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Targeted Epigenetic Remodeling of the Cdk5 Gene in Nucleus
Accumbens Regulates Cocaine- and Stress-Evoked Behavior
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Recent studies have implicated epigenetic remodeling in brain reward regions following psychostimulant or stress exposure. It has only
recently become possible to target a given type of epigenetic remodeling to a single gene of interest, and to probe the functional relevance
of such regulation to neuropsychiatric disease. We sought to examine the role of histone modifications at the murine Cdk5 (cyclin-
dependent kinase 5) locus, given growing evidence of Cdk5 expression in nucleus accumbens (NAc) influencing reward-related behav-
iors. Viral-mediated delivery of engineered zinc finger proteins (ZFP) targeted histone H3 lysine 9/14 acetylation (H3K9/14ac), a
transcriptionally active mark, or histone H3 lysine 9 dimethylation (H3K9me2), which is associated with transcriptional repression,
specifically to the Cdk5 locus in NAc in vivo. We found that Cdk5-ZFP transcription factors are sufficient to bidirectionally regulate Cdk5
gene expression via enrichment of their respective histone modifications. We examined the behavioral consequences of this epigenetic
remodeling and found that Cdk5-targeted H3K9/14ac increased cocaine-induced locomotor behavior, as well as resilience to social stress.
Conversely, Cdk5-targeted H3K9me?2 attenuated both cocaine-induced locomotor behavior and conditioned place preference, but had no
effect on stress-induced social avoidance behavior. The current study provides evidence for the causal role of Cdk5 epigenetic remodeling
in NAc in Cdk5 gene expression and in the control of reward and stress responses. Moreover, these data are especially compelling given
that previous work demonstrated opposite behavioral phenotypes compared with those reported here upon Cdk5 overexpression or
knockdown, demonstrating the importance of targeted epigenetic remodeling tools for studying more subtle molecular changes that
contribute to neuropsychiatric disease.
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Addiction and depression are highly heritable diseases, yet it has been difficult to identify gene sequence variations that underlie
this heritability. Gene regulation via epigenetic remodeling is an additional mechanism contributing to the neurobiological basis
of drug and stress exposure. In particular, epigenetic regulation of the Cdk5 gene alters responses to cocaine and stress in mouse
and rat models. In this study, we used anovel technology, zinc-finger engineered transcription factors, to remodel histone proteins
specifically at the Cdk5 gene. We found that this is sufficient to regulate the expression of Cdk5 and results in altered behavioral
responses to cocaine and social stress. These data provide compelling evidence of the significance of epigenetic regulation in the
neurobiological basis of reward- and stress-related neuropsychiatric disease. j
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(Rogge and Wood, 2013; Pefia et al., 2014; Turecki, 2014; Walker
et al., 2015). These changes include the enrichment or depletion
of histone modifications at specific genes across the genome in
neurons of key brain reward regions. We have recently developed

Introduction

Within the context of neuropsychiatric disease, epigenetic
changes, in the form of chromatin remodeling, have been found
to contribute to the pathophysiology of drug addiction, as well as
many forms of stress, in both animal models and human patients
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a novel approach to epigenetically modify a specific target gene,
allowing us to experimentally distinguish between the mere pres-
ence of a histone modification and its causal molecular function
(Heller et al., 2014).

Nearly a decade ago, we and others found genome-wide reg-
ulation of histone acetylation by chronic cocaine exposure (Ku-
mar et al., 2005; Renthal et al., 2007), which correlates with
changes in gene expression at key regulatory loci (Renthal et al.,
2009; Maze et al., 2010; Kennedy et al., 2013). The induction of
one such gene, Cdk5 (cyclin-dependent kinase 5), was found to be
associated with hypomethylated histone H3 (Maze et al., 2010)
and hyperacetylated histone H3 in nucleus accumbens (NAc)
after chronic cocaine exposure by both gene-specific quantitative
chromatin immunoprecipitation (ChIP; Kumar et al., 2005) and
unbiased ChIP-chip array (Renthal et al., 2009). This finding was
especially compelling in light of earlier evidence demonstrating a
functional role for Cdk5 in NAc in mediating the cellular (Bibb et
al., 2001; Norrholm et al., 2003), physiological (Takahashi et al.,
2005), and behavioral (Benavides et al., 2007; Taylor et al., 2007;
Zhong et al., 2014; Plattner et al., 2015) effects of cocaine or
chronic stress within the NAc.

Cdk5 is a member of the small serine/threonine cyclin-
dependent kinase (CDK) family, but it is unique in that it does
not have a known function in cell cycle regulation and is highly
expressed in the nervous system (Dhavan and Tsai, 2001). In
addition to its critical role in neural development, CDK5 func-
tions in adult synaptic physiology. It phosphorylates DARPP32 in
striatal neurons to regulate dopamine signaling within the me-
solimbic reward circuitry (Bibb et al., 2001). Induction of Cdk5
expression in NAc by both chronic investigator-administered
(Bibb et al., 2001) or self-administered (Lu et al., 2003) cocaine in
rodents, as well as increases in cocaine locomotor and place con-
ditioning behavior by NAc infusion of CDK5 inhibitors (Bibb et
al., 2001) or intra-NAc knockout of Cdk5 (Benavides et al., 2007),
point to a role for Cdk5 in the regulation of reward pathophysi-
ology. Furthermore, knockout of Cdk5 expression in dopaminer-
gic neurons within the ventral tegmental area (VTA) or in NAc
neurons increases and decreases, respectively, depression-
related behavioral responses to stress in rodents (Zhong et al.,
2014; Plattner et al., 2015). In contrast, the induction of CDK5
activity in striatum, via overexpression of the CDKS5 activator
p25, blunted locomotor responses to cocaine (Meyer et al.,
2008).

Given the crucial role of Cdk5 expression in these contexts,
and the known regulation of Cdk5-associated histone modifica-
tions by cocaine, we aimed to uncover the causal relevance of
epigenetic remodeling at the Cdk5 locus in NAc in vivo. Until
recently, it has not been possible to examine the functional im-
portance of epigenetic modifications at a single gene in vivo due
to the promiscuous nature of the transcriptional machinery, in-
cluding histone- and DNA-modifying enzymes. Here we tested
the hypothesis that histone modification of Cdk5 in NAc is suffi-
cient to regulate its expression, and that this modification alone
influences behavioral responses to drug or stress exposure. To
this end, we developed a Cdk5-targeted approach, using viral
delivery of engineered zinc finger protein (ZFP) transcription
factors (Heller et al., 2014), to deliver a specific histone modifi-
cation to Cdk5 in neurons within NAc in vivo. This novel gene-
targeted approach makes it possible to directly examine the
behavioral and biochemical consequences of Cdk5 epigenetic re-
modeling in the context of cocaine and stress exposure.
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Materials and Methods

Animals and treatments. Male 7- to 8-week-old C57BL/6] mice and
6-month-old CD1 retired breeders were housed five per cage at 22-25°C
in a 12 h light/dark cycle, and were provided food and water ad libitum.
Members of the same cage were randomly assigned to different experi-
mental groups for behavioral studies, and the order of testing was dis-
tributed across groups. Wherever possible, the experimenter conducting
the data analysis was blind to treatment conditions of the animals. All
experiments were conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee at Mount Sinai. Group
size determination was based on published protocols or on formal tests of
hypothesis, as described in the Guidelines for the Care and Use of Mam-
mals in Neuroscience and Behavioral Research (Institute for Laboratory
Animal Research Committee on Guidelines for the Use of Animals in
Neuroscience and Behavioral Research, 2003).

Transcription factor engineering. ZFPs were manufactured by the Com-
poZr ZFN Operations Group at Sigma-Aldrich and cloned in frame
N-terminal to the functional domain. The ZFPs recognize the following
unique 18-20 bp motifs in the Cdk5 promoter: ZFP1, GGCATTCTT
GGGAACTAT, Chr5, 23929465-23929448; ZFP2, CCTCCTCTGCA
ACGCCAG, Chr5: 23929372-23929355.

N2a transfection, RNA isolation, and quantitative RT-PCR. Neuro2a cells
[CCL-131, ATCC (manufacturer authentication available on-line)] were
cultured and transfected with 400 ng of plasmid DNA using Effectene re-
agent (Qiagen), and RNA was isolated using the RNeasy Mini Kit (Qiagen)
according to the manufacturer instructions. gPCR and data analysis were
performed as described previously (Covington et al., 2011), using the follow-
ing forward/reverse primers, respectively: CDK5, GCTGCCAGACTATA
AGCCCTAC/TGGGGGACAGAAGTCAGAGAA; AFOSB, AGGCAGA
GCTGGAGTCGGAGAT/GCCGAGGACTTGAACTTCACTCG; GAPDH,
AGGTCGGTGTGAACGGATTTG/TGTAGACCATGTAGTTGAGGTCA;
ZFP-p65, GTTCACAGACCTGGCATCCGTCG/CCCAGTGGAGCAGG
AGCTGGGTC; and ZFP-G9a, CCTGCACATCGCAGCTCGGG/AGC
TTGCGGTTGAGTTGAAGCG.

Data were analyzed by comparing C(t) values of the experimental
construct with mock-transfected cells using the AAC(t) method.

Viral-mediated gene transfer and NAc isolation. Mice were anesthetized
with ketamine (100 mg/kg) and xylazine (10 mg/kg), and were prepared
for stereotaxic surgery. Thirty-three gauge Hamilton syringe needles
were used to bilaterally infuse 1.0 ul of bicistronic p1005 herpes simplex
virus (HSV) vector into NAc at a rate of 0.2 wl/min at 1.6 mm antero-
posterior, +1.5 mm lateral, and 4.4 mm dorsoventral from bregma. We
used bicistronic p1005 HSV vectors expressing GFP alone or GFP plus
Cdk5-ZFP. In this system, GFP expression is driven by a cytomegalovirus
promoter, whereas the gene of interest is driven by the IE4/5 promoter.

NAc RNA isolation and quantitative RT-PCR. Seventy-two hours after
viral infection, when transgene expression is maximal, mice were rapidly
decapitated, and brains were removed and placed on ice. A fluorescence
microscope (Leica) was used to visualize NAc targeting of GFP-
expressing virus and to accurately dissect only infected tissue using a 1
mm aluminum Harris micro-punch (Sigma-Aldrich). Tissue was frozen
on dry ice until RNA isolation, gPCR, and data analysis (see above).

For off-target genes the following forward/reverse primers were used:
ASIC3, AGACAGAGTCCTGGGGTACT/ACTCTTCCTGGAGCAGAGT
GTT; SLC4a2, CACCTTGTTGCCCTGAAAGC/GCTCTGGCGTGTG
CAAAGAA; ABCB8, CACATTGGTGAGCGCATGG/GAAAGCAATGT
CTTGCCGGA; FASTK, TCATCATCCGAAACTGCCCC/GGAAAGC
CAAGTAACACTGCAA; TMUBI, TGACTCTGAGCAGGTAGCCA/CC
TGGAAACTGGGTCCTTTTTAAG; AGBL4, CCCATGCCAAGACTTC
GGAAA/TGGAGACGTTGCTGGTTGAG; HCFC2, CGATGGCTTCAA
GACCAGGAA/GAAAGGCCACCCTTTCTTCAA; SRSF10, TTTGCC
CGAGCCCGTTAG/AATCTTCAGACCTGGTGTCGTC; HSD17B12,
GAGCCTCGTACTCGCTCTTC/CCACCTGTAACAACTGCCCA;
PRDM1, GTGGACTGGGTGGACATGAG/GGGGCAGCCAAGGTC
GTA; RPAP3, CGCCGTGGCGGACTT/GCGTTGTGTTTCACCTG
GAG; CTNNA2, TTGTGTCAGGGCTGGACAGTG/CAGCTGCTG
TTCCATAGACCT; RNF6, TAGCTTTCTCTCCGCCAGGT/TGAGA
GCTGCTCATCGAGGC; GAL3ST2, TCTGGCATGCTGAGAACTGG/
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GAAGGACCTCTGTGTGCCTC; and CELSR1, CAGGCCGTGAGC
ATCTCAAT/GCCTCATGGTTTCTCTGAGTC.

Chromatin immunoprecipitation. ChIP was performed on bilateral NAc
1 mm punches pooled from four to five mice, as described previously (Heller
etal., 2014). Chromatin was sheared using a diogenode Bioruptor XL at high
sonication intensity for 30 s on/30 s off for 2 X 25 min. Fragment size was
verified with an Agilent 2100 Bioanalyzer at 150—300 bp. Sheared chromatin
was incubated overnight with the following antibodies previously bound to
magnetic beads (Dynabeads M-280, Life Technologies): anti-H3K9me2 an-
tibody (ab1220, Abcam; Maze et al., 2010); and H3K9/14ac (17-615, EMD
Millipore; Renthal et al., 2009). After reverse cross-linking and DNA purifi-
cation (Spin Column, Qiagen), enrichment of the Cdk5 promoter was de-
termined by quantitative (q) RT-PCR using the following forward/reverse
primers, respectively: CDK5-PRO1, AACACCCAACCAGGTCAGAG/
CGCGTTCCAGAATACAGTGA; CDK5-PRO2, AGGCTGTGAGCACA
GAAAAGG/CACGCGGACTACAAAGTCCAA; CDK5-PRO3, CTTTGT
AGTCCGCGTGTCCT/TCTCCAGTTTCTCGTATTTCTGC; and CDK5-
PRO4, AGTACCACCTCCTCTGCAAC/GCCGGTATAGCTGACGGTAA.

Locomotor activity and conditioned place preference. Both assays were
performed per published protocols (Kelz et al., 1999). Locomotor activ-
ity was assessed in the x- and y-planes for horizontal ambulations in 75
cm? chambers using EthoVision XT (Noldus). On each day, mice were
injected with saline and analyzed for 15 min, then were immediately
injected with cocaine (15 or 10 mg/kg) and analyzed for 45 min. Loco-
motor activity was measured 7 d after the last cocaine injection following
a challenge cocaine injection.

For conditioned place preference (CPP), mice were placed in a three-
chambered CPP box for 20 min to assess pretest preferences. For the next
2 d, mice were injected in both the morning (saline) and afternoon (7.5 or
3.75 mg/kg cocaine) and then restrained to one chamber for 30 min. On
day 3, mice were placed in the CPP box with free access to both chambers
for a 20 min test session. Data are represented as time spent in the cocaine
paired chamber—time spent in the unpaired chamber.

Social defeat and behavior testing. Mice underwent 4 d of accelerated
social defeat stress, as described previously (Berton et al., 2006; Lobo et
al., 2013). They were exposed for 4 consecutive days to a novel aggressive
CD1 retired breeder for 10 min in a large hamster cage twice daily (A.M.
and P.M.), with 5 h of rest between sessions. Between bouts, mice were
housed separated from the aggressor by a perforated divider to maintain
sensory contact. Mice were tested for social interaction 24 h after the last
social defeat interaction, first as time spent interacting with a novel cage
with no target mouse present and then with a mouse present inside the
cage (Berton et al., 2006; Krishnan et al., 2007). Based on the interaction
ratio, defined as time spent with target/time spent with no target, mice
were characterized as susceptible (<1) or resilient (>1; Krishnan et al.,
2007). Following the social interaction test, mice were tested in a stan-
dard elevated plus maze for 10 min, monitored by EthoVision XT and
analyzed for 1% sucrose consumption in a sucrose preference test for 4 d.

Statistics. The appropriate statistical test was determined based on the
number of comparisons being performed. Student’s ¢ tests were used for
comparison of two groups, in the analysis of qRT-PCR, qChIP, and social
interaction data. One-way ANOVA was used for the analysis of three or
more experimental groups, with a Bonferroni correction test post hoc,
when appropriate, in the analysis of mouse locomotor data. Main and
interaction effects were considered significant at p < 0.05. Data are ex-
pressed as the mean = SEM. The Grubbs test was used when appropriate
to identify outliers. F tests of variance were conducted on all datasets to
ensure that the data followed a normal distribution. All experiments were
performed one to three times, and data replication was observed in in-
stances of repeated experiments. Experimental sample sizes, as indicated
in the Results section and figure legends, were determined to give SEM
values that were sufficiently low to allow meaningful interpretation of the
data. For N2a RT-PCR experiments, # refers to the number of individu-
ally transfected plates. In NAc RT-PCR experiments, 7 refers to the num-
ber of animals (bilateral NAc). For NAc qChIP experiments, n refers to
the number of samples, each from pooling NAcs from four to five mice.
For all behavioral experiments, # refers to the number of mice.
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Results

Previous data demonstrate that cocaine regulates histone modifica-
tions at the Cdk5 locus, which correlates with increased gene expres-
sion (Kumar et al., 2005; Renthal et al., 2009; Maze et al., 2010). To
determine the causality of such epigenetic remodeling at this gene,
we generated engineered ZFPs (Urnov et al., 2005; Minczuk et al.,
2010) targeting the Cdk5 gene promoter at two distinct sites unique
to the mouse genome (Fig. 1A). A given ZFP is composed of six zinc
fingers, which together recognize an 18 nt motif unique to the mouse
genome. Each ZFP was fused to either the p65 transcriptional acti-
vation domain (Liu et al., 2001) or the pre-SET (Su(var)3-9—
enhancer of zeste—trithorax) and SET domains of the transcriptional
repressor G9a (Snowden et al., 2003). In each case, DNA binding is
conferred solely by the zinc fingers, enabling selective targeting of the
functional moiety to the Cdk5 target gene. We compared the effects
of ZFP-p65 and ZFP-G9a fusion proteins on the catalytic domain
ZFP-p65 or ZFP-GYa, alone, to rule out off-target effects of the func-
tional moieties per se.

To initially examine transcriptional activity, we first trans-
fected N2a cells with Cdk5-ZFP1-p65 or Cdk5-ZFP2-p65. We
found that Cdk5-ZFP1-p65 upregulated Cdk5 mRNA expression
by 1.5-fold relative to mock-transfected cells (1 = 4,4; t ¢, = 2.5,
p = 0.046), while Cdk5-ZFP2-p65 had no effect (n = 4,4; t4) =
0.40, p = 0.702; Fig. 1B). We next used HSV vectors for targeted
ZFP delivery to mouse NAc neurons (Carlezon et al., 2000). We
selected HSV because of its neuron-specific infection, its fast and
robust expression profile, and its large packaging capacity. Mouse
NAc was injected with HSV-Cdk5-ZFP1-p65 or the -p65 domain
alone, and harvested for mRNA 72 h later. We found that HSV-
Cdk5-ZFP1-p65 activates Cdk5 expression in vivo (Fig. 1B) rela-
tive to -p65 alone (1 = 6,5; t5, = 3.98, p = 0.003), demonstrating
the efficacy of HSV-Cdk5-ZFP1-p65.

To accomplish bidirectional regulation of Cdk5, we generated
Cdk5-ZFP1-G9a and Cdk5-ZFP2-GY9a fusion proteins. While
neither construct repressed Cdk5 in N2a cells, we found that
HSV-Cdk5-ZFP2-G9a repressed transcription of Cdk5 when in-
fused into NAc, relative to the -G9a domain alone (1 = 5,4; ¢, =
3.78, p = 0.007; Fig. 1C). HSV-Cdk5-ZFP1-G9a did not have a
significant effect in vivo (n = 5,4; t;, = 1.89, p = 0.100). The
discrepancy between N2a and NAc regulation of gene expression
by ZFP-G9a fusions is consistent with our previous findings us-
ing ZFPs targeting a different gene, FosB (Heller et al., 2014), and
further emphasizes that gene regulation observed in cultured
cells is often not an accurate reflection of regulation that occurs in
adult neurons in the intact brain in vivo. As well, it is noteworthy
that ZFPs recognizing distinct target sites in the Cdk5 promoter
mediate either activation or repression, suggesting a locus-
specific effect in transcriptional regulation by these factors.

In designing engineered transcription factors, we selected -p65
and -G9a functional domains to recapitulate cocaine-regulated his-
tone modifications observed in vivo (Renthal et al., 2009; Maze et al.,
2010). Using a set of tiling primers across the Cdk5 promoter, we
found that HSV-Cdk5-ZFP1-p65 increased H3K9/14ac levels rela-
tive to -p65 (n = 9,7; t14 = 2.17, p = 0.048) in a specific region
~150 bp upstream (us) from the transcription start site (TSS) of the
Cdk5 gene that spanned the ZFP1 binding site (Fig. 1D). We next
performed equivalent studies for HSV-Cdk5-ZFP2-G9a. G9a cata-
lyzes the repressive histone modification, histone H3 lysine 9 di-
methylation (H3K9me2), and both G9a and total H3K9me2 levels
are repressed in NAc by repeated cocaine exposure, leading to the
de-repression of hundreds of genes including Cdk5 (Maze et al.,
2010). We found that HSV-Cdk5-ZFP2-G9a increased H3K9me2
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Figure 1. (dk5-ZFPs bidirectionally requlate Cdk5 expression and modify histones in vivo. A, (dk5-ZFP1 and (dk5-ZFP2 target
the murine Cdk5 promoter at unique 18 bp recognition sites. The TSS and motifs for transcription factors NFIL6 and AP2 are also
shown. B, qRT-PCR results show that (dk5-ZFP1 fused to the transcriptional activation domain p65 increases (dk5 mRNA expres-
sion when transfected into N2a cells, while Cdk5-ZFP2-p65 has no effect. N2a data are normalized to mock-transfected cells (n =
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D, qChIP for H3K9/14ac shows that HSV-Cdk5-ZFP1-p65 enriches histone acetylation at the (dk5 promoter in NAc (n = 9,7).
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levels relative to -G9a (n = 5,5; tg) = 2.48,
p = 0.038) in a specific region ~1000 bp
upstream from the Cdk5 TSS (Fig. 1E).

To verify the specificity of our ZFP-
targeted approach, we analyzed the tran-
scriptional regulation of a subset of
potential off-target genes. The following
five genes were selected because of their
close physical proximity to the Cdk5 pro-
moter at varying distances us or down-
stream (ds) from the Cdk5-ZFP binding
region: Asic3 (~570 bp ds); Abcb8 (~8.3
kb ds); Slc4a2 (~5.5 kb us); Fastk (~14.8
kb us); and Tmubl (~21.9kb us). None of
these genes showed regulation by the
Cdk5-ZFPs when expressed in NAc (Fig.
1F). An additional nine genes that contain
intragenic or promoter motifs similar to
the ZFP1 (five genes) or ZFP2 (four
genes) target sequences, with a mismatch
of 1-3 nt, also showed no regulation by
the Cdk5-ZFPs (Fig. 1F).

Previous studies have found that Cdk5 is
upregulated upon repeated cocaine admin-
istration (Bibb et al., 2001), which correlates
with increased acetylation at this locus (Ku-
mar et al., 2005; Renthal et al., 2009). Fur-
thermore, conditional knockout of this
gene leads to aberrations in cocaine-evoked
behavior (Benavides et al., 2007). To deter-
mine the causal relevance of histone acety-
lation at the promoter region of Cdk5 to
cocaine-evoked locomotor behavior, we in-
jected mouse NAc with HSV-Cdk5-ZFP1-
p65 before investigator-administered daily
cocaine treatment (10 mg/kg, i.p.; Fig. 2A).
We found that HSV-Cdk5-ZFP1-p65 enh-
anced the effects of cocaine on locomotor
behavior (Fig. 2B). Repeated-measures
ANOVA showed a main effect of cocaine
(F(136) = 71.587, p < 0.001) and a main
effect of virus (F, 35y = 7.662, p = 0.009),
with an interaction between cocaine and
virus (F; 55 = 5.008, p = 0.032).

We next sought to determine the role
of histone methylation at the promoter
region of Cdk5 in cocaine-evoked loco-
motor behavior. We measured cocaine-
induced locomotor behavior (15 mg/kg,
i.p.) starting 5 d after HSV-Cdk5-ZFP2-
GY9a or HSV-GY9a injection into NAg, to
allow for protein turnover and to prevent
basal Cdk5 levels from obscuring the
effects of the ZFP repressor. Cdk5-ZFP2-
GY9a diminished the effects of cocaine on

<«

E, qChIP for H3K9me2 shows that HSV-(dk5-ZFP2-G9%a en-
riches histone methylation at the (dk5 promoter in NAc (n =
5,5). F, qRT-PCR shows no regulation of putative off-target
genes in NAc infected with either Cdk5-ZFP1-p65 or Cdk5-
ZFP2-G9a (n = 5 ZFP, 5 control for each gene).
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locomotor-activating effects of cocaine over the 4 d course, with no difference observed after a chal-
lenge dose. C, Ata higher dose of cocaine (15 mg/kg, i.p.), (dk5-ZFP2-G9a diminished the locomotor
effects of cocaine over the 4 d course, with no difference observed after a challenge dose. Neither virus
had an effect on locomotor behavior following saline (Sal) treatment.

locomotor activity. Using a repeated-measures ANOVA, we
found a significant main effect of cocaine (F, 5, = 162.15, p <
0.001), a significant within-subject interaction effect between day
and virus (F; 5,) = 2.938, p = 0.035, sphericity assumed), and a
significant interaction among day, virus, and cocaine (F; 3, =
3.112, p = 0.030). Together, these data demonstrate that targeted
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Figure3. Epigeneticremodeling by Cdk5-ZFP2-G9a represses cocaine (Coc) place condition-
ing. A, Mice were injected intra-NAc with HSVs expressing Cdk5-ZFP1-p65 (n = 7), Cdk5-ZFP2-
G9a (n = 6), or control GFP (n = 6), and were allowed to recover for 72 h before being subjected
to CPP. B, At a moderate dose of cocaine (7.5 mg/kg, i.p.), control mice formed a significant
preference for the cocaine-paired chamber, which was completely blocked by the injection of
HSV-(dk5-ZFP2-G9a. Injection of HSV-Cdk5-ZFP1-p65 had no effect on cocaine preference. €, At
alow dose of cocaine (3.75 mg/kg, i.p.), neither control mice nor mice injected with HSV-Cdk3-
ZFP1-p65 showed a preference for the cocaine-paired chamber, ruling out the possibility of a
ceiling effect masking an effect of HSV-Cdk5-ZFP1-p65. Sal, Saline.

epigenetic modification at Cdk>5 is sufficient to augment (H3K9/
14ac) or attenuate (H3K9me2) the locomotor effects of repeated
cocaine exposure.

To investigate our hypothesis that histone modification at
the promoter region of Cdk5 is also involved in cocaine reward
and the formation of cocaine context-associated memories,
mice were injected intra-NAc with HSV-Cdk5-ZFP1-p65,
HSV-Cdk5-ZFP2-G9a, or HSV-GFP as a control, and were
subjected to cocaine-induced CPP (Fig. 3A). Mice expressing
HSV-Cdk5-ZFP2-G9a showed reduced CPP compared with
mice expressing HSV-GFP at a moderate dose of cocaine
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(F1,18) = 20.21, p = 0.035; 7.5 mg/kg; Fig. 3B). However, NAc
injection of HSV-Cdk5-ZFP1-p65 had no effect (Fig. 3B). To
rule out the possibility of a ceiling effect masking any conse-
quences of induced acetylation at the Cdk5 locus, we reduced
the dosage of cocaine to 3.75 mg/kg. While control animals
showed a reduction in CPP at this lowered cocaine dose (av-
eraged score, <200), HSV-Cdk5-ZFP1-p65 was still insuffi-
cient to augment cocaine place preference.

Recent studies have found that, in addition to its role in
reward pathology, Cdk5 also regulates stress-evoked behaviors
(Zhongetal., 2014; Plattner et al., 2015). Furthermore, myriad
studies by our group and others have identified the role of
histone-modifying enzymes and global epigenetic modifica-
tions underlying many forms of stress-evoked phenotypes
(Pena et al.,, 2014), yet no study has investigated the role of
epigenetic regulation of Cdk5. We thus examined the causal
role of Cdk5-associated histone modifications following social
defeat stress, a model of stress-induced depression-like behav-
ioral abnormalities in mice that is regulated in particular by
NACc plasticity. We used an accelerated social defeat stress pro-
tocol, which induces defeat-related behavioral abnormalities
over the time course of maximal HSV transgene expression
(Fig. 4A; Krishnan et al., 2007). Mice were injected intra-NAc
with HSV-Cdk5-ZFP1-p65, HSV-Cdk5-ZFP2-GYa, or control
HSV-GFP. Mice were allowed to recover and then subjected to
4 d of social defeat stress, during which they were exposed
twice daily to a 10 min physically aggressive encounter with a
target CD1 mouse, followed by 24 h of sensory exposure. A
social interaction test following this stress paradigm examines
the time that a mouse spends in an interaction zone when a
caged novel CD1 mouse is present or absent. Since non-
stressed mice find social interaction inherently rewarding, this
test reveals social avoidance behavior specifically in stress-
susceptible mice. Following social defeat stress, control mice
expressing HSV-GFP exhibited the expected decreased time in
the interaction zone (n = 9,9; t,5, = 3.00, p = 0.009) and
more time in the corner zones (1 = 9,9; t(,5) = 2.48, p = 0.025)
when the target mouse was present versus absent (Fig. 4B, C).
NAc expression of HSV-Cdk5-ZFP1-p65 rescued this pheno-
type, indicating that histone acetylation at the Cdk5 gene in
NAc is sufficient to promote a stress-resilient phenotype (Fig.
4B,C). Indeed, the percentage of resilient mice was signifi-
cantly greater in HSV-Cdk5-ZFP1-p65-injected mice (56% re-
silient) compared with control mice (11%; n = 9,9, x> =
45.45, p < 0.0001). In contrast, the repression of Cdk5 via
HSV-Cdk5-ZFP2-G9a had no effect; mice spent less time in
the interaction zone when the target mouse was present versus
absent (n = 10,105 t(,5) = 2.13, p = 0.047). We saw no signif-
icant effects of virus in sucrose preference or elevated plus
maze (EPM; data not shown). Together, these data implicate
certain types of epigenetic reprogramming of Cdk5 in promot-
ing stress resilience.

Discussion

We present here compelling evidence that engineered transcrip-
tion factors targeting the Cdk5 promoter are sufficient to modify
histone proteins at this locus and bidirectionally regulate Cdk5
gene expression in vivo. This approach to targeted gene expres-
sion is unique in that it mimics experience-driven transcriptional
regulation, in both magnitude (Bibb et al., 2001; Lu et al., 2003)
and mechanism (Renthal et al., 2009; Maze et al., 2010). Unlike
traditional overexpression or knock-out approaches, our tar-
geted approach generates smaller changes in expression that
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more closely replicate gene regulation observed in vivo (Renthal
et al., 2009; Feng et al., 2014).

Specifically, we show here that ZFPs targeting the Cdk5 locus
are sufficient to activate or repress Cdk5 transcription when fused
to either p65 or G9a, respectively. p65, a member of the nuclear
factor-«kB complex, recruits histone acetyltransferases, such as
CPB/p300 (Gerritsen et al., 1997) to affected promoters. We
demonstrate that Cdk5-ZFP1-p65 is sufficient to enrich histone
acetylation at the Cdk5 promoter, while the SET and pre-SET
domains of the methyltransferase G9a enrich H3K9me2 when
fused to Cdk5-ZFP2. Interestingly, the gene regulatory functions
of Cdk5-ZFPs are locus specific; that is, only ZFP1-p65 but not
ZFP2-p65 leads to gene activation, while only ZFP2-G9a but not
ZFP1-GYa leads to gene repression. This functional distinction
may be due to differences in the cis-regulatory landscape at each
ZFP binding site or the steric availability of particular histone
lysines for modification. The ZFP1 and ZFP2 motifs are located
respectively at —6 and —117 nt from the Cdk5 TSS, which do not
directly overlap with putative transcription factor binding sites,
including those for SP1 (—51 nt), NF-IL6 (—332 nt), AP-1 (—471
nt), and AP-2 (—471 nt) (Ishizuka et al., 1995). It will be inter-
esting in future studies to examine whether targeted histone
modifications at Cdk5 exert their transcriptional effects via re-
cruitment or exclusion of any of these particular factors. We have
found previously that Fosb-targeted histone H3K9 methylation
blocks the induction of the gene by cocaine via blocking phos-
phorylation of CREB bound to the Fosb promoter (Heller et al.,
2014). Our approach lends itself particularly well to elucidating
mechanisms such as these that operate in the intact brain.

The selection of appropriate controls was critical to our anal-
ysis of gene-targeted epigenetic remodeling. As in our previous
study (Heller et al., 2014), we have relied on two classes of control
constructs to rule out nonspecific function of either the ZFP or
the functional moiety alone. First, we found that soluble p65 and
G9a moieties, which lack cognate DNA binding and thus do not
exert selective effects on Cdk5, had no influence on Cdk5 tran-
scription. Second, to control for the possibility that ZFPs func-
tion via steric interference with endogenous transcription factor
binding, we assayed the effect of a single ZFP fused to two distinct
functional moieties. Given that ZFP1-G9a did not recapitulate
the gene activation properties of ZFP1-p65, and that ZFP2-G9a,
but not ZFP2-p65, repressed gene expression, we can rule out the
possibility that gene regulation occurs by ZFP interference with
promoter elements. Finally, we analyzed the expression of puta-
tive off-target loci of Cdk5-ZFPs and did not find any nonspecific
regulation. Together, these control data verify the specificity and
efficacy of Cdk5-ZFPs in mediating epigenetic remodeling at this
locus.

The approach to functional neuroepigenetics that we take
here allowed us to recapitulate the natural phenomenon of
cocaine-mediated activation of Cdk5 expression by modeling a
gene regulatory process that occurs in vivo; that is, acetylation of
Cdk5-associated histones. This subtle manipulation resulted in a
significant (~40%) increase in Cdk5 expression in the NAc. Ac-
cordingly, one previous study (Bibb et al., 2001) found that long-
term cocaine treatment or transgenic overexpression of AFosB, a
cocaine-induced transcription factor that controls Cdk5 expres-
sion, both lead to an ~50% increase in Cdk5 mRNA levels in
this brain region. While pharmacological inhibition of CDK5 has
been shown previously to potentiate cocaine-induced locomotor
behavior, we show here that epigenetic regulation of the endog-
enous Cdk5 gene produces the opposite effects: more subtle
induction of Cdk5 transcription via histone acetylation increases
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Figure 4.  Epigenetic remodeling by (dk5-ZFP1-p65 promotes resilience to social defeat

stress. A, Mice were injected intra-NAc with HSVs expressing Cdk5-ZFP1-p65 (n = 9), (dk5-
ZFP2-G9a (n = 10), or control GFP (n = 9), and allowed to recover for 48 h before being subject
to an accelerated social-defeat paradigm. Following 4 d of social defeat stress, mice were ex-
amined in a social interaction (SI) test, as well as EPM and sucrose preference tests. B, C, Social
interaction tests revealed that control mice subjected to accelerated social defeat spent 25%
less time in the interaction zone (B) and 28% more time in the corner zone (C) when a novel
mouse was present, indicating a stress-susceptible phenotype, while mice injected with
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behavioral responses to cocaine, while subtle suppression of Cdk5
transcription via histone methylation decreases behavioral re-
sponses to cocaine. This is interesting in light of an earlier para-
doxical finding that NAc infusion of CDKS5 inhibitors attenuates
cocaine-induced increases in the dendritic spine density of NAc
medium spiny neurons (Norrholm et al., 2003). These opposite
behavioral results likely reflect differences in the two forms of
manipulation used. Such differences include the nature of the
substrate (DNA vs protein), the cellular site of action (nucleus vs
cytoplasm), and the physiological relevance (endogenous histone
modification vs synthetic chemical inhibition).

An alternative experimental approach used in previous stud-
ies relied on striatal overexpression of the Cdk5 coactivator p25,
which blocked cocaine locomotor sensitization (Meyer et al.,
2008). However, this result lacks specificity, in that p25 regulates
several other substrates relevant to brain function, including, but
not limited to, CaMKII« (Dhavan et al., 2002). In addition, while
the effects of p25 overexpression and Cdk5 pharmacological in-
hibition converge with respect to their influence on cocaine lo-
comotor responses, they diverge with respect to dendritic spine
density, further indicating that the role of p25 is separable from
that of Cdk5 (Norrholm et al., 2003; Meyer et al., 2008). Our
study limited analysis to the effect of chromatin remodeling at
Cdk5, and thus provides specific insight into the causal relevance
of this particular manipulation on cocaine-induced behavior.

We also report the effect of histone methylation at the Cdk5
locus. While no prior study has directly repressed the transcrip-
tion of the Cdk5 gene using, for example, RNA interference, sev-
eral have used conditional knockout approaches to examine the
necessity of Cdk5 in cocaine- and stress-mediated behavior. One
previous study (Benavides et al., 2007) showed that CamKII-Cre/
fCdk5 conditional knock-out mice exhibit enhanced behavioral
responses to cocaine, yet we find that Cdk5-ZFP2-G9a, which
represses Cdk5 gene expression, attenuated cocaine-induced lo-
comotor activity and CPP. Intriguingly, both the Cdk5 condi-
tional knockout and the expression of Cdk5-ZFP-G9a lead to an
~50% reduction in Cdk5 mRNA expression, indicating that the
confounding results cannot be due to differences in Cdk5 expres-
sion levels. Rather, the different phenotypes may be explained by
the brain area affected, given that we specifically targeted NAc,
and that the conditional knock-out mice display significant Cdk5
mRNA reductions in cortex, hippocampus, and whole striatum
(Benavides et al., 2007). Furthermore, local knockout of Cdk5
expression from VTA or NAc neurons increases and decreases,
respectively, depression-related behavioral responses to stress in
rodents (Zhong et al., 2014; Plattner et al., 2015). We find that
epigenetic regulation of Cdk5 produced the opposite effect in
NAGg; subtle induction of Cdk5 in NAc was proresilient in a model
of social defeat stress. Our hypothesis is that the nature and de-
gree of regulation of Cdk5 is a key determinant of its behavioral
effects, although further work is needed to study this and alter-
native possibilities.

In conclusion, we find that targeted epigenetic remodeling of
the Cdk5 gene is sufficient to regulate its expression and behav-
ioral effects in vivo. Our results demonstrate the general applica-
bility of our targeting approach and shed new light on the
subtleties of gene-targeted epigenetic remodeling underlying re-
ward and stress pathophysiology.

<«

HSV-Cdk5-ZFP1-p65 did not show this social avoidance, indicating stress resilience. Mice in-
jected with HSV-Cdk5-ZFP2-G9a behaved similarly to control mice, spending 19% less time in
the interaction zone and 18% more time in the corner zone when a novel mouse was present.
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