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Background: MeCP2 is required for synaptogenesis and proper development of neuronal circuits.

Results: MeCP2 phosphorylation on serine 421 is controlled by nuclear calcium signaling activating nuclear CaMKIL
Conclusion: This defines a novel pathway through which nuclear calcium regulates synaptic activity-driven genomic responses.
Significance: Nuclear calcium modulates the function of a key regulator of neuronal circuit development.

The function of MeCP2, a methylated DNA-interacting pro-
tein that may act as a global chromatin modifier, is controlled by
its phosphorylation on serine 421. Here we show that in hip-
pocampal neurons, nuclear calcium signaling controls synaptic
activity-induced phosphorylation of MeCP2 on serine 421.
Pharmacological inhibition of calcium/calmodulin-dependent
protein (CaM)kinases blocked activity-induced MeCP2 serine
421 phosphorylation. CaM kinase II (CaMKII) but not CaMKIV,
the major nuclear CaM kinase in hippocampal neurons,
appeared to mediate this phosphorylation event. Biochemical
subcellular fractionations and immunolocalization studies
revealed that several isoforms of CaMKII (i.e. CaMKIlg, -f3, -7,
and -8) are expressed in the cytosol but are also detectable in the
cell nucleus of hippocampal neurons, suggesting that nuclear
CaMKII catalyzes MeCP2 serine 421 phosphorylation. Thus, in
addition to the classical nuclear calcium-CaMKIV-CREB/CBP
(cAMP-response element-binding protein/CREB-binding pro-
tein) pathway that regulates transcription of specific target
genes, nuclear calcium may also modulate genome-wide the
chromatin state in response to synaptic activity via nuclear
CaMKII-MeCP2 signaling.

Methyl-CpG-binding protein (MeCP)? 2 is a transcription
factor that binds to methylated cytosine residues of CpG
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dinucleotides in DNA (1). It can function as a transcriptional
repressor through the recruitment of the Sin3a/histone
deacetylase corepressor complex to target promoters or by
increasing the methylation of histone H3 on lysine 9 (2-7).
However, several lines of evidence suggest that MeCP2 not only
silences gene expression, but that it is also involved in the acti-
vation of transcription. First, in the hypothalamus, lack of
MeCP2 leads to reduced expression of thousands of genes (3).
Second, MeCP2 may form a complex with the transcriptional
activator cAMP-response element-binding protein (CREB) and
can cooperate with CREB in the transactivation of a transfected
reporter gene that contains the promoter region of a MeCP2
target gene (3). Transcriptional activation by MeCP2 may also
occur via “derepression,” which has been reported to play a role
in the regulation of Bdnf expression in rat hippocampal and
cortical neurons (4, 8). In these cells, KCl-induced membrane
depolarization and subsequent calcium entry causes phosphor-
ylation of MeCP2 and its release from Bdnfpromoter IV, which
renders Bdnf expression permissive for activation by other,
either constitutively active or signal-regulated transcription
factors (4, 8). Recent studies, however, suggested that MeCP2
may not regulate specific genes but instead acts in a histone-like
fashion to modulate genome-wide the chromatin state in
response to synaptic activity (9, 10).

Although MeCP2 is expressed in many tissues (5, 6), its func-
tion may be primarily in the development of synapses and the
formation of circuits in the central nervous system. Mutations
in the MeCP2 gene cause the majority of cases of Rett syn-
drome, an X-linked dominant neurodevelopmental disorder
and leading cause of mental retardation and autistic behavior in
girls and women (9-11). Patients with classic Rett syndrome
appear to develop normally during the first 6 —18 months of life,
after which they begin to regress, gradually losing any acquired
speech and replacing purposeful hand use with stereotypies
(12—14). Mice that either lack or overexpress MeCP2 develop a
phenotype that recapitulates many characteristic features of
Rett syndrome, including normal early postnatal develop-
ment followed by progressive motor and cognitive dysfunc-
tions. In addition, similar to Rett syndrome patients, they
show abnormalities in brain morphology and cyto-architec-
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ture, in particular a decrease in dendritic arborization and
spine loss (8, 15).

The mechanism through which MeCP2 controls neurode-
velopment is unknown. However, given the evidence that syn-
aptogenesis and the proper wiring of the nervous system is a
neuronal activity-driven process, it has been suggested that
MeCP2 may relay neuronal activity patterns in early postnatal
development to the transcriptional machinery (16). Failure of
MeCP2 either to induce appropriate genome-wide chromatin
changes or to activate or repress as yet unidentified target genes
could lead to malfunction of circuit development, which may
ultimately cause neuropsychiatric disorders. According to this
concept, signal regulation is a key feature of MeCP2 and indeed
critical for proper brain development. The best characterized,
inducible post-translational modification of MeCP2 is its phos-
phorylation on serine 421 (8). This phosphorylation event is
triggered by KCl-induced membrane depolarization or syn-
aptic activity and requires calcium entry through NMDA
receptors and/or voltage-gated calcium channels (8). Knock-in
mice that lack either serine 421 of MeCP2 or serine 421 as well
as serine 424, a second site of synaptic activity-induced phos-
phorylation, show alterations in synaptogenesis, synaptic plas-
ticity, and spatial memory (9, 17), underscoring the importance
of these phosphorylation sites in vivo. The calcium-dependent
modulation of MeCP2 function suggests that its role in neu-
ral circuit development could be mediated by one or several
components of a pool of about 1000 genes that are induced
or repressed within a few hours following NMDA receptor
stimulation and the activation of calcium signaling pathways
(18, 19). Because calcium can act in different subcellular
compartments (in particular cytosol versus nucleus) to dif-
ferentially regulate transcription (20), it is important to
determine the precise spatial requirement of the calcium
signal needed to induce MeCP2 serine 421 phosphorylation.
In this study, we focused on nuclear calcium, which has
emerged as a key signal in several transcription-dependent
forms of neuronal adaptations, including acquired neuro-
protection and memory (19, 21-24). In hippocampal neu-
rons, nuclear calcium transients are required for activity-de-
pendent regulation of about 200 genes, many of which are
targets of CREB and CBP, the prototypical transcription fac-
tor complex activated by nuclear calcium and the nuclear
calcium/calmodulin-dependent protein (CaM) kinase IV
(19). Here we identify MeCP2 as an alternative target of
nuclear calcium signaling and provide evidence that unlike
CREB/CBP regulation, a nuclear localized CaMKII mediates
the effects of nuclear calcium on MeCP2.

EXPERIMENTAL PROCEDURES

Cell Culture, Virus Infection, and Stimulations—Hippocam-
pal neurons from newborn C57Blacké mice were cultured in
Neurobasal medium (Invitrogen) containing 1% rat serum, B27
(Invitrogen) and penicillin and streptomycin (Sigma-Aldrich,
Miinchen, Germany). The procedure to isolate and culture hip-
pocampal neurons has been described (25, 26). Stimulations
were done after a culturing period of 10 days during which
hippocampal neurons develop a rich network of processes,
express functional NMDA-type and AMPA/kainate-type glu-

30968 JOURNAL OF BIOLOGICAL CHEMISTRY

tamate receptors, and form synaptic contacts (27). The follow-
ing drugs were used: 10 um KN62, 2 um KN93 and bicuculline
(Alexis, Laufelfingen, Germany); 10 um SB203580 (Calbi-
ochem, Darmstadt, Germany); 1 uMm cyclosporine A (Sigma-
Aldrich); 1 um FK506 (Axxora, Lorrach, Germany). Bursts of
action potential firing were induced by treatment of cultured
hippocampal neurons with 50 um bicuculline at day in vitro
(DIV) 10.

Recombinant Adeno-associated Virus and Virus Infection—
Recombinant adeno-associated virus (rAAV) vector with a
CMV/CBA hybrid promoter for the expression of hrGFP
(humanized Renilla reniformis green fluorescent protein),
CaMBP4, or CaMKIV(1-313) have previously been described
(18, 19). A rAAV vector containing the mouse CaMKII pro-
moter (a gift from Ali Cetin and Peter Seeburg, Max Planck
Institute for Medical Research Heidelberg, Germany), was used
to generate rAAV-CaMKII(1-290)-Flag, rAAV-CaMKII(1-
290)NLS-Flag, and rAAV-CaMKVI(1-313)NLS-Flag. rAAV
vectors were generated by standard molecular biology tech-
niques and verified by sequencing. Viral particles were pro-
duced and purified as described previously (18). Depending on
the experimental conditions, hippocampal neurons were
infected after DIV 3 at multiplicities of infection of 2 X 10°
copies/ml and harvested at DIV 10.

Quantitative Reverse Transcription-PCR—Total RNA was
isolated at DIV 10 from hippocampal primary neuron cultures
with the RNeasy mini kit (Qiagen, Hilden, Germany) including
an optional DNase I treatment at room temperature for 15 min
according to the manufacturer’s instructions (Qiagen). cDNAs
were synthesized from 1.3 ug of total RNA using the High
Capacity cDNA reverse transcription kit (Applied Biosystems).
Quantitative reverse transcription-PCR was done on an
ABI7300 thermal cycler using universal quantitative reverse
transcription-PCR master mix with TagMan gene expression
assays for the indicated genes (Applied Biosystems). The fol-
lowing TagMan gene expression assays were used in this study:
Gapdh (Mm99999915_m1), Gusb (Mm00446953_m1l), and
Bdnf (Mm00432069_m1). The expression of target genes was
normalized against the expression of Gusb and Gapdh as
endogenous control genes using the AAC, method. Data repre-
sent mean value (£S.E.) from at least four independent exper-
iments. The following primers were used to detect exon-spe-
cific Bdnfexpression by quantitative reverse transcription-PCR
using Power SYBR Green PCR master mix (Applied Biosys-
tems): Bdnf promoter I, forward, 5'-AACAAGACACATTAC-
CTTCCAGCAT-3/, reverse, 5’ CTCTTCTCACCTGGTGGA-
ACATT-3'; Bdnf promoter 1V, forward: 5'-GCTGCCTT-
GATGTTTACTTTGA-3', reverse, 5'-GCAACCGAAGTAT-
GAAATAACC-3". The following cycling conditions were used:
95 °C for 10 min followed by 45 cycles of 95 °C for 10 s, anneal-
ing temperature 55 °C for 10 s. Melting curve analysis was per-
formed at the end of each reaction to confirm amplification of a
single PCR product. All reactions were performed in duplicate.
The expression of Bdnfwas normalized to the expression of Hprt1
(forward, 5'-CAGTCCCAGCGTCGTGATTA-3, reverse, 5'-
AGCAAGTCTTTCAGTCCTGTC-3") as endogenous control
using the AAC, method (28).
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Subcellular Fractionation and Nuclear Protein Extraction—
Nuclear protein extraction was performed using a Qproteome™
nuclear protein extraction kit (Qiagen) according to the manufac-
turer’s instructions. Cytosolic and nuclear extracts were acetone-
precipitated, and equal amounts were quantified by Western blot
analysis.

Immunohistochemistry—Expression of endogenous and
recombinant proteins was detected by indirect immunofluo-
rescence staining using standard protocol. In brief, hippocam-
pal neurons were fixed at DIV 10 in 4% paraformaldehyde, per-
meabilized in methanol, blocked in 10% normal goat serum in
0.1% Triton X-100 in PBS, and stained with the following pri-
mary (overnight at 4 °C) and secondary antibodies (1 h at room
temperature): rabbit anti-FLAG polyclonal (1:1000, Sigma),
goat anti-CaMKIla (1:250, Santa Cruz Biotechnology,
SC-5391), goat anti-CaMKIIB (1:250, Santa Cruz Biotechnol-
ogy, SC-1540), goat anti-CaMKIIvy (1:250; Santa Cruz Biotech-
nology, SC-1541), goat anti-CaMKII$ (Santa Cruz Biotechnol-
ogy, SC-5392), rabbit anti-MeCP2 (1:500, Millipore), rabbit
anti-MeCP2pS421 (1:500, a gift from Michael E. Greenberg,
Harvard Medical School, Boston, MA), goat anti-rabbit-Cy3
(1:500, Dianova), goat anti-rabbit Alexa Fluor 488 (1:500, Invit-
rogen), or donkey anti-goat Alexa Fluor 555 (1:500, Invitrogen).
Counterstain of nuclei was done with Hoechst (1:5000, Serva).
Samples were mounted in Mowiol. Stained samples were ana-
lyzed using a CCD camera (Spot Insight 2; Visitron Systems,
Puchheim, Germany).

Immunoblot Analysis—Standard protocols for immunoblot
analysis were used to detect the expression and/or phosphory-
lation of the indicated proteins. Antibodies against the follow-
ing proteins and/or their phosphorylated forms were used:
ATF3, CaMKlle, CaMKIIB, CaMKIIy, CaMKII§, and SP1
(Santa Cruz Biotechnology); histone H3 (Abcam); dsRED
(Clontech); hrGFP (Stratagene), FLAG, and tubulin (Sigma);
MeCP2 and pCREB (Upstate Biotech Millipore); CREB and
pERK1/2 (Cell Signaling); and MeCP2pS421. Immunoblot
analysis of endogenously expressed tubulin was used to control
for protein loading.

Calcium Imaging—Hippocampal neurons were loaded with
3.4 um Fluo-3 AM (Invitrogen, Karlsruhe, Germany) in the dark
for 20 min at room temperature in buffered, CO,-independent,
salt-glucose-glycine solution containing (in mm) 140.1 NaCl,
5.3 KCl, 1.0 MgCl,, 2.0 CaCl,, 10.0 Hepes (pH 7.4), 1.0 glycine,
30.0 glucose, and 0.5 sodium pyruvate. Hippocampal neurons
were incubated for another 20 min in the darkness in salt-glu-
cose-glycine. Fluo-3 signals of neurons mounted in a perfusion
chamber (Life Imaging Services, Reinach, Switzerland) were
measured at room temperature in salt-glucose-glycine using an
inverted Leica SP2 confocal microscope with an HCX PL APO
CS40.0 X 1.25 NA 0il UV objective (Leica, Wetzlar, Germany).
Images were taken every 1.635 s. To calibrate the fluorescence
signal (F), Fluo-3 was saturated by adding 50 um ionomycin
(F a0 (Sigma-Aldrich Chemie GmbH, Miinchen, Germany)
and then quenched with MnCl, (F,,,). [Ca®"] was expressed as
a function of the Fluo-3 fluorescence K, X ((F — F,,;,)/(F,y

£)) (29).
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FIGURE 1. Blockade of nuclear calcium signaling. A, immunocytochemical
analysis of rAAV-mediated expression of hrGFP and CaMBP4 in hippocampal
neurons. Hoechst staining was used to identify nuclei. The scale bar is 20 um.
B, immunoblot analysis of rAAV-mediated expression of hrGFP (~26 kDa;
indicated by A) and CaMBP4-Flag (~17 kDa; indicated by *) in hippocampal
neurons. C, Fluo-3 calcium imaging (line graphs) and the corresponding
quantitative analysis (bar graph) of the area under the curve of AP bursting-
induced calcium transients in uninfected hippocampal neurons and in hip-
pocampal neurons infected with the indicated rAAVs. AP bursting in hip-
pocampal neurons was induced at the indicated time points with bicuculline
(50 um). Representative traces are shown. Measurements of individual cells
are depicted in thin gray lines, and their means are shown in bold black lines.
The area under the curve represents the integral of Fluo-3 signal above base
line at the time of bicuculline application for a period of 200 s (n = 3). n.s., not
significant. D, immunoblot analysis of ERK1/2 phosphorylation (pERK1/2) in
uninfected hippocampal neurons and in hippocampal neurons infected with
rAAV-hrGFP or rAAV-CaMBP4-Flag. Neurons were left unstimulated or were
stimulated for 30 min or 4 h with bicuculline (50 um). Tubulin was used as
loading control. A representative of three independent experiments is
shown.

Data Analysis—All data plotted in histograms represent the
means * S.E. One-way analysis of variance with Tukey’s post
hoc test was used for all statistical analysis.

RESULTS

Blockade of Nuclear Calcium Signaling—To investigate the
role of nuclear calcium signaling in the regulation of MeCP2
phosphorylation on serine 421, we infected primary mouse hip-
pocampal neurons with an rAAV containing an expression cas-
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FIGURE 2. Role of nuclear calcium in synaptic activity-induced phosphorylation of MeCP2. A, immunoblot analysis of AP bursting-induced phosphoryla-
tion of MeCP2 on serine 421 in hippocampal neurons infected with the indicated rAAVs. Expression of ATF3, MeCP2, and CREB and MeCP2 phosphorylation on
serine 421 (MeCP2pS421) were analyzed in lysates of hippocampal neurons before and after induction of AP bursting with 50 um bicuculline. Tubulin served
as control. (left panel). Quantitative analysis of MeCP2pS421 level is shown in the right panel (n = 3). ***, p < 0.001. B, quantitative reverse transcription-PCR
analysis of Bdnf expression from promoter IV in uninfected hippocampal neurons and in neurons infected with the indicated rAAVs. Neurons were stimulated
for 4 h with 50 um bicuculline or were left unstimulated (n = 7). C, immunoblot analysis of the effects of KN62 (10 um) or KN93 (2 um) on AP bursting-induced
expression of ATF3 and phosphorylation of ERK1/2 (pERK1/2), CREB on serine 133 (P-CREB), and MeCP2 on serine 421 (MeCP2pS421). Hippocampal neurons
pretreated for 1 h with the indicated drugs were stimulated for the indicated periods of time with bicuculline (50 um) or were left unstimulated. D, Fluo-3
calcium imaging (line graphs) and the corresponding quantitative analysis of the area under the curve (bar graph) showing the effect of KN62 (10 um) on AP
bursting-induced calcium transients. KN62 and bicuculline were applied as in C. Representative traces are shown. Measurements of individual cells are
depicted in thin gray lines, and their means are shown in bold black lines (n = 3). n.s., not significant. £, immunoblot analysis of AP bursting-induced phosphor-
ylation of ERK1/2 (pERK1/2), CREB on serine 133 (P-CREB), and MeCP2 on serine 421 (MeCP2pS421) in hippocampal neurons with or without treatment with the
indicated drugs. Pharmacological blockers were added to the cultures 1 h prior to stimulation with bicuculline (50 um). A representative of three independent

experiments is shown.

sette for CaMBP4 (rAAV-CaMBP4-Flag). CaMBP4 is a nuclear
protein that contains four repeats of the M13 calmodulin-bind-
ing peptide from the skeletal muscle myosin light chain kinase;
it binds to and inactivates the nuclear calcium/CaM complex
(30) and has been used previously to identify nuclear calcium-
regulated genes (18, 19, 23). Expression of CaMBP4, as well as
that of hrGFP after infection with rAAV-CaMBP4 and rAAV-
hrGFEP, was readily detectable immunocytochemically in
80-95% of the viable cells (Fig. 1A4). The correct size proteins
were also detected in immunoblots (Fig. 1B). Neither expres-
sion of CaMBP4 after infection with rAAV-CaMBP4-Flag nor
infection with the rAAV vector alone (rAAV-empty) interfered
with the ability of the neurons to generate robust intracellular
calcium transients following the induction of bursts of action
potential (AP) firing (Fig. 1C). To induce AP bursting, we
exposed the cultures to the GABA , receptor antagonist bicuc-
ulline; this led to the removal of tonic inhibition from the net-
work, giving rise to periodically occurring AP bursts, each of
which is associated with an increase in the cytoplasmic and
nuclear calcium concentration (31, 32) (Fig. 1C). Infection with
rAAV-CaMBP4-Flag also did not compromise AP bursting-
induced early signaling events such as the activation of ERK1/2
(25, 33), which was assessed in immunoblots using antibodies
that recognize the phosphorylated, ie. activated, forms of
ERK1/2 (Fig. 1D).

Role of Nuclear Calcium in Synaptic Activity-induced Phos-
phorylation of MeCP2—W e next assessed synaptic activity-in-
duced MeCP2 phosphorylation on serine 421 using phospho-
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MeCP2-specific antibodies and immunoblot analysis. We
detected a robust increase in MeCP2 phosphorylation 30 min
and 4 h after the induction of AP bursting in mouse hippocam-
pal neurons using bicuculline. This phosphorylation event was
blocked in neurons infected with rAAV-CaMBP4-Flag but not
in neurons infected with rAAV-hrGFP. In parallel, we investi-
gated the expression of ATF3, an activity-regulated transcrip-
tional response known to be controlled by nuclear calcium (22),
and that of Bdnf from promoter IV. The AP bursting-induced
expression of both genes was sensitive to inhibition of nuclear
calcium signals using CaMBP4 (Fig. 2, A and B). We detected a
similar dependence on nuclear calcium signaling for synaptic
activity-driven Bdnf transcription from promoter I (data not
shown).

The observation that MeCP2 phosphorylation on serine 421
requires nuclear calcium signaling suggests an involvement
of nuclear calcium/calmodulin-dependent protein kinases.
Indeed, consistent with previously reported pharmacological
experiments (8), we found that two inhibitors of CaM kinases,
KN62 and KN93, blocked AP bursting-induced MeCP2 phos-
phorylation on serine 421 (Fig. 2C). To rule out “signal distor-
tion” by KN62 and KN93 (i.e. disruption of AP bursting-in-
duced calcium transients due to the known inhibitory effects of
these drugs on voltage-gated calcium channels) (34, 35), we
carried out calcium imaging experiments. These experiments
demonstrated that in the hippocampal culture system, KN62
used at a concentration of 10 uM did not compromise AP burst-
ing-induced calcium transients (Fig. 2D). As expected, KN62
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FIGURE 3. Role of CaMKIlin MeCP2 phosphorylation. A,immunofluorescence analysis (upper panel) and immunoblot analysis (lower panel) of rAAV-mediated
expression of recombinant CaMKIV(1-313)-Flag in hippocampal neurons and assessment of its effect on AP bursting-induced expression of CREB and ATF3 and
MeCP2 phosphorylation on serine 421 (MeCP2pS421). CaMKIV(1-313)-Flag was detected with anti-FLAG antibody. Hoechst staining was used to identify nuclei.
The scale bar is 10 wm (upper panel). Tubulin was used as loading control in the immunoblot analysis (n = 3) (lower panel). B, immunofluorescence analysis
(upper panel) and immunoblot analysis (lower panel) of rAAV-mediated expression of recombinant CaMKlI(1-290)-Flag expression in hippocampal neurons and
assessment of its effect on AP bursting-induced expression of CREB and MeCP2 phosphorylation on serine 421 (MeCP2pS421). Hoechst staining was used to
identify nuclei. The scale bar is 10 um. Representative immunoblots from n = 3 experiments are shown.

and KN93 blocked the increase in ATF3 expression following
AP bursting as well as the increase in ERK1/2 phosphorylation,
which in mouse neurons is activated by synaptic activity via a
CaM kinase-dependent process (Fig. 2C) (36). We found no
pharmacological evidence for a critical involvement of other
calcium signal-regulated pathways such as the p38 MAP kinase
pathway or the calcineurin pathway in the induction of MeCP2
phosphorylation on serine 421. Blockade of p38 MAP kinase or
calcineurin using SB203580 or cyclosporine A plus FK506,
respectively, had no effect on MeCP2 phosphorylation on ser-
ine 421 (Fig. 2E). However, cyclosporine A plus FK506 did
increase MeCP2 phosphorylation on serine 421 under basal
conditions and led to a superinduction of this phosphorylation
event after AP bursting (Fig. 2E). These findings suggest that a
nuclear CaM kinase is responsible for the synaptic activity-in-
duced increase in MeCP2 phosphorylation on serine 421 and
that calcineurin plays a role in the dephosphorylation of
MeCP2 on this site.

Role of Nuclear CaMKII in MeCP2 Phosphorylation—One of
the most prominent nuclear CaM kinases is CaMKIV, which
mediates as part of the nuclear calcium-CaMKIV-CREB/CBP
pathway the regulation of many genes in the nervous system
(20, 31, 37). However, it has been reported that CaMKIV is not
involved in the phosphorylation of MeCP2 phosphorylation on
serine 421 (8). We can confirm that the expression of a consti-
tutively active form of CaMKIV using rAAV-CaMKIV(1-313)-
Flag does not lead to an increase of MeCP2 phosphorylation on
serine 421 in hippocampal neurons, although it does, as has
been reported previously (22), increase ATF3 expression (Fig.
3A). We therefore considered the possibility that another CaM
kinase mediates the effects of synaptic activity on MeCP2 phos-
phorylation on serine 421. CaMKII has been suggested to play a
role in this phosphorylation event (8), and indeed, we found
that expression of a constitutively active form of CaMKII using
rAAV-CaMKII(1-290)-Flag can lead to an increase of MeCP2
phosphorylation on serine 421 in hippocampal neurons (Fig.
3B). However, CaMKII is generally considered a cytosolic
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FIGURE 4. Localization of CaMKIl in hippocampal neurons. A, localization
of MeCP2, MeCP2pS421, and the different CaMKIl isoforms in the hippocam-
pal neurons. A and B, immunocytochemical analysis of MeCP2pS421 (A),
MeCP2 (B), and the a, B, vy, and 6 CaMKIl isoforms (A and B) in hippocampal
neurons before and 30 min after induction of AP bursting using bicuculline
(50 uMm). Hoechst staining was used to identify nuclei. The scale bar is 20 um.

enzyme, although in some cell types, including cerebellar gran-
ule cells, astrocytes, and heart muscle, a nuclear localization of
certain CaMKII isoforms has been reported (38 —41). To inves-
tigate the localization of CaMKII in hippocampal neurons, we
carried out immunostainings as well as subcellular fraction-
ations followed by immunoblotting using antibodies to the
CaMKllg, -B, -7y, and -6 isoforms. We found that in hippocam-
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pal neurons, all isoforms of CaMKII analyzed were readily
detected in the cytosol but that a significant fraction was local-
ized also to the cell nucleus (Figs. 4 and 5). MeCP2 and the
serine 421 phosphorylated form of MeCP2 were analyzed in
parallel and were found virtually exclusively localized to the cell
nucleus (Figs. 4 and 5). Neither MeCP2, the serine 421 phos-
phorylated form of MeCP2, nor any of the CaMKII isoforms
analyzed underwent a detectable nucleocytoplasmic redistri-
bution within the first 30 min of induction of action potential
bursting using bicuculline treatment (Figs. 4 and 5).

To finally determine whether nuclear CaMKII is sufficient
for causing MeCP2 phosphorylation on serine 421, we infected
hippocampal neurons with rAAV-CaMKII(1-290)NLS-Flag to
express a nuclear targeted, constitutively active form of
CaMKIIL. We found that indeed, a constitutively active form
of CaMKII localized to the cell nucleus led to an increase of

o ©
© o
k] ]
) 2
o c o
28 38 38
fels) 30 g 0o
o& Q& £E&
Bicuculline - 30" -- 30"- 30
MeCP2pS421 - §

FIGURE 5. Analysis of the subcellular localization of CaMKII isoforms.
Immunoblot analysis of MeCP2, MeCP2pS421, and the «, B, y, and disoforms
of CaMKIl in the cytosolic and in the soluble and insoluble nuclear fractions
obtained from unstimulated hippocampal neurons and neurons 30 min after
induction of AP bursting with 50 um bicuculline. Tubulin, SP1, and histone H3
were used as controls for the different fractions of the cell lysates. A repre-
sentative of three independent experiments is shown.

MeCP2 phosphorylation on serine 421 (Fig. 6). Under the con-
ditions used, it also caused an increase in ATF3 expression and
in expression of Bdnf from promoter I but not from promoter
IV (Fig. 6; data not shown). In contrast, the expression of a
nuclear targeted, constitutively active form of CaMKIV using
rAAV-CaMKIV(1-313)NLS-Flag, which similar to infection
with rAAV-CaMKII(1-290)NLS-Flag led to an increase in
ATEF3 expression, failed to cause phosphorylation of MeCP2 on
serine 421 (Fig. 6).

DISCUSSION

This study revealed that synaptic activity-induced phosphor-
ylation of MeCP2 on serine 421 requires nuclear calcium sig-
naling. We established that significant fractions of all endoge-
nously expressed isoforms of CaMKII tested are localized to the
cell nucleus of hippocampal neurons. These results together
with the observation that the expression of a constitutively
active, nuclear form of CaMKII is sufficient for causing MeCP2
phosphorylation on serine 421, whereas the expression of con-
stitutively active forms of CaMKIV are not, indicates that
nuclear calcium stimulating nuclear CaMKII regulates MeCP2
function. Thus, in addition to the classical nuclear calcium-
CaMKIV-CREB/CBP pathway, nuclear calcium appears to also
function as a global regulator of chromatin structure by acting
via nuclear CaMKII and MeCP2. Precisely how the nuclear cal-
cium-regulated phosphorylation of MeCP2 on serine 421
affects MeCP2 function is unclear, although it has been sug-
gested that it may cause a relief of a genome-wide repressive
chromatin state maintained by MeCP2 (10). This type of chro-
matin remodeling may be required for full transcriptional
responses mediated by nuclear calcium-CaMKIV-CREB/CBP
as well as by other, nuclear calcium-independent signaling
pathways such as the ERK-MAP kinase cascade. Thus, the abil-
ity of nuclear calcium signaling to impact on bulk chromatin
may facilitate concurrent signal-regulated transcription of spe-
cific target genes. In addition, together with other epigenetic
modifiers of chromatin structure such as de novo DNA meth-
yltransferases, histone acetyl transferases, and histone deacety-
lases, whose expression or function is also regulated by synaptic
activity and nuclear calcium signaling (42-46), nuclear
CaMKII regulation of MeCP2 may lead to long-lasting genomic

* B
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rAAV- 2 8 2 8;\
CaMKIV g3 S 3 S
(1-313)NLS > ‘03 :
-Flag PR32

Bicuculline --30°--30"--30°

S ATF Cresss
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FIGURE 6. A constitutively active form of nuclear CaMKll is sufficient to cause phosphorylation of MeCP2 on serine 421. A,immunofluorescence analysis
of rAAV-mediated expression of CaMKIV(1-313)NLS-Flag and CaMKIl(1-290)NLS-Flag. Hoechst was used to identify nuclei. The scale baris 10 um. B,immunoblot
analysis of MeCP2 phosphorylation on serine 421 (MeCP2pS421) and the expression of CREB and ATF3 in hippocampal neurons infected with the indicated
rAAVs before and 30 min after induction of AP bursting using 50 um bicuculline. Tubulin served as loading control. A representative immunoblot fromn = 3

experiments is shown.
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adaptations that could affect the efficacy of subsequent stimuli
to induce transcriptional responses.

In light of the critical role of MeCP2 in synaptogenesis and

neural circuit development (6, 7, 9, 16, 17, 47, 48), our findings
indicate that synaptic activity-driven processes that shape syn-
aptic connectivity via MeCP2 require calcium transients to
invade the cell nucleus. Nuclear calcium, which is known to
control spine density as well as length and arborization of den-
drite (23), may therefore also be a key signal that instructs,
through the induction of genomic responses, the formation of
appropriately connected networks needed for the development
of normal cognitive abilities.
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