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Single-cell RNA sequencing
identifies distinct mouse medial
ganglionic eminence cell types
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' Many subtypes of cortical interneurons (CINs) are found in adult mouse cortices, but the mechanism

generating their diversity remains elusive. We performed single-cell RNA sequencing on the mouse
embryonic medial ganglionic eminence (MGE), the major birthplace for CINs, and on MGE-like cells
differentiated from embryonic stem cells. Two distinct cell types were identified as proliferating neural
progenitors and immature neurons, both of which comprised sub-populations. Although lineage
development of MGE progenitors was reconstructed and immature neurons were characterized as
GABAergic, cells that might correspond to precursors of different CINs were not identified. A few non-
neuronal cell types were detected, including microglia. In vitro MGE-like cells resembled bona fide MGE
cells but expressed lower levels of Foxgl and Epha4. Together, our data provide detailed understanding
of the embryonic MGE developmental program and suggest how CINs are specified.

The majority of cortical interneurons (CINs) are born in the medial and caudal ganglionic eminences (MGE and
CGE) of the embryonic ventral telencephalon. Following their tangential migration to the cortex, they migrate
radially to their final destination within different cortical layers. CINs are classified into different subtypes based
on neurochemical profiles, connectivity and physiological properties’. The MGE produces the largest two sub-
classes of CINs, the parvalbumin-positive (PV+, e.g. basket and chandelier) and somatostatin-positive (SOM+,
© e.g. Martinotti) cells®* It is suggested that the MGE comprises multiple progenitor domains governed by com-
- binatorial expression of key transcription factors where PV+ and SOM+ interneurons originate mainly from
. the ventral and dorsal part of the MGE, respectively®”. There is also evidence of temporal cell fate switching
. and inside-out cortical layer acquisition of MGE-derived interneurons®*-1%. Thus there might be diverse MGE
. progenitors contributing to the generation of different CINs. On the other hand, recent reports using barcoded
. retroviruses to label MGE-derived clonal interneurons suggest that individual MGE progenitor is multipotent
and can generate different subtypes of interneurons'"'2.

The MGE is divided into three main layers: the ventricular zone (VZ) containing primary progenitors, the
subventricular zone (SVZ) with intermediate progenitors, and the mantle zone (MZ) which harbors post-mitotic
neurons and other cell types>!®. The MGE not only produces CINs, but striatal interneurons, striatal cholinergic
neurons and pallidal projection neurons'*!>. A systematic investigation of gene expression profiles in the devel-
oping MGE is lacking and the mechanisms that produce cellular diversity of CINs as well as other basal ganglion
neurons are not well understood.

: Transplantation of embryonic MGE cells into the cortex, hippocampus, striatum, or spinal cord of mice

: that model neurological disorders ameliorates disease phenotypes!®-'8. The use of embryonic stem (ES) cells
for generation of in vitro MGE-like cells is feasible though with a low frequency'*-?*. ES-derived Lhx6-GFP+
cells behave like embryonic MGE cells; when transplanted into neonatal cortices, they are capable of migrat-

. inglong distances and differentiating into cortical GABAergic interneurons'®*2. Furthermore, gene expression

. profiling of ES-derived Lhx6-GFP+ cells resembles those of in vivo Lhx6-GFP+ cells sorted from E12.5 MGE®.

- Understanding transcriptional similarities and differences between the in vivo and in vitro systems might eluci-
date how to refine the methods of MGE-like cell generation.

!Department of Molecular Biology, Genentech, 1 DNA Way, South San Francisco, CA 94080, USA. 2Department
. of Bioinformatics and Computational Biology, Genentech, 1 DNA Way, South San Francisco, CA 94080, USA.
: 3Department of Psychiatry, University of California San Francisco, CA 94158, USA. *These authors contributed
. equally to this work. Correspondence and requests for materials should be addressed to Z.M. (email: modrusan.
zora@gene.com)
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Figure 1. Illustration of experimental design and analysis of single-cell RNA-seq. (A) MGE tissues of
different embryonic ages were dissected from wild type mouse brains and processed either for immunostaining
or single cell suspension. Embryonic stem (ES) cells J14 were differentiated into embryoid bodies (EBs) which
were either processed for immunostaining or digested to generate single cell suspensions. Cell suspensions from
in vitro and in vivo systems were subjected to single-cell RNA-seq with Fluidigm C1. Immunostaining of MGE
tissues revealed the presence of Nkx2-1-positive (red) and Mki67-positive cells (green). Immunostaining of EB
aggregates showed some cells expressing Lhx6-GFP (green) and Nkx2-1 (red). Scale bar, 200 pm. (B) Summary
of cell types and transcriptional profiles identified in the MGE and in the differentiated ES cells.

Single-cell RNA sequencing (RNA-seq) technology has become an important tool for analyzing tissue heter-
ogeneity, elucidating lineage hierarchy during development, finding rare cell types, discovering tumor stem cells
and defining genes that are expressed in specific cell types?*~?’. At present several studies have characterized cel-
lular diversity in both the developing and adult cortex using single-cell RNA-seq**-*2. In particular, 7 subclasses of
pyramidal neurons and 16 subclasses of interneurons were identified in the juvenile mouse somatosensory cortex
and the hippocampus?'. This illustrates the utility of single-cell RNA-seq in understanding the molecular basis of
different neuronal cells.

In this study we examined MGE transcriptomes and cellular diversity with single-cell RNA-seq (Fig. 1A). We
found two major neural cell populations that were further characterized into different progenitor populations and
neuronal classes. A few non-neuronal cell types were also identified in the MGE. In addition, single-cell RNA-seq
data of in vitro ES-differentiated cells were analyzed and compared to in vivo embryonic MGEs, revealing similar
gene expression profiles, however, with some differences (Fig. 1B).

Results

Cellular composition of the embryonic MGE. We generated single cell transcriptional profiles of
developing embryonic MGE at different time points: E11.5, E13.5, E15.5 and E17.5 (Materials and Methods,
Supplementary table 1). To explore if there were different cell types in the MGE, we performed principal compo-
nent analysis (PCA) with all single-cell RNA-seq data from MGEs at different embryonic stages (number of cells
at E11.5=96, E13.5=48, E15.5=63, E17.5=18). Among E11.5 MGE cells we could identify two cell groups.
Although MGE cells from other embryonic ages were more scattered, many still clustered with one of the two cell
groups from E11.5 (Fig. 2A).

To determine what types of cells were represented by the two groups, we performed differential expression
(DE) analysis between these two groups of cells from E11.5 (Supplementary Table 2). Gene ontology (GO)
analysis revealed that one group of cells expressed genes involved in DNA replication and cell division while
the other expressed genes for neuronal generation, axon growth and guidance (Supplementary Table 3). As
shown in Fig. 2B, we found many neural progenitor genes (Hes5, Hes1, Notch1, Notch2, Sox2) that were highly
co-expressed in the group of cells that also showed high RNA level of genes involved in cell cycle progression
and cell proliferation, indicating that this group of cells represents proliferating neural progenitors. Genes that
were highly expressed in the other group included MGE-derived neuronal genes (Lhx6, Gadl, Gad2, DIx5 and
Nrxn3) and general neuronal markers (Tubb3, Mapt, Dcx, Stmn2, Gap43, Tmem130). In addition, cell cycle
genes and markers of cell proliferation were down-regulated. Thus, this group of MGE cells was categorized as
post-mitotic immature neurons (Fig. 2B). We also identified several genes whose expression was higher in the
immature neurons, including MIIt3 and the transcription factor Zthx3 which regulates neural differentiation®.
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Figure 2. Transcriptional analysis and identification of cell types in the MGE. (A) Principal component
analysis of single-cell RNA-seq data of the MGE at E11.5 (blue, n=96), E13.5 (red, n=48), E15.5 (orange,
n=63),and E17.5 (purple, n = 18) showed that E11.5 MGE cells cluster into two different populations (blue
circles and triangles, n =58 and 38, respectively). (B) Heatmap of selected genes differentially expressed
between E11.5 MGE populations, interpreted as proliferating neural progenitors (triangles, n =38) and post-
mitotic immature neurons (circles, n =58).

Expression of Zthx3 is high in the MZ of the MGE (http://developingmouse.brain-map.org/), which is consistent
with our results.

To validate transcriptional profiles that characterize these two cell groups from E11.5 MGE, we performed
single-cell quantitative PCR on several genes that were highly expressed in proliferating neural progenitors
and in immature neurons (Supplementary Fig. 1). Two distinct cell populations were observed: one of them
expressed higher Vim, H2fv, Lmol, and Olig2, and the other one showed stronger expression of Tubb3, Stmn2,
Gng3, Gap43, Lhx6 and Gad1l. This result confirmed the presence of these two cell groups detected by single-cell
RNA-seq.

Two distinct groups of fetal cortical cells from human prenatal cortices were recently reported where one is
marked as replicating neural progenitors and the other as quiescent neurons®. We found a remarkable similarity
comparing gene expression profiles of the two types of human fetal cells with the two major types of cells found in
the mouse E11.5 MGE (Supplementary Fig. 2). Both human quiescent cells and mouse MGE immature neurons
expressed genes such as Dcx, Stmn2, Mapt, Syt1, Gria2 as well as Myt1l, Mllt11, and Runx1t1. The replicating cells
from both human and mouse, on the other hand, shared the expression of neural progenitor genes (Notch2, Sox2,
Vim) and cell cycle progression genes (Cenpe, Cenpf, Pcna). In addition Pttgl, Gpr98, and Zeb1 were expressed
higher in both human and mouse replicating cells. Gpr98 is a G protein-coupled receptor highly expressed in the
ventricular zone of the brain. Mutations of the Gpr98 gene in human account for some of the patients who have
Usher syndrome and its mutation in mice causes seizures®. Both Pttgl, a homolog of yeast securin proteins, and
Zeb1, a transcription factor, are associated with tumorigenic activities*>*¢. Together, this indicates that despite dif-
ferences in birthplace (dorsal cortex vs. basal ganglion) and cell fates (glutamatergic vs. GABAergic), fetal cortical
cells and embryonic MGE cells possess some similarities in their transcriptomes regardless of species difference.

To find out if we could identify either proliferating neural progenitors or immature neurons in the MGE at
later embryonic ages, we used the top 100 DE genes at E11.5 (Supplementary Table 2) to generate a supervised
gene-sample heatmap. The majority of MGE cells expressed either genes enriched by one or the other of the two
cell groups (Supplementary Fig. 3A). Proliferating neural progenitors and immature neurons represented about
half of the MGE cell population at E11.5 and E13.5 (Supplementary Fig. 3B). The percentages of immature neu-
rons increased significantly at E15.5 and E17.5 (P=0.01 and P =0.003, respectively; Supplementary Fig. 3C),
illustrating that there are more immature neurons at later embryonic stages. Thus, mouse MGE progresses from
having more proliferating cells to having more immature neurons with age. We also found that some of the pro-
liferating cells turned off Mcm and/or turned on Gadl, Gad2 and Stmn2 expression (Supplementary Fig. 3A),
suggesting they were cells about to transition from neural progenitors to immature neurons.

Cell sub-populations within proliferating neural progenitors and immature neurons.  We fur-
ther asked if sub-populations of cells corresponding to certain cell states or cell types existed within each of
the proliferating neural progenitors and post-mitotic immature neurons. Genes significantly associated with
any of the first four principal components (PC) were used for unsupervised hierarchical clustering (Fig. 3;
Supplementary Fig. 4; Supplementary Tables 4, 5). This analysis revealed four distinct sub-populations within the
proliferating progenitors (Fig. 3A; Supplementary Fig. 4A). Two sub-populations were characterized as VZ cells
because they had higher Hes1 gene expression while the other two were defined as SVZ cells for their higher Arx
and DIx2 expression. Among VZ cells, one sub-population expressed higher levels of ribosomal RNA (Rps5 and
Rpl14) and nuclear encoded mitochondria RNA responsible for oxidative phosphorylation (Atp5e and Cox6c¢);
the other sub-population expressed genes for DNA replication (Mcm5, Mcmé6 and Mcm?7) and translation
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Figure 3. Cell sub-populations within proliferating neural progenitors and immature neurons from

the MGE. (A) A heatmap of selected PC-associated genes for proliferating neural progenitors (n = 69;
E11.5=37,E13.5=19, E15.5=12, E17.5=1). Genes in the top panel are shown in the same relative order as in
Supplementary Fig. 4A, representing genes (i) for DNA replication and translation initiation, (ii) with similar
expression patterns as Hesl, (iii) encoding mitochondria and ribosomal RNAs, (iv) with similar expression
patterns as Cenpa and Ccnb2, and (v) associated with neuronal specification like Gad2, and Stmn2. Additional
VZ and SVZ markers are shown in the bottom panel. (B) A heatmap of selected PC-associated genes for
immature neurons (n= 125, E11.5=58, E13.5=16, E15.5=38, E17.5=13). Genes in the top panel are shown
in the same relative order as in Supplementary Fig. 4B, representing genes (vi) associated with LGE-derived
neurons, (vii) of mitochondria and ribosomal RNAs, (viii) with neuronal functions or are neuronal markers,
(ix) whose functions are transcriptional modifiers and/or basal ganglion patterning genes and (x) associated
with MGE-derived neurons. The bottom panel of the heatmap shows additional markers that were used to assist
the identification of MGE-derived neurons. (C) Illustrations of the MGE with sub-division of VZ, SVZ, and
MZ (top left), and the future destinations of MGE-derived neurons (bottom left). Corridor cells (CC) are also
shown. Summary of the characterization of MGE proliferating cells (top right) and immature neurons (bottom
right) based on the PCA analyses are shown on the right. Region-specific markers and specific neuron markers
were derived based on our single cell RNA-seq data. Genes that are shown inside brackets are additional
markers not derived from PCA analysis. VZ, ventricular zone; SVZ, sub-ventricular zone; MZ, mantle zone;
NCx, Neocortex; CIN, cortical interneurons; SIN, striatal interneurons; SCh, Striatal cholinergic interneurons;
GP, globus pallidus.

initiation (Eif4gl, Eif2s1 and Eif3b). Among SVZ cells, expression levels of Gad2 and Arx further divided cells
into two sub-populations.

We examined the expression of well-known VZ and SVZ markers in these four sub-populations (Fig. 3A).
We found more VZ than SVZ cells expressing known VZ markers such as Hes5, Id3, Id1 and Zeb137. Nkx2-
1, Olig2, Ascll and Lmol are genes that are expressed in both VZ and SVZ cells>'* (http://developingmouse.
brain-map.org/) and indeed they were expressed by both VZ and SVZ cells in our data set. Ccnd2 is reported
to regulate SVZ progenitor cell division and its protein expression is higher in the SVZ than in the VZ cells;* in
contrast, we found Ccnd2 expression among many VZ and SVZ cells.

Consistent with the notion that VZ progenitors progress into SVZ progenitors before migrating out into the
mantle zone and differentiating into post-mitotic cells’®, our data indicated that the lineage development of MGE
progenitors followed a highly coordinated transcriptional program (Fig. 3C). VZ progenitors expressing higher
nuclear-encoded mitochondria and ribosomal RNA, likely marking a state of activated neural progenitors*, tran-
sitioned into VZ progenitors that have lower expression of mitochondria and ribosomal RNA, but turn on gene
expression for DNA replication and transcriptional initiation. SVZ cells, on the other hand, while gradually shut
down genes for cell proliferating and stem cell maintenance, turned up expression of GABAergic interneuron
lineage commitment genes such as Gad2, and DIx2.

Among immature neurons we discovered three sub-populations (Fig. 3B; Supplementary Fig. 4B). Based on
the expression of Maf, Erbb4, Lhx6, Sox6, DIx1, DIx2, Sox6, Arx, and Mafb, one of the sub-populations was
identified as MGE-derived neurons. We also identified the second sub-population as lateral ganglionic eminence
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(LGE) cells expressing LGE markers, such as Meis2, Ebfl, Pcp4 and Isl1. Finally a third sub-population, which
shared many gene expression with the aforementioned MGE- and LGE-derived sub-populations but was
lacking or expressed lower levels of key MGE- and LGE-markers, was defined as a mixture of LGE and MGE
cells. Additionally, there were more Zthx3-, Zthx4-, and Nrgl-positive cells in this sub-population than in the
other two. Zthx3, Zthx4, and Nrgl are expressed in the MZ of the MGE and the LGE (http://developingmouse.
brain-map.org/). While our dissections of embryonic MGEs were assisted by anatomical landmarks and con-
firmed by their expression of Nkx2-1 (Fig. 1A), we could not rule out the possibility of dissecting out some LGE
cells, especially at older ages. It is also likely that our MGE dissections included “corridor cells” (Fig. 3C), which
are LGE cells that migrate through the MGE MZ area*!. We noted that although DlIx1 and DIx2 are general sub-
pallial markers and expressed in both LGE and MGE SVZ and MZ regions, their expression in the LGE cells in
our dataset were miniscule.

We also investigated the expression of known markers of MGE-derived cortical and striatal interneurons,
striatal cholinergic interneurons, globus pallidus and basal ganglion projection neurons (Fig. 3B,C). Zeb2, Nxphl
and Ackr3 (Cxcr7) are markers relatively specific for CINs**#? and their expression correlated with that of Maf
and Mafb, indicating that such cells were most likely to become future CINs. MGE-derived CINs differ from other
MGE-derived neurons in that most repress Nkx2-1 expression when they migrate out of the MGE!>. We observed
some cells that were plausibly becoming CINs yet still expressing Nkx2-1, likely because they were immature and
expressed higher level of Sox2 and lower level of Gap43 and Snap47. MGE-derived striatal interneurons expressed
Erbb4, Ephb3 and Lhx8*. Lastly, we found some MGE-derived globus pallidus projection neurons expressing
Etvl, Gbxl, Zicl and Lhx8', and a few striatal cholinergic interneurons that expressed Lhx8 and Isl1#.

We further examined expression of genes that are expressed in the dorsal vs. ventral progenitor zones of the
MGE, which preferentially generates SOM + vs. PV 4 CINs>”. Nr2f1, Nkx6-2, Gli2, Glil and Hhip are expressed
in the dorsal part of the MGE; their expression was sparse among MGE neural progenitors and minimally cor-
related with each other, nor with any of the four identified sub-groups (Supplementary Fig. 4A). In contrast,
Sulfl, Sulf2, Bcan, Fox]J1 and Etv1 are enriched in the ventral MGE; however, in our data set these genes were
neither correlated with each other nor anti-correlated with the dorsally-enriched genes (Supplementary Fig. 4A).
Reporter mice have demonstrated that MGE apical progenitors (APs) preferentially generate SOM+ whereas
basal progenitors (BPs) are biased toward generating PV+ interneurons;* nevertheless, the expression of Tubala
and Tubalc, which marks APs, and of Nes, which marks BPs, were not exclusive from each other among MGE
neural progenitors (Supplementary Fig. 4A). Finally we used mature SOM+ (e.g. Reln, Npy, Sst and Pdela) and
PV+ (e.g. Sox5, Syt2, Cplx1 and Pvalb) CIN markers to identify subtypes of cells among MGE-derived neurons;
however we were unable to identified subtypes of cells that may become future SOM+ or PV+ CINs*.

Identification of non-neuronal cells in the MGE. Among MGE cells that we examined, a few cells did
not fit into either proliferating neural progenitors or immature neurons (Supplementary Fig. 3A). Since MGEs
contain other cell types such as microglia*’, we examined the expression of cell type-specific markers based on a
single-cell RNA-seq analysis of juvenile mouse cortices® (Supplementary Table 6 and Supplementary Fig. 5A).
We putatively identified four astrocytes, five ependymal cells, four microglia, one endothelial cell and three vas-
cular smooth muscle cells (Vsmc) (Supplementary Fig. 5B). To increase our confidence in the identity of these
cells, we used our data to expand the set of cell type-specific markers from these cells and compared them with
two published cell type transcriptomes®#%. Interestingly, we found cells expressing both astrocyte and ependymal
markers, and cells expressing markers for both endothelial cells and Vsmc (Supplementary Fig. 6). Therefore, our
data suggest a shared developmental origin of astrocytes and ependymal cells, and of endothelial cells and Vsmc.

Single-cell RNA-seq of ES-derived MGE-like cells. Since Lhx6 expression marks MGE-progenitors
and many MGE-derived neurons, we generated single-cell RNA-seq data from mouse ES J14 cells that carry the
Lhx6-GFP BAC transgene (Fig. 1)'. After 12 days of J14 cell differentiation we obtained 2-7% Lhx6-GFP+ cells
(Fig. 4A). Three cell populations were subjected to single-cell RNA-seq preparation and analysis including i) day
0 undifferentiated ES cells (DO, ES), ii) day 12 differentiated cells dissociated from embryoid bodies (EBs; D12,
unsorted) and iii) day 12 differentiated and dissociated EBs that were sorted for Lhx6-GFP+ cells (D12, GFP+)
(Supplementary Table 1). PCA using undifferentiated ES cells (n =21), and differentiated ES (both unsorted and
GFP+; n=39 and 53 respectively) cells revealed that undifferentiated ES cells were well separated from the dif-
ferentiated ES cells (Fig. 4B). Amongst differentiated ES cells, the GFP+ cells clustered tightly with the exception
of a few cells that clustered closer to the unsorted ES cells. The unsorted cells were more scattered with several
cells clustering with GFP+ cells, indicating that they were also GFP+- cells, and another cell bundled with undif-
ferentiated ES cells.

To understand transcriptional differences between the unsorted differentiated ES cells and GFP+ cells, DE
analysis was carried out excluding cells that did not cluster with their respective cell types (Supplementary Table 7,
n =29 for unsorted cells, n=>51 for GFP+ cells). GO analysis revealed that genes expressed by unsorted cells are
involved in neural tissue development, cell morphogenesis, signaling and adhesion whereas GFP+- cells expressed
genes that play roles in neuronal differentiation, axon guidance, synaptic vesicle localization and neuronal migra-
tion (Supplementary Table 8). For example, Stmn2, Gap43, Gng3, Tubb3, Mapt, Dcx, Tmem130, L1cam, Nrxn3,
Pcdha5 were expressed higher in GFP+- cells than in unsorted cells. In addition, Gadl, Gad2, DIx1, DIx5 and
Lhx6, genes that are important for differentiation and function of MGE-derived neurons, were preferentially
expressed by most GFP+ cells. Npy is expressed by immature MGE neurons and by a subset of the developing
and adult interneurons and was expressed at higher levels in a subset of GFP+ cells (Fig. 4C). Together, our
data suggest that GFP+- cells differentiated from mouse ES cells were maturing into cells that closely resembled
MGE-derived GABAergic neurons. GFP+ cells also expressed genes that previously had not been described to
be expressed in MGE-derived neurons, including transcriptional regulators Smarcd3, Lhx1, Myt1, Zfhx4, Mytl],
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Figure 4. Single-cell RNA-seq analysis of in vitro ES and MGE-like cells. (A) Flow cytometry analysis of
undifferentiated ES cells at day 0 (D0) and differentiated ES cells at day 12 (D12). DO ES cells and D12 ES cells
that were either unsorted or GFP sorted (GFP+) were subjected to single-cell RNA-seq. (B) Separate clusters
representing ES DO (teal, n=21), D12 unsorted (grey, n =39) and GFP+ (green, n=>53) cells can be identified
by PCA. (C) Differential gene expression analysis of unsorted ES (n=29) and GFP+ (n=51) cellsat D12.

Runx1t1 and genes associated with neural diseases such as Atcay and Lrfn5. Interestingly, Mllt11, Runx1t1 and
Atcay were both expressed in the MGE immature neurons and in in vitro GFP+ cells.

In contrast, unsorted differentiated ES cells expressed genes that are known to mark neural progenitors and
cells engaged in active cell cycle, including Notch1, Notch2, Hes1, Sox2, Bmp7, Vim, Slcla3, Ccnd2, Cdké, Cdkl,
Cenpf, Mki67 and Cdc25c (Fig. 4C). The expression of other genes such as Sulfl, Vtn, Gpr98 and Sparc was also
higher in unsorted cells; these genes might be new markers for neural progenitors as their expression correlated
well with known neural progenitor genes. Together these transcriptional profiles indicated that unsorted differ-
entiated ES cells were mostly neural progenitors with some of them actively dividing.

Comparison of embryonic MGE and ES-derived MGE-like cells. We tested whether at the single cell
level differentiated ES neural stem cells resembled MGE cells of any embryonic age. PCA was carried out with
in vitro unsorted and GFP+ differentiated ES cells as well as all in vivo MGE cells (Fig. 5A). We found that
unsorted differentiated ES cells mostly clustered with MGE proliferating neural progenitors and GFP+ cells clus-
tered with MGE immature neurons.

We further examined gene expression correlations between in vivo proliferating neural progenitors vs.
immature neurons and in vitro unsorted differentiated ES cells vs. GFP+ cells by comparing their fold changes
(Fig. 5B). We observed good correlations between the two systems. For example, genes that were highly expressed
in the in vivo immature neurons were also expressed higher by in vitro differentiated GFP+ cells and included
DIx5, Nrxn3, Tmem130, Mapt, Gadl, Gad2 and Dcx. In the opposite direction, many genes were enriched by
both in vivo MGE neural progenitors and in vitro unsorted differentiated cells (Fig. 5B). These genes included
Hes1, Notch1, Notch 2, Sox2, Ccnd2 and Vim. The similarity of the observed gene expression profiles supported
the validity of the in vitro system in which MGE-like (Lhx6-GFP+) cells were generated.

To investigate if there was any transcriptional difference between the embryonic MGE cells and in vitro
ES-derived MGE-like cells, we compared transcriptomes of in vivo proliferating neural progenitors with those
of in vitro unsorted differentiated ES cells and transcriptomes of in vivo immature neurons with those of in vitro
GFP+ cells (Fig. 5C,D). We found Foxgl, Bcllla (Ctipl), Bcll1b (Ctip2) and Epha4, among other genes, sig-
nificantly down-regulated in both unsorted differentiated and GFP+ cells (Supplementary Table 9). Overall,
MGE-like cells generated from ES resembled the bona fide embryonic MGE, although they had lower levels of
transcription factors and a key migration guidance factor which may contribute to the low efficiency of MGE-like
cell production in vitro.

Discussion
Using single cell RNA-seq we identified two main cell populations in the MGE. One population is identified as
proliferating neural progenitors expressing known neural stem cell genes as well as genes involved in cell cycle
progression. The other population had properties of immature neurons based on the expression of markers for
mature neurons and of genes important for subpallial neuronal development. In vitro differentiated ES cells, the
unsorted and GFP+ cells, resembled these two populations, respectively. Among MGE proliferating neural pro-
genitors and immature neurons we further identified VZ and SVZ progenitor cells, and MGE-derived immature
cortical and striatal interneurons and globus pallidus projection neurons, in addition to some LGE-derived cells.
Two important questions in the field of CIN development are the timing and location of interneuron subtype
specification. Our data suggest that subtype-specified neural precursors are not present in the MGE. Rather,
consistent with recent clonal analyses'"'?, a common pool of MGE progenitors might generate interneuron pre-
cursors that differentiate into subtypes only after migrating out of the MGE. If committed precursors do exist in
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Figure 5. Comparison of single-cell RNA-seq data from in vivo MGE and in vitro MGE-like cells. (A) PCA
of MGE cells at E11.5 (blue, n =96), E13.5 (red, n=48), E15.5 (orange, n=63) and E17.5 (purple, n =18), ES
D12 unsorted (grey, n=39) and ES D12 GFP+ (green, n=53) cells. (B) Comparison between two systems
displaying the relationship of differences found in vitro (X axis, fold change of GFP+ vs. unsorted cells) and

in vivo (Y axis, fold change of E11.5 immature neurons vs. proliferating neural progenitors). Genes that were
significantly differentially expressed (p < 0.05) in both systems are shown in the upper right and lower left
corners with some highlighted. (C,D) Volcano plots displaying genes that were significantly differentially
expressed (p < 0.05) (C) between in vitro unsorted cells and in vivo proliferating neural progenitors and (D)
between in vitro GFP+ cells and in vivo immature neurons.

the MGE, we may have failed to detect them because 1) we did not analyze sufficient number of cells, 2) cell fate is
not actually reflected in mRNA profiles, 3) the relevant RNA(s) are expressed at very low levels, or 4) the relevant
RNA(s) are too few in number to emerge from unbiased clustering. Regarding the first point, we classified 133
cells as immature neurons, of which 60 (E11.5=28, E13.5=9, E15.5=23) had a pure MGE (rather than LGE)
expression profile (Fig. 3B). If committed precursors represent only a fraction of MGE cells then it may be that
we sequenced a very small number of such cells. Further studies with higher-throughput single-cell RNA-seq
technologies will therefore be necessary to confirm our findings.

We detected the presence of a few non-neuronal cell types in embryonic MGE including microglia, astrocyte/
ependymal cell precursors, and precursors for endothelial cells and Vsmc (Fig. 1B; Supplementary Fig. 6). This
agrees with reports of non-neuroepithelial cells such as microglia, vascular and myogenic cells in the MGE*#**,
Microglia cells invade the embryonic brain and their presence in the brain was detected as early as E12.547°1,
These cells are the resident macrophages of the brain and are implicated in the pathophysiology of many neuro-
degenerative diseases®?. Ependymal cells are multi-ciliated cells lining the ventricles of the mammalian brain and
are derived from radial glial cells during embryogenesis®*. Adult ependymal cells behave as dormant neural stem
cells and they generate GFAP+ SVZ astrocytes®*. Our data suggest ependymal cells and astrocytes may have
the same embryonic origin. Similarly, we also noted endothelial cells and Vsmc might share a common precursor
in the MGE.

Our single-cell transcriptome analyses from in vitro differentiated ES cells are in agreement with gene expres-
sion data previously reported:'? the majority of the in vitro Lhx6-GFP+ cells represented bi-potential cortical
and striatal interneuron precursors. We also elucidated similarities and differences between in vitro ES-derived
MGE-like cells and bona fide MGE cells in further details. For example, we identified lower expression of Foxgl,
Bcllla, Bclllb, and Epha4 in in vitro differentiated ES cells. Deletion of Foxgl in CINs lineages results in down
regulation of guidance receptors such as Epha4 and Robol, leading to interneuron migration defects®. Bcllla
controls the polarity and migration of cortical projection neurons through Sema3c, another guidance receptor®.
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It was recently shown that fibroblasts can be converted directly into forebrain interneurons using just five fac-
tors, Foxgl, Sox2, Ascll, DIx5, and Lhx6%. Introducing Foxg1 into the in vitro differentiated ES cells is likely to
improve the efficiency of MGE-like cell generation. In short, this comprehensive transcriptional data on both
unsorted and sorted GFP+- differentiated ES cells provides a resource that can be exploited for improving gener-
ation of MGE-derived neural progenitors and differentiated neurons.

Experimental Procedures

MGE tissues collection.  All protocols involving animals were approved by Genentech’s Institutional Animal
Care and Use Committee, in accordance with guidelines that adhere to and exceed state and national ethical
regulations for animal care and use in research. MGE tissues including VZ, SVZ and MZ areas from mouse CD1
embryonic brains were dissected out and collected in Hibernate-E media (Thermo Fisher) before further pro-
cessing. For E11.5 and E13.5 MGE tissues can be easily recognized and dissected out based on their characteristic
shapes and bordering with the LGE, CGE, and the Septum. For E15.5 and E17.5, the MGE demarcations became
obscure and the most ventral parts of the MGE were dissected out. Immunofluorescent staining of tissue at each
embryonic stage confirmed that MGE dissections were consistent and precise.

ES cells differentiation. Mouse ES J14 cells?? were maintained and differentiated as previously described®.
SNL Feeder Cells (Cell BIOLABS) were maintained in DMEM with 10% FBS with glutamate and 1X Pen/Strep and
treated with mitomycin C at 10 ug/ml for 2-3 hours before harvest. To differentiate mouse ES cells, ES cells were
dissociated into single cells with 0.25% trypsin-EDTA (Thermo Fisher) and quickly re-aggregated in the differen-
tiation media containing 200 ng/ml Dkk-1 (Thermo Fisher) using 96-well low cell adhesion plates (Lipidure-coat
plate A-U96, NOF America) at a density of 5000 cells/100 ul/well. On day 3 of differentiation, 20 ul of differen-
tiation media containing SAG (Alexis Biochemicals) was added into each well so that the final concentration
of SAG was 6 nM. On day 6, ES cell aggregates known as embryoid bodies (EBs) were transferred to a 10cm
bacterial-grade dish with DMEM/F12 (Thermo Fisher) supplemented with N2 (Thermo Fisher) and 6 nM of SAG.

Immunohistochemistry. EBs were collected on day 12 of differentiation, washed with PBS, fixed with 4%
paraformaldehyde for 20 min, then cryoprotected with 15% sucrose overnight before being embedded in OCT
media. About 20~30 EBs were cryo-sectioned into 30 of 10 um sections for immunofluorescent analyses. MGE
tissues were first collected in Hibernate-E media on ice before processed just as EBs. For antibody staining, glass
slides with sections were washed with PBS three times and permeabilized with 0.3% Triton X-100 before blocking
with 2% skim milk (Difco). Primary antibodies were chicken anti-GFP (1:500, Aves Labs), mouse anti-Nkx2-1
(1:200, Leica microsystems), rabbit anti-Nkx2-1 (1:200, Santa Cruz Biotechnology, Inc.), and mouse anti-human
Ki67 (1:200, BD Pharmingen). Alexa 488 and Alexa 594 secondary antibodies (1:500, Thermo Fisher) were used
according to the primary antibody species. Sections were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI, 5ng/ml, Thermo Fisher).

Single cell preparation. MGE tissues and EBs were digested with a working solution of Papain/DNasel
in Earle’s Balanced Salt Solution (Thermo Fisher) according to manufacturer’s instructions (Worthington
Biochemical Corp.). The samples were incubated at 37 °C for 30 min before manually triturated by pipetting
up and down approximately 10 times. The samples were then centrifuged for 8 min at 300g. After removing the
Papain/DNasel supernatant, cells were re-suspended in 1 mL of sterile D-PBS containing 3% FBS (Sigma) and
the suspension was passed through a 40mm strainer cap (BD Falcon) to yield a uniform single-cell suspension.

Single-cell RNA-seq. Single cells were captured mostly on 5-10 pm (small-size) and 10-17 pm
(medium-size) integrated fluidic circuits (IFCs) chips (Table S1) using C1 Single Cell Autoprep System per man-
ufacturers’ recommended protocols (Fluidigm). Undifferentiated ES cells (D0) were captured on a medium-size
chip. Differentiated ES cells and MGE cells had low capture rates with medium-size chips (~20-30 cells/chip), in
this study, all of them were captured on small-size chips (~50-60 cells/chip). For cells captured in small-size chips,
cells were pre-stained at room temperature with LIVE/DEAD cell staining solution (Life Technology, Inc.) in 3%
FBS/PBS for 15 min before subjected into C1 machine for capture. A concentration of 300,000-350,000 cells per
ml was used to prepare the cell mix and a 70:30 ratio of cells to the C1 suspension reagent was used for loading
into the chip. After single cell capture on C1, chips were examined visually on an EVOS microscope (FL Auto,
Thermo Fisher) to exclude multiple cell captures and empty captures from library preparation. cDNAs were cre-
ated on-chip using SMARTer Ultra™ Low RNA Kit (Clontech) for the Fluidigm C1 system. Sequencing libraries
were prepared on 96-well plates using Nextera XT DNA sample preparation kit (Illumina).

All single cell libraries were sequenced on the HiSeq 2500 platform to obtain, on average, 2-4 million (M)
single-end 50-bp reads per sample. The percentage of reads mapping uniquely to the mouse genome was similar
among all MGE cells from different ages in vivo and all three cell types from in vitro (Supplementary Fig. 7). We
found that cells in which fewer genes were detected often had a single gene accounting for a large proportion
of their reads (Supplementary Fig. 8). Therefore all downstream analyses we used cells that had > 2 M reads/
cell, < 5% mitochondrial reads and > 10% of annotated genes (~3,700) detected (n =225 for in vivo system, and
n=113 for in vitro system).

Principal component analyses (PCA). To perform PCA, expression counts per gene were obtained by
counting the number of reads aligned uniquely to each gene locus as defined by NCBI and Ensembl gene anno-
tations and RefSeq mRNA sequences. PCA were then computed using the top 500 most variable genes based on
their variance stabilized expression values as calculated by DESeq™.
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For the purpose of identifying genes significantly associated with any of the first four principal components,
genes with nRPKM > 0.5 in at least 25% of the cells were analyzed. Among 74 proliferating neural progenitors
(Supplementary Fig. 3A) we removed 4 that were later identified as microglia (n = 3) and vascular smooth muscle
cells (n=1). nRPKM values® were log transformed and stabilized with the function log2(nRPKM + 1) before
PCA. Then, separately for each of the first four principal components, voom/limma®! analysis was performed
using the linear model ~PC to identify genes significantly associated with that principal component. Genes with
significant P values (<0.0001) from this analysis for any of the four principal components were included for
unsupervised heatmaps.

Heatmap color encoding. Except where otherwise indicated heatmaps show Z-scores calculated on
log2-transformed nRPKM values, with values below —6 replaced with —6. In some figures Z-score color ranges
were limited as indicated in the color scale legend.

Differential gene expression (DE). DE was performed using the Mann-Whitney on nRPKM values test
as implemented in the R function wilcox.test(). The effect size (log2-fold-change) was calculated as follows: log2
(nRPKM) values below —8 were replaced with —8; for each gene, the median nRPKM was calculated for both
groups in the differential expression analysis (e.g. proliferating and immature); the log2-fold-change for the gene
was the difference in these medians. The P-values from the Mann-Whitney test were adjusted for multiple testing
correction using the p.adjust() R function with default parameters. A pre-filter was applied: only genes with at least
10 counts in at least 3 samples (of either condition) were analyzed. P-values for other reads were simply set to 1 and
log-fold-changes to 0 for visualization purposes, but such genes were not included in the multiple testing correction.

Single-cell multiplexed quantitative PCR. E11.5 MGE single cells were captured on a small-size IFC
STA chip using C1 autoprep system per manufacturers’ protocols (Fluidigm). The cell capture conditions were as
described above in the single-cell RNA-seq section. Amplification reagents contained TagMan gene expression
assays for genes of interest (Thermo Fisher). cDNAs from the IFC STA chips were then used to perform one BioMark
qPCR assay per manufacturers’ protocols (Fluidigm). Data obtained from the run was analyzed by Real Time PCR
Analysis Software (Fluidigm) with the following settings: the Quality Threshold was 0.65; Baseline Correction was
Linear (Derivative); Ct Threshold Method was Auto (Global). Missing Ct values were set to 40. Delta Ct for each
gene was calculated relative to Actb in each cell and Z score normalization was applied to each gene.

Identification of cell-type-specific markers.  Single-cell RNA-seq data (GSE60361) from the mouse cor-
tex and hippocampus®! was used to identify cell-type specific markers. A statistic called norm_mRNA_mol, in
which raw counts (nRNA_mol) were scaled by the total number of molecules detected in each cell, was derived.
Specifically, the scaling factor for a cell was total_ mRNA_mol / mean (total_mRNA_mol), where the mean was
taken over all cells. The following modifications were made to authors’ reported “levellclass” of cell types: the two
pyramidal neuron classes (from cortex and hippocampus) were merged, choroid and ependymal cells were sep-
arated out from the astrocytes, and smooth muscle cells and pericytes were separated from the endothelial cells.

To search genes specific to these modified level 1 cell types, the following types of cells were examined: astro-
cytes, choroid, ependymal (epend), microglia, endothelial, pericytes (peric), vascular smooth muscle cells (Vsmc),
interneurons, pyramidal, and oligodendrocytes. Genes expressed at norm_mRNA_mol > 1 in at least 75% of cells
of a given type but were not “detected” (expressed at norm_mRNA_mol > 0 in at least 25% of the cells of the other
type) in other types of cells were identified as cell-type specific markers listed in Supplementary Table 6. Their
expression in the Linnarsson Lab data *! is shown in Supplementary Fig. 5A. All MGE cells were searched against
these markers. Any cell expressing at least four markers of any specific cell type was identified as the putative cell
type and was shown in Supplementary Fig. 5B. Seven MGE cells expressing at least four oligodendrocyte markers
were found; however, five of them also expressed interneuron markers, and one of them expressed at least four
astrocyte markers. Thus we excluded these cells from further analyses. We also disregarded the cell expressing
four pyramidal neuron markers, as there should not be pyramidal cells in the MGE. Any cell that was identified
as a putative interneuron by expressing four interneuron markers was not shown.

To identify cell type-specific markers in our MGE dataset (Supplementary Fig. 6A), the same bioinformat-
ics was applied except “nRPKM” instead of “norm_mRNA_mol” was used as the expression statistic. Genes
with nRPKM > 1 in at least 50% of the cells that were not detected at nRPKM > 0 in at least 25% of the cells of
another type were identified as putative markers for that cell type. Three cells were found to express both astro-
cyte and ependymal markers. This precluded identification of astrocyte-specific and ependymal-specific markers
in our dataset but enabled identification of shared astrocyte/ependymal markers. Genes that were identified as
Vsmec-specific markers (from three putative Vsmec cells) showed highest expression in the sorted endothelial cell
population from postnatal brains*. Thus genes specific for endothelial/Vsmc were re-analyzed by analyzing one
endothelial cell and three Vsmc cells together. Astrocyte/ependymal genes, microglia genes, endothelial/Vsmc
genes were identified in the MGE cells and were compared to the two other datasets (GSE52564 and GSE60361)
to verify their specificity of expression in each cell type®#8.
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