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Regulation of Opioid Tolerance by let-7 Family MicroRNA
Targeting the w Opioid Receptor
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MicroRNA has emerged as a critical regulator of neuronal functions. This study aimed to test whether let-7 microRNAs can regulate the
p opioid receptor (MOR) and opioid tolerance. Employing bioinformatics, we identified a let-7 binding site in the 3’ -untranslated region
(UTR) of MOR mRNA, which was experimentally confirmed as a direct target of let-7. The repressive regulation of MOR by let-7 was
revealed using a LNA-let-7 inhibitor to knockdown let-7 in SH-SY5Y cells. Conversely, morphine significantly upregulated let-7 expres-
sion in SH-SY5Y cells and in a mouse model of opioid tolerance. The LNA-let-7 inhibitor decreased brain let-7 levels and partially
attenuated opioid antinociceptive tolerance in mice. Although chronic morphine treatment did not change overall MOR transcript,
polysome-associated mRNA declined in a let-7-dependent manner. let-7 was identified as a mediator translocating and sequestering
MOR mRNA to P-bodies, leading to translation repression. These results suggest that let-7 plays an integral role in opioid tolerance.

Introduction

Opioid drugs, such as morphine, are a class of powerful analgesics
that are used for treating many forms of acute and chronic pain.
However, their chronic use has been limited by undesirable ef-
fects such as drug tolerance, opioid-induced pain, and opioid
dependence. The cellular mechanisms underlying the develop-
ment of opioid tolerance are not entirely understood. The w opi-
oid receptor (MOR) is the primary receptor responsible for
opioids’ analgesia and antinociceptive tolerance (Matthes et al.,
1996). The long 3'-untranslated region (3’-UTR) of MOR
mRNA (Ide et al., 2005; Han et al., 2006) is of great interest since this
region may contain elements for the posttranscriptional regulation
of receptor expression, such as altering the stability of mRNA, influ-
encing translational efficiency and controlling mRNA transport. In-
deed, it was reported that human MOR expression was increased
after a 712 bp sequence, immediately downstream of the stop codon,
was removed (Zollner et al., 2000).

MicroRNAs (miRNAs) are small noncoding RNA molecules
that exert their functions through base-pairing with partially
complementary sequences in the 3'-UTR of target mRNAs, re-
sulting in decreased polypeptide formation from those mRNAs.
Since the discovery of the first miRNA, lin-4 in Caenorhabditis
elegans, hundreds of miRNAs have been identified from humans
to viruses, which have provided a crucial and pervasive layer of
posttranscriptional gene regulation (Ambros, 2004). The ner-
vous system is a rich source of miRNA expression, with a diversity
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of miRNA functions in fundamental neurobiological processes
including neuronal development, plasticity, metabolism and ap-
optosis (Kosik, 2006). Activity-induced protein synthesis is crit-
ical for long-lasting synaptic plasticity and is subject to tight
controls. In this study, we tested the hypothesis that let-7 family
miRNAs contribute to the development of morphine tolerance.

Materials and Methods

Constructs, transfection, and luciferase assay. The 3'-UTR of MOR mRNA
was amplified from a pcDNALI clone of the human u opiate receptor
cDNA (L25119) (Wang et al., 1994) with the following pair of primers:
forward primer: 5'-TAGGCGATCGCTCGAGCTGCTCCGTTGCCCT-
AA-3" and reverse primer 5'-TTGCGGCCAGCGGCCGCACAAACCA-
CTGAAAGCCTAA-3'. The 753 bp fragment was then cloned into the
psiCHECK-2 vector (Promega) immediately downstream of the Renilla
luciferase reporter gene using the In-Fusion Advantage PCR cloning
method (Clontech). The mutated 3'-UTR of MOR mRNA, in which
the sequence complementary to let-7 seed sequence (5'-CTACCTC-
3') was truncated, was generated by delete mutation using the
QuikChange Lightning Site-Directed mutagenesis method (Strat-
agene). The sequences of the psiCHECK/MORIUTR and the psi-
CHECK/MORI1UTRmut were verified by direct sequencing. For the
reporter gene assay, HEK293 cells were seeded in 96-well plates 24 h
before transfection and transiently transfected with the psiCHECK/
MORIUTR and psiCHECK/MOR1UTRmut constructs with or without ei-
ther the LNA-let-7 inhibitor or scrambled control using Lipofectamine 2000
(Invitrogen). After 48 h, cells were lysed to determine the Renilla and firefly
luciferase activity according to the manufacturer’s instructions (Promega).
The Renilla luciferase activity was normalized to the activity of the intraplas-
mid transfection control firefly luciferase. All experiments were performed
in triplicates.

Quantitative real-time PCR. Total RNA was extracted using the TRIzol
reagent (Invitrogen). The mirVana miRNA Isolation Kit (Ambion) was
used to isolate RNA fractions enriched for the small RNA species. The
enriched RNA (15 ng) and mirVana quantitative real-time PCR primer
sets (Applied Biosystems) specific for each miRNA (let-7a, let-7c, or
let-7g) or for the internal control U6 snRNA were used to determine the
expression of each miRNA by real-time PCR (7900HT Fast Real-Time
PCR System, Applied Biosystems).
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Western blot analysis. Western blot analysis A
was performed as previously described (Tang

et al., 2006) using the anti-u opioid receptor hsa-let-7a:
antibody (1:1000; Neuromics). The expression hsa-let-7b:
of B-actin was similarly determined from the hsa-let-7c:
same blots using a monoclonal antibody hsa-let-7d:
(1:10,000; Sigma). . . hsa-let-Te:
Animals and behavioral testing. Male ICR .
. . . hsa-let-7f:
mice (20-25 g, Harlan Industries) were used in hsal ]
this study. Tolerance to opioids was induced by 52 et-7g.
implanting (subcutaneously) morphine pellets hsa-let-7i:
[1X 75 mg of morphine base/pellet/mouse; hsa-miR-98:

control mice received placebo pellets (National
Institute on Drug Abuse, Bethesda, MD)]
(Tang et al., 2006). Morphine tolerance was
determined by measuring basal nociception
and morphine antinociception using cumula- B
tive test doses of morphine (1-10 mg/kg) in a
52°C tail-immersion test (Tang etal., 2006). All
experimental procedures were performed in
accordance with the National Institutes of
Health guidelines after approval by the Animal
Care Committee of the University of Illinois at
Chicago.

In situ hybridization and immunofluoresence.
In situ hybridizations for let-7 or MOR mRNA ¥
were performed using fluorescein- or Texas
red-labeled LNA probes complementary to all
members of let-7 or MOR coding region,
respectively. let-7 probe: 5'-AACTATGCAAC-
CTACTACCTCA-3"; MOR probe: 5 -ATG- C 1.5+
AACATTACGGGCAGACCA-3'. Hybridizations
were performed as described previously (Pillai
et al., 2005; Obernosterer et al., 2007). For im-
munofluorescence analysis, the antibody for
hDcpla (Santa Cruz Biotechnology) and MOR
were used at 1:500 and 1:5000 dilutions, re-
spectively. Secondary anti-goat and anti-
mouse antibodies labeled with Alexa 488 and
Alexa 594 fluorochromes (Invitrogen), respec-
tively, were used at 1:500 dilutions.

Polysome analysis. The polysomal RNA was
isolated as described previously (Mukho-
padhyay etal., 2003). The primer sequences for

0.5+

Renilla luciferase activity
(normalized by Firefly luciferase)

Hsa OPRMI1 3'-UTR (position 399-405) 3 U
Mmu OPRMI1 3°-UTR (position 402408y 3> U

Promoter Renilla luciferase

— I { ]
B

5*  ...AGUAACACAUAAAGUAAAUGCUACCUCUGAUCAA... 3
...AGUAACACAUAAAGUAAAUG--------- UGAUCAA... 3

P<0.05

He et al. ® miR in Opioid Tolerance

5 UGAGGUAGUAGGUUGUAUAGUU 3’
5> UGAGGUAGUAGGUUGUGUGGUU 3’
5’ UGAGGUAGUAGGUUGUAUGGUU 3’
5> AGAGGUAGUAGGUUGCAUAGUU 3’
5 UGAGGUAGGAGGUUGUAUAGUU 3’
5 UGAGGUAGUAGAUUGUAUAGUU 3’
5> UGAGGUAGUAGUUUGUACAGUU 3’
5 UGAGGUAGUAGUUUGUGCUGUU 3’
5> UGAGGUAGUAAGUUGUAUUGUU 3’
LT

"GUAAAUGAAAUACA ¥

GAAAAGGAAAUACG ¥

MORI1 3’-UTR Poly(A) Promoter Firefly luciferase

{ I

Poly(A)

399 405
psiCHECK/MORI1 3’-UTR
psiCHECK/MOR1 3’-UTRmut

3’ UUGAUAUGUUGGAUGAUGGAGU 5’ Hsa-let-7a

5" AACT ATGCAACC TACTACCTCA3’ LNA-let-7 inhibitor

5> AACA TTGCACAC TACATCT CCA 3’ scrambled LNA control
. 3'-UTR

— 3'-UTR mut

_ l T wkk l

reverse transcriptase PCR (RT-PCR) were as 0.0-
follows, MOR forward: 5'-CTCTTCAGC- °
CATTGGTCTT-3"; MOR reverse: 5'-CCAT- <
CCTGGTGATCCTTC-3'. B-actin forward:
5'-CACCAACTGGGACGACAT-3'; B-actin
reverse: 5'-CATACTCCTGCTTGCTGATC-3'".

Data analysis and statistics. All data are ex-
pressed as mean = SEM. The statistical com-
parisons were analyzed by ANOVA followed by
Dunnett’s ¢ test (multiple groups) or Student’s
t test (two groups).

Figure1.

Results

Predicted interaction of let-7 miRNAs
with 3’-UTR of MOR mRNA

We first performed bioinformatic analyses
to identify potential miRNAs that may in-
teract with MOR. Three different algorithms and databases were
used to predict putative miRNAs that can target the 3’-UTR regions
of the human (Ide et al., 2005) and mouse (Han et al., 2006) MOR
genes: PicTar (http://pictar.mdc-berlin.de/); TargetScan 5.0 (http://
www.targetscan. org/); and miRanda (http://www.microrna.org/
microrna/getGeneForm.do). The predicted miRNAs were
ranked according to the number of putative target sites and sum

Interaction of let-7 with the 3'-UTR of the MOR. 4, Sequence alignment of the let-7 family miRNAs and the predicted
sequence pairing witharegion of MOR mRNA 3’-UTR. The nucleotides in red are the positions that are identical among all members
of the let-7 family. The predicted MOR mRNA 3’-UTR sequences that may interact with let-7 seed match are in green (bold). B, A
schematic plot of the luciferase constructs. Solid bar indicates the location of the putative let-7 binding site within the 3"-UTR of
MOR mRNA. The LNA-let-7 inhibitor and scrambled-LNA control are shown below the let-7a alignment with the position of LNA
nucleotides underlinedin bold. C, Luciferase reporter assays were performed in HEK293 cells transfected with the reporter plasmids
psiCHECK/MORTUTR or psiCHECK/MOR1UTRmut together with the LNA-let-7 inhibitor (0, 1,5, 25 pmol) or scrambled-LNA control
(25 pmol). The Renilla luciferase activity was normalized to the internal control firefly luciferase activity. *p << 0.05, ***p < 0.001
vs the 3-UTR control (n = 3).

of alignment scores determined by both seed match type and seed
match context. (See supplemental Table S1, available at www.
jneurosci.org as supplemental material, for a list of miRNAs with
top scores.) Comparing the putative miRNAs generated from
these programs, we found that the let-7 family of miRNAs con-
sistently scored the highest on every list. In the human and
mouse, the let-7 miRNA family consists of nine distinct, mature
22-nucleotide sequences that differ only at one to four positions
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from the canonical let-7a. An exact match to the seed sequence of
let-7 (positions 2—8, Fig. 1A) was found in MOR 3'-UTR 399—
405bp (human) or 402—408 bp (mouse) downstream from the
stop codon of MORI, the most abundant transcript for MOR
(Ide et al., 2005; Han et al., 2006).

Functional targeting of the predicated 3'-UTR of MOR mRNA
by let-7

To validate the in silico prediction that members of the let-7
miRNA family can interact with the 3'-UTR of MOR mRNA at
the predicted positions, a 753 bp human MOR 3'-UTR DNA
fragment containing the putative let-7 interaction sequence
was constructed and subcloned into the psiCHECK-2 vector
(psiCHECK/MORIUTR). A deletion mutant of this 3'-UTR
fragment lacking the putative let-7 sequences (Fig. 1B) was
also constructed (psiCHECK/MOR1UTRmut). These con-
structs were transiently transfected into the HEK293 cells that
endogenously express let-7 miRNAs. Transfection efficacy was
normalized by the internal control firefly luciferase activity on
psiCHECK-2, which is not affected by the subcloned sequences.
The Renilla luciferase activity in the psiCHECK/MORIUTR-
transfected HEK293 cells was only 60% of those transfected with
psiCHECK/MOR1UTRmut ( p < 0.05, Fig. 1C). These data sug-
gested that psiCHECK/MORIUTR contained a repressor se-
quence that was not present in psiCHECK/MOR1UTRmut.

If indeed the difference was due to the interaction with let-7
miRNAg, it is expected that inhibiting endogenous let-7 activity
in HEK293 cells would restore the Renilla luciferase activity. To
inhibit let-7, we applied antisense oligodeoxynucleotides to
knock down the expression (Fig. 1B). This LNA-let-7 inhibitor
contains eight locked nucleic acid (LNA) nucleotides at positions
shared by all nine members of the let-7 family (Boyerinas et al.,
2008). For the negative control, scrambled oligodeoxynucleoti-
des were designed to have the same nucleotide content including
LNA nucleotides (Fig. 1 B) (Wahlestedt et al., 2000). The LNA-
let-7 inhibitor (1, 5, or 25 pmol) or scrambled control (25 pmol)
was cotransfected into the HEK239 cells together with the
psiCHECK/MORIUTR or the psiCHECK/MOR1UTRmut.
The LNA-let-7 inhibitor increased the reporter gene activity in
a dose-dependent manner. Cotransfection with 25 pmol of
LNA-let-7 inhibitor completely restored the luciferase gene
repression by psiCHECK/MORIUTR. In contrast, the LNA-
let-7 inhibitor did not change the luciferase signal when cotrans-
fected with the psiCHECK/MORIUTRmut that lacks the let-7
binding sequence (Fig. 1C). The scrambled control did not alter
the reporter gene activity. These data are in agreement with the
hypothesis that let-7 can bind to the putative sequence on the
3’-UTR of MOR mRNA.

Identifying MOR as a direct target of let-7 in SH-SY5Y cells

To determine the functional relevance of the interaction between
let-7 and the MOR mRNA 3’-UTR sequence, we tested whether
the inhibition of let-7 by the LNA-let-7 inhibitor could increase
MOR expression in human neuroblastoma SH-SY5Y cells that
endogenously express the receptor (Yu and Sadée, 1988). MOR
expression was determined by Western blotting. When SH-SY5Y
cells were transfected with increasing amounts of the LNA-let-7
inhibitor, MOR expression was upregulated in an antisense dose-
dependent fashion (Fig. 2). Transfection of the scrambled control
(250 pmol) did not alter receptor expression. Since knocking
down let-7 increased the MOR expression, these data suggest that
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Figure 2.  Constitutive repression of MOR expression by let-7 miRNAs in SH-SY5Y cells. SH-

SY5Y cells were transfected with the LNA-let-7 inhibitor (0, 2, 10, 50, 250 pmol) or scrambled-
LNA control (250 pmol). Cells were lysed for Western blot analysis 48 h later. The anti-MOR
antibody did not detect 65 kDa MOR bands in the null deletion mice (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material). Histogram graph was constructed
from the representative figure shown and two other experiments. ***p < 0.001 vs the control.

not only is MOR a target of let-7 but the endogenous expression
of MOR is under constitutive suppression by let-7.

Upregulation of let-7 and downregulation of MOR by chronic
treatment with morphine in SH-SY5Y cells
Since prolonged exposure to morphine is known to induce cellu-
lar tolerance to opioids in SH-SY5Y cells that endogenously ex-
press MOR and let-7 (Yu and Sadée, 1988), we next determined
whether let-7 expression can be regulated by morphine in these
cells. The genomic organization of the let-7 family is highly con-
served and clustered into several patterns (Roush and Slack,
2008); we chose let-7a, let-7¢, and let-7g as representative mem-
bers of the family. Cells were treated with morphine (1 um for 24,
or 48 h) to induce cellular tolerance before they were harvested
for quantitative real-time PCR analysis of the expression of let-7a,
¢, and g. As shown in Figure 3, the expression of all three let-7
miRNAs was significantly increased by chronic treatment with
morphine in SH-SY5Y cells (p < 0.05). It is also known that
retinoic acid promotes neuronal differentiation and increases
MOR expression, as well as the magnitude of cellular tolerance to
morphine in SH-SY5Y cells (Yu and Sadée, 1988). After pretreat-
ment with retinoic acid (5 uM, for 6 d), chronic morphine in-
duced a similar, but greater, upregulation of let-7a, ¢, and g
expression in SH-SY5Y cells. This suggests that retinoic acid po-
tentiated the effect of morphine in the upregulation of let-7. In
contrast, the brain-specific miR-134 was not regulated by mor-
phine (Fig. 3D). These data strongly indicate that let-7 is regu-
lated by morphine during the development of cellular opioid
tolerance in SH-SY5Y cells.

In these studies, MOR expression was also determined in SH-
SY5Y cells after treatment with morphine for 24 or 48 h. The
expression of MOR was significantly reduced after 24 h treatment
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Figure3. Increased let-7 expression and decreased MOR expression in SH-SY5Y cells during the development of opioid tolerance. SH-SY5Y cells with or without retinoic acid (RA) pretreatment
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(5 pm, 6 d) were incubated with morphine (1 um, 24— 48 h) to induce a tolerant state. The transcripts of let-7a (A), let-7c (B), and let-7g (€), but not miR-134 (D), were increased as determined by
the real time RT-PCR. MOR expression was decreased as measured by Western blot analysis (E, F). *p << 0.05,**p << 0.01, ***p << 0.001 compared with 0 h without RA; *p << 0.01, **p < 0.001

compared with 0 h with RA (n = 3).

with morphine and even more after 48 h
as determined by Western blot analysis 15
(Fig. 3 E, F). Therefore, let-7 and MOR ex-
pression is inversely regulated by mor-
phine during the development of opioid
tolerance in SH-SY5Y cells.

>

Let-7a/U6

Upregulation of let-7 by chronic
treatment with morphine in mice D

To determine the in vivo relevance of let-7 08
regulation by morphine during the develop-
ment of opioid tolerance, we examined the
expression of let-7 miRNAs in a mouse
model of opioid tolerance (Tang et al.,
2006). Brain expression of let-7 increased
gradually over time after morphine treat-
ment (1X 75 mg of morphine/pellet/
mouse, s.c.) (Fig. 4A—C), correlating with
the development of antinociceptive toler-
ance to morphine (Fig. 4E). Significant
upregulation was observed on day 3 ( p <
0.05). On day 5, when tolerance was fully
developed, the expression of let-7a, ¢, and g increased by 4.0-,
4.5-, and 4.7-fold, respectively ( p < 0.001 compared with day 0).
Moreover, upregulation of let-7 occurred in MOR-expressing
cells (78/85) in the mouse, but not in MOR-negative cells (0/65),
as determined by in situ hybridization (Fig. 5). As in SH-SY5Y
cells, miR-134 was not regulated by morphine in mice (Fig. 4 D).
These data collectively demonstrated a temporal correlation be-
tween let-7 upregulation and the development of opioid toler-
ance. It is plausible that chronic morphine exposure may increase
the expression of let-7 which, in turn, downregulates MOR ex-
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Days after morphine implantion

Increased let-7 expression in the mouse brain during the development of opioid tolerance. Mice were implanted with
morphine pellets toinduce opioid tolerance. On day 0, 1, 3and 5, brain let-7a (4), let-7¢ (B), let-7g (€), and miR-134 (D) transcripts
were analyzed by quantitative RT-PCR. The development of opioid tolerance was confirmed by following significantly reduced
morphine-antinociception in a tail-flick assay (E). *p << 0.05, ***p << 0.001 vs day 0 group (n = 5).

pression, contributing to the behavioral manifestation of opioid
tolerance.

Reversal of opioid tolerance by knocking down of let-7
expression in mice

The data so far have convincingly demonstrated a consistent cor-
relation of let-7 upregulation with the development of opioid
tolerance in both cellular and rodent models. To further examine
a causative role of let-7 in leading to opioid tolerance beyond the
temporal and dose correlations, we directly targeted let-7 in the
mouse model of opioid tolerance. First, the LNA-let-7 inhibitor
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Figure 5.  Fluorescence in situ hybridization (FISH) of let-7 before and after the treatment with morphine (75 mg/pellet/

mouse). The brain cortex was used for the analysis of let-7 mRNA by FISH. Samples were costained using anti-MOR antibody
(1:5000) to determine the level of let-7 in MOR-expressing cells. The let-7 transcript was increased after morphine treatment.
Moreover, the increase was observed in MOR-expressing cells (arrows indicate representative cells with costaining of MOR and
let-7), but notin MOR-negative cells (only DAPI nuclear staining, but no MOR staining). Fifteen prefrontal cortex slices from 3 mice
were studied for each condition. In the control group, 78 MOR-expressing cells and 60 MOR-negative cells were imaged. In the
morphine group, let-7 upregulation occurred in 78/85 MOR-expressing cells; no cell showed let-7 response in MOR-negative cells
(0/65).
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Figure 6.  Effect of the LNA-let-7 inhibitor on morphine antinociception, morphine antinociceptive tolerance, and let-7 expres-

sion in mice. A, The LNA-let-7 inhibitor potentiated morphine antinociception in naive mice, suggesting constitutive repression of
MOR by let-7. B, The LNA-let-7 inhibitor dose-dependently attenuated morphine antinociceptive tolerance. (~E, Morphine-
induced let-7 upregulation was dose-dependently reduced by the LNA-let-7 inhibitor (0.3—3.0 nmol, twice/day, for 3 d). *p <
0.05, **p < 0.01, ***p < 0.001 vs the control group; *p << 0.05, *p < 0.01, **p < 0.001 vs the morphine group (n = 4).

was tested in naive mice. Treatment with the LNA-let-7 inhibitor
(intracerebroventricularly) for 3 d slightly, but significantly, po-
tentiated morphine antinociception (24% increase of maximum
effect, p < 0.05) (Fig. 6A). These data indicate that there is a
certain degree of constitutive repression of MOR by let-7 in vivo,
which was also present in SH-SY5Y cells (Fig. 2).

Two days after the subcutaneous implantation of morphine
pellets, mice received the LNA-let-7 inhibitor or scrambled con-
trol (intracerebroventricularly, twice a day for 3 consecutive
days). On day 6, opioid tolerance was examined using cumulative
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doses of test morphine (Tang et al., 2006).
There was a significant downward shift of
dose-response curves in mice implanted
with morphine compared with placebo-
pellet-treated mice (Fig. 6 B). In placebo-
pelleted mice, ED5, was 4.3 = 0.5 mg/kg
and the maximum antinociceptive effect
of morphine reached 94%. After a 6 d
treatment with morphine, morphine was
no longer active in the antinociceptive test
and produced 3% maximum possible ef-
fect (MPE), indicative of the development
of antinociceptive tolerance to morphine.
Paralleling the development of tolerance,
the levels of let-7a, ¢, and g were signifi-
cantly increased by 3.1-, 3.3-, and 3.4-
fold, respectively ( p < 0.001, Fig. 6C-E).

In morphine-pelleted mice that also
received the LNA-let-7 inhibitor, how-
ever, the expression of let-7 declined in a
dose-dependent manner, confirming the
expected knocking down of let-7 by the
LNA-let-7 inhibitor in vivo. In these mice,
morphine antinociception was partially re-
stored, producing 60% MPE (EDs, = 8.9 =
1.1 mg/kg), 31% MPE (EDs, = 19 = 1.2
mg/kg), and 23% MPE (EDs, = 32 * 1.3
mg/kg) after treatment with 3.0, 1.0,and 0.3
nmol, respectively, of LNA-let-7 inhibitor.
Therefore, knocking down let-7 expression
partially blocked the development of opioid
tolerance. These data together with the in-
verse correlation between let-7 and MOR
expression suggest that let-7 plays an inte-
gral role in opioid tolerance.

Translation repression of MOR by let-7
MicroRNAs, when bound to 3’-UTR se-
quences, are known to affect target mRNA
stability and/or translation efficiency
(Moss et al., 1997; Wu et al., 2006). We
first determined MOR mRNA levels in
SH-SY5Y cells following morphine treat-
ment (1 uM for 48 h) and found that total
MOR mRNA was not changed (Fig. 7A).
This result was in agreement with previ-
ous reports from different cell lines or
animal models (Brodsky et al., 1995;
Johnson et al., 2006). It is, therefore, un-
likely that let-7 affected MOR mRNA sta-
bility. To investigate whether translation
efficiency was inhibited by let-7, we ana-
lyzed polysome profiles of MOR mRNAs.

In contrast to the level of total mRNA, polysome-bound MOR
transcript was significantly decreased after morphine treatment
(1 uM for 48 h) in SH-SY5Y cells (Fig. 7B). As an indicator of
translation efficiency, reduced polysomal mRNA would suggest
that MOR is repressed at the translation initiation. Furthermore,
reduced polysome-bound MOR mRNA was significantly recov-
ered by the LNA-let-7 inhibitor, indicating that MOR translation
inhibition seen in opioid tolerance was mediated, at least in large
part, by let-7. It has been demonstrated that target mRNA, in
complex with miRNAs in the RISC (RNA-induced silencing
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complex), can be accumulated in the cytoplasmic foci, referred to
as processing bodies (P-bodies), thereby reducing polysome
mRNA (Pillai et al., 2005; Bhattacharyya et al., 2006). To test this
hypothesis, we colabeled MOR mRNA and hDcpla, a P-body
marker. Indeed, MOR transcript was colocalized with hDcpla
after, but not before, the treatment with morphine (Fig. 7C).
Colocalization was abolished by transfecting cells with the LNA-
let-7 inhibitor, indicating that P-body enrichment of MOR
mRNA was let-7 dependent. These data suggest that let-7 regu-
lates MOR expression by suppressing translation initiation, not
by reducing mRNA.

Discussion

The mechanisms underlying the development of opioid toler-
ance are not entirely understood. We proposed here that post-
transcriptional regulation of MOR by miRNAs may be a
molecular mechanism contributing to tolerance. Specifically,
this study examined the role of let-7 miRNAs in cellular and
animal models of opioid tolerance. Inhibiting let-7 expression
was found to increase MOR protein expression in SH-SY5Y
cells and the level of let-7 appeared to be inversely correlated
with that of the receptor. On the other hand, let-7 expression
was regulated by chronic treatment with morphine in SH-SY5Y cells
and in mice that were tolerant to opioids. Moreover, knocking
down let-7 partially attenuated the antinociceptive tolerance
to morphine. These data strongly implicate a repressive role of
let-7 on MOR expression, thus contributing to the develop-
ment of opioid tolerance.

let-7 was the first identified human miRNA. Its family mem-
bers are highly conserved across species in sequence and func-
tion. Known biological functions for let-7 include the regulation
of stem-cell differentiation, neuromuscular development, and cell
proliferation and differentiation (Reinhart et al., 2000; Mansfield et
al., 2004; Roush and Slack, 2008). The findings of our study revealed
anew role of let-7 in modulating opioid tolerance.

Extensive efforts have been made to elucidate the molecular
mechanisms leading to opioid tolerance and drug addiction.
Compared with the abundant studies on the promoter and other
5'-UTR regions of MOR, the research on 3’-UTR of its mRNA is
limited. However, the especially long 3'-UTR of MOR mRNA
suggests that this region may contain physiologically relevant el-
ements for regulating receptor expression by mechanisms such as
miRNA targeting. In the present study, comparative bioinfor-
matics predicted MOR to be a potential target of let-7. We ob-
served a robust change of let-7 expression in opioid tolerance and
the upregulation of let-7 appeared to be linked with the develop-
ment of opioid tolerance. On the other hand, we noticed that the
LNA-let-7 inhibitor did not fully restore the antinociceptive ef-
fect of morphine, even at the highest dose used. At this dose, the
LNA-let-7 inhibitor significantly suppressed let-7 expression to
premorphine control levels. In addition, there was a discrepancy
between let-7 upregulation time course and onset of antinocicep-
tive tolerance. Whereas morphine tolerance was detectable with
24 h after morphine implantation, let-7 mRNA levels were signif-
icantly upregulated 72 h, but not 24 h, after morphine implanta-
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the RISC. The latter recruits and sequesters MOR mRNA to P-hodies that are deprived of translational machinery, effectively reducing polysome-bound MOR mRNA and leading to translation

repression.

tion. These data suggest that the signaling cascade of opioid
tolerance will involve other components in addition to let-7. For
example, let-7 will not participate in regulatory mechanisms at
the gene replication and transcription levels since miRNAs ex-
hibit their actions at the posttranscriptional level. It is even rea-
sonable to speculate that there are other potential miRNAs acting
on the 3’-UTR of MOR mRNA. Recently, another research group
found the involvement of miR-23b in the regulation of mouse
MOR expression (Wu et al., 2008; Wu et al., 2009). In the current
study, we identified let-7 miRNAs as a regulator of human as well
as mouse MOR. Moreover, we demonstrated in vivo relevance of
let-7 miRNAs in the development of opioid tolerance. It is not
known whether miR-23b and let-7 crosstalk during the develop-
ment of opioid tolerance. The LNA-let-7 inhibitor did not inhibit
miR-23b transcript (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). In addition to MOR, it is
also possible that let-7 may target other proteins in opioid toler-
ance. A number of receptors, ion channels, and protein kinases
have been implicated in opioid tolerance, such as the NMDA
receptors, PKC, and CaMKII (Kieffer and Evans, 2002; Wangand
Wang, 2006) which may become potential targets for let-7.
Receptor downregulation as one of mechanisms contributing
to opioid tolerance has been previously proposed (Davis et al.,
1979; Tao et al., 1987; Bhargava and Gulati, 1990; Bernstein and
Welch, 1998; Diaz et al., 2000). Chronic treatment with mor-
phine, similar to the method used in this study, produced a
marked decrease in brain MOR density (Davis et al., 1979;
Tempel et al., 1988). Downregulation of the high-affinity MOR
site in rats has also been reported following continuous infusion
of morphine (intrathecally) (Wong et al., 1996) or etorphine
(subcutaneously) (Tao et al., 1987). Morphine-induced MOR
downregulation was also observed in SH-SY5Y cells, with or
without differentiation (Zadina et al., 1993). We found, in this
study, that let-7 expression was increased by morphine, with or
without retinoic acid pretreatment, in SH-SY5Y cells. Interest-
ingly, the expression of let-7c and g was reduced by retinoic acid
in morphine-untreated cells (Fig. 3, p < 0.01; no significant
change on let-7a). These data would suggest that retinoic acid
may increase MOR expression, at least in part, through the inhi-
bition of certain let-7 expression. In addition to the receptor
downregulation, chronic treatment with morphine has been

shown to significantly reduce MOR signaling in sensory neurons
and certain brainstem nuclei (Sim et al., 1996; Johnson et al.,
2006).

However, MOR downregulation by opioids is not without
controversy. First, MOR mRNA has been reproducibly found not
to be altered by many different opioid agonists, which appeared
to be inconsistent with significant changes in receptor expression.
Our current finding, however, has provided an explanation that
let-7 can reduce MOR translation without affecting mRNA.
Then, there are reports that MOR expression was not altered
(Klee and Streaty, 1974; Hollt et al., 1975; Dum et al., 1979) or even
upregulated (Holaday et al., 1982; Lewis et al., 1984; Rothman et al.,
1986) in the brain by various opioids. Some of the discrepancies
may be caused by different opioids, doses, treatment methods,
different anatomical regions and times sampled, as well as detec-
tion methods used in different studies. It has been suggested that
MOR downregulation is agonist selective and depends on the
agonist’s intrinsic efficacy (Koch and Héllt, 2008). The purity and
selectivity of radiolabeled ligands used in studies are other poten-
tial culprits for conflicting findings. Third, the expectation of a
single mechanism causing opioid tolerance may not be realistic.
Instead, multiple mechanisms are likely involved in opioid toler-
ance. MOR downregulation represents one of many mechanisms
contributing to opioid tolerance. Indeed, knocking down let-7
only partially restored morphine antinociception.

The specific mechanism of MOR regulation by let-7 was
found to be at translation initiation. Based on the experimental
data, we would like to propose the following pathway by which
let-7 reduces MOR expression (Fig. 8). Upon exporting into
the cytosol, mature let-7 is incorporated into RISC that medi-
ates translational inhibition. Recruitment of MOR mRNA to
P-bodies by let-7 effectively reduces the polysome-bound tran-
script. Since P-bodies, where the mRNAs are sequestered or de-
graded by the decapping enzymes and exonucleases, do not
contain the translational machinery, the net outcome of reduced
polysome mRNA and recruitment of mRNA to P-bodies is trans-
lation repression. A similar mechanism on translation repression
has been proposed previously for let-7 in HEK293 and HeLa cells
(Pillai et al., 2005).

To our knowledge, this is the first report on the role of a
specific miRNA in opioid tolerance in vivo. The repressive regu-
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lation of MOR by let-7 represents one element leading to the
development of opioid tolerance. These findings reveal miRNA-
mediated regulation of MOR which provides a novel direction
toward unraveling the complex mechanisms involved in the de-
velopment of opioid tolerance.
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