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Abstract

Long-range enhancer interactions critically regulate gene expression, yet little is known about how 

their coordinated activities contribute to CNS development, or how this may in turn relate to 

disease states. By examining the regulation of the transcription factor NFIA in the developing 

spinal cord, we identified long-range enhancers that recapitulate NFIA expression across glial and 

neuronal lineages in vivo. Complementary genetic studies found that Sox9/Brn2 and Isl1/Lhx3 
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regulate enhancer activity and NFIA expression in glial and neuronal populations. Chromatin 

conformation analysis (3C) revealed that these enhancers and transcription factors form distinct 

architectures within these lineages in the spinal cord. In glioma models, the glial-specific 

architecture is present in tumors, and these enhancers are required for NFIA expression and 

contribute to glioma formation. By delineating three-dimensional mechanisms of gene expression 

regulation, our studies identify lineage specific chromatin architectures and associated enhancers 

that regulate cell fate and tumorigenesis in the CNS.

Introduction

Transcriptional control of gene expression is regulated at several levels, including site-

specific transcription factors, epigenetic modifications of chromatin, and long-range 

enhancer interactions 1–3. Understanding how these diverse regulatory layers coordinate 

gene expression, in three-dimensions, across long-range enhancers to influence biological 

phenomena remains a fundamental question that has critical implications for development, 

physiology, and associated diseases. ES cells and the hematopoietic system have provided 

useful initial insights into how three-dimensional chromatin configurations are formed and 

regulate gene expression in vertebrates4–9. Despite these advances, how long-range 

enhancers and associated three-dimensional chromatin architecture contribute to the 

development of the central nervous system (CNS) and associated diseases remains unclear.

Decoding transcriptional regulation via three-dimensional architecture requires the 

identification and validation of distal enhancers that regulate long-range regulation of gene 

expression 10. This represents a major barrier as in silico approaches currently used can 

predict enhancer function, however these activities can vary across dynamic developmental 

states and cell lineage, ultimately requiring validation in appropriate in vivo models 11,12. 

These limitations highlight the need for tractable, in vivo systems to identify and validate 

enhancer elements, as these are key entry points for understanding how chromatin 

architecture influences gene expression and, more broadly, tissue development and disease.

The developing spinal cord offers an attractive system in which to identify enhancers and 

investigate these regulatory mechanisms in vivo, as it is an accessible embryonic tissue 

containing diverse CNS lineages that are generated in a well-defined spatial and temporal 

pattern 13,14. One of the key events that occurs during spinal cord development is a process 

termed the “gliogenic switch” 14–16. Initially, progenitor populations produce neurons 

between E3–E5 (E9–E11 in mouse), and subsequently produce glia beginning at E6 (E12 in 

mouse). Previously, we identified Nuclear Factor I-A (NFIA) as a key transcriptional 

determinant of the gliogenic switch, in which NFIA is induced in progenitor populations 

coincident with the onset of gliogenesis 17,18. Sox9 (Sex Determining Region Y-Box 9) 

directly regulates NFIA induction, however expression of NFIA is only mildly affected in 

the absence of Sox9 and NFIA is also expressed in motor neuron populations in the spinal 

cord, suggesting additional regulatory elements regulate NFIA expression across neuronal 

and glial lineages during development18.

To delineate these regulatory mechanisms, we performed an enhancer screen in the 

embryonic chick spinal cord and identified multiple, long-range enhancer elements that 
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recapitulate NFIA expression in glial precursors and motor neurons. Chromatin 

conformation and genetic analysis revealed distinct chromatin architectures and associated 

transcriptional mechanisms regulating NFIA expression across glial and neuronal lineages. 

These chromatin architectures are present in glioma and regulate NFIA expression and 

tumorigenesis through the associated enhancers. Together, our multi-disciplinary approach, 

integrating in vivo enhancer discovery and long-range chromatin interactions with mouse 

genetics and associated disease models, defines a transcriptional mechanism that regulates 

CNS development and malignancy.

Results

NFIA enhancers demonstrate lineage specific activities and regulation

NFIA is specifically induced in glial precursors occupying the ventricular zone (VZ) and in 

motor neurons in mantel regions during the E4–E6 gliogenic switch interval in the 

embryonic chick spinal cord (Fig. 1A–B). That NFIA demonstrates expression across 

diverse CNS lineages raises the question of how it is selectively regulated within these cell 

populations. To identify the transcriptional mechanisms associated with its expression in the 

spinal cord, we performed an enhancer screen in the embryonic chick and identified an 

enhancer termed e161 that recapitulates the spatial and temporal patterns of NFIA induction 

in glial progenitors of the VZ (Fig. 1E–F, U; Supplemental Figures S1–S2). Subsequent 

overexpression and deletion mapping studies revealed that Brn2 (also known as Pou3f2) 

regulates the activity of e161 (Fig. 1I–N; V, Y–Z; Supplemental Figure S2). Our previous 

studies identified the e123 enhancer that is regulated by Sox9 and has a similar spatial/

temporal pattern of activity as e161 (Fig. 1C–D, O; 18). Therefore we next investigated the 

specificity of the e123/Sox9 and e161/Brn2 regulatory relationships, finding that Sox9 and 

Brn2 do not cross-activate enhancers (Fig. 1L, P), suggesting that these are distinct 

regulatory nodes that collaboratively oversee NFIA induction during gliogenesis.

In the course of screening our candidate enhancers, we identified another element, e96, 

which is specifically active in motor neurons (MNs) (Fig. 1G–H) and resembles NFIA 

expression in these populations (Fig. 1B). Deletion mapping and overexpression studies 

revealed that Isl1 and Lhx3, transcriptional partners that are required for MN development 
19,20, regulate the activity of e96 (Fig. 1T, V–X; Supplemental Figure S3). Moreover, Sox9/

Brn2 do not activate e96 and Isl1/Lhx3 do not active e123 or e161 (Fig. 1I–T), suggesting 

that regulation of the enhancers by these transcription factors is lineage specific. Put 

together, our enhancer studies suggest that distinct transcriptional mechanisms regulate 

NFIA expression across CNS lineages: Sox9/Brn2 in glial precursors and Isl1/Lhx3 in MNs.

Lineage-specific transcriptional mechanisms regulate NFIA expression

We next sought to determine whether the individual transcriptional mechanisms implicated 

by the enhancer studies regulate NFIA expression in glial precursors or motor neurons. The 

e123/e161 enhancer studies suggest that Sox9 and Brn2 collaboratively regulate NFIA 

induction during the gliogenic switch. In support of this model, we found that Sox9 and 

Brn2 are co-expressed in ventricular zone (VZ) populations at E12.5 in the mouse, 

concurrent with NFIA induction (Fig. 2A–B, E, I). To examine this putative relationship at 
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the genetic level, we evaluated NFIA induction during the gliogenic switch in a series of 

Sox9 and Brn2 single and double mouse mutants 21,22 (Supplemental Figure S4). Analysis 

of Sox9 or Brn2 single mutant mice revealed a delay in NFIA induction at E11.5 (Fig. 2E–

G) and reduced expression at E12.5 (Fig. 2I–K), suggesting compensation by other Sox- or 

Pou- family members. The Sox9;Brn2 double mutant demonstrated delayed induction at 

E11.5, which continued through E12.5 and was matched by a concordant reduction in the 

expression of the glial precursor marker Glast (Fig. 2H, L–P; Supplemental Figure S4). That 

the double Sox9;Brn2 mutants demonstrated a substantially greater reduction in NFIA 

expression compared to the single mutants (Fig. 2J,K v. L) indicates that genetic cooperation 

between these factors regulates NFIA induction during the gliogenic switch. To further 

understand the nature of the collaboration between Sox9 and Brn2, we examined whether 

there was also a biochemical relationship. Towards this, we performed co-

immunoprecipitation (Co-IP) studies on mouse E12.5 spinal cord, finding that Sox9 and 

Brn2 associate in these tissues (Fig. 2C; Supplemental Figure S4), suggesting that 

cooperation between these factors is mediated at the biochemical level.

In parallel, we investigated the regulatory relationship between Isl1 and NFIA in MN 

populations, finding that they are co-expressed in MNs at E12.5 in the spinal cord 

(Supplemental Figure S4). Examination of their genetic relationship revealed that Isl1-

mutants demonstrate a robust decrease in NFIA expression in the MN populations, where 

there is a drastic decrease in the number of Lhx3-cells that co-express NFIA (Fig. 2Q–S). 

These observations in MNs, coupled with our findings during the gliogenic switch, support a 

model whereby distinct transcriptional mechanisms regulate NFIA expression in MNs and 

glial precursors.

NFIA enhancers form distinct chromatin architectures in the spinal cord

Having established the genetic relationships that oversee NFIA induction in glial precursors 

and MNs, we next sought to determine the biochemical mechanism by which these 

regulatory relationships operate. Focusing first on the Sox9/Brn2 relationship in glial 

precursors, the relative locations of the associated e123 and e161 enhancers gave critical 

insight into the putative mechanism of action. In the mouse e123 is 90kb away from the 

transcriptional start site (TSS) and 120kb away from the e161 enhancer (Fig. 3A), while the 

e161 enhancer is 30kb away from the TSS and is located within the first intron (Fig. 3A). 

These data, coupled with our Co-IP data, suggest long-range DNA interactions between 

e123/e161 and the TSS are responsible for NFIA induction during the gliogenic switch. To 

test this possibility, we performed chromatin conformation capture (3C) 23,24 on E12.5 

spinal cord to test the long-range DNA interactions between e123, e161, and the TSS/

promoter across the encompassing 120kb interval within the NFIA locus (Fig. 3A). Using 

e123 as our anchor point for 3C, we identified strong associations with regions in close 

proximity to the TSS/promoter region (region6) and containing e161 (region 11) that are not 

present in other NFIA-expressing tissues, e.g. lung, (Fig. 3B). To further substantiate these 

interactions, we performed ChIP analysis on E12.5 spinal cord, finding that both Sox9 and 

Brn2 associate with their response sites within e123 and e161, respectively, as well as the 

TSS region, but not e96 (Fig. 3D; Supplemental Figure S5). Integration of these 3C and 

ChIP data, along with our Co-IP observations (Fig. 2C) suggests a double-looped 
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conformation across the e123/TSS/e161 interval at the NFIA locus during the gliogenic 

switch in the spinal cord (E11.5–E12.5) (Fig. 3C). Importantly, given that NFIA induction is 

delayed in the single Sox9- and Brn2 mutants (Fig. 2I–L), it is likely other, compensatory 

Sox- and/or Pou-family members can also participate in this looped configuration under 

those specific genetic conditions.

Next we addressed the mechanism by which Isl1/Lhx3 regulate the expression of NFIA in 

MNs. Similar to the gliogenic enhancers, e96 is also a long-range enhancer element, as it 

lies approximately 135kb away from the TSS (Fig. 3A). Using the TSS as the anchor point, 

we performed 3C assays on E12.5 spinal cord, finding a strong association between the TSS 

and regions containing e96 (region 14) and that the associations between the TSS/promoter 

and e96 are not present in other NFIA-expressing tissues, e.g. lung (Fig. 3E). ChIP assays on 

E12.5 spinal cord confirmed association of both Isl1 and Lhx3 with e96 and the TSS, but not 

e123/e161 (Fig. 3G; Supplemental figure S5). These data, coupled with our 3C data, suggest 

a single looped conformation across the e96/TSS interval at the NFIA locus during the 

gliogenic switch in the spinal cord. (Fig. 3F). These data, combined with our observations 

from the gliogenic enhancers, provide genetic, biochemical, and three-dimensional 

conformational evidence that differential chromatin looping at the NFIA locus drives its 

expression across diverse CNS lineages in the developing spinal cord (Fig. 3C, F).

Gliogenic chromatin architecture forms prior to NFIA induction

To further understand the properties of these NFIA-associated chromatin loops, we focused 

on the gliogenic chromatin loop and investigated whether this chromatin architecture is 

regulated by the associated transcription factors, Sox9 and Brn2. Given the difficulty of 

breeding a sufficient number of Sox9;Brn2 double mutant embryos in which to perform 3C, 

coupled with possible redundancy with other Sox- and Pou-family members, we addressed 

this question by using the Hb9-GFP reporter mouse. This mouse line allows us to use GFP 

expression in MNs to physically dissect MN populations from VZ populations in the E12.5 

spinal cord, such that the GFP-negative, VZ populations contains Sox9/Brn2 and the GFP-

positive, MN populations do not contain Sox9/Brn2 (Fig. 4A). In this way we can assess 

gliogenic loop formation in cell populations that express Sox9/Brn2 or those that do not. As 

shown in Figure 4B, the e123/e161 chromatin configuration is present in both the GFP-

negative and the GFP-positive cell populations in the E12.5 spinal cord. The presence of the 

gliogenic loop in the GFP-positive populations that lack Sox9/Brn2 expression, suggests that 

its formation occurs independent of these factors.

One feature of many chromatin loops that regulate gene expression during development is 

that they form prior to the induction of the target gene and are, therefore, considered “pre-

formed” loops25. These pre-formed structures are thought to provide a permissive 

configuration through which tissue specific transcription factors provide timely responses to 

developmental stimuli26. That the NFIA gliogenic loop forms independent of Sox9/Brn2 

suggests that it may also be a pre-formed loop. To evaluate if indeed this is the case we 

determined whether the NFIA gliogenic loop is present prior to NFIA-induction at E10.5 

and after its induction at E16.5. As shown in Figure 4C–D, the gliogenic loop is found at 
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both E10.5 and E16.5, indicating that it is “pre-formed” at E10.5 and stable across early glial 

development.

That the gliogenic chromatin loop is pre-formed prior to NFIA induction at E10.5 raises the 

question of how NFIA is induced at E11.5. Given that formation of the loop does not require 

Sox9 or Brn2, yet these factors are required for NFIA expression (see figure 2), one 

possibility is that these transcription factors are not able to bind their respective enhancers at 

E10.5. To test this possibility, we performed ChIP assays on E10.5 spinal cord, assessing the 

association between Sox9/Brn2 and e123/e161/promoter regions. These experiments 

revealed that Sox9 and Brn2 do not efficiently ChIP with the e123/e161/promoter regions at 

E10.5, yet these factors efficiently associate with these regulatory elements at E12.5 (Figure 

4E–F). One potential explanation for this shift in enhancer occupancy by Sox9 and Brn2 is 

changes in chromatin state, which we assessed via ChIP-qPCR on E10.5 and E12.5 spinal 

cord using antibodies for poised/silent enhancers (H3K4me1 + H3K27me3) and active 

enhancers (H3K4me1 + H3K14Ac). We found that both e123 and e161 enhancers contain 

chromatin marks consistent with closed/poised chromatin at E10.5 and that these marks 

(H3K27me3) are dramatically reduced at E12.5 (Figure 4G–H). These changes likely reflect 

the acquisition of a more permissive chromatin state at E12.5, which allows for the binding 

of Sox9/Brn2 to their respective enhancers. In parallel, we also found a concordant increase 

in “active” chromatin, reflected by an increase in H3K14Ac marks across the E10.5 – E12.5 

interval. Together, these data indicate that the gliogenic loop is formed prior to NFIA 

induction and that the precise timing of NFIA induction is further coordinated by the 

specific association of Sox9/Brn2 with their enhancers during the gliogenic switch.

Glial-specific enhancers regulate NFIA expression and tumorigenesis

Given that developmental processes are often reutilized during tumorigenesis, we sought to 

determine whether similar regulatory mechanisms are associated with NFIA expression in 

glioma 27,28. Taking a bioinformatics approach, we assessed the co-expression of NFIA with 

its associated transcriptional regulators across a cohort of >400 high-grade human glioma 

expression datasets29. Using Spearman’s correlation co-efficiency analysis, we found that 

NFIA expression is very highly correlated with both Sox9 and Brn2, but not Lhx3 and Isl1 

(Fig. 5A–C; Supplemental Figure S6). These relationships were corroborated in additional 

glioma datasets comprised of both high-and low-grade glioma (Supplemental Figure S6) 30, 

and together suggest that the transcriptional mechanisms controlling NFIA expression 

during gliogenesis similarly regulate its expression in glioma. To test this hypothesis, we 

used two different mouse models of glioma that harness in utero electroporation (IUE) of the 

embryonic cortex to facilitate gene manipulation. One model utilizes CRISPR/Cas9 (herein 

CRISPR/IUE)31 gene editing of NF1, PTEN, and p53, tumor suppressors that are commonly 

mutated in human glioma32–34, while the other utilizes PiggyBac (PB) targeting of glial 

lineages with oncogenic Ras to produce malignant glioma (herein PB-Ras/IUE) 

(Supplemental Figure S7; 28,35). Mutations in Ras are rare in glioma, however EGFR, 

PDGFR, and NF1 are frequently mutated and all of these pathways signal through Ras. 

Therefore, while Ras itself is not directly mutated, the pathway is frequently hyperactivated 

in glioma, and can be used as a surrogate for mutation of these key glioma-associated 

pathways.
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Analysis of tumors from our mouse models revealed extensive co-expression of NFIA with 

Sox9 and Brn2, with nominal expression of Isl1 and Lhx3, indicating that these models 

reflect these features of human glioma (Supplemental Figure S8). Next, to determine 

whether NFIA is similarly regulated in glioma we interrogated the three-dimensional 

conformation of the e123/TSS/e161 interval within the NFIA locus in both the CRISPR/IUE 

and PB-Ras/IUE glioma models using 3C. As indicated in Figures 5C–D, the e123 anchor 

demonstrates a strong association with regions in close proximity to the TSS/promoter 

(region 6) and those containing e161 (region 11), indicating that the NFIA locus in both 

glioma models demonstrates a three-dimensional conformation that parallels developmental 

gliogenesis (see Fig. 3B).

The forging observations suggest that NFIA expression in glioma is governed by the e123/

Sox9 and e161/Brn2 regulatory axis and the long-range interactions between these enhancer 

elements. To directly test whether these interactions and the resulting three dimensional 

conformation of the NFIA locus is required for its expression in our glioma model, we 

turned to CRISPR-mediated gene editing to delete the e123 and e161 enhancers 36,37. 

Towards this, we generated guide RNAs that efficiently target regions surrounding the 

conserved Sox9 and Brn2 response sites in the mouse e123 and e161 enhancers (Fig. 6U; 

Supplemental Figure S9; see methods). To test the contributions of these enhancers, we used 

the PB-Ras/IUE model because tumors are produced 2–3 weeks after birth, making it a 

tractable model system in which to determine whether deletions of these enhancers influence 

NFIA expression and tumor growth. As indicated in Figure 6A–Y, introduction of the guide 

RNAs/CAS9 to both e123 and e161 resulted in decreased rate of gross tumor growth (Fig. 

6V), cell proliferation (Fig. 6W), and loss of NFIA expression within the tumor (Fig. 6X) 

(also see Supplemental Figure S8); efficient deletion of the targeted e123 and e161 regions 

within the tumor was confirmed via deep sequencing (Supplemental Figure S9 and 

methods). These effects on NFIA expression and tumor growth are not secondary to reduced 

expression of Sox9 and Brn2 within the tumor, as their expression remained unchanged in 

the presence of e123 and e161 guide RNAs (Supplemental Figure S8). Finally, introduction 

of single e123 or e161 guide RNAs did not impact tumor growth or NFIA expression (Fig. 

6K–T; Supplemental Figure S8).

That CRISPR-mediated deletion of response sites within e123 and e161 resulted in 

decreased NFIA expression and tumor growth, in the presence of normal levels of Sox9 and 

Brn2, suggests that the three-dimensional conformation of the e123/TSS/e161 interval 

within the NFIA locus is disrupted. To test this, we performed 3C on tumors generated in the 

presence of the e123 and e161 guide RNAs, finding that the long range interactions between 

the e123 anchor point and the TSS/promoter (region 6) were disrupted, while the interaction 

with e161 (region 11) was significantly reduced (Fig. 6Y). These data, in conjunction with 

our phenotypic analysis of glioma formation, indicate that the three dimensional 

conformation of the e123/TSS/e161 interval within the NFIA locus is essential for NFIA 

expression in glioma and tumorigenesis.
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Discussion

Leveraging insight gained from the in vivo validation of enhancer elements during the 

gliogenic switch in the chick, we used a combination of genetic, biochemical, and 3C 

approaches to identify lineage-specific chromatin looping mechanisms that regulate 

expression of NFIA in the developing CNS. These studies delineate a comprehensive three-

dimensional chromatin regulatory mechanism in the developing CNS and demonstrate that 

the chromatin architecture and associated regulatory mechanisms for the same gene can vary 

between cell lineages in vivo (Fig. 3).

Dissection of these lineage specific processes identified Brn2 and Isl1/Lhx3 as novel 

transcription factors for NFIA induction in glial precursors and MNs, respectively. Brn2 is a 

member of the POU-family of transcription factors and has been implicated in the migration 

of cortical neurons and iPS reprogramming to the neuronal lineage 22,38–40, however its role 

in glial lineage development has not been characterized. Our genetic and biochemical 

studies implicate Brn2 expression and its association with Sox9 as key events during the 

initiation of gliogenesis in the spinal cord. Indeed, cooperative gene regulation between Sox- 

and POU-family members has been observed in a wide range of tissues and model systems, 

suggesting that it is a more general transcriptional mechanism41–43. While expression and 

function of NFIA in glial progenitors has been well-studied, its role in motor neurons has 

remained undefined. Our studies reveal that key regulators of motor neuron development, 

Isl1/Lhx3 directly regulate NFIA expression, suggesting that NFIA may participate in the 

well-described transcriptional networks regulating motor neuron development and 

physiology44. While motor neurons do not demonstrate any overt developmental defects in 

the absence of NFIA (not shown), additional genetic, biochemical, physiological analysis in 

these populations will be required to explore this in more detail.

Our genetic studies indicate that selective NFIA expression in glial precursors and MNs is 

regulated by the expression of these cell fate determinants in the associated populations, 

Sox9/Brn2 regulate NFIA expression in the VZ, while Isl1/Lhx3 regulate NFIA expression 

in MNs. Further examination of this phenomenon revealed that these factors and associated 

enhancers form specific chromatin configurations across the NFIA genomic locus. 

Moreover, we found that the gliogenic chromatin conformation forms prior to NFIA 

induction and its formation does not require Sox9/Brn2. These “pre-formed” loops are 

thought to create a permissive configuration that facilitates transcription factor associations, 

enabling timely gene induction during dynamic developmental states. In this case, the pre-

formed gliogenic loop serves to facilitate the association between Sox9 and Brn2, which 

drives gliogenic expression of NFIA. Given that Sox- and Pou- family members associate 

and cooperate to drive gene expression across numerous systems, it’s possible that pre-

formed chromatin loops are a conserved mechanism that engenders cooperation between 

these transcription factor families in other tissues.

Additional studies on the timing of NFIA induction revealed that Sox9/Brn2 do not ChIP 

with the e123/e161 regulatory elements at E10.5, further reinforcing our observation that the 

gliogenic loop is pre-formed. These data lead to a model in which the gliogenic loop forms, 

but cannot activate gene transcription until timely association of Sox9/Brn2 with the e123/
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e161 elements after E10.5. Association of Sox9/Brn2 with their enhancers is likely mediated 

by changes in chromatin state, as both e123 and e161 demonstrate a drastic reduction in 

silent/poised chromatin marks across the E10.5 – E12.5 interval that are correlated with 

Sox9/Brn2 binding (Fig. 4E–H). These data suggest that additional epigenetic regulators are 

likely to be involved in the induction of NFIA. Moreover, that both e123 and e161 

demonstrate coordinated changes in epigenetic states, further reinforces the utility of the pre-

formed chromatin loop at E10.5 as a key facilitator of these inductive events across long 

distances.

In addition to epigenetic mechanisms, these observations also suggest specific interactions 

between Sox9/Brn2 and the transcriptional mechanisms that oversee chromatin looping. 

Recent studies using 3C in ES cells identified Med12 as a key regulator of chromatin 

looping that operates at the core promoter and functions to maintain ES cells in an 

undifferentiated state8. Interestingly, in other tissues and model systems, Sox9 associates 

with Med12 and functions as its co-activator 45–47. Moreover, Sox10 has been shown to also 

interact with Med12 and facilitate the recruitment of the mediator complex in Schwann cells 
48, suggesting that Sox-proteins may serve as transcriptional interfaces with factors 

regulating chromatin architecture. It will be important to further dissect how these factors 

selectively interface with established components of the chromatin looping machinery (i.e. 

CTCF, Mediator, Cohesion)8.

Using these developmental processes to gain insight into malignant glioma, we found that 

the NFIA locus in glioma demonstrates a similar chromatin conformation as in glial 

precursors (Fig. 4). Strikingly, CRISPR-mediated deletion of both the e123 and e161 

enhancers resulted in decreased tumor growth and NFIA expression, and disrupted 

chromatin conformation. That tumor growth is attenuated when NFIA expression is reduced 

in the absence of both e123/e161 is consistent with other studies demonstrating that it plays 

a multiple key role in glioma proliferation and tumorigenesis27,28,49. In mouse glioma stem 

cell and human cell line xenograft models, NFIA regulates cell proliferation via repression 

of p21, whereas in an IUE-based model of oligodendroglioma, NFIA influences the 

generation of glioma “fates” or sub-types29,30,52. Consistent with a role for NFIA in glioma 

tumor cell proliferation, we found a significant decrease in cell proliferation when both e123 

and e161 were deleted (Fig. 6V–W). Importantly, while our findings further implicate NFIA 

in glioma tumorigenesis additional genetic studies are necessary to definitely prove that 

NFIA itself is required for glioma tumorigenesis, as our experiments indirectly manipulate 

NFIA expression via its associated enhancer elements.

Nevertheless, these results do provide direct evidence that the e123/e161 enhancers are 

essential for NFIA expression and more broadly, implicate the architecture of the NFIA 

locus as a key regulator of gliogenesis and glioma tumorigenesis. That CRISPR-targeted 

deletion of 123/e161 did not result in a complete elimination of NFIA expression is likely 

due to incomplete deletion of the enhancers (Figures 6X and S9). Other possibilities include 

infiltrating non-tumor derived reactive astrocytes that express NFIA and the presence of 

other, undefined long-range enhancers that oversee its expression. Interestingly, deletion of 

individual e123 or e161 enhancers did not affect NFIA expression, suggesting that Sox9 and 

Brn2 are able to associate in the presence of just one enhancer and this association is 
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sufficient for the synergistic activities of this complex to drive NFIA expression. 

Alternatively, in the context of tumorigenesis, individual expression of Sox9 or Brn2 may be 

sufficient to drive NFIA expression.

Despite these possibilities, our chromatin looping studies strongly suggest a cooperative 

mechanism of action between Sox9 and Brn2 in glioma. Moreover, given our previous 

findings that Sox9 and NFIA cooperate18, its possible that NFIA itself is a part of this 

transcriptional regulatory node for glioma tumorigenesis. Along these same lines, previous 

studies found that Brn2, Sox2, Olig2, and Sall2 comprise a key transcriptional node in 

glioma stem cell systems50. Given that NFIA and Sox9 interact and modulate Olig2 

function28, it’s likely that they are also a part of this broader developmental transcriptional 

regulatory node operating in glioma stem cells. Alternatively, given that Sox9 and NFIA 

both antagonize Olig2 function, it may be that they function in glioma cell lineages 

downstream of stem cells to promote differentiation into pathological glia, which 

importantly, comprise the vast majority of the bulk tumor. Indeed our recent studies have 

identified several astrocyte-like subpopulations of cells within mouse and human glioma31, 

and it may be that the NFIA, Sox9, Brn2 node functions to promote the differentiation of 

these populations during tumorigenesis. Future studies will be aimed at understanding the 

role of Sox9, NFIA, and Brn2 in glioma stem cells, how these new transcriptional nodes 

influence the production of diverse glioma cell populations, and the nature of their 

relationship with the glioma stem cell transcriptional node.

In many respects, tumorigenesis is in part of recapitulation of development. Our study has 

identified a transcriptional mechanism that oversees the induction of a key glial fate 

determinant, NFIA. Critically, this mechanism is reutilized during glioma tumorigenesis and 

plays a critical role in tumor formation. The broad implications from these findings are that 

along with raw expression profiles and epigenetic characteristics, the antecedent 3D-

chromatin architectures of key regulatory factors are also conserved across developmental 

lineages implicated in malignancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NFIA enhancers are regulated by lineage-specific mechanisms
(A–B) NFIA expression in the chick spinal cord during the gliogenic switch. (C–H) Spatial 

and temporal activities of NFIA enhancers in the chick spinal cord, arrows denote GFP-

reporter activity in VZ (D, F) and MNs (G–H). (I–T) Sox9-specifically induces e123 activity 

(L–N), Brn2 specifically induces e161 activity (O–Q), and Isl1/Lhx3 specifically induce e96 

activity (R–T). (U) Map of the enhancer locations within the chick NFIA locus. (V) 

Location of Isl1/Lhx3 Mu5/6 binding sites within e96 and the Brn2 Mu4 binding site within 

e161; alignment of chick and mouse sequences reveals conservation across species. (W–X) 

Deletion of Mu5/6 sites within e96 eliminates MN activity. (Y–Z) Deletion of Mu4 site 

within e161 eliminates VZ activity at E6. Each chick electroporation experiment was 

performed at least 4 independent times/8 sections per spinal cord was analyzed; images are 

representative. “Con” is control/non-electroporated side of spinal cord; “Ep” is the 

electroporated side of spinal cord. Scale bars are 100um.
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Figure 2. Brn2/Sox9 and Isl1 regulate NFIA expression in the spinal cord
(A–C) Sox9 and Brn2 are co-expressed in VZ populations at 12.5 in the developing mouse 

spinal cord. (D) Immunoprecipitation of E12.5 spinal cord with Sox9 antibodies, reveals 

biochemical association between Sox9 and Brn2. (D–P) Single Sox9- (F, J, N) or Brn2 (G, 

K, O) mutants demonstrate delayed NFIA induction at E11.5 (F–G, arrows) and reduced 

expressed at E12.5 (J–K). Double Sox9;Brn2 mutants (G,K,O) demonstrate delayed 

induction at E11.5 (H, arrow), which continues through E12.5 (L, arrow). NFIA expression 

is detected via immunofluorescence. Glast expression, detected via in situ hybridization, also 

demonstrates a greater reduction in the Sox9;Brn2 double mutants at E12.5 (M–P). (Q–R) 

Isl1-mutants demonstrate reduced NFIA expression in MN populations at E11.5. Images 

from each mutant and timepoint are representative of at least three embryos per genetic 

condition and 8 sections analyzed per embryo. Statistics: (S) The percentage of Lhx3-

expressing cells that co-express NFIA are presented as box-and-whisker plots where box 

limits represent first and third quartiles, center line represents median, and whiskers 

represent minimum and maximum values. *P<0.00001 represents results of unpaired two-

tailed t-test. Scale bars are 100um. See Supplemental Figure S10 for uncropped gel images 

in D.
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Figure 3. Enhancers demonstrate differential architecture at the NFIA locus
(A) Map of the enhancer locations within the mouse NFIA locus. (B) Chromatin 

conformation capture (3C) assay performed on E12.5 spinal cord and lung. Red text denotes 

e123 as the anchor point from which long-range DNA interactions across the e123 – e161 

interval were measured. (C) Schematic representation of the prospective long-range DNA 

interactions and transcription factor associations across the e123 – e161 interval during the 

gliogenic switch. The associated transcription factors in this model reflect what normally 

occurs during the gliogenic switch at E11.5 and does not account for potential compensation 

by other Pou- and Sox-family members in the Sox9 and/or Brn2 mutants (see figure 2I–L) 

(D) Chromatin immunoprecipitation (ChIP) assays on E12.5 spinal cord reveal that Sox9 

and Brn2 associate with each of the gliogenic regulatory regions across the NFIA locus: 

e123, promoter, e161. (E) Chromatin conformation capture (3C) assay performed on E12.5 

spinal cord and lung. Red text denotes promoter region as the anchor point from which long-

range DNA interactions across the e96 - promoter interval were measured. (F) Schematic 

representation of the prospective long-range DNA interactions across the e96 – promoter 

interval. (G) Chromatin immunoprecipitation (ChIP) assays on E12.5 spinal cord reveal that 

Isl1 and Lhx3 associate with their regulatory regions across the NFIA locus: e96 and 

promoter. Three independent libraries were assayed per experiment. Note that in each 3C 

experiment a no ligase control was performed to assess the level of ligase-independent non-

specific PCR products. Control regions for ChIP in D and G correspond to intronic 

sequences within NFIA devoid of predicted Sox9, Brn2, Lhx3, or Isl1 binding sites (see 

supplemental methods). Statistics: In (B) and (E) error bars indicate SD, and results of two-
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tailed t-tests are shown. *P<0.002. See Supplemental Figure S10 for uncropped gel images 

in D and G.
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Figure 4. Gliogenic chromatin loop forms prior to NFIA induction
(A) GFP expression in MN populations in the E12.5 spinal cord of the Hb9-GFP mouse and 

the associated workflow for 3C experiments in GFP-positive MN populations and GFP-

negative VZ/mantle populations. (B) Chromatin conformation capture (3C) assay performed 

on E12.5 spinal cord from Hb9-GFP mice, where the GFP+/MN and GFP-/VZ regions were 

manually dissected. Red text denotes e123 as the anchor point from which long-range DNA 

interactions across the e123 – e161 interval were measured. (C–D) Chromatin conformation 

capture (3C) assay performed on E10.5 (C) and E16.5 (D) spinal cord from wild type mice. 

Red text denotes e123 as the anchor point from which long-range DNA interactions across 

the e123 – e161 interval were measured. For each 3C experiment (B–D), three independent 

libraries were assayed per experiment. Note that in each 3C experiment a no ligase control 

was performed to assess the level of ligase-independent non-specific PCR products. (E–F) 

Chromatin immunoprecipitation assay (ChIP) assays on E10.5 and E12.5 spinal cord, 

comparing the relative enrichment of Sox9 (E) and Brn2 (F) associations with e123, e161, 

and the core promoter. (G–H) ChIP assays from spinal cord comparing the methylation and 

acetylation status of the E123 and E161 enhancers before (E10.5) and during the gliogenic 

switch (E12.5). Blue shaded panels represent data from e123 at both E10.5 and E12.5, while 

the pink shaded panels represent data from e161 at both E10.5 and E12.5. Statistics: (E) 
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*p=0.03, **p=0.04, and ***0.007. In (F) *p=9x10−5, **p=0.004, ***p=0.05. In (H) *p= 

0.01, **p=0.04. All error bars are SD. Scale bars are 100um.
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Figure 5. Gliogenic chromatin architecture is present in mouse models of glioma
(A–C) NFIA and Sox9, Brn2 expression is strongly correlated in human glioma. Spearman’s 

correlation coefficient plots are derived from human glioma RNA-Seq expression profiles 

from TCGA datasets representing a total of 403 high-grade glioma samples. Parallel analysis 

was performed on additional datasets that include low-grade glioma and showed a similar 

relationship (see Supplemental Figure S6). (D–E) Chromatin conformation capture (3C) 

assay performed on CRISPR/IUE generated tumors at P70 (D) and PB-Ras generated 

glioma tumors at P14 (E). In both cases, Red text denotes e123 as the anchor point from 

which long-range DNA interactions across the e123 – e161 interval in these tumors were 

measured.
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Figure 6. Glial enhancers are required for NFIA expression and tumorigenesis
(A–J) CRISPR-mediated deletion of the response regions within both e123 and e161 results 

in a loss of NFIA expression (G v. L), attenuated tumor growth (E v. J, Z), and reduced 

tumor proliferation (H v. M, AA). Single deletions of e123 (K–O) and e161 (P–T) are also 

shown for comparison. (U) Schematic of CRISPR-mediated gene editing of e123 and e161 

within the NFIA locus. (V) Quantification of bioluminescence imaging of PB-Ras tumors 

containing CRISPR mediated deletions in e123/e161 across the P7-P16 tumor development 

timecourse. The deletion of both e123/e161 significantly reduces the rate of tumor growth 

across this timecourse. Values for each timepoint are derived from at least 6 mice per 

condition, two-way ANOVA *p<0.0001 and error bars are SEM. (W–X) Quantification of 

Ki-67 (W) and NFIA (X) in P14 PB-Ras tumors with e123/e161 deletions and controls. (Y) 

Chromatin conformation capture (3C) assay performed on PB-Ras generated glioma tumors 

that have been subjected to CRISPR-mediated gene editing of the response regions within 

e123 and e161. Red text denotes e123 as the anchor point from which long-range DNA 

interactions were measured. Three independent libraries were assayed per experiment.: In 

W–Y error bars indicate SD, and results of two-tailed t-tests are shown. In Y, *p=0.0001272 

and **p=0.0001962. In Z * anova=0.0062, ttest=0.005. In AA *p=0.0000181. Scale bars are 

100um.
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