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Abstract 
 

Opioids are widely used in the clinic to treat moderate to severe pain. However, the 

development of tolerance after chronic treatment posed major medical concern. Since the cloning 

of opioid receptors (µ, δ, and κ or mu, delta, and kappa) in the early 90s, their spatial and 

temporal regulation has been intensively studied. µ-opioid receptor (MOR) is the major molecular 

target of opioids and understanding its regulation is critical to unravel the mechanism underlying 

the pharmacological effects of opioid drugs. Gene regulation can be exerted at both 

transcriptional and post-transcriptional levels. Early studies have demonstrated a lack of 

correlation between morphine treatment and MOR expression at the transcriptional level. The 

post-transcriptional regulation of MOR remains unclear. 

In this study, we identified the major transcript of MOR (MOR1) and its contiguous 3′-

UTR, which extends more than 10 kb from the stop codon. The MOR1 3′-UTR uses a single poly 

(A) signal 10153 bp downstream of the stop codon and is cleaved at the CA cleavage site 26 bp 

downstream of the poly (A) signal. The MOR1 poly (A) signal demonstrates a distinct preference 

to its own promoter in the luciferase assay, indicating a functional coupling between the promoter 

and poly (A) signal. When cloned into a reporter construct, the MOR1 3′-UTR showed a robust 

inhibitory effect independent of the promoter type and cellular background, which suggests a 

translational suppression. This is confirmed by the fact that MOR1 3′-UTR did not change the 

total mRNA level of the reporter gene but sharply decreased its polysome mRNA level. To 

identify the cis- and trans- interactions in the 3′-UTR, we predicted three putative cis-acting 

motifs (two K Boxes and one Brd Box) using the UTRscan program 

(http://bighost.ba.itb.cnr.it/BIG/UTRScan). The mutagenesis analysis confirmed the function of K 
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Box1 (3802-3807 bp downstream of the stop codon). miRNA23b was predicted to interact with 

the K Box motif. Over-expressing miRNA23b in NS20Y cells inhibits the luciferase activity in 

the plasmid with MOR1 3′-UTR, but not in the one without MOR1 3′-UTR. K Box1 mutation 

diminished the effect of miRNA23b, suggesting a specific interaction between miRNA23b and K 

Box1 in the MOR1 3′-UTR. miRNA23b represses the translation efficiency of the reporter 

mRNA by inhibiting its association with polysomes. Knocking down the miRNA23b in NS20Y 

cells induced a significant increase of MOR protein level, thereby confirming the role of 

miRNA23b in regulating endogenous MOR expression. Interestingly, chronic morphine treatment 

increases the expression of miRNA23b and subsequently decreases the polysome association of 

MOR1 mRNA in which the MOR receptor and MOR1 3′-UTR are required.  

In summary, this study identified the 3′-UTR of MOR1 and revealed a novel type of 

trans-acting factor for MOR gene, miRNA23b that binds to the K Box in the 3′-UTR and 

represses translation by inhibiting the polysome mRNA association. Chronic morphine treatment 

increases the miRNA23b expression and inhibits the polysome association of MOR1 mRNA. 

This suggests a pathway that transduces the membrane signal to regulate the intracellular MOR 

expression as part of the post-transcriptional regulation of µ-opioid receptor.  
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Opioids and Opioid Receptors 

The use of opium dates back to the third century B.C.. Stemmed from its initial use in 

dysenteries, many applications of opium have been appreciated during the middle Ages. Among 

20 distinct alkaloids contained in opium, morphine was the first to be isolated and named after 

Morpheus, the Greek god of dreams. The discovery of other alkaloids followed. Soon the use of 

pure alkaloids rather than crude opium became popular in the medical world . 

Besides their wide use as pain relievers in the clinic, opioid drugs also affect mood and 

rewarding behavior, and alter respiratory, cardiovascular, gastrointestinal, and neuroendocrine 

function. The analgesic effect of opioids arises from their ability to inhibit the ascending 

transmission of nociceptive information from the spinal cord dorsal horn and to activate pain 

control circuits that descend from the midbrain, via the dostral ventromedial medulla, to the 

spinal cord dorsal horn. Opioid drugs also induce undesirable side effects, such as respiratory 

depression, and immune inhibition. Among these, the major concerns in practice remain tolerance 

and dependence . 

The development of tolerance after chronic use is a characteristic feature of all opioid 

drugs. Tolerance is defined as a state of adaptation in which exposure to a drug induces changes 

that result in a decrease of the drug's effects over time. Pharmacologically, tolerance can be 

described as a shift to the right in the dose-response curve; alternatively, a higher dose is required 

to maintain the same effect over long-time treatment. Pharmacokinetic changes refer to the 

metabolic changes of drugs in the body, for example, an accelerated elimination rate; 

pharmacodynamic changes reflect the alteration of drug-activated events, especially at the 

receptor level. In the clinic, both pharmacodynamic and pharmacokinetic changes can lead to 

tolerance (DuPen et al., 2007).    
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  Major medical and social problems are associated with opioid tolerance. Numerous 

efforts have been made to elucidate its molecular mechanisms. Opioid drugs exert their effects by 

binding to three major types of surface receptors, µ (mu)-, δ (delta)-, and κ (kappa)-opioid 

receptors (Kieffer, 1995). Therefore, since the discovery and cloning of opioid receptors, it has 

been believed that the regulation of opioid receptors holds the key to understanding the mystery 

behind opioid tolerance and other pharmacological effects. Opioid receptors all belong to the 

superfamily of G-protein coupled receptors containing seven transmembrane domains. Cloning of 

the genes encoding three opioid receptors (Kieffer, 1995) has allowed the examination of 

mechanisms underlying the spatial and temporal regulation of opioid receptors. 

                                                                                                                                                        

The µ-opioid Receptor (MOR) Gene Regulation  

Most pharmacological effects of opioid drugs are mediated by the µ-opioid receptor 

(MOR). µ-opioid receptor is widely distributed throughout the forebrain, midbrain and hindbrain. 

Its distribution corresponds to the roles in pain regulation and sensorimotor integration. A 

quantitative study conducted in selected region of the rat central nervous system showed that the 

medial thalamus has the highest level of MOR mRNA while the cerebellum has the lowest 

(Brodsky et al., 1995b).   

Various physiological and neuronal activities are able to induce MOR gene expressions; 

for example, continuous chemical depolarization has been proven to down-regulate MOR gene 

expression(Simantov and Levy, 1986). In vivo stimuli can also regulate MOR gene expression. 

Animal treated with haloperidol for 7 days, which changes the striatal enkephalin levels, 

exhibited significantly reduced MOR expression levels in globus pallidus. It has also been 

reported that interleukin-1 can produce a 55-75% increase in MOR transcript in different brain 
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regions (Simantov, 1989). These results demonstrate that the expression of the MOR gene is 

temporally and spatially regulated. Therefore, understanding the MOR gene regulation is critical 

to unraveling the mechanism for tolerance development. 

The MOR gene spans about 250 kb based on the mouse genome data bank. It contains 19 

exons and generates 30 splice variants (Doyle et al., 2007a; Doyle et al., 2007b). Extensive 

alternative splicing occurs at the 5′-end and 3′-end. MOR1 is the dominant transcript of MOR 

gene and encodes the natural µ-opioid receptor protein. In the mouse genome, MOR1 includes 

four exons divided by three introns. The first intron is > 26 kb, the second is 0.8 kb and the third 

one >12 kb (Min et al., 1994). The cloning of mouse MOR gene revealed two promoters, the 

distal promoter (DP) (position -994/-784) and the proximal (PP) (-450/-249) (Law and Loh, 

1999). They both lack a TATA box and are highly G/C rich. The PP is preferably used, 

accounting for 95% of the MOR gene activity in animal brain. 

Extensive studies have been conducted on the MOR promoter/5′- untranslated region (5′-

UTR) and its transcriptional regulation; multiple regulatory elements have been identified. The 

elements for the PP include an inverted GA motif with canonical SP1 binding site (Ko et al., 

1998), a single stranded DNA-binding protein binding site (Ko and Loh, 2001) and an 

AP2/SP1(Ko et al., 2003). The elements that can activate the DP include Oct1 (Liang and Carr, 

1996), IL-4 (Kraus et al., 2001), Sox 18 and Sox 21 (Hwang et al., 2003; Im et al., 2001), SP-

1(Xu and Carr, 2001). A 34-bp silencing region for Pu.1-mediated suppression of the DP was also 

reported (Hwang et al., 2003; Law and Loh, 1999). In the 5′-UTR, there are regulatory elements 

such as NF-κB (Kraus et al., 2003), CREB (Lee and Lee, 2003) and neurorestrictive silencer 

elements (NRSE) (Kim et al., 2006; Kim et al., 2004; Kim et al., 2008; Kraus et al., 2003). 
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Compared to the extensive interest in the promoter and 5′-UTR, research aimed at the 

MOR 3′-UTR and post-transcriptional regulation has been limited. A function for the 3′-UTR was 

suggested by the observation of an abnormally long untranslated region in CXBK recombination-

inbred mice that corresponds to a decreased level of µ-opioid receptor mRNA level (Ikeda et al., 

2001). The 3′ splicing variants of the MOR gene seem to play a role in modulating MOR 

analgesic properties (Pasternak, 2001). In κ-opioid receptor, it has been reported that the 5′-UTR 

and 3′-UTR are subject to regulation at the level of mRNA splicing/processing and play a role in 

mRNA transport. (Hu et al., 2002; Wei et al., 2000; Wei and Loh, 2002). However, investigation 

of the post-transcriptional regulation of MOR had been hindered by the difficulty in identifying 

its lengthy 3′-UTR. 

 

The Significance of Studying Post-transcriptional Regulation of MOR 

Morphine tolerance after chronic treatment includes a series of profound changes. There 

are three phenomena that have been studied extensively: desensitization, which happens when the 

activated receptor is phosphorylated by a G-protein-receptor-coupled kinase and associates with 

β-arrestin. This causes uncoupling of the receptor-G-protein complex; receptor internalization, 

which refers to the sequestration of the receptor from the membrane to the cytosol via clathrin-

coated pits and dynamin; and down-regulation, which is shown by a general decrease in receptor 

numbers (Binyaminy et al., 2008).  

To understand the molecular mechanisms of opioid tolerance, a central problem remains 

that how agonist-activated signal on the cell membrane alters the receptor number or function 

intracellularly. Although research on MOR transcription revealed numerous factors that increase 

or decrease MOR transcriptional activity, the MOR mRNA level generally does not correspond to 
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agonist treatment, such as morphine (Brodsky et al., 1995a; Castelli et al., 1997) , indicating that 

MOR gene transcriptional bears little relevance to the agonist-induced tolerance. However, how 

the MOR mRNA is regulated after transcription has been largely unknown.  

The post-transcriptional regulation can exerted by controlling the fate of the transcribed 

molecule, including its stability, translation efficiency and subcellular localization, etc. (Wahle 

and Ruegsegger, 1999). Therefore, exploring the post-transcriptional regulation of MOR is likely 

to advance the current knowledge of MOR gene regulation and the molecular basis for tolerance.  

 

3'-UTR and Post-transcriptional Regulation 

3’-UTR stands for the 3'-untranslated region, which is the mRNA sequence downstream 

the stop codon that is not translated into protein. Given the proximity of the 3'-UTR to the 

termination codon and poly (A) signal, it is not surprising that it offers a diversity of regulatory 

mechanisms. 

  Increasing evidence has demonstrated a major role for the 3′-UTR in regulating complex 

cellular functions, presumably through recognition by specific nuclear and cytoplasmic mRNA-

binding proteins (i.e. trans-acting factors) (Jackson, 1993). The role of the 3'-UTR in altering 

mRNA stability is well established for various genes (growth factors, hormone receptors, 

cytokines, and transcription factors) (Balmer et al., 2001; Sachs and Wahle, 1993). Other 

functions of 3'-UTR have also been reported. For example, a repressor element in the 3'-UTR of 

serine protease inhibitor 2.3 gene regulates the basal transcription as well as activation during 

inflammation (Le Cam and Legraverend, 1995); a 288 bp sequence in the 3'-UTR of α2c 

adrenergic receptor influences the translational efficiency of the receptor and associated signaling 

events (Yang et al., 1997); the deletion of the 3′-UTR sequences of β2-adrenergic receptor 
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resulted in a 2-2.5 fold increase in receptor expression and a shift of the mRNA distribution 

toward the polysomal fraction (Subramaniam et al., 2004); the 3′-UTR is also involved in 

controlling cell growth and differentiation in troponin, tropomysin and α-cardiac actin (Rastinejad 

and Blau, 1993).  

 

Poly (A) Signal The Poly (A) signal is located at the 3′-end of 3′-UTRs. It refers to three 

key elements in eukaryotic cells: A highly conserved hexanucleotide motif AAUAAA located 10 

to 30 bp upstream of the cleavage site; a less highly conserved U-rich or GU-rich region found 

downstream of the cleavage site, and the cleavage site itself, which is shown as CA in most 

genes. The poly (A) signal binds to the cleavage/polyadenylation machinery and directs the 

cleavage and polyadenylation processes at the end of transcription. The cleavage/polyadenylation 

machinery includes six basic members and several putative auxiliary factors. They are cleavage 

and polyadenylation specificity factor (CPSF), cleavage stimulation factor (CstF), cleavage factor 

I and II (CFIm and CFIIm, m distinguishes the mammalian protein from yeast), PAP (poly (A) 

polymerase), and PAPB2 (poly (A) binding protein) (Zhao et al., 1999).  

In addition to directing the cleavage/polyadenylation machinery, the poly (A) signal is 

also involved in other activities. First, it facilitates binding of CPSF to the TFIID nucleated 

transcription initiation complex (Dantonel et al., 1997); second, it interacts with the 5′ cap of the 

mRNA to help load the 40S ribosomal subunit that is part of the translation initiation complex; 

third, it regulates the mRNA stability as the deadenylation is often the initial and rate-limiting 

step of mRNA degradation; lastly, the poly (A) signal also directs the export of mRNA from the 

nucleus into cytoplasm (Wahle and Stoffel, 1998).  
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Studies on the poly (A) signal suggested a spatial proximity between the “head” and 

“tail” of nucleotide sequences in the transcription and translation complex. At the transcription 

level, members of the cleavage/polyadenylation complex,  CPSF and CstF, are copurified with 

RNAPolII (RNA Polymerase II) and specifically bind to the CTD (C-terminal domain) of 

RNAPolII. When the CTD is severely truncated, transcription as well as splicing, polyadenylation 

and transcription termination is inhibited. CPSF stably associates with TFIID and is recruited to 

the promoter by TFIID, transferred to RNA PolII at the beginning of transcription and delivered 

to the poly (A) signal at the end (Zhao et al., 1999). As for translation, dipeptidyl 

carboxypeptidase (Dcp1, i.e., the protein that removes the m7GpppN cap) binds to the 5′-end of 

the transcript and also interacts with the poly (A)-binding protein (PABP); the 3′-UTR binding 

protein PUF-3 enhances the 5′-end dacapping. In yeast, PABP also interacts with the translation 

initiation factor eIF4G, which in turn interacts with the cap-binding protein eIF4E. Physical 

interaction between 5′-end and 3′-end of the mRNA has also been observed (Mazumder et al., 

2003). 

 

cis- and trans- interaction in 3′-UTR The function of 3'-UTR is largely mediated by the 

interaction between cis-acting elements and trans-acting factors. The AU-rich element (ARE), 

one of the most-studied cis-acting elements seen in 3′-UTRs, regulates the mRNA decay in 

various genes (Chen and Shyu, 1995; Shaw and Kamen, 1986). AREs were originally defined by 

the sequence AUUUA and subsequently classified into three categories. Several ARE-binding 

proteins have been identified in mammalian cells: Hu proteins increase the stability of mRNAs 

with which they interact (Keene, 1999); AUF1 (also known as hnRNP D) was first identified by 

its ability to promote degradation of c-myc mRNA in a cell-free mRNA decay system (Brewer, 
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1991); KSRP (K homology splicing regulatory protein) binds to several ARE-containing 

mRNAs, promoting their degradation via an exosome mediated pathway (Briata et al., 2003; 

Chen et al., 2001; Gherzi et al., 2004). 

 

miRNA – Function and Regulation 

In addition to trans-acting proteins that interact with the 3′-UTR, another category of 

molecules also has emerged as important regulators, microRNA (miRNA). microRNAs 

(miRNAs) are 21-22 nucleotide-long RNAs that silence gene expression of their target mRNAs 

post-transcriptionally. Since the first miRNA lin-4 was discovered in C. elegans in 1993 (Lee et 

al., 1993), at least 100 miRNA genes have been identified in invertebrates, and 500-1000 in 

vertebrates and plants (Eulalio et al., 2008). The recent discovery of miRNAs in the unicellular 

algae Chlamydomonas reinhardtii (Molnar et al., 2007; Zhao, 2007) has indicated a much older 

existence of miRNA in evolution.  

  miRNAs comprise 1-3% of the genome (Zhao and Srivastava, 2007) and bioinformatic 

predictions indicate that mammalian miRNAs can regulate ~30% of all protein-coding genes 

(Filipowicz et al., 2008). miRNAs feature a diverse genomic organization. Some miRNAs contain 

their own independent promoters and enhancers, for example, miRNA-1-1 and miRNA-133a-2 in 

human and mice. In contrast, ~40% of miRNAs are located within the introns of either non-

protein-coding or protein-coding transcription units, like miR-208; and 10% are within exons, 

such as miRNA-198 (Zhao and Srivastava, 2007).   

 

Function  
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miRNAs function as components of ribonucleoprotein (RNP) complexes called micro-

RNPs (miRNPs) or miRNA-induced silencing complexes (miRISCs). The details of this dynamic 

assembly, usually coupled with pre-miRNA processing by DICER are still under investigation 

(Peters and Meister, 2007).  

  The key components of miRNPs are proteins of the Argonaute (AGO) family. In 

mammals, four AGO proteins (AGO1 to AGO4) function in the miRNA repression, but only 

AGO2 functions in siRNA, because its RNaseH-like P-element induced wimpy testis (PIWI) 

domain can cleave mRNA at the center of the siRNA-mRNA duplex (Filipowicz et al., 2008). 

  miRNAs participate in various cellular processes and the changes in their expression 

were observed in many human diseases including cancer. With just one possible exception 

reported (Bao et al., 2004), miRNAs control gene expression at the post-transcriptional level, by 

regulating mRNA translation or stability in the cytoplasm (Filipowicz et al., 2008).   

  In plants, miRNAs usually bind to the coding region; miRNA:mRNA interactions are 

rendered by nearly perfect base pairing, thereby triggering endonucleolytic mRNA cleavage by 

an RNAi-like mechanism (Jones-Rhoades et al., 2006). But in metazoan cells, the base pairing is 

usually imperfect. The critical requirement is a contiguous and perfect base pairing in miRNA 

nucleotides 2-8, which is called the “seed” region. In metazoan cells, the binding sites of miRNA 

lie in the 3'-UTR and are often present in multiple copies, assuring effective repression 

(Brennecke et al., 2005; Doench and Sharp, 2004; Grimson, 2007; Nielsen, 2007). When placed 

in the 5'-UTR or coding region, miRNAs can still exert their repressive effect, although the 

physiological change of the coding region sites can be marginal (Easow et al., 2007).  
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  Numerous efforts have been made to unravel the mechanism for miRNA gene silencing. 

It is now clear that miRNAs inhibit protein synthesis mainly by translational repression or mRNA 

destabilization (Filipowicz et al., 2008).    

Translational repression As mRNA translation can be divided into initiation, elongation, 

and termination steps, there is evidence favoring both repression-at-initiation and repression-at-

post-initiation models. Recently, it is proposed that the earliest event in miRNA repression 

happens at the translation initiation step when the AGO proteins (components of miRISC 

complex) bind to the cap structure to inhibit the cap-dependent translation. Secondary effects of 

the inhibition then are manifested by different steps, such as mRNA degradation or proteolysis of 

the nascent polypeptides chains (Filipowicz et al., 2008) .   

  The mRNA Degradation Early studies on miRNA found the levels of miRNA-inhibited 

mRNAs remain almost unchanged (Seggerson et al., 2002), suggesting exclusive effect of 

translation repression.  Recent reports showed that animal miRNAs can also induce significant 

degradation of mRNAs (Bagga, 2005; Behm-Ansmant, 2006; Chendrimada, 2007; Eulalio, 2007; 

Giraldez, 2006; Wu and Belasco, 2005). In animal cells, miRNAs form imperfect base-pairing 

with their targets, resulting in mRNA degradation through the general mRNA degradation 

machinery instead of endonucleolytic cleavage by AGO protein as in plant cells (Eulalio et al., 

2008). miRNAs induce mRNA degradation by accelerating deadenylation and decapping of their 

targets (Behm-Ansmant, 2006; Eulalio, 2007; Giraldez, 2006; Wu et al., 2006), which requires a 

bevy of factors such as AGO proteins, the P body component GW182, the CAF1-CCR4-NOT 

deadenylase complex, the decapping enzyme DCP2, and several decapping activators including 

DCP1, Ge-1, EDC3, and RCK/p54 (Behm-Ansmant, 2006; Eulalio, 2007).  
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Regulation 

The biosynthesis of miRNA involves processes happening in both nuclear and 

cytoplamsic compartments. Initially, DNA that encodes miRNA is transcribed by RNA 

polymerase II into primary miRNAs (pri-miRNAs), which can be from a few hundreds to 

thousands of nucleotides in length. All pri-miRNAs have stem-loop structures which can be 

recognized and cleaved by the ribonuclease III (RNase III) endonuclease Drosha within the 

nucleus. A protein partner of Drosha, DGCR8 (DiGeorge syndrome critical region gene, also 

known as Pasha), is required for efficient pri-miRNA cleavage. The cleavage product, a ~70 nt 

stem-loop pre-miRNA, is exported from the nucleus to the cytoplasm by Exportin 5. In the 

cytoplasm, another RNase III enzyme, DICER further processes the pre-miRNA into mature 

miRNA (21-22 nt). The protein partners for DICER are TRBP (trans-activation response RNA-

binding protein) and PKR (RNA-dependent protein kinase) (Zhao and Srivastava, 2007). The 

mature miRNA duplex has a protruding 2-nt 3'-end, similar to small interfering RNAs (siRNAs) 

operating in RNA interference (RNAi). Generally, the strand with the 5'-terminus located at the 

thermodynamically less-stable end of the duplex is selected to function as a mature miRNA, and 

the other strand is degraded. (Du and Zamore, 2005; Filipowicz et al., 2005; Kim and Nam, 2006; 

Rana, 2007; Sontheimer, 2005). 

miRNA maturation is highly regulated. These small regulators are subject to extensive 

transcriptional as well as post-transcriptional regulation (Ding et al., 2008). 

Transcriptional control Except for a few pri-miRNAs that are transcribed by RNApolIII, 

the bulk of pri-miRNAs are transcribed by RNA polII, the same enzyme that produces protein-

coding mRNAs and thereby under intricate means of transcriptional regulation (Bushati and 

Cohen, 2007; Fabbri, 2008). Common putative regulatory motifs, like Myc, are located upstream 
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of miRNA genes and could act as master regulators of miRNA transcription to repress large 

number of mouse and human miRNA genes (Chang et al., 2008) and induce others (O'Donnell et 

al., 2005). Epigenetic mechanisms might also contribute to repressing certain miRNAs through 

histone deacetylation and DNA methylation (Fabbri, 2008). 

Post-transcriptional control The processing of pri-miRNA by Drosha in the nucleus and 

pre-miRNA by DICER in the cytoplasm are both exquisitely regulated. A discrepancy in the 

quantity of mature miRNAs and their different processing intermediates (pri-miRNA) indicates a 

regulated maturation process (Eis et al., 2005; Suh et al., 2004).   

Although the Drosha–DGCR8 ‘microprocessor’ complex is sufficient for processing pri-

miRNAs in vitro (Gregory et al., 2004; Han et al., 2004), cropping seems to be exquisitely 

modulated through accessory factors. Human Drosha was found in a larger complex that includes 

the DEAD box RNA helicases DDX5 (also known as P68) and DDX17 (also known as P72), but 

lacks DGCR8 (Gregory et al., 2004). Modulation of DDX5 and DDX17 levels exert diverse 

effect on different subsets of miRNAs, showing a preference for substrate (Fukuda et al., 2007). 

A particularly well-studied example of regulated miRNA maturation involves the 

repression of let-7 miRNA biogenesis by LIN28 and its paralog LIN28B. An intricate feedback 

loop functions where LIN28 or LIN28B represses let-7 maturation and mature let-7 represses 

LIN28 and LIN28B accumulation (Bussing et al., 2008). 

After cropping of the pri-miRNA by Drosha in the nucleus, the resulting pre-miRNA is 

exported into the cytoplasm, where Dicer mediates its conversion into the mature miRNA. Dicing 

typically seems to function efficiently, as indicated by low levels of pre-miRNAs relative to 

mature miRNAs (Lau et al., 2001; Lee et al., 2008). Pre-miRNA-138 is easily detectable in many 

tissues, whereas the mature miRNA-138 derived from this precursor accumulates only in mouse 
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brain and mouse fetal liver. This can be explained by the presence of a specific inhibitor for pre-

miRNA-138 processing in non-neuronal tissues and cells (Obernosterer et al., 2006). Dicing of 

let-7 family pre-miRNAs is also regulated. The same protein that inhibits the cropping of pri-let-7 

also represses the dicing of the pre-let-7 (Rybak et al., 2008). Efficient pre-miRNA processing 

involves additional proteins, such as AGO proteins, TRBP2 and PACT, therefore the regulation 

of these proteins might further modulate the Dicer activity (Diederichs and Haber, 2007; Grishok 

et al., 2001; Jaskiewicz and Filipowicz, 2008; O'Carroll et al., 2007).  

miRNA turnover is also under regulation affecting the net amount of miRNA 

accumulated.  miRNA processing intermediates and mature miRNA are both subject to 

modulated degradation. Although the degradation pathway is still largely unknown, possible 

examples include stabilization of miRNA122a by the DNA and RNA-binding translin (TSN) 

protein (Yu and Hecht, 2008) or general destabilization of mature miRNA levels by the Trim-

NHL (tripartite motif, NCL-1, HT2A and LIN-41 domain) protein and Ago1 binding partner Mei-

P26 (meiotic gene recovered in a P-element screen) in Drosophila stem cells (Neumuller et al., 

2008). 

 

This thesis work aims to explore the post-transcriptional regulation of the µ-opioid 

receptor (MOR1) via its 3′-UTR. In Chapter II, we identified the complete sequence of MOR1 3′-

UTR and revealed its functional poly (A) signal; in Chapter III, we demonstrated the translational 

repression mediated by MOR1 3′-UTR; and further discovered a specific miRNA, miRNA23b, 

which binds to a K Box motif and accounts for part of the function of MOR1 3′-UTR. The 

translational suppression by miRNA23b is through a decreased polysome mRNA association rate; 

in Chapter IV, we showed a miRNA23b-mediated connection between morphine treatment and 
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translation efficiency of the MOR1 mRNA. Finally, in Chapter V, a model of the post-

transcriptional regulation of µ-opioid receptor (MOR1) is proposed and discussed, based on the 

data obtained in this study.  
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Chapter II 

A Major Species of Mouse Mu-opioid Receptor (MOR1) 

mRNA and its Promoter-dependent Functional 

Polyadenylation Signal 
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Abstract 

    The pharmacological effects of opioid drugs are mediated mainly by mu-opioid 

receptor (MOR) that is encoded by mRNA transcript named MOR1. Although several MOR 

mRNA splice variants have been reported, their biological relevance has been debated. In this 

study, we found probes of regions essential for the production of functional MOR, as well as that 

of the 3'-down stream region of MOR gene coding region, detected a major species of mature 

transcript MOR1 from mouse brain in the size of about 11.5 kb by Northern blot analyses. While 

exon 3 probe detected an additional 3.7 kb transcript, this transcript was not detected by other 

probes, ruling out its ability to produce functional MOR. The 3'-UTR of MOR1 is contiguously 

extended from the end of the coding region, and utilizes a single poly (A) signal (located at 

10,179 bp downstream of MOR1 stop codon). The poly (A) signal (AAUAAA) is located at 26 

bp upstream of the poly (A) site. Transient transfection using luciferase reporters verified the 

functionality of this poly (A) signal, in particular on a reporter driven by the MOR promoter. This 

poly (A) is much less effective for a heterologous promoter such as SV40 (simian virus-40), 

indicating a functional coupling of MOR promoter and its own poly (A). This report verifies 

MOR1 as the major mature MOR gene transcript that has the full capacity to produce functional 

MOR protein, identifies the 3'-UTR of MOR1 transcript, and uncovers functional coupling of 

MOR gene promoter and its polyadenylation signal.  
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Introduction    

   Opiate drugs are widely used as pain relievers in clinic. Beside their analgesic effects, 

tolerance and dependence induced by opiates have elicited major medical and social problems. 

Opioid drugs exert their activities by binding to three major types of surface receptors, µ (mu)-, δ 

(delta)-, and κ (kappa)-opioid receptors (Kieffer, 1995). They all belong to the superfamily of G-

protein coupled receptors containing seven transmembrane domains. The cloning of the genes 

encoding three opioid receptors (Kieffer, 1995) has allowed the examination of mechanisms 

underlying the regulation of opioid receptor expression. 

In the opioid receptor family, most pharmacological effects of opioid drugs are mediated 

by the mu-opioid receptor (MOR). MOR gene spans about 250 kb based on the mouse genome 

data bank. With PCR-based approaches, a total of 14 exons and 15 splice variants have been 

reported (Pan et al., 2001; reviewed in Pan, 2003). Their biological relevance has been heavily 

debated. Mouse MOR1 is the transcript of MOR gene that contains all necessary sequences for 

the production of functional MOR protein, and was defined following the initial gene structure 

study (Min et al. 1994) and the reports of splice variants of this gene (reviewed in Pan, 2003). It 

contains four essential exons divided by three introns (Min et al., 1994). The first intron is 39,520 

bp, the second is 739 bp, and the third is 19,722 bp, according to the mouse genome data bank 

(NC000076). Extensive studies have been carried out to elucidate transcriptional regulation of 

MOR gene expression, primarily for the 5'-upstream region. For example, our lab has identified 

multiple regulatory elements in the MOR promoter region, such as Sp1 (Ko et al., 1998), single-

stranded DNA-binding site (Ko and Loh, 2001), Sox (Hwang et al., 2003), PU.1 (Hwang et al., 

2004), NRSF (Kim et al., 2004), and Sp3 isoforms (Choi et al., 2005a). Regulatory sequences in 

the 5'-UTR have also been defined by other labs, including STAT6 (Kraus et al., 2001), CREB 
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(Lee and Lee, 2003) and NRSE (Andria and Simon, 2001). However, studies of its 3'-UTR have 

been very limited.  

The goal of our study is to 1) identify the mature MOR1 transcript that can produce 

function MOR protein, 2) obtain the complete 3'-UTR sequence of mature MOR1 mRNA; and 3) 

identify biologically functional poly (A) signal(s) utilized by MOR1. We found that MOR1 

represents the major mature mRNA species of MOR gene that has a full capacity to produce 

MOR protein. We defined the length of MOR1 mRNA and revealed its 3'-UTR that is 

contiguously extended from the end of its coding region. Further, we identified a single 3'-end of 

the mature MOR1 mRNA and confirmed the biological function of a single poly (A) signal 

utilized by MOR gene to generated MOR1 transcript. Finally, we uncovered a functional 

specificity of MOR poly (A) toward its own promoter, indicating functional coupling of 

polyadenylation signal with the promoter activity of the MOR gene.  
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Materials and Methods 

Plasmid construction The pGL3-promoter and pGL3-basic plasmids were purchased from 

Promega. The pL6 plasmid was generated by ligation of the 1.3 kb KpnI and XhoI (-1326 to +1, 

the translation start site was designated as +1) DNA fragment of mouse MOR into the polylinker 

sites of a promoterless luciferase vector, pGL3-basic (Promega). The sequence of the insertion 

was confirmed by sequencing. The DNA fragment flanking the poly (A) site was generated by 

PCR from mouse genomic DNA with a pair of primers; sense primer: 5'-

AATAGGCCGGCCGCATTAGGAGCATTGCTGAG-3', antisense primer: 5'-

ACGCGTCGACCCTAACTCTGGGATGGCAAG-3', the underlined nucleotides indicate the 

overhanging restriction enzyme sites for FseI and SalI, respectively. The pL6PA and pGL3pPA 

plasmids were constructed by subcloning this DNA fragment after digestion with FseI and SalI 

into pL6 and pGL3-promoter plasmid, respectively. The pL6 and pGL3-promoter plasmids also 

have been digested by FseI and SalI, in order to replace the original SV40 poly (A) signal with 

the DNA fragment flanking the MOR1 poly (A) site. The pL6N and pGL3pN plasmid was 

constructed by self-ligating pL6 and pGL3-promoter, respectively, after FseI and SalI digestion 

and blunt-ending at both ends to remove SV40 poly (A) signal. The sequences of four plasmids 

have been confirmed by restriction enzyme digestion and DNA sequence analysis.  

 

Northern blot analysis Total RNA was obtained from mouse brain (C57BL/6J strain) by TRI 

Reagent following the manufacturer’s instruction (Molecular Research Center). The mRNA was 

isolated from total RNA using MicroPoly (A) Purist (Ambion). The Northern blot analysis was 

performed as described in manufacturer’s manual (NorthernMax Kit, Ambion). In brief, 10 µg 

mRNA per lane was loaded in 1% formaldehyde agarose gel, and transferred to a Hybond-N+ 
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membrane (Amersham). The membrane was hybridized with 32P-labeled DNA probes generated 

by PCR with appropriate primers as described below. The cDNA as PCR template was obtained 

from mouse brain total RNA by reverse transcription using the First Strand cDNA Synthesis Kit 

(Roche). The probe 1, 2 and 3 are located at exon 1, 3'-UTR after exon 4, and exon 3, 

respectively (Fig. 2-1A). All probes were prepared by PCR with Taq DNA polymerase (Roche) 

and the above cDNA template. The PCR conditions for the probes consisted of a 2-min 

denaturing at 94º C, and 30 cycles of amplification at 94º C for 1 min, 57º C for 1 min, and 72º C 

for 1 min followed by a 10-min extension at 72º C. PCR products were separated in a 1.2% 

agarose gel. The sense primers were 5'-GAACATCAGCGACTGCTCTG-3', for probe 1; 5'-

ATTCCCTCTCACGACGTT GT-3', for probe 2; 5'-GATTGCACCCTCACGTTCTC-3', for 

probe 3. The antisense primers were 5'-TCCAAAGAGGCCCACTACAC-3', for probe 1; 5'-

AGGTGGGAAGAAGGAACTCTCAGA-3', for probe 2; 5'-GTGTAACCCAAGGCAATGCAG-

3', for probe 3.  The radiolabeled probes were produced by Random Labeling Kit (Amersham) 

using [α-32P] dCTP. 

 

3' RACE and DNA sequencing Total RNA was extracted from mouse brain as described in 

Northern blot analysis. The 3' RACE experiments were performed as described in the protocol of 

3′ RACE System for Rapid Amplication of cDNA End Kit (Invitrogen). Briefly, the first strand 

cDNA was synthesized by SuperScript II RT from 5 µg mouse brain total RNA using anchored 

primer AP (5'-GGCCACGCGTCG ACTAGTACTTTTTTTTTTTTTTTTT-3', included in the kit) 

which initiates the cDNA synthesis at the poly (A) region of mRNA. A negative control (without 

reverse transcriptase enzyme) was included to rule out the possible product from genomic DNA. 

The first round of 3' RACE-PCR was performed from 2 µl cDNA using primer A (5'-
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TAGCTTAACTCGGAACTGAGT-3') and antisense primer UAP (5'-CUA 

CUACUACUAGGCCACGCGTCGACTAGTAC-3' included in the kit). The second round of the 

nested PCR used 4 µl PCR product from the first round and amplified by sense primer B (5'-

CACGCTGCCTA GCTGGATTA-3'), or primer C (5'-GCATTAGGAGCATTGCTGAG-3') and 

antisense primer UAP. The PCR conditions consisted of a 2-min denaturing at 94º C, and 30 

cycles of amplification at 94º C for 1 min, 57º C (for primer A and B) or 60º C (for primer C) for 

1 min, and 72º C for 1 min followed by a 10-min extension at 72º C. PCR products were 

separated in a 1.2% agarose gel. The third round of the nested PCR was performed by using the 

PCR product from round 2 (lane 1 Fig. 2-2C; sense primer: Primer B) as template. The primer 

sets used are primer C and UAP. The 700 bp PCR product was also generated (lane 2, Fig. 2-2C) 

in the third round PCR because the PCR template from lane 1 of Fig. 2-2C contained enough 

amount of primer B to amplify the corresponding PCR product (700 bp).  All the products from 

the second and third round of the nested PCR at the expected size were extracted from agarose 

gel by Gel Extraction Kit (Qiagen), and confirmed by DNA sequencing.  

 

Cell culture, transfection and luciferase reporter assay Mouse neuroblastoma cell NS20Y was 

grown in Dulbecco’s modified Eagle’s medium with 10% heat-inactivated fetal bovine serum in 

an atmosphere of 10% CO2 at 37º C. For transfection, cells were plated 24 hrs prior to 

transfection at a density of 1.1×105 per well in 6-well plates. NS20Y cells were transfected with 

plasmids pL6, pL6PA and pL6N, pGL3p, pGL3pPA, and pGL3pN using the Effectene 

Transfection Reagent (Qiagen) as described by the manufacturer’s manual. 320 ng of one specific 

reporter construct was used for each well, and 80 ng of pCH110 plasmid (Amersham) containing 

β-galactosidase gene was included for normalization. 48 hrs after the transfection, cells were 
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washed with phosphate-buffered saline and harvested by lysis buffer (Promega). The luciferase 

and β-galactosidase activities of each lysate were determined by a luminometer (Berthold) as 

described in protocol from manufacturer.  
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Results  

Characterization of mature mouse MOR1 mRNA. In order to gain insights into the identity 

of MOR1, including its 3'-UTR, we employed standard high-stringency Northern blot analyses, 

using probes specific to several essential regions of MOR1, to analyze poly (A)-selected mRNA 

prepared from mouse brain (Fig. 2-1). Use of mRNA from mouse brain excludes the possible 

signal of immature RNA in Northern blot analysis and the potential abnormal transcripts 

produced in cell lines. To produce functional MOR protein, exon 1 is essential because it encodes 

the extra-membrane domain necessary for morphine binding. So we started with a 232 bp probe 

specific to exon 1 of MOR1 transcript. The Northern blot result showed one single sharp band at 

11.5 kb (lanes 1 and 2 of Fig. 2-1C). This is consistent with the bands detected by the probe of 

exon 4 (Pan et al., 2000) and probes of other coding regions (Ikeda et al., 2001).  

To reveal the identity of MOR1 3'-UTR, we first examined whether splicing occurred in 

the 3' downstream region of MOR gene. For this purpose, we randomly selected various 3' 

downstream regions of MOR gene as the probes and carried out Northern blot analyses. As 

shown in lanes 3 and 4 on Fig. 2-1C, a 350 bp probe, from 4,566 bp downstream of MOR1 stop 

codon, also detected a single band at 11.5 kb (lanes 3 and 4 Fig. 2-1C), exactly the same size as 

that detected by exon 1 probe. The Northern blot results suggest that the 3'-downstream region of 

MOR gene is likely to be contiguously transcribed following the end of the coding region, thus 

constituting the 3'-UTR of MOR1 transcript.   

    Since exon 3 is included in all reported MOR splice variants, we chose a 353 bp DNA 

fragments within exon 3 as the probe. As shown in lanes 5 and 6 of Fig. 2-1C, the hybridization 

signals appeared in two sharp bands, approximately 3.7 kb and 11.5 kb, respectively, with a 

similar intensity. Although five MOR splice variants have been reported to use exon 11 instead of 
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exon 1 (Pan et al., 2001), they are not likely to represent the 3.7 kb species since the expression 

levels of these alternative transcripts are much lower than that of MOR1 in mouse brain. It is 

possible that the 3.7 kb band represents an unknown species that lacks MOR exon 1, or it may be 

transcribed from a highly homologous gene other than MOR, which remains to be further 

investigated. As shown in Fig. 2-1B, the 18S and 28S rRNA signals were intact and comparable 

among all samples.  

 

Determination of the 3'-end of MOR1 transcript  To characterize the 3'-UTR sequence of 

MOR1, 3' RACE was used. This method allows the exact position of the cDNA end to be 

determined. Based on Northern blot results, the mouse MOR1 transcript is about 11.5 kb and the 

3'-UTR is likely to be contiguously transcribed from this gene following the end of the coding 

region. Taking into consideration the 5'-UTR, the coding region and the full length of MOR1, its 

3'-UTR is estimated to be around 10 kb downstream of the stop codon. We then designed three 

sets of primers located 8.3 kb, 9.3 kb and 9.8 kb downstream of the stop codon in the 3' RACE 

analyses. The predicted lengths of products would be about 1700 bp, 700 bp and 300 bp, 

respectively, as shown in Fig. 2-2A. Following the first round of 3' RACE-PCR, a sharp band at 

about 1700 bp was detected in lane 1 of Fig. 2-2B. We used the PCR product from the first round 

(lane 1 of Fig. 2-2B) as the template to amplify the nested PCR products with primer B or primer 

C as the sense primer, and UAP (provided in Kit) as the antisense primer. After the second round 

of the nested PCR, two sharp bands at the predicted size (700 and 300 bp, respectively) were 

observed in lanes 1 and 3 of Fig. 2-2C. The PCR product from lane 1 of Fig. 2-2C was further 

amplified by the addition of primer C, and as predicted, two bands were detected (lane 2 of Fig. 

2-2C). This result supports our prediction of the position of the 3'-end of mouse MOR1 cDNA.  
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We extracted DNA samples from all four bands, and analyzed them by DNA sequencing 

(Fig. 2-2D). The result agreed with the genomic DNA information in GenBank of mouse MOR1 

gene, confirming its identity as the mouse MOR1 transcript. The poly (A) tail is added after the 

conserved CA dinucleotide cleavage site at 10,179 bp downstream of the stop codon (Fig. 2-2D). 

At 26 bp upstream of this poly (A) site (10,153 bp downstream of stop codon), we found a highly 

conserved poly (A) signal AATAAA. 

     Therefore, we are able to obtain the complete sequence information of MOR1 

including its 3'-UTR. The 3'-UTR is contiguously transcribed from the MOR gene following the 

coding region. Based upon sequence comparison, a single poly (A) signal is located at 10,153 bp 

downstream of the stop codon, which is likely to be used to generate the mature 11.5 kb MOR1 

transcript. Taken together, this information is summarized in Fig. 2-4A. 

  

Biological activity of MOR1 poly (A) signal  To determine whether the poly (A) signal of 

MOR1 is biologically functional, a 430 bp genomic DNA fragment was generated by PCR, which 

contains the highly conserved AAUAAA sequence, poly (A) site and U-rich downstream element 

(Fig. 2-4B). The 430 bp fragment was used to replace the SV40 poly (A) signal in a reporter 

construct pL6, which utilizes the mouse MOR promoter to drive the luciferase reporter (Fig. 2-

3A). This resulted in the construct pL6PA. pL6, pL6PA, and another luciferase reporter pL6N 

(which lacks the SV40 poly (A) signal) were transfected separately into neuroblastoma cells 

NS20Y, together with a galactosidase reporter (pCH110 plasmid, Amersham) as the internal 

control. 48 hours after transfection, the cells were lysed and the reporter activities of constructs 

were determined by measuring the luciferase and galactosidase activity. The relative activity of 

each constructs was obtained by normalizing the luciferase activity to the corresponding 
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galactosidase activity. The experiments were performed in triplicate and similar results were 

obtained from three independent experiments. As shown in Fig. 2-3A, pL6PA, the construct 

containing MOR1 poly (A) signal, activated the luciferase reporter activity for 12- and 3-fold as 

compared to pL6N and pL6, respectively. The result of luciferase assay showed that the poly (A) 

signal of MOR1 was much more active for the reporter gene driven by the MOR promoter 

(pL6PA plasmid), as compared to the heterologous SV40 poly (A) signal (pL6 plasmid).   

To determine whether the activity of MOR1 poly (A) signal depends on the specific 

promoter usage, we fused the MOR1 poly (A) segment into pGL3-promoter (pGL3p) plasmid 

that is driven by SV40 promoter, generating pGL3pPA plasmid (Fig. 2-3B). Apparently, the 

MOR1 poly (A) signal was only half the potency of the SV40 poly (A) when fused to a SV40 

promoter-driven reporter. The experiments were also performed in triplicate and similar results 

were obtained from two independent experiments. This indicates that the MOR1 poly (A) signal 

is much less active for the SV40 promoter. Taken together, the results suggest that the biological 

activity of MOR1 poly (A) signal is not universal; rather, it prefers the MOR promoter, indicating 

functional coupling of MOR promoter activity and polyadenylation signal. 
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Discussion 

In this report, we verify that MOR1 as the major mature MOR gene transcript that has the 

capacity to produce functional MOR protein. The size of this mature transcript is approximately 

11.5 kb in length. Many splice variants of the MOR gene have been reported (reviewed in Pan, 

2003). For both strategic and technical reasons, the seemingly contradictory conclusion from this 

current report should not be interpreted by a direct comparison of this current study and other 

previous studies aiming to identify MOR variants. Strategically, our current study aims at 

unambiguous identification of MOR1 transcript that, as accepted by scientists in the field, has the 

full capacity to produce MOR protein. Accordingly, exons encoding the amino-terminal 

extracellular domain, the seven transmembrane, and the carboxyl intracellular domain would be 

minimally required to produce functional MOR protein. Second, physiologically relevant mRNA 

species would be those identifiable in animal tissues, in addition to cultured cell lines. Therefore, 

we decided to analyze only freshly prepared animal tissue that has a physiological relevance, the 

brain. Third, only mature mRNAs, those that carry a properly polyadenylated tail can produce 

protein in mammalian cells in a physiological condition. Hence, we carefully prepared poly (A)-

selected RNA, which represents the pool of functional mRNAs. Strategically, studies of RNA 

splice variants of MOR gene aims at exploration of all possible RNA species that can be 

transcribed from the MOR gene, or a part of this gene. Many of these variants were detected in 

cell lines, not necessarily fresh tissues. Further, it remains to be verified whether all these variants 

contain poly (A), an essential feature of functional mRNAs in a physiological context. 

Technically, we employed high stringency Northern blot analysis, which remains the 

standard and most reliable method to reveal the identity of specific mature transcripts of interest. 

However, this method is not as sensitive (compared to other detection methods such as RT-PCR 
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or RNase protection assays). Therefore, we can not rule out the possibility of missing some minor 

species using this method. On the other hand, all other detection methods, while more sensitive, 

can not reveal the identity of the entire transcript of interest, unless they are carried out in a 

manner to detect sequences spanning the predicted 5'- to 3'-ends of the poly (A)-selected mRNAs. 

For both strategic and technical reasons, our current study addresses very different issues than 

those studies exploring RNA splice variants.  

The cleavage of premature RNA and addition of a polyadenylation tail are the major 

RNA processing events occurred to produce functional mRNA. Three core elements are involved 

in polyadenylation, the highly conserved AAUAAA found 10 to 35-bp upstream of the cleavage 

site, a less conserved U-rich or GU-rich element located within ~50-bp downstream of the 

cleavage site and the cleavage site itself. They are responsible for recruiting the cleavage and 

polyadenylation machinery to complete the final stage of RNA processing. As shown in Fig. 2-

4B, these three core elements of MOR gene are well conserved between the mouse and the rat. 

Mouse MOR contains 42% T bases in the U-rich region in premature RNA within 50-bp 

downstream of cleavage site (Fig. 2-4B). The fact that the poly (A) signal used by the MOR gene 

to produce MOR1 transcript prefers MOR promoter suggests a functional coupling of this poly 

(A) to its own promoter, mostly likely through coupling event of transcription and 

polyadenylation. Presumably, this region can interact with the MOR promoter region, possibly 

through RNA polymerase II (Conne et al., 2000; Stutz et al., 1998). It will be extremely 

interesting to test this possibility in the future.  

     In opioid receptors, the regulatory function of 3'-UTR was suggested from the 

observation of decreased expression of MOR mRNA in CXBK recombinant-inbred mice that has 

an abnormally long untranslated region (Ikeda et al., 2001). Support for a role of 3'-UTR in MOR 
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regulation was also obtained from studying 3'-splice variants of the MOR gene in modulating the 

MOR analgesic properties (Koch et al., 2001). For the mouse κ-opioid receptor (KOR), it has 

been reported that the 5'-UTR and 3'-UTR are subjected to regulation at the level of mRNA 

splicing/processing, stability, translation, and KOR mRNA transport in neuronal cells (Hu et al., 

2002; Wei et al., 2000). In this study, we demonstrated that the 3' downstream region of MOR 

gene is contiguously transcribed following the end of coding region, and it utilizes a single poly 

(A) signal at 10,153-bp downstream of stop codon. The discovery of un-interrupted 3'-UTR of 

MOR1 provides us an essential piece of information for further studies of potential regulation 

mediated by the 3'-UTR. 

It is known that regulation by untranslated RNA sequences, such as 5'- and 3'-UTR, can 

affect RNA stability, translation and transport, which all involves the formation of extensive 

secondary and tertiary RNA structures that require specific and intact RNA sequences. Hence, the 

specificity of MOR1 poly (A) to its promoter detected in our reporter assay is not likely to be 

mediated through stabilizing or translational effects, since the majority of the 3'-UTR 

(approximately 10 kb) is missing in our construct that contains merely the core poly (A) signal.  

Therefore, the specificity of this poly (A) is likely to be due to specific functional coupling of 

polyadenylation signal and its own promoter activity, most probably transcription. However, the 

exact mechanism of this functional coupling remains to be systematically examined. Our 

preliminary study of the effects of this poly (A) signal on RNA stability has revealed no effect of 

this particular poly (A) signal on the stability of RNA produced from the MOR promoter (data 

not shown).  

A direct link between the transcription initiation machinery and 3'-processing has been 

reported that involves CTD (Wahle and Ruegsegger, 1999). Possible interaction between MOR 
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5'-UTR and 3'-UTR has been reported for the human MOR gene (Zollner et al., 2000). Therefore, 

it would be interesting to examine the 3'-UTR, including secondary and tertiary structures of 

entire 3'-UTR and its poly (A) signal, mediated regulation of MOR gene expression in the future. 

Our report here provides critical information, i.e. the identity of 3'-UTR and the functionality of 

poly (A), for studies of MOR gene regulation by 3'-UTR and polyadenylation in the production of 

MOR1 transcript. 
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Figure 2-1 
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Figure 2-1. Northern blot results of mouse brain mRNA using different probes. A. The structure 

of the MOR1 cDNA and the positions of probes. B. The denaturing RNA gel stained with 

ethidium bromide, showing the integrity of mRNA samples. The same amounts (10 µg) of 

mRNA were loaded in two wells for duplicating results. C. Northern blots were hybridized with 

probe 1, 2, and 3, separately as indicated. Northern hybridization was performed in duplicate 

lanes with same results. Asterisks represent single mature MOR1 mRNAs. 
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Figure 2-2 
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Figure 2-2.  3' RACE, the nested PCR and DNA sequencing result. A. Locations of 3' RACE-

PCR primers are shown corresponding to MOR1 3'-UTR. The sensed primers used in PCR 

reactions are primers, A, B, and C. The antisense primers (AP and UAP) are provided in the kit 

(Invitrogen). Expected sizes for 3' RACE PCR products are also shown. B. The 3' RACE-PCR 

product of first round PCR was separated in 1.2% agarose gel.  Lane 1:  the PCR product from 

cDNA which was reversely transcribed (+RT) using primer AP from 5 µg total RNA of mouse 

brain. Lane 2: the negative control. No reverse transcriptase (-RT) enzyme was added in the 

reverse transcription step. The 1700 bp band in lane 1 conforms to the predicted size. C. The 

second and third round of the nested PCR. Lane 1 and 3: Second round PCR product. First round 

PCR product (lane 1 of Fig. 2-2B) was used as template, and sense primers for lane 1 and 3 are 

primer B and C, respectively. Lane 2: The third round PCR product.  Second round PCR product 

from lane 1 of Fig. 2-2C was used as the template and sense primer is primer C. 700 bp PCR 

product in lane 2 for the third-round PCR was generated because the template contains the 

remaining primer B. All the PCR amplification used primer UAP as antisense primer. D. The 

DNA sequencing result. All the PCR products represented by the four bands in Fig. 2-2C have 

been analyzed by DNA sequencing.  The identity of DNA fragments was checked by comparing 

to the mouse genomic sequence. The nucleotides near the poly (A) signal site are shown here. 

The AATAAA represents the poly (A) signal site, CA is identified as cleavage site where the 

poly (A) tail is added. Numberings are indicated as the locations from MOR1 stop codon. 
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Figure 2-3 
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Figure 2-3. Transient transfection assay demonstrating the biological activity of the poly (A) 

signal. A. Analysis of homologous MOR promoter reporters including pL6 and its derivatives. 

Left-hand side showed the map of reporter constructs used in these transient transfection 

experiments. Gray box, MOR promoter; blank box, luciferase reporter; filled black box, MOR1 

poly (A) signal; filled oval box, SV40 poly (A) signal. Right-hand side showed relative activity of 

the reporter constructs (luciferase activity/galactosidase activity) with the means of three 

independent experiments. Each experiment was performed in triplicate. Error bars indicate the 

range of standard errors (SEM); *, significant differences among pL6, pL6PA, and pL6N 

(p<0.05). B. Analysis of heterologous SV40 promoter reporters including pGL3-promoter 

(pGL3p, Promega) and its derivatives. Figure legends are the same as in panel A except use of the 

SV40 promoter as indicated. Two independent experiments were performed in triplicate for this 

SV40 promoter reporter assay. The resulting values for both panels are reported as means ± SEM 

and analyzed by one-way ANOVA test. Significance was set at p < 0.05. 
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Figure 2-4 
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Figure 2-4. The entire mRNA structure of mouse MOR1 gene. A. The cDNA structure of mouse 

MOR1. Translational start site was designated as 1. Open boxes are coding exons, except small 

open box at 3′ end indicates poly (A) signal. B. Homology analysis of genomic DNA sequences 

near MOR1 poly (A) signal between mouse (mMOR1) and rat (rMOR1) species. Genomic 

sequences of mouse MOR1 and rat MOR1 are from GenBank accession numbers, Mus musculus 

NC000076 and Rattus norvegicus NW047550.1, respectively. Numberings are indicated as the 

locations from MOR stop codon. The poly (A) signal and cleavage site (CA) are thick-underlined. 

U-rich region at downstream of poly (A) tail is thin-underlined. The U-rich region contains highly 

42 % of U (as T base in genomic DNA) within 50 bp downstream of poly (A) site. Major 

transcript size of rat MOR1 is very similar to the size of mouse MOR1 transcript as reported 

previously (Brodsky et al., 1995b; Fukuda et al., 1993). 
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Chapter III 

Post-transcriptional Regulation of Mouse Mu-opioid 

Receptor (MOR1) via its 3´-UTR — A role for miRNA23b 
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ABSTRACT 

 Expression of the mu opioid receptor (MOR1) protein is regulated temporally and 

spatially. Although transcription of its gene has been studied extensively, regulation of MOR1 

protein production at the level of translation is poorly understood. Using reporter assays, we 

found that the MOR1 3´ untranslated region (3´UTR) represses reporter expression at the post-

transcriptional level. Suppression by the 3´UTR of MOR1 is mediated through decreased mRNA 

association with polysomes, which requires miRNA23b, a specific miRNA that is expressed in 

mouse brain and NS20Y mouse neuroblastoma cells. miRNA23b interacts with the MOR1 

3´UTR via a K Box motif. By knocking down the miRNA23b in NS20Y cells, we confirmed that 

miRNA23b inhibits the endogenous MOR1 protein expression. This is the first study reporting a 

translationally repressive role for the MOR1 3´UTR. We propose a mechanism in which 

miRNA23b blocks the association of MOR1 mRNA with polysomes, thereby arresting its 

translation and suppressing the production of MOR1 protein. 
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INTRODUCTION 

Opioid analgesics are used widely for treatment of moderate to severe pain. Their 

efficacy is the result of their ability to mimic endogenous opioid peptides on the opioid receptors. 

Currently, three major types of opioid receptors have been cloned: µ (mu), δ (delta), and κ 

(kappa), all of which belong to the G-protein-coupled receptor superfamily (Kieffer, 1995). Mu 

opioid receptor (MOR) is the major molecular target of opioid drugs, and its expression is 

regulated temporally and spatially (Choe et al., 1998). 

Since the cloning of the mouse MOR gene in 1994 (Min et al., 1994), extensive efforts 

have been made to clarify the mechanism underlying its regulation. Numerous studies have 

identified multiple cis-acting elements within its promoter and 5´ untranslated region (5´UTR) 

(Choi et al., 2005b; Choi et al., 2007; Hwang et al., 2004; Hwang et al., 2003; Kim et al., 2006; 

Kim et al., 2004; Ko et al., 2003; Ko and Loh, 2001; Ko and Loh, 2005; Song et al., 2007). In 

contrast, current research on the role of the MOR 3´UTR has been limited. The major transcript 

of the mouse MOR gene, MOR1 (composed of exons 1, 2, 3, and 4) has the full capacity to 

produce MOR protein. We previously have identified a major transcript of MOR1 and its 3´UTR 

transcribed contiguously from the coding region. Northern blot and 3´RACE results revealed that 

the 3´UTR uses a single poly(A) sequence located 10,179 bp downstream from the stop codon 

(Wu et al., 2005), an observation corroborated by another group’s study on the C57BL/6By 

mouse strain (Han et al., 2006). Human MOR1 3´UTR also uses a single poly(A) signal located 

13,612–13,617 nucleotides downstream from the stop codon (Ide et al., 2005). This long 3´UTR 

of MOR1 is of great interest because of its potential for involvement in complex regulatory 

events. 
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The 3´UTR is the portion of the mRNA downstream from the stop codon that is not 

translated into protein. There is increasing evidence that this region can play a major role in 

regulating gene expression, especially at the post-transcriptional level. The 3´UTR has multiple 

functions: altering the stability of mRNA in certain genes (Balmer et al., 2001; Sachs and Wahle, 

1993), influencing translational efficiency and associated signaling events (Yang et al., 1997), 

and controlling mRNA transport, cell growth and differentiation (Rastinejad and Blau, 1993). 

There is some evidence indicating that the 3´UTR functions in opioid receptor expression. 

Decreased levels of MOR were observed in CXBK-recombinant inbred mice, which possess an 

abnormally long 3´UTR (Ikeda et al., 2001). The 3´ splicing variants of the MOR gene seem to 

modulate the analgesic properties of the MOR (Pasternak, 2001). Similarly, both the 5´UTR and 

3´UTR of the κ opioid receptor are regulated at the level of mRNA splicing/processing, and could 

affect mRNA transport (Bi et al., 2006; Bi et al., 2007; Hu et al., 2002; Wei et al., 2004). In the 

present study, we cloned the full-length MOR1 3´UTR into a luciferase reporter construct driven 

by the 1.3 kb MOR promoter. This construct was used to examine the function of the MOR1 

3´UTR, which revealed a strongly repressive activity primarily at the level of translation. 

Using a UTRscan program (http://bighost.ba.itb.cnr.it/BIG/UTRScan), we predicted the 

presence of two cis-acting elements in the 3´UTR: K Box and Brd Box. In opioid receptor genes, 

most of the reported cis-acting elements bind to proteins. In contrast, K Box and Brd Box usually 

bind to miRNAs and exert repression primarily at the post-transcriptional level (Lai et al., 1998; 

Lai et al., 2005). In Drosophila, K Box and Brd Box interact with miRNAs that have 

complementary nucleotides in their 5´ end (i.e., the “seed” region), and regulate the expression of 

Notch gene (Lai et al., 1998; Lai et al., 2005).  
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miRNAs are a large family of short, single-stranded, noncoding regulatory RNAs that 

control target gene expression by binding to their complementary mRNA sequences in the 

3´UTRs. In the expanding miRNA family, miRNA23b has been cloned from mouse brain cortex 

and hippocampus (Dostie et al., 2003; Landgraf et al., 2007), and its “seed” region is conserved in 

various species (Lai, 2002). In P19 cells, miRNA23b targets the Hairy/enhancer of split protein 

(Hes1), a bHLH transcriptional repressor functioning in neuronal differentiation (Kimura et al., 

2004). Microarray studies have demonstrated alteration of miRNA23b expression in diseases 

(Gottardo et al., 2007; Palmieri et al., 2007; Wang et al., 2007), indicating an important 

regulatory role. 

Despite intensive efforts to elucidate the function of the promoter and 5´UTR of MOR 

gene, the role of its 3´UTR has not yet been revealed. The goal of our study is two-fold: to define 

the function of the MOR1 3´UTR, and to examine the mechanism by which the 3´UTR mediates 

the post-transcriptional regulation of MOR1. 
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MATERIALS AND METHODS  

Cell culture, transient transfection and luciferase reporter assay 

NS20Y mouse neuroblastoma cells and COS-1 monkey kidney cells were grown in 

Advanced DMEM (Invitrogen, Carlsbad, CA, USA) with 5% heat-inactivated fetal bovine serum 

in an atmosphere of 10% CO2 at 37°C. NMB human neuroblastoma cells were cultured in 

Advanced RPMI 1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 5% fetal bovine 

serum in an atmosphere of 5% CO2.  

For all transfections (except those including miRNA23b plasmid or anti-miR primer), 

cells were plated 24 hours prior to transfection at a density of 1.1 × 105 per well in 6-well plates 

and transfected using Effectene Transfection Reagent (QIAGEN, Valencia, CA, USA) according 

to the manufacturer’s protocol. One hundred ng of pCH110 plasmid (Amersham, Piscataway, NJ, 

USA) encoding the β-galactosidase gene were included for normalization. Transfections 

including a miRNA23b expression plasmid (Pmir23b or Pmir23bm) or anti-23b or anti-miR 

negative control primer (Ambion, Austin, TX, USA) were performed using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA, USA). Cells were plated at a density of 0.5 × 105 cells per well in 24-

well plates 24 hours prior to transfection; 0.5 ng Renilla luciferase plasmid pCMV-Rluc (Gift 

from Dr. Yan Zeng) was included for normalization.  

Forty-eight hours after transfection, the firefly luciferase, Renilla luciferase and β-

galactosidase activities were determined by luminometer (Berthold, Oak Ridge, TN, USA) using 

Luciferase Assay or Dual-Luciferase Reporter Assay systems (Promega, Madison, WI, USA) 

according to the manufacturer’s protocol. Plasmid pcDNA3 (Invitrogen, Carlsbad, CA, USA) was 

added to equalize the total amount transfected in each sample. All reporter plasmid amounts were 
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adjusted according to their sizes to ensure that the same molar amount of DNA molecules was 

added to each transfection. 

 

Plasmid Construction  

Genomic DNA from mouse brain (C57BL/6J strain) was used as template for PCR to 

obtain the MOR1 3´UTR DNA region. The PCR product first was cloned into a Topo vector and 

subsequently into a luciferase reporter pL1.33N driven by the MOR promoter, generating the 

pMUTR plasmid. The MOR1 poly (A) signal (extending from 200 bp upstream of to 100 bp 

downstream from the hexanucleotide sequence AATAAA) was cloned into the pL1.33N plasmid, 

generating the pMPA plasmid. pSVUTR and pSVPA plasmids were constructed by replacing the 

promoter regions of pMUTR and pMPA, respectively, with SV40 promoter cleaved from 

pGL3promoter (Promega, Madison, WI, USA). pMUTRD1 and pMUTRD2 plasmids were 

produced by deleting the region between the FseI and PacI restriction enzyme sites, and PacI and 

PmeI sites of pMUTR, respectively.  

The K Box and Brd Box mutation plasmids were generated using the PCR-based Site-

directed Mutagenesis kit (Stratagene, Cedar Creek, TX, USA) according to the manufacturer’s 

protocol. The Pmir23b plasmid was generated by inserting the miRNA23b genomic sequence into 

the BgII and XhoI sites of psuper plasmid (generous gift of Dr. Yan Zeng). The Pmir23bm 

plasmid was generated by mutating the “seed” region (+1–+6) of miRNA23b and its 

complementary region in miRNA23b precursor’s stem-loop structure. The sequences of all 

plasmids were confirmed by restriction enzyme digestion and DNA sequence analysis.  

Genomic DNA from mouse brain (C57BL/6J strain) was used as template for PCR to 

obtain the MOR1 3´UTR DNA region. Twenty ng of genomic DNA was used as a template for 
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PCR using the Takara LA Taq Polymerase Kit (TaKaRa Bio., Madison, WI, USA). The PCR 

conditions were as follows: 94°C for 2 minutes; 35 cycles of 94°C for 30 seconds and 65°C for 

11 minutes; and 72°C for 10 minutes. The primers were 5´-

GGAAGCAGAAACTGCTCCATTGCCCTAA-3´ (sense) located at exon 4 of the mouse MOR 

gene, and 5´-ATGGGTGCTAGAGCTTGAACTTAGGCCCTCAT-3´ (antisense) located at 

intron 16. The PCR product was cloned into a Topo vector (Invitrogen, Carlsbad, CA, USA) 

following the manufacturer’s instructions. All PCR reactions were performed using Taq 

polymerase (New England Biolabs, Ipswich, MA, USA) and the following PCR conditions, 

unless specified otherwise: 94°C for 2 minutes; 30 cycles of 94°C for 1 minute, 55°C for 1 

minute and 72°C for 1 minute; and 72°C for 10 minutes. The sequence at the 5´ end of the MOR1 

3´UTR was amplified using sense primer 5´-

CTGCCCCGGGCCGGCCTGGGTCCCACGCCATCCAGA-3´ (which adds an FseI site at the 5´ 

end) and antisense primer 5´-AGAACGCGTCAGGGAAAATAATATACAAG-3´ (which 

matches the sequence flanking the MluI site in MOR1 3´UTR). This PCR product was also 

cloned into Topo vector, generating the TopoFseI plasmid. Both plasmids were cleaved at KpnI 

(from the Topo vector) and MluI (from the MOR1 3´UTR) sites. The KpnI/MluI fragment 

cleaved from TopoFseI was inserted into TopoUTR, generating the TopoUTRFse plasmid. 

Ligation was performed using the Rapid DNA Ligation Kit (Roche Applied Science, 

Indianapolis, IN, USA).  

The pL1.33N plasmid was constructed previously in our lab. Mouse brain RNA was used 

as template for one-step RT-PCR (QIAGEN, Valencia, CA, USA) following the manufacturer’s 

protocol using the following primers: 5´-CTCCGTGTACTTCTAAGGT-3´ (sense) and 5´-

CTGCTGTCCATGGGTTCTGAA-3´ (antisense). The PCR product was cloned into a Topo 
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vector (Invitrogen, Carlsbad, CA, USA) and cleaved between the PvuII and NcoI sites. This 

fragment was then inserted into a pL6 plasmid (Wu et al., 2005), generating pL1.33N. 

TopoUTRFse was cut between the KpnI and FseI sites. The fragment between the KpnI and FseI 

sites from pL1.33N (including the MOR promoter and luciferase coding region) was inserted into 

the TopoUTRFse vector, generating the pMUTR plasmid. The MOR1 poly(A) signal (from 200 

bp upstream of to 100 bp downstream from the AATAAA hexanucleotide sequence) was 

generated by PCR using primers 5´-AATAGGCCGGCCGCATTAGGAGCATTGCTGAG-3´ 

(sense) and 5´-ACGCGTCGACCATGGGTGCTAGAGCTTGAA-3´ (antisense). The PCR 

product was cloned into the pL1.33N plasmid.  

pSVUTR and pSVPA plasmids were constructed by replacing the promoter regions of 

pMUTR and pMPA, respectively, with SV40 promoter cleaved from pGL3promoter (Promega, 

Madison, WI, USA) between the KpnI and FseI sites. pMUTRD1 and pMUTRD2 plasmids were 

produced by deleting the region between the FseI and PacI sites, and the PacI and PmeI sites in 

pMUTR, respectively. The K Box and Brd Box mutation plasmids were generated using the 

PCR-based Site-directed Mutagenesis kit (Stratagene, Cedar Creek, TX, USA) according to the 

manufacturer’s protocol. The mutation primers used were as follows: K Box1: 5´-

GTTTTGTGAATATCTCAGGATCAATTTTCATTAG-3´ (sense) and 5´-

CTAATGAAAATTGATCCTGAGATATTCACAAAAC-3´ (antisense); K Box2: 5´-

CCTGCCATCCTCTGCTCAGGATTTTCTCTGTGTG-3´ (sense) and 5´-

CACACAGAGAAAATCCTGAGCAGAGGATGGCAGG-3´ (antisense); Brd Box: 5´-

GAAGAGACACTAAAGATAGGGAATCTGAAGGTC-3´ (sense) and 5´-

GACCTTCAGATTCCCTATCTTTAGTGTCTCTTC-3´ (antisense). The mutated nucleotides are 

underlined. Pfu polymerase (New England Biolabs, Ipswich, MA, USA) was used for mutation 
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PCRs under the following conditions: 95°C for 30 seconds; 20 cycles of 95°C for 30 seconds and 

48°C for 1 minute; and 68°C for 15 minutes.  

The genomic DNA sequence of miRNA23b was generated by PCR using 5´-

AGTCAGATCTGTCCTTTGTCTCCCAGTCCCCTAT-3´ (sense) and 5´-

CATGCTCGAGTGCACCTTGTTAGAGAGGTC-3´ (antisense) primers. Pmir23b plasmid was 

generated by inserting the miRNA23b genomic sequence into the BgII and XhoI sites of psuper 

plasmid (gift of Dr. Yan Zeng). Pmir23bm plasmid was generated by mutating the “seed” region 

(+1–+6) of miRNA23b and its complementary region in miRNA23b precursor’s stem-loop 

structure using the methods described above. The PCR conditions were as follows: 95°C for 30 

seconds; 16 cycles of 95°C for 30 seconds and 55°C for 1 minute; and 68°C for 3 minutes. The 

mutation primers for the “seed” region were 5´-

GTGACTTGAGATTAAACCTGAGTTGCCAGGGATTACC-3´ (sense) and 5´-

GGTAATCCCTGGCAACTCAGGTTTAATCTCAAGTCAC-3´ (antisense). The mutation 

primers for the nucleotides complementary to the “seed” region were 5´-

CTTGGGTTCCTGGCACTCCAGGTTGTGACTTGAG-3´ (sense) and 5´-

CTCAAGTCACAACCTGGAGTGCCAGGAACCC-3´ (antisense). The mutated nucleotides are 

underlined. The sequences of all plasmids were confirmed by restriction enzyme digestion and 

DNA sequence analysis.   

 

PCR, One-step RT-PCR and Real-time qPCR and qRT-PCR 

Cells were plated at a density of 1.1 × 105 cells per well in 6-well plates 24 hours before 

transfection. DNA and total RNA were isolated using TRI reagent (Molecular Research Center, 

Cincinnati, OH, USA). mRNA was isolated from total RNA using MicroPoly(A) Purist (Ambion, 
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Austin, TX, USA). Nuclear and cytoplasmic RNA were extracted as described previously 

(Wilkinson, 1988). RNA was treated with Turbo DNase I (2U/µg RNA) (Ambion, Austin, TX, 

USA) before being reverse-transcribed. Primers used in PCR, one-step RT-PCR and real-time 

qPCR were as follows: luciferase: 5´-GAAACTGACGGAGCCTAGG-3´ (sense) and 5´-

CCACCTCGATATGTGCATCTG-3´ (antisense); mouse β-actin: 5´-

TGGCCTTAGGGTGCAGGGGG-3´ (sense) and 5´-GTGGGCCGCTCTAGGCACCA-3´ 

(antisense); MOR1: 5´-CATCAAAGCACTGATCACGATTCC-3´ (sense) and 5´-

TAGGGCAATGGAGCAGTTTCTGC-3´ (antisense). PCR conditions were as follows: 94°C for 

2 minutes; 25 cycles (for luciferase) or 20 cycles (for β-actin) of 94°C for 1 minute and 55°C for 

1 minute; and 72°C for 10 minutes. One-step RT-PCR conditions were: 50°C for 30 minutes; 

95°C for 15 minutes, 30 cycles (for MOR1), 25 cycles (for luciferase) or 20 cycles (for β-actin) 

of 94°C for 1 minute and 55°C for 1 minute; and 72°C for 10 minutes. The linear range of PCR 

cycles for each gene was determined using relative PCR, and cycle numbers for PCR and RT-

PCR were optimized according to the results. PCR and one-step RT-PCR were performed using a 

GeneAmp PCR System 9600 (PerkinElmer Life and Analytical Sciences, Boston, MA, USA) 

using Taq Polymerase (New England Biolabs, Ipswich, MA, USA) and the OneStep RT-PCR Kit 

(QIAGEN, Valencia, CA, USA), respectively.  

Real-time qPCR and qRT-PCR for the luciferase gene were performed using a Quantitect 

SYBR Green RT-PCR kit (QIAGEN, Piscataway, NJ, USA). For miRNA23b, RNA was 

extracted using a mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA). Reverse 

transcription was performed using the Taqman miRNA reverse transcription Kit (Applied 

Biosystems, Foster City, CA USA). One-tenth of the reverse transcription mix was used for real-

time qPCR using an iQ supermix kit (Bio-Rad Laboratories, Oakland, CA, USA). The mirVana 
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qRT-PCR Primer Set for Normalization (5S) (Ambion, Austin, TX, USA) was included as an 

internal control. Real-time qPCR and qRT-PCR were both performed on an iCycler (Bio-Rad 

Laboratories, Oakland, CA, USA) and the relative expression levels were calculated as described 

previously (Hwang et al., 2007). β-actin and 5s RNA were included for normalization. All PCR 

products were electrophoresed in 1% or 2% agarose gels, quantified by ImageQuant 5.2 

(Amersham Biosciences Inc., Piscataway, NJ, USA) and verified by DNA sequence analysis. 

 

Immunoprecipitation and Western Blot 

For western blots, cells were plated at a density of 1.1 × 105 cells per well in a 6-well 

plate 24 hours before transfection. Proteins from two wells were extracted, pooled, and lysed in 

RIPA buffer containing 50 mM Tris HCl (pH 8), 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate and 0.1% SDS. For immunoprecipitation, 5 × 105 cells per dish were plated the day 

before transfection. The cells from two 10-cm dishes were lysed in a buffer containing 20 mM 

Tris HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 1% NP-40 and 2 mM EDTA, supplemented 

with 1× Complete Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, IN, USA), 

as described in the Abcam protocol (Abcam, Cambridge, MA, USA). Approximately 1 mg of the 

clarified cell lysate was incubated overnight at 4°C with affinity-purified rabbit anti-MOR1 

antibody (produced in our lab, information available upon request). Immunoprecipitates were 

recovered on protein G–agarose beads (Invitrogen, Carlsbad, CA, USA) and washed extensively. 

Proteins were separated on an 8% SDS-PAGE gel and transferred to a PVDF membrane 

(Amersham Biosciences, Piscataway, NJ, USA). Membranes were incubated with anti-luciferase, 

anti-galactosidase, anti-β-actin (Cell Signaling Technology, Danvers, MA, USA) or anti-MOR1 

antibodies (kindly provided by Dr. Lee-Yuan Liu-Chen) diluted 1:1000. Signals were detected 
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using a Storm 840 PhosphorImager system (Amersham Biosciences, Piscataway, NJ, USA) and 

quantified by ImageQuant 5.2 (Amersham Biosciences Inc., Piscataway, NJ, USA). 

 

Polysome mRNA Extraction and Polysome Profile by Sucrose Gradient Analysis  

Polysome mRNA extraction was conducted as described previously (Mukhopadhyay et 

al., 2003). Briefly, NS20Y cell extracts were layered onto polysomal buffer (10 mM MOPS, 250 

mM NaCl, 2.5 mM MgOAc, 0.5% NP-40, 200 U/ml RNase inhibitor, and 50 µg/ml 

cycloheximide). The polysomes were collected by ultracentrifugation at 45,000g for 1 hour. 

Polysome mRNA was isolated from pellets with TRI reagent (Molecular Research Center, 

Cincinnati, OH, USA) following the manufacturer’s instructions. For sucrose gradient analysis, 

polysomes were isolated as described previously (Yang et al., 1997) with modifications. NS20Y 

cells were washed with PBS containing 0.01% cycloheximide and harvested into 1 ml of lysis 

buffer (20 mM Tris-HCl [pH 8], 140 mM KCl, 1.5 mM MgCl2, 1% Triton X-100, 0.5 mM 

dithiothreitol, 0.1 mg/ml cycloheximide, and 1 mg/ml heparin). Intact nuclei and mitochondria 

were removed by centrifugation, and the supernatant was loaded onto 10–50% linear sucrose 

gradients. The gradients were centrifuged in an SW41 rotor at 35,000 rpm for 3 hours at 4°C. 

Fourteen fractions (0.85 ml each) were collected from the top (fraction 1) to the bottom (fraction 

14) and extracted with phenol:chloroform. The RNA was precipitated and analyzed by RT-PCR. 

Absorbance at 260 nm was monitored to identify fractions containing monosomes and 

polysomes. 

 

Statistics 
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Data are presented as mean values ± SEM. Comparisons between groups were performed 

using the Student’s t test. P < 0.05 was taken as significant. 
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RESULTS  

MOR1 3´UTR represses reporter expression. The MOR1 3´UTR is encoded in a contiguous 

DNA segment extending from the end of the coding region and uses a single polyadenylation 

signal located 10,179 bp downstream from the MOR1 stop codon (Wu et al., 2005). To elucidate 

its function, we constructed the pMUTR plasmid by cloning the full length MOR1 3´UTR into a 

luciferase reporter (pL1.33N) driven by the 1.33 kb MOR promoter. We also constructed the 

pMPA plasmid, which contains the same MOR1 poly(A) signal, but lacks the 9829 bp sequence 

upstream of the poly(A) signal in the MOR1 3´UTR (Fig. 3-1A). In NS20Y cells, pMUTR 

generated significantly less luciferase activity than did pMPA (Fig. 3-1B). Considering their 

different sizes (17 kb for pMUTR vs. 7 kb for pMPA), the transfection amounts of both 

constructs were adjusted to ensure that the same molar quantities of DNA were transfected (for 

example, 500ng pMUTR vs. 200ng pMPA). The transfection efficiencies of the two plasmids 

were similar, as confirmed by their galactosidase activity and PCR experiments that amplified the 

luciferase DNA recovered from transfected cells (data not shown). That is, the difference in 

luciferase activity was not the result of different transfection efficiencies. Western blots showed 

that cells transfected with the pMUTR plasmid had significantly lower levels of luciferase protein 

than did those transfected with pMPA (Fig. 3-1C). β-actin and galactosidase protein levels were 

comparable in both samples, as well as in cells mock-transfected with pcDNA3 (control), 

confirming similar transfection efficiencies and loaded sample amounts.  

 

MOR1 3́ UTR inhibits the polysome-mRNA association. 3´UTRs affect mRNA stability, mRNA 

transport, translation efficiency, etc. (Kuersten and Goodwin, 2003). We systematically examined 

how MOR1 3´UTR affects cellular events, including those occurring transcriptionally and post-
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transcriptionally. A comparison of pMUTR- and pMPA-transfected samples showed that the 

MOR1 3´UTR had no effect on the levels of the reporter mRNA produced (Fig. 3-2A), 

suggesting that the MOR1 3´UTR likely acts post-transcriptionally. Likewise, there was no 

difference in the ratio of nuclear to cytoplasmic RNA between the two transfects (Fig. 3-2B), 

indicating that the MOR1 3´UTR does not impair transport of reporter RNA from the nuclei.  

The distribution of mRNA between ribosome-free and polysome-bound fractions has 

been used to determine translational control of a given mRNA. This can be done since 

translational control takes place, mainly at the initiation step (Sonenberg et al., 2000), and thus 

ribosome loading of a transcript is a robust indicator for translation efficiency (del Prete et al., 

2007). One analysis measures the ratio of polysome-bound mRNA to total mRNA, which 

corresponds to the translation efficiency (Mukhopadhyay et al., 2003). Another approach assesses 

the sedimentation of mRNAs in the sucrose density gradients. The presence of mRNAs in the 

heavier fractions (bound with more ribosomes) indicates higher efficiency in protein synthesis 

(Qin et al., 2007). 

 In our experiment, the translation efficiencies of pMUTR and pMPA were compared by 

their ratio of polysome-bound to total mRNA. Cytoplasmic lysates from transfected NS20Y cells 

were centrifuged and the mRNA was extracted from the pellets (polysome fraction). Although the 

total reporter mRNA levels were similar between two transfects (Fig. 3-2A), there was a dramatic 

decrease in polysome-bound luciferase mRNA in pMUTR-transfected cells, relative to that of 

pMPA-transfected cells (Fig. 3-2C). This was confirmed by real-time qRT-PCR (Fig. 3-2D). 

Deleting a 5-kb or 3-kb region of the MOR1 3´UTR partially restored the suppression of both 

reporter activity and polysomal mRNA levels (Fig. 3-3). Taken together, these data show that 
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MOR1 3´UTR represses reporter expression primarily by inhibiting mRNA association with 

polysomes, thereby decreasing translation efficiency.  

 

K Box1 is a negative cis-acting element in the MOR1 3´UTR. Although 3´UTR is less conserved 

across species than protein-coding regions, highly conserved nucleotide blocks have been 

detected in the 3´UTRs of orthologous genes from different mammalian orders (Shabalina and 

Spiridonov, 2004). Increasingly, studies report regulatory elements in 3´UTRs, such as AU-rich 

elements that promote mRNA degradation (Zubiaga et al., 1995) or small motifs base-pairing 

with small RNAs to suppress translation (Gray and Wickens, 1998). We therefore sought to 

identify regulatory elements in the MOR1 3´UTR. The online program UTRscan 

(http://bighost.ba.itb.cnr.it/BIG/UTRScan) predicted some putative cis-acting elements (Fig. 3-

4A): two K Boxes (K Box1 at 3805–3812 bp and K Box2 at 8276–8283 bp downstream from the 

stop codon) and one Brd Box (2559–2265 bp downstream from the stop codon). To validate these 

putative elements, we performed clustered point mutations on each (Fig. 3-4B; only pMUTRKm 

is shown). Reporter assays were performed comparing each mutant construct with its wild type 

plasmid in NS20Y cells. Only the mutation on K Box1 increased reporter activity (Fig. 3-4C; Brd 

Box and K Box2, data not shown). Although K Box2 shares the same “seed” sequence as K 

Box1, its mutation failed to affect reporter activity.  

 

miRNA23b interacts with the MOR1 3´UTR. In Drosophila, K Box interacts with miRNA2 and 

miRNA16, both of which have “seed” sequences complementary to K Box (Lai et al., 2005). 

miRNA23b has a “seed” sequence homologous to those of miRNA2 and miRNA16 in 

Drosophila and has been cloned from mouse brain (Kimura et al., 2004). To determine if 
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miRNA23b interacts with the MOR1 3´UTR through a K Box motif, we first confirmed the 

expression of endogenous miRNA23b in NS20Y cells and mouse brain (Fig. 3-5A): The miRNA 

expression plasmid Pmir23b increased miRNA23b levels in NS20Y cells in a dose-dependent 

manner (Fig. 3-5B). When cotransfected with pMUTR, Pmir23b induced a sharp decrease in 

reporter activity (Fig. 3-6A), even at a minimal dose (10 ng) that only slightly increased 

miRNA23b level in NS20Y cells (Fig. 3-5B). However, the deletion of the MOR1 3´UTR in 

pMPA totally abolished the effect induced by Pmir23b (Fig. 3-6B). These results show that the 

MOR1 3´UTR is required in order for Pmir23b to suppress reporter activity.  

Although K Box1 and K Box2 share an identical “seed” region, only K Box1 functions in 

the mutation assay. Two partial deletion plasmids lacking K Box1 and K Box2 (pMUTRD1 and 

pMUTRD2, respectively) act differently in response to Pmir23b. Deleting the sequence 

containing K Box1 abolished the Pmir23b-induced suppression of reporter activity (Fig. 3-6C). In 

contrast, deleting K Box2 did not alter the effect of Pmir23b (Fig. 3-6D). These data support the 

observation that K Box1, but not K Box2, is a functional regulatory element.  

We also mutated the “seed” sequence in the Pmir23b plasmid responsible for binding to 

the K Box (i.e., the Pmir23bm plasmid). Mutation of the “seed” sequence attenuates the 

repression effect (Fig. 3-6E). At the minimal amount (i.e., 10 ng), Pmir23b downregulated 

reporter activity more than 50%, but Pmir23bm had no significant effect. 

 

miRNA23b interacts with K Box1 to decrease the polysome mRNA association rate. To 

determine the mechanism of interaction between miRNA23b and K Box, we examined reporter 

RNA levels after Pmir23b transfection. Total luciferase RNA levels remained the same after the 

transfection (Fig. 3-7A), suggesting that miRNA23b is not likely to repress reporter expression by 
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inducing RNA degradation. In contrast, Pmir23b decreased luciferase polysomal mRNA levels to 

about half those of control transfections (Fig. 3-7B); its mutation plasmid, Pmir23bm did not 

induce a significant change. This suggested that miRNA23b specifically decreased the association 

of mRNA with polysomes in reporters containing MOR1 3´UTR. On the other hand, mutating the 

K Box1 (pMUTRKm) abolished the Pmir23b-induced decrease in polysome mRNA association. 

Pmir23b also reduced the polysomal mRNA in pMUTRD2 (Fig. 3-7C), but when the K Box1 was 

mutated, this downregulation was abolished (Fig. 3-7D). RT-PCR analysis of luciferase polysome 

mRNA levels was confirmed by real-time qRT-PCR (Fig. 3-7E).  

Sucrose gradient experiments were performed to provide a detailed view of mRNA in 

different ribosomal fractions. Pmir23b, but not Pmir23bm, shifted the MOR1 3´UTR reporter 

(pMUTR) mRNA out of the heaviest polysome fraction (Fig. 3-8B, lane 7), confirming that a 

reduction in polysomal mRNA association was induced specifically by miRNA23b. Taken 

together, these data show that a specific interaction between miRNA23b and the K Box1 in the 

MOR1 3´UTR decreases the association of mRNA with polysomes, leading to suppressed 

translation.   

 

miRNA23b regulates endogenous MOR1 protein expression. Finally, we determined if 

miRNA23b affects endogenous MOR1 protein production. Because NS20Y is a weak MOR-

positive cell line, we used the histone deacetylase inhibitor Trichostatin A (TSA) to stimulate its 

global transcription, thereby enhancing endogenous MOR1 RNA levels (Fig. 3-9A). 

Nevertheless, MOR1 protein expression was still undetectable (Fig. 3-9C, lane 2). We confirmed 

that anti-23b primer decreased endogenous miRNA23b expression in NS20Y cells (Fig. 3-9B). 

Anti-23b was introduced into the cells pre-treated with TSA. Immunoprecipitations followed by 
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western blots were performed 24 hours after transfection. Knocking down miRNA23b alleviated 

the repression of MOR1 and significantly increased the level of MOR1 protein detected (Fig. 3-

9C, lane 4). This supports the role of miRNA23b in regulating MOR1 expression in vivo. 
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DISCUSSION  

Post-transcriptional regulation mediated by the 3´UTR is an important part of gene 

regulation. The 3´UTR is not under rigid structural constraints to accommodate transcriptional 

and translational machinery, rendering it highly versatile in regulating gene expression. The 

revolutionary expansion of 3´UTRs suggests it has substantial potential for the transcriptional and 

translational control in higher vertebrates (Conne et al., 2000). The 3´UTR can control various 

aspects of mRNA, including nuclear transport, polyadenylation status, subcellular targeting, 

translation efficiency and degradation rate (Sachs and Wahle, 1993). Studies on the 3´UTR of the 

mu opioid receptor have been limited, partly due to the technical difficulty in identifying its 

3´UTR(s). The recent sequencing of the 3´UTR in mouse and human MOR genes makes it 

possible to begin addressing the functional role of the MOR 3´UTR (Han et al., 2006; Ide et al., 

2005; Kasai et al., 2006; Wu et al., 2005).  

In this study, we constructed a firefly luciferase reporter containing the full-length MOR1 

3´UTR (~10 kb) including its poly (A) signal. The construct is driven by a MOR promoter, which 

retains any possible interaction between the MOR1 promoter, the 5´UTR and the 3´UTR. 

Because the 3′-end of MOR1 [i.e., the 400 bp containing the poly(A) signal] shows a distinct 

preference for its own promoter (Wu et al., 2005), we also examined whether the MOR promoter 

is involved in the function of the 3´UTR. A stable decrease in luciferase activity was observed in 

the reporter containing the MOR1 3´UTR; the same effect was seen when the MOR promoter was 

replaced with an SV40 promoter (Fig. 3-10A) or in other cell lines such as human NMB cells and 

monkey COS-1 cells (Fig. 3-10B and C). Overall, the results demonstrate a repressive role of 

MOR1 3´UTR, independent of promoter and cellular background.  
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The function of 3´UTRs can be interpreted largely by the interaction between the cis-

acting elements and their binding partners (e.g., proteins or small RNAs). For example, the AU-

rich element (ARE), a well-defined sequence motif in 3´UTRs, binds to a wide range of ARE-

binding proteins to target mRNAs for fast degradation (Barreau et al., 2005). The first identified 

miRNA, lin-4, binds to a repeated sequence in the 3´UTR of lin-14 mRNA and regulates its 

translation (Lee et al., 1993). The function of long 3´UTRs such as the one found in MOR1, is 

more likely to be explained by the cooperative effect of their multiple cis- and trans- interactions. 

To determine the mechanism of the MOR1 3´UTR as a whole, we carefully compared the 

expression of two reporter constructs with regard to their total mRNA, subcellular distribution, 

and association with polysomes. The MOR1 3´UTR induced a sharp decrease in polysome 

mRNA levels in the pMUTR construct, compared to those of the pMPA plasmid. Because no 

significant difference was observed between the constructs in their total mRNA, nuclear versus 

cytoplasmic distribution, we concluded that the MOR1 3´UTR represses reporter activity mainly 

by inhibiting mRNA association with polysomes. Polysome mRNA levels have been used as an 

indicator of translation efficiency; more mRNA molecules in the actively translated polysome 

fraction correlate with higher translation efficiency (Conne et al., 2000; Kuersten and Goodwin, 

2003). The 3´UTR generally suppresses polysome–mRNA association because of its complex 

secondary structure and interactions with trans-acting elements that inhibit the accessibility of 

mRNA to polysomes (Lee et al., 2006). However, deletions within the MOR1 3´UTR only partly 

restored both luciferase activity and polysomal mRNA levels. Therefore, neither a specific 

3´UTR region nor the general mRNA structure alone account for its function; it is likely that 

multiple cis-elements in the 3´UTR have synergistic roles affecting the function of MOR1 

3´UTR.  
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Based on sequence homology, the UTRscan program predicted two putative cis-acting 

elements in the MOR1 3´UTR. K Box and Brd Box are 6–7-nucleotide motifs mostly seen in 

3´UTRs. They are considered too small to bind to proteins but have been shown to interact with 

miRNAs (Lai et al., 2005). Cluster point mutations on the three predicted boxes (two K Boxes 

and one Brd Box) found that only the mutation of K Box1 increased reporter activity. Although K 

Box2 shares the identical “seed” sequence with K Box1, mutating it had no effect.  

While the “seed” region is critical to miRNA:mRNA base-pairing, its sequence alone 

does not guarantee interaction. Plant miRNAs are easier to identify because their sequences are 

near-perfect complements to their targets, and their targets are mostly in the coding region. In 

contrast, animal miRNAs form imperfect base-pairs with their targets, which are predominantly 

in the 3´UTR. Identification of animal miRNAs is complicated by the fact that their sequence is 

small (especially the “seed” region responsible for the base-pairing); also, the interaction might 

be affected substantially by a protein complex, i.e., the interaction is probably not simple 

hybridization by optimal base-pairing (Enright et al., 2003). It is therefore possible that miRNA 

access to the K Box2 is blocked by nearby binding proteins, or because of the general mRNA 

structure in the MOR1 3´UTR. 

Overexpression of miRNA23b in NS20Y cells induced by transfecting Pmir23b 

decreased reporter activity in a dose-dependent fashion, and this effect required the presence of 

the MOR1 3´UTR. Mutating the “seed” sequence of miRNA23b significantly reduced the 

pMUTR reporter’s sensitivity. Decreased reporter activity was induced by Pmir23bm at higher 

doses (e.g., 25 ng), but this was likely due to the “off-target” effect of the miRNA expression 

plasmid. Although a nonsense mutation sequence (according to the current miRNA database) was 

carefully chosen, it is possible that the mutated sequence is homologous to some unknown 
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miRNAs. It is believed that miRNAs comprise 1–3% of the genome (Zhao and Srivastava, 2007), 

and it is reasonable to expect that more miRNAs will be identified that can regulate the MOR1 

3´UTR in the future. Interestingly, we found that deleting the sequence containing K Box1 

(pMUTRD1) abolished the effect induced by Pmir23b, but eliminating K Box2 retained the 

repressive effect of Pmir23b. This corroborates the mutation results showing that K Box1, not K 

Box2, is a functional element. 

Mature miRNA molecules are partially complementary to one or more mRNAs, usually 

in the 3´UTR; their main function is to downregulate gene expression. When binding to 3´UTR, 

the RNP complex RISC associated with miRNA usually inhibits polysome–mRNA association or 

induces RNA degradation (Lai, 2005). The difference between the two mechanisms can be 

distinguished by measuring alterations in RNA levels: Inhibition of polysome–mRNA association 

usually does not change the equilibrium RNA amount, but repression through RNA degradation 

appears as decreased RNA levels (Behm-Ansmant et al., 2006).  

Pmir23b does not alter the equilibrium levels of total luciferase RNA when cotransfected 

with pMUTR. However, Pmir23b significantly decreased the polysomal luciferase mRNA levels, 

and the same mutation of its “seed” region that diminished its repression of reporter activity also 

attenuated its suppression on polysomal mRNA levels. In sucrose gradient experiments, Pmir23b 

promoted a shift of mRNA from the heavy to the light polysome fraction, relative to its mutated 

form (i.e., Pmir23bm). These results support that a specific interaction between miRNA23b and 

the MOR1 3´UTR suppresses gene expression by interfering with the association of mRNA with 

polysomes, thereby arresting translation of the reporter.  

The miRNA target, K Box1, also plays an important role in the interaction. In 

Drosophila, mutating the K Box increases accumulation of its target mRNA transcript (Lai et al., 
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1998). In the MOR1 3´UTR, mutating the K Box was likewise expected to interfere with 

miRNA23b function. Interestingly, in the luciferase assay, K Box1 mutation failed to alter the 

reporter’s response to miRNA23b (data not shown). However, in experiments with polysomal 

mRNA, pMUTRD2 (with a wild type K Box1) showed decreased polysomal mRNA levels when 

cotransfected with Pmir23b, consistent with the results of the luciferase assay. When the K Box1 

in pMUTRD2 was mutated, Pmir23b failed to alter the association of the mRNA with the 

polysomes, indicating a disruption of the miRNA:mRNA interaction. The discrepancy between 

the results of the luciferase assay and the experiments on polysomal mRNA could be the outcome 

of multiple elements in MOR1 3´UTR. Although the UTRscan program identified only three 

putative sites in the MOR1 3´UTR, the database used is based on already-identified cis-acting 

elements. It is reasonable to speculate that there are other, presently unknown, elements in this 

10-kb region. The K Box1 is therefore likely to be one among many elements, and its activity 

could represent just a fraction of the total effect of the MOR1 3´UTR. Hence, although the 

mutation disrupted the interaction, its effect could be under the limits detectable by the reporter. 

In contrast, measurement of polysomal mRNAs provides a more direct means of detecting the 

interaction between miRNA23b and K Box1, which is an event upstream of reporter activity. 

Also, the use of PCR in the polysome studies could have magnified the changes caused by the K 

Box1 mutation. 

NS20Y cells express little MOR1 protein and a very low level of MOR1 RNA. Treating 

cells with 500 nM of the histone deacetylase inhibitor TSA stimulates general transcription 

activity, including that of MOR1. However, TSA treatment had no effect on MOR1 protein 

levels, suggesting that repression of MOR1 expression in NS20Y cells occurs at both the 

transcriptional and translational levels. After TSA treatment, ample MOR1 RNA accumulated in 
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NS20Y cells, but translation was repressed. Adding the anti-23b primer knocked down 

endogenous miRNA23b and released its repression of the MOR1 3´UTR, thereby stimulating the 

translation of MOR1 mRNA. At a moderate concentration of anti-23b (2 nM), enhanced levels of 

MOR1 protein were detected. The anti-miR primer (negative control) was used to equalize the 

transfection primer amounts; it shares the same structure as anti-23b primer but has no sequence 

complementary to any known miRNAs. This excludes possible nonspecific effects induced by 

anti-miR primers.  

Taken together, our study reveals an important role for the MOR1 3´UTR in regulating 

expression of its gene, and reports, to our knowledge, for the first time the involvement of a 

specific miRNA in regulating the expression of opioid receptors. In contrast to most studies 

focusing on MOR1 transcriptional regulation, this study addresses its 3´UTR, a previously poorly 

understood regulatory region. Post-transcriptional regulation provides abundant regulation 

opportunities because of their distance from the rigidly constrained transcriptional machinery 

(Sachs and Wahle, 1993). Recent studies have found miRNAs to be potential drug targets in 

cancer and other diseases (Zhang et al., 2007; Zhou et al., 2007). By scanning the sequence of 

MOR1 3’-UTR, 24 more potential miRNA targets were predicted by RegRNA 

(http://regrna.mbc.nctu.edu.tw/html/prediction.html), and 43 by microRNA.org 

(http://www.microrna.org/microrna/getGeneForm.do). Our finding of a functional role for 

miRNA23b in this regard provides a novel direction for unraveling the molecular mechanisms 

involved in the development of opioid tolerance. It will expand the research on opioid receptors 

toward an area of study that largely has been ignored, and facilitate our understanding of the 

complex mechanisms that regulate the expression of this important drug receptor.  
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Figure 3-1. MOR1 3´UTR inhibits reporter expression. (A) Structure of the pMUTR and pMPA 

plasmids. MOR promoter (open box), luciferase cDNA (filled box), and MOR1 poly(A) signal 

(gray box). (B) Reporter assay performed in NS20Y cells. The amount of plasmid (shown as 

pMUTR’s amount) transfected is plotted against the relative activity of the reporter constructs 

(luciferase activity/galactosidase activity). Assays were performed in triplicate. n = 3; *: p < 

0.05. (C) Western blot of NS20Y cells transfected with pMUTR, pMPA or an equivalent 

amount of pcDNA3 (mock transfection). Lane 1, 500 ng pMUTR; lane 2, 200 ng pMPA; lane 3, 

500 ng pcDNA3. The blot was probed with antibodies specific to luciferase, β-actin and 

galactosidase (lac-Z) proteins. The bar graph shows the intensity of the luciferase protein band 

(normalized against β-actin), relative to the intensity of the pMUTR band (control). n = 2; *: p < 

0.05. 
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Figure 3-2 
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Figure 3-2. MOR1 3´UTR decreases luciferase polysome mRNA levels. (A) Luciferase mRNA 

levels in NS20Y cells transfected with pMUTR and pMPA. NS20Y cells were transfected with 

500 ng pMUTR (lane 1), 200 ng pMPA (lane 2) and 500 ng pcDNA3 (lane 3; mock 

transfection). Two hundred ng mRNA from each sample was used for RT-PCR. The graph 

shows the intensity of the normalized luciferase signal (luciferase/β-actin), relative to the 

intensity of the pMUTR band (control). n = 2; **: p < 0.01; #: p > 0.05. (B) Distribution of 

luciferase RNA between nuclear and cytoplasmic fractions from transfected NS20Y cells. One 

µg RNA from nuclear (Nuc) and cytoplasmic (Cyto) fractions was used for RT-PCR. The graph 

shows the ratio of cytoplasmic luciferase to nuclear luciferase, normalized against β-actin. n = 

2; #: p > 0.05. (C) Polysomal mRNA levels in transfected NS20Y cells. Polysome mRNA was 

extracted from NS20Y cells transfected with 1 µg pMUTR, 0.4 µg pMPA or 1 µg pcDNA3 

(Mock). One µg of polysomal mRNA was used for RT-PCR. The graph shows the intensity of 

luciferase, normalized against β-actin in each sample, relative to pMUTR (control). n = 2; *: p < 

0.05; **: p < 0.01. (D) Luciferase polysomal mRNA levels analyzed by real-time qRT-PCR. 

One µg polysome mRNA from each sample was used as template for real-time qRT-PCR. The 

relative expression level of luciferase was calculated using the comparative threshold cycle 

method after normalization against β-actin as an internal control. The bar graph shows the 

expression level of each sample relative to that of pMUTR. n = 2; *: p < 0.05; **: p < 0.01. 
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Figure 3-3 
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Figure 3-3. Partial deletion in MOR1 3´UTR partially recovers repression. (A) Reporter assay of 

partial deletion constructs. Luciferase coding region (open box), MOR1 poly (A) signal (filled 

box). pMUTR was deleted between FseI and PacI restriction enzyme sites (pMUTRD1) or the 

PacI and PmeI sites (pMUTRD2). The amount of pMUTR plasmid (x-axis) transfected is plotted 

against the activity of each reporter. The amounts of other plasmids were adjusted according to 

their sizes to ensure the same amount of DNA molecules was transfected into the cells. Assays 

were performed in triplicate. n = 3. (B) Luciferase polysome mRNA levels for each deletion 

construct. NS20Y cells were transfected with 1 µg pMUTR, 0.4 µg pMPA, 0.7 µg pMUTRD1, or 

0.8 µg pMUTRD2. Polysome mRNA was extracted 24 hours after transfection and 1 µg 

polysome mRNA from each sample was used for RT-PCR. The graph shows the intensity of the 

luciferase signal from each sample (normalized against β-actin) relative to that of pMUTR. n = 2. 

*: p < 0.05; **: p < 0.01. 
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Figure 3-4 
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Figure 3-4. K Box1 is a functional cis-acting element in MOR1 3´UTR. (A) The predicted cis-

acting elements in the MOR1 3´UTR. Brd Box (light gray circle); K Boxes (gray squares). 

Arrows show the restriction enzyme sites in the 3´UTR. (B) Structure of the pMUTRD2 and 

pMUTRKm plasmids. MOR promoter (open box), luciferase cDNA (filled box), K Box1 (gray 

box), K Box1 mutation (striped gray box), MOR1 3´UTR (straight line). The pMUTRD2 

plasmid was constructed by deleting the region between PacI and PmeI sites of the MOR1 

3´UTR in pMUTR. The pMUTRKm plasmid was constructed by mutating the six-nucleotide 

sequence (K Box1) TGTGAT to CTCAGG using pMUTRD2 plasmid as the template. (C) 

Effect of K Box1 mutation. Reporter assays were performed in NS20Y cells in triplicate. The 

activity of each reporter was compared relative to that of pMUTRD2. *: p < 0.05.  
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Figure 3-5 
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Figure 3-5. The expression of miRNA23b. (A) miRNA23b is expressed in NS20Y cells and 

mouse brain. miRNA-enriched total RNA (10, 20, 40 or 80 ng) from NS20Y cells and mouse 

brain was used as template for reverse transcription followed by real-time qPCR using 

miRNA23b-specific primers. 5s RNA primers were included as an internal control. The graph 

shows the amount of miRNA23b expressed, normalized against 5s RNA. n = 2. (B) The effect 

of Pmir23b on miRNA23b levels in NS20Y cells.  Pmir23b plasmid (10, 25 or 50 ng) was 

transfected into NS20Y cells. Twenty-four hours after transfection, miRNA-enriched RNA was 

reverse-transcribed and followed by real time qPCR. 5s RNA primers were included as internal 

controls. Result are expressed as relative miRNA23b levels, normalized against 5s RNA. n = 2. 

*: P < 0.05; **: P < 0.01; #: P > 0.05. 
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Figure 3-6 
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Figure 3-6. miRNA23b interacts with K Box1 in the MOR1 3´UTR. Pmir23b (0, 10, or 25 ng) 

were cotransfected into NS20Y cells with 500 ng pMUTR (A), 200 ng pMPA (B), 350 ng 

pMUTRD1 (C), or 400 ng pMUTRD2 (D). Assays were performed in triplicate. The intensity 

of the firefly luciferase signal was normalized against that of Renilla luciferase (internal 

control). n = 2; *: p < 0.05; #: p > 0.05. (E) The effect of Pmir23bm on pMUTR. The “seed” 

sequence in Pmir23b was mutated in Pmir23bm plasmid. Five hundred ng pMUTR were 

cotransfected with 0, 10 or 25 ng Pmir23bm into NS20Y cells. Reporter assays were performed 

as described above. n = 2; *: p < 0.05; #: p > 0.05.  
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Figure 3-7 
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Figure 3-7. miRNA23b decreases polysomal reporter mRNA levels in NS20Y cells. (A) 

Pmir23b does not affect the total luciferase RNA levels. One µg pMUTR was transfected alone 

(–) or cotransfected with 100 ng Pmir23b into NS20Y cells. One µg of RNA from each sample 

was used for RT-PCR. The graph shows the intensity of the luciferase signal (normalized 

against β-actin) relative to the pMUTR signal. n = 2; #: p > 0.05. (B) Pmir23b decreases the 

level of luciferase polysome mRNA of pMUTR. Two µg pMUTR were transfected alone (–), or 

cotransfected with 100 ng Pmir23b or 100 ng Pmir23bm into NS20Y cells. Two µg polysome 

mRNA from each sample were used for RT-PCR. The graph shows the intensity of the 

luciferase signal (normalized against β-actin) relative to the pMUTR signal. n = 2; *: p < 0.05; 

#: p > 0.05. (C) Pmir23b decreases the luciferase mRNA levels in pMUTRD2. pMUTRD2 (1.6 

µg) was transfected alone (–) or cotransfected with 100 ng Pmir23b into NS20Y cells. n = 2; *: 

p < 0.05. (D) K Box mutation abolishes the effect of Pmir23b. pMUTRKm (1.6 µg) was 

transfected alone (–) or cotransfected with 100 ng Pmir23b into NS20Y cells. n = 2; #: p > 0.05. 

(E) Polysomal mRNA levels analyzed by real-time qRT-PCR. Polysome mRNA from (B) (left 

panel) and from (D) (right panel) were used for real-time qRT-PCR. One µg polysome mRNA 

from each sample was used as template. Luciferase expression levels of each sample are shown 

relative to the sample transfected with only pMUTR (left panel) or pMUTRKm (right panel). n 

= 2; *: p < 0.05; #: p > 0.05.  
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Figure 3-8 
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Figure 3-8. Polysome profile of luciferase mRNA in sucrose gradients. (A) Representative 

profile of the UV absorption of sucrose gradient fractions. The first two fractions were devoid 

of ribosomes; fractions 3–10 contained monosomes; polysomes were present in fractions 11–14. 

(B) RT-PCR analysis of luciferase mRNA. Four µg pMUTR were transfected alone or 

cotransfected with 200 ng Pmir23b or Pmir23bm into NS20Y cells. Cells were lysed and 

layered onto 10–50% sucrose gradients. Fourteen fractions were collected from top to the 

bottom, and two successive fractions were pooled to obtain enough mRNA for RT-PCR using 

luciferase primers. The experiment was repeated twice with similar results. (C) RT-PCR 

analysis of β-actin mRNA (internal control). Results were similar among three transfects.  A 

representative gel is shown.  
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Figure 3-9 
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Figure 3-9. miRNA23b inhibits endogenous MOR1 protein expression in NS20Y cells. (A) 

TSA treatment increases MOR1 RNA levels in NS20Y cells. TSA (500 nM) was added to 

NS20Y cells four hours after plating. RNA was extracted 0, 24 or 48 hours after TSA treatment. 

One µg RNA was used for RT-PCR. The graph shows MOR1 expression levels in each sample 

relative to lane 1. n = 2; *: p < 0.05; #: p > 0.05. (B) Anti-23b primer knocks down the 

endogenous miRNA23b expression in NS20Y cells. Anti-23b primer (0, 0.65, 2, or 6 nM) was 

transfected into NS20Y cells. miRNA-enriched RNA was extracted 24 hours after transfection. 

Forty ng RNA were used for reverse transcription using miRNA23b and 5s RNA primers, 

followed by real-time qPCR. The graph shows miRNA23b levels, normalized to 5s RNA. n = 2; 

*: p < 0.05; **: p < 0.01. (C) Anti-23b increases endogenous MOR1 protein expression in 

NS20Y cells. NS20Y cells were pre-treated with TSA for 24 hours before transfection with 

anti-23b primer. Lane 1, no TSA treatment; lane 2, TSA treatment without anti-23b 

transfection; lane 3, TSA treatment with 0.65 nM anti-23b; lane 4, TSA treatment with 2 nM 

anti-23b. Anti-miR (negative control) was added to transfectants in lanes 2 and 3 (2 nM and 

1.35 nM, respectively) to equalize the total transfection concentration to 2 nM. Western blots of 

immunoprecipitates were probed with antibodies specific to MOR1 and β-actin. The graph 

shows the normalized level of MOR1 protein (MOR1/β-actin) relative to the levels in  lane 2. n 

= 2; *: p < 0.05; #: p > 0.05. 
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Figure 3-10 
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Figure 3-10. MOR1 3’-UTR represses reporter expression independent of promoter and cell type. 

(A) Reporter assays of pSVUTR in NS20Y cells. The amounts of pSVUTR plasmid (x-axis) 

transfected are plotted against the relative activity of the reporter constructs (luciferase 

activity/galactosidase activity). The amounts of other plasmids were adjusted according to their 

sizes to ensure the same amount of DNA molecules was transfected into the cells. Assays were 

performed in triplicate. n = 3.  Reporter assay of pMUTR in NMB cells (B) and COS-1 cells (C). 

Figure legends are the same as in (A). Assays were performed in triplicate. n = 3. *: P < 0.05. 
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Abstract 

Mu-opioid receptor (MOR) mediates most of the pharmacological effects of opioid drugs. 

The expression of MOR is temporarily and spatially regulated at both the transcriptional and post-

transcriptional levels. Chronic morphine treatment that induces tolerance does not alter MOR 

mRNA expression, suggesting no direct link between agonist treatment and MOR gene 

transcription. We previously identified the 3′-untranslated region (3′-UTR) of the major transcript 

of mu-opioid receptor (MOR1) and revealed a novel trans-acting factor, miRNA23b, that binds to 

the K Box motif in the 3′-UTR. The interaction between miRNA23b with the MOR1 3′-UTR 

suppressed receptor translation by inhibiting polysome–mRNA association. In this report, we 

demonstrate that chronic morphine treatment increases miRNA23b expression in a dose- and 

time-dependent manner, and represses the association of MOR1 mRNA with polysomes through 

the MOR1 3′-UTR. The translational luciferase reporter assay shows a suppression effect of 

morphine on reporter activity that requires the MOR1 3′-UTR. This suggests a potential link 

between MOR expression and morphine treatment at the post-transcriptional level in which a 

specific miRNA, miRNA23b, is involved. 
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Introduction 

Opioid drugs are widely used clinically to treat moderate to severe pain. Three major 

opioid receptors, µ (mu), δ (delta), and κ (kappa), belong to the G-protein-coupled receptor 

superfamily (Kieffer, 1995). Mu-opioid receptor (MOR) mediates most of the pharmacological 

effects of opiates; its regulation is of great importance to unravel the molecular mechanisms 

underlying the physical responses to opioid treatment, such as tolerance and dependence. In 

addition to the multiple cis-acting elements that regulate the transcription of MOR (Choi et al., 

2007; Hwang et al., 2004; Kim et al., 2006; Song et al., 2007), a recent study on the 3′-UTR of 

the major mu-opioid receptor mRNA (MOR1) has started to address the regulation of MOR at the 

post-transcriptional level (Wu et al., 2008).  

The phenomenon of MOR down-regulation has been observed in various cell lines and 

neurons caused by chronic agonist treatment (Tao et al., 1998; Yabaluri and Medzihradsky, 1997; 

Yamamoto et al., 2008). Down-regulation results primarily by sequestration of membrane 

receptors to the cytosol via clathrin-coated pits and dynamin following receptor phosphorylation. 

The internalized endosomes merge with intracellular lysosomes and the receptors are degraded 

proteolytically, resulting in a decrease of the total number of receptors in the cell (Binyaminy et 

al., 2008). In addition to this classic model, accumulating evidence shows the involvement of 

many other factors in the processes, e.g., protein kinase C (Kramer and Simon, 1999), mitogen-

activated protein kinase (Schmidt et al., 2000), and Ca2+/calmodulin-dependent protein kinase 

(Koch et al., 1997). However, whether a decreased receptor biosynthesis is involved is still under 

debate. One study measured the receptor turn-over rate in mouse neuronal N2A cells expressing a 

cloned mu-opioid receptor (N2A-MOR) and found that the down-regulation of MOR caused by 
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agonist stimulation is the sum of both accelerated receptor degradation and decreased receptor 

biosynthesis (Afify, 2002).  

The expression of MOR can be regulated at both the transcriptional and post-

transcriptional levels. It is widely accepted that chronic morphine treatment does not alter MOR 

mRNA levels (Brodsky et al., 1995a), indicating that morphine has no significant effect on the 

transcription of MOR gene. Nonetheless, it is not known if morphine can regulate MOR mRNA 

at the post-transcriptional level, possibly through interactions between trans-acting factors and its 

3′-UTR. Although morphine can induce discrete and fluctuating expression of important factors 

related to MOR function (Ammon-Treiber and Hollt, 2005), whether these factors are involved in 

the post-transcriptional regulation of MOR is still unknown. Our recent study identified 

miRNA23b as a trans-acting factor that represses MOR translation efficiency through interaction 

with the 3′-UTR of MOR1 (Wu et al., 2008).  

Little is known about the mechanisms responsible for regulating miRNA expression. In 

some cells, the production of miRNAs appears to be actively regulated (Boyd, 2008; Woods et 

al., 2007). It would be of interest to investigate if activating a membrane receptor can control the 

expression of a miRNA, thereby regulating expression of the receptor gene. In this report, we 

investigated if morphine treatment could change miRNA23b expression and consequently 

regulate the translation of MOR mRNA.  

miRNA23b interacts with the MOR1 3′-UTR through binding to a K Box motif (Wu et 

al., 2008). The MOR1 3′-UTR is absent from the plasmid DNA sequences in all cell lines that 

express cloned MOR, such as N2A-MOR and HEK-MOR (Chakrabarti et al., 1995; Wu and 

Wong, 2005). N2A cells are not known to express any opioid receptors (Im et al., 2001); N2A-

MOR cells were established by stably transfecting MOR1 into N2A cells. MOR1, a 1.4-kb insert, 
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was subcloned into the expression vector pRC/CMV; the cDNA sequence contains the entire 

coding region of the MOR, together with 200 base pairs of 5′ non-coding region and only 30 base 

pairs of 3′ non-coding region (i.e., the 3′-UTR). The cloned MOR (without the major part of 

MOR1 3′-UTR sequence) behaves like native receptor in terms of its desensitization and down-

regulation effects (Chakrabarti et al., 1995). However, it has not yet been determined if the 

absence of MOR1 3′-UTR influences the regulation of the MOR gene. In this report, we 

investigated the effect of morphine on miRNA23b expression in N2A-MOR cells and the 

resulting changes in MOR1 mRNA translation efficiency. In addition, we revealed the critical 

roles of MOR receptor and MOR1 3′-UTR in this pathway. 
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Materials and Methods 

Cell Culture, Transfection and Luciferase Reporter Assay 

Mouse neuronal cells N2A, N2A-MOR (Chakrabarti et al., 1995) and human neuronal 

cells NMB, SHSY-5Y were maintained in Advanced DMEM or RPMI (for NMB) (Invitrogen, 

Carlsbad, CA, USA) with 5% heat-inactivated fetal bovine serum in an atmosphere of 10% (for 

N2A and N2A-MOR) or 5% (for NMB and SHSY-5Y) CO2 at 37°C. The medium for N2A-MOR 

was supplemented with 0.2% Geneticin (G418). Transfections of anti-23b or anti-miR negative 

control primer (Ambion, Austin, TX, USA)  were performed using Lipofectamine 2000 

(Invitrogen) as described before (Wu et al., 2008). 

 For the luciferase reporter assay, cells were plated at a density of 0.5 × 105 cells per well 

in 24-well plates 24 hours prior to transfection; 2 ng Renilla luciferase plasmid pCMV-Rluc (Gift 

from Dr. Yan Zeng) was included for normalization. Morphine was added 3 hrs before 

transfecting pSVUTR or pSVPA plasmids (Wu et al., 2008). Twenty-four hours after 

transfection, the firefly and Renilla luciferase activities were determined by a luminometer 

(Berthold, Oak Ridge, TN, USA) using Dual-Luciferase Reporter Assay systems (Promega, 

Madison, WI, USA) according to the manufacturer’s protocol. 

                                

RT-PCR, real-time qPCR, and qRT-PCR 

RNA was isolated from cells using TRI reagent (Molecular Research Center, Cincinnati, 

OH, USA) and treated with Turbo DNase I (2U/µg RNA) (Ambion) before being reverse-

transcribed. One-step RT-PCR was performed using the OneStep RT-PCR Kit (Qiagen, Valencia, 

CA, USA) and the following primers: Mouse MOR1, 5′-CTGCTCGAATCCGTCAAAACA-3′ 

(sense) and 5′-AGCAACCTGATTCCAAGTAGA-3′ (antisense); HA-MOR1, 5′-
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CTGCTCGAATCCGTCAAAACA-3′ (sense) and 5′-GGCAACTAGAAGGCACAGTC-3′ 

(antisense); and mouse β-actin, 5′-TGGCCTTAGGGTGCAGGGGG-3′ (sense) and 5′-

GTGGGCCGCTCTAGGCACCA-3′ (antisense). For MOR1 RNA, the product from the one-step 

RT-PCR was re-amplified for a second round using Taq polymerase (New England Biolabs, 

Ipswich, MA, USA) and primers: 5′-CTGCTCGAATCCGTCAAAACA-3′ (sense) and 5′-

GTAGATGGCAGCCTCTAA-3′ (antisense) primers. PCR was performed on a GeneAmp PCR 

System 9600 (PerkinElmer Life and Analytical Sciences, Boston, MA, USA) using 30 cycles (for 

MOR1 and HA-MOR1) or 20 cycles (for β-actin) of 94°C for 1 min, 55°C for 1 min, and 72°C 

for 1 min followed by 72°C for 10 min. The linear range of PCR cycles for each gene had been 

pre-determined using relative PCR, and cycle numbers for PCR and RT-PCR were optimized 

according to the results. PCR products were electrophoresed in 1% or 2% agarose gels, quantified 

by ImageQuant 5.2 (Amersham Biosciences Inc., Piscataway, NJ, USA) and verified by DNA 

sequence analysis. 

 miRNA-enriched RNA was extracted and reverse transcribed followed by qPCR as 

described before (Wu et al., 2008). One-tenth of the reverse transcription mix was used for real-

time qPCR. The miRNA primer sets hsa-miR23b and snoRNA234 (as an internal control) 

(Applied Biosystems) were used for reverse transcription, and qPCR was performed according to 

the manufacturer’s protocol.  

Real-time qPCR and qRT-PCR were performed on an iCycler (Bio-Rad Laboratories, 

Oakland, CA, USA) using either an iQ Supermix Kit (Bio-Rad) for miRNA23b and snoRNA234 

or a Quantitect SYBR Green RT-PCR kit (Qiagen) for MOR1, HA-MOR1 and β-actin. The 

relative expression levels of miRNA23b were calculated using the Gene Expression Macro 
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(http://www.bio-rad.com/) normalized to those of snoRNA234; and the levels of MOR1 and HA-

MOR1 were calculated against those of β-actin.  

 

Polysome mRNA Extraction  

Polysome mRNA extraction was conducted as described previously (Wu et al., 2008). 

Polysomal mRNA was isolated from pellets using TRI reagent (Molecular Research Center) 

following the protocol.  

 

Statistics 

Data are presented as mean values ± SD. Comparisons between groups were performed 

using the Student’s t-test. P < 0.05 was taken as significant. 
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Results  

Chronic morphine treatment increases miRNA23b levels. N2A-MOR cells expressing HA-

tagged MOR1 receptor were treated with morphine (10−8 to 10−5 M) for 24 hours. miRNA23b 

levels were determined by reverse transcription followed by real-time qPCR. There was a dose-

dependent increase in miRNA23b levels, with the maximum effect reached under a treatment of 

10−6 M morphine (Fig. 4-1A). Human and mouse miRNA23b sequences have 100% homology 

(http://microrna.sanger.ac.uk/). In human neuronal cell lines NMB and SHSY-5Y (both express 

MOR endogenously), morphine stimulated a similar dose-dependent increase of miRNA23b 

levels (Fig. 4-1B). N2A-MOR cells were treated with 10−6 M morphine for 1, 3, 6, or 24 hrs (Fig. 

4-1C). The up-regulation of miRNA23b was only observed after treatments longer than 6 hours, 

indicating that prolonged exposure to morphine was required to alter the expression of 

miRNA23b. 

Wild-type N2A cells are devoid of opioid receptors (Im et al., 2001). To determine the 

role of MOR receptor, the dose-response and time-course of miRNA23b in wild-type N2A cells 

was assessed. An increasing dose of morphine (10-8 to 10-5 M) did not change the miRNA23b 

levels in N2A cells (Fig. 4-1D). Also the same dose (10−6 M) that stimulated a three-fold increase 

of miRNA23b expression in N2A-MOR cells did not induce any significant change in N2A cells 

over the course of a 24-hour treatment period (Fig. 4-1E), confirming the role of MOR receptor in 

the morphine-induced up-regulation of miRNA23b.    

 

Morphine inhibits the association of MOR1 mRNA with polysomes through an interaction 

between miRNA23b and the MOR1 3′′′′-UTR. We reported previously that miRNA23b interacts 

with a K Box motif in the MOR1 3′-UTR and suppresses the translation of MOR1 mRNA (Wu et 
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al., 2008). Because morphine enhances miRNA23b expression in N2A-MOR cells, it is possible 

that these elevated levels of miRNA23b could repress the polysome association of MOR1 

mRNA. In N2A-MOR cells, the pRC/CMV plasmid encoding the HA-tagged MOR1 protein 

lacks the MOR1 3′-UTR region. Presumably, RNA transcribed from the pRC/CMV plasmid (i.e., 

HA-MOR1) will not be affected by miRNA23b. In contrast, RNA transcribed from the native 

MOR DNA (i.e., MOR1) includes the 3′-UTR and should be regulated by miRNA23b via its 

interaction with the K Box.  

RT-PCR was used to distinguish the HA-MOR1 RNA from MOR1 RNA, by using two 

different antisense primers specific to pRC/CMV plasmid or the MOR1 3′-UTR (Fig. 4-2A). 

N2A-MOR cells express little native MOR1 RNA (Fig. 4-2B, lane 1). In order to detect changes 

in MOR1 transcript levels, the histone deacetylase inhibitor, sodium butyric acid (SBA), was used 

to stimulate general transcription in N2A-MOR cells. Cells treated with 200 nM SBA for 24 

hours showed increased levels of both MOR1 and HA-MOR1 RNA by RT-PCR (Fig. 4-2B, lane 

2). SBA treatment had no effect on the morphine-induced changes in miRNA23b expression (data 

not shown). Cells expressing these transcripts (i.e., HA-MOR1, without the MOR1 3′-UTR and 

MOR1, with the MOR1 3′-UTR) were used to examine the role of MOR1 3′-UTR in terms of 

their ability to associate with polysomes.  

In NS20Y cells, when endogenous miRNA23b was knocked down using an anti-23b 

primer, the repression of miRNA23b on MOR1 translation was released, as shown by increased 

MOR protein levels (Wu et al., 2008). In N2A-MOR cells, anti-23b primer can also effectively 

knock down endogenous miRNA23b expression (Fig. 4-2C). miRNA23b inhibits the MOR1 

expression mainly by repressing its association with polysomes rather than by inducing RNA 

degradation (Wu et al., 2008). N2A-MOR cells were treated with 200 nM SBA for 24 hours 
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before transfection with anti-23b primer. Total RNA was extracted and analyzed by one-step RT-

PCR. Both MOR1 and HA-MOR1 RNA levels remained unchanged by anti-23b primer 

transfection alone, treatment with 10−6 M morphine alone, or by morphine treatment of anti-23b-

transfected cells (Fig. 4-3A). This is consistent with the previous observation suggesting that 

miRNA23b does not induce significant RNA degradation (Wu et al., 2008).  

Polysomal mRNA levels are a robust indicator for translation efficiency (del Prete et al., 

2007). In N2A-MOR cells, the MOR1 polysomal mRNA levels increased significantly after 

transfection with anti-23b primer (Fig. 4-3B, lane 2). Treatment with 10−6 M morphine (i.e., a 

dose that increases miRNA23b expression) reversed the effect of anti-23b primer (Fig. 4-3B, lane 

3). In contrast, when the 3′-UTR was truncated (e.g., in the HA-MOR1 transcript), neither anti-

23b transfection nor morphine treatment affected the mRNA’s ability to associate with polysomes 

(Fig. 4-3B), confirming that the MOR1 3′-UTR is required for the interaction with miRNA23b. 

This result was further confirmed by real-time qRT-PCR (Fig. 4-3C). In summary, chronic 

morphine treatment increases miRNA23b expression, thereby inhibiting the polysome-mRNA 

association of MOR1 via interactions with the MOR1 3′-UTR. 

 

Morphine inhibits the translational reporter activity t hrough MOR1 3′-UTR pSVUTR and 

pSVPA plasmids were constructed by inserting the complete MOR1 3′-UTR or only MOR1 poly 

(A) (400bp sequence flanking the poly (A) signal ) into a translational luciferase reporter 

construct, respectively (Wu et al., 2008). N2A-MOR cells were pretreated with morphine (10−8 to 

10−5 M) before transfection. In cells transfected with pSVUTR (with the MOR1 3′-UTR), the 

reporter activity was repressed by morphine in a dose-dependent manner (Fig. 4-4A); however, 

no significant change was observed in cells transfected with pSVPA (without the MOR1 3′-UTR) 
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(Fig. 4-4B). It shows that morphine treatment inhibits the translational reporter expression 

through the MOR1 3′-UTR. 
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Discussion 

Morphine tolerance after chronic treatment includes a series of profound changes. There 

are three phenomena that have been studied extensively: desensitization, which happens when the 

activated receptor is phosphorylated by a G-protein-receptor-coupled kinase and associates with 

β-arrestin that uncouples the receptor-G-protein complex; internalization, which refers to the 

sequestration of the receptor from the membrane to the cytosol via clathrin-coated pits and 

dynamin; and down-regulation, which is shown by a general decrease in receptor numbers 

(Binyaminy et al., 2008). 

For acute treatment, it is generally agreed that morphine does not induce receptor down-

regulation (Castelli et al., 1997). However, there are equivocal reports as to whether chronic 

morphine exposure can result in receptor down-regulation. Binding studies of MOR following 

chronic morphine treatment have shown significant mu-opioid receptor down-regulation in mouse 

(Yoburn et al., 1993), rat (Bhargava and Gulati, 1990), and cells in culture (Zadina et al., 1993). 

The decrease of mu-receptor protein quantity was also observed by western blot in the mouse 

brainstem following chronic morphine administration (Bernstein and Welch, 1998). In contrast, 

some studies failed to show any change in MOR binding site numbers after chronic morphine 

treatment (Hitzemann et al., 1974). Several reports suggested that down-regulation of opioid 

receptors is readily observed after chronic exposure to high-intrinsic-efficacy agonists (e.g. 

etorphine), but not following low-intrinsic-efficacy agonists (e. g., morphine) (Duttaroy and 

Yoburn, 1995; Shen et al., 2000; Whistler et al., 1999; Yabaluri and Medzihradsky, 1997; Zaki et 

al., 2000).  

The down-regulation of MOR can be seen as the sum of increased receptor degradation 

and decreased receptor synthesis (Afify, 2002). It is generally known that MOR mRNA levels do 
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not change following morphine treatment (Brodsky et al., 1995a), indicating no major alteration 

involved at the transcriptional level. However, whether morphine can affect MOR mRNA at the 

post-transcriptional level is still not clear. 

Previously, we identified and cloned the MOR1 3′-UTR and demonstrated its ability to 

suppress the translation efficiency of receptor mRNA. A trans-acting factor, miRNA23b interacts 

with the cis-acting element K Box in the MOR1 3′-UTR, inhibiting the association of MOR1 

mRNA with polysomes, thereby arresting its translation. In this study, we employed the mouse 

neuronal N2A-MOR cell line to determine if through miRNA23b, morphine can affect the 

polysome-mRNA association of MOR1, a critical step in translation control. These cells stably 

express exogenous MOR encoded from a plasmid containing only MOR1 cDNA (i.e., excluding 

the major part of the MOR1 3′-UTR). The cell line produces a homogenous population of MOR 

proteins, and imitates the native receptor in response to opioid agonists at the signal transduction 

level (Chakrabarti et al., 1995).  

Morphine induced a dose-dependent increase of miRNA23b in N2A-MOR cells. A 

prolonged morphine treatment was required for the up-regulation of miRNA23b. This delayed 

response could result from the time it takes to alter the miRNA maturation pathway. In wild-type 

N2A cells, which do not express MOR protein, morphine did not change the expression level of 

miRNA23b, suggesting an indispensable role for MOR. In addition, the upregulation of 

miRNA23b by morphine was confirmed in NMB and SHSY-5Y cells, which endogenously 

express MOR.  

The expression of miRNA23b seems to be under complicated regulation. An opioid 

antagonist, naloxone also increases the miRNA23b levels, but not in a dose-dependent manner 

(Fig. 4-5A), and this effect was also seen in the MOR-negative cell line N2A (Fig. 4-5B). The 
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result suggests that naloxone regulates miRNA23b expression, but likely through pathways other 

than that of the MOR receptor. In N2A-MOR cells pre-treated with naloxone before adding 

morphine, the miRNA23b levels were not significantly different from those seen with morphine 

treatment alone (Fig. 4-5C). This is likely the result of combined effect of naloxone’s  up-

regulating miRNA23b and blocking the MOR receptor. 

miRNAs are small non-coding RNAs that participate in the spatiotemporal regulation of 

mRNA and protein synthesis. Aberrant miRNA expression can lead to developmental 

abnormalities and diseases, but the stimuli and processes regulating miRNA biogenesis are 

largely unknown (Davis et al., 2008).  

The maturation of miRNAs includes multiple-step processes from the transcription of pri-

miRNAs to the association of mature miRNAs with the RISC complex targeting mRNAs (Boyd, 

2008). miRNAs can be regulated exquisitely at each step through their maturation cascade, by 

controlling the transcription of pri-miRNAs, altering the processing of pri- and pre-miRNAs, 

changing the miRNA turnover, or modulating the regulators involved in the biosysthesis of 

miRNAs, etc. (Ding et al., 2008).            

miRNA23b was the first miRNA identified to regulate MOR. It suppresses the 

polysome–mRNA association of MOR1 through its interaction with a K Box in the MOR1 3′-

UTR (Wu et al., 2008). An important feature of this trans-acting element is that it responds to 

morphine treatment and can act as a “messenger” to regulate MOR gene expression at the post-

transcriptional level. Morphine increases the miRNA23b level and leads to a decrease of the 

polysome association of MOR1 mRNA. This effect was only observed in native MOR1 mRNA 

(i.e., those with the MOR1 3′-UTR), but not in HA-MOR1 mRNA (lacking the MOR1 3′-UTR). 

It confirms that the MOR1 3′-UTR with the K Box motif is required for the repression by 
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miRNA23b. In the reporter assay, morphine treatment induced a dose-dependent decrease of 

luciferase activity in the plasmid with the MOR1 3′-UTR (pSVUTR), but not in the one without 

MOR1 3′-UTR (pSVPA). Due to technical difficulties, we couldn’t show the change of MOR 

protein level by western blot. However, using the reporter assay, we confirmed the suppression of 

morphine on the reporter expression which requires the MOR1 3′-UTR. Taken together, our data 

support a post-transcriptional pathway for MOR gene that is induced by morphine through 

increasing miRNA23b expression.  

 When studying the regulation of MOR gene, a long-existing dilemma is that the 

transcription level of MOR does not reflect the agonist activation. The current advance in 

studying the 3′- UTR of MOR has made it possible to inspect its post-transcriptional regulation, 

which has the potential to answer this critical question. i.e. how the treatment by a MOR-agonist 

that induces tolerance regulates the gene expression of the receptor. Our study serves a 

preliminary investigation in such purpose. miRNA23b not only inhibits the MOR translation 

efficiency, but also is up-regulated by chronic morphine treatment. It also comes to our attention 

that miRNA23b appears to be under profound regulation i.e., its level can be affected by agonists 

like morphine as well as antagonists like naloxone. The signaling pathways that regulate miRNAs 

are starting to unfold. It is of great interest to systemically examine the cellular events that 

transduce the morphine-activated signal to the synthesis or functioning of miRNAs. On the other 

hand, it must be noted that the 3′-UTR of MOR1 is absent from all plasmids that encode cloned 

MOR proteins in stably transfected cell lines. Caution should therefore be taken when studying 

the regulation of MOR1 that involves its 3′-UTR in these cell lines.  

As the major molecular target of opiates, understanding the regulation of MOR, 

transcriptionally and post-transcriptionally, is important for unraveling the molecular mechanism 
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of tolerance development. However, a direct link between agonist treatment and MOR gene 

transcription is lacking. From the aspect of post-transcriptional regulation, this report presents 

evidence for a new pathway that transduces membrane receptor signals to regulate the 

intracellular MOR expression in which a novel regulator miRNA is involved. 
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Figure 4-1 
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Figure 4-1. Morphine increases miRNA23b expression. (A) miRNA-enriched RNA was 

extracted from N2A-MOR cells 24 hrs after morphine treatment. Twenty ng RNA were used for 

reverse transcription using miRNA23b and snoRNA234 (control) primers, followed by real-time 

qPCR. The y-axis represents the levels of miRNA23b expression normalized relative to control 

(i.e., without treatment; miRNA23b/snoRNA234); x-axis represents different concentrations of 

morphine (10-8 to 10-5 M). Student t-test was performed by comparing each sample to the control 

sample. The graph shows a single experiment performed in duplicate; the experiment was 

repeated three times with similar results. n=3; *: p < 0.05; **: p < 0.01. (B) miRNA was extracted 

from NMB and SHSY-5Y cells treated with morphine for 24 hrs. Student t-test was performed by 

comparing each sample to the control sample in each cell line. The legends are the same as in (A). 

n=3; *: p < 0.05; **: p < 0.01. (C) miRNA was extracted from N2A-MOR cells treated with 10−6 

M morphine for different lengths of time. X-axis represents the different time points (1 to 24 hrs). 

Student t-test was performed by comparing each sample to the control (0 hr treatment). n=3; **: p 

< 0.01. (D) miRNA was extracted from N2A cells 24 hrs after morphine treatment.  The legends 

are the same as in (A); n=3. (E) miRNA was extracted from N2A cells treated with 10−6 M 

morphine for different lengths of time. The legends are the same as in (C). n=3.  
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Figure 4-2 
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Figure 4-2. MOR1 and HA-MOR1 RNAs in N2A-MOR cells. (A) Structure of MOR1 and 

HA-MOR1 RNAs and the positions of RT-PCR primers. Left panel: MOR1 cDNA (gray box), 

MOR1 3′-UTR (large blank box), sequence in pRc/CMV plasmid downstream from the MOR1 

cDNA (large striped box); K Box (small striped box); 30-bp MOR1 3′-UTR that is included in 

both mRNAs (small blank box). The arrows represent the approximate positions for the sense and 

antisense RT-PCR primers. Right panel: N2A-MOR cells were treated with 200 nM sodium 

butyric acid (SBA) for 24 hrs, 1 µg RNA was amplified by RT-PCR using MOR1 (left lane) or 

HA-MOR1 (right lane) primers. (B) N2A-MOR cells were treated with 200 nM SBA for 24 hrs. 

RNA was extracted and 1 µg RNA (or 500 ng for β-actin) was analyzed by one-step RT-PCR. 

Lane 1, control (mock treatment); lane 2, treated with 200 nM SBA. The graph shows the 

intensity of MOR1 or HA-MOR1 signals normalized to that of β-actin; data are expressed relative 

to the intensity of the control sample (lane 1). The experiments were repeated three times; the 

Student t-test was performed by comparing each sample to the control sample. n=3; **: p < 0.01. 

(C) Anti-23b primer (0, 0.65, 2, or 6 nM) was transfected into N2A-MOR cells and miRNA-

enriched RNA was extracted 24 hrs later. Twenty ng RNA were used for reverse transcription 

using miRNA23b and snoRNA234 primers, followed by real-time qPCR. The graph shows the 

miRNA23b levels, normalized to snoRNA234 from a single experiment performed in duplicate. 

The experiment was repeated three times with similar results. Student t-test was performed by 

comparing each sample to the control sample (0.00 nM anti-23b). n=3; **: p < 0.01; ***: p < 

0.001. 
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Figure 4-3 
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Figure 4-3. Morphine inhibits the polysome association of MOR1 mRNA through the 

interaction between miRNA23b and MOR1 3′-UTR. (A) N2A-MOR cells were pre-treated 

with 200 nM SBA for 4 hrs before transfection with 2 nM anti-miR negative control primer 

( lanes 1 and 4) or 2 nM anti-23b primer (lanes 2 and 3). At the transfection, experimental and 

control cells were treated with 10−6 M morphine (lanes 3 and 4). Twenty-four hours after 

transfection, RNA was extracted and 1 µg (or 500 ng for β-actin) RNA was analyzed by one-step 

RT-PCR using primers specific for MOR1, HA-MOR1, and β-actin. The graph shows the 

intensity of the MOR1 and HA-MOR1 signals normalized to that of β-actin; data are expressed 

relative to the intensity of control sample (lane 1). Each experiment was repeated three times. 

Student t-test was performed by comparing each sample to the control sample; n=3. (B) N2A-

MOR cells were prepared as described in (A). Twenty-four hours after transfection, polysomal 

mRNA was extracted and 2 µg polysomal mRNA (or 500 ng for β-actin) was analyzed by one-

step RT-PCR. The legends are the same as in (B). Each experiment was repeated three times;  

n=3; *: p < 0.05. (C) One µg of polysomal mRNA (or 500 ng for β-actin) was analyzed by real-

time qRT-PCR. The graph shows the MOR1 and HA-MOR1 polysomal mRNA levels normalized 

to that of β-actin; data are expressed relative to the expression of control sample (i.e., w/o anti-

23b transfection or morphine treatment). The experiment was repeated three times; Student t-test 

was performed by comparing each sample to the control; n=3; *: p < 0.05. 
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Figure 4-4 
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Figure 4-4. Morphine suppresses reporter activity through MOR1 3′-UTR. (A) pSVUTR 

reporter assay. Luciferase coding region (blank box); MOR1 poly (A) signal (gray box); MOR1 

3′-UTR (broken line). N2A-MOR cells were treated with morphine (10-8 to 10-5 M) 3 hrs before 

transfected with 500 ng pSVUTR plasmid; 2 ng pCMV-Rluc was cotransfected for normalization. 

The morphine concentration is plotted against the normalized luciferase activity of reporter 

constructs (firefly luciferase /Renilla luciferase) relative to control. The graph shows a single 

experiment performed in duplicate. The experiment was repeated three times with similar results. 

Student t-test was performed by comparing each sample to the control. n=3; *: p < 0.05. (B) 

pSVPA reporter assay. Legends are the same as in (A), except for 200 ng pSVPA used in the 

transfection. The experiment was repeated three times with similar results. Student t-test was 

performed by comparing each sample to the control; n=3. 
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Figure 4-5 
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Figure 4-5.  Naloxone treatment increases miRNA23b expression independent of mu-opioid 

receptor. (A) miRNA-enriched RNA was extracted from N2A-MOR cells 24 hrs after naloxone 

treatment. Twenty ng RNA were used for reverse transcription using miRNA23b and 

snoRNA234 RNA primers, followed by real-time qPCR. The x-axis represents the naloxone 

concentration (10-7 to 10-5 M), y-axis represents the normalized expression levels of miRNA23b 

(miRNA23b/snoRNA234), relative to control (without treatment). The graph shows a single 

experiment performed in duplicate; the experiment was repeated three times with similar results. 

Student t-test was conducted by comparing each sample to the control. n=3, *: p<0.05. (B) 

miRNA was extracted from N2A cells 24 hrs after treated with naloxone. The legends are the 

same as in (A). n=3, *: p<0.05. (C) N2A-MOR cells were pre-incubated with different 

concentrations of naloxone (10-7 to 10-5 M) for one hour. 10-6 M morphine was then added and 

miRNA was extracted 24 hrs later. Y-axis represents the normalized expression levels of 

miRNA23b (miRNA23b/snoRNA234), relative to control (w/o morphine or naloxone treatment, 

not shown in the graph). Student t-test was conducted by comparing each sample to the one with 

only morphine treatment (the first sample); n=3.  
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Chapter V 

Conclusions and Questions to be Answered 
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The cloning of µ-, δ-, κ-opioid receptors in the early 1990s has allowed the genetic 

regulation of each receptor to be studied. Among three opioid receptors, µ-opioid receptor (MOR) 

mediates most of the pharmacological effects of opioids, therefore understanding the regulation 

of the mu-opioid receptor is central to unraveling the molecular mechanisms that underlie 

tolerance, addiction, etc. .  

Opioid receptor function appears to be dependent on receptor concentration at the cell 

surface. In addition to covalent modification, such as phosphorylation, the receptor density is 

controlled by  the expression level of opioid receptor genes (Law and Loh, 1999). A gene can be 

modulated both transcriptionally and post-transcriptionally. This study focused on elucidating the 

post-transcriptional regulation of MOR mediated by its 3′-UTR.  

We chose to study the mouse µ-opioid receptor gene which has long been a classical 

model for opioid research. To focus our effort and to avoid the complexity of MOR splice 

variants, we used a high-stringency northern blot to detect its major transcript, i.e. MOR1, which 

includes four exons separated by three introns and encodes the functional MOR receptor protein. 

The mature mRNA isolated from mouse brain was used in the northern blot to ensure the 

detection of natural MOR transcript and avoid the artificial splice variants observed in the cell 

lines.  

The aim was to identify mature MOR transcripts, including their contiguous MOR1 3′-

UTR. Using three probes that bind to exon 1, exon 3, and 3′-UTR, respectively, only the 

transcript detected by all three probes produces mature MOR1 protein and was selected for 

subsequent study. A single band of 11.5kb was detected in all three blots, which is also consistent 

with results from other groups (Pan et al., 2000).  
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This result should not be directly compared to the studies that focused on identifying 

novel exons and MOR splice variants. For strategic and technical consideration, a high stringency 

but low sensitivity method, northern blot, was used to identify the transcript. The mRNA species 

revealed by such method is the unambiguous dominant transcript of MOR (MOR-1), but it does 

not rule out the existence of other lower-abundance species. In contrast, other studies used highly 

sensitive methods, such as 3′ RACE combined with nested PCR; therefore were able to reveal the 

lower-abundance species of MOR transcript. 

The poly (A) signal is responsible for binding to the cleavage/polyadenylation complex. 

Like the promoter, it can have relatively independent function to direct the termination events of 

transcription. After sequencing the 3′-end of MOR1 3′-UTR, we found a single MOR1 poly (A) 

signal located at 10153 bp downstream of the stop codon. The 400bp genomic sequence flanking 

the poly (A) signal was cloned into luciferase constructs driven by a MOR or SV40 promoters. 

The MOR1 poly (A) signal showed significantly higher activity than SV40 poly (A) signal. 

Interestingly, this is a promoter-dependent effect; changing to a SV40 promoter totally abolished 

the increase in reporter activity. The connection between MOR promoter and poly (A) signal 

provides evidence in favor of the emerging proposition that despite the traditional perceived 

distance between mRNA “head” and “end”, these two components can be spatially close in the 

transcription machinery. Together with the transcription initiation and cleavage/polyadenylation 

machinery, the transcription of DNA could be synchronized between the 5′-UTR/promoter and 

the poly (A) signal from the very start. In the future, it would be interesting to investigate such 

interaction in detail.  

Cloning of the full-length MOR1 3′-UTR offered a basic tool for the following study. 

When transfected into the mouse neuronal cell lines, NS20Y, the MOR1 3′-UTR manifested a 
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robust repression on reporter activity, compared to the construct that contains only the poly (A) 

signal. This is consistent with the report that the 3′-UTR is repressive because it binds proteins 

that interfere with either the function of the translation initiation complex or the assembly of the 

ribosome (Mazumder et al., 2003). 

A series of direct and indirect assays were performed to determine the mechanism for the 

repression from MOR1 3′UTR. We substituted the MOR promoter with the SV40 promoter; the 

inhibitory effect was preserved, indicating that it is not likely at the transcriptional level. Analysis 

of the cytoplamsic/nuclear RNA ratio showed no difference between the put (with MOR1 3′-

UTR) and papa (without MOR1 3′-UTR), confirming the hypothesis that MOR1 3′-UTR does not 

affect the reporter transcription and also excluded the possibility of a lower transportation 

efficiency of the reporter RNA. 

We chose to measure polysome mRNA levels, as an indicator for the translation 

efficiency. The method takes advantage of the fact that mRNA bound to polysomes 

(polyribosome) is actively being translated status, i.e., more mRNA in the polysome fraction 

corresponds to higher translation efficiency. Because the polysome mRNA is directly separated 

from cells, the in vivo interactions in the translation complex can be retained. The polysome 

mRNA level from pMUTR was significantly lower than that of the pMPA plasmid, confirming 

that the MOR1 3′-UTR represses the translation of reporter mRNA by inhibiting its association 

with polysomes.  

To explore the cis- and trans- interactions in MOR1 3′-UTR, we used software UTRscan 

to predict putative elements. The reason for choosing such approach instead of performing 

sequential deletions is due to the extensive size of MOR1 3′-UTR, which posed major difficulty 
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for narrowing down the location of functional elements. To our surprise, the UTRscan predicted 

two types of elements that bind to miRNAs instead of proteins, i.e., K Box and Brd Box. 

Although miRNAs have been shown to regulate various genes through inhibiting the 

translation or inducing RNA degradation, no study had reported its role in opioid receptors before. 

By mutating the three predicted motifs (two K Box and one Brd Box), we identified the only 

functional motif, K Box 1 (3805-3812 bp downstream of the stop codon). Sequence analysis 

showed that miRNA23b, which is a homolog to miRNA2 and miRNA16 in Drosophila, has the 

complementary “seed” sequence to the K Box. We confirmed its expression in NS20Y cells as 

well as the mouse brain. When miRNA23b was overexpressed in cells, the luciferase activity was 

repressed in the plasmid with MOR1 3′-UTR (pMUTR); mutilation of the K Box diminished the 

effect of miRNA23b, confirming a specific interaction between miRNA23b and K Box. The 

miRNA23b represses the association of reporter mRNA with polysomes, therefore inhibiting the 

translational efficiency of the repoter gene. Evidence on endogenous MOR was obtained in 

NS20Y cells that had a TSA-stimulated high level of transcription, although the translation of the 

MOR gene was still repressed. When miRNA23b was knocked down by an anti-sense primer, its 

inhibitory effect on MOR mRNA was repressed, and a significant increase of MOR protein was 

observed.  

Considering the 10 kb size of MOR1 3′-UTR, the K Box is probably one of the many 

elements whose synergistic effect accounts for the function of 3′-UTR. This hypothesis is also 

supported by the fact that deletion of a 5 kb and 3 kb sequences in the MOR1 3′-UTR partly 

restored the luciferase activity and also the polysome mRNA levels. 

We proved that miRNA23b regulates the MOR gene expression at the post-

transcriptional level. However, whether miRNA23b can respond to morphine treatment became a 
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more intriguing question, as the study on the transcriptional factors of MOR gene had not 

provided a link to the morphine treatment. 

miRNA23b levels showed a dose- and time- dependent increase in cells treated with 

morphine. Subsequent experiments confirmed a “morphine-miRNA23b-MOR translation” 

pathway that requires the MOR receptor and MOR1 3′-UTR. Details still await further 

investigation. This provides the exciting new evidence indicating that the MOR gene expression 

can be actively regulated by agonist treatment, which points to a feedback loop from the trigger 

of tolerance (chronic agonist treatment) to one of consequences of tolerance (receptor 

downregulation). The MOR receptor downregulation had been traditionally perceived to be 

mediated only at protein level i.e., increased receptor degradation. One study showed indirect 

evidence that the downregulation is the sum of accelerated degradation and repressed receptor 

synthesis (Afify, 2002). Our results suggest a new type of regulator that has the potential to act as 

an intermediate in tolerance development: transducing the molecular signals between the 

membrane receptor and intracellular receptor gene regulation (Fig. 5-1). 

Generally speaking, future studies on the post-transcriptional regulation of MOR gene 

can be interesting in the following aspects. First, the MOR1 3′-UTR spans more than 10 kb, 

which can harbor more cis-acting elements like miRNA23b (Fig. 5-2). The advance in the 

miRNA prediction technology has enabled an improved analysis on the MOR1 3′-UTR 

(regRNA.com). In addition to miRNA23b,  24 more miRNAs are predicted to bind to the MOR1 

3′-UTR (Table 5-1). As for other types of cis-acting elements, a report showed more than 40 

putative ARE (AU rich element) sites in the human MOR1 3′-UTR (Ide et al., 2005). The 

prediction of AREs in the mouse MOR1 3′-UTR is shown in Table 5-2 (Han et al., 2004) . 

Understanding the function and mechanism of these individual elements would help put together 
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a comprehensive picture of the MOR1 3′-UTR and its post-transcriptional regulation. Second, the 

function and mechanisms of miRNAs have been appreciated in more and more genes.  However, 

the investigation on how these “regulators” are regulated is still in an early stage. The highly-

regulated miRNA maturation pathway has posed major difficulties but also brought intriguing 

perspectives to the miRNA study. It would be interesting to discover the signaling cascade that 

transduces the signal from MOR receptor to the synthesis or functioning of miRNAs and how this 

subsequently affects the MOR expression. This pathway can be part of the molecular mechanisms 

for opioid tolerance. A comprehensive miRNA array can be helpful in this regard. Third, this 

study serves as an exploratory effort for studying the post-transcriptional regulation of MOR. The 

post-transcriptional regulation refers to various events after a gene is transcribed, such as mRNA 

processing, nucleo-cytoplasmic export, mRNA localization, mRNA stabilization and translational 

regulation (Audic and Hartley, 2004). The cloning of full-length MOR1 3′-UTR provides a 

necessary tool to conduct investigation on these events, in addition to the translation.   

 

As the major drug target for opioid analgesics, the control of µ-opioid receptor 

expression is pivotal to understanding the pharmacological effects of opioids at the molecular 

level. The identification of MOR1 3′-UTR and the finding of a “morphine-miRNA23b-MOR 

translation” pathway shed light on the importance of its post-transcriptional regulation. Unfolding 

of the story could open a new field for the gene regulation study of µ-opioid receptor, and bring 

novel perspectives to the understanding of molecular mechanisms of opioid tolerance.   
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Figure 5-1 

 

 

 

 

 

 

 



121 

 

Figure 5-1. Working model of the miRNA23b-mediated translational repression of MOR1 

mRNA. The chronic treatment of morphine activates the µ-opioid receptor on the cell membrane 

and transduces the signal into cytoplasm or nucleus. Through unknown mechanism, the 

miRNA23b is upregulated. miRNA23b, together with the RISC (RNA-induced Silencing 

Complex) binds to the K Box in the MOR1 3′-UTR and inhibits the translation of MOR mRNA. 

Objects are for demonstration and not in ratio. Dashed lines indicate unknown pathways. 
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Figure 5-2 
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Figure 5-2. Putative cis-acting elements in the MOR1 3′-UTR. Blank square: K Box1; filled 

rectangle: ARE (AU-rich element); blank rectangle: miRNA; *: confirmed element. The 

depiction of ARE and miRNA is for illustration only. The detailed information on ARE and 

miRNA are described in Table 5-1 and 5-2. 
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Table 5-1. Putative miRNAs that bind to the MOR1 3′-UTR 

 

miRNA ID Location ( bp distance from the stop codon) 

134 434-459 

140 271-297 

141 8987-9012 

149 5398-5422 

          17-3p 637-656 

          181-a 5626-5648 

          181-c 5626-5648 

184 5861-5882 

185 9121-9138 

          200-a 8989-9012 

224 6538-6560 

  24 2985-3009 

296 3686-3708 

298 9647-9669 

329 3807-3828 

331 4112-4135, 535-556 

345 9295-9325 

34c 9479-9500 

370 4721-4742 

483 1259-1288 

486 5369-5391 

503 6108-6131 

540 423-445 

546 755-772 
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Table 5-2. Putative AREs (AU-rich element) in the MOR1 3′-UTR 

 

ARE core sequence Location (bp distance from the stop codon) 

AUUUA 600, 1038, 1487, 1698, 2081, 3945, 4177, 

4360, 4508, 4847, 5694, 5979, 6345, 6386, 

6819, 6877, 6932, 8341, 8493, 8613, 8779, 

8879, 10143 
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