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One of the main obstacles in treating drug
addiction is the high rates of relapse even
after prolonged periods of abstinence.
Neuronal adaptions play a major role in
drug craving and relapse (Kalivas and
Volkow, 2005). Many of these adaptions
involve changes in gene expression (Nes-
tler, 2001), which in turn are mediated by
epigenetic modifications. For example,
DNA methylation is a fundamental epige-
netic mechanism of gene expression regu-
lation, and several studies have found
DNA methylation patterns to change
following drug exposure. Furthermore,
pharmacological or genetic manipulation
of the DNA methylation state can alter
cocaine-seeking behavior (LaPlant et al.,
2010; Massart et al., 2015).

The three mammalian DNA methyl-
transferases (Dnmtl, Dnmt3a, and Dnmt3b)
catalyze the addition of methyl groups to
cytosines in DNA. Of these, DNMTT1 is
considered to act primarily as a “mainte-
nance” methyltransferase by copying the
CpG methylation patterns from parental
DNA strands to daughter strands during
DNA replication. In contrast, Dnmt3a
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and Dnmt3b are de novo methyltrans-
ferases that can produce novel methyl
marks independently of DNA replication
and are therefore the enzymes principally
responsible for altering DNA methylation
patterns in response to environmental
events, such as drug exposure. Moreover,
several animal studies have indicated that
Dnmt3a is an important regulator of
cocaine-seeking behavior (LaPlant et al.,
2010; Massart et al., 2015), chronic stress
(LaPlant et al., 2010), and learning and
memory (Day et al., 2013; Morris et al.,
2014). Notably, the Dnmt3a2 isoform of
the Dnmt3a gene has a unique DNA local-
ization pattern and a distinctive DNA
methylation behavior different from that
of the longer isoform, Dnmt3al (Manzo
et al., 2017; Bozic et al., 2018). Dnmt3a2
localizes primarily to transcription-acce-
ssible DNA (i.e., euchromatin), possesses
de novo DNA methyltransferase activity,
and contributes to memory formation
and maintenance (Chen et al., 2002; Ol-
iveira et al., 2012, 2016).

Considering these findings, Cannella
et al. (2018) sought to investigate the
potential role of Dnmt3a2 in addictive
behavior. In a set of cocaine self-admi-
nistration experiments in rats, the authors
found that Dnmt3a2 expression increased
after cue-induced reinstatement of coca-
ine-seeking, but not after cocaine self-
administration or extinction. Moreover,
viral knockdown of Dnmt3a2 in the NAc
shell reduced cue-induced reinstatement

without affecting self-administration.
These findings suggest that Dnmt3a2 has
a role in cue-induced reinstatement but
does not mediate the reinforcing effects of
cocaine. Furthermore, the beneficial ef-
fect of Dnmt3a2 knockdown on cue-
induced cocaine-seeking was preserved
even after a long incubation time (45 d)
when cocaine-seeking behavior is typi-
cally amplified.

As cocaine can modify behaviors by in-
ducing dopamine release onto medium
spiny neurons in the NAc shell, a structure
involved in the reinstatement of cocaine-
seeking (Anderson et al., 2006; Cruz et al.,
2014), the authors investigated whether
dopaminergic signaling regulates Dnmt3a
expression in these neurons. Indeed, the
authors showed that Dnmt3a2, and not
Dnmt3al, was induced after pharmaco-
logical activation of D1 dopamine recep-
tors of cultured medium spiny neurons
and that the ensuing increase in expres-
sion of the immediate early genes (IEGs)
Arc, FosB, and Egr2 was prevented by
knockdown of Dnmt3a2. Importantly,
acute in vivo injection of cocaine into
the NAc shell increased expression of
Dnmt3a2, Arc, FosB, and Egr2 in this re-
gion: a pattern similar to that seen after
activation of D1 dopamine receptors.
Nonetheless, the authors state that the in-
duction of Dnmt3a2 expression by co-
caine in vivo cannot be responsible for
the upregulation of the IEGs because
Dnmit3a2 expression increased 6 h after
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D1 agonism in vitro, whereas IEG activa-
tion was observed as soon as 1 h after ag-
onist treatment.

Why then does prior knockdown of
Dnmt3a2 prevent upregulation of IEGs
upon dopamine agonism? The authors
suggest that Dnmt3a2 acts on the DNA
before the stimulus, performing a “gating
function” that sets the IEGs in a state that
permits subsequent dopamine-induced
gene expression. For example, the modifi-
cation of DNA methylation by Dnmt3a2
might alter recruitment of transcription
factors to regulatory genetic loci. The
presence or absence of specific transcrip-
tion factors might then alter the response
induced by a later stimulus, such as in-
creasing IEG expression shortly after do-
paminergic transmission.

While this is a reasonable explanation,
it is important to consider the possibility
that Dnmt3a2 does induce these genes
within the same stimulus. The delay in in-
crease in Dnmt3a2 expression relative to
the more rapid increase in IEG expression
is observational, and not experimental
data. When Dnmt3a2 is experimentally
depleted by knockdown, Dnmt3a2 pro-
tein levels are already reduced at the time
of stimulus. Therefore, if cocaine treat-
ment or dopaminergic transmission can,
like other documented physiological ma-
nipulations (Jeltsch and Jurkowska,
2016), modify the binding or activity of
Dnmt3a2 at IEG regulatory regions, then
experimental depletion of Dnmt3a2 pro-
tein would be expected to affect IEG ex-
pression within the same stimulus. A
reduced level of Dnmt3a2 protein may
now be insufficient to adequately respond
to the stimulus to produce IEG expression
changes. The observation that Dnmt3a2
gene expression increases only after IEG
expression should be considered indepen-
dently from possible Dnmt3a2 protein
function and could be mechanistically ir-
relevant to IEG induction. The late D1
receptor-induced Dnmt3a2 expression
changes could instead be a consequence of
global gene expression changes upon do-
paminergic transmission or of an autoge-
nous regulatory circuit in which the
Dnmt3a2 protein regulates the expression
of its own promoter, either directly or in-
directly (Goldberger, 1974). Therefore, it
is important to note that the observational
data presented by Cannella et al. (2018)
do not necessarily suggest that Dnmt3a2
cannot increase IEG expression within the
same stimulus.

Previous work has shown that in-
creased DNA methylation by DNA meth-
yltransferases is usually associated with

gene repression. While DNA methylation
levels were not measured by Cannella et al.
(2018), it is reasonable to assume that
downregulation of Dnmt3a2 results in hy-
pomethylation of the DNA and therefore
increased gene expression. Surprisingly,
however, the expression levels of all three
IEGs instead correlated positively with
Dnmt3a2 levels and unexpectedly de-
creased following Dnmt3a2 knockdown.
The authors suggest that this phenome-
non may occur because DNA methylation
is classically associated with gene repres-
sion when it occurs in the context of gene
promoters and that changes in DNA
methylation in response to cue-induced
cocaine-seeking might occur outside of
the promoters of the IEGs. This is a ratio-
nal explanation because Dnmt3a2 activity
can potentially target gene bodies, which
are generally highly methylated in tran-
scriptionally active genes, presumably to
prevent aberrant transcriptional initia-
tion from alternative or ambiguous pro-
moters, which may produce transcripts
with alternative or defective functionality.
Associations between gene-body demeth-
ylation and aberrant transcription initia-
tion have been observed in both human
and mouse brains (Maunakea et al., 2010)
as well as in other tissues (Neri et al.,
2017). Increased gene body methylation
can, in turn, increase expression from ca-
nonical promoters by concentrating tran-
scriptional machinery at these promoters.

The notion that gene-body methyl-
ation may be responsible for the obser-
vations by Cannella et al. (2018) is
supported by previous findings that
Dnmt3a can methylate nonpromoter
DNA to facilitate expression of neuro-
genic genes and thereby contribute to
postnatal neurogenesis (Wu et al., 2010).
A more recent study (Manzo et al., 2017)
found that Dnmt3al in neurons preferen-
tially binds to CpGs in promoters occu-
pied by both active and repressive histone
marks, known as bivalent promoters; of
particular significance is the fact that this
promoter preference is mediated through
an N-terminal region of Dnmt3al, which
is not incorporated into Dnmt3a2. The
absence of the longer N-terminal region
in Dnmt3a2 permits broader binding of
Dnmt3a2 to CpGs throughout the ge-
nome. It is therefore plausible that
Dnmt3a2 is responsible for most nonpro-
moter Dnmt3a-mediated DNA methyl-
ation in the brain, including gene-body
methylation of the IEGs analyzed by Can-
nella et al. (2018).

It is important to note that Dnmt3a2
does not recognize a specific DNA con-
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sensus sequence (Manzo et al., 2017);
therefore, it probably acts to methylate
gene promoters as well. Consequently, an
alternative interpretation of the data pro-
vided by Cannella et al. (2018) is that the
transcriptional changes seen upon co-
caine exposure are indeed mediated by the
activity of Dnmt3a2 on the IEG promot-
ers. Although in most cases methylated
DNA prevents the binding of transcrip-
tion factors (Moore et al., 2013), some
transcription factor families, such as
C/EBP, NKX, PAX, and HOXA, instead
bind preferentially to methylated DNA
(Hu et al., 2013; Chatterjee et al., 2014;
Yin et al., 2017). We therefore inspected
the DNA sequences upstream of the Arc,
FosB, and Egr2 transcription start sites for
the presence of predicted binding sites for
these transcription factors using the
PROMO software (Messeguer et al.,
2002). This revealed that all three IEG
promoters bear CpG-containing consen-
sus binding sites for transcription factors
that preferentially bind methylated DNA.
It is therefore possible that, during cocaine
exposure, increased levels of Dnmt3a2 lead
to hypermethylation of these sites, thereby
increasing binding of transcription factors
that prefer methylated CpGs, and ultimately
leading to gene activation.

Further experiments can clarify the
mechanism(s) by which Dnmt3a2 in-
creases [EG expression after cocaine expo-
sure. An ideal strategy would involve a
combination of two experimental ap-
proaches: (1) chromatin immunoprecipi-
tation of Dnmt3a2 after cocaine exposure
or cue-induced cocaine-seeking to deter-
mine the genomic location of Dnmt3a2
activity; and (2) targeted bisulfite-seq-
uencing of genomic loci within and
around the IEGs analyzed in this study to
define with single-nucleotide resolution
the DNA methylation state of these genes
in the context of cocaine-induced Dnmt3a2
activity. If cocaine exposure leads to
Dnmt3a2 binding and DNA hypermeth-
ylation within gene bodies, it will confirm
that Dnmt3a2 increases cocaine-induced
IEG expression through nonpromoter
DNA methylation and possibly inhibition
of alternative promoters. If, on the other
hand, Dnmt3a2 instead also binds and hy-
permethylates gene promoters, it will sug-
gest the involvement of transcription
factors that preferentially bind methyl-
ated DNA in the promoter, and further
chromatin immunoprecipitation experi-
ments could determine which of these
transcription factors are recruited. This
feasible strategy could provide crucial
supplementary insight into the mecha-



2576 - J. Neurosci., April 3, 2019 - 39(14):2574-2576

nisms by which Dnmt3a2 activity pro-
motes the expression of Arc, Fosb, and
Egr2, which are involved in cocaine-
seeking behavior (Gao et al., 2017). This
approach might also reveal altered tran-
scription of other Dnmt3a2-regulated
genes upon cue-induced cocaine-seeking.
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