ARTICLE

Received 7 Aug 2015 | Accepted 19 Feb 2016 | Published 24 Mar 2016

Neuronal activity controls Bdnf expression via
Polycomb de-repression and CREB/CBP/JMJD3
activation in mature neurons

Ernest Palomer!, Javier Carretero!, Stefano Benvegnu', Carlos G. Dotti' & Mauricio G. Martin'2

It has been recently described that in embryonic stem cells, the expression of some important
developmentally regulated genes is repressed, but poised for fast activation under the
appropriate stimuli. In this work we show that Bdnf promoters are repressed by Polycomb
Complex 2 in mature hippocampal neurons, and basal expression is guaranteed by
the coexistence with activating histone marks. Neuronal stimulation triggered by
N-methyl-p-aspartate application induces the transcription of these promoters by H3K27Me3
demethylation and H3K27Me3 phosphorylation at Serine 28 leading to displacement of
EZH2, the catalytic subunit of Polycomb Repressor Complex 2. Our data show that the fast
transient expression of Bdnf promoters Il and VI after neuronal stimulation is dependent on
acetylation of histone H3K27 by CREB-p/CBP. Thus, regulatory mechanisms established
during development seem to remain after differentiation controlling genes induced by
different stimuli, as would be the case of early memory genes in mature neurons.
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ctivity-regulated gene transcription is involved in multiple

biological processes, among others, in neuronal survival'?

and in the late phases of long-term potentiation (LTP)
and long-term degression (LTD), the processes underlying
memory formation®>*. One of the most extensively studied
genes that are regulated by neuronal activity is the brain-
derived neurotrophic factor (BDNF) which plays important roles
in neuronal differentiation, survival and synaptic plasticity’>.
Bdnf transcription is upregulated by membrane depolarization
in vitro™® and during induction of LTP or associative learning
in vivo’~10, Neuronal activity is also an important regulator for
the tem}?oral and spatial expression of different Bdnf
isoforms! 114,

The Bdnf gene is unusual in that it contains multiple promoters
that are specifically regulated under different conditions to
generate mRNAs containing different 5 noncoding exons each of
which can be alternatively spliced in a tissue- and stimulus-
specific manner to two alternative 3’ exons containing the coding
sequence!®"!7. This gene architecture is highly conserved in
mammals. In rat and mouse, eight Bdnf exons with separate
promoters have been characterized!3-20,

Recent works indicates that synaptic activity regulates Bdnf
expression through epigenetic control of its promoter regions. For
example, contextual fear conditioning in mice results in increased
H3 acetylation at the Bdnf promoter IV (ref. 21) and defeat stress
induces the downregulation of Bdnf transcripts IV and VI
accompanied by increased H3K27 dimethylation at these
promoters’?. The intimate mechanisms by which different
cognition-associated stimuli regulate the activity of specific Bdnf
promoters are not yet known.

Polycomb repressive complexes (PRC) are required to silence
an important subset of developmental regulator genes in both
human and mouse embryonic stem (ES) cells, to ensure that
expression occurs only at later stages upon ES cell differentia-
tion?>?4,  Genome-wide?®> and candidate-based chromatin
studies?® indicate that the transcriptional start sites of some of
these genes are frequently present in a bivalent state: that is, the
presence of histone modifications associated with gene activation
(trimethylated H3K4) and with PRC2-mediated gene repression
(trimethylated H3K27). A characteristic observed for these
promoters in ES cells is that the presence of H3K4Me3 shows a
strong positive correlation with the presence of CpG islands in
the underlying DNA sequence, whereas the presence of H3K27-
trimethylated regions showed also a strikingly low density of
transposon-derived sequences (transposon exclusion zones or
TEZs)®. Interestingly, CpG islands are present at the Bdnf
promoters of exons I, II, IV and VI and also a transposon
exclusion zone was found overlapping these four transcriptional
start sites promoterszs.

We here show that activator and repressor epigenetic marks
coexist at Bdnf promoters I, II, IV and VI in mature hippocampal
neurons and LTD leads to PRC2 derepression of these promoters.
The transcriptional profile of these promoters presents two
different responses to the stimulus: a slower and stable
transcriptional activation of promoters I and IV and the fast
transient induction of promoters II and VI. Although the four
Bdnf promoters share the same regulatory mechanism mediated
by polycomb, the fast expression of promoters II and VI also
requires H3K27 acetylation. Our data present a novel mechanism
involved in the transcriptional regulation of Bdnf in mature
neurons.

Results
Transcriptional analysis of Bdnf promoters. We first deter-
mined if low doses of N-methyl-p-aspartate (NMDA), a stimulus
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known to lead to LTD?’-3%, is able to induce expression
changes of Bdnf promoters. Hippocampal neurons mainta-
ined in culture for 2 weeks were exposed during 5min
to 20uM NMDA and the expression levels of exons I, II, IV
and VI were determined by quantitative PCR (qPCR) at
different time-points after stimulation. Figure la,b shows
that a significant increase was observed for transcripts
II and VI at 10min after NMDA addition. The amount of
these mRNAs reached a peak at 30min after stimulation
and returned to basal levels at later time-points: 60 min
for mRNA VI and 180min for mRNA II. The expression of
exons I and IV, however, presented a different behaviour
since a significant increase of these mRNAs was observed
only after 30min upon stimulation. The levels of mRNA I
remained at maximum along the entire length of time
analysed (180 min), while the levels of mRNA IV returned
to basal at 180 min after NMDA application.

These results reveal that chemically induced LTD (NMDA-
LTD) triggers two different responses of these Bdnf promoters, a
fast response of promoters II and VI driving a transient
expression of Bdnf exons II and VI and a slower response of
promoters I and IV, leading to a more stable expression of exons I
and IV.
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Figure 1 | Response of Bdnf promoters to NMDA stimulation in mature
hippocampal neurons. (a) Real-time gPCR analysis of the levels of Bdnf
mRNAs transcribed from promoters |, I, IV and VI after NMDA stimulation
(8-14 independent experiments). (b) The bar plot shows the relative
amount of each transcript compared with non-stimulated controls at 10 or
30 min after NMDA addition. Data are represented as mean +s.e.m.
Statistical analysis by Kruskal-Wallis test and subsequent multiples
comparisons by Mann-Whitney U-test with Bonferroni adjustment
(n: independent experiments or biological replicates; *P<0.05; **P<0.01,
***P<0.007; for statistical analysis see Supplementary Table 1).

| 7:11081| DOI: 10.1038/ncomms11081 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms11081

ARTICLE

a b c
£ 1 £ 25 Z 6
2075 e 2 ¢ 5
[S) 5 15 o 4
i i} - i}
e 0° e e 3
= = = 2
3 025 . 3 05 3 1 4
f= [=] f=
£ 0 = 0 = 0
& SN QN & 0 3 N RN & N N N Q9 &
RN AN & 40 RN NN P\ R ANy & &
) » ¥ @ @ \'s @ @ @ N
L& " © P& &F S " & & &F & AR
&(\ oﬁ(\ Q O @6\ \O@ Q QO @({\ S

O
& (\\ xQ <
@ o
mH3K27Ac 0OlgG

d
=
Q.
£
B
Q@&
£ &R
o o
f
3 Bdnf promoter | Badnf promoter Il
g
c
382
£5
® 3 1
]
o

o

mH3K4Me3 O1gG

mH3K27Me3 O IgG

e

0.75

0.50

% input

0.25

0.00

o@

Q&QQ

®JMJD3 OlgG

Bdnf promoter IV Bdnf promoter VI

M Antibodies [OIgG
g .
-~ 3 p-Actin hoxA1
[
582
k=it
R B 1FFA4-FFr-FfF---FF - == -=-
N N L AR L
& & ~2~ & A @ R
@5 @9 {_/\‘“ o;o‘” é" » {,@ o {3;\“ éb%q’
*2‘ /\@ O be /\@
& &
L *
OAntibodies 0O 1gG

Figure 2 | NMDA stimulation induces epigenetic remodelling of Bdnf promoters. (a-e) ChIP-gPCR analysis of epigenetic marks and regulatory proteins
bound at Bdnf promoters in basal conditions: (a) H3K27Ac, (b) H3K4Me3, (¢) H3K27Me3, (d) EZH2 and (e) JMJD3. The plots also show the levels of the
respective marks found at the promoter region of two control genes: a constitutively transcribed ffActin and a repressed gene hoxAl. (f) ChIP-gPCR analysis
showing the changes in the levels of these proteins at the Bdnf promoters measured 10 min after NMDA stimulation. The phosphorylation of H3K27Me3 at
Serine 28, which is reported to displace the repressor EZH2, is also analysed. (g) ChIP-gPCR analysis shows that the levels of these proteins do not change
10 min after NMDA stimulation at control SActin and hoxA1 promoters. Data are represented as mean + s.e.m. Statistical analysis by Mann-Whitney U-test
(the value inside the bars corresponds to n, number of cultures used in independent experiments; *P<0.05; **P<0.01, ***P<0.001; for statistical analysis

see Supplementary Table 2).

Epigenetic marks found at Bdnf promoters in mature neurons.
As commented in the Introduction, the structure and genetic
environment of Bdnf promoters I, II, IV and VI suggest that they
are potential sites to be controlled by repressive (PRC) and
activating (H3K4Me3) marks. Hence, we next assessed if activator
trimethyl-H3K4 (H3K4Me3) and repressor trimethyl-H3K27
(H3K27Me3) are present at Bdnf promoters under non-

stimulated conditions. In addition, we also searched for
the presence of acetyl-H3K27 (H3K27Ac) as an activation form
of the H3K27 mark. Chromatin immunoprecipitation (ChIP)
assays followed by promoter-specific qPCR performed in
non-stimulated hippocampal neurons revealed that these
three histone marks are present in all the four Bdnf promoters
(Fig. 2a—c).
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The amount of each histone mark at Bdnf promoters was
compared with the amount bound to the promoters of two
control genes, fActin and hoxAl. In fact, the constitutively active
B-Actin presents high levels of activator marks H3K27Ac and
H3K4Me3 (Fig. 2a,b) and low levels of the repressive H3K27Me3
mark (Fig. 2c). In contraposition, the constitutively repressed
hoxAl showed high levels of the repressive H3K27Me3, low
amounts of H3K4Me3 and undetectable H3K27Ac (Fig. 2a-c).

To further substantiate that Bdnf promoters I, II, IV and VI are
repressed by PRC in non-stimulated neurons, we determined the
level of association to Enhancer of zeste homologue 2 (EZH2), the
catalytic subunit of the PRC2, to these promoters. ChIP
experiments revealed the presence of EZH2 associated to the
four Bdnf promoters (Fig. 2d) at levels that are comparable to the
levels bound to the PRC2 repressed gene hoxAl. Strikingly, a
similar ChIP experiment revealed that, different from hoxAlI,
high levels of the H3K27Me3-demethylase Jumonji domain
containing-3 (JMJD3) were present at these Bdnf promoters
suggesting that these promoters are ready to be de-repressed by
H3K27Me3 demethylation (Fig. 2e).

NMDA leads to epigenetic remodelling at Bdnf promoters. To
test if NMDA-LTD induces quantitative changes in the different
histone marks at our target promoters, similar ChIP experiments
were performed in 2-week-old hippocampal neurons in culture
10 min after NMDA stimulation. Figure 2f shows the result of this
study: the activation marks H3K4Me3 and H3K27Ac, as well as
the JMJD3 demethylase, all increased by the LTD stimulus at
promoters II and VI. Furthermore, NMDA treatment resulted in
lower levels of the repressor EZH2 at promoters II and VI and
reduction of the repressive H3K27Me3 mark at promoter VI.
These results may explain the enhanced expression of these
transcripts after NMDA stimulation. On the other hand, no
change in the levels of these marks were detected at promoter I
after stimulation, according to the later expression time of this
transcript (30 min, see Fig. 1a). However, in promoter IV, which
also undergoes a delayed increased expression (see Fig. la),
significant decreased levels of repressor EZH2 were accompanied
by recruitment of the H3K27Me3-demethylase JMJD3 and
decreased amount of H3K27Me3, which would imply de-
repression at this early time. However, different from promoters
II and VI, no increase of the activator marks H3K4Me3 and
H3K27Ac was observed at this promoter implying that both,
increase of activation marks and decreased repressive marks, are
required for fast transcriptional induction.

Changes were not observed in the levels of these epigenetic
marks at the promoter regions of the control genes fActin and
hoxAl, which are not regulated by NMDA (Fig. 2g).

ChIP experiments performed 30 min after NMDA stimulation
showed that the levels of all histone marks and their upstream
regulators were restored to basal conditions. Significantly, lower
levels of H3K27Ac, compared with non-stimulated controls, were
observed at promoters II, IV and VI (Supplementary Fig. 1A),
suggesting that H3K27Ac deacetylation is involved in the
silencing of these promoters after stimulus. However, the
possibility of a general effect triggered after NMDA-LTD could
not be discarded since reduced levels of H3K27Ac were also
observed at the control genes 30 min after NMDA application
(Supplementary Fig. 1B).

Derepression of Bdnf requires H3K27Me3S28 phosphorylation.
It has been reported that p38 MAPK and mainly its downstream
kinases, mitogen- and stress-activated kinases (Mskl and Msk2),
lead to gene activation through H3K27Me3 phosphorylation at
Serine 28, the consequent displacement of the SUZ12 subunit of
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PRC2 and promoter derepression®!. That was proposed as a
mechanism required to activate a subset of Polycomb group of
proteins (PcG) target genes by stress-signalling in diploid human
fibroblasts and after differentiation signals in human embryonic
teratocarcinoma  cells’’. ChIP experiments revealed that
H3K27Me3S28 phosphorylation occurs at Bdnf promoters II and
VI after 10 min of NMDA stimulation (Fig. 2f), suggesting that a
similar mechanism may participate during NMDA-induced Bdnf
expression in mature neurons. In the Supplementary Fig. 2A we
show that the antibody used in our experiments presents a weak
cross-reaction with H3K9Me3S10p, much less than previously
reported for other rabbit polyclonal antibodies for H3K27Me3S28p
(refs 31,32).

To assess if the p38 MAPK pathway may be involved in
H3K27Me3S28 phosphorylation in mature neurons, we treated
NMDA-stimulated hippocampal neurons with the p38-specific
inhibitor SB-203580 (refs 33-35).The qPCR analysis revealed that
this treatment prevented NMDA-induced increase of transcripts
II and VI (Fig. 3a). Moreover, ChIP experiments showed that p38
MAPK inhibition abolished NMDA-induced H3K27Me3S28
phosphorylation at promoters II and VI (Fig. 3b). According to
these results, ChIP assays performed using a ChIP-validated
antibody against p38 (Supplementary Fig. 2B) showed that LTD-
induced recruitment of p38 to promoters II and VI at 10 min after
stimulation (Supplementary Fig. 2C,D).

In further support that phosphorylation of H3K27Me3S28 is
required for Polycomb removal, p38 inhibition precluded EZH2
displacement from Bdnf promoters II and VI after NMDA
stimulation (Fig. 3c). The expression of exons I and IV was not
affected by the treatment with the inhibitor (Fig. 3a,b), further
strengthening our early assumption that promoters I and IV are
controlled by different mechanisms. Although the SB-203580 also
blocked the release of EZH2 from promoters I and IV (change
not significant for promoter I), increases in H3K27Me3S28p were
not observed in these two promoters after NMDA stimulation,
further strengthening the notion that both de-repression and
activation are required for NMDA-induced Bdnf expression.

Altogether, these data show that the p38 pathway is involved in
H3K27Me3S28 phosphorylation and required for the displace-
ment of EZH2 from promoters II and VI after NMDA treatment.
Gehani et al! have demonstrated that Msk1/2 kinases are
required for H3K27Me3S28 phosphorylation in human
fibroblasts. Furthermore, by in vitro experiments these authors
have shown that Msk2 kinase phosphorylates H3K27Me3528
more efficiently than p38. Hence, it appears reasonable to
conclude that p38 could lead to H3K27Me3S28 phosphorylation
by a dual, direct and indirect (via its downstream kinases Msk2
and Mskl) mechanism. Moreover, the results presented here also
suggest that the EZH2 displacement could be involved, but is not
sufficient, to induce the de-repression of promoters I and IV.

JMJD3 recruitment to Bdnf is required for activation by LTD.
Our ChIP experiments showed that JMJD3 demethylase is
recruited to promoters II, IV and VI after LTD induction
(Fig. 2f). To test if JMJD3 demethylase activity is in fact playing a
role for the transcriptional induction of these Bdnf promoters,
ChIP and qPCR were performed in hippocampal neurons treated
with the Jumonji H3K27Me3-demethylase inhibitor GSK-J4
(ref. 36) at the time of stimulation. The qPCR experiment
revealed that GSK-J4 inhibited the transcriptional activation of
promoters II and VI but had no effect on promoters I and IV
(Fig. 3d). The ChIP experiments confirmed that GSK-J4 treat-
ment impaired the decrease of H3K27Me3 observed after NMDA
on promoters IV and VI (Fig. 3e). The absence of changes in the
levels of H3K27Me3 at promoter II at 10 min after stimulation
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Figure 3 | LTD-induced transcription of Bdnf promoters Il and VI requires EZH2 displacement and H3K27Me3 demethylation and acetylation. (a) Real-
time gPCR analysis of the Bdnf transcripts shows that treatment with the p38 inhibitor SB-203580 blocks the increase of mMRNAs transcribed from
promoters Il and VI at 30 min after NMDA stimulation. (b,c¢) ChIP-gPCR analysis performed 10 min after stimulation shows that SB-203580 impairs
H3K27Me3S28 phosphorylation at promoters Il and VI (b). Interestingly, SB-203580 blocked EZH2 displacement from the four promoters studied
suggesting a role for EZH2 in the transcriptional control of these regions (c). (d) The real-time gPCR analysis show that the H3K27Me3-demethylases
inhibitor GSK-J4 impairs the NMDA-triggered increase of Bdnf mRNAs Il and VI observed 30 min after stimulation. () ChIP-gPCR studies confirm that
H3K27Me3 demethylation observed at Bdnf promoters IV and VI is blocked by GSK-J4. (f) Real-time gPCR showing that the increased expression of Bdnf
mRNAs Il and VI observed 30 min after NMDA stimulation is impaired when CREB-CBP interaction is blocked by CCllh. (g-k) ChIP-gPCR analysis show
that treatment with CCllh: blocked H3K27 acetylation at promoters Il and VI (g), it does not block CREB binding to Bdnf promoters (h), it prevents CBP
recruitment to promoters |, Il, IV and VI (i) it prevents JMJD3 recruitment at promoters Il, IV and VI (§) and H3K27Me3 demethylation at promoters IV and
VI (k). Data are represented as mean * s.e.m. Statistical analysis by Kruskal-Wallis test and subsequent multiples comparisons by Mann-Whitney U-test
with Bonferroni adjustment (the value inside the bars corresponds to n, number of cultures used in independent experiments; *P<0.05; **P<0.01,
***P<0.0071; for statistical analysis see Supplementary Table 3).
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suggests either that H3K27Me3 demethylation at this promoter
occurs at a lower extent than at promoter VI or that it is not
detected at 10min after stimulation. Again, the increase of
mRNAs containing exons I and IV was unaffected by the treat-
ment, further supporting the notion that these promoters are
controlled by a different regulatory mechanisms. As a matter of
fact, even if the GSK-J4 prevented H3K27Me3 demethylation at
promoter IV (Fig. 3e), it did not block its activation (Fig. 3d).

The GSK-J4 inhibitor is able to block the catalytic activity of
the KDM6 demethylase proteins but also blocks the activity of
demethylases from the KDM2, KDM3, KDM4 and KDMS5
subfamilies®’. KDM3 and KDM4 proteins demethylate the
repressor mark H3K9Me3, meaning that inhibition of these
proteins by GSK-J4 could block induction of the Bdnf promoters
after LTD; however, by ChIP experiments we found that no
H3K9Me3 demethylation is observed at any of the four Bdnf
promoters at 10 min after NMDA application (Supplementary
Fig. 3A).

In agreement with the pharmacological results, the qPCR
analysis show that JMJD3 knockdown blocked the NMDA-
mediated Bdnf induction of transcripts II and VI (Supplementary
Fig. 3B-E). H3K27Me3 demetylation was also blocked by JMJD3
knockdown (Supplementary Fig. 3F). All together, these results
confirm that JMJD3 is involved in H3K27Me3 demethylation
after NMDA-LTD.

It has been described that H3K27Me3 phosphorylation at
Serine 28 masks the recognition of H3K27Me3 by different
specific antibodies®!32, an event also observed by us (see
Supplementary Fig. 4A). It means that the decreases observed
in the levels of H3K27Me3 at Bdnf promoters after stimula-
tion could be attributed to epitope masking rather than true
demethylation. However, experiments based on extracts obtained
from neuronal cultures treated with alkaline phosphatase to
remove the phosphate group from H3K27Me3S28p (see
Supplementary Fig. 4B), followed by ChIP with H3K27Me3
antibodies, still revealed demethylation. These ChIPs show a
significant decrease of H3K27Me3 at promoters IV and VI in
phosphatase-treated samples indicating that H3K27Me3
demethylation does occur in an epitope unmasked situation
(Supplementary Fig. 4C). In vitro assays using the human
recombinant catalytic domain of JMJD3, suggest that JMJD3 is
able to demethylate the phosphorylated peptide H3K27Me3S28p
(Supplementary Fig. 5A-C). If this is the case in vivo, in this
three-way scenario where H3K27Me3S28 phosphorylation,
H3K27Me3 demethylation and H3K27Me3S28p demethylation
occur, it becomes very difficult to assess the magnitude of the
contribution of epitope masking to the H3K27Me3 decrease. In
any case, our observations indicate that epitope masking would
not be the major determinant of decreased H3K27Me3 levels
under LTD because: (i) H3K27Me3 demethylation is prevented
by inhibiting demethylase activity with GSK-J4 or by JMJD3
knockdown (Fig. 3e and Supplementary Fig. 3F); (ii) H3K27Me3
demethylation is prevented by inhibiting JMJD3 recruitment to
chromatin (Fig. 3j,k); (iii) H3K27Me3 demethylation is still
observed after LTD in samples treated with Alkaline Phosphatase,
that is, in the absence of epitope masking (Supplementary
Fig. 4C); and (iv) there is not a direct correlation between
H3K27Me3528 phosphorylation and H3K27Me3 decrease (see
Bdnf promoters II and IV in Fig. 2f and Bdnf promoter I in
Fig. 4g).

Bdnf induction requires CREB-p/CBP/ JMJD3. Several signal-
ling pathways lead to the activation of cyclic AMP response
element-binding protein (CREB) kinases, which phosphorylate
CREB on the residue Ser133 (refs 38-40). Upon phosphorylation at
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Ser133, CREB translocates to the nucleus and recruits the
transcriptional co-activator CREB-binding protein (CBP) with
histone acetyl transferase activity*!. We speculated that a similar
mechanism  could  explain the  H3K27  acetylation
induced by NMDA stimulation (see Fig. 2f). Consistent with
this possibility, NMDA-LTD triggers a transient CREB
phosphorylation at Serine 133 (CREB-pS133) 10min after
stimulation (Supplementary Fig. 6A). To determine the pathway
by which NMDA stimulation, that is, Ca?"/calmodulin-
dependent protein kinase II (CamKII) or protein kinase C
(PKC), leads to CREB phopsphorylation, hippocampal neurons
were treated with the CamKII inhibitor KN93 or the PKC inhibitor
Chelerytrine before NMDA stimulation. The levels of pS133-CREB
were then determined by western blot at 10min after LTD
induction. Either KN93 or chelerythrine were able to block
CREB phosphorylation at 10min after NMDA stimulation
(Supplementary Fig. 6B and C), suggesting that NMDA-LTD
may require synergic activities between PKC and CamKII, like
previously reported during LTP. In fact, it was shown that PKC
potentiates NMDA receptor gating, in turn enhancing Ca>* influx
and intracellular Ca®*/camodulin, which could trigger CaMKII
autophosphorylation*?~4, To further dissect the pathway leading
to S133-CREB phosphorylation, we analysed the contribution of
MSK1, a downstream kinase common to PKC and CamKII
pathways. Hippocampal neurons were incubated with the MSK1
inhibitor H89 before NMDA stimulation. As shown in
Supplementary Figure 6D, the treatment with H89-blocked
CREB phosphorylation at 10min after NMDA stimulation
indicating that MSK1 triggers CREB phosphorylation at Ser 133.
We can conclude that NMDA- LTD leads to S133-CREB
phosphorylation via CamKII-PKC/MSK1 kinases. However, since
H89 also inhibits PKA with a similar potency*’, we could not
exclude a role of PKA in the phosphorylation of CREB by NMDA.

Coherent with the CREB activation, NMDA triggers a transient
and a significant increase in the acetylation of H3K27 at 10 min
after treatment (Supplementary Fig. 6E). Such increased acetylation
of H3 was not observed at other lysine residues, H3K9, H3K14 or
H3K18, after NMDA addition (Supplementary Fig. 6F-H). To
directly assess the functional association between H3K27 acetyla-
tion and CREB activation, we treated hippocampal neurons
with CREB-pS133/CBP interaction inhibitor (CCIIh) to impair
CREB-pS133/CBP  binding®®*”. This treatment blocked the
transcriptional activation of promoters II and VI and impaired
H3K27 acetylation at these promoters (Fig. 3f,g). These results
confirm that CREB-p/CBP is required for H3K27 acetylation and
activation of promoters II and VI by NMDA-LTD. No changes of
H3K27Ac were observed at promoters I and IV at 10 min after
induction and in fact, the activation of these promoters was
unaffected by the inhibitor (Fig. 3fg). Active CREB was found at
the Bdnf promoters either in the presence or absence of the
inhibitor in NMDA-stimulated neurons (Fig. 3h). However,
treatment with the CREB/CBP inhibitor CCIIh blocked the
recruitment of CBP (Fig. 3i).

The CCIIh inhibitor blocks the interaction between the KID
domain of CREB and the KIX domain of CBP. This KIX domain in
CBP also interacts with the p65 subunit of the transcriptional
activator nuclear factor kB (NFkB), implying that the interaction
CBP-p65 is also disrupted by CCIIh (ref. 46). Although a role of
NFkB has been described in the activation of Bdnf promoters I and
IV but not in the activation of promoters II and VI (refs 48-50),
the possibility exists that the observed effect of CCIIh could be due
to inhibition of the recruitment of CBP by NF«B to promoters II
and VL

Zhong et al>! have shown that the activation of p65 by
phosphorylation at its serine 276 is strictly required for the
interaction with CBP: in Supplementary Fig. 7, we show that
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Figure 4 | Experiments performed in acute hippocampal slices validate the results in vitro. (a) According to the data in vitro, real-time gPCR analysis
performed in acute hippocampal slices from adult mice show that NMDA stimulation triggers the increase of the Bdnf mRNAs transcribed from promoters |,
I, IV and VI at 30 min after stimulation. The data represent the mRNA levels relative to unstimulated controls. (b-f) ChIP-gPCR analysis performed in acute
hippocampal slices from adult mice. The presence of activator and repressor histone marks and the Polycomb protein EZH2 indicate that Bdnf promoters |,
I, IV and VI are bivalent in adult mice: (b) H3K27Me3, (¢) EZH2, (d) JMJD3, (e) H3K4Me3 and (f) H3K27Ac. The levels of these proteins at promoter
regions of the control genes SActin and hoxAT are also shown in the plots. (8) ChIP-gPCR analyses show that NMDA stimulation leads to H3K27Me3S528
phosphorylation and displacement of the polycomb protein EZH2, JMJD3 demethylase recruitment, H3K27Me3 demethylation and increased levels of the
activator H3K4Me3 at the four Bdnf promoters |, I, IV and VI. H3K27 acetylation was observed only at promoters Il and VI suggesting that this mark is
responsible for the fast induction of these two promoters. (h) ChIP-gPCR analyses at promoter regions of the control genes SActin and hoxA1 after NMDA
stimulation. The data show that, except for the increased levels of JMJD3 observed at the ffActin promoter, none of the other marks present changes after
NMDA stimulation. Data are represented as mean + s.e.m. Statistical analysis by Mann-Whitney U-test (the value inside the bars indicates the number of
animals used in independent experiments; *P<0.05; **P<0.01, ***P<0.007; for statistical analysis see Supplementary Table 4).

application of 20 uM NMDA to hippocampal neurons in culture

would be also involved in the recruitment of the demethylase
was not able to trigger phosphorylation of p65Ser273 at 10 min

JMJD3 (also a member of the KDM6 family) to the Bdnf

after stimulation, indicating that p65 is not involved in the
recruitment of CBP to Bdnf promoters at least at this time point
after NMDA stimulation.

The interaction of CBP with the demethylase UTX from the
lysine- spec1ﬁc demethylase 6 (KDM6) family has been
described®?, opening the possibility that CREB-p/CBP complex

promoters after stimulation. By ChIP experiments we confirmed
that the recruitment of JMJD3 to promoters II, IV and VI is
impaired by CCIIh (Fig. 3j). In addition, CCIIh blocked the
H3K27Me3 demethylation induced by NMDA at promoters IV
and VI (Fig. 3k). Note that CCIIh treatment also resulted in
significantly higher levels of H3K27Me3 at promoter II after
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stimulation (Fig. 3k). These results support our previous
conclusion that H3K27Me3 demethylation is required for
induction of promoter II (Fig. 3d), but it occurs at lower levels
than at promoters IV and VI. The direct interaction CBP-JMJD3
was  further  confirmed by  co-immunoprecipitation
(Supplementary Fig. 8).

From these results we conclude that the mechanism of Bdnf
induction triggered by NMDA involves CREB-p-mediated
recruitment of CBP and JMJD3 to all Bdnf promoters, yet rapid
transcription from promoters II and VI requires H3K27Me3
demethylation followed by H3K27 acetylation.

Validation in acute hippocampal slices. Our results indicate that
Bdnf promoters II and VI are subjected to EZH2 repression and
that, after specific neuronal stimuli, the increased transcriptional
activity is due to the release of the repressor EZH2 as a
consequence of H3K27Me3Ser28 phosphorylation, H3K27Me3
demethylation and H3K27 acetylation. Because our data were
obtained in neurons grown in vitro, we decided to test our model
in neurons that had developed and matured in a physiological
environment. Thus, we analysed the effect of NMDA-LTD on the
expression and epigenetic remodelling at Bdnf promoters in
hippocampal slices prepared from adult mice. Similar to what
occurs in vitro, NMDA addition to hippocampal slices resulted in
increased levels of mRNA species II and VI at 10 min, and in
increased levels of the four species at 30 min after stimulation
(Fig. 4a). Likewise in vitro, higher increases were observed for
mRNAs transcribed from promoters II and VI (Fig. 4a). Also
paralleling the data in cultures, the repressive H3K27Me3 and
EZH?2 marks were detected at these four Bdnf promoters in non-
NMDA-stimulated slices (Fig. 4b,c). High amounts of JMJD3
demethylase were also found at these promoters (Fig. 4d), sug-
gesting that transcriptional activity requires H3K27Me3 deme-
thylation. As expected, the presence of activation marks
H3K4Me3 and H3K27Ac were also observed at promoters I, II,
IV and VI at the same proportions than in neuronal cultures
(Fig. 4e,f). However in hippocampal slices, the amount of
H3K27Ac found at promoter II was comparable to the levels
found at the repressed gene hoxAl, suggesting a low basal tran-
scriptional activity for this promoter.

The ChIP experiments performed in hippocampal slices
revealed that LTD induces phosphorylation of H3K27Me3S28p
and displacement of EZH2 not only at promoters II and VI
but also at promoters I and IV (Fig. 4g). These results streng-
then the conclusion previously obtained from in vitro data
that phosphorylation of H3K27Me3S28 displaces EZH2 repre-
ssor from all the four promoters (see Fig. 3c). In hippo-
campal slices, H3K27Me3 demethylation was also evident at
promoter II (Fig. 4g), explaining the effect of GSK-J4 on this
promoter in vitro (see Fig. 3d). Interestingly, increases of the
activation mark H3K4Me3 was observed for all the four
promoters in hippocampal slices (Fig. 4g). Similar to in vitro
grown hippocampal neurons, H3K27 acetylation in hippocampal
slices was only evident at promoters II and VI (Fig. 4g),
suggesting that H3K27 acetylation may be the relevant modulator
for the fast induction of these two promoters after stimulation.
Except for an increase in JMJD3 interaction with SActin
promoter, for which we do not have an explanation, no other
changes in the levels of these marks were observed at the
promoters of the control genes (Fig. 4h).

All in all, the results obtained in hippocampal slices
reinforce the notion that these four promoters of Bdnf are
controlled by PRC2 repressor and suggest that fast (10 min)
response of promoters II and VI would be due to H3K27
acetylation.

8

Discussion

In this work, we show that neuronal stimulation with low doses of
NMDA, a protocol widely used to induce LTD, triggers the fast
transient activation of Bdnf promoters II and VI, whereas
promoters I and IV present a slower response with a transcrip-
tional activation remaining stable for longer time.

The biological significance of this alternative promoter usage
could be explained from the works developed by Baj et al.!* These
authors have shown that the transcripts containing the 5'exons II
and VI are transported to distal dendrites whereas the transcripts
containing 5’exons I and IV are required in the soma or in
proximal dendrites. By use of overexpression and silencing of
specific Bdnf mRNA isoforms, the authors found that dendritic
BDNF (from exons II and VI) plays a role in secondary dendrites’
plasticity in response to external stimuli. Furthermore, the
expression of individual Bdnf splice variants was shown to be
relevant for the spatially restricted activation of TrkB receptors:
that is, overexpression of exons I or IV transcripts led to
phosphorylation of 80-100% of TrkB receptors within the first
45um from the soma, whereas overexpressing exons II or VI
Bdnf variants led to 80% TrkB phosphorylation at 80 pm from the
soma and beyond. Thus, the spatial segregation of Bdnf
transcripts enables this neurotrophic factor to differentially
shape distinct dendritic compartments.

At first sight it would seem that a fast induction of a promoter
localized more than 50kb 5 away from the Bdnf coding exon
(exon IX) is not, physiologically speaking, the optimal situation.
However the fast induction of promoter II in our model would
have an important biological significance. Because the ultimate
destination of Bdnf mRNAs is dictated by the presence of
different 5'-untranslated region exons, it means that the fast
induction of promoters II and VI at 10 min after LTD induction
would be required to provide the stimulated cell with the
adequate amounts of 5'exons II and VI-containing transcripts at
the appropriate timing to be delivered to distal dendrites.

We have shown that, in adult non-stimulated neurons, Bdnf
promoters are present in a partially repressed status exerted by
EZH2. Application of NMDA at doses that produce chemical
LTD leads to the remodelling of the transcriptional complexes,
namely increased levels of activator H3K4Me3 and recruitment of
H3K27Me3-demethylase JMJD3 and by the consequent decrease
of the repressive mark H3K27Me3. We also found that LTD
stimulus triggers the phosphorylation of the H3K27Me3 at its Ser
28 leading to the displacement of the repressor protein EZH2
(Fig. 5). In proof of functional association between these changes
and activation of Bdnf expression, preventing H3K27Me3528
phosphorylation blocks EZH2 release and the transcriptional
stimulation of promoters II and VL.

It has been demonstrated that retinoic acid induce neural
differentiation in human embryonic teratocarcinoma cells via
histone H3K27Me3S28 phosphorylation, displacement of poly-
comb proteins and gene expression’!. Our data suggest that a
similar mechanism may operate in fully mature neurons in vitro,
in response to a memory-related stimulus. Although
H3K27Me3S28 phosphorylation, EZH2 derepression and
H3K27Me3 demethylation also occur after LTD at Bdnf
promoters I and IV, blocking these processes does not impair
the late occurring transcriptional induction of these two
promoters, suggesting that polycomb derepression is mostly
restricted to promoters II and VI.

The molecular mechanism by which a physiological mnemonic
process like LTD affects Bdnf expression has not been studied
previously. However, it has been shown that methyl-CpG-binding
protein 2 (MeCP2) represses promoter IV through the association
with the co—r%pressor molecule Sin3a and histone deacetylase 1
(HDAC1)3-%®, Membrane depolarization by KCI correlated with
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Figure 5 | Schematic model describing the proposed mechanism for activation of Bdnf promoters. (a) In adult non-stimulated neurons, activator
(H3K4Me3 and H3K27Ac) and repressor (H3K27Me3) marks coexist. Bdnf promoters are present in a partially repressed status exerted by EZH2.
(b) LTD triggers the remodelling of the transcriptional complexes leading to increased levels of activator H3K4Me3 and recruitment of p38 MAPK/Msk1/2
that phosphorylate H3K27Me3 at its Ser 28 and displaces the repressor protein EZH2. LTD induction also leads to activation of CREB by phosphorylation at
its Ser 133 and recruitment of the complex pSer133-CREB/CBP/JMJD3 to Bdnf promoters. The LTD stimulus triggers the increase of the activator mark
H3K27Ac only at promoters Il and VI, suggesting that H3K27 acetylation is an important factor in the high transient expression of these two promoters.

DNA demethylation and MeCP2 phosphorylation and
dissociation from Bdnf promoter IV (refs 53,55). NMDA
receptor activation de-represses Bdnf promoters I and IV in
correlation with reduced occupancy by HDACI and MeCP2 in
cultured hippocampal neurons*®”. Since memory consolidation
after fear conditioning involves LTD induction, it is possible that

DNA demethylation and MeCP2 derepression would be also
involved in the activation of promoters I and IV after LTD.
The chromodomain protein and transcription co-repressor
chromodomain Y-like (CDYL) protein represses Bdnf promoter
II in developing neurons by a polycomb-mediated mechanism.
De-repression can be induced by electrical activity through the
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degradation of CDYL®. We analysed whether a
CDYL-dependent mechanism would also contribute to the
expression changes of any of the Bdnf transcripts triggered by
NMDA.

While CDYL was enriched at Bdnf promoter II this was not the
case for promoters I, IV and VI (Supplementary Fig. 9A).
The levels of CDYL bound to promoter II decreased significa-
ntly and remained low at 30min after NMDA stimula-
tion (Supplementary Fig. 9B) in coincidence with protein
degradation induced by the stimulus (Supplementary Fig. 9C).
However the basal levels of EZH2 are restored at promoter II,
30min after induction (Supplementary Fig. 1A). These data
indicate first, that CDYL would not be involved in the de-
repression of Bdnf promoter VI and second, that CDYL would
not be involved in EZH2 recruitment to promoter II at 30 min
after stimulation. However it cannot be excluded that CDYL
degradation would be required also in mature neurons together
with H3K27Me3S28 phosphorylation for EZH2 displacement
from promoter IL

The regulation of neuronal differentiation by members of the
polycomb group of proteins has been widely described. In adult
mice, a role for EZH2 in the regulation of adult neurogenesis has
also been reported and impaired learning and memory was
attributed to the decreased proliferation of the progenitor cells in
Ezh2 knockout mice®. We here show that EZH2 directly controls
memory formation by regulating the expression of Bdnf gene in
mature neurons.

LTD induction increases the levels of the activator mark
H3K27Ac only at promoters II and VI, suggesting that H3K27
acetylation is an important factor in the high transient mRNA
expression mediated by these two promoters (Fig. 5). It is well
known that neuronal stimulation by NMDA activates a signalling
cascade resulting in CREB phosphorylation®%¢!, Phosphorylated
CREB moves to the nucleus and interacts with the histone acetyl
transferase CBP. The presence of a CREB-binding site has been
previously observed at promoter IV and a possible role for CREB
in the regulation of this promoter has been proposed but not
directly demonstrated®>2. Our results demonstrate that H3K27
acetylation is catalysed by the CREB-p/CBP complex, as
inhibition of the CREB-p/CBP interaction impairs H3K27
acetylation and transcriptional activation of promoters II and
VI. We also show that this mechanism is not involved in the
activation of promoters I and IV.

Our results strengthen the notion that synaptic activity
differentially controls the Bdnf promoters by use of epigene-
tic mechanisms that include H3K27 acetylation via CREB/CBP
and polycomb de-repression in mature neurons. It is tempting to
speculate that a similar epigenetic mechanism may regulate
the expression of other early genes involved in learning and
memory.

Methods

Primary hippocampal neurons. Primary cultures of hippocampal neurons were
prepared from embryonic day 18 (E18) Wistar rats as described in Kaech and
Banker® For our experiments hippocampal neurons were kept in culture for 15
days in vitro (15 DIV), when they have reached full maturation.

Hippocampi were dissected and placed into ice-cold Hank’s solution with 7 mM
HEPES and 0.45% glucose. The tissue was then treated with 0.005% trypsin
(trypsin 0.05% EDTA; (Invitrogen; Life Technologies Co.) and incubated at 37 °C
for 16 min and then treated with DNase (72 ugml ~ 5 Sigma-Aldrich) for 1 min at
37 °C. Hippocampi were washed three times with Hank’s solution. Cells were
dissociated in 5ml of plating medium (Minimum Essential Medium supplemented
with 10% horse serum and 20% glucose) and cells were counted in a Neubauer
Chamber. Cells were plated into dishes pre-coated with poly-p-lysine (Sigma-
Aldrich) (750,000 cells in a 10 cm dish and 270,000 in a 6 cm dish) and placed into
a humidified incubator containing 95% air and 5% CO,. The plating medium was
replaced with equilibrated neurobasal media supplemented with B27 and
GlutaMAX (Gibco; Life Technologies Co.). On DIV 7 the culture medium was
replaced with medium without GlutaMAX. Cultures were used 15 DIV.

10

Hippocampal Slices. Hippocampal slices were prepared from 7-9-months-old
male C57BL/] mouse. Hippocampi were extracted in dissection solution (10 mM
p-glucose, 4 mM KCl, 26 mM NaHCO3, 233.7 mM sucrose, 5mM MgCI2 and
1:1,000 Phenol Red) and sliced in an automatic tissue chopper (Mcllwain Tissue
Chopper, Standard Table, 220 V, Ted Pella Inc.) to obtain 400 pm hippocampal
slices. Then, slices were kept in artificial cerebrospinal fluid (119 mM NaCl, 2.5 mM
KCl, 1 mM NaH,PO,, 11 mM glucose, 1.2 mM MgCl,, 2.5 mM CaCl2. Osmolarity
was adjusted to 290 Osm) for 1h. Finally the experiments were performed in
artificial cerebrospinal fluid at 25 °C.

Drug treatments. Stock solutions of CBP-CREB Interaction Inhibitor (250 mM
(CClIIh); Millipore ref. 217505), KDM6A/B inhibitor (GSK-J4; 100 mM; Tocris
Bioscience ref. 4594) and p-38 MAK inhibitor (§B203580; 100 mM; Axon Med-
chem ref. Axon 1363) were prepared in dimethyl sulfoxide (Sigma). NMDA

(20 mM; Sigma-Aldrich ref. M3262) was prepared in Milli-Q water. Hippocampal
neurons were treated with 5uM CCIIh (1h), 10 pM GSK-J4 (1h) or 10uM
SB203580 (1 h) before NMDA-LTD induction. LTD was induced by 20 uyM NMDA
for 5min, and the medium was replaced. Samples were collected 5 or 25 min after
LTD induction. Samples without LTD induction were used as a control.

Quantitative RT-PCR. Total RNA from hippocampal neurons or slices were
extracted with Trizol Reagent (Ambion/RNA Life Technologies Co.) following the
manufacturer procedures and cleaned up using RNeasy Mini kit (Qiagen, Hilden,
Germany). RNA was quantified by absorbance at 260 nm using a Nanodrop
ND-100 (Thermoscientific; Themo Fisher Scientific Inc.). Retrotranscription to
first strand cDNA was performed using RevertAid H Minus First Strand cDNA
Synthesis kit (Thermoscientific; Themo Fisher Scientific Inc.). Briefly, 5 ng of
synthesized cDNA was used to perform fast gPCR using GoTaq qPCR Master Mix
(Promega Co., Madison, WI, USA) in ABI PRISM 7900HT SDS (Applied Bio-
systems; Life Technologies Co.) with the manufacturer’s protocol. The primers
purchased to Sigma-Aldrich (Supplementary Table 13) were used at 0.5 uM final
concentration to detect Bdnf transcripts and Jmjd3. Three housekeeping genes
Gapdh, GusB and Pgkl were used as endogenous controls.

Chromatin immunoprecipitation. ChIP experiments were performed as described
by Millanes-Romero et al.5 Briefly, 750,000 cells were crosslinked with 1%
formaldehyde for 10 min at 37 °C. Slices were crosslinked with 1% formaldehyde
for 15min at room temperature. Crosslinking was stopped by adding glycine to a
final concentration of 0.125M for 2 min at room temperature. Samples were
washed three times with cold PBS and homogenized in cold Soft Lysis Buffer
(50 mM Tris (pH 8.0), 10 mM EDTA, 0.1% NP-40 and 10% glycerol) plus
inhibitors (protease inhibitor (cOmplete, EDTA-free; Roche), phosphatase
inhibitor cocktail 2 (Sigma-Aldrich) and NaBut (5 mM) (Sigma-Aldrich)). Finally,
lysates were centrifuged at 3,000 r.p.m. at 4 °C for 15 min. Nuclei pellets were lysed
with SDS Lysis Buffer (1% SDS, 10 mM EDTA and 50 mM Tris (pH 8.0)) plus
inhibitors and extracts were sonicated with Bioruptor Plus 300 to generate
400-700 bp DNA fragments. Samples were centrifuged at 13,000 r.p.m., 4 °C,

10 min to remove insoluble material, and the supernatant containing DNA-protein
complexes was collected. In addition, protein quantification from sonicated
chromatin was performed using Pierce BCA protein assay kit (Thermoscientific;
Themo Fisher Scientific Inc.). The chromatin was diluted 1/10 with dilution buffer
(0,01% SDS, 1,1% Triton X-100, 1,2mM EDTA pHS, 16,7 mM Tris pH 8 and
167 mM NaCl) and pre-cleared with 50 pl protein A/G agarose beads (Santa Cruz
Biotechnology, Inc.) and 40 pug of normal IgG (Santa Cruz Biotechnology, Inc.) for
each 500 pg of protein. Samples were placed in a rotor for 1-3h at 4°C. The
mixture was centrifuged and the supernatant was collected. A total of 100 pg of
protein were used for each ChIP assay, reserving 10 pg as the input. The antibodies
(Supplementary Table 14) were added to the chromatin lysate, incubated on a rotor
O/N at 4°C. Immune complexes were precipitated by the addition protein A/G
agarose beads. As a negative control, non-immune rabbit IgG (Santa Cruz
Biotechnology, Inc.) was used in place of specific antibodies. Immunoprecipitated
complexes were washed three times with the following buffers: Low-salt wash
buffer (0,1% SDS, 1% Triton X-100, 2mM EDTA pHS, 20 mM Tris pH 8 and
150 mM NaCl); high-salt wash buffer (0,1% SDS, 1% Triton X-100, 2mM EDTA
pH8, 20 mM Tris pH 8 and 500 mM NaCl); and LiCl wash buffer (250 mM LiCl,
1% NP-40, 1% NaDOC, 1 mM EDTA and 10 mM Tris pH8). Immune complexes
were eluted in 100 pl of 1% SDS and 100 mM NaHCOj; at 37 °C for 30 min. DNA-
protein crosslinks were reversed by adding NaCl to a final concentration of
200mM O/N at 60 °C. Protein digestion was preformed 1h at 37 °C by adding
Proteinase K 0.04mgml ~! (Promega ref. MC5005), 50 mM EDTA pHS8 and
500mM Tris pH6,5 at final concentration. Finally, DNA was purified with
QIAquick Gel Extraction Kit following the manufacturer procedures (Qiagen,
Hilden, Germany) and eluted in 140 ul DNA/RNAse free MilliQ water. A total of
4 pl of purified DNA was used to perform a qPCR, using the listed primers on
Supplementary Table 13. In all the cases, the ChIPs for histone marks have been
normalized for general H3.

Statistical analysis. All values are presented as mean * s.e.m. Mann-Whitney
U-test and Kruskal-Wallis followed by Mann-Whitney U-test multiple
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comparisons with Bonferroni adjustment were used for statistical analysis of the
data using SPSS6 (SPSS6 Statistics, IBM). P values lower than 0.05 were considered
significant.

The sample size was chosen by setting the values of type I error (o) and power
to the statistically adequate values of 0.05 and 0.80, respectively. Samples were
discarded when LTD did not increase the levels of Bdnf mRNAs at 30 min after
induction.

In the figures asterisks indicate P values as follows: * <0.05; ** <0.01; and
***<0.001. The exact P values are shown in the Supplementary Tables.

Because in the in vitro and ex vivo experiments, treatments were compared with
control conditions, there was no blinding in the experimental design. In all the
cases, the control and correspondent treated samples were processed
simultaneously and were obtained from the same culture or from slices prepared
from the same animal.

Animal handling. All the experiments were performed in accordance with Eur-
opean Union guidelines (2010/63/UE) regarding the use of laboratory animals.

Supplementary Information. For details and other protocols used in this work see
Supplementary Methods.

The entire blots corresponding to the Western blots shown in the
Supplementary Figures are presented in Supplementary Figure 10 and
Supplementary Figure 11.

The numeric data corresponding to the experiments shown in Supplementary
Figures 1 to Supplementary Figure 9 are presented in Supplementary Tables 5 to 12
as indicated in each Supplementary Figure Legend.

References

1. Ghosh, A., Carnahan, J. & Greenberg, M. E. Requirement for
BDNF in activity-dependent survival of cortical neurons. Science 263,
1618-1623 (1994).

2. Mao, Z., Bonni, A, Xia, F., Nadal-Vicens, M. & Greenberg, M. E. Neuronal
activity-dependent cell survival mediated by transcription factor MEF2. Science
286, 785-790 (1999).

3. Ahn, S, Ginty, D. D. & Linden, D. J. A late phase of cerebellar long-term
depression requires activation of CaMKIV and CREB. Neuron 23, 559-568
(1999).

4. Nguyen, P. V., Abel, T. & Kandel, E. R. Requirement of a critical period of
transcription for induction of a late phase of LTP. Science 265, 1104-1107
(1994).

5. Bonni, A. et al. Cell survival promoted by the Ras-MAPK signaling pathway by
transcription-dependent and -independent mechanisms. Science 286,
1358-1362 (1999).

6. Tao, X,, Finkbeiner, S., Arnold, D. B, Shaywitz, A. J. & Greenberg, M. E.
Ca2 + influx regulates BDNF transcription by a CREB family transcription
factor-dependent mechanism. Neuron 20, 709-726 (1998).

7. Ernfors, P., Bengzon, J., Kokaia, Z., Persson, H. & Lindvall, O. Increased levels
of messenger RNAs for neurotrophic factors in the brain during kindling
epileptogenesis. Neuron 7, 165-176 (1991).

8. Patterson, S. L., Grover, L. M., Schwartzkroin, P. A. & Bothwell, M.
Neurotrophin expression in rat hippocampal slices: a stimulus paradigm
inducing LTP in CA1 evokes increases in BDNF and NT-3 mRNAs. Neuron 9,
1081-1088 (1992).

9. Hashimoto, T., Okuno, H., Tokuyama, W., Li, Y. X. & Miyashita, Y.
Expression of brain-derived neurotrophic factor, neurotrophin-3 and their
receptor messenger RNAs in monkey rhinal cortex. Neuroscience 95,
1003-1010 (2000).

. Castrén, E., Zafra, F., Thoenen, H. & Lindholm, D. Light regulates expression of
brain-derived neurotrophic factor mRNA in rat visual cortex. Proc. Natl Acad.
Sci. USA 89, 9444-9448 (1992).

. Aranda-Abreu, G. E., Hernandez, M. E., Soto, A. & Manzo, J. Possible
Cis-acting signal that could be involved in the localization of different mRNAs
in neuronal axons. Theor. Biol. Med. Model 2, 33 (2005).

. Blichenberg, A. et al. Identification of a cis-acting dendritic targeting element in
MAP2 mRNAs. J. Neurosci. 19, 8818-8829 (1999).

13. Pal, R. et al. Selective dendrite-targeting of mRNAs of NR1 splice variants
without exon 5: identification of a cis-acting sequence and isolation of
sequence-binding proteins. Brain Res. 994, 1-18 (2003).

14. Baj, G., Leone, E., Chao, M. V. & Tongiorgi, E. Spatial segregation of BDNF
transcripts enables BDNF to differentially shape distinct dendritic
compartments. Proc. Natl Acad. Sci. USA 108, 16813-16818 (2011).

15. Timmusk, T. et al. Multiple promoters direct tissue-specific expression of the
rat BDNF gene. Neuron 10, 475-489 (1993).

16. Timmusk, T. et al. Identification of brain-derived neurotrophic factor promoter
regions mediating tissue-specific, axotomy-, and neuronal activity-induced
expression in transgenic mice. J. Cell Biol. 128, 185-199 (1995).

1

f=1

1

—

1

[S5]

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Pruunsild, P., Kazantseva, A., Aid, T., Palm, K. & Timmusk, T.

Dissecting the human BDNF locus: bidirectional transcription, complex
splicing, and multiple promoters. Genomics 90, 397-406 (2007).

Liu, Q.-R. et al. Human brain derived neurotrophic factor (BDNF) genes,
splicing patterns, and assessments of associations with substance abuse and
Parkinson’s Disease. Am. J. Med. Genet. B Neuropsychiatr. Genet.

134B, 93-103 (2005).

Liu, Q.-R. et al. Rodent BDNF genes, novel promoters, novel splice variants,
and regulation by cocaine. Brain Res. 1067, 1-12 (2006).

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K. & Timmusk, T. Mouse and rat
BDNF gene structure and expression revisited. J. Neurosci. Res. 85, 525-535
(2007).

. Lubin, F. D,, Roth, T. L. & Sweatt, J. D. Epigenetic regulation of BDNF gene

transcription in the consolidation of fear memory. J. Neurosci. 28, 10576-10586
(2008).

Tsankova, N. M. et al. Sustained hippocampal chromatin regulation in a mouse
model of depression and antidepressant action. Nat. Neurosci. 9, 519-525
(2006).

Boyer, L. A. et al. Polycomb complexes repress developmental regulators in
murine embryonic stem cells. Nature 441, 349-353 (2006).

Lee, T. I et al. Control of developmental regulators by polycomb in human
embryonic stem cells. Cell 125, 301-313 (2006).

Bernstein, B. E. et al. A bivalent chromatin structure marks key developmental
genes in embryonic stem cells. Cell 125, 315-326 (2006).

Azuara, V. et al. Chromatin signatures of pluripotent cell lines. Nat. Cell Biol. 8,
532-538 (2006).

Lee, H.-K., Kameyama, K., Huganir, R. L. & Bear, M. F. NMDA

induces long-term synaptic depression and dephosphorylation of the

GluR1 subunit of AMPA receptors in hippocampus. Neuron 21,

1151-1162 (1998).

Ehlers, M. D. Reinsertion or degradation of AMPA receptors determined by
activity-dependent endocytic sorting. Neuron 28, 511-525 (2000).

Lin, J. W. et al. Distinct molecular mechanisms and divergent endocytotic
pathways of AMPA receptor internalization. Nat. Neurosci. 3, 1282-1290
(2000).

Fernandez-Monreal, M., Brown, T. C., Royo, M. & Esteban, J. A. The balance
between receptor recycling and trafficking toward lysosomes determines
synaptic strength during long-term depression. J. Neurosci. 32, 13200-13205
(2012).

. Gehani, S. S. et al. Polycomb group protein displacement and gene activation

through MSK-dependent H3K27me3S28 phosphorylation. Mol. Cell 39,
886-900 (2010).

Rothbart, S. B. ef al. An interactive database for the assessment of histone
antibody specificity. Mol. Cell 59, 502-511 (2015).

Saklatvala, J. et al. Role for p38 mitogen-activated protein kinase in platelet
aggregation caused by collagen or a thromboxane analogue. J. Biol. Chem. 271,
6586-6589 (1996).

Kramer, R. M. et al. p38 mitogen-activated protein kinase phosphorylates
cytosolic phospholipase A2 (cPLA2) in thrombin-stimulated platelets. Evidence
that proline-directed phosphorylation is not required for mobilization of
arachidonic acid by cPLA2. J. Biol. Chem. 271, 27723-27729 (1996).

Powell, D. J., Hajduch, E., Kular, G. & Hundal, H. S. Ceramide

disables 3-phosphoinositide binding to the Pleckstrin homology domain of
protein kinase B (PKB)/Akt by a PKC-dependent mechanism. Mol. Cell. Biol.
23, 7794-7808 (2003).

Kruidenier, L. et al. A selective jumonji H3K27 demethylase inhibitor
modulates the proinflammatory macrophage response. Nature 488, 404-408
(2012).

Heinemann, B. et al. Inhibition of demethylases by GSK-]J1/J4. Nature 514,
E1-E2 (2014).

Sheng, M., McFadden, G. & Greenberg, M. E. Membrane depolarization and
calcium induce c-fos transcription via phosphorylation of transcription factor
CREB. Neuron 4, 571-582 (1990).

Sheng, M., Thompson, M. A. & Greenberg, M. E. CREB: a Ca(2 + )-regulated
transcription factor phosphorylated by calmodulin-dependent kinases. Science
252, 1427-1430 (1991).

Gonzalez, G. A. & Montminy, M. R. Cyclic AMP stimulates somatostatin gene
transcription by phosphorylation of CREB at serine 133. Cell 59, 675-680
(1989).

Vo, N. & Goodman, R. H. CREB-binding protein and p300 in transcriptional
regulation. J. Biol. Chem. 276, 13505-13508 (2001).

Yan, J.-Z. et al. Protein kinase C promotes N-methyl-D-aspartate (NMDA)
receptor trafficking by indirectly triggering calcium/calmodulin-dependent
protein kinase II (CaMKII) autophosphorylation. J. Biol. Chem. 286,
25187-25200 (2011).

Gardoni, F. et al. AlphaCaMKII binding to the C-terminal tail of NMDA
receptor subunit NR2A and its modulation by autophosphorylation. FEBS Lett.
456, 394-398 (1999).

| 7:11081| DOI: 10.1038/ncomms11081 | www.nature.com/naturecommunications 1


http://www.nature.com/naturecommunications

ARTICLE

44. Strack, S. & Colbran, R. J. Autophosphorylation-dependent targeting of
calcium/ calmodulin-dependent protein kinase II by the NR2B subunit of the
N-methyl- D-aspartate receptor. J. Biol. Chem. 273, 20689-20692 (1998).

45. Lochner, A. & Moolman, J. A. The many faces of H89: a review. Cardiovasc.
Drug Rev. 24, 261-274 (2006).

46. Best, J. L. et al. Identification of small-molecule antagonists that inhibit an
activator: coactivator interaction. Proc. Natl Acad. Sci. USA 101, 17622-17627
(2004).

47. Li, B. X. & Xiao, X. Discovery of a small-molecule inhibitor of the KIX-KID
interaction. Chembiochem 10, 2721-2724 (2009).

48. Lipsky, R. H. et al. Nuclear factor kappaB is a critical determinant in
N-methyl-D-aspartate receptor-mediated neuroprotection. J. Neurochem. 78,
254-264 (2001).

49. Tian, F., Marini, A. M. & Lipsky, R. H. NMDA receptor activation induces
differential epigenetic modification of Bdnf promoters in hippocampal neurons.
Amino Acids 38, 1067-1074 (2010).

50. Lubin, F. D. & Sweatt, J. D. The IkappaB kinase regulates chromatin structure

during reconsolidation of conditioned fear memories. Neuron 55, 942-957 (2007).

. Zhong, H., Voll, R. E. & Ghosh, S. Phosphorylation of NF-kappa B p65 by PKA
stimulates transcriptional activity by promoting a novel bivalent interaction
with the coactivator CBP/p300. Mol. Cell 1, 661-671 (1998).

52. Tie, F., Banerjee, R., Conrad, P. A, Scacheri, P. C. & Harte, P. J. Histone
demethylase UTX and chromatin remodeler BRM bind directly to CBP and
modulate acetylation of histone H3 lysine 27. Mol. Cell. Biol. 32, 2323-2334 (2012).

53. Chen, W. G. et al. Derepression of BDNF transcription involves
calcium-dependent phosphorylation of MeCP2. Science 302, 885-889 (2003).

54. Klose, R. & Bird, A. Molecular biology. MeCP2 repression goes nonglobal.
Science 302, 793-795 (2003).

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

56. Im, H.-I., Hollander, J. A, Bali, P. & Kenny, P. J. MeCP2 controls BDNF
expression and cocaine intake through homeostatic interactions with
microRNA-212. Nat. Neurosci. 13, 1120-1127 (2010).

57. Tian, F., Marini, A. M. & Lipsky, R. H. Effects of histone deacetylase inhibitor
Trichostatin A on epigenetic changes and transcriptional activation of Bdnf
promoter 1 by rat hippocampal neurons. Ann. N. Y. Acad. Sci. 1199, 186-193
(2010).

58. Qi, C. et al. Coordinated regulation of dendrite arborization by epigenetic
factors CDYL and EZH2. J. Neurosci. 34, 4494-4508 (2014).

59. Zhang, J. et al. Ezh2 regulates adult hippocampal neurogenesis and memory.
J. Neurosci. 34, 5184-5199 (2014).

60. Das, S., Grunert, M., Williams, L. & Vincent, S. R. NMDA and D1 receptors
regulate the phosphorylation of CREB and the induction of c-fos in striatal
neurons in primary culture. Synapse 25, 227-233 (1997).

. Nijholt, I, Blank, T., Ahi, J. & Spiess, J. In vivo CREB phosphorylation mediated
by dopamine and NMDA receptor activation in mouse hippocampus and
caudate nucleus. Brain Res. Gene Expr. Patterns 1, 101-106 (2002).

5

—

6

—

62. West, A. E. et al. Calcium regulation of neuronal gene expression. Proc. Natl
Acad. Sci. USA 98, 11024-11031 (2001).

63. Kaech, S. & Banker, G. Culturing hippocampal neurons. Nat. Protoc. 1,
2406-2415 (2006).

64. Millanes-Romero, A. et al. Regulation of heterochromatin transcription by
Snaill/LOXL2 during epithelial-to-mesenchymal transition. Mol. Cell 52,
746-757 (2013).

Acknowledgements

We thank Pilar Lopez-Nieva and Alba Millanes-Romero for their insightful comments
and suggestions, and Irene Palomares for technical assistance. We thank also A. Barco
and A. R. Nebreda for providing us CBP constructs and p38 WT and KO MEFs
respectively. C.G.D. is financially supported by a Spanish Ministry of Science SAF2010-
14906 grant, Innovation Ingenio-Consolider (CSD2010-00045) and Spanish Ministry of
Economy and Competitiveness SAF2013- 45392. M.G.M. is a Career Investigator sup-
ported by Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET).

Author contributions

E.P. contributed to the conception, design, analysis and interpretation of the data and
performed the experiments. J.C. contributed to perform the expression analysis of the
Bdnf promoters. S.B. performed the experiments related to JMJD3 knockdown and
JMJD3-CBP co-IP. C.G.D. contributed to the conception, design and interpretation of
the data and the writting of the article. M.G.M. contributed to the conception, design,
analysis and interpretation of the data, setting the system to use acute hippocampal slices
and the writing of the article.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Palomer, E. et al. Neuronal activity controls Bdnf expression via
Polycomb de-repression and CREB/CBP/JMJD3 activation in mature neurons. Nat.

Commun. 7:11081 doi: 10.1038/ncomms11081 (2016).

This work is licensed under a Creative Commons Attribution 4.0
B International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:11081| DOI: 10.1038/ncomms11081 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Transcriptional analysis of Bdnf promoters

	Figure™1Response of Bdnf promoters to NMDA stimulation in mature hippocampal neurons.(a) Real-time qPCR analysis of the levels of Bdnf mRNAs transcribed from promoters I, II, IV and VI after NMDA stimulation (8-14 independent experiments). (b) The bar plo
	Epigenetic marks found at Bdnf promoters in mature neurons

	Figure™2NMDA stimulation induces epigenetic remodelling of Bdnf promoters.(a-e) ChIP-qPCR analysis of epigenetic marks and regulatory proteins bound at Bdnf promoters in basal conditions: (a) H3K27Ac, (b) H3K4Me3, (c) H3K27Me3, (d) EZH2 and (e) JMJD3. The
	NMDA leads to epigenetic remodelling at Bdnf promoters
	Derepression of Bdnf requires H3K27Me3S28 phosphorylation
	JMJD3 recruitment to Bdnf is required for activation by LTD

	Figure™3LTD-induced transcription of Bdnf promoters II and VI requires EZH2 displacement and H3K27Me3 demethylation and acetylation.(a) Real-time qPCR analysis of the Bdnf transcripts shows that treatment with the p38 inhibitor SB-203580 blocks the increa
	Bdnf induction requires CREB-psolCBPsol JMJD3

	Figure™4Experiments performed in acute hippocampal slices validate the results in™vitro.(a) According to the data in™vitro, real-time qPCR analysis performed in acute hippocampal slices from adult mice show that NMDA stimulation triggers the increase of t
	Validation in acute hippocampal slices

	Discussion
	Figure™5Schematic model describing the proposed mechanism for activation of Bdnf promoters.(a) In adult non-stimulated neurons, activator (H3K4Me3 and H3K27Ac) and repressor (H3K27Me3) marks coexist. Bdnf promoters are present in a partially repressed sta
	Methods
	Primary hippocampal neurons
	Hippocampal Slices
	Drug treatments
	Quantitative RT-PCR
	Chromatin immunoprecipitation
	Statistical analysis
	Animal handling
	Supplementary Information

	GhoshA.CarnahanJ.GreenbergM. E.Requirement for BDNF in activity-dependent survival of cortical neuronsScience263161816231994MaoZ.BonniA.XiaF.Nadal-VicensM.GreenbergM. E.Neuronal activity-dependent cell survival mediated by transcription factor MEF2Science
	We thank Pilar López-Nieva and Alba Millanes-Romero for their insightful comments and suggestions, and Irene Palomares for technical assistance. We thank also A. Barco and A. R. Nebreda for providing us CBP constructs and p38 WT and KO MEFs respectively. 
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




