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Suppression of a MEF2-KLF6 Survival Pathway by PKA
Signaling Promotes Apoptosis in Embryonic Hippocampal
Neurons
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In the mammalian nervous system, regulation of transcription factor activity is a crucial determinant of neuronal cell survival, differen-
tiation, and death. The myocyte enhancer factor 2 (MEF2) transcription factors have been implicated in cellular processes underlying
neuronal survival and differentiation. A core component of the MEF2 complex is the MEF2D subunit. Recently, we reported that cAMP-
dependent protein kinase (cAMP/PKA) signaling negatively regulates MEF2D function in myogenic cells. Here, we assessed whether
cAMP signaling converges on the prosurvival role of MEF2D in Sprague Dawley rat embryonic (E18) hippocampal neurons. Initially, we
observed that experimental induction of cAMP/PKA signaling promotes apoptosis in primary hippocampal neurons as indicated by
TUNEL and FACS analysis. Luciferase reporter gene assays revealed that PKA potently represses MEF2D trans-activation properties in
neurons. This effect was largely reversed by engineered neutralizing mutations of PKA phospho-acceptor sites on MEF2D (S121/190A).
Krüppel-like factor 6 (KLF6) was identified as a key transcriptional target of MEF2 in hippocampal neurons, and siRNA-mediated
knockdown of KLF6 expression promotes neuronal cell death and also antagonizes the prosurvival role of MEF2D. These observations
have important implications for understanding the pathways controlling cell survival and death in the mammalian nervous system.

Introduction
During development of the CNS, a critical balance exists between
the molecular pathways that control neuronal cell death and sur-
vival (Contestabile, 2002). Neuronal apoptosis fulfills a crucial
role for normal organization of the brain through the elimination
of excess neurons and synaptic connections (Contestabile, 2002;
Kano and Hashimoto, 2009; Eroglu and Barres, 2010). Con-
versely, abnormal apoptosis contributes to progression of neuro-
degenerative diseases such as Alzheimer’s and Parkinson’s
(Pfeiffer et al., 2010; Legradi et al., 2011; Chu et al., 2011). Thus,
there is considerable interest in the functional characterization of
prosurvival molecules in the CNS.

The transcription factor Myocyte Enhancer Factor 2 (MEF2)
has been implicated as playing a pivotal role in neuronal survival
as well as in the development, differentiation, and plasticity of the
mammalian CNS (Leifer et al., 1994; Schulz et al., 1996; Heiden-
reich and Linseman, 2004; Pulipparacharuvil et al., 2008). The

MEF2 transcription factor activity was originally identified in
myogenic cells but has since been shown to function in multiple
cell types including cardiac, skeletal, and smooth muscle, T-cells,
and neurons (Ornatsky and McDermott, 1996; Black and Olson,
1998; Zhu et al., 2005; Potthoff and Olson, 2007). MEF2 func-
tions as a transcriptional regulatory complex that integrates in-
puts from various signaling pathways (Yang et al., 1998; Naya and
Olson, 1999; Cox et al., 2000; McKinsey et al., 2002). Expression
of MEF2 in the brain is consistent with a role in neuronal differ-
entiation and survival (Leifer et al., 1993; McDermott et al., 1993;
Lyons et al., 1995; Lin et al., 1996). Disruption of molecular pro-
cesses that control MEF2 transcriptional activity can indeed pro-
mote neuronal apoptosis (Li et al., 2001; Linseman et al., 2003;
Butts et al., 2003; Bolger et al., 2007). The MEF2 family members
(MEF2A, C, and D) are expressed throughout the developing and
adult cerebellum and hippocampus (Ikeshima et al., 1995; Lin et
al., 1996). Thus, signaling pathways that control MEF2 activity
may exert control over neuronal cell survival pathways in the
CNS. Recently, the MEF2 complex has also emerged as a key
regulator of synapse development in the CNS (Shalizi et al., 2006;
Flavell et al., 2006, 2008). RNA interference (RNAi) of MEF2A
markedly decreases formation of synaptic structures in cerebellar
granular neurons (Gaudilliere et al., 2002; Flavell et al., 2006).

The cAMP-dependent protein kinase A (PKA), an anciently
conserved signaling molecule, regulates multiple biological pro-
cesses (Belfield et al., 2006; Sands and Palmer, 2008). We reported
an inhibitory effect of PKA on the trans-activation properties of
MEF2D during myogenesis (Du et al., 2008). A role for PKA as a
prosurvival kinase has been demonstrated in some cell types,
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Figure 1. Activation of cAMP signaling induces apoptosis in hippocampal neurons. A, Primary hippocampal neurons (9DIV) were treated with a cAMP analog (100 �M db-cAMPS, Sigma) for 6 h
or 200 �M H2O2 (hydrogen peroxide) for 2 h as a positive control. Neuronal apoptosis was observed by using TUNEL assay. DNA fragmentation in apoptotic cells was visualized by terminal
deoxyribonucleotidyl transferase-mediated dUTP-biotin nick end labeling. Representative images were taken from 10 randomly selected fields using fluorescence microscopy, both total (DAPI
positive, a nuclear marker) and TUNEL-positive cells were counted. B, Quantitation of these data represents the percentage of apoptotic cells in each condition. Data are expressed as mean � SEM
from three separate treatments. C, Primary hippocampal neurons were stimulated with 100 �M db-cAMP for 6 h. Percentage of apoptotic cells was determined by PI and annexin V-FITC fluorescence
staining using flow cytometry analysis (FACS analyzer). D, Primary hippocampal neurons were treated with 10 �M FSK alone and in combination with 10 �M H89 for 6 h. Percentage of apoptotic cells
were determined by PI and annexin V-FITC fluorescence staining using FACS analyzer. E, Primary E18 hippocampal neuronal cells were transiently transfected with pGL3– 4XMEF2-Luc reporter gene
and pCMV-�-galactosidase after 7 d in culture using the calcium phosphate precipitation method. Thirty-six hours after transfection, cells were treated with 100 �M db-cAMP (Figure legend continues.)
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although it has also been implicated in hippocampal neuronal
apoptosis (Zhao et al., 2008). Thus, we explored a connection
between MEF2 and PKA in neuronal cells. Here, we report that
repression of MEF2D by PKA signaling promotes neuronal apo-
ptosis in hippocampal neurons. Also, we identify Krüppel-like
factor 6 (KLF6) as a key downstream effector of the hippocampal
MEF2 survival pathway.

Materials and Methods
Reagents and antibodies. Primary polyclonal antibodies �-Actin (I-19),
�-KLF6 (R-173), and s.c.-7158 were purchased from Santa Cruz Biotech-
nology; �-�-tubulin III (Tuj 1) T3952, �-HDAC4 (ML-19), H9411 were
purchased from Sigma. Primary monoclonal antibodies �-�-tubulin III
(T8660), and �-MEF2D (610775), and GFP(B-2) (s.c.-9996) were pur-
chased from Sigma, BD Biosciences, and Santa Cruz Biotechnology, re-
spectively. Rabbit �-�-tubulin III (Tuj 1) T3952 was purchased from
Sigma. Normal mouse (s.c.-2025), rabbit (s.c.-2027), and goat (s.c.-
2028) IgGs were purchased from Santa Cruz Biotechnology. FITC and
TRITC-conjugated �-rabbit and �-mouse secondary antibodies were
purchased from Sigma. Forskolin (F-3917), dbcAMP (D0260), H89-
dihydrochloride hydrate (B1427), Trichostatin A (T1952), DAPI
(D9542), and H2O2 (H0904) were purchased from Sigma for use in cell
culture. All other reagents were obtained as indicated herein.

Plasmids. Expression plasmids for full-length pcDNA3-MEF2D,
pMT2 MEF2A, pMT2 MEF2C pCMV �-galactosidase, and MEF2 re-
porter gene constructs have been described in previous publications (Du
et al., 2008; Perry et al., 2009). The firefly luciferase reporter gene plasmid
pGL3– 4xMEF2-Luc was made with four copies of the MEF2 sites in-
serted. The expression vector of the catalytic subunit of PKA (pFC-PKA)
and expression vector for FLAG-tagged HDAC4 were previously de-
scribed (Du et al., 2008; Gordon et al., 2009; Perry et al., 2009). The
HDAC4-eGFP and HDAC4 L175A plasmids were a kind gift from Dr.
X.-J Yang (McGill University, Montreal, Quebec, Canada). Expression
plasmids for pcDNA3-Flag-Zf9 and pCIneo-KLF6 were a kind gift from
Prof. Scott Friedman (Mount Sinai School of Medicine, New York, NY).
The Krüppel-like factor 6 (KLF6) reporter constructs pROM6, pROM5,
pROM4, and pROM3-Luc were generously provided by Dr. Nicolas. P.
Koritschoner (Facultad de Bioquimica y Ciencias Biologicas, Universi-
dad Nacional del Litoral, Santa Fe, Argentina).

Embryonic hippocampal neuronal cell culture and transfection. Primary
hippocampal neurons were isolated from timed-pregnant (E18) Sprague
Dawley rat embryos (either sex) as described previously (Perry et al.,
2009) in accordance with the Institutional Animal Care and Use Com-
mittee of York University. The hippocampi were collected in dissociation
medium and digested with trypsin, followed by trituration. Neurons
were plated on precoated poly-D-lysine (Sigma), six-well tissue culture
plates. Neurons were maintained in Neurobasal Medium (Invitrogen)
supplemented with B27 (2 ml/100 ml, Invitrogen) and L-glutamine (1
ml/100 ml; Invitrogen), and penicillin (50 U/ml)/streptomycin (50 �g/
ml) in a 37°C humidified incubator with a 5% CO2 in air. After 24 h,
one-third of the culture medium was replaced with fresh medium and
maintained for 7 d in vitro (7DIV) before transient transfection. In gen-
eral, primary hippocampal neurons were transfected by using calcium
phosphate-mediated transfection with indicated plasmids on day 6 or 7
in culture, and assays were conducted 36 h after transfection. Cells were

replenished with fresh growth medium 24 h before transfection. The
transfection efficiency was monitored by addition of a constitutively ex-
pressed GFP expression vector, typically yielding at least 50 – 60% trans-
fected neuronal cells in each culture.

Cos7 cells were maintained in DMEM (Invitrogen ) with 10% fetal
bovine serum (FBS, HyClone), 1% penicillin-streptomycin, sodium py-
ruvate, and L-glutamine in a humidified incubator at 37°C and 5% CO2

in air. Cells were seeded 1 d before transfection and transient transfec-
tions were performed using the standard calcium phosphate precipita-
tion method. Cells were washed 16 h after transfection with PBS and
harvested 48 h after transfection followed by preparation of lysate for
reporter gene assays (see below).

TUNEL assay. TUNEL (terminal deoxynucleotidyl transferase UTP-
biotin nick end labeling) staining was performed using In Situ Cell Death
Detection Kit (Roche) according to the manufacturer’s instructions. Pri-
mary hippocampal neurons were harvested and washed twice with PBS.
Cells were trypsinized (0.2%) and then fixed with 4% PFA in PBS for 1 h
at room temperature (RT). Cells were washed twice and permeabilized

4

(Figure legend continued.) or solvent (control) for 6 h. MEF2-mediated transcriptional activ-
ity was determined by Luciferase and �-galactosidase assay as described in Materials and
Methods. Luciferase values were normalized by �-galactosidase activity. Experiments were
conducted at least three times, yielding comparable results. F, Primary hippocampal neuronal
cells were transfected with pGL3– 4XMEF2-Luc reporter gene and pCMV-�-galactosidase. Cells
were treated with 10 �M FSK alone and in combination with 10 �M H89 for 6 h (as indicated) (F,
G). Data indicating the activity of a generic enhancer/promoter are indicated in H–J. Primary
hippocampal neuronal cells were cotransfected with pGL3– 4XMEF2-Luc reporter gene and
wtMEF2D expression vector. MEF2-mediated transcriptional activation was determined by lu-
ciferase and �-gal assays.

Figure 2. Exogenous expression of activated PKA suppresses the prosurvival role of MEF2 in
hippocampal neurons. A, Primary E18 hippocampal neuronal cells (7DIV) were transiently
transfected with pGL3– 4XMEF2-Luc reporter gene, pCMV-�-galactosidase to normalize trans-
fection efficiencies, and increasing amounts of the catalytic subunit of PKA (pFC-PKA 250 ng-1
�g). B, Primary hippocampal neuronal cells were cotransfected either with empty vector or
pcDNA3-MEF2D, in combination with or without pFC-PKA (as indicated). MEF2-mediated tran-
scriptional activity was determined by pGL3– 4XMEF2-Luc reporter gene and pCMV-�-
galactosidase assays. C, Primary hippocampal neuronal cells were cotransfected either with
empty vector or pFC-PKA (as indicated). Thirty-six hours after transfection, primary hippocam-
pal neuronal cells were stained with annexin V-FITC and PI (annexin V-FITC apoptosis detection
kit, Sigma). Necrosis and apoptosis were determined by flow cytometry analysis. (The percent-
age of apoptotic cells labeled with annexin V-FITC appeared in the lower right quadrant of the
density plot, shown in the bottom right corner of each panel).
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with 0.1% Triton X-100 for 4 min on ice followed by incubation with
TUNEL assay reagent and propidium iodide (PI) for 1 h at 37°C. Cells
were washed with PBS twice and TUNEL-positive cells were quantified
by fluorescence microscopy.

Reporter gene assays. Primary hippocampal neurons (7DIV) and COS7
cells were transiently transfected using the calcium phosphate precipitation
method. Reporter gene plasmids (1 �g) and expression plasmids (1.5 �g)
were transfected as indicated in Figures 1–11. pCMV-�-galactosidase (1 �g)
was transfected as an internal control for monitoring transfection efficiency.
The total amount of DNA for each experiment was kept constant by using
empty vectors. Primary neuronal cells were seeded in 6-well plates for re-
porter gene assays. Neuronal cells were incubated with transfection reagent
for 8 h. Cells were harvested 36 h after transfection.

Cos7 cells were plated in 6-well plates 1 d before transfection. Tran-
sient transfection was performed using standard methods and cells were
washed twice with PBS after 16 h transfection and then harvested at 48 h
after transfection. Both �-galactosidase and luciferase activities were

measured. Luciferase activity was assayed according to manufacturer’s
instructions (Promega), using a Berthold 9501 luminometer, and Lu-
ciferase values were normalized to �-galactosidase values. All measure-
ments were made in triplicate for at least three independent experiments
with data presented as means �SEM.

Western blot analysis. Protein extracts were prepared in NP-40 lysis
buffer (0.5% NP-40, 50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM

EDTA [pH 8.0], 100 mM sodium fluoride, 10 mM sodium pyrophos-
phate) containing 0.2 mM PMSF and 0.5 mM sodium orthovanadate and
protease inhibitor cocktail. Protein concentrations were determined by
Bradford assay (Bio-Rad) with bovine serum albumin (BSA) as a stan-
dard. Equivalent amounts of total protein (15–20 �g) were diluted in
sample buffer (sodium dodecyle sulfate-polyacrylamide) containing
�-mercaptoethanol, boiled for 4 –5 min, and electrophoretically resolved
by 10% SDS-PAGE gels, then electrophoretically transferred to an
Immobilon-P membrane (Millipore). Nonspecific binding sites were
blocked with 5% milk in PBS for 1 hat RT. Immunoblotting was per-

Figure 3. MEF2D-S121/190A confers resistance to PKA in hippocampal neurons. A, Schematic of mouse MEF2D indicating PKA phospho-acceptor sites. B, Primary hippocampal neuronal cells
(7DIV) were transiently transfected with empty vector or mutated forms of MEF2D S121/190A (neutralizing) and S121/190D (phospho-mimetic) with or without PKA. Thirty-six hours after
transfection, cells were stained with annexin V-FITC and PI (annexin V-FITC apoptosis detection kit, Sigma). Neuronal apoptosis was determined by flowcytometry analysis (FACS analyzer). C,
Primary hippocampal neurons were transiently cotransfected at 7DIV with pGL3– 4XMEF2-Luc reporter gene and pCMV-�-galactosidase to normalize transfection efficiencies and with empty vector
or double mutated forms of MEF2D S121/190A and S121/190D, in combination with or without pFC-PKA (as indicated). MEF2-mediated transcriptional activity was determined by Luciferase and
pCMV-�-Gal assays. D, Primary hippocampal neuronal cells were transiently cotransfected with 5XGAL4-Luciferase reporter vector, GAL-DBD or GAL4-MEF2D (87-507), with and without pFC-PKA
and �-galactosidase to normalize transfection efficiencies. (Data are the mean � SEM; n � 3). E, Primary hippocampal neuronal cells (7DIV) were transiently transfected with empty vector or
mutated forms of MEF2D S121/190A (neutralizing) and S121/190D with or without PKA. Cells were harvested and lysates were prepared 36 h later. Equal amounts of total protein were separated
by 10% SDS-PAGE followed by immunoblot analysis using MEF2D monoclonal antibody (1:1000) to detect the expression levels of transfected constructs. Actin (polyclonal, 1:2000) was used as a
loading control.
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formed using appropriate primary antibodies
in 5% milk (PBS), �-MEF2D (1:1000), �-KLF6
(1:1000), �-HDAC4 (1:1000), and �-actin (1:
1000). The blots were then incubated with the
appropriate secondary horseradish peroxidase
(HRP) antibody (Bio-Rad) at 1:2000 with 5%
milk in PBS for 1 h at RT followed by chemilu-
minescence detection of immunoreactive pro-
teins as per the manufacturer’s instructions
(GE Healthcare).

Coimmunoprecipitation assays. Protein ex-
tracts were prepared from primary hippocampal
neurons as described above. Immunoprecipi-
tation was performed using the ExactaCruz kit
(Santa Cruz Biotechnology), as per manufac-
turer’s instructions. Precipitated proteins were
separated by SDS page and immunoblotting of
precipitated proteins was performed as de-
scribed above.

Flow cytometry analysis. Flow cytometry anal-
yses were performed as previously described
(Perry et al., 2009) using the annexin V-FITC
apoptosis detection kit (Sigma) following the
manufacturer’s instructions. Cell viability and
apoptosis were measured by a combination of
annexin V-FITC and PI staining. Primary hip-
pocampal neurons were washed and briefly
trypsinized, and then washed twice with cold
1�PBS. Cells were pelleted by centrifugation and
resuspended in 1� binding buffer followed by
incubation with staining solution (annexin
V-FITC and PI) for 15 min in the dark at 4°C. The
cells were resuspended in 1� binding buffer.
Samples were kept on ice during the entire pro-
cedure and analyzed immediately by flow cytom-
etry. Ten thousand cells from each sample were
scanned and analyzed by FACS Calibur flowcy-
tometry (Becton Dickinson) using the standard
configuration and parameters. Data acquisition
and analysis was performed using the CellQuest
software (BD). Necrosis and apoptosis were de-
termined by PI (FL2) and annexin V-FITC (FL1)
fluorescence, respectively.

Site-directed mutagenesis. PCR-based mu-
tagenesis of the MEF2 cis-element contained
within the KLF6 promoter (pROM6) was performed by insertion of
double-stranded oligonucleotides containing the mutated sequences, us-
ing the QuikChange site-Directed Mutagenesis kit (Stratagene, cat #
200518) according to the manufacturer’s instructions. Mutated con-
structs were verified by DNA sequencing (York University Core Facility).

Immunocytochemistry. Hippocampal neuronal cells were seeded on
precoated poly-D-lysine glass coverslips at a density of 0.5 � 10 5 cells/
coverslip. After 7–9 d in vitro, cells were fixed in 4% paraformaldehyde in
PBS for 10 min at RT and then permeabilized with 0.3% Triton X-100 in
PBS for 5 min. Cells were blocked with 10% goat serum in PBS for 30 min
at 37°C and incubated overnight at 4°C with primary antibodies
�-MEF2D, �-KLF6, �-HDAC4, and �-�-tubulin III (1:100) diluted in
1.5% goat serum (PBS). Cells were washed 3� with PBS for 10 min
and then incubated with the appropriate TRITC/FITC-conjuga-
ted secondary antibodies (1:500) in 1.5% goat serum (PBS) for 2 h at RT
following DAPI (4�,6-diamidino-2-phenylindole) staining for 15 min at
RT. Cells were washed 3� with PBS and coverslips were mounted with
DAKO mounting media (Dako) on glass slides. The fluorescence images
were captured using a Fluoview 300 (Olympus).

siRNA gene silencing. Small interfering RNAs (siRNAs) targeting KLF6,
HDAC4, and a nonspecific scrambled RNA were purchased from (Sigma).
Primary hippocampal neurons were seeded for FACS analysis and immuno-
blotting analysis. Cells were replenished with antibiotic-free Opti-MEM I
(cat# 31985, Invitrogen) media 2–3 h before transfection. Cells were trans-

fected with siRNA and scrambled RNA using Lipofectamine RNAiMAX
reagent (cat# 13778, Invitrogen) according to the manufacturer’s instruc-
tions. Cells were harvested 48 h after transfection for Western immunoblot-
ting analysis to determine the efficacy of protein knock down or FACS
analysis.

Quantitative real-time PCR. Total RNA was isolated from primary
hippocampal neurons (7/9DIV) using the RNeasy kit (Qiagen) followed
by DNase treatment (Qiagen) according to the manufacturer’s protocol.
All RNA samples were assessed for quality by agarose gel electrophoresis
gels. Reverse transcription (RT) was performed from equal amounts of
total RNA using Superscript III reverse transcriptase (Invitrogen) and
used for semiquantitative RT-PCR analysis for primer specificity prior to
quantitative real-time PCR (qRT-PCR) analysis. All quantitative RT-PCRs
were performed on cDNA using Power SYBR Green Mastermix (Applied
Biosystem) and detected using a 7500 fast real-time PCR system (Applied
Biosytems) according to the manufacturer’s protocol. All values were nor-
malized to GAPDH (internal control) mRNA levels. Each experiment was
done in triplicate and independently validated three times.

Results
cAMP signaling increases neuronal apoptosis
Previous studies have shown that activation of cAMP/PKA sig-
naling in neuronal and non-neuronal cells can provoke apoptosis
(Lømo et al., 1995; Myklebust et al., 1999; Zhao et al., 2008;

Figure 4. KLF6 gene expression in hippocampal neurons. A, B, Nine previously reported hippocampal MEF2 target genes were selected
for qRT-PCR analysis. Primary hippocampal neurons (7DIV) were stimulated with 10�M FSK or solvent for 6 h to induce PKA signaling. After
stimulation, total RNA was isolated using RNeasy kit (Qiagen) followed by qRT-PCR using Power SYBR Green Master mix. Gene expression
was analyzed using 7500 fast real-time PCR detection system as described in Materials and Methods. GAPDH housekeeping gene primers
were used to normalize expression of target genes. C, Primary hippocampal neurons (7DIV) were transiently transfected with empty vector
or the catalytic subunit of PKA (pFC-PKA) followed by qRT-PCR analysis of KLF6 expression. D, KLF6 protein is expressed in hippocampal
neuronal cells. Cell lysates of primary hippocampal neurons and COS7 were prepared for immunoblotting analysis as indicated. Equal
amountsoftotalproteinwereseparatedby10%SDS-PAGEfollowedbyimmunoblot.KLF6polyclonalantibody(1:1000)wasusedtodetect
the endogenous KLF6 protein. Actin (polyclonal, 1:2000) was used as a loading control.
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Zhang et al., 2008). MEF2D acts as prosurvival factor and we
showed previously that it is expressed in the hippocampal neu-
rons (Perry et al., 2009). In skeletal muscle, cAMP/PKA signaling
has been shown to inhibit MEF2D function and myogenic differ-
entiation (Du et al., 2008). We therefore undertook the current
studies to determine whether the PKA-MEF2 pathway impinges
on neuronal survival.

Initially, we performed a survival assay to examine the effect of
cAMP-PKA signaling in primary hippocampal neurons (7DIV)
using the TUNEL method. A cell-permeable cAMP analog was
used to manipulate PKA activation (dbcAMP). Treatment of
primary hippocampal neurons (9DIV) with dbcAMP indicated a
prominent increase of TUNEL-positive cells when compared
with untreated controls (Fig. 1A, bottom panels). Total cell num-
bers for each treatment are indicated by DAPI staining, a nuclear
marker (Fig. 1A, top panels). Quantitative analysis shows that
cAMP induced an approximately five- to six-fold increase in neu-
ronal apoptosis compared with the control condition (Fig. 1B).
Hydrogen peroxide (H2O2) treatment was used in these assays as
a positive control. Next, we assessed dbcAMP-mediated apoptosis
in hippocampal neurons by FACS analysis. Estimation of necrosis
and apoptosis were determined by a combination of PI and annexin
V-FITC fluorescence, respectively (Fig. 1C). Cells appearing in the
lower right quadrant of the density plots (high level of annexin
V-FITC and low level of PI), indicate an increase in the percentage of
apoptotic cells in the cAMP-treated cells (25.7%) compared with
controls (11.4%) (Fig. 1C). Forskolin treatment, which enhances

cAMP levels, also promotes apoptosis and a
PKA inhibitor (H89) blocks this effect (Fig.
1D)

PKA signaling represses MEF2
transcriptional activity in
hippocampal neurons
To obtain insight into whether the mech-
anism leading to apoptosis was through
PKA inhibition of the prosurvival of
MEF2D, we used a well known pharmaco-
logical inhibitor of PKA, H89, for 1 h be-
fore treatment with forskolin (FSK). We
found that H89 blocked FSK effects and to
some extent rescued neurons from apo-
ptosis (Fig. 1D), and parallel reporter
gene analysis demonstrated a reduction of
MEF2 activity in FSK and dbcAMP-
treated cells, which was reversed by H89
treatment (Fig. 1E–G). As an indicator of
promoter specificity, we monitored the
activity of a generic CMV enhancer/pro-
moter reporter gene under the same ex-
perimental conditions (Fig. 1H–J). These
data illustrate no demonstrable effect of
PKA on this promoter construct, indicat-
ing that there is some specificity to the
effects seen on the MEF2-dependent re-
porter gene. This specificity is also evident
in the data shown later in Figure 4A in
which the message levels for a number of
MEF2 target genes are unaffected by acti-
vation of PKA signaling, whereas some,
such as KLF6, clearly are affected. To-
gether, these data indicate that the effect
of PKA activation is not a generalized

downregulation of all transcribed genes. To further investigate
the link between MEF2 transcriptional activity and PKA activa-
tion, primary hippocampal neurons (7DIV) were transiently
transfected with a MEF2 reporter gene (MEF2-Luc) and increas-
ing amounts of an expression plasmid encoding the catalytic sub-
unit of PKA, which results in constitutive cellular PKA activity
(pFC-PKA). It was observed that PKA potently suppressed
MEF2-dependent reporter gene activation in a dose-dependent
manner (Fig. 2A). Also, exogenous expression of wild-type (wt)
MEF2D increased MEF2 reporter gene activation and PKA re-
pressed this activation (Fig. 2 B). To further investigate
whether PKA plays a direct role in neuronal survival/apopto-
sis, neurons were transiently transfected with empty vector or
pFC-PKA followed by FACS analysis. Substantial increases in
apoptotic cells were observed with PKA (15.42%) (Fig. 2C,
right panel) when compared with control (0.83%) (Fig. 2C).
In congruence with the results seen with dbcAMP and acti-
vated PKA, similar results were also seen with FSK treatment,
which activates adenylate cyclase (data not shown). Together,
these results demonstrate that cAMP/PKA signaling regulates
MEF2 activity and also potentiates apoptosis in hippocampal
neurons.

The role of MEF2 in hippocampal neuronal survival
Our observations at this point suggested that PKA signaling
might target the prosurvival role of MEF2. Previously, we have
documented that PKA directly phosphorylates S121 and S190 on

Figure 5. Cellular localization of MEF2D and KLF6 in hippocampal neurons. A, Primary hippocampal neuronal cells were fixed
with 4% paraformaldehyde. Double immunofluorescence analysis was performed using primary antibodies to MEF2D (green) and
a neuronal marker � tubulin III (red). DAPI (4�,6-diamidino-2-phenylindole) was used to identify nuclei (blue). The merged picture
demonstrates localization of MEF2D (nuclear) and �-tubulin III positive cells (red). B, Primary hippocampal neurons express KLF6.
Hippocampal neuronal cells were fixed and double immunofluorescence analysis was performed with primary antibodies to KLF6
shown in red and to �-tubulin III shown in green. The merged picture demonstrates localization of KLF6 (nuclear) and �-tubulin
III positive cells (green), counterstained with DAPI (blue). C, Double immunofluorescence labeling demonstrating KLF6 (red) and
MEF2D (green) in primary hippocampal neurons. The merged picture indicates MEF2D-positive cells are mostly positive for KLF6
and both proteins are predominantly nuclear.
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MEF2D using mass spectrometry (Fig. 3A), and these sites were
sufficient to confer repressive effects on the skeletal muscle dif-
ferentiation program in response to cAMP signaling (Du et al.,
2008). Moreover, neutralization of these phospho-acceptor sites
by mutation to Alanine (A) rendered MEF2D resistant to PKA
signaling and thus allowed rescue of differentiation when the
PKA resistant MEF2D was transfected into cells even in the pres-
ence of cAMP signaling (Du et al., 2008). We therefore reasoned
that this PKA resistant form of MEF2D might be capable of res-
cuing hippocampal neuronal cells from cAMP-mediated apopto-
sis if the primary target of cAMP-PKA signaling is indeed
MEF2D. Primary hippocampal neurons were transfected with
empty vector or mutated forms of MEF2D S121/190A (neutral-
izing) and S121/190D (phospho-mimetic) with or without PKA
at 7DIV (see Fig. 3A for schematic of where these phospho-
acceptor sites are in relation to other domains). Subsequently,
FACS analysis was performed using annexin-V/PI to assess cell
death. Interestingly, a decrease in apoptotic cells was observed
when S121/190A was coexpressed with PKA compared with PKA
alone in hippocampal neurons (Fig. 3B). Conversely, phospho-
mimetic forms of MEF2D, S121/190D failed to alter PKA-
mediated cell death and, if anything, showed an increase in the
percentage of apoptotic cells even in the absence of PKA when
compared with the control condition (Fig. 3B). These data sup-
port the idea that a PKA-resistant MEF2D (S121/190A) protects
neurons from PKA-mediated cell death. This effect is corrobo-
rated by reporter gene analysis in which a Gal4-MEF2D fusion
protein is repressed by PKA, and also that MEF2D S121/190A
neutralizing mutation is much more resistant to the effects of
PKA than wild-type MEF2 (Fig. 3C,D). Expression levels of the
various mutated and wild-type MEF2D protein are shown in
Figure 3E.

Characterization of MEF2 target genes in hippocampal
neuronal cells
We next assessed the prosurvival effect of MEF2D and its inhibi-
tion by cAMP/PKA signaling by analyzing downstream MEF2
target genes identified in a study in which a high throughput
chromatin immunoprecipitation method coupled to massively
parallel sequencing (ChIP-seq) was used (Flavell et al., 2008). To
directly examine whether the expression of KLF6 is targeted un-
der conditions when MEF2 activity is repressed by PKA signaling,
primary hippocampal neurons (7DIV) were treated with FSK or
solvent for 6 h to induce PKA signaling. After stimulation, total
RNA was isolated using RNeasy kit (Qiagen) followed by qRT-
PCR using Power SYBR Green Master mix. We performed qRT-
PCR analysis of a number of these identified MEF2 target genes to
identify which ones might be affected by PKA activation (Fig.
4A,B) and, from this analysis, a prominent responder was KLF6.
Other reported MEF2 target genes showed variable responses to
FSK treatment suggesting that MEF2 might play a different role at
these genes (Fig. 4A,B). Primary hippocampal neurons (7DIV)
were also transfected with empty vector or the catalytic subunit of
PKA (pFC-PKA) followed by qRT-PCR analysis. Again, this
showed that KLF6 mRNA level was suppressed by activated PKA
(Fig. 4C). These results suggested that the decrease in KLF6 gene
expression by PKA signaling might be through MEF2 inhibition.
KLF6 is highly expressed in various regions of the brain including
the hippocampus (Fischer et al., 2001; Jeong et al., 2009). We
therefore sought to define whether KLF6 might constitute an
important downstream effector of the MEF2 prosurvival role in
hippocampal neurons. Endogenous expression of KLF6 is de-
tected in E18 hippocampal neuronal cells (Fig. 4D), and immu-

nofluorescence labeling to observe the cellular localization of
KLF6 and MEF2D in primary hippocampal neurons was also
carried out. Primary hippocampal neurons, confirmed by
�-tubulin III expression (red), were positive for nuclear MEF2D
(green) (Fig. 5A). Neuronal cells also show strong nuclear local-
ization of KLF6 (red) in �-tubulin III positive cells (green) (Fig.
5B). Nuclear colocalization of MEF2D and KLF6 in primary hip-
pocampal neurons is evident (Fig. 5C). Interestingly, the colocal-
ization of MEF2D and KLF6 that we have observed in primary
cultured neurons is also reflected in data from the Allen Brain
Atlas Resources in which in situ hybridization of KLF6 and
MEF2D show strikingly similar patterns of expression in the hip-
pocampal region (available at http://www.brain-map.org).

Figure 6. Functional analysis of KLF6 promoter in hippocampal neurons. A, Schematic illus-
tration of upstream KLF6 promoter construct depicts location of MEF2 cis-element between
�320 and �310 bp. B, Sequence of MEF2 cis-element is highly conserved in the KLF6 pro-
moter from human to mouse. C, Schematic illustrations of KLF6 reporter deletion constructs
used in reporter assays. All KLF6 promoter constructs were cloned into the pGL3-basic reporter
vector (pGL3-KLF6-Luc) and were used in examining KLF6 promoter activity. D, Primary hip-
pocampal neuronal cells were transiently cotransfected with various constructs of the KLF6
promoter (pROM6 to pROM3); pCMV-�-galactosidase was used to normalize transfection effi-
ciencies. Cell extracts were prepared and analyzed for luciferase and �-gal assays. E, Cos7 cells
were transiently cotransfected with various KLF6 promoter constructs (pROM6 to pROM3) and
pCMV-�-galactosidase (to normalize transfection efficiencies) with and without wtMEF2D by
using calcium phosphate method. pGL3-basic empty vector was used as a control. Cell extracts
were prepared for luciferase and �-gal assays as described in Material and Methods. (Data are
the mean � SEM; n � 3.)
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MEF2D regulates KLF6 promoter activity in
hippocampal neurons
To further define the potential role of MEF2D in KLF6 gene
regulation, we examined the previously characterized upstream
KLF6 promoter (Gehrau et al., 2005) that contains a MEF2 cis-
element, between �320 and �310 bp (Fig. 6A). This site is highly
conserved in different species as depicted in Figure 6B. The con-
servation of this cis-element suggests that MEF2 may play an
evolutionary conserved role in KLF6 gene expression. To inves-
tigate MEF2D-dependent regulation of the KLF6 promoter in
hippocampal neurons, we used a number of KLF6 reporter gene
constructs containing different fragments of the KLF6 promoter,
pROM6 (�507 bp to �1 bp), pROM5 (�407 bp to �1 bp), and
pROM4 (�344 bp to �1 bp), which contain the MEF2 cis-
element, and pROM3 (�307 bp to �1 bp), which does not (sche-
matic illustrations of KLF6 reporter deletion constructs are
shown in Fig. 6C). All KLF6 fragments were cloned into the
pGL3-basic reporter vector (pGL3-KLF6-Luc). Reporter gene as-
says were undertaken to assess MEF2D transactivation of the
KLF6 promoter. Primary hippocampal neurons were transiently
transfected with the KLF6 promoter constructs (pROM6 to
pROM3) with and without wtMEF2D, and pGL3-basic empty
vector was used as a control. As shown in Figure 6D, ectopically
expressed MEF2D strongly induced pROM6 and pROM5 re-
porter transcriptional activity. MEF2D did not potentiate KLF6-
pROM3 reporter activity, which lacks the MEF2-binding site
(Fig. 6D,E).

We wanted to precisely dissect the absolute requirement for
the MEF2 cis-element in the KLF6 promoter and therefore per-

formed site-specific mutation of the
pROM6 MEF2 site. Primary hippocampal
neurons were cotransfected with MEF2D
and the pROM6 reporter construct con-
taining the intact or mutated MEF2-
binding site as shown in Figure 7A.
MEF2D did not induce KLF6 reporter ac-
tivity when the MEF2-binding site was
mutated to a sequence that no longer fits
the consensus binding site (Fig. 7B). Fur-
thermore, increasing amounts of MEF2D
induced a dose-dependent increase in
pROM6 reporter activity compared with
the mut.pROM6-luc, which was not acti-
vated by MEF2D (Fig. 7B). To further de-
termine whether other MEF2 isoforms
(MEF2A and C) can alter KLF6 promoter
activity, we performed reporter gene as-
says as described above using pROM6 re-
porter gene constructs containing the
intact or mutated MEF2-binding site spe-
cific mutation. Increasing amounts of
MEF2A induce pROM6 reporter gene ac-
tivity compared with the mut.pROM6-luc
reporter, in which the MEF2 site is inacti-
vated by mutation (Fig. 7C). Conversely,
although MEF2C is a reasonably strong
transactivator on synthetic and other nat-
ural promoters, it had essentially no effect
on pROM6 (Fig. 7D). There are differ-
ences between MEF2A, C, and D in their
ability to heterodimerize with each other,
warranting further analysis of these obser-
vations. We next assessed whether PKA

signaling targets the KLF6 promoter through the MEF2 cis� el-
ement. To investigate this, hippocampal neuronal cells were
cotransfected with wtMEF2D and pROM6 (�507 bp to �1 bp)
in the presence and absence of pFC-PKA. The activity of these
reporter genes was markedly reduced by PKA. The wild-type
MEF2D was not able to reverse the inhibitory effect of PKA when
ectopically expressed, which is consistent with our previous stud-
ies showing that PKA repression transdominantly represses ex-
ogenously expressed MEF2D (Fig. 7E). Together, these data
indicate that MEF2D, possibly in combination with MEF2A, is a
potent transcriptional regulator of the KLF6 promoter and this
promoter can be repressed by PKA signaling through its MEF2
cis-element.

Interestingly, we observed that exogenous overexpression of
KLF6 can reduce the amount of cell death provoked by PKA,
suggesting it might play an important survival role downstream
of MEF2 in hippocampal neurons (Fig. 8A,B). To further inves-
tigate MEF2-mediated regulation of KLF6 by PKA, we performed
reporter gene assays using pGL3-KLF6-Luc (pROM6) and
double mutations of MEF2D (S121.190A or S121.190D). Cos7
cells were cotransfected with wtMEF2D and MEF2D double
mutants (S121.190A or S121.190D) with or without pFC-
PKA. Consistent with our previous observations, the MEF2D
double mutation S121.190A is partially resistant to PKA (Fig.
8C). However, as observed before (Du et al., 2008), phospho-
mimetic mutations are still partially responsive to PKA, sug-
gesting an indirect mechanisms may be involved in MEF2-
mediated KLF6 gene regulation.

Figure 7. PKA represses KL6 promoter activity in primary hippocampal neurons. A, Schematic illustrations of KLF6 promoter
construct (pROM6) with intact MEF2-binding site or with MEF2 site mutated. B—D, Primary hippocampal neurons were cotrans-
fected with pROM6 reporter constructs and increasing amounts (250 ng to 1.5 �g) of wtMEF2D, MEF2A, and MEF2C plasmid,
respectively. pCMV-�-galactosidase was used to normalize transfection efficiencies. E, Primary hippocampal neurons were tran-
siently transfected with pGL3-KLF6-Luc reporter construct, pCMV-�-galactosidase, and wtMEF2D with or without pFC-PKA (as
indicated). MEF2-mediated transcriptional activity was determined by luciferase and �-gal assays as described in Material and
Methods. (Data are the mean � SEM; n � 3.)
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PKA-mediated MEF2 repression by
HDAC recruitment
Previously, we have documented that
HDACs (4 and 5) bind MEF2 with high
affinity and, importantly, the mechanism
by which PKA inhibits MEF2 transcrip-
tional activity is due to two effects. One is
a direct conformational change in the
MEF2D protein caused by phosphoryla-
tion at Ser 121/190. The other is an indi-
rect mechanism by enhancing the nuclear
content of HDACs, which results in an in-
crease in abundance of MEF2/HDAC re-
pressor complexes (Du et al., 2008). The
contribution of the latter mechanism var-
ies depending on the opposing signals for
nuclear HDAC content. In differentiating
skeletal muscle there is a strong stimulus
for HDAC nuclear extrusion that coun-
teracts the nuclear retention effects of
PKA, whereas in other cell types we rea-
soned that PKA-mediated nuclear reten-
tion of HDACs might account for more of
the repressive effects on MEF2 activity
(Du et al., 2008). A recent study has also
documented that this mechanism occurs
in cardiac myocytes (Backs et al., 2011).
Interestingly, it has been documented
previously that PKA signaling enhances
HDAC localization to the nucleus in hip-
pocampal neuronal cells (Belfield et al.,
2006). We therefore assessed the contri-
bution of HDAC nuclear retention to the
inhibition of MEF2 activity and KLF6
transcription. To begin to elucidate the
possible functional role of HDAC4, the
endogenous protein level of HDAC4 was
documented in primary hippocampal
neurons (Fig. 9A). Next, we examined
whether PKA signaling mediated any
modulation of the cellular localization of
endogenous HDAC4 protein. Primary
hippocampal neuronal cells were treated
with FSK followed by immunofluores-
cence labeling using polyclonal HDAC4
antibody. As shown in Figure 9B, HDAC4
accumulated in the nucleus in response to
FSK compared with that in the solvent
treated cells. We further confirmed that
PKA signaling promotes the nuclear local-
ization of HDAC4 in hippocampal neu-

Figure 8. Exogenous KLF6 expression promotes hippocampal neuronal survival. A, Primary hippocampal neurons were trans-
fected with expression vectors encoding wtMEF2D, wtKLF6, or empty vector with or without the catalytic subunit of PKA (pFC-
PKA). Thirty-six hours after transfection, neurons were stained by annexin V-FITC and PI using annexin V-FITC apoptosis detection
kit, Sigma. Neuronal apoptosis was determined by flow cytometry analysis (FACS analyzer). B, Detection of KLF6 protein expres-
sion. Primary hippocampal neurons were transiently transfected with empty vector or wtKLF6 expression vector. Cell extracts were

4

prepared for immunoblotting analysis as indicated. KLF6 poly-
clonal antibody (1:1000) was used to detect the KLF6 protein
level. Actin (polyclonal, 1:1000) was used as a loading control.
C, Cos7 cells were cotransfected with pGL3-KLF6-Luc reporter
gene and wtMEF2D and MEF2D double mutants (S121/190A or
S121/190D) with or without pFC-PKA. pCMV-�-galactosidase
was used to normalize transfection efficiencies. MEF2-
mediated transcriptional activity was determined by luciferase
and �-gal assays as described in Material and Methods. (Data
are the mean � SEM; n � 3.)
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rons by using a GFP-HDAC4 fusion protein or GFP alone,
which was cotransfected with or without activated PKA (Fig.
9C). The GFP-HDAC4 localization data indicates that PKA
increases the nuclear levels of GFP-HDAC4 (Fig. 9C, bottom
panels) while having no effect on GFP alone (Fig. 9C, top
panels). These results are consistent with previous observa-
tions, suggesting that PKA signaling promotes the formation
of HDAC4/MEF2 repressor complexes by increasing the levels
of HDAC4 in the nuclear compartment leading to down-
stream repression of key MEF2 target genes involved in sur-
vival such as KLF6.

To further assess the extent of the HDAC4 contribution to
PKA-mediated MEF2 repression, we performed transcriptional
reporter gene assays in conjunction with HDAC inhibition using
trichostatin A (TSA). Primary hippocampal neurons were trans-

fected with a MEF2 reporter gene and cells were treated with FSK
alone and in combination with TSA. HDAC inhibition with TSA
reduced the FSK effect and partially superactivates MEF2 tran-
scriptional activity (Fig. 9D). Subsequent FACS analysis indi-
cated that treatment with TSA also rescues neuronal cells from
apoptosis (Fig. 9E). HDAC4 strongly represses MEF2-dependent
transcriptional activation of the KLF6 promoter, and a mutation
of HDAC4 (L175A) that has previously been shown not to inter-
act with MEF2, has no effect (Fig. 9F). The lack of interaction
between HDAC4-L175A and MEF2D was confirmed in copre-
cipitation assays (Fig. 10A). Also, the enhanced amount of
HDAC4 coprecipitating with MEF2D when active PKA is
cotransfected confirms our previous observations. To gain fur-
ther insight into the role of HDAC4 in neuronal survival, we used
siRNA to downregulate HDAC4 expression. First, we tested the

Figure 9. Increased nuclear localization of HDAC4 by PKA signaling in hippocampal neurons. A, Cell lysates of primary hippocampal neuronal and Cos7 cells were prepared and equal amounts of
total protein were separated by 10% SDS-PAGE followed by immunoblot analysis. HDAC4 polyclonal antibody (1:1000) was used to detect the endogenous HDAC4 protein. Actin (polyclonal, 1:2000)
was used as a loading control. B, Primary hippocampal neuronal cells were treated with 10 �M FSK or solvent for 6 h followed by immunofluorescence labeling using polyclonal HDAC4 antibody.
C, Primary hippocampal neurons were cotransfected with GFP alone and GFP-HDAC4 fusion protein, with or without pFC-PKA. Hippocampal neurons expressing GFP alone showed a nonspecific
distribution throughout the neuronal cell body including axon, dendrites, and dendritic spines, and this was unaffected by PKA. The shuttling of GFP-HDAC4 from cytoplasm to nucleus in response
to PKA was visualized by fluorescence microscopy. D, MEF2 reporter activity is repressed by PKA signaling and rescued by HDACs inhibitor TSA. Primary hippocampal neurons were transiently
transfected with pGL3– 4XMEF2-Luc reporter gene and cells were treated with 10 �M FSK alone and in combination with 1 �M TSA (as indicated). Thirty-six hours after transfection, cell extracts were
prepared for luciferase and �-gal assays. E, Primary hippocampal neurons were stimulated with 10 �M FSK alone and in combination with 1 �M TSA for 6 h. Percentage of apoptotic cells was
determined by annexin V-FITC apoptosis detection kit, using FACS analyzer. Bar graph represents the changes in number of apoptotic cells. F, Primary hippocampal neurons were transiently
transfected with pGL3-KLF6-Luc reporter construct and wtMEF2D expression vector alone or in combination with HDAC4 and HDAC4-L175A vectors (as indicated). MEF2-mediated transcriptional
activity was determined by luciferase and �-gal assays as described in Material and Methods.
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efficacy of HDAC4 silencing by Western
blot analysis. Primary hippocampal neu-
rons (7DIV) were transfected with three
independent HDAC4 siRNAs and a con-
trol scrambled RNA (scRNA). As shown
in Fig. 10B, the reduction of HDAC4 pro-
tein level was observed in cells expressing
siHDAC4 in contrast to cells expressing
the scRNA. To examine whether HDAC4
silencing can induce hippocampal neu-
ronal survival, primary hippocampal
neurons were transfected with HDAC4-
siRNA or scRNA. Neuronal apoptosis was
quantified by flow cytometry. Depletion
of HDAC4 protects neurons from apo-
ptosis when neurons are treated with for-
skolin (Fig. 10C). These data indicate that
the HDAC4-MEF2 interaction is an im-
portant component of PKA-mediated
MEF2 repression in hippocampal neurons.

KLF6 protects hippocampal neurons
from apoptosis
There is growing evidence that the KLF
factors are involved in cell survival and we
postulated that the activation of KLF6
could be an important downstream com-
ponent of the MEF2D-dependent prosur-
vival pathway. As shown earlier, KLF6
over-expressing cells showed a substan-
tially reduced percentage of apoptotic
cells in the presence of PKA compared
with PKA alone. To further address the
role of KLF6 expression in hippocampal
neuronal survival, we used a loss of func-
tion assay using siRNA to downregulate
KLF6 expression. First, we assessed the ef-
ficacy of KLF6 silencing by Western blot
analysis. Primary hippocampal neurons
(7DIV) were transfected with three inde-
pendent KLF6 siRNAs and a control
scrambled siRNA (scRNA). As shown in
Fig. 11A, the reduction of KLF6 protein
level was observed in cells expressing
siKLF6 in contrast to cells expressing the
scrambled siRNA. To further examine
whether KLF6 silencing can induce hip-
pocampal neuronal apoptosis, primary
hippocampal neurons were transfected
with KLF6-siRNA or scRNA. Neuronal
apoptosis was quantified by flow cytom-
etry as described previously. Depletion of
KLF6 enhanced neuronal apoptosis rela-
tive to the scRNA (Fig. 11B), suggesting
that KLF6 functions as a prosurvival mol-
ecule in neuronal cells, although this effect
was not as penetrant as MEF2 inhibition.
Together, the prosurvival effect of exoge-
nous overexpression KLF6 shown earlier
and the modest but evident effects of
KLF6 knockdown on survival reveal that KLF6 may be an intrin-
sic component of the neuronal survival pathway mediated by
MEF2.

Discussion
Apoptosis has been implicated in the pathogenesis of various
neurodegenerative diseases including Alzheimer’s and Parkin-

Figure 10. PKA induces physical association of HDAC4 with MEF2D in hippocampal neurons. A, Primary hippocampal neurons
were transiently transfected with indicated expression plasmids. Cell extracts were immunoprecipitated with anti-MEF2D fol-
lowed by immunoblotting with anti-HDAC4. Whole-cell lysates were immunoblots with indicated antibodies. HDAC4 interacts
with MEF2D in the presence of PKA and this association is lost with HDAC4 L175A with or without PKA. B, For HDAC4 gene silencing
in primary hippocampal neurons, three independent siRNAs were transfected along with a control scRNA. Cells were harvested and
lysates were prepared 48 h later. Protein level of HDAC4 was analyzed by immunoblot using HDAC4 polyclonal antibody (1:1000).
Actin (polyclonal, 1:2000) was used as a loading control. C, Primary hippocampal neurons were transfected with two independent
siRNAs and a control scRNA. 48 h after transfection, cells were stained with annexin V-FITC and PI using annexin V-FITC apoptosis
detection kit, as described in Material and Methods. Neuronal apoptosis was measured using flow cytometry (FACS analyzer).
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son’s disease (Bredesen, 1995; Gupta et al., 2006; Zhao et al.,
2008). The cAMP-PKA signaling pathway regulates a variety of
cellular functions and numerous important biological processes.
More specifically, PKA signaling has been reported to be associ-
ated with the progression of Alzheimer’s disease in the hip-
pocampus (Martínez et al., 1999; Lim et al., 2005; Zhao et al.,
2008). Modulation of gene expression networks underlying
these pivotal cellular events ultimately leading to neurodegen-
eration is still in its infancy (Crews and Masliah, 2010). Further-
more, neurodegenerative diseases often exhibit alterations in
many cellular processes, such as increased oxidative and toxic
stress, mitochondrial dysfunction, failure of synaptic activities,
and aberrant phosphorylation (Zhang et al., 2008). In this report,
we demonstrate that a variety of perturbations of protein kinase A
signaling induce apoptosis of primary hippocampal neurons
through inactivation of the prosurvival role of the MEF2D tran-
scription factor. Also, identification of KLF6 as a key downstream
component of the MEF2D survival pathway that is downregu-
lated by PKA signaling provides further insight into the physiol-
ogy and pathophysiology of the nervous system.

Interestingly, a recent report has implicated KLF6 induction
in the response to pilocarpine-induced seizures in the hippocam-
pus (Jeong et al., 2011). In view of our data implicating MEF2D as
a critical regulator of KLF6 expression, it will be of considerable
interest to determine whether MEF2 activity is indeed induced in
this pilocarpine-induced seizure model that mimics features of
temporal lobe epilepsy (TLE) in humans. Since MEF2 had been
implicated as a prosurvival molecule in the CNS, it is tempting to
speculate that its induction may well occur in the physiologic
response to the pronounced neuronal damage that results from
excitotoxic stress. Also, in a model of zebrafish neural regenera-
tion after optic nerve injury, KLF6 knockdown ablates regenera-
tion due to the attenuated expression of KLF6 target gene, Tuba

1a (Veldman et al., 2010). KLF6 expres-
sion has been documented in multiple
other adult brain regions apart from the
hippocampus, including the olfactory
bulb, cerebral cortex, amygdale, thala-
mus, and hypothalamus (Jeong et al.,
2009). Moreover, loss of heterozygosity
on chromosome 10p in glioblastoma
(Camacho-Vanegas et al., 2007) has
implicated KLF6 as a potential tumor
suppressor in this region, and KLF6 ex-
pression has also been reported to be sup-
pressed by transcriptional silencing in
esophageal squamous cell carcinoma (Ya-
mashita et al., 2002). The requirement for
MEF2 for appropriate expression of KLF6
in all of these brain regions and potentially
also in cancer models remains to be fully
elucidated. In conjunction with the stud-
ies reported here, a variety of experimen-
tal systems suggest a potential role of the
MEF2-KLF6 pathway in neuronal survival
and regeneration; future studies to further
test this are therefore warranted.

As alluded to above, MEF2 activity has
been implicated in a variety of contexts
when neuronal survival is challenged and,
based on available evidence, it is reason-
able to assume that MEF2 plays a role in
the orchestration of survival. Conversely,

it is perhaps worthwhile to consider what happens to MEF2 ac-
tivity when an insult is sufficiently severe as to overwhelm the
survival response to cause cell death. One study has indeed re-
ported that 4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) in-
duction of neuronal cell death is correlated with cdk5-mediated
phosphorylation of MEF2D (Smith et al., 2006), and a further
study has documented that 6-hydroxydopamine (6-OHDA) me-
diated apoptosis in PC12 cells resulted in a marked reduction of
MEF2D levels, an effect which was antagonized by treatment with
roscovitine, a cdk5 inhibitor (Kim et al., 2011). As well as these
studies, our studies presented here show that cAMP-mediated
PKA activation can lead to a potent repression of MEF2 activity,
which also results in enhanced neuronal apoptosis. Our previous
studies (Du et al., 2008), along with these reported here, docu-
ment a bipartite mechanism of MEF2D regulation by PKA
through direct phosphorylation of S121/190 and enhanced as-
sembly of a MEF2D/HDAC4 repressor complex. Strikingly, in
view of these other studies that show a mechanistic link between
MEF2D and neuronal survival, a recent study has documented a
downregulation of MEF2D in nigral neurons in Parkinson’s dis-
ease patients when compared with those of age-matched controls
(Chu et al., 2011). The implication of prosurvival MEF2 activity
in a variety of neuronal damage models does suggest the possibil-
ity that MEF2 protects against a variety of cellular stresses and
toxic insults. We have observed that overexpression of MEF2D
does protect hippocampal neurons somewhat from H2O2-
mediated cell death supporting this idea further (data not
shown). Further delineation of the complex signaling pathways
converging on MEF2 will be important in potentially identifying
other cellular signaling pathways that modulate neuronal
survival.

There are some studies clearly implicating cAMP in neuronal
protection as well as in cell death, and further clarification of this

Figure 11. Silencing of KLF6 expression enhances apoptosis in primary hippocampal neurons. A, For KLF6 gene silencing in
primary hippocampal neurons, three independent siRNAs were transfected along with a control scRNA. Cells were harvested and
lysates were prepared 48 h later. Equal amounts of total protein were separated by 10% SDS-PAGE followed by immunoblot
analysis using KLF6 polyclonal antibody (1:1000) to detect the KLF6 protein level. Actin (polyclonal, 1:2000) was used as a loading
control. B, Primary hippocampal neurons were transfected with three independent KLF6 siRNAs and a control scRNA. Forty-eight
hours after transfection, cells were stained with annexin V-FITC and PI using annexin V-FITC apoptosis detection kit, as described in
Material and Methods. Neuronal apoptosis was measured using flow cytometry.
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issue is warranted. It is possible that the duration and intensity of
the signaling could be a factor in determining the cellular out-
come. The effects of PKA/cAMP signaling on cell survival also
likely depend on cell type, for example, cAMP has been impli-
cated in a neuroprotective role in cerebellar granule neurons
(Wang et al., 2005). Conversely, our studies using a variety of
perturbations of cAMP signaling (Forskolin, dbcAMP, exoge-
nous expression of the active catalytic subunit of PKA) all indi-
cate the same effect of promoting cell death in cultured primary
hippocampal neurons. However, survival of neurons depends on
a complex series of cellular and intracellular communication net-
works mediated by cross talk between signal transduction cas-
cades. Therefore, it is entirely possible that modulation of the
type of signaling (e.g., short term versus chronic, high intensity
versus low) may shift the balance resulting in a different cellular
outcome.

In addition to the well defined survival role of MEF2 in neu-
rons, MEF2 has also been implicated in activity-dependent syn-
apse elimination that fulfills a crucial role in the refinement of
neuronal circuitry by altering synapse caliber and number (Fla-
vell et al., 2006; Wierenga et al., 2006; Chandrasekaran et al.,
2007; Turrigiano, 2008; Barbosa et al., 2008). Moreover, a recent
study has reported that this MEF2-dependent excitatory synapse
elimination is lost in hippocampal neurons from mice that are
nullyzygous for an RNA binding protein (FMRP) whose function
is lost in Fragile X syndrome, the most prevalent form of human
autism and mental retardation (Pfeiffer et al., 2010). Last, and of
relevance for our study, it was reported that cocaine administration
inhibits striatal MEF2 activity through a cAMP-dependent mecha-
nism (Pulipparacharuvil et al., 2008), and cocaine-mediated in-
creases in dendritic spine density were dependent on MEF2
suppression. Consistent with this idea that MEF2 regulates dendritic
morphogenesis, Shalizi et al. (2007) reported that PIASx, which
functions as a MEF2 SUMO E3 ligase, represses MEF2 activity in
neurons to orchestrate morphogenesis of postsynaptic dendrites.
Thus, the regulation of MEF2 activity by PKA may also impinge on
MEF2-dependent synapse modulation.

Clearly, the regulation of MEF2 activity and its downstream
targets in the CNS by cAMP-PKA signaling requires consider-
ation in terms of understanding the capability to dynamically
alter synaptic connectivity and neural circuitry as well as neuro-
nal survival during development, physiology, and pathology of
the mammalian CNS.
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