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CPEB3-dowregulated Nr3cl mRNA translation confers
resilience to developing posttraumatic stress disorder-like
behavior in fear-conditioned mice

Wen-Hsin Lu', Hsu-Wen Chao @3, Pei-Yi Lin', Shu-Hui Lin*3, Tzu-Hsien Liu'*#, Hao-Wen Chen®* and Yi-Shuian Huang
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Susceptibility or resilience to posttraumatic stress disorder (PTSD) depends on one’s ability to appropriately adjust synaptic
plasticity for coping with the traumatic experience. Activity-regulated mRNA translation synthesizes plasticity-related proteins to
support long-term synaptic changes and memory. Hence, cytoplasmic polyadenylation element-binding protein 3-knockout
(CPEB3-KO) mice, showing dysregulated translation-associated synaptic rigidity, may be susceptible to PTSD-like behavior. Here,
using a context-dependent auditory fear conditioning and extinction paradigm, we found that CPEB3-KO mice exhibited traumatic
intensity-dependent PTSD-like fear memory. A genome-wide screen of CPEB3-bound transcripts revealed that Nr3c1, encoding
glucocorticoid receptor (GR), was translationally suppressed by CPEB3. Thus, CPEB3-KO neurons with elevated GR expression
exhibited increased corticosterone-induced calcium influx and decreased mRNA and protein levels of brain-derived neurotrophic
factor (Bdnf). Moreover, the reduced expression of BDNF was associated with increased GR level during fear extinction in CPEB3-KO
hippocampi. Intracerebroventricular delivery of BDNF before extinction training mitigated spontaneous fear intrusion in CPEB3-KO
mice during extinction recall. Analysis of two GEO datasets revealed decreased transcriptomic expression of CPEB3 but not NR3CT in
peripheral blood mononuclear cells of humans with PTSD. Collectively, this study reveals that CPEB3, as a potential PTSD-risk gene,

downregulates Nr3cT translation to maintain proper GR-BDNF signaling for fear extinction.
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INTRODUCTION

Posttraumatic stress disorder (PTSD) is a psychiatric disorder after
a traumatic experience, such as combat- or domestic violence-
caused distress. The manifestation of PTSD depends on not only
the intensity of trauma but also genetic risk factors [1, 2]; the latter
may result in enhanced fear memory formation and/or impaired
fear extinction after exposure to trauma reminders. A significant
number of individuals with PTSD do not respond well to exposure
therapy [3-5], which modifies fear memory through extinction
learning. Therefore, the risk alleles that influence the development
and treatment of PTSD must be identified.

However, the genetic predisposition to PTSD is difficult to
determine [6] because an extensive trauma is necessary to trigger
its development, and healthy controls can carry PTSD-risk alleles in
the absence of over-threshold trauma exposure. Many candidate-
driven studies have investigated genes involved in regulating
stress and fear responses, including the hypothalamic-pituitary-
adrenal axis (HPA-axis) and limbocortical circuit of fear memory. At
the molecular level, glucocorticoid receptor (GR), a glucocorticoid-
activated transcription factor, is the key mediator of the stress
response by modulating the HPA-axis [7] and synaptic plasticity in
the limbocortical circuit [8]; when dysregulated, GR affects the
pathogenesis and therapy of stress-related emotional disorders

[9, 10]. Additional molecular factors contributing to the magnitude
of PTSD symptoms have been addressed, such as serotonin
transporter (5-HTT), dopamine receptor, brain-derived neuro-
trophic factor (BDNF) and FK506-binding protein 5 (FKBP5). Some
are GR-regulated genes or molecules controlling GR sensitivity
[11]. Because PTSD is caused by an inability to appropriately adjust
synaptic plasticity after severe trauma, plasticity-related proteins,
such as BDNF and metabotropic glutamate receptor 5 (mGIuR5),
have also been reported as PTSD-risk factors [12, 13]. Recently, a
large-scale meta-analysis of PTSD genome-wide association
studies reported additional risk alleles under the consideration
of sex and ethnicity. For example, single nucleotide polymorph-
isms in PARK2 are related to dopamine signaling, ZDHHC14 is
involved in regulating B-adrenergic receptors, and several non-
coding RNAs with unidentified relations are related to the etiology
of PTSD [14]. Because non-coding RNAs can affect a wide-
spectrum of gene expression [15, 16], they may shift the balance
in gene regulatory networks to affect the HPA-axis and/or synaptic
plasticity and consequently accentuate a vulnerability to trauma.

Generating PTSD animal models aims to uncover neural and
molecular mechanisms underlying PTSD and then develop
effective therapeutic strategies. However, multiple stressful events
in combination are required to induce PTSD-like symptoms in
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mice and rats [17, 18]. To include the genetic risk factor, mutant
mice such as FKBP5-knockout (KO), 5-HTT-KO, hippocampal KO of
BDNF and BDNF-Val66Met have been used for studying aberrant
fear responses [19-23]. Cytoplasmic polyadenylation element-
binding protein 3 (CPEB3) is a sequence-specific RNA-binding
protein that regulates the translation of several plasticity-related
proteins, including the subunits of N-methyl-D-aspartate receptor
(NMDAR) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPAR) [24-26]. Our previous studies found
that CPEB3 could inhibit translation via downregulating the
GTPase activity of the translation elongation factor eEF2. NMDAR
signaling triggers calpain 2-mediated proteolysis of CPEB3,
thereby increasing translation of CPEB3-repressed RNAs [26-28].
The other study identified that monoubiquitination of CPEB3 by
Neuralized1 switches CPEB3 from a repressor to an activator to
promote polyadenylation-induced synthesis of AMPAR subunits
[29]. Therefore, similar to its family members, CPEB1, CPEB2 and
CPBE4, CPEB3 can regulate mRNA translation bidirectionally
depending on the interacting partners and signaling [30]. Several
lines of evidence indicate an increased synaptic rigidity in the
CPEB3-KO hippocampus and cortex, including slow reversal
learning in the Morris water maze and chemical long-term
depression-induced synaptic remodeling as well as impaired
hippocampal depotentiation [31, 32]. Moreover, CPEB3-KO mice
with normal responses to electric shocks exhibited accelerated
acquisition and retarded extinction in the contextual fear
conditioning test, but their long-term consolidated memory
appeared normal [31].

In this study, we identified that CPEB3-KO mice showed
enhanced fear intrusion during extinction recall in a traumatic
intensity-dependent manner. Molecular characterizations identi-
fied that CPEB3-suppressed translation of GR mRNA (encoded by
the Nr3c7 gene) and its deficiency rendered elevated GR signaling
to impair Bdnf transcription and fear extinction. Intracranial
supplementation of BDNF into CPEB3-KO mice before extinction
training mitigated their abnormal fear responses. Together, CPEB3
may be a novel regulator of GR-mediated stress signaling for
coping with traumatic experiences.

MATERIALS AND METHODS

Animals, genotyping and corticosterone (CORT) treatment

All animal experiments were approved and performed in
accordance with the guidelines of the Institutional Animal Care
and Utilization Committee in Academia Sinica. To obtain CPEB3-
wild type (WT) and -KO mice, male littermates from heterozygous
mating were genotyped and housed in a 12-h light-dark room
with ad libitum access to food and water as described [31]. Male
mice at age 2.5-4 months were used for behavioral assays or
intraperitoneally (i.p.) injected with CORT (5 mg/kg) at 2 pm. To
avoid circadian influences, all mice were euthanized between 2
and 4 pm for tissue collection.

Antibodies and chemicals

Antibodies used in the study were B-actin (A5441), a-tubulin (T5168)
and pY816-TrkB (ABN1381) from Sigma-Aldrich; GAPDH (SC-25778),
GR (SC-1004) and TrkB (SC-8316) from Santa Cruz Biotechnology;
pS211-GR (#8765), CREB (#9197) and pS133-CREB (#9196) from Cell
Signaling; myc-tag (9E10 clone) from Abcam; CaMK2a (05-532) and
pT286-CaMK2a (05-533) from Millipore; BDNF (25699-1-AP) from
Proteintech; mGIuR5 (A9819) from ABclonal; Kalirin (PA5-18214)
from Invitrogen; and CPEB3 monoclonal antibody generated in-
house (Chao et al, 2012). AlexaFluor-conjugated secondary anti-
bodies, ProLong Gold antifade and 4',6-diamidino-2-phenylindole
(DAPI) reagents and Fura-2 AM calcium indicator (F1221) were from
Thermo Fisher. Avertin (T48402), papain (P4762) and CORT (27840)
were from Sigma-Aldrich.
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Context-dependent auditory fear acquisition and extinction
Adult male mice were tested by observers who were blinded to
genotypes except for the BDNF-rescue experiment. In brief, the
fear response was assessed by the freezing percentage during the
tone-given period (FreezeScan, CleverSys Inc.). A mouse was first
placed in the acquisition chamber (context A) cleaned with 70%
ethanol for 200s. For fear conditioning, the habituated mouse
received a 2k-Hz tone for 20 s (conditioned stimulus [CS]) with a
0.5-mA foot shock during the last 2s (unconditioned stimulus
[US]), followed by a 100-s interval (total 2 min/trial). The CS-US
paired conditioning was repeated for 4 or 6 trials before returning
to the cage. After 24-h consolidation, extinction training was
performed in an apparatus of different shape, texture and color
(context B), which was cleaned with scented soap water. The fear-
conditioned mouse was habituated for 100 s and then received a
2k-Hz tone for 20 s, followed by a 50-s post-trial interval (total 70 s/
training). The extinction training was repeated 18 times before
returning to the cage. One extinction trial was to analyze the
freezing time in 3 consecutive tone periods and the extinction
blocks #1 and #2 were spaced 30 min apart. A recall task, including
a 100-s habituation and 4 repeats of 20-s 2k-Hz tone with a 50-s
interval, was performed in context B to test spontaneous fear
recovery and then in context A 30min later to evaluate fear
renewal. The mouse stayed in both contexts for 50 s more after
the last 20-s tone before returning back to the cage.

Intracerebroventricular (ICV) Infusion of BDNF

Mice at age 8-10 weeks were anesthetized and implanted
with a 25-gauge cannula to the lateral ventricle (AP —0.6 mm,
ML —1.5 mm, DV —2.2 mm relative to Bregma) as described [33].
After recovery from the surgery for 2 weeks, the mice underwent
CS-US conditioning. After 24 h, mice were briefly anesthetized
with isoflurane and a 33-gauge micro-injector was connected to
infuse 1l saline or BDNF (1pg/pl) at 15pl/h. The mouse
recovered for 1 h in the cage was given extinction trainings.

RNA Immunoprecipitation (RIP) and RT-gPCR

A previous protocol was used with modifications [31]. A pair of
mouse cortices was harvested for immunoprecipitation by using
control or CPEB3 IgG-bound beads. About 10% beads was used for
immunoblotting and the precipitated RNAs from the remaining
beads were used for microarray analysis. For validating microarray-
identified targets, the RNA samples isolated from independent
RIPs were reverse-transcribed. Quantitative PCR involved using
comparative threshold cycle and the Universal Probe Library
system (Roche) with the primers listed in Supplementary Table S1.

Microarray and gene ontology analysis

A previous protocol was followed with modifications [34]. The
precipitated RNAs from 2 independent RIPs were submitted to a
microarray service (Agilent SurePrint G3 Mouse GE 8x60K,
Welgene, Taiwan). The genes with average signal showing more
than 1.5-fold enrichment in CPEB3 versus control precipitates
were analyzed by the Gene Ontology enRlchment analysis and
visual LizAtion tool (GORILLA) [35]. The term “neuron” was applied
to all selected ontologies and the genes in “learning or memory”
(Supplementary Table S2) with signal in the top 50% were further
analyzed for the number of CPE (UUUUA,,U).

Immunohistochemistry, image acquisition and quantification

Mice i.p. injected with CORT at 2 pm were anesthetized 30 min
later and perfused with 4% formaldehyde. Brains were isolated,
post-fixed in 4% formaldehyde, embedded in paraffin and
sectioned coronally. Solutions were prepared in PBS and all
procedures were conducted at room temperature, unless other-
wise specified. Antigen retrieval was performed in Tris-EDTA buffer
(pH 9.0) in a pressure cooker for 5 min. Slices were permeabilized
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with 0.2% Triton X-100 for 30 min and blocked with 10% horse
serum and 5% bovine serum albumin (BSA) for 2 h, followed by
the incubation of primary antibodies in 1% BSA, 1% horse serum
and 0.05% Triton X-100 solution at 4°C for overnight. After 5
washes of PBS containing 0.2% Triton X-100, the slices were
incubated with DAPI and fluorophore-conjugated secondary
antibodies for 2 h and mounted in ProLong Gold antifade reagent.
Images were captured with consistent parameters by LSM780
confocal microscopy and analyzed by Image J (NIH).

Neuronal culture, lentiviral infection and calcium imaging

Because of the infertility of CPEB3-KO females, two pregnant mice
of heterozygous mating were used each time for culturing WT and
KO neurons as described [31]. The preparation of lentiviruses and
the infection of cultured neurons at 7 days in vitro (DIV) were as
reported [24]. For calcium imaging, DIV17-18 neurons were
washed with Hank's balanced salt solution (HBSS) twice and then
incubated with HBSS containing 2 uM Fura-2 AM, 1 mg/ml glucose
and 0.1% BSA at 37 °C for 30 min. Neurons were recorded in a 37°
C chamber on Zeiss Axiovert 200 Inverted Fluorescent microscope
and perfused with HBSS + the indicated compounds at 4 ml/min.
Regions of interest over the field of view were selected and the
mean fluorescence intensity of each frame was measured.

Plasma corticosterone measurement and reporter assay

Mice completed the indicated behavior condition were sacrificed
immediately to collect tissues and blood (1.5 mg EDTA/ml blood).
After 10 min of 3000xg centrifugation, plasma samples were
collected to determine corticosterone concentration by using
Corticosterone ELISA (KA0468, Abnova). The 3-UTRs of hNR3C1
and mNr3c1 were amplified by using the primers listed in
Supplementary Table S1 and cloned into Xbal-linearized
pcDNA3.1-FLuc plasmid. HEK293T cells in a 12-well plate were
transfected with a mixture of plasmids containing 0.2 pug firefly
luciferase and 0.1 pg Renilla luciferase reporters along with 0.5 ug
plasmid expressing enhanced green fluorescent protein (EGFP) or
myc-CPEB3 by using Lipofectamine 2000. The reporter assay was
performed 24 h later by using the Dual luciferase assay kit
(Promega).

Statistical analysis

Excel and GraphPad Prism were used to produce the graphs and
statistics. Single-factor comparisons were determined by nonpara-
metric Mann-Whitney test. Multivariate data were analyzed by
one-way or two-way ANOVA with Bonferroni post hoc compar-
isons except for behavioral data, which were analyzed with the
Fisher LSD post hoc test.

RESULTS

CPEB3-KO mice show PTSD-like behavior in response to intensified
fear conditioning

To test whether CPEB3-KO mice are vulnerable to PTSD when
facing increasing traumatic exposure, we used a context-
dependent auditory fear conditioning and extinction paradigm
to assess their fear responses (Fig. 1a). To reach a comparable
freezing level after CS-US conditioning, CPEB3-WT and -KO mice
underwent 6 and 4 acquisition trials, respectively (Fig. 1b). Both
groups of mice explored the context A chamber with low freezing
levels during habituation and then learned to pair the CS and US
after acquisition training. CPEB3-KO mice learned faster than their
WT littermates at the 2nd and 3rd trials but eventually reached a
comparable freezing level at the last trial. On the next day, the
extinction training successfully reduced the fear responses of all
mice. We found no significant difference in freezing level between
the last acquisition trial and first extinction trial, so the
consolidation of fear memory appeared normal in both groups.
During the recall tests, CS-induced freezing was significantly
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higher in context A (i.e., renewal) than context B (i.e., spontaneous
recovery), but both WT and KO mice exhibited similar fear
responses in both contexts.

We then challenged CPEB3-KO mice with intensified traumatic
exposure by increasing acquisition trials to 6 times (Fig. 1c). All
mice were trained to associate CS with US during acquisition, but
KO mice showed enhanced associated fear learning from the 2nd
to 4th trial. Although both groups exhibited similar freezing levels
at the end of acquisition, CPEB3-KO mice showed enhanced
memory consolidation with increased freezing in the 1st extinc-
tion trial. Extinction training significantly diminished freezing in
both groups to a similar extent. Notably, KO mice displayed
comparable fear renewal with their WT littermates in context A,
but their spontaneous recovery of fear in context B was markedly
elevated (Fig. 1c). Therefore, CPEB3-KO mice showed PTSD-like
fear intrusion after increasing trauma exposure (6 vs 4 acquisition
trials), and their fear memory failed to be modified after extinction
learning.

CPEB3 represses Nr3c1 mRNA translation in neurons

We used RNA immunoprecipitation (RIP) to identify CPEB3-bound
mRNAs (Fig. 2a) and classified them by Gene Ontology analysis
[35] (Fig. 2b). Some known CPEB3-targeted mRNAs, such as Grin1
(with average fold enrichment of 1.19), Grin2a (0.92), Grin2b (1.48),
Grial (1.61) and Gria2 (2.83), were not identified from this
genome-wide approach or were clustered in the GO: glutamate
receptor signaling pathway. We next examined transcripts in GO:
learning or memory (Fig. 2c and Supplementary Table S2) and
analyzed the number of cytoplasmic polyadenylation element
(CPE, UUUUA, ,U) sequences in the 3'-untranslated region (3'-UTR)
(Fig. 2d). Among the top 3 candidates, Grm5, Kalrn and Nr3c1, only
the latter 2 could be validated from independent RIPs (Fig. 2e).
Kalrn encodes Kalirin, a guanine nucleotide exchange factor for
BDNF-stimulated neurite outgrowth [36]. Grm5 encodes mGIuR5,
which is upregulated in PTSD individuals [12, 37]. Only Nr3ci-
encoded GR expression was upregulated in CPEB3-KO corticohip-
pocampal tissue (Fig. 2f). The increased GR level was unlikely
caused by a dysregulated HPA-axis because corticosterone (CORT)
concentrations were comparable between WT and KO mice
(Fig. 29g).

The limbic regions, including the hippocampus, amygdala and
prefrontal cortex, are involved in context-dependent auditory fear
memory presentations [38, 39]. Only the protein (Fig. 3a) but not
mRNA (Fig. 3b) level of GR elevated in these brain regions of
CPEB3-KO mice. The phosphorylation of GR at S211 is enhanced
upon ligand binding and important for nuclear translocation and
transcriptional activation of GR [40]. Increased GR and pS211-GR
levels were also detected in cultured KO neurons, which could be
restored by ectopically expressing myc-tagged CPEB3 (Fig. 3c).
Because aberrant GR signaling is highly relevant to PTSD, we
examined whether CPEB3 may bind to and suppress the
translation of human NR3C7 mRNA containing multiple CPEs
(Fig. 3d). CPEB3 inhibited the expression of firefly luciferase
reporter appended with the 3"-UTR of not only mouse Nr3c7 but
also human NR3C1 (Fig. 3e). Thus, CPEB3 negatively regulates GR
synthesis to confine GR signaling.

Increased CORT-induced calcium influx in CPEB3-KO neurons

GR activation enhances Ca®>" conductance and its downstream
signaling in the hippocampus and amygdala [41-44]. As expected,
KO neurons treated with =200 ng/ml CORT showed increased
calcium influx [Ca®']; (Supplementary Fig. S1a). GR activation also
sustains NMDAR-mediated [Ca®']; [45], so NMDA-induced [Ca*'];
was potentiated by the presence of =200 ng/ml CORT (Supple-
mentary Fig. S1b). Of note, we previously identified increased
NMDAR expression in CPEB3-KO neurons [31], so NMDA alone
caused elevated [Ca®']; in KO neurons (Supplementary Fig. S1c).
CORT-potentiated [Ca®']; via NMDAR was augmented in KO
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Fig. 1 CPEB3-KO mice show PTSD-like behavior in response to intensified fear conditioning. a The protocol used to evaluate spontaneous

fear recovery and fear renewal in adult male mice after CS-US paired conditioning in context A and CS-evoked extinction training in context B.
CS (conditioned stimulus), 2k-Hz tone for 20 s; US (unconditioned stimulus), 0.5-mA foot shock given at the last 2 s of the tone for acquisition
training. Each extinction trial consisted of 3 consecutive 20-s tones separated by a 50-s interval. b Freezing levels in CPEB3-WT and -KO mice

during acquisition and extinction of cued fear conditioning. Consecutive

extinctions (#1 and #2) were performed 30 min apart. The mice after

extinction training were tested 6 days later for spontaneous recovery and renewal of fear in two different contexts. Acquisition: Fs7) =
41.488, p < 0.001, extinction: F(; 15 = 5.364, p = 0.033, consolidation: F(; 15y = 3.635, p = 0.073, and recall: F(; 15 =8.517, p = 0.009. ¢ Similar to

b except increasing acquisition trials in KO mice. Acquisition: Fg4) =7
F(1,24y = 4.038, p = 0.056, and recall: F(; 24y = 6.798, p = 0.015. The number

5.044, p < 0.001, extinction: F(; 4y = 51.237, p <0.001, consolidation:
of mice used for each group is indicated in the parenthesis. Data are

mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant, two-way ANOVA.

neurons due to the elevated levels of both GR and NMDAR
(Supplementary Fig. S1b). Ectopic expression of myc-CPEB3
sufficiently rescued CORT- and NMDA-induced abnormal [Ca®"];
in KO neurons (Supplementary Fig. S1a—c).

The activation of calcium/calmodulin-dependent protein kinase
2a (CaMK2a) through NMDAR signaling as determined by
autophosphorylation at T286 was elevated in CPEB3-KO neurons
[32]. WT and KO neurons treated with 200 ng/ml CORT or in
combination with 3-min NMDA stimulation were analyzed. The
elevated GR and pT286-CaMK2a signal in KO neurons could be
restored by ectopic myc-CPEB3 expression (Supplementary
Fig. S1d). However, a slight increase of CORT-induced [Ca®'];
(Supplementary Fig. S1a) did not aggravate CaMK2a activation in
KO neurons (Supplementary Fig. S1d). By contrast, in the presence
of CORT with a brief NMDA stimulation, the level of pT286-
CaMK2a was more obviously elevated in KO neurons (Supple-
mentary Fig. S1e, conditions 3 and 4 vs 2).

Because CPEB3-KO neurons showed abnormal calcium signaling
in response to CORT and NMDA (Supplementary Fig. S1), we
analyzed whether CaMK2a is aberrantly activated in CPEB3-KO
hippocampus and amygdala during the behavior test. Although
hippocampal pT286-CaMK2a level was higher in habituated KO
than WT mice (condition 1), it showed opposite changes with an

SPRINGERNATURE

increase in level in WT and a decrease in level in KO hippocampi
after fear conditioning (condition 2). Such a phenomenon was not
consistently found in amygdala (Supplementary Fig. S2). More-
over, the p-CaMK2a signal was downregulated to a similar level in
WT and KO hippocampi after 24-h consolidation (condition 3).
When spontaneous fear recovery was recalled in context B, KO
hippocampi showed a slight increase in p-CaMK2a signal
(condition 4). Because the activation of CaMK2a is necessary for
fear consolidation and extinction [46, 47], the elevated p-CaMK2a
signal in naive KO mice may contribute to their accelerated fear
acquisition.

Elevated GR signaling and reduced BDNF level in CPEB3-KO
hippocampus

The data presented so far suggested that the loss of CPEB3-
suppressed Nr3cl translation causes elevated GR expression,
thereby leading to PTSD-like behavior in fear-conditioned KO
mice. To examine whether CPEB3 downregulation could be
associated with PTSD, we analyzed 2 GEO DataSets, which contain
the transcriptomes obtained from peripheral blood mononuclear
cells (PBMCs) of humans. In the GSE860 dataset, we found reduced
mMRNA level of CPEB3 but not NR3CT1 in PTSD individuals as
compared with controls, both groups being trauma survivors [48].

Neuropsychopharmacology (2021) 46:1669 - 1679
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precipitated by CPEB3 (CP3) IgG relative to control (CTL) IgG. The statistical significance of each cluster is expressed as -log,, P in the X-axis.
¢ Duplicate RIP signals of the identified genes in GO: learning or memory. The normalized RIP signals (RIP¢ps o RIPc71/0.5 X [RIPcr ;1 + RIPcT2])

were ranked from smallest (min: 0.74) to largest (max: 9.99) and the
marked in red. d Genes with RIP signal intensity in the top 50%

n color-coded. The median of the normalized RIP signals is 1.25. Nr3cT is
of all genes listed in ¢ were analyzed for the consensus cytoplasmic

polyadenylation elements (CPEs, UUUUAU and UUUUAAU) in their 3-UTR and ranked according to number of CPEs. e Corticohippocampal
lysates from adult male mice were used for RIP, followed by RT-gPCR to determine the relative levels of Nr3c1, Grm5 and Kalr (n=4

independent experiments). f Immunoblots of denoted proteins in

WT and KO corticohippocampal tissues expressed as relative ratio to

GAPDH expression. g Plasma corticosterone levels in mice with or without foot shock (6 mice per group). Data are mean + SEM. *p < 0.05, n.s.

not significant, nonparametric Mann-Whitney test.

The levels of CPEB3 and NR3C1 in individuals were not correlated
(Fig. 4a). The GSE81761 dataset contains the transcriptomes from
military members [49], which showed reduced expression of
CPEB3 but not NR3CT1 in the PTSD group (Supplementary Fig. S3).

The integrated evidence indicates that elevated GR signaling
attenuates Bdnf transcription to affect stress-induced emotional
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disorder and memory formation [50-53]. The nuclear pS211-GR
signal was significantly higher in the hippocampal CA1 of KO than
WT mice with or without intraperitoneal injection of CORT (Fig. 4b).
We analyzed all Bdnf isoforms and found Bdnf |, lll and IV more
abundant than other isoforms in both genotypes (Fig. 4c), which is
consistent with the previous study [54]. The most dominant Bdnf |
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prefrontal cortical (PF-Ctx) lysates from adult male mice. The protein level of GR was normalized to that of $-actin. b RT-qPCR of Nr3c7 and
Gapdh mRNA levels expressed as relative ratio in various WT and KO brain tissues. ¢ WT and KO neurons cultured at DIV7 were infected with
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human NR3CT, respectively. e Dual luciferase reporter assay. The reporter plasmids, firefly luciferase (FLuc) with or without denoted 3'-UTR and
Renilla luciferase (RLuc) were co-transfected with the plasmid expressing myc-tag or myc-CPEB3 into HEK293T cells. FLuc and RLuc activities
were analyzed and expressed as relative ratios (3 independent experiments). Data are mean + SEM. *p < 0.05, ***p < 0.001, n.s. not significant,

nonparametric Mann-Whitney test.

transcript showed a consistent downregulation in the KO
hippocampus (Fig. 4c), amygdala and prefrontal cortex (Supple-
mentary Fig. S4). Moreover, the CPEB3-KO hippocampi showed
elevated GR signaling (pS211-GR) in mice injected with PBS (0
min) or CORT (30 min) and reduced BDNF level, which lasted for 4
h after CORT injection (Fig. 4d).

GR-mediated BDNF downregulation contributes to PTSD-like
behavior in CPEB3-KO mice

To assess whether the PTSD-like phenotype in CPEB3-KO mice is
caused by enhanced GR signaling to suppress BDNF expression
and impair extinction, we collected hippocampal and plasma
samples during the behavioral assay (Fig. 5a). Plasma CORT
concentration was correlated with the stress condition of mice,
with an increase right after acquisition and a decrease during
extinction, but showed no changes in KO mice (Fig. 5b). Despite
comparable Nr3cT mRNA levels between WT and KO hippocampi
(Fig. 5¢), KO hippocampi at the basal condition (habituation) and
at extinction showed elevated GR level accompanied by
decreased BDNF level (Fig. 5e, f). Because BDNF signaling is
important for fear extinction [23, 55, 56], we speculated that the
increased fear intrusion in CPEB3-KO mice may be caused by
insufficient BDNF to impair extinction. If so, the supply of BDNF
should facilitate extinction to reduce the intrusive fear recovery in
KO mice. Thus, we first examined the temporal activation profiles
of tyrosine receptor kinase B (TrkB) and its downstream c-AMP-
responsive element-binding protein (CREB) signaling in the
amygdala, hippocampus and prefrontal cortex of mice after
intracranial delivery of BDNF. A slight increase in the level of BDNF
was found in the hippocampus and prefrontal cortex within 1h

SPRINGERNATURE

after the delivery. Moreover, BDNF-activated Y816-phosphoryla-
tion of TrkB and subsequent Ser133-phophorylation of CREB could
last for 1-2 h in these brain regions (Supplementary Fig. S5). Thus,
we infused mice with saline or BDNF 1h before the extinction
procedure (Fig. 5g). All groups of mice learned to pair the CS and
US and exhibited normal memory consolidation and effective
extinction. The BDNF treatment significantly rescued PTSD-like
responses in KO mice: their freezing was reduced in both
spontaneous recovery and renewal tasks to a similar extent as
CPEB3-WT mice. Therefore, insufficient BDNF signaling in CPEB3-
KO mice may account for their risk of PTSD-like behavior.

DISCUSSION

This study identified a novel regulatory mechanism via CPEB3 that
constrains GR synthesis, which is critical for BDNF-mediated
extinction of fear memory and resilience to PTSD-like behavior
after traumatic exposure.

Stress-mediated activation of CORT-GR signaling can have
central (HPA-axis) and peripheral (immune system) effects
[9, 10, 57]. Hence, the number and affinity of GR to its ligands
are instrumental in regulating stress-induced physiological
changes. The increased GR number as determined by 3H-
dexamethasone binding in PBMCs was found in deployed soldiers
with co-morbid depressive symptoms [58] and correlated with the
risk of developing PTSD and the severity of PTSD symptoms after
deployment [59]. GR-overexpressing mice showed altered cogni-
tive behaviors and emotional lability similar to PTSD symptoms
[60]. Because over-activation of GR signaling is conceptualized for
PTSD, understanding how the expression and activation of GR

Neuropsychopharmacology (2021) 46:1669 - 1679



CPEB3-dowregulated Nr3c? mRNA translation confers resilience to...

W.-H. Lu et al.
1675
a n.s
400 T 4007 - 6001 Ctrl (16)  R2=0.019
= Hxk _ . ] B PTSD (17) R? = 0.0951
& 3001 $ 3007 " )
< e X ¥ 4007
pzd - Q -.
o ] = -“ P i o ™ g )
200 . @ 200 Y g =
= = E < 2004 awd e n
Q L] by
& 1001 . < 1007 l
$) < 0
0 0 200 400
Ctrl PTSD Ctrl PTSD CPEB3
b + PBS, 30 min + 5 mg/kg CORT, 30 min
= B CP3WT (4)
+ + S 251 s B CP3KO (4)
£
g 2.0 1 *kk
2
w
x 151
CP3WT " 8 CP3WT e (O]
= 1.0 1
N
»
o
5 0.5 1
2
[S]
E _
CP3KO CP3KO +PBS +CORT
(o
Hippocampus B CP3WT (6)
< 2 B CP3KO (6) 0.004 [ *
<
Z 10t Z
DEC € _ 0003
=8 08 £ 3 s
(&) = *
< o6} & £ 0.002
o= 3T
o0 045 N § 0.001
N3 g
E 0.2} . *25
S oot - == - —— == == ==
2
¥ 6*0(\‘ 0(\ @@(\'7' g@“ ?}0‘\ g*o“ @LO“ @@“ g@“
Transcript variants
d CP3WT CP3KO
kba 0 0.5 15 4 0 05 1.5 4 (h)afteri.p. CORT
= 51 B CP3WT (3)
1001 - - —— CPEB3 3 B CP3KO (3)
— =
i GR o)
ofm——— mme=— :
-GR =
o] wERERE S| 0O 5
- - (S211) 5
m 4 Non-specific &
ek . <“BDNF :‘2:
10 <
55 Gesese» e»esees | X-tubulin o . 05 15 4 (h)after
10— — —— — e e we | X-actin GR pGR BDNF i.p. CORT

Fig. 4 Elevated GR signaling and decreased Bdnf expression in CPEB3-KO hippocampus. a The microarray dataset (GSE860) containing
transcriptomes of peripheral blood mononuclear cells collected from control (Ctrl) and PTSD individuals. The mRNA levels of CPEB3 and NR3C1
in these samples were retrieved. Pearson’s correlation coefficient revealed no strong correlation between levels of CPEB3 and NR3C1.b WT and
KO mice (4 per group) treated with or without CORT were harvested for immunodetection of nuclear p-GR (Ser211) in the hippocampal CA1
region. Scales, 50 pm. ¢ The hippocampal tissues isolated from WT and KO mice (6 per group) were processed for total RNA isolation and
RT-gPCR to determine the normalized levels of various Bdnf transcripts relative to Actb. d Hippocampi isolated from mice at 0.5, 1.5 and 4 h
after 5 mg/kg CORT injection or PBS injection (i.e., time 0) were used for immunoblotting of denoted proteins. Mice injected with PBS were
used as 0-min control. Data are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant, nonparametric Mann-Whitney test.

Neuropsychopharmacology (2021) 46:1669 - 1679

SPRINGER NATURE



CPEB3-dowregulated Nr3c? mRNA translation confers resilience to...

W.-H. Lu et al.
1676
a . Timeline for sample collection b 2501 W CP3WT
° M CP3KO
o 80 c p=0.051 p=0.108
£ o 2001 _—
N 60 D/‘\\/\ o)
[ “\_o\ % =150 o o) o
® o €
X 20 ° £ =
0 g2
Hab1 2 3456 123456 123456 gR e
Acquisition Extinction #1 Extinction #2 g
[2]
1(1) 111 (S)T T? . g
the end of (7) 1 h aft
Hab (2)|J | |_|(4) extination G spom;ezzs Hab  Acg+1h Acq+24h Ext_ 1 Ext 2 Acg+7d SR+1h
Thafter 3 after Ext#1 7d after recovery (SR)
acqmsmon24 h after block2 acquisition
acquisition d CP3WT CP3KO
c Ka 5" 2 3 4 5 6 7 1 2 3 4 5 6 7
1.2 1 ° 130 4
s o] $oon i ..... - 100 CPEB3
b4 B =~2I7 - - - o dn an
DE:%\ osd ¢ ST '———$h“%"d¥"" |n's‘ 130 4
& 100 | - - | GR
TO 06+
==
f'zj% 0.4 1 ® CP3WT 15 - BDNF
52 L) ® CP3KO 10
@ 00 55 -| D D G —— S c— o— = — — — e @ | o tUDUIIN
B T T T T T T 1 — PREp— e :
Basal Acq+1h Acq+24h Ext 1 Ext 2 Acq+7d SR+1h 40 | s p-actin
e N B CP3WT ok f = M CP3WT
= 207 _*_  mCP3KO * 5 1.57 M CP3KO
= *
[} © *k * — *
S |
) o =N
=% = (]
g © °
5 8
2 o
x z
O] [a)
° m
= [}
© =
[0} ©
e &
Basal Acq+1h Acq+24h Ext_1 Ext 2 Acg+7d SR+1h Basal Acg+tlh Acq+24h Ext_ 1 Ext 2 Acq+7d SR+1h
g l + saline or BDNF, 1 h | WT+saline (7)
before extinction x .
100 100 B KO+saline (6)
*kk  * I KO+BDNF (5)
80 8o ——
o 60 o 60
5 £
8 40 g 40
= =
- WT+ saline (7) 20 20
-® KO+ saline (6) 0 0
-®- KO+ BDNF (5) Hab1 2 3 4 5 6 1 2 3 45 6 7 8 9101112 spontaneous renewal
acquisition Extinction#1 Extinction#2 recovery

Fig. 5 Reduced BDNF signaling during fear extinction contributes to PTSD-like behavior in CPEB3-KO mice. a Mice were trained for fear
conditioning behavior, and their hippocampi and blood were collected at the illustrated times. Three mice per genotype were collected at
each time and processed for (b-f) experiments. b Level of plasma corticosterone in mice during behavioral training. ¢ The left hippocampus of
each mouse was processed for total RNA isolation and RT-qPCR to determine the normalized Nr3c7 mRNA level relative to Gapdh. d The right
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could be dysregulated in PTSD individuals should help with
therapeutic strategies. A previous study identified that the single
nucleotide polymorphism rs11186856 in the intron of human
CPEB3 is associated with episodic memory [61]. The reduced
CPEB3 level in PBMCs (Fig. 4a and Supplementary Fig. S3) likely
increases GR number, but whether it can mirror the scenario in
neurons of PTSD individuals to cause elevated NR3CT translation
requires further investigation.

GR is associated with a chaperone complex in the cytoplasm
and translocated into the nucleus upon ligand binding, so its
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function as a transcription factor is tightly influenced by its
interaction between the chaperone complex and glucocorticoids.
Aberrant epigenetic modifications and genetic mutations in a co-
chaperone of this complex, FKBP5, are related to PTSD [19, 49, 62].
Moreover, hyper- or hypo-methylation of CpG sites in the NR3CT
promoter affect NR3C71 transcription and were reported to be
associated with PTSD, depression and early-life stress experiences
[63]. While Nr3cT transcription is well characterized [64, 65], much
less is known about how Nr3cT is posttranscriptionally regulated.
The AU-rich elements in Nr3c7 3’-UTR can mediate Nr3c7 decay in
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COS cells [66] and several adrenal and brain microRNAs target
Nr3c1 3’-UTR to downregulate GR expression [67-69]. Together
with CPEB3-controlled translation, GR expression is subjected to
multi-layered regulation, and any maladaptive changes could lead
to altered sensitivity to cortisol and stress responses.

CPEB3 regulates the translation of multiple plasticity-related
proteins, including those subunits constituting AMPAR and
NMDAR [25, 26, 31, 70]. Although the elevated NMDAR
expression and NMDAR-mediated CaMK2a activation in CPEB3-
deficient neurons could explain enhanced consolidation of long-
term spatial memory in KO mice [31], why fear extinction is
defective in CPEB3-KO mice is not intuitively obvious because
the activation of AMPAR, NMDAR and CaMK2a is also required for
fear extinction [46, 71-74]. In this study, we found that CORT/
NMDA-induced calcium signaling was moderately elevated in KO
neurons (Supplementary Fig. S1). However, the activation of
CaMK2a was higher in naive CPEB3-KO than WT mice but was
reversed in 1 h after fear-associative learning and then returned
to the same level after fear consolidation (Supplementary Fig. S2).
Moreover, a partial reduction of CaMK2 activation impaired fear
extinction [46], so we reasoned that elevated p-CaMK2 level in
naive CPEB3-KO mice may facilitate fear acquisition but not
extinction. By contrast, the reduced BDNF expression was
associated with elevated GR level in naive and fear-conditioned
CPEB3-KO mice (Fig. 5d—f). BDNF signaling is important for both
fear acquisition and extinction [23, 55, 56]. Because intracranial
delivery of BDNF before extinction dampened fear recall in KO
mice (Fig. 59), the loss of CPEB3-regulated GR/BDNF signaling
may be the key reason underlying defective fear extinction. A
recent study identified that CPEB3 in cerebellar Bergmann glia
suppressed GluA1 expression in response to a predator odor-
induced acute stress. Such a suppression is important to shorten
the lateral processes and reduce AMPAR current in Bergmann
glia for stress adaptation [70]. Thus, CPEB3-controlled translation
appears to fine-tune stress responses in neurons and also other
types of cells.

Bi-directional control of synaptic efficacy is instrumental for
dynamic and adaptive changes of memory and behaviors. On the
basis of previously identified behavioral and electrophysiological
abnormalities, we predicted that CPEB3-KO mice may develop
PTSD-like responses [31, 32]. Importantly, molecular changes
identified in naive KO mice did not persist through the entire fear
behavioral test (Fig. 5 and Supplementary Fig. S2), which suggests
that the target mRNAs translationally regulated by CPEB3 undergo
context-dependent changes. Such a scenario was found in CPEB4,
which activates c-Fos translation in olfactory granule cells only at
the early postnatal stage despite the presence of CPEB4 and c-Fos
continuously in granule cells [75]. Thus, it is difficult and limited to
explain aberrant behaviors simply based on the altered gene
expression profile in naive mouse brain or human PBMCs. For
example, the regulatory axis of CPEB3-GR-BDNF is more important
in fear extinction than acquisition, so CPEB3-KO mice showed
enhanced spontaneous recovery of fear, which could be rescued
by supplementing BDNF right before extinction training. Because
PTSD is precipitated by the failure to appropriately adjust synaptic
plasticity after severe trauma, KO or transgenic mice showing
enhanced memory consolidation and/or impaired extinction
should be more prone to PTSD-like behavior with increased
intensity of the traumatic experience. We proposed that such
mouse models could simulate the contribution of genetic risk
factors to PTSD and resilience in response to exposure therapy
and thus facilitate the molecular underpinnings of PTSD.
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