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ABSTRACT

Heterogeneous nuclear ribonucleoprotein K (hnRNP
K) binds to the promoter region of mu-opioid re-
ceptor (MOR) to regulate its transcriptional activ-
ity. How hnRNP K contributes to the analgesic ef-
fects of morphine, however, is largely unknown. We
provide evidence that morphine increases hnRNP
K protein expression via MOR activation in rat pri-
mary cortical neurons and HEK-293 cells express-
ing MORs, without increasing mRNA levels. Using
the bicistronic reporter assay, we examined whether
morphine-mediated accumulation of hnRNP K re-
sulted from translational control. We identified po-
tential internal ribosome entry site elements located
in the 5′ untranslated regions of hnRNP K tran-
scripts that were regulated by morphine. This find-
ing suggests that internal translation contributes to
the morphine-induced accumulation of hnRNP K pro-
tein in regions of the central nervous system corre-
lated with nociceptive and antinociceptive modula-
tory systems in mice. Finally, we found that down-
regulation of hnRNP K mediated by siRNA attenuated
morphine-induced hyperpolarization of membrane
potential in AtT20 cells. Silencing hnRNP K expres-
sion in the spinal cord increased nociceptive sen-
sitivity in wild-type mice, but not in MOR-knockout
mice. Thus, our findings identify the role of transla-
tional control of hnRNP K in morphine-induced anal-
gesia through activation of MOR.

INTRODUCTION

Opioids are the most effective analgesics used clinically to
alleviate moderate to severe pain (1). Among the opioids,
morphine is a mainstay of modern pain management (2).
Opioid receptors belong to the G protein-coupled receptor
(GPCR) family, have site-specific effects and are expressed
mainly in the central nervous system (CNS) (3). Three sub-
types of opioid receptors exist in the mammalian brain:
the mu, kappa and delta receptors. These receptors mediate
the analgesic effects of opioids via several receptor–effector
mechanisms (4). In the nervous system, opioids and their
analogs bind with opioid receptors, which subsequently ac-
tivate potassium channels and inhibit cyclic adenosine 3′,5′-
phosphate (cAMP) production (5). The mu-opioid recep-
tor (MOR) is crucial to the analgesic and reward-related ef-
fects in vivo because the antinociceptive effect of morphine
is totally abolished in MOR knockout (KO) mice (6). Al-
though morphine is a potent drug widely used for clinical
treatments, the regulation mechanisms and signaling path-
ways that mediate morphine-induced analgesia are not well
concluded.

Heterogeneous nuclear ribonucleoprotein K (hnRNP K)
belongs to the poly(C) binding protein family, contains
three KH (hnRNP K homology) domains, which plays a
critical role in its binding affinity. hnRNP K comprises an
hnRNP K-specific nuclear shuttling domain and nuclear lo-
calization signal sequence that regulates protein transport
from the cytoplasm to the nucleus (7). hnRNP K is a ubiq-
uitous, multi-functional RNA binding protein (RBP) that is
involved in RNA processing, chromatin remodeling, tran-
scription, translation and mRNA turnover (8). As a tran-
scription factor, hnRNP K modulates tumor growth by reg-
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ulating tumor-related proteins, such as the oncogenes c-
myc, c-src and BRCA1 (9–11). Nevertheless, how hnRNP K
functions in the nervous system is still poorly understood.

Translation initiation plays a major role in the regulation
of protein synthesis. Translational control includes two reg-
ulation mechanisms: a cap-dependent process and a cap-
independent mechanism involving ribosome binding to an
internal ribosome entry site (IRES) (12). A previous report
demonstrated that hnRNP K can bind to the promoter re-
gion of mouse MOR (mMOR) and act as an activator to
modulate transcription in neuronal cells (13). Thus, hnRNP
K may play a role of MOR-mediated functions, such as
analgesic effects induced by morphine. In the present study,
we examined the functions of hnRNP K by determining its
protein expression levels in the mouse brain and spinal cord.
We used the human embryonic kidney 293 (HEK-293) cells
constitutively expressing MOR (HEK-MOR) and the tail-
flick test of mice to evaluate the regulatory mechanisms of
hnRNP K that modulate morphine-mediated analgesia.

MATERIALS AND METHODS

Cell culture

HEK-MOR cells (kindly provided by Dr. Ping-Yee Law,
University of Minnesota, USA) were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM,
GIBCO) supplemented with 400 �g/ml G418 (Sigma),
2mM L-glutamine and P/S/F (100 units/ml penicillin, 100
�g/ml streptomycin, 10% fetal bovine serum). Mouse pi-
tuitary AtT-20 cells were cultured in DMEM containing
P/S/F. Mouse neuroblastoma Neuro-2a cells were cultured
in minimum essential media (GIBCO) containing P/S/F.
Rat primary cortical neurons were cultured in Neurobasal-
A medium (GIBCO) supplemented with 2 mM L-glutamine
and P/S/F. The cultures were incubated at 37◦C in a humid-
ified 5% CO2 incubator.

Plasmid constructions, short interfering RNA (siRNA) and
reporter assays

The primers used for polymerase chain reaction (PCR) am-
plification and plasmid constructions were listed in Sup-
plementary Table S1. The bicistronic reporter constructs
containing expression of Renilla luciferase and Firefly lu-
ciferase under the control of the SV-40 promoter with polyA
signal including pRF, phpRF, pRMF and phpRMF were
previously described (14) and were received as a gift from
Professor Anne Willis. To study the potential IRES ele-
ment of hnRNP K, 259 nucleotides variant 1 (or variant
3) and variant 2 (224 nucleotides) of human hnRNP K 5′
untranslated region (UTR) were amplified by PCR from
the complementary DNA (cDNA) of HEK 293 cells. The
mouse hnRNP K 5′ UTR (151 nucleotides) were ampli-
fied from cDNA of neuro-2a cells. The purified PCR prod-
ucts (containing two restriction enzyme sites SpeI and NcoI)
containing different fragments of hnRNP K 5′ UTR were
used to perform TA cloning (Yeastern Biotech Co. Ltd.)
and subcloned from yT&A plasmid into pRF and phpRF
bicistronic reporter vectors to produce pRK1F, pRK2F,
phpRK1F and phpRK2F reporter constructs. The mouse

hnRNP K 5′ UTR was subcloned from yT&A into ph-
pRF bicistronic reporter vectors to produce phpRmKF re-
porter construct. To establish monocistronic reporter as-
say, the PCR products (containing two restriction enzyme
sites HindIII and NcoI) of human hnRNP K were sub-
cloned from yT&A into pGL3 promoter (Promega) plasmid
to produce pGL3PK1 and pGL3PK2 reporter constructs.
To perform biotin pull-down assay, the purified PCR prod-
ucts (containing two restriction enzyme sites SpeI and NcoI)
containing different fragments of human 5′ UTR were
cloned into pGEM-T-Easy plasmid (Promega) to produce
K1-pGEM-T-Easy (contains 259 nucleotides of hnRNPK
5′ UTR), K2-pGEM-T-Easy (contains 224 nucleotides of
hnRNPK 5′ UTR) and nucelolin-pGEM-T-easy (contains
141 nucleotides of hnRNPK 5′ UTR) plasmids. To generate
expression plasmid for hnRNP K, the purified PCR product
containing coding sequence of human hnRNP K was used
to perform TA cloning and then subcloned into pcDNA3-
HA plasmid to produce HA-hnRNP K plasmid.

The siRNA against hnRNP K was purchased from
Ambion (Silencer Pre-designed siRNA) and the sequence
was as follows: sense, 5′ GCGCAUAUUGAGUAUCAGU
3′; antisense, 5′ ACUGAUACUCAAUAUGCGC 3′. The
siRNA of negative control was purchased from Sigma and
the sequence was as follows: sense, 5′ GAUCAUACGUGC-
GAUCAGA 3′; antisense, 5′ UCUGAUCGCACGUAU-
GAUC 3′.

Transfections were performed using TurboFect transfec-
tion reagent (Thermo Scientific), as per manufacture’s rec-
ommendation. Twenty-four hours after transfection, the
protein expression level of hnRNP K was determined by
western blotting analysis. Firefly and Renilla luciferase ac-
tivity was measured by a luminometer (Turner Designs) us-
ing a Dual Luciferase Reporter kit (Promega). Transfection
efficiency was corrected by normalizing the data to the cor-
responding Renilla luciferase (phRGTK; Promega) activity
for pGL3P, pGL3PK1 or pGL3PK2 construct.

Antibodies

Mouse monoclonal anti-hnRNP K (D-6) antibody and rab-
bit polyclonal anti-nucleolin (H-250), normal mouse im-
munoglobulin G (IgG) and normal rabbit IgG antibodies
were purchased from Santa Cruz Biotechnology. The rab-
bit polyclonal anti-human actin antibodies and rabbit poly-
clonal anti-glial fibrillary acidic protein (GFAP) antibodies
were purchased from Sigma. The mouse monoclonal HA
antibody (MMS-101R) was purchased from Covance. The
rabbit polyclonal anti-MOR antibodies (GTX10275), rab-
bit polyclonal anti-NeuN antibodies (GTX37604), mouse
monoclonal Myc-tag antibody (9E10) and mouse mon-
oclonal anti-�-tubulin antibody (GTX72360) were pur-
chased from GeneTex. The rabbit polyclonal anti-Sp1 anti-
bodies were purchased from Millipore. The Alexa-488 goat
anti-rabbit IgG, Alexa-488 goat anti-mouse IgG, Alexa-568
goat anti-rabbit IgG and Alexa-568 goat anti-mouse IgG
antibodies were purchased from Invitrogen.
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Subcellular fractionation of HEK-MOR cells

HEK-293 cells were rinsed with phosphate-buffered saline
(PBS) and lysed with lysis buffer (10 mM HEPES, pH
8.0, 40 mM KCl, 3 mM MgCl2, 5% glycerol, 2 mM DTT,
0.5% Nonidet P-40) for 10 min at 4◦C. Whole cell lysates
were prepared by performing centrifugation (4250 g for 5
min at 4◦C), and the supernatant was collected and stored
at −80◦C. For cytoplasmic and nuclear extracts prepara-
tion, cells were fractionated using Subcellular Protein Frac-
tionation Kit for Culture Cells (Thermo Scientific) accord-
ing to the manufacturer’s instructions. Briefly, cells were
harvested with trypsin-ethylenediaminetetraacetic acid and
then washed with ice-cold PBS. The cytoplasmic and nu-
clear extracts were extracted by incubating cells with cyto-
plasmic extraction buffer or nuclear extraction buffer, re-
spectively.

Protein degradation assay

HEK-293 cells were grown to 80% confluence, followed
by addition of cycloheximide (1 mg/ml). Total proteins
were harvested and lysed from the cells at different time
points using radio-immunoprecipitation assay lysis buffer
(150 mM NaCl, 20 mM Tris-Cl pH 7.4, 1% NP-40, 1% Tri-
ton X-100, 0.1% sodium dodecyl sulphate (SDS)) supple-
mented with protease inhibitor cocktail (Roche). The result-
ing proteins were analyzed by western blotting with hnRNP
K and actin antibodies. The protein turnover rate was nor-
malized by the house keeping gene, actin.

Quantitative real-time PCR and reverse transcription

The primers used to perform real-time PCR were listed in
Supplementary Table S2. Total RNAs were isolated and re-
verse transcribed using Superscript III Reverse Transcrip-
tase (Invitrogen) according to manufacturer’s instructions.
Quantitative real-time PCR were performed using SYBR
Green PCR Master mix (Applied Biosystems) and analyzed
with ABI PRISM 7900HT sequence detection system (Ap-
plied Biosystems).

35S-Methionine incorporation

At various time points after morphine treatment, HEK-
MOR cells with the density of 5 × 105 cells/cm2

were washed with PBS and incubated in methionine-free
DMEM (Invitrogen), but containing 30 �Ci/ml L-35S-
methionine/cysteine (Perkin Elmer) for 1 h.

RNA biotinylation and in vitro transcription

To synthesize the biotin-labeled 5′ UTR, the plasmids
including K1-pGEM-T-Easy, K2-pGEM-T-Easy and
nucelolin-pGEM-T-easy were linearized through restric-
tion enzyme digestion using NdeI. Three biotin-labeled 5′
UTR were synthesized using the Riboprobe in vitro Tran-
scription System (Promega). Following manufacturer’s
instructions, 1 �g of linearized DNA was incubated with
the transcription optimized buffer (100 mM DTT, 2.5 mM
�ATP, 2.5 mM �GTP, 2.5 mM �UTP, 100 �M �CTP), 10
mM biotin-14 CTP (Invitrogen), 1 unit/�l of recombinant

RNase ribonuclease inhibitor and T7 RNA polymerase for
2 h at 37◦C. The reaction mixture was then treated with
RQ1 DNase (Promega) for 15 min at 37◦C and purified
using Microspin G-25 columns (GE Healthcare).

Biotin pull-down assay

The 500 �g cytoplasmic extracts of HEK-293 were incu-
bated with 20 pM biotin-labeled RNA and rotated for 24 h
at 4◦C. The reaction mixture was incubated with NeutrA-
vidin agarose resin (Thermo Scientific) for 2 h at 4◦C, and
then washed three times with wash buffer (10 mM HEPES
pH 8.0, 40 mM KCl, 3 mM MgCl2, 5% glycerol, 2 mM DTT,
0.5% Nonidet P-40, 1% Tween-20) supplemented with pro-
tease inhibitor cocktail (Roche). The RNA-protein complex
was analyzed by western blotting with hnRNP K antibody,
nucleolin antibodies and actin antibodies.

RNA-immunoprecipitation assay

The 1 mg cytoplasmic extracts from HEK-293 cells were in-
cubated with 1 �g mouse anti-hnRNP K antibody or rabbit
anti-nucleolin antibodies for 24 h at 4◦C. The normal mouse
IgG and normal rabbit IgG were used as negative controls
for immunoprecipitation assay. Then the reaction mixture
was incubated with protein A/G agarose beads (GE health-
care) for 2 h at 4◦C. Immunoprecipitated complexes were
washed three times with cytoplasm lysis buffer, and bound
RNAs were extracted by TRIzol reagent (Invitrogen). Af-
ter synthesis of complementary DNA (cDNA) using reverse
transcription (Invitrogen), quantitative real-time PCR were
used to detect hnRNP K or nucleolin mRNA levels.

Immunostaining

C57BL/6 (B6) mice were perfused and fixed with 4%
paraformaldehyde in PBS for 2 h at 4◦C. The brain sec-
tion was glued to the chuck of a Vibroslice tissue slicer.
Transverse slices of 10 �m thickness were cut and the
appropriate slices from control (vehicle) and experimen-
tal groups were placed on the same microscope slide and
processed identically at the same time in the immunoflu-
orescence staining procedure. HEK-293 cells were washed
with cold PBS and fixed at room temperature for 20 min
with 4% paraformaldehyde. After washing, slices or cells
were incubated with permeabilization buffer (0.4% Triton
X-100 and 2% FBS in PBS) for 1 h. Expression of hn-
RNP K, MOR, NeuN or GFAP was detected using mouse
anti-hnRNP K antibody (1:200), rabbit anti-MOR antibod-
ies (1:200), rabbit anti-NeuN antibodies (1:200) or rabbit
anti-GFAP antibodies (1:200), respectively, in PBS for 2 h.
Cells were washed four times with wash buffer (0.2% Tri-
ton X-100 in PBS) and incubated in PBS with Alexa488-
conjugated goat anti-mouse antibody (1:200), Alexa488-
conjugated goat anti-rabbit antibodies (1:200), Alexa568-
conjugated goat anti-mouse antibody (1:200), Alexa568-
conjugated goat anti-rabbit antibodies (1:200) and 4’,6-
diamidino-2-phenylindole (DAPI) for 1 h. The slides were
washed three times with PBS and mounted with glyc-
erol. Images were visualized using fluorescence microscopy
(Nikon) and acquired at the same gain and exposure time.
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Membrane potential assay

The mouse pituitary AtT-20 cells were transiently trans-
fected with vehicle or a myc-tagged MOR plasmid using
electroporation and seeded in 96-well plates. After 24 h,
cells were serum-starved for 3 h to detect potassium con-
ductance changes using a fluorometric imaging plate reader
(FLIPR) membrane potential assay according to the manu-
facturer’s instructions (Molecular Devices). Briefly, serum-
starved cells were treated with blue membrane potential dye
for 0.5 h at 25◦C. The fluorescence signal (excitation: 485
nm, emission: 525 nm) were monitored every 1.52 s inter-
val, up to 150 s after morphine injection on the FlexStation
3 benchtop multi-mode microplate reader (Molecular De-
vices).

Spinal cord surgery and tail-flick test

Male wild-type (WT) B6 mice (25–30 g) and MOR-KO mice
(15) (kindly provided by Dr. Pao-Luh Tao, National Health
Research Institutes, Taiwan) were kept in a temperature-
controlled animal room with a 12-h light/dark cycle. The
protocol has been approved by the Institutional Animal
Care and Use Committee of the National Health Research
Institutes, Taiwan. Animal experiments were carried out in
accordance with the Policies on the Use of Animals in Neu-
roscience Research and the ethical guidelines for investiga-
tions of experimental pain in conscious animals, Interna-
tional Association for the Study of Pain.

To reduce hnRNP K expression in the spinal cord, hn-
RNP K siRNA was dissolved in artificial cerebrospinal fluid
and injected intrathecally into adult mice. Briefly, vehicle, 1
nM of hnRNP K siRNA or siRNA of negative control was
injected into the spinal cord using Micro-Renathane im-
plantation tubing (Braintree Scientific) inserted in the T7–
T8 intervertebral disc. After injection, the NEPA21 elec-
troporator gene transfection system (Nepa Gene) was used
to deliver siRNA into cells through needle electrodes in-
serted between the T9 and L2 vertebrae (16). The poring
pulse conditions for electroporation were as follows: 150 V,
pulse length of 5 ms, inter-pulse intervals of 50 ms and a
10% decay rate with plus polarity. The transfer pulse condi-
tions were as follows: 20 V, 50-ms pulse length, 50-ms pulse
interval and a 40% decay rate with plus and minus polar-
ities. Three days after surgery, a Tail-Flick Analgesia Me-
ter (Columbia Instruments) was used to measure the tail-
flick latencies of mice. The cut-off time for each measure-
ment was 10 s to avoid tissue damage. Basal latencies were
recorded before morphine administration and test latencies
were recorded 0.5 and 1 h after an intravenous injection
of morphine (10 mg/kg). A time–response curve was cal-
culated for antinociceptive effects (test latency − basal la-
tency) occurring during 0–60 min. We confirmed that mice
received vehicle injection had no significant tissue injury.

Quantification of cell number

The total hnRNP K-positive cell number in each region was
estimated according to Cavalieri principle (17,18):

N(cell, reg) = � Q−/� v(dis) ∗ V(reg)

N(cell, reg) is the estimated cell number in each region, �
Q− is the number of cells counted in all dissectors in a re-
gion, � v(dis) is the volume of dissectors equal to the area
of the counting frame and V(reg) is the reference volume
of each region. Five serial 10-�m-thick sections spaced 50
�m apart were counted manually under a fluorescence mi-
croscopy at 200x magnification.

Statistical analysis

The data were collected from experiments performed in
triplicate, and were expressed as the mean ± standard devi-
ation (SD). Comparisons among multiple groups were per-
formed using a one-way ANOVA with appropriate post hoc
tests, whereas comparisons between two groups were per-
formed using Student’s t-test (StatView 5.01; SAS Institute).
A P-value of P ≤ 0.05 was considered statistically signifi-
cant.

RESULTS

Morphine up-regulates hnRNP K expression in the CNS

MOR is mostly present in the CNS and its activation in-
duced by morphine produces strong analgesia (19). To de-
termine the effects of morphine on hnRNP K protein ex-
pression, mice were injected intravenously (i.v.) with mor-
phine (10 mg/kg) and hnRNP K expression levels (red)
were visualized using immunofluorescent staining. Com-
pared to the vehicle group, morphine treatment resulted in a
time-dependent increase in hnRNP K expression in MOR-
rich region, such as rostral agranular insular cortex (RAIC)
(Figure 1A; Figure 1E, F2,12 = 7.6, P < 0.01), dorsal hip-
pocampus (Figure 1B; Figure 1E, F2,12 = 23.59, P < 0.001),
periaqueductal gray (PAG) (Figure 1C; Figure 1E, F2,12 =
53.61, P < 0.001) and dorsal horn of spinal cord (Figure 1D;
Figure 1E, F2,12 = 39.51, P < 0.001) of mice. A Newman–
Keuls post hoc comparison revealed significant differences
between the vehicle control and morphine-treated groups
(RAIC: 30 min, P < 0.05; 60 min, P < 0.01; dorsal hip-
pocampus: 30 min, P < 0.01; 60 min, P < 0.001; PAG: 30
min, P < 0.05; 60 min, P < 0.001; dorsal horn of spinal cord:
30 min and 60 min, P < 0.001). It is noted that hnRNP K
did not co-localize with GFAP, an astrocyte marker (Sup-
plementary Figure S1), indicating that morphine-induced
hnRNP K expression is neuron-specific. Thus, our results
indicate that morphine-induced hnRNP K expression in
CNS regions with a major distribution of MOR.

Morphine increases hnRNP K expression in HEK-MOR cells
and rat primary cortical neurons

To study hnRNP K expression upon morphine stimulation,
HEK-MOR cells were treated with morphine and hnRNP
K expression were determined by using immunofluorescent
staining and western blotting analysis. Results show that
morphine increased both nuclear (Figure 2A, short expo-
sure; Supplementary Figure S2, right panel) and cytoplas-
mic (Figure 2A, long exposure; Supplementary Figure S2,
left panel) hnRNP K expression. Furthermore, morphine
increases hnRNP K levels in a time-dependent (Figure 2B;
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Figure 1. Morphine-induced hnRNP K protein expression in mouse CNS.
Morphine increased hnRNP K protein expression in the RAIC (A), dor-
sal hippocampus (B), PAG (C) and dorsal horn of spinal cord (D) of B6
mice. The B6 mice were injected with vehicle or morphine (10 mg/kg, i.v.)
and sacrificed at the indicated time points (30 and 60 min). The expression
levels of hnRNP K (red) and NeuN (green, a neuronal marker) were visu-
alized using immunofluorescence assay. DAPI (blue) is used as a nuclear
marker for orientation. Scale bars, 50 �m. (E) Quantification of hnRNP
K-positive cells in the total cell population was presented as the mean ±
SD. Statistical analysis was carried out using the one-way ANOVA with
appropriate post hoc tests. *P < 0.05, **P < 0.01, ***P < 0.001 versus
vehicle control group.

F5,12 = 6.75, P < 0.01) and dose-dependent manner (Fig-
ure 2E; F4,10 = 11.35, P < 0.001). A Newman–Keuls post
hoc comparison revealed significant differences between the
control and morphine-treated groups (Figure 2B; 30 and
60 min, P < 0.05; 120 min, P < 0.01. Figure 2E; 0.2 and
0.5 �M, P < 0.05; 1.0 and 2.0 �M, P < 0.01). In addition,
morphine up-regulated hnRNP K expression in rat primary
cortical neurons (Figure 2C; F5,12 = 56.18, P < 0.001). A
Newman–Keuls post hoc comparison revealed significant
differences between the control and the morphine-treated
groups (10, 30 and 60 min, P < 0.05; 120 min, P < 0.01).
However, the effect of morphine on hnRNP K expression
was not observed in HEK-MOR cells overexpressing HA-
tagged hnRNP K without UTRs of its transcript (Figure
2D; F5,12 = 1.05, P > 0.05), suggesting that its UTRs may
be involved in morphine-induced up-regulation of hnRNP
K. Thus, our results demonstrated that morphine increased
hnRNP K protein levels in HEK-MOR cells and rat pri-
mary cortical neurons.

Figure 2. Morphine-induced hnRNP K protein expression in HEK-MOR
cells and rat primary cortical neurons. (A) Morphine induced both nuclear
and cytoplasmic hnRNP K expression in HEK-MOR cells. HEK-MOR
cells were treated with vehicle or morphine (1 �M) at the indicated time
points (30 and 60 min). hnRNP K (green) and MOR (red) were visual-
ized by fluorescence microscopy. DAPI (blue) is used as a nuclear marker.
Scale bars, 50 �m. (B) and (C) Morphine up-regulated hnRNP K protein
expression in HEK-MOR cells (B) and rat primary cortical neurons (C).
HEK-MOR cells or rat primary cortical neurons were treated with vehicle
or morphine (1 �M) at the indicated time points (5, 10, 30, 60 and 120 min),
and hnRNP K protein expression was analyzed by western blotting. (D)
Morphine failed to induce HA-hnRNP K up-regulation in HEK-MOR
cells. HA-hnRNP K plasmid was transiently transfected into HEK-MOR
cells and then treated with morphine (1 �M) at the indicated time points.
Whole cell lysates were analyzed by western blotting. (E) Morphine ele-
vated protein expression of hnRNP K in a dose-dependent manner. HEK-
MOR cells were treated with vehicle or various concentration of morphine
(0.2, 0.5, 1 or 2 �M) and whole cell lysates were analyzed by western blot-
ting. All experiments were carried out independently and at least in trip-
licate. Protein expression was quantified using densitometry (lower panels
in B, C, D and E). The values indicate the mean ± SD. Statistical analysis
was carried out using one-way ANOVA with appropriate post hoc tests. *P
< 0.05, **P < 0.01 versus vehicle control group. S, short exposure; L, long
exposure.
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Figure 3. Morphine elevated hnRNP K expression through translational
control. Morphine exerted no effects on hnRNP K mRNA expression in
HEK-MOR cells (A) or rat primary cortical neurons (B). HEK-MOR
cells or rat primary cortical neurons were treated with vehicle or mor-
phine (1 �M) at the indicated time points (5, 10, 30, 60 and 120 min).
hnRNP K mRNA expression levels were detected using quantitative RT-
PCR and normalized with �-actin mRNA. (C) Morphine did not alter
protein degradation rate of hnRNP K. HEK-MOR cells were pre-treated
with vehicle or morphine (1 �M) for 2 h. The cells were then treated with
a protein synthesis inhibitor, CHX, at different time points (1, 2, 4, 8
and 10 h). hnRNP K expression was detected using western blotting and
quantified using densitometry. (D) Morphine treatment enhanced newly
synthesized hnRNP K protein. HEK-MOR cells were labeled with 35S-
methionine/cysteine flowing morphine treatment. The whole-cell lysates
were immunoprecipitated with anti-hnRNP K antibody and fractionated
by SDS-polyacrylamide gel electrophoresis followed by autoradiography.
Radiolabeled newly synthesized hnRNP K protein was quantified using
densitometry. *P < 0.05 versus vehicle control group. All experiments were
carried out independently and at least in triplicate. The values indicate the
mean ± SD. Statistical analysis was carried out using one-way ANOVA
with appropriate post hoc tests.

Morphine activates translational machinery to promote hn-
RNP K synthesis in HEK-MOR cells

To identify the underlying mechanism of morphine to aug-
ment hnRNP K expression, we evaluated whether mor-
phine altered transcriptional activity, protein stability or
protein synthesis of hnRNP K. First, we observed mor-
phine could not alter hnRNP K mRNA levels in HEK-
MOR cells (Figure 3A; F5,12 = 2.21, P > 0.05) and rat
primary cortical neurons (Figure 3B; F5,12 = 2.98, P >
0.05). Second, to determine whether the regulation of pro-
tein stability contributed to morphine-induced hnRNP K
up-regulation, HEK-MOR cells were treated with vehicle
or morphine for 2 h, followed by cycloheximide (CHX) to
block de novo protein synthesis. Figure 3C shows a slight
but not significant increase in the protein half-life of mor-
phine pre-treated group (4.9 h) as compared to vehicle con-
trol group (5.6 h), indicating that the protein stability of hn-
RNP K was not affected by morphine. Third, we utilized
35S-methionine incorporation assays to determine whether
morphine increased newly synthesized hnRNP K in HEK-
MOR cells. Figure 3D reveals that newly synthesized hn-
RNP K was significantly increased after morphine treat-

ment (F2,6 = 9.693, P < 0.05). A Newman–Keuls post
hoc comparison revealed significant differences between the
control and morphine-treated groups (1 and 2 h, P < 0.05).
These results demonstrate that morphine up-regulated hn-
RNP K expression through translational control.

Conserved sequence of hnRNP K 5′ UTR facilitates transla-
tion

The 5′ UTR of mRNA plays a crucial role in reg-
ulating internal translation in stressful conditions (12).
The nucleotide sequences of hnRNP K from GenBank
were collected to perform multiple sequence alignment
for different species including human (NM 002140.3), cow
(NM 001034562.1), mouse (NM 002579.2) and monkey
(NM 001266946.1). The results revealed that four species
shared sequence similarity and contain conserved se-
quences of hnRNP K 5′ UTR across different species (Fig-
ure 4A). Therefore, evolutionary conservation of the hn-
RNP K 5′ UTR sequence exists among different species,
suggesting a potential regulatory function. Three isoforms
of human hnRNP K mRNA including transcript vari-
ant 1, 2 and 3 have been identified. The 5′ UTR of vari-
ant 1 and 3 contain the same 259 nucleotides and the 5′
UTR of variant 2 contains 224 nucleotides. To examine
whether human hnRNP K 5′ UTR can regulate its trans-
lation, the 5′ UTRs of variant 1 and 2 were cloned, respec-
tively, into pGL3 promoter to produce monocistronic re-
porter plasmids pGL3PK1 and pGL3PK2 (Figure 4B). All
groups including reporter plasmid pGL3P (empty vector),
pGL3PK1 or pGL3PK2 were transiently co-transfected
with phRGTK Renilla luciferase reporter plasmid to nor-
malize for transfection efficiency differences. Their relative
luciferase activities were detected using a reporter assay.
We found the translation efficiency of both pGL3PK1 and
pGL3PK2 were higher than that of pGL3P (Figure 4C; F2,6
= 66.54, P < 0.001). A Newman–Keuls post hoc compari-
son revealed significant differences (pGL3PK1: P < 0.001;
pGL3PK2: P < 0.001). Furthermore, morphine could en-
hance hnRNP K 5′ UTR-mediated increase in luciferase ac-
tivity. A Student’s t-test revealed significant differences be-
tween the control and morphine-treated groups (Figure 4D;
pGL3PK1: P < 0.01; pGL3PK2: P < 0.05). Finally, we ob-
served similar mRNA levels among pGL3P, pGL3PK1 and
pGL3PK2 groups treated with vehicle or morphine (Figure
4E; F5,12 = 2.39, P > 0.05) to rule out the possibility that hn-
RNP K 5′ UTR could act as transcriptional enhancer and
be regulated by morphine. Here, we revealed that the iso-
forms of hnRNP K mRNA contain conserved 5′ UTR and
plays a functional role in protein synthesis via translational
control.

hnRNP K 5′ UTR demonstrates IRES activity

Previous reports indicate that bicistronic reporter con-
structs, such as pRF, pRMF, phpRF and phpRMF, can
be used to study cellular IRES elements (14). To investi-
gate whether hnRNP K mRNA shows IRES activity, hn-
RNP K 5′ UTR of variant 1 and 2 were cloned, respec-
tively, to the middle region between two coding regions
of Renilla luciferase and Firefly luciferase to produce bi-
cistronic reporter construct pRK1F (variant 1) and pRK2F



13018 Nucleic Acids Research, 2014, Vol. 42, No. 21

Figure 4. The 5′ UTR of hnRNP K contains a conserved sequence across
different species. (A) Multiple sequence alignment of hnRNP K 5′ UTR
from different species. The diagram illustrates the conserved sequences of
hnRNP K 5′ UTR across different species including human, cow, mon-
key and mouse. The strictly conserved nucleotides were colored on a gray
background. (B) The diagram of pGL3P (empty vector), pGL3PK1 and
pGL3PK2 Firefly luciferase reporter constructs. (C) The reporter plasmids
including pGL3P, pGL3PK1 or pGL3PK2 were transiently co-transfected
with phRGTK Renilla luciferase reporter plasmid into HEK-MOR cells.
The relative luciferase activities were detected using a reporter assay and
expressed as the ratio of Firefly to Renilla luciferase activity. ***P < 0.001
versus pGL3P group, one-way ANOVA with appropriate post hoc tests.
(D) HEK-MOR cells transiently co-transfected with reporter plasmids de-
scribed in (C) were treated with vehicle or morphine (1 �M) for 1 h and
subjected to a reporter assay. *P < 0.05, **P < 0.01 versus corresponding
vehicle plasmid group, Student’s t-test. (E) HEK-MOR cells transiently
transfected with pGL3P, pGL3PK1 or pGL3PK2 plasmids were treated
with vehicle or morphine (1 �M) for 1 h and the mRNA levels of Fire-
fly luciferase were analyzed by quantitative real-time RT-PCR and nor-
malized with GAPDH mRNA. All experiments were carried out indepen-
dently and at least in triplicate. The values indicate the mean ± SD.

(variant 2). The pRMF construct contains c-myc IRES
activity as the positive control (Figure 5A). The four re-
porter plasmids were transiently transfected into HEK-
MOR cells and luciferase activity was detected using a
reporter assay. Figure 5B shows that, compared with the
empty vector (pRF), both hnRNP K 5′ UTRs caused ap-
proximate 6-fold increase in reporter activity (F3,8 = 110.5,
P < 0.001). A Newman–Keuls post hoc comparison re-
vealed significant differences between the control and exper-
imental groups (pRF versus pRK1F: P < 0.001; pRF ver-
sus pRK2F: P < 0.01; pRF versus pRMF: P < 0.001). To
determine whether protein translation of Renilla luciferase
and Firefly luciferase were produced from the same RNA
transcript, the percentage of mRNA ratio (Firefly/Renilla)
of the cells were determined by using quantitative reverse

Figure 5. The 5′ UTR of human hnRNP K possesses IRES activity that
was regulated by morphine. (A) The diagram of pRF, pRK1F, pRK2F and
pRMF bicistronic reporter constructs. The 5′ UTR of human hnRNP K
mRNA was cloned into bicistronic reporter plasmid to generate pRK1F
and pRK2F reporter constructs. The pRMF reporter construct, a well-
identified IRES-containing proto-oncogene, was used as a positive control.
(B) The 5′ UTR of human hnRNP K mRNA shows IRES activity. The indi-
cated four reporter plasmids were transiently transfected into HEK-MOR
cells. The ratio of (Firefly/Renilla) was analyzed by reporter assay. **P <

0.01, ***P < 0.001 versus pRF group, one-way ANOVA with appropri-
ate post hoc tests. (C) pRF, pRK1F, pRK2F and pRMF were transiently
transfected into HEK-MOR cells. The mRNA ratio (Firefly/Renilla) was
calculated from data obtained with quantitative real-time RT-PCR. (D)
The diagram of phpRF, phpRK1F, phpRK2F and phpRMF bicistronic
reporter constructs. The 5′ UTR of human hnRNP K mRNA was cloned
to generate the phpRK1F and phpRK2F reporter constructs. The stable
hairpin structure has been reported to inhibit cap-dependent translation.
(E) The 5′ UTR of human hnRNP K mRNA shows IRES activity. The indi-
cated four reporter plasmids were transiently transfected into HEK-MOR
cells. The ratio of (Firefly/Renilla) was analyzed by reporter assay. **P <

0.01, ***P < 0.001 versus phpRF group, one-way ANOVA with appropri-
ate post hoc tests. (F) After transfection, the mRNA ratio (Firefly/Renilla)
of four constructs was analyzed by quantitative real-time RT-PCR. (G)
Morphine enhanced IRES activity of hnRNP K. The reporter plasmids
were transiently transfected into HEK-MOR cells, and treated with vehi-
cle or morphine (1 �M) and harvested at the indicated time point (1.0 h).
The ratio of Firefly/Renilla was analyzed by reporter assay. *P < 0.05, **P
< 0.01 versus vehicle control group, Student’s t-test. All experiments were
carried out independently and at least in triplicate. The values indicate the
mean ± SD.
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transcriptase-PCR (RT-PCR). No significant differences
were observed in the mRNA ratios among these groups
(Figure 5C; F3,8 = 2.05, P > 0.05). These results suggest the
translation efficiency was increased after linkage of hnRNP
K 5′ UTR to reporter genes.

Next, to isolate IRES-dependent translation, we used bi-
cistronic reporter plasmids with a hairpin structure (Fig-
ure 5D), which inhibits cap-dependent translation via re-
pression of ribosome screening (20). Compared with ph-
pRF (empty vector), phpRK1F (variant 1) and phpRK2F
(variant 2) showed ∼8- to 10-fold increase in translation
efficiency (Figure 5E; F3,8 = 49.71, P < 0.001). These sig-
nificant differences were observed in comparison with the
control group using a Newman–Keuls post hoc test (phpRF
versus phpRK1F: P < 0.001; phpRF versus phpRK2F: P
< 0.01; phpRF versus phpRMF: P < 0.001). Similar con-
trol experiments carried out in Figure 5C were performed
here and no significant differences among these groups were
observed (Figure 5F; F3,8 = 1.78, P > 0.05). Based on the
results described above, the 5′ UTR of hnRNP K mRNA
contains significant IRES activity to modulate translational
control. Finally, we identified that morphine treatment led
to a significant increase in the IRES activity of hnRNP K
5′ UTR. A Student’s t-test revealed significant differences
between the control and morphine-treated groups (Figure
5G; phpRK1F: P < 0.01; phpRK2F: P < 0.05). These re-
sults demonstrate hnRNP K 5′ UTR contains IRES activ-
ity, and can be activated by morphine.

hnRNP K protein interacts with its 5′ UTR of mRNA

Many IRES trans-acting factors (ITAFs) regulate cap-
independent translation by binding to IRES sequences of
targeted gene (21). The three transcript variants of hu-
man hnRNP K 5′ UTR contain different GC content in-
cluding 55.6% of variant 1 or 3 and 60.1% of variant 2,
which presents a more stable structure and putative binding
sites for poly (rC) binding proteins. To determine whether
hnRNP K protein could be a morphine-regulated ITAF
binding to its mRNA, a biotin pull-down assay was con-
ducted to detect the interaction between hnRNP K pro-
tein and its 5′ UTR in vitro by using the cytosolic fraction
of HEK-MOR cells. First, hnRNP K, rather than nucle-
olin (an RBP), was significantly increased 2 h after mor-
phine treatment (Figure 6A; Figure 6B; P < 0.01, Stu-
dent’s t-test). Moreover, results from biotin pull-down as-
say revealed that hnRNP K protein interacted with biotiny-
lated hnRNP K 5′ UTR of variant 1 (Biotin-K-V1–5′ UTR)
and 2 (Biotin-K-V2–5′ UTR) and the interaction was sig-
nificantly increased by morphine (Figure 6A; Figure 6C;
F3,8 = 33.72, P < 0.001). A Newman–Keuls post hoc com-
parison revealed significant differences between the vehi-
cle control and morphine-treated groups (Biotin-K-V1–5′
UTR: P < 0.001; Biotin-K-V2–5′ UTR: P < 0.05). Biotin-
labeled nucleolin 5′ UTR (Biotin-NCL-5′ UTR) was con-
ducted as a control experiment. In addition, we performed
RNA-immunoprecipitation in HEK-MOR cells to detect
hnRNP K protein-mRNA interaction in vivo and found
that the complexes precipitated by mouse hnRNP K anti-
body, but not by rabbit nucleolin antibodies, contained hn-
RNP K mRNA. The interaction between hnRNP K pro-

tein and its mRNA was increased by morphine (Figure 6D;
Figure 6E, left panel; F3,8 = 176.6, P < 0.001). These signif-
icant differences were observed in comparison with the nor-
mal mouse IgG group using a Newman–Keuls post hoc test
(normal mouse IgG versus hnRNP K: P < 0.001; normal
mouse IgG versus hnRNP K plus morphine: P < 0.001). It
is worth noting that no nucleolin protein-nucleolin mRNA
or nucleolin protein-hnRNP K mRNA interaction was ob-
served in biotin pull-down analysis (Figure 6A) and RNA-
immunoprecipitation assay (Figure 6D; Figure 6E, right
panel; F3,8 = 0.26, P > 0.05; Figure 6F, left panel; F2,12
= 2.89, P > 0.05; Figure 6F, right panel; F2,12 = 4.04, P
> 0.05), indicating the specificity of hnRNP K protein-
hnRNP K mRNA interaction. Thus, our results show that
hnRNP K binds to its mRNA in vitro and in vivo. To fur-
ther demonstrate the IRES activity of hnRNP K 5′ UTR
was regulated by hnRNP K protein, the bicistronic reporter
constructs (phpRF, phpRK1F, phpRK2F, phpRMF) and
the overexpression vectors (HA-hnRNP K or empty vector
pcDNA3.1-HA) were transiently co-transfected into HEK-
MOR cells. The results indicate that up-regulation of HA-
hnRNP K increased the IRES activity of hnRNP K (Figure
6G, upper panel; phpRF: F2,6 = 1.65, P > 0.05; phpRK1F:
F2,6 = 25.35, P < 0.01; phpRK2F: F2,6 = 12.9, P < 0.01;
phpRMF: F2,6 = 1.55, P > 0.05). A Newman–Keuls post
hoc comparison revealed significant differences between the
pcDNA3.1-HA control group and the HA-hnRNP K over-
expression group (phpRK1F: 2 �g, P < 0.05; 4 �g, P <
0.001; phpRK2F: 2 �g, P < 0.05; 4 �g, P < 0.01). The ef-
ficiency of hnRNP K overexpression was verified by west-
ern blotting (Figure 6G, lower panel). These findings reveal
that hnRNP K plays a functional role as an ITAF to regu-
late the IRES activity of its 5′ UTR. Our results suggest that
hnRNP K protein can form a complex with 5′ UTR of its
transcript, and morphine stimulation increases hnRNP K
protein-mRNA interaction to regulate IRES-mediated hn-
RNP K translation.

Opioid antagonist naloxone reverses morphine-induced hn-
RNP K protein accumulation in the CNS of mice

To verify the protein expression levels of hnRNP K under
morphine treatment in a mice model, mice were injected
with vehicle or morphine (10 mg/kg, i.v.) and the protein
levels of hnRNP K in the RAIC and PAG were detected us-
ing western blotting. Figure 7A indicates that morphine up-
regulated hnRNP K protein expression in the RAIC (F2,6
= 24.12, P < 0.01). A Newman–Keuls post hoc compari-
son revealed significant differences between the vehicle and
morphine-treated group (0.5 h, P < 0.05; 1 h, P < 0.01).
Similar results were observed in PAG (Figure 7B; F2,6 =
16.22, P < 0.001). A Newman–Keuls post hoc compari-
son revealed significant differences between the vehicle and
morphine-treated group (0.5 h, P < 0.01; 1 h, P < 0.001).

To determine whether morphine-induced hnRNPK ex-
pression was dependent on opioid receptor activation, mice
were injected with vehicle or an opioid antagonist (nalox-
one, 10 mg/kg, s.c.) prior to morphine injection (10 mg/kg,
i.v.) and the protein levels of hnRNP K in the RAIC and
PAG were detected. No significant differences in hnRNP K
protein level between vehicle and morphine-treated groups
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Figure 6. Morphine-enhanced hnRNP K bound to its 5′ UTR. (A) The RNA-protein interaction between hnRNPK and biotinylated hnRNP K 5′ UTR
was regulated by morphine in vitro. HEK-MOR cells were treated with vehicle or morphine (1 �M) for 2 h. Cytosolic fractions were extracted and incubated
with biotin-labeled hnRNP K 5′ UTR (Biotin-K-V1–5′ UTR or Biotin-K-V2–5′ UTR) or biotin-labeled nucleolin 5′ UTR (Biotin-NCL-5′ UTR). The
protein-RNA interaction was detected using biotin pull-down analysis with a specific antibody against hnRNP K or nucleolin. (B) Quantification of
protein expression was measured using densitometry. The results of western blotting from (A) revealed morphine increased hnRNP K expression. **P
< 0.01 versus vehicle group, Student’s t-test. (C) Biotin pull-down analysis from (A) revealed morphine increased the association between hnRNP K
protein and its mRNA in vitro. **P < 0.01, ***P < 0.001 versus Biotin-K-V1–5′ UTR group. #P < 0.05 versus Biotin-K-V2–5′ UTR group, one-way
ANOVA with appropriate post hoc tests. (D) The protein-RNA interaction between hnRNP K protein and mRNA was regulated by morphine in vivo. The
cytosolic fractions were extracted and immunoprecipitated with normal mouse IgG, mouse anti-hnRNP K antibody, normal rabbit IgG or rabbit anti-
nucleolin antibodies, respectively. The associated hnRNP K/mRNA complex was extracted and analyzed by RT-PCR. The control group was immunized
with normal mouse IgG or normal rabbit IgG. N, non-template control; P, positive control; M, DNA marker. (E) The association between hnRNP K or
nucleolin protein and hnRNP K mRNA was measured using quantitative RT-PCR from (D). ***P < 0.001 versus normal mouse IgG group. #P < 0.05
versus anti-hnRNP K antibody group, one-way ANOVA with appropriate post hoc tests. (F) The association between hnRNP K or nucleolin and nucleolin
mRNA was measured using quantitative RT-PCR from (D). (G) Up-regulation of hnRNP K increases IRES-mediated hnRNP K translation. The reporter
plasmids and the overexpression vectors were transiently co-transfected into HEK-MOR cells and the ratio of Firefly/Renilla was analyzed by reporter
assay. *P < 0.05, **P < 0.01, ***P < 0.001 versus pcDNA3-HA group, one-way ANOVA with appropriate post hoc tests. All experiments were carried
out independently and at least in triplicate. The values indicate the mean ± SD.
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Figure 7. Morphine-induced hnRNP K protein accumulation was re-
versed by opioid antagonist in CNS of B6 mice. Morphine-stimulated hn-
RNP K protein accumulation in the RAIC (A) or PAG (B) from mice. The
mice were injected with morphine (10 mg/kg, i.v.) and sacrificed at the in-
dicated time points (0.5 and 1 h). The protein expression levels of hnRNP
K in the RAIC or PAG were detected using western blotting (A or B, up-
per panel). Quantification of protein expression was measured using den-
sitometry (A or B, lower panel). Naloxone reverses morphine-stimulated
hnRNP K protein accumulation in the RAIC (C) or PAG (D) from mice.
The mice were injected with naloxone (10 mg/kg, s.c.) 5 min before vehi-
cle or morphine injection (10 mg/kg, i.v.), and sacrificed at the indicated
time points (0.5 and 1 h). The protein expression levels of hnRNP K in the
RAIC or PAG were detected using western blotting (C or D, upper panel).
Quantification of protein expression was measured using densitometry (C
or D, lower panel). All experiments were carried out independently and at
least in triplicate. The values indicate the mean ± SD. Statistical analysis
was carried out using one-way ANOVA with appropriate post hoc tests. *P
< 0.05, **P < 0.01, ***P < 0.001 versus vehicle group.

were observed in the RAIC (Figure 7C; F2,6 = 6.37, P >
0.05) and PAG (Figure 7D; F2,6 = 5.58, P > 0.05), indicat-
ing that naloxone prevents morphine-stimulated hnRNP K
protein expression in the RAIC and PAG of mice. These
findings suggest morphine induces the accumulation of hn-
RNP K protein via activating the opioid receptor.

Diminishing hnRNP K expression attenuates morphine-
mediated G protein-coupled inwardly rectifying potassium
channel activation in AtT-20 pituitary cells

Upon activation, GPCRs are coupled to trimeric G pro-
teins, and the �� subunit of the G protein is released
from G��� complex to activate the G protein-coupled in-
wardly rectifying potassium (GIRK) channels (22). Spinal

Figure 8. Effects of hnRNP K on morphine-mediated membrane poten-
tial hyperpolarization in pituitary AtT-20 cells. (A) Morphine induced a
membrane potential hyperpolarization in MOR expressing AtT-20 cells.
The pituitary AtT-20 cells were transiently transfected with vehicle or myc-
MOR, the effects of morphine on membrane potential were detected in the
presence or absence of morphine (1 �M) treatment. (B) Quantitative re-
sults from (A) (upper panel). The expression of hnRNP K and myc-MOR
in each treatment were detected using western blotting (lower panel). **P
< 0.01 versus vehicle group. ##P < 0.01 versus vehivle/myc-MOR group.
(C) Silencing hnRNP K attenuated morphine-mediated membrane poten-
tial hyperpolarization. The myc-tagged MOR expressing AtT-20 cells were
transiently transfected with siRNA universal negative control (si-control),
or si-hnRNP K were used to perform knockdown experiments. The ef-
fects of hnRNP K on the membrane potential were evaluated using the
FLIPR membrane potential assay kit in the presence or absence of mor-
phine (1 �M) treatment (upper panel). (D) Quantitative results from (C).
The expression of hnRNP K and myc-MOR in each treatment were de-
tected using western blotting (lower panel). *P < 0.05 versus vehicle/myc-
MOR/si-control group. #P < 0.05 versus morphine/myc-MOR/si-control
group. All experiments were carried out independently and at least in trip-
licate. The values indicate the mean ± SD. Statistical analysis was carried
out using one-way ANOVA with appropriate post hoc tests.

GIRK1/GIRK2 heterotetrameric channels modulate no-
ciception and contribute to morphine analgesia (23).
The pituitary AtT-20 cell highly expressing endogenous
GIRK1/GIRK2 channel is an adequate cellular model for
conducting potassium channel assay (24). In this study,
AtT-20 cells were transiently transfected with myc-MOR
expression plasmid to detect GIRK-mediated membrane
potential hyperpolarization after morphine treatment. By
using the FLIPR membrane potential assay, morphine
treatment altered the membrane potential in myc-tagged
MOR expressing AtT-20 cells (Figure 8A). Furthermore,
morphine treatment decreased 10.1% of the area under
the curve of fluorescence intensity (morphine-treated group
versus vehicle control group), which caused GIRK acti-
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vation and altered the membrane potential in myc-tagged
MOR expressing AtT-20 cells (Figure 8B, upper panel; F3,8
= 11.82, P < 0.01). A Newman–Keuls post hoc comparison
revealed significant differences between the vehicle/myc-
MOR and morphine/myc-MOR groups (P < 0.01). The
protein expression levels of endogenous hnRNP K and
overexpression of myc-tagged MOR in AtT-20 cells were
detected using western blotting in the presence or absence
of morphine (Figure 8B, lower panel). To further study the
functional roles of hnRNP K in morphine-mediated MOR
activation, the endogenous hnRNP K in myc-tagged MOR
expressing AtT-20 cells were down-regulated by siRNA
against hnRNP K (si-hnRNP K) in the presence or ab-
sence of morphine treatment, and then analyzed using
FLIPR membrane potential assay. Compared with the si-
control group, silencing hnRNP K attenuated morphine-
mediated membrane potential hyperpolarization in myc-
tagged MOR expressing AtT-20 cells (Figure 8C). More-
over, the results indicated that silencing hnRNP K at-
tenuates morphine-mediated membrane potential hyper-
polarization (Figure 8D, upper panel; F3,8 = 14.27, P <
0.01). A Newman–Keuls post hoc comparison revealed
significant differences between morphine/myc-MOR/si-
control and morphine/myc-MOR/si-hnRNP K groups
(P < 0.05). No significant difference was observed be-
tween the vehicle/myc-MOR/si-control and vehicle/myc-
MOR/si-hnRNP K groups (P > 0.05), indicating that si-
lencing hnRNP K did not change the membrane potential
in AtT-20 cells. The protein expression levels of silencing
hnRNP K and overexpressing myc-tagged MOR in AtT-20
cells were detected using western blotting in the presence or
absence of morphine treatment (Figure 8D, lower panel).

Down-regulation of hnRNP K in the spinal cord of mice in-
creases nociceptive sensitivity

To examine the role of hnRNP K in analgesia, we delivered
hnRNP K siRNA (si-hnRNP K) to spinal cord of mice us-
ing direct in vivo electroporation to reduce hnRNP K ex-
pression and analyzed its influence on antinociceptive ef-
fects determined by tail-flick test. We found that hnRNP K
siRNA, but not vehicle (sham-control) or siRNA of neg-
ative control (si-control), knocked down hnRNP K pro-
tein expression (Figure 9A, lower panel, analyzed by west-
ern blotting) in neurons of superficial layers of the dorsal
horn, an area known to receive nociceptive inputs (Sup-
plementary Figure S4, analyzed by immunostaining). We
then measured tail-flick latencies to estimate the basal no-
ciceptive sensitivity of these mice. The quantitative results
from tail-flick test revealed that si-hnRNP K group pro-
duced 28% inhibition of basal latencies compared with si-
control group (Figure 9A, upper panel; F2,27 = 6.258, P <
0.01). A Newman–Keuls post hoc comparison revealed sig-
nificant differences between si-control group and si-hnRNP
K group (P < 0.05). After detection of basal latencies, mice
were injected with morphine (10 mg/kg, i.v.) and test laten-
cies were then measured 0.5 and 1 h later. Figure 9B shows
that morphine produced similar antinociceptive effects in
sham-control and si-control groups. In contrast, the effects
of morphine were attenuated in si-hnRNP K group (F2,87
= 133.2, P < 0.0001). A Newman–Keuls post hoc com-

Figure 9. Down-regulation of hnRNP K decreased morphine-mediated
analgesic effects in B6 mice. (A) Diminishing hnRNP K expression facil-
itated nociceptive sensitivity. Vehicle (sham-control), siRNA of negative
control (si-control) or hnRNP K siRNA (si-hnRNP K) was delivered into
spinal cord of WT mice by using direct in vivo electroporation. Three days
after surgery, basal latencies of nociception were detected to estimate no-
ciceptive sensitivity using tail-flick test (upper panel). The protein expres-
sion levels of hnRNP K in the spinal cord were detected using western
blotting (lower panel). **P < 0.01 versus sham-control group. #P < 0.05
versus si-control group. (B) Diminishing hnRNP K expression attenuated
morphine-mediated analgesic effects in WT mice. After detection of basal
latencies, each group of mice was injected with morphine (10 mg/kg, i.v.)
to detect test latencies at the indicated time points (0.5 and 1.0 h after mor-
phine injection) and quantitative results were calculated (test latency-basal
latency). ***P < 0.001 versus sham-control group. ###P < 0.001 versus
si-control group. (C) and (D) The experiments carried out in (A) and (B)
were performed in MOR-KO mice. si-hnRNP K decreased its protein ex-
pression but had no effects on basal and test latencies. Statistical analysis
was carried out using one-way ANOVA with appropriate post hoc tests.

parison revealed significant differences between si-control
group and si-hnRNP K group (0.5 h, P < 0.001; 1.0 h, P
< 0.001). These experiments conducted in Figure 9A and
B were then repeated in MOR-KO mice. Although siRNA-
mediated hnRNP K knockdown was detected (Figure 9C,
lower panel), there was no difference in basal latency (Fig-
ure 9C, upper panel, F2,27 = 0.043, P > 0.05) or morphine-
mediated analgesia (Figure 9D; F2,87 = 1.178, P > 0.05)
among sham-control, si-control or si-hnRNP K groups in
MOR-KO mice. Thus, we suggest that hnRNP K is involved
in nociception and morphine-mediated analgesia thought
MOR signaling.

DISCUSSION

Opioids and their analogs are potent analgesic drugs that
are widely used to treat severe pain. The MOR has been
shown to play a major role in regulating these analgesic ef-
fects (25). Numerous studies have focused on this issue and
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their relevant therapeutic applications, but the detailed reg-
ulatory mechanisms are still unclear. In this study, we pro-
vide evidence that hnRNP K plays a functional role in pain
management through MOR signaling pathway. We found
potential IRESs located in the 5′ UTRs of hnRNP K tran-
scripts. Upon morphine treatment, IRES-mediated hnRNP
K translation led to hnRNP K protein accumulation in
the CNS. Morphine treatment promoted hnRNP K pro-
tein accumulation, and this phenomenon could be inhibited
by an opioid antagonist, naloxone, in both the RAIC and
the PAG of mice. In addition, down-regulation of hnRNP
K reduced morphine-mediated hyperpolarization of mem-
brane potential in AtT-20 cells. Silencing hnRNP K expres-
sion in the mouse spinal cord increased nociceptive sensi-
tivity and diminished morphine-stimulated analgesic effects
in WT mice, but not in MOR-KO mice. Thus, our results
demonstrate the translational control and biological roles
of hnRNP K in analgesia through MOR-mediated signal-
ing pathway.

Our results from mice and primary cortical neurons
demonstrate that morphine treatment resulted in a dramatic
up-regulation of hnRNP K protein. However, our quanti-
tative indicate that mRNA expression levels of hnRNP K
were not regulated by morphine (Figure 3A and B), sug-
gesting that transcriptional control of hnRNP K was not
involved in the morphine-mediated signaling pathway. In
addition, the expression of hnRNP K was not regulated by
protein stability, which differs from a previous report (8).
Regulation of internal translation was first discovered in
the picornavirus, which can quickly increase the number of
cellular RNAs and bypass cap-dependent translation inhi-
bition through IRES-containing mRNAs (26). Similar to
the viral IRES elements, down-regulation of cap-binding
factor eIF4E leads to IRES-mediated translation of cellu-
lar mRNAs under stressful conditions, such as ultraviolet-
irradiation, serum starvation, hypoxia, heat shock and en-
doplasmic reticulum stress (27). The IRES element located
in the 5′ UTR transcript contains evolutionarily conserved
sequences and drives functional roles in the regulation of
internal translation (12). Our results from sequence align-
ments indicate that a high sequence identity of hnRNP K
5′ UTRs was found between different species (Figure 4A).
In addition, both human and mouse hnRNP K 5′ UTRs
contained IRES sequences, which were regulated by mor-
phine (Figure 5; Supplementary Figure S3), suggesting that
hnRNP K 5′ UTR plays pivotal roles in cellular functions
(Figure 4A). Furthermore, hnRNP K acts as an ITAF and
facilitates hnRNP K binding with its own transcript to ele-
vate IRES activity. This leads to protein accumulation in the
CNS with morphine treatment (Figure 6). The autoregula-
tion effects of hnRNP K can be observed in another RBP
SF2/ASF, which can interact with its own transcript to re-
duce ribosome association (28). On the other hand, a pre-
vious report indicates that up-regulation of hnRNP K pro-
motes IRES-mediated translation of the proto-oncogene c-
myc in HeLa cells (29). However, the effect of hnRNP K on
c-myc IRES activity was not observed in HEK-MOR cells
(Figure 6G). Previous reports demonstrate that hnRNP K
can be phosphorylated by Src family kinases, such as Lck
and Src (30,31). Moreover, extracellular signal-regulated ki-
nase 1/2-mediated phosphorylation and cytoplasmic accu-

mulation of hnRNP K is essential for the synaptic plasticity
in hippocampal neurons (32). It is likely that multiple sig-
nalling events can differentially modulate hnRNP K activ-
ity. This raises the possibility that post-translational modifi-
cation, such as phosphorylation, might modulate the RNA-
binding property of hnRNP K in different cells or upon dif-
ferent stimulations and, therefore, affect its influence on c-
myc and hnRNP K IRES function.

It is identified that hnRNP K was localized in the nucleus
and was mainly expressed in the developing rat CNS (33).
Further, hnRNP K is a transcriptional regulator and is dis-
tributed in the nucleus of neurons, which implicates a func-
tional role in the regulation of MOR transcription in CNS
(34). In mice, we found that morphine treatment resulted in
hnRNP K accumulation in the RAIC, dorsal hippocampus,
PAG and dorsal horn of spinal cord (Figures 1 and Figure
7A and B), and this effect can be blocked by naloxone (Fig-
ure 7C and D). The PAG and dorsal horn of spinal cord
were parts of descending nociceptive modulatory system,
which was particularly important in morphine antinocicep-
tion and tolerance (35–38). MOR stimulation within the
RAIC and dorsal hippocampus were involved in antinoci-
ception and may played an important role of an endogenous
analgesic system (39,40). The results presented here demon-
strate that morphine-stimulated hnRNP K accumulation
depended on activation of opioid receptors in brain regions
related to antinociception. On the other hand, it has been
shown that hnRNP K shuttles between the nucleus and cy-
toplasm via a nuclear shuttling domain and phosphoryla-
tion facilitate its cytoplasmic accumulation (41). Based on
our immunofluorescence results, hnRNP K was mainly lo-
calized in the nucleus of HEK-MOR cells. However, signif-
icant cytoplasmic accumulation of hnRNP K was observed
induced by morphine treatment (Figure 2A; Supplemen-
tary Figure S2). Thus, in addition to IRES-mediate pro-
tein translation, shuttling mechanisms may also contribute
to cytoplasmic accumulation of hnRNP K, which warrants
further investigation.

hnRNP K plays important functional roles in neurons.
Protein–protein interactions between hnRNP K and Hu
proteins, and AU-rich elements of RBPs, have been identi-
fied as the target of p21 mRNA and are involved in neuronal
differentiation through translational control (42). More-
over, hnRNP K binds to protein kinase A-responsive ri-
bonucleic acid elements of Snap25, and plays essential roles
in neuronal differentiation of rat PC12 cells (43). In addi-
tion, hnRNP K and Abi-1 synergistically modulate home-
ostasis of synaptic maturation and filopodia formation in
the nervous system (33). It has also been shown that hnRNP
K acts as a transcription factor to increase transcriptional
activity for the mMOR (13). Activation of opioid receptors
results in �-arrestin recruitment, inhibition of adenylyl cy-
clase and efflux of K+ through GIRK channels (44). Our
results show that down-regulation of hnRNP K diminished
morphine-mediated membrane potential hyperpolarization
(Figure 8C). However, overexpressing HA-tagged hnRNP
K cannot alter the effect of morphine on myc-tagged MOR
expressing AtT-20 cells (data not shown), which may re-
sult from the dilution effect of high expression levels of en-
dogenous hnRNP K. Interestingly, down-regulation of hn-
RNP K increases nociceptive sensitivity in wild-type mice,
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but not in MOR-KO mice, suggesting potential roles for hn-
RNP K in MOR-mediated analgesic effects (Figure 9A and
C). In addition, silencing hnRNP K attenuates morphine-
mediated tail-flick responses in WT mice, indicating that
hnRNP K expression is regulated by morphine and con-
tributes to pain management (Figure 9B). We speculate that
morphine may act through hnRNP K to manipulate pain
thresholds. Unraveling the role of hnRNP K in pain man-
agement might provide a method for developing strategies
to treat the adverse effects of morphine, such as tolerance
and hyperalgesia.

In the present study, we demonstrate a link in the nervous
system between hnRNP K and morphine-mediated signal-
ing pathways through MORs. Our findings demonstrate a
novel IRES element located in the 5′ UTR of hnRNP K
transcript, which promotes internal translation, protein ac-
cumulation and altered analgesic effects in response to mor-
phine stimulation. These results demonstrate potential roles
for hnRNP K in the regulation of opioid-based pain con-
trol. This study provides additional information regarding
the mechanisms of opioid receptors and the signaling path-
ways, and therefore provides new insights into therapeutic
applications for analgesia.
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