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Abstract   

Deciphering how the human striatum develops is paramount to understand diseases affecting this 

region. To decode the transcriptional modules that regulate this structure during development we 

first catalogued 1116, de novo identified, lincRNAs and then profiled 96,789 single-cells from the 

early human fetal striatum. We found that D1 and D2 medium spiny neurons (MSNs) arise from a 5 

common progenitor and that lineage commitment is established during the post-mitotic transition, 

across a pre-MSN phase that exhibits a continuous spectrum of fate determinants. We then 

uncovered cell type-specific gene regulatory networks that we validated through in silico 

perturbation. Finally, we identified human-specific lincRNAs that contribute to the phylogenetic 

divergence of this structure in humans. In conclusion, our study has delineated the cellular 10 

hierarchies governing MSN lineage commitment. 

One Sentence Summary 

Bulk and single-cell RNA-seq reveal the human-specific modules governing human striatal 

development with the identification of previously unannotated cellular states and gene regulatory 

networks that define the ontogeny of medium spiny neurons.  15 
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Main Text 

The striatum is a subcortical structure made up of the caudate nucleus and putamen and is 

important in motor control and learning, procedural behaviour as well as cognition, emotional and 

motivational responses. Many of these functions are associated with uniquely human abilities 

including the development of speech and language (1). 5 

In adults, the striatum is primarily composed of medium spiny neurons (MSNs) carrying either 

D1-type or D2-type dopamine receptors interspersed with aspiny interneurons (2). This 

organization does not appear to vary among species (3). However, this apparent homogeneity in 

cellular composition mask functional complexity of human-specific striatal circuits. 

During development, MSNs are derived from progenitors in the lateral ganglionic eminence (LGE) 10 

of the telencephalon (4). Most studies of this area have concentrated on rodent models and the 

coding signature of limited cell types. Long non-coding RNAs (lncRNA) have a higher tissue 

specificity than mRNAs (5) and a diversity that correlates more closely with brain complexity than 

protein-coding (PC) genes (6). LncRNAs may therefore, better discriminate cell states during 

striatal development in human (3).  15 

In this study, we first conducted bulk RNA-seq to identify novel intergenic long non-coding RNAs 

(lincRNA) expressed in the developing human LGE that we then leveraged to define the spatial 

coding and non-coding map for this area that discriminates it from the surrounding neocortex (CX) 

and medial ganglionic eminence (MGE). We then performed single-cell RNA-seq (scRNA-seq) 

to characterize cell diversity in the LGE, identify LGE specific coding and non-coding cell states, 20 

define cell-type specific gene regulatory networks and decipher pivotal bifurcation points in the 

formation of human MSNs. Finally, we performed in silico perturbations by knocking out and 
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overexpressing key transcription factors (TFs) of the MSN-lineage, together with 

immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) analysis to validate 

our findings.  

 

lincRNA discovery and scRNA-seq profiling of the human LGE 5 

In order to identify unannotated putative lincRNAs expressed during human striatal development, 

we dissected the CX, LGE and MGE from human embryos between 7 and 20 postconceptional 

weeks (pcw), with at least 2/3 biological replicates for each developmental stage (Table S1). We 

then profiled by RNA-seq the transcriptome of each area (Fig. 1A) and set up a computational 

pipeline (Fig. S1A) to create a corresponding catalogue of lincRNAs (Fig. S1B-E). Since our bulk 10 

RNA-seq protocol was unstranded we decided to include only a reliable set of intergenic lncRNAs 

(lincRNAs), as genic lncRNAs are difficult to correctly predict without strand information 

discriminating them from overlapping genes. To better understand the relationship between 

lincRNAs identified in other tissues and our newly identified lincRNAs, two catalogues derived 

from different human tissues and cell types (7, 8), plus a lincRNA catalogue of the developing 15 

human CX (9) were integrated into this study.  

We detected 1116 novel lincRNA loci (Fig. 1B, Table S2), among which the highest number was 

found in the developing LGE and the lowest in the CX (Fig. S1F), probably due to the greater 

extent of data available from the CX. We found that lincRNAs had an average of 2.27 exons as for 

all lincRNA catalogues integrated in this study, except the FANTOM catalogue which used 20 

CAGE-seq instead of classic RNA-seq and showed fewer exons (Fig. S1G). For each sampled 

pcw, we then defined a signature of both PC genes and lincRNAs that were uniquely expressed in 

the LGE, CX, MGE (Fig. 1C, Fig. S2A, Table S3). Gene ontology (GO) analysis in the LGE 
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between 7 and 11pcw revealed an enrichment for terms related to neural differentiation, forebrain 

and subpallium development (Fig. S2B, Table S4), while at 20pcw, this changed to regulation of 

synaptic plasticity and neurotransmitter secretion, reflecting the more mature state of the 20pcw 

striatum (Fig. S2C, Table S4). 

Pathway enrichment analysis (IPA, Ingenuity Systems) revealed huntingtin (HTT) as the most 5 

significant upstream regulator (p-value < 0.001) of the LGE at all-time points considered (Fig. 1D, 

Fig. S2D, Table S5). This suggests that HTT may have an important role in human striatal 

development. 

To explore how these PC genes and lincRNAs define specific cell states during development of 

the human striatum, we surveyed 96,789 high quality single cells from the LGE between 7 and 10 

11pcw (Fig. 1A, Table S1). We were able to discriminate 15 clusters and their transcriptional 

signatures (Fig. 1E, Table S6) that were then classified according to canonical markers (Fig. 1F). 

Biological replicates were well distributed in each detected cluster (Fig. S3A) and all time-points 

considered between 7 and 11pcw covered the identified clusters (Fig. S3B, C), indicating that 

during this stage of early development the same cell types are present. We report that both D1- 15 

and D2-MSNs subtypes are present in all time-points considered (Fig. S3C) and they are 

characterized by known markers such as ISL1, EBF1 in D1- and SIX3 and SP9 in D2-MSNs (Fig. 

1F, Fig. S4A-C). 

GO analysis revealed that apical progenitors (APs) are associated with terms like cell adhesion 

and glial cell differentiation, mirroring the proliferating nature of this cell type. Basal progenitors 20 

(BPs) express genes related to mRNA splicing, RNA binding, and forebrain development 

suggesting that a network of posttranscriptional control coordinates and primes these cells for their 

final cell division and fate acquisition. Genes identified in pre-MSN are enriched in terms linked 
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to nervous system development and axon guidance, while D1- and D2-MSNs show a more mature 

gene signature linked to synapse organization and chemical synaptic transmission (Fig. S4D, Table 

S7).  

Marginally contaminating populations of cells included NKX2.1-, LHX6- and LHX8-expressing 

MGE interneurons, migrating interneurons, ventral neocortical cells, ventral CGE cells and 5 

endothelial cells (Fig. S5A-C). By sub-clustering the migrating interneurons we were able to 

observe dorsal LGE (dLGE) interneurons expressing SP8, COUP-TFII (NR2F2) together with 

PAX6 and MGE migrating interneurons expressing NXK2.1 and LHX6 that were presumably 

passing through the sub-ventricular zone (SVZ) of the LGE at this developmental stage since the 

same population did not express LHX8 (Fig. S5C, D). As expected, ERBB4 was found in both 10 

types of migrating interneurons (Fig. S5D). The finding that these two populations cluster together 

despite their different sites of origin and that sub-clustering was required to reveal their diversity, 

suggests that their interneuron migratory class signature is stronger than their spatial/lineage of 

origin signature. We did not observe any markers of oligodendrocytes, astrocytes or microglia, 

indicating that these cells appear later in normal human striatal development and found no evidence 15 

of corridor cells that have probably migrated to the globus pallidus by 7pcw in humans. 

As previously reported (7), in our study bulk expression levels of lincRNAs are lower than those 

of  PC genes, and our single-cell data also show differential expression for these two biotypes (Fig. 

S5E). However, when comparing the different catalogues we observed that lincRNAs identified 

in the developing human CX (9) and the ones identified in this study (HFB) displayed higher 20 

transcript levels, both in bulk and single-cell data, compared to lincRNAs identified in different 

adult tissues (Fig. 1G). This suggests that these lincRNAs are associated with the development of 

the human telencephalon. Overall lincRNAs are more specific than PC genes both in bulk and 
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single-cell measurements (Fig. S5F). We show that these lincRNAs characterize different cell 

states of the LGE lineage as, for example, the lincRNA hfb_G_000907 is associated with the APs 

whereas hfb_G_000258 characterizes pre-MSNs and D2-MSNs (Fig. 1H).  

 

MSN differentiation passes through a pre-MSN cell state  5 

To infer how fate decisions occur, we defined the cell trajectories that give rise to MSNs using 

velocyto (10, 11). The velocity field map (Fig 2A) reflects the dynamics of MSN differentiation 

as these cells transition from APs to D1- and D2-MSNs, passing through a pre-MSN phase. This 

model shows that, in the pre-MSN phase, there is already a separation between the D1 and D2 

state (Fig. 2A). We show that lincRNAs display reduced splicing kinetic compared to PC genes 10 

(Fig. 2B) reflecting their inefficient splicing (12). However, within the putative driver genes (Table 

S8), we identify a number of lincRNAs that may guide MSN differentiation. These include 

hfb_G_000259 that shows pronounced velocities in BPs, pre-MSNs and D2-MSNs and 

hfb_G_000707 that contributes to the D1-MSNs transition (Fig. 2C).  

Overall, our data suggest that the same progenitors give rise to both D1- and D2-MSNs. Sub-15 

clustering the AP and BP groups confirm the absence of lineage commitment at these stages (Fig. 

S6A, B). This is further proved by calculating the connectivity between each cluster of the LGE 

lineage using partition-based graph abstraction (PAGA) which shows that progenitors are highly 

interconnected and converge to give rise to D1- and D2-MSNs through the pre-MSN phase (Fig. 

S6C). To explore the potential temporal relationships between cell states in the LGE lineage we 20 

used a measure of graph distance (diffusion pseudotime, DPT) (Fig. S6D, E). We observe that cell 

states and DPT recapitulate the known temporal dynamics of neural maturation, with mitotic APs 

of the ventricular zone (VZ) having the lowest DPT score, while mitotic BPs of the SVZ have an 
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intermediate DPT score (Fig. S6E). These findings suggest that the latter cells represent a more 

mature progenitor state, as reflected by the expression of HES6 which is found in cells committing 

to neural differentiation. Pre-MSNs together with D1- and D2-MSNs were classified as post-

mitotic (Fig. S6F) and showed the highest DPT score, which peaked in cells classified as mature 

D1-MSNs (Fig. S6E). This cell population was the only one to express the more mature neuronal 5 

cytoskeleton marker neurofilament-M (NEFM) (Fig. S6G), and most cells of this cluster are found 

at the most advanced pcw analysed (Fig. S3C). This temporal signature was confirmed using FISH 

(Fig. S6H). Finally, at the cluster level, we found that splicing kinetics and differentiation 

accelerates substantially after cell cycle exit (especially in pre-MSNs and D2 neurons), 

maintaining pace during D2 production while slowing down during D1 production (Fig. S6I). This 10 

finding is consistent with a model in which immature differentiating cells (D2-MSNs) are less 

transcriptionally stable and reveal greater splicing dynamics than terminally differentiated cells 

(D1-MSNs) (13).  

Overall, these findings suggest that both MSN subtypes are present at this early stage of 

development but D1-MSNs mature and reach equilibrium at a faster rate compared to D2-MSNs.  15 

We then focused on pre-MSNs as this cell state escaped previous identification. Sub-clustering 

pre-MSNs revealed that these cells exhibit either a D1- or D2-MSN blueprint with enrichment of 

cell-specific markers of each subtype (Fig. 2D). Although sub-clustering revealed two discrete 

cell-states, markers like SIX3, SP9 and ISL1 show a gradient of opposing expression, with both 

markers found in both sub-clusters at different expression levels. We therefore tested different 20 

thresholds of SIX3 and ISL1 co-expression in the entire LGE lineage to test how the transcripts 

behaved throughout differentiation. We found that high levels of SIX3 and low levels of ISL1 are 

present in the D2-MSN lineage at the pre-MSN stage, and that co-expression is lost at terminal 
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D2-MSN fates (Fig. S7A). The opposite trend is seen for high ISL1 and low SIX3 in the D1 MSN-

lineage (Fig. S7A). High levels of both transcripts are instead found in a very small percentage of 

cells (approximately 7%) and this is also reflected at the protein level (Fig. S4B, C). This suggests 

that the pre-MSN phase spans along a transcriptional continuum rather than being a discrete cell 

state.  5 

We then identified OCT6 (POU3F1), a member of the POU-III subfamily, as a specific marker of 

this pre-MSN cell state (Fig. 2E), as well as being LGE specific (Fig. 2F) and exhibiting transient 

expression (Fig. 2G). When looking at its expression at the pre-MSN stage we also show that this 

gene is more enriched in pre-D1 MSNs and appears to follow an expression gradient (Fig. S7B). 

Examining co-expression levels of this transcript with candidate D1- and D2-MSN markers we 10 

observe that low levels of OCT6-ISL1 characterize the D1 lineage, while high levels define the 

pre-D1 state (Fig. 2H). Low levels of OCT6-SIX3 are also found in D2-MSNs, however, very few 

positive cells are found with high expression of both markers (Fig. 2H). To confirm these findings, 

we performed systematic IHC analysis of these markers at 9pcw. We show that there is specific 

OCT6 staining in the SVZ of the LGE (Fig. 2I, J) with none in the CX, MGE and CGE (Fig. S7C). 15 

We demonstrate that OCT6 positive cells are post-mitotic neurons as only 2% are double positive 

for the BP marker ASCL1 (Fig. S7D-G) and more than 80% of OCT6 cells do not express the 

proliferative marker Ki67 in the SVZ (Fig. S7H, I). We show that 40% of OCT6 cells are positive 

for the D1-MSN marker ISL1, and they are all negative for CTIP2, a marker of mature MSNs (Fig. 

2J-L), confirming this marker as a key gene of pre-D1 MSNs in the SVZ. 20 

For pre-D2 MSNs, we found approximately 10% of OCT6 and SIX3 co-expressing cells in the 

SVZ (Fig. S8A-D). This suggests that the low OCT6 expression level characterizing this cell state 

translates in only few cells detectable by IHC. This low to high gradient is also seen by IHC where 



Submitted Manuscript: Confidential 

10 

 

SIX3 cells are enriched dorsally and fade moving ventrally, while OCT6 shows a reverse ventral 

to dorsal enrichment (Fig. S8A). These patterns of OCT6-ISL1 and OCT6-SIX3 co-expression in 

the SVZ are also confirmed at 11pcw (Fig. S8E-H). To confirm the pre-D2 state we looked at how 

ASCL1, SIX3 and CTIP2 behave in the SVZ (Fig. S8I).  We show that most of the SIX3 expressing 

cells in the SVZ lack expression of both ASCL1 and CTIP2 (Fig. S8J-L) confirming the presence 5 

of the pre-D2 state in the SVZ.  

Our findings support a model where D1- and D2-MSNs derive from a common progenitor and that 

specific subtypes of MSNs are established once cells become post-mitotic as they pass through a 

primed precursor phase that exhibits heterogeneity in the expression of key MSN regulators. This 

suggests that fate determination in MSNs does not occur as an instantaneous shift in cell fate, but 10 

is a smooth and continuous process that falls within two gradients of expression. 

 

Gene regulatory networks of the MSN-lineage 

The human LGE domain has been the most elusive area of the basal ganglia to characterize. To 

bridge this gap we applied SCENIC (14) to our scRNA-seq data and reconstructed the gene 15 

regulatory networks (GRNs) and combinatorial codes of TFs that define the different cell states in 

this domain (Fig. 3A, Table S9).  

Overall, GRN analysis revealed that distinct regulons classify different axes of MSN development, 

with D1- and D2-MSNs sharing most of the active TFs (Fig. 3B). We found a number of TFs that 

were not previously associated to LGE development. These include: OTX1 for APs, VAX1 for BPs, 20 

POU2F2 for both types of MSNs, NANOG in D2-MSNs and FOXO1 for D1-MSNs. 

We then used SCENIC co-expression networks to infer potential relationships between our de 

novo identified lincRNAs and our cell-type specific TFs (Fig. S9A, Table S10), as it has been 
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shown that lincRNAs loci contain many conserved TF binding sites (12), suggesting that their 

relationship may be functionally relevant.  We found that hfb_G_000907, a specific lincRNA of 

APs, is strongly linked to SOX genes while, hfg_G_000296, another lincRNA specific for APs, 

shows a high connection with a PDZ-LIM domain family protein called PDLIM5. The BP 

lincRNA hfb_G_00882 shows a correlation with RARA, an important mediator of retinoid 5 

signalling. For MSNs, we find common lincRNAs between D1- and D2-MSN subtypes that are in 

the same network with universal MSN signatures like ZNF467 and POU2F2.  hfb_G_000494 a 

D1-MSN specific lincRNA shows a connection with SOX8 and IKZF1, two players of the D1-

MSN class, while many of the D2-specific lincRNAs are linked to SP9 and MAFB. Overall, these 

observations reveal insights into how this panel of lincRNAs can be regulated. 10 

 

LGE and MGE progenitors are transcriptionally distinct 

Given the limited information available on APs of the LGE we then focused our attention on this 

particular progenitor domain. We find that SOX3 and TCF7L1 (both inhibitors of posteriorizing 

WNT signals) together with SOX9 (which is induced by SHH signalling) are active TFs that may 15 

ventralize and maintain this early progenitor phase (Fig. 4A). Other significant TFs of this 

progenitor domain include OTX1, which has been predominantly associated with the CX, and 

CREB5 which has a role in neural progenitor differentiation. These regulators are interlinked by 

shared target genes and are likely important to control cell fate decisions within the AP domain. 

The TCF7L1 network does not share target genes with the other TFs, however it does regulate 20 

genes like NKX2.1 and OTX2 that play a role in maintaining a regional ventral identity (Fig. 4A).  

We then investigated whether transcriptional diversity exists at early developmental stages 

between APs of the LGE and MGE. We combined our set of LGE marker genes (compared to the 
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CX and MGE) identified in the bulk dataset with the signatures of the different cell states identified 

in the scRNA-seq dataset (Fig. 4B). We identified 199 genes that are LGE and cell state-specific 

(Fig. 4B, Table S11), within these, 31 were specific for APs of the LGE and for two of these 

candidates, the TF SALL3 and its topologically adjacent LINC01896 (Fig. 4C, D), we confirmed 

by FISH that they are expressed in APs of the LGE (and CGE) and not in the MGE (Fig. 4E, Fig. 5 

S10A-D). Our results propose a model where the neuronal fate of APs in the VZ of the developing 

striatum is already restricted by a specific topographical and transcriptional program that 

subsequently drives LGE versus MGE specific cell fates. 

 

Gene network interference reveals key MSN fate determinants 10 

Within the striatum, D1- and D2-MSNs contribute to the direct and indirect pathways, respectively 

(15). Here, we show that both types of MSNs are shaped by a shared set of GRNs governed by 

specific MSN ‘master’ TFs (Fig. 5A, Fig. S11A, B). To validate these observations and predict 

their role in cell lineage determination, we used CellOracle (16) to perturb, in silico, these key TFs 

and their GRNs. We tested CellOracle on SP9, a functionally validated gene in MSN fate 15 

determination (17). We show that SP9 knockout (KO) causes a block in BP differentiation, 

together with a specific arrest in D2-MSN generation, that shift towards D1-MSN fates (Fig. 

S11C). When we tested SP9 overexpression, the opposite trend is observed, with a D1- to D2-

MSN shift (Fig. S11C).  This recapitulates what is known on SP9 during striatal development (17) 

and confirms the ability of CellOracle in identifying functional TFs. We then tested ZNF467, a 20 

zinc finger protein whose function has not been yet characterized in any tissue. We show that its 

KO halts MSN differentiation at the progenitor stage, while it promotes MSN specification when 

overexpressed (Fig. 5B). This suggests that ZNF467 may be an important TF for the entire MSN-
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lineage. We then tested OCT6 and we show that KO of this gene causes an inhibition of the pre-

MSN phase, with cells reverting back to progenitor domains and also a stimulation of the transition 

from pre-MSN to mature MSN states (Fig. 5C). This is in line with the transient nature of OCT6 

expression and may reflect the result of removing this gene at different stages of differentiation. 

Overexpressing OCT6 has the opposite effect as it stalls differentiation in the pre-MSN phase (Fig. 5 

5C). This data confirms the probable function of this gene in the pre-MSN phase, especially in 

pre-D1 MSNs since we detect OCT6 protein translation mainly in the D1 lineage (Fig. 2I-L). 

We then tested key TFs that may drive the D1-D2 MSN bifurcation point. We show that IKZF1, 

an essential gene in the generation of D2-MSNs in mice (18), may have a completely opposing 

role during human development as we find it associated to D1-MSNs. Perturbation of this gene 10 

causes a specific obstruction in D1-MSN maturation, while its overexpression leads to increased 

D1 production (Fig. 5D). Finally, we tested MAFB, a specific TF of the D2-lineage, that has been 

previously associated with the survival of MGE-derived cortical interneurons (19). KO of MAFB 

causes an arrest in BP differentiation and an interruption in D2-production that shifts to the D1-

lineage (Fig. 5E), mimicking what is seen with SP9 KO. Instead, overexpression of MAFB 15 

triggers BP maturation, a conversion from D1- to D2-MSNs and promotes a conversion from 

pre-MSN to interneurons (Fig. 5E), supporting the role of this gene in promoting this cell class.  

Since most studies in humans have generated a general MSN or a D1-MSN-specific signature 

(20)., we next decided to characterize a highly specific D2-MSN signature. From our combined 

bulk and scRNAseq data (Fig. 4B) we defined 13 specific LGE and D2-MSN genes (Table S11). 20 

Among them, we validated LINC01305 and KCNA5 (Fig. S12A) that are specific for the mantle 

zone (MZ) of the LGE and are not found in the MGE or CGE (Fig. S12B-E).  
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Finally, to discover different populations within each major class of MSNs, we performed sub-

clustering of the two classes of MSNs. We reveal two sub-clusters in both D1- and D2-MSNs (Fig. 

5F), and we tested whether these sub-clusters were already specified in the patch compartment, 

one of the two major areas (the other being the matrix) that characterize the organization of the 

striatum and that is formed during early development in mouse models (21). A previous single-5 

cell study on post-natal mouse striatal cells (22) showed that Pdyn and Tshz1 are specific patch 

markers. Here, we find that one of the clusters in the D1 population expresses PDYN and low 

levels of TSHZ1, while in D2-MSNs the opposite trend is observed (Fig. 5F). This suggests that in 

humans these two markers define MSN lineage-specified patch cells. PDYN expression in the MZ 

confirms that this organization is present at 9pcw (Fig.5G). Overall, our data suggest that human 10 

MSNs are already compartmentalized in sub-type specific patch regions at this stage of early 

development and we define how specific markers are distributed in these MSN subtypes. 

 

Human specific lincRNAs show striatal specificity  

We then decided to investigate how lincRNAs define striatal evolution and development. Using 15 

liftOver (23) and TransMap (24) we identified lincRNAs that map across different species, have 

conserved sequence identity and are also expressed in the other species considered (Fig. 6A). 

Conservation scores showed that lincRNAs identified in the brain, exhibit a higher score in 

primates compared to the mouse, suggesting that they are less conserved in lower mammals (Fig. 

6B). However, conservation scores in all the species considered increased for lincRNA expressed 20 

in the adult brain compared to the developing brain (Fig. 6B). This suggests that the transcriptional 

complexity of the primate brain, in terms of lincRNAs, is mainly established during fetal 
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development and that in the adult brain this biotype probably possesses more conserved functions 

among different species.  

We further explored two human-specific lincRNAs that were not conserved in the other species 

considered, and that were explicitly expressed in MSNs of the developing human LGE (Fig. 6C, 

D). We initially used a guilt-by-association approach (25), to investigate the potential function of 5 

PC genes that highly correlate with this set of lincRNAs, in order to predict the latter’s potential 

role in MSN specification. We inferred that the MSN-specific lincRNA hfb_G_000053 could be 

involved in brain development and neuronal differentiation (Fig. 6E, Table S12) while the mature 

D1-MSN-specific lincRNA hfb_G_000494, could function in synaptic organization (Fig. 6F, 

Table S12). We validated these unannotated lincRNAs by RT-PCR and FISH and found a specific 10 

enrichment of these lincRNAs in the MZ of the developing human striatum compared to the MGE 

and CGE (Fig. 6G, H, Fig. S13A-E).  

These findings suggest that these two lincRNAs have a role in the development of human MSNs 

and may provide insight into how the striatal architecture has evolved to accommodate the 

expanded human behavioral repertoire. 15 

 

Discussion 

Recent studies of the developing human fetal brain have been crucial to decipher the basis of 

human brain formation, function and evolution (26–29). 

In this study, we created the first high resolution single-cell map of the early development of the 20 

human striatum from a coding and long non-coding perspective. This atlas will pave the way for 

future integrations with chromatin accessibility data and single-cell proteomics that will help 
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resolve the relationship between gene regulation, transcription, and protein production during 

lineage determination in MSNs, especially at the pre-MSN phase identified in this study.   

The main limitation of this work is the high degree of sparsity of the single-cell data. Future 

protocols with increased sensitivity of RNA detection may reveal new and rare cell types and will 

probably enable a clearer separation of the pre-MSN phase. This study was also limited by the 5 

restricted time window (early fetal development) and brain region (LGE) that was examined. 

Studies of both earlier and later developmental time-points combined with single-cell 

measurements of the CX, MGE and CGE will enhance our understanding of lineage establishment 

and diversification.  

Nonetheless, this study has set the foundation for understanding human striatal development at 10 

unprecedented granularity. We foresee that key TFs and lincRNAs defined in this study will be 

leveraged in vitro to generate authentic MSNs that can serve as suitable donor preparations for 

future clinical trials in cell replacement therapies.  This dataset will also be critical to understand 

the neurodevelopmental component of Huntington’s disease (HD) during striatal development 

given the recent evidence of alterations in normal cortical development in human HD fetal samples 15 

(30). Finally, we also expect that the newly identified human-specific lincRNAs will enable us to 

understand the underpinnings that characterize human striatum function. 
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Main Figures  

 

Fig. 1 The coding and non-coding transcriptional landscape of the developing human striatum. (A) Schematic representation 
of the experimental design. CX, neocortex; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; pcw, post 
conceptional weeks. (B) Circular plot showing the genomic location of 1116 novel lincRNA. Outer circle represents chromosomes 5 
and inner circle the loci of newly identified lincRNAs. (C) Bubble matrix showing the number of uniquely expressed protein-
coding (PC) genes and lincRNAs per area and per pcw from bulk RNA-seq data. (D) Upstream regulators of the bulk LGE specific 
signature between 7 and 11pcw. (E) t-SNE plot of 96,789 single cells from the LGE between 7 and 11pcw, colour-coded by cell 
type. AP, apical progenitors; BP, basal progenitors; pre-MSNs, precursor medium spiny neurons; D1-MSNs imm., immature D1 
medium spiny neurons; D1-MSNs mat., mature D1 medium spiny neurons; D2-MSNs, D2 medium spiny neurons; MGE int., MGE 10 
interneurons; Migr. int., migrating interneurons; v.CGE int., ventral caudal ganglionic eminence interneurons; v.Cx, ventral 
neocortical neurons; Endo., endothelial cells. (F) Gene expression levels of early progenitors (GSX2), intermediate progenitors 
(ASCL1), neurons (DCX), GABAergic neurons (GAD2), LGE lineage cells (MEIS2), general MSNs (FOXP1), D1-MSNs (ISL1) 
and D2-MSNs (SIX3). (G) Distribution of maximal normalized expression of lincRNAs from different catalogues in bulk and 
single-cell data. Wilcoxon test with Bonferroni correction,*p<2e-16 (pairwise comparisons: Liu vs Fantom, Cabili, annotated 15 
lincRNAs and HFB vs FANTOM, Cabili, annotated lincRNAs). (H) Gene expression levels of highly specific lincRNAs identified 
de novo in this study. 
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Fig. 2 Maturation and differentiation trajectory of MSNs. (A) Velocity estimates projected onto a two-dimensional tSNE plot 
of the LGE dataset. Arrow heads in the pre-MSN cluster are coloured according to commitment to either the D1 (purple) or D2 
(cyan) MSN fate. (B) Boxplot showing splicing kinetics of lincRNAs and PC genes. Wilcoxon test with Bonferroni 5 
correction,*p<0.05. (C) t-SNE plot showing velocities of each gene. Positive velocities (shown in dark green) indicate that a gene 

is up-regulated, which occurs for cells that show higher abundance of unspliced mRNA for that gene than expected. (D) Sub-
clusters within the pre-MSN cluster and the velocity vector fields, together with expression levels of canonical D1-MSNs (top row) 
and D2-MSNs markers (bottom row). (E-G) Single-cell (E) bulk (F) expression levels, together with single-cell expression levels 
(cells are coloured according to louvain cluster) plotted against pseudotime (G), of the pre-MSN specific marker OCT6 (POU3F1). 10 
(H) t-SNE plot showing cells co-expressing OCT6/ISL1 and OCT6/SIX3 with different thresholds of gene expression (co-
expressing cells are shown in yellow). (I) OCT6, ISL1 and CTIP2 staining of a telencephalic coronal hemisection at 9pcw (scale 
bar 100µm at bottom right) with (J-K) 40x magnification of the SVZ (I) and IC (J). (L) Automatic quantification of the percentage 
of cells positive for OCT6, ISL1 and CTIP2 with the NIS software on confocal images at 40X magnification. N = 3-6 fields for 

each zone: VZ, SVZ, internal capsule (IC) and MZ from 2-3 coronal slices of 1 fetus, 2-3 z stacks of each field are pre-mediated. 15 
Statistics were performed with Prism: Anova One Way, Bonferroni post test, * p< 0,05; ** p< 0,01; ***p<0,001;**** p<0,0001. 
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Fig. 3 The cell-specific gene regulatory networks of the LGE lineage (A) Schematic overview of the computational approach 
used to infer cell-type-specific gene regulatory networks using SCENIC. (B) SCENIC regulon activity matrix showing the top 
active transcription factors in each cell class. For each cell type, the figure depicts specific transcription factors and their associated 5 
motif and expression patterns in a t-SNE plot. 
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Fig. 4 The emergence of specific apical progenitors within the LGE. (A) Specific active regulons in APs. (B) Schematic 
overview of the computational approach used to infer LGE and cell-type-specific transcriptional signatures from bulk and scRNA-
seq data. (C) Bulk expression levels of the LGE specific genes SALL3 and LINC01896. (D) Single-cell expression levels of APs 5 
specific genes SALL3 and LINC01896 (RP11-849I19.1) in the LGE lineage. (E) FISH validation of SALL3 and LINC01896 on a 

telencephalic coronal hemisection at 9pcw (Scale bars: 500 µm, 200 µm). 
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Fig. 5 In silico perturbation of MSN-specific gene regulatory networks. (A) Shared active regulons that define D1- and D2-
MSNs. (B-E) CellOracle simulation of knockout and overexpression of the two key MSN markers ZNF467 (B) and OCT6 (C), 
together with IKZF1 (D) a D1-MSN specific TF and MAFB (E) a D2-MSN TF. The effect of the perturbation in shown on the t-5 
SNE plot with projections of cell state transition vectors for each cell. Yellow arrows were manually added to represent overall 
directionality. (F) Sub-clusters of D1- and D2-MSNs, together with expression levels of two specific patch markers (PDYN and 
TSHZ1) and canonical D1 (ISL1) and D2 (SIX3) MSN markers. (G) FISH validation of PDYN on a telencephalic coronal 

hemisection shows exclusive expression in the MZ at 9pcw (Scale bars: 500 µm, 200 µm). 
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Fig. 6 The human-specific long non-coding signature of MSNs. (A) Computational pipeline developed to establish the 
conservation score of each lincRNA. (B) Distribution of conservation scores for different lincRNA classes during development and 
in adult tissues show significant differences between lincRNAs identified in the developing brain (Liu – HFB) compared to those 5 
identified in the adult brain (Cabili - FANTOM), Wilcoxon rank-sum test,*p<0.05, **p<0.002. No differences were observed 
between the two adult catalogues (Cabili vs FANTOM) or between the two catalogues of the developing brain (Liu vs HFB). C. 
Bulk expression levels of the human specific lincRNAs hfb_G_000053 and hfb_G_000494. (D) Single cell expression levels of 

MSNs specific lincRNAs hfb_G_000053 and hfb_G_000494. (E-F) Enriched gene ontology terms related to genes that have a high 
correlation or anti-correlation pattern (p-value < 0.05 and r > 0.6 or r < -0.6) with hfb_G_000053 (E) and hfb_G_000494 (F). (G-10 
H) FISH validation of hfb_G_000053 (G) and hfb_G_000494 (H) expression on a telencephalic coronal hemisection at 11pcw 
(Scale bars: 500 µm, 100 µm). 
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Materials and Methods 

Ethics statement 

Post-mortem human fetal brain specimens under 12pcw were obtained from University of 

Cambridge (UK) after informed consent was obtained from all donors. All procedures were 

approved by the research ethical committees and research services division of the University of 

Cambridge and Addenbrooke’s Hospital in Cambridge (protocol 96/85, approved by Health 

Research Authority, Committee East of England—Cambridge Central in 1996 and with 

subsequent amendments, the last being in November 2017) in accordance with the Human Tissue 

Act 2006. Post-mortem human brain specimens at 20pcw were obtained from the San Paolo 

Hospital, Milano after autopsy diagnostic procedures. Both documents were submitted to the 

Ethics Committee of the University of Milano, and ethics approval was obtained on 27 March 

2013. Tissue was handled in accordance with ethical guidelines and regulations for the research 

use of human brain tissue set forth by the National Institute of Health (NIH) 

(http://bioethics.od.nih.gov/humantissue.html) and the World Medical Association Declaration of 

Helsinki:  

https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-

research-involving-human-subjects/. 

Human Tissue Collection 

Embryonic and fetal age was extrapolated based on the date of the mother's last menstruation, 

ultrasound scans of the fetus in utero, crown-rump length (CRL) and visual inspection. Depending 

on the condition and period of the procured specimens, the neocortex, LGE and MGE were 

dissected. Both left and right brain regions of interest were collected from fresh tissues. Specimens 

were chilled on ice during dissection. The dissected samples were immediately frozen in dry ice 

https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
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and stored at −80 °C for later RNA extraction. For scRNA-seq, dissected LGEs were maintained 

in Hibernate-E media (Thermo Fisher, A1247601). Table S1 provides a complete list of all tissue 

samples included in this study.  

RNA sample preparation and sequencing for bulk RNA-seq 

Total RNA was extracted from LGE, MGE and neocortical human fetal tissues with the TRIZOL 

reagent (ThermoFisher Scientific, 15596018) according to the manufacturer's instructions. After 

DNase treatment (ThermoFisher Scientific, AM1906), optical density values of extracted RNA 

were measured with NanoDrop (Thermo Scientific) to confirm an A260/A280 ratio ≥ 1.9. 500 ng 

of total RNA from each sample was used for the preparation of an unstranded polyA library. 

Sequencing was performed with the Illumina HiSeq 4000 platform, with an average depth of 80 

million reads (125 or 150 bp paired-end) per sample. 

Cell suspension preparation for single-cell RNA-seq 

Tissues were processed by dissociation using Papain Dissociation System (Worthington, 

LK003150) following the manufacturer’s recommendations, adjusting the incubation time based 

on tissue piece size. Briefly, after papain incubation, cells were resuspended in N2 media with 

DNase I provided in Papain Dissociation System (Worthington, LK003170) and Rock Inhibitor 

Y-27632 (provided by CHDI Foundation, CHDI-00197406-0001-007). Next, glass pipettes of 

increasingly smaller tip diameter (fire-polished) were used to dissociate the tissue to a single-cell 

suspension followed by a filtration with CellTrics 20um (Sysmex, 04-004-2325). Cells were 

pelleted and resuspended in Ultrapure BSA 0.04% (Ambion, AM2616). Cell viability (>90%) was 

assessed by trypan blue staining. 

Library preparation and sequencing for scRNA-seq samples 
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Single cell sequencing libraries were prepared using the Chromium Single Cell 3′ Library & Gel 

Bead Kit v2 (PN- 120237), Chromium Single Cell 3′ Chip kit v2 (PN-120236) and Chromium i7 

Multiplex Kit (PN-120262)  according to the manufacturer’s instructions. Libraries were generated 

starting from 8233 to 28577 cells for each sample (see Table S1) and were sequenced with the 

Illumina HiSeq 4000 platform, with an average depth of 50,000 reads per cell using paired end 

sequencing with single indexing. 

TaqMan gene expression assays 

For assessment of gene expression levels, TaqMan gene expression assays (Thermo Fisher 

Scientific) were used. 500 ng of total RNA was used for reverse transcription with a iScript cDNA 

Synthesis Kit (Biorad, 1708891). 1.25 ng of diluted cDNA was used for RT-qPCR to assess the 

expression of Hfb-G-000053 (ThermoFisher Scientific, Hs_G_000053) and Hfb-G-000494 

(ThermoFisher Scientific Hs_G_000494). Gene expression levels were normalized to 18s rRNA 

(Hs 99999901 s1). qPCR was carried out in Bio-Rad CFX C1000 System (Bio-Rad, Foster City, 

CA, USA) using the TaqMan Fast Advanced Master Mix (Applied Biosystems, 4444557) 

according to the manufacturer’s instruction. A one tailed Student t-test was used to compare 

groups. 

FISH 

Brains were dissected out, fixed (24 h, 4°C) in 4% paraformaldehyde (PFA) and incubated in 

sucrose 30% for 24 h at 4°C. Brains were then frozen in optimal cutting temperature (OCT) 

medium on dry ice. Frozen sections (15 μm) were obtained using a cryostat (Leica, Germany) and 

stored at − 80 °C. Sections were thawed just prior to staining and fixed with 4% PFA for 10 min 

followed by rinsing in PBS. Sections were then dehydrated in 5 min dehydration steps in 70% and 

100% ethanol, respectively. A hydrophobic barrier was created around the sections with a 
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hydrophobic barrier pen, and air dried for 10 min. RNAscope® Hydrogen Peroxide solution (ACD, 

322335) was added to cover the sample and incubated for 10 minutes at RT. After incubation, 

hydrogen peroxide solution was removed and slides were washed twice with ddH2O. Protease plus 

(ACD, 322331) was added to the samples and incubated in a HybEZ oven for 30 minutes at 40°C. 

After incubation, protease was removed by washing the slides in ddH2O. RNAscope in 

situ hybridizations were performed according to the manufacturer’s instructions, using the 

RNAscope® Multiplex Fluorescent Assay v2 (Advanced Cell Diagnostics) for fixed frozen tissue. 

The following probes with suitable combinations were used (indicated with gene target name for 

human, respective channel, and catalogue number all Advanced Cell Diagnostics): Dlx5 (Ch1, 

569471), Dlx6 (Ch2, 569481), Dlx2 (Ch4, 483311), Isl1 (Ch3, 478591), Nkx2.1 (Ch2, 530701), 

Lhx6 (Ch1, 460051), Lhx8 (Ch4, 483321), Kcna5 (Ch1, 590001), LINC01305 (Ch2, 569501), 

Sall3 (Ch2, 590011), LINC01896 (Ch1, 589981), PDYN (Ch1, 507161). BaseScope® detection 

reagents v2 - RED (Advanced Cell Diagnostics) for fixed frozen tissue was used with the following 

probes (indicated with gene target name for human and catalogue number all Advanced Cell 

Diagnostics): Hfb-G-00053-Junc (817261) and Hfb-G-000494-Junc (817271). Probe 

hybridization took place for 2 h at 40 °C and slides were then rinsed in 1 × wash buffer, followed 

by four amplification steps (according to the standard protocol). Brain sections were then labelled 

with DAPI, and mounted with Prolong Gold mounting medium (P36930, Thermo Fisher 

Scientific). Slides were stored at 4 ºC before image acquisition using a Nikon Eclipse Ti-E 

microscope (Nikon Instruments) with a LED illumination system equipped with Andor Zyla 

camera (Andor Technology, Oxford Instruments, Oxford, UK). 
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Immunohistochemistry  

Human fetal brain sections were treated as above and after dehydration in ethanol they were 

washed with PBS, permeabilized with 0.5% Triton X-100 (Euroclone) in PBS for 10 min, washed 

in PBS and retrieved with Sodium Citrate 10mM at 90°C for 30min. After antigen retrieval the 

sections were washed with PBS and blocked with 10% NGS (Vector) and 0.2% Triton X-100 in 

PBS at room temperature for 1h. Primary antibodies were diluted in solution containing 3% NGS 

and 0.1% Triton X-100 in PBS at 4 °C overnight. The following day sections were washed three 

times in PBS at room temperature. Secondary antibodies conjugated to Alexa fluorophores 488, 

568 or 647 (Molecular Probe, Life Technologies) were used 1:500 in solution containing 3% NGS 

and 0.1% Triton X-100 in PBS at room temperature for 1 h mixed with Hoechst 33258 (5 μg/ml; 

Thermo Fisher Scientific) to visualize nuclei. Then the sections were washed once in PBS with 

0,1% Triton X-100 and twice in PBS and finally mounted with Dako Glycergel (Aqueous 

Mounting Medium, Agilent) at room temperature overnight. The following day the sections were 

dry enough to be visualize at the microscope and then stored at 4°C. 

Images were acquired with a confocal microscope (Leica SP5) and analyzed with NIS software 

for imaging (NIS-Elements AR v5.11) for the quantification of single or double positive cells over 

Hoechst positive nuclei. The confocal images taken at 40x were deconvolved with NIS to increase 

the resolution and then quantified by the general analyses tool following a pipeline set on 

parameters such as background, dimensions and circularity. 

Primary antibodies and concentrations were as follows: 

ASCL1 (mouse, 1:500; Becton Dickinson, cat. n. 556604), CTIP2 (rat, 1:500; Abcam, cat. n. 

ab18465), EBF1 (mouse, 1:1000; Santa Cruz, cat. n. sc-137065), ISLT1/2 (mouse, 1:1000; 

Hybridoma Bank, cat. n. 39.405), Ki67 (mouse, 1:400; Cell Signalling, cat. n. 9449), OCT6 (rabbit, 
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1:100; Abcam, cat. n. ab272925), OCT6 (mouse, 1:100; Merck, cat. n. MABN738), SIX3 (rabbit, 

1:300; Abcam, cat. n. ab221750). 

Custom reference annotation  

Intergenic lncRNAs (lincRNAs) identified in the neocortex (GSE71315) together with lincRNAs 

identified in different tissue (Cabili:GSE30554; FANTOM: https://fantom.gsc.riken.jp/cat/) were 

integrated in the reference genome annotation (GENCODE release 25; version GRCh38/hg38) 

using Cuffcompare v.2.1.1 (31). Transcripts were considered as matching allowing for differences 

on the length of the first and last exons. 

Quality control and mapping of bulk RNA-seq data 

All reads were tested for QC using MultiQC (32). To remove any low quality reads 

Trimmomatic(33) was used. All adapters were removed together with low quality bases (below 

quality 3) in the leading and trailing end of the reads. Any 4 consecutive bases that had an average 

quality per base of 15 were removed together with reads shorter than 50 bases. 

All reads were aligned to the human genome using STAR v2.5.2b (34), using our custom reference 

gene annotation (GENCODE release 25, version GRCh38/hg38). To preserve +/- strand 

information in unstranded RNA-seq data the outSAMstrandField option with intronMotif specified 

was used to retain this attribute for all alignments that contained splice junctions. Only highest 

confidence alignments were then input to assembly tools, with non-canonical junctions (35) 

filtered out using the option outFilterIntronMotifs with RemoveNoncanonical specified. The 

number of reads per gene was counted using the quantMode GeneCounts option.  

De novo genome-based transcripts reconstruction 

The transcriptome of each sample was assembled from the mapped reads separately by both 

Cufflinks (36) and StringTie (37). In particular, Cufflinks v2.2.1 was run using a likelihood based 



 

 

8 

 

approach for fragment bias correction (38). In addition, to more accurately weight reads mapping 

to multiple locations in the genome, multi-mapped read correction (36) was applied. A ROC 

analysis was performed to determine the optimal read coverage thresholds to limit technical noise 

and leaky expression based on whether Cufflinks classified previously known protein coding and 

lincRNAs as having full read support. An average coverage threshold of 0.6 (FDR = 0.05) was 

used, and all assembled transcripts below this threshold were filtered out. StringTie v1.2.3 was run 

with default parameters, with a minimum coverage per bp of 0.7. This threshold was based on the 

median bp coverage for lincRNAs identified in the human developing cortex (9) as these lincRNAs 

should have an abundance similar to the ones identified in this study.  

De-novo lncRNAs prediction 

To classify novel transcripts into either protein-coding or lincRNAs, the alignment-free tool called 

FEElnc (39) v0.1.1 was used. The first module (FEELnc_filter) was used to remove transcripts 

that were shorter than 200nt, and then we filtered out unwanted/spurious transcripts that were 

either mono-exonic, or bi-exonic with one exon shorter than 25nt. All transcripts that overlapped 

exons of the known genes in the reference annotation were subsequently removed. The 

FEELnc_codpot module was then used to compute the coding potential score (CPS) for each of 

the remaining candidate transcripts. A Random Forest model was then trained to calculate an 

optimal CPS cut-off, with a 10 fold cross-validation on an input training set of known mRNAs and 

lncRNAs. The resulting CPS cut-off, maximized both sensitivity and specificity and was employed 

for the classification of the newly assembled transcripts. 

lncRNA classification 

lncRNAs were classified based on lncRNAs that either overlapped with a gene from the reference 

annotation (genic lncRNAs) or not (intergenic lncRNAs - lincRNAs). For this study only 
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lincRNAs were selected and integrated in the reference annotation as the bulk RNA-seq data is 

unstranded and does not allow to reliably detect genic lncRNAs.  

Integrating newly identified lincRNAs in the modified reference annotation 

Only lincRNAs that were identified by both assemblies (Cufflinks and StringTie) and that passed 

the FEELnc filters were integrated in the reference annotation (GENCODE release 25; version 

GRCh38/hg38) using Cuffcompare v.2.1.1 (31). This new augmented reference annotation was 

then used to remap reads of bulk and scRNA-seq data.  

lincRNA conservation analysis 

For lincRNAs derived from the developing brain the Liu study (9) was combined with our dataset. 

For the adult brain, lincRNAs identified in the adult brain were filtered from the Cabili  (7) and 

FANTOM (8) datasets. Only lincRNAs were considered from all atlases to avoid biases between 

genic vs intergenic lncRNAs in the conservation score. lincRNA conservation was evaluated using 

three steps. First, TransMap (24) alignments of UCSC, RefSeq, mRNA, and EST transcripts to the 

human genome (GRCh38/hg38) were downloaded from the UCSC Genome Browser 

(https://genome.ucsc.edu/cgi-bin/hgTables). Mapping coordinates on the human genome for 

mouse, rhesus and bonobo RNAs were then extracted to evaluate whether they overlapped with 

the mapping coordinates of the different human lincRNAs. Second, liftOver (23) was used to re-

map lincRNAs to another genome with at least 60% of matching bases. Finally, human lincRNAs 

that had overlapping coordinates between TransMap and liftOver were identified using bedtools 

(40). For each lincRNA that showed an overlap on at least two exons, the number of matching 

bases were calculated and used to develop a conservation score scheme. The maximum score 

(100%) was assigned to a lincRNA if it was mappable on to the other genomes according to 

liftOver and all bases of its exons overlapped with the TransMap transcript coordinates. lincRNAs 

https://genome.ucsc.edu/cgi-bin/hgTables
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identified during development were compared to the ones in the adult brain using a Wilcoxon rank-

sum test for each species. 

Bulk RNA-seq differential expression analysis 

To perform batch effect correction for 7pcw samples the ComBat (41) function was employed by 

using a parametric empirical Bayesian adjustment (par.prior = true) based on the 2 covariates that 

formed the batch. To determine a specific lincRNA/protein-coding signature for each area and 

pcw, DESeq2(42) was employed. In particular, for each pcw every combination of comparisons 

(CX vs LGE, CX vs MGE, LGE vs MGE, LGE vs CX, MGE vs CX and MGE vs LGE) was tested. 

For each of these comparisons only significantly overexpressed genes with an adjusted p-value < 

0.05 were kept. To pinpoint a set of genes that were significant only for a certain region the lists 

of overexpressed genes from each set of comparisons (e.g. LGE vs MGE and LGE vs CX) were 

intersected, and only genes that were significant in both comparisons for the LGE were considered 

“LGE specific”. 

Pathway Analysis for bulk RNA-seq LGE signature  

To identify Gene Ontology (GO) terms related to LGE specific genes the ClueGo plugin of 

Cytoscape (43) was used. The GO “Biological component” was employed to query these genes 

against the background of all genes expressed in the fetal brain tissue. Only GO with an adjusted 

p-value lower than 0.05 (Bonferroni step down correction) were considered (κ-score threshold = 

0.3). The semantic similarity score between GO terms was calculated using GOSemSim (44). The 

resulting matrix was then subjected to hierarchical clustering to find the most represented GO 

terms. Upstream regulators were identified by Ingenuity Pathway Analysis (IPA; Ingenuity 

Systems,  

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).   

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
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Tissue-specificity analysis 

To quantify tissue specificity of lincRNAs and protein-coding genes, Jensen-Shannon divergence 

(JSD) was employed (7). For bulk data the value for each gene was calculated as its mean 

expression on replicates per area and pcw, while for single cell data the value for each gene was 

calculated as its mean expression in each subtype of cell.  

Sample demultiplexing, barcode processing, gene counting and quality control of scRNA-seq data. 

Droplet-based (10x) sequencing data was demultiplexed, processed, aligned and quantified using 

the Cell Ranger Single-Cell Software Suite (v.2.1.1, 10x Genomics) using our custom reference 

annotation. 

All downstream analysis were done using Scanpy v1.4 (45), using the standard Seurat-inspired 

processing pipeline. All genes expressed in less than 3 cells and all cells with less than 200 detected 

genes and with unique gene counts under 500 or over 6000 were removed. All cells for which the 

total mitochondrial gene expression exceeded 5% were also removed. Data processing included 

dividing gene read counts by the total of each cell, multiplying by a scale factor of 10,000 and log-

transforming the results. Highly variable genes were defined as having an average normalized 

expression between 0.0125 and 3 and a dispersion greater than 0.5. Variation in gene expression 

driven by the number of detected molecules and mitochondrial gene expression was regressed out 

to avoid these variations dominating the downstream analysis and bias the final interpretation of 

the data.  

Clustering and annotation of scRNA-seq data 

To reduce data dimensionality in cells that passed QC, the resulting 1797 highly variable genes 

were subjected to principal component analysis (PCA). The 10 highest significant PCs were used 

to construct a K-nearest neighbors (KNN) graph, on which the Louvain algorithm with a 
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resolution=0.5 was used to define highly interconnected cell communities. We then performed t-

Distributed Stochastic Neighbor Embedding (t-SNE) on the 10 PCs to obtain a two-dimensional 

embedding of single cells. Finally, we annotated cell communities to known cellular sub-groups 

based on canonical marker genes. Specific genes for each cluster were found by ranking genes 

with a Wilcoxon rank sum test, p-values were then adjusted for multiple testing using the 

Benjamini-Hochberg method. Only genes with an adjusted p-value < 0.05 were considered.  

Trajectory analysis 

RNA velocity analysis (10) was performed using the scvelo (11) python package (v.0.2.1) using a 

generalized stochastic model. The number of spliced and unspliced reads were counted directly on 

the cellranger output. The calculated RNA velocities were then embedded in tSNE space. All steps 

were performed with default parameters of the built-in functions. Potential driver genes were 

ranked by cell type and only genes with a spearman score greater than 0.1 were selected. PAGA 

(46) in the Scanpy Python package v.1.4 with a resolution of 0.14 was used to infer development 

trajectories and measure the connectivity between the clusters that were predefined using the 

Louvain algorithm. The diffusion pseudotime (DPT) was calculated using the tl.dpt function of 

the Scanpy library, and setting the earliest known cell type (AP.1) as root on the LGE lineage. 

Subclustering 

To produce the subclustering of the different populations, cells belonging to the clusters of interest 

were isolated and the Seurat analysis was repeated with clustering resolution set to 0.1 and size of 

the local neighborhood set to 200 for APs, BPs and migrating interneurons, 180 for pre-MSNs and 

to 30 for D1- and D2-MSNs. 
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Pathway Analysis for scRNA-seq signatures  

Gene Ontology (GO) terms related to the specific signature of each population of the LGE lineage 

was defined using Metascape (47) (http://metascape.org). GO Biological Processes, Canonical 

Pathway (MSigDB), KEGG Pathway, BioCarta gene sets (MsigDB) and Reactome gene sets were 

interrogated to perform the enrichment analysis. Only GO terms with an adjusted p-value ≤ 0.01 

(standard accumulative hypergeometric test) were considered and clustered. The most enriched 

terms are chosen as the representative term of each group. For APs and BPs only shared genes 

between AP1, AP2 and AP3 and then BP1, BP2 and BP3 respectively were tested for GO analysis. 

Upstream regulators of the first 100 ranked genes of the D1- and D2-MSNs were identified by 

Ingenuity Pathway Analysis (IPA; Ingenuity Systems) 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).   

Predict putative functions of lincRNAs by a guilt-by-association approach  

To infer relevant biological pathways for the newly identified lincRNAs, bulk RNA-seq data (for 

the neocortex, LGE and MGE between 7 and 11pcw) was used to create a correlation matrix by 

calculating a Spearman’s Rank correlation coefficient for each lincRNA:mRNA pair. Each pair 

showing both a p-value < 0.05 and either a correlation value r > 0.6 or r < -0.6 were considered as 

correlated or inversely correlated, respectively. For the two lincRNAs of interest (hfb_G_000053 

and hfb_G_000494) each list of correlated/ inversely correlated genes were subsequently analysed 

using Metascape (47) (http://metascape.org).  

Calculation of LGE developmental regulons 

The pySCENIC pipeline (14) with default settings was employed to infer active TFs and their 

target genes. In brief, the pipeline consists of three steps. First, gene co-expression modules of TFs 

were calculated. Secondly, each module was selected based on the presence of a regulatory motif 

http://metascape.org/
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
http://metascape.org/
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near a transcription start site (TSS). Modules were retained if the TF-binding motif was enriched 

among its targets, while target genes without direct TF-binding motifs were removed. Third, the 

impact of each regulon for each single-cell transcriptome was scored using the AUC score as a 

metric. Finally, the scores were used to calculate a Regulon Specificity Score (RSS) for each 

cellular population of interest. GRN plots of the different regulons were done using the Gephi 

software package (48). 

Calculation of connection between regulons and lincRNAs 

Each lincRNA-TFs regulatory link was calculated using GENIE3, a method used to infer gene 

regulatory networks within the SCENIC package. The output of GENIE3 is a table with lincRNAs 

and their potential regulators, and a 'importance measure' (IM), which represents the weight that 

the transcription factor has in the prediction of the target lincRNA. Only the links with IM > 0.001 

were taken into account. To avoid spurious links we then filtered and kept links that also resulted 

as specifically differentially expressed in each cell population (p-value < 0.01; Wilcoxon rank sum 

test) that was specific for each lincRNA. 

In silico perturbation of gene regulatory networks 

We used CellOracle (16) to perturb candidate transcription factors and their gene regulatory 

networks. To perform all calculations, we randomly subsampled our dataset to 20k cells to limit 

memory use. We performed KNN imputation with 500 neighbors and 31 principal components 

and then followed default parameters. GRNs calculated with SCENIC were integrated and used 

for perturbations. To knockout a gene, expression values of candidate genes were set to 0. To 

overexpress a gene, we set the value of the candidate genes to twice their maximal imputed gene 

expression value. The probability of a cell state transition, that is based on iterative calculations of 

signal propagations within the GRN, was computed using default parameters.  
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Figures S1-S13 

 

 
Fig. S1 De novo analysis of lincRNAs. (A) Computational pipeline for lincRNAs identification. All filtering steps are indicated 
in red. (B) ROC analysis of coverage thresholds required to annotate RNAs as protein-coding or lincRNAs. Coverage threshold 
for novel transcripts assembled with Cufflinks was selected based on an average false positive rate of 0.05 on known lincRNAs. 

(C) Distribution of RNA-Seq read counts for known protein-coding genes, general lincRNAs and lincRNAs identified in the 

human developing neocortex (Liu atlas) (9). Newly identified transcripts with StringTie were filtered to have a coverage of at 
least 0.7 that was the median bp coverage for lincRNAs identified in the human developing cortex. (D) Average number of 
intergenic and genic lncRNAs classified by FEELnc per sample. (E) Percentage of overlap between lincRNAs and protein-
coding genes identified by both Cufflinks and StringTie. (F) Final number of lincRNAs identified in each area (G) Average 

number of exons for different lincRNAs catalogues. Wilcoxon test with Bonferroni correction,*p<2e-16.  
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Fig. S2 The bulk RNA signature of the LGE. (A) Bubble matrix showing the number of uniquely expressed genes per area at 
20pcw from bulk RNA-seq data. (B-C) Semantic similarity matrix of the LGE specific signature between 7-11pcw (D) and 

20pcw (E). The semantic similarity scores of all GO-term pairs were grouped by hierarchical clustering. (GO terms with adjusted 
p-value < 0.05 are shown). Rows and columns show the list of enriched GO terms. The colors represent the semantic distances 

between GO terms. Yellow-red clusters identify groups of terms sharing semantic similarity about biological processes. (D) 
Upstream regulators of the CX, LGE and MGE bulk specific signature at 7, 9, 11 and 20pcw. 



 

 

17 

 

 
 
Fig. S3 Distribution of single-cells within each cluster. (A) Bar plot showing the number of cells that contribute to each cluster 

per sample (normalized by total number of cells derived from each sample). (B)  t-SNE plot of all cells derived from 10x 
Genomics sequencing using 3′ chemistry between 7 and 11pcw colour-coded by post-conceptional week (pcw). (C) Bubble plot 

showing contribution of each pcw to each detected cluster (normalized by total cells per pcw). 
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Fig. S4 MSNs signatures and active pathways in each cell state of the LGE. (A) Track plot showing gene expression levels of 
canonical MSNs marker genes (MEIS2, FOXP1, BCL11B and PPP1R1B), D2-MSNs (SP9, SIX3, GRIK3, SYNPR) and D1-MSNs 

(EBF1, ISL1, TAC1, PDYN). Gene expression is represented by height. (B) SIX3 and ISL1 staining of telencephalic coronal 
hemisection on the MZ of the LGE at 9pcw. Scale bar 100µm at bottom right. Confocal acquisition at 40x magnification of one 

fetal sample. (C) Automatic quantification of percentage of cells positive for SIX3 and ISL1 with NIS software on confocal 
images at 40X magnification. N = 3-6 fields for each zone (VZ, SVZ, IC and MZ) from 2-3 coronal slices of 1 fetus, 2-3 z stacks 

of each field are pre-mediated. Statistics with Prism, Anova One Way, Bonferroni post test, * p< 0,05. (D) Dot plot showing 
enrichment of Gene Ontology terms for each cell community of the LGE lineage. 
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Fig. S5 Contaminating populations and lincRNA expression levels in single cells. (A) Violin plot showing expression levels 
of canonical marker genes of contaminating cells within the dissected LGE. (B) FISH validation at 9pcw of the MGE specific 

markers NKX2.1 and LHX8 on a telencephalic coronal hemisection (500 µm, 200 µm). (C) FISH validation on a telencephalic 
coronal hemisection at 9pcw confirming LHX6 and LHX8 expression in resident interneurons and LHX6+/LHX8- signal in 

migrating interneurons shown by the red arrow (300 µm). (D) Sub-clusters of migrating interneurons (Migr int.) shows two sub-
clusters of interneurons one deriving from the dorsal (dLGE int.) and expressing SP8, NR2F2 (COUPTF2), PAX6 and the other 
from the MGE (MGE migr int.) identified by NKX2.1 and LHX6 expression. ERBB4 is shared by both classes of interneurons. 

(E) Distribution of maximal normalized expression of lincRNAs and protein-coding-genes in bulk and single-cell data. (F) 
Distribution of maximal tissue specificity scores calculated for each transcript across the different areas and pcw in bulk data and 

across different cell states in single-cell data. Wilcoxon test with Bonferroni correction,*p<2e-16. 
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Fig. S6 Trajectory inference of the MSNs lineage. (A, B) Sub-clusters of APs (A) and BPs (B) show no commitment of certain 
cells to the D1 or D2 fate. (C) Abstracted graph of the LGE lineage showing edges connecting clusters with a connectivity 

threshold higher than 0.14. Nodes correspond to the clusters identified by the Louvain algorithm. The size of nodes is 
proportional to the number of cells in each cluster. Thickness of edges represents the strength of the connectivity between 
partitions. Arrows shows direction of differentiation according to canonical markers. (D, E) Single-cell embedding of the 

abstracted graph of the LGE lineage (D) and LGE lineage coloured by diffusion pseudotime score (E). (F) Frequency of each cell 

cycle phase in the different cell states of the LGE lineage. (G) Expression of canonical neuronal maturation genes along the 
differentiation trajectory of MSNs coloured by diffusion pseudotime score. (H) Multi-FISH analysis on a telencephalic coronal 

hemisection at 9pcw confirming the sequential activation of a set of genes within the ventricular zone (VZ), inner and outer 
subventricular zone (i/oSVZ) and mantle zone (MZ) in agreement with the computationally predicted differentiation trajectories 
(Scale bars: 500 µm, 150 µm). (I) The speed differentiation and the coherence of the vector field of the LGE single-cell dataset.  
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Fig. S7 IHC validation of the pre-D1 MSN state. (A) t-SNE plot showing cells co-expressing ISL1 and SIX3 with different 
thresholds of gene expression (co-expressing cells are shown in yellow). (B) OCT6 expression in pre-MSN sub-clusters. (C) 
OCT6 staining of telencephalic coronal hemisection on the CX, MGE and CGE at 9pcw. Scale bar 100µm at bottom right. 

Confocal acquisition at 10x magnification of one fetal sample. (D) OCT6, ASCL1 and CTIP2 staining of a telencephalic coronal 

hemisection at 9pcw (scale bar 100µm at bottom right) with (E, F) 40x magnification of the SVZ (E) and the internal capsule 
(IC) (F). (G) Automatic quantification of the percentage of cells positive for OCT6, ASCL1 and CTIP2 with the NIS software on 
confocal images at 40X magnification. (H) 40x magnification of OCT6 and KI67 staining in the VZ, SVZ and MZ of the LGE. 
(I) Automatic quantification of the percentage of cells positive for OCT6 and Ki67 with the NIS software on confocal images at 
40X magnification. N = 3-6 fields for each zone (VZ, SVZ, IC and MZ) from 2-3 coronal slices of 1 fetus, 2-3 z stacks of each 

field are pre-mediated. Statistics were performed using Prism: Anova One Way, Bonferroni post test, * p< 0,05; ** p< 0,01; 
***p<0,001;**** p<0,0001. 
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Fig. S8 IHC validation of the pre-D2 MSN state. (A) OCT6 and SIX3 staining of a telencephalic coronal hemisection at 9pcw 
(scale bar 100µm at bottom right) with (B, C) 40x magnification of the SVZ (B) and the internal capsule (IC) (C). (D) Automatic 

quantification of the percentage of cells positive for OCT6 and SIX3 with the NIS software on confocal images at 40X 

magnification. (E-H) 40x magnification of the SVZ at 11pcw and automatic quantification of the relative markers for OCT6-
ISL1 (E, F) and OCT-SIX3 (G, H). (I) SIX3, ASCL1 and CTIP2 staining of telencephalic coronal hemisection at 9pcw (scale bar 

100µm at bottom right). (J, K) 40x magnification of different regions: SVZ (F), IC (G).  (L) Automatic quantification of the 
percentage of cells positive for SIX3, ASCL1 and CTIP2 with the NIS software on confocal images at 40X magnification. N = 3-

6 fields for each zone (VZ, SVZ, IC and MZ) from 2-3 coronal slices of 1 fetus, 2-3 z stacks of each field are pre-mediated. 
Statistics were performed with Prism: Anova One Way, Bonferroni post test, * p< 0,05; ** p< 0,01; ***p<0,001;**** p<0,0001. 
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Fig. S9 Predicted GRNs between highly specific lincRNAs and key transcription factors (A) Inferred gene regulatory 
networks between lincRNAs and transcription factors that were highly specific in APs, BPs, D1-MSNs, D2-MSNs and general 
MSNs. Connections were calculated using GENIE3 in SCENIC. GRN plots of the different interactions were done using the 

Gephi software package. Edge thickness correlates with the strength of the connection. Colors represent the cell community the 
lincRNA is specific for: orange, APs; green, BPs; grey, general MSNs; blue, D2-MSNs; D1-MSNs purple. 
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Fig. S10 Validation of specific APs markers in the VZ of the LGE. (A) FISH on a telencephalic coronal hemisection showing 
the presence of SALL3 and LINC01896 in the VZ of the CGE at 9pcw (Scale bars: 500 µm, 200 µm). (B-D) FISH on a 

telencephalic coronal hemisection showing the presence of SALL3 and LINC01896 in the VZ of the LGE and CGE and absence 
in the MGE at 11pcw (Scale bars: 500 µm, 200 µm). 
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Fig. S11 Core regulons of MSNs. (A, B) Bulk (A) and single-cell (B) expression levels of LGE and MSNs specific transcription 
factors. (C) CellOracle simulation of knockout and overexpression of SP9. The effect of the perturbation in shown on the t-SNE 

plot with projections of cell state transition vectors for each cell. Yellow arrows were manually added to represent overall 
directionality. 
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Fig. S12 The molecular signature of D2-MSNs. (A) Abstracted graph of the LGE lineage showing average expression of D2-
MSN specific genes LINC01305 and KCNA5. (B-E) FISH on a telencephalic coronal hemisection at 9pcw (B, C) and 11pcw (D, 
E) showing exclusive expression in the MZ of the LGE of the D2-MSNs specific markers LINC01305 (B, D) and KCNA5 (C, E) 

(Scale bars: 500 µm, 200 µm). 
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Fig. S13 Validation of human specific lincRNAs of the LGE lineage. (A) qPCR validation of hfb_G_000053 and 
hfb_G_000494 expression in bulk tissues of the neocortex, LGE and MGE at 9 and 11pcw. Expression of lincRNAs was 

normalized to 18S expression. Data are the mean ± SEM (n=3); one tailed Student t-test,*p<0.05, **p<0.01 and ***p<0.001.  (B, 

C) FISH on a telencephalic coronal hemisection at 9pcw of the MSNs specific lincRNAs hfb_G_000053 (B) and hfb_G_000494 
(C) in the mantle zone of the LGE, MGE and CGE (500 µm, 100 µm). (D, E) FISH on a telencephalic coronal hemisection at 
11pcw of the MSNs specific lincRNAs hfb_G_000053 (D) and hfb_G_000494 (E) in the internal capsule of the developing 

striatum and in the CGE (500 µm, 100 µm). 
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Tables S1-S12 

Table S1 

List of the fetal samples used for bulk, scRNA-seq, FISH, IHC and qPCR experiments.  

Table S2 

List of all novel lincRNAs identified by this study with chromosome number and start and end 

positions. 

Table S3 

Lists of differentially expressed genes in the LGE, MGE and neocortex at 7,9,11 and 20pcw.  

Table S4 

List of the functional GO terms related to the specific LGE transcriptional signatures at 7,9,11pcw 

and 20pcw. 

Table S5 

List of the functional upstream regulators of the neocortex, LGE and MGE transcriptional 

signature at 7,9,11pcw and 20pcw. 

Table S6 

List of differentially expressed genes in the different cell populations resulting from scRNA-seq. 

Table S7 

A list of the Functional GO terms related to the specific signature of each cell community of the 

LGE lineage 

Table S8 

List of top 200 driver genes of velocity vectors 

Table S9 

List of regulons for each cell state 

Table S10 
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List of lincRNAs and transcription factors connections 

Table S11 

List of genes that are cell type specific and LGE specific together with the specific APs and D2-

MSNs signatures. 

Table S12 

Predicted functional terms that correlate and anti-correlate with the human specific lincRNAs 

hfb_G_000053 and hfb_G_000494. 




