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Oligodendrocytes are responsible for axon myelination in the brain and spinal cord.
Generation of oligodendrocytes entails highly regulated multistage neurodevelopmental
events, including proliferation, differentiation and maturation. The chromatin remodeling
BAF (mSWI/SNF) complex is a notable regulator of neural development. In our previous
studies, we determined the indispensability of the BAF complex scaffolding subunits
BAF155 and BAF170 for neurogenesis, whereas their role in gliogenesis is unknown.
Here, we show that the expression of BAF155 and BAF170 is essential for the genesis
of oligodendrocytes during brain development. We report that the ablation of BAF155
and BAF170 in the dorsal telencephalic (dTel) neural progenitors or in oligodendrocyte-
producing progenitors in the ventral telencephalon (vTel) in double-conditional knockout
(dcKO) mouse mutants, perturbed the process of oligodendrogenesis. Molecular marker
and cell cycle analyses revealed impairment of oligodendrocyte precursor specification
and proliferation, as well as overt depletion of oligodendrocytes pool in dcKO mutants.
Our findings unveil a central role of BAF155 and BAF170 in oligodendrogenesis,
and thus substantiate the involvement of the BAF complex in the production of
oligodendrocytes in the forebrain.

Keywords: oligodendrocyte development, oligodendrogenesis, BAF complex, BAF155 and BAF170, OPC
specification and proliferation

INTRODUCTION

During mammalian brain development, the telencephalic radial glial cells (RGCs) generate diverse
neuronal and non-neuronal cell types; the latter includes astrocytes, and oligodendrocytes (OLs)
(Rowitch and Kriegstein, 2010). Among the glial cells, OLs are the specialized myelin-producing
cells required for accelerated electrical impulse transmission in the central nervous system (CNS)
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(Richardson et al., 2006; Peru et al., 2008; Rowitch and Kriegstein,
2010; Nave and Werner, 2014; Sock and Wegner, 2019).

Generation of mature myelinating OLs is a sequential
multistep process commencing with the specification of
multipotent RGCs into oligodendrocyte precursor cells (OPCs)
(Richardson et al., 2006; Rowitch and Kriegstein, 2010).
Further in the oligodendroglial lineage progression, the highly
proliferative and migratory OPCs acquire differentiative fate to
become immature OLs, which subsequently undergo maturation
to become myelinating OLs (Richardson et al., 2006; Rowitch
and Kriegstein, 2010). Cell-tracing studies in the forebrain
revealed that OPCs are generated from the dorsal telencephalon
(dTel) and ventral telencephalon (vTel) RGCs. The first cohort of
OPCs is generated at E12.5 from Nkx2.1-expressing progenitors
in the medial ganglionic eminence (MGE), followed by the
next wave of OPC generation at E15.5 from Gsx2-expressing
progenitors in the lateral and caudal ganglionic eminences (LGE
and CGE). The latest group of newly born OPCs are derived
from Emx1-expressing progenitors in the neocortex at birth,
and constitute the OPC pool in adulthood (Kessaris et al., 2006;
Richardson et al., 2006; Naruse et al., 2017).

The progression of the OL lineage during brain development
is under the control of key molecular regulation. The regulatory
landscape of oligodendroglia is also characterized by enrichment
with transcriptional and epigenetic factors, which are known
to cooperate to bring about oligodendrogenesis (Emery and
Lu, 2015; Koreman et al., 2018; Sock and Wegner, 2019).
Notably, several studies have shown that chromatin regulators
play important roles in the genesis and regeneration of
OL in the developing vertebrate CNS (Marie et al., 2018;
Elsesser et al., 2019; Parras et al., 2020).

In this study, we found that the conditional deletion
of the ATP-dependent chromatin remodeling BRG1/BRM-
associated factor (BAF) complex scaffolding subunits BAF155
and BAF170 in the developing forebrain resulted in improper
specification and proliferation of OPCs leading to impairment of
oligodendrogenesis. The observed defective oligodendrogenesis
may have implication for abnormal myelination in the BAF155
and BAF170-deficient brain. In all, we provide evidence which
consolidates the essential role of these two scaffolding BAF
subunits in brain development by describing their involvement
in the production of OLs in the CNS.

RESULTS

Deletion of BAF155 and BAF170 in dTel
Progenitors Perturb Oligodendrogenesis
in the Postnatal Neocortex
We found in our previous investigations that inactivation of
BAF complex by ablation of its scaffolding subunits BAF155 and
BAF170 during early or late corticogenesis impairs the cortical
progenitor pool, with concomitant disturbance of neurogenesis
in the prenatal and early postnatal mouse cortex (Narayanan
et al., 2015; Nguyen et al., 2018). Since neurons and glial cells are
generated from a common RGC population (Zhuo et al., 2001;

Gorski et al., 2002; Rowitch and Kriegstein, 2010), we predicted
the likelihood of abnormal generation of glial cells in the absence
of BAF155 and BAF170.

To ascertain this possibility, we examined the transcriptome of
the mouse cortex at P3 following hGFAP-Cre-mediated deletion
of BAF155 and BAF170 in the neocortex (Supplementary
Table 1). In the hGFAP-Cre transgenic mice, the recombinase
activity is reported to be prominently active in dTel RGCs by
E15.5 (Figure 1A; Zhuo et al., 2001; Nguyen et al., 2018). In
dcKO_hGFAP cortex at P3, there were 3199 down- and 2804 up-
regulated genes as compared with control cortex (Figures 1B,C
and Supplementary Table 1, p < 0.05). A closer look at the
differentially expressed genes revealed decrease in the expression
key genes (e.g., Olig2, Olig1, PDGFRα, Mbp, Mag, Sox10, Myrf,
ZFP488, CNP) involved in oligodendroglial development in
the P3 mutant (dcKO_hGFAP-Cre) cortex as compared with
control (Figure 1C). Indeed, histological investigation showed
that PDGFRα-immunoreactive oligodendrocyte precursor cells
and nascent oligodendrocytes, are demonstrably lost in the
dysgenic P3 dcKO_hGFAP-Cre neocortex as compared with
control (Figures 1D,E).

Together, our transcriptomic analysis and initial in vivo
examination of the early postnatal developing neocortex lacking
BAF155 and BAF170 point to a plausible involvement of these
scaffolding subunits of the BAF complex in the generation of
oligodendrocytes.

BAF Complex Scaffolding Subunits
BAF155 and BAF170 Are Highly
Expressed in Oligodendrocyte Lineage
Given the significant reduction in the number of OPCs
consequent to BAF155 and BAF150 abolishment in the late
developing neocortical neuroepithelium, we decided to examine
the expression of BAF155 and BAF150 in OL lineage (Figure 2A).
Such expression analysis was performed in the striatum,
a developing forebrain region in the vicinity of the hub
of oligodendrocyte precursor generation (i.e., the ganglionic
eminences) found in the vTel (Figure 2B). Immunostaining
of the E15.5 mouse cortex revealed observable colocalization
of key OL lineage markers (Olig2, Sox9, PDGFRα, and
Sox10; Figure 2A) with BAF155 and BAF170 (Figures 2B–F).
Quantitative analysis of the co-expression of BAF155/BAF170
with Olig2, which labels all the cells of the OL lineage (Figure 2A;
Silbereis et al., 2014), showed that all of the Olig2+ cells
prominently express BAF155 and BAF170 in the presumptive
striatum (Figures 2C,G, arrows). This observation of BAF155
and BAF170 expression in Olig2 cell lines was supported by
similar analysis with the previously mentioned additional OL
lineage markers (Sox9, PDGFRα, and Sox10). The further
quantitative analysis indicated that all of Sox9+ glial cells,
PDFGRα+ OPCs, and Sox10+ OLs display expression of BAF155
and BAF170 (Figures 2D–G). Replication of this expression
analyses in the E18.5 striatum reflected consistency with the
expression profile observed in the E15.5 brain (data not shown).

Put together, our results reveal enrichment of BAF155
and BAF170 expression in the majority of cells that
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FIGURE 1 | Cortex-specific loss of BAF155 and BAF170 led to decreased number of OPCs in postnatal cortex. (A) Coronal brain sections of hGFAP-Cre,
Rosa-tdTom transgenic mouse embryo revealing the cortex-specific hGFAP-Cre recombinase activity pattern at E15.5 (Nguyen et al., 2018). (B) Graph showing the
variance distribution or clustering in a principal component (PC) analysis of the four control and four mutants P3 hGFAP-Cre dcKO cortices used for the RNA
sequencing. In a principal analysis (C) Volcano plot showing the distribution of genes upregulated and downregulate in the P3 hGFAP-Cre dcKO cortices compared
with control. Examples of key oligodendrogenesis-related genes downregulate in the BAF155 and BAF170 mutant cortex are indicated. (D) Immunostaining of
PDGFRα (green) in coronal sections of control and dcKO_hGFAP-Cre brains at P3. (E) Quantitative analysis comparing the percentage of the PDGFRα+ cells per
total cortical cells (DAPI+) in the control and hGFAP-Cre dcKO cortex at P3. Data are presented as means ± SEMs; ***p < 0.001; Experimental replicates (n) = 7.
dTel, dorsal telencephalon; vTel, ventral telencephalon. Scale bars = 200 µm (A,D).

constitute the OL lineage. The findings suggest a possible
involvement of these core BAF complex subunits in
oligodendrogenesis.

Ablation of BAF155 and BAF170 in Early
Oligodendrocyte Precursors Caused
Depletion of Oligodendrocyte Lineage
Population
In order to clearly determine the effect of loss of BAF155 and
BAF170 on oligodendrogenesis in the forebrain, we specifically
deleted BAF155 and BAF170 in early OL precursors. To achieve
the knockout of BAF155 and BAF170 in early OL precursors,
we crossed mice carrying floxed alleles for BAF155 (Choi et al.,
2012) and BAF170 (Tuoc et al., 2013) with the OL-targeting Cre
line Olig2 (Dessaud et al., 2007), to generate dcKO_Olig2-Cre
mutants. Unlike the recombinase activity of hGFAP-Cre, which
was found in the majority of dTel cells (Figure 1A), that of Olig2-
Cre was observed in MGE (already at E12.5) and in LGE/CGE
(from onward E15.5) in the vTel (Supplementary Figure 1A).

To validate our dcKO_Olig2-Cre model, we compared
expression of BAF155/BAF170 in controls and mutants at
E12.5 in the MGE VZ, where Olig2-Cre activity is high in
mutants (Supplementary Figure 1B). Indeed, expression
of these subunits was completely lost in MGE VZ at E12.5
(Supplementary Figure 1B). Furthermore, our analysis also
revealed that expression of BAF155/BAF170 was eliminated
in Olig2+/PDGFRα+ OPCs in the mutant striatum at E15.5
(Supplementary Figure 1C). Upon immunohistological
examination of the E15.5 dcKO_Olig2-Cre forebrain, we
noticed severe disturbance of oligodendrogenesis following
inactivation of BAF155 and BAF170 in OL lineage. Quantitative
assessment revealed a significant reduction in the population of
cells in the early embryonic (E15.5) dcKO_Olig2-Cre striatum
immunopositive for the pan OL marker Olig2 compared with
control (Figures 3A,B). Results of in situ hybridization of Olig2
transcripts consistently showed a reduction in Olig2+ cells in
the striatum from the rostral to caudal aspects of the E15.5
dcKO_Olig2-Cre mutant forebrain compared with control
(Figures 3C–H). The loss of Olig2 expression was dramatically
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FIGURE 2 | BAF155 and BAF170 expression in the oligodendroglial lineage in the ventral telencephalon. (A) Diagram illustrating the stepwise oligodendrocyte
lineage progression and the expression pattern of key molecular drivers. Curved arrows denote proliferation. (B–F) Micrographs showing BAF155 and BAF170
expression (B) alongside the oligodendrocyte lineage markers Olig2, Sox10 for pan-oligodendrocyte (C,F), Sox9 for glioblasts (D), and PDGFRα for OPCs (E) in
coronal sections of the mouse forebrain at E15.5 using immunohistochemistry. (G) Bar graph showing quantitative estimation of proportion of Olig2, Sox9, PDGFRα,
and Sox10 positive cells with BAF155 and BAF170 expression. Inserted box shows selected area for quantification. Arrows refer to the oligodendrocytic lineage
expressing BAF155 and BAF170. Experimental replicates (n) = 3. NSC, neural stem cell; OPC, oligodendrocyte precursor cell; iOL, immature oligodendrocyte, mOL,
mature oligodendrocyte. Scale bars = 200 µm (B), 25 µm (C), 50 µm (D–F).
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severe in the whole extent of the late embryonic (E18.5)
vTel when mutant littermates were compared with control
(Supplementary Figure 2).

Additional investigation of the dcKO_Olig2-Cre forebrain
was performed using forebrain tissue from E15.5 embryos,
and the riboprobes for Olig1 and Sox10, which can be
used as an alternative marker for the OL lineage (Wegner,
2001). In consonance with the Olig2 analysis, we found overt
decrease in the cells expressing Olig1 and Sox10 transcripts
(Supplementary Figures 3–5). Again, as observed for Olig2
expression, the decrease in the number of Olig1+/Sox10+ cell
lineage was identified in the rostral, middle, and caudal aspects
of the mutant forebrain compared with control (Supplementary
Figures 3–5).

The results presented here, provide evidence that the function
of the scaffolding BAF complex subunits BAF155 and BAF170 are
necessary for the proper establishment of the OL lineage in the
developing forebrain.

BAF155 and BAF170-Deficient vTel
Displays Defective Specification and
Proliferation of Oligodendrocyte
Precursors
The BAF complex is essential for proper lineage progression
(differentiation) of OPCs to nascent (immature) OLs and further
differentiation to mature myelinating OLs (Yu et al., 2013;
Bischof et al., 2015). Whether its subunits are also required for
earlier stages of OL development is largely unknown.

In the CNS, TF Sox9 is strongly expressed first in NSCs,
and later in glioblasts and astrocyte precursors, thus making
it essential for proper development of both oligodendrocytes
and astrocytes (Stolt et al., 2003). During oligodendroglial
development, Sox10 expression starts earlier than the expression
of OPC markers such as PDFGRα and is maintained until mature
OL stage (Wegner, 2001; Stolt et al., 2003). To examine whether
dual removal of BAF155/BAF170 causes defective specification
of OPCs, we examined the co-expression of Sox9 and Sox10,
which label OPCs derived from NSC during the specification
stage of oligodendrocyte lineage progression (Figures 2A, 4).
In control striatum at E13.5 and E15.5, many Sox10+ cells are
also immunoreactive with Sox9 (Figures 4A,C, yellow arrows).
Remarkably, the number of both Sox10+/Sox9+ cells (yellow
arrows) and Sox10+/Sox9− OLs (green arrows) are decreased in
the dcKO mutants (Figures 4A–D). This suggests that expression
of BAF155 and BAF170 is necessary for the proper specification
of the OL lineage in the developing forebrain.

In addition to the OL specification phenotype, we
investigated whether the loss of BAF155/BAF170 causes
defective proliferation of OPCs in the dcKO mutants.
During oligodendrogenesis, committed OPCs divide either
symmetrically to produce a pair of cycling OPCs or
asymmetrically to give rise to one proliferative OPC and
one differentiated OL (Rowitch and Kriegstein, 2010).

We previously found that inactivation of the BAF
complex via deletion of BAF155 and BAF170 in neural
stem cells leads to defective cell cycle dynamics in neural

precursors (Narayanan et al., 2015; Bachmann et al., 2016;
Nguyen et al., 2018). On such basis, and the observed aberrant
reduction in the oligodendrocyte population in the dcKO_Olig2-
Cre forebrain, we sought to find out the effect of BAF155 and
BAF170 on the proliferative capacity of OPCs in the developing
brain. To do this, we performed double immunostaining using
antibodies against PDGFRα to mark the OPCs, and Ki67 to
indicate OPCs undergoing active proliferation in the E15.5
mutant and control brain (Figures 5A,B). Whereas the vast
majority of OPCs in the examined control striatum were found
with PDGFRα and Ki67 co-labeling (Figures 4B,D, filled arrows),
the PDGFRα+ OPCs in the dcKO_Olig2-Cre mutant striatum
displayed massive lack of Ki67 labeling (Figures 5B,D, empty
arrows). Additional evidence indicating altered proliferation
fate in OPCs due to lack of BAF155 and BAF170 was obtained
from experiment in which pulse labeling using the Thymidine
analog IdU, which incorporates into the DNA of cell at S phase
of the cell cycle, showed very few PDGFRα-expressing OPCs
positive for IdU in the mutant striatum compared with control
(Figures 5C,E, filled arrows).

Since most of the mutant OPCs are abnormally
non-proliferative and depleted in number, we were curious
to find out whether apoptosis plays a role in the observed
phenotype. Our investigation of apoptotic activity using
immunohistochemical staining of Casp3, a protein maker
for apoptosis, revealed comparable Casp3 staining in the
E15.5 striatum in the control and dcKO_Olig2-Cre forebrain
(Supplementary Figures 5F,G).

Together, this part of our investigations shows that in addition
to defective specification, BAF155 and BAF170-deficient OPCs
are less proliferative, thus implying their essentiality in keeping
OPCs in the cell cycle and ensuring renewal and/or maintenance
of the OL progenitor pool. As a consequence, the pool of
PDGFRα+ OPCs is virtually depleted in the dcKO_Olig2-Cre
forebrain compared with control (Figure 5A).

Number of PLP+,
MBP+ Oligodendrocytes Is Reduced in
BAF155 and BAF170 Mutant Forebrain at
E18.5
Because the defective specification, proliferation, and diminished
pool of OPCs in the dcKO_Olig2-Cre forebrain may have
implication for OL generation, we searched for evidence
indicating altered pool of differentiated OLs in the absence
of BAF155 and BAF170. To that end, we carried out in situ
hybridization to visualize the expression of the proteolipid
protein (PLP/DM-20) transcript known to identify mature
OL (Figure 2A). Interestingly, the PLP signal in the E18.5
dcKO_Olig2-Cre forebrain is reduced compared with control
(Figures 6A–E). As such, whereas cells brightly labeled with PLP
probe can be found in the striatum of control forebrain, the
dcKO_Olig2-Cre forebrain demonstrably lacked PLP staining at
comparable brain section levels (Figures 6A–E). Consistent with
ISH analysis with PLP probe, IHC analysis with MBP antibody
revealed a few MBP+ mOLs in the middle and caudal sections
of control vTel at E18.5 (Figures 6F–H). Some of MBP+ mOLs
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FIGURE 3 | Decrease in the number of Olig2-expressing cells due to loss of BAF155 and BAF170 in ventral telencephalon. (A,B) Immunohistochmical micrograph
(A) and quantitative analyses (B) indicating diminished number of Olig2+ cells caused by loss of BAF155 and BAF170. (C,E,G) In situ hybridization micrographs
using Digoxigenin-labeled Olig2 RNA probes in the control and dcKO_Olig2-Cre E15.5 mouse telencephalon along the rostral–caudal axis. (D,F,H) Statistical
analyses indicate significant depletion of Olig2+ cells in the rostral middle, and caudal levels of the dcKO_Olig2-Cre mutant telencephalon compared with control.
Data are expressed as means ± SEMs. Experimental replicates (n) = 6; **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Scale bars = 200 µm (A), 100 µm (D).

display their branching process (Figures 6G,H, in close-up). As
expected, population of MBP+ mOLs is diminished in dcKO
mutants (Figures 6F–J).

Our previous study indicated that many BAF subunits are lost
via proteasomal degradation in response to the ablation of the two
scaffolding subunits BAF150/BAF170 in ESCs, in cortical cells
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FIGURE 4 | Specification of oligodendrocyte precursors is impaired in the dcKO_Olig2-Cre. (A,C) Immunomicrographs showing Sox9 and Sox10 in the E13.5
(A) E15.5 (C) control and dcKO_Olig2-Cre forebrain. Selected regions of the striatum are shown at higher magnification. Yellow arrows point to cells co-expressing
Sox9 and Sox10. Green arrows point to cells expression only Sox10. Red arrows point to cells expressing only Sox9. DAPI counter staining is shown. (B,D) Bar
plots showing statistical difference in the number of cells (co)expressing Sox9, Sox10, or Sox9/Sox10 in the E13.5 (B) E15.5 (D) control and dcKO_Olig2-Cre
forebrain. Data are shown as means ± SEMs. Experimental replicates (n) = 6; *p ≤ 0.01, **p ≤ 0.001, ***p ≤ 0.0001. Scale bars = 100 µm.

(Narayanan et al., 2015) and in olfactory epithelium (Bachmann
et al., 2016). To provide certain link between BAF155/BAF170
and OPC differentiation to OL, we examined the expression of
Brg1 subunit, which was reported to be crucial for the lineage

progression of OPCs (Yu et al., 2013; Bischof et al., 2015), in our
dcKO_Olig2-Cre brain model. As expected, we found expression
of Brg1 to be completely ablated in dcKO MGE, where Cre
activity is highest (Supplementary Figure 6). Our data suggest a
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FIGURE 5 | Conditional removal of BAF155 and BAF170 leads to an impaired proliferative capacity of OPCs. (A) Images showing immunostaining of
PDGFRα-labeled oligodendrocyte precursor cells in the dcKO E15.5 forebrains compared with controls. (B,C) High magnification images of the outlined regions
(inserted boxes) of the ventral telencephalon showing immunolabeling of PDGFRα and Ki67 (B) and PDGFRα and IdU (C) to mark proliferating oligodendrocyte
precursor cells in the E15.5 control and mutant forebrain. Filled arrows show PDGFRα positive oligodendrocyte precursor cells expressing Ki67 or IdU, and empty
arrows point to PDGFRα oligodendrocyte precursor cells negative for Ki67 or IdU. (D,E) Bar charts showing significant reduction of the ratio of PDGFRα+ and
Ki67+ per total PDGFRα+ cells as well as the ratio PDGFRα+ and IdU+ per total PDGFR+ cells in the dcKO_Olig2-Cre ventral telencephalon compared with control.
(F) High magnification images showing PDGFRα, Sox10 (violet) and Casp3 immunostaining in the E15.5 ventral telencephalon. Empty arrows point to
PDGFRα+ and Sox10+ cells lacking Casp3 expression. Data are presented as means ± SEMs; ****p ≤ 0.0001; Experimental replicates (n) = 6. Scale
bars = 200 µm (A), 50 µm (B,C,F).

possible involvement of BAF155/BAF170 in OPC differentiation
and OL maturation by direct control of the expression of Brg1.
Altogether, our findings and that of others demonstrate that
aside the proper lineage progression of OPCs to immature OLs
which subsequently differentiate into mature OLs capable of
myelination (Yu et al., 2013; Bischof et al., 2015), BAF complex
is required for OPC specification and proliferation in the mouse
forebrain (this study, Figure 7).

DISCUSSION

Emerging evidence point to the implication of chromatin
regulation mechanisms in the control of oligodendroglial

development and myelination in the nervous system
(Lessard et al., 2007; Weider et al., 2012; Limpert et al., 2013;
Ninkovic et al., 2013; Yu et al., 2013; Bischof et al., 2015;
Emery and Lu, 2015; Alver et al., 2017; Marie et al., 2018). The
mammalian BAF complex comprises heterogeneous subunits,
with core subunits including BRG1/Smarca4 and BRM/Smarca2
functioning as ATPases, and BAF155 and BAF170 acting as
scaffolding proteins. Through the use of energy obtained from
the breakdown of ATP, the BAF complex is able to drive structural
changes in chromatin leading to increase in the accessibility to
gene-encoding regions, and thus influencing gene expression
(reviewed in Hargreaves and Crabtree, 2011; Sokpor et al., 2018).

Although information is building up on the role of the BAF
complexes in driving OL development (Matsumoto et al., 2006;
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FIGURE 6 | Number of PLP+, MBP+ oligodendrocytes is reduced in dcKO_Olig2-Cre mutant forebrain at E18.5. (A–C) In situ hybridization images showing the
E18.5 control and dcKO_Olig2-Cre forebrain coronal sections with riboprobed for PLP expression. (D,E) Bar charts showing quantification of PLP-expressing cells in
the E18.5 control and dcKO_Olig2-Cre at the middle (D), and caudal (E) levels of the ventral telencephalon Experimental replicates (n) = 5, Scale bars = 100 µm.
(F–H) Micrographs showing the rostral, middle, and caudal sections of the E18.5 mouse forebrain immunostained with MBP and with DAPI counterstaining. Inserted
images are higher magnification of MBP-expressing cells indicate by white and red solid arrows. (I,J) Bar graph showing significantly diminished number of cells
expression MBP in the E18.5 control striatum compared with that of dcKO_Olig2-Cre. Note that PLP+, MBP+ cells are very rare in E18.5 control and
dcKO_Olig2-Cre forebrain at rostral level and are not included in statistical analysis. Data are presented as means ± SEMs; ****p ≤ 0.0001); Experimental replicates
(n) = 6. Scale bars = 100 µm.
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FIGURE 7 | Schema summarizing the effects of loss of chromatin remodeling BAF complex activity on oligodendroglial lineage progression in BAF155/BAF170dcKO
and Brg1cKO mutants. The illustration shows a comparison of the progression of oligodendrocyte development in the developing mouse forebrain between control
(Wild-type, in the left panel) and BAF mutants (in the right panel), i.e., BAF155/BAF170cKO mutants (this study) and Brg1cKO mutants (Yu et al., 2013; Bischof et al.,
2015). In control, multipotent neural stem cell (NSC) gives rise to oligodendrocyte precursor cells, which are able to proliferate (shown by curved arrow) and
differentiate into immature oligodendrocyte (imOL). The imOL undergoes maturation to become fully myelinating mature oligodendrocyte (mOL). However, in the
absence of BAF155 and BAF170, the OPC is improperly specified from the mutant NSC and undergoes reduced proliferation (this study). In addition, in the absence
of Brg1, OPCs were unable to differentiate and mature properly (Yu et al., 2013; Bischof et al., 2015). The diagrams at the end of the schema depict the overall
depletion of OLs in the BAF mutant brain compared with control. References to key studies that reported phenotypes due to ablation of the BAF complex are
indicated. Dashed-arrows are used to indicate defective developmental processes.

Weider et al., 2012; Marathe et al., 2013; Yu et al., 2013;
Bischof et al., 2015; He et al., 2016; Matsumoto et al., 2016;
Zhao et al., 2018), major gaps exist in our in-depth understanding
of how the chromatin remodeling BAF complex or its
constituents feature in oligodendrogenesis. Our previous work

have identified the phenomenal role of the BAF complex subunits
BAF155 and/or BAF170 in orchestrating several aspects of
neural development (neurogenesis), including neural progenitor
proliferation and differentiation, and neuronal migration. As a
result, BAF155 and BAF170 ablation leads to abnormal forebrain
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development (Narayanan et al., 2015, 2018; Bachmann et al.,
2016; Nguyen et al., 2016, 2018; Sokpor et al., 2021). A question
that remained was whether loss of BAF155 and BAF170 has
implications for abnormal gliogenesis.

In the current study, our detail examination of Olig2-Cre
activity in the transgenic reporter line (i.e., Olig2-Cre; Rosa-
tdTom) revealed that recombinase activity is found in the
entire MGE from E12.5 and in LGE and CGE from E15.5
(Supplementary Figure 1A). Thus, Olig2-Cre line is suitable
for investigating the role of BAF155/BAF170 in the first (at
MGE) and second wave (at LGE and CGE) of oligodendrogenesis
in the vTel. Similarly, hGFAP-Cre is extensively active in
majority of cortical cells from E15.5 onward (Figure 1A).
Thus, it is also appropriate for studying the third wave of
OL generation in cortex. Altogether, Olig2-Cre and hGFAP-Cre
lines are alternative genetic tools for investigation of all three
developmental oligodendroglial waves.

We present evidence indicating that the BAF complex
scaffolding subunits BAF155 and BAF170 are essential for
specification and proliferation of OPCs and oligodendrogenesis
in the developing mouse forebrain. Due to the indispensability
of BAF155 and BAF170 in maintaining the integrity of the
entire BAF complex (Narayanan et al., 2015), suggesting a
possibility that dual loss of BAF155/BAF170 caused stronger
defects in development than that by loss of individual BAF
subunits. As evidenced in our RNA sequencing analysis, the
gene expression program that supports oligodendrogenesis is
abnormally downregulated due to loss of BAF155 and BAF170
in the early postnatal developing neocortex. The BAF155
and BAF170-dependent OL production phenotype was made
clearer and more conclusive by specifically deleting BAF155
and BAF170 in the vTel neuroepithelium, from which OPCs
are mainly generated in the embryonic brain (Kessaris et al.,
2006; Richardson et al., 2006). Indeed, histological examination
of the developing mutant (dcKO) forebrain revealed striking
perturbation in oligodendrogenesis caused by BAF155 and
BAF170 silencing. Of note, the expression of BAF155 and BAF170
was found to be supportive for specification and proliferation
of OPCs. Based on our investigations with Ki67 and IdU
immunohistochemistry, it is not far-fetched to reason that OPCs
lacking BAF155 and BAF170 may aberrantly adopt a quiescent
fate, especially given that apoptosis does not account for their
pool size depletion with reference to control (Figures 4, 5).
Our finding thus uncovers a possible role for the chromatin
remodeling BAF complex in OPC specification and proliferation
via expression of its scaffolding subunits BAF155 and BAF170.

The ATPase subunit of the BAF complex Brg1 is essential for
proper differentiation of OPCs into immature and then mature
OLs (Yu et al., 2013; Bischof et al., 2015). In addition, the deletion
of Brg1 before the onset of OPC specification by using the Brn4-
Cre deleter caused very weak and delayed induction of Sox10
expression (Bischof et al., 2015). Because Sox10 is an essential
regulator of PDGFRα expression (Finzsch et al., 2008), it implies
that Brg1 is essential for the correct induction of early OPC
markers such as Sox10 and PDGFRα. Nevertheless, whether this
subunit is also required for earlier stages of OL development still
needed further investigations. During the formation of the BAF

complex, alternative ATPase core BRM (Ho and Crabtree, 2010;
Hargreaves and Crabtree, 2011) may substitute for the loss-of-
function of BRG1 in the BRG1 mutants. It therefore would also
be interesting for future investigation to focus on determining if
BRM can effectively substitute for BRG1 to allow the recruitment
of the BAF complex to gene loci that drive oligodendrogenesis.

Notably, the developing mutant forebrain presented with
demonstrable depletion of the population of Sox10+ cells. To
link this finding to similar outcome caused by BRG1 ablation
in brain (Yu et al., 2013; Bischof et al., 2015), it is likely that
the double deletion of the scaffolding BAF complex subunits
BAF155 and BAF170 resulted in the proteasomal degradation
of BRG1 (Narayanan et al., 2015) leading to phenocopy of
defective OPC differentiation. Moreover, and again, similar to
phenotype of Brg1 cKO mutants (Yu et al., 2013; Bischof
et al., 2015), we observed a reduced expression of PLP, which
marks mature myelin-forming OLs in the entire developing
mammalian forebrain. This suggests that the few iOLs formed
in the dcKO brain are incapable of maturation and myelination.
Therefore, our investigation suggests the plausible role of
the chromatin remodeling factors BAF155 and BAF170 in
orchestrating oligodendroglial differentiation and maturation in
the developing brain by directly controlling the expression of
Brg1 (Supplementary Figure 6). It should be noted however that
the expression of Olig2 is found not only in the OL lineage,
but also in other cell types such as RGCs, IPCs, and neurons
(Li et al., 2021). Therefore, the loss of BAF155 and BAF170 in
dcKO_Olig2-Cre mutants is not restricted to the OL lineage, but
also occurs in other cell types. Thus, defective specification and
proliferation of OPCs could be a result of cell autonomous and/or
non-autonomous mechanisms. It is worth considering using a
more OL-restricted Cre line such as Sox10-Cre, or PDGFRα-Cre
to examine the above mechanisms. Additionally, it would be
informative to investigate whether BAF155 and BAF170 mediate
the recruitment of the BAF complex to enhancer elements
required for OPC specification and proliferation.

The importance of the tight transcriptional, chromatin and
epigenetic regulation of oligodendroglial development in the
CNS is emphasized by the several critical factors identified to
orchestrate the transformations of neural stem cells or OPCs to
mature myelinating OLs (Rowitch, 2004; Wegner, 2008; Li et al.,
2009; Emery, 2010; Lu and Barca, 2012; Galloway and Moore,
2016). Of emerging interest, chromatin and epigenetic regulators
are extensively shown to participate in the development of
oligodendrocytes, myelination, and myelin repair in the brain
(Copray et al., 2009; Yu et al., 2013; Bischof et al., 2015; Emery
and Lu, 2015; Matsumoto et al., 2016; Koreman et al., 2018;
Egawa et al., 2019; Tiane et al., 2019). Therefore, ablation of
such chromatin and epigenetic factors is expected to call forth
structural and functional impairment in the developing or adult
brain. Indeed, the impaired development of OL lineage caused
by defective chromatin and epigenetic regulation of the various
steps involved, is linked to pathophysiological changes leading
to neurodevelopmental and neurodegenerative disorders (Maki
et al., 2013; Ohtomo et al., 2018; Lu et al., 2019; Berry et al., 2020;
Samudyata et al., 2020). Thus, it is plausible that the reported
role of BAF155 and BAF170 in OL development (this study)
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partly highlights the white matter anomalies associated with
documented syndromic and non-syndromic disorders associated
with BAF complex dysfunction (Sokpor et al., 2017).

Altogether, our findings demonstrate the significance of
BAF155 and BAF170 subunits of the BAF complex in driving
the specification and proliferation of OPCs. Future study is
required to determine the function of BAF155 and BAF170
in oligodendrocyte differentiation and eventual maturation to
be able to carry out myelination in the CNS. Describing a
comprehensive mechanistic role for the regulatory function
of BAF155 and BAF170 would boost our knowledge of the
importance of chromatin modulators in myelination-dependent
brain morphogenesis, and possibly lend therapeutic ideas for
averting neurologic disorders in the event of dysregulation.

MATERIALS AND METHODS

Transgenic Mice
BAF155f l/f l (Choi et al., 2012), BAF170f l/f l (Tuoc et al., 2013),
Olig2-Cre (Dessaud et al., 2007), and hGFAP-Cre (Zhuo
et al., 2001) mice were maintained in a C57BL6/J background.
Animals were handled in accordance with the German
Animal Protection Law.

Generation of dcKO Mutants
To ablate the function of BAF155 and BAF170 in dTel
progenitors, we used the hGFAP-Cre line as a driver for
recombinase activity (Zhuo et al., 2001). We crossed BAF155f l/+;
BAF170f l/+; hGFAP-Crepos/+ with BAF155f l/fl; BAF170f l/fl mice
to generate dcKO_hGFAP-Cre. Similarly, to inactivate the
function of these BAF subunits in vTel progenitors and the
Olig2+ cell lineage, we used the Olig2-Cre line (Dessaud et al.,
2007), which was obtained from Till Marquardt lab (Müller et al.,
2014). We crossed BAF155f l/+; BAF170f l/+; Olig2-Crepos/+ with
BAF155f l/fl; BAF170f l/fl mice to generate dcKO_Olig2-Cre. Both
dcKO_hGFAP-Cre and dcKO_Olig2-Cre mutants died soon after
birth. The comparative expression analyses were performed
on matched sections of the mutant (BAF170f l/fl; BAF155f l/fl;
Crepos/+) vs. control brains (BAF155f l/+; BAF170f l/+; Crepos/+).

Antibodies
The following polyclonal (pAb) and monoclonal (mAb) primary
antibodies used in the study were obtained from the indicated
commercial sources: BAF155 rabbit pAb (1:20; Santa Cruz),
BAF155 mouse mAb (1:100; Santa Cruz), BAF170 rabbit pAb
(1:100; Bethyl), BAF170 rabbit pAb (1:100; Sigma), Olig2 rabbit
pAb (1:200; Millipore), PDGFRα rat pAb (1:200; BD Bioscience),
Sox9 rabbit pAb (1:100; Millipore), Sox10 Guinea pig pAb
(1:100; a gift from Prof. Michael Wegner), Ki67 rabbit pAb
(1:50; Novocastra), Ki67 mouse mAb (1:100; Novocastra), IdU
mouse mAb (1:50; Becton Dickinson), Casp3 rabbit pAb (1:100;
Cell Signaling).

Secondary antibodies used were horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (1:10,000; Covance),
HRP-conjugated goat anti-mouse IgG (1:5,000; Covance), HRP-
conjugated goat anti-rat IgG (1:10,000; Covance), and Alexa 488-,

Alexa 568-, Alexa 594- and Alexa 647-conjugated IgG (various
species, 1:400; Molecular Probes).

RNA Sequencing
RNA was isolated from 4 control and 4 mutant dTel at P3
as previously described (Kiszka, 2019). Deep sequencing and
data analysis were described previously (Narayanan et al., 2015;
Nguyen et al., 2018). Briefly, cDNA libraries were prepared
using the TruSeq RNA Sample Preparation v2 Kit. DNA
was quantified using a NanoDrop spectrophotometer, and
its quality was assessed using an Agilent 2100 Bioanalyzer.
Reads were aligned to mouse genome mm10 and counted
using FeaturesCount1. Differential expression was assessed using
DESeq2 from Bioconductor (Love et al., 2014). Functional GO
enrichment analyses were performed using ToppGene (Chen
et al., 2009). The high-throughput RNA-seq data has be deposited
in the NCBI Gene Expression Omnibus and made accessible
through GEO Series accession number (GSE165228).

In situ Hybridization
Chromogenic in situ hybridization (CISH) was performed in
RNase-free condition as described previously (Tuoc et al., 2009).
CISH was done on 10 µm sections from E12.5–E13.5 heads
and on 16 µm sections from E15.5–E18.5 brains, which were
fixed in 4% paraformaldehyde and cryoprotected according to
Tuoc et al. (2009). The detection of the RNA transcripts of
different RNA probes (riboprobes) was visualized via staining of
the chromogen Digoxigenin (DIG)-marked specific riboprobes.
RNA probes used in this study: Olig1, Olig2, Sox10, and PLP.

Immunohistochemistry (IHC)
IHC was performed as previously described (Ulmke et al., 2021).
Briefly, the antigen retrieval was performed by incubating the
brain sections in 0.01 M sodium citrate buffer for 60 min at 70◦C,
followed by cool-down for 20 min at room temperature. The
sections for IHC were then incubated overnight with primary
antibody at 4◦C after blocking with 5% normal sera of the
appropriate species. Incubation with primary antibodies was
followed by a 1 h incubation at room temperature with the
appropriate A488-, A594-, A555- or A647-labeled (Alexa series,
Invitrogen, 1:400) secondary goat or donkey antibodies. Sections
were later counterstained with Vectashield mounting medium
containing DAPI (Vector laboratories) to label nuclei.

Imaging, Quantification, and Statistical
Analyses
Images were captured using an Axio Imager M2 (Zeiss) with
a Neurolucida system, and confocal fluorescence microscopes
(TCS SP5; Leica). Images were further processed with Adobe
Photoshop. IHC and ISH signal intensities were quantified by
using Image J software, as previously described (Tuoc and
Stoykova, 2008; Narayanan et al., 2015). For cell counts with
the chromogenic signal, cells expressing the desired probes were
counted directly by Neurolucida software within the desired area

1http://bioinf.wehi.edu.au/featureCounts/
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of the mouse forebrain. Statistical differences were measured
using two-tailed unpaired Student’s t-test, with α set at
5% to give the following level of significance: ∗p ≤ 0.05,
∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ∗∗∗∗p ≤ 0.0001. All statistical
graphs shown in this study were plotted by GraphPad Prism
software (version 5). Adobe Illustrator CS6 was used to
draw the schematic Figures: 2 (A) and 6. All details of
statistical analyses for histological experiments are presented in
Supplementary Table 2.
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