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ABSTRACT

Since the discovery of mu 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 co-ordinated signals
converged at the MOR promoter, involving mitogen-activated protein kinase (MAPK)
activation and mitogen-and stress-activated protein kinase (MSK1) - similar ranges of
intracellular signaling pathways that are activated by opioid agonists. Inhibiting p38 MAPK
or ERK 1/2 MAPK (upstream activators of MSK1) reduced MOR expression levels, and
accordingly, the functional role of MSK1, but not MSK2, was demonstrated using genetic
approaches. However, 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 expression
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
expression 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 auto-

regulatory mechanism may function in opioid systems.
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Introduction

Opioid drugs act through one of the four different G-protein coupled opioid receptor systems:
mu, delta, kaapa, 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 mu opioid receptor (OPRM1 and Oprml) (MOR) has been extensively
characterized at the cellular and molecular levels, and transgenic mouse models have been
generated to demonstrate that the analgesic response to the prototypical opioid, morphine,
depends on 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, SOX, PCBP, SP1, NF-kB, CREB) and
negative regulatory factors (e.g., NRSF, Oct-1, PU.1, SP3, PARP1) that affect MOR
transcription have been identified (for review see (Wei and Loh, 2011)). However, the
majority of these early studies on MOR gene transcription were heavily in-silico based, and
applied genetic approaches to analyze whether various factors were bound to putative
recognition site(s) within the MOR promoter to modulate expression. Nonetheless, a number
of recent studies have shown that MOR gene transcription activates in response to various
extracellular stimuli, and follows multiple co-ordinated intracellular signals that converge at
the MOR promoter (Kim do 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 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
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tightly regulated event that repositions nucleosomes to mount the transcription machinery
(Hwang et al., 2007) (Hwang et al., 2010). Yet, the precise role of signal transduction events
during this critical chromatin directed events remain largely elusive.

Histone deacetylase (HDAC) inhibitors results in the accumulation of hyperacetylated core
histones in nucleosomes leading to transcriptional reprogramming, which is considered to
enhance the therapeutic benefits of HDAC inhibitors on several diseases such as cancers,
cardiovascular diseases, neurodegenerative disorders, and pulmonary diseases (Delcuve et al.,
2012) (Glaser et al., 2003) (Johnstone, 2002) (Chueh et al., 2014). Even such, only a small
proportion (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 non-histone,
regulatory proteins to determine the transcriptional outcome of various genes such as p21, y-
globin, and myostatin (Sangerman et al., 2006; Zhong et al., 2003) (Rivero and Adunyah,
1996) (Han et al., 2010) (Simboeck et al., 2010). For example, treatment with the classical
HDAC inhibitor, Trichostatin A (TSA), resulted in mitogen-activated protein kinase (MAPK)
signaling pathway mediated increase of histone H3 serine 10 phosphorylation, that was
crucial for acetylation of lysine 14 and recruitment of activated RNA polymerase |1 at the p21
promoter (Simboeck et al., 2010). Additionally, sodium butyrate (NaB) have been shown to
directly activate p38 MAPK and ERK-1 in myocytes and lymphoid cells (Sangerman et al.,
2006) (Rivero and Adunyah, 1996) (Han et al., 2010) (Zhong et al., 2003), and in some
cellular models, TSA stimulation have been shown to increase EGFR tyrosine

phosphorylation and phosphatidyl inositol-3-kinase (PI-3K)/AKT activation to modulate
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survivin expression levels (Zhou et al., 2006).

In this study, we utilized classical 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.
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Materials and Methods

Materials. Trichostatin A (TSA), Valproic acid (VPA), Sodium butyrate (NaB),
retinoic acid, H89 and SP600125 (SP) were purchased from Sigma (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 (Beverly, MA). Anti-phospho-ERK 1/2, anti-phospho-p38 MAPK,
anti-ERK 1/2, anti-p38 MAPK alpha, anti-GAPDH, and anti-MSKZ1 antibodies were obtained
from Cell Signaling Technology (Beverly, CA). Anti-phospho- phospho histone H3 (Ser 28),
anti-p65, anti-p50, anti-p-111 tubulin, and anti-B-actin were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-CREB, anti-p38 MAPK beta-2, anti-acetyl histone H3,
anti-phosphoacetyl histone H3 (phospho-Ser10-acetyl-Lys14) were obtained from Millipore
(Billerca, MA). Anti-phospho-histone H3 (Ser 10), anti-phospho-MSK1 (Ser 360), and anti-
MSKZ2, were obtained from Abcam (Cambridge, MA). Alkaline phosphatase-conjugated goat
anti-rabbit, goat anti-mouse, and rabbit anti-goat 1gG 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. Other reagents for molecular studies were
supplied by Sigma Chemicals (St. Louis, MO).

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
excellent model to investigate the role of intracellular signaling cascades. For cell
stimulations, the stock solutions of TSA (10 uM) and retinoic acid (1.0 mM) were prepared in
Ethanol. Stock solutions of NaB (0.5 M), VPA (1.0 M), H89 (10 mM) were prepared in sterile

distilled water and used within two months of preparation. Stock solutions of SB (25 mM),
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SP (25 mM) and U0126 (10 mM) were prepared in cell-culture grade DMSO (Sigma). All
stock solutions for cell stimulation were stored at -20°C in the dark. One day before treatment,
3x10° cells were seeded into each wells of a 6-well plate. On the treatment day, cells were
washed twice with serum free medium and cultured further for 4 h before stimulating with
TSA (25 nM), VPA (10 puM), NaB (5 mM) for various lengths of time. The final
concentration of the vehicles (Ethanol or DMSQO) 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 PBS, and total RNA or protein extracts
were prepared as required for analysis.

Neuronal differentiation of P19 cells. P19 embryonic carcinoma 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, 5x10° cells were
cultured in differentiation medium (alpha-MEM (Life Technologies) supplemented with 5%
FBS (HyClone)) in the presence of 0.5 uM 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 alpha-MEM, and dissociated using 0.1% Trypsin-EDTA and 50 ug/ml Dnase
I. The dissociated cells were seeded on tissue culture dishes that were treated with 0.1 mg/mi
poly-L-ornithine. Cell stimulations and transfection of the neuronally differentiating cells
were carried out 4-8 h after seeding, and designated as day 1. The differentiating cells
received fresh media with or without inhibitor every 48 h after plating.

Preparation of acid-soluble proteins- Acid-soluble histone proteins were extracted
as described previously (Zhong et al., 2001) with minor modifications. Briefly, 1x10° P19
cells stimulated with HDAC inhibitors for various lengths of time were collected and

resuspended in 180 ul of cold PBS. 20 ul of 2N HCI was added to lyse the cells. Acid-soluble
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supernatant fractions were collected after centrifugation at 12,000 rpm/10 min and treated
with a final concentration of 25% trichloroacetic acid on ice for 30 min to precipitate the
proteins. The protein pellets were collected by centrifugation at 12,000rpm/10 min 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 BCA protein assay as described by the manufacturer (Thermo Scientific,
Rockford, IL), and 500 ng-1 ug of the preparation was used to perform immunoblotting with
various anti-histone H3 antibodies.

RT-PCR and real-time quantitative RT-PCR (gRT-PCR)- Total RNA was extracted
using TRI Reagent (Molecular Research Center, Cincinnati, OH) and analyzed by RT-PCR
using the MOR gene-specific primers 5- CATCAAAGCACTGATCACGATTCC-3’
(MMOR-S) and 5’- TAGGGCAATGGAGCAGTTTCTGC-3" (MMOR-AS) (Hwang et al.,
2007) (Wagley et al., 2013). Semi-quantitative RT-PCR was performed in 500 ng of total
RNA using a Qiagen OneStep RT-PCR kit (Valencia, CA). Similar reactions were performed
using PB-actin as an internal control (Hwang et al., 2007). gRT-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 10 to 10° molecules of the MOR gene (using
pcDNA3.1-mMOR, constructed in our laboratory) were monitored, and the number of target
molecule in the test sample was analyzed using qCalculator version 1.0 software
(http://lwww.gene-quantification.de/download.html#qcalculator) based on the mathematical
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
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and the PCR products were also verified on an agarose gel. The RT-PCR and gRT-PCR
experiments were performed in triplicate and each experiment was repeated with at least
three different biological replicates. Results from at least two separate experiments were
combined and presented as mean £ S.EM.

Immunoblotting- Immunoblotting was performed as described previously (Wagley et
al., 2013). Briefly, 3x10° cells were seeded into each well of 6-well dishes and treated as
required. After washing the monolayer 3x with ice-cold phosphate buffered saline (PBS),
lysis buffer composed of 50 mM Tris-Cl, 150 mM NacCl, 0.1 % SDS, 1% NP-40, 0.5 %
sodium deoxycholate, protease inhibitor cocktail, and phosphatase inhibitors were added.
Cell lysates were collected, vortexed vigorously, and clarified by centrifugation. The protein
concentrations in the supernatant were determined using BCA protein assay. 30 pg of each
lysate was loaded into SDS-polyacrylamide gels and electrotransferred onto polyvinyl
difluoride membranes. Membranes were blocked for 30 min in 3% BSA 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 3x with T-TBS and incubated with alkaline-phosphatase conjugated secondary
antibodies for 1 h at room temperature. Data were collected on a Storm 860 Phosphorimager
Fluorescent Scanner (Molecular Dynamics) with appropriate settings for each antibody. Band
densities were determined using the ImageQuant software (GE Healthcare life sciences) and
statistical analysis was performed using GraphPad Prism (version 5.04).

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 3x in ice-cold PBS. Cytosolic protein fraction was

prepared by directly adding hyopotonic lysis buffer (10 mM HEPES, 10 mM KCI, 0.1 mM
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EDTA, 0.5 % NP-40, 1 mM DTT, 0.5 mM PMSF, and protease inhibitor cocktail) to the
monolayer and stored for 5 minutes 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 DTT, 1 mM
PMSF, and protease inhibitor cocktail). Nuclear membrane was disrupted by vigorous
vortexing, and stored on ice for 30 min. 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. 10-20 ug proteins from each fraction were used for
immunoblot analysis as described above.

Transient Transfection Analysis. Approximately 1.5x10° P19 cells were seeded in
60- mm dishes one day before transient transfection. Cells were transfected using a complex
containing 10 pl of LipofectAMINE 2000, 300 ng MOR promoter construct (pGL450), 1.0
ug pCMVS5-constitutively active-MSK1 (S376D, T581D, T700D) (CA-MSK1) (received
from Dr. James C. Hastie, University of Dundee), and 50 ng of pCH110-p-galactosidase per
transfection sample diluted in 500 pl of Opti-MEM (Life Technologies). Forty eight hours
after transfection, cells were washed with serum free medium and treated with HDAC
inhibitors for 8 h, and cell lysates were analyzed for firefly luciferase activity and (-
galactosidase activity as described by the manufacturer’s protocol (Promega and Tropix,
respectively). Results were expressed as relative luciferase activity compared to the control
cells (Hwang et al., 2003) (Wagley et al., 2013).

RNA Interference. The gene-specific effect on MOR transcription was analyzed by
transfecting small-interfering RNA (siRNA) against p38 MAPK alpha or p38 MAPK beta

(Cell Signaling Technology), and MSK1 or MSK2 (Satna Cruz Biotechnology). For
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transfection, approximately 1x10° P19 cells/well in 1 ml of P19 growth medium (alpha-MEM
supplemented with 7.5% newborn calf serum and 2.5% fetal bovin serum) were plated into
12-well plates. Cells were allowed to attach for 4- 8 h and transfected with 50 nM each of
control siRNA (Cell Signaling Technology) or gene specific siRNAs using 3ul of
LipofectAMINE 2000 in a transfection mixture prepared in 200 ul OPTI-MEM. Twelve
hours after transfection, 1 ml fresh growth medium was added to the cells and continued to
culture for another 24 h. At the end of transfection, cells were stimulated with HDAC
inhibitors as required and harvested for gRT-PCR and immunoblot assays.

CpG methylation of MOR promoter- CpG Methylation of MOR promoter construct
pGL450 was carried out using Sssl methylase as described by the manufacturer. Briefly, 2 ug
of MOR promoter construct was added to a reaction mixture containing 640 uM of S-
adenosylmethionine (SAM) buffer and 4 units of Sssl methylase in a final reaction volume of
20 ul. The reaction was allowed to continue for 3 h 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
Sssl enzyme was carried out as control. For analyses, one fourth (approximately 500 ng) of
the methylated or sham-methylated MOR promoter was co-transfected with 1 ug of MSK1
expression construct and 50 ng of pCH110-B-galactosidase for 48 h as described above. At
the end of transfection, cells lysates were prepared and assayed for luciferase and f-
galactosidase activity, and presented as relative activity compared to control.

Statistical analysis- All data presented herein were performed in at least three
different biological replicates. Numerical values were presented as the mean + 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 (GraphPad Software, Inc., La Jolla, CA). p values
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representing significances of <0.05, 0.01 are denoted with symbols *, ** whereas
significances <0.05, 0.01 among various treatment groups are represented with 1, 1t,

respectively.

13
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Results

Time delay between histone acetylation and mu opioid receptor (MOR) gene
expression- Although it is known that the de novo transcription of mu opioid receptor (MOR)
gene increases upon histone deacetylase (HDAC) inhibition and requires an extensive
chromatin remodeling at the MOR promoter (Kraus, 2012; Lin et al., 2008), it is largely
unknown how signal transduction cascades influence changes at the MOR promoter. A
kinetic analysis of MOR gene expression induced by a classical HDAC inhibitor, Trichostatin
A (TSA) in MOR-negative P19 embryonic carcinoma cells (P19 cells) was performed. As
shown by quantitative real-time RT-PCR (gRT-PCR) analysis in Fig. 1A, TSA stimulations of
P19 cells increased MOR gene expression in a time-dependent fashion, which appeared 1 h
after the treatment (~2-fold), dramatically increased at 2 h (**, p<0.01; ~6-fold), and
continued further (~10-fold) by 8 h treatment. Quite interestingly, immunoblot analysis (Fig.
1B) of the acid-soluble histone proteins prepared from similarly stimulated cells (0-4 h)
showed that the increase in global histone H3 acetylation had already reached high
significance (**, p<0.01 at t = 1 h) (Fig. 1B, upper histogram) compared to the dramatic
increase in MOR gene expression (Fig. 1 A, from ~2-fold to ~6-fold between 1 and 2 h),
indicating a time delay in between the two events. Further experiments were performed to
investigate whether sodium butyrate (NaB), another HDAC inhibitor, also demonstrates a
similar pattern of MOR gene transcription and histone acetylation kinetics. As shown in Fig.
1C, gqRT-PCR analysis showed that NaB stimulation of P19 cells also significantly increases
MOR gene expression by 2 h (~3.8 fold, **, p<0.01), which dramatically increases further to
reach ~12 fold by 4 h. As observed with TSA stimulation (Fig. 1B), NaB stimulation of P19
cells also led to an similar histone H3 acetylation kinetics (Fig. 1D) with maximum acetyl H3

achieved at 1 h (**, p<0.01) (Fig. 1D, upper histogram). Taken together, there exists a similar
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time delay between the dramatic increase in MOR gene expression (starting 2 h after
stimulation) and significant histone H3 acetylation (starting 1 h 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 previously, HDAC inhibitor mediated transcription is a
combinatorial 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
dependent on the activity of classical mitogen-activated protein kinase (MAPK) components
such as p38 MAPK, c-jun N-terminal kinase (JNK), or extracellular signal regulated kinase
(ERK). For this purpose, P19 cells were pretreated with pharmacological inhibitors of p38
MAPK (SB203580, SB), JINK (SP600125, SP), and MEK/ERK 1/2 (U0126, UO0) for 1 h and
stimulated with TSA or NaB for a further 8 h. Total RNA were extracted from stimulated
cells, and analyzed for MOR expression. Fig. 2A and 2B shows that SB and UO 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 increase in MOR expression levels
compared to TSA or NaB stimulation alone) (Fig. 2 A and 2B). As a control, we have
previously demonstrated that SP increases MOR gene expression via a p38 MAPK dependent
mechanism in P19 cells whereas SB or UQ treatment has minimal effects (Wagley et al.,
2013).

Since inhibition of either p38 MAPK or ERK 1/2 reduced MOR gene expression
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induced by TSA or NaB stimulation, we determined if p38 MAPK and ERK 1/2
phopshorylation levels are increased in the stimulated cells. As shown in Fig. 2C, the levels
of phosphorylated p38 MAPK increased after 0.5 h of TSA stimulation and continued further
to reach maximum levels by 2 h (**, 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 phosphorylation kinetics, which started to decline after reaching maximum levels at 2
h, increases in the levels of phosphorylated ERK 1/2 (but not total ERK 1/2) were sustained,
and continued throughout the 4 h stimulation period (Fig. 2C, c.f. lanes 1-6). Similar analyses
in NaB stimulated P19 cells (Fig. 2D) revealed analogous increase of ERK 1/2
phosphorylation that sustained over the 4 h stimulation period (Fig. 2D, c.f. lanes 1 and 5),
whereas p38 MAPK phosphorylation followed a slightly different course, and showed
maximum levels at 1 h after stimulation (compared to 2 h for TSA stimulation). Collectively,
these results demonstrate that HDAC inhibition increases p38 MAPK and ERK 1/2
phosphorylation in P19 cells, and that pharmacological inhibition of these kinase reduces
MOR gene expression levels induced by the same HDAC inhibition.

MSK1 expression increases by HDAC inhibition- Depending upon the stimulus,
activation of MAPKSs, specifically p38 MAPK and ERK 1/2, can lead to the phosphorylation
and activation of 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 active configuration, and/or by increasing the
phosphorylation and down-stream activity of transcription factors such as ER81, ATF1, NF-
kB, CREB, HMG14 etc. (Keum et al., 2013; Zhong et al., 2003). Thus, MSK1 activation was
examined by immunoblot analyses of total cell lysates prepared from TSA and NaB

stimulated P19 cells (0-4 h). As shown in Fig. 3A, MSK1 phosphorylation at serine 360 (a

16

%202 ‘6T |Udy uo speuinor 1 34SY e Buo'sfeulno iadse w.reyd jow wou) pspeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on February 2, 2017 as DOI: 10.1124/mol.116.106567
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #106567

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 h after the stimulation and continued further up to 4 h (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 h (Fig. 3A, c.f. 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 h of TSA stimulation (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 h (0, 15 min, and 30
min) upon TSA or NaB stimulations were also carried out and showed minimal changes in
both forms of MSK1 (data not shown). In order to rule out the possibility of general increase
of cellular protein levels upon stimulation, immunoblot analyses of B-actin levels were
carried out, which showed minimal changes (Fig. 3A). Additionally, 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. 2C and Fig. 2D), the increase of MSK1 levels appears to be a
specific effect of HDAC inhibition.

Since increased MSK1 expression and phosphorylation (Fig. 3A) occurred
simultaneously with increases in MOR expression levels upon TSA or NaB stimulation (Fig.
1A and Fig. 1C), we investigated whether MSK1 activity is involved by using a small
molecule PKA/MSKT1 inhibitor, H89. Therefore, P19 cells were stimulated with TSA or NaB
in presence of a range of H89 (0-10 uM), and MOR expression levels were determined by
gRT-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 to control for TSA, and ~32% and ~47% reduction compared to control for NaB
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stimulation by 5 uM or 10 uM 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 activity thereof) of
MSKZ1 proteins. As suspected, and as shown in Fig. 3C (upper gel image), MSK1 expression
(and phosphorylation) indeed increased in a time dependent fashion (Fig. 3C, c.f. 1, 3 and 4)
upon VPA stimulation of P19 cells. Further gRT-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 beta 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 (alpha, beta, gamma, and delta) differ considerably in their
tissue specific expression patterns, substrate specificities, and susceptibility to chemical
inhibitors (Cuenda and Rousseau, 2007) (Coulthard et al., 2009). Of note, only the activities
of p38 MAPK alpha and p38 MAPK beta are inhibited by the chemical compound SB
(Cuenda and Rousseau, 2007). As demonstrated earlier (Fig. 2A and Fig. 2B), since SB
inhibited MOR gene expression induced by TSA (~65% reduction compared to control) and
NaB (~60% reduction compared to 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 (alpha and/or beta) regulates MSK1 phosphorylation in response
to HDAC inhibition. P19 cells were transfected with siRNA against p38 MAPK alpha or p38
MAPK beta for 36 h, and further stimulated with TSA or NaB for 4 h to analyze changes in

MSK1 expression and phosphorylation levels. The 4 h time point was chosen because both
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the expression and phosphorylation levels of MSK1 are clearly increased at this time point
(Fig. 3A). As shown in Fig 4A and Fig. 4B, immunoblot analyses, quite unexpectedly,
revealed that although each p38 MAPK siRNAs specifically and significantly decreased the
expression levels of their respective targets, neither phosphorylation nor the expression of
MSK1 levels decreased under stimulated conditions. In an attempt to determine whether both
p38 MAPK activities simultaneously 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 utilize p38
MAPK pathway to increase the phosphorylation and expression of MSK1 proteins in P19
cells.

In further experiments, we examined whether MOR expression levels are affected by
each p38 MAPK isoform. Thus, P19 cells were transfected with p38 MAPK alpha or p38
MAPK beta specific siRNAs for 36 h and stimulated with HDAC inhibitors (TSA, NaB, and
VPA) for further 8 h. As shown in Fig. 4C, gRT-PCR analyses showed that only p38 MAPK
beta siRNA transfection significantly reduced MOR expression levels upon TSA (~35%
reduction compared to control SIRNA) or VPA (~50% reduction compared to control SiRNA)
stimulation; but, both siRNAs effectively reduced MOR expression levels induced by NaB
(~50% reduction by each siRNA compared to control). Since the role of p38 MAPK beta
appeared to be conserved equally across three different types of HDAC 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 mechanism: protein synthesis inhibitor cycloheximide
(CHX) and JNK inhibitor (SP) (Kim do et al., 2011) (Wagley et al., 2013). As shown in Fig.
4D, although both p38 MAPK siRNAs significantly reduced MOR gene expression induced

by either stimulus, the effects were more pronounced with p38 MAPK beta siRNA (~60-70%
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reduction in MOR expression levels compared to ~50% reduction by p38 MAPK alpha
siRNA). As a control, immunoblot analyses were performed (Fig. 4D, lower panel) and
revealed that each siRNAs specifically 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 beta has a variable MOR regulatory
function, dependent largely on the type of stimulus and whether or not p38 MAPK alpha is
also involved.

Next, we investigated whether ERK 1/2 mediates MSK1 phosphorylation and
expression because a sustained and a time-dependent increase were observed for both the
kinases after TSA or NaB stimulation (Fig. 2C, Fig. 2D, Fig. 3A). P19 cells were pretreated
with U0 for 1 h to inhibit MEK/ERK activities, and further stimulated with TSA, NaB or
VPA for 4 h. As shown by immunoblot analysis (Fig. 4E), although UO significantly blocked
the phosphorylation of MSK1 (Fig. 4E, c.f. 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 UO pretreatment. In further
experiments, we used SB and UO together to completely block upstream MAPK signals, and
then exposed the cells to HDAC inhibitors to analyze the expression and phosphorylatioin
levels of MSK1 proteins. As expected, basal as well as the HDAC inhibitor mediated MSK1
phosphorylation levels were completely abolished by SB and UO pretreatment (Fig. 4E, lanes
9-12), which indicate that complete inhibition of the MSK1 phosphorylatioin requires a
simultaneous inhibition of both upstream kinase activities (p38 MAPK and ERK 1/2) under
either stimulated or non-stimulated conditions. Nonetheless, despite complete lack of p38
MAPK and ERK 1/2 activities, MSK1 expression levels were still increased by HDAC

inhibition. Collectively, these results indicate that HDAC inhibitors mediated increase in
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MSK1 expression levels is independent of MAPK activities; yet, MAPKSs activities do act
upon the MSK1 proteins to increase its 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 co-transfected with MOR promoter reporter (pGL450) and
constitutively-active-MSK1 (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 to 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-MSKZ1 expression was analyzed by immunoblotting,
and showed correct expression (Fig. 5A, lower image). Since, the increase in MOR promoter
activity by CA-MSK1 over-expression (~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 were prepared from P19 cells
transfected with a varying amounts of CA-MSK1 for 48 h, and MOR expression levels were
determined. As shown in Fig. 5B, both the expression levels of CA-MSKZ1 (upper gel image)
and MOR mRNA (lower histogram) increased in a dose-dependent fashion. In additional
experiments, the effect of HDAC inhibition on MOR mRNA expression was analyzed by
gRT-PCR in CA-MSK1 expressing cells. As shown in Fig. 5C, TSA stimulation of CA-
MSK1 expressing cells showed a significant increase in the MOR expression levels (~10 fold
in vector transfected cells compared to ~16 fold in CA-MSKZ1 transfected cells). Additional

gRT-PCR analyses performed with NaB and VPA stimulations under conditions expressing
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CA-MSK1 also showed increased MOR expression levels (data not shown).

Since, MSK1 and MOR 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 h, and stimulated for 8 h with HDAC
inhibitors (TSA, NaB or VPA). As shown by gRT-PCR analysis in Fig. 5D, although MSK1
siRNA transfection did not completely abolish MOR expression induced by HDAC inhibitors,
the levels of MOR expression were significantly decreased (~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 that obtained with control siRNA
transfection. In order to confirm the specificity of each siRNAs, 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 methylated, and are recognized by MeCP2 proteins
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.
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As demonstrated above, MSK1 strongly activated the MOR promoter (and activity was
further potentiated by HDAC inhibition), thus we were interested to determine if in-vitro
methylation of the MOR promoter construct affects MSK1 activity. P19 cells were co-
transfected with in-vitro methylated pGL450 promoter construct 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 significantly reduced (~47%) compared to 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. Collectively, 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.

MSK1 expression increases and regulates MOR gene expression in differentiating
neurons- P19 cells can be induced to differentiate into neuronal cells by retinoic acid (RA), a
process that closely resembles mammalian neurogenesis 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 MAPKSs (p38 MAPK,
ERK 1/2, and JNK) also increase 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 expression, 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, gRT-PCR analysis showed that MOR expression levels start to
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increase 2 days after the induction of differentiation and dramatically increases up to the fifth
day when the cells completely differentiate into the neuronal types (the MOR levels on first
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, a
biphasic MSK1 phosphorylation kinetics was observed; a first reduction phase which lasted
till the cells started to differentiate 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 non-
differentiating cells within 3 days after the induction of neuronal differentiation (Fig. 7A, c.f
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 - ~2.0 fold;
Fig. 7A, lower) in its expression levels until the cells reached maximum neuronal
differentiation at day 4, after which it slightly declined (~1.5 fold in day 5, Fig. 7A, cf. lanes
1-5 and 6). As an internal control for neuronal differentiation, immunoblot analyses of neuron
specific B-111 tubulin levels were performed, which showed a continued increase and
sustained its levels after 4 days. Further analyses to detect the expression changes in levels of
B-actin and GAPDH (total p38 MAPK, ERK 1/2, NF-xB 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.

Next, we determined whether increase in MSK1 expression (and phosphorylation)
during neuronal differentiation of P19 cells is functionally relevant to increase MOR gene
expression. Thus, qRT-PCR analysis was performed with total RNA extracted from
neuronally differentiating P19 cells cultured in the presence of varying concentration of
PKA/MSK1 inhibitor, H89 (0-10 uM) for 3 days. Fig. 7B, upper histogram shows that H89

blocked the MOR expression in a dose-dependent fashion (~40%-~70% reduction by 5-10
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uM of H89), which indicates that MSK1 activity is required for MOR expression in
differentiating neurons. In following set of experiments, we analyzed whether H89 decreased
MOR expression levels due to a general inhibition of neuronal differentiation. Thus, the
levels of the neuron specific B-111 tubulin protein levels were immuno-detected in total cell
lysates prepared from neuronally differentiating P19 cells cultured in presence of H89 as
above. As shown in the lower gel image (Fig. 7B), B-111 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 of MSK1 is regulated by either one or both of the upstream MAPKs-p38 MAPK or
ERK 1/2. Also, in our previous report, we have 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/which
p38 MAPK isoform regulates MSK1 phosphorylation during neuronal differentiation of P19
cells, we transfected differentiating cells with p38 MAPK alpha or p38 MAPK beta siRNA
and cell lysates were analyzed. As shown in Fig. 7C, top panel gel image, transfection with
each p38 MAPK siRNAs showed a specific and significant reduction of their respective
targets, and ~30% reduction in the levels of phosphorylated MSK1 (Ser 360) by each siRNA
(Fig 7C, gel image and quantification in middle panel histograms). However, the overall
changes in neuronal differentiation were insignificant because the expression levels of the
neuron specific B-111 tubulin protein changed minimally by p38 MAPK knock-down. In
further experiments, MOR expression levels were determined by gRT-PCR analysis of
similarly transfected cells, and demonstrated that each of these siRNAs, by themselves,

significantly reduced MOR expression levels (~40% and ~60% reduction by p38 MAPK
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alpha and p38 MAPK beta siRNA respectively compared to control siRNA), which suggest a
co-ordinate 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 siRNA did not produce additive inhibition of MSK1 phoshorylation
levels or MOR expression levels, and was identical to the data obtained with p38 MAPK beta
siRNA (data not shown).

To finally prove MSK1’s role in MOR gene regulation during neuronal
differentiation of P19 cells, a specific siRNA targeting MSK1 was introduced into the
differentiating cells, and 3 days later, MOR expression level was determined by gRT-PCR
analysis. As expected, MOR expression level was significantly reduced in MSK1 siRNA
transfected cells (~50% reduction compared to control siRNA) (Fig. 7D, left panel) which
was analogous with the inhibition levels obtained with p38 MAPK siRNA (Fig. 7C, gRT-PCR
histograms). Corresponding immunoblot analysis (Fig. 7D, right panel) showed the
specificity of the siRNA and showed that MSK1 expression was reduced in the transfected
cells. Collectively, these results identify a regulatory role of MAPK/MSKZ1 cascade on MOR

gene expression during neuronal differentiation of P19 cells.
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Discussion

The transcriptional activation of mu opioid receptor (MOR) gene is a complex
process and requires extensive chromatin remodeling that allows the binding of various
transcripton factors to the MOR promoter (for review see (Wei and Loh, 2011)). Here, we
provide evidence that HDAC inhibition activates components of the mitogen activated
protein kinase (MAPK) cascade thereby augmenting MOR transcription through regulatory
signals that converge at the MOR promoter. Stimulation of P19 cells with classical HDAC
inhibitors, Trichostatin A (TSA) or sodium butyrate (NaB) increased MOR expression after
p38 MAPK and ERK 1/2 were phosphorylated; and inhibiting the activities of either of these
MAPKSs decreased MOR expression levels (Fig. 1 and Fig. 2). The expression levels of their
common downstream effector kinase, MSK1, also increased upon HDAC inhibition, and
regulated MOR transcript levels (Fig. 3). In further analyses, although inhibition of p38
MAPK activities failed to modulate MSK1 levels (Fig. 4A and Fig. 4B), MOR expression
decreased in cells transfected with p38 MAPK beta siRNA or MSK1 siRNA (Fig. 4C and Fig.
5D). On the other hand, ERK 1/2 activities was found to regulate the phosphorylation but not
the expression of MSK1 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. 7A and Fig.
7B), suggesting a central functional role of this kinase in epigenetic regulation of MOR gene
(Fig. 8).

Although most of the transcriptional effects of HDAC inhibitors such 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
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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 or NaB (Fig. 1 and Fig. 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, y-globin, and myostatin (Zhong et al., 2003)
(Sangerman et al., 2006) (Rivero and Adunyah, 1996) (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 due to acetylation (Cao et al.,
2008). Therefore, it appears that the net outcome of HDAC inhibition on MAPK depends on
whether the MAPK kinase or MAPK phosphatase activities are affected. Nonetheless, p38
MAPK and ERK 1/2 activities were important for TSA or NaB mediated MOR transcription,
because inhibition of either MAPK blunted MOR levels (Fig. 2A and Fig. 2B). Further,
HDAC inhibitor induced MOR expression was potentiated in the presence of JNK inhibitor
(SP) (Fig. 2A and Fig. 2B). Since, MOR gene expression upon JNK inhibition, protein
synthesis inhibition (cycloheximide, puromycin), or neuronal differentiation of P19 cells (see
below) have already been shown to depend on p38 MAPK activities (Wagley et al., 2013)
(Kim do et al., 2011); and that p38 MAPK beta siRNA transfection reduced MOR expression
induced with all these stimuli (Fig. 4C, Fig. 4D, and Fig. 7C), p38 MAPK beta appears to be

essential for MOR gene regulation.
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The regulation of MOR gene expression upon HDAC inhibition or neuronal
differentiation of P19 was found to be a conserved mechanism because MOR gene
expression occurred concurrently with increases in MSK1 expression and activation (Fig. 3
and Fig. 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
(p38 and ERK1/2) MAPK modules to efficiently activate MSK1 (McCoy et al., 2005). As
mentioned above, and as shown in this study, HDAC inhibitors utilized ERK 1/2 as the major
upstream kinase (Fig. 4E), whereas p38 MAPK was equally functional during neuronal
differentiation of P19 cells (Fig. 7C). Nevertheless, the definitive role of MSK1 in MOR gene
expression is supported, because pharmacological inhibition of PKA/MSK1 with H89 or
MSK1 siRNA transfection abrogated the increases in MOR expression levels (Fig. 5D and
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 were observed after
the expression of constitutively active-MSK1 (CA-MSK1) construct (Fig. 5B and Fig. 5C),
and that CA-MSK1 failed to efficiently activate the in-vitro methylated MOR promoter
constructs (Fig. 6). These results indicate that MSK1 requires epigenetic modification at the
MOR promoter and probably increases MOR transcription via activation of the transcription
factors such as NF-xB 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 increases 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 RSK 1/2

(another group of MAPK effector kinase) is dubious in all these processes, since p38 MAPK

29

%202 ‘6T |Udy uo speuinor 1 34SY e Buo'sfeulno iadse w.reyd jow wou) pspeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on February 2, 2017 as DOI: 10.1124/mol.116.106567
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #106567

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 were 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 surrounding the MOR minimal promoter from -345 to -262, which
suggests chromatin modification in this region (Hwang et al., 2010). With regards to this
observation, the role of MAPK cascade in MOR gene expression involving the MOR
minimal promoter region involves two steps, both chromatin modifications 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 the myogenic loci by SWI-SNF chromatin remodeling complexes; and

forced activation of p38 MAPK in myoblast by expression of a constitutively active MKK6

promotes unscheduled SWI-SNF recruitment to the myogenin promoter (Simone et al., 2004).

In recent years, MSK-mediated histone phosphorylation is regarded to be the critical event
that directs extracellular cues to nucleosomal responses, and transcriptional activation (Healy
et al., 2012). According to this model, MSK1-mediated histone H3 phosphorylation allows
recruitment of the 14-3-3 proteins and Brgl, component of the ATP-dependent chromatin

remodeling SWI-SNF complex, to the promoter of the target genes by transcription factors
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such as Elk-1 or NF-xB (Drobic et al., 2010) (Gehani et al., 2010). Indeed, Brgl has been
shown to be recruited to the MOR promoter (Hwang et al., 2010), and that NF-xB activity
directly affects MOR expression 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 evidences 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) that determines the
behavioral plasticity associated with these drugs (Al-Hasani and Bruchas, 2011) (Hofford et
al.,, 2009) (Melief et al., 2010). Quite interestingly, HDAC inhibitors also modulate
behavioral outcomes of opioid drugs such as acute morphine induced hyperactivity, opioid
dependence, the development of behavioral sensitization and the precipitation of morphine
withdrawal syndrome in vivo (Jing et al., 2011) (Sanchis-Segura et al., 2009) (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 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 suggest that the intracellular signaling cascades might play an auto-regulatory role in
pharmacological outcomes of opioid drugs.

In conclusion, we demonstrate that HDAC inhibitor stimulation or retinoic acid
mediated neuronal differentiation of P19 cells activate co-ordinated intracellular signals that

converge at the MOR promoter via increased expression and MAPK dependent function of
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MSK1 proteins to regulate MOR transcription (Fig. 8).
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Legends for Figures

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 h as indicated, and total RNA was
extracted. MOR expression levels were determined from total RNA samples by quantitative
real-time RT-PCR (gRT-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 h) 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 histone H3 were monitored 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 to control (* p<0.05, ** p<0.01, n = 3).
(C) P19 cells were treated with NaB (5 mM) for (0-8 h) as indicated and gRT-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 h) 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 H3 were measured for each

sample and presented as relative change compared to control (* p<0.05, n =5).

Fig. 2. HDAC inhibition activates p38 MAPK and ERK 1/2 to regulate MOR mRNA
expression. (A) P19 cells were pre-treated for 1 h with 25 uM SB (p38 MAPK inhibitor), 25
uM SP (JNK inhibitor) or 10 uM U0 (MEK/ERK inhibitor) and then treated for 8 h with 25
ng/ml TSA. Total RNA was extracted, reverse transcribed, and analyzed by quantitative real-
time RT-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; Tt p<0.01,
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T p<0.05 versus TSA stimulation). (B) P19 cells were pre-treated for 1 h with SB, SP or U0
as in (A) and then treated for 8 h 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; 1 p<0.01, T p<0.05 versus NaB stimulation). (C) (gel) P19 cells were treated
with 25ng/ml TSA for various lengths of time as indicated (0-4 h), and total cell lysates were
analyzed by immunoblotting with anti-phospho-p38 MAPK, anti-p38 MAPK alpha, anti-
phospho-ERK 1/2, and anti-ERK 1/2 antibodies. (graph) The pixel densities obtained for
phospho-p38 MAPK and phospho-ERK 1/2 was normalized against the pixel densities
obtained for p38 MAPK and ERK 1/2 respectively. Data from three independent results were
combined to present as relative change compared to non-treated control (* p<0.05, **
p<0.01). (D) (gel) P19 cells were treated with 5 mM NaB (0-4 h) 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).

Fig. 3. HDAC inhibitors increase MSK1 protein levels in P19 cells. (A) (gel) P19 cells were
treated with 25 ng/ml TSA or 5 mM NaB for 0-4 h as indicated and total cell lysates were
prepared. Immunoblotting was performed to determine the expression levels of phospho-
MSK1 and MSK1. Each blot was then reprobed with anti-p-actin as control. (graph) The
pixel density values for phospho-MSK1, MSK1 and B-actin were measured for each time
point, and the relative changes in the ratio of phospho-MSK1/MSK1 and MSK1/B-actin was
presented (TSA left graph, and NaB right graph; * p<0.05, ** p<0.01, n = 4). (B) P19 cells

were pre-treated for 1 h with various concentrations of H89 (0, 5 or 10 uM) followed by TSA
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(25 ng/ml) or NaB (5 mM) stimulation for 6 h. Total RNA was prepared and analyzed by
quantitative real-time RT-PCR to determine changes in MOR expression levels as described
previously (* p<0.05, ** p <0.01, n = 4-8). (C) (gel) P19 cells were treated with 10 uM VPA
for 0-4 h as indicated and total cell lysates were analyzed by immunoblotting with phospho-
MSK1, MSK1 and B-actin antibodies. (histogram) P19 cells were pre-treated for 1 h with
various concentrations of H89 (0-10 uM) followed by VPA treatment for 6 h. MOR mRNA
levels were determined by quantitative real-time RT-PCR as described in Fig. 1. Error bars
represents the range of standard errors, and asterisks represent statistically significant

findings (* p<0.05; **, p<0.01, n = 3).

Fig. 4. HDAC inhibition mediated MAPK activity does not affect MSK1 expression. (A)
(gel) P19 cells were transfected with control siRNA, p38 MAPK alpha siRNA or p38 MAPK
beta SiRNA for 36 h. At the end of transfection, cells were left untreated or treated with TSA
(25 ng/ml) for 4 h, and changes in the expression levels of phospho-MSK1 and MSK1 were
analyzed by immunoblotting. The levels of p38 MAPK alpha and p38 MAPK beta were
analyzed to show specificity of the siRNA transfection, and B-actin levels were analyzed as
internal control. (histogram) The pixel densities obtained for MSK1 was normalized against
the pixel densities obtained for B-actin values and presented as relative change compared to
control (** p<0.01, n = 4). (B) P19 cells transfected with control siRNA or siRNA specific
for p38 MAPK alpha and beta isoforms for 36 h were treated with NaB (5 mM) for a further
4 h, and immunoblot analysis (gel) and MSK1 level quantification (histogram) were
performed as described above (** p<0.01, n = 4). (C) Total RNA extracted after 6 h
stimulation with TSA (25 ng/ml), NaB (5 mM) or VPA (10 uM) in P19 cells transfected as
above were analyzed by quantitative real-time RT-PCR to determine changes in MOR mRNA

44

%202 ‘6T |Udy uo speuinor 1 34SY e Buo'sfeulno iadse w.reyd jow wou) pspeojumoq


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on February 2, 2017 as DOI: 10.1124/mol.116.106567
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #106567

levels. Results were normalized against the levels of B-actin and presented as relative change
compared to control (** p<0.01, n = 7-10). (D) (histogram) Quantitiative real-time RT-PCR
analysis to determine changes in MOR mRNA levels were performed as above from cells
transfected as in (B) but stimulated with cycloheximide (CHX, 10 pug/ml) or SP (25 uM) (**
p<0.01, n = 3). (gel) Immunoblot analysis to detect changes in p38 MAPK alpha, p38 MAPK
beta, p42/p44 MAPK. SAPK/JNK, AKT and B-actin in the siRNA transfected cells used for
quantitative real-time RT-PCR is shown. (E) (gel) P19 cells were pre-treated for 1 h with 10
uM U0 (lanes 5-8) or 10 uM UO plus 25 uM SB (lanes 9-12), and then treated for 4 h with
TSA (25 ng/ml), NaB (5 mM) or VPA (10 uM). 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 UO treatment and 3-
actin levels were analyzed as internal control. (histogram) The pixel densities obtained for
phospho-MSK1 were measured and plotted against the values obtained for (-actin, which
was used as internal control. Error bars represents the range of standard errors from three

independent experiments.

Fig. 5. MSK1 regulates MOR gene expression induced by HDAC inhibitors. (A) (histogram)
P19 cells were co-transfected with the MOR promoter construct (pGL 450, 300 ng) and
expression plasmids for FLAG-tagged constitutively active-MSK1 (CA-MSK1) (1 ug) for 48
h followed by stimulation with TSA, NaB or VPA for a further 8 h. Luciferase activities in
the cell lysates were measured and expressed as relative activity compared to control. (gel) 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) Immunoblot

analysis to detect MSK1 expression was performed with total cell lysates prepared from P19
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cells transfected with increasing amounts of CA-MSK1 as indicated (0-2.0 pg) for 48 h. The
levels of B-actin were monitored as internal control. (histogram) Quantitiative real-time RT-
PCR analyses were performed to determine changes in MOR mRNA levels from cells
transfected as above (* p<0.05, ** p<0.01, n = 5). (C) P19 cells were transfected with 1 ug
CA-MSK1 for 48 h and further stimulated with TSA for 8 h. Total RNA was extracted and
guantitative real-time RT-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 h. At the end of transfection, cells
were treated with TSA (25 ng/ml), NaB (5 mM) or VPA (10 uM) for a further 8 h and total
RNA was analyzed by quantitative real-time RT-PCR to determine MOR mRNA levels.
Results were normalized against the levels of B-actin as internal control, and presented as
relative change compared to control (** p<0.01, n = 3-6). (E) (gel) Immunoblot analysis to
detect changes in MSK1, MSK2 and B-actin in the SiRNA transfected cells used for
quantitative real-time RT-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 to control. Error bars represents the range of standard

errors, and asterisks represent statistically significant findings (** p<0.01, n = 3-4).

Fig. 6. CA-MSK1 fails to activate MOR promoter upon CpG methylation. (histogram) MOR
promoter construct pGL450 was mock methylated or Sssl methylated and co-transfected into
P19 cells with 1 ng FLAG-tagged CA-MSK1 for 48 h. Luciferase activities were measured in
the cell lysates and normalized against pCH110 B-galactosidase activity to calculate relative
activity compared to control. The data represents the mean £ S.E.M of three independent

experiments with at least two different plasmid preparations (*, p<0.05; **, p<0.01). (gel) A
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representative immunoblot for CA-MSKZ1 expression in the cell lysates used for one of the

luciferase assays is shown. The levels of B-actin were monitored as internal control.

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 uM retinoic acid for 4
days in bacteriological petri dishes. Cell aggregates were treated with trypsin-EDTA to get
homogenous cell suspension and replated onto poly-l-ornithine coated tissue culture plates.
Total RNA was extracted each day for 5 days after plating, and quantitiative real-time RT-
PCR were performed to determine relative MOR mRNA expression levels compared to day 1
(** p<0.05, n = 3). (gel) 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-1II 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 uM) for two days. RNA was extracted and MOR
expression was determined by quantitative real-time RT-PCR as explained previously (**
p<0.01, n = 3). (gel) Total cell lysates from neuronally differentiating P19 cells treated as
above were analyzed by immunoblotting with neuron specific anti-p-I11 tubulin antibodies.
The levels of B-actin were monitored as internal control. (C) (gel) Neuronally differentiating
P19 cells on day 1 were transfected with control siRNA, p38 MAPK alpha siRNA or p38
MAPK beta siRNA for a further 2 days. At the end of transfection, total cell lysates were
prepared and changes in the levels of p38 MAPK alpha, p38 MAPK beta, phospho-MSK1,

MSK1, B-Ill tubulin and B-actin were determined by immunoblotting. (middle panel
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histogram) The pixel densities of phospho-MSK1 and B-I11 tubulin were measured from the
siRNA transfected cells and normalized against the values for -actin levels to plot as relative
change compared to 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, quantitative real-time RT-PCR) and MSK1 expression levels (gel,
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 finding compared to control siRNA (**, p<0.01).

Fig. 8. Schematic representation of events during MOR gene transcription after stimulation of
P19 cells with HDAC inhibitors or retinoic acid mediated neuronal differentiation. HDAC
inhibitors stimulation or neuronal 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

remodeled MOR proximal promoter to increase transcription of MOR gene.
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