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Abstract
Three opioid receptors (ORs) are known: μ opioid receptors (MORs), δ opioid receptors (DORs),
and κ opioid receptors (KORs). Each is encoded by a distinct gene, and the three OR genes share a
highly conserved genomic structure and promoter features, including an absence of TATA boxes
and sensitivity to extracellular stimuli and epigenetic regulation. However, each of the genes is
differentially expressed. Transcriptional regulation engages both basal and regulated
transcriptional machineries and employs activating and silencing mechanisms. In retinoic acid–
induced neuronal differentiation, the opioid receptor genes undergo drastically different chromatin
remodeling processes and display varied patterns of epigenetic marks. Regulation of KOR
expression is distinctly complex, and KOR exerts a unique function in neurite extension,
indicating that KOR is not simply a pharmacologic cousin of MOR and DOR. As the expression
of OR proteins is ultimately controlled by extensive posttranscriptional processing, the
pharmacological implication of OR gene regulation at the transcriptional level remains to be
determined.
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1. INTRODUCTION
Opioids remain the most widely prescribed analgesics and among the most widely abused
categories of recreational drugs. The specific biological targets of opioids, opioid receptors
(ORs), were first detected by use of radioactive ligand binding assays in the early 1970s (1–
3). Use of these assays defined three pharmacologically distinct opioid receptors, based on
their different binding profiles with respect to specific types of ligands: μ opioid receptor
(MOR), δ opioid receptor (DOR), and κ opioid receptor (KOR) (4, 5). Almost two decades
after the initial detection of ORs, the first OR complementary deoxyribonucleic acid
(cDNA), which encodes DOR, was cloned through functional screening by Kieffer et al. (6)
and Evans et al. (7). With the DOR cDNA as the probe, multiple groups raced to obtain the
MOR and KOR cDNAs (8–10) and the genes encoding MOR, DOR, and KOR from various
animal species in a short period of time (11–16). Cloning the cDNAs and genomic DNAs of
ORs marked the beginning of a new era of intensive molecular studies. These include
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studies of the mechanisms of action of opioids, ligand-receptor interactions, effectors,
genetics, and regulatory pathways, along with revelations of certain physiological actions of
the endogenous opioids and ORs. Several key questions have been answered since the initial
phase of molecular studies was launched.

First, sequencing of the OR cDNA and genomic DNA clones indicated that the three ORs
are encoded by three distinct genes and that ORs belong to the superfamily of 7-
transmembrane, G protein–coupled receptors (GPCRs). This finding shed light on the
mechanism of opioids’ action and propelled extensive studies of their signal transduction,
specific pharmacological effects, and downstream effectors (17). Second, amino acid and
nucleotide sequence comparisons have established that the MOR, DOR, and KOR genes are
highly (73–100%) conserved in their homologous coding exons, which are located in the
center of each gene. These exons encode the 7-transmembrane domain, which suggests that
all three OR genes evolved from one ancestral gene that initially spanned this domain.
However, whereas the OR genes are highly homologous within their 7-transmembrane
domain, they diverge dramatically (with only 9–20% conservation) in their amino termini
that protrude outside the cell surface as well as in their carboxyl termini that extend into the
intracellular space (18, 19). The evolutionary divergence of their termini underlines the very
different ligand binding patterns (primarily through their amino termini), pharmacological
effects, and signal transduction pathways (primarily through their carboxyl termini) of the
three ORs. Molecular modeling has provided some insight regarding the relationship of the
various OR ligands to their corresponding receptors or receptor pairs (20–23). Third,
transcriptional and epigenetic regulation studies have established that, despite the
conservation in their structures and certain common regulatory mechanisms, each OR gene
is also subjected to unique regulatory pathways and exhibits a distinct pattern of expression
(24, 25). The studies of these gene regulatory mechanisms constitute another major effort in
the field and is the focus of this review. Fourth, alignments of cDNA with genomic DNA
and studies of messenger RNA (mRNA) processing have established that multiple mRNA
isoforms, or variants, are produced from each OR gene (24, 26, 27). Initial excitement
generated from this discovery prompted an examination of the variants’ potential role in
relation to the pharmacological subtypes of ORs—which proved a disappointment, because
none of the mRNA variants corresponded to any pharmacologically defined subtype.
Instead, recent reports have suggested that pharmacological OR subtypes probably
correspond to certain specific heterodimeric receptor units (22, 23) and that in the case of
MOR mRNA, such variants may play roles in modulating animal behavior or pain sensation
(27–29). Moreover, molecular studies of KOR mRNA variants show that extensive posttran-
scriptional regulation, which occurs via varied untranslated regions (UTRs), controls the
time, location, and signal specificity of neuronal production of KOR protein (26). The
significance of the UTR-based regulation is underscored by recent findings of specific
physiological functions of KOR derived from transcripts carrying various UTRs, because
the KOR proteins produced from UTR-carrying transcripts contribute to neurite extension
and cellular response to neuronal activities (30–33). Fifth, studies of OR signal transduction
have established that the number of receptor molecules and the microdomains where
receptors exist, in addition to the availability of the downstream effectors, are important for
ligands to elicit specific biological effects (34). A recently emerged view is that different
ligands of a specific type of OR can induce different modes of ligand-receptor interaction
(21), tempting one to speculate that distinct shapes of ligands with receptors at different
spatial locales and/or of different local densities coordinate such different modes of
interaction. The density (number), spatial distribution, and timing of OR expression in a cell
can be regulated at multiple levels, starting from the transcription of the gene and continuing
through multiple posttranscriptional processes. However, transcription initiates the control
over cellular production of certain types of OR. Since the first genomic information about
ORs became available in 1994, numerous labs have extensively examined transcriptional

Wei and Loh Page 2

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2013 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



control of all three OR genes. Here we review data that have elucidated how these three
genes are regulated at the level of transcription, including studies of OR genomic structures,
transcription factors (TFs), regulatory signals, and epigenetic regulation. We also discuss the
implications of these data and suggest directions for future research.

2. GENOMIC STRUCTURES OF OPIOID RECEPTOR GENES
2.1. Genomic Structure and Alternative Promoter/Splicing

The cDNA sequences of the three ORs are homologous in the 7-transmembrane domain,
which is encoded by three highly conserved coding exons. The similarity of the genomic
organization among the ORs is obvious from the alignment of the mouse MOR (11), DOR
(13, 14), and KOR (12) cDNAs (Figure 1). The degree of conservation is remarkable not
only because their DNA and amino acid sequences are homologous but also because their
exon-intron boundaries (splicing junctions) are absolutely conserved with respect to the
specific amino acid residues where splicing occurs.

However, outside the 7-transmembrane region, the sequences and genomic arrangements of
these three genes substantially differ. Divergent alternative splicing occurs in the regions
upstream or downstream of the conserved 7-transmembrane domain for the MOR and KOR
genes—both of which also use alternative promoters (27, 29, 35, 36). MOR and KOR
mRNA variants that are altered in their 5′ UTRs are differentially regulated at the level of
translation (37–40), and KOR variants with different 3′ UTRs are differentially regulated at
the level of RNA stability or transport (30, 41). Although mRNA variants of mouse MOR
have been associated with differential behavior and drug response of animals (27, 29), in a
carefully conducted study attempting to clarify the mature mRNAs for the reported mouse
MOR variants, the data show only one mature mRNA species in the mouse brain that can be
detected by Northern blot, as a fragment roughly 11.5–12 kb in length (42). Human MOR
variants produced by extensive splicing in both the upstream and downstream regions of its
7-transmembrane domain have also been detected by reverse transcription–polymerase chain
reaction (RT-PCR) (28, 29). The discrepancy between the Northern blot data (revealing a
single band of MOR mRNA, or a group of MOR-hybridizing transcripts migrating at a
similar position on the gel) and the RT-PCR data (indicating numerous transcripts with
widely varied lengths) may arise from different sensitivities of the detection methods. It is
also possible that cDNAs produced by extensive splicing on the Oprm locus may represent
certain immature forms of MOR mRNA, or even mRNAs of some hitherto uncharacterized
proteins distinct from MOR. Consequently, although genetic data have indicated biological
effects caused by defects in specific MOR mRNA variants (43), data have not been
published from critical experiments that validate the biological legitimacy of predicted,
alternatively spliced MOR cDNA variants, each in a contiguous and mature poly(A)-
containing mRNA form. For mouse KOR, on the other hand, at least six mature mRNA
variants, generated from the same gene, have been validated by Northern blot analysis.
These KOR mRNA variants are generated through the use of two alternative promoters and
two alternative polyadenylation sites, in addition to the inclusion of one upstream noncoding
exon where alternative splicing occurs to produce different 5′ UTRs (35, 37, 41). Recently,
the structure of the gene that encodes human KOR has been shown to also include this
upstream noncoding exon (44), suggesting that there has been natural selection for these
alternative 5′ UTRs, possibly in the regulation of KOR under certain physiological contexts.
Recent studies have presented evidence that the UTRs of KOR mRNA mediate growth
factor regulation of KOR protein synthesis and that this is required for neurite extension (33,
45, 46). Finally, the mouse DOR gene has been shown to initiate transcription from two
adjacent sites (14), but there has been no report of its alternative splicing.
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The similar genomic structures of, and the high degree of sequence conservation among, the
three ORs strongly support the idea that the three genes have evolved from a common
ancestral gene that spanned at least the three coding exons. Variations have since evolved
around such an ancestral gene’s amino terminus for divergent ligand binding abilities and
around its carboxyl terminus for divergent intracellular signaling. Further evolution may
have taken place to allow alternative splicing in the OR genes’ UTRs for regulation at the
level of mRNA stability, mobilization, and/or translation (30, 31, 37). Alternative splicing to
change the coding sequences, such as those in MOR, probably evolved to expand the
regulatory reservoir for modulation of the OR system.

2.2. Gene Mapping and Promoter Characteristics
The mouse gene that encodes MOR, Oprm, is located in chromosome 10 (47) and spans a
distance of 250 kb, with its cDNA estimated to be approximately 11.5–12 kb in length (42).
It can utilize two closely positioned promoters: the distal promoter (DP), which drives one
major transcript initiated at the −784 position (relative to the translation initiation codon),
and the proximal promoter (PP), which drives multiple transcripts initiated from a cluster of
transcription initiation sites between the −291 and −268 positions (Figure 2). Both
promoters belong to the TATA-less type, are GC-rich, and contain numerous regulatory
elements (see Section 3). In animals, PP is preferentially used in most tissues; in cell
cultures, PP activity also accounts for the vast majority (>95%) of this gene’s activity (36).
In addition, the mouse gene can use a TATA-containing promoter (named E11) located
more than 10 kb upstream (48). The rat gene structure is similar to that of the mouse (49).
The human gene for MOR, OPRM, as determined by multiple groups (29, 50, 51), has been
found to be highly homologous to the structure of the mouse and rat genes, including its
multiple TATA-less promoters and complex TF-binding sequences.

The gene that codes for DOR in the mouse, the Oprd gene, has been mapped to chromosome
4 (52), and its structure has been determined (14). Two major transcription initiation sites
have been identified, located between the −324 and −142 positions with respect to the ATG
initiation codon (Figure 3). This promoter is also TATA-less and GC-rich, and the gene
seems to span only the three coding exons. The human gene that codes for DOR has also
been isolated (53) and mapped to chromosome 1 (52).

The gene for KOR has been examined for the mouse (12, 15), rat (16), and human (44, 54).
It is mapped to human chromosome 8 (54, 55) and mouse chromosome 1 (15, 56, 57). Both
the human and mouse genes contain a noncoding exon upstream of the initiating codon (35,
44, 58), and two functional promoters named promoter 1 (P1) and promoter 2 (P2) have
been validated for the mouse gene, Oprk (Figure 4). P1 initiates transcription from a cluster
of residues between the −1098 and −719 positions with respect to the ATG initiation codon.
P2 is located within intron 1 and initiates transcription from a fixed residue at the −93
position (35). Furthermore, alternative splicing can take place in intron 1 of the mouse gene.
Therefore, P1 can drive the expression of KOR mRNAs with either one of the two types of
5′ UTR, and the mRNAs span four exons. P2, on the other hand, drives the expression of
KOR mRNA with a single type of 5′ UTR containing merely 93 nucleotides, and the mRNA
spans only the three coding exons. P1 is constitutively active in cultured cells and is also the
major promoter used in most cell lines and animal tissues (58). P2 is active only in certain
brain areas, such as the brain stem, and in later stages of in vitro neuronal differentiation
(59). Both promoters are TATA-less and GC-rich. The mouse Oprk gene, extending from
promoter 1 to its 3′-most of two alternative polyadenylation signals, spans roughly 16 kb,
whereas the human gene spans roughly 25 kb.

In summary, the three OR genes share a conserved genomic structure in the 7-
transmembrane domain that is encoded by three similarly arranged exons, but their amino
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and carboxyl terminal regions are very different. Their promoters are TATA-less and GC-
rich except for the upstream E11 promoter of the Oprm gene. The genes encoding MOR and
KOR undergo alternative splicing in their 5′ UTRs and 3′ UTRs, and both genes use
alternative promoters. In addition, the Oprk gene uses alternative polyadenylation sites.
Alternative promoter/polyadenylation/splicing does not affect the main coding sequence of
KOR mRNA but could alter the efficiency of KOR protein production through
posttranscriptional control (26). For MOR mRNA variants, alternative splicing would
drastically alter the protein’s amino and carboxyl termini, making variant proteins predicted
to be pharmacologically distinct from MOR (27, 29).

3. TRANSCRIPTION FACTORS AND REGULATORY SIGNALS
3.1. Transcription Factors and Regulatory Signals of the Gene That Encodes μ Opioid
Receptor

Transcriptional regulation of MOR expression has been examined mostly for the mouse and
the human genes. A number of TFs for the mouse gene, Oprm, have been experimentally
evaluated as positive (activating) or negative (repressing). Positive TFs of this gene include,
from the 5′ to the 3′ ends, Sry-like high-mobility group box gene (Sox) (60, 61), activating
protein 2 (AP2)/specificity protein 1 (Sp1) (62), Sp1 on an inverted GA motif (iGA) (63),
poly C binding protein (PCBP) on a sequence adjacent to iGA (64), and cyclic adenosine
monophosphate (cAMP) response element binding protein (CREB) in the 5′ UTR (65).
Negative TFs include, from the 5′ to the 3′ ends, octamer-1 (Oct-1) (66), PU box binding
(PU.1) on a 34-bp silencer region (67, 68), poly(ADP-ribose) polymerase 1 (PARP1) on a
double-stranded poly-C sequence (69), and two TFs binding to the 5′ UTR—specificity
protein 3 (Sp3) (70) and repressor element-1 silencing transcription factor (REST); the latter
binds the neurorestrictive silencer element (NRSE) overlapping the initiation codon ATG
(71, 72) (Figure 2, top). These upstream regulatory sequences can be grouped into three
clusters, each responsible for binding by multiple TFs. These include the cluster from −775
to −687 (downstream of DP) consisting of several Sox proteins and PU.1; a cluster flanking
the iGA sequence consisting of PARP1, AP2, Sp1, and PCBP; and a cluster within the
relatively short 5′ UTR consisting of Sp3, CREB, and REST. Because the identification of
these clustered TFs has been conducted in different cellular backgrounds, it remains to be
verified whether these TFs act in concert or if they are enriched in different types of cells to
differentially regulate this gene.

Positive TFs for the human gene, OPRM, include, from the 5′ to the 3′ ends, activator
protein 1 (AP1) (73), nuclear factor κB (NF-κB) (74), signal transducers and activators of
transcription (STAT) (75, 76), GATA-binding protein (GATA) (77), STAT6 (78), NF-κB
(74), nuclear factor of activated T cells (NFAT)/AP1 (79), Sp1/3 (50), ying yang-1 (YY1)
(80),NF-κB (74), and PARP (81). Negative TFs include one that binds to a 35-bp silencer
region similar to the 34-bp silencer found in the mouse gene (82) and another that binds to a
NRSE also similar to that found in the mouse gene (83) (Figure 2, bottom).

In general, transcriptional regulation of the mouse Oprm gene can be elicited by stimuli such
as endocrine vitamin A or its active ingredient retinoic acid (RA) (84), cytokines of the
interleukin family (78, 85), interferon-γ (46), insulin-like growth factor-1 (76), phorbol ester
(73), and so on. These studies have been conducted through the use of the mouse embryonal
carcinoma cell line P19; neuroblastoma cell lines such as SH-SY5Y; immune cells such as
primary T cells, B cells, and mononuclear cells; and established immune cell lines such as
Raji and U-937. In P19 cells, RA induces chromatin remodeling on the Oprm gene locus
during its induction of neuronal differentiation (see Section 4). In other cell types that are
already differentiated, most signals directly activate TFs. This is consistent with the finding
that the Oprm gene is usually heavily methylated and silenced in undifferentiated cells and
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that it requires activation (86). However, the caveat is the artificial nature of gene reporter
constructs used in most of the earlier studies. This raises a concern about the interpretation
of these data. More recent studies of the endogenous Oprm gene, i.e., studies examining its
chromatin state and remodeling process, have in fact revealed that it has varied epigenetic
states in different cells. This would affect the actions of these TFs on the endogenous gene
locus (see Section 4). Therefore, the physiological relevance of most of these TFs to
transcriptional activation of this gene remains to be validated.

3.2. Transcription Factors and Regulatory Signals of the Gene That Encodes δ Opioid
Receptor

The Oprd gene utilizes a single promoter but can initiate transcription from two major sites
between the −324 and −142 positions with respect to the initiation codon (14). Studies of its
gene transcriptional regulation have focused on activating factors, which include, from the
5′ to the 3′ ends, STAT6 (74), Ikaros (Ik) (87, 88), Sp1/Sp3 (89), E-twenty six 1 (Ets-1)
(90), upstream stimulatory factor (USF) (88, 91), NF-κB (74), and AP2 (92). All these
studies have been conducted using reporter constructs in a heterologous cellular background;
therefore, the physiological relevance of these regulatory signals again remains to be
validated. In this regard, an examination of DNA methylation of the endogenous Oprd locus
has established that it is epigenetically regulated (93, 94) (see Section 4).

In terms of signals stimulating Oprd transcription, it is known that activation of
phosphatidylinositol 3-kinase (PI3K) elevates DOR mRNA levels (95). In the P19 system,
the Oprd gene is constitutively active in predifferentiated cells but is repressed during
neuronal differentiation (96).

3.3. Transcription Factors and Regulatory Signals of the Gene That Encodes κ Opioid
Receptor

Transcriptional regulation of the gene that encodes KOR has primarily been examined for
the mouse gene, Oprk. This gene is regulated by multiple TFs including, from the 5′ to the
3′ ends, three positive TFs [c-Myc (97, 98), Sp1 (99), and AP2 (100)] and a negative TF, Ik,
that binds to intron 1 (101) (Figure 4). The Oprk gene promoter has been functionally
validated in a transgenic animal model (58). In this model, a role for vitamin A (or its active
ingredient RA) in transcriptional regulation of this gene was first revealed (59), and it has
been validated in a series of studies examining the Oprk gene’s chromatin remodeling and
epigenetic regulation (100, 102) (see Section 4). In addition to RA, nitric oxide (NO) also
appears to play a role in transcriptional regulation of this gene—by inactivating NF-κB (97),
an activator of c-Myc that binds to and activates Oprk’s P1 promoter (98). The physiological
relevance of NO to KOR expression in animals remains to be validated, but it might involve
feedback regulation for ischemic neuroprotection (103).

3.4. Transcriptional Control in Relation to Distinct Opioid Receptor Expression Patterns
The different expression patterns of MOR, DOR, and KOR mRNAs have been documented
in animal studies (25) and in studies of the P19 neuronal differentiation model (96).
Although it remains unclear how the three genes are differentially controlled in different
brain areas, clues have emerged—mostly from the study of P19 neuronal differentiation—to
shed light on the mechanistic basis of the genes’ differential expression. In undifferentiated
P19 cells, the Oprk gene is highly expressed, the Oprd gene is weakly expressed, and the
Oprm gene is entirely silenced.

As cells undergo RA-triggered neuronal differentiation, the initially active expression of
KOR gradually subsides then later reactivates, with concurrent elevation of previously
silenced expression of MOR, in the more differentiated cultures (which mostly contain
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neurons). The initially weak expression of DOR quickly decreases further during early
differentiation but then is elevated again in later differentiated cells (96). Comparing the
chromatin states of the Oprm and Oprk gene loci from the stem cell stage to the
differentiated stages makes it clear that these two gene loci exist in different states of
chromatin conformation and that each is remodeled differently during the differentiation
process (see Section 4). Importantly, the fundamentally different remodeling mechanisms of
the Oprm and Oprk genes, assessed in the neuronal differentiation process, are consistent
with the long-observed early expression of KOR and late induction of MOR in this culture
model (96). The finding is also in line with previous observations made in animal studies
that reveal earliest expression of KOR mRNA in animals even before neurons are born (58)
and relatively late expression of MOR mRNA only after mature neurons begin to appear (L.-
N. Wei & H.H. Loh, unpublished data). The chromatin state of the Oprd gene remains to be
examined.

In summary, the three genes use multiple common TFs such as the Sp family members, AP1
family members, Ik, NF-κB, and the STAT family members. Their promoters are mostly
TATA-less and can initiate transcription from multiple sites. They also use similar TFs to
act on the 5′ UTR. All these shared features suggest that a fundamentally similar
mechanism underlies transcriptional regulation of the three OR genes. This common
mechanism is probably exploited only in cells where the chromatin of these gene loci has
been remodeled and made accessible, i.e., in an open configuration. Therefore,
transcriptional regulation of the three OR genes likely is initiated by differential chromatin
remodeling processes during cellular differentiation. Only in cells where the gene loci have
been remodeled can the different TFs act to facilitate transcription or silencing under various
conditions or stimuli. The commonly expressed basal TFs could be responsible for the
overlapped expression patterns of the three OR genes in certain fully differentiated cell
types, such as neurons and immune cells. Divergence in their TFs presumably facilitates
responses to signal inputs such as cytokines and growth factors, which may be specific to
different cell types. This is consistent with observations in animals showing that the three
genes, although all generally active in the brain, are differentially expressed in different
brain regions and that they also exhibit different temporal patterns of expression during
development. Importantly, no validated “cell-specific” TF has been identified for any of
these genes. Consequently, the spatial and temporal specification of each gene’s activity
may be imposed through the use of different combinations of multiple TFs and, as discussed
next, epigenetic regulation.

4. EPIGENETIC REGULATION
Epigenetics refers to reversible and heritable changes in gene activities (phenotypes) without
changes in the DNA sequences. The term was initially used to describe specific events
occurring during development (104–106) and later extended to also describe changes in
gene activity in adults that correlate with, or are caused by, alteration in chromatin (DNA
and histone) covalent modifications but not in DNA sequences. This phenomenon has been
widely detected in complex diseases such as cancers (107) and disorders of the nervous
systems (108); in learning and memory formation (109); in neuronal plasticity (110); and in
neurogenesis (111). Extensive studies in the past decade have shown that epigenetic
regulation can involve alteration not only in chromatin modification but also in higher-order
chromatin structure and nuclear architecture (112); however, most studies of epigenetic
regulation examine only changes in chromatin modification rather than changes in
conformation or higher-order structures.

Principal forms of chromatin modifications include DNA (particularly cytosine) methylation
and various histone-protein covalent modifications such as acetylation, methylation,
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phosphorylation, ubiquitination, sumoylation, and adenosine diphosphate (ADP)
ribosylation (112–114). DNA methylation, particularly of the CG islands within genes’
promoters or upstream regions, is thought to cause gene silencing. The so-called histone
code refers to specific histone modifications detected on activated or repressed gene loci; it
was proposed on the basis of studies of selected model genes, especially in fission yeast
(115, 116). However, as more genes were examined in various organisms, ideas evolved as
some changes were found to be transient (117). Nevertheless, certain seemingly more
general codes have been adopted from the study of yeast and widely applied in studies of
higher organisms, including mammals.

Several general, currently accepted rules in epigenetic regulation are the following:

1. A promoter sequence rich in methylated cytosine is usually suppressed or silenced.

2. A gene whose regulatory region’s Histone 3 (H3) and/or Histone 4 (H4) are
hyperacetylated is usually considered to be in an activated state but to be repressed
when its histones recruit histone deacetylases (HDACs).

3. A gene positive for H3’s lysine 4 or 79 methylation (di- or trimethylation) is
usually considered active, in contrast with the suppression that occurs if a gene is
methylated on H3 lysine 9 or H3 27.

4. A gene enriched in heterochromatin protein 1 (HP1) likely exists in a
heterochromatin state and therefore is likely to be silenced (112, 113).

According to these rules, all three OR genes would be expected to be under epigenetic
regulation because (a) all three genes are rich in islands and can be heavily methylated; (b)
their promoters exhibit various types of modifications in different cellular states or culture
conditions; and (c) chromatin remodeling occurs on their promoters with corresponding
changes in their patterns of expression in an in vitro neuronal differentiation model.

The enzymatic machinery for, and the mechanisms underlying, epigenetic regulation are
extensive; the enzymes include histone acetylases, deacetylases, lysine methyltransferases,
arginine methyltransferases, and DNA methyltransferases (118). DNA methylation is
usually detected through direct sequencing to identify methylated cytosine residues;
therefore, changes in DNA methylation can be detected in a more specific manner. Most
studies of histone modification are conducted through the use of chromatin
immunoprecipitation (ChIP), which lacks the resolution power to precisely locate the
specific types of marks on the chromatin. It also seems true that the most important forms of
histone modifications occur on lysine residues in the amino-terminal unstructured domain of
histone H3. Other forms of modifications cannot be generalized to predict gene activity.
Furthermore, the term hyper or hypo to describe chromatin modification is used in a relative,
but not quantitative, manner. It cannot differentiate the number of modification types; rather,
it merely indicates that changes have occurred in certain modifications on a chromatin
segment. Recently, researchers have developed new ChIP-derived techniques to address the
resolution issue (112). MNase-ChIP, for example, can detect the marks on individual
nucleosomes by coupling micrococcal nuclease (MNase) digestion with ChIP. The term
ChIP-chip denotes the use of microarray chips to determine the targets of ChIP, narrowing
down the range of a modified chromatin segment in the genome (119). In addition, ChIP-
seq, by sequencing the targets of ChIP, can even more confidently assign these marks to
precise DNA sequences of the genome (120).

Despite these technological improvements, several important issues remain to be addressed.
First, because all these methods are used to analyze histone mixtures in a pool of cells, it is
not possible to determine a target gene’s specific chromatin changes within a particular cell.
Second, defining spatial changes in chromatin conformation, which can be determined only
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through challenging methodologies, is still rarely conducted. Third, plasticity in epigenetic
regulation is increasingly being recognized; therefore, the phenomenon of plasticity and
reversibility should be addressed, but it has rarely been followed. Understanding epigenetic
regulation is important because its mechanisms and effects are pertinent to the context of
various physiological or disease conditions. Most epigenetic findings reported for the
mammalian systems are loosely defined, merely describing histone modifications through
the use of limited, commercially available antibodies in ChIPs. It is of concern that many of
these types of tools have not been validated in terms of their appropriate use to interpret
activities or changes in genes and gene expression. Fortunately, the chromatin of Oprm and
Oprk gene loci in the stem cell–neuronal differentiation process has been examined through
more rigorous biochemical methods, which have helped validate the analysis of their
epigenetic regulation. However, for the sake of this review, we use a loose definition for
epigenetic regulation and include biochemical studies of OR genes’ chromatin remodeling
and results that have been obtained almost solely through the use of ChIP technology.

4.1. Epigenetic Regulation of the Gene That Encodes μ Opioid Receptor
The Oprm gene promoter is heavily methylated in the undifferentiated P19 cells where the
MOR gene is silenced (86, 121) (Figure 5). The silenced Oprm gene can be activated by
decreasing the expression of methyl-CpG-binding protein 2 (MeCP2), an important player in
gene silencing (86), or by the addition of a pan-histone acetylation inducer such as
trichostatin A (TSA) (122). Furthermore, DNA methylation on the Oprm promoter can be
reduced by the addition of an artificial demethylation agent, 5-Aza-2′-dexoycytidine (5-
Aza-C) (121). For the human gene OPRM, several older studies reported DNA methylation
on its promoter (123, 124). Recent studies have reported increased DNA methylation on the
OPRM locus in heroin addicts (125) and on the Oprm locus in animals under ischemic
insults (126). Another recent study (84) provided solid evidence for higher-order chromatin
conformational remodeling of the Oprm gene promoter during P19 neuronal differentiation.
Consistent with the constitutive silencing of MOR in predifferentiated cultures, the promoter
region is initially organized into an ordered nucleosome array in the undifferentiated
precursor cells. However, as neuronal differentiation proceeds, nucleosomes of the Oprm
promoter region spanning P1 and P2 change their positions; concurrently, recruitment of
specific chromatin remodelers (including subunits Brg1/SNF2b and BAF155) remodel this
promoter and activate its gene. These studies conclude that the Oprm gene undergoes
epigenetic regulation with chromatin remodeling that activates its transcription in RA-
induced differentiating neurons.

4.2. Epigenetic Regulation of the Gene That Encodes δ Opioid Receptor
The implication of epigenetic regulation of the Oprd gene came from a report showing
heavy DNA methylation on its promoter in Neuro2A cells, where DOR is not expressed, and
demethylation on this promoter in NS20Y cells, where DOR is highly expressed (93). In
Neuro2A cells, adding 5-Aza-C to the culture elevates DOR expression. Furthermore, in
addition to playing a role in regulating MOR expression, MeCP2 contributes to repression of
DOR expression, which can be relieved through the addition of TSA to the culture (94). In
addition, a nerve growth factor (NGF)/PI3K signal can reduce H3 lysine 9 trimethylation, a
repressive chromatin mark, and increase H3 acetylation, an activating chromatin mark (127),
consistent with an earlier finding that PI3K elevates DOR mRNA levels (95). Whereas there
have been no data for the chromatin state of this gene, results indicate that it is
epigenetically regulated, although it is unclear what stimuli initiate this regulation.

4.3. Epigenetic Regulation of the Gene That Encodes κ Opioid Receptor
Specific chromatin remodeling during cell differentiation to elicit epigenetic regulation of
OR genes was first described for the Oprk gene (Figure 6). Expression of this gene in mouse
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brain is altered, at the transcriptional level, by feeding animals a vitamin A–depleted diet
(59). This finding implicated epigenetic regulation triggered by diet, or a specific nutrient.
Because whole-brain animal studies precluded a molecular investigation that required a pure
cell population, the P19 neuronal stem cell model was used to determine the process of
transcriptional regulation of KOR during development or in the cell differentiation process.
In this model, the KOR gene is constitutively and highly expressed in proliferating cells (59,
97), which would predict the presence of active chromatin marks in these undifferentiated
cells. As cells undergo RA-induced neuronal differentiation, KOR expression is gradually
lowered, which would predict its acquisition of repressive chromatin marks.

To biochemically confirm the prediction that chromatin remodeling underlies the
developmental changes in the expression of KOR, the chromatin conformation of the
endogenous Oprk gene locus was determined in response to RA-induced neuronal
differentiation (102). This study revealed an entirely open chromatin conformation (with the
absence of nucleosomes) on the gene locus’s P1 and a closed chromatin conformation on its
P2 in proliferating, undifferentiated P19 cells, where this gene is constitutively active
through P1 activity. However, in differentiating P19 cells, where KOR expression is
reduced, this gene locus is remodeled to exhibit an ordered chromatin conformation because
nucleosomes are detected on both P1 and P2 and because this chromatin segment becomes
compact in the differentiating cells. This finding was based on results from two experiments:
MNase mapping, which revealed a nucleosome ladder on the organized chromatin; and a
restriction accessibility assay, which assessed the open/accessible chromatin regions of this
promoter. In conjunction with a third experiment, ligation-mediated polymerase chain
reaction (LM-PCR), which defined the nucleosome borders on the nucleosome array, these
experiments clearly established that, during RA-induced neuronal differentiation,
nucleosomes are gradually assembled and deposited onto the specific regions of this
promoter, shutting down its transcription (102). This provides the first solid biochemical
evidence for the process of chromatin remodeling that occurs on the Oprk gene’s P1, which
results in changes in this gene activity during the differentiation process. The fact that the
chromatin of this gene promoter is changed from an open (disorganized) state to a closed
(organized) state in the early neuronal differentiation process provides unambiguous
evidence for epigenetic regulation of the Oprk gene.

There is an interesting biphasic pattern of transcriptional activation of the Oprk gene.
Following suppression of the gene in early differentiation stages, Oprk transcription
becomes active again as the culture progresses toward its fully differentiated stage. How is
closed chromatin on this gene locus reactivated in later stages of differentiation? It appears
that, in more differentiated cells, the Oprk gene’s transcription can be reactivated not at P1
but at the more proximal P2—and reactivated by NGF, because the now-differentiated
neuronal cells express NGF receptors to transmit signals and activate TF AP2 that binds to
P2. Concurrently, chromatin modification is changed from H3 lysine 9 methylation
(repression) to H3 lysine 4 methylation (activation) on P2 (100). Presumably, the NGF-
stimulated reactivation phase of this gene involves rearrangement of the nucleosomal
positions, or their disassembly, on this promoter so that AP2 can access its binding site on
P2; however, this remains to be determined. Nevertheless, changes in the chromatin
structure and modification have been conclusively demonstrated for the Oprk gene, and
these changes alter its activity during the process of stem cell neuronal differentiation. More
interestingly, for this gene, epigenetic regulation operates in two directions—for both gene
silencing and activation— which may provide the crucial control for the presumed plasticity
in epigenetic regulation. This type of reversibility is rarely reported for mammalian genes.
Figure 6 illustrates these changes in chromatin conformation, modification, and nucleosome
arrangement in P1 and P2 of the Oprk gene during RA-induced P19 neuronal differentiation.
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In summarizing epigenetic regulation of OR genes, it can be concluded that all three OR
genes show epigenetic regulation. DNA methylation is biochemically confirmed for Oprm
and Oprd, whereas extensive chromatin remodeling and altered epigenetic marks are
biochemically confirmed for Oprm and Oprk. Although the three gene promoters are
similar, they exploit different forms of epigenetic regulation and exhibit different patterns of
expression during P19 neuronal differentiation. This suggests that epigenetic regulation may
contribute to the “cell specificity” of the activation of these genes. So far, only Oprk has
been validated to undergo reversible epigenetic changes in a relevant model system, i.e.,
RA-induced neuron cell differentiation. For Oprm, RA stimulates its chromatin remodeling
to activate this gene. For Oprd, the physiological signal for its chromatin remodeling
remains unclear.

5. FUTURE PERSPECTIVES
5.1. Tools to Study Transcription in a Relevant Biological Context

To deduce the roles of TFs in regulating OR gene expression, it is important to address
several unresolved issues. First, transcriptional regulation should be examined in relevant
cellular contexts, and transcriptional activation should be measured by rigorous biochemical
assays that determine transcription per se, not merely the steady-state accumulation of total
RNA. Many studies have used cells (such as COS and CV-1) with dubious relevance to
differentiated cells (such as neurons) and have rarely detected transcription because of
technical challenges. Moreover, assays of reporter genes that detect steady-state mRNA
levels can be complicated by posttranscriptional regulation. The nature and arrangement of
the reporter, e.g., whether it is in-frame with the coding region or its position relative to the
transcription initiation site, is crucial. An in-frame reporter would more faithfully report
activities of the gene, but it could be compromised by translational control that is usually
mediated by the 5′ UTR. A reporter containing only a regulatory element without its
transcription initiation site may introduce artifacts resulting from the fusion of the short
element to an irrelevant initiation site of transcription. Therefore, data generated from such
artificial constructs and heterologous systems should be interpreted cautiously. Although
this review has described TFs that have been reported to transcriptionally regulate the three
OR genes, readers should be aware that most published data describe only the level of
accumulated mRNA rather than transcription and that many studies have utilized only
reporter genes and not the endogenous target genes of interest.

Second, whereas a relatively large number of TFs have been reported to be involved in the
regulation of each OR gene, it is more likely that not all these TFs act in concert and in all
the different cell types. Instead, most of these TFs likely function in a context-dependent or
stimulus-dependent manner. Third, few studies have examined upstream signals in the
context of whole animals, which is the ultimate goal but one that may not be easily attained
because of technical challenges. Fourth, it is highly likely that some TFs that have been
studied are involved in epigenetic regulation. Those responding to cytokines or growth
factors, in particular, could serve to transmit environmental signals into the cell and trigger
epigenetic changes. This is the most important direction in future transcriptional studies of
these genes.

5.2. Future Studies of Epigenetic Regulation of Opioid Receptor Genes
Determination of TFs that can regulate a specific gene’s expression will identify only the
pool of TFs that might play a regulatory role in the expression of that gene in various
cellular backgrounds. An even more important factor in the gene’s activity is the state of
chromatin configuration of that gene locus in a specific cellular context. Without such
information about the chromatin state of a specific gene locus in such a context, it is not
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possible to determine whether specific TFs can act on the target gene. As such, future
studies will be required to examine the contextual chromatin state of endogenous gene loci.
Although ChIP-based detection may be informative, reliable information would still depend
on biochemical assays of chromatin.

ChIP-based studies will correlate chromatin marks, before and after epigenetic changes, with
activities of the genes of interest. In conducting ChIP experiments, investigators must be
cautious in their use of the required reagents, such as antibodies, because many such
reagents do not differentiate between multiple forms of histone modifications such as
mono-, di-, or trimethylation. Furthermore, a general description of chromatin modification
as hyper or hypo must be replaced by more specific documentation of the extent of specific
modification relevant to gene activation or repression. To this end, more tools and
techniques to determine chromatin marks in selective cell types must be developed.
Different cells in a heterogeneous context (such as in a tissue or brain region) can have
distinct developmental or maturation states. A difficult technical challenge in addressing this
issue is to develop ChIP assays that can detect specific types of chromatin marks in a single
cell.

It will be very important to define the mechanisms underlying epigenetic regulation. For
this, the field awaits the improvement of existing methodologies such as MNase, restriction
accessibility, and LM-PCR, and the development of new methods that are more user
friendly.

For the three OR genes, it is critical to validate whether the ChIP-based description of
epigenetic changes on the Oprm, Oprd, and Oprk loci indeed reflect changes in their activity
under physiological and pharmacological conditions. Extended from this, work in this field
should seek to define how and why a cell is guided to alter its specific epigenetic marks on
these genes in particular conditions and settings. Results of such studies would potentially
provide insight into the extensive networks of interaction between genes and environment,
which may underlie problems associated with the therapeutic use and abuse of these drugs.
In addition, it will be important to analyze multiple interacting factors related to this gene
family in association studies of a complex disorder such as drug addiction. For this type of
complex disease, useful insights may derive from studies that define whether and how the
epigenetic marks on multiple gene targets can be erased or altered—individually or in any
combination—by various factors from the environment, physiological processes or
activities, nutrients, and therapeutic agents.

Studies of OR gene regulation by transcription factors in the past two decades have revealed
little information that is pharmacologically relevant, but the data convincingly show distinct,
and sometimes opposite, patterns of epigenetic regulation that deserve serious investigation,
particularly into why these three genes have so extensively diverged in their regulatory
regions. These genes interact with environment, nutrients, and drugs in ways that are
increasingly recognized to be complicated by intertwined biological processes, including
temporal and spatial controls that must underlie the activity of any drug receptor in the
whole organism. Consequently, future studies of OR genes must go beyond the action of
transcription factors to include factors affecting their epigenetic states, physiological
contexts, and posttranscriptional control. Only through such a comprehensive approach can
novel insights be deduced to shed light on issues of pharmacological and physiological
relevance. For example, results showing that Oprk gene regulation is dramatically distinct
from that of Oprd and Oprm, that Oprk possesses regulatory plasticity in development, and
that its regulated expression is crucial to neurite extension would suggest that Oprk
functions as more than just a pharmacologic cousin of Oprm and Oprd. Discovering and
validating the complete biological roles of these three genes will require extensive studies of
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each in multiple physiological and pharmacological contexts and, in particular, studies that
define with more precision their transcriptional and posttranscriptional regulation in those
contexts.
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Glossary

OR opioid receptor

MOR μ opioid receptor

DOR δ opioid receptor

KOR κ opioid receptor

cDNA complementary DNA (reverse-transcribed from processed mRNA)

GPCR G protein–coupled receptor

mRNA messenger RNA

UTR untranslated region

TF transcription factor

RT-PCR reverse transcription–polymerase chain reaction

DP distal promoter

PP proximal promoter

P1 promoter 1

P2 promoter 2

Sp1 specificity protein 1

iGA inverted GA motif

CREB cAMP response element binding protein

PARP1 poly(ADP-ribose) polymerase 1

Sp3 specificity protein 3

REST repressor element-1 silencing transcription factor

NRSE neurorestrictive silencer element

NF-κB nuclear factor κB

RA retinoic acid

Ik Ikaros

PI3K phosphatidylinositol 3-kinase

NO nitric oxide

H3 Histone 3

H4 Histone 4
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HDAC histone deacetylase

HP1 heterochromatin protein 1

ChIP chromatin immunoprecipitation

MNase micrococcal nuclease

MeCP2 methyl-CpG-binding protein 2

TSA trichostatin A

5-Aza-C 5-Aza-2′-dexoycytidine

NGF nerve growth factor

LM-PCR ligation-mediated polymerase chain reaction
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SUMMARY POINTS

1. The three OR genes are highly conserved in their genomic structures and DNA
sequences, particularly in the three coding exons, thus strongly suggesting that
they probably evolved from a common ancestral gene spanning these exons.
Variations have evolved around the genes’ amino and carboxyl termini for
divergent ligand binding and intracellular signaling characteristic of each OR.
KOR mRNA variants are further generated by alternative splicing, and they
harbor varied UTRs for regulation at the level of mRNA stability, mobilization,
and translation. MOR mRNA variants are also generated by alternative splicing
and probably produce hitherto uncharacterized proteins distinct from those of
MOR.

2. All three OR genes utilize TATA-less promoters, except for the upstream E11
promoter of the Oprm gene. Additionally, the Oprk gene uses alternative
polyadenylation sites. All three genes are regulated by both common (such as
the Sp family members, AP1 family members, Ik, NF-κB, and the STAT family
members) and varied TFs specific to each gene and are distinctly sensitive to
epigenetic regulation. The specificity of spatial and temporal regulation of each
gene’s activity may be imposed by the use of different combinations of multiple
TFs and epigenetic regulation.

3. DNA methylation occurs for the Oprm and Oprd gene promoters, whereas
extensive chromatin remodeling is biochemically confirmed for the Oprm and
Oprk gene loci. The three genes exploit different forms of epigenetic regulation,
suggesting that epigenetic regulation may provide the principal, or fundamental,
guidance for their distinct “cell specificity.” The Oprm gene chromatin is
remodeled to activate its activity in the RA-induced neuron cell differentiation
model, whereas the Oprk gene can undergo reversible epigenetic changes to
both activate and silence its activity in this model.

4. Past studies of transcriptional regulation of OR genes revealed little of
pharmacological relevance, but recent studies of their epigenetic regulation
suggest their potential interactions with certain physiological, environmental,
and nutritional states. Significant divergence of the Oprk gene’s regulatory
mechanisms and its newly recognized physiological function suggest that KOR
has evolved further away from other members of the OR family and is not just a
pharmacologic cousin of MOR and DOR.
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FUTURE ISSUES

1. What are the relevant cellular and physiological contexts for studying OR gene
regulation? What rigorous, quantitative biochemical assays are appropriate for
studying transcription and posttranscriptional regulation of OR genes?

2. What are the roles of TFs in epigenetic regulation of OR genes? How do
cytokines, growth factors, drug exposure, and environmental signals trigger
epigenetic changes of OR genes? Are these regulatory pathways relevant to
important pharmacological problems of opioids, such as induction of tolerance?

3. Can single-cell ChIP methodology be developed to examine epigenetic marks in
situ? What is the contextual chromatin state of the endogenous OR gene locus in
different physiological or pharmacological settings?

4. What are the posttranscriptional regulatory mechanisms that control temporal
and spatial specificity of expression of each OR protein? What is the
relationship of transcriptional regulation to posttranscriptional regulation of each
OR gene?
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Figure 1.
The alignment of the mouse μ opioid receptor (mMOR), mouse δ opioid receptor (mDOR),
and mouse κ opioid receptor (mKOR) complementary DNAs (cDNAs). The major cDNAs
of MOR, DOR, and KOR are aligned according to the translation initiation codon (number 1
above each cDNA). Alternatively spliced forms are not shown. Corresponding exons are
numbered above each cDNA with the approximate sizes of introns indicated above the
amino acid residues where splicing occurs. In the coding region (dark blue boxes), numbers
above the horizontal bars represent the amino acid positions. The broken, light blue bars
represent the 5′ and 3′ untranslated regions (UTRs) of each cDNA. Abbreviation: TM,
transmembrane. Adapted from Reference 24, copyright © 2002, Elsevier Press.
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Figure 2.
The regulatory DNA elements and corresponding transcription factors (TFs) of the
promoters of mouse Oprm (top) and human OPRM (bottom) genes. Thick colored lines
show experimentally validated promoter regions. Solid arrows mark validated transcription
initiation sites from proximal promoters (PPs) and distal promoters (DPs), and the dashed
arrow marks the predicted transcription initiation site from the human gene. +1 indicates the
beginning of the coding region. Nucleotide numbers above each map refer either to the ends
of validated promoter regions or regulatory sequences, or to the 5′ ends of the reported
corresponding TF-binding sites (blue ovals), in relation to the initiation codon +1. Certain
TFs’ exact positions have not been defined and therefore are not shown here. Activating TFs
are shown as dark blue ovals, and repressing TFs are shown as light blue ovals.
Abbreviations: AP1, activator protein 1; AP2, activator protein 2; CREB, cyclic adenosine
monophosphate (cAMP) response element binding protein; NF-κB, nuclear factor κB;
NFAT, nuclear factor of activated T cells; NRSE, neurorestrictive silencer element; Oct-1,
octamer-1; PARP1, poly(ADP-ribose) polymerase 1; PCBP, poly C binding protein; PU.1,
PU box binding; REST, repressor element-1 silencing transcription factor; Sox, Sry-like
high-mobility group box gene; Sp1, specificity protein 1; Sp3, specificity protein 3; STAT,
signal transducers and activators of transcription; YY1, ying yang-1.
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Figure 3.
The regulatory DNA elements and the corresponding transcription factors (TFs) of the
promoter of Oprd. The heavy green line shows the experimentally validated promoter
region. The black arrow shows transcription initiation. +1 indicates the beginning of the
coding region. Nucleotide numbers above the map refer either to the ends of validated
promoter region or to the 5′ ends of the corresponding TF-binding sites (blue ovals) in
relation to the initiation codon +1. All the reported TFs for this gene are activating.
Abbreviations: AP2, activator protein 2; Ets, E-twenty six; Ik, Ikaros; NF-κB, nuclear factor
κB; Sp1, specificity protein 1; Sp3, specificity protein 3; STAT, signal transducers and
activators of transcription; USF, upstream stimulatory factor.
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Figure 4.
The regulatory DNA elements and corresponding transcription factors (TFs) of the promoter
of Oprk. Two brown boxes show the two exons flanking intron 1 where promoter 2 (P2)
resides. Both promoter 1 (P1) and P2 have been experimentally validated and are shown in
thick colored lines. The arrows indicate transcription initiation sites; the sites of initiation
are numbered above the map in relation to the initiation codon +1. Activating TFs are shown
as dark blue ovals, and one repressing TF is shown as a light blue oval. Abbreviations: AP2,
activator protein 2; Ik, Ikaros; Sp1, specificity protein 1.
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Figure 5.
Epigenetic regulation and chromatin remodeling of the Oprm gene in P19 neuronal
differentiation. (Top) In undifferentiated P19 cells, as well as cerebellar cells, where μ
opioid receptor (MOR) is silenced, the gene promoter exists in a condensed chromatin
conformation with a linear array of nucleosomes that are heavily methylated; these
nucleosomes can recruit methyl-CpG-binding protein 2 (MeCP2). (Bottom) In cells treated
with retinoic acid (RA), 5-Aza-2′-dexoycytidine (5-Aza-C), or trichostatin A (TSA),
chromatin remodeling occurs so that methylation is reduced, with concurrent
hyperacetylation of the chromatin and gene activation. The chromatin conformation in this
activated state has not been determined, but a chromatin remodeler component, Brg1, has
been found on the activated promoter. Transcription initiation from the proximal promoter
and distal promoter is indicated with arrows under the chromatin. Abbreviations: Ac,
acetylated histone; meC, methyl C.
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Figure 6.
Epigenetic regulation and reversible chromatin remodeling of the Oprk gene promoter in
P19 neuronal differentiation. (Top) In P19 undifferentiated cells, the Oprk gene promoter 1
(P1) exists in an open chromatin configuration with no nucleosomes detected, allowing the
E box (c-Myc binding), GC boxes (Sp1 binding), and transcription initiation sites to be
exposed for transcription initiation from P1 (black arrow). Intron 1, where promoter 2 (P2)
resides, is organized in a condensed conformation (gray ovals); therefore, P2 is inactive in
the predifferentiated cells (as indicated with a black X). (Middle) In retinoic acid (RA)-
induced differentiating cells, c-Myc/Max is replaced with Mad/Max on the E box, which
recruits histone deacetylases (HDACs) and other repressive remodeling components such as
BRG and BAF155. The transcription factor Ikaros (Ik) also recruits HDACs, together with
the Mad/Max complex, to remodel this piece of chromatin into a tightly packed
conformation with a regular nucleosome array covering both P1 and P2, which are decorated
with repressive chromatin marks such as K9-me2. Transcription is shut down in the
differentiating cells (as indicated with Xs). (Bottom) Upon further neuronal differentiation,
cultures begin to express growth factor receptors such as nerve growth factor (NGF)
receptor. After NGF stimulation, the NGF receptor is activated, triggering
phosphatidylinositol 3-kinase (PI3K) signaling to activate transcription factor activator
protein 2 (AP2) that binds a target site on P2. Together with remodeling machineries yet to
be described, this initiates chromatin remodeling that opens up P2, which becomes
decorated by active chromatin marks. It remains to be determined if the reactivated
chromatin conformation at P2 spreads more distally to also permit transcription initiation
from P1 (as indicated with a question mark). Abbreviation: Ac, acetylated histone; KOR, κ
opioid receptor.
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