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Abstract

SOX transcription factors have important roles during astrocyte
and oligodendrocyte development, but how glial genes are speci-
fied and activated in a sub-lineage-specific fashion remains
unknown. Here, we define glial-specific gene expression in the
developing spinal cord using single-cell RNA-sequencing. Moreover,
by ChIP-seq analyses we show that these glial gene sets are exten-
sively preselected already in multipotent neural precursor cells
through prebinding by SOX3. In the subsequent lineage-restricted
glial precursor cells, astrocyte genes become additionally targeted
by SOX9 at DNA regions strongly enriched for Nfi binding motifs.
Oligodendrocyte genes instead are prebound by SOX9 only, at sites
which during oligodendrocyte maturation are targeted by SOX10.
Interestingly, reporter gene assays and functional studies in the
spinal cord reveal that SOX3 binding represses the synergistic acti-
vation of astrocyte genes by SOX9 and NFIA, whereas oligodendro-
cyte genes are activated in a combinatorial manner by SOX9 and
SOX10. These genome-wide studies demonstrate how sequentially
expressed SOX proteins act on lineage-specific regulatory DNA
elements to coordinate glial gene expression both in a temporal
and in a sub-lineage-specific fashion.
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Introduction

During the development of the vertebrate central nervous system
(CNS), self-renewing stem cells located in the ventricular zone (VZ)
first generate neurons, followed by the cells of the glial sub-lineages,
astrocytes and oligodendrocytes [1]. The generation of differentiated
progeny from neural stem cells is a stepwise process that involves
lineage specification, suppression of progenitor features, and subse-
quent activation of neuronal or glial gene expression profiles.
Although the mechanisms controlling gene expression during neuro-
genesis have been extensively studied, it is not understood on a
genome-wide level how glial genes are activated in a timely and
sub-lineage-specific fashion.

The HMG-box transcription factors of the SOX family play key
roles during neuro- and gliogenesis. The SOXB1 proteins (SOX1,
SOX2, and SOX3) are co-expressed in most neural precursor cells
(NPCs), and gain-of-function and loss-of-function studies in the
developing and adult CNS have demonstrated their relevance in
regulating fundamental processes, such as NPC maintenance, prolif-
eration, and neuronal cell fate specification [2—-6]. Consistent with
their diverse roles during neurogenesis, genome-wide binding stud-
ies have shown that SOX2 and SOX3, apart from binding a wide
array of genes expressed in NPCs, also prebind a large number of
silent genes that are first activated in differentiating neurons [7,8].
As NPCs commit to neuronal differentiation, SOXB1 proteins are
downregulated and their binding is, at many DNA regions, replaced
by the subsequently expressed SOXC transcription factors SOX4 and
SOX11, which results in activation of neuronal genes [7,9].

The generation of astrocytes and oligodendrocytes from glial
precursor cells (GPCs) is regulated by the SOXE proteins, SOX9 and
SOX10 [10]. The expression of SOX9 is first detected in the VZ of
the mouse spinal cord around embryonic day (E) 10.5, just prior to
the onset of gliogenesis [11]. SOX9 continues to be expressed in matur-
ing astrocytes but is also transiently expressed in migratory
oligodendrocytes undergoing differentiation. Interestingly, conditional
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deletion of Sox9 leads to an extended period of neurogenesis and a
significant delay in the onset of gliogenesis [12]. The role of SOX9 in
regulating gliogenesis appears, at least in part, to be achieved through
the activation of the CCAAT-box binding transcription factor NFIA,
which is necessary for the proper initiation of gliogenesis and genera-
tion of astrocytes [13,14].

While the loss of SOX9 leads to a permanent reduction in the
number of generated astrocytes [12], the formation of oligodendro-
cytes is eventually restored. The recovery of oligodendrocyte forma-
tion in SOX9 mutant mice is likely due to the compensatory function
of SOX10, which starts to be expressed in migrating oligodendrocyte
precursors, and is maintained as these cells settle in the white
matter and terminally differentiate [12]. SOX10 directly regulates
the expression of genes involved in myelin production, which is
severely disrupted in oligodendrocytes lacking SOX10 [11]. While
these findings demonstrate an important role of SOXE proteins at
various stages of gliogenesis, it is not known how astrocyte and
oligodendrocyte genes are regulated to ensure their proper temporal
and sub-lineage-specific activation.

To examine how gliogenesis is regulated, it is necessary to under-
stand the cell-type-specific gene expression profiles of developing
astrocytes and oligodendrocytes. In this paper, we have conducted
single-cell RNA-sequencing (scRNA-seq) and defined the transcrip-
tomes specific to the major cell types in the developing mouse spinal
cord. ChIP-seq experiments in NPCs and GPCs further show that
astrocyte- and oligodendrocyte-specific gene programs are exten-
sively preselected prior to the onset of gliogenesis, through the
prebinding by SOX3 and SOX9. While SOX3 prebinding correlates
with the presence of active chromatin, it also prevents premature
activation of astrocyte genes by SOX9. Together, these analyses
reveal novel insights into how glial gene expression is regulated in a
sub-lineage and temporally defined manner.

Results

Neuronal- and glial-specific gene expression revealed
by scRNA-seq

To define gene expression profiles that characterize developing
neuronal and glial lineages in the CNS, we performed scRNA-seq on
CD133-sorted precursor cells isolated from embryonic (E) day 11.5
mouse spinal cord tissue, as well as on cells randomly isolated from
similar regions of E15.5 spinal cords (Fig 1A). scRNA-seq libraries

Figure 1. scRNA-seq analysis of mouse spinal cord cells.
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were generated using a modified Smart-seq2 protocol [15] and
sequenced on Illumina HiSeq 2000 (See Materials and Methods).
Following quality control (Fig EV1), a total of 350 cells were
selected for gene expression analysis. To define subtypes among the
sequenced cells, their transcriptomes were analyzed through
t-distributed neighbor embedding (t-SNE), instructed by the 495
most differentially expressed genes previously identified in bulk
RNA-seq samples of adult mouse neurons, astrocytes, and oligoden-
drocytes [16]. The output from the ¢-SNE was used to create an adja-
cency matrix [17] that was visualized in Igraph (CRAN), in which
seven distinct cell clusters were defined through Walktrap commu-
nity (Igraph; Fig 1A and B). Having delineated distinct Walktrap cell
clusters, we next defined their specific gene expression signatures
by cross-comparing each of the cell clusters using the single-cell dif-
ferential expression (SCDE) software package [18] (Fig 1B; Dataset
EV1). The majority of the gene expression profiles of the various
Walktrap cell clusters consisted of hundreds of differentially
expressed genes, but for one of the cell clusters, labeled in orange
(Fig 1B), only two differentially expressed genes could be signifi-
cantly defined. This cell cluster was therefore omitted from any
further analysis.

Within the differentially expressed gene sets of the remaining
Walktrap cell clusters, we identified genes characteristic of neural
precursor cells (e.g., Nes, Pax3, and Pou3f2; yellow cluster),
neurons (e.g., Rbfox3, Map2, and Stmn2; green cluster), astrocytes
(e.g., Slcla3; blue cluster), and oligodendrocytes (e.g., Mbp, Mpz,
and Sox10; red cluster; Fig 1B and C). Moreover, gene ontology
(GO) analysis of the differentially expressed genes in the various cell
clusters revealed significant enrichment of the GO terms “Neuronal
stem cell population maintenance” (yellow cell cluster), “Neuro-
transmitter secretion” (green cell cluster), “Astrocyte differentiation”
(blue cell cluster), and “Myelination” (red cell cluster), respectively
(Fig 1D). The differentially expressed genes of the remaining cell
clusters, marked with magenta and light blue, did not contain speci-
fic genes characteristic of cells originating within the CNS (Fig 1B),
but were highly enriched for the GO terms “Microglia activation”
and “Skeletal muscle tissue development”, respectively (Fig 1D).

Consistent with the results above, comparing the specific genes
of the different Walktrap cell clusters to those genes previously
reported to define specific cell types in the adult mouse brain
[16,19] revealed a highly significant overlap between the genes of
the green, blue, and red cell clusters and the genes expressed in
adult neurons, astrocytes, and oligodendrocytes, respectively
(Fig 1E). The genes representing the cell cluster marked by magenta

A Experimental setup for scRNA-seq analysis. E11.5 CD133" spinal cord progenitor cells were isolated using magnetic cell sorting (MACS), whereas E15.5 cells were
randomly isolated from dissociated spinal cord tissue. Bioinformatic analyses, including t-SNE, revealed clustering of 350 E11.5 CD133" progenitor cells and E15.5 cells.
Colors in the graph indicate cell origin (pink for E15.5 cells and brown for E11.5 cells).

B Walktrap community (Igraph) analysis of the cells revealed seven distinct cell clusters within the t-SNE graph (colored according to the Walktrap clusters),
highlighted in blue, yellow, green, red, light blue, magenta, and orange. Differential expression analysis revealed genes specifically expressed in each cell cluster.
Examples of two to three specifically expressed genes from each cell cluster are presented.

C Figures show the presence of differentially expressed genes within the analyzed single cells. Black color indicates cells with RPKM values above 40 for Pax3, 300 for

Stmn2, 200 for SlcIa3, and 100 for Mbp.
D GO analysis of the differentially expressed genes in each Walktrap cell cluster.

E Overlap between differentially expressed genes in three Walktrap cells clusters (marked by blue, green, and red) and genes expressed in adult murine astrocytes,
oligodendrocytes, and neurons. Adult neuronal and glial expression profiles were derived from two individual studies [16,19]. P-values (phyper, R) are calculated from
the total number of genes for the mm10 assembly (23,389). Non-significant overlaps were excluded.
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instead overlapped with genes expressed in microglia [19] Notably, although progenitor cells isolated at E11.5 and E15.5
(Fig EV2A). Thus, the Walktrap cell clusters appear to represent were similar enough to group together in the yellow Walktrap cell
precursor cells, neurons, astrocytes, and oligodendrocytes of the cluster, hierarchical clustering analysis [20] divided these cells into

developing CNS, as well as cells of mesodermal origin. two subgroups, generally based on their developmental age (Figs 1A
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and EV2B and C). A comparison of the genes differentially
expressed in the two subgroups, with the genes of the different
Walktrap cell clusters, revealed that the separation of the precursor
cells depended, at least in part, on a shift toward a glial expression
profile in the E15.5 progenitor cells (Fig EV2D). Hence, the yellow
progenitor cell cluster appears to consist of both NPCs and GPCs.

Glial genes are prebound by SOX3 and SOX9

ChIP-seq studies in NPCs have demonstrated that SOX3 prebinds
neuronal genes that are subsequently bound and activated by SOX4
and SOX11 in differentiating neurons [7,9], but whether genes acti-
vated during gliogenesis are regulated in a similar fashion by
sequentially acting SOX proteins is unclear. To address this, we
established in vitro cultures of differentiating embryonic stem cells
(ESCs), which recapitulate the sequential generation of NPCs and
GPCs, and used the resulting cells to analyze the binding pattern of
the NPC marker SOX3 and the GPC marker SOX9 (Figs 2A and
EV3A) [21]. 4 days of differentiating conditions (DDC) lead to the
formation of cells expressing SOX3 both at the mRNA and protein
levels and that were competent of generating differentiated TUJ1™"
neurons, but not glia (Fig 2B and C). After 11 DDC, the cells addi-
tionally upregulated high mRNA and protein levels of the GPC
marker SOX9, and these cells were instead competent of generating
GFAP" and SOX10" astrocytes and oligodendrocytes, but not
neurons (Fig 2B and C). Performing ChIP-seq experiments, we next
analyzed the binding pattern of SOX3 and SOX9, as well as the
active chromatin marker H3K27Ac [22], within the ESC-derived
NPCs and GPCs.

Comparing the genes bound by SOX3 in NPCs [7] with the dif-
ferentially expressed genes of the defined Walktrap cell clusters
demonstrated that SOX3, apart from targeting many genes expressed
in precursor cells and neurons, also prebound many genes that are
first activated in developing astrocytes and oligodendrocytes
(Fig 2D). Interestingly, the prebinding of glial genes could also be
detected with SOX2 ChIP-seq experiments on mouse spinal cord
E11.5 NPCs (Fig 2E) [23]. Moreover, focusing on DNA regions
targeted by SOX3 in NPCs we next mapped H3K27Ac ChIP-seq read
density in NPCs and GPCs. These analyses revealed one subset of
active chromatin regions that could only be detected in NPCs
(Fig 2F) and another subset of active chromatin that were observed
in both NPCs and GPCs (Fig 2F). Interestingly, enrichment analysis
showed that DNA regions with high levels of H3K27Ac ChIP-seq
read density in NPCs (group I loci) were associated with genes
expressed in NPCs, neurons, or oligodendrocytes, but not astrocytes
(Fig 2G). In contrast, DNA regions with high levels of H3K27Ac in
both NPCs and GPCs (group II loci) were strongly enriched around
genes specifically expressed in astrocytes (Fig 2G). Thus, although
SOX3 prebinds many chromatin regions in NPCs that are associated
with both neuronal and glial genes, it is mainly those in the proxim-
ity of astrocyte-specific genes that remain active in GPCs.

The SOX3- and SOX9-based ChIP-seq experiments in GPCs
resulted in the identification of thousands of significant peaks for
both the transcription factors (Dataset EV2). The different DNA
regions targeted by SOX3 and SOX9 showed a high internal concor-
dance between the different ChIP-seq replicates, as well as centrally
enriched SOX DNA-binding motifs within the consensus peak sets
(Fig EV3B and C). SOX3 targeted many new sites in GPC, but
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approximately one-third of its binding sites were conserved from
NPCs (Fig 2H). Consistent with the finding that mainly astrocyte-
specific genes maintained an association with H3K27Ac between
NPC and GPC stages (Fig 2G), astrocyte genes were also most
strongly enriched among the genes that were bound by SOX3 in
both NPCs and GPCs (Figs 2H and EV3D). The binding of SOX9 was
primarily enriched around genes specifically expressed in astrocytes
and oligodendrocytes (Fig EV3E). Moreover, SOX9 shared a signifi-
cant portion of its targets with SOX3 in GPCs (Fig 2I). Interestingly,
the majority of these DNA regions were also bound by SOX3 in
NPCs (Fig 2J) and were specifically and highly enriched in the vicin-
ity of genes expressed in astrocytes (Fig 2J). Hence, while both
astrocyte- and oligodendrocyte-specific genes are prebound by SOX9
in GPCs, a specific feature of astrocyte genes is that this prebinding
occurs in conjunction with SOX3.

Prebound genes are expressed throughout glial differentiation

The observation that SOX3 and SOX9 prebind silent glial genes
raised the question about the timing during astrocyte and oligoden-
drocyte differentiation these genes start to be expressed. To address
this issue, we first employed Monocle [24] to position cells of the
astrocyte and oligodendrocyte Walktrap cell clusters along pseudo-
time axes, representing glial maturation (Fig EV4). Gene expression
analysis revealed that the astrocyte genes, Sox9 and Sicla3 (Fig 1B),
increased strongly along the astrocyte pseudotime axis (Fig 3A),
confirming an accurate positioning of these cells based on their
maturation. Moreover, we could not detect expression of the
neuronal marker Rbfox3 or the oligodendrocyte gene Mbp within
these cells (Figs 1B and 3A). Along the oligodendrocyte pseudotime
axis, we instead detected increasing expression of Mbp and SoxI0
(Fig 3B), whereas Sox9 had the opposite expression pattern and was
gradually decreased with maturation (Fig 3B). Expression of Rbfox3
could not be detected in maturing oligodendrocytes (Fig 3B).

We next used Monocle to randomly sample 4000 genes from
gene expression profiles (RPKM > 2) of the astrocyte and oligoden-
drocyte Walktrap cell clusters (Fig 1B). The selected genes were
categorized into four gene clusters, depending on their expression
pattern along the astrocyte and oligodendrocyte pseudotime axes
(Fig 3C and D). By examining the different gene clusters for the
presence of the astrocyte- and oligodendrocyte-specific genes
defined by our scRNA-seq experiments (Dataset EV1), we found that
these were significantly enriched in the gene clusters representing
the most mature cells (clusters A4 and O4; Fig 3E and F). Thus, dif-
ferential gene expression between glial subtypes appears to increase
with cellular maturation. Moreover, while genes prebound by SOX9
in GPCs were evenly distributed among the four astrocyte and oligo-
dendrocyte gene clusters (Al-A4, 01-O4; Fig 3E and F), genes
prebound by SOX3 were preferentially activated at late stages of
astrocyte development (Fig 3E).

NFIA motifs in SOX3- and SOX9-bound astrocyte
enhancer regions

While SOX9 is important for astrocyte development, it is also
involved in the specification of oligodendrocytes together with
SOX10 [12] (Fig 4A). To examine how SOX9-targeted genes are acti-
vated in a glial sub-lineage-specific manner, we first compared the

© 2018 The Authors
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Figure 2. Glial genes are prebound in NPCs.

A Experimental setup for ESC-based in vitro derivation of NPCs (4 days of differentiation condition, DDC) and GPCs (11 DDC). Time points for SOX3, SOX9, and H3K27Ac
ChIP-seq experiments are as indicated.

B Expression (RPKM) of Sox3 and Sox9 in NPC and GPC cultures from RNA-seq experiments. Results are represented as mean £ SEM from three to four experiments
(n = 3 for NPC and n = 4 for GPC, *** equals P = 4 x 107>, t-test).

C Immunohistochemical analysis of SOX3 and SOX9 expression in ESC-derived NPC and GPC cultures. Analysis of TUJ1, GFAP, and SOX10 protein expression in
differentiated cultures revealed that NPCs give rise to neurons and GPCs to astrocytes and oligodendrocytes. Scale bar: 40 pum.

D Bar graph shows enrichment of genes bound by SOX3 in NPCs within the differentially expressed gene sets. Yellow bar represents enrichment within NPC/GPC genes,
green bar within neuronal genes, blue bar within astrocytic genes, and red bar within oligodendrocytic genes.

E Bar graph shows enrichment of genes bound by SOX2 in mouse E11 spinal cord within the different gene sets. SOX2 data from Ref. [23].

F H3K27Ac read density in NPCs or GPCs around DNA regions bound by SOX3 in NPCs. SOX3 DNA regions with different H3K27Ac read density patterns in NPCs and
GPCs were categorized as group | and Il loci. Graphs show the mean read density of H3K27Ac in NPCs and GPCs at group | and Il loci.

G Expression pattern of genes associated with group | and Il loci (from Fig 2E) within differentially expressed gene sets. Significance calculated by prop.test R,

***p < 0.001.

H Venn diagram shows overlap between SOX3 binding in NPCs and GPCs. Bar graph shows expression pattern of genes continuously bound by SOX3 NPCs and GPCs.

I Venn diagram shows overlap between SOX3 and SOX9 binding in GPCs. Bar graph shows expression pattern of genes co-bound by SOX3 and SOX9 in GPCs.

] ChIP-seq peak graphics around the astrocyte gene Fgfbp3. ChiP-seq peaks are derived from three different experiments: SOX3 ChIPs in NPCs, SOX3 ChIPs in GPCs, and
SOX9 ChlPs in GPCs. Both ChIP-seq reads and called peak regions (underlying black lines) are shown for all data sets. Bar graphs show the distribution of
differentially expressed genes that are bound by all three factors. P-Values (phyper, R) are calculated from the total number of protein-coding genes in mm10
assembly (23,389).
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Figure 3. SOX3 and SOX9 prebind genes expressed at both early and late stages of gliogenesis.

A Sox9, Slcla3, Mbp, and Rbfox3 expression in astrocytes that have been arranged according to a pseudotemporal order. Dashed lines denote threshold levels RPKM = 1.

B Sox9, Sox10, Mbp, and Rbfox3 expression in oligodendrocytes that have been arranged according to a pseudotemporal order. Dashed lines denote threshold levels
RPKM = 1.

C 4,000 randomly selected genes expressed in astrocytes (threshold RPKM > 2) were clustered into four groups (A1-A4) according to their expression patterns along the
pseudotime axis.

D 4,000 randomly selected genes expressed in oligodendrocytes (threshold RPKM > 2) were clustered into four groups (01-04) according to their expression patterns
along the pseudotime axis.

E Enrichment of astrocyte-specific genes (from scRNA-seq) and genes bound by SOX3 and SOX9 in GPCs in the four different astrocyte gene clusters (A1-A4), shown in
panel (C). Three-star significance equals P-value e-13 (prop.test, R) based on the size of the gene groups (AL = 740, A2 = 1,019, A3 = 882, A4 = 1,236).

F Enrichment of oligodendrocyte-specific genes (from scRNA-seq) and genes bound by SOX3 and SOX9 in the four different oligodendrocyte gene clusters (01-04),
shown in panel (D). Three-star significance equals P-value e-16 for cluster O4 (prop.test, R) based on the size of the gene groups (01 = 1,371, 02 = 1,451, 03 = 839,
04 = 141).

binding pattern of SOX9 to that of SOX10 in oligodendrocytes [25]. enriched (Fig 4B). Interestingly, considering SOX10-bound genes in
The SOX10 ChIP-seq data set included thousands of target genes, in GPCs were selectively prebound by SOX9, but not by SOX3 (Fig 2I),
which oligodendrocyte-specific genes were the most significantly we identified, apart from an even further enrichment of
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oligodendrocyte-specific genes (Fig 4C), also a strong enrichment
of genes specifically expressed in astrocytes (Fig 4C). Thus, in
GPCs, SOX9 prebinds astrocyte-specific genes together with SOX3,
and without SOX3, it prebinds astrocyte and oligodendrocyte genes
that are subsequently targeted by SOX10 in oligodendrocytes
(Fig 4D).

We next cross-compared SOX9-bound DNA regions associated
with astrocyte and oligodendrocyte genes for the specific enrich-
ment of potential partner transcription factor binding motifs. These
analyses revealed that DNA regions around astrocyte genes, which
are prebound by SOX9 and SOX3 in GPCs, were primarily enriched
for Nfi motifs (Figs 4E and EV5A). In contrast, SOX9-bound DNA
regions that are subsequently targeted by SOX10 in oligodendrocytes
were around astrocytic genes enriched for Ehf motifs (Figs 4E and
EVS) and around oligodendrocyte genes enriched for Zbtb3 motifs
(Figs 4E and EVS). However, among the relevant candidate tran-
scription factors targeting the enriched DNA motifs, only Nfia,
which binds Nfi motifs [13], was significantly expressed within our
scRNA-seq-derived Walktrap cell clusters (Fig 4F; Dataset EV1).
Consistently, ChIP-seq experiments in GPCs revealed that NFIA
binding was more strongly enriched at SOX9-targeted DNA regions
(28% of SOX9-bound regions) compared to site target by SOX3 only
(Fig EV5B-D). Thus, the specific enrichment of transcription factor
binding motifs within SOX9-targeted DNA regions is strongly corre-
lated with the additional binding by SOX3 or subsequently SOX10
and whether these DNA regions are associated with astrocyte or
oligodendrocyte genes.

Astrocyte gene expression is prevented by SOX3

During neurogenesis, SOX3 can prevent premature activation of
neuronal genes by SOX4 and SOX11 [7], but whether glial gene
expression is regulated similarly by sequentially expressed SOX
proteins is unknown. To address this issue, prebound cis-regulatory
modules (CRMs), selected based on their conservation and on the
expression of their associated glial genes (see Materials and Meth-
ods), were inserted into luciferase (luc) reporter vectors and
analyzed in the mouse carcinoma cell line pl19. Luc reporters
containing CRMs associated with the astrocyte-specific genes Fgfbp3
and Ttyhl, which are prebound by SOX3 and SOX9 in GPCs, were
activated by SOX9 (Fig 5A). Moreover, consistent with the enrich-
ment of Nfi motifs in these CRMs, they were synergistically acti-
vated by SOX9 and NFIA (Fig SA), even though NFIA failed to
activate the CRMs on its own (Fig 5A).

The regulation of CRMs that are sequentially bound by SOX9 and
SOX10 in GPCs and oligodendrocytes was dependent on whether
these were associated with astrocyte or oligodendrocyte genes.
While astrocytic CRMs that are sequentially bound by SOX9 and
SOX10 could not be activated by either of these proteins (Fig 5B),
CRMs associated with the oligodendrocyte genes Plekhbl and Mid2
were activated by SOX9 and SOX10 in an additive manner (Fig 5C).
Moreover, both SOX9 and SOX10 showed a glial specificity and
could not activate CRMs associated with the neuronal genes Tubb3
and Lhx2 (Fig 5D). Hence, these transactivation studies provide
evidence for a high degree of functional specificity of SOX9, SOX10,
and SOX11 in the activation of glial and neuronal CRMs.

While SOX3 prebinds astrocyte genes in GPCs, it failed to activate
their examined CRMs and in fact significantly suppressed their

© 2018 The Authors
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activation by SOX9 and NFIA (Fig 5A). This finding raised the possi-
bility that the presence of SOX3 negatively controls the onset of
astrocyte differentiation. Consistent with this idea, lentiviral expres-
sion of SOX3 for 96 hrs in GPCs reduced the generation of GFAP*
cells fivefold (Fig 5E and F), compared to those cells transduced
with a control lentivirus expressing GFP only. Interestingly, the
formation of SOX10* oligodendrocytes was not affected by high
levels of SOX3 expression (Fig SE and F).

SOX3 represses premature induction of spinal cord astrocytes
by SOX9

The ability of SOX3 to counteract astrocyte gene expression and
maturation in vitro raises the possibility that SOX3 hinders progeni-
tor cells in the developing CNS from committing to premature astro-
cyte differentiation. To address this possibility, we used chick in ovo
electroporation to either increase or decrease the activity of SOX3 in
embryonic spinal cord. Consistent with the ability of SOX3 to block
astrocyte gene expression, overexpression of SOX3 for 48 hrs
decreased the expression of astrocyte genes FGFR2, NFIA, and Fgfr3
(Fig 6A), whereas misexpression of a dominant negative version of
SOX3 (dnSOXB1) promoted cells to prematurely express these mark-
ers already 24 hrs post-transfection (Fig 6B). High levels of SOX9
have previously been shown to induce premature astrocyte differen-
tiation in the chick spinal cord [14]. Interestingly, while misexpres-
sion of SOX9 for 24 hrs induced the expression of FGFR2, NFIA, and
Fgfr3 (Fig 6C), these were efficiently blocked by co-electroporated
SOX3 (Fig 6D). Thus, SOX3 has the capacity to prevent premature
astrocyte formation in the developing CNS.

Discussion

In ESCs, it is well established that SOX2, apart from regulating genes
necessary for the specification of the pluripotent state, also prebinds
many silent genes that are first activated in the emerging embryonic
lineages [26]. SOX2 and SOX3 target, in a similar fashion, a signifi-
cant number of silent genes in NPCs that are first expressed in
neurons [6,7]. Furthermore, in this study we demonstrated how
SOX3 and SOX9 preselect gene programs in NPCs and GPCs that first
are activated during gliogenesis.

What role does prebinding play in regulating target gene
expression? One possibility is that prebinding of genes licenses
their expression by maintaining the accessibility of important
CRMs for the subsequent binding of activating proteins (Fig 6E).
Consistent with this idea, SOX2 has recently been demonstrated
to possess pioneering functions, by facilitating the opening of
chromatin regions, previously inaccessible to transcription factor
binding [27]. For instance, together with OCT4, KLF4, and c-
MYC, SOX2 plays a prominent role in the reprogramming of
human fibroblasts into iPS cells, a function that it shares with
SOX1 and SOX3 [28,29]. Under these reprogramming conditions,
ectopic SOX2 can target chromatin regions that are DNase I-resis-
tant and that lack markers of open chromatin, such as H3K27Ac
and H3K4me3 [30]. The efficiency by which condensed chromatin
is targeted may be explained by the fact that the conformation of
DNA wrapped around histones widens the minor groove, which
is bound by SOX2 [31]. Moreover, apart from their proposed
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Figure 4. Enrichment of NFI binding motifs around astrocyte-specific genes.

A Graphical view showing SOX9 and SOX10 expression among spinal cord cells analyzed with scRNA-seq.

B Bar graph shows enrichment of genes bound by SOX10 in rat oligodendrocytes within the differentially expressed gene sets. Yellow bar represents enrichment within
NPC/GPC genes, green bar within neuronal genes, blue bar within astrocytic genes, and red bar within oligodendrocytic genes. SOX10 ChIP-seq data from Ref. [25].

C Venn diagram shows 2,622 SOX9-bound sites in GPCs, which are not co-targeted by SOX3, and their overlap with SOX10-bound sites in mature oligodendrocytes. Bar
graph shows that mostly oligodendrocyte-specific genes are sequentially bound by SOX9 in GPCs and by SOX10 in oligodendrocytes. However, SOX9 and SOX10 also
bind genes that are selectively expressed in astrocytes.

D ChlIP-seq peak graphics around the oligodendrocyte gene Plekhbl. ChIP-seq peaks are derived from four different experiments: SOX3 ChIP-seq in NPCs, SOX3 ChIP-seq
in GPCs, SOX9 ChIP-seq in GPCs, and SOX10 ChIP-seq in oligodendrocytes. Both ChIP-seq reads and called peak regions (underlying black lines) are shown for all data
sets except for SOX10, for which only called peak regions are shown (black line). Triangle in the SOX10 data set indicates called peak. SOX10 ChlIP raw reads could not
be transferred from rn5 to mm9 assembly, and therefore, only SOX10 peak regions are shown in the figure. Scale bar: 5 kb.

E Figure shows most strongly enriched DNA-binding motifs within three specific peak sets: SOX3- and SOX9-bound regions around astrocyte-specific genes, SOX9- and
SOX10-bound regions around astrocyte-specific genes, and SOX9- and SOX10-bound regions around oligodendrocyte-specific genes.

F  Expression of Nfia, Ehf, and Zbtb3 among spinal cord cells analyzed with sScRNA-seq. Red color indicates cells with RPKM values above 55 for Nfia, 5 for Zbtb3, and 5
for Ehf. n = 3 for SOX9 and 2 for SOX3. P-Values (phyper, R) are calculated from the total number of genes for mm10 (23,389).

pioneering functions, SOX2 and SOX3 have also been demonstrated C2C12 upon their misexpression [7]. It is likely that these func-
to possess the ability to establish activating H3K4 methylation, tions promote the formation of permissive chromatin around
both in hematopoietic cells [32] and in the mesodermal cell line targeted CRMs, which in turn facilitates the expression of
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Figure 5. Sequentially acting SOX proteins control neuronal- and glial-specific CRMs.

A Luc reporter assays in P19 cells. Luc reporters containing SOX3- and SOX9-bound CRMs around the astrocyte-specific genes Fgfbp3 and Ttyhl were strongly activated
by SOX9 in synergy with NFIA, an activation that could be efficiently blocked by SOX3. No activation of these reporters could be detected with SOX10 or SOX11.

B Luc reporters containing SOX9- and SOX10-bound DNA regions around the astrocyte genes Aldh1/1 and Atpla2, which are not expressed in SOX10* oligodendrocytes,

could not be activated by SOX9 or SOX10.

C Luc reporters containing SOX9- and SOX10-bound CRMs around the oligodendrocyte-specific genes Plekhbl and Mid2 were activated in an additive manner by SOX9

and SOX10. No activation could be detected with SOX11.

D Luc reporters containing SOX3- and SOX11-bound CRMs of the neuronal genes Tubb3 and Lhx2, which are sequentially bound by SOX3 and SOX11, could be activated
by SOX11 and efficiently repressed by SOX3. No activation could be detected with SOX10.

E Forced expression of SOX3 for 96 h in differentiating GPCs blocked the formation of astrocytes but not oligodendrocytes. Scale bar: 25 pum.

F Statistical view of panel (E). Bars represent mean values (of three experiments) of cells expressing GFAP or SOX10 in GFP or Sox3-transduced cells.

Data information: Error bars indicate standard deviation of three to seven individual samples, (t-test) *0.05 < P < 0.01; **0.01 < P < 0.001; ***P < 0.001.

associated genes when a cellular context of activating transcrip-
tion factors has developed (Fig 6E).

In addition to promote subsequent gene activation, prebinding
by SOX2 and SOX3 also appears to prevent premature activation of
the targeted genes [7]. For instance, SOX2 and SOX3 have been
shown to block premature activation of prebound neuronal genes
[7]. Furthermore, in this study we show through gain-of function
and loss-of function experiments in vitro and in the chick spinal
cord that SOX3 has a similar function during astrocyte development
and that it efficiently hinders SOX9 from activating astrocytic gene
expression (Fig 6). While this activity may be achieved through

© 2018 The Authors

several indirect mechanisms, our previous observation showing that
the DNA-binding HMG domains of SOX2 and SOX3 can hinder the
onset of prebound neuronal genes [7] suggests that the repression of
prebound genes can be accomplished through direct competition for
binding motifs with activating SOX proteins. While SOX3 performs a
negative regulation of prebound astrocyte genes and their activation
are dependent on the downregulation of SOX3, SOX3 expression did
not affect oligodendrocyte formation. In fact, both SOX2 and SOX3
are necessary for proper oligodendrocyte differentiation by nega-
tively regulating miR145, which in turn inhibits genes promoting
myelination [33].
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Figure 6. SOX3 prevents premature astrocyte induction in the chick spinal cord.

A SOX3 overexpression experiments in chicken spinal cord at E4. 48 h post-electroporation, transfected side showed decreased expression of FGFR2, NFIA, and Fgfr3.

Scale bar: 50pm.

B 24 h after miss-expression of a dominant negative version of SOXB1 (dnSOXB1), premature expression of FGFR2, NFIA, and Fgfr3 was found in the transfected side.

Scale bar: 40 pm.

C 24 h after SOX9 overexpression in chicken spinal cord (at E4), increased expression of FGFR2, NFIA, and Fgfr3 was shown compared to the un-transfected control side.

Scale bar: 40 pm.

D Sox3 and Sox9 co-electroporation in chicken spinal cord at E4 could rescue the effect of SOX9 overexpression, and FGFR2, NFIA, and Fgfr3 levels were comparable to
the un-transfected control side. Embryos were analyzed 24 h post-electroporation. Scale bar: 40 pum.

E Proposed model of sequentially acting SOX proteins in neuronal and glial lineage specification. Silent neuronal, astrocyte, and oligodendrocyte genes are all prebound
by SOX3 in NPCs. In GPCs, transactivating astrocytic enhancers (CRM A), enriched for NFI motifs, become additionally targeted by SOX9, whereas non-activating
astrocytic enhancers (CRM B) or CRMs around oligodendrocyte genes become prebound by SOX9 only. While SOX3 represses the activation of prebound genes,
neuronal and glial gene expression become activated when SOX3 is downregulated and a cellular context of activating transcription factors has developed, which
according to the model can consist of SOX11 in neurons, SOX10 in oligodendrocytes, and NFIA and SOX9 in astrocytes. It should be noted that we do not provide any

evidence that SOX3/SOX9 or NFIA/SOX9 physically interact or co-bind DNA.

While SOX9 targets genes of both glial sub-lineages, its expres-
sion within GPCs, astrocytes, and oligodendrocytes raises the ques-
tion of how SOX9 can direct gene expression specificity among
these cell types. In a HOMER-based search for regulatory motifs
within CRMs around astrocyte and oligodendrocyte genes, a selec-
tive enrichment of Nfi motifs was identified within astrocytic CRMs,
targeted by SOX3 and SOX9. Consistently, NFIA has previously been
demonstrated to promote the formation of astrocytes upon misex-
pression in the embryonic chick spinal cord [14] and we have
provided evidence for a synergistic function between NFIA and
SOX9 in the transactivation of astrocyte-specific CRMs. Although
our scRNA-seq experiments suggest that Nfia expression is primarily
confined to astrocytes, we could also detect a limited number of
Nfia® cells among progenitor cells and oligodendrocytes (Fig 4E)
[13,14]. In this respect, it was interesting to note that the synergistic
activity between SOX9 and NFIA was significantly blocked by the
presence of SOX3 and that NFIA has previously been shown to be
antagonized by SOX10 in oligodendrocytes [34]. Thus, NFIA activity
is primarily confined to developing astrocytes and is likely to act
together with SOX9 in directing gene expression specificity among
glial subtypes.

Materials and Methods

Preparation of cDNA libraries, sequencing, read alignments, and
quality control

E11.5 and E15.5 mouse spinal cords (thoracic region) were dissected
and cells dissociated into single-cell suspension using MACS Neural
Tissue Dissociation Kit (Miltenyi Biotec, 130-092-628). An additional
step was performed on E11.5 tissue, whereby cells were magneti-
cally sorted using an antibody against CD133 for enrichment of
neural stem cells (according to the manufacturer’s recommenda-
tions; kit CD133). Single cells from E15.5 dissociated tissue and
E11.5 CD133" cells were manually picked, using a pulled capillary
glass needle, and transferred to single tubes containing 2 pl lysis
buffer [15]. RNA and cDNA were prepared according to Smart-seq2
protocol [15], except for preamplification that was carried out using
21 PCR cycles. Libraries were prepared according to the instructions
following the Nextera XT DNA Library Prep Kits (FC-131-1024, Illu-
mina) using dual indexes (i5+i7) and sequenced on Illumina HiSeq
2000, giving 43 bp reads following de-multiplexing. Sequencing was

© 2018 The Authors

done to the average depth of 6 x 10° reads per cell. Reads were
aligned to the mm10 mouse assembly using STAR v2.3.10 (default
settings). Gene expression values were calculated as reads per kilo-
base gene model and million mappable reads (RPKMs) for each
RefSeq transcript using rpkmforgenes [35]. Quality control (QC)
based on fraction exon-mapping reads, gene coverage, mapping
rate, and mismatch/indel rate were done according to Ref. [36]
where cutoffs were set at the tail of the distributions for each of
these metrics for two individual runs of sequencing (Fig EV1).
Forty-two cells of a total of 392 did not pass the quality control and
were excluded from further analysis; 350 cells were left for further
analyses.

Defining cell populations and specifically expressed genes

t-distributed stochastic neighbor embedding (t-SNE) of the 350 cells
passing the quality control was conducted based on the expression
of the 495 most differentially expressed genes in astrocytes, oligo-
dendrocytes, and neurons according to (http://web.stanford.ed
u/group/barres_lab/brain_rnaseq.html) [16] was performed 10
times (initial dims = 25, perplexity = 15, theta = 0.01). The outputs
from t-SNE were applied to create an adjacency matrix that was
used to build an Igraph (CRAN) network [17]. In that network,
seven distinct cell clusters were defined through Walktrap commu-
nity (Igraph, CRAN, Pascal Pons, Matthieu Latapy: Computing
communities in large networks using random walks, http://arxiv.
org/abs/physics/0512106). To define specifically expressed/
enriched genes, we performed single-cell differential expression
(SCDE) [18] on each of the seven Walktrap clusters vs all other
cells. Genes were considered specific when mle > 1.5 (maximum
likelihood estimate of the 95 ce conservative estimate of expression
fold change) and adjusted P-value < 0.05. Genes that met these
criteria in more than one group were removed in order to establish
stringent gene expression data for each cell cluster and to avoid
genes expressed by intermediate cell stages. The generated gene lists
from the seven cell clusters were subjected to statistical overrepre-
sentation tests (Panther, http://pantherdb.org/, default settings,
without Bonferroni correction) in order to find the clusters contain-
ing neurons, astrocytes, oligodendrocytes, and progenitor cells. Our
lists containing genes specifically expressed in mouse embryonic
spinal cord astrocytes, oligodendrocytes, and neurons were further
compared to gene lists for astrocytes, oligodendrocytes, and
interneurons from single-cell RNA-seq experiments of adult mouse
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brain [19] as well as to the top 500 most differentially expressed
genes in astrocytes, oligodendrocytes, and neurons from bulk RNA-
seq experiments of adult mouse brain [16]. P-values (phyper, R
package) for overlaps are calculated from the total number of
protein-coding genes reported in mm10 mouse assembly (23,389)
without Bonferroni correction.

Hierarchical clustering of NPCs/GPCs

Dimensionality reduction was performed with t-stochastic neighbor
embedding (¢-SNE) with 20 first principal components, a perplexity
of 9 and theta = 0.001 using the R software package (Krijthe, J.
Rtsne: T-distributed stochastic neighbor embedding using Barnes—
Hut implementation. R package version 0.9). Due to the randomness
in t-SNE output, 20 runs with Rtsne were used for hierarchical clus-
tering and bootstrapping with the pvclust R package [20], which
clearly separated out two groups with 100% bootstrap values.

Pseudotemporal ordering of astrocytes and oligodendrocytes

For Monocle [24], the transcriptomes of the astrocyte and oligoden-
drocyte populations (designated in blue and red, respectively, in
Fig 1B) were isolated and all genes expressed at RPKM > 2 in mini-
mum of five cells (astrocytes) and four cells (oligodendrocytes) of
the populations were used to derive a pseudotime axis. Expression
of single genes was plotted using the function plot_genes_in_pseu-
dotime. By using Monocle’s gene clustering algorithm, 4,000
expressed genes (randomly chosen) from each cell type were clus-
tered into four groups, respectively, based on their expression
pattern along the pseudotime axis. All genes from each of these gene
clusters were compared to our astrocyte-specific and oligodendro-
cyte-specific gene lists as well as to SOX3- and SOX9-bound genes in
GPCs. Overlaps are presented as enrichment score (Es): Es = (over-
lap/(size groupl x size group2) x 10%).

ES cell culturing

Embryonic stem cells were propagated in feeder-free conditions as
described before [37]. Neural differentiation was induced in N2B27
medium [37] by 0.1 uM All-trans RA (Sigma) on bovine fibronectin
(Sigma)-treated culture plastic. GPCs were isolated from differentiat-
ing cultures by magnetic sorting with A2B5 magnetic beads (Miltenyi
Biotec, 130-093-388) according to the manufacturer’s instructions at
d8 and propagated on fibronectin-treated plastic in N2B27 media in
the presence of EGF and FGF2 (10 ng/ml, Life Technologies).

Chromatin immunoprecipitation

ChIP experiments were done according to established protocols [7]
with the use of the following antibodies: rabbit a-SOX3 [7], rabbit
a-SOX9 (Millipore, AB5535), rabbit o-NFIA (Sigma, HPA006111),
and o-H3K27Ac (Diagenode, C15410174). ChIP libraries were
prepared using TruSeq ChIP Library Prep Kit (Illumina) according to
the manufacturer’s recommendations followed by sequencing on
Illumina HiSeq 2000 giving 43 bp reads, 7-20 x 10° reads per ChIP
experiment. Individual ChIP experiments were confirmed by qPCR
for enrichment over IgG control sample at specific target sites for
each factor before sequencing (primers available upon request).
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ChIP-seq bioinformatics analyses

ChIP reads were aligned to the mouse genome assembly mm9 by
star/2.3.10 [38]. Mapped reads from ChIP-seq replicates (SOX3
ChIP: 2 replicates, SOX9 ChIP: 3 replicates, NFIA ChIP: 2 repli-
cates, and H3K27Ac ChIP: 3 replicates) were pooled for each
factor and peak calling performed on pooled files according to
Lun et al [39]. The highest possible score for centrally enriched
binding motifs for the specific factor decided which peak calling
approach that finally was used for the processed files, for SOX3
ChIP-seq, MACS14 (default settings), for SOX9 ChIP-seq, MACS2
(default settings), and for NFIA ChIP-seq, SISSRS (FDR 10-7). For
H3K27Ac ChIP-seq, mapped reads were pooled from all three
replicates and the pooled file was used with no further process-
ing. Centrally enriched motifs for the different consensus peak
sets are shown in Figs EV3 and EV5. Mapping and peak calling of
SOX3 ChIPs in NPCs have been described elsewhere [7]. The rat
SOX10 ChIP-seq peak coordinates [25] were converted to the
mouse genome (mm9) using LiftOver (UCSC, default settings).
We did not convert raw reads from rat SOX10 ChIP into the mm9
assembly. Overlaps between ChIP-seq peaks were considered
when >1bp at maximum 150 bp from peak center using
BEDTools intersect function [40]. For overlap between SOX3-
ChIPs in NPC and GPC and H3K27Ac in NPCs and GPCs, we used
seqMINER software (JAVA) [41] to directly map reads from
H3K27Ac-ChIP experiments onto SOX3 peak regions. Fractions of
DNA regions were further analyzed when mean density of
H3K27Ac reads was > 22 tags/50 bp of SOX3-bound regions. Gene
annotation was performed using GREAT 3.0.0. Motif enrichment
was performed using HOMER software [42] following the findMo-
tifsGenome.pl function (default settings) where the two remaining
peak sets were used as background for the three individual
HOMER runs in Fig 4.

Sub-cloning of DNA enhancers, transactivation assays, and Sox3
overexpression in GPCs

Mouse genomic regions (mm9) in Fig 5 were selected based on ChIP-
seq and single-cell RNA-seq experiments and conservation: Fgfbp3
chr19:36985056-36985557, Ttyhl chr7:4075162-4075662, Aldhlll
chr6:90481980-90482073, Atpla2 chrl:174226087-174226172, Mid2
chrX:137195192-137195362, Plekhbl  chr7:107802449-107802717,
Tubb3 and Lhx3 enhancer regions have been described elsewhere [7].
These DNA regions were synthesized by GenScript between BglII and
Xhol sites and sub-cloned into a pTK-luc vector. Transactivation
assays were performed in P19 cells as described elsewhere with the
exception of 100ng of pTK-luc vectors and 50ng of SOX and/or NFIA
expression vectors: pCAGG-Sox3 (mouse), pCAGG-Sox9 (mouse),
PCAGG-Sox10 (rat), pCAGG-Sox11 (mouse, M. Wegner, University of
Erlangen), and pCAGG-Nfia (mouse), alone or in combinations. For
SOX3 overexpression, ESC-derived GPCs were transduced with
pLenti-Sox3 or pLenti-GFP and cells were cultured under differentia-
tion conditions for 4 days before fixed in 2% PFA for 20 min at RT
and processed for immunohistochemistry using the following antibod-
ies: rabbit a-GFAP (DAKO), goat -SOX10 (Santa Cruz), rabbit a-SOX3
(S. Wilson, Umea University, Sweden), goat a-SOX3 (R&D), rabbit
o-GFP (Molecular Probes), and goat o-GFP (Abcam). Results are
presented as mean value and standard deviation from five to seven
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individual samples, and three-star indicates P-

value > 0.001 (t-test).

significance

Chick neural tube electroporation

Electroporation of chicken neural tube was done at stage E4, and
embryos were harvested 24 or 48 h post-transfection. Following
plasmids were co-electroporated with eGFP-pCAGG (0.5 pg/pl)
control vector and in combinations: mSox3-pCAGG (1 pg/ul) [3],
dnSoxB1-pCAGG (1 pg/ul) [43], Sox9-pCAGG (1 pg/ul) [44]. Other
details concerning chick electroporation have been described else-
where [7]. Antibodies used for staining of chicken tissue were as
follows: rabbit o-NFIA (Sigma, HPA006111), rabbit o-FGFR2, and
goat o-GFP. In situ hybridization was done according to standard
procedures at frozen sections, and probe targeting chicken o-Fgfr3
were synthesized from whole brain lysate (chicken, E7) using the
following primers: Forward 5'-ATACTTGAGGAGCGAGACCGCCT-3/,
Reverse 5-AGTATATTCCCCAGCATCCTCA-3'.

Data availability

The accession number for the raw sequence data and processed files
for ChIP-seq experiments and RNA-seq experiments reported in this
paper is GEO: GSE117997. The accession number for raw sequence
data for single-cell RNA-seq experiment is SRA accession:
SRP155924.

Expanded View for this article is available online.
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