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Abstract

Despite the identification and characterization of four opioid receptor subtypes and the genes from 

which they are encoded, pharmacological data does not conform to the predications of a four 

opioid receptor model. Instead, current studies of opioid pharmacology suggest the existence of 

additional receptor subtypes; however, no additional opioid receptor subtype has been identified to 

date. It is now understood that this discrepancy is due to the generation of multiple isoforms of 

opioid receptor subtypes. While several mechanisms are utilized to generate these isoforms, the 

primary mechanism involves alternative splicing of the pre-mRNA transcript. Extensive 

alternative splicing patterns for opioid receptors have since been identified and discrepancies in 

opioid pharmacology are now partially attributed to variable expression of these isoforms. Recent 

studies have been successful in characterizing the localization of these isoforms as well as their 

specificity in ligand binding; however, the regulation of opioid receptor splicing specificity is 

poorly characterized. Furthermore, the functional significance of individual receptor isoforms and 

the extent to which opioid- and/or HIV-mediated changes in the opioid receptor isoform profile 

contributes to altered opioid pharmacology or the well-known physiological role of opioids in the 

exacerbation of HIV neurocognitive dysfunction is unknown. As such, the current review details 

constitutive splicing mechanisms as well as the specific architecture of opioid receptor genes, 

transcripts, and receptors in order to highlight the current understanding of opioid receptor 

isoforms, potential mechanisms of their regulation and signaling, and their functional significance 

in both opioid pharmacology and HIV-associated neuropathology.

Identification and classification of multiple opioid receptor subtypes

There is a vast amount of pharmacological evidence that suggests the existence of multiple 

opioid receptor subtypes, such as the unique pharmacological profiles of individual opioids 

as well as the more recent inconsistencies seen in genetic knockout models. Indeed, multiple 

binding sites, through which various opioids exert their physiological effects, had been 

proposed as early as the 1950s and 1960s based on rigid structure-activity relationships of 

opioids (Snyder and Pasternak, 2003) and were eventually identified in mammalian brain 

tissue in 1973 (Pasternak and Pan, 2013; Snyder and Pasternak, 2003). Since then, opioid 

receptors have been identified in a wide range of vertebrates. To date, four opioid receptors 
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have been cloned: the mu (μ)-opioid receptor (named for its affinity for morphine), the 

kappa (κ)-opioid receptor (named for its affinity for ketocyclazocine), the delta (δ)-opioid 

(named for the mouse vas deferens where it was first isolated), and the nociceptin/orphanin 

FQ receptor (also called the opioid receptor-like receptor). The three classical opioid 

receptors, μ, κ, and δ, display nearly 60% homology with one another, while the newly 

discovered nociceptin/orphanin FQ receptor displays nearly 50% homology (Waldhoer et 

al., 2004). Following the identification of these four opioid receptors by selective ligand 

binding, it was found that each receptor is encoded by its own distinct gene. These genes, 

named OPRM1, OPRK1, OPRD1, and OPRL1 as they encode the μ, κ, δ, and nociceptin/

orphanin FQ receptors, respectively, display a similar genomic structure, suggesting a 

single, common ancestral gene. This shared evolutionary history was later confirmed using a 

combination of positional and phylogenetic data (Waldhoer et al., 2004; Wei and Loh, 2002; 

Wei and Loh, 2011). Despite the high homology between opioid receptor subtypes and their 

encoding genes, each receptor displays unique localization, agonist selectivity, and 

transcriptional regulation.

The δ-opioid receptor

The δ-opioid receptor (DOR) was the first opioid receptor successfully cloned and was 

initially identified by its selective binding of enkephalins, a family of endogenous opioid 

peptides (Abbadie and Pasternak, 2002). It is encoded by the OPRD1 gene, located on 

chromosome 1 in humans (Zaki et al., 1996). This gene utilizes a minimal promoter 

sequence that lacks a TATA sequence but contains an E box sequence, which is activated by 

the binding of upstream stimulatory factor (USF), and a GC box, which is activated by the 

binding of Sp proteins. Additional regulatory elements include an Ets-binding site, which 

overlaps with the E box, as well as regulatory sites for AP-1 and AP-2 binding (Wei and 

Loh, 2002). DORs can be found abundantly throughout the brain with various densities, 

with the highest densities in the cerebral cortex (Abbadie and Pasternak, 2002).

The κ-opioid receptor

Although originally identified by their high affinity for benzomorphans, the κ-opioid 

receptor (KOR) selectively binds the dynorphin family of endogenous opioid peptides 

(Abbadie and Pasternak, 2002). The gene encoding κ-opioid receptors, OPRK1, is located 

on human chromosome 8 (Zaki et al., 1996) and is unique in that it utilizes two promoters 

separated by a non-coding exon. Transcription initiation by the first promoter region within 

OPRK1 utilizes two TATA boxes, although this is not well conserved between species. 

Transcription initiation by the second promoter region is localized to an intronic region of 

OPRK1 and utilizes a CAAT box and a NF-κB transcription factor binding site (Wei and 

Loh, 2002; Yakovlev et al., 1995). This intronic sequence is also involved in the suppression 

of both OPRK1 promoters as it contains a DNA element that selectively binds the repressive 

transcription factor Ik-1 (Hu et al., 2001). At least two types of transcripts are produced 

from the OPRK1 gene, depending on the promoter utilized, with transcription of the 

classical transcript being initiated downstream from one of two TATA boxes while 

transcription of an alternative transcript begins within intron 1, resulting in its retention in 

the mature mRNA (Wei and Loh, 2002; Yakovlev et al., 1995). Relative to other opioid 
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receptors, KORs are found in low abundance in the brain. The greatest density of KORs 

occurs within the striatum, thalamus, hypothalamus, cerebral cortex, cerebellum, brainstem, 

and spinal cord; however, localization and density is highly variable between species. For 

example, the terminal field of the mossy fiber system in the hilus of guinea pigs contains a 

high density of KORs while this same region is devoid of KORs in rats (Abbadie and 

Pasternak, 2002).

The μ-opioid receptor

The μ-opioid receptor (MOR) was cloned shortly after the δ-opioid receptor and, clinically, 

represents the most relevant opioid receptor as it has a high affinity for classical opioid 

agonists, such as morphine and heroin, and antagonists, such as naloxone. Endogenously, 

the MOR is the target receptor for endorphins, although MORs may also interact with opioid 

peptides belonging to other families, such as dynorphins. Its biological significance can be 

inferred from the fact that it is highly conserved across species, with more than 95% 

homology between the human and rat receptors. Various densities of MORs can be found in 

multiple structures throughout the CNS, including the cerebral cortex, striatum, thalamus, 

hypothalamus, cerebellum, brain stem and spinal chord, with expression seen more so in 

neurons than glial cells (Abbadie and Pasternak, 2002). The MOR is encoded by the 

OPRM1 gene, which is located on chromosome 6 in humans (Wei and Loh, 2011). This 

gene utilizes two promoter regions, designated as proximal and distal, that lack both TATA 

and CCAAT sequences. These promoter regions can function independently from each other 

to promote transcription, with transcription initiation by the proximal promoter region being 

favored (Pan, 2005; Pasternak and Pan, 2013) and accounting for almost 95% of OPRM1 

activity (Wei and Loh, 2002). Regardless, multiple transcription initiation sites in the 5’ 

regulatory region of the distal promoter region have also been reported (Xu and Carr, 2001b) 

and, as such, both the proximal and distal promoter regions are subject to regulation. Several 

DNA elements homologous to known transcription factor binding sites have been identified 

within this region (Pasternak and Pan, 2013). In addition to these proximal and distal 

promoter regions, a third, TATA-containing promoter region has been identified upstream of 

exon 11 (Pan, 2005; Pasternak and Pan, 2013). Therefore, similar to OPRK1, at least three 

types of transcripts are produced from the OPRM1 gene depending on whether the proximal, 

distal, or exon 11 promoter is utilized.

The nociceptin/orphanin FQ receptor

The nociceptin/orphanin FQ receptor, also called the opioid receptor-like receptor (ORL1), 

is the most recently identified opioid receptor. The gene that encodes ORL1, designated 

OPRL1, is located on human chromosome 20 and has nearly 70% sequence homology to 

other opioid receptor genes (Levran et al., 2012; Waldhoer et al., 2004). While being a weak 

target for classical opioids, ORL1 selectively binds the newly identified neuropeptide 

orphanin FQ/nociception (OFQ/N), an endogenous 17-amino acid peptide that is similar to 

dynorphin A (Chevlen, 2003; Waldhoer et al., 2004), and is suggested to mediate addiction 

responses by negatively regulating the mesolimbic dopaminergic system (Levran et al., 

2012). ORL1 is localized to the cerebral cortex, thalamus, hypothalamus, periaqueductal 

gray, dorsal raphe and locus coeruleus nuclei, and the spinal cord dorsal horn as well as in 
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peripheral sensory and sympathetic ganglia, (Xie et al., 1999). Despite the physiological and 

pharmacological significance of ORL1, little is known about the exact function and 

regulation of this receptor.

Post-transcriptional regulation by alternative splicing mechanisms

The human genome consists of roughly 25,000 protein encoding genes; however, there is a 

large discrepancy between the number of protein encoding genes and the repertoire of 

mRNA transcripts and encoded proteins they produce, with gene products far more 

numerous than estimates would predict. It is now understood that this discrepancy is due to 

the generation of multiple RNA isoforms from a single gene by several mechanisms, 

including alternative transcription initiation and polyadenylation site usage. The primary 

mechanism for the generation of multiple mRNA transcripts from a single gene is alternative 

splicing and, in addition to 5′ capping and 3′ polyadenylation, constitutes an important step 

of pre-mRNA processing. General splicing, often referred to as constitutive splicing, is a 

complex process through which specific portions of the precursor mRNA (pre-mRNA) 

sequence, referred to as introns, are removed and the remaining nucleotide sequences, 

referred to as exons, are ligated to form a mature mRNA transcript. Alternative splicing 

involves the differential inclusion and exclusion of exons, and sometimes introns, into the 

pre-mRNA sequence, resulting in multiple mRNA variants (Barrie et al., 2012; Hui, 2009; 

Keren et al., 2010; Kim et al., 2008; Markovic and Challiss, 2009). It was originally 

estimated that at least 75% of human genes are subject to alternative splicing, but more 

recent estimates suggest that 90-95% of human genes are regulated in this manner (Pan et 

al., 2008). Furthermore, nearly 90% of alternatively spliced genes include a minor mRNA 

isoform with an abundance greater than 15% of the total gene expression (Barrie et al., 

2012). As such, alternative splicing is not a trivial phenomenon but represents a major 

regulatory mechanism for the generation of multiple mRNA transcripts and is the basis for 

the discrepancy between the nearly 25,000 protein encoding genes and the four-fold greater 

abundance of synthesized proteins (Keren et al., 2010).

Alternative splicing of pre-mRNA can occur through multiple, mutually exclusive 

processes. The most common processes, exon skipping and mutually exclusive exon 

selection, account for nearly 40% of alternative splicing events in higher eukaryotes. Exon 

skipping, as the name implies, involves the selective exclusion of a cassette exon along with 

its flanking introns in the mature mRNA transcript. Mutually exclusive exon selection 

involves the inclusion of an alternative exon into the mRNA transcript or the replacement of 

a constitutive exon with an alternative exon through a process similar to exon skipping. 

Alternative splicing may also occur due to differential selection of alternative 3′ and/or 5’ 

splice sites due to the presence of multiple splicing sequences within an exon. This process 

accounts for roughly 25% of alternative splicing events and results in the partial exclusion of 

a cassette exon or a partial inclusion of its flanking intronic region into the mRNA 

transcript. Intron retention, in which an intronic region between two constitutive exons is 

incorporated into the mRNA transcript, is also possible, although rare, accounting for less 

than 5% of alternative splicing events. Interestingly, intron retention is a favored mechanism 

of alternative splicing in plants, fungi and protozoa, suggesting an evolutionary shift in the 

splicing process and regulation. Finally, production of alternative mRNA transcripts may 

Regan et al. Page 4

J Cell Physiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also occur through infrequent processes such as alternative promoter usage and alternative 

polyadenylation (Keren et al., 2010; Kim et al., 2008). Collectively, these processes result 

in, on average, the excision of more than 90% of the pre-mRNA sequence as introns and the 

synthesis of two to three isoforms for a given gene (Stamm et al., 2005).

Alternative splicing of opioid receptors

The existence of multiple opioid receptor subtypes and their unique patterns of expression in 

various tissues and species suggest that multiple regulatory mechanisms exist in order to 

maintain proper localization and density of receptor expression. Multiple mechanisms have 

been suggested to explain spatial and temporal regulation of opioid receptor expression as 

well as for pharmacological data that suggests the existence of additional opioid receptor 

subtypes. Epigenetic mechanisms represent a major factor through which opioid gene 

expression is regulated (Regan et al., 2011; Wei, 2008; Wei and Loh, 2002). Likewise, short 

nucleotide polymorphisms (SNPs) of opioid receptor genes have been found to alter opioid 

pharmacology (Levran et al., 2012; Pasternak and Pan, 2013; Shabalina et al., 2009; Shi et 

al., 2002). However, differential levels of gene activity and permanent genetic 

polymorphisms do not account for the agonist-selective differences in opioid receptor 

activity. Therefore, mechanisms of post-transcriptional regulation generating additional 

opioid receptor subtypes have been proposed to reconcile pharmacological inconsistencies 

within the single receptor subtype model. Generation of additional opioid receptor subtypes 

is proposed to occur via modifications of known opioid receptors as no additional opioid 

receptor-transcribing genes have been identified. This hypothesis was later confirmed by 

various studies identifying multiple mechanisms of opioid receptor post-transcriptional 

regulation. Of these regulatory mechanisms, alternative splicing of opioid receptor mRNA is 

particularly interesting given that it results in the synthesis of multiple, structurally different 

opioid receptor proteins (Gaveriaux-Ruff et al., 1997; Pan et al., 1999; Pasternak, 2001; 

Pasternak, 2014).

All four opioid receptors undergo alternative splicing in varying degrees. Splicing of the 

KOR is limited to two isoforms, generated by the existence of two promoters that 

differentially regulate the excision of the intronic region (Gaveriaux-Ruff et al., 1997; Wei 

et al., 2004; Yakovlev et al., 1995). Additionally, a third, truncated isoform has been 

described for the murine KOR (Wei et al., 2004). Similarly, intron inclusion between the 

first and second exons of the mouse OPRD1 generates two isoforms of the DOR; however, 

whether this splicing pattern is conserved in humans is unknown (Gaveriaux-Ruff et al., 

1997). Alternative splicing of ORL1 is slightly more complex, as five exons have been 

identified within the OPRL1 gene. As such, five known ORL1 isoforms are alternatively 

spliced by mutually exclusive exon selection, alternative 3’ and/or 5’ splice site selection, 

and intron inclusion processes (Pan et al., 1998; Xie et al., 1999). The MOR exhibits the 

most extensive and complex alternative splicing patterns (Figure 1), and is further 

complicated by incomplete homology between species (Levran et al., 2012; Pasternak, 2014; 

Pasternak and Standifer, 1995). In humans, the constitutively spliced MOR-1 consists of 

exons 1, 2, 3, and 4. Synthesis of MOR isoforms primarily incorporates mutually exclusive 

exon selection, as seen in MOR-1O and MOR-1X, which replace exon 4 with exon O and 

exon X, respectively (Pan et al., 2003). Alternative 3’ and 5’ splice site selection also 
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accounts for many of the MOR isoforms synthesized. This may occur in isolation, as seen in 

exon 1 of the MOR-1I isoform, or in conjunction with other splicing processes. The 

isoforms MOR-B1, MOR-1B2, MOR-1B3, MOR-1B4, and MOR-1B5 are synthesized from 

the replacement of exon 4 with exon 5 and are differentiated from each other by differential 

3’ splice site selection within exon 5 (Pan et al., 2003). Likewise, MOR-1Y and MOR-1Y2 

incorporate a new exon, exon Y, in place of exon 4 as well as incorporating different 

terminal exons. Exon exclusion and intron retention also account for different MOR 

isoforms, such as MOR-1A, in which exon 4 is excluded and the intron region following 

exon 3 is partially retained. Complex combinations of these four alternative splicing 

processes synthesize additional isoforms, including MOR-1K, MOR-1S, and MOR-1Z 

(Kvam et al., 2004). Utilization of a secondary promoter region, located upstream of a 

recently identified exon 11, facilitates exon 11 incorporation into the mRNA transcript and, 

in combination with additional splicing processes, results in the synthesis of additional MOR 

isoforms, including MOR-1G1 and MOR-1G2 (Pan et al., 2001). In total, alternative 

splicing of the MOR generates over 20 receptor isoforms characterized in humans, with 

additional isoforms predicted based on homology with the nearly 20 rat isoforms and 30 

mouse isoforms known (Andersen et al., 2013; Fricchione et al., 2008; Mizoguchi et al., 

2003; Pan, 2003; Pasternak, 2014; Pasternak and Pan, 2013; Xu et al., 2014b). This 

complexity of MOR splicing is further complicated by the genetic variability of the OPRM1 

gene. Accordingly, alternatively spliced isoforms are subject to polymorphisms, with SNPs 

identified in multiple MOR splice variants (Diatchenko et al., 2011; Shabalina et al., 2009; 

Shi et al., 2002; Smith et al., 2005; Vallender et al., 2008; Xu et al., 2014a). Therefore, given 

their abundance and variation, the synthesis of multiple, structurally different opioid 

receptor proteins through alternative splicing is not merely an incidental phenomena but 

likely plays a key role in the enormous variability of physiological responses to various 

opioids and, likewise, represents a novel mechanism through which opioid pharmacology is 

altered. As such, regulation of opioid receptor splicing specificity is likely to have a 

functional impact on opioid pharmacology.

Regulatory mechanisms of opioid receptor splicing specificity

Overall, both transcriptional and post-transcriptional regulatory mechanisms of opioid 

receptor splicing specificity remain largely uncharacterized, as do the endogenous factors 

that mediate tissue- and cell-type-specific shifts in opioid receptor isoform expression; 

however, recent studies have started to identify exogenous factors that modify opioid 

receptor splicing patterns. Interestingly, splicing regulation of opioid receptors, specifically 

the MOR, is similar to other transcriptional and post-transcriptional regulatory mechanisms 

of opioid receptor expression in that it exhibits a level of autoregulation by opioids. 

Although studies are limited, methadone maintained individuals have been found to exhibit 

changes in the expression of alternatively spliced MOR isoforms, with the MOR-1A isoform 

being up-regulated while the MOR-1O isoform is down-regulated (Vousooghi et al., 2009). 

Additionally, chronic morphine has been shown to alter the mRNA expression of specific 

MOR isoforms in several CNS regions of both mice and rats (Verzillo et al., 2014; Xu et al., 

2015) while acute morphine treatment has been found to increase MOR-1X mRNA 

expression in SH-SY5Y cells, a cell line model for human dopaminergic neurons (Regan et 
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al., 2015; submitted). This suggests that opioids can directly regulate the profile of MOR 

isoforms expressed; however, specific transcriptional and post-transcriptional mechanisms 

through which opioids directly alter constitutive and alternative splicing have not been 

identified.

With regard to post-transcriptional regulation of opioid receptor isoform expression, the 

most promising mechanism through which opioids facilitate changes in opioid receptor 

splicing specificity is through altering the concentration and subcellular localization of 

serine-arginine rich (SR) proteins and/or heterogeneous nuclear ribonucleoproteins 

(hnRNPs), as these auxiliary splicing factors enhance or diminish, respectively, the 

utilization of the 3’ and 5’ splice sites they interact with (Stamm, 2008; Stamm et al., 2005). 

In support of this mechanism, chronic and acute morphine treatments were found to, 

respectively, increase and decrease expression of the SR protein Tra2β in the rat locus 

coerulus through an unknown mechanism (Li et al., 2013). Similarly, acute morphine 

treatment was found to increase ASF/SF2 protein expression (Regan et al. 2015; submitted). 

Furthermore, morphine treatment was found to increase both the cytoplasmic and nuclear 

expression of hnRNP K protein, but not mRNA, in rat primary cortical neurons and the 

HEK293 cell line, in a time-dependent and dose-dependent manner through a mechanism 

involving increased internal ribosome entry segment (IRES)-mediated hnRNP K translation 

(Lee et al., 2014). The dynamic phosphorylation of auxiliary splicing factors, important for 

regulating activity, substrate specificity, and subcellular localization (Hui, 2009; Long and 

Caceres, 2009; Stamm, 2008), may also be altered by opioids, as expression of kinase-

enhanced PP1 inhibitor (KEPI), a known inhibitor of protein phosphatases, is up-regulated 

by both acute and chronic morphine treatment (Liu et al., 2002); however, a similar role for 

opioids in the regulation of SRPK and Clk family kinases has not been identified. 

Additional, mutually inclusive mechanisms of opioid-mediated post-transcriptional 

regulation may involve ~22-nucleotide non-coding RNAs, known as microRNA (miRNA), 

that directly down-regulate mRNA expression through the direct binding of partially 

complementary sequences located in the 3’ and 5’ untranslated regions (UTRs) as well as 

open reading frames (ORFs) of the target mRNA. To this extent, MOR signaling has been 

found to alter miRNA expression (Dave and Khalili, 2010) and both miR-103 and miR-107 

have been found to target the 3’-UTR of the MOR-1A isoform and effectively suppress its 

expression (Hwang et al., 2012; Lu et al., 2014); however, a direct mechanism for selective 

opioid receptor isoform expression involving opioid-mediated regulation of miRNA activity 

has not yet been characterized.

With regard to transcriptional regulation of opioid receptor splicing specificity, potential 

mechanisms through which opioids facilitate changes in opioid receptor isoform expression 

may involve epigenetic regulation, as increased methylation of CpG sites in OPRM1 

promoter regions is seen in heroin addicts as well as former heroin addicts stabilized on 

methadone as a therapeutic. Reduced gene expression is observed in this population, 

possibly as a result of reduced binding affinity for transcription factors, although increased 

binding of transcription factors via opioid-mediated activation of the cAMP-PKA pathway 

has also been observed (Wei, 2008; Xu and Carr, 2001a; Xu and Carr, 2001b). Whether this 

translates to differences in the utilization of the proximal, distal, and exon 11 promoters, and 

in the subsequent availability of different pre-mRNA transcripts for alternative splicing 
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events, remains unclear. Therefore, while multiple transcriptional and post-transcriptional 

regulatory mechanisms exist, the most likely mechanisms through which opioids 

autoregulate the splicing specificity of opioid receptors are post-transcriptional and involve 

opioid-mediated modifications of auxiliary splicing protein expression, phosphorylation, and 

subcellular localization.

Regulation of opioid receptor splicing specificity by HIV infection

In addition to opioid-mediated mechanisms of splicing regulation, HIV infection may 

likewise play a significant role in regulating both opioid receptor expression and splicing 

specificity, as multiple pro-inflammatory cytokines are known to impact opioid gene 

expression (Kraus, 2009; Kraus et al., 2003; Pasternak and Pan, 2013). In support of this 

hypothesis, the HIV viral protein gp120 was shown to up-regulate MOR expression through 

autocrine/paracrine actions of TNFα, while the HIV viral protein Tat alters the expression of 

MOR and KOR, but not DOR, through increased inflammatory cytokine activity (Beltran et 

al., 2006; Fitting et al., 2010; Kraus et al., 2003; Pasternak and Pan, 2013). Furthermore, co-

administration of Tat attenuates morphine-mediated down-regulation of opioid receptor 

expression in microglia and instead induces a significant increases in both receptor mRNA 

and protein, although the mechanisms through which this occurs are not yet understood 

(Turchan-Cholewo et al., 2008). Unfortunately, both the role of HIV infection in regulating 

OPRM1 activity and the mechanisms through which this may be mediated are poorly 

understood and, in most cases, contradictory. HIV infection has been found to both decrease 

and increase MOR expression depending on the cell-type investigated as well as the 

presence or absence of concomitant opioid abuse (Turchan-Cholewo et al., 2008). Despite 

this lack of consensus on HIV-mediated changes in MOR expression, it is clearly evident 

that HIV alters the splicing pattern of the MOR. Studies have found that HIV-1 slightly 

increases MOR-1, MOR-1A, and MOR-1X expression in astrocytes but down-regulates 

MOR-1A in neurons and microglia, although these changes were only significant for 

microglia (Dever et al., 2012). Astrocytes from HIV-infected individuals were also found to 

have elevated mRNA expression of MOR-1K (Dever et al., 2014). Therefore, HIV infection 

regulates the splicing specificity of the MOR, although exact transcriptional and post-

transcriptional mechanisms through which this is mediated have not been identified.

Given that HIV, as a lentivirus, is known to utilize mechanisms to actively regulate host 

auxiliary splicing factor protein levels, both spatially and temporally, to ensure the proper 

balance of fully-, partially-, and unspliced mRNA transcripts, it is likely that modulation of 

opioid receptor splicing by HIV viral proteins utilize similar post-transcriptional 

mechanisms. Accordingly, HIV infection has been shown to alter the expression of several 

SR proteins, including SC35 (Dowling et al., 2008), 9G8 (Ryo et al., 2000), SRp75, SRp55, 

SRp40, SRp30c, SRp20, and ASF/SF2 (Fukuhara et al., 2006), as well as several hnRNPs, 

including hnRNP A1 and hnRNP H. HIV-mediated variations in auxiliary splicing factor 

expression exhibit both spatial regulation, with the nuclear and cytoplasmic proportions of 

certain factors being specifically altered, and temporal regulation, with stark differences 

found between early and late infection (Dowling et al., 2008). This spatial and temporal 

regulation is facilitated by transcripts expressed during late-stage HIV infection, such as Tat, 

thereby titrating SR protein expression as infection progresses from early to late stage 

Regan et al. Page 8

J Cell Physiol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Dowling et al., 2008; Fukuhara et al., 2006). Therefore, while transcriptional regulatory 

mechanisms similar to those mediated by opioids may also exist for HIV infection, it is 

likely that mechanisms of HIV-mediated regulation of opioid receptor splicing are post-

transcriptional and primarily involve fluctuations in the subcellular and overall abundance of 

auxiliary splicing factors, although this has not been explicitly shown.

Functional implications of opioid receptor splicing

Pluridimensional efficacy is the phenomenon through which agonist binding of G protein-

coupled receptors (GPCRs), such as opioid receptors, results in the activation of multiple 

downstream effector pathways. Initially, pluridimensional efficacy was thought to be the 

result of cell type-specific expression of effectors, such as G proteins (Wong, 2003). 

However, there are comparatively fewer genes encoding G protein subunits than GPCRs. In 

addition, it is now understood that multiple G protein subtypes bind a single GPCR, 

allowing for the activation of multiple signaling pathways by a single receptor. Furthermore, 

ligand-biased signaling has been shown for many GPCRs, particularly opioid receptors, as 

the binding of different agonists and antagonists selectively activate distinct signaling 

cascades through an individual receptor. Given the promiscuity of G proteins and second 

messenger proteins, in addition to a limited effector pool and the potential for ligand-biased 

signaling, cellular mechanisms must be utilized in order to maintain GPCR signaling 

specificity. The major mechanism through which cells maintain signaling specificity is now 

recognized as receptor heterogeneity, which arises from the existence of multiple genes that 

encode similar, but distinct, receptors subtypes, such as those for opioid receptors, in 

addition to alternative splicing of gene transcripts that produce various receptor isoforms, 

such as those identified for opioid receptor subtypes (Maudsley et al., 2005). The ability of 

receptor subtypes and isoforms to mediate signaling specificity and heterogeneity is 

primarily due to structural differences between receptors (Hui, 2009; Markovic and Challiss, 

2009). As such, a concentrated investigation of opioid receptor structural motifs as well as 

the downstream signaling pathways initiated by these structural components is critical in 

understanding the functional significance of opioid receptor splicing in opioid receptor 

pharmacology and in identifying the potential signaling of individual receptor isoforms.

Opioid receptor structure

The conventional opioid receptors belong to the Class A GPCR family and, as such, contain 

many of the key structural features necessary for receptor activation and signaling 

(Pasternak and Pan, 2013; Petaja-Repo et al., 2006; Surratt and Adams, 2005). A D/ERY 

motif, expressed as DRY in opioid receptors, as well as a XBBXXB motif, expressed as 

LRRITR in opioid receptors, and a NPXXY motif, expressed as NPVLY in opioid receptors, 

have been identified within homologous regions of the various opioid receptor subtypes and 

have been shown to have functional significance in opioid-mediated signaling (Connor and 

Traynor, 2010; Law, 2010; Surratt and Adams, 2005; Waldhoer et al., 2004). Accordingly, 

amino acid substitutions in the DRY and LRRITR motifs are associated with modified 

receptor stabilization, G protein binding, and constitutive activity (Connor and Traynor, 

2010; Pasternak and Pan, 2013) while substitutions in the NPXXY motif are associated with 

alterations in agonist binding, recruitment of G proteins and receptor kinases, and receptor 
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endocytosis, trafficking, and recycling (Wang et al., 2003). Likewise, the proximal C-

terminal domain of the MOR contains palmitoylated cysteine residues characteristic of Class 

A GPCRs. For MORs, this palmitoylation is highly dynamic, with constitutive 

palmitoylation occurring during the translocation of newly synthesized receptors while 

agonist-mediated palmitoylation/depalmitoylation cycles likely regulate signaling 

transduction stimulated by opioid-bound receptors (Minami and Satoh, 1995; Petaja-Repo et 

al., 2006; Surratt and Adams, 2005). High affinity binding sites are generated by disulfide 

bonds between two conserved cysteine residues found in the first and second extracellular 

loops (Minami and Satoh, 1995). An aromatic cluster motif, with the conserved sequence 

FXXXWXXXH, has also been identified within the opioid receptor family. Although it is 

not the terminal phenylalanine often associated with the conserved GPCR motif, the 

histidine residue within opioid receptors is thought to function in a similar manner by 

facilitating agonist-mediated disruptions of electrostatic interactions, toggling the receptor 

between active and inactive states (Surratt and Adams, 2005). Collectively, these conserved 

structural motifs interact in such a way as to generate two broad regions critical in opioid 

receptor G protein signaling: the third intracellular loop and the C-terminal domain 

(Georgoussi et al., 1997). Overall, opioid receptor subtypes are about 60% identical in their 

primary structure, with greater conservation of approximately 73-76% and 86-100% found 

in the transmembrane regions and intracellular loops, respectively, and lesser conservations 

of approximately 9-10%, 14-72%, and 14-20% found in the N-terminal, extracellular loops, 

and C-terminal, respectively (Law, 2010; Minami and Satoh, 1995; Wei et al., 2004).

The conserved structural motifs between opioid receptors and other Class A GPCRs only 

serve to confer a similar tertiary structure and facilitate G protein coupling and signaling 

cascades. Additional motifs, unique to opioid receptors, complement these general GPCR 

family motifs in maintaining the active and inactive conformations of opioid receptors and 

confer specific opioid-mediated signaling mechanisms (Li et al., 2001). For example, 

selective binding of opioids is determined, in part, by the third extracellular loop of opioid 

receptors, with varying lengths altering the affinity for certain opioid agonists and 

antagonists. However, studies using chimeric μ/κ opioid receptors suggest that any change 

in structure between the center of the third intracellular loop to the C-terminal domain, 

specifically within MORs, may alter binding of selective opioid agonists (Xue et al., 1995). 

Accordingly, it is now understood that multiple structural motifs within opioid receptors 

interact with the chemical structure of opioid ligands to generate a selective binding pocket. 

Specificity of opioid receptors is mediated by differential occupancy of one of two binding 

pocket domains and is ligand-dependent. These binding pockets involve interactions 

between sixth and seventh transmembrane domain for certain ligands, while others ligands 

target a binding pocket involving interactions between the second, third, and seventh 

transmembrane domains. As such, the efficacy of a given opioid ligand is determined by 

several residues within the second, third, sixth, and seventh transmembrane domains 

(Waldhoer et al., 2004).

Following ligand binding, opioid receptor-specific signaling pathways are activated. As with 

most GPCRs, this is facilitated by the recruitment of G proteins, which causes 

conformational changes allowing for the depalmitoylation of cysteine residues, ultimately 

resulting in increased phosphorylation of specific motifs within the C-terminal domain 
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(Clayton et al., 2010; Petaja-Repo et al., 2006; Surratt and Adams, 2005). Consequently, 

substitution of conserved cysteine residues within the C-terminal domain, particularly C348 

and C353, alters the basal rate of G protein binding (Connor and Traynor, 2010). Several 

potential PKA and PKC phosphorylation motifs have been identified in the second and third 

intracellular loops as well as the C-terminal domain (Minami and Satoh, 1995). A unique 

agonist-induced phosphorylation motif, defined by the consensus motif TXXXPS, has also 

been identified for opioid receptors and phosphorylation at this site is thought to activate 

downstream signal cascades (Wei et al., 2004). Additional conserved tyrosine residues are 

phosphorylated and are thought to be involved in receptor trafficking and signaling, 

particularly in a switch from adenylyl cyclase inhibition to stimulation following prolonged 

agonist application (Clayton et al., 2010). Endocytic trafficking of MORs, which functions 

to remove receptors from the plasma membrane following prolonged activation and target 

them for degradation, can occur through two separate processes. Structural motifs within the 

first intracellular loop and C-terminal domain, which are unique to the MOR, mediate an 

ubiquitination-dependent endocytic trafficking pathway in a late stage of receptor down-

regulation. Early stage down-regulation of MORs is also mediated by structural motifs 

localized to the C-terminal domain but is ubiquitination-independent (Hislop et al., 2011). 

Additional residues, including multiple leucine residues within the C-terminal domain and 

third intracellular loop (Wang et al., 2003), have also been implicated in the endocytosis, 

trafficking, and recycling of multiple opioid receptor subtypes. Therefore, multiple functions 

of the opioid receptor family are mediated by a combination of conserved Class A GPCR 

structural motifs and unique residues, with the latter conferring specific opioid ligand 

binding and signaling activity.

The structure/function relationship of opioid receptor variants

Translation of alternatively spliced transcripts produces various isoforms of a given protein 

that differ in their amino acid sequence and, as such, are differentially subjected to post-

translational modifications and protein folding. Their unique amino acid sequence, post-

translational modifications, and tertiary structure cause many isoforms to display enzymatic 

activity, ligand binding, cellular localization, and protein stability that is distinct from other 

isoforms of the same protein (Hui, 2009; Markovic and Challiss, 2009). Obvious functional 

effects are found in GPCR splicing patterns that alter conserved motifs required for classical 

GPCR structure, G protein binding, and activating downstream signaling cascades, such as 

the D/ERY, XBBXXB, and NPXXY(X) consensus sequences. However, given the low 

sequence homology between GPCR families, potential functional consequences are 

predicted based of broad structural changes within the N- and C-terminal domains and 

transmembrane regions instead of defined amino acid sequences. As such, the GPCR 

structure can be divided into functional regions and changes within these regions, due to 

either SNPs, mutations, or alternative splicing events, are predicted to have distinct 

functional consequences. The extracellular N-terminal domain, described previously, is 

involved in ligand binding. As such, variations or truncations of the N-terminal domain due 

to alternative splicing may result in altered ligand binding. If binding is altered to such a 

degree that ligands cannot activate the receptor, overexpression of the GPCR isoform(s) 

expressing this alternative N-terminal domain may result in a dominant-negative effect. 
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Similarly, alterations of the extracellular loop structures may alter ligand binding. 

Transmembrane regions of GPCRs are critical for proper tertiary structure, trafficking to the 

cell membrane, and maintaining the inactive and active conformations of the receptor. 

Alternative transmembrane sequences, particularly within the seventh transmembrane 

domain, may impair receptor trafficking and membrane expression, decreasing receptor 

concentrations and resulting in dominant negative phenotypes. Additionally, the presence of 

premature stop codons anywhere between the first and seventh transmembrane domains 

generates a truncated GPCR variant. Due to the absence of one or multiple transmembrane 

domains, these truncated GPCR isoforms may localize as cytoplasmic or secreted soluble 

proteins, resulting in vastly different mechanisms of action (Markovic and Challiss, 2009). 

GPCR intracellular loop structures typically help facilitate G protein selectivity and binding 

through the establishment of activation and selectivity domains. Accordingly, variant 

structures at these functional domains may alter the fidelity of G protein subtype selectivity 

or the kinetics of G protein coupling/uncoupling and may even result in increased 

constitutive activity (Markovic and Challiss, 2009; Wong, 2003). Finally, the C-terminal 

domain represents one of the most important functional regions of GPCRs, containing a 

variety of palmitoylation and phosphorylation motifs that regulate receptor activity, 

signaling, and trafficking. GPCRs with alternatively spliced C-terminal domains exhibit 

distinct GPCR signaling, receptor internalization, and protein-protein interactions with 

receptor kinases and β-arrestins in addition to regulating constitutive activity of the receptor 

(Markovic and Challiss, 2009). Consequently, alternative splicing of GPCRs has the 

potential to greatly alter receptor function through sequence and structural changes within 

the transmembrane domains, extracellular and intracellular loops, and N- and C-terminal 

domains.

Although all opioid receptors are alternatively spliced to some extent, only the MOR 

exhibits extensive splicing within the coding regions of every major GPCR structural 

domain, including the transmembrane domains, extracellular and intracellular loops, and N- 

and C-terminal domains. As such, MOR isoforms can be categorized into multiple classes 

based on their structural and functional similarities. The first class consists of MOR 

isoforms that are typically generated through alternative 3’ splice site selection and comprise 

full-length receptor variants. These isoforms share identical N-terminal domains, 

transmembrane regions, and intra- and extracellular loop structures. In following, these 

isoforms are highly selective for μ-selective opioids and show little variability in receptor 

binding affinities, as their conserved sequences encode the binding pocket domain. 

However, the distal C-terminal domains of these isoforms are altered due to the utilization of 

alternative, suboptimal 3’ splice sites within the C-terminal domain encoding exon 4, the 

substitution of exon 4 with an alternative exon, or the exclusion of exon 4 entirely followed 

by intron retention. The majority of MOR isoforms, including MOR-1A and MOR-1X, 

belong to this class. The variant C-terminal domains of these isoforms are differentially 

palmitoylated, ubiquitinated, and phosphorylated and, as a result, display distinct regional 

and cell-type specific localizations, G protein coupling, desensitization, internalization, and 

post-endocytic sorting. Additionally, C-terminal splicing greatly impacts both the potency 

and efficacy of μ-selective agonists. The selective incorporation or exclusion of putative 

phosphorylation sites in the C-terminal domain of MOR isoforms alters ligand-biased signal 
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transduction pathways, most likely due to differential recruitment of receptor kinases and β-

arrestins. For example, morphine and DAMGO are typically regarded as stimulating 

different levels of receptor phosphorylation and internalization; however, certain variants 

show equal levels of phosphorylation and internalization by these two compounds. Similar 

differences in ligand-mediated internalization can be seen for many C-terminal domain 

variants of the MOR. As a result, some MOR isoforms modulate second messenger 

signaling, including adenylate cyclase, Ca2+/NFAT, and MAPK activity, with distinct 

differences (Pan, 2005; Pasternak, 2010; Pasternak and Pan, 2013; Surratt and Adams, 2005; 

Waldhoer et al., 2004).

A second class of MOR isoforms is generated by transcription initiation from the exon 11 

promoter region and the subsequent substitution of exon 1 with exon 11, which frequently 

results in the loss of the first transmembrane region and the development of a unique N-

terminal domain that protrudes into the intracellular region as opposed to the extracellular 

environment. As expected, expression of these N-terminal variants produces a diminished 

response to certain opioids, with no effect seen to others, suggesting a change in the 

selective binding of certain ligands. Evidence from in vivo studies using exon 1 and exon 11 

knockout mice suggests that these variants are particularly important for heroin and M6G 

activity as well as mediating the actions of novel opioid compounds, such as 3-

Iodobenzoylnaltrexamide 1 (IBNtxA), that lack side-effects of respiratory depression, 

physical dependence, and rewarding behavior typically associated with μ-selective 

compounds (Abbadie et al., 2004; Klein et al., 2009; Pan, 2002; Pan et al., 2009; Pan et al., 

2001; Pasternak, 2010; Pasternak and Pan, 2013; Waldhoer et al., 2004; Xu et al., 2014b; Xu 

et al., 2013; Xu et al., 2009; Xu et al., 2011). Additionally, the substitution of exon 1 for 

exon 11 may result in MOR variants with cellular and molecular functions completely 

opposite of classical MORs. This is demonstrated by the exon 11 variant MOR-1K, which is 

retained in the cytoplasm where it couples Gαs, as opposed to Gαi/o. In following, activation 

of MOR-1K was found to enhance cAMP, Ca2+, and NO production and resulted in cellular 

excitation, as opposed to the classical MOR-mediated cellular inhibition (Gris et al., 2010).

A group of severely truncated MOR receptors comprises the third class of MOR isoforms. 

These variants are produced by transcription initiation at the exon 11 promoter region but 

excise the majority of recognized exons, including exons 2 and/or 3, from their final mRNA 

transcript. Given that exons 2 and 3 encode the majority of the MOR transmembrane 

domains, these variants only contain a single transmembrane region. As such, these 

membranes do not bind opioid ligands nor are they expressed in a typical manner within the 

plasma membrane. Instead, these variants are thought to function as receptor chaperones to 

reduce ER-associated degradation of full-length MOR variants, enhancing receptor 

expression (Pan, 2002; Pan et al., 2001; Pasternak and Pan, 2013; Xu et al., 2014b; Xu et al., 

2013). In support of this, MOR-1 and the SV1 and SV2 isoforms of the MOR have been 

found to dimerize either during or shortly after translation resulting in inhibited ligand 

binding (Choi et al., 2006). Interestingly, certain single transmembrane MORs appear to 

compliment certain six transmembrane MORs and their physical interaction has been 

shown; however, the functional significance of this association has yet to be characterized 

(Abbadie et al., 2004).
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Opioids isoforms & HIV pathogenesis

In addition to their antinociceptive effects, many opioids stimulate profound 

immunosuppression, thereby increasing the susceptibility of individuals chronically using 

opioids, both clinically and illicitly, to various infections. The mechanism of opioid-

mediated immunosuppression is thought to involve cross-talk between immune system and 

CNS regulatory pathways; however, it is now understood that opioids also modulate 

immune system activity by directly interacting with immune cells (Taub et al., 1991). While 

both endogenous and exogenous opioids modulate immune system activity and increase 

susceptibility to infection, the illicit use of opioids such as heroin, serves as an additional 

risk factor for the transmission of blood-borne pathogens, particularly HIV, through the 

sharing of contaminated syringes. Furthermore, injection drug abuse, specifically of opioids, 

alters the pathogenesis of HIV as well as enhances HIV-associated systemic and 

neurological complications collectively known as HIV-associated neurocognitive 

dysfunction (HAND) (Hauser et al., 2005). Currently, two mutually inclusive models 

account for neurodegeneration and the development of neurological symptoms in HAND: 

the indirect model and the direct model. The indirect model proposes that HIV-mediated 

neurodegeneration is a secondary effect of the inflammatory responses and deregulation of 

glial function caused by infected and non-infected glial cells within the CNS. The direct 

model proposes that HIV-mediated neurodegeneration is a primary effect of the interaction 

between neurons and HIV viral proteins secreted from infected monocyte-derived cells 

within the CNS (Kaul et al., 2001). Opiate drug abuse is now recognized to interact 

synergistically with both direct and indirect mechanisms of HIV-associated neurotoxicity. 

This synergy is primarily mediated through activation of the MOR, although limited 

evidence suggests roles for KORs and DORs as well. With respect to the indirect 

mechanism of HIV-associated neurotoxicity, opioids are considered to exacerbate HAND 

pathology by synergistically decreasing trophic and metabolic support and enhancing 

marginally neurotoxic, excitotoxic, and inflammatory cellular stressors secreted by 

dysfunctional glial cells, all of which may occur in the absence of glial cell loss (Hauser et 

al., 2012). Similarly, with respect to the direct mechanism of HIV-associated neurotoxicity, 

concomitant HIV viral protein and chronic opioid exposure is typically accompanied by 

altered patterns of gene activation, decreased neurotrophic signaling, increased ROS 

production and oxidative stress, and enhanced mitochondrial dysfunction within neurons due 

to synergistic disruption of second messenger cascades, including adenylyl cyclase, SDF-1, 

PKA, PKB, PI3K/Akt, p38 MAPK, ERK1/2, JNK, GSK-3β, IKK-α/Iκ-Bα/NF-κB, CREB, 

p53, PTEN, calcineurin, Bcl-2 family member proteins, endonuclease G, and caspase-1, -3, 

and -7 (Hauser et al., 2005; Hauser et al., 2012). Therefore, in addition to indirect, glia-

dependent mechanisms, marginally toxic opioids directly exacerbate the excitotoxic, 

dendrotoxic, and neurotoxic events triggered by secreted HIV viral proteins through the 

synergistic disruption of numerous signaling cascades. This, in turn, triggers sublethal 

synaptodendritic injury that culminates in the activation of caspase-dependent and caspase-

independent apoptotic mechanisms, ultimately resulting in the neuronal cell loss 

characteristic of HAND. While the exact contribution of individual MOR isoforms to the 

exacerbation or alleviation of HIV-associated neurotoxic mechanisms is currently unknown, 

a recent study found a correlation between HIV-mediated increases in an excitatory MOR 
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isoform, MOR-1K, and the severity of neurocognitive deficits in HAND pathology (Dever 

et al., 2014), suggesting a dynamic relationship between opioid receptor isoforms and HIV-

associated neuropathology.

Future Studies

The recent identification and characterization of several opioid receptor isoforms generated 

through alternative splicing of opioid receptor-encoding genes, particularly the μ-opioid 

receptor-encoding OPRM1, has led to a more conclusive explanation for the discrepancies 

observed in opioid pharmacology, as structural differences between isoforms result in 

unique agonist selectivity, constitutive activity, agonist-mediated signaling, and 

internalization. Furthermore, these isoforms, in conjunction with several SNPs, are 

understood to have important physiological signifigance in opioid sensitivity and addiction 

(Klein et al., 2009; Kreek and LaForge, 2007; Lotsch and Geisslinger, 2005), as some 

polymorphisms in the MOR-1K (Diatchenko et al., 2011; Shabalina et al., 2009) and 

MOR-1X (Pang et al., 2012) variants have been found to alter opioid drug response, while 

others have not (Mayer and Hollt, 2006; Smith et al., 2005). Therefore, opioid receptor 

isoforms must be regarded as a separate receptor subtype that collectively contributes to the 

overall cellular and physiological effects of opioids and differential expression of these 

isoforms will alter opioid pharmacology accordingly. Given this emerging importance of 

individual MOR isoforms in opioid pharmacology, as well as pathological conditions such 

as HIV-associated neurocognitive dysfunction, extensive studies are needed to further 

characterize the structural and functional significance of individual isoforms as well as the 

regulatory mechanisms through which opioid receptor splicing specificity is determined. To 

this extent, while recent studies have started to identify the contributions of individual 

opioid receptor isoforms to opioid pharmacology and have correlated the abundance of 

particular isoforms with the severity of pathogenic states, specifically HIV-associated 

neurocognitive dysfunction, additional mutagenic studies examining unique functional 

domains of opioid receptor isoforms predicted from their primary structure are needed to 

further characterize the structure/function relationship of individual opioid receptor isoforms 

in these processes. Furthermore, recent studies identifying opioid- and HIV-mediated 

alterations in opioid receptor splicing have reported potential regulatory mechanisms, 

particularly those involving the modification of auxiliary splicing proteins. Unfortunately, 

the role of individual splicing factors in specific transcripts has been complicated by the 

inability to identify specific binding sites within mRNA transcripts and to accurately predict 

splice site usage; however, recent bioinformatics approaches and experimental techniques, 

such as SELEX and CLIP, have been useful in identifying exon splicing enhancer (ESE) and 

silencer (ESS) motifs and the binding specificity of individual SR proteins, allowing for a 

better prediction of SR protein interaction using pre-mRNA sequence (Long and Caceres, 

2009). Utilization of these assays in conjunction with new a class of indole derivative 

splicing inhibitors, which have selective action against the ESE-dependent activity of SR 

proteins (Keriel et al., 2009), and sensitive genome-wide microarrays will allow for 

comprehensive detection, measurement and characterization of known and predicted mRNA 

isoforms (Griffith et al., 2010). As such, new tools being developed to explore regulatory 

elements, scan previously uncharacterized exons, and predict tissue-dependent splicing 
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patterns will be beneficial for future studies of opioid receptor splicing regulatory 

mechanisms and the impact of alternative splicing on opioid pharmacology (Barash et al., 

2010).
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Figure 1. Schematic Representation of Human OPRM1 Alternative Splicing
The human OPRM1 gene is composed of numerous exonic and intronic regions that are 

selectively utilized through alternative splicing mechanisms in order to generate various 

MOR isoforms. Unfortunately, exon names and definition sequences are not well conserved 

within the literature, leading to disparities between isoform compositions. Furthermore, 

additional MOR isoforms have been predicted, but have not yet been verified in vitro or in 

vivo. As such, splicing patterns of select MOR isoforms are illustrated here according to a 

comparative analysis of exon and intron inclusions across multiple literature sources. Top 
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schematic represents positions of known exonic regions within the human OPRM1 gene, 

with arrows indicating transcription initiation sites. Accepted names for exonic regions are 

annotated above each region, with sub-annotations indicating variable exon cassettes due to 

multiple 3’ and 5’ splice sites. Splicing patterns of known opioid receptor isoforms are 

schematized and aligned below OPRM1 gene, with accepted isoform names displayed to the 

left, incorporated exon cassettes represented by solid boxes, and excised regions represented 

by a thin, dotted line (Reference Sequences: NM_000914.4, NM_001008504.3, 

NM_001145282.2, NM_001145283.2, NM_001145284.3, NM_001145285.2, 

NM_001145286.2, NM_001008503.2, NM_001008505.2, NR_104351.1, NR_104349.1, 

AY364230.1, DQ680044.1, NM_001145279.3, NM_001145280.3, NM_001145281.2, 

NM_001285528.1, NM_001145287.2, GQ258059.1, NM_001285527.1, NM_001285522.1, 

NR_104350.1; ‡ = predicted isoform) (Andersen et al., 2013; Choi et al., 2006; Fricchione et 

al., 2008; Pasternak and Pan, 2013; Xu et al., 2013; Xu et al., 2009).
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