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Abstract
Chromatin remodeling factor BAF155 is an important regulator of many biological processes. As a core and scaffold subunit of
the BAF (SWI/SNF-like) complex, BAF155 is capable of regulating the stability and function of the BAF complex. The
spatiotemporal expression of BAF155 during embryogenesis is essential for various aspects of organogenesis, particularly in
the brain development. However, our understanding of the mechanisms that regulate the expression and function of BAF155 is
limited. Here, we report that RBM15, a subunit of the m6A methyltransferase complex, interacts with BAF155 mRNA and
mediates BAF155 mRNA degradation through the mRNA methylation machinery. Ablation of endogenous RBM15 expression
in cultured neuronal cells and in the developing cortex augmented the expression of BAF155. Conversely, RBM15 overexpres-
sion decreased BAF155 mRNA and protein levels, and perturbed BAF155 functions in vivo, including repression of BAF155-
dependent transcriptional activity and delamination of apical radial glial progenitors as a hallmark of basal radial glial progenitor
genesis. Furthermore, we demonstrated that the regulation of BAF155 by RBM15 depends on the activity of the mRNA
methylation complex core catalytic subunit METTL3. Altogether, our findings reveal a new regulatory avenue that elucidates
how BAF complex subunit stoichiometry and functional modulation are achieved in mammalian cells.
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Introduction

The chromatin remodeler BAF155 is one of the integral sub-
units of the SWI/SNF-like BAF (Brg1/Brm-associated factor)

complex that usesATP-derived energy to regulate nucleosome
occupancy and chromatin architecture. Generally, BAF155
functions as a scaffold protein that participates in the assembly
and integrity maintenance of the BAF complex [1–5]. Many
recent studies gave an account of the function of BAF155
alone or in synergy with its closely related counterpart the
BAF170 subunit [1, 6–8] in orchestrating important cell bio-
logical events during development.

At pre-embryonic stages, BAF155 has been reported to
play indispensable roles in modulating cell stemness, lineage
specification, and transition. It is expressed and incorporated
into the embryonic stem cell (esc) BAF complex to regulate
pluripotency, proliferation, and survival of ESCs [9–12].
Consistent with its early embryonic expression, BAF155 is
reported to be involved in the general development of the
body [7, 8, 11, 13–15]. BAF155 has also been reported to be
indispensable for olfactory epitheliogenesis during develop-
ment [8]. Moreover, the preponderance of tumors and cancers
due to the lack or insufficiency of BAF155 protein further
indicates its importance in maintaining tissue homeostasis
and normal development [16–21].
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Previous findings suggest that dosage of BAF155 expres-
sion levels is essential in driving specific developmental pro-
cesses. For example, whereas BAF155 is known to be highly
expressed in ESCs, it is downregulated during differentiation
of ESCs to somatic cell lineages such as the neuroectoderm
[10, 22]. While knockdown of BAF155 in ESCs promotes
expression of other cell lineage markers, the overexpression
of BAF155 in somatic cells such as fibroblasts and liver cells
enhances the reprograming efficiency of these cell types to the
inducible pluripotent stem cells [23–25].

During early brain development, the right dosage of BAF155
is essential for the fidelity of neurulation and for driving normal
progression of neural morphogenesis, as the heterozygous loss
of BAF155 function in transgenic mouse lines or in de novo
mutations in human causes neural tube defects [15, 26, 27]. In
the early developing mouse cortex, BAF155 expression is at a
low level in apical radial glial progenitors which is reported to
promote differentiation of apical progenitors to basal progenitors
through cell delamination. However, as corticogenesis ad-
vances, BAF155 expression is elevated to reduce such delami-
nation phenomenon and associated genesis of basal progenitors
while supporting neuronal differentiation and output [6, 28, 29].
Together, the above findings indicated that the maintenance of
the correct spatiotemporal expression of BAF155 is crucial for
embryogenesis, particularly for cortical development.
Nevertheless, possible upstream factors that regulate the expres-
sion of BAF155 in cortical development are not known.

In this current study, we found that the expression levels of
the chromatin remodeler BAF155 in mammalian cells is reg-
ulated by the RNA-binding motif protein 15 (RBM15)-medi-
ated RNAmethylation. Together with METTL3 (methyltrans-
ferase-like 3), one of the core catalytic components of the N6-
methyladenosine (m6A) RNA methylation machinery [30,
31], RBM15 regulates BAF155 gene expression by reducing
BAF155 mRNA stability, leading to a diminished half-life of
BAF155 mRNA. Accordingly, loss of RBM15 caused elevat-
ed BAF155 transcript and protein levels, while overexpres-
sion of RBM15 decreased the expression level of BAF155.
The latter effect resulted in significant loss of BAF155 func-
tion in the embryonic mouse cortex, which is similar to the
phenotype of our previously reported cortex–specific
BAF155 conditional knockout mutants [28], including a de-
fect in establishment of adherens junction (AJ) and abnormal
delamination of apical radial glial progenitors.

Results

BAF155 Is a Candidate Target of RBM15-Dependent
m6A Regulation in Developing Mouse Cortex

Earlier studies in human cell lines have reported the presence
of multiple m6A methylation sites within the sequence of

BAF155 mRNA (two in the last exon and one in exon 6,
Fig. 1a, red box) [32]. Recently, three m6A methylation sites
were also identified in BAF155 transcripts in developing brain
[33]. The RNA localization of m6A reader proteins, including
YTHDF1, YTHDF2, YTHDF3, YTHDC1, and YTHDC2, in
the abovementioned regions of BAF155 transcripts was also
detected [32–34] and suggests that mRNA methylation may
be essential in regulating BAF155 mRNA metabolism and
BAF155 protein turnover.

Alongside the presence of m6A and m6A reader pro-
teins, we examined whether RBM15 and its paralogue
RBM15B known to recruit the methyltransferase complex
to its target RNAs and control m6A RNA modification
[34] participate in the regulation of BAF155 expression.
Indeed, individual-nucleotide resolution cross-linking and
immunoprecipitation (iCLIP) data obtained from human
cell lines shows the presence of small but considerable
peaks in occupancy of RBM15 and RBM15B within the
BAF155 transcripts, especially in the vicinity of the meth-
ylation sites in exon 6 and near the stop codon (Fig. 1a,
red box) [34]. These observations, beside the profound
function of BAF155 in the developing cortex, prompted
us to investigate whether RBM15 and RBM15B modulate
m6A installation to regulate BAF155 expression and
function during cortical development.

To compare the expression pattern of RBM15 and BAF155
in the developing cortex, double label immunohistochemistry
(IHC) analysis for RBM15 (green) and BAF155 (red) was
performed (Fig. 1b). The results revealed their different ex-
pression pattern in the developing cortex at E15.5, such that
cells in the cortical plate (CP) and intermediate zone (IZ)
highly expressing RBM15, exhibit a low expression level of
BAF155 (Fig. 1b). In the ventricular and subventricular zones
(VZ/SVZ), expression of RBM15 was found in a subset of
BAF155+ cells (Fig. 1b, c, filled arrow), as many BAF155+
cells show either low or undetectable expression of RBM15
and vice versa (Fig. 1b, c, empty arrow). This suggests that
RBM15may negatively control the expression of BAF155 via
the RNA methylation machinery. Examination of RBM15B
expression by RNA in situ hybridization [35] revealed that its
expression is virtually absent in the mouse cortex at E14.5
(Fig. S1A). We therefore excluded RBM15B in subsequent
investigations in this study.

To validate the binding of RBM15 and the presence of
m6A on BAF155 mRNA from the published iCLIP data,
we employed a cultured Neuro2A system. Due to the very
low expression level of endogenous BAF155 in Neuro2A
cells (our observation, see also Fig. S1E), we therefore
transfected the cultured Neuro2A cells with a plasmid
containing mouse BAF155 cDNA. RNA immunoprecipi-
tation (RIP)/quantitative reverse transcription PCR
(qPCR) experiments were then performed by using
RBM15 and m6A antibodies and the transfected
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HEK293T cells. To corroborate the binding of RBM15
and the presence of m6A on BAF155 transcripts as detect-
ed in earlier studies (Fig. 1a) [32, 34, 36], we designed a
set of primers to target the 5′ end of BAF155 cDNA in our
RIP/qPCR experiments. Compared with the RIP control
using IgG, the RIP using RBM15 antibody showed en-
richment by more than 420-folds on BAF155 mRNA,
confirming the binding of RBM15 protein to BAF155
transcripts (Fig. 1d). The specificity of RBM15 binding
to BAF155 mRNA was validated by the non-enrichment of
the BAF155 counterpart, BAF170 mRNA, by RBM15
(Fig. S1B).

Similarly, we detected a strong binding of m6A antibody
on methylated mRNA of BAF155 from Neuro2A cells in our
RIP/qPCR experiment, indicating that BAF155 mRNA is
highly methylated in neuronal cells (Fig. 1e).

Together, the above data suggest that the expression of
BAF155 may be regulated by the RBM15-mediated m6A
RNA methylation complex.

RBM15 Modulates BAF155 Expression In Vitro

To investigate whether RBM15 regulates BAF155 gene ex-
pression, constructs encoding short hairpin RNAs against
RBM15 cDNA (shRBM15) were used. The efficiency of
shRBM15(s) to knockdown (KD) the expression of exoge-
nous (Fig. S1D) and endogenous RBM15 (Fig. S1E) was
examined in the RBM15 cDNA-transfected HEK293T and
in mouse Neuro2A cells, respectively. Among five
shRBM15 constructs, shRBM15 #1 and shRBM15 #3 effec-
tively knocked down the RBM15 expression in RBM15
cDNA-transfected HEK293T cells (Fig. S1D, lanes: 2, 5).
The tested shRBM15 #1 also dramatically reduced endoge-
nous RBM15 protein levels in Neuro2A cells (~ 50%) (Fig.
S1E, lane 2).

Given the identified BAF155 mRNA methylation by the
RBM15-based m6A RNA methylation complex (Fig. 1), we
then sought to determine the effect of RBM15 gene knock-
down on the expression level of BAF155 protein. For that

Fig. 1 BAF155 mRNA is a candidate target of RBM15-dependent m6A
regulation. a Integrated genome browser (IGB) views of RBM15,
RMB15B binding, and presence of and m6A along BAF155 gene in
mouse and human cells. The occupancy of RBM15 and RBM15B and
presence of three m6A sites (one in exon 6 and two near the stop codon)
within the BAF155 transcript are indicated in red box. The data is based
on the published iCLIP data [32–34, 59]. b Double IHC and c
quantification analyses were performed to compare expression of
RBM15 and BAF155 in developing mouse cortex at E15.5. d
Assoc i a t i o n o f RBM15 w i t h BAF155 mRNA in RNA
immunoprecipitation (RIP) analysis. Plasmids encoding RBM15 and

BAF155-Flag were co-transfected into HEK293T cells, RBM15-
associated BAF155-Flag mRNA was quantified via qPCR after RIP
with RBM15 antibody. IgG was used as RIP control. e m6A
methylation of BAF155 mRNA detected by RIP analysis using m6A
antibody. Neuro2A cells lysate were used for the RIP, and enrichment
of m6A-BAF155mRNAwas quantified by q-PCR, and IgG was used as
RIP control. VZ, ventricular zone; SVZ, subventricular zone; IZ,
intermediate zone; CP, cortical plate. Statistical analyses were done with
Student’s t test. Data are shown as means ± SEM from experimental
triplicates. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001,
*****p < 0.0005, n = 3. Scale bar = 100 μm
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purpose, Neuro2A cells were co-transfected with constructs
encoding BAF155-Flag and shRNA control vector or
shRBM15 #1. The transfected cells were harvested at 24 h,
48 h, or 72 h post-transfection. The effect of RBM15 knock-
down on BAF155-Flag protein levels were examined through
Western blotting (WB) analysis, using Flag antibody. As
shown in Fig. 2a (lanes 2, 4, 6), co-transfection with
shRBM15 #1 markedly increased RBM15-Flag protein band
intensity compared with shRNA control vector-transfected
cells. Further quantification showed that the shRBM15 #1
augmented BAF155-Flag protein levels by approximately
12.3-folds, 3-folds, and 4.6-folds for 24 h, 48 h, and 72 h
co-transfection time points, respectively (Fig. 2b). Moreover,
transfection of shRBM15 #3 also dramatically produced 2–
11-fold increase in the amount of BAF155-Flag protein in
Neuro2A cells, compared with the level from shRNA control
vector-transfected cells (Fig. 2c, d; lanes 4, 5, 6). Since the two
RBM15 shRNA sequences (#1 and #3) produced similar ef-
fect on BAF155 expression, we then used only shRBM15 #1,
hereafter simply referred to as shRBM15, for further
experiments.

In order to determine the effect of high level of RBM15
expression on BAF155 protein level, we used an in vitro
overexpression experimental scheme (Fig. 2e, f). Here,
HEK293T cells were transfected with a BAF155-Flag con-
struct together with or without RBM15 expression con-
struct, and WB analysis was performed using Flag anti-
body to determine the implication of overexpressed-
RBM15 on BAF155 protein stoichiometry (Fig. 2e/f).
Remarkably, the overexpression of RBM15 resulted in a
strong reduction in the protein level of BAF155 by 52–
60% when compared with empty vector (EV)-transfected
cells (Fig. 2e/f; lanes 2, 4, 6). As expected in our negative
control experiment, RBM15 did not occupy BAF170
mRNA (Fig. S1C), also did not affect the expression of
BAF170 at the protein level (Fig. S1C).

Given that the full length (FL) RBM15 contains three
RNA-binding motifs (RBMs) in the N-terminus, and a Spen
paralogue and orthologue domain (SPOC) in the C-terminus
(Fig. 2g), we were curious to ascertain which RBM15 domain
exerts more relevance in regulating BAF155 expression. To
achieve this, HEK293T cells were co-transfected with
BAF155-Flag plasmid and constructs lacking either the C-
terminus (△C, containing RBM domains) or N-terminus
(△N, containing SPOC domain) of RBM15. BAF155 protein
level was then evaluated by WB analysis. It was virtually
evident that the full length (FL) of RBM15 protein (Fig. 2h,
lane 2) is required to cause reduction in BAF155 protein ex-
pression levels since such altered expression of BAF155 was
not seen in experiment with either RBM15△N or RBM15△C
(Fig. 2h, lanes 3, 4). Thus, both RBM and SPOC domains are
necessary for the full repressive activity of RBM15 on
BAF155 protein expression.

Taken together, we have identified RBM15 as a negative
regulator of BAF155 protein expression in vitro, with impli-
cation of its participation in modulating BAF155 stoichiome-
try and function in vivo.

Control of BAF155 Expression by RBM15 Depends
on mRNA Methylation Machinery

To find out whether RBM15 regulates the BAF155
mRNA level, BAF155-Flag expression vector was co-
transfected with EV or a vector encoding RBM15, and
the transfected cells were harvested at 24 h, 48 h, or
72 h post-transfection. BAF155 mRNA levels were an-
alyzed by real-time qPCR (Fig. 3a). Interestingly, over-
expression of RBM15 dramatically reduced the BAF155
transcripts by 76–88% (Fig. 3a), indicating that the reg-
ulation of BAF155 by RBM15 occurs at the transcrip-
tional or post-transcriptional level. Knowing that
RBM15 is a component of the m6A RNA methylation
machinery [34], which partly functions in regulating the
half-life of target gene transcripts through m6A post-
transcription modification, we set out to determine
whether RBM15 regulates BAF155 mRNA stability by
performing mRNA degradation assay. The transfected
HEK293T cells were treated with 5 μM of actinomycin
D to block transcription [37]. As expected, overexpres-
sion of RBM15 significantly decreased the BAF155
mRNA stability (Fig. 3b). The half-life of BAF155
mRNA was reduced from 22 h in the control experi-
ment (with EV plasmid) to 15.5 h in the RBM15 over-
expression experiment (with CMV-RBM15 plasmid)
(Fig. 3c). These results indicate that RBM15 negatively
controls the BAF155 expression levels via regulating its
mRNA stability and decay in vitro.

To further elucidate the extent to which RBM15-
mediated repression of BAF155 gene expression de-
pends on activity of the mRNA methylation machinery,
we examined the effect of knocking down the core
methyltransferase METTL3 or METTL14 of the methyl-
ation complex on BAF155 expression. This loss-of-
function experiment was done using previously verified
shRNA constructs against METTL3 or METTL14 [38].
Expression vectors encoding BAF155-Flag and RBM15
together with shRNA control vector or shRNA targeting
mouse METTL3 were co-transfected into Neuro2A cells.
Strikingly, shMETTL3 markedly increased the expres-
sion of BAF155 (Fig. 3d, e lanes 7–9). Moreover, in
the presence of shMETTL3, RBM15 failed to repress
the expression of the co-transfected BAF155-Flag vector
(Fig. 3d/e, lanes 10–12). In contrast, the co-transfected
shRNA targeting human METTL14 did not exert signif-
icant repressive effect on either direct (Fig. 3f, g, lanes
7–9) or RBM15-mediated reduction of BAF155
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Fig. 2 RBM15 regulates BAF155 protein levels. a–d Knockdown of
RBM15 using shRNAs increased co-transfected BAF155-Flag protein
levels in Neuro2A cells. a, c Western blot (WB) analysis of BAF155-
Flag, tubulin was shown as a loading control. b, d Quantification of the
protein band density from A and C, respectively. eWB and f quantitative
analyses revealed that overexpression of RBM15 decreased BAF155-
Flag protein levels in HEK293T cells. Plasmids encoding BAF155-
Flag, and RBM15 were transfected into HEK293T cells, and protein
expression of BAF155-Flag and RBM15 was analyzed by western blot
analysis. g, hBoth RBMs and SPOC domains in RBM15 are required for
the full repressive activity of RBM15 on BAF155 gene expression. g The
scheme illustrates the structure of truncated (RBM15 △C, RBM15△N)

and full-length (FL) RBM15, which consist of three RNA-binding motifs
(RBM, in blue) at N-terminal and a Spen paralogue and orthologue C-
terminal domain (SPOC, in green). h Expression vectors encoding
BAF155-Flag were co-transfected together with or without vectors for
RBM15 full-length (FL), RRM domain containing N-terminal (△C)-HA,
or SPOC domain-containing C-terminal (△N)-myc into Neuro2A cells.
Protein levels of BAF155-Flag, RBM15, △C-HA and △N-myc from
Western blot analysis are shown. Tubulin was used as a loading control.
Statistical analyses were done with Student’s t test. Data are shown as
means ± SEM from experimental triplicates. *p < 0.05, **p < 0.01,
***p < 0.005, ****p < 0.001, *****p < 0.0005, n = 3
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expression at protein level in HEK293T cells (Fig. 3f, g,
lanes 10–12). Collectively, the above data suggest that
the BAF155-repression capacity of RBM15 requires the

functional mediation of the m6A mRNA methylation
complex catalytic subunit METTL3 but not METTL14
to effect BAF155 mRNA decay.

Fig. 3 Regulation of BAF155 gene expression by RBM15 depends on
METTL3. a Overexpression of RBM15 reduced BAF155mRNA levels.
HEK293T cells were transfected with empty vector (EV) or vector
encoding BAF155-Flag, RBM15, and pGL3-Basic-Luc as an internal
control. mRNA levels of BAF155-Flag were quantified through q-PCR
and normalized to the levels of luciferase mRNA from pGL3-Basic-Luc.
b Overexpression of RBM15 accelerates the degradation of BAF155
mRNA. HEK293T cells were transfected with the abovementioned
plasmids. Thirty hour after the transfection, the cells were treated with
5μMof actinomycin D for the indicated different time. ThemRNA levels
fromRBM15-overexpression group (orange curve) were compared to EV
controls (blue curve). c Half-life of BAF155 mRNA deduced from B
panel. d Knockdown of METTL3 released the repression of BAF155
by RBM15. Neuro2A cells were transfected with expression vectors
encoding BAF155-Flag, RBM15 with shControl or shMETTL3 as

indicated. Protein expression of BAF155-Flag and RBM15 was
analyzed by western blot; eQuantification of the data from D. The values
in Y axis are in Log10 scale. f Knockdown of METTL14 did not
show significant effect on the repressive effect of RBM15 on BAF155
protein level. HEK293T cells were transfected with expression plasmid
encoding BAF155-Flag, RBM15 with vectors for shControl or
shMETTL14 as indicated. Protein levels of BAF155-Flag and RBM15
were analyzed by western blot. g Quantification of the data from panel F.
Protein samples are in biological triplicates, and tubulin were used as
loading control. Statistical analyses were done with Student’s t test (in
A and B) and one-way ANOVA followed by Bonferroni’s multiple
comparison test (in E and G). Data are shown as means ± SEM from
experimental triplicates. *p < 0.01, **p < 0.001, ***p < 0.0001, n = 3; ns,
not significant
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RBM15 Regulates Expression of BAF155
in Developing Cortex

To determine whether RBM15 controls the endogenous ex-
pression of BAF155 in vivo, E13.5 embryonic mouse brains
were co-transfected with either shRBM15 plus GFP plasmids
or GFP-only plasmid by means of in utero electroporation
(IUE) (Fig. 4a). Cortical sections were collected from both
groups 2 days post-electroporation (DPE) and were
immunohistochemically examined for BAF155 expression
(Fig. 4b). By using ImageJ software, the fluorescence intensi-
ties of GFP and BAF155 antibodies staining were estimated in
immunomicrographs obtained by confocal microscopy (Fig.
4b). Based on their fluorescence intensity, the GFP+/
BAF155+ cells were categorized into three subpopulations.
Those with fluorescence intensity signal greater than 30 pixels
were designated as highly expressing BAF155 (BAF155high,
indicated by filled arrows; Fig. 4b, c), whereas those with
intensity signal less than 30 pixels were classified as either
low expressing or non-expressing/undetectable BAF155 cells
(BAF155low or BAF155negative, indicated by empty arrows;
Fig. 4b, c). We quantified and compared the intensity of fluo-
rescent signals of GFP+/BAF155+ cells in the intermediate
zone (IZ) as most of the GFP+ cells translocated into the IZ
of shRBM15-injected cortices. Following double immuno-
staining of BAF155/GFP, we observed that 11.75% ± 4.7 of
cells transfected with control (GFP-only) plasmid, were ex-
pressing BAF155 at a high level and 73.50% ± 5.4 or 14.75%
± 1.3 showed a low or a negligible BAF155 expression level,
respectively (Fig. 4d). However, loss of RBM15 in the cortex
treated with shRBM15 + GFP vectors resulted in only
29.72% ± 4.8 of transfected cells displaying the BAF155low

feature, while 1.24% ± 2 were BAF155negative cells. We also
noticed that BAF155 expression level was substantially ele-
vated in most GFP+/BAF155+ cells treated with shRBM15
plasmid (Fig. 4b, d; filled arrows) as compared to the low
expression level of BAF155 in their neighboring non-
transfected (GFP negative) cells (Fig. 4b; empty arrows).
These results suggest that the stoichiometric level of
BAF155 in cortical neural cells is regulated by RBM15 in a
cell-autonomous manner. Altogether, these results reveal an
in vivo regulatory mechanism in which RBM15 acts cell au-
tonomously to negatively alter the endogenous level of
BAF155 in the developing cortex.

To consolidate the inferences derived from our in vivo
model system of using RNA silencing to knockdown endog-
enous levels of RBM15, we studied the effects of RBM15
overexpression (OE). We generated an RBM15 OE construct
(RBM15-ires-eGFP), in which expression of RBM15 is under
the control of the strongly active CAG promoter, followed by
DNA fragments of ires and eGFP (Fig. 3a, S2A). By applying
the previouslymentioned in vivo electroporation experimental
scheme (Fig. 3a), we transfected cortical cells with RBM15

OE plasmid (RBM15-ires-eGFP) and quantified the number
of BAF155high, BAF155low and BAF155negative cells. We
found that overexpression of RBM15 led to diminishing of
the BAF155high and BAF155low cell population, but concur-
rently resulted in an increased number of BAF155negative

transfected cortical cells (Fig. 4b, d).
These findings are coherent with the results from the

RBM15 gain-, or loss-of-function studies in cultured cells
and corroborate the assertion that RBM15 modulates the en-
dogenous protein level of BAF155 in vivo.

RBM15 Controls the Integrity of Ventricular Zone
and Delamination of Apical Radial Glia Progenitors
Through Regulation of BAF155 Expression
in Developing Cortex

Our recent study demonstrated that the deletion of BAF155 in
the developing mouse cortex of BAF155cKO mutants causes
delamination of apical radial glia progenitors (aRGs) [28].
Given the identified downregulation of BAF155 expression
by RBM15 in vivo (Fig. 4), we examined whether RBM15
also controls the BAF155-dependent delamination of aRGs, a
phenomenon leading to basal radial glial cell (bRG) genera-
tion in the developing cortex [28, 39, 40]. We therefore fo-
cused on examining the phenotypic consequence of overex-
pressing RBM15, which cause the diminished expression of
BAF155 in the cortex (Fig. 4). We performed IUE in E13.5
cortex using RBM15-ires-eGFP plasmid to achieve OE of
RBM15 in aRGs and their progenies (Fig. 5a, c). The cortical
tissue was then harvested 1 DPE and immunostained using
GFP, BAF155, SOX2, and PAX6 antibodies. Similar to the
diminished expression of BAF155 in IZ after 2 DPE (Fig. 4),
overexpression of RBM15 1 DPE caused the decreased ex-
pression of BAF155 in aRGs in the VZ (Fig. S2B).

The overexpression of RBM15 also resulted in increased
numbers of PAX6+ and SOX2+ RGs in basal cortical regions,
including the IZ of RBM15-ires-eGFP-electroporated cortex
compared to control plasmid (GFP-only)-injected cortex (Fig.
5a–d, arrows). This observation is coherent with our earlier
study in which we found that BAF155 ablation causes ectopic
localization of RGs in the cortical IZ [28]. Notably, more GFP
negative (−) RGs (Fig. 5a, c; white empty arrows) compared
with GFP+RGs (Fig. 5a, c; filled arrows) were found in the IZ
of RBM15-ires-eGFP-transfected cortex (Fig. 5b, d). These
results show that RBM15 promotes the delamination of
aRGs rather in a cell non-autonomous mode, hence
phenocopying BAF155-deficiency in the cortex [28]. Next,
we co-transfected both RBM15 and BAF155 expression vec-
tors into E13.5 cortex and examined the cortical phenotype 1
DPE (Fig. 5a). Interestingly, the observed RBM15
overexpression- related phenotype was partly rescued by
RBM15 and BAF155 co-expression in the cortex (Fig. 5a–
d). This indicates that RBM15 performs a vital function in the
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Fig. 4 RBM15 controls expression of BAF155 in developing cortex a In
utero electroporation (IUE) experiments to knockdown (KD) and
overexpression (OE) of RBM15 in developing mouse cortex. shRBM15
(KD), control (GFP) or RBM15-ires-GFP (OE) were electroporated into
E13.5 cortices. Embryonic cortices were harvested 2 days later for IHC
analysis. b Staining of BAF155 protein in E15.5 cortex electroporated at
E13.5 with RBM15 OE, KD or control constructs. Insets show the marked
increase in BAF155 expression levels in the RBM15 KD cortex, which
contrasts with the noticeable reduction in RBM15 OE. c After BAF155
immunostaining, the fluorescence intensities were examined
microscopically and quantified with ImageJ software. The BAF155+ cells
were then classified into three subgroups, namely highly expressing

BAF155 (BAF155high, intensity of fluorescent signals ≥ 30 pixels), and
with a low or undetectable BA155 (BAF155low, pixels intensity of
fluorescent signals < 30 pixels or intensity of fluorescent signals < 5,
respectively; BAF155negative, intensity of fluorescent signals ≤ 5 pixels. d
Quantification of BAF155 intensity categories expressed as the proportion
of RBM15 KD- (shRBM15), OE- (RBM15 OE), and shControl-
electroporated GFP+ cells. VZ, ventricular zone; SVZ, subventricular zone;
IZ, intermediate zone; CP, cortical plate. Statistical analyses were done with
one-way ANOVA followed by Bonferroni’s multiple comparison test. Data
are shown as means ± SEM from experimental triplicates. *p < 0.01,
**p < 0.001, ***p < 0.0001, n = 6; ns, not significant. Scale bar = 100 μm
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delamination of aRGs by specifically modulating BAF155
expression.

In our recent study, we demonstrated that both BAF155
and Pax6 suppress aRGs delamination by regulating the cell
adhesion machinery [28]. Since RBM15 modulates the ex-
pression of BAF155 (this study), we investigated whether
RBM15-mediated regulation of BAF155 expression also af-
fects the transcriptional activity of BAF155/PAX6 direct tar-
gets (Ssx2ip, Wnt5a, Fgfr1, Celsr1, Pdgfrb, Cdc42ep1, and
Cdc42ep4) involved in adherens junction (AJ) establishment
or cell-cell interaction. For this, we performed dual-luciferase
assay using the promoter region of these genes containing
Pax6 binding site(s) [28]. As shown in Fig. 6a, compared with
control (Luc + CMV-EV, white bars), co-transfection of Pax6
(Luc + CMV-Pax6, green bars) sufficiently enhanced the lu-
ciferase activity. Interestingly, while RBM15 OE reduced
Pax6-dependent activation of such promoters (Luc + CMV-
Pax6 + CMV-RBM15, red bars), co-transfection of RBM15
and BAF155 expression plasmids significantly restored the

promoter activity of the tested target genes (Luc + CMV-
Pax6 + CMV-RBM15 + CMV-BAF155, yellow bars). These
data imply that RBM15-mediated downregulation of BAF155
expression may influence the promoter activity of AJ/cell-cell
interaction genes, thus underscoring the identical cortical phe-
notypes observed in both BAF155-deficient and RBM15-
overexpression cortices.

To consolidate the idea that RBM15-mediated downregu-
lation of BAF155 disrupts the establishment of AJ, we ana-
lyzed the expression of AJ markers (ZO1 and α-Catenin) in
RBM15-ires-GFP-injected cortex (Fig. 6b–e). Typically, these
AJ markers are distinctively expressed at the cortical apical
surface (Fig. 6b, d). Consistent with the cortical phenotype in
BAF155cKO mutants [28], the expression of ZO1 and α-
Catenin in the RBM15-ires-GFP-injected cortical apical sur-
face was noticeably reduced as revealed by fainter fluores-
cence intensity (Fig. 6b-e, empty arrows in middle panels) as
compared to control (GFP)-injected and non-transfected areas
(Fig. 6b-e and Fig. 6b, d, filled arrows in left, middle panels).

Fig. 5 Diminished expression of BAF155 by RBM15 promotes
delamination of aRGs mainly in a cell non-autonomous manner. a–d
Cortical phenotype after overexpression of RBM15 and its rescue by
BAF155 co-expression in aRG via in utero (IUE) electroporation.
E13.5 cortices were electroporated with the indicated plasmids and
collected at 1 day post-electroporation (DPE). Expression of GFP, RG
markers: a Pax6 and c SOX2 were immunohistologically analyzed in
coronal brain sections. Statistical analysis indicated that overexpression
of RBM15, known to cause diminished expression of BAF155, leads to
increased number of b Pax6+ RGs and d Sox2+ RGs in the IZ/CP.

Among the ectopic RGs in IZ/CP, there were significantly higher GFP-
(empty arrows in A, C) than GFP+ (filled arrows in A, C) cells. a–d This
cortical phenotype is partly rescued after co-electroporation of both
RBM15/BAF155 expression vectors. VZ, ventricular zone; SVZ,
subventricular zone; IZ, intermediate zone; CP, cortical plate. Statistical
analyses were done with one-way ANOVA followed by Bonferroni’s
multiple comparison test. Data are shown as means ± SEM from
experimental triplicates. *p < 0.01, **p < 0.001, ***p < 0.0001, n = 6;
ns, not significant. Scale bar = 100 μm

Mol Neurobiol (2019) 56:7305–7320 7313



Fig. 6 RBM15 controls the formation of adherens junction by
suppressing BAF155 expression. (a) Luciferase assay demonstrates that
Pax6, BAF155 and RBM15 control transcriptional activity of Pax6/
BAF155 target genes. Promoter activities of key genes involved in cell-
cell interaction were activated by PAX6 under the Luc + CMV-PAX6
condition in the Luciferase reporter assay. Upon overexpression of
RBM15, the promoter activity of these genes was reduced (Luc +
CMV-PAX6 + CMV-RBM15 condition). The activity of these genes
was however restored in the presence of BAF155 in co-transfection ex-
periment with the BAF155 expression plasmid (Luc + CMV-PAX6 +

CMV-RBM15 + CMV-BAF155 condition). (b, d) Images show
immunostaining of ZO1 (b) and α-Catenin (d) in coronal E14.5 mouse
brain sections from the control (GFP-only) plasmids-, RBM15-ires-GFP
plasmid-, and RBM15-ires-GFP plus BAF155 plasmids-injected. (c, e)
Quantitative analysis indicated loss of expression of ZO1 and α-Catenin
at the ventricular surface of mutant cortex. Statistical analyses were done
with One-way ANOVA followed by Bonferroni’s multiple comparison
test. Values are reported as means ± SEMs. *p < 0.01, **p < 0.001,
***p < 0.0001, n = 6; ns, not significant. Scale bar = 100 μm
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Notably, based on expression of ZO1 and α-Catenin, the for-
mation of AJ appears to be normal when both BAF155 and
RBM15 expression plasmids were co-electroporated (Fig. 6b–
e and Fig. 6b, d, filled arrows in right panels). This finding
suggests that by directly repressing the expression of BAF155
and possibly its downstream target genes, RBM15 is able to
regulate the formation of adherens junction belt known to
provide anchorage for aRGs in their ventricular zone niche.

Altogether, our data lead us to conclude that the RBM15
subunit of the m6A RNA methyltransferase complex controls
the integrity of the ventricular zone and delamination tenden-
cy of aRGs, at least in part, by directly regulating the expres-
sion of BAF155 in the developing cortex (Fig. 7).

Discussion

While the function of BAF155, a core component of the BAF
complex, has been well characterized in cortical development
[1, 6, 13, 28, 41], regulatory mechanisms of the gene expres-
sion and upstream factors of BAF155 are largely unknown.
The concept of RNA methylation has emerged as an essential
post-transcriptional regulator of gene expression and develop-
mental processes through regulating the fate of mRNAs in a
dynamic manner. In mammals, the reversible installation of
me thy l ma rk s l i k e m6A on mRNAs a l t e r s t he
epitranscriptomic landscape to influence many cell biological
processes including DNA damage repair, X chromosome in-
activation, stem cell proliferation and differentiation,

tumorigenesis, and stress response [33, 34, 36, 42, 43].
Several previous studies have also suggested that (m6A)
RNA methylation is emerging as a principal mechanism
adopted by neural cells to regulate their development and
function [33, 38, 43–46]. In this study, we observed that
RBM15 plays a crucial role in regulating BAF155 gene ex-
pression via m6A modification at the post-transcriptional lev-
el, leading to modulation of BAF155 gene expression and
function to impact cortical development.

The Emerging Role of RNA Methylation in Neural
Development

RBM15 and its paralogue RBM15B have been proposed
to bridge the methyltransferase complex to its target
RNA, which is critical to control RNA N6-adenosine
methylation, and promoting transcriptional repression
[34]. The modification of m6A influences many steps in
the mRNA processing cycle, including mRNA splicing,
transport from the nucleus to the cytoplasm, degradation,
and translation efficiency [30]. Alongside other studies,
our present observations reveal that BAF155 mRNA is a
target of the RBM15-based RNA methylation machinery.
We have put together several experimental results that
argue in favor of this notion. So far, our study shows
the first in vivo evidence that RBM15 regulates BAF155
gene function by modulating expression levels through
mRNA methylation.

Other studies have reported that METTL3 and METTL14
normally form a stable heterodimer to serve as the m6A in-
stallation hub in the mRNA methylation machine [31].
However, both subunits can elicit uniquely different conse-
quences when ablated because METTL3 chiefly performs a
catalytic function whereas METTL14 is essential for RNA
substrate recognition in the mRNA methylation complex
[47]. Another notable reason indicating that METTL3 and
METTL14 may affect different targets is their ability to selec-
tively bind to their targets despite having about 56% binding
site homology [31]. Interestingly, our study shows that the
regulation of BAF155 expression by RBM15 depends on
METTL3, but not METTL14. The apparent non-redundant
function of METTL3 and METTL14 in RNA methylation
was recapitulated in other studies in which it was reported that
Nanog mRNA expression is downregulated in Mettl3-null
E6.5 embryos [48], but levels were unaffected by
Mettl14-null mutation [49]. This provokes the idea that other
substrate recognition adaptor proteins other than METTL14
may exist in the RNA methylation complex to cooperate with
METTL3 in m6A deposition on mRNAs. A plausible infer-
ence from our study is that RBM15 may provide additional or
auxiliary function in mRNA substrate recognition of specific
targets including BAF155. In any case, further investigations
are needed to expound this assertion.

Fig. 7 Scheme illustrating the epitranscriptomic regulation of BAF155
expression by RBM15 in genesis of bRGs in developing cortex. RBM15
promotes m6A (N6-methyladenosine) methylation of BAF155 mRNA,
leading to degradation of BAF155 mRNA. By negatively regulating the
expression level of BAF155 subunit of the BAF complex, the overex-
pression of RBM15 is able to cause similar effect as knockout/
knockdown of BAF155 in the developing cortex, including suppression
of transcriptional activity of Pax6 target genes, which are important for
establishment of adherens junction and delamination of cortical
progenitors. Whether BRM15 is important for other aspects of cortical
development such as genesis of bIP, neuronal migration is under
investigation of a separate study. aRGs, apical radial glial progenitors;
bIPs, basal intermediate progenitors; bRGs, basal radial glial progenitors
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The core m6A RNA methylation complex subunits and
associated factors are taking center stage in the
epitranscriptomic regulation of mammalian cortical develop-
ment. Studies have revealed their critical roles in different
aspects of cortical neurogenesis. One such key study reported
that the conditional knockout (cKO) of METTL3 through
Nestin-Cre driver leads to protracted cell cycle of apical neural
progenitors and cortical neurogenesis [38]. However, the loss
of METTL14 in the METTL14cKO_Nestin-Cre mutants re-
sulted in decreased progenitor proliferation, precocious neu-
ronal differentiation, and diminished number of late-born neu-
rons. In our IUE experiments involving gain- and loss-of-
function of RBM15, we observed that majority of GFP+ cells
migrated into the IZ upon knockdown of RBM15, whereas
many GFP+ cells were retained in VZ after RBM15 overex-
pression compared with control plasmid-injected cortex (Fig.
4). While cortex-specific RBM15cKO mutants are currently
being generated for further studies to consolidate our in vivo
findings, observations from the IUE experiment suggest a
possible role of RBM15 in aRG proliferation and differentia-
tion. The phenotypic characterization of RBM15 mouse mu-
tants will thus provide additional insight into the biological
significance of the m6A RNAmethylation machinery in brain
development.

RBM15 Acts as an Upstream Factor of BAF155 in Cell
Delamination and bRG Genesis

The mammalian brain has undergone evolutionary changes
grossly manifested in the sheer size and shape of the cerebral
cortex. The radial and tangential expansion of the cortex lead-
ing to formation of gyri/sulci is closely associated with the
evolution of higher cognitive functions in primates and
humans. Pioneering studies have shown that besides basal
intermediate progenitor cells (bIPs), a unique type of cortical
progenitors, known as basal (or outer) radial glial cells (bRGs)
exist to primarily amplify the neurogenic output that underlie
cortical expansion in higher mammals [50–53]. Such early
investigations have also demonstrated the role of cell-
intrinsic determinants of basal progenitor generation [54,
55]. Our studies have shown the specific role of the chromatin
remodeling BAF complex in bIPs genesis. The deletion of
BAF170, one of the core subunits of BAF complex results
in increased production of bIPs from aRGs, at the expense
of direct neurogenesis. This results in an expansion of upper
neuronal layer and increased cortical surface and thickness
[29].

Interestingly, our recent findings indicate that the BAF
complex has not only a role in bIP genesis but also bRG
genesis [28]. The abrogation of BAF155 results in ectopic
distribution of progenitors including bRGs in the cortical IZ.
These bRGs not only express RG markers such as PAX6/
SOX2 but also display prominent pia-directed basal processes

and gene expression profile characteristic of bRGs. One of the
prominent findings of this study is that, apart from cell-
autonomous functions, BAF155 seems to regulate bRG gen-
esis predominantly via cell non-autonomous mechanisms in-
volving cell-cell interaction and cell adhesion remodeling
[28]. We have shown that RBM15 regulates BAF155 mRNA
stability and its stoichiometry to orchestrate progenitor cell
delamination at the ventricular surface of the developing fore-
brain. Such mechanistic approach to bRG genesis by apical
progenitor delamination through downregulation of AJ pro-
tein at the ventricular surface has also been reported by anoth-
er recent study [40]. Our co-expression analysis indicated a
significant proportion of cortical progenitors expressing a high
level of both RBM15 and BAF155. This suggests that this cell
population lacks the inhibitory effect of RBM15 on BAF155
expression. Our future study will investigate whether the neg-
ative regulatory effect of RBM15 on gene expression program
in developing cortex is dependent on the presence of methyl-
transferase METTL3 or METTL14 as observed in vitro (Fig.
3d−g). Our current study suggested that RBM15 plays essen-
tial role in cortical development. It will be interesting to in-
vestigate function of this epitranscription factor in generating
different subtypes of cortical progenitors, neurons, and other
in aspects of RNA metabolism, including RNA splicing and
RNA export.

What then is the rationale for aRGs or their derivatives
delaminating to migrate/relocate to basal cortical areas? The
essence is to possibly make room for cortical expansion and
prevent cellular crowding in the VZ. The cortical ventricular
zone is typically tightly packedwith a pseudostratified layer of
aRGs principally responsible for producing diverse types of
basal progenitors, neurons, and glia. During the various stages
of cortical development, newborn progenies of aRGs must
constantly exit the VZ to facilitate proper cortical layer forma-
tion and prevent cells other than aRGs from accumulating in
the VZ. The integrity of the VZ is maintained through cell
adhesion and cell-cell interactions which tether aRGs in this
zone. Meaning, such cell adhesion molecules in the VZ must
be subtly regulated to synchronize the rate of cell delamination
with stages of cortical development. The findings of this cur-
rent study indicate a putative mechanism that control cell de-
lamination and integrity of the VZ through RBM15-
dependent regulation of BAF155 expression levels in the api-
cal progenitors, thus highlighting the importance of RNA N6-
adenosine methylation in cortical development.

Distinct phenotypes have been ascribed to the amount
of BAF155 (i.e., under BAF155 heterozygous, homozy-
gous, or missense mutation conditions) in cortical devel-
opment [1, 6, 8, 26–28]. It will be interesting for prospec-
tive studies to elucidate how the expression of RBM15 is
regulated in cortical progenitors and how cells decipher
delamination cues in the VZ to elicit alteration in BAF155
expression levels. This will afford further understanding
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of the evolutionarily significant process of bRG genesis
through cell delamination, a phenomenon known to be
more prominent in the primate and human brain.

Methods

Plasmids

Plasmids used in this study: pGL3 basic (Promega); pCIG2-
ires-eGFP (gift from Dr. Francois Guillemot, NIMR London;
Hand et al. 2005); pNTGFP-RBM15, pcDNA3-HA-N-
RBM15 [1-608aa]), and pcDNA3-RBM15-C [635-962aa]-
myc were kind gifts from Dr. Diane S. Krause [56]; pCIG2-
RBM15 was generated by inserting mouse RBM15 cDNA
(PCR-based amplification from pNTGFP-RBM15) into
SmaI-digested pCIG2-ires-eGFP vector; BAF155-Flag and
Myc-BAF170 were generously provided by Dr. Rho H.
Seong [5]; shRBM15 #1 and #2 (corresponding to
MSH025627-31 to MSH025627-32 in Genecopoeia);
shRBM15 #3 to #5 (gifts from Dr. Diane S. Krause,
shRBM15 #3 to #5 were corresponding to the shOOT-IV,
shOOT-II, and shOOT-I [56]); pUEG-shMETTL3 and
cFUGW-shMETTL14 plasmids were kindly provided by Dr.
Hongjun Song [38]; pLuc-Ssx2ip, pLuc-Wnt5a, pLuc-Fgfr1,
pLuc-Celsr1, pLuc-Pdgfrb, pLuc-Cdc42ep1, and pLuc-
Cdc42ep4 (PCR-based amplification of respective gene pro-
moters from genomic DNA followed by cloning into pGL3
basic, Promega).

Antibodies

The polyclonal (pAb) and monoclonal (mAb) primary anti-
bodies used in this work were purchased from the following
commercial sources: BAF155 Mouse IgG (1:20 IHC, Santa
Cruz, Sc48350X), betaTubulin (DSHB, E7-s), beta Catenin
(1:300, BD Pharmingen, #610153); Flag Mouse IgG
(1:1000, Sigma F1804), GFP (1:400, Abcam, #13970);
Normal rabbit IgG (CST, 2729S); Pax6 mAb mouse (1:100;
Developmental Studies Hybridoma Bank); RBM15 Rabbit
IgG (1:50 IHC, Proteintech 10587-1-AP); RBM15 Rabbit
IgG (1:20 IHC, 1:2000WB Sigma HPA019824); Sox2 mouse
mAb (1:100; R&D Systems); ZO1 Mouse IgG (1:20 IHC,
R26.4C, DSHB); HA Rat IgG (1:1000, WB Roche,
1867423); Myc Mouse IgG (1:1000 WB, CST, 2276S).
Secondary antibodies used were IRDye® 680RD goat anti-
rabbit IgG (1:15000, LI-COR); IRDye® 680RD goat anti-
mouse IgG (1:15000, LI-COR); IRDye® 800CW goat anti-
rabbit IgG (1:15000, LI-COR); IRDye® 800CW goat anti-
mouse IgG (1:15000, LI-COR); and Alexa 488-, Alexa
568-, Alexa 633-, and Alexa 647-conjugated IgG (various
species, 1:400; Molecular Probes).

Cell Cultures, Transfection

HEK293T and Neuro2A cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) medium plus 10% FBS.
All the transfections were performed using Lipofectamine
2000 (Invitrogen) according to the supplier’s protocols.
Luciferase activity in cell lysates was quantified using a lucif-
erase assay system (Promega) according to the manufacturer’s
instructions.

Analysis of the Published iCLIP-Seq Data

iCLIP-seq data are with the following accession numbers:
GSE63753 for RBM15 [32] and GSE78030 for m6A [34].
YTHDF1, YTHDF2, YTHDF3, YTHDC1, and YTHDC2
were obtained from published datasets [32–34], aligned to
the corresponding reference genome (mm10 or hg19), and
visualized using IGV (http://www.broadinstitute.org/igv).

RNA Purification and Real-Time qRT-PCR Analysis

Total RNA was isolated from Neuro2A and HEK293T cells
using Trizol Reagent (Gibco), treated with DNaseI and puri-
fied with RNA Clean & Concentrator (Zymo Research).
cDNA synthesized through ProtoScript first strand cDNA
synthesis kit (NEB) were used for SYBR-green–based quan-
titative real-time PCR. All the primers for qRT-PCR were
shown in Table S1.

RBM15 and m6A RNA Immunoprecipitation (RIP)

RBM15 and m6A RNA immunoprecipitations were per-
formed using Magna RIP™ Kit (merckmillipore) according
to the manufacturer’s instructions. In brief, cells cultured on
10 cm dish were lysed in 400 ul of complete RIP lysis buffer-
containing protease inhibitors and RNase inhibitor. RBM15
protein or m6A-modified transcripts were pulled-down by
Dynabeads-associated RBM15 antibody or m6A antibody
(synaptic systems). A mock pull-down was done with normal
rabb i t IgG (Cel l S igna l ing Technolog ies ) . The
immunoprecipitated complex was washed intensively and
the pull-down RNA was extracted using Trizol reagent.
Purified RNA were treated with DNAse I and used for
cDNA thynthesis and qRT-PCR analysis. The dynabeads-
associated 18 s RNA was used as internal control in the
qRT-PCR analysis. Primers used were shown in Table S1.

RNA Degradation Assay

HEK293T cells were transfected with different expression
vectors. Thirty hours post-transfection, cells were incubated
with culture medium containing 5 μM of actinomycin D [37].
Cells were harvested at 0, 6, 12, 18, 24, and 30 h post-
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actinomycin D treatment, and RNA was extracted. BAF155
mRNA levels were analyzed via qRT-PCR. The basal expres-
sion level of BAF155 mRNA at 0 h point of actinomycin D
treatment of each condition was considered as 100%, regard-
less of the baseline changes in gene expression between two
conditions. The relative level of BAF155 mRNA in % from
each time point was calculated.

In Utero Electroporation

In utero electroporation was performed as described previous-
ly [57]. In the knockdown experiments shown in Fig. 4, an
eGFP plasmid was co-injected with shRBM15 or EV at a
concentration ratio of 1:4. In overexpression and rescue ex-
periments as shown in Figs. 5 and 6, RBM15 plasmids were
co-injected with BAF155 or EVat a concentration ratio of 1:1.

Luciferase Assay

Plasmids-containing promoter regions (harboring PAX6 bind-
ing sites) of the candidate genes (Ssx2ip, Wnt5a, Fgfr1,
Celsr1, Pdgfrb, Cdc42ep1, Cdc42ep4) and firefly-luciferase
reporter were cloned as previously described [28].
Luciferase assay was performed as described previously
[28]. Briefly, the firefly-luciferase–based reporter gene con-
structs and renilla expression vector were co-transfected into
Neuro2A cells in a 24-well plate using Lipofectamine 2000
(Life Technologies). The different experimental groups re-
ceived additional expression plasmids (CMV-EV, CMV-
Pax6, CMV-BAF155, CMV-RBM15) as indicated. Cell ex-
tracts were prepared after 48 h and assayed for luciferase ac-
tivity with the use of a Dual-Luciferase Reporter Assay
System (Promega) following manufacturer’s protocol. In all
cases, the firefly-luciferase–based reporter gene activity was
normalized to the renilla control.

Western Blot, Immunohistochemistry

WB and IHC experiments were carried out as previously de-
scribed [1, 58]. All the primary antibodies used in Western
blotting are in 1:1000 dilution.

Imaging, Quantification, and Statistical Analyses

Images were captured using Axio Imager M2 (Zeiss) with a
Neurolucida system and confocal fluorescence microscopy
(TCS SP5; Leica). Images were further processed with
Adobe Photoshop. IHC signal intensities were quantified by
using ImageJ software, as described previously [1, 57].
Statistical comparisons were carried out using Student’s t test
and one-way ANOVA followed by Bonferroni’s multiple
comparison test where appropriate. The results are presented

as means ± SEM. All details of statistical analyses for histo-
logical experiments are presented in Table S2.
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