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Stress resilience is promoted by a Zfp189-driven
transcriptional network in prefrontal cortex

Zachary S. Lorsch®1, Peter J. Hamilton"'°, Aarthi Ramakrishnan’, Eric M. Parise', Marine Salery’,
William J. Wright?, Ashley E. Lepack’, Philipp Mews', Orna Issler', Andrew McKenzie3,

Xianxiao Zhou®3, Lyonna F. Parise', Stephen T. Pirpinias’, Idelisse Ortiz Torres', Hope G. Kronman’,
Sarah E. Montgomery', Yong-Hwee Eddie Loh’, Benoit Labonté*, Andrew Conkey', Ann E. Symonds’,
Rachael L. Neve®, Gustavo Turecki®¢’, lan Maze', Yan Dong?, Bin Zhang?, Li Shen®?,

Rosemary C. Bagot®®® and Eric J. Nestler®™

Understanding the transcriptional changes that are engaged in stress resilience may reveal novel antidepressant targets. Here
we use gene co-expression analysis of RNA-sequencing data from brains of resilient mice to identify a gene network that is
unique to resilience. Zfp189, which encodes a previously unstudied zinc finger protein, is the highest-ranked key driver gene
in the network, and overexpression of Zfp189 in prefrontal cortical neurons preferentially activates this network and promotes
behavioral resilience. The transcription factor CREB is a predicted upstream regulator of this network and binds to the Zfp189
promoter. To probe CREB-Zfp189 interactions, we employ CRISPR-mediated locus-specific transcriptional reprogramming to
direct CREB or G9a (a repressive histone methyltransferase) to the Zfp189 promoter in prefrontal cortex neurons. Induction
of Zfp189 with site-specific CREB is pro-resilient, whereas suppressing Zfp189 expression with G9a increases susceptibility.
These findings reveal an essential role for Zfp189 and CREB-Zfp189 interactions in mediating a central transcriptional network

of resilience.

depressive disorder (MDD). However, most stress-exposed

individuals do not develop MDD. Understanding the bio-
logical basis of such stress resilience may illuminate causal mecha-
nisms underlying MDD and reveal novel therapeutic targets for
this disorder.

The chronic social defeat stress (CSDS) paradigm in mice is a
widely used and reliable model in which to explore the biological
basis of stress resilience, wherein a proportion of stressed animals
display behavior that mimics characteristics of MDD (termed ‘sus-
ceptible’), while the remainder do not (termed ‘resilient’)>. CSDS
therefore recapitulates the divergence in stress responses observed
in humans. Importantly, resilience is not simply the absence of sus-
ceptibility, but rather an active homeostatic response to stress that
involves broad transcriptional changes across brain regions. In
fact, far more early transcriptional changes are observed in stress-
resilient than in stress-susceptible mice>’. However, the relation-
ship among different genes that have been found to be altered in
the resilient brain, as well as their mechanistic regulation, have not
been determined.

By clustering genes into units (modules) based on coordinated
transcriptional regulation, network-based analytical methods such
as weighted gene co-expression network analysis (WGCNA) pro-
vide an alternative approach to standard differential expression

f tressful life events contribute to the risk for developing major

analysis of large transcriptional datasets. WGCNA has been used to
define gene networks from RNA-sequencing (RNA-seq) of human
postmortem brain samples in complex disorders such as schizophre-
nia*, Parkinson’s disease’, Alzheimer’s disease®, autism’ and MDD?®’.
However, because these studies involve in silico analyses of human
brain RNA-seq data, the causality of the inferred relationships
cannot be determined through in vivo experiments. Recent stud-
ies using mice have circumvented this problem by identifying
stress-susceptibility networks that are dependent on the expression
of key module hub genes, which, when manipulated in vivo, affect
both module gene expression and overall stress susceptibility™*.
However, the transcriptional organization of the quantitatively
larger and translationally relevant resilient response remains
entirely unexplored. Moreover, there is currently no understanding
of how regulatory factors act on central driver genes to activate key
transcriptional networks. This knowledge may yield novel targets
for more effective MDD therapeutics.

Here, we reveal that Zfp189, a gene that encodes a putative zinc
finger transcription factor that has not been previously implicated
in stress, controls a transcriptionally active network that is unique
to the resilient phenotype. We show that manipulating Zfp189 in
the prefrontal cortex (PFC) preferentially affects expression of this
network as well as resilience behavior. We also employ clustered
regularly interspaced short palindromic repeats (CRISPR) and Cas9
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with no functional moiety (dCas9) to illustrate the regulation of
this network. We demonstrate that cyclic AMP (cAMP) response
element (CRE) binding protein (CREB), a well-studied transcrip-
tion factor, binds to the Zfp189 locus to induce Zfp189, which trig-
gers downstream gene network activity and increases resilience.
Taken together, these data provide a functional characterization of
the transcriptional changes involved in resilience, identify Zfp189
as an important molecular regulator of resilience and demonstrate
the higher-order mechanism by which upstream regulators interact
with in-network key driver genes to regulate large transcriptional
networks that direct complex behavior.

Results

Zfp189 regulates a resilient-specific transcriptional network.
To identify transcriptional changes associated with stress resil-
ience, we integrated WGCNA and differential expression data from
our recently published’ RNA-seq dataset of mice following CSDS
(Fig. 1a). WGCNA of the resilient phenotype, which had not been
previously explored, revealed 30 modules present across the follow-
ing four brain regions: the PFC, the ventral hippocampus (vHIP),
the nucleus accumbens (NAc) and the basolateral amygdala (BLA)
(Fig. 1b). To confirm the validity of this approach, we looked for the
presence of known biological relationships within the modules via
protein-protein interactions (PPIs) and found 12 modules in which
known PPIs were greater than expected by chance (Supplementary
Fig. 1a). To determine the relevance of these networks to human
MDD, we examined whether the CSDS-associated resilience mod-
ules are preserved in RNA-seq data from postmortem samples from
patients with MDD?. A total of 56.6% of our modules were pre-
served in human brain, but—consistent with a role in resilience—
more modules (11 versus 2) showed greater preservation in control
conditions than in MDD (Supplementary Fig. 1b-e).

To identify modules that were specific to the resilient phenotype,
we used module differential connectivity (MDC) analysis® to ana-
lyze whether each resilient module was similarly structured when
the module genes were analyzed using parallel RNA-seq data from
susceptible mice and unstressed controls’. We also used enrich-
ment analysis to determine the degree to which each resilient mod-
ule contains differentially expressed genes (DEGs) in each of the
four brain regions studied 48h after CSDS. To identify networks

that were both resilient-specific and transcriptionally active, we
combined these approaches (Fig. 1b). Only two modules, pink
and brown, were enriched for DEGs across brain regions. While
brown module connectivity was distinct from susceptible condi-
tions (MDC=0.9) but not from control conditions, pink module
connectivity was distinct from both susceptible (MDC=0.89) and
control (MDC=0.91) conditions. Therefore, of the 30 modules gen-
erated from the four brain regions of resilient mice, only the pink
module is unique to the resilient phenotype and transcriptionally
active across brain regions. Importantly, the pink module was both
enriched for known molecular interactions and more strongly pre-
served in human controls (P=1.07 X 10~"’) than in human MDD
(P=1.14X10"") (Supplementary Fig. 1).

To determine the structure of the pink module, we recon-
structed the network on the basis of individual gene-gene corre-
lations and predicted gene regulators as previously described'®"
(Fig. 1c). A total of 40 network genes met the criteria for key drivers
(Supplementary Table 1). Of these, the strongest key driver gene was
Zfp189, which contains 52 defined connections and is tightly inte-
grated in the core network (Supplementary Fig. 2a,b). To determine
the relationship between key driver genes and the overall network
response, we compared individual differential expression patterns
of Zfp189 and the other top ten key driver genes of the pink mod-
ule to module DEGs across brain regions (Fig. 1d; Supplementary
Fig. 2¢). Only Zfp189 was differentially expressed (upregulated in
the PFC of resilient mice) and recapitulated the brain-region-spe-
cific DEG enrichment profile of the pink module (also upregulated
in the PFC of resilient mice). As the PFC has been implicated in
stress resilience'?, Zfp189 may act in this brain region to drive stress
resilience through the resilient-unique pink module. While Zfp189
has not been previously implicated in any neurobiological context,
it is a Kriippel-associated box (KRAB) protein"® and its human
ortholog ZNF189 has been shown to directly bind to DNA', which
suggests that Zfp189 may function as a transcription factor.

Zfp189 in the PFC exerts pro-resilient and antidepressant-
like actions. To explore the role of Zfp189 in human resilience,
we performed quantitative PCR (qPCR) to evaluate the expres-
sion of its ortholog ZNF189 in the PFC of human postmortem
brains (Supplementary Table 2). We found that ZNF189 mRNA is

>
>

Fig. 1| Identification of the resilient-specific pink module and its pro-resilient top key driver Zfp189. a, Overview of the CSDS protocol, Sl test
phenotyping, brain dissections and RNA-seq analysis of the four brain regions (PFC, NAc, BLA and vHIP) used to identify resilient-specific transcriptional
networks. b, Resilient modules (colored bars) identified by WGCNA. Modules, named with an arbitrary color (outer most ring) are ranked clockwise by
overall DEG enrichment (P < 0.05, fold change (FC) >1.3). Phenotype specificity as determined by resilient (RES) MDC in susceptible (SUS) and control
(CON) networks and DEG enrichment is displayed internally. Presence of MDC color denotes statistical significance (FDR g < 0.05). DEG enrichments
are scaled by -log,,(P value) with only significant (P < 0.05) enrichments featured in color. The pink module (top) is the only module that shows DEGs
across brain regions and MDC when compared with both susceptible and control mice. Modules were generated from n=44 RNA-seq libraries consisting
of pooled brain samples with DEG enrichment assessed via a Fisher's exact test with Benjamini-Hochberg FDR correction for multiple comparisons as
indicated. ¢, Network structure of the pink module. Key drivers are featured and scaled in size according to the number of connections in the network.
Zfp189 is the top key driver gene. d, Correspondence between differential expression for the individual Zfp189 transcript and DEG enrichment for the

pink module as a whole across phenotypes and brain areas. DEG enrichments are scaled by -log,,(P value) with only significant (P<0.05) enrichments
featured in color. In the PFC, both Zfp189 and the pink module are only affected in animals resilient to CSDS (both upregulated). e, mRNA of ZNF189,

the human ortholog of Zfp189, is reduced in postmortem PFC samples from patients with MDD (two-tailed Mann-Whitney, U=110.0, P=0.0291, n=17
(control) and 22 (MDD)). f, Experimental timeline to characterize behavioral effects of virally overexpressing Zfp189 in the PFC before CSDS. g, Pro-
resilient behavioral effects of Zfp189 in Sl tests. Mice injected intra-PFC with HSV-Zfp189 and exposed to CSDS spend more time in the interaction zone
when a target mouse is present than defeated HSV-GFP mice (mixed model ANOVA, interaction F, ,,=28.501, P=0.006, from left to right in the figure
panel: n=9, 10, 12 and 13 mice, Bonferroni post-test P< 0.01). h, Mice overexpressing Zfp189 in the PFC have an elevated preference for sucrose relative
to HSV-GFP mice (two-way ANOVA, f,,,=5.102, P=0.029, from left to right in the figure panel: n=9, 12, 10 and 14 mice). i, Experimental timeline

to determine behavioral effects of overexpressing Zfp189 in the PFC in CSDS-susceptible mice. j, Zfp189 reverses depression-like social withdrawal in
susceptible mice. Susceptible mice injected intra-PFC with HSV-Zfp189 spend more time in the interaction zone when the target mouse is present in the
post-injection post-test than the pre-injection pre-test, but HSV-GFP injection does not change behavior (mixed model ANOVA, interaction f; ,;=5.634,
P=0.026, n=11 HSV-GFP and 13 HSV-Zfp189 mice, Bonferroni post-test P< 0.001). k, Previously susceptible mice injected with HSV-Zfp189 have a higher
sucrose preference than previously susceptible mice injected with HSV-GFP (two-tailed Mann-Whitney, U=29.0, P=0.025, n=11 (HSV-GFP) and 12
(HSV-Zfp189) mice). *P< 0.05, **P < 0.01, ***P < 0.001. Bar graphs show the mean +s.e.m.
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highly enriched in neurons. We corroborated these data by per-
forming RNAscope on sections from mouse PFC, and observed
that a large majority (80.3 +5.6%; n=3) of cells expressing Zfp189

reduced in human MDD samples compared with those from con-
trol subjects (Fig. 1e). By examining previous data of RNA expres-
sion across mouse cortical cell types', we found that Zfp189 was
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Fig. 2 | Antidepressant-like effects of Zfp189 associate with pink module expression changes. a, Pink module genes are differentially expressed (P<0.05,
log,(FC)>0.2]) in the PFC following reversal of susceptibility with HSV-Zfp189. n=10 RNA-seq libraries consisting of unpooled PFC from 5 stressed
HSV-GFP and 5 stressed susceptible to resilient HSV-Zfp189 mice. b, Module-wide enrichment for HSV-Zfp189 overexpression in the PFC in previously
susceptible mice. Enrichment is determined via multinomial logistic regression with Benjamini-Hochberg FDR correction for multiple comparisons

as indicated. ¢, Variations in Zfp189 predict the PC1 of pink module expression. Linear regression, n=19 RNA-seq libraries consisting of unpooled PFC

from 5 stressed HSV-GFP, 4 unstressed HSV-GFP, 5 stressed susceptible to resilient HSV-Zfp189 and 5 unstressed HSV-Zfp189 mice. d, Histogram of

the coefficient of determination (R?) from linear regression analysis examining the relationship between Zfp189 expression and the PC1 of each resilient
module (modules are plotted accordingly and represented by color). Of all resilient modules, Zfp189 shows the strongest regulation of the pink module.

e f, Linear regression showing a positive relationship between resilient behavior and Zfp189 levels (e) in the PFC of each mouse and pink module
expression (f) (=10 RNA-seq libraries consisting of 5 stressed HSV-GFP and 5 stressed susceptible to resilient HSV-Zfp189 mice).

mRNA are neurons (Supplementary Fig. 3a). Therefore, to probe  controls, HSV-Zfp189 mice did not show stress-induced anxiety-like
the causal role of ZfpI89 in stress resilience, we used herpes effects (Supplementary Fig. 4b,c) and, while there were no dif-
simplex virus (HSV) vectors, which selectively target neurons ferences in the FST results (Supplementary Fig. 4d), HSV-Zfp189
(Supplementary Fig. 3b), to overexpress Zfp189 in PFC neurons mice consumed significantly more sucrose than defeated controls
and then exposed mice to an accelerated social defeat paradigm  (Fig. 1h). Together, these results are consistent with Zfp189 having a
(Fig. 1f; Supplementary Fig. 4a). role in the PFC to increase resilience to CSDS.

In the social interaction (SI) test, defeated mice overexpressing Since antidepressant treatment is initiated after a diagnosis of
Zfp189 in the PFC spent more time interacting with a social tar- MDD, molecular targets that reverse behavioral phenotypes seen in
get than defeated mice expressing control HSV-green fluorescent  depression have higher therapeutic potential than targets that only
protein (GFP) (Fig. 1g). To determine whether this effect extends prevent susceptibility. We therefore explored the antidepressant
to other measures of behavior associated with depression- or anxi-  potential of Zfp189 by determining whether CSDS-induced altera-
ety-like phenotypes, we analyzed mice in the open-field test (OFT), tions in behavior could be reversed (Fig. 1i). Delivering Zfp189 to
forced-swim test (FST) and sucrose preference test. In OFTs, unlike  the PFC after CSDS reversed stress-induced social deficits (Fig. 1j).
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(e). CREB is an upstream regulator across brain regions and is predicted to be upregulated in resilience (R) versus control (C) conditions in the PFC.

f, MRNA levels of CREBT in the PFC from patients with MDD and matched controls (two-tailed t-test, t =1.216, P=0.232, n=17 (control) and 22 (MDD)
samples). g, CREBT and ZNF189 are correlated in the PFC of controls to a greater extent than in MDD subjects (ANCOVA, F, 3,=7.702, P=0.009, n=17
(control) and 22 (MDD) samples). **P < 0.01. Bar graphs show the mean +s.e.m.

While Zfp189 overexpression in susceptible mice did not affect
OFT, locomotor testing or FST (Supplementary Fig. 4e-g) out-
comes, HSV-Zfp189 mice displayed higher sucrose preference than
HSV-GFP mice (Fig. 1k). Thus, Zfp189 overexpression in the PFC
exerts both pro-resilient and antidepressant-like actions.

To test the effects of ZfpI189 on gene expression profiles, we
microdissected virally infected tissue and performed RNA-seq.
Overexpression of Zfp189 in PFC neurons upregulated 33.1% (93)
of pink module genes, including 47.5% (19) of key driver genes
(Fig. 2a). Many of these genes were tightly integrated in the net-
work structure, including Nfkbia and Apold1, the two top key driver
genes after Zfp189. Downregulation was less prominent: 7.1% (20)
of genes overall and only 5.0% (2) of hub genes. While Zfp189 over-
expression in the PFC of previously susceptible mice significantly
downregulated 4 and upregulated 12 resilient modules (Fig. 2b),
in support of Zfp189 inducing behavioral resilience specifically
through the pink module, Zfp189 overexpression in the PFC signifi-
cantly upregulated the pink module in both previously susceptible
(false discovery rate (FDR) g=1.67 X 107*?) and non-defeated con-
trol (FDR g=2.63 % 10™* Supplementary Fig. 5) mice.

We next tested whether Zfp189 overexpression in PFC neurons
preferentially affects the pink network. To do this, we performed
principal component analysis to determine pink module expression
across HSV-Zfp189 and HSV-GFP samples in both unstressed and
defeated groups. Because there is variability in the degree to which
Zfp189isoverexpressed by our HSV method (Supplementary Fig. 4a),
we can leverage this variance to determine whether mice in which
Zfp189 was expressed to a higher extent had stronger activation of
the pink module and more resilient behavior. Notably, while this
relationship between Zfp189 and the pink module is inherent in the
RNA-seq data used to generate the pink module (Fig. 1b,c), there
is no a priori relationship between the pink module in our HSV-
Zfp189 sequencing data. As such, our finding that levels of Zfp189
expression in each PFC sample significantly explained the varia-
tion in pink module expression as measured by the first principal
component (PC1) (R*=0.55, P<0.001; Fig. 2¢), independently vali-
dates the inherent biological relationship between Zfp189 and pink
module genes that we originally identified in our WGCNA (Fig. 1c).
Additionally, while WGCNA is undirected, in the current analysis,
overexpression of Zfp189 is a product of viral transduction, and thus
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CREB in PFC have a lower sucrose preference than control mice, an effect blocked by concurrent Zfp189 overexpression (Kruskall-Wallis test, y*(3) =8.475,
P=0.037, from left to right in figure panel: n=9, 11, 10 and 10 mice, two-tailed Mann-Whitney post-test P=0.009 for local KO of CREB and P=0.029 for
overexpression of Zfp189 with concurrent CREB KO). *P < 0.05, **P< 0.01, ***P < 0.001. Bar graphs show the mean +s.e.m.

establishes a true causal link between Zfp189 expression and regula-
tion of the pink module. To determine whether this causal relation-
ship was unique to the pink module, we applied a similar approach
to all other modules. Strikingly, Zfp189-induced expression changes
drove the expression of the pink module more than any other net-
work (Fig. 2d). Furthermore, both variation in Zfp189 expression
and variation in pink module expression were significantly cor-
related with resilient behavior (R*=0.48, P=0.026 and R*=0.50,
P=0.021, respectively; Fig. 2e,f). Together, these data validate our
bioinformatic predictions and indicate that the pro-resilient effects
of Zfp189 are preferentially associated with pink module gene
expression in the PFC.
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CREB is an upstream regulator of the resilience module. We
next investigated how the pink module is regulated. We first used
HOMER' to evaluate pink module genes for overrepresentation of
known binding motifs in silico. Both activating transcription fac-
tor 1 (ATF1) and CREB are predicted upstream regulators of pink
module genes (FDR g=0.027 and FDR ¢=0.035, respectively;
Fig. 3a and Supplementary Table 3). The closely related ATF1 and
CREB predictions bound near-identical CRE-containing consensus
sequences, thus indicating that it is the CRE site that is overrepre-
sented in the pink module. CRE-containing consensus sequences
were unique to the pink module, with statistical enrichment of
any binding site apparent in only 4 of the 29 other networks (FDR
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q<0.05; Supplementary Table 3), none of which contained this
motif. Both ATF1 and CREB play important roles in cell survival'’
and are ubiquitously activated by extracellular signals'®, yet CREB
has also been extensively implicated in both human MDD and
animal models of depression®'~*, while only non-ATF1 members of
the ATF family have been implicated in stress responsivity™.

To complement this analysis, we performed an upstream regula-
tor analysis using ingenuity pathways analysis (IPA), which utilizes
known interactions for a set of genes to determine upstream regu-
lators based on downstream changes in expression. Matching our
results with HOMER, we identified CREB as a predicted upstream
regulator of pink module transcription across brain regions
(Fig. 3b—e; Supplementary Table 4). In contrast, our HOMER find-
ing of ATF1 regulation was not reproduced by IPA. While CREB is
predicted to be more upregulated in susceptibility than resilience in
the NAc, the BLA and the vHIP in our dataset, the predicted regula-
tion of CREB in the PFC (up in resilient, no change in susceptible)
mimics that of both pink module DEG enrichment and Zfp189
differential expression (Fig. 1d). Therefore, we hypothesized that
CREB might regulate the pink module in the PFC, in part, through
direct interactions with Zfp189.

To investigate the role of CREB-Zfp189 interactions in the pro-
resilient regulation of the pink module, we analyzed a published
chromatin immunoprecipitation with DNA microarray dataset of
active, Ser133-phosphorylated CREB (pCREB) binding in the NAc
following CSDS, which revealed that pCREB binding to Zfp189 is
reduced following CSDS and reversed following antidepressant
treatment®. To determine human relevance, we performed qPCR
analysis on postmortem PFC tissue samples from patients with
MDD. While there was no effect of MDD on CREBI expression
(Fig. 3f), CREB1 mRNA levels were significantly correlated with
ZNF189 mRNA levels across samples in both control and MDD
brains (R*=0.53, P<0.001 and R*=0.25, P=0.018, respectively;
Fig. 3g). Moreover, there was a stronger positive relationship in con-
trol than MDD samples. As such, CREB-Zfp189 interactions may
be reduced in both human MDD and mouse CSDS.

CREB-Zfp189 interactions regulate resilience. To evaluate our
prediction that CREB drives resilience in the PFC, we injected Creb™!
mice with adeno-associated virus (AAV) expressing Cre recombi-
nase plus GFP or GFP alone and exposed mice to a subthreshold
social defeat test (Fig. 4a). In accordance with our prediction, AAV-
Cre mice (functionally with a selective CREB knockout (KO) in PFC
neurons) developed behavioral abnormalities in response to this
social stress, but AAV-GFP control mice were unaffected (Fig. 4b).
We next microdissected virally infected PFC and performed qPCR.

Both Crebl and Zfp189 levels were reduced in CREB KO mice
(Fig. 4c,d), thus providing causal in vivo evidence of the regulation
of Zfp189 by CREB in PFC neurons.

Since our data indicated that CREB is upstream of Zfp189, that
Zfp189 promotes resilience and that Zfp189 acts through changes
in pink module expression, we reasoned that CREB KO in PFC
neurons is pro-susceptible, at least in part, through the consequent
reduction in Zfp189. If this is the case, concurrent overexpression
of Zfp189 should rescue the pro-susceptible effects of CREB KO. To
evaluate this, we injected AAV-Cre in the PFC of Creb"® mice while
overexpressing either HSV-Zfp189 or HSV-GFP and exposed mice
to a subthreshold defeat test (Fig. 4e). Importantly, all cells infected
by HSVs were previously infected by AAVs, thus indicating that
Zfp189 is overexpressed in neurons that lack CREB (Supplementary
Fig. 6). Consistent with our previous findings, CREB KO mice
injected with HSV-GFP showed social avoidance, whereas CREB
KO mice supplemented with HSV-Zfp189 did not (Fig. 4f). Zfp189-
overexpressing CREB KO mice also exhibited higher sucrose pref-
erence than GFP-overexpressing CREB KO mice (Fig. 4g), further
supporting the capacity of Zfp189 overexpression to mitigate the
pro-susceptible effects of CREB KO in the PFC.

While the pink module was identified from a dataset of male
mice’ and transcriptional effects of stress exhibit sex differ-
ences® %, we recently found that gene manipulations can induce
similar behavioral effects even in the context of sex-specific tran-
scriptional changes”. Therefore, we manipulated the PFC of female
Creb™™ mice with AAV-Cre or -GFP plus either HSV-Zfp189 or
HSV-GFP and exposed mice to 6 days of subchronic variable stress
(SCVS), a protocol that reliably induces depression-like behavior in
female mice®**” (Fig. 4h). In the novelty suppressed feeding (NSF)
test, CREB KO mice showed the longest latency to feed in the novel
arena (Fig. 4i). While there was no difference in grooming time in
the splash test or latency to immobility in the FST (Supplementary
Fig. 7), CREB KO mice displayed significantly diminished sucrose
preference (Fig. 4j). Zfp189 overexpression blocked these effects of
CREB KO, thus demonstrating that CREB KO increases stress sus-
ceptibility in females that, similar to males, can be rescued by con-
current Zfp189 overexpression.

CRISPR-mediated CREB-Zfp189interactions promoteresilience.
Although our data suggested a functional relationship between CREB
and Zfp189 expression (Fig. 4c,d), indirect interactions between the
two factors could be responsible. To more definitively evaluate the
role of CREB-Zfp189 interactions in resilience, and to probe the
causal consequence of direct CREB action at the Zfp189 gene in
the PFC, we used CRISPR technology as a tool for locus-specific

>
>

Fig. 5 | CRISPR-mediated, locus-specific modulation of Zfp189 with CREB or G9a bidirectionally controls resilient behavior. a, Schematic of the CRISPR
vectors. The variable dCas9 functional moiety is in orange. The variable gene-targeting sgRNA is in yellow. b, Location of the Zfp189-targeting sgRNA
binding site relative to other features in the Zfp189 promoter (red). CRISPR vectors were packaged in HSV and delivered as a viral cocktail bilaterally to
PFC. The box with the broken outline in the brain schematic denotes the field of confocal imaging for the far-left image in c. TSS, transcription start site.
¢, Immunobhistological staining shows a high degree of colocalization of HSV-sgRNA expression vector (GFP) and HSV-dCas9 fusion expression vector
(mCherry) in PFC neurons. Scale bars, 10x objective, 100 pm (far left); 20x objective, 50 pm (right three panels). Repeated with similar results in three
animals. d, Quantification of virus colocalization of 10x objective confocal image in c. e, CRISPR-mediated targeting of active, pseudo-phosphorylated
CREB®™3P to Zfp189 is sufficient to increase mRNA expression in the PFC relative to HSV-GFP, untargeted dCas9-CREB*'*3P and dCas9 with no functional
domain targeted to Zfp189 (Kruskall-Wallis test, y°(5) =10.27, P=0.036, from left to right in figure panel: n=9,12, 5, 5 and 19 mice, two-tailed Mann-
Whitney post-test P=0.035, P=0.004 and P=0.040, respectively). Targeting dominant-negative CREBS'*3* to Zfp189 has no effect. f, Experimental
timeline to determine the effect of CRISPR-mediated placement of CREB at the Zfp189 promoter in PFC neurons. g, Pro-resilient effects of CRISPR-
dependent CREB-Zfp189 interactions. dCas9-CREB*™3P delivered with Zfp189-targeting sgRNA increases the time in the interaction zone when a target
mouse is present relative to dCas9-CREB*™® with NT-sgRNA (mixed model ANOVA, virus F, ;4 =6.235, P=0.015, n=38 (HSV-NT-sgRNA) and 40
(HSV-Zfp189-sgRNA) mice, Bonferroni post-test P< 0.05). h, Targeting dCas9 with G9a to the Zfp189 promoter reduces Zfp189 expression (two-tailed

t-test, t=2.835, P=0.037, n=6 mice). i, Experimental timeline to determine the effect of CRISPR-mediated localization of G9a to the Zfp189 promoter in
PFC neurons. j, Pro-susceptible effects Zfp189-targeted repression with G9a. dCas9-G9a delivered with Zfp189-targeting sgRNA decreases the time in the
interaction zone when a target mouse is present relative to dCas9-G9a with NT-sgRNA (mixed model ANOVA, interaction F, ,,=9.844, P=0.0042,n=13
(HSV-NT-sgRNA) and 15 (HSV-Zfp189-sgRNA) mice, Bonferroni post-test P<0.01). *P<0.05, **P < 0.01. Bar graphs show the mean +s.e.m.
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editing; that is, to target the recruitment of CREB selectively to the
Zfp189 gene promoter in PFC neurons. We fused the nuclease-dead,
RNA-guided, DNA-binding protein Cas9 to a constitutively active,

a dCas9 fusion expression vector
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phosphomimetic mutant form of CREB$'**P (dCas9-CREB®'**") and
designed single guide RNAs (sgRNAs) to target near the consensus
CRE motif in the Zfp189 promoter. The construct design is shown
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Fig. 6 | CRISPR-mediated induction of CREB-Zfp189 interactions activates the pink module. a, Module overlap for PFC DEGs (P < 0.05, log,(FC)>]0.2])
resulting from Zfp189-targeted dCas9-CREB>"*** compared with NT-dCas9-CREB™3P in mice exposed to social defeat. Enrichment was determined via
multinomial logistic regression with Benjamini-Hochberg FDR correction for multiple comparisons as indicated. b, Pink module genes differentially
expressed in defeated mice (P<0.05, log,(FC)>]0.2]). n=20 RNA-seq libraries consisting of unpooled samples from 8 Zfp189-targeted dCas9-CREB®'33P

and 12 NT-dCas9-CREB®'3P mice.

in Fig. 5a. In vitro validation of sgRNAs showed that the top Zfp189-
targeting sgRNA (Zfp189-sgRNA) induced Zfp189 expression only
when the active CREB®'**P, and not the phospho-null CREB®'*** or
dCas9 with no functional moiety, is recruited to the Zfp189 locus
(U=1.0, P=0.009, n=5-6; Supplementary Fig. 8). Zfp189-sgRNA
targets dCas9-CREB®**P ~150 base pairs upstream of the CRE motif
in the Zfp189 promoter (Fig. 5b). With the exception of the Zfp189
locus, there is no complementary site in the mouse genome with
fewer than three base mismatches, which suggests that there is a
low in silico probability of off-target effects (Supplementary Table
5). Our control non-targeting (NT) sgRNA was also predicted not
to target a specific sequence in the mouse genome (Supplementary
Table 6).

We independently packaged our sgRNA expression vectors
and our dCas9 fusion protein expression vectors in HSVs, and co-
delivered these vectors to the mouse PFC. We observed that the two
HSVs predominantly infected the same neurons (Fig. 5¢,d), and tar-
geting dCas9-CREB®"* to the Zfp189 promoter increased Zfp189
expression in the mouse PFC (Fig. 5¢). These data demonstrate the
ability to harness the physiologically relevant mechanism of CREB-
mediated induction of Zfp189 expression with CRISPR-mediated
transcriptional reprogramming in the mouse brain.

We next determined whether direct CREB-mediated activa-
tion of ZfpI89 is sufficient to promote resilience. We injected
HSV-dCas9-CREBS'*P paired with either HSV-NT-sgRNA or
HSV-Zfp189-sgRNA into the PFC and exposed mice to an accel-
erated social defeat stress procedure (Fig. 5f). In SI, mice with
dCas9-CREB**" targeted to Zfp189 showed significantly increased
resistance to CSDS-induced social avoidance relative to mice with
untargeted dCas9-CREBS**P (Fig. 5g). Thus, inducing this single
interaction between pCREB and Zfp189 in PFC neurons is sufficient
to increase resilience to social defeat.
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We next determined whether an epigenetic modification that
suppresses Zfpl89 expression prevents resilient-like behavior.
To do this, we fused dCas9 to the repressive histone methyltrans-
ferase G9a (dCas9-G9a) and injected HSV-dCas9-G9a paired
with either HSV-NT-sgRNA or HSV-Zfp189-sgRNA into the PFC.
Directing G9a to the Zfp189 promoter reduced Zfp189 expression
in the PFC (Fig. 5h). To determine the behavioral effects of this
manipulation, we exposed mice to a subthreshold defeat condition
of one 10-min defeat each day over 4 days and examined behavior in
SI (Fig. 5i). As predicted, mice with dCas9-G9a targeted to Zfp189
showed significantly decreased SI relative to mice with untargeted
dCas9-G9a (Fig. 5j).

To test our hypothesis that these effects are associated with
changes in pink module gene expression, we microdissected virally
infected tissue from the dCas9-CREBS'*" experiment and per-
formed RNA-seq (Supplementary Fig. 9a). Both the pink and green
resilient modules were activated in response to CRISPR-mediated,
CREB-Zfp189 interactions in the context of social defeat (P=0.010
and P=0.048, respectively; Fig. 6a). Relative to traditional overex-
pression (Fig. 2a), we observed fewer regulated pink module genes
overall (Fig. 6b), which is likely due to the more physiologically rel-
evant levels of Zfp189 induction (~2.5-fold Zfp189 induction with
CRISPR-mediated recruitment of CREB versus ~20-fold Zfp189
induction with HSV overexpression).

To determine whether inducing CREB-Zfp189 interactions in
PFC neurons of unstressed controls is sufficient to produce similar
changes in pink module genes, we repeated our dCas9-CREBS'*P
injections in mice not exposed to CSDS (Supplementary Fig. 9).
Again, the pink module was significantly affected when CREB is
directed to the Zfp189 promoter (FDR q=0.047; Supplementary
Fig. 9¢c), with a predominant upregulation of pink module genes
(Supplementary Fig. 9d). Importantly, we did not observe regulation
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of genes nearest to the 49 most homologous off-target sites of the
Zfp189-sgRNA across the mouse genome in unstressed control ani-
mals, and regulation of only one off-target gene (T5c22d3) in the
defeat cohort, which is likely a result of the defeat experience itself
(Supplementary Fig. 9e). These data substantiate the specificity of
our CRISPR approach to direct CREB action at Zfp189 alone.

Discussion

Here, we elucidated the higher-order organization of the tran-
scriptional response to stress across limbic brain regions and dem-
onstrated that a single, causal regulatory interaction can control
activity of a phenotype-specific transcriptional network with defini-
tive effects on complex behavior. Consequently, these data provide
a mechanistic bridge between individual neuronal genes and the
large-scale transcriptional response observed in resilience*’. Taken
together, our data show that the resilient-specific pink module is
preferentially activated by Zfp189—the module’s strongest driver
gene—and that Zfp189 (and thereby the pink module) is regu-
lated by CREB in PFC neurons. As CREB-Zfp189 interactions are
impeded in both chronically stressed mice* and depressed humans
(Fig. 3g), and promote resilience to CSDS (Fig. 5g,j), pharmaco-
logical manipulations of Zfp189, either directly or through CREB-
dependent mechanisms, have the potential to regulate an entire
network of pro-resilient genes and may be an attractive target for
MDD therapeutics.

Because we showed that manipulations of either Zfp189 (Fig. 2b)
or CREB-Zfp189 interactions (Fig. 6a) significantly affect the resil-
ient-specific pink module, our findings are distinct from investiga-
tions of causal regulators of resilience to date that have focused on
individual genes or molecular pathways>*>*~!. Notably, our data
support the existence of a transcriptional hierarchy, as we repeat-
edly showed that manipulation of one putative transcription fac-
tor (Zfp189), either directly or through epigenetic manipulations
related to its upstream regulator CREB, is sufficient to increase
resilience in multiple contexts (Figs. 2g-k, 4f,g,i,j and 5g) by acti-
vating a network of uniquely resilient genes. Even so, it is unlikely
that the 281 genes in the pink module are the sole contributors to
CSDS resilience, especially given the thousands of genes involved in
the resilient response™’. Consequently, there is likely some redun-
dancy whereby multiple genes produce similar effects, and that the
ability of the CREB-Zfp189-pink module axis to promote resilience
occurs in the context of other molecular changes yet to be identi-
fied. Future studies are needed to address these possibilities.

Although our manipulations were initiated in neurons
(Supplementary Fig. 3), some of the genes in the pink module are
enriched in other cell types. For example, Apoldl, which was the
third-highest ranking key driver gene and was upregulated follow-
ing HSV-Zfp189 infection of PFC neurons selectively (Fig. 2a), is
specific to endothelial cells*”. These observations show that manip-
ulations of Zfp189 in neurons only cause downstream transcrip-
tional effects in non-neuronal cell types through cell-cell signaling.
While changes in the endothelium have been shown to play a role
in CSDS susceptibility™, the role of endothelial cells in resilience
has not yet been defined. These findings illustrate the advantages of
whole-tissue RNA-seq, as transcriptional relationships between cell
types can be observed.

Our proposed mechanism for regulation of the pink module
involves CREB activating Zfp189 by binding to the Zfp189 promoter.
While we show that CREB KO in PFC neurons increases susceptibil-
ity, and that this can be mitigated with concurrent overexpression
of Zfp189 in the same cells (Fig. 4), this approach affects hundreds
or thousands of genes, and it is impossible to discern whether our
observed effects are due to altered CREB-Zfp189 interactions or sim-
ply the pro-resilient effects of Zfp189 obscuring the pro-susceptible
effects of CREB KO. Most studies to date have relied on overexpres-
sion or knockdown strategies, which are limited in defining the exact
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causal mechanisms driving the progression of neuropsychiatric dis-
ease. To circumvent this problem and to more definitively character-
ize the role of regulatory interactions in controlling transcriptional
networks, we employed CRISPR. While neuroepigenetic editing has
been employed to answer questions related to neuropsychiatric dis-
ease’ %, CRISPR technology provides a cheaper, more modular and
more easily employable approach that can answer a wider array of
relevant research questions and has been previously used to induce
locus-specific epigenetic modifications in mammalian brain®*.
Our data demonstrate that CRISPR-dependent locus-specific epi-
genetic modifications can be used to mimic and block endogenously
identified interactions and affect both downstream gene expression
(Fig. 6; Supplementary Fig. 9c) and behavior (Fig. 5g,j).

Together, we have described a vital single molecular interac-
tion of the known transcriptional regulator CREB and the novel
downstream transcription factor Zfp189 that is capable of activat-
ing a network of genes in PFC neurons to mediate stress resilience.
These findings elucidate the molecular mechanisms involved in
stress resilience, as well as provide a broad molecular framework for
the hierarchical organization and regulation of gene co-expression
networks and their relationship to complex behavior.
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Methods

Animals. Experimental mice were either C57BL/6] mice or C57BL/6] mice that
were genetically modified for a conditional brain region-specific Cre-dependent
CREB KO by insertion of loxP sites flanking Creb1 exon 2 (ref. **). In addition,
6-month-old CD1 aggressor mice were used as aggressors to induce social

stress in the CSDS procedure, but were not included in any analysis. Wild-type
C57BL/6] mice were 8 weeks old at the time of experimentation. Creb"" mice
were used between 8 weeks and 4 months of age due to breeding considerations,
and age was counterbalanced across experimental conditions. C57BL/6] mice
were housed five per cage, whereas CD1 mice were single-housed. C57BL/6] mice
undergoing CSDS were single-housed following the final defeat, and C57BL/6]
mice undergoing SCVS were single-housed following the final stressor. To
maintain consistent study design, unstressed controls were single-housed at the
same time as stressed mice. Once mice were single-housed, they remained as such
until the end of experimentation. For all experiments, mice were randomized

to experimental groups and only healthy, well-appearing mice were selected for
experimentation. All mice were maintained on a 12-h light-dark cycle with lights
on at 07:00 and a controlled temperature range of 22-25°C. Food and water were
provided ad libitum except for the 24 h preceding NSF testing, when food was
removed. All experiments conformed to the Institutional Animal Care and Use
Committee guidelines at Mount Sinai, which approved the animal experiments
in the study. Behavioral testing took place during the light cycle of the animals.
In cases where non-automated analysis was used, the experimenter was blinded
to the experimental group. The order of testing in behavioral experiments was
counterbalanced, and assignment to experimental groups was random.

Stress protocols and behavioral testing. CSDS and SI tests were performed
according to established protocols". CD1 retired breeder mice were screened for
aggression in 3-min intervals over the course of 3 days. CD1 mice consistently
attacking 8-week-old male C57BL/6] screener mice were included as aggressors for
CSDS. On the first day of stress, a CD1 mouse were placed on one side of a large
hamster cage separated by a perforated Plexiglas divider, and an 8-week-old male
C57BL/6] mouse was placed on the other side. Importantly, this Plexiglas divider
allows for sensory, but not physical, contact between CD1 and C57BL/6] mice.
During each defeat, the C57BL/6] mouse was placed in the same side of the cage

as the CD1 aggressor for a period of 7.5-10 min. This duration was kept constant
throughout each experiment and was predetermined to titrate the defeat based on
the overall aggression in the CD1 cohort during screening. During this time, the
CD1 aggressor physically attacked the C57BL/6] mouse. Following the physical
bout, the C57BL/6] mouse was returned to the other (empty) side of the divider
where it remained in sensory contact with the CD1 aggressor that had just attacked
it, but could not be further harmed physically. For each consecutive defeat session
(24 h later for CSDS and subthreshold defeat and 12 h later for accelerated defeat),
the C57BL/6] mouse was exposed to a new CD1 aggressor in a different hamster
cage and the procedure was repeated. Control C57BL/6] mice were double-housed
in a mouse cage separated by a perforated divider for the length of stress. To
control for handling effects, control mice were moved to the adjacent half cage
whenever a stress occurred for experimental mice. CSDS took place for a duration
of 10 days, accelerated defeat took place over the course of 4 days with 2 defeats per
day (to coincide with the time course of HSV-mediated transgene expression) and
subthreshold defeat took place over the course of 5 days.

SCVS was performed as previously described* with three different hour-long
stresses performed twice over a total of 6 days. Briefly, 8-week-old female C57BL/6]
mice were exposed to foot shock (0.45mA) on days 1 and 4, tail suspension on
days 2 and 5, and restraint stress (in a 50-ml Falcon tube in the home cage) on days
3 and 6. Mice were group-housed (five mice per cage) when they were not being
stressed, and control mice remained in their home cages throughout.

Behavioral tests occurred in a behavior suite different from where stress
exposure was performed. In cases where a test was repeated following a
manipulation, a different behavior room was used for the second test. Mice were
given 1h to habituate to the behavioral room before behavioral testing. Due to the
timeline of HSV expression®, multiple behaviors occurred on the same day when
HSV vectors were used. To minimize spillover effects from one test to another,
tests were separated by a minimum interval of 2h. Behavioral analyses for SI,
locomotion and OFT were performed automatically by video tracking software
(Ethovision 10.0, Noldus). FST results were analyzed manually on pre-recorded
video by investigators blinded to the study design, and sucrose preference test and
NSF results were analyzed manually in real time. To ensure adequate power, sample
sizes were chosen in accordance with the number of mice needed to show statistical
significance in CSDS and SCVS conditions as defined by previous studies™*.

SI testing was performed under red light 24 h after the last social defeat stress.
C57BL/6] mice were placed into an open arena with an empty wire cage at one side
(interaction zone). Mice were given 2.5min to explore the arena and then removed.
A novel CD1 aggressor to which the C57BL/6] mouse had never been exposed to
was placed in the cage (interaction zone) and the procedure was repeated. Time in
the interaction zone was recorded automatically with video tracking software. Data
were analyzed as time spent in the interaction zone when the aggressor was absent
compared with time spent in the interaction zone when the aggressor was present.
In cases where mice were subset into resilient and susceptible phenotypes, defeated

mice with SI ratio scores >1.2 that spent >60s in the interaction zone when the
target was present were determined to be resilient. Defeated mice with SI ratio
scores <0.8 that spent <405 in the interaction zone when the target was present
were determined to be susceptible.

OFT was performed by allowing mice 10 min to explore an open arena under
red light. Although nothing was physically placed in the arena, the center and
periphery were defined in video tracking software. The total time spent in the
center was recorded and utilized for analysis. In addition, the total distance moved
during this time was analyzed to determine locomotor effects.

The FST was always performed last in the sequence of behavior. FST was
performed in 4liter Pyrex beakers filled with 2liters of 25 °C (£1°) water. Mice
were placed in the water and recorded by a front-facing camera for a period of
6 min. Investigators blinded to the study design scored FST videos by recording the
latency to the first immobility state.

NSF was performed following 24 h of food deprivation. Female mice were
placed in a novel arena with corncob bedding and a single piece of food in the
center of the arena. The time to feed was recorded manually under white light.
Mice were given a maximum of 10min to eat, after which the trial was ended and
latency of 600 s was recorded. After the mouse ate in the novel arena, the mouse
was returned to the home cage where a single piece of food was located in the
center, and the time to eat in the home cage was recorded. Data were analyzed as
the latency to eat in the novel arena and the latency to eat in the home cage.

The sucrose preference test was performed as a two-bottle choice test. One
bottle was filled with water and the other bottle was filled with 2% sucrose. The
initial weights of each bottle were recorded and bottle weights were recorded each
morning and evening over the sucrose preference period. Sucrose preference was
calculated as the change in weight of the sucrose bottle/the change in weight of
both bottles X 100. Total sucrose preference was used for analysis.

To allow for peak viral expression at the time of behavior, AAV infusions
and behavior were separated by 4 weeks, and HSV infusions and behavior were
separated by 4-5 days, as described in the reported experimental timelines in the
figure captions.

Tissue collection. Mice were killed 24 h after final behavior tests via cervical
dislocation. To acquire only infected tissue within the PFC, microdissection was
performed using a fluorescence microscope. Brain slices containing the PFC
were either visualized on blade and directly punched or suspended in cold PBS
before tissue dissection. PFC samples were collected as either a single midline
12-gauge punch or as bilateral 14-gauge punches, which varied according to virus
spread. However, only the PFC was included in dissections. Mice were excluded
from analysis when the PFC was not correctly targeted. Dissected tissue was
immediately frozen on dry ice. Since our HSV and AAV vectors express GFP, there
was no way to distinguish expression of the two viruses. As such, for experiments
in which HSV and AAV vectors were both injected, the PFC was collected using
a 12-gauge punch, and downstream qPCR with reverse-transcription was used

to validate virus effects. In cases where dual 14-gauge punches were used, two
punches (bilateral) from each mouse were combined, but samples were never
pooled between mice.

Viral reagents. We overexpressed Zfp189 using bicistronic p1005 HSV expressing
GFP alone or GFP plus Zfp189. This involves a dual promoter approach whereby
GFP expression is driven by a cytomegalovirus (CMV) promoter but Zfp189
expression is driven by IE4/5. Zfp189 was inserted into the p1005 plasmid from

a plasmid containing the mouse Zfp189 gene (Origene MR209370), which was
packaged into HSV.

We overexpressed Cre recombinase in Creb™" mice using AAV serotype 2
AAV-CMV-Cre-GFP virus from the University of North Carolina Vector core.
Similar to expression of Zfp189, this virus induces Cre expression via the CMV
promoter. In Creb™" mice for which we intended to preserve CREB expression, we
injected AAV-CMV-GEFP (serotype 2).

We repurposed the CRISPR system to target CREB binding to the Zfp189
promoter. We cloned and synthesized fusion constructs of a phosphomimetic
mutant form of CREB or G9a fused to nuclease-dead Staphylococcus pyogenes Cas9
protein (dCas9-CREB*"**P and dCas9-G9a, respectively), which can localize to
specific sites along the genome based on the complementarity of a specific sgRNA
sequence. sgRNA sequences for Zfp189 were determined first in silica based on
the sequence of the Zfp189 promoter, and a suite of ten sgRNAs were designed to
bind to distinct DNA sequences proximal to the CRE motif within the promoter.
To promote specificity, sgRNA off-target effects were predicted using
https://zlab.bio/guide-design-resources according to their published algorithm™,
and candidate sgRNAs with complementary sequences in the mouse genome with
fewer than three base mismatches were excluded. The sequence of our NT-sgRNA
(protospacer sequence: GCGAGGTATTCGGCTCCGCG) was identified from the
GeCKO v.2 libraries and validated to ensure that no genomic site was targeted.

All ten candidate sgRNAs were de novo synthesized as gBlocks from Integrated
DNA Technologies containing a U6 promoter, a variable target sequence, a guide
RNA scaffold and a termination signal. These were subcloned into a p1005 variant
plasmid for HSV packaging. All Zfp189-sgRNAs were first validated in N2A cells
to identify the most effective Zfp189-targeting sgRNA. Cells were transfected and
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lysed after 48 h, and mRNA expression was analyzed by qPCR. The top sgRNA
(protospacer sequence: GTGTCTCGGTTAGCAAGAAG) was packaged into HSV
and tested in vivo.

In vivo confirmation of Zfp189 induction was validated via qPCR on dissected
PFC tissue. To minimize between-mouse variability, a hemispheric approach
was utilized wherein the test constructs were injected into one hemisphere while
control constructs were injected into the other hemisphere of the same mouse.

Viral-mediated gene transfer. Stereotaxic surgeries targeting the PFC were
performed as previously described**'. Mice were anesthetized with an intraperitoneal
injection of ketamine (100 mg perkg) and xylazine (10 mg perkg) dissolved in sterile
water. Subsequently, mice were placed in a small-animal stereotaxic device (Kopf
Instruments) and the skull surface was exposed. Needles (33-gauge; Hamilton)

were utilized to infuse 0.5 ul of virus at a rate of 0.1 ulmin™' followed by a 5-min

rest period to prevent backflow. For Creb"" and CRISPR experiments, 1l of virus

at a rate of 0.2 plmin™" was utilized to maximize viral spread within the PFC. The
following coordinates were utilized for the PFC: from Bregma: anterior—posterior:
+1.8 mm; medial-lateral: +0.75 mm; dorsal-ventral: —2.7 mm; 15° angle. While PFC
injections targeted the infralimbic cortex, virus spread sometimes extended beyond
these anatomical boundaries to other PFC regions.

Immunohistochemistry. Mice were anesthetized with an intraperitoneal injection
of ketamine (100 mg per kg) and xylazine (10 mg perkg) and transcardially
perfused with a fixative solution containing 4% paraformaldehyde (PFA) (w/v) in
0.1 M Na,HPO,/Na,HPO,, pH 7.5 at 4°C delivered at 20 mlmin-! for 5min with
a peristaltic pump. Brains were post-fixed for 24h in 4% PFA at 4°C. Sections
of 30-um thickness were cut in the coronal plane with a vibratome (Leica) and
stored at —20°C in a solution containing 30% ethylene glycol (v/v), 30% glycerol
(v/v) and 0.1 M phosphate buffer. Free-floating sections were processed for
immunohistochemistry as follows. On day 1, sections were rinsed three times
for 10 min in PBS before permeabilization for 15min in PBS containing 0.2%
Triton X-100 (Fisher). Sections were then rinsed three times in PBS followed by
a blocking step of 1h incubation in PBS containing 3% BSA. Primary antibodies
against GFP (Aves Lab, GFP-1020, polyclonal: IgY lot: GFP879484, 1:500 dilution),
mCherry (Abcam, ab125096, clone: 1C51, lot: GR3201780-3, 1:500 dilution), CD34
(Abcam, ab81289, clone: EP373Y, lot: GR201207-37, dilution 1:250) and NeuN
(Abcam, ab104224, clone: 1B7, lot: GR3215839-1, dilution 1:500) were diluted in
blocking solution and sections incubated overnight at 4 °C with gentle shaking.
Sections were then washed three times in PBS and incubated with secondary
antibodies (donkey anti-chicken Alexa Fluor 488, donkey anti-rabbit Cy3 or
donkey anti-mouse Alexa Fluor 594; Jackson ImmunoResearch, 1:500 dilution)
for 2h at room temperature. After three rinses in PBS, sections were incubated for
5 min with 4,6-diamidino-2-phenylindole (DAPI; Sigma, D9542), washed again
three times in PBS and then mounted in Vectashield (Vector Labs).

GFP and NeuN expression was assessed in the PFC using a LSM 710 laser-
scanning confocal microscope (Carl Zeiss) imaged using a 10X, 20X or 40X oil
immersion objective with a 1.0 digital zoom.

RNAscope. Fluorescent in situ hybridization (FISH) for Rbfox3 (NeuN) mRNA
(no. 313311) and Zfp189 mRNA (no. 569561) was performed using a RNAscope
Fluorescent Multiplex 2.0 assay as per the manufacturer’s instructions (Advanced
Cell Diagnostics)*. Briefly, fresh whole mouse brains were embedded in OCT
medium and quickly frozen in 2-methylbutane chilled to —80°C. Cryosections
(20 pm) of PFC were than prepared and mounted on SuperFrost Plus slides.
Sections were fixed and pretreated according to the RNAscope guide for fresh
frozen tissue. After pretreatment, sections were hybridized with FISH probes using
a HybEZ Hybridization System. After several amplification sets, the sections were
counterstained with DAPI and mounted using Prolong Gold. Reactive cells were
analyzed bilaterally in the NAc. Confocal images were acquired on a LSM 710
confocal microscope (Carl Zeiss) using a 40X or 63x oil immersion objective.

RNA isolation, qPCR, library preparation and sequencing. Total RNA was isolated
from frozen dissected PFC tissue using QIAzol lysis reagent and purified using a
miRNAeasy mini kit (Qiagen). Following isolation, RNA to be utilized in gPCR

was quantified by Nano Drop (Thermo Fisher) and converted to complementary
DNA with iScript (Bio-Rad). qPCR samples were analyzed in triplicate using

the standard AACT method. For non-CRISPR experiments, hypoxanthine
phosphoribosyltransferase 1 (Hprt1) was utilized for normalization for both mice
and humans, and for CRISPR experiments, gene expression was normalized to the
geometric mean of Hprtl, dCas9 and GFP transcripts to account for both cell health
and appropriate delivery of tool components. For RNA being utilized for RNA-seq,
RNA integrity (RIN) was assayed using an Agilent 2100 Bioanalyzer (Agilent).
Average RIN values were above nine, and samples with RIN values less than eight
were excluded from analysis. Each sample consisted of PFC punches from the same
animal with no pooling between animals. Not all mice within each experiment

were processed for RNA-seq. Samples utilized for sequencing were determined in

all cases by the quality of the viral targeting and the quality of the resulting RNA (as
determined by the RIN value). Additionally, in cases where the transcriptional effects
of a particular behavior were being analyzed, samples that represented the group
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phenotype (overall effect) were selected for sequencing. For CRISPR experiments,
only samples in which the effect of the CRISPR manipulation could be demonstrated
were included in the analysis. RNA-seq of the effects of Zfp189 expression included
five samples per group (five HSV-Zfp189 and five HSV-GFP) for previously
susceptible mice and four to five samples per group (five HSV-Zfp189 and four
HSV-GFP) for unstressed controls. RNA-seq of CRISPR-infected tissue included
three samples per group (three dCas9-CREB®'**" + NT-sgRNA and three dCas9-
CREB*P + Zfp189-sgRNA) for undefeated controls and 8-12 samples per group
(12 dCas9-CREB®'*P + NT-sgRNA and eight dCas9-CREB**" + Zfp189-sgRNA)
for defeated mice. Libraries were prepared using a TruSeq RNA Sample Prep kit v2
(Illumina). Briefly, mRNA was polyA selected from the total RNA pool. mRNA was
then fragmented and converted to cDNA with reverse transcriptase followed by
cDNA size selection and purification with AMPure XP beads (Beckman Coulter).
To identify each sample, strand-specific adapters were ligated to adenylated 3’ ends
and an additional size-selection step was performed. The cDNA library was then
amplified using PCR. During this step, barcodes of six base pairs were added to the
adaptors. Library quality and concentration were measured using the Bioanalyzer
before sequencing. Libraries were sequenced by either the Genomics Core Facility
of the Icahn School of Medicine at Mount Sinai (Zfp189 overexpression) using an
Illumina HiSeq 2500 System with v3 chemistry and 100 base pair single-end reads
or GENEWIZ (CRISPR sequencing) using an Illumina HiSeq System with 150 base
pair paired-end reads. Multiplexing was performed to ensure minimum reads of 20
million for each sample.

RNA-seq. Raw reads obtained from PFC samples were mapped to mm10 using
HISAT?2 (ref. **). SAM files were converted to BAM files and were sorted according
to chromosome number using SAMTools". Counts of reads mapped to genes

were obtained using HTSeq-count” against Ensembl v90 annotation. Differential
expression analysis was carried out using the R package DESeq2 (ref. *°). For virally
infected tissue, sequenced samples in which the overexpressed transgene could

not be adequately detected (Zfp189 for HSV-Zfp189 or dCas9, sgRNA or Zfp189
for CRISPR studies) were considered to be a result of experimenter error (viral
targeting or tissue selection) and were removed from analysis.

Identification of resilient-specific co-expression networks. To identify gene
networks implicated in resilience, we utilized a previously published dataset’
from our group that reported WGCNA modules and DEGs following CSDS.
Briefly, WGCNA modules and differential expression profiles were generated
from RNA-seq data with tissue taken at three time-points after 10 days of CSDS.
Mice were exposed to stress, phenotyped in the SI test, and the PFC, NAc, vHIP
and BLA were dissected for RNA-seq. Differential expression comparisons were
region-specific, but brain regions were pooled before WGCNA. As such, reported
WGCNA networks represent relationships of genes across brain regions.

Resilient modules presented herein are identical to the resilient modules
presented in the supplementary material of our previous study’ (Supplemental
Table 3). Also, DEGs from the Supplementary Information were utilized for
enrichment analysis, and unprocessed data were utilized to generate module
structures with additional analyses as necessary.

Our approach to identifying resilient-specific co-expression networks was
predicated on our hypothesis that resilient-specific modules would be both unique
to the resilient phenotype and transcriptionally active immediately following
CSDS. As such, we first examined the 30 resilient modules for MDC®. MDC is a
measure of how connectedness among a set of genes is altered in the same genes
in a different condition. This was performed as previously described® and modules
with FDR ¢ <0.05 are reported as significantly differentially connected. However,
while previous studies from our group® have identified networks for functional
validation based on MDC in a single condition, gene expression®* and circuit"’
alterations in the resilient phenotype are distinct from that of susceptibility or
control and, therefore, only networks that showed MDC when compared with both
phenotypes were considered resilient-specific.

Module enrichment analysis. To identify statistical overlap between previously
identified differentially expressed genes (Gene Expression Omnibus (GEO)
database: GSE72343)’ and modules, we utilized the R package Super Exact Test
(SET)*. The SET evaluates multi-set interactions to determine the difference
between observed and expected overlap, which is then quantified statistically

as an enrichment P value and fold change. Expected overlap for two gene sets

is dependent on the size of the gene sets and the number of total variables in
the dataset (background number of genes). Higher than expected overlaps are
indicated by larger fold change values, which represents the ratio of observed
overlap to expected overlap. SET is advantageous in this setting, as enrichment for
upregulated and downregulated genes can be determined separately. PPIs were
determined using STRING (v.10.5)".

Human brain analysis. To identify whether our resilient mouse modules were
preserved in human brain, we used the modulePreservation function of the R
package WGCNA to compare module identity in mouse to RNA-seq data from
human control and human MDD data (GEO dataset: GSE102556)°. All brain
regions included in the human analysis were included, and male and female
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subjects were combined. To evaluate the difference between preservation in human
controls and human MDD, we compared module preservation P values in each
condition. A tenfold change in P value was considered to be a detectable deviation.
To evaluate CREBI and ZNF189 levels in human brain, we used qPCR on
reverse-transcribed mRNA from BA25, the PFC region most homologous to
the ventral medial PFC targeted in our mouse studies. Samples from individuals
with alcohol in their blood at the time of death were excluded due to possible
effects on the transcriptome in the PFC. Demographics of the final cohort are
shown in Supplementary Table 2. There were no significant differences in any of
the demographics between MDD and controls. Experiments were conducted in
accordance with the guidelines of the Douglas Institute Research Ethics Board.
However, no specific ethical approval or guidance was provided for analysis of
existing postmortem tissue.

Identification of the pink module network structure. We generated a network
structure for the pink module using the algorithm for the reconstruction of
accurate cellular networks (ARACNE)". Critically, however, ARACNE is not a
directed analysis, so connections between genes are still based on correlations. To
attempt to resolve regulatory genes within the pink module, we next performed
key driver analysis'' on the ARACNE reconstructed network. Key driver analysis is
predicated on the understanding that more important regulatory genes will have a
larger effect on other genes in the module. Therefore, more important genes should
forge more direct connections in the final module structure than less important
genes. We analyzed the pink module structure at a threshold of two layers to
identify the most important regulatory genes. Key driver genes had a number of
connections that were significantly above the average value for the network and
were considered for further in vivo analysis.

Identification of the relationship between Zfp189 and the pink module. To
establish the relationship between Zfp189 and the WGCNA modules, we first
obtained gene expression levels from the regularized log-transformation of
DESeq2. The expression of each gene was then standardized to have zero mean
and unit standard deviation across all samples. Principal component analysis was
performed on each module (excluding Zfp189) to obtain the PC1 after weighting
as the ‘eigen-gene’ for each module. The Pearson’s correlation analysis was then
performed between Zfp189 and each module’s eigen-gene to obtain the R* score.

Determination of pink module upstream regulators. To probe the pink module
for specific regulatory binding sites, we utilized HOMER motif analysis'®. HOMER
examines binding sites within a gene set to see whether a specific binding motif

is significantly enriched compared with what would be expected in a background
gene set (in our case, the entire mouse genome). HOMER motif analysis was
performed on all resilient modules. As such, we utilized a FDR cut-off of P <0.05
for significant upstream regulators. To reduce the detection of false positives, we
limited our candidates to known binding motifs.

To complement motif analysis, we performed upstream regulator analysis
using the upstream regulator tool in Qiagen’s Ingenuity Pathway Analysis (IPA;
www.qiagen.com/ingenuity). This function predicts the identity and direction of
change of known upstream regulators for a given differential expression signature
from the magnitude and scale of gene expression changes in a dataset. Predictions
used in this study were based on experimentally observed interactions within
all datasets in IPA with the stringent filter setting applied. Reported P value
calculations were determined from the Ingenuity Knowledge Base reference set
considering both direct and indirect relationships. Any regulator for which there
was sufficient evidence to generate an activation/inhibition prediction is reported.
Input to IPA was prepared from transcriptional changes determined by RNA-seq in
48 after CSDS (GEO database: GSE72343)". Data were filtered for protein-coding
genes. Three separate comparisons (susceptible versus resilient, resilient versus
control and susceptible versus control) were utilized, and fold change values for all
pink module genes were included as input.

Evaluation of overlap between RNA-seq and resilient modules. To test the
overlap between the RNA-seq differential list and the resilient modules, we used
multinomial logistic regression to predict the module membership using gene
expression changes as regressors. The gene expression changes are log fold changes
(LFCs) from the differential analysis. To control for noise, we combined P values
with LFCs by forcing them to zero when the P value is less than 0.05 to derive a so-
called P value adjusted LFC (PLFC). To control for covariates, such as gene length
and GC content, that may affect the differential analysis, we included the log-
transformed basal gene expression (LBGE) as a covariate in the logistic regression.
The LBGE is standardized to have a zero mean and the same standard deviation as
the PLFC to facilitate optimization. In multinomial logistic regression, we used the
turquoise module as the reference since it is the largest module and does not show
overlap with the differential list. The coefficient of the PLFC from the regression
analysis can be interpreted as the significance of the overlap, while the coefficient
of the LBGE indicates the bias of the covariates.

Gene ontology. Gene ontology for biological pathways was determined in EnrichR
with gene identities of DEGs™.

Statistics. Statistics were performed in Prism v.5.0 and v.8.0 for Mac (GraphPad
Software) and SPSS Statistics v.22 (IBM). No statistical methods were used to
predetermine sample sizes, but our sample sizes were similar to those reported in
previous publications®’. Unless otherwise stated, measurements were taken from
distinct samples. For all behavioral analyses, outlier detection was performed
using a Grubbs test with an alpha value of 0.05, and statistical outliers were
excluded from analysis. Because there is no non-parametric equivalent for repeated
measures tests, in accordance with the literature, all SI and NSF data were analyzed
using a mixed model analysis of variance (ANOVA) where one of the factors (that
is, target present, target absent) was treated as a repeated measure. A three-factor
analysis model was employed when there were either two behavioral conditions
(control versus stress or pre-test versus post-test) or two viruses (HSV and AAV)
in addition to the repeated measure. In other cases, a two-factor analysis model
was employed. For all tests other than SI and NSE Levene’s test of variance was
first utilized to ensure that the data met the assumptions necessary for parametric
statistics. In cases where data met the assumptions necessary for parametric
statistics, data from two groups were analyzed using a two-tailed students ¢-test,
and data from three or more groups were analyzed with a one-way or two-way
ANOVA. When data were from the same animal, paired or repeated measures were
utilized. In cases where the data did not meet assumptions for parametric statistics,
data from two groups were analyzed using an independent samples Mann-
Whitney and data from three or more groups were analyzed with a Kruskal-Wallis
test. In these cases, different groups were compared using independent samples
Mann-Whitney tests as post-tests. For parametric statistics, Bonferroni tests were
used as post-tests. For comparisons of two continuous variables, we used linear
regression analysis, in which case the coefficient of determination (R?) is reported.
To compare linear regressions, we used analysis of covariance (ANCOVA).

Data that survived multiple comparisons correction are indicated, and analyses
presented with correction are specified in the text with the FDR values. Additional
information can be found in the Nature Research Reporting Summary.

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

Data availability

The RNA-seq data reported in the paper are deposited in GEO with the accession
number GSE118317. Other data that support the findings of this study are available
from the corresponding author upon request.

Code availability
Scripts and code utilized in the analysis of study data are available from the
corresponding author upon request.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection In addition to data directly collected by the experimenters for this study, data from two sequencing studies (Labonte et al. 2017 Nature
Medicine; GEO GSE102556 and Bagot et al., 2006 Neuron; GEO GSE72343) were used and are specified in the text.

Data analysis Freely available software: Raw reads obtained from PFC were mapped to mm10 using HISAT2. SAM files were converted to BAM files and
were sorted according to chromosome number using SAMTools. Counts of reads mapped to genes were obtained using HTSeqg-count
against Ensembl v90 annotation. Differential expression analysis was carried out using the R package DESeq2. We generated a network
structure for the pink module using the Algorithm for the Reconstruction of Accurate Cellular Networks (ARACNE). We performed Key
Driver Analysis (KDA) on this network. In order to identify statistical overlap between previously identified differentially expressed genes,
we utilized the Super Exact Test (SET) R package. Protein-protein interactions were determined using STRING version 10.5. To identify
whether our resilient mouse modules were preserved in human brain, we used the modulePreservation function of R package WGCNA.
To probe the pink module for specific regulatory binding sites, we utilized HOMER motif analysis. Gene Ontology for Biological Pathways
was determined in EnrichR with gene identities of differentially expressed genes.

Commercial software: We performed upstream regulator analysis using the upstream regulator tool in QIAGEN’s Ingenuity® Pathway
Analysis (QIAGEN Redwood City, www.giagen.com/ingenuity). Prism 5 and Prism 8 (GraphPad) and SPSS version 22 for statistical analysis.
Ethovision 10.0 (Noldus) was utilized for automated behavioral analysis.

Custom R scripts: Used to test overlap between RNA-seq and established resilient modules (multinomial logistic regression) and to
identify the relationship between Zfp189 expression and the pink module (principal component analysis followed by Pearson's
correlation). Both analyses are described in depth in the methods section.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

"RNA-seq data reported in the paper is deposited in GEO with the accession number: GSE118317". "Further information and requests for resources and reagents,
including custom R scripts used in this study, should be directed to and will be fulfilled by Eric Nestler (eric.nestler@mssm.edu)".
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size To ensure adequate power, sample sizes were chosen in accordance with number of mice needed to show statistical significance in behavioral
paradigms as defined by previous studies. No statistical method was used to determine sample size.

Data exclusions  Outlier detection was performed for all behavioral analyses using a Grubbs test with an a-value of 0.05. Statistical outliers were excluded from
analysis. Behavioral data were also excluded when virus' were targeted incorrectly. For human PCR data, samples for which there was alcohol
in the body at the time of death were excluded from analysis.

Replication Bioinformatic findings central to the study were replicated with transcriptional analysis from independent tissue as is explained in-depth in
the manuscript text. Additionally, when possible findings from mouse were replicated in human brain tissue. Finally, key behavioral findings

were replicated in subsequent experiments that repeated the same manipulation with increasing levels of mechanistic specificity. All attempts
at replication were successful.

Randomization  All behavioral testing was counterbalanced across experimental groups, and assignment to experimental groups was random.

Blinding Behavioral analysis was performed either automatically by video tracking software (Ethovision 10.0, Noldus) on pre-recorded video manually
by investigators blind to study design, or manually in real time.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms

X
L]
X
X

Human research participants

XOOXOOS

[] clinical data

Antibodies

Antibodies used Primary: GFP (Aves Lab, GFP-1020, Polyclonal: IgY, Lot: GFP879484, 1:500 dilution), mCherry (Abcam, ab125096, Clone: 1C51,
Lot: GR3201780-3, 1:500 dilution),CD34 (Abcam, ab81289, Clone: EP373Y, Lot: GR201207-37, dilution 1:250) and NeuN (Abcam,
ab104224, Clone: 1B7, Lot: GR3215839-1, dilution 1:500)
Secondary: (donkey anti-chicken Alexa Fluor 488, donkey anti-rabbit Cy3, donkey anti-mouse Alexa Fluor 594; Jackson
ImmunoResearch, 1:500 dilution)

Validation All antibodies were validated by the manufacturer and were chosen based on their extensive use in the literature. Antibodies
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were further validated for use in IHC by comparing fluorescence in regions of the brain overexpressing the antibody target (GFP
or mCherry) and comparing the signal to uninjected regions of the brain where no GFP or mCherry would be expected to be
present.

Eukaryotic cell lines

Policy information about cell lines
Cell line source(s) Neuro-2a (ATCC CCL-131)
Authentication We obtained low-passage cell lines from ATCC and froze aliquots in liquid nitrogen. To perform our CRISPR construct
validations, we thawed a single aliquot and maintained the cell line for a maximum of ten passages. During this time, we

completed our experimentation, routinely checked morphology by microscope to assess cell health and identify the state of
the cells, and ran mycoplasma detection.

Mycoplasma contamination Cell lines were repeatedly tested for mycoplasma contamination over the course of experimentation. No mycoplasma was
detected.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Male and female 8 week old C57BL/6J mice, Floxed CREB mice (http://www.informatics.jax.org/allele/MGI:4460924) and 6-
month old CD1 retired male breeders (CD1 aggressors) were housed at 22-25°C in a 12-hr light/dark cycle and provided food and
water ad libitum. All tests were conducted during the light cycle. Experiments were conducted in accordance with the guidelines
of the Institutional Animal Care and Use Committee at Mount Sinai.

Wild animals No wild animals were used.
Field-collected samples No field-collected samples were used.
Ethics oversight All experiments conformed to the Institutional Animal Care and Use Committee (IACUC) guidelines at Mount Sinai, which

approved the animal experiments in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Post-mortem BA25 from patients with major depressive disorder and matched controls were utilized for qPCR analysis. Both
male and female brains were utilized and demographic and sample information is included in detail in the Supplement. Age of
the samples ranged from 19 to 82 and antidepressants, alcohol, and drugs of abuse in the system at the time of death was
noted.

Recruitment Post-mortem tissue was obtained from the Douglas-Bell Canada Brain Bank through the McGill Group for Suicide Studies.
Recruitment information can be found at http://douglasbrainbank.ca/

Ethics oversight Experiments were conducted in accordance with the guidelines of the Douglas Institute Research Ethics Board. However, no
specific ethical approval or guidance was provided for analysis of existing post-mortem tissue.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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