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Long-term memory requires the activity-dependent reorganization of the synaptic proteome to modulate synaptic efficacy and
consequently consolidate memory. Activity-regulated RNA translation can change the protein composition at the stimulated
synapse. Cytoplasmic polyadenylation element-binding protein 3 (CPEB3) is a sequence-specific RNA-binding protein that re-
presses translation of its target mRNAs in neurons, while activation of N-methyl-D-aspartic acid (NMDA) receptors alleviates
this repression. Although recent research has revealed the mechanism of CPEB3-inhibited translation, how NMDA receptor sig-
naling modulates the translational activity of CPEB3 remains unclear. This study shows that the repressor CPEB3 is degraded in
NMDA-stimulated neurons and that the degradation of CPEB3 is accompanied by the elevated expression of CPEB3’s target,
epidermal growth factor receptor (EGFR), mostly at the translational level. Using pharmacological and knockdown approaches,
we have identified that calpain 2, activated by the influx of calcium through NMDA receptors, proteolyzes the N-terminal repres-
sion motif but not the C-terminal RNA-binding domain of CPEB3. As a result, the calpain 2-cleaved CPEB3 fragment binds to
RNA but fails to repress translation. Therefore, the cleavage of CPEB3 by NMDA-activated calpain 2 accounts for the activity-
related translation of CPEB3-targeted RNAs.

Synaptic plasticity, which is the ability of neuronal synapses to
undergo morphological and functional changes in response to

various stimuli, forms the underlying molecular basis of memory.
Activity-induced plasticity-related protein (PRP) synthesis sus-
tains long-lasting synapse changes that are crucial for establishing
and consolidating long-term memory. Neurons employ three
strategies to increase the synaptic levels of specific PRPs upon
activation. PRPs are deposited at the stimulated synapses by cap-
turing the trafficking molecules in the form of proteins or RNAs de
novo synthesized from soma (20, 51). The newly delivered PRP
RNAs are then translated locally at synapses (51). Alternatively,
PRPs are produced through translational activation of preexisting
dendritic dormant mRNAs (10, 13, 45). RNA-binding proteins
play essential roles in the modulation of PRP production by reg-
ulating dendritic RNA transport, translation, and/or degradation
(10, 13, 22, 45). Cytoplasmic polyadenylation element-binding
protein 3 (CPEB3) is a sequence-specific RNA-binding protein in
vertebrates that likely influences PRP synthesis and memory func-
tion for the following reasons. First, the Drosophila melanogaster
homologue of CPEB3, Orb2, is required for the long-term condi-
tioning of male courtship behavior (32). Clinical research has
shown that a single-nucleotide polymorphism (SNP) (a T-to-C
substitution) in intron 3 of CPEB3 gene affects human episodic
memory. Homozygous carriers of the C allele of SNP have poorer
performance in the delayed verbal memory recall tests (56). This C
allele of SNP located in the CPEB3 ribozyme sequence, exhibits
more than 2-fold rate of self-cleavage in vitro (47). Thus, a de-
crease in the CPEB3 protein level caused by increasing truncated
CPEB3 mRNA with this C allele of SNP has been proposed (47)
but not yet experimentally proven. Second, CPEB3 inhibits the
translation of GluA1 and GluA2 RNAs (29, 41), which encode the
subunits of a crucial glutamate receptor, �-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor, in neurons.
The activation of N-methyl-D-aspartic acid receptor (NMDAR)

abrogates the CPEB3-repressed translation of reporter RNAs, in-
dicating that neuronal activity modulates CPEB3-controlled
translation (29). Third, CPEB3 is a nucleocytoplasmic shuttling
protein with predominant residence in the cytoplasm; upon stim-
ulation with NMDA, CPEB3 accumulates in the nucleus where it
inhibits Stat5b-dependent transcription (42). The transcription of
epidermal growth factor receptor (EGFR) gene is regulated by
Stat5b-CPEB3 interaction, and pharmacological intervention of
EGFR’s kinase activity in the mouse brain influences spatial mem-
ory performance in the Morris water maze tasks (42). Together,
CPEB3 governs the syntheses of several PRPs, and its subcellular
localization and translational ability are subject to control by
NMDAR signaling. Although our recent study shows that CPEB3
impedes translation through interaction with the elongation fac-
tor eEF2 (12), it is unclear how NMDA stimulation activates
CPEB3-controlled translation.

Since CPEB3 distributed throughout the cytoplasm accumu-
lates in the nucleus within 30 min of NMDA treatment (42), neu-
ronal activity could partition CPEB3’s function between nucleo-
cytoplasmic compartments to control gene expression. This
follow-up study investigates whether nuclear accrued CPEB3 fur-
ther downregulates EGFR gene transcription. Unexpectedly,
EGFR expression was elevated because a significant degradation of
CPEB3 occurred within 2 h after the stimulation of NMDARs.
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Consequently, the decreased repressor CPEB3 leads to up-synthe-
sis of EGFR, first through translational activation followed by
transcriptional activation (or derepression). Thus, the activity-
regulated degradation of a translational repressor can induce se-
lected PRP expression rather than simply functioning as an op-
posing process of protein synthesis. Growing evidence indicates
that the activity-dependent protein degradation is as vital as pro-
tein synthesis to modulate synaptic plasticity. Other than the
ubiquitin-proteasome degradation system, proteolytic cleavage
enzymes such as tissue-type plasminogen activator, matrix metal-
loproteases, and calpains, are also important for neuronal plastic-
ity (26, 55, 58). Using inhibitors and knockdown approaches, we
have delineated that calpain 2 is the key protease responsible for
NMDA-induced CPEB3 degradation in neurons. This activity-
dependent proteolysis of CPEB3 leads to the synthesis of the plas-
ticity-related protein, EGFR.

MATERIALS AND METHODS
Antibodies and reagents. The antibodies used were EGFR (catalog no.
sc-03), LRP130 (catalog no. sc-66845), lamin B (catalog no. sc-6217), and
CAPN2 (catalog no. sc-7533) antibodies from Santa Cruz Biotechnology;
CAPN1 (catalog no. MAB3104), �II-spectrin (catalog no. MAB1622),
and synaptophysin (sy38; catalog no. MAB5258) antibodies from Milli-
pore; and Flag epitope antibody (catalog no. F1804) from Sigma-Aldrich.
The anti-CPEB3 RNA-binding domain serum was raised using the C-ter-
minal 268 amino acids (aa) of human CPEB3 (hCPEB3) produced in
Escherichia coli. Calpain 1 (catalog no. 208712) and calpain 2 (catalog no.
208718) were purchased from Calbiochem. With the exception of lacta-
cystin (catalog no. 426100) and calpain inhibitor III, carbobenzoxy-vali-
nyl-phenylalaninal (MDL 28170, catalog no. 208722), from Calbiochem,
all other chemicals were from Sigma-Aldrich.

Cell culture, lentivirus infection, and pharmacological treatment.
All experimental protocols using mouse or rat brains for primary cultures
were carried out following guidelines of the Institutional Animal Care and
Utilization Committee. Cortical or hippocampal neurons isolated from
embryonic day 19 mouse or rat brains were cultured in neurobasal me-
dium with 1� B27 supplement (5, 30). HEK293T cells were cultured in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine
serum. Lentivirus particles were generated using Virapower packaging
system (Invitrogen). For the knockdown experiments, hippocampal or
cortical neurons cultured for 6 days in vitro (DIV 6) were infected with
lentiviruses overnight and collected on DIV 11 for RNA or protein extrac-
tion. For the expression of myc-CPEB3-(Flag)3, the neurons cultured for
DIV 9 were infected with the lentivirus overnight and used on DIV 13 for
Western blotting. On the day of harvest, the reagents and concentrations
of reagents used to treat neurons were as follows: 50 �M NMDA, 2 �g/ml
actinomycin D (ActD), 50 �g/ml cycloheximide (CHX), 20 �M MG132,
20 �M calpain inhibitor III, 10 �M lactacystin, 50 �M MK-801, and 2
mM EGTA. The NMDA treatment was usually applied 15 min after the
addition of transcription, translation, proteasome, or protease inhibitors.
The neuronal cultures of DIV 11 to 13 were typically stimulated with a
3-min pulse of NMDA, rinsed once, and incubated in the culture medium
with or without the indicated inhibitors for an additional 1 to 2 h. Except
for the experiments in Fig. 1 and Fig. 5D, the hippocampal neurons of DIV
11 and the synaptosome preparations were incubated with NMDA-con-
taining medium for the indicated time.

Plasmid construction. The short hairpin RNA (shRNA) sequences,
shRNA sequence 1 (GACTGTTGGCTCCTGGCTG) and shRNA se-
quence 2 (GAGTTCAACATCCTGTGGA), targeted against rat CAPN1
mRNA and shRNA sequence 1 (GAGAGAGCCATCAAGTACC) and
shRNA sequence 2 (GAGAAGAAGGCTGACTACC) targeted against rat
CAPN2 mRNA were cloned into the lentiviral vector pLL3.7-Syn (30).
The shRNA clones, clone 1, TRCN0000087170 (GCTTTCAAATCTCTT
GACAAA) and clone 2, TRCN0000087171 (CCACGTAGTCATTACTCT

AAT) targeted against mouse Capns1 mRNA, were obtained from the
RNAi Core Facility (RNAi stands for RNA interference) (Academia
Sinica). The full-length and various truncated hCPEB3 DNA fragments
were cloned into the pcDNA3.1-myc plasmid. The myc-CPEB3-(Flag)3

construct was first created in the pcDNA3.1-myc plasmid and then sub-
cloned into pLL3.7-Syn in which the green fluorescent protein (GFP)
coding region was replaced with the sequence of myc-CPEB3-(Flag)3. The
open reading frames of CAPN1 and CAPN2 were PCR amplified from the
rat neuronal cDNA and cloned into the pcDNA3.1-flag plasmid. The full-
length coding sequence of hCPEB3 was cloned into the pMAL-c2 vector
(New England BioLabs) to produce the maltose-binding protein (MBP)-
CPEB3 recombinant protein. Rat EGFR 3= untranslated region (3=-UTR) was
PCR amplified from the hippocampal neuron cDNA with primers (5=-CGG
AATTCCATTGAAGAGGCATTGTAC and 5=-CCGCTCGAGTGCTAC
TTTATTTTGTTATAAG) and cloned into the pcDNA3.1 plasmid.

The deletion mutants of EGFR 3=-UTR were generated by using the
QuikChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s protocol.

Co-IP and RIP. For coimmunoprecipitation (co-IP), the cultured
neurons after DIV 14 treated with NMDA or not treated with NMDA or
HEK293T cells expressing myc-tagged wild-type and mutant CPEB3
along with Flag-tagged CAPN1 or CAPN2 were lysed in the immunopre-
cipitation (IP) buffer (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.2%
NP-40, 1 mM EDTA, 1 mM dithiothreitol [DTT], 1� protease inhibitor
cocktail, and 100 �g/ml RNase A). The neuronal lysates or 293T cell
extracts were incubated with protein G beads (GE Healthcare) bound with
anti-CPEB3 IgG or myc antibody, respectively, for 3 h at 4°C. The beads
were then washed three times with 300 �l IP buffer, and the precipitated
proteins were eluted with Laemmli sample buffer for Western blot analy-
sis. For the RNA immunoprecipitation (RIP) assay, 1 � 107 cortical neu-
rons were lysed in 800 �l of RIP buffer (diethyl pyrocarbonate [DEPC]-
treated water containing 20 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM
MgCl2, 0.1% Triton X-100, 10% glycerol, 0.5 mM DTT, 1� protease
inhibitor cocktail, and 40 U/ml RNase inhibitor) and centrifuged at
10,000 � g for 5 min. A portion (1/40th) of the resulting supernatant was
saved for total RNA and protein isolation. The remaining solution was
divided equally and incubated with protein G beads with preimmune IgG
or anti-CPEB3 IgG for 2 h. The protein G beads were washed 6 times with
300 �l of RIP buffer. At the last wash, the beads were divided with one
third of the beads eluted with Laemmli sample buffer for Western blot-
ting, while the remaining beads were eluted with 4 M guanidine thiocya-
nate, followed by phenol-chloroform extraction and ethanol precipita-
tion in the presence of 5 �g glycogen. The precipitated RNAs were used for
reverse transcription-coupled PCR (RT-PCR). Primers designed to span
exons 24 and 25 of EGFR mRNA are as follows: sense, 5=-CCGAGAGTT
GATTCTCGAAT, and antisense, 5=-CGTCTTCCATGTCCTCCTC.

RNA extraction, cDNA synthesis, and Q-PCR. Total RNA was ex-
tracted with TRIzol (Invitrogen). The cDNA was synthesized using
oligo(dT) primer and ImProm-II reverse transcriptase (Promega). Quan-
titative PCR (Q-PCR) was conducted using the Universal Probe Library
and Lightcycler 480 system (Roche). Data analysis was done using the
comparative CT (threshold cycle value) method with the non-CPEB3 tar-
get, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as the
reference. The PCR primers are as follows: for Capns1, 5=-CGGTAGCCA
TGAACTTCCA and 5=-GCTGTAGAGATGCTCATTCAGGT; for
CAPN1, 5=-GAGGCTGCAGGAACTACCC and 5=-ATAGTCGTCTGCG
TCATCCA; for CAPN2, 5=-TCAGAAGGCTGTTTGCTCAG and 5=-GC
GCTTGGCTAGAACTCTTC; and for GAPDH, 5=-GCCAAAAGGGTCA
TCATCTC and 5=-CACACCCATCACAAACATGG.

Immunostaining and confocal image acquisition. The hippocampal
neurons grown at a cell density of 15,000/cm2 on coverslips for 12 to 13
days in vitro were fixed with 4% formaldehyde in phosphate-buffered
saline (PBS) at room temperature for 15 min, permeabilized with 0.1%
Triton X-100 for 5 min, blocked with 10% horse serum in PBS for 30 min,
and then stained with CAPN2 and CPEB3 antibodies at 4°C overnight.
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After three washes with PBS, the coverslips were incubated with Alexa
Fluor 488-labeled goat anti-rabbit and Alexa Fluor 594-labeled goat anti-
mouse secondary antibodies for 1 h. The images were acquired with a
Zeiss LSM 510 confocal microscope.

Synaptosome preparation and nucleocytosolic fractionation. The
freshly isolated rat brain was homogenized in buffer containing 0.32 M
sucrose, 40 mM HEPES (pH 7.0), 4 mM EDTA, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), and 1� protease inhibitor (Roche) and then cen-
trifuged at 1,000 � g for 10 min. The resulting supernatant was collected
and centrifuged at 12,000 � g for 30 min. The synaptosome-enriched
pellet was gently resuspended in Krebs-Ringer phosphate buffer (123 mM
NaCl, 3 mM KCl, 0.4 mM MgCl2, 0.5 mM NaH2PO4, 0.25 mM Na2HPO4,
and 1 mg/ml glucose [pH 7.4]) (48). The synaptosome solution was ali-
quoted and either stimulated by the addition of 50 �M NMDA and 2.2
mM CaCl2 at 37°C for the designated time or not stimulated and then
lysed in Laemmli sample buffer for Western blot analysis. Cortical neu-
rons of DIV 12 in 100-mm dishes were treated with 50 �M NMDA for 3
min and then incubated for the indicated time before nucleocytosolic
fractionation using a ProteoJET cytoplasmic and nuclear protein extrac-
tion kit (Fermentas) according to the manufacturer’s protocol.

Recombinant protein purification and in vitro calpain-mediated
cleavage assay. The recombinant MBP-CPEB3 produced in E. coli was
purified according to the established method for purification of MBP and
MBP-CPEB3C (the RNA-binding domain [RBD] of CPEB3 fused to
maltose-binding protein) (29). To prepare the Jurkat S100 lysate, Jurkat
cells were homogenized in hypotonic buffer (20 mM HEPES [pH 7.5], 10
mM potassium acetate, and 1.5 mM magnesium acetate) and centrifuged
at 100,000 � g for 1 h. The collected supernatant (S100) was used as a
source of calpains for the in vitro cleavage assay (40). The [35S]methio-
nine/cysteine-labeled substrates, p53 and CPEB3, were synthesized using
TNT coupled reticulocyte lysate system (Promega) and then incubated
with the S100 lysates in the presence or absence of 0.2 mM CaCl2, 2 mM
EGTA, and/or 20 �M calpain inhibitor III at 37°C for 1 h. The resulting
mixtures were separated on SDS-polyacrylamide gels, and the radioactive
signals were monitored by the phosphorimager Typhoon FLA 4100 sys-
tem (GE Healthcare). The MBP-CPEB3 protein was digested with the
indicated units of calpain 1 or calpain 2 in buffer containing 40 mM
HEPES (pH 7.0), 150 mM NaCl, and 5 mM DTT supplemented with 1 or
3 mM CaCl2, respectively. The reaction mixtures with or without 20 �M
calpain inhibitor III or 5 mM EGTA were incubated at 37°C for 30 min
prior to separation on SDS-polyacrylamide gels, followed by Coomassie
blue staining.

Gel retardation and UV-cross-linking RNA-binding assay. The 1904
RNA probe identified previously as the CPEB3-binding sequence and the
3=-UTRs of Arc and EGFR RNAs were labeled by in vitro transcription
with [�-32P]UTP (29). For cross-linking with Arc or EGFR 3=-UTR
probe, 20-�l reaction mixtures containing 105 cpm of labeled RNA, 50 �g
heparin, 1 �g of recombinant protein (MBP or MBP-CPEB3C), and yeast
tRNA in 10 mM HEPES (pH 7.4), 50 mM KCl, 1 mM MgCl2, 10% glyc-
erol, and 0.5 mM DTT were kept on ice for 10 min and then irradiated
with 1,200 J of UV (254-nm) light for 15 min. The UV-cross-linked sam-
ples were treated with 200 ng of RNase A at 37°C for 10 min and then
resolved by SDS-PAGE. For the experiments using calpain-cleaved mix-
tures, the reaction mixtures containing one of the recombinant proteins,
0.5 �g of MBP or 2 �g of MBP-CPEB3, along with the presence or absence
of 0.5 U calpain 2 and/or 5 mM CaCl2 were incubated in buffer containing
10 mM HEPES (pH 7.0), 50 mM KCl, 10% glycerol, and 0.5 mM DTT at
37°C for 30 min and then mixed with 1.2 � 105 cpm of [�-32P]UTP-
labeled 1904 RNA probe. The RNA-protein mixtures were kept on ice for
20 min before being resolved by TBE-PAGE (PAGE with Tris-borate-
EDTA [TBE]) for the gel retardation experiment or UV cross-linked,
RNase A treated and separated on SDS-polyacrylamide gels.

DNA or RNA transfection and reporter assay. HEK293T cells were
transfected with plasmids encoding myc-tagged CPEB3 variants along
with Flag-tagged CAPN1 or CAPN2 using Lipofectamine 2000 (Invitro-

gen). The RNAs used for transfection were synthesized with the
mMessage mMachine T3 and T7 Ultra kits (Invitrogen) following the
manufacturer’s protocol. Hippocampal neurons cultured for 10 to 11
days were cotransfected with 2.2 pmol of �-galactosidase RNA, myc-
tagged full-length CPEB3 (684 aa) or with the C terminus (aa 428 to 684)
of CPEB3 RNA along with 0.05 �g of firefly luciferase RNA appended to
the EGFR 3=-UTR and 0.05 �g of Renilla luciferase RNA using the Trans-
Messenger Transfection reagent (Qiagen). For NMDA stimulation, the
neurons were transfected with 0.2 �g of firefly luciferase RNA, 0.05 �g of
Renilla luciferase RNA, and 1.5 �g of myc-CPEB3 RNA. The neurons after
3 h transfection were incubated for an additional 3 h with 50 �M NMDA
or without NMDA before lysis for the dual-luciferase assay (Promega).

Mapping the calpain-cleaved site of CPEB3. Twenty micrograms of
MBP-CPEB3 was in vitro proteolyzed by calpain 2, and the cleavage prod-
ucts were divided in half, resolved on SDS-polyacrylamide gels, and
stained with Coomassie blue. The two gel pieces containing the 30-kDa
CPEB3 cleavage fragment were excised and washed with 25 mM triethyl-
ammonium bicarbonate (TEABC) and 50% acetonitrile (ACN) 3 to 5
times until they were destained. The gels were rinsed twice with 100%
ACN and dried in a Speed-Vac. To prevent reformation of disulfide link-
ages between cysteine residues, the gel was reduced with 20 mM DTT in 50
mM TEABC buffer at 60°C for 1 h and then S-alkylated with 55 mM
iodoacetamide in 50 mM TEABC buffer in the dark at room temperature
for 45 min. The resulting gels were rinsed first with 50% ACN and then
with 100% ACN and dried in a Speed-Vac. To block iTRAQ (isobaric tag
for relative and absolute quantitation) labeling on the ε-amino group of
lysine, the gels were guanidinated with O-methylisourea hemisulfate (15
mg dissolved in 90 �l of 7 M NH4OH) at 65°C for 10 min and then
conjugated with iTRAQ reagent 114 at room temperature for 1 h with
gentle vortices. The conjugated gels were digested with trypsin or chymo-
trypsin in 50 mM TEABC buffer at 37°C for 16 h. The digested peptides
were dried and analyzed by reverse-phase liquid chromatography fol-
lowed by tandem mass spectrometry (LC-MS/MS).

RESULTS
NMDA-increased EGFR synthesis requires the degradation of
repressor CPEB3. Because NMDAR signaling modulates the nu-
cleocytoplasmic distribution and translational ability of CPEB3
and because the pharmacological intervention of the CPEB3’s tar-
get, EGFR, in the mouse brain influences spatial memory perfor-
mance (29, 42), we investigated whether NMDA stimulation can
regulate EGFR expression in a CPEB3-dependent manner. Hip-
pocampal neurons cultured for 11 days in vitro (DIV 11) were
treated with 50 �M NMDA or were not treated with NMDA and
harvested for Western blot analysis. Interestingly, the EGFR pro-
tein level was elevated in response to NMDA treatment, and this
increase was inversely correlated with the level of CPEB3 in neu-
rons (Fig. 1A). If downregulating CPEB3 elevates EGFR, this ac-
tivity-related EGFR synthesis would be absent in the CPEB3
knockdown (KD) neurons. The control (siCtrl) and CPEB3 KD
(siCPEB3) hippocampal neurons were stimulated with NMDA or
were not stimulated and collected for Western blot and reverse
transcription-coupled quantitative PCR (RT-QPCR) assays. The
EGFR protein and RNA levels from 3 or 4 independent experi-
ments were averaged and plotted as bar graphs with the amounts
in the nontreated siCtrl neurons arbitrarily set at 1 (Fig. 1B). Sim-
ilar to previous findings (42), the EGFR protein and RNA levels
were upregulated in CPEB3 KD neurons (Fig. 1B). As expected,
NMDA-increased EGFR expression was not obvious in CPEB3
KD neurons (Fig. 1B). When CPEB3 is appended to the nuclear
localization sequence of simian virus 40 (SV40) large T antigen to
increase its nuclear residence, this nuclear form of CPEB3 im-
pedes Stat5-dependent transcription more than CPEB3 does (42).
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This implies that the NMDA-induced nuclear accumulation of
CPEB3 should further inhibit EGFR gene transcription. Nonethe-
less, because of the long half-life of EGFR mRNA (�4 h) in neu-
rons (42) and apparent degradation of CPEB3 in 2 h, NMDA
stimulation eventually upregulates the EGFR RNA level instead of
downregulating it (Fig. 1B). Notably, the increased EGFR RNA
level at 2 h was preceded by the elevated EGFR protein level at 1 h.
Because the 3=-UTR of the EGFR transcript contains U-rich se-
quences, CPEB3 may bind to and inhibit the translation of EGFR
mRNA. The increased EGFR protein in the CPEB3 KD neurons
may have, in part, resulted from the translational activation (or
derepression) of EGFR RNA. To test the binding, the radiolabeled
3=-UTRs of EGFR and Arc (a nontarget control) RNAs were sub-
jected to UV cross-linking with the RNA-binding domain (RBD)
of CPEB3 fused to the maltose-binding protein (MBP-CPEB3C).
In addition, neuronal lysates were incubated with preimmune or
CPEB3 IgG, and the presence of EGFR RNA in the immunopre-
cipitates was determined by reverse transcription-coupled PCR
(RT-PCR). Both in vitro (Fig. 1C) and in vivo (Fig. 1D) binding
assays confirmed the interaction of CPEB3 with the EGFR RNA.
Thus, CPEB3 inhibits EGFR synthesis at the translational level.

Elevated EGFR, observed within 2 h of NMDA treatment, was

primarily a result of increased translation of EGFR RNA, because
cycloheximide (CHX) hinders induction more efficiently than ac-
tinomycin D (ActD) does (Fig. 1E). Despite the fact that NMDAR
signaling enhances nuclear retention of CPEB3 (42), a substantial
decrease in the CPEB3 level eventually upregulates EGFR tran-
scription, probably by reducing the nuclear pool of CPEB3 (Fig.
1B). This result agrees with the ActD treatment trend toward in-
hibition of NMDA-induced EGFR synthesis at the 2-h time point
(Fig. 1E). Thus, NMDA-induced EGFR expression occurs first
through translational control and is likely caused by degrading the
repressor CPEB3. This is because the presence of proteasome in-
hibitor MG132, but not CHX and ActD, prevents the decline of
CPEB3 in NMDA-treated neurons (see Fig. S1A in the supple-
mental material). Moreover, CPEB3 degradation is signaled
through NMDA receptors because the NMDAR antagonist, MK-
801, also blocks degradation (see Fig. S1B). In the absence of
NMDA, the 2-h treatment of ActD, CHX, or MG132 has no ob-
vious effect on CPEB3 and EGFR protein levels (see Fig. S1C).

NMDAR signaling induces calpain 2-dependent cleavage of
CPEB3. To understand the CPEB3 degradation mechanism and
to examine whether this degradation could be observed in neu-
rons stimulated with NMDA without accompanied excitotoxicity,

FIG 1 NMDA-induced EGFR expression is mainly through CPEB3-controlled translation. (A) The Western blots of EGFR and CPEB3 using hippocampal
neurons treated with 50 �M NMDA (� NMDA) or not treated with NMDA for the indicated times (in hours). The changes in EGFR and CPEB3 protein levels
after NMDA treatment are shown as a percentage of change compared to the signal obtained in unstimulated neurons. (B) The EGFR protein and RNA levels in
control (siCtrl) and CPEB3 knockdown (siCPEB3) neurons treated with NMDA or not treated with NMDA for the indicated time were detected by Western
blotting and RT-QPCR assay, respectively. The bar graphs at the bottom of the panel display the relative EGFR protein and RNA levels under different time
treatments of NMDA with the signal from nontreated siCtrl neurons set at 1. The results were analyzed and expressed as means plus SEMs (error bars). An asterisk
marks a statistical difference in the EGFR protein and RNA levels (two-tailed Student’s t test) compared to those of nontreated cells. (C) The recombinant
maltose-binding protein (MBP) and MBP fused to the RNA-binding domain of CPEB3 (MBP-CPEB3C) were UV cross-linked with 32P-labeled 3=-UTRs of Arc
and EGFR RNAs, RNase A treated, and then analyzed by SDS-PAGE. The bottom panel shows Coomassie blue-stained proteins. (D) RNA immunoprecipitation
(RNA-IP) using cortical neuronal lysate incubated with preimmune or CPEB3 IgG. EGFR RNA in the precipitated substances was detected by RT-PCR. �CPEB3,
anti-CPEB3 antibody. (E) The Western blots of EGFR and CPEB3 using control (siCtrl) and CPEB3 knockdown (siCPEB3) neurons treated with NMDA or not
treated with NMDA in the presence (�) or absence of 2 �g/ml actinomycin (ActD) or 50 �g/ml cycloheximide (CHX). The bar graph displays the relative EGFR
protein level under different treatments with the signal from nontreated siCtrl neurons set at 1. The results from four independent experiments were analyzed and
expressed as means plus SEMs. An asterisk denotes a statistical difference in the EGFR protein level (two-tailed Student’s t test) compared to that of mock-treated
cells.
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the neurons were treated with a 3-min pulse of 20 to 50 �M
NMDA, a protocol used to induce AMPA receptor endocytosis
and chemical long-term depression (c-LTD) (4, 6, 34). The 50 �M
pulse of NMDA caused more profound CPEB3 degradation than
20 �M (see Fig. S2A in the supplemental material), so we adopted
the 3-min pulse of 50 �M NMDA stimulation for the following
experiments. The stimulated neurons were incubated for various
times before harvesting lysates for immunoblotting (Fig. 2A) or
RNA for RT-QPCR (Fig. 2B) to measure the CPEB3 protein or
RNA levels, respectively. The treated neurons were also labeled
with propidium iodide to assess their viability. CPEB3 protein, but
not RNA, was reduced within 1 to 2 h after a pulse of NMDA
stimulation (Fig. 2A and B). The reduction in CPEB3 protein level
was not caused by neuronal death from stimulation. The 3-min
treatment caused less than 5% neuronal death after 2 h of incuba-
tion. In contrast, the 2-h NMDA incubation induced around 30%
neuronal death (see Fig. S2B in the supplemental material). Using
the 3-min pulse of 50 �M NMDA, we observed decreased CPEB3
level and elevated EGFR expression 2 h after stimulation (Fig. 2C).
Moreover, CPEB3 degradation is not proteasome dependent, be-
cause only MG132, but not lactacystin, prevented the disappear-
ance of CPEB3 in NMDA-stimulated neurons (Fig. 2D). MG132
inactivates not only proteasome but also other cysteine proteases,
such as cathepsins and calpains (33). Thus, we pretreated neurons
with calpain inhibitor III, a specific blocker of calpain 1 and cal-
pain 2, prior to NMDA stimulation. This inhibitor blocked
NMDA-triggered CPEB3 degradation (Fig. 2E). The chelation of
extracellular calcium with EGTA also impeded CPEB3 degrada-
tion, presumably hindering the calcium influx through NMDA
receptors (Fig. 2F). Thus, these results indicate that calpain 1 and
calpain 2 are the most likely candidates responsible for CPEB3
degradation.

Both calpain 1 and calpain 2 are heterodimeric calcium-acti-
vated cysteine proteases that consist of an identical small regula-
tory subunit, Capns1, and unique 80-kDa large catalytic subunits,
CAPN1 and CAPN2, respectively (Fig. 3A) (23). These CAPN1
and CAPN2 subunits have high sequence homology with identical

domain arrangement. The protease domain II of CAPN consists of
two subdomains (IIa and IIb) with its substrate binding cleft be-
tween the two subdomains. The Ca2�-induced structural changes
of calpain are prerequisites for forming the active catalytic triad
(Cys115-His272-Asn296 in CAPN1 and Cys105-His262-Asn286 in
CAPN2) to cleave the substrate (27). The regulatory subunit
Capns1 binds to the domain IV of CAPN and is required for the
full activity of both calpains (Fig. 3A), as calpain 1 and calpain 2
activities do not appear in Capns1 knockout cells (3). The mouse
cortical neurons infected with the lentiviral particles (control
[siCtrl]) or with the shRNAs against the common small subunit,
Capns1 (siCapns1#1 and siCapns1#2), were harvested for RNA
isolation, and the knockdown efficiency was evaluated by RT-
QPCR to detect the level of Capns1 RNA (Fig. 3B). To confirm
that calpains 1 and 2 are involved in NMDA-induced CPEB3 deg-
radation, the control and Capns1 KD neurons were treated with
NMDA or not treated with NMDA and then used for immuno-
blotting of CPEB3 along with the loading control, leucine-rich
PPR motif-containing protein (LRP130), and the calpain-targeted
control, �II-spectrin (Fig. 3C). The cytoskeletal protein �II-spec-
trin, which regulates plasma membrane dynamics and the dock-
ing of cell surface receptors (49), is cleaved into the 150-kDa and
145-kDa �II-spectrin breakdown products (SBDPs) by activated
calpains 1 and 2 (43). The NMDA-induced CPEB3 decay and
SBDP production in Capns1 KD neurons were hindered, presum-
ably due to the reduced proteolytic activity of both calpains. We
next examined which calpain (or both) participated in CPEB3
degradation by knocking down the catalytic subunit, CAPN1 or
CAPN2, since no inhibitor is available to specifically block the
individual calpain. Similar to the experiments in Fig. 3, the knock-
down efficiencies of CAPN1 and CAPN2 were examined by RT-
QPCR (Fig. 4A). The deficiency of CAPN2, but not CAPN1, im-
paired the proteolysis of CPEB3 and �II-spectrin (Fig. 4B). The
Western blot results from four independent experiments were av-
eraged and displayed as means plus standard errors of the means
(SEMs) (Fig. 4B). Despite the presence of CAPN1 RNA in neurons
(Fig. 4A), we could not detect CAPN1 protein using hippocampal

FIG 2 Blockade of calpain activity inhibits NMDA-induced CPEB3 degradation. (A and B) The cortical neurons at DIV 11 or 12 were treated with 50 �M NMDA
for 3 min and then harvested at the indicated times for Western blotting with CPEB3 and leucine-rich PPR motif-containing protein (LRP130) antibodies (A)
or for RT-QPCR to measure the relative CPEB3 RNA level (B). (C) Similar to panel A but the lysates were also used for Western blotting of CPEB3, EGFR, and
LRP130. The results from 4 independent experiments were analyzed and expressed as means plus SEMs. An asterisk marks a statistical difference in CPEB3 and
EGFR protein levels with or without 3 min of stimulation of NMDA (two-tailed Student’s t test). (D) The cortical neurons were pretreated without (mock) or
with 20 �M MG132 or 10 �M lactacystin for 15 min prior to the presence (�) or absence (�) of NMDA stimulation (3-min pulse). The neurons were harvested
2 h after for Western blot analysis. (E and F) Similar to panel D, except 20 �M calpain inhibitor III and 2 mM EGTA were used to treat neurons before the pulse
stimulation of NMDA.
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and cortical neuronal lysates (data not shown). Previous research
shows that the RNA level of CAPN1 is 50-fold lower than that of
CAPN2 in neurons and that CAPN1 can be detected in the lysates
prepared from fibroblasts but not neurons by immunoblotting
(8). The RT-QPCR measurement in this study also shows that
CAPN2 RNA is expressed approximately 100-fold more than
CAPN1 RNA, assuming that the amplification efficiencies of
primers used for the PCR of CAPN1 and CAPN2 cDNAs are com-
parable. Thus, calpain 2 is the main protease responsible for de-
grading CPEB3 in NMDA-treated neurons. Calpain 2 can be ac-
tivated by the influx of calcium through NMDA receptors.
Alternatively, the interaction of CPEB3 and calpain 2 might en-
hance upon NMDA stimulation to accelerate CPEB3 degradation.
Using neurons treated with NMDA or not treated with NMDA in
the presence of calpain inhibitor III to block CPEB3 degradation,
the coimmunoprecipitation (co-IP) assay revealed that NMDAR
signaling did not regulate the association of CPEB3 and calpain 2
(Fig. 4C). This indicates that the activation of calpain 2 by elevated
calcium accounts for NMDA-induced CPEB3 degradation. The
co-IP assays using the 293T cells expressing various myc-tagged
truncated CPEB3 mutants along with Flag-tagged CAPN1 or
CAPN2 show that amino acids 216 to 317 of CPEB3 are required
to interact with CAPN1 (see Fig. S3A in the supplemental mate-
rial) and CAPN2 (Fig. 4D) to a similar degree. This region of
CPEB3 is also required for its translational repression activity
(12), so we could not generate a nondegradable CPEB3 mutant
with repressor function. Because a domain IV-deleted CAPN2
mutant was coprecipitated with myc-CPEB3 (see Fig. S3B), the
binding of CPEB3 to CAPN1 and CAPN2 was not mediated
through the regulatory subunit Capns1.

CPEB3 degradation by NMDA-activated calpain 2 occurs in
the cytoplasmic and synaptic compartments. Because NMDA
also triggers nuclear accumulation of CPEB3 (42), we investigate

whether calpain 2-mediated CPEB3 degradation takes places in
the cytoplasm or nucleus. The distribution of CAPN2 and CPEB3
is mainly located in the cytoplasm; however, NMDA signaling
causes accumulation of CPEB3 but not CAPN2 in the nucleus
(Fig. 5A). This suggests that CPEB3 is proteolyzed by calpain 2 in
the cytoplasm. Although the nuclear level of CPEB3 increased
within 20 to 30 min after the pulse of NMDA treatment (Fig. 5A
and B), not only the cytoplasmic level but also the nuclear level of
CPEB3 was eventually downregulated at 1 to 2 h (Fig. 5B). CPEB3
and CAPN2 were distributed in dendrites and partially colocalized
(Fig. 5C, arrowheads). Thus, we biochemically isolated synapto-
somes and examined whether NMDA stimulation could induce
CPEB3 degradation in the synaptic compartment (Fig. 5D). The
Western blots show that the level of CPEB3 but not synaptophysin
(sy38) declined in the NMDA-stimulated synaptosomes. The re-
sults from five independent experiments were displayed as means
plus SEMs (Fig. 5D).

CPEB3 is cleaved by calpain 1 and calpain 2 in vitro. Calpain
does not recognize specific amino acid sequences but usually
cleaves substrate proteins at linker regions that connect globular
functional domains, which effectively alters their properties (52).
To identify any functional motif of CPEB3 left after cleavage that
could not be detected by the antibody, we used the Jurkat S100
cytoplasmic extract as a source of calpains to trace the degradation
pattern of [35S]Met/Cys-labeled CPEB3 (11, 46). The radiolabeled
CPEB3 and the calpain substrate p53 (40) were incubated with the
Jurkat S100 lysate in the presence or absence of calcium. When
coincubated with the calcium-added S100 lysate, p53 was proteo-
lyzed to yield two major fragments of approximately 50 and 41
kDa in size (Fig. 6A). Similar to p53, CPEB3 was cleaved multiple
times to produce prominent proteolytic fragments with a size of
approximately 28 to 30 kDa by the calpain activity in the S100

FIG 3 NMDA-induced CPEB3 degradation is ameliorated in the Capns1 knockdown neurons. (A) Schematic diagram showing the domain structure of the
catalytic subunits of calpain 1 and calpain 2, CAPN1 and CAPN2, respectively. The small regulatory subunit, Capns1, binds to the domain IV of CAPN. The
catalytic triad, Cys-His-Asn, located in domain II, is essential for protease activity. a.a., amino acids. (B) The two shRNAs, siCapns1#1 and siCapns1#2, targeted
against the mouse Capns1 were introduced into mouse cortical neurons using lentiviral infection. The Capns1 mRNA level in control (siCtrl) and knockdown
(siCapns1) neurons was analyzed by RT-QPCR. (C) The siCtrl and siCapns1 neurons were treated with a 3-min pulse of 50 �M NMDA or not treated with
NMDA and then collected 1 or 2 h later for Western blot analysis using CPEB3, LRP130, and �II-spectrin (SBDPs, �II-spectrin breakdown products) antibodies.
The results were analyzed and expressed as means plus SEMs. An asterisk marks a statistical difference in the CPEB3 protein level (two-tailed Student’s t test).
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extract because the cleavage of CPEB3 was inhibited in the pres-
ence of calcium chelator EGTA and calpain inhibitor III (Fig. 6A).

Calpain 1 and calpain 2 are also called �- and m-calpain, re-
spectively, because of the differential requirement in the calcium
concentration needed to activate the protease activity in vitro.
However, these calpains generally show no discrimination in
terms of substrate specificity (23). To test whether the knockdown
of CAPN2 but not CAPN1 weakened NMDA-induced CPEB3
degradation was simply because of the abundance of CAPN2 in
neurons, we used purified calpain 1, calpain 2, and recombinant
CPEB3 protein for the in vitro cleavage assay. To increase the
solubility of CPEB3, the protein was appended with MBP at the N
terminus (Fig. 6B). Because MBP is not the substrate of calpains
(see Fig. S4A in the supplemental material), the cleaved product at
the size of 43 kDa is MBP. In addition, the catalytic subunits of
activated calpain 1 and calpain 2 were autolyzed to produce
the 37- and 40-kDa breakdown fragments, CAPN1BD and
CAPN2BD, respectively (see Fig. S4B). Both calpains proteolyzed
MBP-CPEB3 to yield a major breakdown product of 30 kDa,
CP3BD (Fig. 6B). To compare the proteolytic efficiency of CPEB3
by calpain 1 and calpain 2, MBP-CPEB3 was incubated with in-
creasing doses of enzymes, and the remaining MBP-CPEB3 was
monitored by Western blotting using CPEB3 antibody. Calpain 1
cleaved CPEB3 with a slightly better efficiency than calpain 2 did

(see Fig. S4C), confirming that calpain 2 is the major calpain re-
sponsible for cleaving CPEB3 simply because of its abundance in
neurons.

The calpain-cleaved CPEB3 fragment binds to RNA but fails
to repress translation. In most cases, calpains proteolyze their
substrates in a limited manner and produce large segments with
intact domains. Since the CPEB3 antibody recognizes the N ter-
minus of CPEB3 and cannot detect the 30-kDa breakdown prod-
uct, CP3BD, in the Western blots, this cleaved fragment might
correspond to the C-terminal RNA-binding domain with a calcu-
lated molecular mass of approximately 29 kDa. Thus, we used
neurons infected with the lentivirus expressing myc-CPEB3 ap-
pended with triplicate Flag tags at the C terminus, myc-CPEB3-
(Flag)3, so the N-terminal and C-terminal breakdown fragments
in NMDA-treated neurons could be monitored by myc and Flag
antibodies, respectively. Unlike the myc antibody, which recog-
nized only gradually reduced full-length myc-CPEB3-(Flag)3, the
Flag antibody detected several NMDA-induced proteolyzed prod-
ucts, CP3-(Flag)3BD1, -BD2, and -BD3 (Fig. 7A). As time in-
creased, the 35-kDa CP3-(Flag)3BD3 accumulated as the major
end product in vivo (Fig. 7A), with a size similar to the 30-kDa in
vitro-proteolyzed CP3BD fragment (Fig. 6) with the addition of 5
kDa of triplicate Flag tags. Thus, we used the RBD of CPEB3 as the
antigen to generate the C-terminus-specific antibody, anti-

FIG 4 Calpain 2 proteolyzes CPEB3 in the NMDA-treated neurons. (A) The two shRNAs, siCAPN1#1 (or siCAPN2#1) and siCAPN1#2 (or siCAPN2#2),
targeted against the rat CAPN1 (or CAPN2) were introduced into rat neurons using lentiviral infection. The CAPN1 and CAPN2 RNA levels in the siCtrl,
siCAPN1, and siCAPN2 neurons were detected by RT-QPCR from two independent measurements. The results were expressed as means plus SEMs. (B)
The control and various knockdown neurons treated with a 3-min pulse of 50 �M NMDA or not treated with NMDA were analyzed 2 h later by Western
blotting. The results were expressed as means plus SEMs. An asterisk denotes a significant difference in the CPEB3 protein level (two-tailed Student’s t
test). (C) The cultured cortical neurons were treated with 20 �M calpain inhibitor III along with NMDA stimulation or without NMDA stimulation. The
cell lysates were pulled down with control or CPEB3 IgG and probed with CAPN2 and CPEB3 antibodies. IP, immunoprecipitation; IB, immunoblotting.
(D) The top diagram denotes the various CPEB3 truncated mutants. The 293T cell lysates containing Flag-tagged CAPN2 along with myc-tagged
full-length (wild-type [wt]) or truncated mutant CPEB3 were precipitated with the myc antibody and immunoprobed with myc and Flag antibodies.
RRM, RNA recognition motif; Zif, zinc finger.
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CPEB3C antibody. Unlike the original antibody (anti-CPEB3N
antibody), the anti-CPEB3C antibody detected not only the de-
clined level of full-length CPEB3, but also the accompanying ele-
vated amount of 30-kDa breakdown fragment after the activation
of NMDARs (Fig. 7B), confirming that this cleaved product was
indeed generated endogenously.

To determine the cleavage site (i.e., the most N-terminal
amino acid of the 30-kDa proteolytic fragment), the CP3BD pro-
duced in vitro (Fig. 6B) was isolated on gels, and the most N-ter-
minal amino acid was labeled with the iTRAQ (isobaric tag for
relative and absolute quantitation) reagent. Figure 7C shows a
schematic flow chart of this experiment. Because the iTRAQ re-

agent is conjugated to primary amines, it is possible to modify not
only the �-amino group in the most N-terminal amino acid but
also the ε-amino group in the lysine side chain. To prevent the
labeling on the ε-amino group of lysine, the gels were first gua-
nidinated with O-methylisourea hemisulfate, followed by iTRAQ
labeling, trypsin or chymotrypsin digestion, and tandem mass
spectrometry analysis. The major iTRAQ-conjugated tryptic or
chymotryptic peptides listed in Fig. 7C indicate that the calpain-
cutting site is located between Arg427 and Lys428. Thus, the 30-kDa
CP3BD includes the entire RBD and should bind to RNA just like
MBP-CPEB3C does (Fig. 1C), which contains amino acids 426 to
684 of CPEB3. To test this notion, MBP-CPEB3 with or without

FIG 5 CPEB3 is degraded by NMDA-activated calpain 2 in the cytoplasmic and synaptic compartments. (A) Cultured hippocampal neurons of DIV 12
or 13 were treated with 50 �M NMDA for 3 min or not treated with NMDA and immunostained 30 min later with CAPN2 and CPEB3 antibodies. (B) The
DIV 12 cortical neurons were treated with 50 �M NMDA for 3 min or not treated with NMDA and fractionated for cytosol and nuclear extracts at the
indicated times (20 min or 1 or 2 h). The lysates were used for immunoblotting. (C) Low- and high-magnification views of CAPN2 and CPEB3 images are
shown. The white arrowheads mark colocalized CAPN2 and CPEB3 in the dendrite. Bars, 20 �m (top) and 5 �m (bottom). (D) The postnuclear
supernatant prepared from the rat brain was centrifuged at 12,000 � g (12k xg), and the supernatant (sup) and synaptosome-enriched pellet are shown
below the blot. The synaptosomes were aliquoted and stimulated with 50 �M NMDA for the indicated times and harvested for Western blotting of CPEB3
and synaptophysin (sy38). The results from 5 independent synaptosome preparations were analyzed and expressed as means plus SEMs. An asterisk
denotes a significant difference in the CPEB3 protein level (two-tailed Student’s t test).

FIG 6 CPEB3 is cleaved by calpain 1 and calpain 2 in vitro. (A) The [35S]Met/Cys-radiolabeled p53 and CPEB3 were synthesized using the reticulocyte lysate
system and then mixed with the Jurkat cell cytoplasmic extract in the presence or absence of 0.2 mM CaCl2 along with other indicated chemicals (EGTA, dimethyl
sulfoxide [DMSO], and calpain inhibitor III [Cal inh III]) at 37°C for 1 h. The radioactive mixtures were separated on SDS-polyacrylamide gels and analyzed by
a phosphorimager. The arrowheads indicate the positions of major breakdown fragments after cleavage. (B) The recombinant maltose-binding protein (MBP)–
CPEB3 was incubated with or without purified calpain 1 or calpain 2 in the Ca2�-containing buffer along with other indicated reagents at 37°C for 1 h. The
mixtures were separated by SDS-PAGE and stained with Coomassie blue. The asterisks denote various breakdown products, CAPN1BD, CAPN2 BD, and
CP3BD, derived from CAPN1, CAPN2, and CPEB3, respectively.
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calpain 2 cleavage was employed for gel retardation and UV-cross-
linking RNA-binding assays (Fig. 8A). Both assays denote that the
product (CP3BD) cleaved by calpain 2 (Fig. 8A) or calpain 1 (see
Fig. S5 in the supplemental material) bind to the RNA. Unlike
myc-CPEB3, myc-CP3BD (aa 428 to 684) did not repress transla-
tion in the RNA reporter assay (Fig. 8B). Using the RNAs contain-
ing the whole length of EGFR 3=-UTR or various deleted mutants
of EGFR 3=-UTR for the luciferase reporter assay (see Fig. S6A in
the supplemental material) and the UV-cross-linking RNA-bind-
ing analysis (see Fig. S6B), CPEB3 appeared to bind and function
at the multiple regions in the EGFR 3=-UTR. Nonetheless, NMDA
stimulation decreased 20% of ectopically expressed myc-CPEB3
and concomitantly increased 15% translation of the luciferase-
EGFR 3=-UTR reporter RNA (Fig. 8C). Since the RBD alone can-
not inhibit translation due to lack of the eEF2-interacting motif
(12, 29), NMDA-induced cleavage of CPEB3 accounts for the

translational activation (or derepression) of some, if not all, of its
target RNAs (Fig. 8D).

DISCUSSION

This study identifies calpain 2-dependent cleavage of the repressor
CPEB3 as a means to achieve NMDA-induced translational acti-
vation (derepression) of its target RNAs. This finding agrees with
a previous study showing that NMDA-stimulated translational
activation of CPEB3-targeted reporter RNA does not require an
AAUAAA polyadenylation element, implying that it does not pro-
mote cytoplasmic polyadenylation like CPEB1 (29). Recently, we
have identified that CPEB2 and CPEB3 employ a distinct mecha-
nism to repress translation at elongation (12). Thus, CPEB1-me-
diated polyadenylation-induced translation initiation (44) [i.e.,
the elongated poly(A) tails of RNAs are bound by more poly(A)-
binding proteins, which subsequently recruit eIF4G to compete

FIG 7 Identification of the calpain cleavage site at the extreme C terminus of CPEB3. (A) The neurons infected with the lentivirus expressing myc-CPEB3-(Flag)3

were treated with NMDA and harvested at the indicated times. The neuronal lysates were immunoblotted with LRP130, myc, and Flag antibodies. The
arrowheads show the positions of three breakdown fragments, CP3-(Flag)3BD1, -BD2, and -BD3. (B) The NMDA-treated neuronal lysates were analyzed by
Western blotting using antibodies recognizing the N or C terminus of CPEB3 (anti-CPEB3N antibody [�CPEB3N Ab] or anti-CPEB3C), SBDPs, and LRP130.
(C) Work flow used to determine the cleavage site on CPEB3. The calpain 2 cleaved C-terminal fragment of MBP-CPEB3 separated by SDS-PAGE was isolated
and alkylated, guanidinated, and then labeled with the iTRAQ reagent on the gel. The labeled gel was digested with trypsin or chymotrypsin, which cleaved bonds
at the carboxyl sides of lysine/arginine residues or tyrosine/tryptophan/phenylalanine residues, respectively. The collected peptides were analyzed by tandem
mass spectrometry. The iTRAQ-conjugated peptides are listed on the right.
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with maskin or neuroguidin for the binding to eIF4E], is unlikely
to alleviate CPEB3-repressed translation. Nonetheless, a recent
study has implicated that monoubiquitination of CPEB3 by the E3
ligase, neuralized 1, switches CPEB3 from a translational repressor
to activator to increase the poly(A) length of GluA1 and GluA2
RNAs (41). However, it is unclear whether neuronal activity reg-
ulates this modification, which lysine residue of CPEB3 is conju-
gated with ubiquitin, how the monoubiquitinated CPEB3 pro-
motes polyadenylation of GluA1 and GluA2 RNA, and whether
this modification interferes with the interaction of CPEB3 and
eEF2. Because GluA1 is also subject to calpain-mediated cleavage
in response to NMDAR activation (9, 21, 60), we measured the
protein level of EGFR instead of GluA1 or GluA2 in this study to
avoid the AMPA receptor degradation issue.

Calpains regulate diverse physiological functions by cleaving
various substrates in a limited manner. In many cases, the cleaved
products execute alternative functions (14). In the central nervous
system, NMDA receptor signaling-mediated calcium influx in-
duces the activation of calpains (2, 16), which in turn processes
downstream substrates. Postsynaptic substrates of calpains in-
clude �II-spectrin, postsynaptic density 95, Kv4.2 potassium
channel, �-catenin, and the AMPA receptors (1, 35–37, 60), which
are important molecules in regulating synaptic transmission and
memory formation. Calpains under controlled activation (i.e., the
influx of calcium sufficient to activate a few molecules of calpains)
are vital for synaptic plasticity (24, 59), whereas sustained calcium
overload hyperactivates all calpain molecules, resulting in neuro-
nal death-associated pathological events such as brain injury and

FIG 8 The cleavage of CPEB3 by calpain 2 abolishes its translational repression activity. (A) The recombinant MBP or MBP-CPEB3 was incubated with calpain
2 in the absence or presence of Ca2�, the mixtures were incubated with the 32P-labeled 1904 RNA probe. One half of the RNA-protein mixture was used for the
gel retardation assay (top gel). The other half was UV cross-linked and RNase A digested, followed by SDS-PAGE separation. The gel was stained with Coomassie
blue and exposed to a phosphorimager. The RNA-protein complexes are labeled with one or two asterisks. (B) RNA reporter assay. The hippocampal or cortical
neurons of DIV 10 or 11 were transfected with mRNAs encoding �-galactosidase (�-gal), myc-CPEB3 or myc-CP3BD, along with the firefly luciferase appended
to the EGFR 3=-UTR and Renilla luciferase. (C) Similar to panel B, the transfected neurons were stimulated with 50 �M NMDA or not stimulated with NMDA.
The neurons were harvested 3 h later for Western blotting and luciferase assays. The normalized luciferase activity (firefly/Renilla) was calculated. The results were
analyzed and expressed as means plus SEMs. An asterisk marks a statistical difference (two-tailed Student’s t test). The intensities of immunodetected signals
analyzed by the ImageJ software are displayed as relative ratios at the bottoms of blots. (D) Schematic model of CPEB3-governed translation. The binding of
CPEB3 to the 3=-UTR of plasticity-related protein (PRP) RNA, such as EGFR, reduces the translation through its interaction with eEF2. NMDA-induced EGFR
RNA translation is in part caused by the calpain 2-dependent cleavage of CPEB3, which presumably allows eEF2 to resume its maximal GTPase activity and
enhances the translation of EGFR RNA.
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ischemia (7, 19, 31). In several neurodegenerative mouse models,
the inhibition of calpain activity ameliorates neuronal death and
improves behaviors (15, 25, 39). This study shows that a short
pulse of NMDA, a paradigm used to induce c-LTD, and sustained
NMDA incubation accompanied with excitotoxicity, all induce
calpain activity to proteolyze CPEB3. Moreover, NMDA-induced
CPEB3 degradation can take place in the synaptic compartments.
Therefore, the activity-dependent CPEB3-mediated translational
control may be important under physiological and pathological
conditions.

Calpain 1 and calpain 2 are present in almost all mammalian
cells and are considered the major calpain forms expressed in neu-
rons. The absence of fully specific calpain inhibitors has prevented
unequivocal proof of a particular physiological role for individual
calpain family members. Early studies using inhibitors such as
leupeptin, calpain inhibitor I (ALLN [N-acetyl-Leu-Leu-Asn]),
and calpain inhibitor II (ALLM [N-acetyl-Leu-Leu-methioninal])
have demonstrated that calpain activity is involved in certain
forms of long-term potentiation (LTP) and LTD induction (16,
17, 28, 50). However, these inhibitors used in the earlier works also
inhibit proteasome and/or cathepsins. Thus, the genetic knockout
approach can demonstrate the role of individual calpains in vivo.
Both CAPN2 (18) and Capns1 (3) knockout mouse are embryonic
lethal. In contrast, the CAPN1 null mice are viable and have nor-
mal theta burst-evoked LTP and fear conditioning learning (24).
The lack of neuronal phenotypes in CAPN1 knockout animals is
probably because of the low abundance of CAPN1, since the
knockdown of CAPN2 has more profound effect on proteolysis of
calpain substrates, such as CPEB3 and �II-spectrin, in neurons.
Mice with the loxp-flanked conditional allele of Capns1 (54) and
CAPN2 (53) are now available, so the brain-specific CAPN2
knockout mice will be useful tools for assessing calpain 2’s role in
learning and memory.

Because many calpain substrates are important molecules for
neuronal function and plasticity, the depletion of calpain activity
in knockout mice should have a profound effect on plasticity and
memory. Here, we demonstrate that calpain can also influence
translation-dependent plasticity by cleaving the translational re-
pressor CPEB3 to activate the target RNA translation. Although
CPEB3 also functions as a transcription repressor of the EGFR
gene, the NMDA stimulation activates EGFR expression first at
the translational level for two reasons. The distribution of calpain
2 is mainly located in the cytoplasm; however, NMDA signaling
accumulates CPEB3 but not calpain 2 in the nucleus. The in-
creased cytoplasmic degradation and nuclear accumulation of
CPEB3 result in a faster decline of CPEB3 level in the cytoplasm
than in the nucleus. Other translation regulators, such as dicer and
eIF4G1, have also been identified as calpain substrates (38, 57).
This study identifies the underlying mechanism of NMDA-in-
duced CPEB3 degradation as a prerequisite to activating CPEB3-
targeted RNA translation.
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