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e ORG and vRG cells represent molecularly distinct
subpopulations of human radial glia

e ORG transcriptional state first emerges in VZ during early
cortical development

e Single oRG cells generate hundreds of daughter cells of
diverse types

e Molecular profile suggests that oRG cells sustain
proliferative niche in primate OSVZ
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In Brief

Single-cell transcriptomics reveals
molecular distinctions between human
radial glia residing in the ventricular and
outer subventricular zones, suggesting
that outer radial glia may generate a self-
sustaining proliferative niche that
supports primate brain expansion during
development of the cerebral cortex.
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SUMMARY

Radial glia, the neural stem cells of the neocortex, are
located in two niches: the ventricular zone and outer
subventricular zone. Although outer subventricular
zone radial glia may generate the majority of human
cortical neurons, their molecular features remain
elusive. By analyzing gene expression across single
cells, we find that outer radial glia preferentially ex-
press genes related to extracellular matrix formation,
migration, and stemness, including TNC, PTPRZ1,
FAM107A, HOPX, and LIFR. Using dynamic imaging,
immunostaining, and clonal analysis, we relate these
molecular features to distinctive behaviors of outer
radial glia, demonstrate the necessity of STAT3
signaling for their cell cycle progression, and estab-
lish their extensive proliferative potential. These re-
sults suggest that outer radial glia directly support
the subventricular niche through local production of
growth factors, potentiation of growth factor signals
by extracellular matrix proteins, and activation of
self-renewal pathways, thereby enabling the devel-
opmental and evolutionary expansion of the human
neocortex.

INTRODUCTION

The human neocortex contains 16 billion neurons of diverse
types that develop from an initially uniform neuroepithelium. In
the ventricular zone (VZ), radial glia undergo interkinetic nuclear
migration and possess apical processes that contact the
ventricle and form adherens junctions. Apical complex proteins
transduce signals from the cerebrospinal fluid that are critical
for the survival, proliferation, and neurogenic capacity of ventric-
ular radial glia (vVRG) (Lehtinen et al., 2011). However, the majority
of human radial glia are located in the outer subventricular zone
(OSVZ) (Lewitus et al., 2013). These outer radial glia (0RG) retain
basal processes but lack apical junctions and undergo a distinct
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migratory behavior, mitotic somal translocation, directly preced-
ing cell division (Hansen et al., 2010). Thus, vVRG and oRG cells
reside in distinct niches defined by differences in anatomical
location, provision of growth factors, cell morphology, and
behavior (Fietz et al., 2010). Although oRG cells may generate
the majority of cortical neurons (Lewitus et al., 2013; Smart
et al., 2002), the molecular features sustaining neural stem cell
properties of oRG cells in the OSVZ niche are largely unknown
and the long-term proliferative capacity of these cells has not
been examined.

Understanding the molecular programs specifically employed
by oRG cells would provide insights into mechanisms of cortical
development and support strategies to generate this cell type
in vitro. Previous studies have attempted to identify genes
uniquely expressed in oRG cells using a variety of transcriptional
profiling strategies, including comparisons between microdis-
sected samples (Fietz et al., 2012; Miller et al., 2014) and be-
tween cell populations expressing particular surface proteins
(Florio et al., 2015; Johnson et al., 2015), but the difficulty of
isolating bona fide oRG cells has made clear definition of their
gene expression profiles challenging.

To specifically compare molecular features of radial glia in the
VZ and OSVZ, we performed RNA sequencing of single cells
captured from these two zones without additional enrichment
steps. We then classified cells by analyzing thousands of genes
that vary across cells and isolated radial glia from other cell types
in silico (Pollen et al., 2014). We find that the proneural gene net-
works recently attributed to oRG cells are largely restricted to
intermediate progenitor cells. Within classically defined radial
glia, we discover molecular distinctions between vRG and oRG
cells. The transcriptional state enriched in oRG cells includes
genes involved in extracellular matrix production, epithelial-to-
mesenchymal transition, and stem cell maintenance. Surpris-
ingly, we find that components of the LIFR/STAT3 self-renewal
pathway are selectively expressed by oRG but not vVRG cells,
and we confirm that STAT3 signaling is necessary for oRG cell-
cycle progression. We further find that single oRG cells have
the capacity to produce hundreds of deep and upper cortical
layer neurons. Based on these results, we propose that oRG
cells directly support the development of an enlarged OSVZ
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neural stem cell niche through the local production of growth
factors, the expression of extracellular matrix proteins that
potentiate growth factor signaling, and the activation of the
LIFR/STATS signaling pathway.

RESULTS

Molecular Diversity of Cells in the Cortical Germinal
Zones

To analyze molecular features of cells in the germinal zones dur-
ing human cortical neurogenesis, we captured single cells from
microdissected VZ and SVZ specimens of human cortex at
gestational weeks 16-18 (GW16-18) and generated sequencing
libraries (schematic Figure 1A). We subsequently analyzed 393
single cells from three individuals in which we detected at least
1,000 genes (Table S1). To classify cells, we performed principal
component analysis (PCA) and used expectation-maximization
clustering to group cells based on their position in PC space (Fig-
ure S1 and Experimental Procedures). Based on the expression
of known marker genes, we interpreted groups to represent cells
along the cortical excitatory lineage and inhibitory interneurons
generated in the ventral telencephalon (Figures 1B-1D and S1
and Table S2).

We further examined groups of cells expressing known
markers of the cortical excitatory neuron lineage (schematic,
Figure 2A). Four groups robustly expressed markers of human
radial glia SLC1A3, PAX6, SOX2, PDGFD, and GLI3 (yellow
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STMN2 and NEURODS6. These groups

were also characterized by the absence

of canonical radial glia marker expres-

sion, including VIM and HES1, and by
the specific expression of canonical and novel intermediate
progenitor markers EOMES (TBR2), ELAVL4, NEUROGT,
NEUROD1, NEUROD4, PPP1R17, and PENK (magenta bar, Fig-
ures 2A, 2B, and S1) (Hevner et al., 2006; Kawaguchi et al., 2008).
We found that the vast majority of cells expressing EOMES and
PPP1R17 mRNA also expressed EOMES protein with variable
SOX2 expression (Figure S2). Immunostaining for PPP1R17
revealed diverse morphologies of these cells, including multi-
polar cells with short processes, as well as unipolar and bipolar
cells with one or two radially or tangentially oriented processes.
Regardless of morphology, these progenitor cells did not ex-
press the classical molecular signature of radial glia (Figure S2).
Thus, our analysis provides a clear distinction between radial
glia and intermediate progenitor cells. Future studies may relate
the molecular heterogeneity of intermediate progenitors and
the relative expression of radial glial and proneural genes
to the diverse and dynamic morphological features reported in
OSVZ progenitors (Betizeau et al., 2013).

Major Sources of Transcriptional Variation among

Radial Glia Relate to Cell Cycle and Stem Cell Niche

We next analyzed variation in gene expression across 107 cells
from the four groups that robustly expressed canonical markers
of radial glia. We anticipated that cell cycle would be the major
source of transcriptional variation across proliferative popula-
tions (Pollen et al., 2014). Indeed, genes involved in cell-cycle
regulation, mitosis, and DNA replication explained most variation
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along PC1, PC2, and PC4 (Figure 2C and Table S3). Clustering
radial glia based on variation along these axes revealed cell
groups representing G1, G1/S checkpoint, and G2/M check-
point (Figures 2D and S3). During interkinetic nuclear migration,
the cell bodies of radial glia migrate away from the ventricle dur-
ing G1, toward the ventricle during S/G2 phase, and divide at the
ventricular surface. We examined the expression of a novel pre-
dicted G1 marker, CRYAB, and found that cells expressing
CRYAB transcript were displaced from the ventricle, rarely ex-
pressed the G2/M marker phospho-histone H3, and rarely incor-
porated BrdU, a label for DNA replication, consistent with the G1
specificity of this transcript (Figure S3). Thus, differentiation and
cell cycle are major sources of transcriptional heterogeneity
among cells in the germinal zone, and single-cell analysis reveals
novel molecular features of these states.

We hypothesized that differences in stem cell niche occu-
pancy would also contribute to variation among radial glia. De-
scriptions of cell behavior and morphology suggest that the VZ
and adjacent inner SVZ contain mixed populations of vRG cells
and oRG cells destined to migrate to the OSVZ (Reillo et al.,

lineage cells. Radial glia themselves display het-
erogeneity with respect to cell-cycle progression,
morphology, anatomical position, and behavior,
and PCA reveals major sources of transcriptional
variation among radial glia. Histogram of PCA
gene loading scores with gene ontology enrich-
ments highlighted (adjusted p value, Fisher's
exact test).

(D) Interpretation of cell-cycle phases for radial glia
based on clustering according to sample scores
along PC1, 2, and 4 (see also Figure S3).

(E) Schematic of the anatomical sources of radial
gliaand violin plotsillustrate prediction that VZ and
adjacent inner SVZ contain a mixed population of
VRG and oRG cells.

(F) Histogram of VZ and OSVZ radial glia sample

0
_150 100

Inferrred Cell Type

scores and gene loading scores along PC3. Radial
oRGs MOXD1 glia from OSVZ (n = 39) have significantly higher
r;: PC3 scores than radial glia from VZ (n = 68) across
é & 2} 3 samples (p < 107, Welch t test, see also Fig-
'& & N [ ure S3). Violin plots show distribution of expres-
sion values for strongly loading genes across cells
0 15 from VZ and OSVZ sources.

FBX032 (G) Interpretation of oRG and VRG identity based
VRGs o on clustering cells according to top 1% of genes
5 loading PC3. Schematic highlights the grouping of
é é é g radial glia by inferre.d .ceII type rathet.' than .by
[ anatomical source. Violin plots show distribution

Iogz'?'gM of expression values within inferred cell types.

2011) (Figure 2E). In contrast, the OSVZ contains a more pure
population of oRG cells that lack apical processes (Fietz et al.,
2010; Hansen et al., 2010), although the morphology of these
cells may also be dynamic and diverse (Betizeau et al., 2013;
Gertz et al., 2014). We found that the anatomical source of radial
glia was significantly associated with the position of cells along
PC3 (Figures 2F and S3). Indeed, many of the genes with strong
positive and negative loading scores along PC3 showed differ-
ential expression patterns between radial glia collected from
VZ and SVZ (Figure 2F). By clustering radial glia based on the
1% of genes most strongly loading PC3, we identified two tran-
scriptionally distinct groups, one almost purely composed of
cells from VZ that we interpreted as VRG cells and another
composed of cells from both VZ and SVZ that we interpreted
as oRG cells (Figure 2G).

Predicted Markers Relate to Position, Morphology,

and Behavior of oRG Cells

To relate these distinct transcriptional states to the stem cell
niches of the developing neocortex, we first searched for genes
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Figure 3. Candidate oRG Markers Relate to Position, Morphology, and Behavior of Cell Type
(A) Scatterplot highlighting specificity of genes to inferred radial glia subpopulations. Specificity is calculated by Pearson correlation with an idealized marker
gene expressed only in candidate oRG cells (y axis) or candidate VRG cells (x axis). Orange, green, and yellow boxes highlight genes with predicted specificity for
oRG, VRG, and all radial glia cells (pan-RG), respectively (see also Figure S3).
(B) Left heatmap showing expression of oRG, VRG, and pan-RG genes across inferred cell types and their average expression in microdissected cortical tissue
samples (right heatmap) (Miller et al., 2014).
(C) Similarity matrix of oRG- and vRG-specific gene expression levels across radial glia cells.
(D) Representative examples of in situ hybridization staining for candidate vRG and oRG markers in human cortical tissue sections at GW18.2. Inset shows higher
magnification of positively stained region (scale bar, 25 um).

(legend continued on next page)
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likely to distinguish predicted radial glia subtypes. We measured
the specificity of genes by their correlation with an ideal marker
gene uniformly expressed in only one putative radial glia subpop-
ulation across all 393 cells (Figures 3A and S3). We identified 67
candidate marker genes strongly correlated with the oRG popu-
lation, 33 candidate genes strongly correlated with the vVRG pop-
ulation, and 31 genes strongly correlated with both radial glia
populations (Figure 3A, green, orange, and yellow boxes, respec-
tively; Table S3). In support of these predictions, we observed
that candidate vRG markers showed higher expression in the
VZ, whereas candidate oRG markers showed higher expression
in the SVZ across tissue samples collected from developing hu-
man cortex, and their expression levels were inversely correlated
across radial glia cells (Figures 3B and 3C) (Miller et al., 2014).

To further investigate candidate marker genes, we performed
in situ hybridization at GW17-19, stages of peak neurogenesis.
We found that expression of VRG candidates, CRYAB, PDGFD,
TAGLN2, FBX032, and PALLD, was strongest in the VZ,
whereas expression of oRG candidates, HOPX, PTPRZ1, TNC,
FAM107A, and MOXD1, was strongest in the OSVZ (Figure 3D).
Quantification revealed that the vast majority of cells expressing
TNC, PTPRZ1, or HOPX also expressed the radial glia marker
SOX2, but not the intermediate progenitor marker EOMES or
neuronal marker SATB2 (Figures 3E and S4). Immunostaining re-
vealed expression of HOPX, PTPRZ1, and TNC proteins in cells
with basal fibers that lacked EOMES expression, linking this mo-
lecular identity to the typical morphology of oRG cells (Figure 3F).
To next relate this molecular identity to distinctive oRG behav-
iors, we performed time-lapse imaging of organotypic cortical
slices from GW15, GW17, GW18, GW18.7, and GW19.5 speci-
mens infected with GFP-expressing adenovirus and then exam-
ined the expression of the most specific oRG marker, HOPX. We
observed that cells undergoing mitotic somal translocation
behavior can generate SOX2/HOPX double-positive daughter
cells with long basal processes characteristic of oRG cells
throughout neurogenesis (Figures 3G and S4). Together, these
results connect the molecular identity determined from single-
cell RNA sequencing to the anatomical location, morphology,
and behavior of oRG cells.

Specific Expression of Stemness Pathways Suggests

Mechanism for Maintaining the OSVZ Stem Cell Niche

Because oRG cells lack direct access to trophic factors distrib-
uted by the cerebrospinal fluid (Lehtinen et al., 2011), we
explored whether genes enriched in oRG cells relate to known
functional categories related to growth factor signaling (Fig-
ure 4A). We found that protein products of many genes enriched
in oRG cells mediate interactions with the extracellular matrix
(Figures 4B-4D and Table S3). These proteins included TNC,
PTPRZ1, SDC3, HS6ST1, and ITGB5, which cooperate to pro-

mote neural stem cell maturation by controlling local concentra-
tions of fibroblast and epidermal growth factors (Barros et al.,
2011; Garwood et al.,, 2004; Milev et al., 1998; Szklarczyk
et al.,, 2015). Furthermore, the PTPRZ1 ligand PTN was ex-
pressed in both radial glia populations but was the most signifi-
cantly upregulated gene in oRG cells (Table S4). We confirmed
by immunostaining that TNC and PTPRZ1 are expressed in a
subset of ITGB5-positive oRG cells (Figure 4E). Many of the
cell-surface proteins enriched in oRG cells are also highly over-
expressed in glioblastomas compared with normal human
astrocytes, including TNC, PTPRZ1, and LGALS3BP (Autelitano
et al., 2014; Nie et al., 2015), and PTN stimulation of PTPRZ1 is
sufficient to stimulate the coordinated processes of epithelial-
to-mesenchymal transition in a glioblastoma cell line (Perez-
Pinera et al., 2006). Therefore, we investigated whether human
glioblastoma samples contain cell populations that co-express
oRG markers. In a recent study of five primary glioblastoma sam-
ples, PTN, PTPRZ1, and FABP7 were the genes most correlated
with a stemness signature across single tumor cells (Patel et al.,
2014). We extended this analysis to all predicted oRG and vRG
markers (Figure 4F) and found that oRG markers were more
highly correlated with both the stemness and general radial
glia signatures than vRG markers (Figure 4G), suggesting that
oRG-enriched genes are associated with stemness pathways
and growth factor signaling in both the developing OSVZ stem
cell niche and in primary glioblastoma.

We next explored whether additional signaling pathways were
upregulated in oRG cells. We found that L/FR and its co-receptor
IL6ST (GP130) were specifically expressed in oRG cells (Figures
4H and 4l). LIF signaling through LIFR and IL6ST phosphorylates
STAT3 at tyrosine 705 (p-Y705) to promote stem cell mainte-
nance (Huang et al., 2014). Immunostaining revealed that p-
Y705-STAT3 was specifically localized at the nuclei of oRG cells
and not detected in other cell types (Figures 4l and S5). To inves-
tigate the function of STAT3 in oRG cells, we pharmacologically
blocked STAT3 phosphorylation in human slice cultures. After
2 days, we observed a reduction in the proportion of oRG cells
that incorporated bromodeoxyuridine (BrdU) (Figure 4J), which
is consistent with the proposed role of phosphorylated STAT3
in neural stem cell maintenance (Hong and Song, 2015; Huang
et al., 2014). In addition, we found that expression of constitu-
tively active Stat3 in developing mouse cortex increased the
proportion of electroporated cells expressing Sox2, but not
Eomes, compared with expression of only the fluorescent re-
porter (Figure S5). Together, these results support a role for
STAT3 (p-Y705) in maintaining stemness of human oRG cells.

Extensive Neurogenic Capacity of oRG Cells
We next examined the differentiation potential and proliferative
capacity of human oRG cells (Figure 5A). Many oRG-enriched

(E) In situ hybridization combined with immunostaining for identity markers. Black arrows highlight cells expressing marker transcript and SOX2, but not EOMES
(see also Figure S4 containing further examples). Bar chart shows quantification of molecular identity of OSVZ cells positive for oRG marker mRNA. Values
represent mean + SEM; n = 3 biological replicates, GW16.7, GW18.2, and GW20.

(F) Immunostaining of GW18 cortex for candidate oRG proteins and identity markers. White arrows highlight examples of immunopositive radial glia with staining
in basal fiber. Yellow arrows indicate varicosities of the basal fiber of an oRG cell infected with adenovirus-GFP, with TNC immunostaining in the cell body.
(G) Time-lapse imaging of oRG cells undergoing MST and post-staining for HOPX, SOX2, and GFP. Yellow arrows highlight GFP-expressing cells.

See also Figure S4.
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Figure 4. Pathways Enriched in oRG Cells Relate to Growth Factor Signaling and Maintenance of Proliferation

(A) Schema: oRG cells lack apical processes that transduce signals mediated by trophic factors in ventricular cerebrospinal fluid (CSF).

(B) Heatmap of extracellular matrix gene expression across inferred cell types. Orange bar highlights genes with high oRG specificity across all cells, and purple
bar highlights genes differentially expressed by DESeq.

(C) Functional protein association network generated using String-db (Szklarczyk et al., 2015).

(D) Model of TNC protein, interaction partners, and downstream pathways.

(E) Immunolabeling of human OSVZ tissue sections reveals expression of ITGB5 by radial glia, including proliferating KI67+ and KI67— (top row, examples
indicated with arrows), but not EOMES+ intermediate progenitors (yellow arrowheads denote PAX6+, EOMES+ intermediate progenitor cells, which do not
express ITGBS5, see also Figure S2). Top right panels show immunolabeling for ITGB5 and proliferation marker KI67 (white arrows indicate proliferating radial glia
expressing ITGB5, and yellow arrow indicates non-actively proliferating radial glia expressing ITGB5). Bottom left rows show expression of TNC and PTPRZ1 ina
subset of ITGB5+ radial glia (examples indicated with arrowheads). Bar charts represent quantification (mean + SEM) across three biological replicates between
GW16.5 and GW18.

(F) Heatmap of oRG, VRG, pan-RG, and glioblastoma multiforme (GBM) stemness gene expression signatures across 598 cells from five primary GBM tumors
(Patel et al., 2014).

(legend continued on next page)
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Figure 5. Extensive Proliferative and Neurogenic Capacity of oRG Cells

(A) Schema representing progenitor cell competence of radial glia, oRG cells, and glial progenitors (see also Figure S5).

(B) In situ hybridization for genes expressed by oRG and other cell types but depleted in vVRG cells and immunolabeling of GW18 human cortical sections (see also
Figure S6). Black arrows indicate examples of mMRNA expressing oRG cells.

(C) Experimental design for single-cell clonal lineage analysis of oRG cells labeled with retrovirus GFP (rvGFP).

(D) Image and magnification of a well containing a single purified GFP-positive cell. Time-lapse imaging of single cell with arrow highlighting MST preceding first
division.

(E) Images show movie frames capturing the initial division and a resulting clone after 7 days in culture of a cell exhibiting oRG specific mitotic somal translocation
(left) and a cell undergoing an initial stationary division with fiber retraction characteristic of intermediate progenitors and a resulting clone after 7 days in culture
(right). Chart shows clone sizes at 7 days for cells classified as o0RGs and IPCs based on first division and morphology.

(F) Immunostaining for neuronal or glial markers of 3 oRG cell clones after 50 days in vitro. Bar chart represents quantification of the average clone size of o0RG
cells.

See also Figure S6.
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genes are also associated with astrocytes later in development,
including TNC, ITGB5, DIO2, and ACSBGT1 (Cahoy et al., 2008),

genitors (Bonaguidi et al., 2005; Bonaguidi et al., 2008; Lim
et al., 2000). We further noted that many genes upregulated in

and LIFR signaling through STAT3 can promote gliogenesis in
combination with BMP signaling (Bonaguidi et al., 2005). How-
ever, oRG cells did not express other astrocyte markers such
as AQP4, CA2,IL33, and ALDOC, which we observed in putative
astrocytes later in development (Figure S5). In addition, oRG
cells strongly expressed NOG (Figure 4H), which inhibits BMP
signaling and promotes neurogenesis in GFAP-expressing pro-

oRG cells relative to VRG cells were also strongly expressed
by cortical neurons such as NPY, RTN1, CTNND2, SEZ6L, and
NRCAM (Figures 5B and S6), suggesting a relationship between
neurons and oRG cells.

To further examine the neurogenic potential of oRG cells, we
isolated single cells from the germinal zone by fluorescence-acti-
vated cell sorting (FACS) and cultured them on a feeder cell layer

(G) Bar graphs show that the oRG signature has the strongest correlation with the GBM stemness signature and with the pan-RG signature across GBM tumor
samples. p values report significance of difference between standardized correlation coefficients; error bars represent 95% confidence interval.

(H) Heatmap showing average expression of selected genes across inferred cell types and validation of LIFR expression in oRG cells by in situ hybridization
(examples indicated by arrows).

(I) Immunostaining of human tissue section for phosphorylated STAT3 (p-Y705) and SOX2 (see also Figure S5). Top bar graph represents quantification of
nuclear immunostaining for phosphorylated STAT3 across germinal zone depth starting from ventricular edge (0.0) to the basal edge of the OSVZ (1.0). Bottom
graph represents the molecular identity of STAT3+ Y705+ cells quantified in the OSVZ of three biological replicates between GW16.5 and GW18. Data represent
mean + SEM.

(J) Inhibition of STAT3 phosphorylation in organotypic OSVZ slice cultures reduces BrdU incorporation by radial glia. Images show representative examples of
immunostained experimental sections. Bar graphs display quantification of BrdU incorporation by radial glia and intermediate progenitors in presence of STAT3
phosphorylation inhibitors or control DMSO (n = 4, *p < 0.05, paired Student’s t test, error bars represent SEM). Arrows indicate examples of cells expressing
SOX2 but not EOMES or SATB2 that did not incorporate BrdU over 48 hr period in inhibitor-treated slices.
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Figure 6. Molecular Signature of oRG Cells Emerges in VZ

(A) In situ hybridization for genes enriched in oRG cells across multiple developmental time points corresponding to human cortical neurogenesis. Sections were
stained with antibodies against SOX2, EOMES, and SATB2 to identify major cell populations (see also Figures S4 and S7).

(B) The proportion of oRG marker cells that express all combinations of protein markers was quantified across ten bins that span the germinal zone throughout
neurogenesis. In all cases, oRG marker transcripts are almost exclusively expressed by SOX2+/EOMES-/SATB2- cells (black bars). Bar graphs highlight that, at
GW13.5, oRG markers predominantly label radial glia in the VZ, but by GW14.5, oRG markers predominantly label radial glia cells in the SVZ.
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(Figures 5C and 5D). Using time-lapse imaging, we followed indi-
vidual cells for 1 week in vitro. Cells that displayed the distinctive
somal translocation directly preceding the first division were
classified as oRGs, whereas cells that retracted processes and
underwent stationary first division were classified as intermedi-
ate progenitors. Consistent with their stem-like character, single
oRG cells gave rise to larger clones than intermediate progenitor
cells (Figure 5E). We followed three oRG clones in vitro for an
additional 6 weeks, and they generated hundreds of daughter
cells, including deep and upper layer neurons, as well as glial
cells (Figures 5F and S6). Thus, human oRG cells express self-
renewal pathways not detected in vRG cells during peak upper
cortical layer neurogenesis, generate diverse neural daughter
cells, and have the capacity for extensive proliferation.

oRG Signature Emerges in VZ and Is Conserved in
Primates

To further investigate the developmental and evolutionary origin
of the transcriptional signature of oRG cells, we examined the
expression of oRG marker genes across different stages of
human corticogenesis and in different species. Surprisingly, we
observed strong expression of transcripts encoding oRG marker
genes in the VZ at early stages of human cortical development.
This expression became progressively restricted to the OSVZ
at later stages, with FAM107A persisting the longest in the VZ
(Figures 6A, 6B, and S7). TNC, FAM107A, and PTPRZ1 protein
expression followed a similar developmental progression, but
TNC and PTPRZ1 antibodies only labeled subsets of radial glia
cells in the VZ (Figure 6C). The coordinated expression of these
genes in the VZ around GW13.5 coincides with the elaboration of
the OSVZ (Bayatti et al., 2008; Martinez-Cerdefio et al., 2012;
Shitamukai et al., 2011; Zecevic et al., 2005) and may represent
a molecular program involved in oRG specification.

During mouse development, oRG cells are rare and there is not
adistinct OSVZ. To investigate whether human oRG markers are
expressed in mouse radial glia, we used recently published gene
coexpression networks (Lui et al., 2014) and found that, on
average, human oRG markers are less likely to show specific
expression in mouse radial glia than general radial glia markers
(Figure 7A). Nonetheless, TNC expression has previously been
detected in radial glia of the mouse ventral pallium (Garcion
etal., 2004; Gotz et al., 1998; Wiese et al., 2012). Immunostaining
for TNC and PTPRZ1 revealed that both proteins are most
strongly detected in the VZ and SVZ of the lateral and ventral
pallium (Figure 7B), where mouse oRG cells are most common
(Wang et al., 2011b). Closer examination of SOX2-positive cells
in the SVZ revealed examples of putative mouse oRG cells ex-
pressing TNC and PTPRZ1 (Figure 7B, insets). More widespread
transcription of TNC, PTPRZ1, and HOPX throughout the mouse
cortical VZ coincides with the conclusion of cortical neurogene-
sis (Figure S7). Thus, conserved elements of the oRG signature
may reflect regional and temporal heterogeneity of mouse
radial glia, but many genes enriched in human oRG cells are

not expressed in mouse radial glia, including MOXD1 (Wang
et al., 2011a), FAM107A, FBN2, BMP7, HS6ST2, LGALS3, and
TKTL1 (Figure S7). In contrast to mouse, the developing ma-
caque cortex contains a large OSVZ region and prominent
oRG population (Betizeau et al., 2013; Smart et al., 2002). Using
microarray data from developing macaque cortex, we found that
the expression of oRG marker genes in macaque development
mirrors that of human development (Figure 7C). We confirmed
this pattern for select oRG marker genes by analyzing primary
tissue samples. We detected expression of TNC, PTPRZ1, and
HOPX in macaque VZ early in development but found that
OSVZ expression of these markers, along with FAM107A,
predominates at later stages of corticogenesis (Figure 7D).
Together, our data indicate that major elements of the transcrip-
tional signature of human oRG cells are conserved in primates.

DISCUSSION

Our study identifies neuronal differentiation, cell-cycle progres-
sion, and anatomical position as major sources of transcriptional
variation across single cells sampled from germinal niches of
the developing human cortex. The transcriptional state associ-
ated with neuronal differentiation involves reduced expression
of classical radial glia markers such as VIM and HES1 and upre-
gulation of proneural transcription factors such as NEUROGT,
NEUROD4, and EOMES and neuropeptide signaling genes
PENK, SSTR2, and OXTR. This transcriptional state was recently
attributed to heterogeneity among oRG cells (Johnson et al.,
2015). However, based on expression of mMRNA, EOMES protein,
and the novel marker PPP1R17, which reveals diverse multipolar
morphologies, we interpret this transcriptional state to represent
intermediate progenitor cells.

In contrast, we identify a novel transcriptional state, indepen-
dent of neuronal differentiation, that distinguishes oRG from vRG
cells by analyzing the major sources of variation among classi-
cally defined radial glia. We relate this transcriptional state to
the position, morphology, and dynamic behavior of oRG cells.
Together, this multimodal characterization establishes an inte-
grative identity for oRG cells. These neural stem cells are charac-
terized by the expression of novel markers, including HOPX,
TNC, ITGBS5, as well as pan-radial glia markers such as VIM,
HES1, and ATP1A2; the presence of a basal, but not apical fiber;
mitotic-somal translocation behavior; and extensive proliferative
and neurogenic capacity. This cell type is most abundant in the
OSVZ stem cell niche for which it was named but also resides
in the inner SVZ and VZ, and the transcriptional state first
emerges in the VZ during early cortical neurogenesis. The oRG
marker genes may enable the construction of molecular tools
for selectively visualizing, manipulating, or purifying oRG cells
in tissue and for evaluating the identity of human cortical progen-
itor cells generated from pluripotent stem cells. In addition, these
genes may provide insights into the cell types affected in neuro-
developmental disorders.

(C) The proportion of SOX2+/EOMES—-/SATB2- that expressed TNC was quantified across the span of the germinal zone at GW13.5 and GW18.
(D) Immunolabeling of early developmental time points for oRG markers and SOX2. At GW13.5, TNC and PTPRZ1 protein show limited expression in radial glia
close to the ventricular edge, whereas FAM107A protein is widely expressed in GW13.5 VZ.

See also Figure S7.
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Figure 7. Conservation of oRG Marker Gene Expression in Primates

(A) Bar graph indicates average differential percentile rank of pan-RG, oRG, and VRG genes for radial glia gene coexpression network specificity in human and
mouse. Compared with pan-RG genes (n = 29), human oRG genes (n = 66) show reduced conservation with mouse radial glia signature (p < 0.05, Wilcoxon rank
sum test).

(B) Mouse E15.5 and E18.5 cortical sections immunoreacted for Tnc and Ptprz1 along with Sox2 and Eomes. Inset images show a magnified view of SVZ region,
and arrows highlight examples of Sox2-positive, Eomes-negative cells that co-label for Tnc or Ptprz1. LGE, lateral ganglionic eminence; Ctx, cortex.

(C) Heatmaps show average expression level of oRG, VRG, and pan-RG genes in distinct regions of developing macaque cortex. IVZ, inner VZ; OVZ, outer VZ; the
NIH Blueprint Non-Human Primate (NHP) Atlas. In situ hybridization of macaque cortex showing expression of oRG marker genes mirrors human trajectory.
(D) Radial glia in small rodent brains are concentrated along the ventricle and access cerebrospinal fluid trophic factors directly via apical processes. In contrast,
large primate brains contain numerous radial glia in the OSVZ. Local production of growth factors by radial glia may provide additional trophic support to oRG
cells in the OSVZ niche.

(E) Increased expression of extracellular matrix proteins that potentiate growth factor signaling and activation of LIFR/STAT3 pathway may further maintain
stemness in oRG cells.

See also Figure S7.

Beyond simply marking oRG cells, the genes we identify IL6ST, and LIFR (Sim et al., 2006; Wiese et al., 2012). For
belong to common pathways that suggest mechanisms by example, TNC potentiates FGF signaling to support the matura-
which human oRG cells actively maintain the OSVZ as a neural tion of neural stem cells (Garcion et al., 2004), whereas integrin
stem cell niche. Many of these genes promote growth factor signaling along the basal fiber promotes radial glia identity (Fietz
signaling, including TNC, PTPRZ1, ITGB5, SDC3, HS6ST1, et al., 2010). Interestingly, TNC contains EGF-like repeats and
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multiple binding domains for PTPRZ1, syndecans, integrins, and
other cell-surface receptors (Besser et al., 2012; von Holst,
2008). Thus, TNC expression in oRG cells may couple key pro-
tein networks regulating growth factor signaling, migration, and
self-renewal. In addition, LIFR/STAT3 signaling is known to
maintain radial glia neural stem cell identity (Bonaguidi et al.,
2005), and we show that p-Y705-STAT3 signaling is necessary
for normal cell-cycle progression in oRG cells but is surprisingly
absent in VRG cells. Although STAT3 signaling can also
contribute to gliogenesis, we speculate that expression of
NOG may inhibit gliogenesis as observed in the rodent adult
neurogenic germinal zones (Bonaguidi et al., 2008; Lim et al.,
2000). We directly examined the neural stem cell properties of
oRG cells using single-cell clonal analysis. We find that single
oRG cells at mid-neurogenesis can generate clones of nearly
1,000 neuronal and glial daughter cells. This highlights the
remarkable proliferative capacity of human oRG cells compared
to mouse radial glia that typically generate 10-100 daughter cells
throughout the neurogenic period (Gao et al., 2014; Qian et al.,
2000; Vasistha et al., 2014).

The cell behaviors that distinguish oRG from vRG cells—loss
of adhesion, delamination, and rapid migratory bursts preceding
cell division—have been compared to epithelial-to-mesen-
chymal transition (Itoh et al., 2013). Recent work suggests that
oRG and glioma cells both undergo myosin-llI-dependent migra-
tory movements (Beadle et al., 2008; Ostrem et al., 2014). Inter-
estingly, many of the genes and proteins we detected in oRG
cells have been implicated in invasive migratory behavior,
including genes expressed in the VZ when oRG cells first
emerge. For example, TNC, ITGB5, and PTN/PTPRZ1 signaling
promotes multiple aspects of epithelial-to-mesenchymal transi-
tion (Bianchi et al., 2010; Katoh et al., 2013; Perez-Pinera et al.,
2006), PRKCA is necessary for the upregulation of SNAI1 and
downregulation of CLDN1 during these transitions (Kyuno
et al., 2013), and FAM107A establishes focal adhesions and in-
creases glioma invasiveness (Le et al., 2010). The expression
of these genes suggests possible mechanisms by which oRG
cells emerge from the VZ and undergo mitotic somal transloca-
tion. More generally, we found the oRG transcriptional signature
to be enriched in cells from primary glioblastoma and conserved
in macaque, suggesting that the development of invasive
glioblastoma and the evolutionary expansion of the OSVZ may
recruit common sets of genes controlling migration and self-
renewal.

Sequencing of single-cell mMRNA while retaining cell position
information provides a general method for identifying distinct
subpopulations whose molecular identity may relate to microen-
vironment. Here, we explored variation in radial glia gene expres-
sion while considering stem cell niche as a covariate. Our results
revealed novel molecular features of neural stem cell populations
previously distinguished only by cell behavior, morphology, and
position. Together with recent findings (Fietz et al., 2012; Lui
et al., 2014), these results highlight three mechanisms that
may maintain stemness of the expanded oRG population in the
OSVZ stem cell niche: local production of trophic factors such
as PTN and BMP7 by radial glia, expression of extracellular
matrix proteins that potentiate growth factor signaling, and acti-
vation of the LIFR/p-STAT3 signaling pathway (Figures 7D and

7E). Because the oRG population is thought to be responsible
for the majority of human cortical neurogenesis and OSVZ size
correlates with the evolutionary expansion of the brain, future
studies can investigate the role of these genes in neurodevelop-
mental disorders and cortical evolution.

EXPERIMENTAL PROCEDURES

Single-Cell Analysis

Micro-dissected VZ and SVZ tissue samples were dissociated using Papain
(Worthington). Single-cell sequencing libraries were generated using the C4
Single-Cell Auto Prep Integrated Fluidic Circuit (Fluidigm), the SMARTer Ultra
Low RNA Kit (Clontech), and the Nextera XT DNA Sample Preparation Kit
(Ilumina). Reads were aligned using Tophat2, and the expression of RefSeq
genes was quantified by the featureCounts routine. Gene expression values
were normalized based on library size as counts per million reads (CPM).
Libraries with fewer than 1,000 genes detected above 1 CPM were eliminated
as outliers. Cells were assigned to groups using PCA and Expectation-Maximi-
zation clustering, and groups were interpreted based on the expression of
known marker genes and tissue validation. The specificity of genes to each
group was determined using the Pearson’s correlation and confirmed with
DESeq2. The expression of cell-type markers was evaluated in silico using
the Allen Institute Prenatal LMD Microarray Atlas (Miller et al., 2014) and NIH
Blueprint NHP Atlas, as well as human and mouse gene coexpression net-
works (Lui et al., 2014) and single-cell glioblastoma data (Patel et al., 2014),
and in tissue using immunohistochemistry and in situ hybridization as
described in the Supplemental Experimental Procedures.

STAT3 Signaling

To examine the function of decreased STAT3 signaling in oRG cells, we
cultured fetal cortical slices for 48 hr in the presence of inhibitors and then
performed immunostaining. In utero electroporation was performed at E13.5
of a mutated form of STAT3, which mimics the Y705 phosphorylation state
driven by the EF1a promoter (Addgene, 24983). Timed-pregnant Swiss-
Webster mice were obtained from Simonsen Laboratories and maintained
according to protocols approved by the UCSF Institutional Animal Care and
Use Committee.

Single-Cell Clonal Analysis

Cells dissociated from cortical germinal zone were infected cells with a
pPNIT-GFP retrovirus for 2-4 hr, cultured on matrigel (BD Biosciences) for
3 days in media containing DMEM (Invitrogen, 11965), 1% B-27 supplement
(Invitrogen, 12587-010), 1% N-2 supplement (17502-048), and recombinant
human FGF-basic (10 ng/ml, Peprotech, AF-100-18B). We then used FACS
(ARIA, BD Biosciences) to sort GFP-expressing cells at 1 cell/well into 96-
well plates pre-seeded with feeder cells. We used time-lapse microscopy to
identify the mitotic behavior of the initial cell divisions for each clone. After
1 week, the cells were cultured for 6 weeks in media without FGF.
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