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Abstract
The G protein-coupled delta opioid receptor gene (dor) has been associated with neuronal
survival, differentiation, and neuroprotection. Our previous study identified PI3K/Akt/NF-κB
signaling is a main downstream signaling pathway in nerve growth factor (NGF)-induced
temporal expression of the dor gene in the PC12 cell model. It is still unknown how NGF/PI3K
signaling regulates the expression of the dor gene in the nucleus. In the current study, we
investigated how PI3K signaling affected epigenetic modifications of histone H3 Lys9(H3K9) in
the 5′-UTR region of the rat dor gene locus. NGF treatment resulted in the global reversal of
H3K9 trimethylation in cells. Moreover, the locus-specific reversal of H3K9 trimethylation and
acetylation of H3K9 were dependent upon NGF/PI3K signaling and temporally well correlated
with NGF-induced gene expression. These results indicate the importance of epigenetic
modifications of H3K9, particularly the reversal of trimethylated H3K9, in the regulation of NGF/
PI3K-dependent genes during neuronal differentiation.
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The G protein-coupled delta opioid receptor (DOR) not only plays a critical role in opioid-
mediated pain control, drug tolerance and addiction [1], but it is also associated with
neuronal differentiation, cell survival, neuroprotection, and neurogenesis [2-6]. Nerve
growth factor (NGF), which is the prototype of neurotrophins, plays a critical role in the
development and maintenance of the central and peripheral nervous systems [7]. The rat
adrenal pheochromocytoma PC12 cell line is a well-established NGF-responsive model for
the study of gene expression during neuronal differentiation and development [8]. NGF
temporally induces the expression of the dor gene in PC12 cells[9-11]. Neurotrophins
regulate the expression of many neuronal genes during neuronal development. Moreover,
the dor gene is expressed both spatially and temporally in specific developmental stages
[12,13]. Token together, elucidating the molecular mechanisms of NGF-induced dor gene
expression might shed light on the general mechanism of neurotrophin-mediated gene
expression during neuronal differentiation and development.
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The signal transduction pathways from the cell surface to the nucleus in NGF-responsive
PC12 cells have been investigated extensively [14], but the temporal mechanism of NGF-
induced gene expression is not well understood at the chromatin level. Phosphorylation and
acetylation of histone H3 at the N-terminal position are associated with mitogen-mediated
induction of the immediate-early (IE) genes, c-fos and c-jun [15-17]. NGF induces many IE
genes and late phase genes in PC12 cells [18]. NGF signaling apparently induces
immediate-early genes by the recruitment of transcriptional coactivators/acetyltransferases
to chromatin-remodeling complexes on the promoters of induced genes [19]. However, little
is known of how NGF induces late phase genes such as dor. We previously observed that
sustained activation of phosphatidylinositol 3-kinase (PI3K)/Akt signaling is important for
the expression of the late-phase dor gene [11]. It is still unknown how NGF induces the
expression of the dor gene after PI3K survival signaling reaches the nucleus.

One possible mechanism for NGF-induced gene expression in the nucleus is that the NGF
signal leads to the regulation of locus-specific modifications of histone tails, which
subsequently bind to the promoter of an NGF-induced gene to initiate transcription and
elongation. Such epigenetic modifications of histone tails can be a critical step for NGF-
induced late phase gene expression. To test this idea, we examined the global and locus-
specific effects of NGF signaling on modifications of histone H3. We also analyzed the
status of H3 trimethylation in the rat dor promoter region in living cells using chromatin
immunoprecipitation (ChIP) assays. We provide several lines of evidence showing that NGF
treatment results in modifications of H3 Lys9 (H3K9), which correlate temporally with
NGF-induced dor gene expression in PC12 cells. NGF/PI3K-mediated gene expression has
been associated with a plethora of important biological processes, including cell survival,
development, differentiation, and cell cycles [7,20-22]. Hence, NGF/PI3K-induced H3K9
modifications might have broad implications for cell survival, neuronal differentiation and
development.

Materials and methods
Cell culture and reagents

The PC12h cell line was a generous gift from Dr. Hiroshi Hatanaka. PC12h cells were
grown and maintained as described previously [11]. Nerve Growth Factor (2.5S) was
purchased from Harlan Bioproducts for Science, Inc (Indianapolis, IN). LY294002,
PD98059, and K-252a were purchased from Calbiochem (La Jolla, CA). Antibodies against
H3K9 (H3K9me3), dimethylated H3K9 (H3K9me2), and acetylated H3K9 (H3K9ac) were
purchased from Upstate (Lake Placid, NY). Anti-H3 (total) was from Cell Signaling
(Beverly, MA).

Western blot analysis
The proteins from cell lysates were separated on either 10% SDS–PAGE gels or 4–20% T
Novex® Tris-glycine gels from Invitrogen (Carlsbad, CA) and blotted onto nitrocellular
membranes according to the manufacturer’s protocols (Cell Signaling). Post-translationally
modified and unmodified protein bands were then probed by the respective antibodies
according to the manufacturer’s protocols. Identification and quantification of protein bands
were described previously [23] unless otherwise noted. Western blots were processed and
figure compositions were constructed using Photoshop®.

Chromatin immunoprecipitation (ChIP)-PCR assays
ChIP assays were performed using the ChIP assay kit according to the manufacture’s
protocol (Upstate, Lake Placid, NY). In brief, chromatin was cross-linked with
formaldehyde, cells were washed with cold PBS buffer, and the cells were then lysed. DNA
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was sheared by sonication (three times, 15s each, using the Sonicator™ Model W-220I,
Heat Systems Ultrasonics). Cell supernatant was pre-cleared by incubation with G-
Sepharose saturated with salmon sperm DNA. The pre-cleared supernatant was incubated
with specific primary antibodies overnight. DNA/protein/antibody complex was isolated and
analyzed by both semi-quantitative (HotStartTag® PCR from Qiagen, 32–40 cycles) and
quantitative real-time PCR (iQ™ SYBR® Green Supermix from Bio-Rad). The primers for
the rat dor promoter region around the start codon (ATG), which was identified by pairing
the mouse dor promoter sequence [24] and rat dor mRNA sequence (NM_012617) with the
rat genomic DNA sequence (NW_047724), are 5′-CTA GAG TCA GCA AAG TCC AGG
CAG-3′, 5′-GAC GAT TCC AAA CAT GAC GAG CAC-3′. Quantitative real-time PCR
were carried out in triplicate or more to determine the association of acetylated or
trimethylated H3K9 with the dor gene. Input DNA was diluted in a fourfold-dilution series
to determine the correlation coefficient and PCR efficiency using the Bio-Rad iCycler iQ™
detection system. The fold change in DNA binding to the modified histone H3 relative to
input DNA was determined by the equation: Fold change = 2−Δ(ΔCT) where ΔCT = CT(chip)
− CT(input) and Δ(ΔCT) = ΔCT(treated) − ΔCT(untreated) or by the individual standard dilution
curve for each experiment.

Statistical analysis
When more than two data points were compared, one-way ANOVA was performed for
statistical significance evaluation using the GraphPad Prism™ program. Either Dunnett’s or
Student’s test was carried out to determine whether or not the sample was significantly
different from the control. Statistical significance was indicated by single asterisk (p < 0.05),
double asterisks (p < 0.01), and triple asterisks (p < 0.001).

Results
NGF induces global reversal of trimethylated H3K9

Our previous study showed that NGF treatment of PC12h cells resulted in a temporal
upregulation of both dor promoter activity and mRNA levels [11]. We hypothesize that NGF
induces epigenetic modifications of histone H3 tails to temporally induce dor (and possibly
other late phase genes) during differentiation. To test this hypothesis, we carried out a series
of experiments. Acetylation of H3K9 is associated with euchromatin gene activation, while
methylation of H3K9 is associated with the gene repression locus [25]. Thus, we used
Western blot analyses to examine the status of H3K9me3 and acetylated H3K9 (H3K9ac).
NGF treatment led to an approximately 40% decrease in the global level of H3K9me3 at 24
h (p < 0.001) (Fig. 1). Dimethylated H3K9 (H3K9me2) had a spurt increase at 30 min and
then a slow decrease after 4 h (Fig. 1). In contrast, the levels of H3K9ac slightly increased at
4 h and then leveled off (Fig. 1). To our knowledge, this is the first experimental evidence to
show that NGF signaling selectively and globally reverses H3K9 trimethylation. These
preliminary results prompted us to investigate further the locus-specific trimethylation of
H3K9 in vivo.

Dynamic demethylation of H3K9me3
H3K9 methylation has been linked to the formation and maintenance of repressive
heterochromatin [26,27]. To examine the modification of histones in the putative dor
promoter region, we first evaluated the trimethylation status of H3K9. To examine the effect
of NGF on the trimethylation of H3K9, we evaluated the association of H3K9me3 with the
dor promoter region in vivo using ChIP assays. NGF treatment resulted in a dynamic change
in the association of H3K9me3 with the dor gene, illustrated by semi-quantitative PCR (Fig.
2A) and quantified by quantitative real-time PCR (qPCR) (Fig. 2B).
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PI3K signaling-dependent H3K9 trimethylation
To evaluate whether sustained NGF/TrkA/PI3K signaling is required for the epigenetic
locus-specific methylation of H3 during the initiation and propagation of transcription, we
examined the effects of the PI3K inhibitor LY294002 and the MAPK inhibitor PD98059 on
the association of trimethylated H3 with the dor gene. Interestingly, inhibition of PI3K
signaling resulted in significant upregulation of H3K9me3 on the dor promoter (*** p <
0.001), while no appreciable effect was observed in the presence of PD98059 (p > 0.05)
(Fig. 3). This is consistent with our previous findings that PI3K/Akt signaling is the major
pathway required for NGF-induced dor gene expression, and that MAPK signaling plays a
less prominent role [11]. The role of NGF/PI3K signaling in reversing the trimethylation of
H3K9 indicates that H3K9 trimethylation might be associated functionally with NGF/PI3K
survival signaling during NGF-induced differentiation.

Time-dependent association of acetylated H3K9 with the dor gene
Demethylation of trimethylated H3K9 should provide opportunities for additional
acetylation of H3K9 on the same histone tails. NGF treatment of PC12h cells resulted in a
time-dependent increase in the association of acetylated H3K9 with dor in vivo (Fig. 4A and
B). Furthermore, the association of H3K9ac is dependent upon TrkA and PI3K kinase
signaling and, to a much less degree, upon MAPK signaling, as illustrated by studies using
their corresponding inhibitors (K252, LY294002, and PD98059, respectively) (Fig. 4C). The
decrease in the H3K9ac levels after 24 h of NGF treatment suggests that acetylation of
H3K9 may only play a role in the initiation, but not in the termination, of transcription.

Discussion
The dynamic trimethylation reversal and acetylation of histone H3 correlate well with the
kinetics of NGF/PI3K-signaling-dependent dor expression (Fig. 4D, [11]). These results
indicate that PI3K signaling could play a critical role in both the initiation and propagation
of dor transcription. This is also consistent with our previous finding that sustained NGF/
PI3K signaling is important for the levels of the rat dor mRNA and the activity of the mouse
dor promoter [11]. Based on our results, a possible mechanism of NGF-induced late phase
dor gene expression has emerged: NGF treatment provides sustained activation of NGF/
PI3K signaling, which then results in a series of well-coordinated biochemical and cellular
events. Activation of PI3K/Akt signaling resulted in translocalization of NF-κB from the
cytosol to the nucleus [11], which is then associated with p300 in the nucleus [28].
Moreover, the NF-κB complex in the nucleus is also associated with the mouse dor
promoter in living cells [29]. PI3K signaling then activates a yet to be identified
demethylase, which then reversal of H3K9me3, and providing a free H3K9 to be acetylated.
Acetylation of H3K9 is most likely accomplished by p300 because p300 can be associated
with activated NF-κB complex in the nucleus [28]. Reversal of H3K9 trimethylation likely
precedes acetylation of H3K9 on the same histone tails. Eventually, the locus-specific
acetylation of H3K9 (together with other modifications by yet-to-be-identified coactivators/
chromatin modifying factors) helps to initiate NGF-induced gene transcription. The
mechanism proposed is also consistent with the consensus that H3K9 methylation is
generally involved in transcriptional repression [25,27], although exceptions to this
phenomenon have been observed [30]. The reversal of H3K9 trimethylation in NGF-induced
differentiation of PC12 cells in this study, and the inducibility of H3K9 methylation in
lipopolysaccharide-treated immune cells [31] together supports the notion that the regulation
of H3K9 trimethylation can have broad implications in the expression of NGF-induced
genes.
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In this study, we observed the well-coordinated temporal methylation and acetylation of
H3K9. These modifications underscore an epigenetic regulatory mechanism for controlling
survival-associated dor expression during neuronal differentiation. Indeed, dor is expressed
both temporally and spatially during neuronal development[12,13]. Pharmacological studies
have demonstrated that the delta opioid receptor signaling plays an important role in NGF-
induced neuronal differentiation in PC12 cells [5]. Moreover, H3K9 methylation has been
directly associated with DNA CpG methylation, e.g., H3K9 methylation is necessary for
DNA methylation to occur in Neurospora crassa [26]. The previous studies have shown that
in the unstimulated mouse neuroblastoma NS20Y and neuro2A cell lines that the levels of
dor gene expression correlate with those of DNA CpG methylation in the mouse dor
promoter region [32]. NGF-induced differentiation of PC12 cells has been recently reported
to be associated with DNA methyltransferase3B [33]. Our current results demonstrate that
NGF induces both global and locus-specific reversal of H3K9me3, suggesting that NGF/
PI3K signaling might be involved in mediating H3K9me3-specific demethylase activity.
Hence, H3K9 trimethylation could be a key linkage between histone methylation and DNA
CpG methylation, providing an epigenetic repressive control mechanism for dor gene
expression. Indeed, H3K9me3 demethylation may represent a general mechanism for
temporal NGF induction of late phase genes during neuronal development through locus-
specific epigenetic chromatin remodeling.

In summary, this study shows for the first time that dynamic modification of H3K9 is NGF/
PI3K-signaling-dependent and associated with temporal expression of the dor gene during
NGF-induced differentiation of PC12 cells. Our findings provide a new epigenetic
regulatory mechanism to explain how NGF induces the late phase dor gene in the PC12 cell
model. Our results suggest a role for PI3K signaling in the regulation of the status of
H3K9me3 during NGF-induced neuronal differentiation. To our knowledge, this is the first
demonstration that NGF/PI3K-survival-signaling selectively regulates the trimethylation
status of H3K9. Because both NGF/PI3K signaling and opioid signaling are involved in cell
survival, neuronal differentiation, and development, reversal of trimethylated H3K9 may
play an important role in the opioid receptor-mediated effectors.
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Fig. 1.
Effect of NGF on global modifications of histone H3. (A) Western blot analysis of NGF-
induced methylation, demethylation, and acetylation of H3K9. Cells were treated with NGF
at the indicated times in the presence of 0.1% calf serum. p-Akt, phosphorylated Akt (Ser
473), which can represent PI3K kinase activity; H3, total histone H3 (used as a control for
normalizing the optical density of each band); H3K9ac, acetylated Lys9 of histone H3;
H3K9me2, dimethylated Lys9 of histone H3; H3K9me3, trimethylated Lys9 of histone H3.
Each protein band was identified by the corresponding specific antibody (see Materials and
methods). (B) Semi-quantitative presentation of H3K9 modifications. The optical density of
each band was divided by that of the H3 band to give the relative optical density (R.O.D.),
which was further normalized to be one unit at time zero. Data are means ± SEM of three
measurements (*** p < 0.001).
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Fig. 2.
Dynamic regulation of trimethylated H3K9 on the dor gene. (A) Time-dependent NGF-
mediated reversal of trimethylated H3K9. (B) Quantitative real-time PCR analysis of
H3K9me3 association. After cells were treated with NGF at the indicated times in the
conditioned medium (see Materials and methods), cells were harvested and trimethylated
H3K9-bound chromatin DNAs were immunoprecipitated. H3K9me3, trimethylated H3K9;
ChIP, chromatin immunoprecipitation; input, DNA before immunoprecipitation. ChIP
assays were carried out according to the manufacturer’s protocol as described. Ctl, rabbit
serum as a negative control. The ratio of ChIP to input DNA at time zero was normalized to
be one unit. Data are means ± SEM of three independent experiments in 3–9 real-time PCR
replicates.
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Fig. 3.
NGF/PI3K-signaling-dependent association of trimethylated H3K9 with the dor gene. (A)
Blocking NGF/PI3K signaling resulted in an increase in the H3K9me3 level. The results are
representative of three separate semi-quantitative PCR experiments. (B) qPCR analysis of
H3K9me3 association with the dor gene. H3K9me3, trimethylated H3K9; LY, LY294002
(20 μM); PD, PD98059 (20 μM); Ctl, rabbit serum as a negative control. PC12h cells were
treated with mock control (DMSO), LY, or PD for 24 h. Data are means ± SEM of three
independent experiments in 3–11 PCR replicates.
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Fig. 4.
Correlation of histone H3K9 modifications with the temporal induction of dor mRNA
during NGF-induced differentiation. (A) Time-dependent NGF-induced association of
H3K9ac with the dor gene. (B) qPCR analysis of ChIP DNA. Data are means ± SEM of
triplicate experiments. (C) Effect of kinase inhibitors on H3K9ac association. The
representative results from the semi-quantitative ChIP-PCR analysis are shown in A and C.
K, K252a (50 nM; an NGF receptor TrkA inhibitor); LY, LY294002 (20 μM); PD,
PD98059 (20 μM). (D) Correlation of histone H3K9 modifications with the temporal
induction of dor mRNA during NGF-induced differentiation. The dor mRNA data points
were extracted from a time-dependent induction of dor mRNA experiment which is similar
to the one that previously published [11]. PI3K activity, presented by the level of
phosphorylated Akt, which was extracted from the experiment that previously published
[11]. H3K9ac, acetylated Lys9 of histone H3 from qPCR analysis (B); H3K9me3,
trimethylated Lys9 of histone H3 from qPCR analysis (Fig. 2B). The maximum arbitrary
unit at the y-axis for each corresponding variable is normalized to be 100% for comparison
purposes.
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