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p-catenin mediates stress resilience
through Dicerl/microRNA regulation
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p-catenin is a multi-functional protein that has an important role in the mature central nervous system; its dysfunction
has been implicated in several neuropsychiatric disorders, including depression. Here we show that in mice p-catenin
mediates pro-resilient and anxiolytic effects in the nucleus accumbens, a key brain reward region, an effect mediated by
D2-type medium spiny neurons. Using genome-wide p-catenin enrichment mapping, we identify Dicer]—important in
small RNA (for example, microRNA) biogenesis—as a f-catenin target gene that mediates resilience. Small RNA profiling
after excising p-catenin from nucleus accumbens in the context of chronic stress reveals p-catenin-dependent microRNA
regulation associated with resilience. Together, these findings establish p-catenin as a critical regulator in the develop-
ment of behavioural resilience, activating a network that includes Dicer]l and downstream microRNAs. We thus present a
foundation for the development of novel therapeutic targets to promote stress resilience.

Despite decades of research, the molecular pathophysiology of depres-
sion remains elusive. One molecular player implicated in neuropsy-
chiatric illnesses, including depression, is B-catenin'~>. In addition to
having a structural role at synapses, B-catenin mediates the transcrip-
tional output of canonical Wnt signalling®®. This multi-functionality has
made it difficult to untangle the mechanism through which B-catenin
might contribute to pathological states. We recently demonstrated the
involvement of upstream Wnt signalling in the nucleus accumbens (N Ac)
in mouse depression models, with impaired signalling mediating sus-
ceptibility to social stress and increased signalling mediating resili-
ence’. We thus began by studying the behavioural role of B-catenin
in this brain region.

p-catenin mediates resilience and anxiolytic responses
We overexpressed B-catenin in a herpes simplex virus (HSV) vector in
NAc (Fig. 1a; Extended Data Fig. 1a), which increases B-catenin solely
in the nuclear compartment, as measured by subcellular fractionation
and immunohistochemistry (IHC), whereas global N-cadherin/f-catenin
complexes were unaffected (Extended Data Fig. 1b, c). This suggests that
HSV-B-catenin selectively activates the transcriptional function of the
protein, without having direct effects on N-cadherin at synapses, con-
sistent with earlier work in cultured cells™.

We next overexpressed B-catenin in NAc during accelerated social
defeat stress (ASD)'"'?. We found that, while HSV-GFP injected control
animals developed social avoidance, an indicator of depression-like beha-
viour, overexpression of 3-catenin prevented this phenotype (Fig. 1b).
Furthermore, in baseline behavioural assays, 3-catenin mediated an
antidepressant-like response in the forced swim test (FST) (Fig. 1c),
and anxiolytic effects in the elevated plus maze (EPM) (Fig. 1d). We saw
no changes in sucrose preference or cocaine conditioned place pref-
erence (data not shown), suggesting that 3-catenin does not cause hedonic

changes. To confirm the pro-resilient effect of B-catenin, we used a
stabilized B-catenin mutant (S33Y)", and found identical results for
wild-type B-catenin in the ASD and FST (Supplementary Notes), with
no change in sucrose preference (data not shown). Finally, cell-type-
specific overexpression of B-catenin in D2- but not D1-type medium
spiny neurons (MSNs) in NAc (Fig. 1e, Extended Data Fig. 2a) induced
a pro-resilient phenotype.

We also investigated the consequences of blocking [3-catenin sig-
nalling in NAc with two approaches: excising B-catenin from NAc of
conditional floxed mice (Extended Data Fig. 2b) and overexpressing a
behaviourally validated dominant negative -catenin mutant (Extended
Data Fig. 2¢)"*. Both manipulations promoted susceptibility to stress in
mice subjected to a sub-threshold defeat procedure (Fig 1f, g). Excising
B-catenin from NAc caused no change in social interaction or locomo-
tion in control animals, demonstrating a specific association with stress
(Extended Data Fig. 3a—c). These results establish a critical role for
B-catenin signalling in NAc in behavioural resilience.

To explore the endogenous activity of B-catenin in depression, we
examined its transcriptional activity in post-mortem NAc of depressed
humans. Axin2, a universal readout of activated canonical -catenin
signalling, was robustly suppressed in NAc of depressed humans (Fig. 2a,
Supplementary Table 1, Extended Data Fig. 4a). In contrast, total N-
cadherin and B-catenin messenger RNA levels were unchanged, point-
ing specifically to B-catenin nuclear function alterations in depression.
There was also suppression of Tcf3 and Tcf4 (T cell transcription factors
3 and 4) levels in depressed patients (Fig. 2a); these are two of several
transcription factors through which p-catenin acts. Together, these data
demonstrate downregulation of the transcriptional output of B-catenin
in NAc in human depression.

We next investigated Axin2 mRNA levels in mouse NAc 48 h after
chronic social defeat stress (CSDS). We found no difference between
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Figure 1 | B-catenin in NAc mediates pro-resilient, antidepressant, and
anxiolytic responses. a, IHC illustrating viral transgene expression mediated
by HSV-[-catenin with coronal cartoon of NAc highlighted. b, Pro-resilient
effect of HSV-B-catenin on social interaction after ASD (*P < 0.05, two way
ANOVA, n = 8 GFP, n = 10 B-catenin). ¢, Antidepressant-like effect of
[3-catenin in the forced swim test (*P < 0.05, two-tailed t-test,n = 6 GFP,n =7
[3-catenin). d, Anxiolytic-like effect of B-catenin in the elevated plus maze
(closed arms: *P < 0.01, open arms: *P < 0.01, two-tailed ¢-test, n = 6 GFP,
n =7 B-catenin). e, Cell-type-specific overexpression of B-catenin in ASD
(D2 Cre™ versus Cre™: *P < 0.05, two-tailed t-test, n = 13 D2 Cre , n =8 D2
Cre™). f, Effect of knocking down f-catenin in a sub-threshold defeat
procedure (**P < 0.01, two-way ANOVA, effect of virus only when target
present, n = 6 GFP, n = 5 Cre). g, Effect of dominant negative B-catenin in
sub-threshold defeat (*P < 0.05, two-way ANOVA, interaction effect, n =5
GFP, n = 4 dominant negative). Data presented as mean and s.e.m. and are
representative of at least two experiments. See Methods and Supplementary
Table 9 for detailed statistics.

susceptible and resilient animals (Fig. 2b). However, resilient animals
displayed increased Tcf3 and Tcf4, indicating that resilience may be
associated with upregulation of B-catenin signalling (Fig. 2b). To probe
this, we examined the levels of phospho-Ser 675 3-catenin, a form with
enhanced transcriptional activity, as well as total B-catenin at this time
point. We found upregulation in resilient versus susceptible animals of
phospho-Ser 675 B-catenin but not total -catenin (Extended Data Fig. 4b).
At 10 days after CSDS, we found elevated levels of Axin2 in resilient
mice only (P < 0.05, Supplementary Notes).

Cell-type-specific action of p-catenin in resilience

Given the small magnitude of change observed above, we questioned
whether the cell-type-specific behavioural effects in Fig. 1e corresponded
to differential regulation of B-catenin signalling in D2 versus D1 MSNs.
Using fluorescence-assisted cell sorting-isolated NAc neurons from
D2-GFP mice (whereby the D2 neurons are labelled with green fluor-
escent protein, GFP), we found robust induction of Axin2 expression
inD2" neurons of resilient mice, and significantly reduced Axin2 levels
in susceptible versus resilient mice, 48 h post CSDS, effects not seen
in D2" cells (Fig. 2¢). Furthermore, Axin2 IHC with D1- or D2-GFP
transgenic mice subjected to CSDS revealed downregulation of B-catenin
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transcriptional activity in D2 versus D1 MSNs in susceptible mice (Fig. 2d).
In sum, upregulation of -catenin signalling occurs in D2 MSNs in resil-
ient mice, with downregulation seen in susceptible animals.

Because glutamatergic neurotransmission regulates B-catenin tran-
scriptional activity and stress susceptibility'>'¢, we tested whether medial
prefrontal cortex (PFC) or hippocampus, two important glutamatergic
inputs to NAc, control B-catenin signalling in NAc. Using previously
validated constructs and stimulation protocols'”**, we found that opto-
genetic stimulation of glutamatergic PFC terminals robustly suppressed
[-catenin activity in NAc as indicated by decreased Axin2, Tcf3, and
Tcf4, whereas stimulation of hippocampus terminals had no effect
(Fig. 2e, f). Repeated burst firing of dopamine afferents from the ventral
tegmental area (VTA) also had no effect (Extended Data Fig. 5). Thus,
PFC to NAc stimulation specifically elicited a molecular ‘signature” of
susceptibility, indicating that activation of this circuit could mediate
the maladaptive suppression of B-catenin activity in NAc.

Genome-wide mapping of p-catenin after social defeat

We next conducted B-catenin chromatin immunoprecipitation fol-
lowed by deep sequencing (ChIP-seq) on NAc of control, susceptible,
and resilient mice after CSDS. We first validated our B-catenin ChIP
protocol by examining an LEF/TCF consensus sequence in the promoter
of a known B-catenin target gene, CaMKIV (also known as Camk4). We
found enrichment of -catenin at the LEF/TCF site, but not a distant site,
in NAc of resilient mice only (Fig. 3a). Through ChIP-seq'*** we then
examined global B-catenin enrichment after CSDS, and found major
differences in peak numbers (Fig. 3b, Supplementary Data 1). Control
and resilient conditions were associated with 10-15-fold higher absolute
peak numbers compared to susceptible conditions, suggesting profound
global alterations in B-catenin activity, consistent with our biochemical
data (Fig. 2). Enrichment of B-catenin in resilient animals (Fig. 3b) only
occurred at transcriptionally active sites, as indicated by high basal bind-
ing of two transcriptional activation marks H3K4me3 and H4K16ac
(Fig. 3¢, Extended Data Fig. 6). However, we did not observe global changes
in these two histone marks after CSDS (Extended Data Figs 7, 8), sug-
gesting that -catenin may be recruited to active, open regions of chro-
matin through the presence of other, direct DNA-binding transcription
factors.

Using Ingenuity pathway analysis, we demonstrated a predicted -
catenin network to be upregulated in NAc of resilient versus susceptible
mice (Extended Data Fig. 9), a prediction specific to B-catenin. Concom-
itantly, there were nearly twice as many increases as decreases in -
catenin binding in resilient versus control mice at promoter regions. In
contrast, susceptible versus control animals displayed equivalent numbers
of upregulated and downregulated B-catenin binding events (Fig. 3d).
These results support our hypothesis that resilience is associated with
genome-wide enrichment of B-catenin. Examining the distribution of
[3-catenin peaks across the genome (Fig. 3e) revealed similar results: redis-
tribution of B-catenin binding towards promoters and gene bodies in
resilience, and redistribution away from promoters/gene bodies and
towards gene deserts in susceptibility.

To validate the B-catenin ChIP-seq data, we conducted quantitative
ChIP (qChIP) on independent biological samples at genes that showed
significant peaks in resilience or upregulation in resilient versus sus-
ceptible animals, thus confirming significant B-catenin enrichment at
several promoters (Fig. 3f). As further validation, we examined mRNA
levels of genes found in our ChIP-seq list that coincided either with in silico
lists of predicted or known [-catenin targets®** (Supplementary Table 2)
or with the H3K4me3 and H4K16ac ChIP-seq data sets (Supplementary
Data 2). We found robust upregulation of many of these genes in NAc
of resilient mice (Fig. 3g).

Regulation of Dicerl and microRNA by p-catenin

One gene validated by qChIP and quantitative PCR (qPCR) was Dicerl,
a critical component of microRNA (miRNA) biogenesis®. Thus, select-
ive enrichment of B-catenin binding at Dicer1 in resilient mice (Fig. 4a),
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and subsequent validation of this effect (Fig. 3f, g), indicated that Dicerl
represents a robust target of B-catenin in NAc. To study the behavioural
effects of Dicerl, we knocked it down locally in NAc (Extended Data
Fig. 10), and conducted sub-threshold defeat. Control animals injected
with HSV-GFP displayed normal social interaction; however, animals
with Dicer1 knockdown demonstrated social avoidance (Fig. 4b), which
mimicked the effects of blocking 3-catenin signalling (Fig. 1). Impor-
tantly, we can rule out confounding effects of long-term Dicer1 loss on

T Tef3

" Tct4

neuronal viability*, because our experimental paradigm was limited
to two weeks.

To assess whether the behavioural effect of Dicerl was related to
[-catenin signalling, we first expressed HSV-Cre or HSV-GFP in NAc
of floxed Dicer1 mice and found no difference in social interaction under
baseline, non-stressed conditions (Fig. 4c). We then injected all mice
with HSV-f-catenin in NAc and subjected them to ASD. B-catenin
overexpression blocked the development of social avoidance in mice
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Figure 4 | Dicerl bridges p-catenin and miRNA regulation in CSDS.

a, B-catenin ChIP-seq enrichment around the Dicerl TSS. b, Effect of NAc
Dicerl knockdown (HSV-Cre) in sub-threshold defeat with HSV-GFP as
control (**P < 0.01, effect of virus, two-way ANOVA, n =7 Cre, n = 8 GFP).
¢, Left, schematic of floxed Dicer1 deletion followed by B-catenin rescue; right,
social interaction (SI) before and after ASD with HSV-[-catenin (*P < 0.05,
interaction effect, matching two-way ANOVA, n = 7 per group). d, Heat map
of CSDS-regulated miRNA expression changes with (Cre) or without (GFP)
B-catenin knockdown. Log,-fold changes of all altered miRNAs among all
groups are shown. e, Venn diagram showing increased miRNAs in GFP-
resilient mice (GFP-res) overlap with decreased miRNAs in -catenin
knockout in non-stressed (Cre-con) or susceptible (Cre-sus) animals. f, Top 11
most enriched gene ontology terms of target genes of overlapping miRNAs in
panel e. g, Predicted targets of B-catenin-dependent miRNAs display
downregulation by mRNA-seq in resilient mice after CSDS. Data presented as
mean and s.e.m. and are representative of at least two experiments.

expressing normal Dicer1 levels, but not in mice with NAc Dicer1 knock-
down (Fig. 4c). This indicates that at least part of the pro-resilient effect
of B-catenin is mediated through Dicerl.

Finally, these data prompted us to examine the global miRNA pro-
filein NAcin response to CSDS and study its dependence on B-catenin.
We injected an adeno-associated virus (AAV) vector expressing GFP
or Cre in NAc of floxed B-catenin mice, subjected them to CSDS or
control conditions, and performed small RNA sequencing (Supplemen-
tary Table 3). We first compared each group—GFP susceptible (GFP-
sus), GFP resilient (GFP-res), Cre control (Cre-con), and Cre susceptible
(Cre -sus)—to the ‘GFP-con’ condition. We could not study the Cre re-
silient condition, because virtually no mice are resilient upon f3-catenin
knockout from NAc. We found downregulation of numerous miRNAs,
including many that were upregulated in resilience, when -catenin was
knocked out from control animals (Cre-con, Fig. 4d, Supplementary
Table 4). Interestingly, a smaller subset of miRNAs was upregulated
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following B-catenin knockout, which may represent miRNAs that are
regulated by repressive factors under B-catenin control. We identified
66 miRNAs that were significantly downregulated in NAc after B-catenin
deletion (Cre-con, Fig. 4¢). We also identified downregulated miRNAs
(n=179) in the Cre-sus condition, many of which were decreased in
Cre-con, further substantiating our hypothesis that pro-adaptive miRNA
responses are lost in the absence of B-catenin, enhancing susceptibility
to stress (Fig. 4e). miRNAs that overlapped between any two groups
(up in GFP-res, but down in Cre-con or Cre-sus), presumably represent
the most biologically important B-catenin- and stress-regulated miRNAs
(Fig. 4e, Supplementary Table 5). This subset controls several meaningful
gene categories (Fig. 4f), including Wnt and glutamatergic signalling.
Finally, to identify potential miRNA targets, we overlapped predicted
targets of these -catenin-regulated miRNAs (Supplementary Table 5)
with mRNA-seq data from NAc after CSDS. We thus found several inter-
esting, novel genes to be significantly repressed in resilience (Fig. 4g).

We also examined other small RNAs for regulation by CSDS. Piwi-
interacting RNAs (piRNAs), small RNAs widely studied in germ line
cells, were detected recently in brain and found to play a functional
role in spine morphology and synaptic plasticity®>*°. 163 piRNAs were
detectable in our data set with read counts in at least one condition,
supporting the notion of piRNA expression in brain (Supplementary
Table 6). Although the majority of them were expressed at low levels,
approximately 20 piRN As appear to be regulated by CSDS (Supplemen-
tary Table 7). Examining additional small RNA categories that might
be regulated by Dicer1 revealed several differentially expressed candidates
(Supplementary Table 8), laying the groundwork for future investigation.

Discussion

The present study demonstrates that $-catenin in D2 MSNs activates
a network in NAc that mediates behavioural resilience, whereas def-
icits in this pathway contribute to depression-related pathology. PFC
inputs to NAc appear to be particularly important in controlling this
[-catenin regulation. D2 MSNs, which comprise the indirect or ‘no-
go’ pathway”’°, may be more important for mediating flexible beha-
vioural choices in aversive contexts compared to reward-motivated
behaviour®'~*. We thus posit that enhanced B-catenin signalling in
NAc D2 MSNs of resilient mice permits increased behavioural flexibil-
ity, which allows them, despite having the same experience as suscept-
ible mice, to overcome generalizing avoidance of all mice, a process
independent of hedonic responses. This has parallels in humans: resi-
lient individuals are more successful at managing stress and recovering
from it*.

Our B-catenin ChIP-seq approach provides a valuable resource for
mining the molecular targets that drive resilience. One validated tar-
get is Dicerl, which establishes a novel connection between B-catenin
signalling and miRNAs in brain. Among the regulated miRNAs are
those that feedback and regulate B-catenin signalling™. The cell type-
specific role of B-catenin, and the inherent complexity of stress sus-
ceptibility versus resilience, which involves many additional regulatory
steps beyond Dicerl, presumably explains the relatively small number
of B-catenin-dependent miRNAs observed in this study. miRNAs pro-
vide a crucial layer of post-transcriptional gene regulation in neural
development, plasticity, and in an increasing number of brain disor-
ders**%. The present study, by identifying specific miRNAs associated
with stress susceptibility or resilience, offers a template for future stud-
ies to induce resilience in inherently more susceptible individuals.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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