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RBM4-mediated intron excision of Hsf1
induces BDNF for cerebellar foliation

M| Check for updates

Chiu-Lun Shen'?, Yu-Young Tsai ® '*, Shen-Ju Chou?®, Yao-Ming Chang' & Woan-Yuh Tarn®'

Brain-derived neurotrophic factor (BDNF) plays important roles in brain development and neural
function. Constitutive knockout of the splicing regulator RBM4 reduces BDNF expression in the
developing brain and causes cerebellar hypoplasia, an autism-like feature. Here, we show that Rbm4
knockout induced intron 6 retention of Hsf7, leading to downregulation of HSF1 protein and its
downstream target BDNF. RBM4-mediated Hsf7 intron excision regulated BDNF expression in
cultured granule cells. Ectopic expression of HSF1 restored cerebellar foliation and motor learning of
Rbm4-knockout mice, indicating a critical role for RBM4-HSF1-BDNF in cerebellar foliation.
Moreover, N-methyl-D-aspartate receptor (NMDAR) signaling promoted the expression and nuclear
translocation of RBM4, and hence increased the expression of both HSF and BDNF. A short CU-rich
motif was responsible for NMDAR- and RBM4-mediated intron excision. Finally, RBM4 and
polypyrimidine tract binding (PTB) proteins play antagonistic roles in intron excision, suggesting arole

for splicing regulation in BDNF expression.

Alternative splicing of eukaryotic mRNA transcripts plays a critical role in
diverse cellular processes, cell differentiation, and development'. Dysregu-
lation of splicing is linked to a variety of developmental disorders and
genetic or acquired diseases’. Alternative splicing occurs at high frequency
in brain tissues and contributes to various steps of nervous system devel-
opment, including cell-fate decisions, neuronal cell migration, and activity-
regulated axon guidance and synaptogenesis™™.

Molecular genetics and RNA sequencing have advanced our under-
standing of the physiological significance and disease implications of
alternative splicing. Knockout of individual splicing regulators has revealed
how alternative splicing events contribute to neuronal development and
how impairment of splicing regulation may lead to neurodevelopmental
disorders. For example, knockout of splicing regulator nSR100/SRRM4
impairs neurite outgrowth and axon guidance during nervous system
development”. Reduction in nSR100 causes microexon skipping in a set of
genes implicated in autism spectrum disorders’. Sequential expression of
two polypyrimidine tract binding (PTB) protein paralogs, PTBP1 and
PTBP2, in progenitor and differentiated neuronal cells is critical for brain
development; they exert overlapping, but distinct functions in splicing
regulation'™’. Recently, single-cell RNA-seq has revealed that splicing
regulatory programs differ across neuronal types due to differential dis-
tributions of splicing regulators””. An integrative single-cell and spatial
transcriptomic analysis on tumors revealed that splicing changes are asso-
ciated with cancer cell differentiation and drug response'’.

The RNA binding motif 4 (RBM4) protein is a ubiquitously expressed
splicing regulator. RBM4 promotes neuronal differentiation via regulating
splice isoform expression of the Notch signaling inhibitor Numb and
metabolic enzyme pyruvate kinase M in cultured neural progenitor cells and
mesenchymal stem cells"*'"". An in utero study shows that RBM4 contributes
to the expression of full-length Dab, which is critical for the radial migration
of newborn neurons'®. Notably, RBM4 regulates the expression of PTBP1/
PTBP2 proteins via splicing control and antagonizes their activity in splicing
regulation®". Together, these studies indicate that RBM4 plays a significant
role in the development of the nervous system.

RBM4 is encoded by two copies of Rbm4 genes (a and b) that are
located adjacently on the same chromosome. Constitutive Rbm4a/Rbm4b
double gene-knockout (Rbrm4dKO) mice exhibit cerebellar foliation defects,
particularly in vermal lobules VI and VII'’. The absence of the intercrural
fissure (icf) between these two lobules is a feature of autistic individuals'.
Rbm4knockout reduces the expression of brain-derived neurotrophic factor
(BDNF) in the developing brain'. BDNF reduction compromises
tropomyosin-related kinase receptor type B (TrkB) signaling. TrkB agonist
7,8-dihydroxyflavone can stimulate BDNF expression and restore icf for-
mation, indicating the critical role of BDNF in cerebellar foliation.

To explore how RBM4 regulates BDNF expression during brain
development, we have performed RNA-seq in Rbm4dKO embryonic
brains'®. In this study, we found that RBM4 promoted HSF1 expression by
removing its retained intron from the transcript and that its splicing activity
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was regulated by neuronal signaling. Importantly, HSF1 upregulated BDNF
expression and rescued cerebellar foliation and motor learning of Rbm4
knockout. This study provides mechanistic insights into how RBM4 exerts
splicing control to ensure proper cerebellar development and behaviors.

Results

Rbm4 knockout affects alternative splicing in the

embryonic brain

RNA-seq analysis of wild-type and Rbm4dKO brains at embryonic day 13.5
(E13.5) was previously performed”, revealing ~1100 alternative splicing
events (false discovery rate <0.005 from replicate Multivariate Analysis of
Transcript Splicing) in ~900 genes (Supplementary Data 1 for rMATS of
RNA-seq data). Among them, ~45% of the events (n = 498) were cassette
exon selection (CES) and, surprisingly, ~42% (n =464) were differential
intron retention (IR) (Fig. 1A). In the CES category, Rbm4 knockout
resulted in 56% (n = 278) exon inclusion and 44% (n = 220) exon exclusion
(Fig. 1B). Gene Ontology (GO) enrichment analysis was performed using
Database for Annotation, Visualization and Integrated Discovery

(DAVID), showing that top enriched biological processes of RBM4-
regulated genes in the CES category included RNA processing, muscle
contraction and calcium transport (Fig. 1C). Calcium transport was notable
because it is critical for the neuronal development and activity”’. Unex-
pectedly, Rbm4 knockout caused differential IR (97.2% upregulated and
2.8% downregulated) in a substantial portion of target transcripts (Fig. 1D).
The most affected transcripts encoded factors involved in RNA processing/
splicing and ribosome biogenesis (Fig. 1E). Retained introns in Rbm4dKO
brain are shorter and have a slightly higher GC content than average (Fig. 1F,
G), consistent with a report that short and GC-rich introns retain introns
more frequently’".

RBM4 modulates target protein expression via regulated intron
excision

Next, we selected several target transcripts relevant to neuronal functions in
the CES category for verification, including calcium transport and signaling
factors (Cacnald, Camk2b, Camk2g, and Ryr2) and factors controlling
synaptic activity and synaptogenesis (Nav2 and Nrxn2). Rbm4 knockout
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Fig. 1 | RNA-seq analysis of Rbm4dKO embryonic brain. A Pie chart shows
alternative splicing events identified in the E13.5 Rbm4dKO brain. The percentage
and event number of each category are indicated. B Schematic depicts cassette exon
selection (CES). Volcano plot of CES: the x-axis represents the difference of percent
spliced in (APSI: PST®*"*C_pSI"T); the y-axis indicates the negative log10 trans-
formation of false discovery rate (FDR). Red dots represent differentially expressed
CES events with statistical significance (FDR < 0.005). Transcripts indicated were
subjected to RT-PCR analysis (see Fig. 2) (black, exon skipping; blue, exon inclu-
sion). Orange indicates the transcripts with a APSI value of 1.0 or —1.0. C Gene
Ontology analysis of the CES category. The x-axis represents the negative log10

transformation of the P-value; the y-axis indicates the top-ranked terms in the CES
category. D Schematic depicts intron retention (IR). Volcano plot of the IR category:
the x-axis indicates the difference in percent intron retention (APIR: PIR®"*¥0_
PIR""); the y-axis is the same as in (B). Red dots represent differentially expressed IR
events with FDR < 0.005. Orange indicates the transcripts with a APIR value of 1.0.
E Gene Ontology analysis of the IR category; the x-axis is the same as in (C); the y-
axis indicates the top-ranked terms in the IR category. F Intron length distribution
comparison between genome introns (1 = 490290) and RBM4-regulated introns
(n=399). G The GC content of genome introns and RBM4-regulated introns. Bars
represent average + SEM (¥***P < 0.001).
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Fig. 2 | Rbm4 knockout affects cassette exon selection and causes intron reten-
tion. A RT-PCR of selected RBM4 targets in the CES category from E13.5 wild-type
(WT) and Rbm4dKO (KO) brains. Bar graphs show relative PSI (++e/total); WT was
setto 1 (n=3). GAPDH was used as a loading control. B RT-PCR of selected RBM4
targets in the IR category from E13.5 brains. Bar graphs show relative PIR (+i/total);
WT was set to 1 (n=3). P-values were determined using the Student’s ¢-test.

*P <0.05, **P < 0.01, ***P < 0.001. The number in parentheses represents basepair
(bp). CImmunoblotting shows three selected proteins (HSF1, hnRNPH1, hnRNP L)
inE13.5 WT and KO brain lysates. The level of examined proteins was normalized to
GAPDH. Numbers below the blots indicate relative protein level (WT was set to 1;
n =3). P-values are listed in Supplementary Data 2.

resulted in alternative exon inclusion in Nrxn2 and skipping in all other
transcripts tested (Fig. 2A, and Supplementary Fig. 1A for the sashimi plots),
consistent with RNA-seq data (Fig. 1B). Alternative splicing segment-4
(ASS4) of neurexins determines their binding preference to postsynaptic
partners””. Depolarization-dependent CES of neurexins has been detected in
cerebellar neurons®. Rbm4 knockout induced ASS4 (exon 20) inclusion of
Nrxn2, suggesting a role for RBM4 in modulating synaptic activity. Notably,
RNA metabolism, particularly splicing regulation, was overrepresented in
both CES and IR categories. For example, Rbm4 knockout induced the
inclusion of poison exon 2 in Tra2a, which triggers nonsense-mediated
mRNA decay (NMD)*'. More strikingly, Rbm4 knockout caused IR of a
large set of transcripts encoding RNA binding proteins (Fig. 2B and

Supplementary Fig. 1B, Celf3, Hnrnphl, Hnrnpl, Prp40b, Syf2, and Xab2), as
reported in erythrocytic and B-lymphoblastic cells”*". The expression level
of the above genes except for Hnrnphl and Tra2a was not significantly
changed (Supplementary Fig. 1C).

The heat-shock factor HSF1 is a transcriptional activator for heat-
shock protein genes and has been implicated in Bdnf expression”. Rbm4
knockout also increased IR of Hsfl (Fig. 2B and Supplementary Fig. 1B,
Hsf1), suggesting that RBM4 regulates BDNF expression probably via HSF1.
IR has been considered a mechanism for post-transcriptionally down-
regulating gene expression via NMD***”. Therefore, we examined the level of
HSF1 (the focus of this study, see below) and two hnRNP proteins (H1 and
L), whose intron-containing transcripts have been detected in
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Fig. 3 | RBM4 promoted intron 6 excision of HsfI leads to Bdnf transactivation.
A RT-PCR of Hsfl and immunoblotting of indicated proteins in WT and KO whole
brain or cerebellar lysates at different developmental stages. For splicing, PIR (%)
was indicated below the gel (average from three experiments) and in the dot graph
(data of three experiments). For immunoblotting, the level of each protein was
normalized to GAPDH. Numbers below the blots show relative protein levels. For
HSF1, E13.5 WT brain was set to 1. For BDNF, E18.5 WT cerebellum was set to 1.
B Bar graph shows relative KO/WT PIR of HsfI introns 5/6/7 at indicated time
points. C RT-PCR of Hsfl and immunoblotting of indicated proteins were per-
formed in control (con) or Rbm4-targeting shRNA-transfected GCs. PIR (%) and

g :2 : Bdnf

relative protein level were as in (A). KD: knockdown. D RT-PCR and immuno-
blotting of mock (vec) or FLAG-RBM4-overexpressed GCs were performed as in
(C©). OE: overexpression. E Immunoblotting of indicated proteins was performed in
control (con) or HSfI shRNA-transfected GCs. Relative protein level was shown
below the blots. F Mock (lane 1) or RBM4 knockdown GCs (lanes 2 and 3) were
transfected with the empty (—) or FLAG-HSF1 expression vector. RT-PCR and
immunoblotting were performed and relative RNA/protein expression levels were
indicated. Lane 1 was set to 1. G Schematic shows that RBM4 promotes BDNF
expression via removing retained intron 6 from HsfI.

erythroblasts”. Immunoblotting showed that the level of all three proteins
was reduced by 30-50% in the E13.5 Rbmn4dKO brain (Fig. 2C), indicating
that Rbm4 deficiency was downregulated due to IR upregulation.
Together, Rbm4 knockout affected CES and IR to a similar extent.
RBM4 may modulate neuronal activity via CES, whereas it affected the
expression of RNA processing factors through both CES and IR.

Intron excision of Hsf1 by RBM4 enhances Bdnf transactivation
We focused on Hsf1 because it has been implicated in Bdnftransactivation.
First, we evaluated Hsf1 splicing at different developmental time points. In
wild-type brains, intron 6 retention was minimally detected during early
developmental stages (E13.5 whole brain and PO cerebellum) and increased
in the P7 cerebellum (Fig. 3A, RT-PCR, and dot graph for WT). Rbm4
knockout enhanced intron 6 retention and reduced HSF1 protein levels atall
stages examined (Fig. 3A, KO). No significant change was detected in
introns 5 and 7 in both wild-type and Rbm4dKO brains (Fig. 3B, Supple-
mentary Fig. 2A), suggesting that intron 6 serves as a regulatory intron for
gene expression control. Immunoprecipitation-RT-PCR analysis revealed
RBM4 binding to Hsfl transcripts in E13.5 brain lysates, suggesting that
Hsfl is a direct target of RBM4 (Supplementary Fig. 2B). To further confirm
the role of RBM4 in HsfI intron 6 regulation, we knocked down RBM4 using
shRNA in cultured P7 GCs. Depletion of RBM4 increased intron 6 retention
of Hsfl, resulting in downregulation of HSF1 and BDNF proteins (Fig. 3C).
In contrast, overexpression of RBM4 in GCs induced intron 6 excision, and
hence increased the levels of both HSF1 and BDNF (Fig. 3D). Next, we
evaluated whether HSF1 is responsible for BDNF expression. As a result of
HSF1 reduction by >60%, BDNF protein levels decreased by nearly 80%

(Fig. 3E). Overexpression of FLAG-tagged HSF1 in RBM4-depleted GCs
restored BDNF expression (Fig. 3F). Our results revealed that Rbm4 defi-
ciency caused intron retention of Hsf1, leading to downregulation of HSF1
and its downstream BDNF. RBM4 promoted the expression of HSF1 via
splicing control, which subsequently transactivated Bdnf (Fig. 3G).

HSF1 rescues the foliation defects of Rbm4 knockout cerebellum
Cerebellar icf formation of Rbm4dKO mice was impaired due to BDNF
deficiency and reformed by reactivation of TrkB (T1). The above results
indicated that BDNF deficiency resulted from downregulation of HSF1.
Therefore, it was important to evaluate whether HSF1 contributes to cere-
bellar foliation during brain development. We generated and injected an
expression vector for DsRed (control; dKO“") or HSF1-DsRed (dKO™™)
into the lateral ventricle of E15.5 Rbm4dKO followed by electroporation
(Fig. 4A, the detailed procedure is described in the “Methods” section). We
observed DsRed expression in the external granule layer of the cerebellum,
primarily overlapping with GCs, in the injected Rbm4dKO newborns
(Supplementary Fig. 3A and 3B for magnified images). Immunoblotting
confirmed that HSF1-DsRed was expressed in the PO Rbm4dKO™"" cere-
bellum at a level comparable to endogenous HSF1 in the wild-type.
Importantly, BDNF mRNA and protein, as well as calbindin, were fully
recovered at PO (Fig. 4B). Moreover, HSF1 was sufficient to restore cere-
bellar foliation as early as PO and icf formation at P30 (Fig. 4C, D). Similar
results were observed with the injection in the fourth ventricle, where cer-
ebellar precursor cells are more abundant (Supplementary Fig. 3C, D).
Finally, we evaluated the motor learning of Rbm4dKO™" mice using
rotarod analysis. During pretraining at a constant low speed, the
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Fig. 4 | HSF1 rescues the foliation defects of the Rbm4 knockout cerebellum.

A Schematic diagram shows the construct of the DsRed (Con) and HSF1-DsRed
fusion, and the procedure of in utero electroporation (IUE). The empty or HSF1-
DsRed plasmid was electroporated into the lateral ventricle of the E15.5 Rbm4dKO
brain. Newborn pups (Rb#4dKO" and Rbm4dKO™") were sacrificed at PO or P30.
B The expression levels of BDNF mRNA and indicated protein were evaluated in the
PO cerebellum of wild-type (WT), Rbm4dKO, Rbm4dKO®", and Rbm4dKO™"",
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C Hematoxylin and eosin staining were performed in PO and P30 cerebellums of
mice as indicated. Arrowhead indicates icf. D The icf depth was measured in the P30
cerebellum. Bars represent average + SEM (n = 3, ¥***P < 0.001). E For rotarod
analysis, each mouse (6-week-old) was trained on the rod for 60 s at low constant
speed (Supplementary Fig. 3C) before proceeding to the tests with an accelerating
rotational speed from 4 to 40 rpm over a period of 300 s. Bar graph shows the average
latency to fall (s) (10 mice for each group); ***P < 0.001; **P < 0.01.
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Fig. 5 | NMDA receptor signaling regulates RBM4-mediated intron excision of
Hsf1. A GCs were treated with different concentrations of NMDA for one hour. RT-
PCR of Hsfl and immunoblotting of HSF1, BDNF, and GAPDH were performed.
PIR (%) and relative protein level were measured as in Fig. 3A. Bar graph shows Hsf1
introns 5/6/7 PIR of 25 uM NMDA-treated (+) relative to mock-treated (—) cells
(***P < 0.001; n.s. no significance). B GCs were transfected with the control or Rbm4
shRNA followed by NMDA (25 uM) or DCS (50 uM) treatment. RT-PCR of Hsfl

was performed. Lane number is indicated below the gel. C-F GCs were mock-treated
(=) or pre-treated with AP5 (25 uM), EGTA (2 mM), CK59 (500 nM) or SRPIN340
(30 uM) followed by NMDA treatment. RT-PCR, immunoblotting, and measure-
ment of PIR (%) and relative protein levels were performed as in (A). G Schematic
diagram shows that NMDAR signaling modulates RBM4-mediated HsfI intron

6 splicing. Activators and inhibitors of NMDAR signaling pathways are indicated in
red and green ovals, respectively.

performance of Rbm4dKO"™ and wild-type mice was almost indis-
tinguishable (Supplementary Fig. 3E). As the rotational speed accelerated,
Rbm4dKO™" mice still performed significantly better than untreated
Rbm4dKO or Rbm4dKO™" mice (Fig. 4E). Together, our result indicated
that the RBM4-HSF1-BDNF pathway contributes to cerebellar icf forma-
tion and motor learning, although we cannot completely exclude the pos-
sibility that HSF1 also induced BDNF in other brain areas, such as the
cerebral cortex and hippocampus, thereby affecting behaviors.

NMDA receptor signaling regulates RBM4-mediated intron
excision of Hsf1

The finding of RBM4-regulated HSF1 expression via regulated intron
removal prompted us to explore how neuronal activity may influence
RBM4-mediated splicing control. N-methyl-D-aspartate (NMDA) sig-
naling plays an important role in brain development and plasticity’*".

Notably, NMDA may protect GCs against apoptosis by inducing BDNF

in the cerebellum®. Rbm4 knockout increased caspase 3 cleavage and
reduced AKT and ERK1/2 phosphorylation, indicating a pro-apoptotic
status (Supplementary Fig. 4A). Treatment of GCs with lower doses of
NMDA (up to 25puM) suppressed apoptosis, whereas higher doses
(50 uM) reversed it (Supplementary Fig. 4B). Within an optimal range,
NMDA increased BDNF expression in a concentration-dependent
manner, coinciding with the excision of intron 6—but not intron 5 or
7—of Hsfl and increased HSF1 protein levels (Fig. 5A, Supplementary
Fig. 4C). D-cycloserine (DSC), a partial agonist of NMDA receptor
(NMDAR), also induced intron 6 excision (Fig. 5B, lane 4). Importantly,
the knockdown of RBM4 abolished NMDA or DSC-induced intron 6
excision (Fig. 5B, lanes 6, 7), suggesting that RBM4 is responsible for
signaling-induced splicing. To confirm the role of NMDAR in Hsfl
splicing, we treated GCs with its antagonist D-2-amino-5-phosphono-
pentanoate (AP5) prior to NMDA treatment. The result showed that AP5
abolished NMDA-induced intron 6 excision of HsfI and increased HSF1
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and BDNF proteins (Fig. 5C). Moreover, we examined the components of
NMDAR signaling pathways including Ca®" influx and Ca**/calmodu-
lin-dependent protein kinases (CaMKs). Prior to NMDA treatment, GCs
were treated with the metal-ion chelator EGTA or CaMKII antagonist
CK59. As observed with AP5, EGTA, and CK59 also abolished the effects
of NMDA on Hsfl splicing and HSF1 and BDNF protein expression
(Fig. 5D, E). Notably, the SR protein kinase SRPK1 can act downstream of
NMDAR to regulate intron exision™. Since SRPK1 can phosphorylate
RBM4 in vitro™, we tested the effect of SRPK1 inhibition on HsfI splicing.
Figure 5F shows that the SRPK1 inhibitor SRPIN340 had similar effects
as the above inhibitors (Fig. 5C-E). In addition, we assessed the effect of
NMDAR signaling on other RBM4 targets. Supplementary Fig. 4D shows
that NMDA also promoted exon inclusion of Ryr2 and Camk2g and
intron excision of Celf3 and Xab2, contrary to that observed with Rbm4
knockout (Fig. 2), underscoring the role of NMDAR signaling in RBM4-
mediated splicing. Together, this study revealed a regulatory axis,
NMDAR-CaMKII-SRPK1-RBM4, for neuronal cue-mediated splicing
regulation (Fig. 5G).

NMDAR signaling regulates the nuclear abundance of RBM4
Since NMDAR signaling had a significant impact on RBM4-mediated
splicing regulation (Fig. 5), we next asked whether NMDA directly regulates
the activity of RBM4. Surprisingly, NMDA treatment significantly increased
the level of RBM4 protein, but not its mRNA (Fig. 6A). This effect of NMDA
treatment was counteracted by AP5 or CK59, suggesting that RBM4 protein
may be stabilized by the NMDAR-CaMKII pathway (Fig. 6B). RBM4 has a
phosphorylation site at serine 309 (Fig. 6C)*. Substitution of this serine
residue by alanine (i.e., SA mutation) abolished NMDA-induced RBM4
increase (Fig. 6C), suggesting that RBM4 was stabilized by CaMKII-induced
phosphorylation. Moreover, immunofluorescence showed that NMDA
treatment increased RBM4 signals in the nucleus (Fig. 6D, mock vs.
NMDA/-). Subcellular fractionation confirmed that NMDA increased the
level of RBM4, particularly in the nucleus, with concomitant reduction of its
cytoplasmic level (Fig. 6E). Blocking NMDAR-CaMKII pathway with AP5
or CK59 reversed nuclear translocation of RBM4 (Fig. 6D). Moreover, we
evaluated subcellular localization of the SA mutant of RBM4. FLAG-tagged
wild-type RBM4 behaved the same as the endogenous in response to
NMDA (Fig. 6F, RBM4""). However, the SA mutant still remained in the
cytoplasm after NMDA treatment (Fig. 6F, RBM4*"), indicating that
NMDA-induced S309 phosphorylation not only stabilizes RBM4 but also
promotes its translocation to the nucleus. Finally, we tested the functional
effect of the SA mutation. Overexpression of RBM4"" in Rbm4dKO GCs
restored BDNF expression, whereas RBM4** failed to achieve (Fig. 6G).
Together, our results revealed that NMDAR signaling-induced HSF1 and
subsequent BDNF expression by increasing the nuclear abundance of
RBM4 through phosphorylation.

NMDAR signaling regulates RBM4-mediated Hsf1 splicing via a
CU-rich motif

Finally, we focused on the cis-elements responsible for RBM4-mediated IR
regulation. We generated a minigene encompassing the genomic region
from exon 6 to exon 8 of mouse Hsfl (Fig. 7A). Knockdown and over-
expression of RBM4 respectively increased and reduced intron 6 retention
but had no significant effect on intron 7 (Fig. 7B, Supplementary Fig. 5A).
NMDA or DCS also specifically promoted the excision of intron 6, but not
intron 7, of the HsfI minigene (Fig. 7C, Supplementary Fig. 5B), indicating
that this minigene behaved similarly as endogenous HsfI (Fig. 5). RBM4
regulates alternative exon selection via binding to CU-rich sequence'*'*”.
Of note, the most 5" end of HsfI exon 7 is CU-rich. To determine whether
this sequence is responsive to RBM4-mediated regulation, we generated a
mutant (Fig. 7D, diagram). Neither RBM4 overexpression nor NMDA
treatment affected the splicing of this mutant (Fig. 7D). Therefore, RBM4
may regulate intron 6 excision via its downstream exonic CU-rich motif.
Moreover, this element was sufficient for NMDA-mediated splicing
regulation.

Since polypyrimidine tract-binding proteins (PTBP1 and PTBP2) also
prefer CU-rich sequences and may antagonize the function of RBM4™, we
tested whether these two PTB proteins regulate HsfI splicing. Using the Hsf1
minigene, we observed that overexpression of PTBP1/2 promoted intron 6
retention, in contrast to that observed with RBM4 (Fig. 7E). Therefore,
PTBP1/2 may act as a negative regulator for Hsfl splicing. We tested
whether RBM4 can compete with PTBP1/2 for splicing intron 6. Figure 7F
shows that PTBP1/2 increased IR as in Fig. 7F and their effect was reversed
by RBM4 in a concentration-dependent manner. Therefore, under devel-
opmental cues or neuronal stimulation, the relative concentrations of RBM4
and PTBP1/2 may determine the intron excision of HsfI and subsequent
BDNF expression (Fig. 7F, schematic).

Discussion

Our study of Rbm4 knockout revealed a pathway and regulatory mechanism
for BDNF induction during brain development. As BDNF is key to cere-
bellar foliation, reactivating the RBM4-regulated pathway could restore icf
formation and motor learning in Rbm4-deficient cerebella (Fig. 7G).

This study uncovered a critical role of the RBM4-HSF1-BDNF reg-
ulatory axis in cerebellar foliation. BDNF deficiency impairs cerebellar
foliation™"’. The HSF family members play a role in embryonic development
and stress response during neurodegenerative pathogenesis®. A recent
report shows that glutamate receptor signaling activates HSF1 to induce
Bdnfgene expression””. In this study, we demonstrated that RBM4 increased
the expression of HSF1 via splicing control, which subsequently transacti-
vated Bdnf, indicating a regulatory cascade for BDNF expression (Fig. 3).
Moreover, we found that activation of NMDAR provoked the RBM4-HSF1-
BDNF pathway by increasing the nuclear abundance of RBM4
(Figs. 5 and 6). This finding revealed that neuronal stimuli modulate
alternative splicing via regulating the abundance and subcellular localization
of RBM4 (also see below). More importantly, our study demonstrated the
function of HSF1 in cerebellar development. HSF1 was downregulated in
the Rbm4 knockout brain. Overexpression of HSF1 almost completely
restored BDNF expression, cerebellar foliation, and eventually icf formation
(Fig. 4). Notably, either TrkB agonist or HSF1 overexpression can rescue
foliation defects and motor learning of Rbm4dKO cerebellum (Tsai et al.',
and this study), indicating that deficiency of BDNF is the primary cause of
icf malformation. Although cerebellar morphology was apparently recov-
ered by HSF1, further research is needed to determine whether and how
additional RBM4 targets affect neuronal activity, especially those with
complete exon inclusion/skipping (Fig. 2B, APSI value of 1.0 or —1.0) or
intron retention (Fig. 2D, APIR value of 1.0). For example, PLPPR4 and
HIVEP2 aberrations have been implicated in neurodevelopmental
disorders”*; whether their expression or function is regulated by RBM4
remains to be investigated.

Hsfl knockout reduces locomotor activity partly through calbindin
reduction”, but whether it impairs cerebellar foliation—particularly icf
formation—is yet unclear. HSF1 has been implicated in preventing
neurodevelopmental disorders and neurodegenerative diseases. It plays a
neuroprotective role in developing brains against environmental stressors,
as well as in adult brains suffering from polyglutamine-induced
neurodegeneration”™. Given that Rbm4 knockout mice exhibited
anxiety'’, it remains an interesting question as to whether RBM4 aberrations
are associated with neuropsychiatric disorders.

In the developing brain, Rbm4 knockout caused IR in a significant
portion of transcripts (Figs. 1 and 2), suggesting that RBM4 regulates gene
expression via excision of retained introns. IR has been recognized as an
important mechanism for post-transcriptional regulation during cell dif-
ferentiation or development™*. IR can be determined by epigenetics,
transcription rate, and splicing regulator activity”. IR may cause degrada-
tion of the transcripts in the nucleus or prevent their export to the cyto-
plasm, leading to downregulation of nonphysiological relevant transcripts™.
For example, IR is enriched in the transcripts involved in the cell cycle and
NE-kB signaling in naive B cells and then downregulated when B cells
undergo affinity maturation’. In undifferentiated neuroblastoma, PTBP1-
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Fig. 6 | NMDAR signaling stabilizes RBM4 and promotes its nuclear translo-
cation. A GCs were treated with different concentrations of NMDA as in Fig. 5A.
Immunoblotting of RBM4 protein and RT-PCR of Rbm4a/b mRNA were per-
formed. Folds of RBM4 induction (normalized to GAPDH) were indicated below the
blot (n = 3). B GCs were sequentially treated with AP5 or CK59 and NMDA as in
Fig. 5C, E. Immunoblotting of RBM4 and GAPDH was performed. Induction folds
were indicated as in (A). C Schematic diagram shows the S309A mutant of RBM4.
GCs were transiently transfected with the vector expressing FLAG-RBM4 (wild-type
or SA) followed by mock or NMDA treatment. Immunoblotting and fold changes
were as in (A). D GCs were mock or NMDA treated alone or sequentially treated
with AP5 or CK59 and NMDA. Immunofluorescence was performed using anti-
RBM4. Cells were counterstained with DAPI. The scale bar represents 25 pm. Insets
show enlarged images of a representative cell. Bar graph shows the relative ratio of

RBM4 in the nucleus (N) vs. the whole cell (T) (average + SEM, ***P < 0.001). For
each group, ~60 cells were measured. Mock was set to 1. E Subcellular fractionation
was performed in mock or NMDA-treated GCs. Immunoblotting was performed
using antibodies against RBM4, Lamin A/C, and GAPDH. F GCs were transfected
with the vector of FLAG-RBM4 (WT or SA) followed by mock or NMDA treatment.
Immunofluorescence was performed using anti-FLAG. No signal was detected in
untransfected cells (top panels), indicating the specificity of anti-FLAG. Scale bar,
inset, and bar graph were as in (D). For the bar graph, mock-treated RBM4-trans-
fection was set to 1. G Rbm4dKO GCs were mock-transfected or transfected with the
FLAG-RBM4 (WT or SA) vector. RT-PCR and immunoblotting of indicated RNA/
protein were performed. Relative Bdnf expression levels were indicated (n = 3); WT
was set to 1.

mediated IR suppresses the expression of synaptic proteins involved in
vesicle transport and neurotransmitter release’’. Downregulation of PTBP1
during neuronal differentiation triggers intron excision and mRNA export
to the cytoplasm™. Similarly, PTBP1 sequesters the intron-containing
transcript of the neuronal gamma-aminobutyric acid (GABA) B receptor
(Gabbrl) on chromatin and thereby prevents its expression in embryonic
stem cells”. RBM4 and PTBP1/2 had opposite effects on HsfI intron

excision. RBM4 was able to antagonize the suppressive effect of PTBP1/2 on
Hsfl intron excision and hence induced BDNF expression (Fig. 7). More-
over, we observed that Rbm4 knockout increased PTBP1/2 expression
(Supplementary Fig. 6). Therefore, it is possible that RBM4 deficiency
coupled with PTBP1/2 upregulation results in additive suppression of HSF1
expression. It has been noted that IR is enriched in the transcripts encoding
splicing factors and gross changes in splicing factors may further impact
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3-6 of exon 7 were mutated. GCs were transfected with the wild-type or mutant minigene
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treatment (right panel). E The Hsfl minigene was co-transfected with the empty vector
(vec) or vector expressing RBM4, PTBP1, or PTBP2. F The Hsf] minigene was trans-
fected with the vector of PTBP1 or PTBP2 alone (lane 2) or together with increasing
amounts of the RBM4 vector (lanes 3-5). Lane 1 contained the HsfI minigene only.
Model shows that RBM4 and PTB proteins may competitively regulate Hsfl intron 6
splicing via a CU-rich motif. G Conclusion model: Rbm4 knockout caused IR of Hsfl and
hence reduced HSF1 protein level. In vitro results demonstrated that RBM4 promotes
intron excision of HsfI via a CU-rich element and hence increased HSF1 and subsequent
BDNF expression, and that NMDAR signaling potentiates RBM4 in splicing regulation.
In vivo, evidence revealed that HSF1 rescues the foliation defects and motor learning
ability of the Rbm4dKO cerebellum.

IR*?. Rbm4 knockout also induced IR of many splicing regulators, impli-
cating a pivotal role for RBM4 in splicing regulatory networks. Dynamic IR
program is important for erythropoiesis and B cell differentiation”*". Thus,
it remains interesting to explore how the dynamics of RBM4-mediated
splicing regulation is controlled during brain development.

This study revealed that neuronal activity regulates gene expression via
RBM4-mediated intron excision. Signaling-regulated excision of retained
introns has been observed in various tissues including erythrocytes, lym-
phocytes, muscle satellite cells, and neuron™******", For example, upon
activation of quiescent satellite cells, the retained intron is removed from the
transcripts of the key transcription factors MyoD and Myf5 to initiate muscle
differentiation'. Phosphorylated oncogenic protein Dek promotes intron
excision, but how cellular signaling modulates it activity is still unclear. It has
been known for a decade that NMDAR-calmodulin-dependent kinase
pathways promote intron excision and nuclear export of the transcripts in
the murine-developing brain®, indicating IR regulation as one of the critical

mechanisms for development. A more recent report reveals that different
forms of neuronal activity differentially regulate intron retention/excision™.
For example, IR of the Srsf2 transcript was enhanced by BDNF, but sup-
pressed by GABAergic inhibition™. Therefore, neuronal activity can regulate
the transcriptome via intron retention/excision. In this study, we demon-
strated that stimulation of NMDAR followed by calcium influx and acti-
vation of downstream kinases CaMKII and SRPK1 led to stabilization and
nuclear accumulation of RBM4 and that RBM4 promoted intron excision
likely in a phosphorylation-dependent manner (Fig. 6). Collectively, our
results revealed a neuronal stimulation regulated axis in modulating IR.

In conclusion, RBM4 represents a signaling-regulated splicing reg-
ulator and promotes intron excision of Hsfl, leading to an increase in HSF1
protein levels. HSF1 is critical for BDNF expression and cerebellar foliation.
Since dysregulation of BDNF expression is also associated with several
neurodevelopmental diseases™, activating splicing may offer a potential
therapeutic strategy.
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Methods

Rbm4 knockout mice

Rbm4dKO mice were previously generated'. For experimental use,
Rbm4dKO mice were obtained by intercrossing between Rbm4dKO par-
ents. The parents were obtained from intercross between Rbm4 double
heterozygous (Rbm4a""; Rbm4b*") mice. Genotypes were confirmed by
PCR". The mouse experiments (protocol ID: 13-04-547 and 19-12-1370)
were approved by the Institutional Animal Care and Use Committee
(TACUC) of Academia Sinica and compliant with the Ministry of Science
and Technology, Taiwan. The mice were kept in the specific pathogen-free
Experimental Animal Facilities, Academia Sinica, and under a 12-h dark/
light cycle. Standard chow diet and water were provided ad libitum. We have
complied with all relevant ethical regulations for animal use.

Bioinformatics analysis

RNA-seq data of E13.5 Rbm4dKO embryonic brain were reported'® (NCBI
SRA database with the BioProject accession ID PRINA980846) and ana-
lyzed by using tMATS (https://rnaseq-mats.sourceforge.io; version 4.1.2)".
Functional annotation of target genes was determined by DAVID***. For
transcriptomic analysis, read counts were normalized using Transcripts Per
Million (TPM). Genes with a TPM value of 0 in either wild-type or
Rbm4dKO groups were excluded. A total of 14,666 genes were analyzed
based on the above criteria. Genes with a false discovery rate (FDR) < 0.15
were considered as differentially expressed.

Plasmids

The pcDNA3.1-based vectors for expression of FLAG-tagged RBM4
(human RBM4A gene), RBM4-SA mutant, PTBP1, and PTBP2 have been
previously described*'*****. The HSF1 expression plasmid was purchased
from Origene (MR208087). The pLKO.1-shluc-puro-based Rbm4 or Hsfl
shRNA expression vectors were obtained from the National RNAi core
facility in Academia Sinica. To generate the Hsf] minigene, a genomic DNA
fragment encompassing exon 6 to exon 8 of mouse Hsf]l was obtained by
PCR and inserted into the pCH110 vector (Addgene). The CTCT to AGAG
mutation was generated by PCR-based mutagenesis. The Hsfl coding
region was inserted in the frame into the pCAG-DsRed vector (Addgene,
#11151) to generate the HSF1-DsRed fusion.

Immunoblotting

Protein extraction was previously described. In brief, homogenized
brain/cerebellum tissues were lysed in the radioimmunoprecipitation
assay (RIPA) lysis buffer containing 50 mM Tris-HCI, pH 7.3, 150 mM
NaCl, 1% nonidet-P40, 0.1% SDS, 0.5% sodium deoxycholate, and
protease inhibitors; 1 ml of buffer was used for 20-mg tissues. The
supernatant was collected after removing cell debris by centrifugation.
For immunoblotting, samples were fractionated on 10% SDS-PAGE
and then transferred onto a nitrocellulose membrane (Hybond® ECL",
GERPN303D) and probed with specific primary antibodies, followed by
the corresponding horseradish peroxidase-conjugated secondary anti-
bodies (Amersham, NA931; NA934). Signals were detected using
Immobilon ECL Substrate (Millipore, WBKLS0500) and X-ray film
imaging (FUJIFILM, Super RX-N) and quantified using Image]J (NIH,
version 1.52a).

Antibodies

Antibodies against the following proteins were used: RBM4 (1:1500; Pro-
teinTech, 11614-1-AP), HSF1 (1:1500; Proteintech, 51034-1-AP),
hnRNPHI1 (1:500; Elabscience, E-AB-65522), hnRNP L (1:500; Elabscience,
E-AB-16484). BDNF (1:1000; Abcam, ab108319), FLAG (1:2500;
Sigma-Aldrich, F1804), GAPDH (1:3000; ProteinTech, 60004-1-Ig),
PTBP1 (1:1000; Abcam, ab133734), PTBP2 (1:1000; Abcam, ab228930),
Lamin A/C (1:3000; Sigma-Aldrich, SAB4200236), Calbindin (1:200; Pro-
teintech, 14479-1-AP), Pax6 (1:150; Millipore, AB2237), Akt (1:2000; Cell
Signaling Technology, 9272), pAkt (1:1000; Cell Signaling Technology,
9271), ERK1/2 (1:2000; Cell Signaling Technology, 9102), pERK1/2 (1:1000;

Cell Signaling Technology, 9101), CC3 (1:1000; Cell Signaling Technology,
9664), pCREB (1:1000; Proteintech, 28792-1-AP).

Hematoxylin-eosin staining

Paraffin-embedded sections of isolated mouse brain were fixed with 4%
paraformaldehyde in phosphate buffer saline (PBS) at pH 7.4 for 24 h,
followed by cryoprotection using increasing concentrations of sucrose
(ranging from 10% to 30%) in PBS. Brain sections were generated using a
Leica CM3050S cryostat and stored at —20°C. Deparaffinization and
rehydration of tissue sections were sequentially performed in the following
solutions: xylene and decreasing concentrations (from 100% to 70%) of
alcohol, and finally PBS; each step was 5 min. The sections were then stained
with Mayer’s Hematoxylin for 5 min. The samples were immersed in Stott’s
tap water for 5 min, followed by 0.5% Eosin Y in 70% alcohol with the
addition of 0.2% ice-cold acetic acid for 30s. Finally, the sections were
dehydrated with 95% alcohol, rinsed with xylene, and then applied onto the
coverslips.

In utero electroporation

For in utero electroporation (IUE), we slightly modified the protocol as
described™. The pCAG-HSF1-DsRed plasmid (2-3 pl at 5pg/ul) was
injected into the lateral ventricle of the E15.5 mouse brain. The hindbrain
region was turned downward for 15 min to allow the solution to diffuse into
the fourth ventricle, and then the electrodes were placed close to the bottom
for electroporation. Injection of the plasmids (1-2 pl at 5 pg/ul) was also
directly performed in the fourth ventricle (Supplementary Fig. 3B). Samples
were collected at PO and P30. Fast Green solution (finally 0.05%) was co-
injected for monitoring. The embryo within the uterus was positioned
between tweezers-type electrodes with disc electrodes 5 mm in diameter at
the tip. Following injection, electronic pulses of 30 V were delivered five
times at 950-ms intervals. The uterine horns were then repositioned into the
abdominal cavity to allow normal development of the embryos. Throughout
the experiments, mice were anesthetized with isoflurane.

Culture and transfection of cerebellar granule cells
The procedure of P7 cerebellar GC isolation was previously described'. In
brief, the Papain Dissociation System Kit (Worthington, LK003150) was
used to isolate GCs. Isolated cerebella were immersed in Calcium/Magne-
sium-free-PBS-EDTA buffer. Subsequently, the tissues were lysed in papain
solution and incubated at 37 °C for 30 min with gentle agitation. The tissues
were then mechanically dissociated. GCs were first resuspended in Earle’s
balanced salt solution containing albumin-ovomucoid inhibitor and DNase
(Worthington, LK003150) and then transferred to a fresh tube. After cen-
trifugation, the cell pellet was resuspended in 10% fetal bovine serum-
containing medium, filtered through a 70-pm nylon mesh, and seeded in 24-
well plates pre-coated with 25 pg/ml of poly-D-lysine. GCs were cultured in
serum-free Gibco™ Neurobasal A medium (Thermo Fisher Scientific,
10888022) supplemented with 2% Gibco™ B27 (Thermo Fisher Scientific,
17504044), 2mM L-glutamine, 1% penicillin/streptomycin (Gibco™,
Thermo Fisher Scientific, 10378016), and 150 nM Smoothened agonist
(SAG; Sigma-Aldrich, 566661). GCs were maintained in a regular 5% CO,-
supplemented incubator at 37 °C for further experiments. For splicing
assays, about one 1x 10° GCs were transfected with 2 pg of the Hsfl
minigene and 4 pg of splicing regulator expression vector(s).
Pharmaceutical activation or inhibition of the NMDAR pathways was
performed as follows: NMDA (25 uM for 1 h; Sigma-Aldrich, M3262) or
DCS (50 uM for 1h; Sigma-Aldrich, C6880), AP5 (25uM for 30 min;
Sigma-Aldrich, A8054), EGTA (2 mM for 30 min; Sigma-Aldrich, E3889),
CK59 (500 nM for 30 min; Millipore, 208922-M), or SRPIN340 (30 uM for
15 min; MedChemExpress, HY-13949). Inhibitors were treated prior to the
addition of NMDA.

RNA extraction and RT-PCR
RNA was extracted from the mouse brain using TRIzol reagent (Thermo
Fisher Scientific, 15596018) according to the manufacturer’s instructions.
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Addition of 1/5 volume of chloroform (Merck Millipore, 67-66-3) followed
by centrifugation caused phase separation. RNA was precipitated with
isopropanol and ethanol. For reverse transcription (RT), 1 ug of RNA was
hybridized with 0.3 ug oligo(dT) and converted to cDNA by using the
SuperScript™ III First-strand Synthesis System (Thermo Fisher Scientific,
18080-044). PCR was performed using specific primers (Supplementary
Table 1) using Taq polymerase. Real-time quantitative PCR (qPCR) was
performed in triplicate using PerfeCTa qPCR SuperMix (Quantabio, 95050-
500) on the LightCycler® 480 Instrument IT (Roche Applied Science). Data
was normalized against GAPDH.

Rotarod test

Rotarod test was performed using the Rota-Rod apparatus (47600 Rota-
Rod, Ugo Basile, Italy) according to the procedure described previously'®.
For each group, ten 6-week-old mice were tested. Four trials of pretraining
(4 rpm for 60 s) were performed with a 10-min inter-trial interval. For the
testing, mice were forced to run on a rod accelerating from 4 to 40 rpm in
300 s with an interval of 15 min.

Statistics and reproducibility

Sample sizes were not predetermined using statistical methods. Statistical
analyses were conducted using the Student’s ¢-test or one-way analysis of
variance (ANOVA) with at least three independent experimental groups to
evaluate the significance between treatments. Standard deviation (SD) and
standard error of the mean (SEM) were computed using Microsoft Excel,
and data visualization was performed using GraphPad Prism 9.5.1 and
Integrative Genomics Viewer (IGV). Statistical significance was defined as
*P<0.05, **P<0.01, and ***P < 0.001. Unless otherwise specified, error
bars represent SEM. Details of sample sizes are provided in the figure
legends or corresponding figure panels. The gel images without statistical
analysis below were all reproduced at least three times.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The alternative splicing events identified by rMATS are provided in Sup-
plementary Data 1. Numerical data points underlying all graphs are avail-
able in the Supplementary Data 2. Uncropped images of gels and blots for
this study are presented in Supplementary Fig. 7. The RNA sequencing
result is deposited and available at the NCBI SRA database (BioProject
accession ID: PRJNA980846). All other supporting data of this study are
available from the corresponding author upon reasonable request.
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