (Giliberti et al., 2020; 

Verheije et al., 2019). Although the expression of Meis2 in the central nervous system 

was reported twenty years ago (Larsen et al., 2010; Toresson et al., 1999), its 

functions in the forebrain remain to be investigated. Furthermore, investigation of the 

molecular mechanisms by which Meis2 regulates the development of MSNs may 

provide a theoretical and experimental basis for clinical applications to disorders of 

the basal ganglia.  

 

The present study was undertaken to uncover the molecular mechanisms of Meis2 

in regulating the development of striatal MSNs. In the Meis2-conditional knockout 

(CKO) (Dlx5/6-CIE; Meis2F/F) mouse, LGE precursor cells failed to fully differentiate 

into MSNs leading to an expansion of the subventricular zone (SVZ). As a result, the 

majority of MSNs were not generated. Analysis of the results of RNA sequencing 

(RNA-seq), Assay for Transposase-Accessible Chromatin using sequencing 

(ATAC-seq) and Cleavage Under Targets and Tagmentation with sequencing 

(CUT&Tag-seq) experiments revealed that Six3 and Zfp503 are critical direct 

downstream targets of Meis2 in controlling the specification of the D1 and D2 MSNs. 

Furthermore, the results of single-cell ATAC-seq and chromatin immunoprecipitation 
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with sequencing (ChIP-seq) (Lindtner et al., 2019) showed that DLX1/2 directly bind to 

the three Meis2 distal enhancer elements (hs355, hs599 and a 3rd putative enhancer) 

to promote Meis2 expression in the LGE. Finally, deletion of hs599 led to a significant 

decrease in the expression of Meis2 in the LGE SVZ. Taken together, our findings 

suggest that Meis2 promotes the precursor specification in D1 and D2 MSNs by 

directly promoting the expression of Six3 and Zfp503, respectively. Moreover, Meis2 

expression is dependent on Dlx1/2 in the LGE SVZ, and this regulation is at least 

partially mediated by the hs599 enhancer. 

 

 

RESULTS 

Meis2 is highly expressed in the lateral ganglionic eminence (LGE) and striatum   

To study the distribution of Meis2 in the ganglionic eminences, we performed a 

detailed analysis of Meis2 mRNA by in situ hybridization (ISH). We observed a high 

level of Meis2 in the LGE SVZ and a moderate level in the ventricular zone (VZ). In 

contrast, Meis2 expression was nearly absent from the globus pallidus, a major 

nucleus generated by the medial ganglionic eminence (MGE) (Fig. 1A and Fig. S1A). 

At E16.5, P0 and in the adult, Meis2 continues to be strongly expressed in the entire 

striatum (Figs. S1B-D). ASCL1/MEIS2/BCL11B triple immunofluorescence staining at 

E14.5 found that very few ASCL1-positive cells were co-labeled with MEIS2 in the 

LGE suggesting that MEIS2 is not strongly expressed in dividing cells of the SVZ 

(Figs. S1E-F). Most striatal medium-sized spiny neurons (MSNs) express BCL11B 

(Arlotta et al., 2008; Zhang et al., 2019). As nearly all BCL11B-positive LGE cells also 

express MEIS2, providing evidence that MEIS2 is expressed in striatal neurons (Figs. 

S1E-F). Finally, we found that all MEIS2-positive cells also expressed the striatal 

pan-neuronal marker FOXP1 at P30 (Figs. S1G-J). Altogether, our results showed 

that Meis2 is principally expressed in MSNs from embryonic to adult stages.  
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Nearly all striatal MSNs are lost in Meis2-conditonal knockout (CKO) mice 

To investigate the role of Meis2 in the LGE (striatal primordium), we crossed a 

Dlx5/6-CIE mouse with a Meis2F/+ line to eliminate Meis2 expression in the SVZ and 

MZ of the LGE (Fig. 1B). We referred to the conditional mutant as Meis2-CKO. First, 

we identified differentially expressed (DE) genes between Meis2-CKO mice and 

control mice via RNA-seq analysis from the LGE at E14.5. We identified 161 genes 

with downregulated RNA expression and 95 genes with upregulated RNA expression 

(Table 1). Next, we performed gene ontology (GO) analysis on the 256 dysregulated 

genes. This analysis suggests that Meis2 is mainly involved in the positive regulation 

of neuron differentiation, axonogenesis and forebrain development (Fig. 1C). Genes 

expressed in immature and/or mature MSNs, such as Aldh1a3, Zfp503 and Six3 were 

downregulated. In contrast, the genes expressed in proliferating cells, such as Wnt5a, 

Pcna and Dlx1 were upregulated (Fig. 1D and Table 1). Finally, we selected 8 genes 

that are highly expressed in MSNs (Foxp1, Rarb, Rxrg, Ikzf1, Ebf1, Foxp2, Penk and 

Bcl11a) and examined expression in the Meis2-CKO via ISH or immunofluorescence 

(Fig. 1E; Figs. S2A-J). Our results showed that the expression of these genes was 

greatly reduced in the Meis2-CKO mice compared to the control mice. Overall, these 

findings showed that Meis2 plays a central transcriptional role in the generation of 

striatal MSNs. 

 

Accumulation of progenitors in the LGE SVZ of Meis2-CKO mice 

Next, we explored the mechanism underlying the failure of the Meis2-CKO mutants to 

generate MSNs. First, we tested whether Meis2 affects the proliferation of LGE 

progenitors, and thus examined the expression of markers of LGE cell proliferation: 

GSX2, ASCL1 and PCNA (Anderson et al., 1997; Castro et al., 2011; Chapman et al., 

2013) at E16.5 (Figs. 2A-F). GSX2 and ASCL1 were expressed in the radial glia cells 

and intermediate progenitors in the LGE (Chapman et al., 2013; Wang et al., 2013; 

Zhang et al., 2020) and we found that the number of GSX2 and ASCL1 positive cells 

were increased in Meis2-CKO mutants (Figs. 2A-D and K). Analysis of the number of 

cycling cells at E16.5 in Meis2-CKO and control mice showed that the total number of 
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proliferating cells in the SVZ was increased, inducing an enlargement of the 

proliferative area stained with PCNA (Figs. 2E-F and K). This increase results in an 

enlarged SVZ and a very small striatum. The distal-less homeobox genes (Dlx1/2 and 

Dlx5/6) are essential for the MSN differentiation in the LGE (Anderson et al., 1997; 

Fazel Darbandi et al., 2016; Lindtner et al., 2019; Long et al., 2009a; Wang et al., 

2013; Wang et al., 2011; Yun et al., 2002). The Dlx genes are highly expressed in 

LGE progenitor cells (largely in the SVZ) (Liu et al., 1997; Zhang et al., 2016). Our 

results showed that the number of cells expressing DLX2, CRE (driven by a Dlx5/6 

enhancer), and Dlx5 (mRNA) were increased in the Meis2-CKO LGE SVZ compared 

to control mice (Figs. 2G-K; Figs. S2K-L).  

To further confirm that Meis2 affects the proliferation of LGE precursors, we used 

another Cre line (Gsx2-Cre) to conditionally knock out Meis2 in the VZ and SVZ of the 

LGE. Using KI67, BrdU incorporation (2 h) and PH3, confirmed that Meis2 mutants 

accumulated progenitors in the LGE SVZ at E14.5 or E16.5 (Figs. S3A-D). Taken 

together, these results indicated that Meis2 is required for LGE progenitors to leave 

the cell cycle, and as a result Meis2 mutants accumulate proliferating cells in the LGE 

SVZ. 

 

Abnormal accumulation of the immature MSNs in the LGE SVZ of Meis2-CKO 

mice 

Previously we showed that the Sp8 and Sp9 TFs are required for the differentiation of 

the D2 MSNs in the ventral LGE (vLGE) (Xu et al., 2018; Zhang et al., 2016). These 

TFs are highly expressed in the LGE SVZ and striatum. Here we found that the SP8- 

and SP9-positive cells were increased in the Meis2-CKO LGE SVZ (Figs. 3A-D and K 

and Figs. S2O-P). Because Sp8/9 are expressed in progenitors and postmitotic 

neurons (MSNs), we explored whether these cells were proliferating or postmitotic, 

we examined the expression of markers of immature neurons, TUBB3 and 

doublecortin (DCX). There were robust TUBB3 and DCX expressions in the expanded 

LGE SVZ of the Meis2-CKO (Figs. 3E-H and Fig. 3L). In addition, we found that many 

immature neurons which expressed Gad1 were located in the LGE SVZ of 
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Meis2-CKO mice (Figs. 3I-J and Fig. 3L). Next, we want to further confirm these 

phenotypes at later stage. Because the Meis2-CKO mice only survive several hours 

after birth, we analyzed the Meis2-CKO mice at P0. Meis2-CKO P0 mice had an 

enlarged ventricle and a small striatum (Figs. 4A-B). In the rostral LGE the Sp8 and 

Bcl11b TFs are mainly expressed in the SVZ (neuroblast) and MSNs, respectively 

(Arlotta et al., 2008; Li et al., 2017; Waclaw et al., 2006; Xu et al., 2018). We found 

some BCL11B-positive cells were generated, but they were significantly reduced in 

the Meis2-CKO striatum at P0 (Figs. 4A-B). We also found the SP8-positive cells 

were present in the enlarged SVZ (Figs. 4C-D). Combined with our previous study 

(Yang et al., 2021b), we speculated that the cells were gradually depleted in the LGE 

due to abnormal differentiation. Taken together, these results suggested that in the 

absence of Meis2, progenitor cells and immature neurons cannot differentiate well 

into striatal mature MSNs. 

 

Meis2 is required for the differentiation of the olfactory bulb interneuron 

The LGE consists of subdomains including the dorsal LGE (dLGE) and ventral LGE 

(vLGE) (Wen et al., 2021; Yun et al., 2001). The progenitors located in the dLGE 

contribute to the olfactory bulb (OB) interneurons, whereas vLGE progenitors mainly 

generate striatal MSNs (Li et al., 2017; Li et al., 2021; Song et al., 2021; Waclaw et al., 

2006; Waclaw et al., 2009; Xu et al., 2018; Yang et al., 2021a; Zhang et al., 2016). In 

the Meis2-CKO at E16.5 the dLGE marker Sp8 was expanded ventrally, but the 

expression of the Etv1 (another dLGE marker) was not significantly altered (Figs. 

3C-D and Figs. S2M-P). Therefore, these results indicated that the expansion of the 

SP8 positive cells in the LGE are likely to be the immature MSNs of abnormal 

differentiation. Next, we wonder whether the OB interneurons and striatal MSNs were 

affected in the Meis2-CKO mice.  

Next, we studied SP8, CB, TH and PAX6 expression in the OB at P0 in the 

Meis2-CKO mice compared to control mice. We found that the expression of SP8 had 

increased in GCL (slight increase of CB as well), but decreased in the GL (Figs. 4E-H 

and M-N). Almost all TH-positive OB interneurons were lost in the GL in the 
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Meis2-CKO mice compared to their controls (Figs. 4I-J and M). Moreover, the 

expression of the Pax6 which is required for the differentiation of the OB TH-positive 

interneurons was also significantly reduced in the GL in the Meis2-CKO mice 

compared to their controls (Figs. 4K-M), consistent with a previous study showing that 

Meis2 is required for the differentiation of the TH-positive OB interneurons in the adult 

neurogenesis. Taken together, Meis2 is required for the differentiation of OB 

periglomerular interneurons. 

 

Meis2 controls MSN fate through promoting Six3 and Zfp503 expression 

To gain insights into the mechanism of Meis2 in regulating the differentiation of striatal 

MSNs, we focused on our RNA-seq. The TF genes Six3, Zfp503, Isl1, and the 

Aldh1a3 gene, caught our attention because their RNA expression was significantly 

reduced in Meis2-CKO mice. Furthermore, MEIS2 binds to the putative promoters (< 

3 kb of the TSS) of Six3, Zfp503, Aldh1a3 and Isl1 (Figs. 5A-B; Fig. S4A). As 

expected, the expression of these genes, detected by in situ hybridization or 

immunostaining, was significantly decreased in Meis2-CKO mice (Fig. 5D; Fig. S4B). 

Moreover, our results showed that the number of D2 MSNs (specifically expressing 

Drd2 and Adora2a) and D1 MSNs (specifically expressing EBF1 and FOXP2) (Gokce 

et al., 2016; Lobo et al., 2006; Lobo et al., 2008; Stanley et al., 2019; van Rhijn et al., 

2018; Zhang et al., 2016) were greatly decreased in Dlx5/6-CIE; Six3F/F (Six3-CKO) 

and Dlx5/6-CIE; Zfp503F/F (Zfp503-CKO) mice, respectively (Figs. S4C-D). In other 

words, the TFs Six3 and Zfp503 are crucial for the generation of D2 and D1 MSNs, 

respectively. These phenotypes are very similar to those of Meis2-CKO mice and are 

consistent with previous reports (Chen et al., 2020; Soleilhavoup et al., 2020; Song et 

al., 2021; Xu et al., 2018).  

 

Finally, to test the ability of MEIS2 to regulate transcription of putative promoters of 

Six3 and Zfp503, we performed a dual-luciferase transcription activation assay using 

the N2a cell line. MEIS2 robustly activated transcription from these promoters (Fig. 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



5C). Overall, our findings suggested that the TF Meis2 promotes fate determination of 

striatal MSNs by directly promoting Six3 and Zfp503 expression.  

 

Dlx1/2 are required for the expression of Meis2 in the LGE 

Meis2 is highly expressed in the LGE and its derivatives and is a key factor for the 

normal development of MSNs. Hence, we wondered which genes can promote the 

expression of Meis2 in the striatum. A previous study showed that Dlx1/2 were 

required for the normal development of the striatal SVZ and the differentiation of 

MSNs (Anderson et al., 1997). Furthermore, the phenotypes of the Dlx1/2 mutant 

mice were very similar to those of Meis2-CKO mice; these mutant mice had an 

enlarged LGE SVZ (containing many proliferating cells and undifferentiated cells) and 

a very small striatum (lacking mature MSNs) (Anderson et al., 1997). Therefore, we 

analyzed Dlx1/2 mutant mice and found that the expression of Meis2 was greatly 

reduced in the LGE SVZ of the Dlx1/2 mutant mice (Fig. 6A) (Long et al., 2009b). Next, 

to test whether Dlx1/2 directly regulate Meis2 expression, we analyzed the Dlx1/2 

ChIP-seq data of E11.5, E13.5 and E16.5 LGE (Lindtner et al., 2019). This gave us a 

chance to systematically analyze the downstream targets of Dlx1/2 in the LGE. As 

expected, we observed three Dlx1/2 binding regions near the Meis2 gene body (Fig. 

6B). Two of the three regions are named as hs355 and hs599. Then, we performed a 

luciferase reporter assay in N2a cells. Cotransfection of cells with a DLX2 expression 

vector (pCS2-Dlx2) with the enhancer-reporter construct (pGL4.23-Meis2-hs355, R1 

or hs599) resulted in an ~7-fold increase in pGL4.23-Meis2-hs599 luciferase activity 

compared with that of the pGL4.23 empty luciferase control (Fig 6C). As in previous 

reports, hs599 showed enhancer activity in the developing striatum (McGregor et al., 

2019; Silberberg et al., 2016; Visel et al., 2013). Thus, we focused on the function of 

hs599 in regulating Meis2 expression. To examine the in vivo function of hs599, we 

used CRISPR/Cas9 genome editing in fertilized eggs to generate hs599 

heterozygous mice (Fig. 6D and Figs. S6E-H). We then analyzed the expression of 

Meis2 in hs599 mutant mice at E14.5 and E16.5. Our results showed that the 

expression of Meis2 was reduced in the LGE SVZ (Figs. 6E-F). This provides 
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functional evidence that hs599 is a Meis2 enhancer in the LGE SVZ. Surprisingly, the 

development of the LGE seems normal in hs599 mutant mice (Figs. S5A-F). We 

speculated that there needs to be a loss of a specific threshold of Meis2 expression to 

yield a striatal phenotype and the hs599 mutant mice have reduced Meis2 expression 

but are not at the level necessary for the striatal phenotype. Taken together, our 

findings suggested that Dlx1/2 promote Meis2 expression in the LGE at least through 

hs599. 

 

scATAC-seq further supported that Dlx1/2 regulate Meis2 expression through 

three enhancers 

To gain further insights into the mechanism by which Dlx1/2 regulates Meis2 

expression, we performed single-cell ATAC-seq (scATAC-seq) of the LGE at E14.5 

(Fig. 7A). First, we generated an scATAC-seq dataset from 849 cells passing quality 

control criteria (see methods). Through integration of the promoter and gene body 

accessibility in scATAC-seq, we identified 7 clusters (C0-C6), including radial glial 

cells (C5), basal radial glial cells (C0), intermediate progenitor cells (C3), immature 

MSNs (C4), immature D1 MSNs (C2), D2 MSNs (C6) and D1 MSNs (C1) (Fig. 7B). 

The identity of cell clusters was further confirmed by assessing a set of 

cell-type-specific genes ascertained by differential gene expression analysis (Figs. 

7C-F; Figs. S7A-C). According to chromatin accessibility changes, we constructed 

developmental trajectories of all cell populations (Fig. 7G). Our results suggested that 

D1 and D2 MSNs are derived from common progenitors. According to a recent study, 

the same progenitors give rise to both D1 and D2 MSNs in humans (Bocchi et al., 

2021). Enhancers are often found in chromatin accessible regions where TFs 

preferentially bind (Nord et al., 2015). Therefore, we attempted to reveal the 

chromatin accessibility of the DLX1/2 binding regions near Meis2. Our results showed 

that the enhancer hs355 and putative enhancer R1 had high chromatin accessibility in 

all cell populations (Figs. 7H-I). In contrast, the chromatin accessibility of the 

enhancer hs599 was high in intermediate progenitor (SVZ) cells and immature MSNs 

but low in radial glial cells and mature MSNs (Fig. 7J). These results indicated that 
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hs599 might exert its function mainly in differentiating cells rather than in LGE VZ 

radial glia and mature MSNs. This is consistent with our above result – the expression 

of Meis2 is mainly reduced in the LGE SVZ of the hs599 mutant mice. Finally, we 

identified multiple loci featuring DLX binding in those regions (Figs. 7H-J), which are 

consistent with previous DLX ChIP-seq studies (Lindtner et al., 2019). Altogether, our 

findings provided strong evidence that Dlx1/2 directly promote Meis2 expression in 

the LGE through multiple enhancers. 

 

 

DISCUSSION 

In all studied vertebrates, there are two types of striatal MSNs (D1 and D2 MSNs) that 

have distinct roles in motor control, reinforcement learning, and motivation (Dudman 

and Krakauer, 2016; Grillner et al., 2013; Peters et al., 2021). They are derived from 

common LGE progenitors (Bocchi et al., 2021; Kelly et al., 2018). However, the 

molecular mechanisms that specify MSNs, let alone D1 versus D2 MSNs are 

incompletely understood. Here we found that Meis2 plays a central role in the 

generation of MSNs. In Meis2-CKO mice, there is a block in the differentiation of LGE 

progenitors, resulting in the accumulation of proliferating and immature cells in an 

enlarged LGE (Figs. 8A-B), similar to the phenotype of Dlx1/2 mutants (Anderson et 

al., 1997). Integrating of our RNA-seq, ATAC-seq and CUT&Tag-seq analyses 

provides evidence that Meis2 directly regulates the expression of Six3 and Zfp503 to 

control the specification of D2 and D1 MSNs, respectively (Fig. 8C). DLX1/2 directly 

binds to three putative Meis2 enhancers, including hs599, which are implicated in 

promoting Meis2 expression (Lindtner et al., 2019; McGregor et al., 2019; Silberberg 

et al., 2016). We generated a deletion of hs599; in its absence, there is reduced 

Meis2 expression in the LGE SVZ. Consistent with this, our scATAC-seq data 

provides evidence for hs599 activity in the LGE intermediate SVZ progenitors. Overall, 

our findings provided evidence that Meis2 promotes the fate determination of striatal 

MSNs by promoting Six3 and Zfp503 expression and that DLX1/2 drive Meis2 

expression through enhancer hs599.  
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Meis2 is a key factor for generating mature MSNs  

Elucidating the transcriptional networks in the developing striatum requires the 

knowledge of both the cellular and developmental functions and the genome-wide 

molecular functions of individual TFs. Twenty years ago, the homeobox genes Dlx1/2 

were reported to be required for the generation of striatal MSNs. In its absence, the 

number of MSNs was greatly reduced due to a block in differentiation (Anderson et al., 

1997). Subsequently, many other factors were reported to be essential for the 

development of striatal MSNs, such as Gsx2, Ascl1, Ebf1 and Isl1 (Chapman et al., 

2013; Corbin et al., 2000; Corbin et al., 2003; Ehrman et al., 2013; Garel et al., 1999; 

Horton et al., 1999; Lobo et al., 2006; Lobo et al., 2008; Long et al., 2009b; Lu et al., 

2014; Waclaw et al., 2009; Wang et al., 2013; Wang et al., 2009; Yun et al., 2002). 

Meis2 is a Hox gene co-factor which is highly expressed in the LGE and its derivatives 

from embryonic to adult stages. CKO of Meis2 in the LGE greatly reduced the number 

of striatal MSNs due to a block in differentiation (Fig. 1E and Figs. 3A-J). Recent 

studies have shown that the TFs Six3 and Zfp503 are crucial for the generation of the 

D2 and D1 MSNs, respectively (Chen et al., 2020; Soleilhavoup et al., 2020; Song et 

al., 2021; Xu et al., 2018). CUT&Tag-seq technology revealed that Meis2 directly 

binds to the promoters of Six3 and Zfp503 (Figs. 5A-B). Consistent with this, Six3 and 

Zfp503 expressions were greatly reduced in Meis2-CKO mice (Fig. 5D). Therefore, 

our findings suggested that Meis2 is a central factor in the specification of D1 and D2 

MSNs by promoting Zfp503 and Six3 expressions, respectively. Thus, Meis2 is a 

crucial step in determining the fate of MSN precursors on their path to become D1 or 

D2 MSNs. Although our previous study showed that Meis2 was involved in striatal 

MSN survival (Yang et al., 2021b), this study highlighted that the mechanism by which 

Meis2 regulates the development of striatal MSNs. Finally, another possible result in 

loss of striatal MSNs in the Meis2-CKO mice is that Meis2 regulates dorsal (d) vs 

ventral (v) LGE identity. Because we observe the expansion of the Sp8 expression but 

not the Etv1 and Tshz1(not shown), we speculated that the blockage of generating 

striatal MSNs in the Meis2-CKO mice mainly due to fail to express Zfp503 and Six3.  
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Meis2 regulates genes involved in retinoic acid production in the LGE SVZ 

RA, a small molecule derived from vitamin A is a ligand for nuclear RA receptors, and 

has been proposed to play important roles in striatal neurogenesis (Berenguer and 

Duester, 2021; Chatzi et al., 2011; Liao et al., 2008; Oulad-Abdelghani et al., 1997; 

Toresson et al., 1999; Urban et al., 2010; Waclaw et al., 2004). RA is synthesized by 

Raldh3 (Aldh1a3) in LGE progenitors at E12.5 (Molotkova et al., 2007; Toresson et al., 

1999), and the Gsx2 TF is required for Aldh1a3 expression (Waclaw et al., 2004). 

Aldh1a3 is essential for the differentiation of striatal MSNs (Chatzi et al., 2011). Based 

on our findings, we hypothesize that Aldh1a3 LGE expression is directly promoted by 

Meis2. The reasons are as follows: 1) RNA-seq showed that the expression of 

Aldh1a3 was significantly decreased at E14.5 in Meis2-CKO mice. 2) ISH showed that 

Aldh1a3 expression was abolished at E12.5 and E16.5. 3) CUT&Tag-seq revealed 

that Meis2 directly binds to the Aldh1a3 promoter region. 4) There were many 

immature neurons in the LGE SVZ of Meis2-CKO mice, but they did not express 

Aldh1a3. Hence, we speculate that Aldh1a3, at least as a part of Meis2, is a direct 

downstream target that regulates the differentiation of striatal MSNs.   

 

Dlx1/2 regulate Meis2 expression in the LGE SVZ through the enhancer hs599  

Our findings demonstrated that proliferating cells and immature neurons accumulated 

in the LGE SVZ of Meis2-CKO mice due to abnormal differentiation. These 

phenotypes are very similar to those in the LGE of Dlx1/2 mutant mice (Anderson et 

al., 1997). Furthermore, the expression of Dlx1/2 was increased in the LGE SVZ of 

Meis2-CKO mice, and the expression of Meis2 was greatly reduced in the LGE SVZ 

of Dlx1/2 mutant mice. Therefore, we hypothesize that Dlx1/2 are upstream factors 

that promote Meis2 expression in the LGE SVZ. Analysis of recently published data 

showed that Dlx1/2 directly bound to three enhancer regions (hs355, putative 

enhancer region 1 and hs599) near Meis2 (Lindtner et al., 2019). The luciferase 

assays also supported our hypothesis. Because hs599 is active during development 

of the LGE (McGregor et al., 2019; Silberberg et al., 2016; Visel et al., 2013), we 

wondered whether hs599 can promote Meis2 expression. CRISPR/Cas9 genome 
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editing generated a deletion of hs599. Analysis of hs599-/- mice showed that the 

expression of Meis2 was reduced in the LGE SVZ (Figs. 6E-F). Considering that an 

enhancer might show different activity in distinct populations of cells, we performed 

scATAC-seq to determine hs599 chromatin in different populations of LGE cells at 

E14.5. The chromatin of enhancer hs599 was mainly open in immature neurons (Fig. 

7J). Altogether, our findings indicated that Dlx1/2 directly regulate the expression of 

Meis2 in the LGE SVZ at least partially via the enhancer hs599. 

 

In sum, our findings clearly elucidated the mechanism by which Meis2 regulates the 

development of striatal MSNs. This study will provide a solid theoretical basis for 

further research on striatum development and related diseases. 
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MATERIALS AND METHODS 

Key resources table 

 

Reagent or Resource Source Identifier 

Antibodies 

Rabbit Anti-ASCL1 Cosmo Bio SK-T01-003, Dilution: 1:2000 

Rat Anti-BCL11B  Abcam ab18465, Dilution: 1:200 

Rat Anti-BrdU  Accurate Chemical and Scientific 

Corporation 

OBT0030S, Dilution: 1:200 

Rabbit Anti-CRE Millipore 69050, Dilution: 1:1000 

Rabbit Anti-DCX Abcam ab18723, Dilution: 1:1000 

Guinea Pig Anti-DLX2 Gift from Kazuaki Yoshikawa Dilution: 1:2000 

Rabbit Anti-EBF1  Santa Cruz Biotechnology sc-15888, Dilution: 1:500 

Rabbit Anti-FOXP1  Abcam ab16645, Dilution: 1:2000 

Goat Anti-FOXP2 Abcam ab58599, Dilution: 1:500 

Chicken Anti-GFP  Aves labs GFP-1020, Dilution: 1:2000 

Rabbit Anti-GSX2  Millipore ABN162, Dilution: 1:2000 

Rabbit Anti-ISL1  Abcam ab20670, Dilution: 1:800 
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Mouse Anti-MEIS2 Santa Cruz Biotechnology sc-515470, Dilution: 1:500 

Mouse Anti-PCNA Abcam ab29, Dilution: 1:1000 

Rabbit Anti-PH3 Millipore 06-570, Dilution: 1:1500 

Rabbit Anti-SP9 Our Laboratory Dilution: 1:500 

Rabbit Anti-KI67  Vector Labs VP-K451, Dilution: 1:500 

Mouse Anti- SIX3  Santa Cruz Biotechnology sc-398797, Dilution: 1:800 

Mouse Anti-TUBB3  Covance MMS-435P, Dilution: 1:500 

 

Experimental models 

 

Mouse: C57BL/6 Department of laboratory Animal 

science at Fudan University 

http://10.107.12.196/ 

Mouse: CD1 Department of laboratory Animal 

science at Fudan University 

http://10.107.12.196/ 

Mouse: Meis2F/+
  This manuscript N/A; Available from the authors 

Mouse: Six3F/+
 Gift from Guillermo Oliver at 

Northwestern University 

N/A; Available from the authors 

Mouse: Dlx5/6-CIE Gift from Kenneth Campbell at 

University of Cincinnati College 

of Medicine 

N/A; Available from the authors 

Mouse: Gsx2-Cre The Jackson Laboratory 025806 

Mouse: Dlx1/2+/-
 Gift from John L. Rubenstein at 

University of California 

N/A; Available from the authors 

Mouse: Zfp503F/+
 This manuscript N/A; Available from the authors 
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Software and algorithms 

 

Photoshop CC Adobe Systems 

Incorporated 

RRID: SCR_014199 

Olympus VS120 

digital slice scanning 

system 

Olympus N/A 

Prism v.7  GraphPad N/A 

CellRanger v2.1.1 10X Genomics https://www.10xgenomics.com/ 

solutions/single-cell/ 

FASTQC v0.11.5 Babraham Bioinformatics https://www.bioinformatics.babraham. 

ac.uk/projects/fastqc/ 

UMI Tools v0.5.4  （(Li et al., 2021)） https://github.com/CGATOxford/UMI-tools 

 

Recombinant DNA 

 

pCAGIG Addgene Cat#11159 

pGL4.10 Promega Cat#E6651 

pGL4.23 Promega Cat#E8411 

 

Deposited data 

 

RNA-seq data This manuscript Not yet 

ATAC-seq This manuscript Not yet 

Single-cell ATAC-seq This manuscript Not yet 

CUT&Tag-seq This manuscript Not yet 

 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t

https://www.10xgenomics.com/%20solutions/single-cell/
https://www.10xgenomics.com/%20solutions/single-cell/


All secondary antibodies were from Jackson ImmunoResearch Labs. 

 

Secondary Antibodies Cat Number Dilution Ratio 

Alexa®488-conjugated Affinipure Donkey Anti-Rabbit 

IgG (H+L) 
711-545-152 1:500 

CyTM3-conjugated Affinipure Donkey Anti-Rabbit IgG 

(H+L) 
711-165-152 1:500 

Alexa®488-conjugated Affinipure Donkey Anti-Mouse 

IgG (H+L) 
715-545-151 1:500 

CyTM3-conjugated Affinipure Donkey Anti-Mouse IgG 

(H+L) 
715-165-151 1:500 

Alexa®488-conjugated Affinipure Donkey Anti-Chicken 

IgY++ (IgG) (H+L) 
703-545-155 1:500 

Cy™3-AffiniPure Donkey Anti-Goat IgG (H+L) 705-505-147 1:500 

Cy™3-AffiniPure Donkey Anti-Rat IgG (H+L) 712-165-150 1:500 

Cy™3-AffiniPure Donkey Anti-Guinea Pig IgG (H+L) 706-165-148 1:500 

 

 

EXPERIMENTAL PROCEDURES 

Animals 

All experiments conducted in this study were in accordance with guidelines from 

Fudan University. Meis2F/+ (Yang et al., 2021b), Six3F/+ (Xu et al., 2018), Dlx5/6-CIE 

(Zhang et al., 2019), Gsx2-Cre (Wei et al., 2019) and Dlx1/2+/- (Anderson et al., 1997) 

mice were previously described. Zfp503F/+ mice were generated via the 

CRISPR/Cas9 strategy. LoxP sites flanked the coding region of exon 3 (Figs. S6A-D). 

Genotyping of the Zfp503 constitutive knockout (KO) allele was performed by PCR 

using the following primers: 

F4: 5’-GCCACACAAACTTGTCTCCTTTT-3’;  

R4: 5’-CAGCACACACTCCTTGATTCTAAAG-3’; and 
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R5: 5’-TAAACTTTCTTTTCCCTTCCGTAGC-3’. These primers yield bands of 253 

and 305 bp for the wild-type and mutant alleles, respectively. hs599+/- mice with 

deletion of the hs599 enhancer were generated by CRISPR/Cas9 techniques, (Fig. 

6D; Figs. S6E-H). Genotyping of the hs599 mutant allele was performed by PCR 

using the following primers: 

WT-F: 5’- GGAGAGATGTTGCTGCTAGTGAGGC-3’; 

WT-R: 5’- CGCTTGAGTCATTAACAGTGTGCCC-3’; and 

Mut-F: 5’- AACCATTAACATCTGTGAGATGCTGTC-3’. These primers yield bands of 

455 and 583 bp for the wild-type and mutant alleles, respectively. All mice were 

maintained in a mixed genetic background of C57BL/6J and CD1. The day of vaginal 

plug detection was considered E0.5, and the day of birth was defined as P0. Both 

male and female mice were used in all experiments. 

 

BrdU Labeling 

A single intraperitoneal injection of BrdU (50mg/kg) was adiministered at E14.5 or 

E16.5. BrdU incorporation was analyzed 2 h after BrdU injection. 

 

Tissue preparation 

Tissue preparation was performed as previously described(Liu et al., 2018). 

 

Immunohistochemistry 

In this study, 6-μm thick frozen sections were used for immunostaining. The sections 

were washed with 0.05 M TBS for 10 min, incubated in Triton-X-100 (0.5% in 0.05 M 

TBS) for 30 min at room temperature (RT), and then incubated with blocking solution 

(10% donkey serum +0.5%; Triton-X-100 in 0.05 M TBS, pH= 7.2) for 2 h at RT. The 

primary antibodies were diluted in 10% donkey serum blocking solution, incubated 

overnight at 4 °C, and then rinsed 3 times with 0.05 M TBS. Secondary antibodies 

(from Jackson, 1:500) matching the appropriate species were added and incubated 

for 2-4 h at RT. Fluorescently stained sections were then washed 3 times with 0.05 M 

TBS. This was followed by 4’,6-diamidino-2-phenylindole (DAPI) (Sigma, 200 ng/ml) 
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staining for 5 min, and then the sections were then cover-slipped with Gel/Mount 

(Biomeda, Foster City, CA). The primary antibodies used in this study are listed in the 

table below:  

 

In situ RNA hybridization 

ISH was performed on 20-μm cryosections using digoxigenin riboprobes as 

previously described (Liu et al., 2018). Probes were made from P0 wild-type mouse 

brain cDNA amplified by PCR using the following primers: 

 

Probe Name Primer Sequence 

Rarb 
Primer F: AAGGGCTTTTTCCGCAGAAGTAT 

Primer R: AGCAGTGGTGACTGACTGACTCCA 

Rxrg 
Primer F: GGACAGATCCTCAGGGAAGCACTA 

Primer R: GCCACCTTTAACAGCCGTACAAAA 

Six3 
Primer F: AGAGTTGTCCATGTTCCAGTTG 

Primer R: CTGATTTCGGTTTGTTCTAGGG 

Zfp503 
Primer F: TCCCAGGGACAGACAAACTGCT 

Primer R: TACAAGGGATCGGAGGGTTTGTT 

Meis2 
Primer F: AGAGCATGCCAGGGGACTACGT 

Primer R: CTCCGCAGCATGGTTCTTTTCTC 

Ikzf1 
Primer F: TTGTTCACTGGTAGCTGAGGTTTCC 

Primer R: GGGAACCTGTACTGGTCACACTGTG 

Gad1 
Primer F: ATGGCATCTTCCACTCCTTCG 

Primer R: TTACAGATCCTGACCCAACCTCTC 

Penk 
Primer F: TCGGAAGGACAGGATGTCATCA 

Primer R: CGTCAGGAGAGATGAGGTAACAAAC 

Dlx5 
Primer F: CAGCTTTCAGCTGGCCGCTT 

Primer R: CAAGGCACCATTGATAGTGTCCACA 
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Aldh1a3 
Primer F: GTGCTCACCAGGGAGTGTTCTTCA 

Primer R: TCTGCCTTAGATGGGCCTATGTCG 

Adora2a 
Primer F: ATGGGCTCCTCGGTGTACATCATG 

Primer R: TCAGGAAGGGGCAAACTCTGAAGAC 

Drd2 Primer F: CGGGAGCTGGAAGCCTCGA 

Primer R: TGCAGGGTCAAGAGAAGGCCG 

 

RNA-seq 

RNA-seq analysis was performed as previously described (Liu et al., 2018). The 

LGEs of E14.5 Meis2-CKO and littermate control mice were dissected (n = 4). Gene 

expression levels were reported as fragments per kilobase of exon per million 

fragments mapped (FPKM). Genes with a p value <0.05 were considered would be 

called as differentially expressed. 

 

Bulk ATAC-seq 

The ATAC assay was performed using dissected E14.5 LGEs of wild-type mice and 

Meis2-CKO mice (n = 3 per group). The tissues were harvested, and the cells were 

counted. Then, 5x104 cells were centrifuged for 5 min at 500 × g and 4 °C. The 

supernatant was removed and discard. The cells were washed once with 50 μl of cold 

PBS buffer and centrifuged for 5 min at 500 × g and 4 °C. The supernatant was 

removed and discard. A pipet was used to gently resuspend the cell pellet in 50 μl of 

cold lysis buffer (10 mM Tris·Cl, pH 7.4 (APPENDIX 2A),10 mM NaCl, 3 mM MgCl2, 

0.1% (v/v) Igepal CA-630, stored up to 1 week at 4°C). The mixture was centrifuged 

immediately for 10 min at 500 × g and 4 °C. The supernatant was discarded, and the 

transposition reaction was immediately continued. The cell pellet was placed on ice. 

To make the transposition reaction mix, the following reagents were combined: 10 μl 

5x TTBL (Vazyme TD501 kit); 5 μl TTE Mix V50 (Vazyme TD501 kit); and 35 μl 

nuclease-free H2O. The nuclear pellet was resuspended in the transposition reaction 

mix and incubated at 37 °C for 30 min. Immediately following transposition, the 
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samples was purified using VAHTS DNA Cleans Beads. The transposed DNA was 

eluted in 25 μl ddH2O. To amplify transposed DNA fragments, the following reagents 

were combined in a 0.2 ml PCR tube: 24 μl transposed DNA; 10 μl 5X TAB (Vazyme 

TD501 kit); 5 μl PCR Primer Mix (PPM) (Vazyme TD501 kit); 5 μl P5 Primer X 

(Vazyme TD202 kit); 5 μl P7 Primer X (Vazyme TD202 kit); and 1 μl TAE (Vazyme 

TD501 kit). The reaction was performed with a thermal cycler as follows: 72 °C for 3 

min; 98 °C for 30 s; 12 cycles of 98 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s; 

72 °C for 5 min and hold at 4 °C. To purify the PCR products, 1.2 × volumes of 

VAHTS DNA Clean Beads (Vazyme) were added and incubated at room temperature 

for 10 min. The libraries were washed twice with 80% ethanol and eluted in 22 μl of 

ddH2O. The libraries were sequenced on an Illumina NovaSeq platform, and 150-bp 

paired-end reads were generated. 

 

scATAC-seq 

Nuclei were isolated and washed according to the instructions supplied by 10X 

Genomics [Nuclei Isolation for Single Cell ATAC Sequencing (CG000169)]. The 

isolated nuclei were resuspended in chilled diluted nuclei buffer (10X Genomics; 

2000153) at a volume based on the number of starting cells and the final target 

concentration of nuclei. A Countstar instrument (Rigel S2) was used to count the 

nuclei, which were immediately used to generate single-cell ATAC-seq libraries. 

Following the 10X Genomics instructions for the sc-ATAC solution, the Chromium 

Chip E Single Cell Kit (Product Code 1000156) and the Chromium Single Cell ATAC 

Library & Gel Bead Kit (Product Code 1000110), the nuclei in the bulk sample were 

partitioned into nanoliter-scale gel beads-in-emulsion; a pool of ~750,000 109 

barcodes was sampled to separately and uniquely index the transposed DNA of each 

individual nucleus, and libraries were generated (by CapitalBio Technology, Beijing). 

The libraries were sequenced using an Illumina Nova-seq sequencer with a 

sequencing depth of at least 25,000 read pairs per nucleus with a paired-end 50-bp 

reading strategy. The Cell Ranger ATAC 1.2.0 pipeline and the mm10 reference 

genome were downloaded from the 10X Genomics website 
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(https://support.10xgenomics.com/single-cell-atac/software/downloads/latest). Raw 

sequencing data were converted to fastq format using cell rangeratac mkfastq.6806 

cells. Cells with pct_reads_in_peaks >40, peak_region_fragments >3,000 and 

<80,000, TSS.enrichment >2.5, blacklist_ratio <0.01, and nucleosome_signal <4 were 

also filtered out. Peak calling, peak annotation, clustering visualization, TF motif 

enrichment analysis, and differential accessibility analysis were performed with the 

Signac package (https://satijalab.org/signac/index.html). We generated an 

scATAC-Seq dataset from 1219 cells passing quality control criteria from 4 embryos 

of 1 litter. Next, we removed the striatal interneurons (markers: Nkx2.1, Lhx6 and Sst), 

septum neurons (markers: Zic1, Zic2 and Zic4) and cortical projection neurons (Tbr1, 

Pax6 and Neurod1) according to the mRNA expression profile. We finally obtained 

849 cells. Dimensionality was reduced using Latent Semantic Indexing (LSI), and the 

top 2–30 principal components were used to generate clusters by calculating 

k-nearest neighbors and constructing the shared nearest neighbor (SNN) graph, 

which was visualized via UMAP. 

 

For analysis of cell lineages trajectory, we used a cell lineage inference algorithm, 

Slingshot (version 1.2.0, https://bioconductor.org/packages/slingshot/), to predict 

lineage trajectories and bifurcations by ordering cells along trajectories. Slingshot 

takes as input a matrix of gene activity from Signac. Lineages are defined by ordered 

sets of clusters beginning with the root node and terminating in the most distal 

cluster(s) with only one connection. Potential fitting curves are drawn to the subsets of 

cells that potentially make up each lineage. The ordering provided by Slingshot, 

analogous to pseudo-developmental time points, is referred to here as developmental 

order. The cluster representing radial glial cells (RGCs) was chosen as the starting 

root node.  The most variable genes among all single cells were identified by Seurat. 

A pseudo-developmental timeline of single cells was calculated with the Slingshot 

package, using the most variable genes as time-ordering genes. We mainly used the 

Signac package code: 

library(Signac) 
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library(Seurat) 

library(GenomeInfoDb) 

library(EnsDb.Mmusculus.v79) 

library(ggplot2) 

library(patchwork) 

library(dplyr) 

set.seed(1234) 

counts <- Read10X_h5(filename = ".../filtered_peak_bc_matrix.h5")  

metadata <- read.csv(file = ".../singlecell.csv",header = TRUE, row.names = 1) 

chrom_assay <- CreateChromatinAssay(counts = counts,sep = c(":", "-"),genome = 

'mm10', fragments = '.../fragments.tsv.gz', min.cells = 1) 

pbmc <- CreateSeuratObject(counts = chrom_assay, assay = "peaks", meta.data = 

metadata) 

annotations <- GetGRangesFromEnsDb(ensdb = EnsDb.Mmusculus.v79) 

seqlevelsStyle(annotations) <- 'UCSC' genome(annotations) <- "mm10" 

Annotation(pbmc) <- annotations 

pbmc <- NucleosomeSignal(object = pbmc) 

pbmc <- TSSEnrichment(object = pbmc, fast = FALSE) 

pbmc$pct_reads_in_peaks <- pbmc$peak_region_fragments / pbmc$passed_filters * 

100 

pbmc$blacklist_ratio <- pbmc$blacklist_region_fragments / 

pbmc$peak_region_fragments 

pbmc$high.tss <- ifelse(pbmc$TSS.enrichment > 2, 'High', 'Low') 

TSSPlot(pbmc, group.by = 'high.tss') + NoLegend() 

pbmc$nucleosome_group <- ifelse(pbmc$nucleosome_signal > 4, 'NS > 4', 'NS < 4') 

FragmentHistogram(object = pbmc, group.by = 'nucleosome_group') 

pbmc <- subset(x = pbmc, subset = peak_region_fragments > 3000 

&peak_region_fragments < 80000 &pct_reads_in_peaks > 40 &blacklist_ratio < 0.01 

& nucleosome_signal < 4 & TSS.enrichment > 2.5) 

pbmc <- RunTFIDF(pbmc) 
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pbmc <- FindTopFeatures(pbmc, min.cutoff = 'q0') 

pbmc <- RunSVD(pbmc) 

pbmc <- RunUMAP(object = pbmc, reduction = 'lsi', dims = c(2:50)) 

pbmc <- FindNeighbors(object = pbmc, reduction = 'lsi', dims = c(2:50)) 

pbmc <- FindClusters(object = pbmc, verbose = FALSE, algorithm = 3,resolution = 1) 

gene.activities <- GeneActivity(pbmc) 

pbmc[['ATAC']] <- CreateAssayObject(counts = gene.activities) 

pbmc <- NormalizeData(object = pbmc,assay = 'ATAC',normalization.method = 

'LogNormalize', scale.factor = 10000) 

 

CUT&Tag-seq 

The CUT&Tag assay was performed using E14.5 LGEs dissected from wild-type CD1 

mice and a MEIS2 mouse polyclonal antibody as described previously. Briefly, the 

cells were isolated from the LGE. Then, 1x105 cells were washed with 500 μl of wash 

buffer (10× wash buffer (-), 50× protease inhibitor cocktail, ddH2O) and centrifuged at 

600 rcf for 3 min at RT. The cell pellets were resuspended in 100 μl of wash buffer. 

Concanavalin A-coated magnetic beads were washed twice with binding buffer (10× 

binding buffer, ddH2O). Next, 10 μl of activated beads were added and incubated at 

RT for 10 min. Bead-bound cells were resuspended in 50 μl of antibody buffer (10× 

wash buffer (-), 50× protease inhibitor cocktail, ddH2O, 5% digitonin, 0.5 M EDTA, 30% 

BSA). Then, 1 μg of primary antibody (mouse polyclonal anti-MEIS2 antibody, Santa 

Cruz Biotechnology) or nothing was added and incubated at RT for 2 h. The primary 

antibody was removed using a magnet stand. Secondary antibody (1 μg, goat 

anti-mouse) was diluted in 50 μl of Dig-wash buffer (10× wash buffer (-), 50× Protease 

inhibitor cocktail, ddH2O, 5% digitonin), and cells were incubated at room temperature 

for 1 h. Cells were washed three times with Dig-wash buffer to remove unbound 

antibodies. The Hyperactive pG-Tn5 Transposase adaptor complex (TTE mix, 4 μM, 

Vazyme) was diluted 1:100 in 100 μl of Dig-300 buffer (10× Dig-300 buffer (-), 5% 

digitonin, 50× protease inhibitor cocktail, ddH2O). The cells were incubated with 0.04 

μM TTE mix at room temperature for 1 h. The cells were washed three times with 
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Dig-300 buffer to remove unbound TTE mix. Then, the cells were then resuspended in 

300 μl of tagmentation buffer (10 mM MgCl2 in Dig-300 buffer) and incubated at 37 °C 

for 1 h. To terminate tagmentation, 10 μl of 0.5 M EDTA, 3 μl of 10% SDS and 2.5 μl of 

20 mg ml-1 Proteinase K were added to 300 μl of sample and incubated overnight at 

37 °C. DNA was purified using phenol-chloroform-isoamyl alcohol extraction and 

ethanol precipitation with RNase A treatment. For library amplification, 24 μl of DNA 

was mixed with 1 μl of TruePrep Amplify Enzyme (TAE, Vazyme), 10 μl of 5× 

TruePrep Amplify Enzyme Buffer and 5 μl of ddH2O, and 5 μl of uniquely barcoded i5 

and i7 primers from TruePrep Index Kit V2 for Illumina (Vazyme). A total of 50 μl of 

sample was placed in a thermocycler and subjected to the following program: 72 °C 

for 3 min; 98 °C for 30 s; 17 cycles of 98 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s; 

72 °C for 5 min and hold at 4 °C. To purify the PCR products, 1.2× volumes of VAHTS 

DNA Clean Beads (Vazyme) were added and incubated at RT for 10 min. The libraries 

were washed twice with 80% ethanol and eluted in 22 μl of ddH2O. The libraries were 

sequenced on an Illumina NovaSeq platform, and 150-bp paired-end reads were 

generated. 

 

All raw sequence data were quality trimmed to a minimum Phred score of 20 using 

Trimmomatic. Apparent PCR duplicates were removed using Picard MarkDuplicates 

vl.107. All reads produced by CUT&Tag of MEIS2 were aligned to the mm10 mouse 

genome using Bowtie2 version 2.3.4. Sequence tags were aligned to the genome and 

then subsequently analyzed by MACS2 software version 2.1.4 to detect genomic 

regions enriched for multiple overlapping DNA fragments (peaks) that we considered 

to be putative binding sites. Peaks with a false discovery rate lower than 5% were 

saved to detect chromosomal regions for further analyses. Visualization of peak 

distribution along genomic regions of genes of interest was performed with the 

Integrative Genomics Viewer (IGV). 
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Dual-luciferase assays 

The DNA fragments of the hs355, hs599 and R1 enhancers near the Meis2 gene 

were created by PCR and subsequently cloned into the pGL4.23 firefly luciferase 

vector (Promega) upstream of the Luc2 gene. Cells from the mouse embryonal 

carcinoma cell line N2a were grown in medium MEMa (Gibco, 12571063) 

supplemented with 10% fetal bovine serum (FBS) (Gibco, 10099141). For the 

luciferase assay, N2a cell transfections were performed in triplicate in 24-well plates 

by using Fugene HD transfection reagent according to the manufacturer’s protocol 

(Promega, E2311). Luciferase activity was quantified by a microplate luminometer 

(Turner BioSystems, Modulus microplate reader). 

The primers used for amplifying the putative Meis2 enhancers were as follows: 

hs599 Fwd: 5’ -AGCAACATCTCTCCAAGCCACCTGT-3’; 

hs599 Rev: 5’-TCAGGGACCACCTTCTTGACACCGA-3’; 

hs355 Fwd: 5’ -GCACCTCTTTGTACACAGATATTTAAACATGGC-3’; 

hs355 Rev: 5’-ATACGCACAGAGGTCATTTCAAAAACCCTTATAG-3’; 

R1 Fwd: 5’ -AAGCACTCCAGCCTGAATCCACAGTCCTCAGGAT-3’; and 

R1 Rev: 5’-CCCAAGCTTGTTCTGTACTCCTTCAGGGTTTACAGGGA-3’. 

The Six3 promoter and Zfp503 promoter were amplified by PCR and cloned into the 

pGL4.10 firefly luciferase vector (Promega) upstream (U) of the Luc2 gene. The 

primers used for amplifying the putative promoter were as follows: 

Six3 promoter 1: Fwd:5’- TTCTGTTTCGCCCTCTTCTCCCTC-3’; 

               Rev:5’-TGGAAAGGAGGGGGGAGCAGAAG-3’; 

Six3 promoter 2: Fwd: 5’-CACTGTGGATTTAGGGGAGATATTATG-3’; 

               Rev: 5’-AGGAGGAAGGACGTAAGGGACA-3’; 

Zfp503 promoter: Fwd:5’-AGGCCTTTGGGCTGGCCTGGGTTCCT-3’; 

                  Rev:5’-CCCCTCCTCCGCCTCTCAGCCACTCT-3’; 
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Image acquisition and statistical analysis 

Images for quantitative analyses were acquired with an Olympus VS 120 microscope 

using a 20X objective. Bright field images were acquired with an Olympus VS 120 

microscope using a 10X objective. Images were merged, cropped and optimized in 

Adobe Photoshop CC without distorting the original information. Analyses were 

performed using GraphPad Prism 6.0, Microsoft Excel and R language. Unpaired t 

test was used to determine statistical significance. All quantification results are 

presented as the mean ± SEM. Differences with p values < 0.05 were considered 

significant. For quantification of GSX2+, ASCL1+, PCNA+, DLX2+, CRE+ (DLX5/6), 

SP9+ and SP8+ cells in the LGE SVZ at E16.5, four anatomically matched 6-μm thick 

coronal sections were selected (n = 4 mice per group). We counted GSX2+, ASCL1+, 

PCNA+, DLX2+, CRE+ (DLX5/6), SP8+ and SP9+ cells in the LGE SVZ under a 20X 

objective lens. The LGE SVZ was delineated by DAPI staining. The data of GSX2+, 

ASCL1+, PCNA+, DLX2+, CRE+ (DLX5/6), SP9+ and SP8+ cells per section for each 

LGE SVZ were presented as the relative ratio of the control group. 

  

For quantification of TUBB3+, DCX+ and MEIS2+ cells in the LGE SVZ at E16.5, four 

anatomically matched 6-μm thick coronal sections were selected (n = 4 mice per 

group). We used the histogram tool in Adobe Photoshop CC to calculate the 

fluorescence intensity of TUBB3+ and DCX+ in the LGE SVZ. And data were 

presented in proportion to the control group. For quantitative analysis of in situ 

hybridization with Gad1 probes, the Gad1 signal intensity in the LGE SVZ was 

analyzed using the Image J software.  

 

For quantification of Sp8+, CB+, TH+, and Pax6+ cells in the control and Meis2-CKO 

mice, 20μm sections from OB were analyzed. 2-5 random regions(500×500 pix) per 

OB section and 4 sections per animal were counted using 20X objective on an 

Olympus VS120 microscope. We analyzed 4 mice per group. 
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For quantification of FOXP1+, MEIS2+ and FOXP1/MEIS2 double positive cells in the 

mouse striatum at P30, four 20-μm thick coronal sections from rostral, intermediate, 

and caudal levels of the striatum were selected (n = 4 mice per group). We used 

ImageJ to count the number of FOXP1+, MEIS2+ and FOXP1/MEIS2 double positive 

cells in each striatum. Brain regions were identified using a mouse brain atlas, and 

sections equivalent to the following bregma coordinates were taken (in mm): the 

most-rostral section, 1.18; and the most- caudal section, −0.10. For quantification of 

KI67+, PH3+ and BrdU+ cells in the mouse LGE SVZ at E16.5, four anatomically 

matched 10-μm thick coronal sections were selected (n = 4 mice per group). We 

counted KI67+, PH3+ and BrdU+ cells in the LGE SVZ under a 20X objective lens. The 

LGE SVZ was delineated by DAPI staining. 
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Fig. 1: The majority of striatal MSNs are lost in Meis2-CKO mice 

(A) Meis2 mRNA expression in a series of rostral to caudal sections at E13.5. 

Its expression is strongest in the LGE and septal progenitors and neurons 

(striatal primordium) and is remarkably low in the MGE and its derivatives. 

(B-C) Functional enrichment analysis of DE genes in the LGE of Meis2-CKO 

versus control mice at E14.5. (D) Volcano plots show the differentially 

expressed (DE) genes in the LGE at E14.5 between control and Meis2-CKO 

mice. (E) The expression of FOXP1, Rarb and Rxrg (three pan-neuronal 
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markers of the MSNs) was significantly decreased in Meis2-CKO mice 

compared to control mice at E16.5. Dotted lines mark the border of the LGE 

SVZ and striatum. Subventricular zone: SVZ. N = 4 mice per group, Scale bar: 

100 µm for E. 
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Fig. 2: Neural progenitors accumulate in the LGE SVZ of Meis2-CKO mice 

(A-F) The number of cells expressing VZ and SVZ markers, GSX2, ASCL1 and PCNA, 

were increased in a greatly expanded SVZ of Meis2-CKO mice at E16.5. Note that the 

MZ was smaller in Meis2-CKO mice than in control mice. (G-J) Likewise, the number 

of cells expressing SVZ and neuronal markers, DLX2 and CRE (Dlx5/6), were greatly 

increased in SVZ of the Meis2-CKO mice at E16.5. (K) The number of GSX2-, 

ASCL1-, PCNA-, DLX2- and CRE (Dlx5/6) -positive cells was significantly increased 

in Meis2-CKO mice compared to control mice. (one-way ANOVA followed by Tukey–

Kramer post-hoc test, *P < 0.05, **P <0 .01, ***P < 0.001, n = 4 mice per group, mean 

± SEM). Dotted lines mark the border of the LGE SVZ and striatum. Subventricular 

zone: SVZ; Str: Striatum; Str *: presumptive striatum. Scale bar: 200 µm in J for A-J.  
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Fig. 3: The abnormal differentiation MSNs accumulate in the LGE SVZ of 

Meis2-CKO Mice 

(A-D) The expression of the transcription factors SP8/9 are increased in the LGE SVZ 

of the Meis2-CKO mice compared to the controls. (E-H) There are many immature 

neurons which express the pan-neuronal markers TUBB3 and DCX located in the 

LGE SVZ of Meis2-CKO and control mice. (I-J) The expression of the Gad1 is 

increased in the LGE SVZ of the Meis2-CKO mice compared to the controls. (K-L) 

The quantification data of the above markers in the LGE SVZ. (one-way ANOVA 

followed by Tukey–Kramer post-hoc test, ***P < 0.001, n = 4 mice per group, mean ± 

SEM). Dotted lines mark the border of the LGE SVZ and striatum. Subventricular 

zone: SVZ; Str: Striatum; Str *: presumptive striatum. Scale bar: 200 µm in J for A-J. 
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Fig. 4: Meis2 is required for the development of OB interneurons 

(A-B) Compared to controls, the number of BCL11B-positive cells was reduced in 

Meis2-CKO mice at P0 in the striatum. (C-D) More SP8-positive cells were observed 

in the LGE SVZ of Meis2-CKO mice (arrows). (E-H) The cell number of the SP8 and 

CB-positive cells were increased in the GCL and decreased in the GL. (I-J) There was 

a severe reduction of TH-positive cells in the GL of the Meis2-CKO mice at P0. (K-L) 

The expression of the PAX6 was significantly reduced in the GL. (M-N) Quantification 

of above experiments. (one-way ANOVA followed by Tukey–Kramer post-hoc test, *P 
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< 0.05, **P <0 .01, ***P < 0.001, n = 4 mice per group, mean ± SEM). Dotted lines 

mark the border of the OB core. GCL: Granule cell layer; GL: Glomerular layer. Scale 

bar: 200 µm in L for A-L. 
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Fig. 5: Meis2 is required for the differentiation of striatal MSNs 

(A-B) Genomic regions of the Six3 and Zfp503 loci in the CUT&Tag-seq and 

ATAC-seq datasets. (C) MEIS2-activated transcription from the Six3 and Zfp503 

promoters in a dual-luciferase assay of N2a cells. (Student's t-test, ***P < 0.001, n = 6, 

mean ± SEM). (D) In situ RNA hybridization analysis of Six3 and Zfp503 in control and 

Meis2-CKO mice at E16.5. Dotted lines mark the border of the LGE SVZ and striatum. 

Scale bar: 200 µm for D.  
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Fig. 6: Dlx1/2 directly binds hs599 to promote Meis2 expression 

(A) Meis2 expression was greatly reduced in the LGE SVZ of Dlx1/2 mutant mice. (B) 

DLX1/2 ChIP-seq showed that DLX1/2 directly bound to three distal regions near the 

Meis2 gene. (C) The dual-luciferase assay showed that DLX1/2 promoted the activity 

of hs599 (Student's t-test, **P <0 .01, ***P <0 .001, n = 4, mean ± SEM). (D) The 

CRISPR/Cas9 strategy was used to generate the hs599 mutant allele. (E-F) Meis2 

expression was reduced in the LGE SVZ of the hs599 mutant mice at E14.5 and 

E16.5. N = 4 mice per group. Dotted lines mark the border of the LGE SVZ and 

striatum. Scale bar: 200 µm in A for A; 100 µm in E for E.  
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Fig. 7: scATAC-seq revealed that hs599 exerted its function in a subpopulation 

of striatal MSNs 

(A) Workflow of sc-ATAC-seq of mouse LGE at E14.5. (B) Seven clusters (C0-C6) 

were identified and annotated according to marker gene accessibility. (C-F) UMAP 

plots show distinct chromatin accessibility profiles of marker genes. (G) The 

developmental trajectory construction scheme. (H-J) Genome tracks show normalized 

accessibility of three DLX1/2 binding regions with cluster specific accessibility. Arrows 

represent the binding sites of DLX1/2. 
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Fig. 8: A model of the mechanism by which Meis2 regulates striatal MSN 

development 

(A-B) Proliferating and immature cells accumulated in the LGE SVZ in Meis2-CKO 

mice, compared to control mice. Notable, the Meis2-CKO mice have an enlarged SVZ 

and a small striatum. (C) The main TF network regulating the fate determination of 

striatal MSNs. First, Dlx1/2 promote the expression of Meis2 by enhancers such as 

hs599 and hs355. Then, Meis2 promotes Zfp503 or Six3 expression to further 

determine precursor cell fate (D1 or D2 MSNs). 
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Fig. S1. Meis2 is strongly expressed in the MSNs from early embryonic to adult 

stage 

(A) At the early stage of E12.5, Meis2 is strongly expressed in the LGE SVZ and 

relatively weakly expressed in the MGE, LGE, and cortical VZ. (B-D) ISH showed that 

Meis2 was highly expressed in the whole striatum from the embryonic to adult stage. 

(E) ASCL1/MEIS2/BCL11B triple immunostaining coronal hemi-sections at E14.5. (F) 

Development: doi:10.1242/dev.200035: Supplementary information
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High magnification images of the boxed regions in E. Very few ASCL1-positive cells 

were co-labelled with MEIS2 (arrowhead), and the majority of BCL11B-positive cells 

were co-labelled with MEIS2 (arrow). (G-J) All FOXP1-positive cells were co-labelled 

with MEIS2 in the striatum at P30, and vice versa. Abbreviations: Cx (cortex); Lv 

(lateral ventricle); LGE (lateral ganglionic eminence); MGE (medial ganglionic 

eminence); VZ (ventricular zone); SVZ (subventricular zone); Str (striatum). Scale 

bars: 100 µm in A; 200 µm in B; 200 µm in C; 500 µm in D; 200 µm in E; 100 µm in F; 

100 µm in I for G-I. 

Development: doi:10.1242/dev.200035: Supplementary information
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Fig. S2. Meis2 is required for the generation of striatal MSNs 

(A-J) At E16.5, the expression of Ikzf1, EBF1, FOXP2, Penk and BCL11A was greatly 

reduced in Meis2-CKO mice, compared to control mice. (K-L) Immature neurons that 

expressed Dlx5 were generated in the LGE SVZ of Meis2-CKO mice. (M-N) There is 

no significant difference of the Etv1 expression between Meis2-CKO mice and control 

mice. (O-P) The expression of the transcription factors Sp8 are increased in the LGE. 

Scale bars: 200 µm in N for A-P. 

Development: doi:10.1242/dev.200035: Supplementary information
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Fig. S3. Cell proliferation is also increased in Gsx2-Cre; Meis2F/F mice 

(A-B) At E14.5, the number of KI67+, PH3+, and BrdU+ (2 h) cells were increased in 

the LGE of Gsx2-Cre; Meis2F/F mice versus control. (C-D) At E16.5, the numbers of 

KI67+, PH3+, and BrdU+ cells were also increased in the LGE of Gsx2-Cre; Meis2F/F 

mice. Scale bars: 50 µm in C for A and C. 

Development: doi:10.1242/dev.200035: Supplementary information
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Fig. S4: Meis2 is required for the normal differentiation process of the MSNs 

(A) CUT&Tag-seq and ATAC-seq data showed that the expression of Aldh1a3 and Isl1 

is directly regulated by Meis2. (B) At E16.5, the expression of Aldh1a3 and Isl1 was 

greatly reduced in Meis2-CKO mice compared to control mice. (C) ISH showed that 

the expression of Drd2 and Adora2a was significantly reduced in the Six3-CKO mice. 

(D) Immunostaining showed that the expression of D1 MSN markers (EBF1 and 

FOXP2) was significantly reduced in Zfp503-CKO mice. N = 3 mice per group; Scale 

bar: 200 µm in D for B-D. 

Development: doi:10.1242/dev.200035: Supplementary information
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Fig. S5. The development of the striatal MSNs is not significantly changed in 

hs599-/- mice 

(A, D) The expression of FOXP1 is not affected in the striatum of hs599 mutant mice 

at E16.5. (B-C, E-F) The expression of the ASCL1 and PCNA is slightly increased in 

the hs599 mutants compared to the control mice. Dotted lines mark the border of the 

LGE SVZ and striatum. Subventricular zone: SVZ. N = 3 mice per group; Scale bar: 

100 µm in F for A-F. 

Development: doi:10.1242/dev.200035: Supplementary information
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Development: doi:10.1242/dev.200035: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Fig. S6. Generation of Zfp503-CKO and hs599+/- mice 

(A) Using the CRISPR/Cas9 strategy to generate Zfp503F/+ mice. The coding region 

exon 3 was flanked by Loxp sites. After Cre recombination, exon 3 was deleted. (B-D) 

At E16.5, deletion of the Zfp503 gene was confirmed at the protein level by 

immunostaining in the Zfp503-CKO striatum. ** p < 0.01, n = 4 per group; Scale bar, 

200 µm. (E) The primer sequence of the gRNA. (F-H) Genotyping to confirm enhancer 

deletions and gel images showing genotyping results from wild-type (WT) and 

enhancer deletion mice. Genotyping from wild-type (WT) and enhancer deletion mice 

to confirm enhancer deletions and gel image. 

Development: doi:10.1242/dev.200035: Supplementary information
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Fig. S7. Analysis of sc-ATAC-seq at E14.5 

(A) Heat map showing the top 10 genes in the 7 clusters. (B) Violin plots showing the 

expression of the subtype cell markers. (C) UMAP plots showing distinct chromatin 

accessibility profiles of marker genes. progenitor cells. 

Development: doi:10.1242/dev.200035: Supplementary information
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