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Summary

Oligodendrocytes are the primary producers of many extracellular matrix (ECM) related proteins 

found in the CNS. Thereby, oligodendrocytes play a critical role in the determination of brain 

stiffness, node of Ranvier formation, perinodal ECM deposition and perineuronal net formation, 

all of which depend on the ECM. Nevertheless, the transcription factors that control ECM related 

gene expression in oligodendrocytes remain unknown. Here, we found that the transcription factor 

Osterix (also known as Sp7) binds in proximity to genes important for CNS ECM and node 

of Ranvier formation and mediates their expression. Oligodendrocyte-specific ablation of Sp7 
changes ECM composition and brain stiffness, and results in aberrant node of Ranvier formation. 

Sp7 is known to control osteoblast maturation and bone formation. Our comparative analyses 

suggests that Sp7 plays a conserved biological role in oligodendrocytes and in bone forming cells, 

where it mediates brain and bone tissue stiffness by controlling expression of ECM components.
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eTOC Blurb

Elbaz et al. show that Sp7 mediates the expression of genes required for node of Ranvier and brain 

ECM formation in mature oligodendrocytes. Moreover, Elbaz et al., show that Sp7 regulates ECM 

gene expression in a similar manner in oligodendrocytes and osteoblasts.

Introduction

Myelin is a multilayered lipid membrane structure that ensheathes and insulates axons, 

allowing for efficient propagation of action potentials. In the CNS, myelin is produced by 

oligodendrocytes1. Besides myelin synthesis, oligodendrocyte lineage cells are the sole or 

main producers of many extracellular matrix (ECM) related proteins2-7. By producing ECM 

proteins, oligodendrocytes are involved in node of Ranvier formation8-10, in perinodal ECM 

formation11 and in the formation of perineuronal nets (PNN)4. While the transcriptional 

control of myelin related gene expression in oligodendrocytes has been extensively 

studied12-14, the regulation of ECM related genes in oligodendrocytes is largely unknown.

Brain ECM is compartmentalized into distinct structures at perineuronal nets around certain 

neurons, at axonal initial segment, around synapses, and at perinodal ECM that engulf the 

nodes of Ranvier. Perinodal ECM appears as myelination is completed, and acts as an 

ion-diffusion barrier that affects axonal conduction speed11,15-18. Brain ECM is primarily 

composed of hyaluronic acid, structural proteins, proteoglycans, glycoproteins, matricellular 

proteins and other molecules16. The composition and physical properties of brain ECM 

are constantly modified during normal development and aging, and under pathological 

conditions, such as demyelination and remyelination.

The zinc-finger protein Sp7 (also known as Osterix) is specifically expressed by mature 

oligodendrocytes in the CNS7, and its expression is regulated by Zfp2419 and Chd720. Sp7 

is a C2H2 zinc finger transcription factor known to be crucial for osteoblast differentiation 

and bone formation21. Sp7-null mice die at birth due to an absence of bone formation22. 
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Therefore, the role of Sp7 in oligodendrocyte maturation and CNS myelination, which occur 

postnatally in mice, remains unknown.

Here, we show that Sp7 has a cell-autonomous role in oligodendrocyte lineage cells where 

it mediates the expression of ECM related genes, and genes important for node of Ranvier 

formation. Oligodendrocyte-specific ablation of Sp7 resulted in aberrant node of Ranvier 

formation and in brain stiffness changes. Mechanistically, Sp7 acts on enhancers in open 

chromatin, where it modulates Sox10 binding and activates the expression of target genes. 

Our comparative analysis of DNA-binding and RNA expression in bone forming cells and 

in oligodendrocyte lineage cells suggests that Sp7 plays a conserved biological role in both 

cell lineages, where it mediates tissue stiffness by controlling the expression of ECM related 

genes.

Together, our results reveal mechanistic insights into how oligodendrocytes contribute to 

brain ECM and how this affects brain stiffness. Changes in ECM composition impedes 

remyelination23, and aging related changes in brain stiffness inhibit oligodendrocyte lineage 

cell differentiation and impede remyelination24. Here we show that oligodendrocyte lineage 

Sp7 mutants fail to remyelinate normally when Sp7 is inactivated in adult oligodendrocyte 

progenitor cells (OPCs). Our study describes a novel pathway that could potentially be 

targeted to enhance remyelination in aging and in disease.

Results:

Sp7 is required for developmental myelination

The transcription factor Sp7 is expressed in the CNS solely by oligodendrocyte lineage 

cells7. To explore its role in these cells, we used the Cre-lox system to inactivate the mouse 

Sp7 gene specifically in oligodendrocyte lineage cells. For oligodendrocyte-specific ablation 

of Sp7, we used mice with the Sp7 conditional allele25 in combination with the Olig2-Cre 

line26, resulting in Sp7fl/fl;Olig2-Cre mice. We verified ablation of Sp7 in oligodendrocyte 

lineage cells using RNA-scope (Fig. S1). To explore the effect of oligodendrocyte-specific 

Sp7 ablation, we examined myelin and oligodendrocyte lineage cells in the Sp7fl/fl;Olig2-

Cre mice. We found that Sp7 ablation resulted in aberrant developmental myelination in 

the optic nerve of 15-day old mutant mice. Non-compact myelin loops were present in the 

mutant beneath and inside compact internodal myelin, and in residual myelin sheaths that 

incompletely covered the axon (Fig. 1A-D). This was accompanied by axonal swelling 

(Fig. 1E), that was observed only in Sp7fl/fl;Olig2-Cre mice. At peak developmental 

myelination in mice (P21), normal appearing myelin was observed in the mutant (Fig. 

1F-I). Nevertheless, Sp7 ablation caused hypomyelination, characterized by mild reduction 

in percentage of myelinated fibers (Fig. 1F-H), accompanied by slight reduction in density 

of mature oligodendrocytes (Fig. 1I-K). To explore the consequences of having reduced 

numbers of mature oligodendrocytes, we further explored the population of OPCs in the 

mutant and found an increased proliferation (Fig. 1L-N).

To explore if the reduced number of oligodendrocytes and hypomyelination we observed 

in Sp7fl/fl;Olig2-Cre mice resulted in motor deficits, we performed gait analysis on three-

month old mice. At this age, there was no difference in density of mature oligodendrocytes 
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in the mutant, and there was no evidence of microgliosis (Fig. S2). Gait analysis was 

performed using the DigiGait system in which a high-speed digital camera captures paw 

movement as mice walk on a treadmill at walking speeds of 10, 17 and 24 cm/second. 

While mutants did not have a profound motor phenotype, abnormal gait was detected in 

Sp7fl/fl;Olig2-Cre mice, indicating that oligodendrocyte-specific ablation of Sp7 results in 

motor abnormalities that persist into adulthood (Fig. 1O-P).

Sp7 is required for myelin maintenance and for remyelination

Based on Sp7’s role in developmental myelination, we hypothesized that it might also 

be involved in myelin maintenance and remyelination. To differentiate between the 

developmental role of Sp7 with its potential role in adults, we used an inducible Cre-lox 

system, where developmental myelination remained intact. To explore the role of Sp7 in 

myelin maintenance, we used mice with the Sp7 conditional allele in combination with 

the inducible PLP-CreERt line27 that mediates recombination in mature oligodendrocytes, 

resulting in Sp7fl/fl;PLP-CreERt mice. Using this line, we found that at three months post-

Sp7 ablation in adult animals, aberrant myelin was present in optic nerve of mutant mice, in 

which loops of non-compact myelin were present beneath compact internodal myelin (Fig. 

2A-C). This was accompanied by the presence of phagocytic cells with myelin debris (Fig. 

2D), and microgliosis (Fig. S2).

We next tested the effect of oligodendrocyte-specific ablation of Sp7 on remyelination. 

For the remyelination studies we used the cuprizone model of CNS demyelination. In 

this protocol, demyelination is induced by feeding mice with chow containing 0.2% 

cuprizone for 6 weeks. Remyelination is generally analyzed 2-3 weeks following removal 

of cuprizone from the animals’ chow. For these studies we used the Sp7 conditional allele 

in combination with the inducible PDGFRα/CreERT line28 that mediates recombination 

in OPCs, resulting in PDGFRα/CreERT:Sp7flox/flox mice. To induce demyelination, 8-week-

old PDGFRα/CreERT–positive mice and Sp7flox/flox mice (used as controls) were placed on 

0.2% cuprizone chow for six weeks. To induce Sp7 inactivation by the inducible PDGFRα/
CreERT, Cre positive and Cre negative animals were injected with tamoxifen for five 

days, two weeks prior to cuprizone exposure. After six weeks on cuprizone, all animals 

were placed on normal chow for three weeks to allow for remyelination. Following the 

remyelination period, the corpus callosum was assessed by EM. We found that while myelin 

thickness (g-ratio) was similar between WT and mutant upon remyelination (Fig. 2E-G), 

Sp7-specific ablation substantially reduced the percentage of myelinated fibers and caused 

aberrant remyelination in which non-compact myelin loops were present beneath compact 

internodal myelin (Fig. 2H).

Sp7 controls the expression of genes involved in node of Ranvier and ECM formation

Sp7 controls expression of transcripts important for ECM in bone forming cells21,29-34. 

Based on this, we hypothesized that Sp7 ablation would change expression of ECM 

transcripts in oligodendrocytes as well. To identify Sp7-regulated genes in oligodendrocytes, 

we cultured primary oligodendrocyte lineage cells derived from Sp7fl/fl;Olig2-Cre mice and 

from Cre negative animals, used as controls, and collected total RNA and protein samples. 

Primary cultured oligodendrocytes derived from Sp7fl/fl;Olig2-Cre mice had reduced MBP 
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and MAG protein levels, while having relatively normal levels of MYRF and OLIG2, 

confirming that these Sp7-ablated cells were still committed to the oligodendrocyte lineage 

(Fig 3A-C). RNA-seq of primary cultured mature oligodendrocytes revealed that Sp7 

ablation changed expression of major transcripts that are crucial for ECM, oligodendrocyte 

interactions with the ECM, and for cholesterol synthesis (Fig 3D). Among differentially 

expressed genes (DEGs) were several collagens, integrins, proteoglycans and laminins 

(Supplemental RNA-seq data, Table S1). Among categories that were enriched in DEGs 

were “ECM organization”, “laminin interactions”, “ECM proteoglycans” and “non integrin 

membrane ECM interactions” genes (Fig. 3E). To further explore the importance of DEGs 

to ECM, we analyzed DEGs against the matrisome database35. This analysis revealed that 

oligodendrocyte-specific ablation of Sp7 changes the expression of 53 core matrisome 

transcripts and 128 matrisome-associated transcripts (Fig. 3F and Table S2). Among 

oligodendroglial DEGs detected upon Sp7 ablation were transcripts that encode components 

of the node of Ranvier, such as Cntn2 (Tag-1), Mal, Opalin, Cldn11, and Dcc36-40, and 

several transcripts that constitute perinodal ECM such as Versican (Vcan) and Hapln2 

(Bral1)11,41-44. Sp7 ablated oligodendrocytes displayed reduced expression of the transcript 

that encodes the perinodal ECM protein tenascin R (Tnr), which is expressed in brain solely 

by oligodendrocyte lineage cells7. To validate the RNA-seq results in vivo, we examined 

TNR expression in brains of 21-day-old mutant mice. In line with the RNA-seq data, we 

found marked reductions in TNR protein expression in brains of Sp7fl/fl;Olig2-Cre mice 

(Fig. 3G-H).

In vitro, oligodendrocyte conditioned media (OCM) induces formation of early nodal 

protein clusters (known as prenodes) along axons of retinal ganglion cells45,46 and 

hippocampal neurons9, independent of myelination. The ability of OCM to induce sodium 

channel clustering in neuronal cells is mediated by proteins, including TNR, secreted by 

oligodendrocytes into the media8. To functionally explore the role of Sp7 in prenode 

formation, we examined the sodium channel clustering activity of OCM derived from Sp7-

ablated cells. We found that OCM derived from Sp7-ablated oligodendrocytes had reduced 

sodium channel clustering activity in cultured hippocampal neurons compared to OCM from 

control oligodendrocytes (Fig. 3I-N).

Sp7 is crucial for node of Ranvier integrity, and for brain stiffness

Brain ECM is concentrated in perineuronal nets (PNNs), axonal initial segments, and 

around nodes of Ranvier. This ECM plays an important role in determining mechanical 

and physiological properties of the brain16. TNR is an important component of brain ECM47 

and it concentrates in PNNs and around the node of Ranvier42 (Fig. S3). Based on reduced 

expression of Tnr in Sp7-ablated oligodendrocytes (Fig. 3D) and in brains of Sp7 ablated 

animals (Fig. 3G-H), we hypothesized that PNN and node of Ranvier, in which TNR plays 

a structural role, may be affected. To test our hypothesis, we explored TNR expression in 

lumbar spinal cord of Sp7fl/fl;Olig2-Cre mice. In spinal cord grey matter, we found reduced 

expression of TNR in the PNN. Reduced expression of TNR however, did not affect the 

distribution of PNN in brains of Sp7fl/fl;Olig2-Cre mice (Fig. S3). In spinal cord white 

matter, we found reduced TNR expression at nodes of Ranvier (Fig. 4A-C).
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Brain stiffness depends mainly on ECM, and not on myelin48,49. To explore whether 

aberrant expression of ECM related transcripts changed the brain’s mechanical properties, 

we used atomic force microscopy (AFM) to measure brain stiffness. We found that 

oligodendrocyte-specific ablation of Sp7 resulted in reduced brain stiffness in the corpus 

callosum and cortex (Fig. 4D). To explore the effect of Sp7 ablation on node of Ranvier 

formation, we examined nodal, paranodal and juxtaparanodal areas in mutants by electron 

microscopy (EM) and by immunohistochemistry (IHC). EM revealed that Sp7 ablation 

results in abnormalities in paranodal organization (Fig. 4E-I). Splitting of compact myelin 

in paranodal areas was observed in the mutant (Fig. 4F), as well as abnormal formation of 

paranodal loops oriented away from the axolemma (Fig. 4H). In addition, increased nodal 

length and reduced nodal destiny were observed in brains, optic nerves and spinal cords of 

mutant mice, as observed by IHC (Fig. 4 J-O) and EM (Fig. 4 P-Q). Taken together, these 

data indicate that Sp7 plays a critical role in formation of node of Ranvier ECM and in 

determination of brain stiffness. To examine the mechanism by which Sp7 mediates these 

biological activities, we sought next to explore binding of Sp7 to the genome.

Sp7 enhancers in oligodendrocyte lineage cells

To focus on direct Sp7-target genes in oligodendrocyte lineage cells, we performed 

chromatin immunoprecipitation sequencing (ChIP-seq) analysis by immunoprecipitating 

endogenously expressed Sp7 and associated chromatin from primary cultured mature 

oligodendrocytes, using an anti-Sp7 antibody. To corroborate this data, we also enforced 

expression of Flag-tagged Sp7 in mouse primary cultured oligodendrocyte and performed 

ChIP-seq analysis using an anti-Flag antibody (Fig. 5 and Fig S4). Consistent with other 

Sp7 ChIP-seq datasets derived from bone forming cells21,31, we identified two main groups 

of Sp7 bound peaks, proximal and distal to the transcription start site (TSS) that represent 

promoters and distal enhancers (Fig. 5A-D).

Sp7 distal enhancer peaks were enriched in genes associated with myelin formation and 

oligodendrocyte differentiation (Fig. 5E), and Sp7 promoters were enriched in genes 

associated with non-coding RNA metabolic processes (Fig. S4). In bone forming cells, 

Sp7 binds chromatin indirectly by associating with either Dlx family transcription factors (in 

osteoblasts)21,31 or AP1 family members (in osteocytes)31. Based on this, we hypothesized 

that Sp7 has an oligodendrocyte-specific cofactor. De-novo motif analysis of Sp7 bound 

distal enhancers in oligodendrocytes identified the binding site of Sox family members as 

the most enriched motif (Fig. 5F, and Fig. S4). We intersected our RNA-seq and ChIP-seq 

datasets to identify 509 Sp7 target genes in oligodendrocytes (Fig. 5G). The most enriched 

categories in Sp7 target genes in oligodendrocytes are directly linked to the ECM. This 

was based on identifying 28 core matrisome genes and 97 matrisome-associated genes 

among the Sp7-target genes in oligodendrocytes (Fig. 5H). Our RNA-seq study revealed 

that transcripts that were differentially expressed upon Sp7 ablation were enriched for 

both ECM related genes and for genes important for cholesterol biosynthesis, which are 

regulated by sterol regulatory element binding proteins (SREBPs) (Fig. 3E). In contrast, 

Sp7 target genes were enriched mainly for ECM related genes (Fig. 5G), suggesting that 

reduced expression of genes related to cholesterol biosynthesis is a secondary effect caused 
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by altered ECM. Our data therefore suggest that in brain, the ECM is a direct effector of 

cholesterol biosynthesis related genes regulated by SRBPs, as observed by others50,51.

Convergent and divergent Sp7 biological activities in the CNS and in bones

To systematically explore the effect of Sp7 ablation on the open chromatin landscape 

in mature oligodendrocytes, we performed ATAC-seq on primary cultured mature 

oligodendrocytes derived from Sp7fl/fl;Olig2-Cre mice and Cre negative Sp7fl/fl mice (Fig. 

6A). We found that Sp7 bound peaks fall within open chromatin sites in oligodendrocytes, 

but as expected, only a subset of open chromatin sites was Sp7 bound (Fig. S5). Our 

ATAC-seq revealed that ablation of Sp7 does not cause a significant change in the open 

chromatin landscape in mature oligodendrocytes (Fig. 6A), but rather acts upon open 

regulatory regions, in a similar fashion to the way Sp7 acts during the transition from 

osteoblasts to osteocytes31.

We therefore sought next to explore the effect of Sp7 on genome-wide binding dynamics 

of other transcription factors within open chromatin52. To do so, we focused on Sp7 

distal enhancers that are in open chromatin (coincide with ATAC-seq peaks) and compared 

transcription factor-footprinting before and after Sp7 ablation on these distal peaks that bind 

Sp7 in WT oligodendrocytes (Fig. 6B). This footprint analysis revealed that the binding 

motif of Sox transcription factors was less protected in Sp7 ablated cells, suggesting that 

ablation of Sp7 reduced binding of Sox transcription factors in Sp7 bound open regions. 

This was observed for Sp7 distal enhancers, but not in Sp7 proximal enhancers (Fig. S6).

Our de-novo motif analysis of Sp7 bound enhancers in oligodendrocytes identified the 

binding site of Sox9 and Sox10 as the most enriched motif in Sp7 peaks (Fig. 5F), which 

was based on the similarity in their binding motif (Fig. S4). Nevertheless, since Sox9 is 

not expressed in oligodendrocytes7, we focused here on Sox10, which is known to play 

an essential role in mature oligodendrocytes. The Sox10 motif was in the center of Sp7 

bound sites (Fig. 6C), suggesting that Sox10 may represents an oligodendrocyte-specific 

cofactor of Sp7 (See example of Sox10 peak in Sp7 peak in Supplemental Figure S6). Using 

the ATAC-seq footprinting analysis we explored how Sp7 ablation affects the binding of 

transcription factors Sox10 and CCCTC-Binding Factor (CTCF, as control) in Sp7 distal 

enhancers (Fig. 6D-E). Our analyses revealed that ablation of Sp7 substantially reduced the 

Sox10 footprint in distal enhancers of Sp7, but barely affected binding of CTCF in the same 

set of ATAC peaks, suggesting that Sp7 ablation has a specific effect on Sox10 binding (Fig. 

6D-E). To further test this possibility, we divided Sox10 bound peaks into two groups: peaks 

in which binding of Sox10 coincides with Sp7, and Sox10 peaks in which we did not detect 

Sp7 binding (Fig. 6F). We explored how Sp7 ablation affects Sox10 binding in these two 

groups of Sox10 peaks. We found that ablation of Sp7 changes the aggregated signal of 

Sox10 binding only in Sox10 peaks that were Sp7 positive (Fig. 6G) but had no effect on 

Sox10 peaks that were Sp7 negative (Fig. 6H). Expression of Sox10 does not change upon 

Sp7 ablation (Fig. 3, and supplemental RNA-seq data). Therefore, this analysis strongly 

suggest that Sp7 ablation weakens the association of Sox10 with DNA in a defined set of 

enhancers (Sox10 & Sp7 positive) in mature oligodendrocytes, either directly or indirectly.
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To further understand the role of Sox10 and Sp7 positive enhancers in oligodendrocytes, we 

examined genes associated with them. This set of genes was enriched for genes important 

for cell adhesion and node of Ranvier, such as Cntn2, (Fig. 6I), suggesting that binding of 

Sp7 to these specific sites can explain the abnormalities of the node of Ranvier observed 

in the mutant (Fig. 4). To understand how Sp7 ablation affects expression of these genes, 

we focused on the 230 genes that had Sox10 and Sp7 binding and were also differentially 

expressed upon Sp7 ablation. We found that these genes were enriched for cell adhesion 

genes that are important for the organization and interaction with the ECM, such as Tnr and 

laminin Lama1 (Fig. 6J).

Our data suggest that in oligodendrocytes Sp7 directly regulates expression of genes related 

to the ECM (Fig. 5G). To explore if Sp7 has a similar biological role in bone forming 

cells, we explored Sp7-target genes that are differentially expressed upon Sp7 ablation or 

overexpression (by RNA-seq) and have Sp7 binding (by Sp7 ChiP-seq) in osteocytes and 

in osteoblasts31. We found that in both osteocytes (Fig. 7A) and osteoblasts (Fig. 7B) 

Sp7 target genes are enriched primarily for ECM related genes. Since we found that Sp7 

target genes in oligodendrocyte are also enriched primarily for ECM related genes, this 

data suggest Sp7 has a similar biological function in oligodendrocytes and in bone forming 

cells. Nevertheless, the ECM in brain and bones is different in its components and in its 

biomechanical properties. To further understand the cause for the similarities in Sp7 function 

in these cells, we compared all Sp7-bound sites in oligodendrocytes with published Sp7 

Chip-seq data in primary osteoblasts (POBs)21,31 and osteocytes (Ocy)31. We found that 

235 of the Sp7-bound distal enhancers in oligodendrocytes were also Sp7 bound in bone 

forming cells, mainly in osteocytes (Fig. 7C). To further understand the importance of Sp7 

bound sites that were bound in both oligodendrocyte and in osteocytes, we compared direct 

Sp7-target genes in these two lineages. This comparison revealed that in both cell lineages, 

Sp7 directly controls the expression of transcripts that are crucial for the ECM (Fig. 7D).

Taken together, these observations suggest that Sp7 regulates the expression of ECM related 

genes in osteocytes and osteoblasts (in bones), and in oligodendrocytes (in the brain). To 

mediate ECM related gene expression in a cell lineage specific context, Sp7 was found to 

interact with DLX in osteoblasts and with AP1 in osteocytes (Fig. 7E-F), to act together 

in open chromatin21,31,53. Our data suggest that in mature oligodendrocytes, Sp7 acts in 

open chromatin, where it changes Sox10 binding to a group of enhancers that regulate 

genes important for the formation of the brain-specific ECM and node of Ranvier, thereby 

controlling node of Ranvier formation and brain stiffness (Fig. 7 G-H).

Discussion

Brain ECM plays essential roles in CNS development and disease. In particular, 

oligodendrocyte lineage cell derived ECM components precisely regulate the formation 

of node of Ranvier and PNN. Here, we show that the transcription factor Sp7 is 

required in oligodendrocytes for developmental myelination, myelin maintenance, and for 

remyelination. By combining ChIP-seq data of Sp7 in oligodendrocytes with RNA-seq data 

of Sp7 ablated oligodendrocytes, we identified Sp7 target genes in mature oligodendrocytes. 

These genes include genes required for formation of node of Ranvier and brain ECM. 
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Accordingly, oligodendrocyte-specific ablation of Sp7 results in aberrant node of Ranvier 

formation and a general reduction in brain stiffness, as measured by AFM. Based on this, 

we conclude that Sp7 is a transcription factor that promotes node of Ranvier and brain 

ECM formation by regulating expression of ECM and node of Ranvier related genes in 

oligodendrocyte lineage cells.

We have previously shown that oligodendrocytes maintain sodium channel clusters in nodes 

of Ranvier, independent of myelin54. This is supported by recent studies suggesting that 

oligodendrocytes induce the clustering of voltage-gated sodium channels in a step that 

precedes developmental myelination9 by secreting TNR and other ECM proteins8. Together, 

these studies suggest that oligodendrocyte-secreted ECM proteins control node of Ranvier 

formation independent of myelin formation. Nevertheless, while the transcriptional control 

of myelin genes in oligodendrocyte lineage cells has been studied extensively12,14 the 

transcriptional control of ECM and nodal genes in oligodendrocytes has remained elusive.

Node of Ranvier assembly in the CNS involves three mechanisms: (1) secreted glia-derived 

ECM complex proteins that cluster sodium channels, (2) formation of paranodal axoglial 

junctions that act as barriers to maintain nodal proteins in place, and (3) changes in axonal 

cytoskeletal scaffolds that maintain sodium channels at nodes11. Our data suggest that Sp7 is 

involved in the first two mechanisms by controlling expression of oligodendrocyte-secreted 

ECM proteins that are directly involved in nodal formation such as Tnr47, Hapln2 (Bral1)43, 

Versican42, and Olfactomedin 28, and by controlling expression of paranodal loop structural 

components such as Cntn2 (Tag-1)39, and Opalin40. Paranodal region adhesion molecules 

control myelin growth and internode length55, therefore it is possible that by controlling 

nodal ECM and paranode formation, Sp7 also controls internodal myelin stability. This 

possibility is supported by our observation that Sp7 participates in myelin maintenance (Fig. 

2).

We also explored the mechanism by which Sp7 controls expression of ECM and nodal genes 

in oligodendrocytes. Our ATAC-seq data revealed that Sp7 does not globally change the 

open chromatin landscape upon oligodendrocyte differentiation, but rather acts upon open 

regulatory regions, where it mediates Sox10 binding to specific active enhancers of ECM 

and nodal genes. Sox10 is a transcription factor that facilitates expression of myelin genes 

in Schwann cells in the PNS56,57 and in oligodendrocytes in the CNS58. In addition to 

mediating both CNS and PNS myelination, Sox10 controls expression of genes important 

for node of Ranvier formation in the PNS. To do so, Sox10 interacts with the Schwann-cell-

specific transcription factor Egr2 (Krox20)59 and together these two transcription factors 

induce the expression of genes important for node of Ranvier formation60. The concurrent 

activation of both myelin genes and node of Ranvier genes by Sox10 ensures timely 

myelination and node of Ranvier formation in the PNS, while co-activation with Egr2 likely 

enables fine-tuning mechanisms for preference of myelin genes versus nodal genes60. Here 

we found that in oligodendrocytes, Sp7 binds in proximity to genes important for ECM and 

node of Ranvier formation (Fig. 5), where it changes chromatin accessibility in a subset of 

Sox10 binding sites (Fig. 6).
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In brain, Bral1 (Hapln2) dependent ECM concentrates around node of Ranvier, and 

Bral2 (Hapln4) dependent ECM concentrates in PNN43,61. Both Bral1 and Bral2 

where differentially expressed in Sp7 ablated oligodendrocytes, suggesting that the 

ECM in PNN is also directly controlled by Sp7. The Sp7 targets Tnr, Tnc, and 

versican (Vcan) play fundamental roles in constructing the PNN47,62. In addition, Sp7 

targets in oligodendrocytes include enzymes that are important for PNN formation, 

including disintegrin and metalloproteinase with thrombospondin motifs 4 (Adamts4), and 

sulfotransferases Chst1 and Chst114,63,64. In line with the transcriptomic data, our data 

suggest that oligodendrocyte-specific Sp7 ablation affects PNN formation in spinal cord (Fig 

4). Sp7 is the only transcription factor that is directly linked to PNN formation.

Sp7 belongs to the Sp family of transcription factors22, which are known to bind to GC-rich 

motifs21,53,65-68. During evolution from protochordates to jawed fish, the Sp7 gene acquired 

changes that allowed its interaction with other factors, resulting in its binding to AT-reach 

motifs21. These changes enabled binding of Sp7 to DLX and to AT-rich motifs. This change 

in Sp7 binding motif is an important factor in transcriptional programing that enabled 

bone formation during evolution. In parallel, changes in the genes Olig1, Olig2 and Myrf, 

accumulated during evolution. This established the transcriptional program that enabled 

the formation of myelin, which also appeared first in jawed fish69,70. Our findings that 

the most enriched motif in the Sp7-bound peaks in oligodendrocytes is a Sox motif (AT-

rich) suggest that the evolutionary change in Sp7 binding from GC-rich to AT-rich motifs 

played an important role not only in bone formation, but also in the formation of brain 

ECM. Interestingly, the disease-related human mutation S309W in the Sp7 gene changes 

the binding specificity of Sp7 from AT-rich motifs back to GC-rich motifs and results in 

aberrant ECM gene expression. This mutation, which in a way reverses the evolution of 

the Sp7 gene, results in human patients with craniosynostosis, cranial hyperostosis, and 

long bone fragility53. It would be very interesting to explore how this mutation affects 

oligodendrocyte gene expression, nodes of Ranvier development, PNN formation, and 

saltatory conduction.

In osteoblasts, Sp7 mediates gene expression by interacting with its cofactor DLX. In 

osteocytes, Sp7 mediates gene expression by interacting with its cofactor AP1 (FOS;JUN). 

Our data suggest that in oligodendrocytes, Sp7 mediates gene expression by interacting with 

Sox10 (Fig. 6). Based on this, we propose a model in which Sp7 interacts with a cell specific 

cofactor, thus mediating ECM related gene expression in a cell-type specific manner (Fig. 

7). The evolutionary changes in Sp7 that allowed its interaction with other transcription 

factors, changed its DNA binding motif21. Changes in gene regulatory networks are a 

driving force of developmental and evolutionary processes71,72. Our study demonstrates how 

integration of Sp7 into different gene regulatory networks may have contributed to parallel 

bone and brain developmental and evolutionary changes.

Brain stiffness plays a fundamental role in nearly all biological processes in the CNS, 

including development, regeneration, and aging. Establishing accurate CNS biomechanics is 

an important but largely overlooked function of oligodendrocytes. In our study we used a 

combination of AFM, genetic, and transcriptional studies, to provide a detailed mechanism 

by which Sp7 controls the critical contribution of oligodendrocytes to CNS tissue stiffness. 
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Our data suggest that a similar biological activity of Sp7 that evolved separately in 

oligodendrocytes and osteoblast lineage cells plays a fundamental role in ECM formation of 

bone, cartilages, and CNS. The brain is the softest tissues of the body, whose mechanical 

properties rely on the molecular composition of its ECM, especially on low expression of 

Collagen-1 (Col1a1 and Col1a2)73. Conversely, bones, which are the hardest body tissue, 

rely on high Collagen-1 levels to establish their characteristic stiffness73. Sp7 dictates bone 

stiffness by directly activating the expression of Col1a130 and Col1a233 in osteoblasts. In 

addition, Sp7 directly controls the expression of the less abundant type 5 collagen genes 

Col5a1 and Col5a1 that interact with type I collagen32,34. We report here that ablation of 

Sp7 in oligodendrocytes resulted in dramatic changes in ECM related transcripts (Fig. 3), 

including ECM components and ECM modifying enzymes (Fig. 3), resulting in changes in 

brain stiffness (Fig. 4). Taken together, these data suggest that Sp7 plays a fundamental role 

in controlling tissue stiffness in bones and the CNS by mediating expression of ECM genes.

The contribution of oligodendrocyte lineage cells to node of Ranvier formation is an 

intricate process that occurs before, during, and after myelination. Before node formation, 

ECM proteins secreted from oligodendrocytes mediate clustering of voltage-gated sodium 

channels8 that later become nodes10,74. During myelination, formation of paranodal 

junctions maintain nodal proteins in place11 and regulate internodal myelin growth55. Only 

after completion of developmental myelination does mature ECM appear around nodes11. 

Our data indicate that Sp7 controls these processes, and that the interaction of Sp7 with 

Sox10 on a specific set of enhancers enables fine-tuning for myelin versus ECM related 

gene expression.

Limitation of the study

The ECM in demyelinated lesions affects the ability of oligodendrocytes to remyelinate75. 

Recent studies demonstrate that oligodendrocytes not only respond to the ECM in 

demyelinated lesions, but also actively modify it76. Our data suggest that Sp7 is important 

in adults for both myelin maintenance and for remyelination, such that it is difficult to 

determine if the reason for remyelination failure is the aberrant ECM that was generated 

following Sp7 ablation, or a failure of the Sp7-ablated oligodendrocytes to respond to the 

ECM in the demyelinated environment.

Osteoblasts utilize the mechanosensitive channels Piezo1 and Piezo2 to activate the 

YAP/TAZ pathway which induces osteoblast differentiation and bone formation in response 

to mechanical forces77. Oligodendrocytes are also responsive to mechanical forces and use 

Piezo1 for mechanotransduction24. In addition to ECM related genes mentioned above, 

Piezo1 and Piezo2, as well as the YAP/TAZ pathway transcription factor TEA domain 

family member 2 (Tead2) are differentially expressed in the Sp7 ablated oligodendrocytes, 

suggesting that remyelination failure in Sp7 ablated oligodendrocytes may result from the 

inability to respond to the stiffness of their environment. Further studies, using artificial 

matrixes with differential stiffness will be required to explore the effect of Sp7 ablation on 

mechanotransduction in oligodendrocytes.

In addition, further studies are required to explore why MBP and MAG translation fail in the 

primary cultured oligodendrocytes derived from Sp7-ablated cells. Transcript levels of these 
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genes were normal (Fig. 3), and the MBP staining in brain of Sp7 ablated animals appeared 

relatively normal (Fig. 1). Only at the protein level was there a reduction in MBP and 

MAG levels in vitro (Fig. 3). Similar phenomenon was observed in KLF9 mutants, in which 

oligodendrocytes that lacked the transcription factor KLF9 fail to express MBP in vitro, but 

were normal in vivo78. Among the differentially expressed genes in the Sp7 ablated genes 

were several integrins and laminins, which are known to control Mbp translation79. Further 

in vitro studies are needed to determine how Sp7, perhaps by controlling integrin expression, 

influences Mbp translation in vitro, and what mechanism(s) compensate for this and allow 

Mbp translation in vivo.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Brian Popko 

(brian.popko@northwestern.edu).

Materials Availability—The PLP-CreERt mice used in this study are available from Brian 

Popko (brian.popko@northwestern.edu) upon request.

Data and code availability

• The ChiP-Seq, ATAC-seq and RNA seq datasets have been deposited in the Gene 

Expression Omnibus (GEO) repository.

These datasets are publicly available, with accession number GEO: GSE221193 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221193). This paper also analyzes 

previously published data20 and31. This existing data are publicly available, and the 

accession numbers are listed in the Key Resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—Animals used in this study were housed in pathogen-free conditions at controlled 

temperatures and relative humidity with a 12/12 hr light/dark cycle and free access to 

pelleted food and water. All animal experiments were conducted in accordance with the 

ARRIVE guidelines and in complete compliance with the guidelines of Northwestern 

University Institutional Animal Care and Use Committee (IACUC).

Mice for experiments were generated by crossing the Sp7fl/fl mice25 

(RRID:IMSR_JAX:035391) with either the Olig2-Cre mice26 (RRID:IMSR_JAX:025567), 

or with the PLP-CreERt mice27 (RRID:IMSR_JAX:005975), or with the PDGFRa-CreERt2 

mice28 (MGI:3832569), resulting in Sp7fl/fl;Olig2-Cre mice, Sp7fl/fl;PLP-CreERt mice, and 

Sp7fl/fl; PDGFRa-CreERt2 mice, respectively. In all the experiments, Cre negative Sp7fl/fl 

mice were used as controls.

Elbaz et al. Page 12

Neuron. Author manuscript; available in PMC 2025 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221193
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221193


All mouse lines were on the C57BL/6 background. The sex of the animal did not impact 

the levels of developmental myelination, and both female and male mice were used in all 

the studies. The mice used for all the studies were healthy (beside mild motor deficit in the 

Sp7fl/fl;Olig2-Cre mice, described in Fig. 1) and were not used in previous procedures. 

The Sp7fl/fl;Olig2-Cre mice were tested naïve. The Sp7fl/fl;PLP-CreERt mice and the 

Sp7fl/fl;PDGFRa-CreERt2 mice were tested following tamoxifen injections. Six to eight 

weeks old mice were used for tamoxifen injections.

METHOD DETAILS

Tamoxifen injections—Tamoxifen injections were performed as we previously 

described80. One mg/day 4-hydroxytamoxifen (H-6278, Sigma) was injected for five 

consecutive days for Sp7fl/fl;PLP-CreERt and Sp7fl/fl; PDGFRa-CreERt2 mice.

Behavioral analyses—Gait analysis was performed using the DigiGait (Mouse Specifics 

Inc., Boston, MA) imaging system. In this system, a high-speed digital camera captured 

the movement of the paws as the mouse walked on a treadmill belt, and simultaneously 

analyzed various gait parameters. Each animal was tested on the DigiGait treadmill ten times 

on the day of testing, with 2-minute breaks in between. Data collection started after the 

animal walked consistently for at least 3 complete strides. Gait analysis was performed at 

walking speed of 10, 17 and 22 cm/second. Walk velocity was controlled by the DigiGait 

system by controlling the speed of the treadmill. Footprints from fluent runs with a steady 

velocity were analyzed. The behavioral studies were done blindly, such that the researcher 

who performed the DigiGait analysis was not aware of the genotype of the mice.

Cuprizone administration—To induce demyelination, Sp7fl/fl; PDGFRa-CreERt2 mice 

and Cre negative Sp7fl/fl mice (male and female) were used. To induce Sp7 ablation, 

six-weeks-old mice were injected with tamoxifen, as described above. Two weeks post 

tamoxifen injection, the mice were fed a 0.2% cuprizone diet (Envigo, Madison, WI, USA) 

for six weeks, as described81. The mice were then placed back on normal chow for three 

weeks to allow remyelination to occur. The corpus callosum of each mouse was collected 

after three weeks of remyelination on normal chow.

Electron microscopy (EM) analysis—Morphometric analysis was performed 

essentially as described previously82-84. Mice were perfused with saline, followed by 

perfusion with a solution of 2.5% glutaraldehyde and 4% paraformaldehyde in a 0.1 M 

sodium cacodylate buffer. Optic nerves and corpus callosum were harvested and postfixed 

in the same fixative at 4°C for two weeks, and were embedded in epoxy resin. Semithin 

sections were stained with toluidine blue and observed on a slide scanner microscope 

(Olympus, SlideView, VS200). Ultrathin sections were double stained with uranyl acetate 

and lead citrate and observed on an FEI Tecnai Spirit G2 transmission electron microscope. 

G-ratios were calculated from the EM images, as described in85.

Immunohistochemistry and cell counts—Immunohistochemistry was essentially 

performed as previously described80,82,86. Mice were deeply anaesthetized with 2.5% 

avertin (Cat# T48402, Sigma Aldrich) in dH2O. Upon the loss of nociceptive reflexes, mice 
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were transcardially perfused with 0.9% saline followed by ice-cold 4% paraformaldehyde 

(PFA). Brains, spinal cord and optic nerves were collected and postfixed overnight in 4% 

PFA at 4°C, followed by incubation in 30% sucrose until saturation. Tissues were then 

embedded in OCT, sectioned at 10μm, and stained with indicated antibodies.

Primary mouse cell cultures—Mouse oligodendrocyte lineage cells (OPCs) were 

isolated from Sp7fl/fl;Olig2-Cre mice and from Sp7fl/fl mice (used as a control) by 

the immunopanning method87, as we previously described19,84,86. For OPC isolations, 

6-8-days-old pups were used, both males and females. For proliferation media, platelet-

derived growth factor-AA (PDGF-AA; 10 ng/ml, PeproTech #100-13A), neurotrophin-3 (1 

ng/ml, PeproTech #450-03), forskolin (Sigma Aldrich [0.01 mM]), and ciliary neurotrophic 

factor (CNTF; 10 ng/ml, PeproTech #450-13) were added. To stimulate differentiation, 

PDGF-AA was removed and triiodothyronine (40 ng/ml, Sigma # T6397) was added. 

Media was changed every other day and differentiated cells were collected after five 

days in differentiation media. For OCM collection, mature oligodendrocyte derived the 

Sp7fl/fl;Olig2-Cre mice or Sp7fl/fl mice were grown in neurobasal media for 48h. The OCM 

was collected, centrifuged to remove cells debris, if any, and filtered through a 0.22 μm 

filter.

Primary hippocampal neurons were isolated from neonatal (P0-P1) mice by standard 

techniques as we described previously88, with minor modifications. Neonatal hippocampi 

were dissected out and their meninges removed in dissection media (10 mM HEPES in 

Hank’s Balanced Salt Solution [HBSS]). Brain tissue was then minced and trypsinized 

(0.25% trypsin and 1% DNAse in HBSS media) in 37°C water bath for 15 minutes. 

Trypsinized tissue was then washed twice in culture media (1% L-glutamine, 1% penicillin/

streptomycin, 2% B27, and 10% fetal bovine serum in Dulbecco’s Modified Eagle Medium 

[DMEM]), followed by mechanical trituration in culture media. Dissociated cells were then 

plated on poly-D-lysine-coated glass coverslips and left to incubate at 37°C and 5% CO2. 

24 hours after plating, cells were treated with mitotic inhibitor (5 μM fluorodeoxyuridine 

[FUDR] in culture media) to arrest division of glial cells. 12 hours after, the mitotic inhibitor 

was washed out and cells were fed with culture media. OCM was added to the cultured 

hippocampal neurons at 3 days in vitro (DIV). One-third of the medium was changed with 

neurobasal medium (NM) at 7 DIV, and then twice a week. The cells were fixed at 21 DIV.

The primary cultures were taken from healthy mice that were (1) not involved in previous 

procedures and (2) were not treated with drugs.

Immunocytochemistry and Sodium channel clustering analysis—Sodium 

channel clustering analysis was done as described in8. Cells cultured on coverslips were 

rinsed with PBS and fixed in ice cold 4% PFA for 10 min at RT, washed with PBS, then 

air-dried and stored at −80°C until immunostaining with the indicated antibodies.

Images were acquired using A1R laser scanning confocal microscope. Z-series sections 

were performed at 0.3 μm increments. Maximum orthogonal projections of images were 

used to plot profiles of immunofluorescence intensity, using Fiji software (NIH, Bethesda, 

Maryland). At least 35 neurons per coverslip, identified by NFM and AIS, were counted, 
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and the percentage of neurons with sodium channel clusters was determined for at least three 

coverslips per condition (total of at list 115 neurons per condition, from three cover slips). 

Sodium clusters were defined by a length of >1μm, and mean value of cluster area was at 

least 2.5 that of the adjacent region of the axon. Cluster length was measured on the plot 

profiles and was measured at half-height of the fluorescence peak.

RNA-scope—RNA scope was performed as previously described84. A mouse Myrf mRNA 

probe (ACDbio, Cat# 524061) was used with a mouse Sp7 mRNA probe (ACDbio, Cat# 

403401) using the RNAscope Multiplex Fluorescent Reagent Kit V2 Assay (ACDbio, 

Cat# 323110) (ACDbio). Fluorophores were purchased from Akoya Biosciences (Opal 520: 

Cat# FP1487001KT, Opal 620: Cat# FP1495001KT). Mice were processed for RNAscope 

assays as follows: deeply anesthetized animals were transcardially perfused with 0.9% saline 

followed by ice-cold 4% PFA as described above. Brains were immediately dissected out 

and transferred to 10% NB formalin solution (Sigma, Cat# HT5011) at RT for exactly 24 h. 

Brains were then transferred to freshly made 70% ethanol for 24 h at RT and processed for 

paraffin embedding. Sections were cut at 5 μm. RNAscope assays were performed as per the 

kit manufacturer’s specifications.

Total protein isolation—Cells in culture were rinsed twice with sterile PBS, then lysed 

with ice-cold RIPA buffer containing protease inhibitors (Thermo Fisher Scientific, Cat# 

78430) and phosphatase inhibitors (Sigma, Cat# P2850 and P5726) (lysis buffer), scraped 

and then collected in microcentrifuge tubes for a 10 min incubation on ice. Cell lysates 

were then centrifuged at 13,000 g for 15 min at 4°C, and the supernatant was collected and 

stored at −80°C until measurement. To collect brain tissues, mice were deeply anesthetized 

with 2.5% avertin and perfused with ice-cold sterile PBS, followed by brain isolation into 

microcentrifuge tubes and immediately frozen in liquid nitrogen. Brain samples were then 

stored at −80°C until homogenization. Brain tissue protein lysates were homogenized in 

lysis buffer, incubated on ice for 15 min and centrifuged at 13,000 g for 15 min at 4°C, 

with supernatants then being collected. Protein concentration was determined by using a 

BCA protein assay kit (Thermo Fisher Scientific, Cat# 23255) as per the manufacturer’s 

instructions.

Western blot—Protein lysates were boiled for 5 min in Laemmli sample buffer (Bio-Rad, 

Cat# 161-0737) with β-mercaptoethanol (Sigma, Cat# M6250), separated by SDS-PAGE, 

transferred onto a nitrocellulose membrane and immunoblotted. The primary antibodies used 

were anti-TNR (R and D Systems: cat #MAB1624); Rabbit-anti-MBP (1:1000, Abcam, 

Cat# ab40390), rabbit-anti-MAG (1:1000, Thermo Fisher Scientific, Cat# AB_2533179), 

mouse-anti-Olig2 (1:1000, Millipore, Cat# MABN50), mouse-anti-MYRF (1:5000, a kind 

gift from Dr. Ben Emery), and GAPDH (1:2000, Cell signaling, Cat# 2118S). Western blot 

bands were analyzed using Image Lab software (Bio-Rad laboratories).

RNA isolation and RNA-seq—Total RNA was isolated from primary cultured 

oligodendrocytes using RNA isolation kit, following manufacture’s protocol (Bio-Rad, Cat# 

732-6820). RNA quality was confirmed by 2100 Bioanalyzer using a model 6000 Nano 

kit (Agilent technologies, Cat# 5067-1511). Samples with RNA integrity number > 8 were 
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used. Bulk RNA-seq was performed as we previously described19,80,86. RNA libraries were 

prepared using Illumina Total RNA-Seq Library Prep kit (Illumina Cat# 20020596) and 

sequenced by Illumina HiSeq 4000 sequencers using HiSeq Kit (illumine, Cat# 20024906), 

at the Northwestern University Next Generation Sequencing Core facility.

Subsequent Analysis of the RNA-Seq Data—Sequence reads were trimmed for 

adaptor sequence/low-quality sequence using trimgalore/0.6.7 and cutadapt/3.4. (https://

github.com/FelixKrueger/TrimGalore). Trimmed sequence reads were mapped to mm10 

using STAR version 2.7.10a with default parameters89. PCR duplicates and low quality 

mapped reads were removed using Picard and SAMtools respectively90. Number of 

reads (counts) associated with each gene were performed using featureCounts91 and the 

differentially expressed features from the count tables were determined using the Deseq2 R 

package92.

ChIP-seq—ChIP-seq was performed as previously described86 on primary cultured 

mature oligodendrocytes, following the Sp7 Chip-seq protocol established by21. To get 

mature oligodendrocytes, primary cultured oligodendrocytes were cultured for five days in 

differentiative conditions (−PDGF, +40 ng/mL triiodothyronine; Sigma-Aldrich). The cells 

were washed with PBS (to remove cell debris), fixed in 1% PFA for 10 min, incubated 

with glycine, and were then flash frozen. The ChIP was then performed on formaldehyde 

cross-linked chromatin (~50 μg/sample) using an anti-Sp7 antibody (Abcam, ab22552) or 

anti-Flag antibody (Sigma F1804), as described in93. ChIP samples were used for Illumina 

library construction, and libraries were submitted to 75-base Illumina sequencing (>20 

million reads/sample). The 75 nt sequence reads were mapped to the mouse genome (mm10) 

assembly using the BWA algorithm (default settings)94.

Subsequent analysis of the ChIP-Seq data—Peak calling was performed with 

HOMER95 using only uniquely mapped reads with PCR duplicates removed. The peaks 

were calculated (HOMER findPeaks –style factor) against input DNA as a control.

For de novo motif discovery, sequences of identified Sp7 peaks from HOMER were 

submitted to the MEME-ChIP suite96. GREAT97 was used to find enriched annotations 

with the gene association rule set to basal + up to 100 kb. Occurrence of overlapping 

peaks of Sp7 in osteocytes and osteoblasts31 were identified using findOverlaps from the 

GenomicRanges R package98.

Cutadapt and FastQCcommands were used for adapter and quality trimming of raw reads 

using Trim Galore v0.6.7. (https://github.com/FelixKrueger/TrimGalore). The trimmed reads 

were then aligned to the UCSC mm10 genome using Bowtie2 version 2.4.599. Alignments 

with MAPQ smaller than 5 were filtered and only uniquely/primary mapping reads were 

retained using SAMtools v1.1490. PCR duplicates were removed using Picard v2.26.10. 

Peak detection was carried out with HOMER version 4.1195 findPeaks command were 

used with factor style for the chip compared to the input file. findMotifs.pl command was 

used to identify enriched motifs within the called peak list. BigWig files were generated 

using deepTools package version 3.5.1100. with the help of the bamCoverage command 

and the resulting BigWig files were normalized using the RPKM option. Other options 
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applied were ‘--binSize 20’, ‘--extendReads’ and ‘--centerReads’ for highest resolution. The 

computeMatrix command was used to calculates scores per genome regions together with 

mm10 blacklist to exclude problematic regions from the score matrix. Heat maps were 

generated with plotHeatmap command.

ATAC-seq—Primary cultured oligodendrocytes derived from brains of Sp7fl/fl; Olig2-Cre 

mice and Cre negative Sp7fl/fl mice (used as controls) were cultured as described above. 

OPCs that were grown in differentiation media for three days were used for premature 

oligodendrocytes, and OPCs that were grown for five days in differentiation media were 

used for mature oligodendrocytes. ATAC-seq libraries preparation was performed using 

the ATAC-seq Kit (Active Motif cat#53150) according to manufacturer’s instructions. The 

libraries were sequenced at the NGS Core Facility of Northwestern University, using 

Illumina NextSeq 500, 1x75 bp, with 50 million reads per sample.

Subsequent analysis of the ATAC-seq data—Reads with low-quality base calls are 

trimmed off from the 3′ end with a phred score > 20, using Trim Galore v0.6.7 (https://

github.com/FelixKrueger/TrimGalore).The reads were aligned to the UCSC mm10 genome 

using Bowtie2 version 2.4.599. Alignments with low quality score were filtered out and 

only uniquely mapping reads with at most two mismatches were retained using SAMtools 

v1.1490. Peak calling was carried out with MACS2 version 2.2.7.1101. Callpeak command 

were used with mm10 as the genome and both treatment and control specified. To identify 

differential regions, we used MACS2 sub commands: predictd, callpeak, and bdgdiff. This 

results in three sets of regions, either specific to one or the other sample, or common to both. 

BigWig files were generated using deepTools package version 3.5.1100 with the help of the 

bamCoverage command and the resulting BigWig files were normalised using the RPKM 

option. The ATAC-seq replicate samples were combined in order to produce the processed 

data files.

ATAC-seq DNA footprint analysis—ATAC-seq footprinting analysis was performed 

using TOBIAS (Transcription factor Occupancy prediction By Investigation of ATAC-seq 

Signal), essentially as described in52. TF motifs were downloaded from JASPAR CORE 

2018102, the JASPAR PBM HOMEO collection and Hocomoco V11 databases103. JASPAR 

motifs were linked to Ensembl gene IDs by mapping the provided Uniprot ID to the 

Ensembl gene ID through biomaRt43. Hocomoco motifs were likewise linked to genes 

through the provided HGNC/MGI annotation. Footprint plots were generated by the 

TOBIAS visualization modules.

Atomic force microscope (AFM) measurements—Measurements of brain stiffness 

were performed as described in49. Animals were anaesthetized with 2.5% Avertin and the 

brains were removed and fixed in 4% paraformaldehyde for 16 hours. Coronal sections were 

sectioned to a thickness of 100 μm using a mouse brain mold, washed extensively with 

PBS, and stored at 4 °C in PBS. Force maps from the brain tissue were collected using 

a Bruker BioSoft Indenter system using 200-micron spherical probe at the Scanned Probe 

Imaging and Development facility (SPID) at the Atomic and Nanoscale Characterization 

Center (NUANCE) of Northwestern University. The force-indentation curves were fit to the 
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Hertz model104 for spherical tips to determine Young’s modulus, with an assumed Poisson’s 

ratio value of 0.45 for the sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses including the number of animals, the number of replications, and 

P values for each experiment are noted in the figure legends. In all the experiments, 

Cre positive mice were used as study subjects, and littermate Cre negative Sp7fl/fl mice 

were used as controls. As the Cre positive and Cre negative mice are phenotypically 

indistinguishable, mice were stratified into groups based on age. For each age-group, the 

number of Cre positive and Cre negative mice and the age are noted in the figure legends. 

In all the experiments, all the animals in the study were used, and inclusion or exclusion 

criteria were not applied. For the immunohistochemistry and electron microscopy data, 

statistical significance was determined using two-tailed unpaired Student’s t tests. A p value 

of less-than 0.05 was considered significant. Statistical tests were performed using Prism 

8 software. No statistical methods were used to predetermine sample size or to determine 

whether the data met assumptions of the statistical approach. Each n value represents an 

individual animal or cell culture. Statistical significance for the RNA-seq data was analyzed 

by DESeq2 R package92. Fold change greater than 1.5 with FDR lower than 0.05 were 

considered significant. Statistical significance in the ChiP-seq and ATAC-seq studies was 

determined using MACS2 version 2.2.7.1101 and HOMER version 4.1195. For peak calling 

using MACS2 version 2.2.7.1, peaks with p value lower than 1e-5 with enrichment greater 

than 3-fold (compared to background) were considered significant. For Homer peak calling, 

peaks with p-value lower than 1e-4 with enrichment greater than 4-fold (compared to 

background) were considered significant.

Supplementary Material
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Highlights

Each highlight can be no more than 89 characters, including spaces.

1. Osterix (Sp7) is required for developmental myelination and node of Raniver 

formation.

2. In adults, Osterix is important for myelin maintenance and for remyelination.

3. Osterix regulates ECM and node of Ranvier-related gene expression in 

oligodendrocytes.

4. Sp7 changes Sox10 DNA binding to enhancers of ECM and node of Ranvier-

related genes.
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Figure 1. Sp7 is required for normal developmental myelination.
(A-E) P15 Sp7fl/fl;Olig2-Cre optic nerves were examined by EM. The following paranodal 

and juxtparanodal abnormalities were observed in the mutant: (A) abnormal loops of 

non-compact myelin below compact internodal myelin, (B-C) non-compact myelin inside 

(B) and below (C) compact myelin, and (D) non-compact myelin loops, originating from 

the compact myelin sheets, (E) axonal swelling with accumulation of organelles. (F-G) 

Optic nerves of 21-days-old Sp7fl/fl;Olig2-Cre mice were examined by EM. White arrow 

denotes growth of non-compact myelin beneath compact myelin. (H) Reduced percentage 
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of myelinated fibers in the mutant. (I-K) Brains of P21 Sp7fl/fl;Olig2-Cre mice and control 

Sp7fl/fl mice were analyzed by IHC with antibodies against MBP (I) and ASPA (K). (J) 

Quantified results. Blue bar-WT, orange bar-mutant. (L) Brains of P21 Sp7fl/fl;Olig2-Cre 

mice and control Sp7fl/fl mice were analyzed by IHC with antibodies against PDGFRα (red) 

and Ki67 (green). (M-N) Quantified results. Blue bars-WT, orange bars-mutant. (O-P) Gait 

analysis was performed on 3-month-old Sp7fl/fl;Olig2-Cre mice and control Sp7fl/fl male 

mice. (O) Paw angel, right forelimb. (P) Paw angel, left hindlimb. For panels A-E, n=3 for 

WT and mutant. For panels F-H n=4 for WT and mutant. For panels I-N n=3 for WT and 

mutant. For gait analysis, n=5 males per genotype. *P<0.05 (two-tailed unpaired Student’s 

t-test). Data are presented as the mean ± SEM. Scale bars in A=500 nm, B=200 nm, C=500 

nm, D=500 nm, E, F and G= 2 μm, I and L= 100 μm.
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Figure 2. Sp7 is important for myelin maintenance and remyelination in adult mice.
Two-months-old Sp7fl/fl;PLP-CreERt mice and control Sp7fl/fl mice were injected with 

tamoxifen for five consecutive days. Three months post-injection optic nerves were analyzed 

by EM. (A) Optic nerves of WT mice were intact. (B-C) Growth of non-compact myelin 

was observed in the mutant beneath compact myelin in cross (B) and longitudinal (C) 

sections. (D) Phagocytic cells with myelin debris were observed in the mutants. (E-H) 

Sp7fl/fl-PDGFRα-CreERt mice and control Sp7fl/fl mice were injected with tamoxifen for 

five consecutive days. Two weeks post-injection, mice were fed cuprizone chow for six 

weeks to induce demyelination. After six weeks, mice were fed normal chow for three 

weeks to allow remyelination. Following the remyelination period, the corpus callosum was 

analyzed by EM. (E-F) Reduced numbers of myelinated fibers were observed in the corpus 

callosum of the Sp-7 ablated mice. Higher magnification: non compact myelin loops were 

present in the mutant beneath compact internodal myelin. (G) Myelin thickness (g-ratio) was 

similar between WT and mutant upon remyelination. (H) Reduced percentage of myelinated 

fibers in Sp7fl/fl-PDGFRα-CreERt mice. For A-D and for E-F, n=3 for WT and mutant. 

**P<0.01 (two-tailed unpaired Student’s t-test). Data are presented as mean ± SEM. Scale 

bars in A and B=2 μm, C=500 nm, D=5 μm, E and F = 2 μm.
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Figure 3. Sp7 controls the expression of genes involved in node of Ranvier and ECM formation.
Primary OPCs were isolated from 6-days-old (P6) Sp7fl/fl;Olig2-Cre and Sp7fl/fl mice (used 

as controls) using the antibody-panning approach. Cells were allowed to differentiate for five 

days before harvesting for RNA and protein isolation. (A) Reduced MBP staining in primary 

cultured oligodendrocytes derived from the Sp7fl/fl;Olig2-Cre mice. Cells were stained with 

antibodies against Olig2 (green), MBP (red) and O4 (purple). (B) Protein extracts were 

subjected to Western blots with the indicated antibodies. (C) Quantified results. (D) Volcano 

plot of differently expressed genes in Sp7 ablated cells (RNA-seq). (E). GO analysis of 
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differentially expressed transcript in Sp7-ablated oligodendrocytes. (F) Matrisome genes 

in differentially expressed transcripts. Red-brown represents core matrisome genes, and 

blue represent matrisome-associated transcripts. (G) Validation of RNA-seq results by WB. 

Protein lysates from brains of 21-days-old Sp7fl/fl;Olig2-Cre and Sp7fl/fl mice were used. 

(H) Quantified results of Western blot; protein expression relative to GAPDH. (I-N) OCM 

derived from Sp7-ablated oligodendrocytes has reduced sodium channel clustering activity: 

Primary oligodendrocytes derived from Sp7fl/fl;Olig2-Cre or Sp7fl/fl mice (used as controls) 

were cultured, and OCM collected. In parallel, primary hippocampal neurons were isolated 

from neonatal mice. At DIV 3, OCM derived from Sp7fl/fl;Olig2-Cre or Sp7fl/fl mice was 

added to cultured hippocampal neurons. Clustering activity was determined at DIV 21. 

(I) Neurites were stained with an antibodies against neurofilament M (NFM; red) and 

sodium channels (green). (J) Axon initial segments (AIS) were detected (white arrow) in 

all hippocampal neurons grown with either OCM derived from Sp7fl/fl;Olig2-Cre or Sp7fl/fl 

cells. \ (K) To study sodium channel clustering, Z-series of optical sections were collected 

from axons at 0.3 μm increments, and sodium channel immunofluorescence intensity was 

analyzed at maximum orthogonal projection. Sodium channel clusters are marked by white 

arrows. (L and M). Fluorescence intensity profiles corresponding to axonal sodium channel 

staining from panel K. Individual peaks that represent sodium channel clusters are marked 

by black arrow. (N) Oligodendrocyte-specific ablation of Sp7 reduces sodium channel 

clustering activity in hippocampal neurons. Clustering activity represents the percentage 

of axons of cultured hippocampal neurons having at least two sodium channel clusters at 

21 DIV. In panels I-N, sodium channel clusters were defined by sodium channel labeling 

intensity that is ≥2.5-fold over the basal level along the axon. Axons were identified by the 

presence of AIS. Scale bar in panel A =100 μm, in panels I-K= 20 μm. For panels A-C 

n=3 for Wt and mutant. For RNA-seq in D-F n=2 for WT and mutant. For panels G-H n=3 

for WT and mutant. For panels I-N, at least 115 hippocampal neurons were analyzed per 

condition. *P< 0.05, **P<0.01 , ***P<0.001 (two-tailed unpaired Student’s t-test). Data are 

presented as mean ± SEM.
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Figure 4. Sp7 is crucial for node of Ranvier integrity and brain stiffness.
(A-B) Longitudinal sections of lumbar spinal cord of Sp7fl/fl;Olig2-Cre and Sp7fl/fl mice 

(used as controls) were analyzed by IHC using TNR (green) and CASPR (red) antibodies. 

In grey matter, TNR staining was observed in perineuronal nets (PNN) (insertion to A) 

and in white matter, TNR staining was observed in nodes of Ranvier. (B) TNR stanning 

in node (green), marked by CASPR (red). (C) quantified TNR stanning in nodes. TNR 

stanning flanked by two CASRP stanning were used for quantification. (D) Brain stiffness 

Sp7fl/fl;Olig2-Cre and Sp7fl/fl mice (used as controls). Blue bars-WT, orange bars-mutant. 

(E-I) Nodes of Ranvier were examined by EM in optic nerves of P15 mice. (E) Normal 

paranodal area in Sp7fl/fl mice. (F and G) Splits in compact myelin at the paranode area were 

observed in Sp7fl/fl;Olig2-Cre mice, where paranodal loops were growing between compact 

myelin layers (black arrow). White rectangle denotes enlarged area in H. (H) Paranodal 

loops not in contact with axolemma were observed in the mutants (black asterisks). (I) 

areas of non-compact myelin between two layers of compact myelin were observed in 

the mutant (black arrow). (J-L) Coronal sections of 21-days-old Sp7fl/fl;Olig2-Cre and 

Sp7fl/fl mice were stained with anti-CASPR antibodies (red, paranodal) and anti-sodium 

channel antibodies (green, nodal) and nodes of Ranvier in the corpus callosum were 
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analyzed. Insertion to J: an example of nodes that were analyzed. (K-L) Quantified results. 

Full nodes that have nodal sodium channel staining (green) engulfed by two CASPR 

domains (red) were quantified. (M-O) Longitudinal optic nerve sections of three-months-

old Sp7fl/fl;Olig2-Cre and Sp7fl/fl mice were stained with CASPR (red, paranodal) and 

potassium channel (green, juxtaparanodal). (N-O) Quantified results. (P-O) Two-months-old 

Sp7fl/fl;PLP-CreERt mice and control Sp7fl/fl mice were injected with tamoxifen for five 

consecutive days. Three months post-injection ultrathin longitudinal sections of spinal cord 

were analyzed by EM. (O) Abnormally long nodal gaps in mutant (nodal boundaries are 

indicated by black arrows). Abnormal paranodal loops oriented away from axolemma are 

indicated by black arrows. (P) Quantified results. For panels A-C, n=3 for WT and mutant. 

For TNR quantification over 50 nodes per mouse were quantified, from three different mice 

per genotype. For EM in panels E-I, n=2 for WT and 3 for mutant. For IHC in panel J-L, 

n=3 for WT and mutant, over 400 nodes were quantified per each genotype. Nodal length in 

panels K and N represents the distance between two paranodes (flanked by CASPR). Only 

nodes with clear CASPR staining on both sides were quantified. For P-O, a minimum of 

10 nodal regions were imaged per mouse to quantify node of Ranvier length, from three 

different mice per genotype. *P< 0.05, **P<0.01. (Two-tailed unpaired Student’s t-test). 

Data are presented as mean ± SEM. Scale bars in A=20 μm (left) and 50 μm (right), B=2 

μm, E-I=500 nm, J=10 μm, and M= 5 μm.

Elbaz et al. Page 33

Neuron. Author manuscript; available in PMC 2025 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Sp7 enhancers in oligodendrocyte lineage cells.
Sp7 ChIP-seq was performed on primary cultured oligodendrocytes. (A) an example of 

Sp7 binding in the first intron of Tnr, showing Sp7 signal intensity as identified using 

anti-Sp7 antibody (orange) and anti-Flag antibody (blue). (B) Genomic distribution of 

oligodendrocyte-specific Sp7-binding sites. (C) Sp7 peaks were classified as proximal 

(orange) or distal (blue) to transcription start site (TSS). (D) Oligodendrocyte-specific 

Sp7-bound peaks. (E) Gene ontology analysis of genes linked to oligodendrocyte specific 

distal Sp7 peaks. (F) De-novo analysis of oligodendrocyte-specific Sp7 peaks identified 

Sox binding sites as the most enriched among Sp7 peaks, p=1e-947. (G) Gene ontology 

analysis of Sp7 target genes in oligodendrocytes. (H) Matrisome genes in Sp7-target genes. 

Red-brown represents core matrisome genes, and blues represent matrisome associated 

transcripts. For the Chip-seq studies in A-D, n=2 for Sp7 Chip-seq and for input DNA.
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Figure 6. Sp7 acts in open chromatin, where it changes Sox10 binding.
(A) ATAC-seq normalized signal in Sp7 bound peaks in mature oligodendrocyte. Each row 

represents the location of Sp7 binding in oligodendrocyte (Same sites as in fig 5D). Signal 

intensity resemble ATAC-seq signal in this site.(B) Differential footprinting analysis, based 

on normalized, corrected ATAC-seq signal comparing transcription factor binding between 

oligodendrocyte derived from Sp7fl/fl;Olig2-Cre and Sp7fl/fl mice. Sox transcription factor 

with similar binding motif that had higher binding score in the oligodendrocytes derived 

from Sp7fl/fl mice are marked in dashed red line. Sp7 ablation substantially reduced Sox10 
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binding to Sp7 distal enhancers with differential binding score=0.13, Pval=2.45E-96. (C) 

Central localization of Sox10 motif in oligodendrocyte-specific Sp7-bound distal peaks. 

(D) Aggregated normalized ATAC signal around transcription factor Sox10 motif (marked 

by dashed lines) in distal Sp7 peaks. (E) Aggregated normalized ATAC signal around 

transcription factor CTCF motif (marked by dashed lines) in distal Sp7 peaks. Note 

differential accessibility in Sox10 motifs but not in CTCF motifs found in the same set 

of distal ATAC peaks. (F) Intersection of distal Sp7 ChIP-called peaks (same as Fig 5) with 

Sox10 ChIP-called peaks20 was used to select sites for further investigation. (G) Aggregated 

normalized ATAC-seq signal at Sox10 motif in distal Sp7 peaks that were also bound with 

Sox10. (H) Aggregated footprint signal of transcription factor Sox10 in peaks that were 

devoid of Sp7. Note differential accessibility in Sox10 motifs in Sp7 and Sox10 peaks, but 

not in Sox10 positive, Sp7 negative peaks. (I) Gene ontology (GREAT) analysis of genes 

associated with regions with Sp7 and Sox10 overlapping ChIP called peaks. Red rectangle 

denotes the GO term “node of Ranvier”. (J) Shiny GO analysis of genes found near Sp7 

and Sox10 overlapping peaks and also differentially expressed upon ablation of Sp7 in 

oligodendrocytes. In panels D, E, G and H blue line represents ATAC signal in Cre negative 

Sp7fl/fl mice and red line represents ATAC signal in Sp7fl/fl;Olig2-Cre mice.

Elbaz et al. Page 36

Neuron. Author manuscript; available in PMC 2025 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Convergent and divergent biological activity of Sp7 in the CNS and in bones.
(A) Gene ontology (Reactom) analysis of Sp7-target genes in osteocytes. (B) Gene ontology 

(Reactom) analysis of Sp7-target genes in osteoblasts. (C) Heatmap showing Sp7 ChIP 

signal from oligodendrocytes in regions found to bind Sp7 in bone lineage cells. Each 

row represents the location of Sp7 binding in bone lineage. Rows are grouped based on 

Sp7 binding in osteocytes (Ocy) or osteoblasts (POB) separated to proximal peaks (Pro) 

and distal enhancers (Enh)31. POB-specific Sp7 sites were generally not Sp7 bound in 

oligodendrocytes, but many osteocyte-specific Sp7 binding sites and some shared POB and 
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Ocy enhancers also bind Sp7 in oligodendrocytes. (D) Gene ontology (Reactom) analysis 

of Sp7-target genes shared in both osteocytes and oligodendrocyte. (E-H) Our model of 

Sp7 activity in CNS and in bones. (E) Sp7 acts with DLX proteins in osteoblasts. (F) As 

osteoblasts transition to osteocytes, Sp7 changes its cofactor to AP1 members (FOS;JUN) 

in osteocytes. (G) Sp7 acts with Sox10 in oligodendrocytes. (H) During oligodendrocyte 

differentiation, Sp7 mediates Sox10 binding to DNA in distal enhancers of ECM related 

genes and mediates their expression.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-TNR R and D Systems cat #MAB1624 RRID:AB_2207001

Rabbit-anti-MBP Abcam Cat# ab40390 RRID:AB_1141521

Rabbit anti ASPA Genetex Cat # AB15580 RRID:AB_443209

Rabbit anti IBA1 Wako Pure Chemical Cat # 019–19741 RRID:AB_839504

Rabbit anti-parvalbumin Swant Cat# PV27, RRID:AB_2631173

Mouse anti Kv1.2 K+ channel Antibodies Incorporated Cat# 75-008, RRID:AB_2296313

Rabbit anit Sp7 Abcam Cat# ab22552, RRID:AB_2194492)

Mouse anti Flag Sigma-Aldrich Cat# F1804, RRID:AB_262044

Goat anti-PDGFR-α R&D Systems Cat# AF1062; RRID: AB_2236897

Rabbit anti-MBP Abcam Cat# ab40390; RRID: AB_1141521

Mouse anti-CC1 Millipore Cat# OP80; RRID: AB_2057371

Mouse anti-Olig2 Millipore Cat# MABN50; RRID: AB_10807410

Mouse anti-O1 R&D Systems Cat# MAB1327; RRID: AB_357618

Rabbit anti-Ki67 Abcam Cat# AB15580; RRID: AB_805388

Rabbit anti-MAG Thermo Fisher Scientific Cat# 34-6200, RRID: AB_2533179

Mouse anti-MBP BioLegend Cat# SMI 99; RRID: AB_2314771

Mouse anti-MYRF Kindly provided by Dr. Ben Emery Cat# 4G4; RRID: AB_2814997

Mouse anti-GAPDH Cell Signaling Cat# 2118; RRID: AB_561053

Rabbit anti-Caspr Abcam Cat# ab34151; RRID: AB_869934

Mouse anti-Sodium channel, pan Sigma-Aldrich Cat# S8809; RRID: AB_477552

Rabbit anti Neurofilament M Millipore Cat# AB1987, RRID:AB_91201

Bacterial and virus strains

Biological samples

Critical commercial assays

RNA-Seq Library Prep kit Illumina Cat# Cat# 20020596

RNAScope Multiplex Fluorescent V2 Assay kit ACD bio Cat# 323110

Lectin from Wisteria floribunda (WFA) Sigma L1516

ATAC-seq Kit Active Motif cat#53150

Chemicals, peptides, and recombinant proteins

RNAscope Probe –Mm-Myrf ACD bio Cat# 524061

RNAscope Probe –Mm-Sp7 ACD bio Cat# 403401

Poly-D-lysine Sigma-Aldrich Cat# P6407
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REAGENT or RESOURCE SOURCE IDENTIFIER

Platelet derived growth factor PeproTech Cat# 100-13A

Neurotrophin-3 PeproTech Cat# 450-03

Ciliary neurotrophic factor PeproTech Cat# 450-13

Forskolin Sigma-Aldrich Cat# F6886

B27 Life technologies Cat# 17504044

Fetal bovine serum Atlanta Biologicals Cat# S11050

Normal donkey serum Jackson ImmunoResearch Cat# 017-000-121

Protease inhibitor cocktail Thermo Fisher Scientific Cat# 78430

Phosphatase inhibitors Sigma-Aldrich Cat# P2850 and P5726

Laemmli sample buffer Bio-Rad Laboratories Cat# 161-0737

β-mercaptoethanol Sigma-Aldrich Cat# M6250

Trypsin 0.05% Thermo Fisher Scientific Cat# 25300-054

Trypsin 2.5% Thermo Fisher Scientific Cat# 15090046

Trypsin inhibitor Worthington Cat# LS003086

Deoxyribonuclease I Worthington Cat# LS002007

Papain Worthington Cat# LS003126

Apo transferrin Sigma-Aldrich Cat# T1147

ProLong gold abtifade reagent with DAPI Life Technologies Cat# P36931

Paraformadehyde Thermo Fisher Scientific Cat# T353-500

Osmium Tetroxide Electron Microscopy Science Cat# 19152

Propylene Oxide Electron Microscopy Science Cat# 20401

Sodium Cacodylate Buffer Electron Microscopy Science Cat# 11652

Epon 812 Electron Microscopy Science Cat# 14900

Trizol reagent Thermo Fisher Scientific Cat# 15596018

Deposited data

Raw and analyzed data (ChiP-Seq, ATAC-seq and 
RNA-Seq)

This paper GSE221193

Sox10 Chip-Seq He, D et al., 20 GSE72727

Sp7 ChiP-seq Wang, JS, et al 29 GSE154719

Experimental models: Cell lines

Experimental models: Organisms/strains

Sp7fl/fl mice 25 Kindly provided by Dr. Benoit de 
Crombrugghe

RRID:IMSR_JAX:035391

Olig2-Cre mice26 Kindly provided by Dr. William D 
Richardson

RRID:IMSR_JAX:025567

PLP-CreERt mice 27 Brian Popko RRID:IMSR_JAX:005975

PDGFRa-CreERt2 28 Kindly provided by Dr. William D 
Richardson

RRID:MGI:3832569

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Software and algorithms

Image Lab software Bio-Rad laboratories RRID: SCR_003070

ImageJ National Institutes of Health RRID: SCR_014210

Image Lab Bio-Rad Laboratories RRID: SCR_001905

R v3.5.1 R core team RRID: SCR_002798

GraphPad Prism 6 GraphPad Software RRID:SCR_018350

HALO software Indica Labs RRID: SCR_003070

Other
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