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ABSTRACT
Since the discovery of m-opioid receptor (MOR) gene two
decades ago, various regulatory factors have been shown to
interact with the MOR promoter and modulate transcript levels.
However, the majority of early transcriptional studies on MOR
gene have not addressed how intracellular signaling pathways
mediate extracellular modulators. In this study, we demonstrate
that MOR epigenetic regulation requires multiple coordinated
signals converging at the MOR promoter, involving mitogen-
activated protein kinase (MAPK) activation and mitogen- and
stress-activated protein kinase 1 (MSK1)—ranges of intracellular
signaling pathways similar to those activated by opioid agonists.
Inhibiting p38 MAPK or extracellular signal-regulated kinase
(ERK) 1/2 MAPK (upstream activators of MSK1) reduced MOR

expression levels; accordingly, the functional role of MSK1, but
not MSK2, was demonstrated using genetic approaches. How-
ever, for maximal MSK1 effect, an open chromatin configuration
was required, because in vitro CpG methylation of the MOR
promoter abolished MSK1 activity. Finally, endogenous MSK1
levels concomitantly increased to regulate MOR gene expres-
sion during neuronal differentiation of P19 cells, suggesting a
conserved role of this kinase in the epigenic activation of MOR in
neurons. Taken together, our findings indicate that the expres-
sion of MOR gene requires the activity of intracellular signaling
pathways that have been implicated in the behavioral outcomes
of opioid drugs, which suggests that an autoregulatory mecha-
nism may function in opioid systems.

Introduction
Opioid drugs act through one of the four different G protein-

coupled opioid receptor systems: m, d, k, and opioid receptor-
like 1 (ORL1) (Al-Hasani and Bruchas, 2011). These receptors
are widely expressed in the central nervous system with
varying densities among the nociceptive neural circuitry as
well as critical brain regions involved in reward and emotion-
related responses (Hwang et al., 2009). Since its discovery two
decades ago, the genes encoding m-opioid receptor (OPRM1
and Oprm1) have been extensively characterized at the
cellular and molecular levels, and transgenic mouse models
have been generated to demonstrate that the analgesic re-
sponse to the prototypical opioid, morphine, depends on
m-opioid receptor (MOR) expression levels (Sora et al., 1997;
Loh et al., 1998). Accordingly, transcriptional regulation of
MOR gene in various cellular contexts has been reported, and

several positive [e.g., interleukin-4 response element, sex
determining region Y box (SOX), poly(rC)-binding protein,
specificity protein 1 (SP1), nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), cAMP response-
element binding protein (CREB)] and negative regulatory
factors [e.g., neuron-restrictive silencer factor, octamer-1,
PU.1, SP3, poly-ADP ribose polymerase 1] that affect MOR
transcription have been identified [for review seeWei and Loh
(2011)]. However, the majority of these early studies on MOR
gene transcription were performed in silico and applied
genetic approaches to analyze whether various factors were
bound to putative recognition site(s) within the MOR pro-
moter to modulate expression. Nevertheless, a number of
recent studies have shown that MOR gene transcription is
activated in response to various extracellular stimuli and
follows multiple coordinated intracellular signals that con-
verge at the MOR promoter (Kim et al., 2011; Wagley et al.,
2013). Quite interestingly, MOR gene expression follows a
unique spatial and epigenetic regulation in different mouse
brain regions where opioid drugs act (Hwang et al., 2009). As
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such, stimulation of P19 embryonic carcinoma cells with
epigenetic modifiers such as a histone deacetylase inhibitor or
a demethylating agent has been shown to increase de novo
transcription of MOR gene in a tightly regulated event that
repositions nucleosomes to mount the transcription machin-
ery (Hwang et al., 2007, 2010). Yet, the precise role of signal
transduction events during this critical chromatin-directed
event remains largely elusive.
Histone deacetylase (HDAC) inhibitors result in the accu-

mulation of hyperacetylated core histones in nucleosomes,
leading to transcriptional reprogramming, which is consid-
ered to enhance the therapeutic benefits of HDAC inhibitors
on several diseases, such as cancers, cardiovascular dis-
eases, neurodegenerative disorders, and pulmonary diseases
(Johnstone, 2002; Glaser et al., 2003; Delcuve et al., 2012;
Chueh et al., 2015). Even so, only a small portion (2–10%) of
expressed genes in transformed cells are truly modulated by
HDAC inhibitors, which suggests that the net transcriptional
outcome largely depends on functions of the regulatory
proteins that can interact with the reconfigured nucleosomes
(Dokmanovic et al., 2007). Indeed, phylogenetic analyses have
suggested that HDACs preceded the evolution of histones
(Dokmanovic et al., 2007) and can target the activity of
nonhistone regulatory proteins to determine the transcrip-
tional outcome of various genes, such as p21, g-globin, and
myostatin (Rivero and Adunyah, 1996; Zhong et al., 2003;
Sangerman et al., 2006; Han et al., 2010; Simboeck et al.,
2010). For example, treatment with the classic HDAC in-
hibitor trichostatin A (TSA) resulted in mitogen-activated
protein kinase (MAPK) signaling pathway–mediated increase
of histone H3 serine 10 phosphorylation, which was crucial for
acetylation of lysine 14 and recruitment of activated RNA
polymerase II at the p21 promoter (Simboeck et al., 2010).
Additionally, sodium butyrate (NaB) has been shown to
directly activate p38 MAPK and extracellular signal-
regulated kinase 1 (ERK-1) in myocytes and lymphoid cells
(Rivero and Adunyah, 1996; Zhong et al., 2003; Sangerman
et al., 2006; Han et al., 2010), and in some cellularmodels, TSA
stimulation has been shown to increase epidermal growth
factor receptor tyrosine phosphorylation and phosphatidyl
inositol-3-kinase /protein kinase B (AKT) activation to modu-
late survivin expression levels (Zhou et al., 2006).
In this study, we used classic HDAC inhibitors as a tool to

investigate whether intracellular signaling cascades regulate
the de novo transcriptional activation of MOR gene in P19
embryonic carcinoma cells. Interestingly, we observed that
HDAC inhibition of P19 cells led to MAPK activation, and an
increase in expression (and function) of downstream mitogen-
and stress-activated kinase (MSK1) to affect MOR gene
transcription. Analogous increase in MSK1 expression (and
function) occurred alongside MOR gene transcription during
retinoic acid-mediated neuronal differentiation of P19 cells,
which indicates a central regulatory role of MAPK/MSK1
cascade in the epigenetic activation of MOR gene.

Materials and Methods
Materials. Trichostatin A, valproic acid (VPA), sodium butyrate,

retinoic acid, H89, and SP600125 (SP) were purchased from Sigma-
Aldrich (St. Louis, MO). 4-(4-Flurophenyl)-2-(4-methylsulfinylphenyl)-
5-(4-pyridyl) imidazole [SB203580 (SB)], and 1,4-diamino-2,3-dicyano-
1,4-bis[2-aminophenylthio]butadiene (U0126) were purchased from

Cell Signaling Technology (Danvers, MA). Anti-phospho-ERK 1/2,
anti-phospho-p38 MAPK, anti-ERK 1/2, anti-p38 MAPK-a, anti-
GAPDH, and anti-MSK1 antibodies were obtained from Cell Signaling
Technology. Anti-phospho- histoneH3 (Ser 28), anti-p65, anti-p50, anti-
b-III tubulin, and anti-b-actin were obtained from Santa Cruz Bio-
technology (Dallas, TX). Anti-CREB, anti-p38 MAPK-b-2, anti-acetyl
histone H3, anti-phosphoacetyl histone H3 (phospho-Ser10-acetyl-
Lys14) were obtained from EMD Millipore (Billerica, MA). Anti-
phospho-histone H3 (Ser 10), anti-phospho-MSK1 (Ser 360), and
anti-MSK2, were obtained from Abcam (Cambridge, MA). Alkaline
phosphatase-conjugated goat anti-rabbit, goat anti-mouse, and
rabbit anti-goat immunoglobulin G were supplied by BioRad
(Hercules, CA). Restriction enzymes and buffers were obtained
from New England Biolabs (Ipswich, MA). Supplies for cell cultures
were from Gibco/Thermo Fisher Scientific (Sunnyvale, CA). Other
reagents for molecular studies were supplied by Sigma-Aldrich.

Cells and Stimulations. P19 cells were used throughout this
study because epigenetic activation of MOR gene [upon stimulation
with TSA or retinoic acid-mediated neuronal differentiation (see
below)] has been demonstrated (Hwang et al., 2007), which makes
this an excellentmodel to investigate the role of intracellular signaling
cascades. For cell stimulations, the stock solutions of TSA (10mM) and
retinoic acid (1.0 mM) were prepared in ethanol. Stock solutions of
NaB (0.5 M), VPA (1.0 M), and H89 (10 mM) were prepared in sterile
distilled water and used within 2 months of preparation. Stock
solutions of SB (25 mM), SP (25 mM), and U0126 (10 mM) were
prepared in cell-culture grade dimethyl sulfoxide (Sigma-Aldrich). All
stock solutions for cell stimulation were stored at –20°C in the dark.
One day before treatment, 3� 105 cells were seeded into each well of a
six-well plate. On the treatment day, cells were washed twice with
serum-free medium and cultured further for 4 hours before stimulat-
ingwith TSA (25 nM), VPA (10mM), orNaB (5mM) for various lengths
of time. The final concentration of the vehicles (ethanol or dimethyl
sulfoxide) used for cell stimulation were between 0.1–0.2%, which do
not affect MOR gene expression in P19 cells (Hwang et al., 2007). At
the end of stimulation, cells were washed twice with ice-cold
phosphate buffered saline (PBS), and total RNA or protein extract
was prepared as required for analysis.

Neuronal Differentiation of P19 Cells. P19 embryonic carci-
noma cells were cultured and differentiated into neuronal cells as
previously described (Hwang et al., 2007; Wagley et al., 2013) with
minor modifications. Briefly, for induction of differentiation, 5 � 106

cells were cultured in differentiation medium [a-MEM (Life Techno-
logies/Thermo Fisher Scientific) supplemented with 5% fetal bovine
serum (HyClone Laboratories/GE Healthcare Life Sciences, Logan,
UT)] in the presence of 0.5 mM retinoic acid in bacteriological-grade
Petri dishes for 4 days to induce aggregation. On the fourth day, cell
aggregates were extensively washed with serum-free a-MEM and
dissociated using 0.1% trypsin-EDTA and 50 mg/ml DNase I. The
dissociated cells were seeded on tissue culture dishes that were
treated with 0.1 mg/ml poly-L-ornithine. Cell stimulations and trans-
fection of the neuronally differentiating cells were carried out 4–8
hours after seeding and designated as day 1. The differentiating cells
received fresh media with or without inhibitor every 48 hours after
plating.

Preparation of Acid-Soluble Proteins. Acid-soluble histone
proteins were extracted as described previously (Zhong et al., 2001)
with minor modifications. Briefly, 1 � 106 P19 cells stimulated with
HDAC inhibitors for various lengths of time were collected and
resuspended in 180 ml of cold PBS. Twenty microliters of 2 N HCl
was added to lyse the cells. Acid-soluble supernatant fractions were
collected after centrifugation at 12,000 rpm for 10minutes and treated
with a final concentration of 25% TCA on ice for 30 minutes to
precipitate the proteins. The protein pellets were collected by
centrifugation at 12,000 rpm for 10 minutes at 4°C, and washed twice
with ice-cold acetone. Finally, the protein pellets were air-dried for
5 minutes at room temperature and solubilized using 1% SDS. The
protein concentration was determined using a bicinchoninic acid
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(BCA) protein assay as described by themanufacturer (ThermoFisher
Scientific), and 500 ng to 1 mg of the preparation was used to perform
immunoblotting with various anti-histone H3 antibodies.

RT-PCR and qRT-PCR. Total RNA was extracted using TRI
Reagent (Molecular Research Center, Cincinnati, OH) and analyzed
by reverse transcription–polymerase chain reaction (RT-PCR) using the
MORgene-specific primers 59- CATCAAAGCACTGATCACGATTCC-39
(mMOR-S) and 59- TAGGGCAATGGAGCAGTTTCTGC-39 (mMOR-AS)
(Hwang et al., 2007; Wagley et al., 2013). Semiquantitative RT-PCR
(qRT-PCR) was performed in 500 ng of total RNA using a Qiagen
OneStep RT-PCR kit (Valencia, CA). Similar reactions were performed
using b-actin as an internal control (Hwang et al., 2007). qRT-PCR was
performed as previously described (Hwang et al., 2010) using the
Quantitect SYBR Green RT-PCR kit (Valencia, CA). To calculate
relative mRNA gene expression, amplification curves of test sample
and standard samples that contained 101 to 106 molecules of the MOR
gene (using pcDNA3.1-mMOR, constructed in our laboratory) were
monitored, and the number of target molecules in the test sample was
analyzed using qCalculator version 1.0 software (http://www.gene-
quantification.de/download.html#qcalculator) on the basis of the math-
ematical model of Pfaffl (Pfaffl, 2001). The numbers of target molecules
was normalized against that obtained for b-actin, which was used as an
internal control (Hwang et al., 2007). The specificity of qRT-PCR
reaction was determined using a melt curve after the amplification
and thePCR products were also verified on an agarose gel. The RT-PCR
and qRT-PCR experiments were performed in triplicate and each
experiment was repeated with at least three different biologic repli-
cates. Results from at least two separate experiments were combined
and presented as mean 6 S.EM.

Immunoblotting. Immunoblotting was performed as described
previously (Wagley et al., 2013). Briefly, 3� 105 cells were seeded into
each well of six-well dishes and treated as required. After washing the
monolayer three times with ice-cold PBS, lysis buffer composed of
50 mM Tris-Cl, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5% sodium
deoxycholate, protease inhibitor cocktail, and phosphatase inhibitors
was added. Cell lysates were collected, vortexed vigorously, and
clarified by centrifugation. The protein concentrations in the super-
natant were determined using BCA protein assay. Thirty micrograms
of each lysate was loaded into SDS-polyacrylamide gels and electro-
transferred onto polyvinyl difluoride membranes. Membranes were
blocked for 30 minutes in 3% bovine serum albumin solution in T-TBS
(Tris-buffered saline containing 0.05% Tween-20), and then incubated
overnight at 4°C using primary antibody dilutions as suggested by the
manufacturers. Membranes were washed three times with T-TBS and
incubated with alkaline-phosphatase–conjugated secondary anti-
bodies for 1 hour at room temperature. Data were collected on a
Storm 860 PhosphorImager Fluorescent Scanner (Molecular Dynam-
ics, Chatsworth, CA) with appropriate settings for each antibody.
Band densities were determined using the ImageQuant software (GE
Healthcare Life Sciences, Marlborough, MA) and statistical analysis
was performed using GraphPad Prism (version 5.04; La Jolla, CA).

Preparation of Cytosolic and Nuclear Protein Fractions.
Nuclear and cytosolic protein preparations were carried out as
described previously (Wagley et al., 2013). At the end of treatment,
cells were washed three times in ice-cold PBS. Cytosolic protein
fraction was prepared by directly adding hypotonic lysis buffer
(10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.5% NP-40, 1 mM
dithiothreitol, 0.5 mM phenylmethyl sulfonylfluoride (PMSF), and
protease inhibitor cocktail) to themonolayer and stored for 5minutes
on ice. Cell lysates were collected by scraping, and following
centrifugation supernatants were collected as cytosolic protein
fractions. Nuclear pellets were washed twice by centrifugation with
hypotonic lysis buffer and resuspended in hypertonic buffer solution
(20 mM HEPES, 400 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol,
1 mM PMSF, and protease inhibitor cocktail). Nuclear membrane
was disrupted by vigorous vortexing and stored on ice for 30minutes.
Following the removal of insoluble particles by centrifugation, the
supernatant was collected as nuclear fraction. A BCA protein assay

was performed to determine the protein yield. Ten to twenty
micrograms of protein from each fraction were used for immunoblot
analysis as described above.

Transient Transfection Analysis. Approximately 1.5� 106 P19
cells were seeded in 60-mm dishes 1 day before transient transfection.
Cells were transfected using a complex containing 10 ml of Lipofect-
amine 2000, 300 ng of MOR promoter construct (pGL450), 1.0 mg of
pCMV5–constitutively active MSK1 (S376D, T581D, T700D) (CA-
MSK1) (received fromDr. JamesC.Hastie,University of Dundee), and
50 ng of pCH110-b-galactosidase per transfection sample diluted in
500 ml of Opti-MEM (Life Technologies/Thermo Fisher Scientific).
Forty eight hours after transfection, cells were washed with serum-
free medium and treated with HDAC inhibitors for 8 hours, and cell
lysates were analyzed for firefly luciferase activity and b-galactosidase
activity asdescribed by themanufacturer’s protocol [Promega (Madison,
WI) and Tropix (Middlesex, MA), respectively]. Results were expressed
as relative luciferase activity compared with the control cells (Hwang
et al., 2003; Wagley et al., 2013).

RNA Interference. The gene-specific effect onMOR transcription
was analyzed by transfecting small-interfering RNA (siRNA) against
p38 MAPK-a or p38 MAPK-b (Cell Signaling Technology), and MSK1
orMSK2 (Santa Cruz Biotechnology). For transfection, approximately
1 � 105 P19 cells/well in 1 ml of P19 growth medium (a-MEM
supplemented with 7.5% newborn calf serum and 2.5% fetal bovine
serum)were plated into 12-well plates. Cellswere allowed to attach for
4–8 hours and transfected with 50 nM each of control siRNA (Cell
Signaling Technology) or 50 nM gene-specific siRNAs using 3 ml of
Lipofectamine 2000 in a transfection mixture prepared in 200 ml of
Opti-MEM. Twelve hours after transfection, 1 ml of fresh growth
medium was added to the cells and continued to culture for another
24 hours. At the end of transfection, cells were stimulated with HDAC
inhibitors as required and harvested for qRT-PCR and immunoblot
assays.

CpG Methylation of MOR Promoter. CpGMethylation of MOR
promoter construct pGL450 was carried out using SssI methylase as
described by the manufacturer. Briefly, 2 mg of MOR promoter
construct was added to a reaction mixture containing 640 mM
S-adenosylmethionine buffer and 4 units of SssI methylase in a final
reaction volume of 20 ml. The reaction was allowed to continue for
3 hours at 37°C. At the end of incubation period, the reaction was
terminated by heating at 65°C for 30 minutes. Parallel reactions that
lacked SssI enzyme were carried out as control. For analyses, one
fourth (approximately 500 ng) of the methylated or sham-methylated
MOR promoter was cotransfected with 1 mg of MSK1 expression
construct and 50 ng of pCH110-b-galactosidase for 48 hours as
described above. At the end of transfection, cells lysateswere prepared
and assayed for luciferase and b-galactosidase activity, and presented
as relative activity compared with control.

Statistical Analysis. All data presented hereinwere performed in
at least three different biologic replicates. Numerical values were
presented as the mean 6 S.E.M. For comparison between two
samples, t-test analysis was performed. For multiple comparisons,
analysis of variance with Bonferroni’s post-hoc test was used. All
statistical analyses were performed in GraphPad Prism 5 software.
P values representing significances of ,0.05, 0.01 are denoted with
symbols *, **, whereas significances ,0.05, 0.01 among various
treatment groups are represented with †, ††, respectively.

Results
Time Delay between Histone Acetylation and Opioid

Receptor Gene Expression. Although it is known that the
de novo transcription of m-opioid receptor (MOR) gene
increases upon histone deacetylase (HDAC) inhibition and
requires an extensive chromatin remodeling at the MOR
promoter (Lin et al., 2008; Kraus, 2012), it is largely unknown
how signal transduction cascades influence changes at the
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MOR promoter. A kinetic analysis of MOR gene expression
induced by a classic HDAC inhibitor, Trichostatin A (TSA) in
MOR-negative P19 embryonic carcinoma cells (P19 cells) was
performed. As shown by quantitative real-time RT-PCR (qRT-
PCR) analysis in Fig. 1A, TSA stimulations of P19 cells
increased MOR gene expression in a time-dependent fashion,
which appeared 1 hour after the treatment (∼2-fold), dramat-
ically increased at 2 hours (**P, 0.01;∼6-fold), and continued
further (∼10-fold) by 8 hours of treatment. Quite interestingly,
immunoblot analysis (Fig. 1B) of the acid-soluble histone
proteins prepared from cells stimulated in a similar way (0–
4 hours) showed that the increase in global histone H3
acetylation had already reached high significance (**P ,
0.01 at t 5 1 hour) (Fig. 1B, upper histogram) compared with
the dramatic increase in MOR gene expression (Fig. 1 A, from

∼2-fold to ∼6-fold between 1 and 2 hours), indicating a time
delay in between the two events. Further experiments were
performed to investigate whether NaB, another HDAC in-
hibitor, also demonstrates a similar pattern of MOR gene
transcription and histone acetylation kinetics. As shown in
Fig. 1C, qRT-PCR analysis showed that NaB stimulation of
P19 cells also significantly increases MOR gene expression by
2 hours (∼3.8-fold, **P , 0.01), which dramatically increases
further to reach ∼12-fold by 4 hours. As observed with TSA
stimulation (Fig. 1B), NaB stimulation of P19 cells also led to
similar histone H3 acetylation kinetics (Fig. 1D) with maxi-
mum acetyl H3 achieved at 1 hour (**P, 0.01) (Fig. 1D, upper
histogram). Taken together, there exists a similar time delay
between the dramatic increase in MOR gene expression
(starting 2 hours after stimulation) and significant histone

Fig. 1. HDAC inhibitors increase MOR transcription in a time-dependent fashion. (A) P19 cells were stimulated with TSA (25 ng/ml) for 0–8 hours as
indicated, and total RNAwas extracted.MOR expression levels were determined from total RNA samples by qRT-PCR analysis and presented as relative
expression as described in Materials and Methods (*P , 0.05, **P , 0.01, n = 4). (B) Gel image: P19 cells were stimulated with TSA (0– 4 hours) as
indicated, and acid-soluble protein fractions were prepared. A representative immunoblot that shows changes in the levels of acetylated histone H3
(Acetyl H3) is presented. The levels of total histoneH3weremonitored as internal control (histogram). The pixel densities obtained for acetyl H3 and total
H3 were measured for each time-point and presented as relative change compared with control (*P, 0.05, **P, 0.01, n = 3). (C) P19 cells were treated
with NaB (5mM) for (0–8 hours) as indicated and qRT-PCR analysis to determine relative MOR expression was performed as described in (A) (*P, 0.05,
**P , 0.01, n = 5). (D) Gel image: P19 cells were stimulated with NaB (0–4 hours) as indicated, and the levels of acetyl H3 and H3 in the acid-soluble
protein fractions were determined by immunoblot analysis. Histogram: The pixel densities for acetyl H3 and total H3weremeasured for each sample and
presented as relative change compared with control (*P , 0.05, n = 5).
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Fig. 2. HDAC inhibition activates p38 MAPK and ERK 1/2 to regulate MORmRNA expression. (A) P19 cells were pretreated for 1 hour with 25 mM SB
(p38 MAPK inhibitor), 25 mM SP (JNK inhibitor), or 10 mMU0 (MEK/ERK inhibitor) and then treated for 8 hours with 25 ng/ml of TSA. Total RNA was
extracted, reverse transcribed, and analyzed by qRT-PCR to determine changes in MOR expression levels. Results were normalized using the levels of
b-actin as internal control [F(4, 15) = 167.8, **P , 0.01 versus control; †P , 0.05, ††P , 0.01 versus TSA stimulation]. (B) P19 cells were pretreated for
1 hour with SB, SP, or U0 as in (A) and then treated for 8 hours with 5 mM NaB. Total RNA was extracted, and changes in MOR expression levels were
determined as explained above [F(4, 14) = 74.07, *P, 0.01 versus control; †P, 0.05, ††P, 0.01 versus NaB stimulation]. (C) Gel image: P19 cells were
treated with 25 ng/ml of TSA for various lengths of time as indicated (0–4 hours), and total cell lysates were analyzed by immunoblotting with anti-
phospho-p38MAPK, anti-p38MAPK-a, anti-phospho-ERK 1/2, and anti-ERK 1/2 antibodies. Graph: The pixel densities obtained for phospho-p38MAPK
and phospho-ERK 1/2 were normalized against the pixel densities obtained for p38 MAPK and ERK 1/2, respectively. Data from three independent
results were combined and presented as relative change compared with nontreated control (*P, 0.05, **P, 0.01). (D) Gel image: P19 cells were treated
with 5 mMNaB (0–4 hours) as indicated, and the levels of phospho-p38 MAPK, p38 MAPK, phospho-ERK 1/2, and ERK 1/2 were determined in the total
cell lysates as above. Graph: The pixel densities obtained for phospho-p38 MAPK and phospho-ERK 1/2 were plotted against the pixel densities obtained
for p38 MAPK and ERK 1/2, respectively, as in (C) (*P , 0.05, **P , 0.01).
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Fig. 3. HDAC inhibitors increaseMSK1 protein levels in P19 cells. (A) Gel image: P19 cells were treatedwith 25 ng/ml TSA or 5mMNaB for 0–4 hours as
indicated and total cell lysates were prepared. Immunoblotting was performed to determine the expression levels of phospho-MSK1 andMSK1. Each blot
was then reprobedwith anti-b-actin as control. Graph: The pixel density values for phospho-MSK1,MSK1 and b-actinweremeasured for each time-point,
and the relative changes in the ratio of phospho-MSK1/MSK1 andMSK1/b-actin was presented (TSA, left graph; NaB, right graph; *P, 0.05, **P, 0.01,
n = 4). (B) P19 cells were pretreated for 1 hourwith various concentrations of H89 (0, 5 or 10mM) followed by TSA (25 ng/ml) orNaB (5mM) stimulation for
6 hours. Total RNA was prepared and analyzed by qRT-PCR to determine changes in MOR expression levels as described previously (*P , 0.05, **P ,
0.01, n = 4–8). (C) Gel image: P19 cells were treated with 10 mMVPA for 0–4 hours as indicated and total cell lysates were analyzed by immunoblotting
with phospho-MSK1, MSK1 and b-actin antibodies. Histogram: P19 cells were pretreated for 1 hour with various concentrations of H89 (0–10 mM)
followed by VPA treatment of 6 hours. MORmRNA levels were determined by qRT-PCR as described in Fig. 1. Error bars represent the range of standard
errors, and asterisks represent statistically significant findings (*P , 0.05; **P , 0.01, n = 3).
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Fig. 4. HDAC inhibition-mediated MAPK activity does not affect MSK1 expression. (A) Gel image: P19 cells were transfected with control siRNA, p38-
MAPK-a siRNA or p38-MAPK-b siRNA for 36 hours. At the end of transfection, cells were left untreated or treated with TSA (25 ng/ml) for 4 hours, and
changes in the expression levels of phospho-MSK1 and MSK1 were analyzed by immunoblotting. The levels of p38 MAPK-a and p38 MAPK-b were
analyzed to show specificity of the siRNA transfection, and b-actin levels were analyzed as internal control. Histogram: The pixel densities obtained for
MSK1were normalized against the pixel densities obtained for b-actin values and presented as relative change compared with control (**P, 0.01, n = 4).
(B) P19 cells transfected with control siRNA or siRNA specific for p38-MAPK-a and -b isoforms for 36 hours were treated with NaB (5 mM) for a further
4 hours, and immunoblot analysis (gel image) andMSK1 level quantification (histogram) were performed as described above (**P, 0.01, n = 4). (C) Total
RNA extracted after 6-hour stimulation with TSA (25 ng/ml), NaB (5mM), or VPA (10 mM) in P19 cells transfected as above were analyzed by qRT-PCR to
determine changes in MORmRNA levels. Results were normalized against the levels of b-actin and presented as relative change compared with control
(**P, 0.01, n = 7–10). (D) Histogram: qRT-PCR analysis to determine changes inMORmRNA levels were performed as above from cells transfected as in
(B) but stimulated with CHX (10 mg/ml) or SP (25 mM) (**P , 0.01, n = 3). Gel image: Immunoblot analysis to detect changes in p38 MAPK-a, p38

(continued on next page)
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H3 acetylation (starting 1 hour after stimulation) with two
different HDAC inhibitors (TSA and NaB), which suggests
that HDAC effects on MOR transcription are mediated by
biochemical changes unique to histone acetylation.
p38 MAPK and ERK 1/2 Regulates HDAC Inhibition

Mediated MOR Gene Expression. As mentioned previ-
ously, HDAC inhibitor-mediated transcription is a combina-
torial outcome of histone modifications and functions of
proteins of the signal-transduction cascade that directs
sequence-specific transcription factors and components of
the basal transcription machinery to the responsive promoter
(Dokmanovic et al., 2007). Thus, we next examined if HDAC
inhibitor-mediated increase of MOR gene expression is de-
pendent on the activity of classic MAPK components such as
p38 MAPK, c-Jun N-terminal kinase (JNK), or ERK. For this
purpose, P19 cells were pretreated with pharmacological
inhibitors of p38 MAPK [SB203580 (SB)], JNK [SP600125
(SP)], and MEK/ERK 1/2 (U0126, U0) for 1 hour and stimu-
lated with TSA or NaB for a further 8 hours. Total RNA was
extracted from stimulated cells, and analyzed for MOR
expression. Figure 2, A and B, shows that SB and U0 each
significantly blocked the MOR gene expression induced by
TSA or NaB, suggesting the involvement of MAPK activities.
Intriguingly, JNK inhibitor (SP) showed a synergistic effect
and further potentiated MOR expression levels (∼3-fold in-
crease in MOR expression levels compared with TSA or NaB
stimulation alone) (Fig. 2, A and B). As a control, we have
previously demonstrated that SP increases MOR gene expres-
sion via a p38 MAPK-dependent mechanism in P19 cells
whereas SB or U0 treatment has minimal effects (Wagley
et al., 2013).

Since inhibition of either p38 MAPK or ERK 1/2 reduced
MOR gene expression induced by TSA or NaB stimulation, we
determined if p38 MAPK and ERK 1/2 phosphorylation levels
are increased in the stimulated cells. As shown in Fig. 2C, the
levels of phosphorylated p38 MAPK increased after 0.5 hours
of TSA stimulation and continued further to reach maximum
levels by 2 hours (**P, 0.01) (Fig. 2C, lanes 3–5). As a control,
the levels of total p38 MAPK were analyzed, and found to be
minimally changed. Interestingly, unlike p38 MAPK phos-
phorylation kinetics, which started to decline after reaching
maximum levels at 2 hours, increases in the levels of
phosphorylated ERK 1/2 (but not total ERK 1/2) were
sustained, and continued throughout the 4-hour stimulation
period (Fig. 2C, cf. lanes 1–6). Similar analyses in NaB-
stimulated P19 cells (Fig. 2D) revealed analogous increase in
ERK 1/2 phosphorylation that was sustained over the 4-hour
stimulation period (Fig. 2D, cf. lanes 1 and 5), whereas p38
MAPK phosphorylation followed a slightly different course,
and showed maximum levels at 1 hour after stimulation
(compared with 2 hours for TSA stimulation). Collectively,
these results demonstrate that HDAC inhibition increases
p38MAPKandERK1/2 phosphorylation in P19 cells, and that
pharmacological inhibition of these kinases reduce MOR gene
expression levels induced by the same HDAC inhibition.
MSK1 Expression Increases by HDAC Inhibition.

Depending on the stimulus, activation of MAPKs, specifically
p38 MAPK and ERK 1/2, can lead to the phosphorylation and
activation of the downstream kinase, mitogen- and stress-
activated protein kinase 1 (MSK1), which affects transcription
by increasing the phosphorylation of histone proteins to
remodel transcriptionally inactive chromatin into a more

Fig. 4. Continued. MAPK-b, p42/p44MAPK,
SAPK (stress-activated protein kinase)/JNK,
AKT, and b-actin in the siRNA-transfected cells
used for qRT-PCR are shown. (E) Gel image: P19
cells were pretreated for 1 hour with 10 mM U0
(lanes 5–8) or 10 mMU0 plus 25 mM SB (lanes
9–12), and then treated for 4 hours with TSA
(25 ng/ml), NaB (5 mM), or VPA (10 mM). Total
cell lysates were prepared and analyzed by
immunoblotting to determine changes in the
levels of phospho- MSK1 and MSK1. The same
blots were reprobed with phospho-ERK 1/2 to
show specificity of U0 treatment, and b-actin
levels were analyzed as internal control. Histo-
gram: The pixel densities obtained for phospho-
MSK1 were measured and plotted against the
values obtained for b-actin, which was used as
internal control. Error bars represents the range
of standard errors from three independent
experiments.
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active configuration, and/or by increasing the phosphorylation
and downstream activity of transcription factors such as
ER81, ATF1, NF-kB, CREB, HMG14 etc. (Zhong et al., 2003;
Keum et al., 2013). Thus, MSK1 activation was examined by
immunoblot analyses of total cell lysates prepared from TSA-
and NaB-stimulated P19 cells (0–4 hours). As shown in Fig.
3A, MSK1 phosphorylation at serine 360 [a common substrate
of p38 MAPK and ERK 1/2 within the linker domain of MSK1
(Arthur, 2008)] increased upon either TSA or NaB stimulation
in a time-dependent fashion that started 1 hour after the
stimulation and continued up to 4 hours (cf. lanes 1–4 and 5–8).
Unexpectedly, analyses of total MSK1 also showed increased
expression levels that were clearly evident by stimulations
with TSA and NaB after 4 hours (Fig. 3A, cf. lanes 1, 4 and 5,
8). Meanwhile, densitometric analyses (Fig. 3A lower graphs)
showed that the ratio of phosphorylated MSK1 to that of total
MSK1 increased nominally between 1–2 hours of TSA stim-
ulation (Fig. 3 A, lower panel, left graph) but remained fairly
indistinguishable throughout NaB stimulation (Fig. 3A, lower
panel, right graph). Further analyses at time-points earlier
than 1 hour (0, 15 minutes, and 30 minutes) upon TSA or NaB
stimulations were also carried out and showed minimal
changes in both forms of MSK1 (data not shown). To rule out
the possibility of a general increase of cellular protein levels
upon stimulation, immunoblot analyses of b-actin levels were
carried out, which showed minimal changes (Fig. 3A). Addi-
tionally, as already demonstrated, since the changes in the
levels of total p38 MAPK and ERK 1/2 also remained minimal
after TSA or NaB stimulation (Fig. 2, C and D), the increase of
MSK1 levels appears to be a specific effect of HDAC inhibition.
Since increasedMSK1 expression and phosphorylation (Fig.

3A) occurred simultaneously with increases in MOR expres-
sion levels upon TSA or NaB stimulation (Fig. 1, A and C), we
investigated whether MSK1 activity is involved by using a
small molecule protein kinase A (PKA)/MSK1 inhibitor, H89.
Therefore, P19 cells were stimulated with TSA or NaB in
presence of a range of H89 (0–10 mM), and MOR expression
levels were determined by qRT-PCR analyses. As presented in
Fig. 3B, MOR gene expression induced by both HDAC
inhibitors reduced in a dose-dependent fashion by H89
treatment (∼40% and ∼65% reduction compared with control
for TSA, and∼32% and∼47% reduction comparedwith control
for NaB stimulation by 5 mM or 10 mM H89, respectively),
which suggests that MSK1 activity is involved. In further
experiments, we determined if VPA (valproic acid, a different
class of HDAC inhibitor used for the treatment of bipolar
disorders), shares a common mechanism to regulate MOR
gene transcription involving increased expression (and activ-
ity thereof) of MSK1 proteins. As suspected, and as shown in
Fig. 3C (upper gel image), MSK1 expression (and phosphor-
ylation) indeed increased in a time-dependent fashion (Fig.
3C, cf. 1, 3 and 4) upon VPA stimulation of P19 cells. Further
qRT-PCR analyses showed that MOR gene expression too
increased in a similar time-dependent fashion (data not
shown), and that H89 treatment exerted a dose-dependent
antagonistic effect on those MOR expression levels (Fig. 3C,
lower histogram).
p38 MAPK-b Regulates MOR Gene Transcription but

Minimally Affects MSK1 Expression. Although ∼60%
homologous in their amino acid sequences, each of the four
mammalian p38 MAPK isoforms (a, b, g, and d ) differ
considerably in their tissue-specific expression patterns,

substrate specificities, and susceptibility to chemical inhib-
itors (Cuenda and Rousseau, 2007; Coulthard et al., 2009).
Of note, only the activities of p38 MAPK-a and p38 MAPK-b
are inhibited by the chemical compound SB (Cuenda and
Rousseau, 2007). As demonstrated earlier (Fig. 2, A and B),
since SB inhibited MOR gene expression induced by TSA
(∼65% reduction compared with control) and NaB (∼60%
reduction compared with control), and given the fact that
activation of p38 MAPK can lead to the phosphorylation and
activation of downstream MSK1, we next determined which
p38 MAPK isoform (a and/or b) regulates MSK1 phosphor-
ylation in response to HDAC inhibition. P19 cells were
transfected with siRNA against p38 MAPK-a or p38
MAPK-b for 36 hours, and were further stimulated with
TSA or NaB for 4 hours to analyze changes in MSK1
expression and phosphorylation levels. The 4-hour time-
point was chosen because both the expression and phos-
phorylation levels of MSK1 are clearly increased at this
time-point (Fig. 3A). As shown in Fig. 4, A and B, immuno-
blot analyses, quite unexpectedly, revealed that although
each p38-MAPK siRNA specifically and significantly de-
creased the expression level of its respective target, neither
phosphorylation nor the expression of MSK1 levels de-
creased under stimulated conditions. In an attempt to
determine whether both p38 MAPK activities simulta-
neously regulate MSK1 phosphorylation, further analyses
using the pharmacological inhibitor SB were carried out,
which also proved insignificant (data not shown). Taken
together, these results demonstrate that HDAC inhibitors
do not use p38 MAPK pathway to increase the phosphory-
lation and expression of MSK1 proteins in P19 cells.
In further experiments, we examined whether MOR ex-

pression levels are affected by each p38 MAPK isoform. Thus,
P19 cells were transfected with p38 MAPK-a- or p38-MAPK-
b–specific siRNAs for 36 hours and stimulated with HDAC
inhibitors (TSA, NaB, and VPA) for a further 8 hours. As
shown in Fig. 4C, qRT-PCR analyses showed that only p38-
MAPK-b siRNA transfection significantly reduced MOR ex-
pression levels upon stimulation by TSA (∼35% reduction
compared with control siRNA) or VPA (∼50% reduction
compared with control siRNA); but both siRNAs effectively
reduced MOR expression levels induced by NaB (∼50% re-
duction by each siRNA compared with control). Since the role
of p38 MAPK-b appeared to be conserved equally across three
different types ofHDAC inhibitors, we further tested the effect
of these siRNAs across two more stimuli that are known to
increase MOR expression via a p38 MAPK-dependent mech-
anism: protein synthesis inhibitor cycloheximide (CHX) and
JNK inhibitor (SP) (Kim et al., 2011) (Wagley et al., 2013). As
shown in Fig. 4D, although both p38-MAPK siRNAs signifi-
cantly reduced MOR gene expression induced by either
stimulus, the effects were more pronounced with p38-
MAPK-b siRNA (∼60–70% reduction in MOR expression
levels compared with ∼50% reduction by p38-MAPK-a
siRNA). As a control, immunoblot analyses were performed
(Fig. 4D, lower panel) and revealed that each siRNA specifi-
cally and significantly decreased the expression levels of their
respective p38 MAPK targets, without affecting ERK 1/2,
JNK, or AKT levels. Collectively these results suggest that
p38 MAPK-b has a variable MOR regulatory function, de-
pendent largely on the type of stimulus and whether p38
MAPK-a is also involved.
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Fig. 5. MSK1 regulates MOR gene expression induced by HDAC inhibitors. (A) Histogram: P19 cells were cotransfected with the MOR promoter
construct (pGL 450, 300 ng) and expression plasmids for FLAG-tagged CA-MSK1 (1 mg) for 48 hours followed by stimulation with TSA, NaB, or VPA for a
further 8 hours. Luciferase activities in the cell lysates were measured and expressed as relative activity compared with control. Gel image: A
representative immunoblot analysis to demonstrate the expression of CA-MSK1 in the samples used for luciferase assay is presented (**P , 0.01, n = 4–6).
(B) Gel image: Immunoblot analysis to detect MSK1 expression was performed with total cell lysates prepared from P19 cells transfected with increasing
amounts of CA-MSK1 as indicated (0–2.0 mg) for 48 hours. The levels of b-actin were monitored as internal control. Histogram: qRT-PCR analyses were
performed to determine changes inMORmRNA levels from cells transfected as above (*P, 0.05, **P, 0.01,n = 5). (C) P19 cells were transfected with 1mg of
CA-MSK1 for 48 hours and further stimulated with TSA for 8 hours. Total RNA was extracted and qRT-PCR was performed to determine changes in MOR
mRNA expression levels as described previously (**P , 0.01, n = 6). (D) P19 cells were transfected with control siRNA, MSK1 siRNA, or MSK2 siRNA for
36 hours. At the end of transfection, cells were treated with TSA (25 ng/ml), NaB (5mM), or VPA (10 mM) for a further 8 hours and total RNAwas analyzed by
qRT-PCRtodetermineMORmRNA levels. Resultswere normalized against the levels ofb-actin as internal control andpresented as relative change compared
with control (**P, 0.01, n = 3–6). (E) Gel image: Immunoblot analysis to detect changes inMSK1,MSK2, and b-actin in the siRNA-transfected cells used for
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We investigated next whether ERK 1/2 mediates MSK1
phosphorylation and expression because sustained and time-
dependent increases were observed for both the kinases after
TSA or NaB stimulation (Fig. 2, C and D, Fig. 3A). P19 cells
were pretreated with U0 for 1 hour to inhibit MEK/ERK
activities, and further stimulated with TSA, NaB, or VPA for
4 hours. As shown by immunoblot analysis (Fig. 4E), although
U0 significantly blocked the phosphorylation of MSK1 (Fig.
4E, cf. lanes 1–4 and 5–8) induced by HDAC inhibition, the
expression levels of MSK1 proteins remained unchanged. As a
control, ERK 1/2 phosphorylation levels were analyzed and
found to be reduced by U0 pretreatment. In further experi-
ments, we used SB and U0 together to completely block
upstreamMAPK signals, and then exposed the cells to HDAC
inhibitors to analyze the expression and phosphorylation
levels of MSK1 proteins. As expected, basal as well as the
HDAC inhibitor–mediatedMSK1 phosphorylation levels were
completely abolished by SB and U0 pretreatment (Fig. 4E,
lanes 9–12), which indicates that complete inhibition of the
MSK1 phosphorylation requires a simultaneous inhibition of
both upstream kinase activities (p38 MAPK and ERK 1/2)
under either stimulated or nonstimulated conditions. Nonethe-
less, despite complete lack of p38MAPK and ERK1/2 activities,
MSK1 expression levels were still increased by HDAC in-
hibition. Collectively, these results indicate that HDAC
inhibitor-mediated increase in MSK1 expression levels is inde-
pendent of MAPK activities; yet, MAPK activities do act upon
the MSK1 proteins to increase their phosphorylation status.
MSK1 Expression Increases and HDAC Inhibitors

Potentiate MOR Promoter Activities. The core MOR
promoter contains binding sites for two of the transcription
factors known to be activated by MSK1—NF-kB p65 and
CREB (Wei and Loh, 2011). We examined whether forced
MSK1 expression potentiates MOR promoter activities. Thus,
cell lysates were prepared from P19 cells cotransfected with
MOR promoter reporter (pGL450) and CA-MSK1–expression
constructs and further stimulated with HDAC inhibitors. As
shown in Fig. 5A, upper histogram, CA-MSK1 expression
increased the luciferase activity (∼3.3-fold compared with
vector-transfected cells), and upon HDAC inhibition, it was
further potentiated (∼2-fold for TSA, ∼3-fold each for NaB and
VPA stimulations). As an internal control, CA-MSK1 expres-
sion was analyzed by immunoblotting, and showed correct
expression (Fig. 5A, lower image). Since, the increase in MOR
promoter activity by CA-MSK1 overexpression (∼3.3-fold)
alone was comparable to that induced by HDAC inhibitors
(TSA ∼2.6-fold, NaB ∼2.7-fold, VPA ∼2.4-fold); we determined
whether MOR expression levels are also increased. Thus total
RNA was prepared from P19 cells transfected with a varying
amounts of CA-MSK1 for 48 hours, andMORexpression levels
were determined. As shown in Fig. 5B, both the expression
levels of CA-MSK1 (upper gel image) and MOR mRNA (lower
histogram) increased in a dose-dependent fashion. In addi-
tional experiments, the effect of HDAC inhibition on MOR
mRNA expression was analyzed by qRT-PCR in CA-MSK1
expressing cells. As shown in Fig. 5C, TSA stimulation of
CA-MSK1 expressing cells showed a significant increase in

MOR expression levels (∼10-fold in vector-transfected cells
compared with ∼16-fold in CA-MSK1-transfected cells). Addi-
tional qRT-PCR analyses performed with NaB and VPA
stimulations under conditions expressing CA-MSK1 also
showed increased MOR expression levels (data not shown).
Since, MSK1 andMOR gene expression kinetics was similar

upon HDAC inhibition, inhibition of PKA/MSK1 activity by a
small molecule inhibitor, H89, abrogated the MOR gene
expression, and MSK transfection increased and HDAC
inhibitor-potentiated MOR promoter activities, we used
siRNA strategy to directly confirm MSK1’s role in MOR gene
expression. P19 cells were transfected with control siRNA or
siRNA specific for MSK1 or MSK2 (a closely related protein to
MSK1) for 36 hours, and stimulated for 8 hours with HDAC
inhibitors (TSA, NaB, or VPA). As shown by qRT-PCR anal-
ysis in Fig. 5D, although MSK1 siRNA transfection did not
completely abolish MOR expression induced by HDAC inhib-
itors, the levels of MOR expression were significantly de-
creased (∼50% for TSA, ∼25% for NaB, and∼45% for VPA). On
the other hand, MSK2 siRNA transfection showed minimal
changes, and MOR expression levels remained comparable to
those obtained with control siRNA transfection. To confirm
the specificity of each siRNA, immunoblot analyses of the total
cell lysates prepared at the end of transfection period showed
that (Fig. 5E, upper image and quantification in lower
histograms) each siRNA significantly reduced the expression
levels of their respective target proteins, MSK1 and MSK2,
but not vice versa. Collectively, these results demonstrate that
HDAC inhibition-mediated MOR gene expression depends on
the activity of MSK1.
CpG Methylation Abolishes MSK1-Mediated Increase

in MOR Promoter Activity. As reported earlier from our
laboratory (Hwang et al., 2010), the CG residues of the
endogenous MOR promoter in P19 cells are heavily methyl-
ated and are recognized by methyl-CpG-binding protein 2,
which recruits repressive Brm proteins under unstimulated
conditions. However, upon neuronal differentiation of P19
cells or stimulation with TSA, these repressive chromatin
marks are removed, which allows the binding of activating
transcription factors such as SP1. As demonstrated above,
MSK1 strongly activated the MOR promoter (and activity was
further potentiated by HDAC inhibition), thus we were in-
terested to determine if in vitro methylation of the MOR
promoter construct affects MSK1 activity. P19 cells were
cotransfected with pGL450 promoter construct methylated
in vitro, and the ability of CA-MSK1 to increase the MOR
promoter activities were analyzed. As shown in Fig. 6 (upper
histogram), CA-MSK1–mediated luciferase reporter activities
from the methylated MOR promoter constructs were signifi-
cantly reduced (∼47%) compared with the activities obtained
from sham-methylated constructs. As an internal control,
immunoblot analyses of the same cell lysates (Fig. 6, lower
panel) showed that MSK1 expressions are comparable. Col-
lectively, these results indicate that the repressive CpG
methylation mark in the endogenous MOR promoter hinders
efficient MSK1 action during the transcriptional activation of
MOR gene.

qRT-PCR in (D) is shown. Histogram: The pixel densities obtained for MSK1 and MSK2 were calculated, normalized against the values obtained for
b-actin, and plotted as relative expression compared with control. Error bars represents the range of standard errors, and asterisks represent
statistically significant findings (**P , 0.01, n = 3–4).
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MSK1 Expression Increases and Regulates MOR
Gene Expression in Differentiating Neurons. P19 cells
can be induced to differentiate into neuronal cells by retinoic
acid, a process that closely resembles mammalian neuro-
genesis in vivo (Monzo et al., 2012). As reported earlier, MOR
gene expression starts to increase within 2 days after the
induction of differentiation, and continues further as the cells
fully differentiate into neuronal subtypes (Hwang et al., 2010).
Interestingly, phosphorylation of all three major MAPKs (p38
MAPK, ERK 1/2, and JNK) also increases during neuronal
differentiation of P19 cells, and follows MOR expression
kinetics, among which pharmacological inhibition of p38 MAPK
abrogates MOR gene expression (Wagley et al., 2013). Thus, to
determine whether MSK1 is also activated alongside MOR ex-
pression, total cell lysates and total RNA samples were prepared
in parallel from neuronally differentiating P19 cells each day for
a total of 5 days, and analyzed by immunoblotting and qRT-PCR
analyses. As shown in Fig. 7A, upper histogram, and as reported
previously, qRT-PCR analysis showed that MOR expression
levels start to increase 2 days after the induction of differentia-
tion and dramatically increase up to the 5th day, when the cells
completely differentiate into the neuronal types (theMOR levels
on the 1st day of neuronal differentiation was indistinguishable
with parent P19 cells and were not included in the analysis).
Quite interestingly, as shown in Fig. 7A, lower panel gel images,
biphasic MSK1 phosphorylation kinetics were observed: a first
reduction phase which lasted until the cells started to differen-
tiate into neuronal types (Fig. 7A, lanes 1, 2, and 3, and data not

shown); however, the levels gradually increased and surpassed
the levels seen with nondifferentiating cells within 3 days after
the induction of neuronal differentiation (Fig. 7A, cf. lanes 1, 4, 5,
6). Corresponding analyses with total MSK1 also followed a
biphasic course, but unlike the phosphorylated form, its levels
followed a sustained increase (∼1.3- to ∼2.0-fold; Fig. 7A, lower)
in their expression levels until the cells reached maximum
neuronal differentiation at day 4, after which levels slightly
declined (∼1.5-fold in day 5, Fig. 7A, cf. lanes 1–5 and 6). As an
internal control for neuronal differentiation, immunoblot analy-
ses of neuron-specific b-III tubulin levels were performed, which
showeda continued increase and sustained its levels after 4 days.
Further analyses to detect the expression changes in levels of
b-actin and GAPDH (total p38MAPK, ERK 1/2, and NF-kB p65
etc., data not shown) showed minimal changes, and thus,
suggested that the changes in MSK1 levels are specific events
observed during neuronal differentiation of P19 cells.
We determined next whether increase in MSK1 expression

(and phosphorylation) during neuronal differentiation of P19
cells is functionally relevant to increaseMOR gene expression.
Thus, qRT-PCR analysis was performed with total RNA
extracted from neuronally differentiating P19 cells cultured
in the presence of varying concentrations (0–10 mM) of
PKA/MSK1 inhibitor, H89, for 3 days. Figure 7B, upper
histogram, shows that H89 blocked the MOR expression in a
dose-dependent fashion (∼40% to ∼70% reduction by 5–10 mM
H89), which indicates that MSK1 activity is required for MOR
expression in differentiating neurons. In a following set of
experiments, we analyzed whether H89 decreased MOR
expression levels owing to a general inhibition of neuronal
differentiation. Thus, the levels of the neuron-specific b-III
tubulin protein levels were immuno-detected in total cell
lysates prepared from neuronally differentiating P19 cells
cultured in presence ofH89 as above. As shown in the lower gel
image (Fig. 7B), b-III tubulin levels remained comparable
amid H89, and suggested that PKA/MSK1 inhibition in
general minimally affects the neuronal differentiation
process.
As mentioned previously, depending on the stimulus, the

phosphorylation and activation ofMSK1 is regulated by either
one or both of the upstream MAPKs—p38 MAPK or ERK 1/2.
Also, in our previous report, we demonstrated that the
pharmacological inhibition of p38 MAPK or NF-kB, but not
ERK 1/2, abolishes MOR gene expression during neuronal
differentiation of P19 cells (Wagley et al., 2013). Thus, to
determine whether or which p38 MAPK isoform regulates
MSK1 phosphorylation during neuronal differentiation of P19
cells, we transfected differentiating cells with p38 MAPK-a or
p38MAPK-b siRNA, and cell lysates were analyzed. As shown
in Fig. 7C, top panel gel image, transfection with each p38-
MAPK siRNA showed a specific and significant reduction of its
respective target, and an ∼30% reduction in the levels of
phosphorylated MSK1 (Ser 360) by each siRNA (Fig. 7C, gel
image and quantification in middle panel histograms). How-
ever, the overall changes in neuronal differentiation were
insignificant because the expression levels of the neuron-
specific b-III tubulin protein changedminimally by p38MAPK
knockdown. In further experiments, MOR expression levels
were determined by qRT-PCR analysis of cells likewise trans-
fected, and demonstrated that each of these siRNAs, by
themselves, significantly reduced MOR expression levels
(∼40% and ∼60% reduction by p38 MAPK-a and p38-MAPK-b

Fig. 6. CA-MSK1 fails to activate MOR promoter upon CpG methylation.
Histogram: MOR promoter construct pGL450 was mock-methylated or
SssI-methylated and cotransfected into P19 cells with 1 mg of FLAG-
tagged CA-MSK1 for 48 hours. Luciferase activities were measured in the
cell lysates and normalized against pCH110 b-galactosidase activity to
calculate relative activity compared with control. The data represents the
mean 6 S.E.M of three independent experiments with at least two
different plasmid preparations (*P , 0.05; **P , 0.01). Gel image: A
representative immunoblot for CA-MSK1 expression in the cell lysates
used for one of the luciferase assays is shown. The levels of b-actin were
monitored as internal control.
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Fig. 7. MSK1 level increases and regulates MOR expression in differentiating neurons. (A) Histogram: P19 cells were induced to differentiate in
presence of 0.5 mM retinoic acid for 4 days in bacteriological Petri dishes. Cell aggregates were treated with trypsin-EDTA to obtain homogenous cell
suspension and replated onto poly-L-ornithine–coated tissue culture plates. Total RNAwas extracted each day for 5 days after plating, and qRT-PCRwas
performed to determine relative MORmRNA expression levels compared with day 1 (**P, 0.05, n = 3). Gel image: Total cell lysates were collected each
day for 5 days from P19 cells undergoing neuronal differentiation as above. Immunoblotting was performed with anti-phospho-MSK1 and anti-MSK1 as
indicated. b-III tubulin (a neuron-specific protein) immunoblot was included to show correct neuronal differentiation of the P19 cells. The levels of b-actin
and GAPDH were analyzed as internal control to show comparable protein loading across the samples. (B) Histogram: Neuronally differentiating P19
cells on day 1 were treated with a range of H89 (0–10 mM) for 2 days. RNA was extracted andMOR expression was determined by qRT-PCR as explained
previously (**P, 0.01, n = 3). Gel image: Total cell lysates from neuronally differentiating P19 cells treated as above were analyzed by immunoblotting
with neuron-specific anti-b-III tubulin antibodies. The levels of b-actin weremonitored as internal control. (C) Gel image: Neuronally differentiating P19
cells on day 1 were transfected with control siRNA, p38-MAPK-a siRNA, or p38-MAPK-b siRNA for a further 2 days. At the end of transfection, total cell
lysates were prepared and changes in the levels of p38 MAPK-a, p38 MAPK-b , phospho-MSK1, MSK1, b-III tubulin, and b-actin were determined by
immunoblotting. Middle panel histogram: The pixel densities of phospho-MSK1 and b-III tubulin were measured from the siRNA-transfected cells and
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siRNA, respectively, compared with control siRNA), which
suggest a coordinate p38MAPK/MSK1 pathway may be
functioning to regulate MOR expression during neuronal
differentiation of P19 cells. Additional qRT-PCR analysis
using simultaneous transfections of both siRNAs did not
produce additive inhibition of MSK1 phosphorylation levels
or MOR expression levels, and was identical to the data
obtained with p38-MAPK-b siRNA (data not shown).
To finally proveMSK1’s role inMOR gene regulation during

neuronal differentiation of P19 cells, a specific siRNA target-
ing MSK1 was introduced into the differentiating cells, and
3 days later MOR expression level was determined by qRT-
PCR analysis. As expected, MOR expression level was signif-
icantly reduced in MSK1 siRNA–transfected cells (∼50%
reduction compared with control siRNA) (Fig. 7D, left panel),
which was analogous to the inhibition levels obtained with
p38-MAPK siRNA (Fig. 7C, qRT-PCR histograms). Corre-
sponding immunoblot analysis (Fig. 7D, right panel) showed
the specificity of the siRNA and showed that MSK1 expres-
sion was reduced in the transfected cells. Collectively, these
results identify a regulatory role of MAPK/MSK1 cascade on
MOR gene expression during neuronal differentiation of
P19 cells.

Discussion
The transcriptional activation of m-opioid receptor (MOR)

gene is a complex process and requires extensive chromatin
remodeling that allows the binding of various transcription
factors to the MOR promoter [for review see Wei and Loh
(2011)]. Here, we provide evidence that HDAC inhibition
activates components of theMAPK cascade, thereby augment-
ing MOR transcription through regulatory signals that con-
verge at the MOR promoter. Stimulation of P19 cells with
classic HDAC inhibitors TSA or NaB increased MOR expres-
sion after p38 MAPK and ERK 1/2 were phosphorylated; and
inhibiting the activities of either of these MAPKs decreased
MOR expression levels (Figs. 1 and 2). The expression levels of
their common downstream effector kinase, MSK1, also in-
creased uponHDAC inhibition, and regulatedMOR transcript
levels (Fig. 3). In further analyses, although inhibition of p38
MAPK activities failed to modulateMSK1 levels (Fig. 4, A and
B), MOR expression decreased in cells transfected with p38-
MAPK-b siRNA or MSK1 siRNA (Figs. 4C and 5D). On the
other hand, ERK 1/2 activities were found to regulate the
phosphorylation but not the expression ofMSK1 proteins (Fig.
4E), suggesting different modes of MSK1 expression and
functional regulation. Likewise, the expression and function
of MSK1 proteins increased to regulate MOR expression
during neuronal differentiation of P19 cells (Fig. 7, A and B),
suggesting a central functional role of this kinase in epigenetic
regulation of MOR gene (Fig. 8).
Although most of the transcriptional effects of such HDAC

inhibitors as TSA or NaB have been attributed to direct

chromatin remodeling by histone acetylation (Zhong et al.,
2003), HDAC inhibitors only modulate a small proportion (2–
10%) of expressed genes in transformed cells, suggesting that
the net effect on gene transcription is a combinatorial outcome
of histone modifications and functions of regulatory proteins,
such as components of signal transduction cascade and basal
transcriptional machinery, which specifically recognize the
modified histone via protein domains specialized for such
purpose (Dokmanovic et al., 2007). Indeed, the data presented
in this study also supports the active role of such specialized
proteins, specifically the components of the MAPK cascades,
because p38 MAPK and ERK 1/2 were activated concurrently
with a dramatic increase in MOR gene expression induced by
TSA orNaB (Figs. 1 and 2). In agreement to this observation, a
number of studies have shown that HDAC inhibitors can
directly activate ERK 1/2 and p38 MAPK pathways in
erythroid cells and lymphoid cells (Witt et al., 2002; Xie
et al., 2010) and lead to increased transcription of genes such
as p21, g-globin, and myostatin (Rivero and Adunyah, 1996;
Zhong et al., 2003; Sangerman et al., 2006; Han et al., 2010;
Simboeck et al., 2010). Arguably, in some instances HDAC
inhibitors have been shown to inhibit MAPK activity, possibly
by increased activities of MAPK phosphatase owing to acet-
ylation (Cao et al., 2008). Therefore, it appears that the net
outcome of HDAC inhibition ofMAPK depends onwhether the
MAPK kinase or MAPK phosphatase activities are affected.
Nonetheless, p38 MAPK and ERK 1/2 activities were impor-
tant for TSA- or NaB-mediated MOR transcription, because
inhibition of either MAPK blunted MOR levels (Fig. 2, A and
B). Further, HDAC inhibitor-induced MOR expression was
potentiated in the presence of JNK inhibitor (SP) (Fig. 2, A and
B). Since MOR gene expression upon JNK inhibition, protein
synthesis inhibition (CHX, puromycin), or neuronal differen-
tiation of P19 cells (see below) has already been shown to
depend on p38 MAPK activities (Kim et al., 2011; Wagley
et al., 2013); and that p38-MAPK-b siRNA transfection re-
duced MOR expression induced with all these stimuli (Fig. 4,
C and D, and Fig. 7C), p38MAPK-b appears to be essential for
MOR gene regulation.
The regulation of MOR gene expression upon HDAC in-

hibition or neuronal differentiation of P19 was found to be a
conserved mechanism, because MOR gene expression oc-
curred concurrently with increases in MSK1 expression and
activation (Figs. 3 and 7A). Although both p38 MAPK and
ERK1/2 are known to effectively activate MSK1, different
stimuli have been shown to require at least one or a
combination of both MAPK modules (p38 and ERK1/2) to
efficiently activate MSK1 (McCoy et al., 2005). As mentioned
above, and as shown in this study, HDAC inhibitors used ERK
1/2 as the major upstream kinase (Fig. 4E), whereas p38
MAPKwas equally functional during neuronal differentiation
of P19 cells (Fig. 7C). Nevertheless, the definitive role ofMSK1
in MOR gene expression is supported, because pharmacolog-
ical inhibition of PKA/MSK1 with H89 (Fig. 5D) or MSK1

normalized against the values for b-actin levels to be plotted as relative change compared with control (**P , 0.01 versus control siRNA, n = 3). Lower
histogram: The changes in the MOR mRNA expression levels were determined from the siRNA-transfected cells as described previously (**P , 0.01
versus control siRNA, n = 3). (D) Neuronally differentiating P19 cells (day 1) were transfected with MSK1 siRNA for 2 days. MOR mRNA expression
(histogram, qRT-PCR) and MSK1 expression levels (gel image, immunoblotting) were determined as described previously. Results are representative of
three separate experiments, and error bars represent the range of standard errors. Asterisks represent statistically significant findings compared with
control siRNA (**P , 0.01).
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siRNA transfection abrogated the increases in MOR expres-
sion levels (Fig. 7D). Yet, MSK1 activity appeared to play a
regulatory role rather than an absolute turn on/off switch
because only a modest increase in the MOR mRNA levels was
observed after the expression of constitutively active-MSK1
(CA-MSK1) construct (Fig. 5, B and C), and that CA-MSK1
failed to efficiently activate the in vitro methylated MOR
promoter constructs (Fig. 6). These results indicate thatMSK1
requires epigenetic modification at the MOR promoter and
probably increases MOR transcription via activation of the
transcription factors such as NF-kB or CREB, each of which
contains binding sites in the functional MOR promoter (Wei
and Loh, 2011). In support to this hypothesis, we have
observed that the levels of MSK1 and its downstream
transcription factor NF-kB p65 both increase in the nucleus
of TSA-stimulated P19 cells or P19 cells undergoing neuronal
differentiation, and pharmacological inhibition of NF-kB
activity using QNZ reduces the MOR promoter activity in
HDAC inhibitor-stimulated cells (unpublished observation).
The role of ribosomal s6 kinase (RSK) 1/2 (another group of
MAPK effector kinases ) is dubious in all these processes, since
p38 MAPK pathway (involved in both models of MOR gene
transcription presented here) does not activate RSK 1/2
(Healy et al., 2012), whereas the effect of ERK 1/2 was partial
and only affected MOR expression levels induced by HDAC
inhibitors. Regardless, it is clear that other intracellular
pathways may also play a functional role in MOR expression
mechanism, because the increase in total MSK1 levels was
sustained even after simultaneous inhibition of p38 MAPK
and ERK 1/2 pathways (Fig. 4E).
An earlier study from our laboratory has shown that TSA

treatment shifts the border of the mononucleosome surround-
ing the MOR minimal promoter from –345 to –262, which
suggests chromatin modification in this region (Hwang et al.,
2010). With regard to this observation, the role of MAPK
cascade in MOR gene expression involving the MOR minimal
promoter region involves two steps, both chromatin modifica-
tion and transcription factor activation. Quite obviously,
although the data presented and discussed in this study supports
MAPK/MSK1-dependent transcription factor activation, further
studies on chromatin remodeling are also warranted because
increasing evidence suggests MAPK activation regulates

epigenetic changes in multiple ways (see below) and this was
not fully addressed in this study. For example, during smooth
muscle cell differentiation, p38 MAPK is directly recruited to
themyogenic loci by SWItch/sucrose nonfermentable (SWI-SNF)
chromatin remodeling complexes; and forced activation of p38
MAPK in myoblast by expression of a constitutively active dual
specificity mitogen-activated protein kinase kinase 6 (MKK6)
promotes unscheduled SWI-SNF recruitment to the myogenin
promoter (Simone et al., 2004). In recent years, MSK-mediated
histone phosphorylation is regarded as the critical event that
directs extracellular cues to nucleosomal response, and tran-
scriptional activation (Healy et al., 2012). According to this
model, MSK1-mediated histone H3 phosphorylation allows
recruitment of the 14-3-3 proteins and the Brm-related
gene 1 (Brg1), component of the ATP-dependent chromatin
remodeling SWI-SNF complex, to the promoter of the target
genes by transcription factors such as Elk-1 or NF-kB (Drobic
et al., 2010; Gehani et al., 2010). Indeed, since Brg1 has been
shown to be recruited to the MOR promoter (Hwang et al.,
2010) and that NF-kB activity directly affects MOR expres-
sion during the neuronal differentiation of P19 cells (Wagley
et al., 2013), it would be interesting to determine how
MAPK/MSK1 activity links the chromatin remodeling events
with transcriptional initiation at the MOR promoter.
In recent years, accumulating evidence has pointed out that

opioid agonists can stabilize the same receptor in multiple
active confirmations to propagate differential intracellular
signals (ERK 1/2, JNK, protein kinase A or C pathways),
which determines the behavioral plasticity associated with
these drugs (Hofford et al., 2009; Melief et al., 2010; Al-Hasani
and Bruchas, 2011 ). Quite interestingly, HDAC inhibitors
also modulate behavioral outcomes of opioid drugs such as
acutemorphine-induced hyperactivity, opioid dependence, the
development of behavioral sensitization, and the precipitation
of morphine withdrawal syndrome in vivo (Sanchis-Segura
et al., 2009; Jing et al., 2011; Rehni et al., 2012). In addition,
emerging studies suggest that HDAC inhibitors facilitate the
extinction of rewarding memory of drug taking (Wang et al.,
2012), and drug-induced conditioned place preference (Wang
et al., 2010). In these contexts, it is valuable to understand
that the same range of intracellular signaling cascades elicited
by opioid drugs to modulate behavioral outcomes can also be

Fig. 8. Schematic representation of events
during MOR gene transcription after stim-
ulation of P19 cells withHDAC inhibitors or
retinoic acid-mediated neuronal differentia-
tion. HDAC inhibitor stimulation or neuro-
nal differentiation of P19 cells leads to a
general increase in the expression of MSK1
proteins, which are concurrently activated
by upstream ERK 1/2 or p38 MAPK. Upon
activation, MSK1 increases the activity of
transcription factors that bind to the remod-
eled MOR proximal promoter to increase
transcription of MOR gene.
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modulated by HDAC inhibitors (which are increasingly used
in clinical trials for the treatment of various disorders) to
regulate MOR expression levels (Fig. 8), which suggests that
the intracellular signaling cascades might play an autoregu-
latory role in pharmacological outcomes of opioid drugs.
In conclusion, we demonstrate that HDAC inhibitor stimula-

tion or retinoic acid-mediatedneuronal differentiation ofP19 cells
activate coordinated intracellular signals that converge at the
MOR promoter via increased expression and MAPK-dependent
function ofMSK1proteins to regulateMOR transcription (Fig. 8).
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