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Abstract

The subventricular zone (SVZ) is the largest neurogenic niche in the adult forebrain.
Notably, neural stem cells (NSCs) of the SVZ generate not only neurons, but also
oligodendrocytes, the myelin-forming cells of the central nervous system.
Transcriptomic studies have provided detailed knowledge of the molecular events
that regulate neurogenesis, but little is understood about adult oligodendrogenesis
from SVZ-NSCs. To address this, we performed in-depth single-cell transcriptomic
analyses to resolve the major differences in neuronal and oligodendroglial lineages
derived from the adult SVZ. A hallmark of adult oligodendrogenesis was the stage-
specific expression of transcriptional modulators that regulate developmental
oligodendrogenesis. Notably, divergence of the oligodendroglial lineage was
distinguished by Wnt-Notch and angiogenesis-related signaling, whereas G-protein-
coupled receptor signaling pathways were the major signature observed in the
neurogenic lineage. Moreover, in-depth gene regulatory network analysis identified

key stage-specific master regulators of the oligodendrocyte lineage and revealed
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new mechanisms by which signaling pathways interact with transcriptional networks
to control lineage progression. Our work provides an integrated view of the multi-step
differentiation process leading from NSCs to mature oligodendrocytes, by linking
environmental signals to known and novel transcriptional mechanisms orchestrating

oligodendrogenesis.

Word count: 186

Keywords: Oligodendrogenesis; Gene Regulatory Networks; Transcription Factors;

Signaling Pathways; Neural Stem Cell; Single Cell Sequencing.

Main points:

e Distinct adult NSC populations giving rise to either oligodendrocytes or neurons

can be identified by the expression of transcription factors.

e Gene regulatory control of oligodendrogenesis is a major fate-determinant for their

generation.
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INTRODUCTION

Oligodendrocytes are the myelin-forming cells of the central nervous system (CNS),
and provide insulation for rapid axonal conduction and support to axons. In the
forebrain, most oligodendrocytes are generated shortly after birth from neural stem
cells (NSCs) of the subventricular zone (SVZ) (Azim, Berninger, & Raineteau, 2016;
Kessaris et al., 2006), which are also responsible for neurogenesis (Figueres-Onate,
Sanchez-Villalon, Sanchez-Gonzalez, & Lopez-Mascaraque, 2019), and this activity
is retained well into late adulthood (Fuentealba et al.,, 2015). The sequence of
oligodendroglial differentiation is relatively similar in postnatal and adult SVZ (Azim
et al., 2016; El Waly, Macchi, Cayre, & Durbec, 2014), whereby NSCs first generate
transiently amplifying progenitors (TAPs), characterized by elevated expression of
the transcription factor Ascll (Nakatani et al., 2013), followed by progressive
differentiation into oligodendrocyte precursor cells (OPCs) and maturation into
myelinating oligodendrocytes (Azim et al., 2016; El Waly et al., 2014). In rodents,
approximately 5% of all cells derived from the adult SVZ are oligodendrocyte lineage
cells (Capilla-Gonzalez, Cebrian-Silla, Guerrero-Cazares, Garcia-Verdugo, &

Quinones-Hinojosa, 2013; El Waly et al., 2014; Menn et al., 2006).

Fate-mapping studies using Cre drivers under the control of regulatory regions from
pallial and subpallial transcription factors demonstrated that molecularly distinct SVZ
microdomains derive from their embryonic counterparts (reviewed in (Azim et al.,
2016)). The embryonic septum, the lateral ganglionic eminences, and cortex contain
NSCs that populate the medial (i.e. septal), ventral (i.e. striatal; also called lateral)
and dorsal (i.e. cortical) aspects of the adult SVZ, respectively (Azim et al., 2016;

Fiorelli, Azim, Fischer, & Raineteau, 2015). Localized labeling of NSCs showed that
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89 regionally segregated NSCs are robustly committed to generating distinct cell
90 subtypes (Menn et al., 2006; Merkle et al., 2014; Merkle, Mirzadeh, & Alvarez-Buylla,
91  2007), and that environmental signals impinge on intrinsic fate control mechanisms
92 to modulate specific aspects of NSC and progeny behavior.

93

94 The OPC and oligodendrocyte transcriptional programs in both adult and postnatal
95 contexts have been comprehensively dissected using single cell sequencing
96 technologies (Marques et al., 2018; Marques et al., 2016; Zeisel et al., 2015). A
97 recent study revealed regional differences in lineage output from the SVZ with its
98 ventral microdomain exhibiting predominantly pro-neuronal-, and the medial wall
99  exhibiting pro-oligodendroglial hallmarks (Mizrak et al., 2019), in line with previous
100  observations using fate-mapping and transcriptomic profiling methods demonstrating
101  that ventral SVZ-NSCs during postnatal development (Azim, Fischer, et al., 2014,
102  Azim et al., 2015; Zweifel et al., 2018) and in the adult (Azim, Raineteau, & Bultt,
103  2012; Dulken, Leeman, Boutet, Hebestreit, & Brunet, 2017; Llorens-Bobadilla et al.,
104  2015; Felipe Ortega et al., 2013) are biased towards olfactory bulb neurogenesis.
105  The generation of oligodendrocytes from the SVZ dorsal wall during early postnatal
106  development is, however, considered as the default source for oligodendrocyte
107  generation (Azim et al., 2017; Azim, Fischer, et al., 2014; Azim, Rivera, Raineteau, &
108  Butt, 2014; Kessaris et al., 2006). Likewise, the adult dorsal SVZ serves as an
109  additional microdomain for their generation (Azim et al., 2017; Azim et al., 2012,
110  Crawford, Tripathi, Richardson, & Franklin, 2016; Felipe Ortega et al., 2013). In
111 contrast to the number of high throughput sequencing studies defining the molecular
112 events underlying neuronal generation from adult NSC subpopulations (Marcy &

113  Raineteau, 2019), far less is known about the regulatory context of adult SVZ-
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114  dependent oligodendrogenesis. This is partly due to technical limitations in isolating
115 relevant microdomains, e.g. typical SVZ whole-mount preparations are devoid of
116  dorsal SVZ tissue (Mirzadeh, Doetsch, Sawamoto, Wichterle, & Alvarez-Buylla,
117  2010). To overcome such restrictions, a cruder approach was used by capturing both
118 dorsal and lateral walls (Basak et al., 2018), which enabled us to sequence sufficient
119 numbers of single cells and to examine lineage-specific cells in the adult SVZ. Here,
120 we describe the molecular events that regulate oligodendrogenesis from the adult
121 SVZ and unravel mechanisms by which transcription factor networks and signaling
122 pathways interact to drive specification in the early oligodendrocyte lineage.

123 Word count: 880

124

125 MATERIALS AND METHODS

126  Determining the lineage memberships of SVZ-derived single NSCs and TAPs

127  The procedures for transgenic and FACs strategies used for capturing single cells,
128  mapping, pre-processing and RACEID are applied as described previously (Basak et
129  al., 2018). The following reporter mice were used: quiescent(q)NSCs, few active(a)
130 and primed(p)NSCs were taken from Troy:::GFP mice; TAPs and neuroblasts were
131  harvested from Ki67:::RFP mice, and gNSCs (including a few pNSCs and aNSCs)
132 were extracted from Ki67:::creRT2:::Tom2 mice. FACs analysis (Figure Sla) allowed
133 identification/isolation of GLAST+/EGF- qNSCs, GLAST+/EGF+ aNSCs, GLAST-
134 /EGF+ TAPs and O4+ oligodendrocytes. Parameters for cell clusters identification
135 were adapted as done previously (Basak et al., 2018) to obtain SVZ-lineage specific
136  clusters.

137
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138 We predicted that the transcriptional hallmarks of oligodendrogenesis and
139  neurogenesis from the postnatal SVZ microdomains are retained to a certain extent
140 into adulthood. Bulk datasets of our previous study (Azim et al., 2015) were used for
141  identifying transcriptional signatures of the entire oligodendrocyte lineage by
142 comparing dorsal NSCs, dorsal TAPs and oligodendrocytes and for ventral SVZ-
143  derived neurogenesis. Transcription factors used as markers for lineage
144  identification in adult single cell were (i) highly expressed during early postnatal
145 development and (ii) uniquely expressed in either oligodendrocyte or neuronal
146 lineages. These included among other genes Notch2, Epasl, Foxol, and Esrrg2. A
147  first characterization was performed with RACEID to identify rarer cell populations in
148 single cell sequencing (Grun et al, 2015), then PartekFlow®
149  (http://www.partek.com/partek-flow/) was used to assign single cells to defined SVZ
150 lineages, including the rarer ones from RACEID. Visual inspection of t-Distributed
151  Stochastic Neighbor Embedding (tSNE) plots displaying transcript levels for selected
152  lineage-specific markers was used to sub-cluster cells found in close proximity in the
153  plots. Figure S1b contains examples of some of the markers used in this
154  oligodendrocyte lineage detection step.

155

156  Transcription factor markers obtained from bulk datasets were used to identify single
157  cells of the oligodendroglial lineage (Azim et al., 2015), aside from OPCs and mature
158  oligodendrocytes within subpopulations of NSCs/TAPs (Figure S1b). The soundness
159  of our lineage membership assessment was further evaluated by comparing the
160 gene expression profile of the remaining cells, expected to belong to the larger
161  neurogenic population, with bulk datasets of adult gNSC/aNSC/TAP/NB populations.

162  Adult TAPs and neuroblasts we described in a recent study (Azim et al., 2018).


https://doi.org/10.1101/2020.12.18.423285
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.18.423285; this version posted December 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

163  PartekFlow was used to generate heat PCA plots describing pallial and subpallial
164 marker expression by cells in the early stages of the oligodendrocyte lineage
165 (gNSCI, gNSCIl and pNSC). Gene Specific Analysis algorithm from PartekFlow was
166 used with default parameters for acquiring gene lists defining the distinct cell
167 lineages. Lineage-specificities were considered statistically relevant if the
168  corresponding p-values were below 0.05. An additional analysis for determining the
169  expression signatures of common genes (shared between oligodendroglial and
170  neuronal lineages) was performed by identifying cluster-enriched genes for the first 5
171  stages of differentiation (gNSCI-to-TAP) without separation of lineage-specific
172 clones. The above steps allowed the definition of a total of 13 clusters: qNSCI,
173 gNSCIl, pNSC, aNSC, TAP, neuroblasts for the neuronal lineage and OLgNSCI,
174  OLgNSCII, OLpNSC, OLaNSC, OLTAP, OPC and mature oligodendrocytes for
175  oligodendroglial lineage.

176

177  Differential expression analysis was performed using datasets mentioned above by
178  applying methods as described in (Azim et al., 2018) in addition to the cluster
179  enriched transcripts using the Seurat V3 package as described in the next
180  paragraph. Genes were filtered to select for transcription factors or transcriptional
181  cues identified with PartekFlow. Macro-groups accounting for distinct differentiation
182 stages were characterized as follows: (i) early oligodendrocyte group and the
183  neurogenic group were defined by their expression of transcription factors expressed
184 in single cells of (OL)gNSCI, (OL)gNSCII and (OL)pNSC; (ii) mid group for either
185 lineage included transcription factors expressed in aNSCs and TAPs. The same
186 datasets were used to identify enriched transcription factors when specific

187  differentiation stages were compared. Precisely, the following stages were examined
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188  as follows: (1) dorsal NSCs vs dorsal TAPs, OPCs, immature oligodendrocytes and
189 mature oligodendrocytes; (2) dorsal TAPs vs dorsal NSCs, OPCs, immature
190 oligodendrocytes and mature oligodendrocytes; (3) VNSCs vs vTAPs, TAPs and
191 neuroblasts; (4) VTAPs vs VNSCs, TAPs and neuroblasts; (5) gNSCs vs aNSCs,
192 TAPs and neuroblasts; (6) aNSCs vs gNSCs, TAPs and neuroblasts. Statistical
193  analysis was performed using ANOVA for determining the differentially expressed
194 (DE) transcription factors. Comparison of adult transcription factor expression in
195 postnatal NSCs was summarized by assigning each transcription factor to a
196  category: “1” indicates upregulated and highly expressed transcription factor, “-1”

197 downregulated transcription factors, while “0” represents the remaining ones.

198

199 Clustering and visualization of single cell data using the Seurat R package

200 The R package Seurat V3 was used to process single cell transcriptomic data and
201 elucidate their heterogeneity (https://satijalab.org/seurat/vignettes.html (Butler,
202 Hoffman, Smibert, Papalexi, & Satija, 2018)). Single cells were assigned a unique
203 identifier, then the default pipeline for analysis was performed: data were log-
204 normalized and cells containing mitochondrial genes with a p-value greater than 0.05
205  were filtered out. The obtained matrix was scaled so that JackStraw function could
206  be applied for comparing the p-values distribution for all principal components. Using
207 the genes displaying higher variation among the 13 clusters identified with
208 PartekFlow, the Seurat function FindVariableFeatures determined 7 oligodendroglial
209 and 6 neuronal clusters that were employed for the downstream pseudotime
210 analysis. Graphical representations were created using Seurat package. Differential
211 gene expression analysis was performed with FindAllMarkers function applying
212 Wilcoxon rank sum test to find transcriptional markers of the 13 clusters. Of note,

9
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213 several statistical tests were implemented to ensure the reliability of the set of most
214 relevant genes. Aside from DESeq2, differentially expressed genes across these
215  methods were comparably similar (further detailed in

216  https://satijalab.org/seurat/v3.0/de vignette.html).

217

218  FatelD cellular trajectory construction

219  The genes specific for the 13 clusters were processed for assessing lineage biases
220 by using FatelD package for R environment. The goal is to resolve early lineage
221  priming via iterative random forest classification (Herman, Sagar, & Grun, 2018). The
222  default settings of the package were applied. In order to determine the relationship
223  between terminal differentiation states and naive stem/progenitor states, mature
224  oligodendrocytes were equated as the heterotypic outlier of the neurogenic lineage.
225 The variable genes in the neurogenic clusters and mature oligodendrocytes were
226 used as a subset expression data frame. The top 10 genes belonging to each cluster
227 as determined by the above Seurat analysis were used as learning set for the
228 classification method hence defining the v matrix, while neuroblast and mature
229 oligodendrocyte clusters were indicated as target set. Using fateBias function, a few
230 iterations were operated by comparing consecutive stages of differentiation by
231  setting the training set as the previous stage and the test set as the following one.
232 For example, the defined NSC/TAP pool of the oligodendroglial lineage (including
233 neuroblasts) was used as training set and mature oligodendrocytes, OPCs and
234  neuroblasts were classified as the test set. Differentiation trajectories were computed
235 using the principal curve function “prc”’. The dimensionality reduction coordinates of

236 the analyses of the cells and differentiation trajectories (data contained in the “dr’

10
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237 and “pr” lists) were exported and plotted using the ggplot2 R package for improved
238  graphical representation.
239

240 Cell cycle regression

241  NSCs/TAPs/neuroblasts, quiescent or activated, were further investigated to
242  determine their position within the cell cycle, using CellCycleScoring function of
243  Seurat package. Full details are available at

244  https://satijalab.org/seurat/v3.0/cell_cycle vignette.html (Butler et al., 2018). Seurat

245  estimates the mean expression of the marker genes from 43 S-phase and 54 G2/M-
246  phase thus generating a uniform rank for S- and G2/M-phase for each cell, which
247  results in the assignment of each single cell to a particular phase. The score was
248 gauged by deducting the mean expression of the 10 nearest neighbor-cells in
249  dimensionality reduction space computed by Seurat. Cell cycle scorings of cell
250 populations were plotted according to their pseudotime trajectory coordinates as
251  previously calculated. The data are visualized as cell cycle marker signal distribution
252 in ridge plots (Figure 3). The aNSCs and TAPs of both lineages were further
253 classified according to the different phases of the cell cycle, therefore leading to the
254 identification of 15 distinct clusters (while the initial aNSC and TAP clusters were
255 replaced). Seurat was run generating cluster-enriched expression profiles and those
256  of the mid stages were used for further GO analysis as described below.

257

258 Gene ontology and pathway annotation of cell clusters

259  Gene lists for the original 13 clusters and the additional 4 ones (Figure 3e) were
260 used for overrepresentation analysis using Protein ANalysis THrough Evolutionary
261 Relationships (PANTHER) analysis tools ((http://www.pantherdb.org) (Mi, Poudel,

11


https://satijalab.org/seurat/v3.0/cell_cycle_vignette.html
https://doi.org/10.1101/2020.12.18.423285
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.18.423285; this version posted December 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

262  Muruganujan, Casagrande, & Thomas, 2016)). Comparing the overrepresented
263 pathways of the oligodendroglial and neuronal clusters, PANTHER pathways
264  function was used for pointing out the mechanisms that differ or are shared between
265 stages within a lineage or between the same stage in oligodendroglial and neuronal
266 lineages. In this analysis, a minimum of 4 pathways for each cluster was retained if
267 the corresponding p-value was below 0.05. TAP clusters or the later stage
268 OPCs/mature oligodendrocytes contained a greater number of highly expressed
269 genes, and so the top 10 most significantly expressed genes found with Seurat were
270 used. ldentification of genes that are unique to the oligodendrocyte lineage, the
271 neuronal lineage and the shared ones was performed using the R Package Venn

272 Diagram and the online tool http://www.biovenn.nl/index.php. Pathway and Protein

273  Class lists obtained from PANTHER were downloaded for the analyses described
274 above and presented as dot plots using the ggplot2 R package. Similarly, the time
275  courses for GO SLIM Biological Processes were constructed for the oligodendrocyte
276 lineage using the 5 most significant terms. Pathway time course was represented
277  applying the same method and using selected key pathways from the prior analysis.
278

279  Due to the potential reversibility of early (i.e. NSC) cell state transitions (Basak et al.,
280 2018, Calzolari et al., 2015; Obernier et al., 2018), a considerable overlap among
281  cell clusters in terms of expression profiles, Reactome and PANTHER Pathways,
282 and Protein Class led to the definition of 3 broader groups. For this, the earlier
283  stages constituting OLgNSCI, OLgNSCII and OLpNSC, the mid stages represented
284 by OLaNSC and OLTAP, and the remaining OPCs and mature oligodendrocytes as
285 the later stages were assembled. Results for signaling Pathways, Reactome and

286  Protein Classes enrichment corresponding to the 3 groups were merged and the top

12
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287  third most significant terms for each of the 3 groups were charted as dot plots and
288 ranked in descending order based on their enrichment. Results for transcription
289 factor Protein Class for the 7 oligodendrocyte lineage clusters were visualized with a
290 heatmap representing the top 3 most enriched PANTHER Pathways related to
291 “transcription factor function” across the 7 clusters. The heatmap was obtained with
292  the pheatmap package in R.

293

294  Characterizing transcription factors for gene regulatory network (GRN)

295 reconstruction

296 Once the most significant set of genes is determined, it is of importance to
297 investigate if and how the genes are interacting at the molecular level. In addition to
298 the genes previously identified as transcription factors, additional transcription
299 factors known to play a central role in NSC differentiation were selected and their
300 putative targets taken from http://genome.gsc.riken.jp/TFdb/tf_list.html,

301  http://www.tfcheckpoint.org/index.php/browse, and PANTHER. Given the large

302 numbers of transcription factors identified, a prioritization procedure was developed,
303 relying on functional and transcription factor-transcription factor interaction data.
304 |Initially, the Cytoscape app GeneMANIA was used to identify functional interactions
305 among the input genes (Franz et al., 2018). The data available for GeneMANIA for
306 human gene orthologs are significantly more numerous and better characterized,
307 therefore, mouse gene symbols were converted to human gene symbols. The genes
308 used as input for GeneMANIA were limited to transcription factors and the queries
309 were performed using the default parameter besides the type of interactions. In fact,

310 the selected databases were “genetic’ for downstream gene regulation and

311 “physical” for protein-protein interactions. A first network (precursor to the one

13
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312 depicted in Figure S7) was thus obtained, on which additional analyses were
313  performed for prioritizing the large numbers of transcription factors included. For this,
314 the heat diffusion algorithm was applied (Carlin, Demchak, Pratt, Sage, & Ideker,
315  2017) to facilitate identification of central transcription factors according to their level
316 of interactions: the higher the number of interactions, the higher the calculated heat
317 diffusion rank. The heat diffusion algorithm was applied 3 times separately, once
318 focusing on genetic interactions, (Figure S7b), once on physical interactions (Figure
319 S7c), and finally combining the newly obtained heat diffusion ranks (Figure S7a).
320 The diffusion ranking values so obtained were plotted against the number of
321 interactions of each transcription factor. As additional information, the nodes size of
322 the included transcription factors was adjusted to their combined physical and
323  genetic interaction ranks in Figure S7d.

324

325 Aiming to group the transcription factors to organize the network similarly to the
326 clustering of FatelD, the precursor network was organized to depict transcription
327  factor expression according to their stage of expression. The primary goal is focusing
328 on oligodendrogenesis, hence transcription factors whose annotation showed an
329 enrichment towards neuronal lineage only were discarded. Genes common to both
330 lineages at different stages were processed in order to define transcription factors
331 that show specificity to either lineage. The specificity threshold was defined at linear
332 2-fold. This selection enabled emphasizing genes/transcription factors that are
333 expressed in the oligodendrocyte lineage still including those ones sharing neuronal
334 signatures. To assign transcription factors to the appropriate oligodendrocyte or
335 neuronal clusters, the principle of higher expression was adapted. Nodes and labels

336  sizes were organized based on the FDR values. A separate grouping of transcription
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337 factors was made by selecting the transcription factors overlapping between aNSCs
338 and TAPs. Transcription factors that were significantly expressed in at least 2
339  different stages of the oligodendrocyte lineage were classified as "Pan transcription
340 factors". GeneMania networks presented in Figure S7a were used as visual aids for
341 facilitating the positioning of transcription factors according to the stages in
342  differentiation they are expressed in.

343

344 TETRAMER reconstruction of GRNs of SVZ lineages

345 The above step focuses on transcription factor functions in terms of their genetic
346 transcription factor-transcription factor interactions. This information was used as the
347 framework for a comprehensive inspection of transcription factor-target gene
348 interactions. For unravelling GRNs, TETRAMER (TEmporal TRAnNscription regulation
349 ModellER) reconstructs fate transition-specific GRNs by integrating transcriptome
350 data (user provided) with inbuilt information (Cholley et al., 2018) (available gene
351 expression profiles, human genome-wide promoters and enhancers maps, and

352 ChIP-Seq available datasets) (see also http:/ngs-qc.org/tetramer/.). The input data for

353 TETRAMER was constituted of a matrix containing 1467 genes — including
354 transcription factors — irregularly expressed in the oligodendrocyte lineage during
355 differentiation and, at the same time, expressed more in the neuronal lineage. Part of
356 the genes were included in the input matrix due to their association with GO
357 Biological Processes identified as major hallmarks of later stages of oligodendroglial
358 maturation. These hallmark GO Biological processes were: (i) Signhal Transduction,
359 (i) Ca lon Transport, (iii) Synaptic Organization, (iv) CNS Development, and (v)
360  Multicellular Organismal Development. All of them presented a p-value < 0.0002 (as

361 estimated with Hypergeometric test). Specific hallmarks for mature oligodendrocytes
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362 in the considered GO Biological Process were: (i) Cytoskeleton Organization, (ii)
363  Myelination, (iii) Myelin Maintenance, (iv) Cell Adhesion, and (v) Transport. All of
364 them presented a p-value < 0.007 (as estimated with Hypergeometric test). Genes
365 consistently enriched more than 2.5 folds (aside from transcription factors) in OPCs
366 and mature oligodendrocytes in the lists above and among DEGs found with
367 Seuratwere considered for a further functional enrichment analysis using the freely
368 available Functional Enrichment analysis tool (FunRich) http://funrich.org/index.html.
369 GO Biological terms were reduced to fit, and a complete list has otherwise been
370 made publicly available (see below).

371

372 The following settings were necessary prior to assessing the transcriptional signaling
373  propagation in the GRNs with TETRAMER. The matrix consisting of 1467 genes,
374 among which are transcription factors expressed in both linages (common
375 transcription factors) or exclusively in either lineage, was used to construct 3
376  separate subnetworks (presented in Figure 4b-d). These networks were filtered
377 accordingly to highlight transcription factors expressed in the neuronal lineage and
378 excluding genes expressed in OPCs and mature oligodendrocytes. The nodes
379 expressed in the gNSCI stages were named “start node” as they represent the initial
380 time point of differentiation, and transcription factors expressed in more than 2
381 stages were termed “pan transcription factors”. The nodes expressed in final stages
382 of differentiation, i.e. OPCs and mature oligodendrocytes for the oligodendrocyte
383 lineage, were named “end node”. The time course for differentiation was arranged in
384 order from gNSCI to mature oligodendrocytes, and all intermediate differentiation
385 stages were selected for network propagation. In the TETRAMER results section, all

386 transcription factors containing a yield were considered to be part of the main
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387 signaling network. When the signal propagation network viewing was initiated, nodes
388 in the network were colored from white/light red for the gNSCI nodes to darker red
389 for mature oligodendrocytes, white to dark grey for transcription factors expressed in
390 both lineage as "common transcription factors”, and white to dark blue for
391 transcription factors expressed in the neuronal lineage. Node sizes in these networks
392 and subsequent analysis were graded based on the heat diffusion rank combined
393  with additional parameters: node stress (calculated as the number of shortest paths
394 passing through the considered node) indicating the extent of node activity,
395 neighborhood connectivity, and the numbers of transcription factor-target gene
396 interactions (edges). The values for each of these criteria were normalized in the
397 range (0, 10) (low to high attribute values) and an average of all parameters was
398 computed generating a final score termed as the connectivity index.

399

400 Reconstruction of the AdultOLgenesis GRN

401 The GRNSs representing transcription factors expressed in the oligodendrocyte
402 lineage and the ones common to both SVZ lineages were examined further by
403 combining data of these two networks. The input matrix used for TETRAMER was
404 expanded with genes that account for the GO Biological Processes for later stages
405 of oligodendrogenesis. The TETRAMER analysis was performed as described
406 above. The newly obtained larger network was expanded further to include the
407 interactions with transcription factors known to play a central role in NSC
408 differentiation. Additional ChlP-seq data for Ascll, Cebpa, Hdac2, Jun, Sox4, Sox9,
409 Tgqif2, and Tpr53 were obtained from the Chip Atlas database (Oki et al., 2018), while
410 Hopx (He et al., 2016; Jain et al., 2015), Zebl (Rosmaninho et al., 2018) were taken

411  from individual studies. For Trp53 and Zeb1l original data, the potential targets were
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412  annotated using human species gene names, hence to merge the results of the
413  different datasets coherently, an R script was compiled for converting human-
414 annotated to mouse-annotated genes (biomaRt package) (Durinck, Spellman,
415  Birney, & Huber, 2009). For the potential gene targets extracted from the Chip Atlas
416  database, a threshold on the score returned by the database was defined to select
417 the targets with highest level of confidence (threshold values: 250). For Hopx, a
418  different thresholding approach was applied, for the available data were processed
419 differently: ChIP-seq data were processed with the Homer suit of tools, and therefore
420 a different score was assigned to each identified peak. To discriminate between the
421 relatively reliable targets, the average score was calculated and set as the
422  discriminant threshold. For all the added transcription factors, a node was added to
423 the precursor GRN representing the transcription factor itself. Interactions
424  representing the ChlP-Seq data were created between the transcription factor and
425 the targets already included in the precursor GRN. In order to select the target genes
426  and generate this representation, a Python script was compiled. The code generated
427  a text file associating to each transcription factor-target pair the source of the datum,
428 the type of the interaction, and the type of the source data. To extend the number of
429 interactions of the GRN specifically or oligodendrogenesis, the transcription factor-
430 target gene networks were imported independently in Cytoscape and union-merged
431  with the Exploration network recently published by Cantone and colleagues
432  (Cantone et al.,, 2019). The union merge was repeated between the latest union
433 merge and the AdultOLgenesis Network generated by TETRAMER, thus
434  incorporating additional information. For the 11 selected transcription factors, targets
435  were selected based on (i) a score describing the confidence of the actual formation

436  of the transcription factor-target gene binding, thus increasing the reliability of the
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437 interaction, and (ii) the biological context of the transcription factor-target gene
438  binding by limiting the set of genes to the ones previously identified in the Core GRN.
439  The confidence in the identification of the same transcription factor-target gene
440  binding in human and mouse species is ensured by a high level of genomic
441  similarity.

442

443  The obtained network was remodeled for positioning the nodes according to their
444  pseudotime trajectory coordinates, thus providing an improved overview for
445  transcriptional processes. The GeneMania network presented in Figure S7a was
446  used as reference to guide the correct placement of genes in individual stages of
447  differentiation. The Cytoscape plugin CoordinatesLayout version 3.0 and
448  copycatLayout version 0.0.9 were used. The average coordinates for defined cells at
449  each stage of differentiation was calculated along its x-y axis, and at each of the
450 estimated positions, a node was added to represent the corresponding differentiation
451 stage. The size of the node was scaled to reflect the relative abundance of
452  transcription factors associated to the differentiation stage. The “mock” nodes
453  representing oligodendrocyte cell clusters were organized according to their FatelD
454  trajectories. Nodes representing transcription factors/genes associated with each of
455  the different stages of the oligodendrocyte lineage were grouped together and force
456  directed using Compound Spring Embedder (CoSE), and overlaid with the mock
457  nodes. Settings for CoSE were adjusted systematically for all oligodendrocyte stages
458  with edge lengths kept constant and spring strength/repulsion adjusted equally.
459  Nodes with higher heat diffusion ranks were permitted to overlay those genes with
460 lower heat diffusion ranks to highlight transcription factors with greater functional

461 relevance. Interactions were bundled using handles with the following parameters:
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462  0.003 spring constant, compatibility threshold of 0.3 and 500 maximum iterations.
463  Nodes without interactions (that is, without edges) were excluded and hidden in the
464  background. Summaries highlighting downstream transcriptional regulation
465  (outwards transcriptional propagation) were constructed by adjusting node and edge
466  sizes reflecting the relative numbers of transcription factors/genes in the different
467  stages of differentiation and the downstream activation or repressive transcriptional
468  control, respectively. Five additional GO Biological Processes were manually
469 included close to later-stage oligodendrocytes. The entire reconstructed network was
470 termed “AdultOLgenesis GRN” and was thus an expansion of a recent study
471  describing GRNs during OPC-to-mature oligodendrocyte differentiation (Cantone et
472 al., 2019) by inclusion of additional regulatory features.

473

474  Assessing transcriptional propagation by selected transcription factors and

475  Signaling Pathways

476  Transcription factors expressed in defined stages of oligodendrogenesis (see also
477  Figure S7) or associated in PANTHER pathways were tested for transcriptional
478  propagation across the Core GRN (see also Section 7 of the online repository:
479  https://github.com/kasumaz/AdultOLgenesis). The transcription factors were selected
480  with their direct target genes and subsequent secondary and tertiary target genes.
481  All primary target genes were retained, whereas secondary and tertiary target genes,
482 if they were transcription factors, were filtered according to their protein-protein
483 interaction and connectivity index of >7.5 and >7, respectively. Biological Process
484 GO terms were preserved throughout. Interactions of transcription factors associated
485  with PANTHER pathways, secondary and tertiary target genes were sized in order of

486 line thickness in this order. Manual curation was operated for correcting the edges
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between GO Biological Processes and PANTHER pathways. Transcription factors in
each network were ranked in heatmaps for each pathway, according to the number
of target gene interactions (activation/inhibition) across the different pathways
selected for analysis. Gene regulatory data for the quantification of activation,
inhibition and unspecified interaction were obtained from the edge section of the

AdultOLgenesis GRN in Cytoscape.

Word count: 3860
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495 RESULTS

496 Identification of the earliest stages of the SVZ-derived oligodendrocyte lineage

497  Transcriptional networks controlling oligodendrogenesis from adult SVZ-NSCs are
498  currently unsolved. Here, NSCs/progenitors and subtypes of neural cells found within
499 the young adult SVZ were isolated and FACS-enriched using genetic reporters and
500 immunochemical markers, as described in a previous report on adult neurogenesis
501 (Basak et al., 2018) (Figure S1a). Relying on well-established markers for the earlier
502 stages in oligodendrogenesis as a guide, we identified putative lineage-specific
503 subpopulations of NSCs (Figure S1b). Approximately 1200 single cells were
504  visualized using tSNE plots and used for categorizing previously defined clusters and
505 subclusters (Basak et al., 2018). We hypothesized that, as in the early postnatal
506 SVZ, adult lineage-specific NSCs could be identified by their expression of
507 oligodendroglial and neuronal hallmark genes. To this end, previously generated lists
508 of genes associated with SVZ-oligodendrogenesis from bulk datasets were
509 assembled and searched for oligodendrocyte lineage-enriched genes when
510 compared to neurogenic populations (Azim et al.,, 2017). In this initial step,
511 PartekFlow was used to input a number of landmark genes that define the earlier
512 stages of the oligodendrocyte lineage. These include the essential transcription
513 factors Olig2, Oligl and Sox10, and a cohort of other transcription factors as
514 described in Materials and methods (Figure S1b). As an advantage, PartekFlow
515 highlights cells based on input gene marker profiles, allowing the identification of
516  neighboring cells that are transcriptionally similar. Following classification of putative
517 oligodendrocyte lineage cells descending from NSCs/TAPs, gene lists derived from
518 PartekFlow had initially revealed that the major differences in the 2 SVZ lineages are

519 attributed to the expression of transcription factors (see below), in agreement with
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520 the observed pre-eminence of transcription factors as lineage-specific markers within
521 postnatal gliogenic lineages (Azim et al., 2015). Thus, expression levels of
522  transcription factors were explored. In particular, single NSCs/TAPs expressing the
523 above 3 essential transcription factors, as well as a cohort of others (Figure S1b)
524  expressed in postnatal gliogenic NSCs were identified as likely to contribute to the
525 oligodendrocyte lineage (Figure la) and amounted to approximately 7.2% of all
526 NSC/TAPs across the 5 NSC and TAP stages of differentiation, which is in line with
527  previous reports describing the relative scale of SVZ-oligodendrogenesis when
528 compared to the generation of neurons (Menn et al., 2006). This particular
529  subpopulation is identified by the co-expression of the known pan-NSC marker Hes5
530 in gNSCs I/ll expressing Olig2 (Figure 1b). The first 3 stages of identified OLNSCs
531 also expressed the pallial marker Pax6 whereas they did not express the ventral
532 SVZ markers Gsx2 and Nkx2-1 (Figure 1b). Most notably, an initial analysis of
533 differentially expressed genes (DEGSs) revealed patterns that are reminiscent of
534 transcriptional programs found during postnatal oligodendrogenesis (Figure S1b).
535 Identified cells of the oligodendrocyte lineage in the adult cluster closely with
536  corresponding pooled populations (QNSCI-pNSC) in transcription factor expression,
537 including postnatal gliogenic NSCs/TAPs (Figure Slc), reinforcing the view that
538 subsets of adult NSCs are committed to an oligodendrogenic fate.

539

540 Next, FatelD pseudotime analysis was performed to assess whether identified
541  putative oligodendrogenic and neurogenic NSCs define distinct cell state trajectories
542  (Herman et al., 2018). The genes that are significantly varying as determined by the
543  Seurat analysis (see Materials and methods) in oligodendrogenic and neurogenic

544 lineages, and the genes enriched in mature oligodendrocytes, were used for testing
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545 the hypothesis that the selected oligodendrocyte lineage cells engage in a trajectory
546  from earlier subpopulations of NSCs/TAPs. Oligodendrocytes and neuroblasts were
547 used as the final lineage endpoints. Neuroblasts followed a continuous trajectory
548 from gNSCI and many neurogenic TAPs resembled neuroblasts in pseudotime
549  (Figure 1c). Addition of mature oligodendrocytes to this mostly neurogenic trajectory
550 forces an early branching for the oligodendrocyte lineage, at gNSCI/Il stages.
551 However, when considering mature oligodendrocytes alongside putatively
552  oligodendrogenic NSCs/TAPs and OPCs, mature oligodendrocytes branched off the
553 main trajectory closer to OLaNSCs, TAPs and OPCs. Interestingly, addition of
554 neuroblasts to the oligodendroglial trajectory resulted in a transcriptional path that
555  overlapped partly with fewer OLTAPs compared to the neurogenic TAPs, highlighting
556  the distinction between the two lineages. Genes detected in early- to mid-stage
557 oligodendrocyte lineage cells (QNSCI to TAPs; Figure 1d-f) regulate signaling-to-
558 transcriptional control of the oligodendrocyte lineage. Cluster-enriched markers
559  (Figure 1f) include genes coding for the G-protein-coupled receptor genes Lrigl and
560 Adora2b for OLgNSCI (Poth, Brodsky, Ehrentraut, Grenz, & Eltzschig, 2013; Simion,
561 Cedano-Prieto, & Sweeney, 2014); the Bmp4-responsive gene Htral serine protease
562 (Chen et al., 2018), and the gliogenic transcriptional adaptor Hopx for OLgNSCII
563 (Zweifel et al., 2018); the transcriptional regulator Foxol (Kim, Hwang, Muller, &
564 Paik, 2015), or the mitochondrial ketogenic enzyme Hmgcs2 in OLpNSCs (Jebb &
565 Hiller, 2018). OLaNSC and OLTAP markers include genes encoding for Hspala and
566 Hspalb, and Cdk4 and Hes6, respectively (Arion, Unger, Lewis, Levitt, & Mirnics,
567 2007; Kim et al., 2015; Lukaszewicz & Anderson, 2011). This analysis revealed that
568 many of the cluster-specific genes belong to families involved in signaling and

569 transcriptional control, and demonstrated that cells representing the earliest stages

24


https://doi.org/10.1101/2020.12.18.423285
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.18.423285; this version posted December 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

570 of the oligodendrocyte lineage are identifiable among NSCs, allowing the analysis of
571 lineage-specific signatures. Further examples of pan lineage markers are given in
572  Figure S2.

573

574  Stage-specific processes

575 Following determination of stage-/cluster-specific signatures, we focused on
576 individual lineages (oligodendrocyte and neuronal, separately) and analyzed the cell
577 clusters in each (7 oligodendroglial clusters, 6 neuronal clusters) for pathway
578 enrichment using the PANTHER database. The most significant pathways for each
579 stage of the 2 lineages are illustrated in dot plots showing the activity of a given
580 pathway across the different clusters (Figure 2a). In this analysis, the genes
581  exclusively belonging to 1 cluster were examined. Interestingly, the earliest stages of
582 the oligodendrocyte lineage (gNSCI-pNSC) were uniquely characterized by the
583 activity of pathways (e.g., “angiogenesis”, “cysteine biosynthesis”, “cytoskeletal
584 regulation by RhoGTPases” and “pyruvate metabolism”), which also distinguished
585 them from early NSC stages of the neuronal lineage. Contrastingly, a considerable
586 overlap in pathways in the mid-stages (aNSC and TAPSs) between the 2 lineages
587 was evident, with few exceptions such as “Notch signaling” that was prominently
588 enriched in OLaNSCs, and “p53 and cell cycle pathways” enriched in the same
589  stages of the neuronal lineage.

590

591  All genes enriched in the oligodendrocyte lineage clusters (including those shared
592  with the neuronal lineage) were next examined for characteristic biological processes
593  (Slim Biological Processes in PANTHER) and plotted across the various stages of

” “

594 lineage progression. Machineries related to “lipid or energy metabolism”, “response
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595 to signaling” or “developmental patterning molecules” were enriched in the earlier
596 stages, whereas mechanisms such as “translation”, “gene expression” and “cell
597  division” were most prominent in OLaNSCs and OLTAPs (Figure 2b), consistent with
598 previous observations (Llorens-Bobadilla et al., 2015). At a later stage of
599 differentiation, OPCs engage in processes that were also active in OLgNSCII. For
600 example, GO biological process “cell communication” is enriched in OLgNSCII, and
601 then again at the OPC stage (Figure 2b), possibly accounting for the close proximity
602  of these 2 segregated populations in both the tSNE plots and pseudotime (Figure
603 la,c). Many of the characteristic processes detected in mature oligodendrocytes
604 increase in expression during the course of lineage progression. We expanded this
605 analysis for both protein class and signaling pathways, to include the neuronal
606 lineage (Figure S3), observing that transcription factors and nucleic acid-binding
607  proteins are highly abundant in the early and mid-stages of the oligodendrocyte
608 lineage along with major developmental pathways. A time course for the expression
609  of the most significant signaling pathways in this analysis points to key processes
610 regulating transition along the oligodendrocyte lineage (Figure S4), with increasing
611  transcriptional activity suggested by the pattern of expression of transcription factors
612  and nucleic acid-binding proteins across the different oligodendrocyte lineage stages
613  (Figure S5). Altogether, these findings outline potential mechanistic differences in the
614  control of progression within the 2 SVZ-derived lineages, with notable differences in
615 inferred signaling pathway activities and in the expression of transcriptional
616  modulators.

617

618 Cell cycle properties of SVZ-NSCs/progenitors
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619  Given the observed differences in cell cycle, transcriptional control and nucleic acid
620  synthesis pathways in mid-stages (OLaNSC, OLTAP) of the oligodendrocyte lineage
621  we further explored stage-specificity. To this end, cell clusters were analyzed by
622  computing cell cycle phase scores based on canonical markers for the 3 main cycle
623 phases (S, G2M and G1 phase) using the Seurat V3 package. Single cells
624  expression levels of established cell cycle markers were compared and data were
625 regressed out by modeling the relationship between expression signatures of each
626  cell with cell cycle markers. Upon identification of the predicted cell cycle state for
627  cells of all 13 clusters, those representing the oligodendrocyte lineage were plotted
628 in accordance to their pseudotemporal coordinates and summarized in bar plots for
629  both lineages (Figure 3a,b), and signal intensities as ridge plots (Figure 3c). In both
630 lineages, the early stage NSCs (QNSCI-pNSC) and OPCs were almost entirely at the
631 G1 phase with signal intensities shifted towards baseline, whereas S and G2M
632 marker signals were detected in neuroblasts (Figure 3c). More than half of the
633 aNSCs in either lineage were actively cycling and rarely at the G2M phase, whilst the
634 remaining were quiescent. Although no proneuronal TAP was found to be quiescent,
635  with just over 55% at the G2M phase and the remaining in S phase, a slightly greater
636  proportion of OLTAPs were in S phase. Signal intensities for the S and G2M markers
637  were relatively absent in the early neuronal lineage.

638

639  Following identification of the mid-stage cell cycle properties, Seurat V3 was used to
640 identify cluster-specific genes in OLaNSCs and OLTAP by subclassification
641 according to their predicted cell cycle phase. Therein, transcripts significantly
642 expressed by the 9 cell clusters (OLGNSCI, OLgNSCII, OLpNSC, OLaNSC in G1,

643 OLaNSC in S Phase, OLTAP in G2M, OLTAP in S Phase, OPC and mature
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644  oligodendrocytes) were extracted and a further pathway analysis was performed on
645 the mid-stages of the oligodendroglial lineage (OLaNSC in S Phase, OLTAP in G2M
646 and OLTAP in S Phase). Pathways and Protein Class determination was performed
647 for OLaNSCs in the G1 and S phase in the intercept (genes overlapping in the 2
648  groups) in this analysis and the same for G2M and S phase for OLTAPs (Figure 3d,
649 e). Interestingly, aside from Notch and Hedgehog signaling, metabolic-like
650 mechanisms that include thiamine metabolism and threonine biosynthesis are also
651 features of quiescent OLaNSCs, whereas cycling aNSCs were characterized by
652  pathways regulating transcription, translation, and nucleic acid binding. In OLTAPs at
653 the G2M phase, EGF-, p38 MAPK-, p53 and interferon gamma-signaling were
654  significantly enriched. Furthermore, as expected, many of the pathways expressed in
655  actively cycling TAPs included regulation of mRNA, replication, and cell cycle-related
656  processes (Figure 3d). Cell cycle-related analysis of mid-stage oligodendrocytes
657 accordingly revealed that the major protein classes expressed in G2M and S phases
658 were “nucleic acid-binding” and “transcription factor”, whereas OLaNSCs in G1 were
659 characterized by extracellular matrix and vesicle-associated SNARE proteins (Figure
660 3e). Altogether, examining heterogeneity of cell cycle states in proliferative cells of
661 the oligodendroglial lineage suggests that transcriptional cues are a major driver in
662 OLgNSCII and in mid-stages of the lineage, which warrants further investigation.

663

664  Gene regulatory networks in NSCs/TAPs driving myelination

665 The previous analysis disclosed major classes of genes expressed in earlier
666  oligodendroglial lineage cells, notably with mid-proliferative cell stages featuring
667 abundant expression of transcriptional modulators. Therefore, the expression of

668 transcription factors (including transcriptional adapters and transcription cofactors)
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669 was further explored in both the oligodendroglial and neuronal lineages.
670  Transcription factors were prioritized via a GeneMania-based genetic and physical
671 interaction analysis. This step facilitates predicting the effects of genetically
672  perturbing a given transcription factor, in terms of its impact on neighboring genes,
673 based on predicted transcription factor-to-targetgene interactions and protein-protein
674 interactions (see Materials and methods; Figure S6). To determine which
675 transcription factors are most relevant according to their genetic perturbation, genes
676  were prioritized by applying the “heat diffusion” algorithm that tests the input query
677 data and the functional interaction of each gene for propagation across the network.
678  Strongly connected nodes in the network, supporting sufficient regulatory activity
679  propagation, are uncovered and allow creation of subnetworks, enabling exclusion of
680 nodes with lower functional relevance. Prioritization steps were applied for both
681  physical (protein-protein interactions) and genetic interaction (Figure S6a and
682 expanded further in Figure S7) and identified transcription factors with potentially
683  central roles in specifying cell states.

684

685 We next employed TETRAMER, a tool integrating inferred differentiation states
686 during lineage progression with gene regulatory networks (GRNs) from publicly
687 available datasets (Cholley et al., 2018), for the reconstruction of GRNs whose
688 activity may define cell states within the oligodendroglial and neuronal lineages.
689  Briefly, lists of transcription factors expressed in the identified clusters of the
690 oligodendroglial and neuronal lineages as well as transcription factors that are
691 expressed in both of these lineages (“‘common” transcription factors), were used as
692 input by TETRAMER to explore gene expression profiles of mammalian tissues/cells

693  with comprehensive analysis of deposited ChlP-sequencing data corresponding to
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694  transcription factor-binding and further comprising data on actively transcribed
695 enhancers and promoters. In the preliminary step, transcription factor-transcription
696 factor and transcription factor-target gene interactions were compiled for determining
697 regulatory interactions between shared neurogenesis- and oligodendrogenesis-
698  restricted (Figure S6b-c) transcription factors. A large proportion (89.3-91.8% of all
699 interactions) of transcription factor-target gene interactions for transcription factors
700 common to both lineages and those regulating neurogenesis consisted in predicted
701  target gene activation. Interestingly, however, activating and inhibiting regulatory
702 interactions were predicted to occur at similar frequencies between
703  oligodendrogenesis-specific transcription factors, highlighting qualitative differences
704 in how cell state transitions are controlled at the transcriptional level in the 2
705 lineages. Transcription factor interactions with target genes were quantified using the
706  Cytoscape network analysis parameters by probing the entire training GRN
707  reconstructed (as described in Figure 4) and presented as intensity heatmaps for the
708  top 25 transcription factors with the most global, activating and inhibiting target gene
709 interactions in Figure S6e (ranked transcription factor examples in Figure S6f).
710 Amongst the most highly ranked transcription factors were Cebpa, expressed in
711 OLgNSCIl and best described in the context of myelopoiesis, where it inhibits
712 proliferation (see (Calella et al., 2007) for proposed roles during neural
713  development), and Ezh2, which promotes embryonic NSC proliferation and
714  differentiation into OPCs (Sher et al.,, 2008). Altogether, these analyses enable
715  ranking transcription factors that are likely to act as “master regulators” based on a
716 number of parameters that include their target gene regulation, protein-protein
717  interactions and diffusive effects downstream. To further investigate the major gene

718  regulatory cascades controlling adult oligodendrogenesis, the GRN assembled for
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719 common transcription factors and oligodendrogenesis (Figure S6b,d) were combined
720 and merged with a recently assembled GRN for post-OPC stages of oligodendroglial
721 maturation (Cantone et al., 2019) (Figure 5), which defined the role of transcription
722  factors such as Olig2, Sox10, and Tcf7I2 during oligodendrocyte differentiation and
723  maturation. Here, genes overlapping in later-stage oligodendrocytes from the
724  present study with those published recently (Cantone et al., 2019), were filtered and
725 represented as GO Biological Processes in a larger merged network (Figure 5).
726  Approximately, a quarter of the differentially expressed genes, as determined by the
727  Seurat analysis, were used in this TETRAMER analysis. Of note, modulation of
728 many of these genes has previously been reported during postnatal and adult
729  oligodendrogenesis from NSCs (Azim et al.,, 2015). This final network termed as
730  “AdultOLgenesis GRN” was used for further analysis as described below. The
731 individual stages were then positioned relative to the average positioning of single
732 cells/clusters in FatelD pseudotime (Figure 1c) (see Materials and methods for
733  network assembly).

734

735  Stage-specific GRN

736  Focusing on target gene activation or repression in substages of the oligodendrocyte
737 lineage reveals varying and contrasting degrees of gene regulation (Figure 5a-f).
738  Notably, the OLgNSCII, OLaNSC and OLTAP stages exhibited prominent gene
739  regulatory activities, with OLaNSCs seemingly progressively activating TAP-specific
740 target genes (Figure 5b,e,f), whilst also inhibiting the expression of genes typical for
741  the most differentiated (OPC/mature oligodendrocyte) stages. This suggests that,
742  following activation, oligodendrocyte lineage cells would steadily progress to the TAP

743  stage, which could be temporarily stabilized by active repression of differentiation-
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744  associated gene modules. Interestingly, the uniquely low expression levels of
745  transcription factors active in OLgQNSCI and OLpNSCs are predicted to only modestly
746  result in GRN state restructuring at these stages. These findings demonstrate that
747  transcription factors expressed in distinct stages during oligodendrogenesis have
748  contrasting modes of gene regulation.

749

750 Next, the highest ranked transcription factors for each of the selected
751  oligodendrocyte lineage stages were probed for the extent to which their inferred
752  transcriptional regulatory activity propagates within the assembled GRN. The
753 downstream gene regulatory effects of Olig2 and Sox10, which modulate the
754  expression of a large number of genes involved in gliogenic and neurogenic
755  processes (Cantone et al., 2019), provided a quantitative reference to assess the
756  GRN-modulating activity of newly identified transcription factors. The immediate
757  downstream target genes for Olig2 and Sox10 are presented in a subnetwork (Figure
758 5g), and downstream propagation cumulatively modulates 75% of all network
759 components within one further tier. The regulatory activity of Mitf and Rrebl,
760  expressed in OLgNSCI, spread the least within the GRN, supporting the previous
761 analysis (Figure S6e) that shows Rrebl as the highest ranked transcriptional
762  repressor (Figure 5h). The impact of OLgNSCII transcription factors Cebpa and
763  Epasl quantitatively resembles that of Olig2 and Sox10 (Figure 6i). Interestingly,
764  Cebpa has been described for myelopoiesis as inhibiting cell cycle-related genes
765 (Calella et al., 2007), which fits with its predicted inhibitory interactions with major
766  cell cycle genes expressed in TAPs, supporting its role as a quiescent NSC-specific
767  transcription factor. The 2 highest-ranked OLpNSC transcription factors, Foxol and

768 Nrldl, induce the expression of a number of cell cycle regulators expressed in
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769 OLaNSCs and OLTAPs (Figure 5j). Like OLgNSCIIs, OLaNSCs and OLTAPs
770  express transcription factors whose predicted influence on oligodendrocyte GRN
771  activity resembles that exerted by Olig2 and Sox10. These findings identify putative
772 core regulators of stage-specific oligodendrocyte GRNs, thus complementing known
773 pan-oligodendrocyte transcription factors Olig2 and Sox10 and providing a view into
774  stage-specific control of oligodendroglial lineage progression.

775

776 PANTHER Pathway Integration of GRNs

777 Having defined GRN state transitions controlling oligodendrocyte lineage
778  progression, we attempted integrating this knowledge with stage-specific signaling
779  pathway activity predictions from our previous PANTHER analysis (Figure 2b),
780 reasoning that the identified signaling pathways would impact cell fate by ultimately
781 modulating transcriptional networks. We explored this hypothesis using the
782  reconstructed AdultOLgenesis GRN, examining signaling pathways known to
783 modulate at least 2 transcription factors expressed at a given stage, and then
784  assessing the predicted propagation of their transcriptional modulatory activity within
785 the GRN. The direct target genes and additional secondary target genes regulated
786 by both Olig2 and Sox10, as performed in the prior analysis in Figure 5g, were used
787  as a gauge for transcriptional coverage of each tested transcription factor associated
788  with PANTHER pathway terms. In addition, the transcription factors induced by
789 selected PANTHER signaling pathways were ranked based on the number of
790 transcription factor-target gene interactions. These were further classified according
791  to their gene-activating, -inhibitory, and unspecified effects onto the oligodendrocyte
792 lineage in red, green, and grey, respectively (Figure 6a). In the earlier stages of the

793  oligodendrocyte lineage, Wnt signaling is predicted to affect approximately half as
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794 many GRN components as those modulated by Olig2 and Sox10. Our previous
795  reports demonstrated that manipulating the Wnt signaling pathway by pharmacologic
796  or genetic strategies increases the expression of Ascll, Olig2 and Sox10 transcripts
797 by at least 2.5-fold (Azim, Fischer, et al., 2014; Azim, Rivera, et al., 2014). In the
798 present study, these essential transcription factors were indeed predicted to be
799 secondary target genes of the Wnt pathway (Figure 6a,b), thus potentially
800 accounting for the previously described enhancements of myelination following Wnt
801  signaling modulation (Azim et al., 2017; Azim, Fischer, et al., 2014; Azim, Rivera, et
802 al., 2014) and validating this strategy. PDGF signaling on the other hand induces
803 similar gene regulatory events as Olig2 and Sox10, although initially repressing
804 genes expressed in later stage oligodendrocytes (Figure 6c¢), in line with its role as
805 an OPC mitogen. However, Statl and Stat5b, transcription factors modulated by the
806 PDGF pathway, activate transcriptional networks in TAPs that enhance the
807 expression of genes in OPCs and mature oligodendrocytes, leading to extensive
808 downstream transcription factor induction that included a number of master
809 regulators (see heatmap in Figure 6c¢). Interestingly, the pathways active in
810 OLaNSCs (“Transcriptional regulation by bZIP transcription factors”, “Gonadotropin
811 signaling pathway”) and in OLTAPs (“General Transcriptional Regulation”) are
812 involved in a number of gene regulatory events larger even than those elicited by
813 Olig2 and Sox10, suggesting extensive GRN reorganization at these stages,
814  possibly reflecting a lineage watershed on the way to differentiation. Indeed, a
815 number of the above identified master regulators (Figure S6e) are key effectors of
816 PANTHER pathway terms enriched in OLaNSCs and OLTAPs. Other potent
817  signaling pathways examined include Notch signaling and p53 active in OLaNSCs

818 (G1 and S phase) and TAPs (G2/M and S phase). Other pathways identified in the
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earlier PANTHER analysis, including “Angiogenesis” (OLgGNSCI), “Circadian clock”
(OLgNSCII/gNSCIl) and “p53 Feedback Loops 2° (G2M and S phase
OLaNSC/OLTAP), had overall fewer predicted transcriptional effects. Altogether,
these findings demonstrate that large cohorts of transcription factors in the
reconstructed Core GRN are effectors of multiple signaling pathways and provide
useful insights into how environmental cues could affect transcriptional activities, and
thus lineage progression, during SVZ-derived oligodendrogenesis. Future studies will
aim at expanding these observations by testing the functionality of identified

signaling pathways and to confirm changes in target expression experimentally.

Word count: 3500
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830 DISCUSSION

831 In the present study, a meta-analysis of single cell RNAseq data from the adult SVZ
832 was performed to resolve the transcriptional signatures that distinguish between
833 adult neurogenesis and oligodendrogenesis. Recent transcriptomic analyses
834  focusing on early postnatal development and adulthood (Azim et al., 2017; Azim et
835 al., 2015; Mizrak et al., 2019), provided some insights into the gene expression
836 profiles associated with oligodendrogenesis. A number of newer transcriptomics
837 studies of adult neurogenesis have shed light onto the molecular processes
838 regulating the generation of olfactory bulb neurons (reviewed in (Marcy & Raineteau,
839 2019)). In addition, landmark studies using single cell profiling of murine
840 oligodendrocytes from different stages of life in the CNS have immensely contributed
841 to our understanding of the heterogeneity and molecular regulation of
842  oligodendrocyte differentiation (Marques et al., 2018; Marques et al., 2016; Zeisel et
843 al., 2015). A recent elegant single-cell sequencing survey of the lateral and medial
844  walls of the young adult SVZ demonstrated that NSCs located in microdomains other
845 than the lateral wall generate oligodendrocytes (Mizrak et al., 2019), but an in-depth
846 investigation into the mechanisms controlling adult oligodendrogenesis had not yet
847  been performed. To this end, we analyzed recently generated single-cell data from
848 the SVZ (Basak et al., 2018) focusing on NSC/progenitor heterogeneity, in order to
849 identify putative oligodendrocyte- and neuron-restricted