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Abstract

Enhancers integrate transcription factor signaling pathways that drive cell fate
specification in the developing brain. We used single cell RNA-sequencing (scRNA-seq)
to capture enhancer activity at single cell resolution and delineate specification of cells
labeled by enhancers in mouse medial, lateral, and caudal ganglionic eminences (MGE,
LGE, and CGE) at embryonic day (E)11.5. We combine enhancer-based reporter
labeling with single-cell transcriptional readout to characterize enhancer activity and
define cell populations in vivo. Seven enhancers had diverse activities in specific
progenitor and neuronal populations within the GEs. We then applied enhancer-based
labeling, scRNA-seq, and analysis of in situ hybridization (ISH) data to distinguish
subtypes of MGE-derived GABAergic and cholinergic projection neurons and
interneurons. This work demonstrates how the power of scRNA-seq can be extended by
enhancer-based labelling and leveraging ISH data and reveals novel lineage

specification paths underlying patterning of developing mouse brain.
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Introduction

During brain development, transcriptional programs governed by the genomic interplay
of transcription factors and cis-regulatory enhancer and promoter sequences drive the
proliferation and specification of neuronal and glial lineages (Beccari et al., 2013; Nord,
2015). An understanding of this regulatory symphony in the telencephalon has been
derived via decades of genetic dissection of transcription factor signaling (Kessaris et
al., 2014; Lim et al., 2018; Long et al., 2009), more recently extended via genomic
approaches (Lindtner et al., 2019; Sandberg et al., 2016), and is now undergoing a
revolution via application of single cell RNA-sequencing (scRNA-seq). scRNA-seq has
produced fine-scale elucidation of cell types in the mammalian brain (Zeisel et al.,
2018); however, major challenges remain towards understanding the dynamics of cell

state and identity that occur in the context of neurodevelopment.

The embryonic basal ganglia (BG) include spatially distinct proliferative zones of the
ganglionic eminences (GEs), which include the medial, lateral, and caudal ganglionic
eminences (MGE, LGE, and CGE) (J.L.R. and Campbell, 2020). Progenitor cells in the
ventricular (VZ) and subventricular (SVZ) domains in the GEs give rise to many
neuronal classes. Neuron types that originate in embryonic BG include GABAergic
projection neurons and cholinergic neurons (Fragkouli et al., 2009) that form the ventral
pallidum, globus pallidus (Flandin et al., 2010; Nobrega-Pereira et al., 2010), and striatal
structures (J.L.R. and Campbell, 2020) that make up the mature BG. In addition, the

GEs generate interneurons that populate the striatum, cortex, olfactory bulb, and other
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brain regions (Anderson et al., 1997; Batista-Brito et al., 2020; Lim et al., 2018; Marin et
al., 2000). Building on bulk transcriptomics and in situ hybridization studies (ISH),
scRNA-seq has been applied to embryonic mouse BG, revealing generalized progenitor
populations and early born GABAergic lineages, with a focus on cortical interneuron
(CIN) specification (Mayer et al., 2018; Mi et al., 2018). While CINs are one major
output of embryonic BG, single cell characterization of GABAergic and cholinergic as
well as early born CIN lineages and that arise in the BG remains largely unexplored.
Resolving the early stages of BG neurogenesis via scRNA-seq and ISH has been
limited by major barriers: paucity of region- and lineage-specific single gene markers,
similarity of early transcriptional programs, spatial mixing of progenitors within germinal
zones and immature cell types in the MZ, and regional organization of BG neurogenesis

that has been poorly captured by unguided scRNA-seq analysis.

Fate mapping via reporter labeling has provided critical insights into the origins of
neuronal cell populations (Batista-Brito et al., 2020). Notably, enhancers drive highly
specific transcription pattens, including in the developing telencephalon (Visel et al.,
2013), thus offering exciting possibilities for cell-type specific labeling and genetic
manipulation. We previously demonstrated the utility of enhancer-driven transgenic
reporter mouse lines for fate mapping and genetic manipulation of neuronal populations
originating in embryonic BG and cortex (Pattabiraman et al., 2014; Silberberg et al.,
2016). We generated transgenic mice harboring evolutionarily conserved enhancer
sequences that drive expression of CreER™ and GFP. These developmental enhancers

exhibited spatiotemporal activity across expression domains within the embryonic BG
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89 and mark early cell populations prior to terminal cell fate commitment. Enhancers

90 differentially labeled cell populations that spatially intermingle and alternatively marked

91  regionally distinct mitotic and postmitotic populations during development. Fate mapping

92  with these enhancer-driven CreER™-GFP mice demonstrated that developmental

93 lineages marked by transient enhancer activity produce varied mature neuron

94  populations within and across these enhancers. Importantly, beyond their use in

95 understanding neuronal lineages, these enhancer-driven reporter lines offer the

96 opportunity for function-based analysis of dynamic in vivo enhancer activity, a missing

97 feature from studies modeling enhancer activity via epigenomic approaches. More

98 broadly, enhancer-based cell labeling is emerging as a powerful tool for cell-type

99 identification, enrichment, and modulation in neuroscience and other areas, yet little
100 remains known about sensitivity and specificity of enhancer-driven reporter expression
101  at single cell resolution.
102
103 In this study, we apply the novel strategy of pairing enhancer-based transgenic reporter
104 mouse lines with scRNA-seq to define specific enhancer-labeled lineages at single cell
105 resolution in early embryonic BG. These experiments reveal functionally defined distinct
106  enhancer activities across scRNA-seqg-defined cell states and lineages. Next, we
107  focused on the MGE and integrated ISH mapping of transcript expression from the Allen
108 Developing Mouse Brain Atlas (ABA) (Lein et al., 2007) to provide a higher resolution
109 anatomical definition of lineages identified by enhancer-labeling and scRNA-seq. Our

110  study identified proliferative and postmitotic cells that are distinctly labeled by enhancers
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111 active in MGE, LGE, and CGE and revealed novel specification paths for enhancer-

112 labeled and spatially defined populations of early BG-derived neuronal lineages.

113

114 Results

115

116 Comparative activity of seven enhancers in E11.5 BG via scRNA-seq

117

118  We profiled enhancer-labeled cell populations from day (E)11.5 MGE, LGE, or CGE
119  across seven subpallial enhancer transgenic mouse lines (Silberberg et al., 2016)

120  (Figure 1A). The selected transgenic lines express GFP and CreER™ with enhancer-
121  driven divergent patterns in the ventricular (VZ), subventricular (SVZ), and mantle (M2)
122  zones of the GEs. These enhancers are putatively associated with developmentally
123  expressed genes and have restricted regional activity within the GEs at E11.5,

124  summarized in Figure 1B. The objective of these experiments was threefold. First, to
125 establish the utility and sensitivity to detect enhancer-driven reporter expression via
126  scRNA-seq. Second, to define and compare representative enhancer activities and
127  enhancer-labeled progenitors and early neuronal populations across MGE (enhancers
128  hs1538, hs1056, hs799, and hs192), LGEs (hs841 and hs599), and CGE (hs841 and
129 hs953) at E11.5. Third, to resolve fine-scale differences among cells labeled by

130 regionally distinct MGE progenitor-associated enhancers (hs71538 and hs1056) and
131 early neuronal enhancers that differentially label emerging lineages (hs799 and hs192).

132
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Figure 1: Profiling enhancer-labeled single cells in E11.5 basal ganglia.

(A) Schematic of dissection, with colors representing the activity of seven transgenic enhancer reporters
characterized using C1 scRNA-seq. CGE: caudal ganglionic eminence; LGE: lateral ganglionic eminence;
MGE: medial ganglionic eminence; VZ: ventricular zone; SVZ: subventricular zone; MZ: mantle zone. (B)
Summary of the seven enhancers profiled, including dissection region, putative gene regulatory target,
and representative GFP immunohistochemistry (IHC) imaging of enhancer transgenic reporters at E11.5,
depicting activity within the ganglionic eminences. Red lines indicate microdissection boundaries. GFP
IHC images are adapted from (Silberberg et al., 2016). (C) Violin plot of normalized transgene expression
by enhancer group. (D) Visualization of single cells by UMAP, colored by mitotic state (green: M, mitotic;
orange: PM, postmitotic). (E) Visualization of single cells by UMAP, colored by region of dissection (light
orange: MGE; light green: CGE; dark green: LGE). (F) Visualization of single cells by UMAP, colored by
transgenic enhancer grouping. Colors correspond to header colors in (B). Enhancer-negative cells are
depicted in grey.
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134  Using the seven transgenic lines, we performed targeted BG microdissection and

135 preparation of reporter-positive and ungated single cells. Single cell suspensions were
136 either first segregated for transgene expression through fluorescence activated cell

137  sorting (FACS, Figure S1) or passed directly to the Fluidigm C1 system for capture and
138 amplification of the transcriptomes of individual cells. The regional dissections included:
139 for hs599 the LGE; for hs953 the CGE; for hs1538 the dorsal (d)MGE; and for hs1056,
140 hs192, and hs799, the MGE. For one enhancer, hs841, we independently dissected the
141  LGE and CGE. For hs1538, we used CreER™-driven tdTomato signal via cross to Ai14
142  reporter mice (Madisen et al., 2010) for gating due to low GFP signal. For details

143 regarding sample preparation, see Table S1. After sequencing and quality control

144  (Figure S2A-L), 1027 cells were included for analysis, with ~594,000 reads and ~5,140
145 genes per cell on average.

146

147  Ouir first objective was to demonstrate the feasibility of single cell enhancer activity

148  mapping by establishing whether enhancer-driven transgene expression could be

149 mapped to single cells via scRNA-seq. We used a combination of FACS* gating and
150 transgene (CreER™-IRES-GFP or tdTomato) RNA expression to assign cells as

151  enhancer-positive or negative (“None”). 315 cells were unsorted or FACS™ and

152  transgene negative; 712 cells were FACS* and/or expressed non-zero transgene.

153 Based on tissue dissection and enhancer line, enhancer-positive cells were assigned to
154  one of eight categories: MGE-hs1056, MGE-hs1538, MGE-hs192, MGE-hs799, LGE-
155  hsb99, CGE-hs953, LGE-hs841, and CGE-hs841. Enhancer-labeled cells generally

156  exhibited expression of presumed target genes with some exceptions. Enhancer-driven
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157  reporter transcripts were detectable at single cell resolution across all enhancers, with
158 variation in presence and transcript level captured via scRNA-seq (Figure 1C). Five of
159 the seven enhancers exhibited strong concordance between reporter protein GFP*

160 gating and transgene transcript detected via scRNA-seq (Figure S2M). The other two
161 lines, dMGE-hs1538 and MGE-hs192, had weaker sensitivity, with 30-40% of FACS
162 reporter-positive cells having detectable transgene transcript. Nonetheless, even for
163 enhancers with weaker transcriptional activity, reporter transgene was reliably detected
164  via scRNA-seq in a substantial fraction of FACS-determined reporter-positive cells,

165 demonstrating the overall utility of this approach for function-based scRNA-seq

166  enhancer activity profiling.

167

168 TF expression organizes scRNA-seq data by proliferative state and BG region
169

170  Using highly variable genes in scRNA-seq analysis is a common approach for feature
171  selection (Butler et al., 2018); however, this method did not adequately separate

172  regional and cell state identity in our data (Figure S3). As an alternative, we used a
173  transcription factor (TF)-curated approach, with the rationale that TFs drive lineage
174  specification and cell identity. We rooted this analysis using 689 TFs profiled for RNA
175 ISH patterns at E11.5 and E13.5 in the Allen Developing Mouse Brain Atlas (ABA) (Lein
176  etal., 2007) (Table S2, Figure S4A-B). 455 of these TFs were expressed in our E11.5
177 scRNA-seq data, of which 292 (64.2%) had detectable ISH expression in the BG

178  (Figure S4C-E). We used these 455 TFs to define scRNA-seq cell identity and for visual

179  representation via UMAP plots (Figure 1D-F). Using this TF-curated approach,
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180 proliferative state and regional origin were the primary aspects of sScCRNA-seq variation
181  (Figures 1D-E). We compared TF-curated analysis to results using highly variable

182 genes (Figures S3A-C), before and after performing regression analysis to reduce the
183 influence of cell cycle phase (Figures S3D-F). Excluding non-TFs reduced the

184  contribution of cell cycle phase and confounding sources of variation (e.g. sequencing
185 batch) to cell clustering and improved separation by GE origin (Figure S3G-I).

186

187 Enhancers label cells with specific regional identities and developmental

188 trajectories

189

190 Having shown that scRNA-seq can reliably identify enhancer-positive cells and that our
191  TF-curated approach enables separation across regional origin and proliferative states,
192  we next modeled transcriptional differences across enhancer-positive cells. First, we
193 modeled transitional cell states via diffusion mapping. Second, we examined differences
194  across cluster-based transcriptional identities. We identified two major diffusion

195 components (DC) corresponding to proliferative state (DC1) and MGE from LGE/CGE
196  origin (DC2) (Figure 2A-F). DC1 captured the stem cell, proneural, and neurogenic

197 transition, with genes such as Hes1, Ccnd2, Gadd45g, and Slc34a2 marking cells at
198 various stages of this transition (Figure 2G). Lower values of DC2 were associated with
199 MGE identity, marked by expression such MGE-specific genes such as Nkx2-1, Lhx6,
200 and Lhx8 (Flames et al., 2007) (Figure 2G). Higher values of DC2 were associated with
201 LGE or CGE identity (Figure 2D,F). DC2 diversity was driven by expression of region-

202 defining TFs such as Nkx2-1 in the MGE and Pax6 in the CGE and LGE (Figure 2G,I).
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Figure 2: Diffusion mapping reveals progenitor state and regional identity gradients.

(A,D) UMAP colored by diffusion component value (DC)1 (A) or DC2 (D). (B,E) Cells ranked by DC1 (B)
or DC2 (E) value, separated and colored by mitotic state. (C,F) Cells ranked by DC1 (B) or DC2 (E)
value, separated and colored by ganglionic eminence. (G) Relative expression of differentially expressed
genes across DC1 (left) or DC2 (right). Cells on x-axis are ordered by DC1 or DC2 rank. Line represents
generalized additive model (gam) line. (H) Cells ranked by DC1 (left) or DC2 (right) rank, separated and
colored by enhancer group. (I) Violin plots of relative expression by enhancer group for marker genes
associated with mitotic identity (M), postmitotic identity (PM), and various markers with ganglionic
eminence-associated expression.

203 The strongest separation of LGE and CGE identity are the caudal-biased TFs Nr2f71 and
204  Nr2f2 (Hu et al., 2017) (Figure 21). DC1 and DC2 values distinguished cells labeled by

205 different enhancers and indicate that these developmental enhancers are active across
206 maturation states within the GEs (Figure 2H). VZ-associated enhancers dMGE-hs1538,

207 MGE-hs1056, and CGE- and LGE-hs841 labeled cells across the proliferative zone of


https://doi.org/10.1101/2021.01.11.426285
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.11.426285; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

208 DC1, indicating enhancer activity across multiple maturation states (Figure 2H). In

209 contrast, SVZ/MZ-associated enhancers MGE-hs192, MGE-hs799, LGE-hs599, and
210 CGE-hs953 labeled cells across the postmitotic zone of DC1, indicating these

211  enhancers are active across neuronal maturation (Figure 2H).

212

213  We next performed clustering using TF-curated scRNA-seq expression, identifying 12
214  cell clusters that separated by proliferative state and regional or cell-type identity (Figure
215 3A, Table S3). We further used random forest classification to define informative

216 transcripts that discriminate cells labelled by specific enhancers (Table S4). Cells

217 labeled by enhancers dMGE-hs1538, MGE-hs1056, CGE-hs841 and LGE-hs841

218 primarily grouped into mitotic clusters (cl)-1, cl-2, cl-3, cl-8, and cl-9, further separated
219 by regional identity (MGE versus non-MGE). Within these regional boundaries, VZ/SVZ-
220 associated enhancers split across multiple clusters (Figure 3B), paralleling diffusion

221  mapping results suggesting mitotic enhancers label multiple proliferative states.

222 Compared to enhancers with progenitor activity, enhancers active in postmitotic cells
223 (MGE-hs192, MGE-hs799, LGE-hs599, and CGE-hs953) were biased toward specific
224  cell type clusters within broader regional identities (Figure 3B). To characterize cell

225 types that were differentially labeled by these enhancers, we performed differential gene
226  expression analysis using the full transcriptome of 17,015 expressed genes to identify
227  differentially expressed (DE) genes for each TF-defined cluster (Figure 3C-E).

228
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Figure 3: Enhancers label distinct transcriptional signatures.

(A) UMAP colored by TF-defined cell cluster. (B) Dot plot of relative transgene expression and
representation of each enhancer across clusters. Size of dot represents percent of enhancer
corresponding to a specific cluster. Color gradient represents mean normalized transgene expression for
each enhancer by cluster. (C) Ordered heatmap of differentially expressed genes, in order of cluster,
enhancer, regional origin, and proliferative state. Color gradient represents Z-score of normalized
expression. (D) Representative differentially expressed genes by cluster. Color represents the mean Z-
score of normalized expression across clusters. Each column color bar represents the proportion
representation of proliferative state, region, or enhancer group. (E) UMAP plots of representative genes
from (D), colored by relative expression.

229 Proliferative clusters cl-1, 3, 2, and 9 encompassed proliferating cells including those
230 labeled by VZ/SVZ-associated enhancers MGE-hs1538, MGE-hs1056, and CGE- and
231 LGE-hs841. The mitotic-associated enhancers captured both early VZ and SVZ cells.
232 Cells in cl-1 expressed neural stem cell markers including higher expression of Nfia,
233  Nfib, and Olig2 (Figure 3D). ClI-3 was associated with higher levels of intermediate
234  progenitor markers such as Asb4 and Ascl1. Proliferative LGE and CGE cells from

235 hs841 comprised the majority of cl-2 and cl-9 and expressed VZ markers including Lhx2
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236 and Fzd8. Enhancer-negative LGE and LGE-hs841 mitotic cells additionally form

237 clusters cl-8 and cl-11, which expressed genes such as Lrp4, Has1, and Kitl. CI-10 was
238 composed primarily of enhancer-negative MGE cells and expressed Lhx9 and Tbr1,
239 indicative of cortical or diencephalic rather than basal ganglia identity. From random
240 forest classification, markers that distinguished LGE, CGE, and MGE progenitor-

241 associated enhancers recapitulated region-associated TFs from DC2 (Table S4). MGE
242  rostrodorsal (hs1538) and caudoventral (hs7056) biased enhancers were distinguished
243 by quantitative differences across TFs including Otx2 and /d4, identifying TF expression
244  gradients that distinguished progenitor cells across MGE regional axes.

245

246  Compared to proliferative enhancers, postmitotic enhancers active in SVZ/MZ mapped
247  to distinct transcriptional clusters corresponding to emerging neuron types. LGE-hs599
248 and CGE-hs953 are both represented in cl-4, which expressed higher levels of genes
249 including Sp8, Tiam2, and Tshz1 (Figure 3D-E), suggesting cl-4 is more immature than
250 cl-5 and cl-7 and has not yet acquired strong LGE or CGE regional specificity. CI-5,

251 composed predominantly of LGE-hs599 cells, expressed genes including Rbfox1, Tac1,
252 and Zfp503. CI-7, composed predominantly of CGE-hs953 and enhancer-negative cells,
253 expressed genes such as Six3, Tshz2, and Semad3a. Genes defining these clusters
254  shared general markers of early GABAergic projection neurons and were consistent
255  with fate mapping of hs599" and hs953* cells to projection neuron populations in the
256  adult forebrain, including striatal medium spiny neurons (McGregor et al., 2019;

257  Silberberg et al., 2016) and Sp8* neurons in the amygdala (Silberberg et al., 2016).

258 MGE MZ-associated enhancers hs7192 and hs799 also exhibited markers of early
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259 neuronal fate commitment (Figure 3D, Table S4). CI-0, composed predominantly of
260 hs799" cells, expressed early MGE-derived cortical interneuron lineage markers

261 including Maf, Mafb, Nxph1, Calb1, and Sst. Conversely, cl-6, composed of primarily
262 hs192* cells, expressed a wide range of TFs including Tle4 and Zic1, Zic3, and Zic4,
263 suggestive of GABAergic and cholinergic projection neuron commitment (Chen et al.,
264 2010).

265

266 These experiments captured the cell-type specific activity of seven evolutionarily

267 conserved enhancers across E11.5 GEs, showing the feasibility of enhancer-based
268 genetic labeling paired with single cell transcriptomics and resolving lineage and spatial
269 relationships via enhancer labeling. We found regionally separated but otherwise similar
270 mitotic identities among enhancer-labeled progenitors across MGE, LGE, and CGE, and
271  localized regional signatures within MGE via comparing dorsal (hs1538*) with more
272  ventral hs1056* cells. Across GEs, enhancer-labeled neuronal cell types emerged from
273  more general early postmitotic clusters. Postmitotic cells in MGE separated into

274  signatures suggesting GABAergic projection, cholinergic, and interneuron lineages

275 differentially labeled by hs792 and hs799. This initial survey defined specific cell

276 populations and identified known and novel markers for maturation state and regional
277 identity for progenitor and early born neuronal cell types, but had limited resolution to
278 capture heterogeneity within enhancer-labeled cells or profile enhancer-labeled

279 populations against all other cell types.

280
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281 Dissection of early born neuron types and positional identity in MGE via

282 enhancer-labeled 3’ scRNA-seq and ISH

283

284  To more deeply interrogate emerging neuronal types labeled by hs792 and hs799 in
285 E11.5 MGE, we performed scRNA-seq using the 10x Genomics Chromium system. Our
286 initial scRNA-seq analysis of cells labeled by hs192 and hs799 suggested heterogeneity
287  within these labeled early neuronal populations in the MGE. Indeed, fate-mapping

288 experiments for these two enhancers (Silberberg et al., 2016) labeled other, MGE-

289 derived GABAergic, cholinergic, and interneuron populations as well as early born CINs,
290 populations that have not been the focus of previous scRNA-seq studies. FACS-purified
291 MGE ungated and reporter-positive cells were dissected from embryos across three
292 litters for each transgenic line and prepared for multiplexed scRNA-seq using MULTI-
293 seq (McGinnis et al., 2019) (Figure 4A, Table S1). After quality control (Figure S5A-B),
294 4,001 single cells were used for downstream analysis. We used the same TF-curated
295 approach developed for the C1 scRNA-seq dataset to drive cell clustering. Of the 463
296 TFs detected in 10x scRNA-seq MGE data, 421 (90.9%) were represented in both

297  Fluidigm C1 and 10x Chromium systems (Figure 4B, S4F-I). We identified 18 cell

298 clusters in the 10x dataset (Figure 4C). The largest determinant of transcriptional

299 variation across cells was proliferative state (Figure 4D). Consistent with the C1 data,
300 using TFs to drive cell clustering improved performance relative to highly variable gene
301 approaches (Figure S5C-E). Overall, the 10x and MGE-derived C1 data had similar
302 cluster topology and identified similar cell states, as determined by canonical correlation

303 analysis of both datasets (Figure S6).
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Figure 4: Regional and proliferative gradients within E11.5 MGE.
(A) Schematic of dissections used for MULTI-seq (McGinnis et al., 2019), with colors corresponding to
enhancer transgenic reporter expression in the medical ganglionic eminence (red: hs799; blue: hs192;
open circles: unlabeled). LGE: lateral ganglionic eminence; MGE: medial ganglionic eminence; VZ:
ventricular zone; SVZ: subventricular zone; BC: barcode. (B) Venn diagram depicting overlap of

transcription factors scored within the Allen Developing Mouse Brain Atlas (ABA) for expression in E11.5

or E13.5 basal ganglia and transcription factors detected in 10x and C1 scRNA-seq datasets. (C) UMAP
colored by TF-anchored cell clusters. (D) Visualization of single cells from E11.5 MGE by UMAP, colored
by mitotic state (green: M, mitotic; orange: PM, postmitotic). (E) UMAP colored by enhancer (red: hs799;
blue: hs192; grey: enhancer-negative). (F) Proportion representation of hs192, hs799, and enhancer-
negative by cluster. (G) Representative differentially expressed genes by cluster. Color represents the
mean Z-score of normalized expression across clusters. (H) Representative gene ontology biological
process terms separating clusters. Color represents logz(observed/expected) for each term.
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305 Cells were defined as enhancer-positive for hs192 or hs799 if they had at least one UMI
306 (unique molecular identifier) count for CreER™-IRES-GFP. Enhancer-positive cells from
307 independent samples clustered together, demonstrating reproducibility across biological
308 replicates and distinct distributions of enhancer-labeled hs192 versus hs799 cells

309 (Figure 4E). The majority of enhancer-labeled cells mapped to post-mitotic clusters.
310  hs799" cells were substantially enriched (>50% of cluster composition) in cl-0, 10, and
311 13, and to a lesser extent in cl-2, 4, 8, and 11 (Figure 4F). In contrast, hs192* cells were
312  more broadly distributed, with the greatest representation in postmitotic clusters cl-7, 8,
313 14,15, and 16, and decreased representation in cl-0, 2, 10, and 13 (Figure 4F). Cells
314 labeled by at least one of the two enhancers were present in all postmitotic clusters

315 alongside ungated enhancer negative cells.

316

317  We next performed differential gene expression (DE) analysis and Gene Ontology

318 analysis across clusters using the full transcriptome of 18,088 genes to identify markers
319  for each cluster and resolve maturation states and cell type identities (Figure 4G-H,

320 Tables S3, S5). Proliferative clusters (cl-1, 5, 6, and 12), corresponding to cells within
321 the MGE VZ, were enriched in terms including ‘DNA replication’ and ‘chromosome

322  segregation’ (Figure 4H). In comparison, proliferative clusters cl-9 and cl-3, likely

323 corresponding to cells within the SVZ, were enriched for terms such as ‘exit from

324  mitosis’ (Figure 4H). Single cell resolution captured initiation of enhancer activity, which
325 s first evident for both hs799 and hs192 among individual cells in late SVZ clusters

326 based on transgene expression (Figures 4D-E). Postmitotic clusters subdivided into

327 MGE-derived maturing GABAergic and cholinergic neuron and interneuron lineages (cl-
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328 0,2,4,7,8,10, 11, 13, and 16), which are differentially labeled by hs192 and hs799,
329 and are described in detail below.

330

331 Some clusters were made up of postmitotic cells that appeared to originate outside the
332 MGE (cl-14, 15, and 17), and were likely migrating through the MGE at E11.5 or

333  captured at dissection boundaries. Cl-14 cells were enriched for hs192* cells and had
334  properties of LGE-derived immature medium spiny neurons, which express Ebf1, Nrg1
335 and Zfp503 (Nolz1), but not Nkx2-1 (Figure 4G). CI-15 contained both hs792" and

336  hs799" cells and may derive from preoptic area (POA), based on Hmx2 (Nkx5-2) and
337 Hmx3 (Nkx5-1) expression. Cl-17 cells were mostly transgene-negative, and may

338 originate from regions adjacent to the subpallium, e.g. from the hypothalamus or

339 prethalamic eminence. These non-MGE clusters are not further discussed.

340

341  Projecting scRNA-seq cell identities onto developing mouse MGE via ISH data
342

343  Using transcriptional cell identities defined by scRNA-seq, we applied ABA ISH

344  expression data (Lein et al., 2007) from the 689 TFs to map the anatomical distribution
345  of cell populations in the E11.5 telencephalon. First, we manually graded expression of
346  curated TFs in the VZ, SVZ, and MZ of MGE and/or LGE by reviewing individual

347  sections from E11.5 and E13.5 in the ABA (Table S2). From this analysis we identified
348 332 genes with visually detectable mRNA ISH patterns in the BG, of which 283 were
349 also detected in E11.5 scRNA-seq from C1 and 10x (Figure S4C). Following

350 comprehensive review of genes with differential SCRNA-seq expression and ABA ISH
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351 expression patterns in E11.5, E13.5, and E15.5 BG, we identified sentinel genes that
352 could be used as spatiotemporal markers to presumptively assign cells or clusters to
353 distinct neuroanatomical regions and/or specific neuronal lineages on the basis of their
354 mRNA expression profiles. Using these sentinel markers and our scRNA-seq data, we
355 characterized emergent cell lineages and regional distributions of proliferative (Figure 5)
356 and postmitotic (Figure 6) cell populations in the MGE.

357

358 MGE progenitors stratify by VZ to SVZ and dorsoventral and rostrocaudal axes
359

360 The analysis of mitotically active cells (Mki67*; Figure 5A) in the developing MGE

361  provided evidence for distinct progenitor stages and regional patterning (Figure 5B-C).
362 In our analysis, the assignment of four mitotic clusters was driven by genes previously
363 associated with progenitor cell maturation steps, suggesting four discrete histogenetic
364  stages: VZ1 (neuroepithelium), VZ2 (radial glial), SVZ1 (secondary progenitor 1), and
365 SVZ2 (secondary progenitor 2) (Figure 5A). This interpretation is supported by mRNA
366 ISH and scRNA-seq analyses, as described below.

367

368 The most immature VZ stage, the neuroepithelium (VZ1), was represented by cells with
369 the highest expression of early mitotic markers such as Hes? and /d4 (Kageyama et al.,
370  2008) and roughly fit within cl-5 and cl-6 (Figures 5D, S7A). More mature VZ cells (VZ2;
371  perhaps radial glia), organized as a diagonal zone in the UMAP plot, were characterized
372 by expression of Wnt7b, Id3, and Ttyh1; they were roughly contained within cl-12 and

373 the left part of cl-1 (Figures 5E, S7F,G). This zone also had high expression of Hes5
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Figure 5: Separation of mitotic progenitors in E11.5 MGE.
(A) Visualization of single cells from E11.5 MGE by UMAP, colored by expression of the mitotic marker
Mki67. Dotted lines show proposed boundaries for cells from VZ1, VZ2, SVZ1 and SVZ2. (B) Region of
UMAP covering the VZ cells, colored by TF-defined cell cluster to show proposed regional identities (also
shown in Figure 4E). (C) Top: coronal schematic showing the positions (blue dotted lines) of parasagittal
sections used to illustrate regional gene expression patterns. Bottom: reference images of parasagittal
sections from the ABA with the relevant subpallial anatomical domains labeled. (D-O) Gene expression
UMAPSs and representative ISH on E11.5 medial parasagittal sections from the ABA showing expression
domains for markers of various mitotic cell identities. (D-G) Gene markers for VZ-SVZ developmental
stages (Id4, Wnt7b, Gsx1, St18). Colored labels correspond to main cell cluster identity for those cells.
(H-K) UMAPS and ISH for Olig2 and DIx2/1/5, genes that help define SVZ1 and SVZ2 identity. (L-O)
Gene markers with known regional expression patterns (Gli1, Tal2, Otx2, Nr2f1) in the MGE VZ correlate
with spatially defined UMAP locations, corresponding to the schematic in (C). Later and medial sections
are shown. (M) Tal2 expression is highest at the medial level; coronal inset shows that this corresponds
to the ventral MGE (arrow). Additional genes marking these developmental stages and regional identities
are shown in Figures S7-8. Scale bar: 500 pm.

375 and Fabp7, which mark radial glia (Feng et al., 1994; Kageyama et al., 2008) (Figure

376  S7E,H). Other genes strongly marked both VZ zones (Eisenstat et al., 1999; Petryniak

377 etal, 2007; Roychoudhury et al., 2020), including Lhx2, Rest, and Rgcc (Figure S7B-

378 D). Genes like Ascl1, Gsx2 and DIx2 began expression in the VZ as scattered cells both

379 in the UMAP plot and by ISH (Figures 51; S7J,K).

380

381  SVZ organized into the progressively more mature SVZ1 in cl-9 and SVZ2 in cl-3. We

382 assigned SVZ1 identity to cl-9, based on overlapping Olig2 and DIx2 expression

383  (Petryniak et al., 2007) (Figure 5H,1). Gsx1 showed perhaps the most specific SVZ1

384  periventricular expression by ISH and was largely confined to cl-9 (Figure 5F). Cells in

385 this ‘isthmus’ cluster also expressed high levels of known SVZ genes (Ascl/1, Gsx2 and

386 Hesb6) (Long et al., 2009; Porteus et al., 1994; Roychoudhury et al., 2020) and

387  neurogenic transition markers (Btg2) (Haubensak et al., 2004) (Figure S7J-L).

388 Gadd45g, a marker of intermediate progenitors in the cortex (Yuzwa et al., 2017), was

389 also highest in cl-9. SVZ2 identity was linked to cl-3. This most mature progenitor state

390 was associated with the loss of Olig2 and high levels of DIx1, 2, and 5 (Eisenstat et al.,
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391 1999; Petryniak et al., 2007) (Figure 5H-K). By ISH, cl-3/SVZ2 markers (e.g. Prox1, Sp9
392 and St18) were expressed in a distinct layer of cells superficial to the SVZ1 markers
393 (Figures 5G, S7M,N). Insm1 and Isl1 appeared to be expressed in both SVZ1 and SVZ2
394  (Figure S70,P). CI-8 and cl-11 may represent the earliest stage of neuronal

395 commitment as SVZ2 cells exit the cell cycle; these clusters are discussed further

396 below.

397

398 Leveraging canonical correlation analysis of MGE cells across both C1 and 10x

399 datasets and ISH data, we found transcription factors and other markers that

400 distinguished the regionally distinct hs71538 and hs1056 populations (Figure S6).

401  Markers expressed in cells at the top of the UMAP plot (e.g. Nkx6-2, Gli1 and Gli2)

402 indicated dorsal MGE identity (Figures 5L, S8A,B). Dach2, a novel marker in this

403 category, occupied a similar location in the UMAP plot and was expressed in the dMGE
404 by ISH (Figure S8C). In the lower part of the UMAP plot, the genes expressed (Shh,
405 Slit2 and Tal2) indicated ventral (v)MGE identity (Hoch et al., 2015b) (Figures 5M, S8D-
406 E). The highest expression of YMGE genes was observed in medial sagittal planes of
407 ISH sections (Figure S8D-E). Bcan, Dach1 and Sulf1 may also mark vMGE progenitor
408 identity (Figure S8F-H). Molecular markers of MGE rostrocaudal position were also

409 identified in the UMAP plot. The rostral MGE had high Otx2 expression (Hoch et al.,
410 2015b) whereas the caudal MGE was marked by high Nr2f1 and Nr2f2 expression (Hu
411 etal., 2017) (Figures 5N,O, S8M). The preoptic area (POA) and pre-optic hypothalamus
412  (POH) are contiguous with the caudal mitotic zone in the MGE. CI-12 may represent a

413  mixture of POA2 and POH progenitors, based on expression of Nkx6-2, Dbx1, and
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414  Pax6 (Flames et al., 2007) (Figures S8B,0,P). POA1 cells lack these markers and have
415  higher expression of Etv1 (Flames et al., 2007); these cells may be intermixed with
416  MGE cells within cl-1. The septum is contiguous with the rostral MGE, and the septal
417 markers Fgf15 (Borello et al., 2008), Zic1 and Zic4 (Inoue et al., 2007; Rubin et al.,
418 2010) were also expressed by rostral MGE progenitors (Figure S8l,J). Pou3f1 and

419  Cntnap2 were novel markers of rostral cells (Figure S8K,L), whereas Ptx3 was a new
420 caudal MGE marker (Figure S8N). These patterning markers, including /d4, Otx2, and
421  Tcf712, also distinguished hs1538 (rostrodorsal biased) and hs1056 (caudoventral

422  biased) cells (Table S4), validating the regional identity evident among MGE

423 progenitors. Thus, this enhancer labeling and TF-curated approach identified TF

424  expression gradients capturing early MGE regional patterning among progenitors.

425

426 Emergence of MGE neuronal lineages revealed by differential enhancer labeling
427

428 Postmitotic clusters were identified as the precursors of distinct MGE-derived cell

429 lineages: GABAergic interneurons destined for the cortex (CINs) or other structures,
430 GABAergic projection neurons, and cholinergic neurons (Figure 6A). Importantly, some
431 of these cell types appeared to emerge in different spatial subdomains of the MGE

432 based on marker gene expression. Early-born neurons emerge in SVZ2 and make up
433 the MZ, which can be further visualized via a topological projection map which

434  preserves spatial relationships across the telencephalon (Puelles et al., 2016;

435 Silberberg et al., 2016) (Figure 6B-C). The organization and cellular outputs of the basal

436 ganglia primordia identified herein using this topological map of E11.5 telencephalon
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Figure 6: Separation of early neuronal lineages in E11.5 MGE.
(A) Portion of UMAP colored by TF-defined cell cluster (also shown in Figure 4E) covering postmitotic
cells, with proposed identities of cell clusters labeled. Abbreviations: VP, ventral pallidum; CIN, cortical
interneurons; St, striatal medium spiny neurons; GP, globus pallidus; Amygd, amygdala; Ch, cholinergic.
(B) Collapsed 2D topological map of the E11.5 MZ, as viewed from the sagittal section plane indicated.
The schema is a variant of that in Silberberg et al., 2016. Note the addition of rostral and caudal Pal
(Pallidum) and Dg (Diagonal area). See Table S6 for abbreviations. Blue dotted lines (rostral and caudal)
indicate positions of coronal fluorescent images shown in F, I and L. (C) Schematic depicting broad
anatomical domains at E15.5. VP: ventral pallidum; GP: globus pallidus; Dienc: diencephalon. (D-L) Gene
expression UMAPs and representative ISH on E11.5 parasagittal sections from the ABA showing
expression of markers for distinct postmitotic neuronal lineages. Arrows indicate regions of higher

E15.5
Pallium

(Cortex)

Striatum
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magnification insets and cells of interest. Arrow colors: black, CINs; red, VP; purple; Ch. For Calb1, Gbx2
and Zic1, a topological schematic illustrates the MZ expression domain for each gene, and coronal
sections of fluorescent IHC (Calb1) or ISH (Gbx1, Gbx2, Zic1) are also shown to illustrate different MZ
expression domains. Scale bars: low magnification, 500 um; high magnification insets, 100 uym.

438 correlate with progenitor zone anatomical map of (Flames et al., 2007) (Table S6).

439 Previous scRNA-seq studies have captured some of these emergent neuronal identities
440 but largely have not resolved the spatial organization underlying this process (Mayer et
441  al., 2018; Mi et al., 2018). Nkx2-1, Lhx6, and Lhx8 marked the MGE-derived postmitotic
442 neurons (Figure 4G), and these cell groups were further resolved in UMAP plots and
443 cluster assignments by their maturity state and presumed lineage. To analyze these
444  relationships, we focused on major emergent interneuron, GABAergic projection

445 neuron, and cholinergic lineages and the differential activity of hs192 and hs799 that
446  distinguishes these specific emerging neuronal populations.

447

448  Cluster cl-0 and a subset of cl-13 were composed primarily of hs799" and hs192 cells
449 and expressed immature interneuron markers. A subset of cl-8 included hs799* and
450 hs192* that expressed Mafb. CI-0 showed the most consistent expression of immature
451  CIN markers including Calb1, Cux2, Erbb4, Lmo3, Maf, Npy, Sox6, Sst and Zeb2

452  (Figures 4G, 6D-F, S9A-G). Earlier lineage markers such as Lhx8 were reduced in

453 these cells. Subsets of cl-13 and cl-8 cells were Mafb*, but lack Maf and other CIN

454  markers. The small proportion of Maf* hs192" cells in cl-8 and cl-0 was consistent with
455 our C1 data and in line with fate mapping of a subset of hs792-lineage cells to CINs
456 (Silberberg et al., 2016). Sentinel genes for cells from cl-0 and cl-13 were expressed in
457  adistinct area in the periventricular mantle zone of the caudal MGE based on ISH at

458 E11.5. We found that Calb1 expression is largely located in the caudal Diagonal (Dg)
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459 region, as illustrated on the topological map of the telencephalon (Figure 6F). The

460 caudal Dg also showed expression of Cux2, Erbb4, Npy, Sst, Maf, and Mafb; the latter
461 two genes are perhaps the most specific markers of MGE-derived CINs (Mckinsey et
462 al., 2013; Pai et al., 2019) (Figure 6D,E, S9A-D). Contiguous with this region, in more
463 lateral ISH sections, were cells expressing CIN markers, presumably migrating to the
464 LGE and/or CGE on their way to the cortex (e.g. Sst and Calb1 in Figure 6D,F).

465 Additionally, Adamts5, Bend4, Digap1, Kitl and Rai2 may be novel markers of immature
466  CINs (Figures S9H,I). Based on putative maturation states and overlapping

467 transcriptional signatures, immature interneurons from these three clusters can be

468 presumptively mapped back to late progenitor cells in SVZ2 (cl-3) via cl-11 for cl-0, cl-10
469 to cl-11 for cl-13, and within cl-8. These findings map the neurogenic progression and
470 distinct spatial niches for emerging early MGE-derived interneurons, including hs799*
471  cells that contribute to SST* CINs, as well as other populations.

472

473  Of particular interest, the scRNA-seq signatures and corresponding ISH patterns

474  suggested at least two distinct classes of GABAergic projection neurons differentially
475 labeled by hs799 and hs192 and distinguished by Gbx7* or Zic1* expression,

476 respectively, that originate in different parts of the MGE (Figure 6H,L). The first

477  GABAergic projection class was preferentially labeled by hs799 and expressed Gbx1,
478  with more restricted expression of Foxp2 and Gbx2, and corresponded to Shh* cl-13
479 cells and to subsets of cl-4 and cl-2 (Figures 6G-I, S8D). Based on a distribution on the
480 UMAP, Gbx1, Kitl, Lmo3, Sox6, Th, Tle4, Tshz2, Zeb2 and Zic1 (Flandin et al., 2010;

481 Mckinsey et al., 2013) are additional markers for cells from cl-2, cl-4, and cl-13 (Figures
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482 4G, 6L, 7D, S9E-H,J,K). These cells were presumptively mapped to less mature states
483 in cl-10 and cl-1 (for cl-13 only) or cl-4 and cl-11 (for cl-2). On the topological map of the
484 MGE, Gbx2 expression was in the rostral portion of the pallidal (Pal) subdivision (Figure
485 6l). Anatomically, the E15.5 expression domains of Foxp2, Gbx2, Gbx1 and Etv1,

486 determined by ISH, were nested along the pallidum’s radial axis. Foxp2 expression was
487 largely superficial, possibly in the ventral pallidum (Campbell et al., 2009) (Figure 6G).
488 Gbx1 expression encompassed the ventral pallidum and the entire globus pallidus

489  (Figure 6H). Gbx2 included the ventral pallidum and part of the globus pallidus (Chen et
490 al., 2010) (Figure 6l). Etv1 was expressed throughout the globus pallidus but in few

491  cells in the ventral pallidum (Flandin et al., 2010) (Figure 6J). Foxp2* cells become

492  superficial pallidal projection neurons (i.e. ventral pallidum), whereas other cl-2 cells,
493 and some cl-4 and cl-13 cells, contribute to deeper pallidal structures (i.e. globus

494  pallidus). Thus, we propose these populations that share increased hs799 activity

495  branch from immature neuron types within cl-2, cl-4, and cl-13.

496

497 The second GABAergic lineage expressed Zic1, as well as more restricted expression
498 of Zic3 and Zic4, and was enriched for cells with high hs192 activity (Figure 6L). Zic TFs
499 ISH MGE expression was restricted to the rostroventral MGE and overlapped little with
500 Gbx2; Zic1 may not overlap with the more caudal CIN markers (Figure 6D-F; S10A-D).
501  On the topological map, Zic1 expression was restricted to the rostral Dg region, and
502 was continuous with Zic1 expression in the septum (Figure 6L). As noted, Zic1 was also
503 expressed in the VZ and SVZ of the rostral MGE and septum, suggesting that this

504 progenitor zone generates the Zic1* postmitotic cells in cl-11 and cl-4. It is unclear from
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505 ISH how Zic7-associated GABAergic projection neurons are spatially organized within
506 the GP, though the spatial organization appears more diffuse across the GP. These
507 hs192-biased Zic1* cells may constitute a distinct cell type within the GP.

508

509 Cells in cl-16 were exclusively enhancer hs192" and hs799 and expressed definitive
510 cholinergic marker genes. Among these, Nirk1 (Sanchez-Ortiz et al., 2012) was the
511  most specific to this cluster (Figure 6K). Although Nirk1 expression was weak in ISH at
512 E11.5, scattered positive cells were visible in the striatum and GP by E15.5, consistent
513  with the distribution of cholinergic interneurons (Figure 6K). CI-16 cells also expressed
514  Gbx1, Gbx2, Isl1 and Zic4, all of which are cholinergic lineage markers (Fragkouli et al.,
515  2009; Chen et al., 2010; Magno et al., 2017; Asbreuk et al., 2002; Elshatory and Gan,
516  2008), as well as Zic1, Zic2, and Zic5 (Figures 6H,1,.L, SOL,M). Fgf15 appeared to be a
517  novel marker of this population, but its expression was not maintained as cells mature
518 (Figure SON). A subset of hs192* cl-4 cells also expressed some of these markers (e.g.
519  Zic2) and may represent a less mature state or another type of cholinergic neuron. Fgf8,
520 Fgf17, and Nkx2-1/Zic4 fate mapping provides evidence that these cells arise from the
521  junction of the rostromedioventral MGE with the septum (Magno et al., 2017; Hoch et
522 al., 2015a), consistent with the expression of Zic1.

523

524  The final postmitotic group, cl-7, included two populations: the upper part was almost
525 exclusively hs192*, while the lower part also contained hs799* cells. The upper part of
526 cl-7 was Nkx2-1- and strongly expressed Six3 and Sp8 (Figure S90,P), suggesting a

527 CGE-derived CIN or LGE-derived olfactory bulb IN identity (Long et al., 2007). The


https://doi.org/10.1101/2021.01.11.426285
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.11.426285; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

528 lower part of cl-7 was Nkx2-1" and Lhx8* (and thus likely MGE-derived); these cells also
529 expressed genes shared by cl-2 and cl-14, including /d4 and Tle4 (Figures 5D, 7D).
530 Earlier states of cl-7 cells appeared to map back to cl-8 then SVZ2 cl-3 cells, with Nr2f2
531  expression in these clusters indicating caudal MGE origin (Figure S8M).

532

533 Across described postmitotic populations, enhancer-labeled scRNA-seq and ABA ISH
534 indicated specific spatial localizations for cell types with divergent transcriptomic

535 identities. To verify this finding, we performed fluorescent immunohistochemistry (IHC)
536 and ISH to map protein expression across coronal sections for four sentinel genes

537 representative of these populations (Figure 6F,l,L). We examined Calb1 for early CINs,
538 predicted to be located in caudal Dg; Gbx1 and Gbx2 for GABAergic projection neurons
539 inrostral Pal; and Zic1 for rostral Dg GABAergic projection and cholinergic populations.
540 These experiments validated that early born neuronal populations indeed exhibit spatial
541  segregation to specific rostrocaudal and dorsoventral zones of the MGE MZ. Thus, our
542  experiments captured novel lineage progression and associations between spatial and
543 transcriptomic identity of E11.5 MGE-derived neuron populations.

544

545 Validation of MGE enhancer-labeled progenitor and postmitotic populations

546

547  The combination of enhancer labeling and scRNA-seq paired with ISH defined distinct
548 populations marked by progenitor (hs1538 and hs1056) and postmitotic (hs792 and
549  hs799) enhancers in the MGE. We used ISH and co-labeling to validate transcripts that

550 distinguish cells between these postmitotic and mitotic enhancer pairs. We found subtle
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551  but detectable transcriptomic differences between MGE progenitor cells labeled by
552 hs1538 and hs1056 corresponding to regional spatial segregation of hs7538 to dAMGE
553 VZ and hs1056 to vMGE (Table S4). In contrast, there were broad transcriptional

554  differences between the spatially intermixed populations of postmitotic cells labeled by
555 hs192 and hs799 in the MGE (Tables S3,54, Figures 3,5). Between hs71538 and

556 hs1056, among the most informative transcripts for differential enhancer labeling were
557 Id4, Tcf712, Zkscan1, Otx2, and Satb1 (Table S4). While the differential scRNA-seq
558 signatures were subtle, ISH verified highest expression of the hs1538-associated

559  marker /d4 in the VZ of the dorsal and rostral MGE where hs1538 is active (Figure 7A).
560

561 In postmitotic populations, hs792 activity, which was biased toward GABAergic

562  projection neurons in the striatum and cholinergic interneurons, was associated with
563  higher levels of the transcription factor Tle4 and several members of the Zic TF family
564 including Zic1, Zic3, and Zic4 (Table S4). Conversely, hs799 activity favored

565 populations of early CIN lineages expressing markers including Mafb and Sst, in

566 addition to its activity in GABAergic projection neurons. As hs192 and hs799 MZ

567 populations spatially intermingle, ISH alone was insufficient to verify specificity. Thus, to
568 validate differential expression of genes across hs192 and hs799 labeled cells, we

569 performed co-labeling of GFP* enhancer-labeled cells and Tle4 and Zic1, two

570 transcription factors that were enriched in hs792" cells (Figure 7B,C-F). As expected,
571  enhancer-positive cells showed overlapping distributions in the MGE, but hs792 activity
572 and Zic1 expression were highest in the rostroventral MGE and paraseptal region

573  (Figure 7C,F). In addition, Tle4 protein was expressed in significantly more hs7192 GFP*
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Figure 7: Spatial and epigenomic differences in E11.5 MGE enhancers.

(A) Endogenous tdTomato expression (red) in hs1538 E11.5 coronal sections after tamoxifen
administration at E10.75, and /d4 fluorescent ISH (cyan) on equivalent wildtype E11.5 sections. Arrows
point to higher expression in the rostral and dorsal MGE VZ compared with ventral MGE. Scale bar: 500
pum. (B) Schematic showing location (red box) of low magnification images shown in (C) and (F). (C) Zic1
fluorescent ISH (magenta) and GFP immunohistochemistry (green) on superimposed adjacent coronal
sections of E11.5 hs192 and hs799 forebrain. Closed arrows indicate hs192 GFP overlaps with Zic1
expression in the ventral MGE. Open arrows indicate the ventral extent of hs799 GFP cells, which does
not extend into the region of high Zic1 expression. (D) UMAP of Tle4 expression and representative ISH
on E11.5 sagittal sections from the ABA. (E) Quantification of percent of Tle4 cells that are also GFP
positive from (F). (F) Immunohistochemistry for Tle4 and GFP on hs192 and hs799 coronal sections.
Double-positive cells are indicated by closed arrows and GFP-negative cells are indicated by open
arrows. Scale bars: 100 ym. Ventricular surface of MGE is indicated by dotted lines.
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575 cells compared to hs799 GFP™ cells (Figure 7E). Thus, ISH and co-labeling experiments

576 validate the results from scRNA-seq-based separation of enhancer-labeled MGE cells.

577

578 Discussion

579

580 Transcriptional profiling at single cell resolution has transformed our understanding of
581 the diversity of cell types in the brain. While initial efforts to catalogue brain cell types
582 have returned huge gains (Zeisel et al., 2018), new approaches are now needed to link
583 transcriptional identity to location, function, and developmental lineage. Here, we

584 combined novel enhancer-based cell labeling, TF-anchored clustering, and ISH-based
585  spatial annotation to map the neurogenic landscape of embryonic mouse basal ganglia.
586  Through this integrated approach, we illuminate enhancer activity in specific cells in vivo
587 and provide new insights regarding the specification paths for early GABAergic

588 neurogenesis in the ganglionic eminences.

589

590 Enhancer activity is often tightly restricted to specific cell types and developmental

591 stages (Dunham et al., 2012; Nord, 2013; Reddington et al., 2020), making enhancers
592  potent tools for genetic labeling and manipulation (Pattabiraman et al., 2014; Silberberg
593 etal, 2016; Visel et al., 2013). However, the specificity and pattern of enhancer action
594 in vivo at the single cell level has not been deeply explored. Most studies that examine
595 enhancer specificity in the brain have used image-based assays of reporter expression
596 (Visel et al., 2013) or orthogonal biochemical and epigenomic proxies to predict cell-

597  type specific enhancer activity (Dunham et al., 2012). In contrast, our approach
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598 represents a major advance in resolution for in vivo function-based modeling of

599 enhancer activity. Our results demonstrate that sScRNA-seq can capture reporter

600 transcripts across histogenetic subtypes labeled by individual enhancers, thus

601 identifying enhancer-positive cells with high specificity even when enhancer activity was
602 low or limited to specific cell types. scRNA-seq analysis revealed the onset and offset of
603 enhancer activity as well as cell populations where each enhancer was active with fine-
604 scale resolution. Overall, this study reinforces the specificity of activity across individual
605 enhancers and increases resolution of enhancer activity mapping to offer a

606 representative perspective of in vivo single cell enhancer activity for seven evolutionarily
607 conserved neurodevelopmental enhancers.

608

609 Numerous genetic studies have probed mechanisms of BG development, with two

610 recent studies (Mayer et al., 2018; Mi et al., 2018) using scRNA-seq to follow BG

611 development and CIN lineage specification in E12.5-E14.5 embryonic mouse. Our

612  results capture an earlier time when alternative neuronal lineages originate, using

613 enhancer labeling, TF curation, and ISH to enable lineage tracking and spatial

614  resolution of progenitor and postmitotic populations across the GEs. Similar to other
615 studies, our results find transcriptomic differences among progenitor and postmitotic
616 cells across the GEs, with additional markers of maturation and postmitotic lineages
617 resolved via enhancer labeling. Further, integrating ISH data, we assigned likely

618 identities to four types of MGE progenitors; distinct MGE progenitor regions; and

619 enhancer-labeled subtypes of maturing MGE-derived interneurons, GABAergic
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620 projection neurons, and cholinergic neurons that together mature to form pallidal

621  structures or migrate to become interneurons in the cortex, amygdala, and striatum.
622

623  Progenitor cohorts with overlapping transcriptional states and region-specific signatures
624  were labeled by spatially distinct enhancers with VZ activity (hs1538, hs1056, hs841;
625 Figures 2,3,4). Similar to published studies at older ages (Mayer et al., 2018; Mi et al.,
626 2018), we found at E11.5 that scRNA-seq resolves the maturation gradient of BG

627  progenitor populations from NSCs in the VZ to postmitotic neuronal precursors in SVZ2
628 (Figure 5A). Comparison of hs1538" and hs1056" enabled the discovery of genes

629 whose expression in MGE progenitors defined rostrocaudal and dorsoventral axes. The
630 rostrodorsal hs1538" progenitors were enriched for Id4, Otx2, Tcf712, and Zic1 (Figures
631 3,5, 7; Table S4). In contrast, caudoventral progenitors were enriched for Nr2f1/2 and
632 Tal2 (Figure 5). Interestingly, /d4 is both associated with neuroepithelial progenitors
633 (Bedford et al., 2005; Yun et al., 2004) and biased toward rostrodorsal MGE VZ,

634  suggesting potential differences in progenitor state composition across regional

635 domains within E11.5 MGE VZ. Of note, progenitors segregated on the UMAP across
636 these axes when using a TF-anchored transcriptome analysis (Figure 5). We suggest
637 that positional information in E11.5 MGE progenitors is largely encoded by gradients of
638 these and other TFs rather than the expression of specific TF domains. Combinations of
639 TFs then activate region-specific enhancers such as hs1538, as has been shown in
640 classic model of ectoderm patterning in drosophila embryos (Levine, 2008) and in the
641  cortical VZ (Pattabiraman et al., 2014).

642
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643 Early-born CGE, LGE and MGE GABAergic projection, cholinergic, and inhibitory

644 neuronal lineages are labeled by differential enhancer activities (hs953, hs599, hs192,
645 hs799, respectively) (Figures 3,4,6). Compared to the distinct MGE signature, LGE and
646 CGE cells had more similar transcriptomic identities, but diverged between hs599 and
647  hs953 cells in later post-mitotic neuron clusters. Focusing on MGE, differential sScCRNA-
648 seq comparison of enhancers hs192 and hs799 in combination with ISH annotation
649 defined three spatially distinct regions in the MGE MZ that give rise to molecularly

650 distinct cells. CINs (expressing multiple markers) were detected in the caudal Diagonal
651 (Dg) region (Figure 6F). Gbx1/2* cells were mapped to the Pallidal (Pal) region and

652  Zic1* cells to the rostral Dg regions (Figure 61,L). We are intrigued by the possibility that
653 Gbx* and Zic* cells contribute to distinct types of MGE GABAergic neurons, including
654  within the GP, in addition to the cholinergic neurons already described (Chen et al.,

655 2010; Magno et al., 2017). Previous studies have not identified a specific MGE region
656  giving rise to CINs, nor spatially distinct zones for the generation of pallidal neurons and
657 CINs. This contrast to our findings may be because our analysis focused on a younger
658 age (E11.5) than most studies. Consistent with our results, (Puelles et al., 2016)

659 previously showed that Sst expression begins in the Dg region. It is probable that as
660 development proceeds, additional MGE regions also generate CINs, as suggested by
661 many studies (Mayer et al., 2018; Mi et al., 2018; Silberberg et al., 2016). Overall, the
662 results from these experiments define emerging GABAergic neuron types and elucidate
663 relationships between spatial and transcriptomic characteristics of lineages in

664 embryonic BG and in early mammalian brain development.

665
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666 Beyond BG neurogenesis, our study has broader implications for the application of
667 scRNA-seq to developing tissues. We demonstrate that anchoring scRNA-seq analysis
668 on TF transcripts reduces the weight of cell cycle-driven and technical sources of

669 variation (noise), improving the power of histogenetic cell type classification. Limiting
670 analysis to TF transcripts greatly improved resolution of regional identity and maturation
671 state for progenitors in the VZ and SVZ, consistent with the vast body of literature

672 defining TF gradients as the master regulators of lineage specification in the BG and
673 elsewhere. The extensive use of ISH annotations to define regional gradients enabled
674 us to identify and interpret patterns of cell identity captured in sScRNA-seq data. Finally,
675 enhancer labeling enabled us to enrich, identify, and compare specific progenitor

676 populations and early neuronal lineages, capturing novel transcriptional signatures for
677 labeled lineages. Our results highlight the value and need for curated approaches in
678 scRNA-seq analysis (e.g. our focus on TF transcripts) and the utility of leveraging

679 orthogonal and accessory data, in this case ISH and enhancer labeling, to understand
680 complex developmental processes. This study thus represents a new frontier, pairing
681  scRNA-seq with functional analysis of enhancer activity in vivo and highlighting the
682  utility of combining enhancer-mediated expression for labeling and characterization of
683  specific cell types and offers insight into GABAergic neurogenesis in the embryonic

684 mouse BG.
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Methods

RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contacts, Alex S. Nord (asnord@ucdavis.edu) and John L.

R. Rubenstein (john.rubenstein@ucsf.edu).

Materials Availability
The enhancer transgenic mouse lines used in this study have been previously published

(Silberberg et al., 2016) and deposited to the MMRRC repository.

Data and Code Availability
The datasets generated during this study are available on GEO (accession TBD). The
analysis codes used for this study can be found on the Nord Lab Git Repository

(https://qgithub.com/NordNeurogenomicsLab/).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

The enhancer transgenic mouse lines used in this study have been previously published
(Silberberg et al., 2016) and deposited to the MMRRC repository. All animal care,
procedures, and experiments were conducted in accordance with the NIH guidelines
and approved by the University of California, San Francisco animal care committee’s

regulations (Protocol AN180174-02). Pregnant dams were housed in mating pairs, or
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748  singly housed with additional environmental enrichment. Mice were housed in a

749  temperature-controlled environment (22-24°C), had ad libitum access to food and water,
750 and were reared in normal lighting conditions (12-h light-dark cycle). Embryos of either
751 sex were used, and all embryos of the correct genotype from a single litter were pooled
752  as a single biological replicate for all sequencing experiments.

753

754  We used mice from 7 previously published enhancer transgenic lines (Silberberg et al.,
755  2016): hs192-CreER?-IRES-GFP, hs599-CreER™-IRES-GFP, hs799-CreER'?-IRES-
756  GFP, hs841-CreER™-IRES-GFP, hs953-CreER™?-IRES-GFP, hs1056-CreER™-IRES-
757  GFP and hs1538-CreER™-IRES-GFP, herein referred to simply by their enhancer ID,
758 e.g., hs192. Enhancer line hemizygous transgenic male mice were mated to CD-1

759  wildtype or Ai14 tdTomato Cre-reporter female mice (MGI ID: 3809524) (Madisen et al.,
760 2010) to obtain embryos for experiments. All transgenic mice were maintained on a
761  mixed background outcrossed to CD-1. For inducible tdTomato labeling of enhancer
762  positive cells with the hs1538 line, Ai14 reporter female mice were mated to enhancer
763 transgenic males and dosed with 55 mg/kg tamoxifen dissolved in corn oil at 6 pm the
764  day before embryo harvest (E10.75 for harvest at E11.5). 14 mg/kg progesterone was
765 included to improve embryo survival.

766

767 METHODS DETAILS

768 C1 scRNA-seq

769  Cell isolation.
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Pregnant dams were sacrificed by CO:z inhalation, confirmed by cervical dislocation.
E11.5 embryos were removed and placed into ice-cold Earle’s Balanced saline solution
(EBSS). Transgene-positive embryos were identified by screening on a fluorescent
microscope. In a clean dish with ice-cold EBSS, the MGEs, LGEs or CGEs were
dissected out and placed into a 1.5 mL Eppendorf tube containing EBSS on ice. Tissue

was pooled from all transgene-positive embryos in a single litter.

The tissue was dissociated in 300 pL of 0.25% trypsin-EDTA solution supplemented
with 10 U/mL recombinant DNase | (Roche) for 15 minutes at 37°C. Trypsinization was
stopped by addition of 300 yL DMEM with 10% FBS, and the tissue was gently
triturated 10-15 times with a P1000 pipette and filtered through a 40 pm filter to achieve
a single-cell suspension. The cells were spun down for 3 minutes at 500 rcf and
resuspended in FACS buffer (EBSS + 0.5% BSA + 2 mM EDTA). DAPI (50 ng/mL final

concentration) was included to stain dead cells.

For gated samples, GFP- and tdTomato-positive cells were isolated by fluorescence
activated cell sorting on a FACSAria Il flow cytometer (BD Biosciences). FACS gating
was set using a transgene-negative sample, and DAPI-positive dead cells were
excluded. Single-cell sorting mode was used to maximize sample purity. For ungated
samples, DAPI-stained cells were excluded but GFP-positive and GFP-negative cells

were collected.

C1 cell capture and cDNA generation.
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793  For unsorted and ungated experiments, cells were counted on a haemocytometer and
794  diluted to 150-300 cells/pL in FACS buffer. The cell mix was prepared and loaded onto
795  a Fluidigm integrated fluidics chip (C1™ Single-Cell mMRNA Seq IFC, 5-10 pm, #100-
796  5759) on the Fluidigm C1 system according to the manufacturer’s instructions.

797

798 For GFP- and tdTomato-gated samples, cells were sorted directly into the loading well
799  of the IFC (integrated fluidic circuit) according to the manufacturer’s note

800 (https://www.fluidigm.com/articles/cell-sorting-directly-to-the-c1-ifc). Briefly, the IFC

801 plate was placed on the plate chiller of the FACSAria sorter, the inlets were covered
802 with PCR-plate sealing film, and the sort stream was directed to the cell loading well.
803 The film over the cell loading well was removed and 3 pL of C1 cell suspension buffer
804 was added to the well. 1,500 cells were then sorted directly into the well. Finally, 1.5 yL
805 of FACS buffer was added to give a final volume of 7.5 ul and a concentration of 200
806 cells/uL. The cell suspension was pipetted gently 2-3 times to mix, and cells were

807 loaded onto the IFC using the C1 machine according to the manufacturer’s instructions.
808  After capture, each well of the IFC was visually examined on a Keyence microscope
809 and scored for the number of cells and presence or absence of cell debris.

810

811  Cell lysis, reverse transcription and cDNA amplification were performed on the Fluidigm
812  C1 machine according to the manufacturer's mRNA-seq protocol using the SMARTer
813  Ultra Low RNA Kit for the Fluidigm C1 System (Takara Bio #634833). cDNA amplicons
814  (~3 pL) were harvested into a 96-well plate containing 10 uL C1 DNA dilution buffer per

815 well, as described in the protocol, and stored at -80°C for library preparation.
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816

817  C1 scRNA-seq library preparation.

818 1 uL of diluted cDNA per well was used for library preparation using the Nextera XT
819 DNA Sample Prep Kit (lllumina, #FC-131-1096). Each C1 IFC was pooled into one

820 library, for a total of up to 96 samples per library. Sequencing library quality was

821  assessed using the high-sensitivity dSDNA assay in an Agilent Bioanalyzer.

822

823 Multiplexed 10x scRNA-seq library generation (MULTI-seq)

824 E11.5 MGE tissue was dissected as described above and dissociated using the Papain
825 Dissociation System (Worthington) with a modified protocol. MGEs pooled from a single
826 litter were incubated with 200 uL papain solution supplemented with 10 U/mL

827 recombinant DNase | (Roche) for 10 minutes at 37 °C on a rocking platform, then spun
828 down for 3 minutes at 300 rcf. The papain solution was replaced with 200 pL ice-cold
829 EBSS, and the tissue was gently triturated ~10 times with a P1000 pipette to achieve a
830 single-cell suspension. The cells were spun down and resuspended in 200 yL EBSS for
831  fluorescence activated cell sorting on a FACSAria || machine (BD Biosciences). An

832  aliquot of cells was stained with trypan blue and counted on a haemocytometer. The cell
833  suspension was diluted if necessary with EBSS, aiming for <500,000 cells in a volume
834  of 200 pL.

835

836  Dissociated cells were labeled with barcoded lipid-modified oligonucleotides (LMOs) as
837  previously published (McGinnis et al., 2019), using a different barcode for each single-

838 litter pooled MGE sample. Excess LMOs and papain were quenched by adding 1 mL of
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839 ovomucoid/BSA inhibitor (Worthington). Barcoded cells were spun down for 5 minutes
840 at 500 rcf and resuspended in 300 pL EBSS with 1% BSA. DAPI (50 ng/mL final

841  concentration) was included to stain dead cells. Just prior to sorting, cells were passed
842  through a 40 ym filter to remove any remaining clumps.

843

844  GFP-positive cells were isolated by FACS as described above. Cells were sorted into
845 Lo-Bind Eppendorf tubes containing EBSS with 1% BSA. Sorted, barcoded cell samples
846  were then pooled, spun down, and resuspended in a small volume of EBSS with 1%
847 BSA ready for processing on the Chromium 10x system.

848

849  Single-cell cDNA libraries were generated using the Chromium Single Cell 3' GEM,

850 Library & Gel Bead Kit (v3, PN-1000075) according to the manufacturer’s instructions.
851  After the first cDNA clean-up step with 0.6x SPRI beads, the supernatant containing the
852  Dbarcode library fraction was saved and processed as described previously (McGinnis et
853 al., 2019). The barcode library (5%) and cDNA library (95%) were pooled for

854  sequencing on an lllumina NovaSeq SP lane.

855

856 C1 sequencing, alignment, and gene expression quantification

857 Libraries for the C1 scRNA-seq samples were sequenced on an lllumina HiSeq 4000
858 instrument using a single-end 50-bp protocol. Reads were uniquely aligned to the

859 mouse genome (GRCm38, modified to append a custom chromosome containing the
860 individual sequences of the transgenes CreER'?, IRES, EGFP, and tdTomato) using

861 STAR (v2.7.0e) (Dobin, 2013), and read duplicates were removed using the Picard tools
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862  function MarkDuplicates (v2.18.4) (Picard Toolkit, 2019). Gene counts were generated
863 using subread featureCounts (v1.6.3) (Liao et al., 2014), to ENSEMBL GRCm38

864 release 95, using a customized gtf annotation file containing annotations for the four
865 transgenes. Gene counts were normalized to gene length and library size using reads
866  per kilobase of transcript, per million mapped reads (RPKM) or to counts per million
867 mapped reads (CPM) for downstream analysis and visualization.

868

869 10x sequencing, alignment, and gene expression quantification

870 Libraries for 10x MULTI-seq samples were sequenced on an lllumina NovaSeq SP
871 instrument. The raw 10x data was processed using CellRanger (v3.0.2) (Zheng et al.,
872  2017) using the custom mouse genome described above. Samples were demultiplexed

873 using the MULTI-seq (McGinnis et al., 2019) pipeline (https://github.com/chris-mcginnis-

874  ucsf/MULTI-seq). Briefly, raw FASTQ files were split into cell barcode, UMI, and sample

875 barcode sequences, then reads were parsed to generate a sample barcode UMI count
876  matrix. The cell barcode matrix was put through the MULTI-seq classification workflow
877  to identify single cells from unclassified and doublet/multiplet cells. A second round of
878 semi-supervised classification was performed to reclassify negative cells for potential
879 false negatives. The cell by gene UMI count matrix was loaded into Seurat (v3.2.2)

880 (Butler et al., 2018; Stuart et al., 2019) as a Seurat object, and normalized using the

881  Seurat function SCTransform (Hafemeister and Satija, 2019) with default parameters for
882  both full transcriptome and TF-curated analyses.

883

884 C1 quality control
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885 Raw read quality was assessed using FastQC (v0.11.7) (Andrews, 2010). Aligned

886 library quality was assessed using RSeQC (v2.6.4) (Wang et al., 2012) for 5’ or 3’ bias,
887  exonic read distribution and GC content distribution. We also assessed quality of

888 individual samples by comparing the following distributions: total uniquely aligned reads,
889 total assigned reads, total expressed genes, percent mitochondrial reads, percent

890 ribosomal genes, and percent pseudogenes. Samples with greater or less than 2

891 standard deviations from the mean in any of the above metrics were discarded. In

892 addition, samples scored as ‘two or more cells’ during visual inspection were removed
893 from analysis. Pseudogenes, ribosomal genes (ribosomal subunit and rRNAS),

894  mitochondrial genes, and six sex-linked genes (Xist, Eif2s3x, Kdm6a, Ddx3y, Eif2s3y,
895 Kdmbd) (Armoskus et al., 2014) were removed from the data matrix.

896

897 We used the R package Seurat (v3.2.2) (Butler et al., 2018; Stuart et al., 2019) for

898 feature selection, clustering and visualization. We compared two normalization

899 approaches for quality control and downstream analysis. RPKM-normalized data was
900 used to create two Seurat objects, with minimum.cells set to 10, and minimum.genes
901 setto 2,000. We applied a manual log1p transformation to the RPKM data to generate
902 normalized data in the ‘data’ slot of the Seurat object. We applied regression for FACS-
903 processing state and total mapped reads on the gene count data using ScaleData. To
904 define proliferative state and cell cycle phase, we used the Seurat function

905 CellCycleScoring on a published list of cell cycle genes (Kowalczyk et al., 2015) and

906 calculated G1/S and G2/M phase scores for each cell. We then calculated the
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907 difference between G1/S and G2/M to define whether a cell was mitotic (M) or post-
908  mitotic (PM).

909

910 We also compared our results to those generated with raw count data normalized using
911  the NormalizeData function with scale.factor set to 1e6 to generate CPM-normalized
912 data. Results were largely similar between RPKM- and CPM-normalized data and only
913 the RPKM-normalized results are reported. We note that short genes were more likely
914  to be considered highly variable using CPM-normalized data (data not shown).

915

916  10x quality control

917 We used the MULTI-seq pipeline described above to remove negative or multiplet cells
918 from downstream analysis. After subsetting data to only singlets, we used the full

919 transcriptome data to perform cell clustering with Seurat, which split cells into two

920 populations based on mitochondria RNA (mtRNA) expression: one population with high
921  mtRNA expression (>5% total UMIs) and one with low expression (<5% total UMIs). We
922 removed all cells from the high mtRNA expression population, and repeated cell

923 clustering using the cleaned cells. We identified one outlier cluster likely corresponding
924 to hematopoietic cell lineages based on expression of hemoglobin genes, and removed
925 that cluster, resulting in 4,001 cells for downstream analysis.

926

927 CA1 transcription factor (TF)-based clustering

928 From the full dataset, we extracted counts for 689 transcription factors with mRNA in

929 situ hybridization data available in the Allen Developing Mouse Brain Atlas (Lein et al.,
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930 2007) that were scored for expression in E11.5 and E13.5 basal ganglia and cortex

931 (Table S2). Of the 689 scored transcription factors, 455 were expressed in >10 cells in
932 our dataset. These 455 genes were used for dimensionality reduction using principal
933 components analysis (PCA) and Uniform Manifold Approximation and Projection

934 (UMAP) (Mclnnes et al., 2018) as visualization tools. Following PCA, we used jackstraw
935 analysis with 100 iterations to define statistically significant (p-value < 0.05) principal
936 components (PCs) driving variation. The first 13 significant PCs were used to define
937 clusters using FindNeighbors (using k.param = 5, nn.method = “annoy”, annoy.metric =
938 “euclidean”) and FindClusters (using resolution = 1.2, algorithm = 2, group.singletons =
939 F). To generate the UMAP visualization we used Seurat's RunUMAP (reduction = “pca”,
940 n.neighbors = 15, n.epochs = 1000, negative.sample.rate = 10). Using this approach,
941  we defined 12 clusters.

942

943 10x transcription factor (TF)-based clustering

944  We used a similar approach as described above for the C1 clustering. Of the 689

945  scored transcription factors, 463 were expressed in greater than 10 cells. These 463
946  genes were used for downstream processing. The first 14 significant PCs were used to
947  define clusters using FindNeighbors (using k.param = 15, nn.method = “rann”,

948 annoy.metric = “euclidean”) and FindClusters (using resolution = 1.4, algorithm = 2,

949  group.singletons = F). To generate the UMAP visualization we used Seurat's RunUMAP
950 (reduction = “pca”, n.neighbors = 20, n.epochs = 500, negative.sample.rate = 15). Using
951 this approach, we defined 18 clusters.

952
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953 Differential expression analysis

954  For differential expression (DE) analysis across TF-based clusters in both C1 and 10x
955 datasets, we expanded to all expressed genes and used Seurat’s FindAlIMarkers.

956  Briefly, one cluster of cells was compared to all other cells using a Wilcoxon rank-sum
957 test. We only considered genes that were expressed in at least 25% of cells in either
958 population and had loge-fold-change greater than 0.25 between populations. Genes with
959 adjusted p-values < 0.05 were considered statistically significant. We also performed
960 DE analysis between enhancer groups (e.g. MGE-hs7192 vs MGE-hs799, or MGE-

961 hs192-PM vs MGE-hs799-PM) using the same parameters.

962

963 Diffusion mapping pseudotime analysis

964 We performed diffusion mapping via the R package destiny (Angerer et al., 2016) on the
965 TF-based C1 dataset. Briefly, the log-normalized TF-curated RPKM data was passed to
966 the destiny function dm, which generates 50 diffusion components and corresponding
967 cell eigenvalues. We assessed differential expression along the diffusion components
968 using a generalized additive model via the gam function in R.

969

970 Random forest classification

971  We used random forest (Breiman, 2001) via the R package randomForest on the TF-
972 based C1 dataset to identify transcription factors important for accurately classifying
973 cells in pairwise comparisons of enhancers. Briefly, we ran randomForest independently
974 10 times using the log-normalized TF-curated RPKM C1 data matrix, using 5,000 trees

975 per forest, for each of the pairwise comparisons (MGE-hs1056-M vs dMGE-hs1538-M,;
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976  MGE-hs192-PM vs MGE-hs799-PM; CGE-hs841-M vs LGE-hs841-M; and CGE-hs953-
977 PM vs LGE-hs599-PM). We extracted the out-of-box error rates for all forests in addition
978 to the mean decrease in accuracy (MDA) and mean decrease in node impurity (MDNI)
979 scores for all genes, and calculated mean and standard deviation. Genes were ranked
980 by the mean MDA and MDNI scores.

981

982 Gene ontology analysis

983 We used the R package topGO (v2.36.0) (Alexa and Rahnenfuhrer, 2020) to perform
984 gene ontology (GO) analysis by TF-based cluster and enhancer group on DE genes in
985 the 10x dataset. Mouse GO data were downloaded from Bioconductor (org.Mm.eg.db)
986 (Carlson, 2019). We restricted analysis to GO Biological Process annotations and

987 required a minimal node size of greater than 20. We used the ‘weight01’ framework and
988 Fisher test to define significant terms (p-value < 0.05). The background for all

989 enrichment comparisons is all 18,088 expressed genes. For Figure 5, clustering of

990 selected significant GO terms was performed using the R package pheatmap (Kolde,
991  2015) using hclust and default parameters.

992

993 Full transcriptome analysis

994  We repeated clustering analysis of single cells using the full transcriptome for both C1
995 and 10x scRNA-seq datasets. To define highly variable genes (HVGs), we calculated
996 the mean of all expressed genes in the Seurat object data slot using the Seurat function
997  FindVariable Genes using default parameters. The top 3,000 HVGs were used for

998 dimensionality reduction using PCA and UMAP visualization. For C1 data, we used the
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999 first 10 PCs to define 11 clusters using FindNeighbors (using k.param = 15, nn.method
1000 = “rann”, annoy.metric = “euclidean”) and FindClusters (using resolution = 1, algorithm =
1001 2, group.singletons = F). For 10x data, we used the first 17 PCs to define 17 clusters
1002 using FindNeighbors (using k.param = 20, nn.method = “rann”, annoy.metric =
1003 “euclidean”) and FindClusters (using resolution = 1, algorithm = 2, group.singletons =
1004 F). UMAP visualization was generated using RunUMAP with the same parameters
1005 described for each dataset above. DE analysis was performed across clusters as
1006  described above.

1007

1008 Combined analysis of C1 and 10x datasets

1009 We used canonical correlation analysis (CCA) to combine the C1 and 10x datasets
1010  using both TF-curated and full transcriptome datasets. Briefly, the raw counts for both
1011  datasets were merged together, excluding genes that exhibited expression only in one
1012 dataset, and normalized using NormalizeData (normalization.method = "LogNormalize",
1013  scale.factor = 1e6). Integration anchors between both datasets were identified using
1014  FindintegrationAnchors (reduction = “cca”, dims = 1:50, normalization.method =

1015 "LogNormalize", anchor.features = 3000). Datasets were integrated using 50 CCA
1016  components from FindIntegrationAnchors with IntegrateData (dims = 1:50), and center-
1017  scaled data generated using ScaleData. The integrated dataset was used for principal
1018 components analysis and the first 15 PCs were used to define 17 clusters using

1019  FindNeighbors (using k.param = 5, nn.method = “rann”, annoy.metric = “euclidean”) and

1020  FindClusters (using resolution = 1, algorithm = 2, group.singletons = F). UMAP
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1021  visualization was generated using RunUMAP (reduction = “pca”, n.neighbors = 20,
1022 n.epochs = 1000, negative.sample.rate = 10).

1023

1024 ABA ISH transcription factor scoring

1025 Expression levels of all transcription factors in the Allen Developing Mouse Brain Atlas
1026  (Lein et al., 2007) were estimated in subdomains of the subpallium for two ages: E11.5
1027 and E13.5. The subpallium was divided into 4 anatomical domains (LGE, MGE,

1028 Septum, and POA). The LGE and MGE were further subdivided into laminar

1029 subdomains: VZ/SVZ and MZ for E11.5; VZ, SVZ1, SVZ2, and MZ for E13.5.

1030 Expression was annotated from sagittal sections in each subdomain as an Intensity
1031 value and a Density value on a 0-5 scale. The intensity value was derived from the
1032 color-coded intensity viewing option called “expression mask” on the ABA. The density
1033 value was assigned by binning the frequency of individual signals across subdomains
1034 onto the 0-5 scale.

1035

1036 Histology

1037  Section preparation.

1038 Pregnant dams were sacrificed by CO- inhalation, confirmed by cervical dislocation.
1039 E11.5 embryos were removed and placed into ice-cold 1x PBS. The heads were cut off
1040 and drop-fixed in 4% paraformaldehyde in PBS overnight at 4 °C. The fixed heads were
1041 then cryoprotected in 20% sucrose in PBS overnight at 4 °C, embedded in OCT

1042 compound (TissueTek) and frozen on dry ice. Cryostat sections 15 uym thick were cut

1043  directly onto SuperFrost slides and allowed to dry.
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1044

1045  Fluorescent immunohistochemistry.

1046  Sections were rinsed in PBS, blocked for 1 hour at room temperature in PBST (PBS +
1047  0.25% Triton X-100) with 10% FBS, and incubated with primary antibody diluted in
1048 PBST + 10% FBS overnight at 4 °C. Primary antibodies used were mouse anti-Tle4
1049 (1:100, Santa Cruz Biotechnology, #sc-365406, RRID: AB_10841582), rat anti-GFP
1050 (1:1000, Nacalai Tesque, #04404-84, RRID: AB_10013361) and rabbit anti-GFP

1051  (1:5000, Abcam, #ab6556, RRID: AB_305564). The following day, sections were

1052 washed 2 x 15 min in PBST and 2 x 15 min in PBS, incubated for 2 hours at room
1053 temperature with Alexa fluor-conjugated secondary antibodies (1:750, Invitrogen).
1054  Finally, sections were washed 2 x 15 min in PBST and 2 x 15 min in PBS and

1055  coverslipped with Fluorescence Mounting Medium (DAKO #S3023).

1056

1057  Fluorescence in situ hybridization (FISH).

1058 The antisense RNA probes used in this study have been described previously (Long et
1059 al., 2009). In situ hybridization was performed on 15 pym cryostat sections as described
1060 previously (Lindtner et al., 2019) up until the antibody blocking step, with the addition of
1061 a peroxidase quenching step for 20 minutes in 3% H>O2 in PBS after the SSC washes.
1062  After blocking, slides were incubated with anti-Digoxigenin-POD Fab fragments (Roche
1063  #11207733910) diluted 1:500 in NTT blocking buffer for 1 hour at room temperature.
1064  Slides were then washed for 3 x 5 minutes in NTT and developed with Cy5-Tyramide
1065 signal amplification reagent (TSA Plus Kit, Akoya Biosciences #NEL745001KT)

1066  according to the manufacturer’s instructions. Finally, sections were washed 3 x 15
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1067 minutes in PBS, incubated for 5 minutes with nuclear counterstain Hoechst 33342
1068 (1:1000 in PBS, ThermoFisher #43570), rinsed 3 x 5 minutes in PBS, and coverslipped
1069  with Fluorescence Mounting Medium (DAKO #S3023).

1070

1071 Imaging.

1072  Low-magnification epifluorescent images were taken using a Coolsnap camera

1073  (Photometrics) mounted on a Nikon Eclipse 80i microscope using NIS Elements

1074  acquisition software (Nikon) and a 4x or 10x objective. Confocal images were taken with
1075  20x air and 40x oil objectives on an Andor Borealis CSU-W1 spinning disk confocal
1076  mounted on a Nikon Ti Microscope and captured with an Andor Zyla sCMOS camera
1077  and Micro-Manager software (Open Imaging). The raw images were pre-processed with
1078 Imaged software (v2.0.0) to adjust brightness/contrast and convert to 8-bit RGB.

1079 Confocal images were stitched laterally to create composites using the Grid/Collection
1080 stitching Imaged plugin with linear blending (Preibisch et al., 2009).

1081

1082  Cell counts.

1083 Cell counting was performed on single confocal image planes in ImagedJ using the Cell
1084  Counter plugin. Counts were summed from at least 3 rostrocaudal sections for each
1085 Dbrain. Tle4-positive cells were counted first with the GFP channel hidden, excluding
1086 cells in the VZ (designated by nuclear staining), then scored as positive or negative for
1087  overlap with GFP staining.

1088
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Supplementary Figure 1: FACS gating schematics.

Density plots showing side-scatter (SSC) versus GFP fluorescence intensity (FITC) for
negative and GFP-positive samples from hs792 and hs799 MGE. GFP sort area shows
cells collected for scRNA-seq and the percentage of live cells captured. Negative
samples were used to set the gating. hs799* cells show brighter GFP fluorescence than

hs192* cells.
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1100 Supplemental Figure 2: C1 scRNA-seq quality control.

1101 (A-F) Histogram of total uniquely mapped reads (A), estimated RNA transcript (B),
1102 number of expressed genes (C), percent mitochondrial reads (D), percent ribosomal
1103 reads (E), and percent pseudogenes (F) per cell, post-duplication removal for all

1104  sequenced samples. Cells above or below the red lines were removed from

1105 downstream analysis. Red lines represent mean * 2 s.d. (G) UMAP of transcription-
1106  factor-curated clusters after removal of cells flagged in A-F, colored by normalized
1107  expression of four genes used for flagging cells as non-ganglionic in origin (Tbr1, Lhx9,
1108  Uncx, and Nhih2). (H) UMAP colored by quality control flag for contaminating cells and
1109 suspected doublets (passed: used for downstream analysis; failed: removed from
1110  downstream analysis). (I-L) Histograms of total mapped reads (l), estimated RNA
1111 transcripts (J), expressed genes per cell (K), and percent mitochondrial reads per cell
1112 (L), for all cells that passed final quality control. Red line represents mean. (M)

1113  Normalized transgene expression for each of the seven enhancers profiled, separated

1114 by FACS® gating or no FACS* gating (if performed).
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1116

1117  Supplemental Figure 3: Comparison between full transcriptome and TF-curated
1118 analyses for C1 scRNA-seq.

1119  (A-C) UMAP representations using full transcriptome (“unsupervised”) clustering of the
1120 top 3,000 highly variable genes (HVGs) with no cell cycle phase regression, colored by
1121 cell cycle phase (A), region of dissection (B), and sequencing lane (C). (D-F) UMAP
1122  representations using full transcriptome of the top 3,000 highly variable genes (HVGs)
1123  after cell cycle phase regression, colored by cell cycle phase (D), region of dissection
1124  (E), and sequencing lane (F). (G) UMAP colored by normalized expression of four
1125 region-defining transcription factors (Nkx2-1, Pax6, Sp8, and Nr2f1). (H) TF-curated
1126 UMAP colored by cell cycle phase. (I) TF-curated UMAP colored by sequencing lane.
1127 (J) Bar plot of TF-curated clusters by percent representation from unsupervised (full
1128 transcriptome) clusters. Some unsupervised clusters (e.g. cl-10, light green) remain
1129 consistent between clustering methods, while others (e.g. cl-1, light yellow) are split
1130 across multiple TF-curated clusters. (K) Bar plot of unsupervised clusters by enhancer
1131  representation. Some enhancers (e.g. MGE-hs799, red) are relatively consistent across
1132  clustering methods, while others (e.g. MGE-hs192, light blue) split across clusters.

1133
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Supplemental Figure 4: Allen Developing Mouse Brain Atlas and scRNA-seq
overlaps.

(A) Heatmap for E11.5 (left) and E13.5 (right) scored transcription factor (TF)
expression by intensity in Allen Developing Mouse Brain Atlas (ABA) RNA in situ

hybridization (ISH) for 689 TFs. Rows: transcription factors; columns: areas and time
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1141  points scored. MGE: medial ganglionic eminence; LGE: lateral ganglionic eminence;
1142  POA: preoptic area; VSVZ: ventricular/subventricular zone; MZ: mantle zone. (B)

1143 Heatmap of scored expression as in (A), by density. (C) Venn diagram of overlap of TFs
1144  with non-zero intensity score in E11.5 and E13.5 basal ganglia (MGE and LGE

1145 combined) from the ABA dataset (“BG”) to detected TFs in C1 and 10x scRNA-seq
1146 datasets. (D-E) Overlap of TFs expressed in C1 scRNA-seq, separated by non-zero
1147 VSVZ vs MZ intensity scores (D) or LGE vs MGE scores (E) in E11.5 and E13.5 ABA
1148 ISH. (F) Overlap of TFs expressed in 10x scRNA-seq, separated by non-zero intensity
1149 scores in E11.5 vs E13.5 ABA ISH. (G-H) Overlap of TFs expressed in 10x scRNA-seq,
1150 separated by non-zero VSVZ vs MZ intensity scores (G) or LGE vs MGE scores (H) in
1151 E11.5and E13.5 ABA ISH. (1) (Top) Plot comparing mean normalized expression of
1152  transcription factors between 10x and C1 scRNA-seq. Cell distribution along x- and y-
11563  axes are represented by histograms. (Bottom) Enlargement of the bottom-left corner of
1154  the top panel, showing distribution of low-representation TFs and dataset-specific

1155  expression.
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1157  Supplemental Figure 5: 10x scRNA-seq quality control.

1158 (A) UMAP representation of single cells after sample demultiplexing and removal of
1159  multiplets using the MULTI-seq pipeline, colored by cells flagged for likely non-neuronal
1160 origin (left), percent mitochondrial reads, (middle), and number of expressed genes per
1161  cell (right). (B) Distribution of percent mitochondrial reads (/eft), estimated RNA

1162 transcripts (middle), and number of expressed genes per cell (right) with means (red
1163 line) after removal of all cells flagged by quality control metrics (effectively cells

1164 UMAP_2 < 0in A). (C) Principal components (PCs) 3 and 4 separate mitotic cells by cell
1165 cycle phase in full transcriptome (unsupervised) clustering using the top 3,000 highly
1166  variable genes (HVGs) (leff). In UMAP representation of unsupervised clustering, cells
1167  separate by cell cycle phase (middle) and MULTI-seq barcode (right) in mitotic cells. (D)
1168  After cell cycle regression, cell cycle phase separation is negated (left and middle) but
1169 cells still separate by barcode in mitotic cells (right). (E) Using transcription factor-based
1170 clustering, both cell cycle phase separation (left and middle) and barcode separation

1171  (right) are negated.
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Supplemental Figure 6: Canonical correlation analysis between C1 and 10x MGE

scRNA-seq datasets.

(A) TF-curated UMAP of combined C1 and 10x scRNA-seq using canonical correlation

analysis, colored by mitotic state (green: mitotic; orange: postmitotic) (B-H) UMAP plots
colored by C1 or 10x enhancer group. Red: selected group; grey: all other cells. (I-BB)

UMAP plots of normalized gene expression for genes shown in Figure 5 (I-T) and

Figure 6 (U-BB).
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1183 Supplementary Figure 7: Mitotic genes marking VZ/SVZ transitions.
1184  (A-F) Gene expression UMAPs and representative ISH on E11.5 sagittal sections from
1185 the ABA showing expression of genes that correlate with developmental progression

1186  from early VZ1 (neuroepithelium) to late SVZ (SVZ2). Scale bar: 500 pm.
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Supplementary Figure 8: Mitotic genes with dorsoventral or rostrocaudal bias.
(A-H) Gene expression UMAPs and representative ISH on E11.5 sagittal sections from
the ABA showing genes with dorsal (Gli2, Nkx6-2, Dach?2) or ventral (Shh, Slit2, Dach1,
Bcan, Sulf1) bias in mitotic cells. Dach2, Dach1, Bcan and Sulf1 regional expression in
the MGE has not been reported previously. (I-N) Gene expression UMAPs and
representative ISH on E11.5 sagittal sections from the ABA showing genes with
rostrocaudal bias in mitotic cells (Nr2f2, Ptx3, Fgf15, Cntnap2, Zic1, Pou3f1). (O,P)
UMAP plots and ISH images of genes marking POA2 (Dbx1) or POH (Pax6) VZ cells.
These cells are contiguous with the caudal MGE anatomically and in the UMAP. Scale

bar: 500 um.
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1202 Supplementary Figure 9: Genes marking classes of postmitotic neurons.

1203 (A-D) Gene expression UMAPs and representative ISH on E11.5 sagittal sections from
1204  the ABA showing expression of markers for early CINs (Cux2, Erbb4, Maf, Mafb). (E-H)
1205 Gene expression UMAPs and representative ISH for genes marking CINs and classes
1206  of projection neurons (Lmo3, Sox6, Zeb2, Kitl). (I) Gene expression UMAPs of proposed
1207 novel early CIN markers (Adamts5, Bend4, Digap1, Rai2). (J-N) Gene expression

1208 UMAPs and representative ISH for genes marking classes of MGE-derived projection
1209 neurons (Th, Tshz2) or cholinergic neurons (/sl1, Zic5, Fgf15). (O,P) UMAPs of Sp8 and
1210  Nkx2-1 showing the separation of cl-7 into an Sp8-positive non-MGE zone and an

1211 Nkx2-1-positive MGE-derived zone. Arrows indicate regions of higher magnification
1212  insets and cells of interest. Arrow colors: black, CINs; red, VP; blue, GP; purple; Ch.

1213  Scale bars: low magnification, 500 pm; high magnification insets, 100 pym.
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Subpallium Flames Derivatives Migr.
etal. inter-
Parts Domains Other (2007) superficial middle deep neur.
St seSt pSe1l-3 ? ? ?
pseSt OTacb AcbSh AcbCo
cSt DSt radial Put Cau
EiVSt ¢ VSt LSt
OTst | Parts OTst
dorso- Std pLGE1 Pax6 cells
ventral Stv pLGE2-3 Matrix and striosomes
parts StPal pLGE4 Striopallidal transition
asSt ICa CeC ASt
Pal sePal pSe4 ? ? ?
psePal pMGEO0-4 BSTpal
cPal—DPal | rostral | pMGEO-4 GPe BSTpal
xwal vPal
OTpal OTpal
caudal [ pMGE0-4 OTpal VPal BSTpal
aPal MeA CeM
Dg seDg pSe5 MSe (migr ChAT cells)
pseDg pPMGES5 DBV BSTdg
cDg rostral | pMGE5 OTdg VDg GPi
caudal | pMGE5 DBH SI-Bas-MCPO  BSTdg X (E11.5)
aDg AA Cel BSTA
Poa sePoa pSe6 SeCPoa
psPoa pPOA1 MnPO
cPoa Poa1 pPOA1 LPO LPO LPO
Poa2 pPOA2 MPO MPO MPO
aPoa PoH POH ? ? ?
1214 P
1215
1216  Supplementary Table 6: Proposed origins of subpallial neurons.
1217  Proposed origins of subpallial neurons, based on a body of anatomical, developmental
1218  and genoarchitectural findings (Puelles et al., 2016, 2013; Silberberg et al., 2016). Here
1219  we compared the nomenclature from this paper with that from (Flames et al., 2007). The
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1220 left 3 columns (Subpallium) list the progenitor domains and subdomains: Column 1)
1221  Parts (major subdivisions): Striatum (St), Pallidum (Pal), Diagonal (Dg) and Preoptic
1222  Area (POA). Column 2) Domains (shared pattern across all the parts of septal,

1223 paraseptal, central and amygdalar regions, distinguished along the septoamygdalar
1224  axis): For St [septal St (seSt), paraseptal St (pseSt), central St (cSt), and amygdalar St
1225 (aSt)], for Pal [septal Pal (sePal), paraseptal Pal (psePal), central Pal (cPal), amygdalar
1226  Pal (aPal)], for Dg [septal Dg (seDg), paraseptal Dg (pseDg), central Dg (cDg), and
1227 amygdalar Dg (aDg)], and for Poa [septal Poa (sePoa), paraseptal Poa (psePoa),

1228 central Poa (cPoa), and amygdalar Poa (aPoa)]. Column 3) Other: provides

1229 morphological information on alternative subdivisions distinguished either along the
1230 radial dimension or the dorsoventral dimension. The central column lists the

1231  corresponding progenitor domains proposed in (Flames et al., 2007). Right columns
1232  (Derivatives) list the known neuronal derivatives of the subpallial progenitor domains,
1233 organized into radial (laminar) positions: superficial (closest to the pia), middle and deep
1234  (closest to the ventricle). The column on the far right (migrating interneurons) lists data
1235 from this publication proposing that the caudal Dg is the source for interneurons at
1236  E11.5. Other publications provide evidence that other subpallial progenitors also

1237  generate interneurons (for the pallium, striatum and olfactory bulb) at later ages.

1238

1239  Other abbreviations, in the order that they are listed in the Table: OTacb (accumbens
1240 part of the olfactory tubercle), AcbSh (shell of the accumbens), AcbCo (core of the

1241 accumbens), OTst (central striatal part of the olfactory tubercle), Put and Cau (Putamen

1242 and Caudate, derivatives of the dorsal striatum, DSt), Vst, LSt (Ventral Striatum and
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1243 Lateral Striatal Stripe, derivatives of the Ventral Striatum), Ica (intercalated nuclei of the
1244  amygdala), CeC (capsular part of the central amygdala), ASt (amygdalo-striatal

1245 transitional area), BSTpal (pallidal part of bed nucleus stria terminalis), GPe (external
1246  globus pallidus), VPal (ventral pallidum), OTpal (pallidal part of olfactory tubercle), MeA
1247 (medial amygdala), CeM (medial part of the central amygdala), MSe (medial septum,
1248  with cholinergic ChaAT neurons that may have migrated in from another region), DBV
1249 (diagonal band, vertical limb), BSTdg (diagonal part of bed nucleus stria terminalis),
1250 OTdg (diagonal part of olfactory tubercle), VDg (ventral diagonal area, GPi (internal
1251 globus pallidus), DBH (diagonal band, horizontal limb), SI-Bas-MCPO (substantia

1252 innominata, nucleus basalis, magnocellular preoptic complex), AA (anterior amygdala),
1253 Cel (lateral part of the central amygdala), BSTA (amygdalar part of BST), SeCPOA
1254  (septocommissural POA), MnPO (median preoptic nucleus), LPO (lateral preoptic area),

1255 MPO (medial preoptic area).
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