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Transcription and epigenetic factor dynamics in
neuronal activity-dependent gene regulation
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Noriyuki Sugo ® **, Yuri Atsumi”, and Nobuhiko Yamamoto

Neuronal activity, including sensory-evoked and spontaneous firing, regulates the
expression of a subset of genes known as activity-dependent genes. A key issue
in this process is the activation and accumulation of transcription factors (TFs),
which bind to cis-elements at specific enhancers and promoters, ultimately driving
RNA synthesis through transcription machinery. Epigenetic factors such as histone
modifiers also play a crucial role in facilitating the specific binding of TFs. Recent
evidence from epigenome analyses and imaging studies have revealed intriguing
mechanisms: the default chromatin structure at activity-dependent genes is formed
independently of neuronal activity, while neuronal activity modulates spatiotempo-
ral dynamics of TFs and their interactions with epigenetic factors (EFs). In this article
we review new insights into activity-dependent gene regulation that affects brain
development and plasticity.

Neuronal activity induces the expression of a subset of genes

Neuronal activity, including sensory-evoked and spontaneous firing, plays a pivotal role in shaping
neuronal circuits [1-3]. Even after establishing neuronal circuits, neuronal activity continues to af-
fect synaptic transmission and synapse formation. In these processes, a subset of genes, known
as activity-dependent genes, is regulated by neuronal activity [4-6]. The disruption in this regula-
tion leads to various neuropathological diseases [7].

To date, the fundamental molecular mechanisms of activity-dependent gene expression have
been demonstrated: activation of TFs occurs in the nucleus through calcium ion influx and
calcium-dependent signaling pathways [8]. These TFs bind to specific DNA sequences known
as cis-elements within enhancers and promoters of the genome and trigger the downstream
gene expression. Based on their transcriptional responses, activity-dependent genes are classi-
fied as immediate early genes (IEGs) and late response genes (LRGs) [9]. IEGs show burst-like
transcription in rapid response to neuronal activity and often encode TFs, which in turn regulate
the expression downstream LRGs encoding neuronal effector molecules [8]. Concurrently, EFs
involved in open or closed chromatin structures also affect TF binding and recruitment of the
preinitiation complex, including RNA polymerase (RNAP) [10].

An intriguing problem is how activity-dependent gene expression is regulated spatiotemporally in the
nucleus of neurons. More specifically, how does neuronal activity selectively regulate a subset of
genes? How does neuronal activity affect the dynamics of TFs and EFs and their interactions in order
to induce appropriate gene expression? These questions are being clarified by recent studies using
imaging techniques, including single-molecule imaging (SMI) (Box 1) as well as epigenome analyses.

How are activity-dependent gene loci selected in the nucleus?

While activity-dependent gene loci are present in all cells in our body, transcriptional responses to
neuronal activity are uniquely induced in neuronal cells. This specificity raises the question: how
Check for
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Box 1. Single-molecule imaging

To perform SMI, proteins of interest (POls) are tagged with genetically encoded fluorescent proteins or with self-labeling
proteins such as HaloTag and SNAP-tag, which can be covalently coupled to cell-permeable organic fluorophores. The
latter labeling method is preferred in terms of photostability and brightness. Fluorescently labeled molecules inside the
nucleus, such as TFs, are visualized as fluorescent spots by highly inclined and laminated optical sheet (HILO) microscopy,
which produces high signal-to-noise ratio images by generating thin-layer illumination and reducing out-of-focus back-
ground signals. Each labeled spot obtained in this way is thought to represent a single molecule, as each spot suddenly
disappears by prolonged excitation light. Thus, the dynamic aspect of TFs can be observed at a single-molecule level with
atemporal resolution of 10-100 ms. An important analysis is to measure the dwell times of fluorescently labeled spots. The
residence time of each spot varies, ranging from short to long. The residence time distribution could tell TF dynamic
aspects by combining with experiments using mutant proteins. In the case of CREB, the appearance of spots with along
residence time is markedly decreased in mutant CREB, which lacks a DNA-binding site, indicating that the long-residence
components represent the DNA-binding of CREB. Another interesting point in SMI allows us to observe the localization of
POls with super spatial resolution. Indeed, the precise location of a single molecule can be obtained by fitting a 2D image
of each spot into a 2D Gaussian function. This spatial analysis efficiently estimates colocalization with other fluorescent-
labeled molecules or nuclear organelles. Moreover, dual SMI of two different molecules can show more accurate
colocalization of two nuclear proteins.

are the specific populations of genes selected and activated as activity-dependent genes among
thousands?

Sequence-specific mechanisms

Activity-dependent genes and their response characteristics are genetically determined by the
genomic sequence of the regulatory regions, which include enhancers and promoters. IEG tran-
scription involves calcium-responsive TFs such as cAMP response element binding protein
(CREB), serum response factor (SRF), and myocyte-specific enhancer factor 2 (MEF2), which
are already present in the nucleus prior to neuronal activity and are ready to bind to specific
cis-elements in the genome [11-13]. Correspondingly, the promoters and enhancers of typical
IEGs contain cis-elements for these TFs, including the CREB binding cAMP response element
(CRE), the SRF binding CArG box, and the MEF2 binding MEF2 response element (MRE)
[11-183]. The well-characterized IEGs, Fos and Arc, contain these cis-elements in their regulatory
regions [14,15]. On the other hand, the regulatory regions of the LRGs contain cis-elements to
which IEG-encoded TFs bind, including AP-1 (a heterodimer of FOS family proteins and JUN
family proteins), EGR1, and NPAS4 [16-18]. Thus, the composition of cis-elements makes a
large contribution to determining the structure of activity-dependent genes and their transcriptional
responsiveness (Figure 1A).

The sequences of cis-elements are genetically defined and commonly shared among many
activity-dependent genes [19,20]. However, variations and combinations of TFs binding to cis-
elements regulate the timing and level of transcription in each gene [21,22]. Small differences in
the cis-element sequence within individual genes can also influence the binding affinity of TFs,
thereby affecting subsequent transcription processes [23]. Moreover, the number and position
of enhancers play a crucial role in establishing the basal structure of genes, leading to unique tran-
scription patterns by regulating chromatin structures, including 3D genome folding [20,24]. While
cis-element sequences are conserved across species, evolutionary changes in these sequences
can lead to the formation of novel cis-elements and give rise to species-specific activity-
dependent genes [25-28]. For example, primate neurons exhibit activity-dependent Osteocrin
expression, which depends on MEF2-binding in their enhancer regions. By contrast, mouse neu-
rons lack these sites due to several sequence differences and do not show such expression [25].

Chromatin state formation at activity-dependent gene loci
The chromatin state is crucial for the function of enhancers and promoters, particularly regarding

TFs binding at cis-elements. During neuronal development, chromatin modifiers act to set up
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Figure 1. Structure of activity-dependent gene loci in developing neurons. (A) The composition of cis-elements
in promoters and enhancers genetically determines the hallmark of activity-dependent genes. (B) DNA methylation
at CpG sites of cis-elements inhibits transcription factor (TF) bindings. In immature neurons, hypo-DNA methylation
in enhancers, caused by active DNA demethylation, is likely the first signature in forming chromatin structure in
activity-dependent genes. (C) During prenatal development, the chromatin state of immediate early gene (IEG)
loci, which contain both activating and repressive features due to histone modifications, provides a standby state
for activity-dependent expression. Histone acetyltransferases (HATs) promote histone acetylation of H3K27 in
transcriptional regulatory regions, facilitating TF binding. By contrast, polycomb complexes, including histone
methyltransferases (HMTs), maintain histone methylation marked by H3K27me3 and a closed chromatin state in
the gene body. (D) Imaging studies reveal that activity-dependent gene loci are localized in distinct chromatin

(Figure legend continued at the bottom of the next page.)
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activity-dependent gene loci. DNA methylation patterns likely serve as the initial signatures that
shape chromatin structures in enhancers and promoters in developing neurons [29]. DNA meth-
ylation at CpG sites directly inhibits the binding of many TFs [30]. For instance, CREB is unable to
bind to its cis-element if it contains a methylated CpG [31]. However, the initial methylation pattern
is changed by DNA demethylation processes during neuronal development. In cortical neurons,
just after the final mitosis, hypomethylated enhancers are enriched in neuronal genes [29,32]. This
DNA demethylation may represent the first step to set up default chromatin states at activity-
dependent gene loci independently of neuronal activity (Figure 1B) [32-34]. Selective DNA de-
methylation requires heterochromatin- and DNA-methylation-insensitive TFs, known as pioneer
TFs, such as NeuroD1, NeuroD2, and Ngn2 [35-38]. Pioneer TFs bind to cis-elements and recruit
the active demethylation enzyme Ten-eleven translocation (TET) family proteins, which lack
sequence-specific binging ability [35]. In accordance with this, mice lacking Tet1 show hyperme-
thylation in the regulatory region of IEGs, followed by decreased expression levels [39].

In addition to DNA methylation patterns, histone modifications at IEG loci provide a ‘standby’
state for rapid transcriptional induction [15,40,41]. During mouse prenatal development, IEGs
display a unique bipartite chromatin signature [40]. In this state, histone H3K27ac, a marker of
active chromatin, is enriched at enhancers and promoters. These acetylated nucleosomes facil-
itate the efficient binding of TFs to specific cis-elements, which subsequently recruit transcription
regulatory factors. Simultaneously, the repressive chromatin mark, histone H3K27me3, is formed
by the polycomb suppressor histone methyltransferase EZH2 at the gene body and inhibits
transcription. These activating and repressive histone modifications create a standby state for
IEG expression (Figure 1C). Moreover, in the nucleus of developing human cortical neurons,
the IEG loci overlap with immunocytochemically visualized spots marked by active chromatin
signatures, such as histone H4 acetylation (H4ac) and its associated Brd4 (Figure 1D) [42]. This
histone acetylation may have been set up at activity-dependent gene loci before neuronal activity
becomes active [43-45].

What causes these high histone acetylation sites in the nucleus? At least in part, the histone ace-
tyltransferase (HAT) activity is responsible for their formation [42]. Transfection of a dominant neg-
ative mutant CREB binding protein (CBP), which lacks the HAT domain, into developing neurons
inhibits the formation of H4ac and BRD4 spots and suppresses CREB binding to cis-elements.
Therefore, CBP and its paralog p300 likely contribute to histone acetylation at activity-
dependent gene loci [46].

An essential question is how CBP/p300 selectively acetylates specific nucleosomes of activity-
dependent genes, given that these proteins lack sequence-specific DNA-binding ability [47].
It is possible that a sequence-specific factor that interacts with CBP/p300, independently of
neuronal activity, initially targets these specific nucleosomes [48]. Although this factor remains
unidentified, one possibility is that pioneer TFs could initiate both histone acetylation and DNA
demethylation, as nucleosomes around their binding sites are frequently acetylated [37,38,49].
Additionally, developing spontaneous neuronal activity may promote acetylation by CBP/p300
which binds to TFs [15,16,40,41].

Pre-formed spatial interactions between enhancers and promoters are also likely required for set-
ting up activity-dependent gene induction [24]. CTCF/cohesin complexes regulate the proximity

modification sites marked by acetylated histone H4 and BRD4 in the nucleus. (E) 3D chromatin construction mediated
by CTCF/cohesin complex facilitates the formation of proximity between enhancers and promoters in activity-
dependent genes.
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between enhancers and promoters, facilitating transcription by constructing 3D chromatin
structures such as chromatin loops and topologically associating domains (TADs) [50]. Super-
resolution imaging — which visualizes specific genome positions using repetitive sequences
and fluorescent proteins that bind to those sequences in living cells — has revealed spatiotem-
poral 3D genome folding involved in these interactions before transcription [51-54]. These 3D
chromatin structures support cell-type-specific neuronal gene expression during differentiation
[55-59]. For activity-dependent genes, particularly those with distal enhancers, transcription
regulation likely occurs within these structures (Figure 1E). It is known that the AT-rich DNA-
binding protein SATB2, expressed in the developing cortex, is also involved in this 3D genome
organization [59].

Neuronal activity promotes TF binding to cis-elements and modification of the
chromatin structure

Spatiotemporal dynamics of TFs regulated by neuronal activity

Once chromatin modifiers create the standby state structure of chromatin, neuronal activity acti-
vates TFs and promotes the interaction with promoters and enhancers at activity-dependent
gene loci [15]. How does neuronal activity facilitate interactions of activated TF with the cis-
element? A notable aspect is the temporal profile in the TF dynamic interactions. Basically, two
temporal patterns are possible. One possibility is that neuronal stimulation increases the binding
time of TF to the cis-element, which enhances RNAP recruitment and subsequent RNA synthe-
sis. Another possibility is that TF binding frequency is increased by neuronal stimulation.

To address this issue, SMI is a powerful technique that allows us to observe the spatiotemporal
dynamics of TFs (Box 1). ChIP-Seq analysis is used to investigate the binding of TFs to specific
sites in the genome, but is not necessarily useful to study temporal aspects of binding and disso-
ciation or spatial localization in the nucleus. To date, studies using SMI techniques have revealed
the dynamic behavior of TFs in the nucleus of various cell types [60-77]. In these investigations,
individual TF molecules are detected as fluorescent spots representing single molecules
(Figure 2). Although different theoretical models have been adopted to analyze the behavior of
these spots [78], a common feature is the existence of fluorescent spots with short and long res-
idence times. The short residence time component (<1 s) is considered to represent non-specific
or weak binding of TFs to the genomic DNA, while the long residence time component (ranging
from seconds to tens of seconds) is considered to represent specific binding of TFs to cis-
elements. Most results indicate that stimuli such as hormone application extend the duration of
the long residence time component in many cell types, indicating that TF binding time is the pri-
mary factor driving target gene expression [61-63,66,70-73,75]. In line with this, simultaneous
imaging of TF binding and RNA synthesis has shown that the frequency and duration of transcrip-
tion bursts increase with TF residence time at specific nuclear locations [64,65,74,76].

In neuronal cells, SMI of SRF has also demonstrated that stimulation with brain-derived neuro-
trophic factor (BDNF) increases the long residence time of SRF binding (Figure 2) [67,69]. This
finding supports the view that the length of the residence time is crucial for transcription, consis-
tent with observations in other cell types. By contrast, the SMI of CREB reveals different activity-
dependent TF dynamics: neuronal activation with KCI-induced depolarization or optogenetic
stimulation leads to repetitive binding of CREB to specific nuclear locations without altering its
residence time distribution (Figure 2) [42,68]. Furthermore, simultaneous imaging of active
RNAPII with CREB SMI has demonstrated that RNAPII accumulation is increased proportionally
with repetitive CREB appearance at particular nuclear locations [42,79], highlighting the impor-
tance of repetitive TF binding in gene expression. This repeated binding and dissociation behavior
has also been observed in TFs which are critical for maintaining pluripotency in ESCs [73]. Such
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Figure 2. Dynamics of transcription factor (TF) binding to cis-elements. The highly inclined and laminated optical
sheet (HILO) microscope shows fluorescent-labeled TF spots (single molecules, indicated by magenta arrows) in the
nucleus of cultured neurons. Quantitative analysis, such as dwell time and position of TF spots, demonstrates that
neuronal stimulation increases the binding time of the TF or induces its repetitive binding to cis-elements in enhancers and
promoters.

repetition may be more efficient for driving transcription bursts than sustained long-term binding
[72,78].

Roles of TF activation state and concentrations

What drives the increase in residence time or repetitive binding of TFs? In the case of CREB,
phosphorylation via calcium influx is essential. Indeed, an increase in repetitive binding of
CREB, coinciding with the recruitment of RNAPII, has been found in cortical neurons through
the overexpression of a constitutively phosphorylated CREB mutant, even in the absence of
neuronal activity [42]. Nuclear receptors acting as TFs also often require phosphorylation for
their activation [80]. However, analysis of the residence time distribution using SMI has shown
the presence of other activation modes: SRF is activated via interactions with other TFs [67],
and the activation of TP53 requires acetylation of C-terminal domain [70]. Thus, regardless of
the pathway, the activation state of TFs is critical for promoting TF actions.

In addition to activation, the concentrations of TFs are likely involved in TF dynamics [74,81]. An
extreme example of this mechanism is shown in developing zebrafish embryos by using the SMI
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technique: as nuclear size is gradually decreased during development, TF concentrations are in-
creased, leading to a rise in overall transcription [75]. In neuronal cells, the nuclear envelope has
been shown to be folded by elevation of neuronal activity [82]. Such a morphological change
might contribute to not only a skewed distribution of TFs in the nucleus but also to the increased
local TF concentrations. However, recent imaging studies have revealed that TFs can rapidly accu-
mulate at target gene sites without nuclear structural changes in response to stimulation, followed
by anincrease in transcription burst [54,65]. This suggests that specific chemical reactions underlie
the local accumulation of TFs. It has been shown that intrinsically disordered regions (IDRs) of TFs
are involved in self-interactions and phase separation, which can enhance the local TF concentra-
tions [83-85]. The IDR domain also appears to contribute to the formation of condensates com-
prising TFs and other transcription regulatory factors [86-88]. The role of neuronal activity in the
condensation of TFs is an area of research that is expected to yield new insights.

Chromatin modification by neuronal activity

Chromatin modifications are induced by neuronal activity and are involved in TF binding/dissociation
and the recruitment of transcriptional regulatory proteins. Histone acetylation and deacetylation,
mediated by HATs and histone deacetylases (HDACs), are key contributors to this process
[15,16,89]. Imaging analysis using fluorescent protein tags has revealed that nucleocytoplasmic
translocation of class lla HDACs (HDAC4, 5, and 9) depends on neuronal activity levels [90,91]. In
immature cortical neurons, HDACQ is initially localized in the nucleus but moves into the cytoplasm
after depolarization. By contrast, when inhibiting neuronal firing in matured cortical neurons, HDAC9
is more distributed in the nucleus [91,92]. In the adult hippocampus, a subset of neurons exhibits
transient nuclear localization of HDAC4 and HDAC5 during a process associated with memory ac-
quisition, possibly due to a temporary decrease in neuronal activity within these circuits [93]. Despite
the lack of the sequence-specific binding ability, nucleocytoplasmic translocation of these HDACs
affects specific gene loci rather than inducing global changes. This is due to the specificity with
which HDACs bind to certain TFs [94]. Nuclear HDACs may bind to MEF2 at enhancers and pro-
moters, reducing acetylation levels of surrounding nucleosomes and thereby suppressing the tran-
scription of activity-dependent genes (Figure 3) [91,95,96].
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Figure 3. Neuronal activity-dependent modulation of nucleosome acetylation levels. Neuronal activity modulates
nucleosome acetylation levels via histone acetyltransferases/histone deacetylases (HATs/HDACS), affecting activity-
dependent gene expression. In the low-activity state (left), class lla HDACs 4/5/9 are predominantly localized within the
nucleus and bind to MEF2, reducing histone acetylation levels at the regulatory regions, thereby suppressing activity-
dependent gene expression. In the high-activity state (right), calcium signaling-responsive protein kinases (e.g., CaMK) phos-
phorylate HDACs and cAMP response element binding protein (CREB). HDACs are dissociated from MEF2 and finally
exported into the cytoplasm. Instead, phosphorylated CREB can bind to cAMP response element (CRE), and CREB binding
protein (CBP) intensively acetylates nucleosomes around its binding sites. Abbreviation: MRE, MEF2 response element.
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When HDAC translocation from the nucleus to the cytoplasm is promoted by neuronal activity, the
relative effect of antagonistic HAT activity becomes more prominent. The HAT enzyme CBP/p300,
which binds to phosphorylated CREB, contributes to the acceleration of nucleosome acetylation at
enhancers and promoters of activity-dependent gene loci (Figure 3) [15,89]. Indeed, dual SMI has
demonstrated that neuronal activity increases the colocalization frequency of CBP and CREB, indi-
cating enhanced CBP recruitment [42]. This HAT-mediated, activity-dependent chromatin opening
efficiently recruits transcriptional regulatory proteins, including RNAPII [89,97]. The repetitive bind-
ing of phosphorylated CREB (see earlier text) might rely on these highly acetylated nucleosomes.

Neuronal activity also promotes multiple chromatin modifications in parallel with histone acetyla-
tion. These modifications vary across activity-dependent genes, involving locus-specific mecha-
nisms. First, during perinatal stages, neuronal activity, including spontaneous activity, rapidly
relieves polycomb-mediated repression at the bipartite chromatin state of IEGs, which allows
their expression from the standby state (see earlier text) (Figures 1C and 4) [40]. Second, active
DNA demethylation reduces methylation levels at specific CpG sites [98,99]. In mouse dentate gran-
ule neurons, these unmodified CpG sites are enriched in brain-specific genes following neuronal
activation [100]. Among these, EGR1, an IEG product, recruits TET1 to the enhancer and promoter
regions of downstream genes [101]. Third, dephosphorylation of the chromatin chaperone protein
DAXX by calcineurin leads to the incorporation of histone variant H3.3 into nucleosomes at the reg-
ulatory regions of Fos and Bdnf loci [102]. Fourth, activity-dependent topoisomerase II3-induced
DNA double-strand breaks within promoters alter DNA topology in IEG loci such as Fos and
Npas4 [103]. Fifth, neuronal activity induces CTCF/cohesin-mediated 3D chromatin reorganization,
facilitating long-range loop formation due to the greater distance between the interacting enhancer
and promoter, as seen at the Bdnf locus [104—107]. Finally, additional activity-dependent pro-
cesses, including other histone modifiers and ATP-dependent chromatin remodelers, further influ-
ence chromatin structure [108-115]. These neuronal activity-induced chromatin structures at
specific gene loci may result in unique dynamics of TFs and transcriptional regulatory proteins.

Patterns and history of neuronal activity influence gene expression

The effect of neuronal activity in gene expression is likely not an all-or-nothing process but rather
occurs in a gradual manner as neuronal activity is composed of various firing patterns. In devel-
oping thalamocortical axons, the frequency of spontaneous neuronal firing regulates the expres-
sion of Robo1 which suppresses axon growth [116]. In olfactory circuit formation, phasic and
tonic firing patterns differentially regulate the expression of different axon growth-promoting fac-
tors [117]. These findings strongly support the importance of firing patterns in activity-dependent
gene regulation [41]. A live imaging study has further shown that Bdnf promoter activity is altered
differently by various stimulation patterns that induce distinct intracellular calcium concentrations
[118]. Given that phosphorylation of CREB is necessary for its repetitive binding (see earlier text)
[42], the quantity of phosphorylated CREB regulated by intracellular calcium concentrations
would be a key determinant. Thus, it is likely that neuronal activity patterns regulate the concen-
trations of activated TFs via intracellular calcium concentrations, which in turn determine TF bind-
ing properties and downstream gene expression.

Each neuron has a unigue history of differentiation and neuronal activity, leading to its responsive-
ness to future stimuli, a phenomenon known as meta-plasticity [119]. Chromatin states are
considered to play a pivotal role in this process. As described above, chromatin states at
activity-dependent genes are likely set up at early developmental stages and further develop by
increasing spontaneous activity and the subsequent sensory-evoked activity [15,40]. As a result,
a chromatin state in each neuron is established, allowing the binding of TFs to cis-elements at the
specific genome sites and inducing expression of genes that influence synaptic modifications,
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Figure 4. Spatiotemporal dynamics of multiple chromatin modifiers and transcription factors (TFs) in activity-
dependent gene loci in developing and mature neurons. Activity-dependent genes in the genome are genetically
determined by DNA sequences in promoters and enhancers, including cis-elements bound to calcium-signal responsive
TFs. In an activity-independent manner, chromatin structures that are constructed by DNA demethylation, histone
modification, and 3D structure are also prepared as standby states for expression from embryonic stages. Neuronal
activity induces opening chromatin with multiple chromatin modifiers such as CBP/p300 and increases the binding time of
TFs to the cis-elements or the number of repetitive binding of TFs by elevating the local concentrations of activated TFs
and RNAPs, which rapidly leads to effective RNA synthesis. Abbreviations: CBP, CREB binding protein; CREB, cAMP
response element binding protein; RNAP, RNA polymerase; TET, ten-eleven translocation protein.

such as pre- and post-synaptic protein expression and synaptic morphological changes
[10,120,121]. However, the chromatin state is not permanently fixed. The different neuronal
activity patterns induced by sensory or motor experience could form a new chromatin state
[41,106,107] which may serve as the basis for future rounds of gene expression and play impor-
tant roles in learning and memory [93,122,123].

Concluding remarks
Expression of a subset of genes is upregulated by neuronal activity. For this regulation, cis-
elements, promoters, and enhancers, which are genetically determined as primary DNA

Trends in Genetics, May 2025, Vol. 41, No. 5
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Outstanding questions

What is the spatiotemporal relationship
between activity-dependent gene loci,
nuclear organelles, and multiple nuclear
factors?

How does neuronal activity lead to the
formation of TF condensates?

Are there evolutionary and human-
specific aspects in the neuronal activity-
dependent dynamics of TFs and EFs?

What is the relationship between TF
and EF dynamics at activity-dependent
gene loci and neuropathological
diseases?
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sequences, are inevitable. It is likely that pre-prepared histone modification is also required at
the genome loci in an activity-independent fashion (Figure 4). In addition, a history of neuronal
activity could affect the chromatin states. Neuronal activity increases the binding time of TFs
to the cis-elements or the number of repetitive binding of TFs by elevating the local concen-
trations of activated TFs, which leads to effective RNA synthesis (Figure 4). These mecha-
nisms of activity-dependent gene expression are important to understand how various sensory-
evoked and spontaneous neuronal activities alter development and plasticity of the brain (see
Outstanding questions).

Acknowledgments

This work was supported by MEXT KAKENHI on Dynamic regulation of brain function by Scrap & Build system (no.
JP16H06460 to N.Y.), JSPS KAKENHI grants (no. JP19H03325 to N.Y. and no. JP17K071090 to N.S.), and JST SPRING
(no. JPMJSP2138 to Y.A).

Declaration of interests
The authors declare no competing interests.

Declaration of generative Al and Al-assisted technologies in the writing process

During the preparation of this manuscript, the authors used ChatGPT4 and DeepL exclusively for grammeatical error correc-
tion and stylistic changes. Additionally, BioRender (www.biorender.com) was utilized for creating graphical illustrations. The
authors thoroughly reviewed and edited the content following the use of these tools and take full responsibility for the final
content of the publication.

References
1. Martini, F.J. et al. (2021) Spontaneous activity in developing 15. Kim, T.K. et al. (2010) Widespread transcription at neuronal
thalamic and cortical sensory networks. Neuron 109, 2519-2534 activity-regulated enhancers. Nature 465, 182-187
2. Nakazawa, S. and lwasato, T. (2021) Spatial organization and 16. Malik, A.N. et al. (2014) Genome-wide identification and
transitions of spontaneous neuronal activities in the developing characterization of functional neuronal activity-dependent
sensory cortex. Develop. Growth Differ. 63, 323-339 enhancers. Nat. Neurosci. 17, 1330-1339
3. Yamamoto, N. and Lépez-Bendito, G. (2012) Shaping brain 17. Phillips, R.A. et al. (2023) Temporally specific gene expression
connections through spontaneous neural activity. Eur. J. Neurosci. and chromatin remodeling programs regulate a conserved
35, 15695-1604 Pdyn enhancer. eLife 12, RP89993
4. Heinz, D.A. and Bloodgood, B.L. (2020) Mechanisms that 18. Sun, X. and Lin, Y. (2016) Npas4: linking neuronal activity to
communicate features of neuronal activity to the genome. memory. Trends Neurosci. 39, 264-275
Curr. Opin. Neurobiol. 63, 131-136 19. Rodriguez-Tornos, F.M. et al. (2013) Enrichment of conserved
5. Lee, P.R. and Fields, R.D. (2021) Activity-dependent gene synaptic activity-responsive element in neuronal genes predicts
expression in neurons. Neuroscientist 27, 355-366 a coordinated response of MEF2, CREB and SRF. PLoS One 8,
6. Leslie, J.H. and Nedivi, E. (2011) Activity-regulated genes 53848
as mediators of neural circuit plasticity. Prog. Neurobiol. 94, 20. Vardhanabhuti, S. et al. (2007) Position and distance speci-
223-237 ficity are important determinants of cis-regulatory motifs in
7. Ebert, D.H. and Greenberg, M.E. (2013) Activity-dependent addition to evolutionary conservation. Nucleic Acids Res.
neuronal signalling and autism spectrum disorder. Nature 493, 35, 3203-3213
327-337 21. Joo, J.Y. et al. (2015) Stimulus-specific combinatorial function-
8. Greer, P.L. and Greenberg, M.E. (2008) From synapse to ality of neuronal c-fos enhancers. Nat. Neurosci. 19, 75-83
nucleus: calcium-dependent gene transcription in the control 22. Maurano, M.T. et al. (2015) Large-scale identification of
of synapse development and function. Neuron 59, 846-860 sequence variants influencing human transcription factor occu-
9. Benito, E. and Barco, A. (2015) The neuronal activity-driven pancy in vivo. Nat. Genet, 47, 1393-1401
transcriptome. Mol. Neurobiol. 51, 1071-1088 23. Boulting, G.L. etal. (2021) Activity-dependent regulome of human
10. Pumo, G.M. et al. (2022) Epigenetic and transcriptional regula- GABAergic neurons reveals new patterns of gene regulation and
tion of spontaneous and sensory activity dependent programs neurological disease heritability. Nat. Neurosci. 24, 437-448
during neuronal circuit development. Front. Neural Circuits 16, 24. Robson, M.I. et al. (2019) Regulatory landscaping: how
911023 enhancer-promoter communication is sculpted in 3D. Mol.
11. Assali, A. et al. (2019) Emerging roles for MEF2 in brain devel- Cell 74, 1110-1122
opment and mental disorders. Curr. Opin. Neurobiol. 59, 49-58 25. Ataman, B. et al. (2016) Evolution of Osteocrin as an activity-
12. Kndll, B. and Nordheim, A. (2009) Functional versatility of tran- regulated factor in the primate brain. Nature 539, 242-247
scription factors in the nervous system: the SRF paradigm. 26. Kaplow, |.M. et al. (2023) Relating enhancer genetic variation
Trends Neurosci. 32, 432-442 across mammals to complex phenotypes using machine leaming.
13. Lonze, B.E. and Ginty, D.D. (2002) Function and regulation Science 380, eabm7993
of CREB family transcription factors in the nervous system. 27. Phalke, N. et al. (2023) Mammalian evolution of human cis-
Neuron 35, 605-623 regulatory elements and transcription factor binding sites.
14. Kawashima, T. et al. (2009) Synaptic activity-responsive Science 380, eabn7930
element in the Arc/Arg3.1 promoter essential for synapse-to- 28. Qiu, J. et al. (2016) Evidence for evolutionary divergence of
nucleus signaling in activated neurons. Proc. Natl. Acad. Sci. activity-dependent gene expression in developing neurons.
U. S. A 106, 316-321 elLife 5, e20337

434  Trends in Genetics, May 2025, Vol. 41, No. 5


http://www.biorender.com
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0005
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0005
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0010
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0010
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0010
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0015
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0015
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0015
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0020
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0020
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0020
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0025
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0025
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0030
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0030
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0030
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0035
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0035
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0035
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0040
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0040
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0040
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0045
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0045
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0050
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0050
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0050
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0050
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0055
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0055
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0060
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0060
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0060
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0065
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0065
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0065
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0070
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0070
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0070
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0070
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0075
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0075
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0080
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0080
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0080
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0085
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0085
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0085
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0090
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0090
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0095
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0095
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0095
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0095
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0100
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0100
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0100
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0100
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0105
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0105
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0110
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0110
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0110
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0115
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0115
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0115
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0120
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0120
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0120
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0125
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0125
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0130
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0130
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0130
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0135
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0135
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0135
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0140
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0140
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0140

Trends in Genetics

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tian, W. et al. (2023) Single-cell DNA methylation and 3D ge-
nome architecture in the human brain. Science 382, eadf5357
Kaluscha, S. et al. (2022) Evidence that direct inhibition of
transcription factor binding is the prevailing mode of gene
and repeat repression by DNA methylation. Nat. Genet. 54,
1895-1906

Spruijt, C.G. et al. (2013) Dynamic readers for 5-(Hydroxy)
methylcytosine and its oxidized derivatives. Cell 152,
1146-1159

He, Y. et al. (2020) Spatiotemporal DNA methylome dynamics
of the developing mouse fetus. Nature 583, 752-759

Lister, R. et al. (2013) Global epigenomic reconfiguration during
mammalian brain development. Science 341, 1237905
Sanosaka, T. et al. (2017) DNA methylome analysis identifies
transcription factor-based epigenomic signatures of multiineage
competence in neural stem/progenitor cells. Cell Rep. 20,
2992-3003

Hahn, M.A. et al. (2019) Reprogramming of DNA methylation at
NEUROD2-bound sequences during cortical neuron differentiation.
Sci. Adv. 5, 80-103

Noack, F. et al. (2022) Multimodal profiling of the transcriptional
regulatory landscape of the developing mouse cortex identifies
Neurog2 as a key epigenome remodeler. Nat. Neurosci. 25,
154-167

Mayran, A. and Drouin, J. (2018) Pioneer transcription
factors shape the epigenetic landscape. J. Biol. Chem. 293,
13795-13804

Pataskar, A. et al. (2016) NeuroD1 reprograms chromatin and
transcription factor landscapes to induce the neuronal program.
EMBO J. 35, 24-45

Rudenko, A. et al. (2013) Tet1 Is Critical for neuronal activity-
regulated gene expression and memory extinction. Neuron
79, 1109-1122

Kitazawa, T. et al. (2021) A unique bipartite Polycomb signature
regulates stimulus-response transcription during development.
Nat. Genet. 53, 379-391

Tyssowski, K.M. et al. (2018) Different neuronal activity patterns
induce different gene expression programs. Neuron 98,
530-546 e11

Atsumi, Y. et al. (2024) Repetitive CREB-DNA interactions at
gene loci predetermined by CBP induce activity-dependent
gene expression in human cortical neurons. Cell Rep. 43,
113576

Belmont, A.S. (2022) Nuclear compartments: an incomplete
primer to nuclear compartments, bodies, and genome organi-
zation relative to nuclear architecture. Cold Spring Harb.
Perspect. Biol. 14, a041268

Otterstrom, J. et al. (2019) Super-resolution microscopy reveals
how histone tail acetylation affects DNA compaction within
nucleosomes in vivo. Nucleic Acids Res. 47, 8470-8484

Xu, J. et al. (2018) Super-resolution imaging of higher-order
chromatin structures at different epigenomic states in single
mammalian cells. Cell Rep. 24, 873-882

Lipinski, M. et al. (2020) KAT3-dependent acetylation of cell
type-specific genes maintains neuronal identity in the adult
mouse brain. Nat. Commun. 11, 2588

Goodman, R.H. and Smolik, S. (2000) CBP/p300 in cell growth,
transformation, and development. Genes Dev. 14, 1553-1577
Ferrie, J.J. et al. (2024) p300 is an obligate integrator of combi-
natorial transcription factor inputs. Mol. Cell 84, 234-243.e4
Tini, M. et al. (2002) Association of CBP/p300 acetylase and
thymine DNA glycosylase links DNA repair and transcription.
Mol. Cell 9, 265-277

Boettiger, A. and Murphy, S. (2020) Advances in chromatin im-
aging at kilobase-scale resolution. Trends Genet. 36, 273-287
Alexander, J.M. et al. (2019) Live-cellimaging reveals enhancer-
dependent sox2 transcription in the absence of enhancer
proximity. eLife 8, e41769

Gabriele, M. et al. (2022) Dynamics of CTCF- and cohesin-
mediated chromatin looping revealed by live-cell imaging.
Science 376, 476-501

Gu, B. et al. (2018) Transcription-coupled changes in nuclear
mobility of mammalian cis-regulatory elements. Science 359,
1060-1055

54.

55.

56.

57.

58.

59.

60.

6

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

77.

Kawasaki, K. and Fukaya, T. (2023) Functional coordination
between transcription factor clustering and gene activity. Mol.
Cell 83, 1605-1622.9

Bonev, B. et al. (2017) Multiscale 3D Genome rewiring during
mouse neural development. Cell 171, 557-572.e24

Brookes, E. et al. (2023) A novel intergenic enhancer that regu-
lates Bdnf expression in developing cortical neurons. iScience
26, 105695

Stroud, H. et al. (2020) An activity-mediated transition in tran-
scription in early postnatal neurons. Neuron 107, 874-890.e8

Tan, L. et al. (2021) Changes in genome architecture and tran-
scriptional dynamics progress independently of sensory experi-
ence during post-natal brain development. Cell 184, 741-758.
el7

Wahl, N. et al. (2024) SATB2 organizes the 3D genome archi-
tecture of cognition in cortical neurons. Mol. Cell 84, 621-639.
e9

Atsumi, Y. et al. (2024) Protocol for single-molecule imaging of
transcription and epigenetic factors in human neural stem cell-
derived neurons. STAR Protoc. 5, 103432

. Callegari, A. et al. (2019) Single-molecule dynamics and

genome-wide transcriptomics reveal that NF-kB (p65)-DNA
binding times can be decoupled from transcriptional activation.
PLoS Genet. 15, e1007891

Chen, J. et al (2014) Single-molecule dynamics of
enhanceosome assembly in embryonic stem cells. Cell 156,
1274-1285

Clauss, K. et al. (2017) DNA residence time is a regulatory factor
of transcription repression. Nucleic Acids Res. 45, 11121-11130
Donovan, B.T. et al. (2019) Live-cell imaging reveals the inter-
play between transcription factors, nucleosomes, and bursting.
EMBO J. 38, €100809

Garcia, D.A. et al. (2021) Power-law behavior of transcription
factor dynamics at the single-molecule level implies a contin-
uum affinity model. Nucleic Acids Res. 49, 6605-6620
Gebhardt, J.C. et al. (2013) Single-molecule imaging of tran-
scription factor binding to DNA in live mammalian cells. Nat.
Methods 10, 421-426

Hipp, L. et al. (2019) Single-molecule imaging of the transcrip-
tion factor SRF reveals prolonged chromatin-binding kinetics
upon cell stimulation. Proc. Natl. Acad. Sci. U. S. A. 116,
880-889

Kitagawa, H. et al. (2017) Activity-dependent dynamics of the
transcription factor of camp-response element binding protein
in cortical neurons revealed by single-molecule imaging.
J. Neurosci. 37, 1-10

Kuchler, O. et al. (2022) Single-molecule tracking (SMT) and
localization of SRF and MRTF transcription factors during
neuronal stimulation and differentiation. Open Biol. 12, 210383
Loffreda, A. et al. (2017) Live-cell p53 single-molecule binding is
modulated by C-terminal acetylation and correlates with tran-
scriptional activity. Nat. Commun. 8, 313

Louphrasitthiphol, P. et al. (2020) Tuning transcription factor
availability through acetylation-mediated genomic redistribution.
Mol. Cell 79, 472-487 .10

Mehta, G.D. et al. (2018) Single-molecule analysis reveals linked
cycles of RSC chromatin remodeling and Acelp transcription
factor binding in yeast. Mol. Cell 72, 875-887.e9

Okamoto, K. et al. (2023) Single-molecule tracking of Nanog
and Oct4 in living mouse embryonic stem cells uncovers a feed-
back mechanism of pluripotency maintenance. EMBO J. 42,
112305

Popp, A.P. et al. (2021) Altering transcription factor binding
reveals comprehensive transcriptional kinetics of a basic gene.
Nucleic Acids Res. 49, 6249-6266

Reisser, M. et al. (2018) Single-molecule imaging correlates
decreasing nuclear volume with increasing TF-chromatin asso-
ciations during zebrafish development. Nat. Commun. 9, 5218
Stavreva, D.A. et al. (2019) Transcriptional bursting and co-
bursting regulation by steroid hormone release pattern and
transcription factor mobility. Mol. Cell 75, 1161-1177 e11
Sugo, N. et al. (2015) Single-molecule imaging reveals dynam-
ics of CREB transcription factor bound to its target sequence.
Sci. Rep. 5, 10662

¢ CellP’ress
OPEN ACCESS

Trends in Genetics, May 2025, Vol. 41,No.5 435



http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0145
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0145
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0150
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0150
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0150
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0150
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0155
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0155
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0155
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0160
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0160
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0165
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0165
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0170
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0170
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0170
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0170
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0175
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0175
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0175
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0180
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0180
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0180
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0180
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0185
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0185
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0185
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0190
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0190
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0190
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0195
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0195
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0195
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0200
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0200
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0200
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0205
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0205
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0205
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0210
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0210
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0210
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0210
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0215
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0215
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0215
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0215
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0220
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0220
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0220
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0225
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0225
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0225
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0230
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0230
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0230
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0235
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0235
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0240
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0240
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0245
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0245
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0245
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0250
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0250
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0255
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0255
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0255
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0260
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0260
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0260
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0265
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0265
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0265
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0270
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0270
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0270
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0275
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0275
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0280
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0280
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0280
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0285
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0285
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0290
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0290
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0290
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0290
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0295
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0295
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0295
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0300
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0300
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0300
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0305
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0305
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0305
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0305
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0310
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0310
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0310
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0315
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0315
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0320
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0320
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0320
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0325
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0325
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0325
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0330
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0330
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0330
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0335
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0335
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0335
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0335
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0340
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0340
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0340
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0340
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0345
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0345
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0345
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0350
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0350
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0350
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0355
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0355
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0355
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0360
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0360
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0360
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0365
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0365
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0365
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0365
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0370
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0370
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0370
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0375
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0375
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0375
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0380
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0380
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0380
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0385
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0385
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0385

¢? CellPress
OPEN ACCESS

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

de Jonge, W.J. et al. (2022) Following the tracks: how transcrip-
tion factor binding dynamics control transcription. Biophys. J.
121, 15683-1592

Uchino, S. et al. (2022) Live imaging of transcription sites using
an elongating RNA polymerase lI-specific probe. J. Cell Biol.
221, 202104134

Negishi, M. et al. (2020) Nuclear receptor phosphorylation in
xenobiotic signal transduction. J. Biol. Chem. 295, 15210-15225
Senecal, A. et al. (2014) Transcription factors modulate c-Fos
transcriptional bursts. Cell Rep. 8, 75-83

Wittmann, M. et al. (2009) Synaptic activity induces dramatic
changes in the geometry of the cell nucleus: interplay between
nuclear structure, histone H3 phosphorylation, and nuclear cal-
cium signaling. J. Neurosci. 29, 14687-14700

Boija, A. et al. (2018) Transcription factors activate genes
through the phase-separation capacity of their activation
domains. Cell 175, 1842-1855.616

Lu, Y. et al. (2020) Phase separation of TAZ compartmentalizes
the transcription machinery to promote gene expression. Nat.
Cell Biol. 22, 453-464

Schneider, N. et al. (2021) Liquid-liquid phase separation of
light-inducible transcription factors increases transcription acti-
vation in mammalian cells and mice. Sci. Adv. 7, eabd3568
Chong, S. et al. (2018) Imaging dynamic and selective low-
complexity domain interactions that control gene transcription.
Science 361, eaar2555

Ma, L. et al. (2021) Co-condensation between transcription
factor and coactivator p300 modulates transcriptional bursting
kinetics. Mol. Cell 81, 1682-1697.e7

Shao, W. et al. (2021) Phase separation of RNA-binding protein
promotes polymerase binding and transcription. Nat. Chem.
Biol. 18, 70-80

Chen, L.F. et al. (2019) Enhancer histone acetylation modulates
transcriptional bursting dynamics of neuronal activity-inducible
genes. Cell Rep. 26, 1174-1188.e5

Chawla, S. et al. (2003) Neuronal activity-dependent
nucleocytoplasmic  shuttling of HDAC4 and HDACS.
J. Neurochem. 85, 151-159

Sugo, N. et al. (2010) Nucleocytoplasmic translocation of
HDAC9 regulates gene expression and dendritic growth in
developing cortical neurons. Eur. J. Neurosci. 31, 15621-1532
Alchini, R. et al. (2017) Nucleocytoplasmic shuttling of histone
deacetylase 9 controls activity-dependent thalamocortical
axon branching. Sci. Rep. 7, 6024

Zhu, Y. et al. (2019) Class lla HDACs regulate learning and
memory through dynamic experience-dependent repression
of transcription. Nat. Commun. 10, 3469

Lu, J. et al. (2000) Regulation of skeletal myogenesis by associ-
ation of the MEF2 transcription factor with class Il histone
deacetylases. Mol. Cell 6, 233-244

Méjat, A. et al. (2005) Histone deacetylase 9 couples neuronal
activity to muscle chromatin acetylation and gene expression.
Nat. Neurosci. 8, 313-321

Puang, S.J. et al. (2020) MEF2C and HDACS5 regulate Egr1 and
Arc genes to increase dendritic spine density and complexity in
early enriched environment. Neuronal. Signal 4, NS20190147
Narita, T. et al. (2021) Enhancers are activated by p300/CBP
activity-dependent PIC assembly, RNAPII recruitment, and
pause release. Mol. Cell 81, 2166-2182.e6

Martinowich, K. et al. (2003) DNA methylation-related chromatin
remodeling in activity-dependent Bdnf gene regulation. Science
302, 890-893

Guo, J.U. et al. (2011) Hydroxylation of 5-methylcytosine by
TET1 promotes active DNA demethylation in the adult brain.
Cell 145, 423-434

Guo, J.U. et al. (2011) Neuronal activity modifies the DNA
methylation landscape in the adult brain. Nat. Neurosci. 14,
1345-1351

436 Trends in Genetics, May 2025, Vol. 41, No. 5

101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

1.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Sun, Z. et al. (2019) EGR1 recruits TET1 to shape the brain
methylome during development and upon neuronal activity.
Nat. Commun. 10, 3892

Michod, D. et al. (2012) Calcium-dependent dephosphorylation
of the histone chaperone DAXX regulates H3.3 loading and
transcription upon neuronal activation. Neuron 74, 122-135
Delint-Ramirez, |. et al. (2022) Calcineurin dephosphorylates
topoisomerase IIf3 and regulates the formation of neuronal-
activity-induced DNA breaks. Mol. Cell 82, 3794-3809.e8
Calderon, L. et al. (2022) Cohesin-dependence of neuronal
gene expression relates to chromatin loop length. eLife 11,
e76539

Beagan, J.A. et al. (2020) Three-dimensional genome
restructuring across timescales of activity-induced neuronal
gene expression. Nat. Neurosci. 23, 707-717
Fernandez-Albert, J. et al. (2019) Immediate and deferred
epigenomic signatures of in vivo neuronal activation in mouse
hippocampus. Nat. Neurosci. 22, 1718-1730

Yamada, T. et al. (2019) Sensory experience remodels genome
architecture in neural circuit to drive motor learning. Nature 569,
708-713

Azad, G.K. et al. (2018) PARP1-dependent eviction of the linker
histone H1 mediates immediate early gene expression during
neuronal activation. J. Cell Biol. 217, 473-481

Grabowska, A. et al. (2022) Activation-induced chromatin reor-
ganization in neurons depends on HDAC1 activity. Cell Rep. 38,
110352

Kameda, T. et al. (2021) Neuronal activation modulates en-
hancer activity of genes for excitatory synaptogenesis through
de novo DNA methylation. J. Reprod. Dev. 67, 369-379
Karnay, A. et al. (2019) Hippocampal stimulation promotes in-
tracellular Tip60 dynamics with concomitant genome reorgani-
zation and synaptic gene activation. Mol. Cell. Neurosci. 101,
103412

Kim, B.W. et al. (2021) Neuronal activity-induced BRG1 phos-
phorylation regulates enhancer activation. Cell Rep. 36, 109357
Qiu, Z. and Ghosh, A. (2008) A calcium-dependent switch in
a CREST-BRG1 complex regulates activity-dependent gene
expression. Neuron 60, 775-787

Takakura, M. et al. (2021) Rpd3/CoRest-mediated activity-
dependent transcription regulates the flexibility in memory
updating in Drosophila. Nat. Commun. 12, 628

Wenderski, W. et al. (2020) Loss of the neural-specific BAF
subunit ACTL6B relieves repression of early response genes
and causes recessive autism. Proc. Natl. Acad. Sci. U. S. A.
117, 10055-10066

Mire, E. et al. (2012) Spontaneous activity regulates Robo1
transcription to mediate a switch in thalamocortical axon
growth. Nat. Neurosci. 15, 1134-1143

Nakashima, A. et al. (2019) Structured spike series specify gene
expression patterns for olfactory circuit formation. Science 364,
eaaw5030

Miyasaka, Y. and Yamamoto, N. (2021) Neuronal activity pat-
terns regulate brain-derived neurotrophic factor expression in
cortical cells via neuronal circuits. Front. Neurosci. 15, 699583
Abraham, W.C. and Bear, M.F. (1996) Metaplasticity: the plas-
ticity of synaptic plasticity. Trends Neurosci. 19, 126-130

del Blanco, B. et al. (2019) CBP and SRF co-regulate dendritic
growth and synaptic maturation. Cell Death Differ. 26, 2208-2222
Campbell, R.R. and Wood, M.A. (2019) How the epigenome
integrates information and reshapes the synapse. Nat. Rev.
Neurosci. 20, 133-147

Marco, A. et al. (2020) Mapping the epigenomic and transcrip-
tomic interplay during memory formation and recall in the hippo-
campal engram ensemble. Nat. Neurosci. 23, 1606-1617
Santoni, G. et al. (2024) Chromatin plasticity predetermines
neuronal eligibility for memory trace formation. Science 385,
eadg9982

Trends in Genetics


http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0390
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0390
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0390
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0395
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0395
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0395
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0400
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0400
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0405
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0405
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0410
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0410
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0410
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0410
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0415
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0415
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0415
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0420
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0420
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0420
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0425
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0425
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0425
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0430
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0430
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0430
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0435
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0435
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0435
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0440
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0440
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0440
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0445
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0445
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0445
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0450
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0450
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0450
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0455
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0455
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0455
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0460
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0460
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0460
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0465
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0465
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0465
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0470
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0470
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0470
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0475
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0475
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0475
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0480
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0480
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0480
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0485
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0485
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0485
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0490
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0490
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0490
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0495
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0495
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0495
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0500
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0500
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0500
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0505
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0505
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0505
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0510
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0510
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0510
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0515
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0515
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0515
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0520
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0520
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0520
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0525
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0525
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0525
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0530
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0530
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0530
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0535
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0535
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0535
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0540
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0540
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0540
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0545
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0545
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0545
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0550
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0550
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0550
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0555
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0555
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0555
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0555
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0560
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0560
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0565
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0565
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0565
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0570
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0570
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0570
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0575
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0575
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0575
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0575
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0580
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0580
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0580
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0585
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0585
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0585
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0590
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0590
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0590
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0595
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0595
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0600
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0600
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0605
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0605
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0605
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0610
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0610
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0610
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0615
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0615
http://refhub.elsevier.com/S0168-9525(24)00316-0/rf0615

	Transcription and epigenetic factor dynamics in neuronal activity-�dependent gene regulation
	Neuronal activity induces the expression of a subset of genes
	How are activity-dependent gene loci selected in the nucleus?
	Sequence-specific mechanisms
	Chromatin state formation at activity-dependent gene loci

	Neuronal activity promotes TF binding to cis-elements and modification of the chromatin structure
	Spatiotemporal dynamics of TFs regulated by neuronal activity
	Roles of TF activation state and concentrations
	Chromatin modification by neuronal activity

	Patterns and history of neuronal activity influence gene expression
	Concluding remarks
	Acknowledgments
	Declaration of interests
	Declaration of generative AI and AI-assisted technologies in the writing process
	References




