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Increasing loss of structure and function of neurons and decline in cognitive function is commonly seen during the progression of
neurologic diseases, although the causes and initial symptoms of individual diseases are distinct. This observation suggests a convergence of common degenerative features. In myotonic dystrophy type 1 (DM1), the expression of expanded CUG RNA induces neurotransmission dysfunction before axon and dendrite degeneration and reduced MBNL2 expression associated with aberrant alternative
splicing. The role of loss of function of MBNL2 in the pathogenesis of neurodegeneration and the causal mechanism of neurodegeneration-reduced expression of MBNL2 remain elusive. Here, we show that increased MBNL2 expression is associated with neuronal maturation and required for neuronal morphogenesis and the fetal to adult developmental transition of RNA processing.
Neurodegenerative conditions including NMDA receptor (NMDAR)-mediated excitotoxicity and dysregulated calcium homeostasis
triggered nuclear translocation of calpain-2, thus resulting in MBNL2 degradation and reversal of MBNL2-regulated RNA processing
to developmental patterns. Nuclear expression of calpain-2 resembled its developmental pattern and was associated with MBNL2
degradation. Knock-down of calpain-2 expression or inhibition of calpain-2 nuclear translocation prevented neurodegenerationreduced MBNL2 expression and dysregulated RNA processing. Increased calpain-2 nuclear translocation associated with reduced
MBNL2 expression and aberrant RNA processing occurred in models for DM1 and Alzheimer’s disease (AD) including EpA960/
CaMKII-Cre mice of either sex and female APP/PS1 and THY-Tau22 mice. Our results identify a regulatory mechanism for
MBNL2 downregulation and suggest that calpain-2-mediated MBNL2 degradation accompanied by re-induction of a developmental RNA processing program may be a converging pathway to neurodegeneration.
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Significance Statement
Neurologic diseases share many features during disease progression, such as cognitive decline and brain atrophy, which suggests a common pathway for developing degenerative features. Here, we show that the neurodegenerative conditions glutamate-induced excitotoxicity and dysregulated calcium homeostasis induced translocation of the cysteine protease calpain-2
into the nucleus, resulting in MBNL2 degradation and reversal of MBNL2-regulated RNA processing to an embryonic pattern.
Knock-down or inhibition of nuclear translocation of calpain-2 prevented MBNL2 degradation and maintained MBNL2-regulated RNA processing in the adult pattern. Models of myotonic dystrophy and Alzheimer’s disease (AD) also showed calpain2-mediated MBNL2 degradation and a developmental RNA processing program. Our studies suggest MBNL2 function disrupted
by calpain-2 as a common pathway, thus providing an alternative therapeutic strategy for neurodegeneration.
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Introduction
Cognitive deficits are prevalent among individuals with myotonic
dystrophy type 1 (DM1). The cognitive dysfunctions include
impaired executive functions, memory tasks and attentiondemanding tasks. Progressive cognitive decline with age is frequently seen in individuals with adult-onset DM1 (Gallais et al.,
2017). Neuropathological lesions including neurofibrillary degeneration and amyloid deposition, which are observed in Alzheimer’s
disease (AD), are also reported in the brain of individuals with
DM1 (Maurage et al., 2005; Jimenez-Marin et al., 2021). DM1 is
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caused by an expansion of CTG repeats in the 39 untranslated
region (UTR) of the dystrophia myotonica protein kinase (DMPK)
gene. The primary mechanism of pathogenesis is a gain of function
of the mutant DMPK mRNA, which contains expanded CUG
repeats, accumulates in nuclear foci and affects cytoplasmic and
nuclear functions of RNA binding proteins such as the muscleblind-like (MBNL) protein family (Thornton, 2014). The pathogenic CUG RNA binds and sequesters MBNL proteins resulting
in loss of function that has been implicated in DM1 neural
pathogenesis.
The MBNL protein family regulates alternative splicing and
polyadenylation, translation, mRNA localization and miRNA processing (Rau et al., 2011; Charizanis et al., 2012; Wang et al., 2012).
The cytoplasmic fraction of MBNL1 promotes and maintains neuronal morphology, although the underlying mechanism remains
elusive (Wang et al., 2018). MBNL2 regulates the developmental
transition of alternative splicing and polyadenylation in the brain
(Charizanis et al., 2012; Batra et al., 2014), but how this function is
associated with neuronal maturation remains unknown. In a brainspecific DM1 mouse model, which expresses expanded CUG RNA
in the postnatal brain, MBNL1 and MBNL2 exhibited a sequential
response to expanded CUG RNA (Wang et al., 2017). Learning
deficits associated with reduced cytoplasmic MBNL1 level
occurred before axon and dendrite degeneration, followed by
reduced MBNL2 level and aberrant alternative splicing. Reduced
cytoplasmic MBNL1 level was because of de-ubiquitinationmediated nuclear translocation, but the causal mechanism of
degeneration-reduced MBNL2 level remains undetermined.
The order of phenotype occurrence seen in the DM1 mouse
model resembles other neurodegenerative disorders in that morphologic changes associated with neurodegeneration is a relatively later event during disease progression (Oddo et al., 2003;
Shahidullah et al., 2013). The fundamental characteristic that
distinguishes neurodegenerative disorders such as AD and amyotrophic lateral sclerosis (ALS)/frontotemporal dementia (FTD) is
different, which results in distinct pathologies and onset of symptoms at the early stage. In AD, development of amyloid pathology
and neurofibrillary tangles favor synaptic dysfunction (Oddo et al.,
2003). In C9orf72 ALS/FTD, the formation of hexanucleotide
RNA foci and dipeptide repeat aggregates occurs before neurodegeneration and neuronal loss (Liu et al., 2016). Similarly,
formation of nuclear expanded CUG RNA foci and neurotransmission dysfunction precedes neuronal degeneration in
DM1 (Wang et al., 2017). However, with disease progression,
the clinical manifestations and pathologies such as cognitive
impairment, structure changes and neuronal loss become similar
among neurodegenerative disorders, which suggests a shared
mechanism for development of common neurodegenerative
features at a later stage.
In addition to DM, deregulation of RNA metabolism also
occurs in numerous neurologic disorders such as lobar frontotemporal degeneration and AD (Lester et al., 2021). Although
expanded CUG RNA reducing MBNL2 level may be the feature
of DM1, whether neurodegeneration reducing MBNL2 level and
dysregulation of MBNL2-mediated function is a common molecular feature of neurodegenerative diseases has not been investigated. In the present study, we used cultured hippocampal neuron
as an in vitro model to determine the role of MBNL2 during neuronal maturation and how neurodegeneration conditions reduce
MBNL2 expression. We used DM1 and AD mouse models to
test the hypothesis that dysregulated MBNL2-mediated function
may be a common feature across models of neurodegenerative
diseases.
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Materials and Methods
Animals and tissues
EpA960/CaMKII-Cre mice were described previously (Wang et al.,
2017). F1 offspring from EpA960 mice crossed with CaMKII-Cre mice
were used in experiments. Both male and female EpA960/CaMKII-Cre
mice at age 12–16 months were used. APP/PS1 mice were originally from
the Jackson Laboratory [B6;C3-Tg (APPswe, PSEN1dE9) 85Dbo/Mmjax].
The THY-Tau22 mouse model was established as described (Schindowski
et al., 2006). Female APP/PS1 mice at 10 or 12 months old and female
THY-Tau22 mice at 15 months old, and their age-matched non-Tg control
littermates were used in this study. All animals were maintained on a
standard 12/12 h light/dark cycle with light on at 8 A.M. Food and water
were available ad libitum. All animal experiments were performed with
the approval of the Academia Sinica Institutional Animal Care and
Utilization Committee in strict accordance with its guidelines and
those of the Council of Agriculture Guidebook for the Care and Use
of Laboratory Animals.
Primary hippocampal neuron culture, drug treatment, virus infection,
and transfection
Hippocampal neurons were cultured from rat embryos at embryonic
day (E)18–E19 as described (Wang et al., 2018). In total, 200,000 neurons per well were plated in 12-well plates containing coverslips coated
with poly-L-lysine (1 mg/ml). Neurons at 19 d of in vitro culture (DIV)
were pretreated with tetrodotoxin (TTX; 1 mM) for 12–16 h to reduce endogenous synaptic activity. Cells were stimulated with glutamate (20 mM),
NMDA (50 mM) or A23187 (4 mM) at 20 DIV for 1–3 h (2 h for A23187).
MG132 (10 mM), lactacystin (10 mM), calpain inhibitor I (40 mM), calpain
inhibitor III (40 mM), EGTA (2 mM) or ivermectin (1 mM) was added
30 min before stimulation for 3 h or the indicated times. After drug treatment, neurons were lysed for immunoblotting or fixed for immunocytochemistry. For genetic-knock-down experiments, hippocampal neurons at
10 DIV were infected with lentivirus-expressing target-specific short hairpin RNA (shRNA) for 24 h and harvested at 16–17 DIV for protein or
RNA extraction. To study the knock-down effect on NMDA stimulation,
virus-infected cells at 16–17 DIV were pretreated with TTX for 12–16 h
before NMDA, then lysed for protein or RNA extraction. Transfection
with calcium phosphate precipitation was performed at 11 DIV, followed
by fixation at 14 DIV and immunofluorescence staining.
Subcellular fractionation, immunoblotting, and quantification
Subcellular fractionation for cytoplasmic and nuclear protein from cultured hippocampal neurons was performed as described (Chang et al.,
2017). Briefly, cells were lysed on ice by using gentle lysis buffer (10 mM
HEPES, pH 7.5, 3 mM MgCl2, 10 mM NaCl, and 0.5% NP-40) and centrifuged at 2000  g for 8 min. The supernatant was collected as the cytoplasmic fraction and pellets were suspended by using gentle lysis buffer
containing 0.1% SDS. The suspensions were sonicated for up to 3.5 min
with high energy level and centrifuged at 12,000 rpm for 20 min. The
supernatants were harvested as the nuclear fraction.
For total protein extraction from cultured hippocampal neurons,
cells were lysed by using SDS-sample buffer (188 mM Tris, pH 6.8, 3%
SDS, 3% glycerol, and 0.01% bromophenol blue) with addition of 15%
2-Mercaptoethanol before use. The lysates were incubated at 55°C for
10 min and resolved by Western blot analysis.
For immunoblotting analysis of mouse brains, tissues were homogenized by tight douncing in buffered sucrose (4 mM HEPES, 320 mM sucrose, 2 mM DTT, 2 mM MgCl2, 1 mM EDTA, protease, and phosphatase
inhibitors), lysed with addition of 10% SDS to a final concentration of
1% SDS. Then, the lysates were sonicated and centrifuged at 13,000 rpm
for 10 min; the supernatant was collected as total protein lysates for
immunoblotting.
Obtaining the subcellular fractionation of mouse brains was previously described (Wang et al., 2017); tissues were homogenized by loose
douncing in buffered sucrose and centrifuged at 800  g for 10 min. The
supernatants were collected as the cytoplasmic fractions and pellets were
re-suspended by using buffered sucrose containing 1% SDS, followed by
sonication and collection for supernatants as the nuclear fractions.
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For Western blot analyses, signals were developed by use of Super
Signal West Pico Chemiluminescent Substrate (Thermo). The intensity
of bands was captured by x-ray film and measured by using ImageQuant
TL 1D 7.0 (GE Healthcare Life Sciences) and ImageJ (NIH).
RNA preparation, RT-PCR, and splicing analysis
Total RNA was extracted by using TRIzol reagent (Invitrogen) and used
for cDNA synthesis followed by PCR as described (Wang et al., 2007).
Primers used for Mbnl2 and Gapdh amplification were Mbnl2-F, 59CTCTGCAGCAACAACTCCTGC-39; Mbnl2-R, 59-TAGCAGAACTAG
CCTTAGGG-39; Gapdh-F, 59-TGCACCACCAACTGCTTA-39; Gapdh-R,
59-TAGCAGAA CTAGCCTTAGGG-39. For RT-PCR splicing analysis, the
primers used for detecting alternative splicing of Cacna1d exon 12a, Mapt
exons 3 and 8 and alternative polyadenylation of Sptb were previously
described (Goodwin et al., 2015). PCR products were analyzed with 5%
nondenaturing polyacrylamide gels. Quantification of the percentage of
exon inclusion was as described (Kalsotra et al., 2008).
For detecting the mRNA level of exon 12a-containing Cacna1d isoform (Cacna1d-Ex12a1 mRNA) in the cortical tissues of ICR mice and
CA1-enriched tissues of THY-Tau22 mice, total extracted RNA was divided into two parts and subjected to cDNA synthesis with the oligo
(dT)12–18 primer or Cacna1d-specific primer CACCAGGACAATCAC
CAGCCAGTAAA. Primers used for detecting Cacna1d-Ex12a1 mRNA
were Cacna1d-ex12a-F, 59-CATGCCCACCAGCGAGACTGA-39; Cacna1dex12a-R, 59-CACCCAGAGGGCCCAGTCTTG-39 (located within
exon 12a).
For the detection of exon 3-containing Mapt isoform (Mapt-Ex31
mRNA) in the cortical tissues of ICR mice and CA1-enriched tissues of
THY-Tau22 mice, cDNA was synthesized with the oligo(dT)12–18 primer.
Primers used for detecting Mapt-Ex31 mRNA were Mapt-ex3-F,
59-GCTGACCCTCGCCAGGAGTTTG-39; Mapt-ex3-R, 59-ACCCTGGTT
CCTCCGCTCCATC-39 (located within exon 3).
Immunofluorescence staining, immunohistochemistry, quantification,
and imaging
For detecting endogenous protein expression in neurons, immunofluorescence staining was performed as described (Wang et al., 2018). Briefly,
cells were fixed with 4% paraformaldehyde (PFA) and 4% sucrose in PBS
for 15 min at room temperature. Fixed cells underwent permeabilization
and blocking in 3% normal goat serum (NGS) in tris-buffered saline
(TBS) containing 0.2% Triton X-100 for 1 h, followed by incubation with
primary antibodies overnight in incubation solution (1% NGS and 0.2%
Triton X-100 in TBS), then with secondary antibodies conjugated with
Alexa Fluor (Invitrogen) and with DAPI for nuclear labeling for 2 h. After
a washing, cells were mounted with Fluoro-gel (EMS) for imaging.
Immunohistochemistry and immunofluorescence staining of mouse
brain sections was as described (Wang et al., 2017). Briefly, mice were
anesthetized and transcardially perfused with PBS and 4% PFA sequentially. Brain tissues were postfixed in 4% PFA for 16 h at 4°C and sectioned by vibratome sectioning. To detect endogenous MBNL2 expression
by using immunohistochemistry, brain sections first underwent bleaching
with 3% H2O2 in TBS for 10 min and permeabilization in TBS containing
0.5% Triton X-100 for 10 min. After incubation with blocking solution (3%
NGS and 0.2% Triton X-100 in TBS) for 1 h, sections were incubated with
anti-MBNL2 antibody in incubation solution (1% NGS and 0.2% Triton
X-100 in TBS) overnight at 4°C. After washing, sections were incubated
with biotinylated secondary antibody (Vector Laboratories) for 2 h, then
with ABC reagent (Vector Laboratories) for 2 h, followed by signal development by using the SG substrate kit (Vector Laboratories). Sections were
counterstained with Nuclear Fast Red to label the nucleus and coverslipped by using permount mounting medium (Vector Laboratories). To
detect endogenous MBNL2 and CAPN2 in the brain sections by using immunofluorescence staining, similar staining procedures were performed
except for those after the primary antibody incubation. For the immunofluorescence staining, sections were incubated with secondary antibody
conjugated with Alexa Fluor (Invitrogen) and DAPI after the primary
antibody incubation, followed by washing with PBS and mounting with
Fluoro-Gel (EMS).
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Quantification of the total MBNL2 immunoreactivity and ratio of
nuclear to cytoplasmic fraction of CAPN2 immunoreactivity intensity in
cultured neurons and THY-Tau22 and APP/PS1 brains was as described
(Wang et al., 2017). The CA1 cells in the dorsal hippocampal regions in
THY-Tau22 brains and the cortical Layer V neurons in APP/PS1 brains
were used. For quantification of MBNL2 immunoreactivity intensity,
images of MBNL2 staining were measured by using MetaMorph 7.7.5.0
(Molecular Devices). CAPN2 intensity in the nucleus and cytoplasm was
measured by using ImageJ (NIH).
Quantification of the total dendrite length and number of primary
dendrites was as described (Wang et al., 2018). Briefly, the thin, slender
processes with constant diameter along the process was identified as
axons (Bartlett and Banker, 1984; Dotti et al., 1988). Processes directly
emerging from the soma that were longer than 20 mm were identified as
primary dendrites. The total dendrite length included the length of primary dendrites and their branches.
Fluorescent images were acquired under a fluorescent microscope
(AxioImager M2, Carl Zeiss) equipped with a 40/0.75 objective lens
(Plan-Apochromat, Carl Zeiss) or a confocal laser scanning microscope
(LSM700, Carl Zeiss) equipped with a 40/1.4/oil objective lens (PlanApochromat, Carl Zeiss). Images for immunohistochemistry were acquired
under an upright microscope (BX51, Olympus) equipped with a 10/0.4 or
20/0.75 objective lenses (UPlanSApo, Olympus).
For all experiments with cultured hippocampal neurons, the image
acquisition involved the same settings for experimental groups, with
transfections performed at the same time and used for comparison.
Antibodies
Antibodies used were anti-neurofilament-160 (NF160; Biosensis, M-1394,
1:10,000 for immunoblotting), anti-MBNL2 (Santa Cruz Biotechnology,
sc-136167, 1:2500 for immunoblotting; 1:400 for immunostaining),
anti-calpain-1 (CAPN1; Abcam, ab39170, 1:5000 for immunoblotting),
anti-CAPN2 (Santa Cruz Biotechnology, sc-373966, 1:10,000 for immunoblotting; 1:250 for immunostaining in cells; 1:10 for immunostaining in
brain sections), anti-NeuN (Abcam, ab177487, 1:1000 for immunostaining), anti- b -tubulin (Novus, NB600-936, 1:20,000 for immunoblotting),
anti-GAPDH (Millipore, MAB374, 1:40,000 for immunoblotting), antiHistone H3 (Santa Cruz Biotechnology, sc-8654, 1:5000 for immunoblotting), and anti-Myc (Abcam, ab9106, 1:1000 for immunostaining).
Plasmids
The target-specific shRNA clones TRCN 0000072224 (shLacZ, CGC
GATCGTAATCACC CGAGT), TRCN0000178919 (shMbnl2-1, CAA
CACCGTAACCGTTTGTAT), TRCN0000102459 (shMbnl2-2, CAA
AGAGACAAGCACTTGAAA), and TRCN0000030665 (shCapn1, GCC
GTGGACTTTGACAACTTT) were purchased from an RNAi core facility (Academia Sinica). The Capn2-specific shRNA clone (shCapn2,
GGAGTGCCCTTCTGGAGAA) and the construct of rat CAPN2
sequence in pcDNA3.1 (Wang and Huang, 2012) was kindly provided
by Yi-Shuian Huang (Academia Sinica). The rat CAPN2 sequence was
subcloned by using the forward primer AATTGGTACCTCATGGCG
GGCATCGCGATG and reverse primer AATGTCGACTCAGAGTAC
TGAAAAACTC into GW1-Myc backbone (Myc-CAPN2). The nuclear
localization signal (NLS) of SV40 large-T antigen was inserted by subcloning the Myc-CAPN2 by using the sense primer AATTGGTAC
CTAATGGCGGGCATCGCGATG and antisense primer carrying NLS
AATGTCGACTCAAACCTTGCGCTTCTTCTTAGGGAGTACTGAAA
AACTC at the C terminus of Myc tagged-CAPN2 (generation of MycCAPN2-NLS construct). The second NLS was then inserted into MycCAPN2-NLS by using the sense primer GCTTGCCACCATGCCTAA
GAAGAAGCGCAAGGTTGAGCAAAAGCTG and antisense primer
CAGCTTTTGCTCAACCTTGCGCTTCTTCTTAGGCATGGTGGCA
AGC at the N terminus of CAPN2 (generation of NLS-Myc-CAPN2NLS construct).
Experimental design and statistical analysis
For the experiments of Western blot analysis, drug treatments using
hippocampal neurons were repeated at least three times as indicated in
each figure legend with different batches of neuronal preparations from
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Figure 1. MBNL2 is required for regulating neuronal morphogenesis and the developmental transition of RNA processing. A, Temporal expression of MBNL2 in the mouse forebrain. Protein
lysates were prepared from mice at different ages including E14.5, P1, P8, P15, and P22 and two months (Ad). B, MBNL2 immunoreactivity with nuclear fast red used for nuclei labeling in the
dentate gyrus of the P8 and P15 hippocampus. C, MBNL2 immunoreactivity in the cultured hippocampal neurons at 1, 8, 20 DIV. DAPI was used for nuclear staining. D, Knock-down of MBNL2
by specific shRNAs in the neurons. Cultured hippocampal neurons were infected with lentivirus carrying plasmids expressing MBNL2 shRNA (shMbnl2-1 or shMbnl2-2) or control shRNA
(shLacZ). Quantification of the knock-down efficiency of MBNL2 (p , 0.0001 for both). E, MBNL2 knock-down impairs dendrite development. Neurons were transfected with plasmids expressing MBNL2 shRNA (shMbnl2-1 or shMbnl2-2) or control shRNA (pLAS.void). Plasmid expressing GFP was co-transfected to label neuronal morphology. Quantification of total dendrite length
and primary dendrite number (p , 0.0001 for all). Number of neurons (n, from 3 independent cultured neuron preparations and transfections) used for quantification is indicated. F, Pattern of
MBNL2-regulated RNA processing events including the Cacna1d exon 12a, Mapt exon 3/4 and 8 and distal (D) to proximal (P) poly(A) utilization of Sptb in neurons at 2 and 22 DIV. G,
Temporal expression of Cacna1d-Ex12a1 (left) and Mapt-Ex31 (right) mRNAs during development in the mouse forebrains. Total RNA was prepared from mice at different ages including
E11.5, P1, P8, P15, and P22. Numbers shown represent relative quantification of Cacna1d-Ex12a1 and Mapt-Ex31 mRNA levels to that in P8 after normalization to Gapdh level. H, Aberrant
MBNL2-regulated RNA processing in Mbnl2-knock-down neurons. Representative gel images and the quantification of the inclusion of Cacna1d exon 12a (shMbnl2-1: p = 0.0082; shMbnl2-2:
p = 0.0049), Mapt exons 3/4 (shMbnl2-1: p = 0.0072; shMbnl2-2: p = 0.0001) and 8 (shMbnl2-1: p = 0.0495; shMbnl2-2: p = 0.0232), and distal (D) to proximal (P) poly(A) utilization of Sptb
(shMbnl2-1: p = 0.0012; shMbnl2-2: p = 0.0009). Three to five independent experiments were used for quantification. Data are mean 6 SEM; *p , 0.05, **p , 0.01, ***p , 0.001, by oneway ANOVA with Tuckey’s test (D, E, H). ML, molecular layer; GCL, granule cell layer; H, hilus. Scale bar: 200 mm (B), 50 mm (C), and 100 mm (E).
embryos derived from different pregnant rats. For the experiments of
immunostaining in drug treated neuronal cells (Figs. 3D,H, 5B, 7F), cells
for quantification were obtained from 1 batch of neuronal preparation.
For the experiments of neuronal transfection (Figs. 1E, 5F), cells for quantification were collected from three batches of neuronal preparation. Total
number of cells and cultures used were described in the figures and figure
legends.
For experiments using animals, as indicated in Figures 2 and 7, three
animals per group were used for APP/PS1 and THY-Tau22 mice and
their littermate wild-type controls; five to six animals per group were used
for EpA960/CaMKII-Cre mice and the age-matched control (includes different control genotypes as indicated in the figure and figure legend). For
the quantification of the total MBNL2 immunoreactivity in the sections of

APP/PS1 and THY-Tau22 mice, 300–400 cells per animal were used. Total
number of cells collected for quantifying the nucleus-to-cytoplasm ratio
of CAPN2 immunoreactivity was as follows: 100 cells from the Thy1-Tau
dorsal CA1 region; 135 cells from littermate controls; 128 cells from the
APP/PS1 Layer V and 143 cells from littermate controls. On average,
35–60 cells from each animal were used for measurement.
All data were expressed as mean 6 SEM. Statistical analysis was
performed using GraphPad Prism version 9.2.0 for macOS (GraphPad
Software). Unpaired two-tailed Student’s t test was used for comparing
two groups and one-way ANOVA followed by Tukey’s multiple comparisons test for multiple groups. The statistical values and the statistical
tests used for all quantitative results were described in each figure legend.
p , 0.05 was considered statistically significant.
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Figure 2. Neurodegeneration-reduced MBNL2 expression and aberrant MBNL2-reuglated splicing are detected in the mouse brains for AD. A, The intensity of MBNL2 immunoreactivity was
reduced in cortical Layer V neurons of female APP/PS1 mice at age 12 months (p = 0.0022). Non-Tg animals at the same age were used as controls. B, Western blot analysis of MBNL2 expression in the nuclear and cytoplasmic fraction from the cortical region of the control (non-Tg) and APP/PS1 mice at age 10 months. Relative MBNL2 level in the nuclear and cytoplasmic fraction,
normalized with Histone H3 and GAPDH, respectively, was quantified (Nucleus: p = 0.0322; Cytoplasm: p = 0.8609). C, Immunofluorescent staining of MBNL2 expression in the caudal CA1 neurons of female non-Tg (Control) and THY-Tau22 mice at age 15 months (p = 0.0318). D, The percentage of inclusion of Cacna1d exon 12a (p = 0.0093) and Mapt exons 3/4 (p = 0.0295) in the
cortical tissues of APP/PS1 mice. E, The percentage of inclusion of Cacna1d exon 12a using RNA collected from the entire hippocampal tissues of THY-Tau22 mice (p = 0.8899). F, Quantification
of the levels of exon 12a-containing Cacna1d (Cacna1d-Ex12a1) and exon 3-containing Mapt (Mapt-Ex31) mRNA by RT-qPCR after normalization to Gapdh level using RNA collected from the
CA1-enriched tissues of THY-Tau22 mice (Cacna1d-Ex12a1: p = 0.0284; Mapt-Ex31: p = 0.0028). Number of animals (N) in each group is indicated. Data are mean 6 SEM; *p , 0.05,
**p , 0.01, by Student t test. n.s., not significant. Scale bar: 20 mm (A and C).

Results
MBNL2 is required for neuronal maturation and regulating
the developmental transition of RNA processing
MBNL2 mediates the developmental transition of alternative
splicing and polyadenylation during brain development (Charizanis
et al., 2012; Batra et al., 2014), and reduced MBNL2 expression
occurred after axon and dendrite degeneration in DM1 mouse
brain (Wang et al., 2017). Hence, we investigated the
involvement of MBNL2 in neuronal maturation. We first
examined MBNL2 expression during mouse brain development. MBNL2 was barely detected in early developing brains,
including at E14.5 and postnatal day (P)1 (Fig. 1A) but
became detectable by P8 and increased afterward during postnatal maturation (Fig. 1A, P15). Development of granular neurons
of dentate gyrus in the hippocampus follows an “ectal-to-endal”
gradient pattern (Bayer, 1980; Wang et al., 2002). We detected
MBNL2 in the outermost granule cell layer of the external dentate
limb (Fig. 1B, P8). The number of MBNL2-expressing cells
increased in a gradient as a function of time, from external to internal layers of the dentate limb (Fig. 1B, P15), which indicates

consistency with the pattern of maturation. Consistently, in the cultured hippocampal neurons derived from the E18.5 rat embryos,
the intensity of MBNL2 immunoreactivity was low in the neurons
at 1 DIV, and gradually increased with neuronal differentiation
from 8 to 20 DIV (Fig. 1C).
To determine whether MBNL2 was required for neuronal morphogenesis, we used two different Mbnl2-specific
shRNA constructs to deplete MBNL2 in cultured hippocampal neurons (Fig. 1D). A GFP expression construct for
showing the neuronal morphology was co-transfected with
Mbnl2-shRNA constructs on 11 DIV and dendrite development was analyzed at 14 DIV. MBNL2 knocked-down neurons exhibited shorter total dendrite length and reduced
primary dendrite number as compared with control neurons, which suggests that loss of MBNL2 function impairs
dendrite maturation (Fig. 1E).
We next determined the association of MBNL2-regulated alternative splicing and polyadenylation with neuronal maturation.
During hippocampal neuron maturation, the inclusion of the
Cacna1d exon 12a and Mapt exons 3/4 and 8 (exons 2/3 and
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10 in human) was increased, and utilization of Sptb alternative
poly(A) sites was toward the distal site (Fig. 1F; Charizanis et al.,
2012; Goodwin et al., 2015). Similarly, during brain development, the expression levels of Cacna1d exon 12a-containing and
Mapt exon 3-containing transcripts were also increased (Fig. 1G).
However, MBNL2 depletion in cultured hippocampal neurons
impaired the transition of MBNL2-regulated RNA processing
events toward mature patterns; inclusion of the Cacna1d exon 12a
and Mapt exons 3/4 and 8 was decreased, and utilization of Sptb
alternative poly(A) sites was not shifted toward the distal site
(Fig. 1H). Our results suggest that MBNL2 is maturation-associated and required for dendrite development and regulation
of RNA processing transition toward the adult stage and that
pathogenesis-reduced MBNL2 expression in DM1 mouse brain
resembles its embryonic expression pattern.
Reduced MBNL2 expression associated with aberrant
MBNL2-regulated alternative splicing in mouse models of AD
Next, we determined whether MBNL2 reduction may also occur
in other neurodegenerative diseases. We examined MBNL2 expression in two mouse models of AD, the most prevalent neurodegenerative disorder. The models APP/PS1 and THY-Tau22 exhibit
two pathologic hallmarks of AD, amyloid plaque deposition and
tau aggregation, respectively (Jankowsky et al., 2004; Schindowski
et al., 2006). Apparent amyloid plaque with reduced number of
neuron was shown in the cortex of the APP/PS1 mice, while abundant expression of hyperphosphorylated tau with neuronal loss
was detected in the hippocampal CA1 region of the THY-Tau22
mice (Radde et al., 2006; Schindowski et al., 2006; Kuhla et al.,
2017). Therefore, we examined MBNL2 level in the cortical region
of the APP/PS1 brain and the CA1 region of the THY-Tau22
brain. The total level of MBNL2 immunoreactivity was reduced
in cortical Layer V neurons of 12-month-old APP/PS1 brains as
compared with wild-type controls (Fig. 2A). Using biochemical
fractionation to separate cytoplasmic and nuclear fractions, we
found that MBNL2 expression in the nuclear fraction was reduced
(Fig. 2B). Similarly, the total level of MBNL2 immunoreactivity was
reduced in the caudal hippocampal CA1 neurons of 15-month-old
THY-Tau22 brains (Fig. 2C).
We next examined the alternative splicing of MBNL2-regulated targets and found decreased inclusion of Cacna1d exon 12a
and Mapt exons 3/4 in the APP/PS1 cortical region (Fig. 2D).
However, examination of inclusion of Cacna1d exon 12a showed
no change in the THY-Tau22 hippocampal region (Fig. 2E). We
wondered whether the unchanged Cacna1d exon 12a splicing
was likely because of a weakening effect with use of the entire
hippocampal region for detection. Therefore, we used isoformspecific primers with RNA collected from the hippocampal CA1
region to enrich Cacna1d exon 12a-containing and Mapt exon 3containing transcripts and performed RT-qPCR to examine the
expression level of these two transcripts. The levels of both
Cacna1d exon 12a-containing and Mapt exon 3-containing transcripts were reduced in the THY-Tau22 hippocampal region as
compared with wild-type controls (Fig. 2F), thus indicating
decreased inclusion of Cacna1d exon 12a and Mapt exon 3
and showing a reversal of the developmental transition pattern
(Fig. 1G). Hence, reduced MBNL2-associated reversal of MBNL2regulated alternative splicing to embryonic pattern also occurred
in AD models.
Glutamate-induced excitotoxicity reduces MBNL2 expression
The reduced MBNL2 expression in both DM1 and AD mouse brains
suggested a neurodegeneration-induced regulatory mechanism.
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Glutamate-induced excitotoxicity is implicated in neurodegeneration (Lau and Tymianski, 2010). Therefore, we used cultured
hippocampal neurons to study the effect of glutamate-induced
excitotoxicity on MBNL2 expression. Glutamate-induced excitotoxicity and degeneration was shown by reduced level of NF160
and condensed nuclei on DAPI staining (Fig. 3A,B). In mature
neurons cultured at 20–24 DIV and treated with 20 mM glutamate, MBNL2 protein level was decreased at 1 h with glutamate
stimulation (Fig. 3C). With increased glutamate treatment time,
MBNL2 expression continued to decrease. On immunofluorescence staining under the same exposure time, the intensity of
MBNL2 immunoreactivity was reduced in neurons stained with
anti-NeuN antibody (Fig. 3D). Glutamate-elicited excitotoxicity
is mediated by calcium influx via the activation of NMDA receptor (NMDAR; Lau and Tymianski, 2010). Hippocampal neurons
treated with 50 mM NMDA showed a similar pattern of MBNL2
downregulation as glutamate-treated neurons (Fig. 3E). We next
determined whether glutamate-reduced MBNL2 expression
affected the developmental transition of RNA processing by analyzing the alternative splicing and polyadenylation of MBNL2
targets in glutamate-treated and NMDA-treated neurons. The
pattern of alternative splicing and polyadenylation in neurons
treated with glutamate or NMDA was dysregulated and similar
to that in MBNL2-depleted neurons (Figs. 1H, 3F).
Next, we determined whether NMDAR-mediated calcium
influx involves in the MBNL2 downregulation. Before NMDA
stimulation, blockade of extracellular calcium influx by EGTA
prevented NMDA-reduced MBNL2 expression (Fig. 3G,H), as
well as the DAPI condensation and NF160 downregulation
(Fig. 3H,I). Before NMDA stimulation, pretreatment of EGTA
also preserved MBNL2 function in regulating RNA processing.
The pattern of dysregulated RNA processing events in the
NMDA-treated neurons was preserved by the EGTA pretreatment as compared with control neurons (Fig. 3J). The results
suggest that NMDAR-mediated excitotoxicity reduced MBNL2
expression and induced a developmental pattern of MBNL2regulated RNA processing.
NMDAR-mediated calpain-2 activation causes MBNL2
degradation
We next investigated how NMDAR-mediated excitotoxicity
reduces MBNL2 expression. In cultured hippocampal neurons
treated with glutamate or NMDA, Mbnl2 mRNA level remained
unchanged as compared with that in unstimulated neurons
(Fig. 4A), so NMDA-reduced MBNL2 expression was not because
of downregulation at the mRNA level. We next determined
whether NMDA-reduced MBNL2 expression was because of
proteasome degradation by pretreating neurons with two proteasome inhibitors, MG132 or lactacystin, before NMDA treatment. Pretreatment with MG132 but not lactacystin prevented
the reduced MBNL2 expression (Fig. 4B, lanes 1–4). The lack
of response to lactacystin pretreatment suggested that NMDAreduced MBNL2 expression was not because of proteasome
degradation. In addition to proteasome inhibition, MG132 also
inhibits activities of other cysteine proteases including cathepsins and calpains (Lee and Goldberg, 1998). Calpains belong
to a family of calcium-dependent cysteine proteases, and their
activity can be induced by NMDAR-induced calcium influx
(Goll et al., 2003; Vosler et al., 2008). We next assessed whether
calpain was involved in regulating MBNL2 downregulation. We
pretreated neurons with N-acetyl-L-leucyl-L-leucyl-L-norleucinal
(calpain inhibitor I) or carbobenzoxy-valinyl-phenylalaninal
(calpain inhibitor III) before NMDA and found that both
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Figure 3. Glutamate-induced excitotoxicity reduces MBNL2 expression. A, B, Glutamate treatment for 3 h in neurons caused degeneration features including reduced level of NF160 (A) and
condensed nuclei (B). C, MBNL2 level was reduced in mature cultured hippocampal neurons treated with glutamate for the indicated times. b -Tubulin was a loading control. Relative amount
of MBNL2 for treatments was compared by normalization with b -tubulin (1 h: p = 0.0371; 2 h: p = 0.0026; 3 h: p = 0.0019). D, Representative images of MBNL2 immunoreactivity in neurons
treated with vehicle or glutamate. NeuN staining was a neuronal marker. Quantification of overall MBNL2 intensity is shown at the right (p , 0.0001). Number of neurons (n, from 1 cultured
neuron preparation) used for quantification is indicated. E, MBNL2 level was reduced in neurons treated with NMDA for the indicated times (1 h: p = 0.0220; 2 h: p = 0.0011; 3 h:
p , 0.0001). F, Aberrant MBNL2-regulated RNA processing events in glutamate-treated or NMDA-treated neurons (for Cacna1d, Ex12a, glutamate: p = 0.0119; NMDA: p = 0.0455, for Mapt,
Ex3/4, glutamate: p = 0.0323; NMDA: p = 0.0181, for Mapt, Ex8, glutamate: p = 0.0019; NMDA: p = 0.0006, for Sptb, poly(A) site, glutamate: p = 0.0015; NMDA: p = 0.0022). G, Pretreatment
with calcium chelator EGTA preserved MBNL2 level in NMDA-treated neurons (NMDA: p = 0.0018; NMDA1EGTA: p = 0.0014). H, Immunofluorescent staining of MBNL2 expression and DAPI
used for examining the nuclear morphology in the NeuN1 neurons. I, Effect of EGTA pretreatment on NF160 expression in the NMDA-treated neurons. Relative amount of NF160 was compared
by normalization with b -tubulin (untreated vs NMDA: p , 0.0001; NMDA vs NMDA1EGTA: p , 0.0001; untreated vs NMDA1EGTA: p = 0.0052). J, Effect of EGTA pretreatment before
NMDA stimulation on the splicing pattern of MBNL2-regulated RNA processing events (for Cacna1d, Ex12a, vehicle vs NMDA: p = 0.0004; NMDA vs NMDA1EGTA: p = 0.0020; vehicle vs
NMDA1EGTA: p = 0.1301, for Mapt, Ex3/4, vehicle vs NMDA: p = 0.0433; NMDA vs NMDA1EGTA: p = 0.0204; vehicle vs NMDA1EGTA: p = 0.8062, for Mapt, Ex8, vehicle vs NMDA:
p = 0.0055; NMDA vs NMDA1EGTA: p = 0.0109; vehicle vs NMDA1EGTA: p = 0.7879, for Sptb, poly(A) site, vehicle vs NMDA: p = 0.0132; NMDA vs NMDA1EGTA: p = 0.0302; vehicle vs
NMDA1EGTA: p = 0.7621). Three to four independent experiments were used for quantification. Data are mean 6 SEM; *p , 0.05, **p , 0.01, ***p , 0.001, by one-way ANOVA with
Tuckey’s test (C, E–G, I, J) or Student t test (D). n.s., not significant. Scale bar: 20 mm (B), 50 mm (D), and 25 mm (H).

inhibitors prevented NMDA-reduced MBNL2 expression (Fig. 4B,
lanes 5–6). Thus, NMDAR-mediated MBNL2 downregulation was
likely via calpain activation.
To further determine whether NMDA-induced MBNL2 degradation was regulated by calpain, we tested whether calpain
knock-down could prevent MBNL2 degradation under NMDA
treatment. The major calpains expressed in neurons are calpain1 and calpain-2 (Vosler et al., 2008). Both contain a distinct catalytic subunit, CAPN1 or CAPN2, respectively, and a common
regulatory subunit, CAPNS1 (Goll et al., 2003). We first determined the levels of calpain-1 and calpain-2 by examining those
of CAPN1 and CAPN2 in response to NMDA treatment in

cultured hippocampal neurons. In neurons treated with NMDA
for 3 h, total CAPN1 level was increased, whereas CAPN2 level
was slightly reduced as compared with that in unstimulated
neurons (Fig. 4C). We next determined which calpain regulates
MBNL2 degradation by depleting endogenous CAPN1 and
CAPN2 by infection with a lentivirus expressing Capn1-specific
or Capn2-specific shRNA, respectively (Fig. 4D). In NMDAtreated neurons, CAPN1 knock-down failed to prevent MBNL2
degradation (Fig. 4E), but CAPN2 knock-down prevented MBNL2
degradation after NMDA stimulation (Fig. 4F). In addition,
CAPN2 knock-down preserved the level of NF160 in NMDAtreated neurons (Fig. 4F). We next determined whether depletion
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Figure 4. Calpain-2 is required for NMDAR-mediated MBNL2 degradation. A, RT-PCR detection of Mbnl2 mRNA in neurons treated with glutamate or NMDA. Gapdh was a loading control.
Relative Mbnl2 mRNA level after normalization to Gapdh was shown at right (p = 0.4428, one-way ANOVA). B, MBNL2 level detected by immunoblotting in neurons treated with combinations
of drugs as indicated (NMDA– vs NMDA1: p , 0.0001; NMDA1 vs MG132: p = 0.0001; NMDA1 vs lactacystin: p . 0.9999; NMDA1 vs calpain inh I: p = 0.0017; NMDA1 vs calpain inh III:
p = 0.0004). C, Change in CAPN1 and CAPN2 protein levels in NMDA-treated neurons. Quantitative results of relative CAPN1 or CAPN2 level normalized to b -Tubulin were shown at right
(CAPN1: p = 0.0037, N = 7; CAPN2: p , 0.0001, N = 5). D, The efficiency and specificity of CAPN1 and CAPN2 knock-down in cultured hippocampal neurons. Lentivirus expressing specific
shRNAs to knock down Capn1 (shCapn1) or Capn2 (shCapn2) was introduced into cultured hippocampal neurons. Virus that expressed shLacZ or pLL3.7 was used as a control. b -Tubulin was
used as a loading control. Relative CAPN1 and CAPN2 level normalized to b -tubulin is shown as indicated numbers. E, CAPN1 knock-down failed to prevent the reduction of MBNL2 level in
NMDA-treated neurons (shLacZ vs shLacZ1NMDA: p , 0.0001; shLacZ1NMDA vs shCapn11NMDA: p = 0.1259). F, CAPN2 knock-down preserved levels of MBNL2 and NF160 in NMDAtreated neurons (for MBNL2, pLL3.7 vs pLL3.71NMDA: p = 0.0005; pLL3.71NMDA vs shCapn21NMDA: p , 0.0001, for NF160, p , 0.0001 for both). G, Knock-down of CAPN2 preserved the
developmental RNA processing transition in NMDA-treated neurons (Cacna1d, Ex12a: vehicle vs shCapn2: p = 0.0249; vehicle vs NMDA: p = 0.0051; NMDA vs shCapn21NMDA: p = 0.0444; vehicle vs shCapn21NMDA: p = 0.0973; Mapt, Ex3/4, vehicle vs shCapn2: p = 0.0448; vehicle vs NMDA: p = 0.0448; NMDA vs shCapn21NMDA: p = 0.0023; vehicle vs shCapn21NMDA:
p = 0.1749; Mapt, Ex8: vehicle vs shCapn2: p = 0.7697; vehicle vs NMDA: p = 0.0001; NMDA vs shCapn21NMDA: p = 0.0217; vehicle vs shCapn21NMDA: p = 0.0056; Sptb, poly(A) site, vehicle
vs shCapn2: p = 0.0017; vehicle vs NMDA: p = 0.0110; NMDA vs shCapn21NMDA: p = 0.0017; vehicle vs shCapn21NMDA: p = 0.4494). Three to four independent experiments were used for
quantification. Data are mean 6 SEM; *p , 0.05, **p , 0.01, ***p , 0.001, by one-way ANOVA with Tuckey’s test (B, E–G) or student t test (C). n.s., not significant.

of CAPN2 could prevent NMDA-induced aberrant RNA processing regulated by MBNL2. We first determined the effect of
CAPN2 knock-down on MBNL2-regulated RNA processing
events in vehicle-treated neurons. In CAPN2-depleted neurons,
MBNL2 expression was slightly increased (Fig. 4D) as well as
increased inclusion of Cacna1d exon 12a, Mapt exons 3/4 and
the distal selection of Sptb alternative polyadenylation sites
compared with pLL3.7-infected neurons (Fig. 4G). In CAPN2depleted neurons treated with NMDA, the inclusion of Cacna1d
exon 12a or Mapt exons 3/4 and 8 was preserved and the selection of Sptb alternative polyadenylation sites was toward the distal site (Fig. 4G), which indicated inhibition of aberrant RNA
processing with CAPN2 depletion in NMDA-treated neurons.

These results suggest that calpain-2 regulated MBNL2 degradation and the developmental transition of RNA processing.
Calcium-dependent nuclear translocation of calpain-2 causes
MBNL2 degradation
Immunofluorescence staining and biochemical fractionation examination of CAPN2 localization in cultured hippocampal neurons revealed a predominantly cytoplasmic distribution (Fig. 5A).
However, MBNL2 distribution was relatively abundant in the nucleus of cultured hippocampal neurons (Fig. 3D, top). To determine how cytoplasmic-localized calpain-2 may mediate MBNL2
degradation, we wondered whether it was because of NMDAinduced nuclear translocation of calpain-2. The nucleus-to-
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Figure 5. Nuclear translocation of calpain-2 is calcium-dependent and required for MBNL2 degradation. A, Subcellular distribution of endogenous CAPN2 in mature hippocampal neurons by
biochemical fractionation (left) and immunofluorescence staining (right). B, NMDA treatment increased the nuclear fraction of CAPN2. Quantification of nucleus-to-cytoplasm ratio of CAPN2 immunoreactivity at right (p , 0.0001). Number of neurons (n, from 1 cultured neuron preparation) used for quantification is indicated. C, Nuclear and cytoplasmic distribution of CAPN2 and
MBNL2 in neurons treated with NMDA for the indicated times (for CAPN2 nucleus, 1 h: p = 0.0233; 2 h: p = 0.0014; 3 h: p = 0.0288, for CAPN2 cytoplasm, 1 h: p = 0.6990; 2 h: p = 0.0032;
3 h: p = 0.0098, for MBNL2 nucleus, p , 0.0001 for all, for MBNL2 cytoplasm, 1 h: p = 0.0311; 2 h: p = 0.0001; 3 h: p , 0.0001). D, CAPN2 knock-down preserved MBNL2 expression in both
nuclear and cytoplasmic fractions of NMDA-treated neurons (for nucleus, pLL3.7 vs pLL3.71NMDA: p , 0.0001; pLL3.71NMDA vs shCapn21NMDA: p = 0.0001, for cytoplasm, pLL3.7 vs
pLL3.71NMDA: p = 0.0013; pLL3.71NMDA vs shCapn21NMDA: p , 0.0001). E, Pretreatment with EGTA inhibits the nuclear translocation of CAPN2 in NMDA-treated neurons (for nucleus,
untreated vs NMDA: p = 0.0225; NMDA vs NMDA1EGTA: p = 0.0192, for cytoplasm, untreated vs NMDA: p = 0.0414; NMDA vs NMDA1EGTA: p = 0.0003). F, Representative images of Myc
and MBNL2 immunoreactivity in neurons transfected with GW1-myc (top), Myc-CAPN2 (middle), or NLS-Myc-CAPN2-NLS (bottom). Quantification of intensity of nuclear MBNL2 immunoreactivity in neurons transfected with the indicated constructs was shown at right (GW1-Myc vs Myc-CAPN2: p = 0.8074; Myc-CAPN2 vs NLS-Myc-CAPN2-NLS: p = 0.0027; GW1-Myc vs NLS-MycCAPN2-NLS: p = 0.0003). Number of neurons (n, from 3 independent cultured neuron preparations and transfections) used for quantification is indicated. Histone H3 and GAPDH were loading
controls for nuclear and cytoplasmic fractions, respectively (A, C–E). Quantification of cytoplasmic and nuclear fractions of CAPN2 and MBNL2 relative to loading controls is shown (C–E). Three
to five independent experiments were used for quantification. Data are mean 6 SEM; *p , 0.05, **p , 0.01, ***p , 0.001, by one-way ANOVA with Tuckey’s test (C–F) or Student t test
(B). n.s., not significant. Scale bar: 25 mm (A), 20 mm (B), and 5 mm (F).

cytoplasm ratio of CAPN2 immunoreactivity was higher in
NMDA-treated than vehicle-treated control neurons (Fig. 5B).
Using biochemical fractionation, we found that NMDA treatment
increased CAPN2 level in the nuclear fraction but decreased it
in the cytoplasmic fraction (Fig. 5C), which suggests a possible
involvement of nuclear translocation. Despite reduced MBNL2

expression detected in both cytoplasmic and nuclear fractions,
the extent of reduction was greater in the nuclear than cytoplasmic
fraction (remainder: nuclear, 45%; cytoplasmic, 60%; Fig. 5C), that
was similar to the patterns seen in EpA960/CaMKII-Cre mouse
brain (Wang et al., 2017). Knock-down of CAPN2 in NMDAtreated neurons preserved MBNL2 levels in both nuclear and
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Figure 6. Dysregulated calcium homeostasis causes calpain-2 nuclear translocation and reduces MBNL2 expression. A, Detection of MBNL2 and CAPN2 levels in the nuclear and cytoplasmic
fractions of A23187-treated neurons with or without pretreatment of ivermectin. For nuclear and cytoplasmic fractions, Histone H3 and GAPDH were used as loading controls, respectively.
Quantification of cytoplasmic and nuclear fractions of CAPN2 and MBNL2 relative to loading controls is shown (for MBNL2 nucleus, untreated vs A23187: p = 0.0047; A23187 vs
A231871Ivermectin: p = 0.0035, for MBNL2 cytoplasm, untreated vs A23187: p = 0.0417; A23187 vs A231871Ivermectin: p = 0.0452, for CAPN2 nucleus, untreated vs A23187: p = 0.0079;
A23187 vs A231871Ivermectin: p = 0.0118, for CAPN2 cytoplasm, untreated vs A23187: p = 0.0051; A23187 vs A231871Ivermectin: p = 0.0069). B, CAPN2 knock-down prevented MBNL2
reduction in A23187-treated neurons (pLL3.7 vs pLL3.71NMDA: p = 0.0001; pLL3.71NMDA vs shCapn21NMDA: p = 0.0018; pLL3.7 vs shCapn21NMDA: p = 0.0154). C, Effect of CAPN2
knock-down on MBNL2-regulated splicing events in the A23187-treated neurons. Quantification of relative percentage of inclusion (Cacna1d, Ex12a: vehicle vs A23187: p = 0.0009; A23187 vs
shCapn21A23187: p  0.0001; vehicle vs shCapn21A23187: p  0.0001; Mapt, Ex3/4, vehicle vs A23187: p = 0.9988; A23187 vs shCapn21A23187: p = 0.0065; vehicle vs
shCapn21A23187: p = 0.0068; Mapt, Ex8: p = 0.7251). Three independent experiments were used for quantification. Data are mean 6 SEM; *p , 0.05, **p , 0.01, ***p , 0.001, by oneway ANOVA with Tuckey’ test (A–C). n.s., not significant.

cytoplasmic fractions (Fig. 5D), which suggests that calpain-2
undergoing nuclear translocation mediates MBNL2 degradation in both the nucleus and cytoplasm. Calpain-2 activation
requires calcium binding, so we next determined whether the
nuclear translocation of CAPN2 was also calcium-dependent.
Pretreatment with EGTA preserved the subcellular distribution
of CAPN2 in NMDA-treated neurons (Fig. 5E), which suggests
that the nuclear translocation of CAPN2 requires calcium.
We further determined whether nuclear localization of CAPN2
affected MBNL2 degradation. We generated a Myc-tagged CAPN2
mutant construct by adding nuclear localization signals (NLS) at
both the N and C termini of Myc-CAPN2 (NLS-Myc-CAPN2NLS) to enhance the nuclear translocation of CAPN2. The wildtype Myc-tagged CAPN2 (Myc-CAPN2) was mainly distributed
in the cytoplasm (Fig. 5F). The expression of Myc-CAPN2 in
neurons did not affect endogenous MBNL2 level as compared
with GW1-Myc-transfected control neurons (Fig. 5F). In contrast, the expression of NLS-Myc-CAPN2-NLS in neurons reduced
endogenous MBNL2 level as compared with GW1-Myc-transfected
and Myc-CAPN2-transfected neurons (Fig. 5F), which suggests
that nuclear localization of CAPN2 is involved in nuclear MBNL2
degradation. Our results suggest that calcium-dependent CAPN2
nuclear translocation is associated with MBNL2 degradation.
Dysregulated calcium homeostasis reduces MBNL2 expression
In addition to NMDAR-mediated excitotoxicity, dysregulation
of calcium homeostasis is implicated in the pathogenesis of neurodegeneration (Bezprozvanny, 2009). To test whether aberrant
calcium homeostasis may also induce CAPN2 nuclear translocation and MBNL2 reduction, we used a calcium ionophore, A23187,
to treat neurons for mimicking the dysregulated calcium homeostasis. Consistent with the findings in NMDA-treated neurons, in

cultured neurons treated with A23187, MBNL2 expression was
reduced in both the cytoplasmic and nuclear fractions, associated
with an increase in CAPN2 level in the nuclear fraction and a
decrease in CAPN2 level in the cytoplasmic fraction (Fig. 6A,
lanes 1, 2, 4, 5). We further determined whether preventing
CAPN2 nuclear translocation would prevent MBNL2 degradation.
Pretreatment with ivermectin, an inhibitor of importin-mediated
nuclear import (Wagstaff et al., 2012), prevented A23187-reduced
MBNL2 expression and CAPN2 nuclear translocation (Fig. 6A,
lanes 3, 6). In addition, knock-down of CAPN2 in neurons treated
with A23187 prevented MBNL2 degradation (Fig. 6B) and
increased inclusion of Cacna1d exon 12a and Mapt exon 3/4
(Fig. 6C). We noticed that in neurons treated with A23187, the
inclusion of Cacna1d exon 12a was decreased whereas the alternative splicing of Mapt exon 3/4 and 8 were unaffected. Our
results suggest that dysregulated calcium homeostasis caused
CAPN2 nuclear translocation associated with reduced MBNL2
expression and re-induction of a developmental RNA processing
program.
Nuclear translocation of CAPN2 in the degenerative brains
of DM1 and AD mouse models recapitulates its developmental
pattern
We next determined the distribution of CAPN2 in DM1 and AD
mouse brains. The nuclear fraction of CAPN2 was increased and
the cytoplasmic fraction of CAPN2 was decreased in the EpA960/
CaMKII-Cre brain as compared with other control brains
(Fig. 7A), but the subcellular distribution of CAPN1 was unchanged
among all animals (Fig. 7B). Similarly, the nucleus-to-cytoplasm
ratio of CAPN2 immunoreactivity was increased in cortical Layer
V neurons of the APP/PS1 brain (Fig. 7C), as well as the nuclear
expression of CAPN2 examined by the biochemical fractionation
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Figure 7. Increased level of nuclear CAPN2 is observed in the DM1 and AD mouse brains. A, B, CAPN2 (A, nucleus: p = 0.0303; cytoplasm: p = 0.0173) and CAPN1 (B, nucleus: p = 0.4716;
cytoplasm: p = 0.9857) content in nuclear and cytoplasmic fractions of lysates from the cortical regions of control and EpA960/CaMKII-Cre brains at age 12–16 months. Brains from animals
with different genotypes including non-Tg, CaMKII-Cre (Cre) and EpA960 brains were controls. Same lysates were used for detecting CAPN2 (A) and CAPN1 (B). GAPDH and histone H3 were
used as loading controls for the cytoplasmic and nuclear fraction, respectively. C, Representative images of CAPN2 immunostaining in the cortical Layer V of brain sections from non-Tg control
and APP/PS1 mice at age 12 months (p = 0.0029). D, The level of nuclear and cytoplasmic CAPN2 in the cortex of non-Tg control and APP/PS1 mice at age 10 months. Quantification of relative
CAPN2 expression in the nuclear (p = 0.0424) and cytoplasmic (p = 0.0634) fractions, normalized with Histone H3 and GAPDH, respectively. Same lysates were used for detecting MBNL2 (Fig. 2B)
and CAPN2. E, Representative images of CAPN2 immunostaining in the CA1 region of sections from non-Tg control and THY-Tau22 mice at age 15 months (p = 0.0065). F, Representative images of
CAPN2 immunoreactivity in neurons at 2 and 16 DIV (p , 0.0001). G, CAPN2 expression in the cytoplasmic (C) and nuclear (N) fraction from the cortex of neonatal (P0) and adult (Ad) wild-type
mice. Nucleus-to-cytoplasm ratio of CAPN2 immunoreactivity is quantified and shown at right (C, E, F). Number of animals (N) or neurons (n, from 1 cultured neuron preparation) used for quantification is indicated. Data are mean 6 SEM; *p , 0.05, **p , 0.01, ***p , 0.001, by Student t test. n.s., not significant. Scale bar: 20 mm (C, E, F).

was increased in the cortical regions of APP/PS1 brains (Fig. 7D).
In addition, the nucleus-to-cytoplasm ratio of CAPN2 expression
detected in hippocampal CA1 neurons of the THY-Tau22 brain
was also increased as compared with the control brains (Fig. 7E).
These results suggest that the increased nuclear calpain-2 level
accompanied by reduced MBNL2 level and re-induction of the
developmental RNA processing program is likely a common feature across models of neurodegenerative diseases.

The reduced MBNL2 level associated with reversal of developmental RNA processing suggested re-induction of a developmental program under neurodegenerative conditions. We wondered
whether calpain-2 nuclear translocation under neurodegeneration
also represents a reversal of the developmental transition associated with MBNL2 expression. To address this question, we examined the cellular distribution of CAPN2 in cultured hippocampal
neurons at early and mature stages. CAPN2 was present in both
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the cytoplasm and nucleus of cultured neurons at 2 DIV but
mainly distributed in the cytoplasm at 16 DIV (Fig. 7F). As
compared with CAPN2 distribution in neurons at 2 DIV, in
neurons at 16 DIV, the ratio of nucleus-to-cytoplasm fraction
of CAPN2 immunoreactivity was reduced (Fig. 7F). Examination
of the distribution of CAPN2 in the cortical regions of neonatal
(P0) and adult mouse brains revealed a similar pattern. In P0 brain,
CAPN2 was distributed in both the cytoplasmic and nuclear fractions but with a lower molecular weight shown in the nuclear fraction (Fig. 7G), whereas CAPN2 was predominantly distributed in
the cytoplasmic fraction in the adult brain, which suggests a developmental transition from nucleus-to-cytoplasm distribution during
neuronal maturation. The neurodegenerative condition may have
induced a developmental transition for CAPN2 from the cytoplasm to nucleus, thus reducing MBNL2 level accompanied by
reversal of the developmental RNA processing transition.

Discussion
Reversal of transcriptomic profiles to an embryonic pattern is often induced on injury or stress stimulation for adapting the pathologic condition and produces a protective or adverse effect (Mayr
and Bartel, 2009; Bangru et al., 2018; Poplawski et al., 2020). In the
present study, we demonstrated that neurodegeneration also reinduced a developmental program of enhanced calpain-2 nuclear
translocation and caused MBNL2 degradation-associated reversal
of MBNL2-regulated alternative splicing and polyadenylation
toward the embryonic pattern.
Neurodegeneration-induced MBNL2 loss of function seen in
the DM1 mouse model EpA960/CaMKII-Cre suggests an additional mechanism regulating reduced MBNL2 level besides nuclear
sequestration (Goodwin et al., 2015). We showed that neurodegenerative conditions induced calpain-2 nuclear translocation resulting in MBNL2 degradation and reversal of MBNL2-mediated RNA
processing to an embryonic pattern. Calpain activation has been
found in several neurodegenerative disorders (Vosler et al., 2008;
Ono et al., 2016). We showed that NMDAR-mediated excitotoxicity
altered the levels of calpain-1 and calpain-2. However, genetic
knock-down of calpain-2 but not calpain-1 preserved MBNL2 level
and MBNL2-mediated function, which supports the notion that
differences of calpain-1 and calpain-2 in the structures and
requirement of calcium concentration for activation may contribute to distinct roles during the progression of neurodegenerative disorders (Goll et al., 2003; Baudry and Bi, 2016). Increased
nuclear level of calpain-2 and reduced MBNL2 level occurred in
different models of neurodegenerative diseases including DM1
and AD, which suggests that re-induction of a developmental RNA
processing program mediated by MBNL2 via nuclear calpain activity is a shared mechanism of neurodegenerative diseases.
The major molecular feature of DM1 is reversal of alternative
splicing and polyadenylation to the embryonic pattern (Charizanis
et al., 2012; Batra et al., 2014; Goodwin et al., 2015). Indeed, reinduction of the fetal/neonatal gene program has been reported
under several pathologic conditions. After myocardial infarction,
CUGBP Elav-like family member 1 (CELF1) is upregulated, which
is normally downregulated in the adult heart, resulting in mRNA
degradation of genes involved in cardiac conduction and contractility (Chang et al., 2017). Upon toxin-induced injury, adult hepatocyte regeneration is associated with reactivation of neonatal
translation and splicing programs (Bangru et al., 2018). Similarly,
after spinal cord injury, the transcriptional profile of the corticospinal tract motor neurons temporarily exhibits an embryonic
pattern (Poplawski et al., 2020). Grafting of spinal cord-derived
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neural progenitor cells sustains the embryonic transcriptional
profile in corticospinal tract motor neurons, thus enabling the
regeneration of corticospinal axons (Poplawski et al., 2020). In
the present study, we showed that nuclear localization of calpain-2
and low level of MBNL2 seen in neurodegenerative conditions
recapitulates the developmental expression pattern. Therefore,
re-induction of a fetal gene program is likely a common feature
induced by the pathologic conditions. How re-induction of a fetal gene program contributing a beneficial or adverse effect is
determined is worthy of investigation.
MBNL2 has been found involved in regulating splicing switches
during postnatal neuronal maturation (Weyn-Vanhentenryck et al.,
2018). Cacna1d exon 12a is the most responsive MBNL2 target
(Charizanis et al., 2012). Cacna1d gene encoding a low voltageactivated L-type Ca channel Cav1.3 plays a key role in regulating
neuronal excitability (Hofer et al., 2021). Inclusion of exon 12a
results in a negative shift in the voltage-dependence of activation in Cav1.3 (Hofer et al., 2021). Shift to more negative
potentials has been implicated to enhance synaptic transmission
(van den Maagdenberg et al., 2010), which suggests an association
of exon 12a inclusion in Cav1.3 with neuronal maturation.
Therefore, reduced Cacna1d exon 12a-containing transcripts
may be associated with reduced neurotransmission in degenerative brains and serve as a marker for neurodegeneration.
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