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SUMMARY

Neuronal activity-dependent transcription plays a key role in plasticity and pathology in the brain. An
intriguing question is how neuronal activity controls gene expression via interactions of transcription factors
with DNA and chromatin modifiers in the nucleus. By utilizing single-molecule imaging in human embryonic
stem cell (ESC)-derived cortical neurons, we demonstrate that neuronal activity increases repetitive emer-
gence of cAMP response element-binding protein (CREB) at histone acetylation sites in the nucleus, where
RNA polymerase Il (RNAPII) accumulation and FOS expression occur rapidly. Neuronal activity also en-
hances co-localization of CREB and CREB-binding protein (CBP). Increased binding of a constitutively active
CREB to CBP efficiently induces CREB repetitive emergence. On the other hand, the formation of histone
acetylation sites is dependent on CBP histone modification via acetyltransferase (HAT) activity but is not
affected by neuronal activity. Taken together, our results suggest that neuronal activity promotes repetitive
CREB-CRE and CREB-CBP interactions at predetermined histone acetylation sites, leading to rapid gene

expression.

INTRODUCTION

In the developing brain, sensory-evoked and spontaneous firing
activity plays a key role in neuronal circuit remodeling and plas-
ticity by controlling the expression of numerous activity-regu-
lated genes that underlie axon and dendritic growth and syn-
apse formation.'™ The impairment of these processes leads
to neurodevelopmental and neuropsychiatric disorders, empha-
sizing their importance for normal acquisition of human cogni-
tive functions.®™’

To date, biochemical studies have demonstrated the funda-
mental molecular mechanisms of activity-dependent gene tran-
scription. Neuronal activity induces calcium influx and activates
a subset of transcription factors, thereby regulating the expres-
sion of several hundreds of genes positively and negatively
with different time courses.®'* In particular, cAMP response
element-binding protein (CREB) is a well-characterized tran-
scription factor for activity-dependent gene expression. Mem-
brane depolarization induces rapid phosphorylation of CREB
and its binding to CRE sequences and initiates transcription
accompanied by RNA polymerase Il (RNAPII) recruitment.®~ '8
An intriguing question is how neuronal activity affects CREB dy-
namics and induces downstream gene expression spatiotem-
porally in the nucleus. Indeed, only a subset of CRE sites are

transcriptionally activated in an activity-dependent manner,'®
suggesting that CREB binding to selective CRE sites depends
on specific regulators.

The epigenetic regulation of chromatin accessibility could
modify CREB-dependent transcription.?®*' CREB-binding pro-
tein (CBP) has been shown to contribute to the histone modifica-
tion via acetyltransferase (HAT) activity that relaxes chromatin
structures, followed by recruitment of RNAPII.>>"?> However,
the role of CBP in CREB-dependent transcription is not fully un-
covered. More specifically, how acetylated regions by CBP are
distributed in the nucleus and how CBP interacts with CREB in
response to neuronal activity remain unknown.

Here, we attempted to elucidate the spatiotemporal CREB
and CBP dynamics in the nucleus, which regulates the expres-
sion of activity-dependent genes, using single-molecule imaging
(SMI),25"®" visualization of activated RNAP,***° Jive imaging of
fluorescent-tagged molecules, and mutant overexpression. In
particular, SMl is efficient to exhibit spatiotemporal dynamic as-
pects of transcription factors and chromatin modifiers.>*~>°
Moreover, since CBP is a causative gene of Rubinstein-Taybi
syndrome, whose patients show mental retardation and intellec-
tual disability,*°~** we performed these experiments with human
embryonic stem cell (ESC)-derived cortical neurons*>** in order
to link our findings to potential pathophysiological mechanisms.
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Figure 1. SMI of CREB dynamics in human ESC-derived cortical neurons

(A) Immunocytochemistry for CREB and Ser133 phosphorylated CREB (pCREB) in human ESC-derived cortical neurons at 45 DIV with and without KCl treatment
for 30 min.

(B) Immunocytochemistry for FOS in human ESC-derived neurons at 53 DIV with and without KCI treatment. Most cells (86.5%) expressed FOS signals in KCI
treatment (n = 104 cells).

(C) Experimental timeline of CREB SMI in human ESC-derived neurons.

(D) Schematic drawing of HILO microscopy for SMI. TMR or 650T-CREB was excited by HILO illumination, and fluorescence images were obtained at the single-
molecule level.

(legend continued on next page)
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Our results demonstrated that neuronal activity induces frequent
CREB-DNA and CREB-CBP interactions for several seconds in
the nucleus and that the repetitive CREB binding activated the
transcription at predetermined histone acetylation sites.

RESULTS

Human ESC-derived cortical neurons respond to
neuronal activity
To study activity-dependent CREB dynamics in human cortical
neurons, we established an in vitro system in which human
cortical pyramidal neurons are generated from ESCs and
cultured in monolayer so that SMI can be performed.“® For ante-
rior neural induction, H9 ESCs were first differentiated into neu-
roepithelial and radial glia cells for 25 days in vitro (DIV), followed
by differentiation into cortical neurons (Figure S1A). Immunocy-
tochemistry showed that many cells expressed MAP2 and
deep-layer neuron markers (TBR1 and CTIP2) about 60 DIV after
neural induction (Figure S1B). Up to 90 DIV after neural induction,
a small number of cells expressed the upper-layer neuron
marker BRN2 and the astrocyte marker GFAP (Figures S1C
and S1D). The presynaptic marker VGlut1 and the postsynaptic
marker PSD95 were also expressed at the later stages (Fig-
ure S1E). These data showed that human ESCs differentiated
into cortical neurons according to the order of cortical develop-
ment, which is consistent with the previous results.**°

To confirm whether neuronal activity induces activity-depen-
dent gene expression in this culture, the expression of activated
CREB and its target genes, FOS and NR4A1, was examined in
the depolarized condition by increasing extracellular KCI.*® Immu-
nocytochemistry showed that KCI treatment induced expression
of Ser133 phosphorylated CREB and FOS in cultured neurons,
while CREB expression was observed regardless of KCl treatment
(Figures 1A and 1B). Although the intensities of phosphorylated
CREB varied among cells, most cells (86.5%, n = 104 cells)
exhibited immunopositive signals in KCI treatment. In addition,
RNA fluorescence in situ hybridization (FISH) with intron probes
and immunocytochemistry with anti-CREB showed that the
transcripts of FOS and NR4A1, but not GAPDH, were present
at CREB-positive locations in the nucleus of KClI-treated neurons
(Figures S1F-S1H). Thus, typical activity-dependent events such
as CREB activation and downstream gene expression occurred in
human ESC-derived cortical neurons.

SMI demonstrates CREB binding to DNA

To investigate single-molecule CREB dynamics, a Tet-inducible
HaloTag-CREB expression vector was transfected with a
neuron-specific promoter-driven reporter (pTo.1-EGFP) by elec-
troporation in cultured cells at approximately 60 DIV and was visu-
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alized by tetramethylrhodamine (TMR) or 650T-conjugated
HaloTag ligand (Figure 1C).%%°" Highly inclined and laminated op-
tical sheet (HILO) illumination (Figure 1D) showed that numerous
fluorescent-labeled CREB spots appeared and disappeared in
the nucleus of pTa1-EGFP-positive neurons (Figure 1E; Video
51).*” When CREB spots were subjected to photobleaching under
fixation condition, one-stepwise or two-stepwise reduction of
fluorescence intensity was found (Figures S2A and S2B), indi-
cating that observed CREB spots are detected at the single-mole-
cule level, as CREB forms a homodimer.'®>'" Moreover, the
expression level of HaloTag-CREB was confirmed to be very
low compared to the endogenous level (Figures S2C-S2F).

To characterize the CREB dynamics, we measured the resi-
dence time of each CREB spot over a 2 min observation period,
and the residence time distribution was determined (Figure 1F).
While most CREB spots (>90%) disappeared quickly, a small
but a significant number of CREB spots resided at the same lo-
cations on the order of seconds. We assumed that CREB spots
with long residence times might represent specific binding to
CRE sites. Indeed, long residence components were markedly
reduced when CREB dynamics was examined using mutant
CREB (R301L), which lacks DNA binding (Figure 1F).*® Quantita-
tive analysis further showed that the residence time distribution
could be fitted by the sum of two exponential curves with distinct
time constants (short and long residence components; Equation
1in STAR Methods) and that the ratio of the long to short resi-
dence component (Ao/A;) was considerably smaller in CREB
(R301L) than in wild-type CREB (0.18 + 0.02 for wild type,
0.05 + 0.01 for R301L, p < 0.001, Mann-Whitney U test) (Fig-
ure 1G; Table S1). This result suggests that CREB spots display-
ing long residence times represent specific binding to CRE, while
CREB spots with short residence times represent non-specific
binding to DNA or are free moving. Hereafter, CREB spots with
residence times longer than 1 s are referred to as “long-resi-
dence CREB spots.” Indeed, the exponential component with
the short time constant had little contribution to residence time
distributions longer than 1 s (see STAR Methods). Furthermore,
SMI of CREB in cell-free conditions demonstrated that the
same HaloTag-CREB single molecules resided for a long period
on the CRE-sequence-containing DNA-coated substratum but
not on the kB sequence (Figures S2G and S2H),%**" indicating
that HaloTag-CREB functions in cultured cells while retaining
its sequence-specific binding property.

Neuronal activity increases repetitive appearance of
CREB, leading to phosphorylated RNAPIlI accumulation
Next, we investigated how neuronal activity alters the CREB dy-
namics. Under 1 h KCl treatment, the residence time distribution
of CREB was found to be similar to that without KCI treatment

(E) Representative timelapse images of TMR-CREB in the Ta1-EGFP-positive neuron without KCl treatment. Red arrows indicate TMR-CREB spots that stayed at
the same location for longer than 1 s. Green arrows indicate TMR-CREB spots that stayed for less than 1 s. Dashed lines indicate the outline of the nucleus. Scale

bar, 10 pm.

(F) The residence time distribution of CREB (wild type) and CREB (R301L). The residence time was significantly shorter in mutant CREB (R301L) than in wild-type

CREB (***p = 6.4 x 10~ '°, Kolmogorov-Smirnov test).

(G) The ratio of long to short residence component (A/A4) was markedly smaller in CREB (R301L) than in wild-type CREB (***p < 0.001, Mann-Whitney U test).

Mean + SEM.

In (A) and (B), scale bars, 20 um. In (F) and (G), n = 15 cells for CREB (wild type) and 11 cells for CREB (R301L).
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Figure 2. The increase of repetitive CREB emergence at fixed nuclear locations by neuronal stimulation

(A and B) The residence time distribution and A,/A; of CREB were very similar between KCl-untreated and -treated neurons. p = 0.42, Kolmogorov-Smirnov test in
(A). p = 0.70, Mann-Whitney U test in (B).

(C) Left, a representative 650T-CREB image in a KCl-treated neuron. Right, the kymograph shows that long-residence CREB spots appeared repeatedly (black
brackets) at a restricted location (blue line) of the nucleus during 2 min. The blue line length is 0.8 um.

(D and E) The area covering the whole nucleus in a neuron was divided into 1,024 (32 x 32) equal micro-domains (0.54 x 0.54 um). The number of long-residence
CREB spots over a 2 min observation period was counted in each micro-domain and divided by the total number of long-residence CREB spots. This value was
determined as frequency. The frequency was increased by KCl treatment (D). Color contour maps represent the spatial distribution of the frequency. Two CREB

hotspots (>mean + 4 SD, indicated by white arrows) were observed in the KCl-treated neuron, while there was no hotspot in the KCI-untreated neuron.
(F) The number of hotspots was significantly increased by KCI treatment (**p < 0.01, Mann-Whitney U test).
In (A), (B), (D), and (F), n = 14 cells in KCl-untreated neurons and 16 cells for KCI-treated neurons. In (C) and (E), dashed lines represent the perimeter of the nuclei,

and scale bars, 10 um. Mean + SEM.

(Figure 2A). Ax/A; was also unchanged by KClI treatment (0.18 +
0.02 for KCI—, 0.17 + 0.01 for KCl+, p = 0.78, Mann-Whitney U
test) (Figure 2B; Table S2). Thus, it is unlikely that neuronal activ-
ity affects kinetics of individual CREB molecules. However, we
found that CREB spots with long residence times appeared
repetitively at the same nuclear locations (Figure 2C). In fact,
the number of long-residence CREB spots emerging at micro-
domains (0.54 x 0.54 um; see STAR Methods) was increased
by KCI treatment (Figure 2D). When the micro-domains with
the highly repetitive appearance of long-residence CREB spots
were defined as hotspots (>mean + 4 SD; see STAR Methods),
the number of hotspots was significantly higher in KCI-treated
neurons than in untreated neurons (0.6 + 0.2 for KCl—, 1.6 +
0.3 for KCl+, p < 0.01, Mann-Whitney U test) (Figures 2E and
2F; Table S2).

This activity-dependent aspect was also examined in ChR2-
expressing cells by applying optogenetic stimulation. Similar to
the result of KCI treatment, photostimulation (2 Hz, 5 min)
increased the number of hotspots (0.6 + 0.3 before photostimu-
lation, 1.7 + 0.3 after photostimulation, p < 0.05, Mann-Whitney
U test), while the residence time distribution and A,/A; were not
changed (Figure S3; Table S3). Consistent with a previous study
in mouse cortical neurons,®’ these results suggest that neuronal
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activity enhances repetitive CREB-CRE interaction at particular
nuclear locations.

Such repetitive emergence of CREB spots may lead to down-
stream gene expression. To test this possibility, we investigated
the spatial relationship between long-residence CREB spots and
RNAPII accumulation.*®™" Since phosphorylated RNAPII works
during transcription,” a plasmid encoding a GFP-tagged
Ser5ph RNAPII-specific probe®”*® was co-transfected with the
HaloTag-CREB expression vector, and then simultaneous live
imaging of the RNAPII distribution and single-molecule CREB
was performed. RNAPII-GFP signals tended to be overlapped
with the locations where long-residence CREB spots appeared
repetitively (white arrows in Figure 3A), although the GFP signals
were more spread out and broader than those for CREB spots.
Moreover, the GFP intensities were increased temporally at the
locations where long-residence CREB spots appeared repeat-
edly, while they were almost unchanged at the sites where
long-residence CREB spots scarcely appeared (Figure 3B).
The quantitative analysis showed that the time-integral values
of the localized GFP signals were well correlated with the number
of long-residence CREB spots (Pearson’s rank correlation coef-
ficient = 0.87, p = 5.5 x 107 '3; see STAR Methods; Figure 3C),
suggesting that RNAPII is recruited at nuclear locations where
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Figure 3. RNAPII accumulation at repetitive CREB-CRE binding sites
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(A) Representative images of 650T-CREB and Ser5ph RNAPII-GFP. A 650T-CREB spot co-localized with Ser5ph RNAPII-GFP signals (indicated by white arrows).

Dashed lines represent the perimeter of the nuclei. Scale bars, 10 um.

(B) Representative time courses of Ser5ph RNAPII-GFP intensity and CREB spot appearance at one micro-domain (1.07 x 1.07 um). Green lines show relative
fluorescence intensity of Ser5ph RNAPII-GFP. Red bars show appearance of long-residence CREB spots. RNAPII-GFP signal intensities increased at the micro-
domain where long-residence CREB spots appeared repeatedly (upper trace), while the intensities did not change at the micro-domain where no long-residence

CREB spots were observed (lower trace).

(C) The number of long-residence CREB spots per micro-domain was strongly correlated with the time-integral values of Ser5Sph RNAPII-GFP intensity. Pearson’s
correlation coefficient: r is 0.87 (p = 5.5 x 10~ '® for 40 micro-domains with long-residence CREB spots).

long-residence CREB spots repeatedly appear to induce activ-
ity-dependent gene expression.

Activity-dependent repetitive CREB binding promotes
transcription at histone acetylation sites

Since histone acetylation contributes to activity-dependent tran-
scription,®’*** we hypothesized that repetitive CREB-DNA inter-
action and the subsequent transcription could take place at
acetylated chromatin regions. As bromodomain-containing pro-
teins are known to recognize histone acetylation,”® GFP-tagged
bromodomain-containing 4 (BRD4) was used to mark acetylated
regions in live imaging of CREB.>*>°

The spatial relationship between CREB hotspots and BRD4
signals was examined in GFP-BRD4-expressing human cortical
cells. For this, a GFP-BRD4 expression plasmid was co-trans-
fected with the HaloTag-CREB plasmid. In the nucleus of cortical
neurons, GFP-BRD4 was widely distributed with dotted-like
structures. Under KClI treatment, the locations of CREB hotspots
were determined by SMI as described above and were
compared to GFP-BRD4 spots. As shown in Figure 4A, CREB
hotspots tended to appear at GFP-BRD4 spots. The quantitative
analysis showed that roughly two-thirds of CREB hotspots co-
localized with GFP-BRD4 spots, while randomly distributed nu-
clear locations exhibited little co-localization (p < 0.001, chi-
squared test; see STAR Methods; Figures 4B and S4A).

As repetitive CREB binding to DNA would promote downstream
genetranscription, the spatial relation was also examined between
endogenous BRD4 spots and transcription sites of activity-depen-
dentgenes. For this, RNA FISH analysis using intron probes of FOS
and NR4A1 was carried out together with immunocytochemistry
for BRD4.%'° As shown in Figures 4C and 4E, one or two FOS
and NR4AT1 active transcription sites were detected in KCl-treated
neurons, whereas they were hardly detected in KCl-untreated neu-

rons (Figures S4B and S4C). In KCl-treated cultures, these FOS
spots were often co-localized with BRD4 spots. The analysis of
co-localization demonstrated that more than two-thirds of FOS
transcription sites co-localized with BRD4 spots, significantly
higher than if transcription was assumed to occur randomly
(p < 0.001, chi-squared test; see STAR Methods; Figures 4D and
S4D). Similarly, the majority of NR4A71 transcription sites were
co-localized with BRD4 signals in KCl-treated neurons, and the ra-
tio was also significantly higher than the randomized condition
(p < 0.01, chi-squared test; Figures 4F and S4E). These results
imply that repetitive CREB binding to CRE promotes transcription
of the early response genes at histone acetylation sites.

CBP HAT activity is essential for CREB-DNA binding

The next question is what activity produces these acetylated sites
recognized by BRD4. As HAT activity of CBP may be involved in
CREB-dependent transcription,?® the involvement was examined
by inhibiting CBP HAT activity. After overexpression of EGFP-
tagged mutant CBP lacking HAT activity (dHAT CBP) (Figure 5A),°°
immunocytochemistry with anti-BRD4 showed that BRD4 signals
were rather weak in dHAT-CBP-expressing neurons (Figures 5B
and 5C). Quantitative analysis showed that the number of BRD4
spots was significantly decreased by dHAT CBP expression
(50.5 + 2.8 for control, 29.3 + 1.7 for dHAT CBP, p < 0.001, one-
way ANOVA with Tukey Kramer test) (Figure 5D). The total volume
of BRD4 spots was also significantly smaller in dHAT-CBP-ex-
pressing neurons (Figure S5A).

The effect of dHAT CBP on histone acetylation sites was also
investigated by histone H4 acetylation (H4ac), as BRD4 may not
localize in all of the acetylated sites. Immunocytochemistry with
anti-H4ac (K5, -8, -12, and -16) showed that H4ac was also distrib-
uted in a dotted manner in the nucleus and that FOS transcription
sites largely co-localized with H4ac spots (Figures S5B-S5D).
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Figure 4. Activity-dependent repetitive CREB-CRE binding and downstream gene transcription at histone acetylation sites

(A) Similar to Figure 2E, the number of CREB spots over a 2 min observation period was counted in each micro-domain (0.54 x 0.54 um). Color contour map
showing the spatial distribution of the frequency of long-residence CREB appearance having long residence times (left) and GFP-BRD4 (right) in KCl-treated cell.
A CREB hotspot co-localized with a BRD4 spot (indicated by orange arrows). Dashed lines represent the perimeter of the nuclei.

(B) The co-localization frequency of CREB hotspots with BRD4 signals was higher than when hotspots were randomly distributed in the nucleus (***p < 0.001,
Mann-Whitney U test, n = 259 spots of 10 cells).

(C and E) Active transcription sites of FOS (C) and NR4A1 (E) co-localized with BRD4 spots (indicated by arrows) in 30 min KCl treatment. Active transcription sites
were indicated by arrowheads.

(D and F) The co-localization frequency of active transcription sites with BRD4 spots was significantly higher than the cases where the transcription sites were

distributed randomly (***p < 0.001, chi-squared test, n = 31 alleles for FOS and 22 alleles for NR4A7).

In (A), (C), and (E), scale bars, 5 pm.

Thus, H4ac sites are also likely involved in activity-dependent gene
expression. In dHAT-CBP-expressing cells, the number of H4ac
spots was significantly smaller than control cells (46.8 + 2.4 for
control, 30.3 + 2.2 for dHAT CBP, p < 0.001, one-way ANOVA
with Tukey Kramer test) (Figures 5E and 5F), which is similar to
the effect on BRD4 spots. These results indicate that the formation
of histone acetylation sites in the nucleus strongly depends on
CBP HAT activity.

The influence of neuronal activity on formation of acetylation
sites was also investigated, as neuronal activity has been re-
ported to modify the histone acetylation level of activity-depen-
dent genes.?" Unexpectedly, the number of BRD4 spots was not
changed by KCl treatment in control cells (p = 0.70, 50.5 + 2.8 for
KCl—, 46.4 + 2.9 for KCl+, one-way ANOVA with Tukey Kramer
test) as well as in dHAT-CBP-expressing cells (p = 0.052,
29.3 + 1.7 for KCl—, 38.7 + 2.8 for KCl+, one-way ANOVA with
Tukey Kramer test) (Figures 5C and 5D). The total BRD4 volume
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was not also altered by KCI treatment in both control and dHAT-
CBP-expressing cells (Figure S5A). Similar to BRD4, the number
of H4ac spots was not changed by KClI treatment in both dHAT-
CBP-expressing cells (p = 0.99, 46.8 + 2.4 for KCl—, 46.2 + 2.5
for KCl+, one-way ANOVA with Tukey Kramer test) and control
cells (p = 0.30, 30.3 + 2.2 for KCl—, 36.6 + 3.0 for KCl+, one-
way ANOVA with Tukey Kramer test) (Figures 5E and 5F). These
data indicate that histone acetylation sites and levels repre-
sented by BRD4 and H4ac are likely predetermined in the nuclei
regardless of neuronal activity.

Since CBP HAT activity contributes to the formation of BRD4-
positive acetylated sites and Hd4ac sites (Figures 5C-5F),
the effect of CBP HAT activity on CREB dynamics was also exam-
ined. To do this, the Tet-inducible HaloTag-CREB and EGFP-
dHAT CBP expression vectors were co-transfected with pTa1-
dsRed in cultured cells (Figures 5G and S5E). SMI showed
that long-residence CREB spots were markedly decreased in
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Figure 5. The formation of histone acetylation sites by CBP HAT activity

(A) Human CBP structure and the location of missense mutations (Y1540A.F1541A) in HAT domain.

(B) Experimental timeline of dHAT CBP overexpression.

(C) Representative images of BRD4 signals in dHAT-CBP-positive neurons.

(D) The number of BRD4 spots per cell in dHAT-CBP-expressing neurons was significantly smaller than in control neurons (**p < 0.001, one-way ANOVA with
Tukey-Kramer post hoc test). On the other hand, regardless of dHAT CBP expression, the number of BRD4 spots did not change under KCl stimulation (p > 0.05,
one-way ANOVA with Tukey-Kramer post hoc test). n = 17 cells in control neurons, 24 cells in dHAT-CBP-expressing neurons, 21 cells in KCl-treated neurons,
and 18 cells in dHAT-CBP-expressing and KCl-treated neurons.

(E) Representative images of H4ac signals in dHAT-CBP-positive neurons.

(F) The number of H4ac spots per cell in dHAT-CBP-expressing neurons was significantly smaller than in control neurons (***p < 0.001, one-way ANOVA with
Tukey-Kramer post hoc test). On the other hand, regardless of dHAT CBP expression, the number of H4ac spots did not change under KCI stimulation (p > 0.30,

(legend continued on next page)
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dHAT-CBP-expressing neurons, while they were not affected by
wild-type CBP overexpression (Figure 5H). Quantitative analysis
showed that Ay/A; was considerably smaller in dHAT-CBP-ex-
pressing neurons than in control and wild-type CBP-expressing
neurons (p < 0.01, 0.23 + 0.02 for control, 0.19 + 0.02 for wild-
type CBP, 0.12 + 0.03 for dHAT CBP, Kruskal-Wallis ANOVA
with Dunn’s post hoc test) (Table S4). As the frequency of long-resi-
dence CREB spots was considerably decreased by dHAT CBP
overexpression, the repetitive appearance of CREB spots was
also inevitably suppressed. Thus, the formation of acetylated
spots was reduced in the absence of CBP HAT activity, which
may lead to disruption of CREB-CRE binding. On the other hand,
wild-type CBP overexpression did not affect CREB-CRE binding,
indicating that endogenous CBP expression is sufficient to
generate histone acetylation sites for CREB-CRE binding.

Neuronal activity promotes co-localization of CREB and
CBP in the nucleus

To investigate an activity-dependent role of CBP in CREB-CRE
binding, the direct interaction of CREB with CBP was investi-
gated by simultaneous SMI of these molecules with different
tags and fluorescent dyes.”’**® HaloTag-CREB and SNAPtag-
CBP plasmids were co-transfected in cortical cells and were
visualized by TMR-conjugated HaloTag ligand and 647SiR-con-
jugated SNAPtag ligand, respectively (Figure 6A). CBP spot
appearance was also expressed as the sum of two exponential
curves with short and long time constants (see Equation 1 and
Figure S6). Based on the assumption that the long-residence
component represents specific interactions between CBP and
other molecules, CBP spots with residence times longer than
0.6 s were selected for analysis (see STAR Methods). As shown
in Figure 6B, a CBP spot appeared to overlap with a long-resi-
dence CREB spot during the observation. The co-localization
was hardly detected under the resting condition, but the fre-
quency of co-localization, which was defined as the ratio of the
number of co-localized CREB spots to the total number of
long-residence CREB spots, was much enhanced by KClI treat-
ment (0.2 = 0.2% for KCl—, 4.2 + 0.8% for KCI+, p < 0.001,
Kruskal-Wallis ANOVA with Dunn’s post hoc test) (Figure 6C).

In contrast, the co-localization frequency of CREB and
SNAPtag alone (0.3 + 0.2% for KCl+) was very low compared
to SNAPtag-CBP under KCI stimulation, indicating that a non-
specific binding property of SNAPtag does not affect the
result.’®>®% Thus, it is likely that neuronal activity promotes
CREB-CBP interactions at the single-molecule level.

The temporal features of these spots were further investi-
gated. Interestingly, CREB spots tended to appear earlier than
CBP spots. Quantitative analysis showed that long-residence
CREB spots emerged significantly earlier than co-localized
CBP spots (0.5 + 0.2 s, p < 0.05, one-sample t test against 0),

Cell Reports

although CREB and CBP spots disappeared at almost the
same time (—0.2 £ 0.2 s, p = 0.29, one-sample t test against 0)
(Figure 6D). This result suggests that CBP binding to CREB fol-
lows CREB-CRE binding.

Finally, we investigated the possibility that CBP binding to CREB
is essential for CREB repetitive binding, which leads to down-
stream gene expression. For this, cortical cells were transfected
with the constitutively active CREB (CREB Y134F), which acceler-
ates bindingto CBP.°"%? As shown in Figure 6E, the number of hot-
spots was significantly increased in CREB-Y134F-expressing cells
(0.4 £ 0.2 for wild-type CREB, 1.8 + 0.5 for phosphorylated CREB,
p < 0.05, Mann-Whitney U test) without elevation of neuronal activ-
ity, suggesting that the interaction of CBP with activated CREB is
essential for activity-dependent gene expression.

DISCUSSION

In this SMI study, we demonstrated that the elevation of neuronal
activity in human cortical neurons increased the frequency of
CREB-DNA and CREB-CBP interactions at fixed nuclear loca-
tions where activity-dependent gene expression is induced by
active RNAPII. Evidence further demonstrated that repetitive
CREB appearance and early response gene transcription
occurred at BRD4- and H4ac-localized histone acetylation sites,
which were produced by CBP HAT activity prior to elevation of
neuronal activity. Thus, our results support a model
whereby neuronal activity-independent histone acetylation and
activity-dependent CREB-DNA and CREB-CBP interactions
contribute to regulating gene expression in response to neuronal
activity.

Neuronal activity promotes repetitive CREB-DNA
binding, leading to early response gene transcription
The present SMI demonstrated that neuronal activity increases re-
petitive CREB appearance at specific nuclear locations in human
cortical neurons without changing the residence time distribution,
in accordance with our previous result in CREB dynamics in
mouse cortical neurons.®' Furthermore, RNAPII imaging strongly
indicates that repetitive CREB binding to CRE promotes the active
transcription of FOS and NR4A1 through rapid RNAPII accumula-
tion. One may think that the total time of CREB binding is more
important. However, the fact that neuronal activity did not alter
the kinetics of individual CREB molecules suggests that repetitive
CREB binding to CRE sites is indispensable for RNAPIl accumu-
lation and downstream gene expression. Consistent with this
view, fluorescence recovery after photobleaching suggests that
transcription factors frequently bind to DNA in response to stim-
ulus signals.®*%® On the other hand, the individual binding time
of serum response factor (SRF) has been reported to increase af-
ter stimulation.’**° There may be two possible modes of

one-way ANOVA with Tukey-Kramer post hoc test). n = 17 cells in control neurons, 20 cells in dHAT-CBP-expressing neurons, 16 cells in KCI-treated neurons,

and 19 cells in dHAT-CBP-expressing and KCl-treated neurons.
(G) Experimental timeline of CREB SMI in dHAT-CBP-expressing neurons.

(H) The residence time of CREB in dHAT-CBP-expressing neurons was markedly shorter than that in EGFP-expressing neurons (***p = 1.1 x 108, Kolmogorov-
Smirnov test, n = 14 cells in control and 12 cells in dHAT CBP), while the residence time in wild-type CBP-expressing neurons was not affected (p = 0.81,

Kolmogorov-Smirnov test, n = 10 cells in wild-type CBP).
In (C) and (E), scale bars, 10 um. Mean + SEM.

8 Cell Reports H M, 113576, H H, 2023



Please cite this article in press as: Atsumi et al.,

Repetitive CREB-DNA interactions at gene loci predetermined by CBP induce activity-dependent gene
expression in human cortical neurons, Cell Reports (2023), https://doi.org/10.1016/j.celrep.2023.113576

Cell Reports

¢ CellP’ress

OPEN ACCESS

A B 0s 02s 04s 06s 08s 10s 12s
§47SiR-SNAPtag i \ \ \ \ \ \ \
TMR-HaloTag ligand i
ligand (@)
o

CREB
CBP

R A i B
.

c 12- *kk *% D 3, E 6- =
o E104 . 21 . 51 .
[2]
o 84 o 11 i< L Q 4+
E o E ., % - k7]
X m P — T o e}
XS] = <
w = 6 . R R e m 31 .
o -oé © [ ld:.]
Poy T n.s.
[&] E —_—
S8 44 = -1 . " 8 24 . o»
S N e o —
g3 . * ¢ ** —
- % 2 * -2 . 1 * o0
° ——
] L o - . ‘ 0+ e oo
KCI- KCl+ KCl+ Appearance Disappearance wild type Y134F
Halo-CREB Halo-CREB
SNAP-CBP SNAP alone

Figure 6. Activity-dependent CREB-CBP interaction at the single-molecule level
(A) Schematic drawing of two-color SMI of HaloTag-CREB and SNAPtag-CBP. TMR-CREB and 647SiR-CBP were visualized simultaneously at the single-

molecule level.

(B) A CBP spot co-localized with a CREB spot in the nucleus. These two spots were indicated by white arrows. Scale bar, 1 um.

(C) The frequency of long-residence CREB spots co-localized with CBP spots (>0.6 s) was much increased by KCl treatment (***p < 0.001, Kruskal-Wallis ANOVA
with Dunn’s post hoc test), whereas the co-localization of CREB and SNAPtag alone was very low compared to SNAPtag-CBP under KClI stimulation (**p < 0.01,
Kruskal-Wallis ANOVA with Dunn’s post hoc test). n = 12 cells in KCl—, 13 cells in KCl+, and 8 cells in SNAPtag-alone KCl+.

(D) Time delays of CBP binding to CREB (appearance) and CBP dissociation from CREB (disappearance) were measured (for 17 spots from 11 cells). CREB spots
appearance was earlier than CBP spots (*p < 0.05, one-sample t test against 0).

(E) The number of CREB hotspots were compared between HaloTag-CREB (wild type) and CREB (Y134F). The number of CREB hotspots in Y134F was
significantly higher than wild type (*p < 0.05, Mann-Whitney U test, n = 9 cells for wild type and 9 cells for Y134F). The data of HaloTag-CREB (wild type) were used

for Figure S3D.
Mean + SEM shown in (C) and (D).

interaction between transcription factors and their target DNA for
activity-dependent transcription.

Predetermined histone acetylation sites are scaffolds of
activity-dependent transcription

It has been shown that histone acetylation sites represented by
BRD4 spots are scattered in the nucleus of mouse ESCs.®° Our
imaging study further demonstrated that such acetylated sites
are formed for activity-dependent gene expression in postmi-
totic neurons. We also found that a large population of
these acetylated sites are produced by CBP HAT activity and
are scattered throughout the nucleus of cortical neurons,
although CBP-independent HAT activity may also be involved
(Figures 5D and 5F). Moreover, the fact that the number of his-

tone acetylation sites was not changed with neuronal activation
suggests that these acetylated sites are predetermined regard-
less of neuronal activity (Figures 5C-5F). However, the possibil-
ity cannot be excluded that neuronal stimulation increases the
histone acetylation level at some activity-dependent gene loci
since these acetylated sites should contain not only activity-
dependent but also cell-type-specific gene loci.>?"*” In addi-
tion, KCI treatment increased the co-localization of CREB and
CBP (Figure 6C), suggesting the importance of neuronal activ-
ity-dependent CBP function at the predetermined sites.
Neuronal activity has also shown to promote nucleocytoplas-
mic translocation of histone deacetylation enzymes and induce
immediate-early gene expression.®®®® Removal of deacetyla-
tion activity in the nucleus could contribute to appropriate
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activity-dependent gene expression together with local HAT
activity.

The simultaneous measurement of CBP and CREB indicated
that neuronal activity enhanced direct CREB-CBP interaction
(Figure 6C). Given that CBP promotes RNAPII recruitment and
elongation,”® it is conceivable that direct CBP binding to CREB
induces downstream transcription via RNAPII accumulation.
This view is also supported by the fact that CBP binding to
CREB follows CREB-DNA binding (Figure 6D). In addition to
RNAPII recruitment, activity-dependent CBP participation would
further increase acetylation levels at predetermined acetylated
loci, leading to repetitive CREB binding (Figure 6E) and subse-
quent RNA synthesis. Such activity-dependent CBP function
might contribute to the selection of specific gene loci from a large
number of acetylation sites.

Biochemical studies have demonstrated that neuronal activity
induces rapid CREB phosphorylation in the nucleus,'"'? result-
ing in recruitment of RNAPII by CBP."®87° The present findings
would add the following scenario to the activity-dependent tran-
scription mechanism in terms of spatiotemporal regulation. (1) In
the absence of electrical activity, predetermined histone acetyla-
tion sites are scattered throughout the nucleus to prepare for
transcription of activity-dependent genes. (2) Neuronal activity
promotes CBP-CREB interaction and repetitive CREB-CRE
binding at the predetermined gene loci. (3) Finally, rapid
RNAPII accumulation is induced, and mRNA synthesis of activ-
ity-dependent genes such as FOS and NR4A1 is accelerated.
We would like to emphasize that histone acetylation predeter-
mined by CBP HAT activity and neuronal activity-dependent
CREB-CRE and CBP-CREB binding regulate rapid transcription
of specific genes.

Dysregulation of CREB dynamics may be relevant to
neurological pathology

Our findings demonstrate that inactivation of CBP HAT leads to
disruption of activity-dependent CREB dynamics in human
cortical neurons, which could be directly relevant to the disease
mechanisms found in Rubinstein-Taybi syndrome or in mouse
models. Consistent with this view, induced pluripotent stem
cell (iPSC)-derived neurons from patients with Rubinstein-
Taybi syndrome have shown impaired neurite outgrowth.”":"?
Abnormalities of gene expression and cognitive functions have
also been reported in CBP mutant mice.”*"*

In accordance with the previous study using mouse cortical
neurons,®' the present study demonstrated that neuronal activity
also promotes repetitive CREB-CRE binding in human cortical
neurons, suggesting that activity-dependent CREB dynamics is
shared across species. However, CREB-CRE binding time (t,)
was shorter in human cortical neurons (compare Tables S2 and
S3 in this study with Tables 2 and 3 in the reference paper®’).
This might enable precise gene regulation in human cortical neu-
rons by increasing the temporal resolution. A recent study sug-
gests that human genomic regions showing dynamic changes in
human lineage regulate the expression of neurodevelopmental
genes.”® Another genome-wide analysis reported human-specific
histone methylation patterns in neuropsychiatric-disease-associ-
ated genes.”® These evolutionary genomic and chromatin struc-
tural changes around CRE sequences might contribute to gener-
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ating the difference in CREB-CRE binding time between human
and mouse cortical neurons. Furthermore, as previous studies
have demonstrated that neuronal maturation and biochemical re-
actions including transcription are slower in human,””~"® it would
be interesting to determine whether other temporal aspects in ac-
tivity-dependent transcription are involved in the plasticity of hu-
man cortical neurons.

Limitation of the study

The present results demonstrated the spatiotemporal dynamics
of the transcription factors and the histone-modifying enzymes
by carefully analyzing the nuclear locations of these molecules
and delineated the specific localization of CREB and its co-local-
ization with RNAPII, BRD4, and activity-dependent transcripts.
Yet, this does not mean that these molecules bind and/or
interact directly with each other. However, our present findings
strongly suggest that these molecules are assembled in a spatio-
temporal manner. This approach would give an insight into the
molecular mechanisms that have not been elucidated by con-
ventional biochemical and molecular biological studies.

The present study did not directly visualize any CRE sites in the
nucleus, but the results in the mutant CREB and cell-free condi-
tions strongly suggest that CREB binds to CRE sites in the
genome of human cortical cells (Figures S2G and S2H). The
fact that RNAPII accumulation and activity-dependent gene
transcription occurred at CREB hotspots further supports
this view.

We utilized human ESC-derived cortical neurons to investigate
the dynamics of transcription factors and chromatin modifiers.
One problem is that cell sampling is biased toward deep-layer
neurons rather than upper-layer neurons. Indeed, most cells in
the culture condition were CTIP2- or TBR1-positive neurons.
Furthermore, these cells may not yet be fully differentiated. It is
likely that the extent of neuronal maturation affected activity-
dependent responsiveness. As described above, roughly 14%
cells did not express phosphorylated CREB in KCI treatment,
indicating that these cells were unable to respond to neuronal
activity (Figure 1A). The fact that a small population of cells did
show neither hotspots nor co-localization of CREB with CBP
even with neuronal stimulation may be due to the inactive state
of CREB (Figures 2F, 6C, and S3D). Therefore, more plastic as-
pects in cortical neurons may be obtained by combining an orga-
noid technique, which could lead to important findings to reveal
gene regulation mechanisms of cortical plasticity and neuronal
diseases.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-TBR1, Rabbit Polyclonal Abcam Cat#: ab31940; RRID: AB_2200219
Anti-CTIP2, Rat Monoclonal Abcam Cat#: ab18465; RRID: AB_2064130
Anti-MAP2, Mouse Monoclonal Sigma Cat#: M1406; RRID: AB_477171
Anti-BRN2, Goat Polyclonal Santa Cruz Cat#: sc-6029; RRID: AB_2167385
Anti-GFAP, Rabbit Polyclonal Sigma Cat#: G9269; RRID: AB_477035

Anti-VGLUT1, Rabbit Polyclonal
Anti-PSD95, Mouse Monoclonal
Anti-CREB, Mouse Monoclonal

Anti-Phosphorylated CREB (Ser133),
Rabbit Monoclonal

Anti-FOS, Rabbit Polyclonal

Anti-BRD4, Rabbit Monoclonal
Anti-acetyl-Histone H4, Rabbit Polyclonal
Anti-Rabbit IgG Alexa Flour 488, Goat
Polyclonal

Anti-Goat IgG Alexa Flour 488, Donkey
Polyclonal

Anti-Rat IgG Cy3, Goat Polyclonal
Anti-Mouse 1gG Cy3, Donkey Polyclonal
Anti-Mouse IgG Alexa Flour 594, Donkey
Polyclonal

Anti-Mouse 1gG Cy5, Goat Polyclonal

Synaptic Systems
Abcam

Cell Signaling Technology
Cell Signaling Technology

Abcam
Abcam
Sigma
Thermo Fisher

Abcam

Millipore
Millipore
Thermo Fisher

Jackson ImmunoResearch

Cat#: 135303; RRID: AB_887875
Cat#: ab2723; RRID: AB_303248
Cat#: 9104; RRID: AB_490881
Cat#: 9198; RRID: AB_2561044

Cat#: ab190289; RRID: AB_2737414
Cat#: ab128874; RRID: AB_11145462
Cat#: 06-866; RRID: AB_310270
Cat#: A11034; RRID: AB_2576217

Cat#: ab150129; RRID: AB_2687506

Cat#: AP183C; RRID: AB_92596
Cat#: AP192C; RRID: AB_92642
Cat#: A21203; RRID: AB_141633

Cat#: 115-175-166; RRID: AB_2338714

Chemicals, peptides, and recombinant proteins

Poly-L-ornithine

Matrigel

DMEM/F-12

Doxycycline

TMR direct-conjugated HaloTag ligand
TMR-conjugated HaloTag ligand
SaraFluor 650T-conjugated HaloTag ligand
647SiR-conjugated SNAPtag ligand
Formaldehyde

Normal donkey serum

Normal goat serum

DAPI

Antifade Mounting Medium

Sigma

Corning

Gibco

Clontech

Promega

Promega

Goryo Chemical
NEB

Sigma

Jackson ImmunoResearch
Vector laboratory
Sigma

Vector Laboratories

Cat#: P3655
Cat#: 356234
Cat#: 11320-033
Cat#:631311
Cat#: G2991
Cat#: G8251
Cat#: A308-01
Cat#: S9102S
Cat#: F8775
Cat#: 017-000-121
Cat#: S-1000
Cat#: D9542
Cat#: H-1000

Critical commercial assays

Maxiprep Kit Qiagen Cat#: 12163 or 12362
TNT Quick Coupled Transcription/Translation Promega Cat#: L1170

System

Experimental models: Cell lines

Human: H9 ES cells Espuny-Camacho et al.*® N/A

Oligonucleotides

human FOS intron with Quasar 570 LGC Biosearch N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

human NR4A1 intron with Quasar 670 LGC Biosearch N/A

human GAPDH intron with Quasar 670 LGC Biosearch N/A

Recombinant DNA

Plasmid: pTet-On Advance/TRE-Tight Kitagawa et al.*’ N/A

HaloTag-human CREB

Plasmid: pTa1-EGFP Hatanaka et al.®® N/A

Plasmid: pTa1-Dsred2 Hatanaka et al.?° N/A

Plasmid: pCMV-HaloTag-human CREB Promega Clone name: pFN21AB5414
Plasmid: pCAGGS-hChR2(H134R)-EYFP Malyshevskaya et al.®’ N/A

Plasmid: pB533-44B12mut23-sfGFP Ohishi et al.** Addgene plasmid #186778
Plasmid: pCMV-GFP-BRD4 Gong et al.®” Addgene plasmid #65378
Plasmid: pCAGGS-EGFP-CBP This paper N/A

Plasmid: pCAGGS-EGFP-CBP This paper N/A

(Y1540A/F1541A)

Plasmid: pTRE-SNAPtag-CBP This paper N/A

Plasmid: pTRE-SNAPtag alone This paper N/A

Plasmid: pTet-On Advance/TRE-Tight This paper N/A

HaloTag-human CREB (Y134F)

Software and algorithms

ImageJ NIH, USA http://fiji.sc; RRID:SCR_002285

Origin 2021 software OriginLab http://www.originlab.com/index.
aspx?go=PRODUCTS/Origin;
RRID:SCR_014212

R (x64 version 3.5.1) R Foundation for http://www.r-project.org/;
Statistical Computing SCR_001905

Other

35 mm glass bottomed dishes Greiner Bio-One Cat#: 627860

CUY21EX Electroporator BEX N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Noriyuki
Sugo (sugo@fbs.osaka-u.ac.jp).

Materials availability
All materials generated in this study will be available upon request with a completed Materials Transfer Agreement.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human ESC differentiation into cortical cells

All experiments using human ESCs and neural stem cells were conducted with the approval of the VIB, KU Leuven and Osaka Uni-
versity Ethical Committees. To generate human cortical cells, H9 ESCs were plated with human ES medium containing 10 uM ROCK-
inhibitor Y27632.%° Two days later (0 DIV), the medium was exchanged to the culture medium containing 100 ng/mL Noggin for
25 days. The obtained neural stem cells were further expanded for about a week and frozen in vials in liquid nitrogen. These frozen
cells were used as neuroepithelial and radial glial cells for cortical cell differentiation. One day before plating, glass bottomed dishes
(Greiner Bio-One, 627860) were coated by 0.1 mg/mL Poly-L-ornithine (Sigma, P3655) for longer than 3 h and subsequently by
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Matrigel (Corning, 356234) only in the center of dishes (5 mm diameter) for at least 2 h. After thawing, 1-2 x 10* cells were plated at the
Matrigel-coated area with the culture medium. The medium was replaced every one week.

METHOD DETAILS

Plasmids

To study CREB dynamics at the single-molecule level, a Tet-inducible HaloTag-CREB expression vector, pTet-On Advance/TRE-
Tight HaloTag-human CREB, was used.®" To label neurons, o tubulin promoter-driven EGFP (pTa1-EGFP) or dsRed2 (pTa1-Dsred)
expression vectors was used.® To perform optogenetic stimulation, pPCAGGS-hChR2(H134R)-EYFP was used. To visualize accu-
mulation of RNAPII, pB533-44B12mut23-sfGFP encoding GFP-tagged Ser5ph RNAPII-specific probe was used.** Commercially
available pPCMV-GFP-BRD4 (addgene, 65378) was used to examine BRD4 distribution in live imaging.®®> To generate pCAGGS-
EGFP-CBP expression vector, human CBP cDNA (Promega, pFN24K) was inserted into Asisl and Pmel sites in pPCAGGS-EGFP.
To make a CBP mutation in HAT domain (Y1540A/F1541A),°° pCAGGS-EGFP-CBP was amplified by PCR with the mutagenesis
primer pairs: 5-TGGGCCAGAAATCACCTTCAGCAGCGGGCAGTTCCTTGGCACTGG-3' and 5'- CCAGTGCCAAGGAACTGCCC
GCTGCTGAAGGTGATTTCTGGCCCA -3’. The PCR product and pCAGGS-EGFP-CBP were digested by Asisl and Pmel, and human
CBP mutant (dHAT) was inserted. To generate pTRE-SNAPtag-CBP, pTRE-tight SNAPtag-TORC1 was digested by Asisl and Pmel
sites, and human CBP cDNA was inserted. To generate pTRE-SNAPtag alone, human CBP was digested by Asisl and Pmel sites. To
generate pTet-On Advance/TRE-Tight HaloTag-human CREB (Y134F), a CREB mutation was performed. The PCR product and
pTet-On Advance/TRE-Tight HaloTag-human CREB was digested by Asisl and Pmel, and human CREB mutant (Y134F) was in-
serted. All plasmids were harvested using Maxiprep Kit (Qiagen, 12163 or 12362).

Pharmacological experiment

To stimulate cultured cells, 0.41 volumes of KCI depolarization solution (170 mM KCI, 1.3 mM MgCl,, 0.9 mM CaCl,, 10 mM HEPES,
pH 7.4) was added to the culture medium 1 h before the SMI.®>' To examine the expression levels of FOS, BRD4 and H4ac using
immunocytochemistry, the depolarization solution was added 3 h before fixation.

In vitro electroporation

Transfection of the plasmids into cultured neurons was performed with an electroporation technique.®’ In brief, 0.1-0.5 pg/uL
plasmid solution in 0.2 mL PBS was added to cultured cells on the glass bottomed dishes, and electric pulses composed of one
275 V pulse of 7 ms duration and five 20 V pulses of 50 ms duration were applied at 50 ms intervals through plate electrodes
(CUY21EX, BEX). The cultures were washed with PBS and immersed in the original culture medium.

SMI

For the expression of HaloTag-CREB, cells were electroporated with pTet-On Advance/TRE-Tight HaloTag-human CREB (wild type,
R301L or Y134F).2%*"%° One day before observation, 10-50 ng/mL doxycycline (Clontech, 631311) was added to the medium. To
visualize HaloTag-CREB, the cultures were incubated with DMEM/F-12 containing 10 nM TMR direct-conjugated HaloTag ligand
(Promega, G2991) or SaraFluor 650T-conjugated HaloTag ligand (Goryo Chemical, A308-01) for 15-30 min at 37°C.

Aninverted microscope (Ti-E, Nikon) with an oil-immersion objective lens (x100, numerical aperture 1.49, Nikon) and HILO illumination
was used to perform single-molecular imaging. The final magnification was 107 nm/pixel. The glass bottomed dish was mounted on a
stage top incubator (Tokai Hit) and maintained at 37°C in a humidified atmosphere (5% C02/95% air). Either TMR or 650T was visu-
alized by HILO illumination with 561 nm (20 mW, Coherent) or 640 nm (40 mW, Coherent) lasers, respectively. Images were obtained
at 10 frames per second for 2 min using an EM-CCD (iXon897, Andor Technology) with Solis software (Andor Technology).

To perform simultaneous imaging of HaloTag-CREB and SNAPtag-CBP or SNAPtag alone, cells were electroporated with pTet-On
Advance/TRE-Tight HaloTag-CREB and pTRE-SNAPtag-CBP or pTRE-SNAPtag alone. After adding doxycycline, the transfected cells
were incubated with a mixture of TMR-conjugated HaloTag ligand and 647SiR-conjugated SNAPtag ligand (NEB, S9102S). Both fluo-
rescent dyes were excited by HILO illumination with 561 nm and 640 nm lasers. The images obtained by simultaneous excitation were
separated using an image splitting optics W-VIEW GEMINI (Hamamatsu Photonics) with a 640 nm long-pass dichroic mirror (Semrock
FF640-FDi01-25 x 36), and were collected using two bypass filters (Semrock FF01-593/40-25 for 593 nm and FF01-692/40-25 for
692 nm). Split images were obtained at 10 frames per second for 1-2 min using the EM-CCD with NIS-Elements software (Nikon). Ab-
erration had been corrected using 0.1 um TetraSpeck Fluorescent Microspheres (ThermoFisher, T7284).

For simultaneous observation of HaloTag-CREB at the single-molecule level and Ser5ph RNAPII-GFP signals, cells were electro-
porated with pTet-On Advance/TRE-Tight HaloTag-CREB and pB533-44B12mut23-sfGFP. After adding doxycycline, the trans-
fected cells were incubated with 650T HaloTag ligand, and HILO illumination with 640 nm and 488 nm (20 mW, Coherent) lasers
was used for excitation. The obtained images were separated using the image splitting optics and collected via two bypass filters
(Edmund Optics 86951 for 525 nm and Semrock FF01-692/40-25 for 692 nm), as described above.

To examine the spatial relationship between BRD4 and CREB, pCMV-GFP-BRD4 was cotransfected with pTet-On Advance/TRE-
Tight HaloTag-CREB. Before and after SMI of CREB, GFP signal containing images were collected under epi-fluorescent excitation
light (488 nm, Nikon).
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Immunocytochemistry

Cultured cells were fixed with 4% paraformaldehyde in PBS at room temperature for 10 min or 1 h. For staining for VGlut1 and PSD95,
the cells were fixed with 1% paraformaldehyde at room temperature for 3 min, followed by ice-cold methanol for 15 min. After incu-
bation with PBS containing 0.3% Triton X-100 (PBST) for 30 min, the cells were subjected to primary antibodies in a blocking buffer,
composed of 2% normal donkey serum (Jackson ImmunoResearch, 017-000-121) or normal goat serum (Vector laboratory, S-1000)
in PBST at 4°C for overnight. After washing, the cells were incubated with secondary antibodies in PBST at room temperature for 2 h.
After washing, the cells were mounted by a medium containing 80% glycerol and 2.3% 1,4-diazabicyclo [2.2.2] octane (Sigma-
Aldrich, D2522-25G), and 0.1% 4',6-diamidino-2-phenylimdole (DAPI, Sigma-Aldrich) in 50 mM Tris-HCI. Finally, the cells were
observed with a Axioskop 2 plus (Zeiss) or confocal microscopy, DM6000 CS (Leica).

Interactions between CREB and CRE in cell-free conditions using SMI

A flow cell assembled from two cover glasses was prepared.®® Biotin-labeled dsDNAs (40 nM in PBS) were adsorbed onto the cover
glass surface. Biotin-labeled 19-nt dsDNA including the CRE sequence was prepared by annealing 5-GACAGCGCACGTC
AAGGCA-biotin -3 and its complementary oligonucleotide. Biotin-labeled 22-nt dsDNA including the kB sequence was prepared
by annealing 5'-AGTTGAGGGGACTTTCCCAGGC-biotin-3’ and its complementary oligonucleotide. The flow cell was treated with
10 mg/mL BSA in PBS for 5 min and then flushed with a binding buffer solution (100 mM KCI, 1 mM MgCl,, 20 mM HEPES-
NaOH (pH 7.8), 0.1 M DTT, 2 mg/mL BSA, 50% sucrose). In experiments, TMR-CREB in binding buffer was loaded into the flow
cell. HaloTag CREB proteins were generated by the TNT Quick Coupled Transcription/Translation System (Promega) with plasmids
encoding HaloTag-human CREB1 cDNA (Promega) and labeled with HaloTag TMR Ligand (Promega).

Optogenetic stimulation

An optogenetic experiment was performed by applying excitation light to ChR2-transfected cells.'%*"®" In brief, a solid-state illumi-
nator (475 nm, 20 mW, Lumencor SPECTRA) was used under the control of a stimulator (A.M.P.l, Master-9). The light stimulation
(50 ms duration) was applied with 2 Hz for 5 min through a 100x objective lens.

RNA fluorescence in situ hybridization coupled with immunocytochemistry

RNA FISH experiments combined with immunocytochemistry were carried out according to manufacturer’s instruction (https://
biosearchassets.blob.core.windows.net/assets/bti_custom_stellaris_immunofluorescence_protocol.pdf, LGC Biosearch) with a
slight modification. Stellaris RNA FISH Probes were customized for human FOS intron with Quasar 570, human NR4A1 intron
with Quasar 670 and human GAPDH intron with Quasar 670 (LGC Biosearch). Cells on the glass bottom dishes were fixed in
3.7% formaldehyde (SIGMA, F8775-25ML) at room temperature for 10 min, and permeabilized in 70% ethanol at 4°C for overnight.
The cells were hybridized with 125 nM of the RNA probes in hybridization buffer at 37°C for 4-16 h, and incubated with first antibodies
at 4°C for overnight and with secondary antibodies in PBST at room temperature for 2 h. The cells were mounted with Antifade
Mounting Medium (Vector Laboratories, H-1000) containing 5 ng/mL DAPI. Fifty z-stacks with a 0.2 um step size and 100 ms expo-
sure time were obtained using the EM-CCD, and deconvolved by NIS-Elements software (Nikon).

QUANTIFICATION AND STATISTICAL ANALYSIS

Spatiotemporal analysis of SMI

All fluorescence images were analyzed by ImagedJ software with a plugin, Particle Track and Analysis and Origin software
(OriginLab). To quantify the temporal dynamics of individual CREB spots, the center coordinate of each spot was determined (using
x/y) by Gaussian fitting, and the residence time was measured. The cumulative residence time distribution was fitted by the sum of
two exponential curves, F(t) = Ag + Ay (1 - exp (-t/t4)) + A (1 - exp (-t/to)) (Equation 1), using the Levenberg-Marquardt chi-square
minimization algorithm. Aq is constant. A; and A, are the fractions with time constants t; and t,, respectively (t1 < t5). When the
chi-square tolerance value was less than 1 x 1079, the fit was deemed appropriate. Similarly, single-molecule CBP spots were
tracked and the residence time distribution was fitted by Equation 1.

To determine the time which separates the long and short residence components, the time was calculated such that the ratio of the
short residence component, Ay exp (-t/t1)/(Ao + A exp (-t/14) + Ao exp (-t/ty)), is sufficiently small (<3%). As a result, the boundary times
for CREB and CBP spots were determined to be 1 s and 0.6 s, respectively.

To quantify the spatial features of CREB dynamics, the micro-domain was determined by the sum of the maximum fluctuation of
the estimated center coordinates for long residence CREB spots and the microscopic stage movement over a 2-min live imaging
period. The fluctuation ranges (1.96c for the center coordinates) were determined by fitting the motion of CREB spots into a Gaussian
distribution. The maximum value of fluctuation for TMR- or 650T-CREB (3.7 pixel, 0.40 um, n = 44 spots) was then added to the micro-
scopic stage movement (1.0 = 0.1 pixel, 0.11 + 0.01 pm, n = 20 spots), and the sum was defined as one-side of the micro-domain
(0.54 x 0.54 um, 5 x 5 pixel).

To quantify repetitive CREB appearance, the area covering the whole nucleus in a neuron was divided into 1024 (32 x 32) equal mi-
cro-domains. The number of long residence CREB spots was counted in each micro-domain, and normalized by the total number of
long residence CREB spots. This value was used as frequency. Mean and SD of the frequency were calculated for all micro-domains
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under the unstimulated condition. The micro-domains with >mean + 4 SD, which were hardly observed in the unstimulated condition,
were defined as a hotspot.

Analysis of RNAPII distribution with single-molecule CREB

As described above, RNAPII-GFP images were obtained simultaneously with SMI of HaloTag-CREB. RNAPII-GFP images were aver-
aged per 32 frames as the signals were rather noisy. (F-Fo)/Fo was referred as the relative intensity of Ser5ph RNAPII-GFP. F is the
GFP intensity, and F is the average of F from 0 s to 10 s. To quantify the correlation between CREB spots and RNAPII-GFP signals,
the number of long residence CREB spots and the time integral values of RNAPII-GFP for the CREB residence time plus the subse-
quent 10 s were calculated for each micro-domain. In this analysis, the subnuclear domain for RNAPII-GFP was defined as 10 pixels
square (1.07 x 1.07 um) because the signals were broader than those for CREB spots (see Figure 3A).

Quantification of BRD4 and H4ac signals after immunocytochemistry
Immunostaining images with anti-BRD4 and anti-H4ac were obtained by 50 z-stacks with a 0.2 um step size. After the background
subtraction, the number and the volume of these spots per cell were measured by ImageJ.

Colocalization analyses

As for colocalization of CREB and CBP during simultaneous live imaging, when the distance between the center coordinates of TMR-
CREB and 647SiR-CBP is smaller than the sum of fluctuation ranges of CREB (0.10 + 0.01 um, n = 22 spots) and those of CBP (0.10 +
0.01 um, n = 26 spots), these spots were defined as colocalization (0.20 pm = 0.10 + 0.10). The fluctuation was obtained by fitting the
motion into a 2D Gaussian distribution, and a value twice the standard deviation was used as the fluctuation range.

As for colocalization of 650T-CREB and GFP-BRD4 spots, when the distance between the center coordinates of 650T-CREB and
GFP-BRD4 spots was smaller than the sum of the fluctuation ranges of CREB spots (0.13 + 0.01 um, n = 44 spots), the radius of GFP-
BRD4 spots (0.29 + 0.01 um, n = 36 spots, the radius was used since GFP-BRD4 spots were not single molecules) and the micro-
scopic stage movement over a 2-min live imaging period (0.11 + 0.01 um, n = 20 spots), these spots were defined as colocalization
(0.53 um =0.13 + 0.29 + 0.11). The spatial distribution of GFP-BRD4 spot intensities was fitted by a 2D Gaussian distribution, and a
value twice the standard deviation was used as the radius.

As for colocalization of RNA FISH with immunopositive spots, when the distance between the center coordinates of two spots was
smaller than the sum of the radii of these two spots, these two spots were defined as colocalization. The radius of each spot was
determined similarly to BRD4-GFP as these spots also did not represent single molecules. The radii were 0.27 + 0.01 um for FOS
(n = 32 alleles), 0.32 + 0.01 um for NR4A1 (n = 27 alleles), 0.26 + 0.01 um for immunopositive BRD4 (n = 47 spots) and 0.26 +
0.00 um for immunopositive H4ac (n = 59 spots). As a result, the sum of radii was 0.53 um (0.27 + 0.26 um) for FOS and BRD4,
0.58 um (0.32 + 0.26 um) for NR4A1 and BRD4, and 0.53 um (0.27 + 0.26 um) for FOS and H4ac.

Time delay of appearance and disappearance of long residence CREB spots colocalized with CBP spots (>0.6 s) was calculated
from the residence time of each spot, although the order of dissociation between these spots may be unclear as it is possible that
colocalized signals are quenching.

Statistical analysis

Statistical analyses were done by Origin 2021 or R software (x64 version 3.5.1) software. In comparison between the two distribution,
Kolmogorov-Smirnov test was performed. A comparison between the two groups was performed with the Mann-Whitney U test. For
comparison among more than three groups, Kruskal-Wallis ANOVA with Dunn’s post hoc test or one-way ANOVA with Tukey-Kramer
post hoc test was used. For pairwise comparisons, Chi-square test was performed. For comparison against theoretical mean, one-
sample t test was done. In all statistics, p < 0.05 was considered significant. Bar graphs and scatterplots show mean values and error
bars show SEM. In, all box-and-whiskers plots, boxes indicate 25-75% quantiles and the median line, whiskers indicate 10-90%
quantiles and squares indicate the mean.
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