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Netrin-1 Signaling Regulates De Novo Protein Synthesis of
k Opioid Receptor by Facilitating Polysomal Partition of

Its mRNA

Nien-Pei Tsai, Jing Bi, Horace H. Loh, and Li-Na Wei

Department of Pharmacology, University of Minnesota Medical School, Minneapolis, Minnesota 55455

The expression of k opioid receptor (KOR) is subjected to both transcriptional and posttranscriptional controls. We report that KOR
translation is regulated by netrin-1 in primary neurons of dorsal root ganglion (DRG) and in P19 embryonal carcinoma cells. Without
stimulation, a significant portion of KOR mRNA is maintained in a dormant state and partitions in the translationally inactive, post-
polysomal fraction. During netrin-1 stimulation, which activates its downstream target focal adhesion kinase (FAK), KOR mRNA rapidly
partitions to the translationally active polysomal fraction. Functionally, the newly synthesized KOR proteins in DRG neurons are able to
bind to specific ligands. This report describes the first example of netrin-1 signaling in the translational control of a drug receptor KOR,
which involves the mediator of netrin-1, FAK, and a novel mechanism that enhances the association of target mRNA with polysomes for

translational activation.
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Introduction
Opioid receptors bind to opioid drugs or endogenous opioid
ligands to affect pain sensation, consciousness, and autonomic
functions. Three opioid receptor types, w, 8, and k, are known,
and they belong to the super family of G-protein-coupled recep-
tors (Minami and Satoh, 1995; Law et al., 1999; Pasternak, 2004).
Regulation of their expression has been extensively examined,
primarily at the level of gene transcription regulated by vitamin
A, cytokines (Bi et al., 2001; Park et al., 2002; Wei and Loh, 2002;
Hu et al., 2004), and specific transcription factors (Kraus et al.,
2001; Kim et al., 2004). They also often involve chromatin re-
modeling events that occur over a period of time and are more
permanent (Park et al., 2005). However, when a more rapid re-
sponse in receptor expression is needed, it could become very
inefficient by changing their transcriptional programs. This can
be especially a challenge for neurons whose transcription pro-
grams often are established and less refractive to stimuli or exter-
nal factors. Our recent studies uncovered potential regulatory
events for the expression of KOR at posttranscriptional levels
(Wei et al., 2000; Bi et al., 2003), which could potentially equip
neurons with a more rapid and probably transient mechanism to
respond to environmental signals.

Posttranscriptional regulation of k opioid receptor (KOR) re-
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quires its 5" and 3'-untranslated regions (UTRs) (Wei et al., 2000;
Hu et al., 2002). However, several questions remain to be an-
swered. What kind of factors could affect KOR protein expression
in neurons? What UTR sequences are responsive to environmen-
tal factors? What is the mechanism mediating this type of regula-
tion? Recent studies have demonstrated translational regulation
in neurons, but direct evidence for translational regulation of
nonstructural- or nongrowth-related neuronal proteins is scarce.
We found that netrin-1 exerted a rapid and significantly stimu-
lating effect on KOR protein level in KOR-expressing primary
neurons and P19 cells. Netrin-1 is an axon guidance cue
(Kennedy et al., 1994) that acts on its membrane receptor deleted
in colorectal cancer (DCC). DCC interacts with focal adhesion
kinase (FAK) (Li et al., 2004; Liu et al., 2004; Ren et al., 2004),
resulting in axon attraction and outgrowth. Netrin-1 also stimu-
lates protein synthesis in chemotropic responses through the
p42/p44 mitogen-activated protein kinase (MAPK) signaling
pathway (Campbell and Holt, 2001, 2003), which is required
during resensitization of retinal axons (Piper et al., 2005). How-
ever, it is unclear whether and how netrin-1 affects the expression
of membrane receptors.

Here we report that netrin-1 rapidly stimulates KOR transla-
tion in primary dorsal root ganglion (DRG) neurons and P19
embryonal carcinoma cells by stimulating FAK phosphorylation,
which triggers translocation of KOR mRNA from the translation-
ally silent post-polysomal fraction to the translationally active
polysomal fraction. Without netrin-1 signals, a significant por-
tion of KOR mRNA is retained in a dormant state in the post-
polysomal fraction. During stimulation by netrin-1, KOR mRNA
is released to the translationally active polysomal fraction. This
report describes the first example of netrin-1 signaling in the
translational control of a membrane receptor KOR, which in-
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volves its mediator FAK and uses a novel

(A)

mechanism that induces differential

mRNA partitioning for translational no treatment
regulation.

Materials and Methods

Reagents. Monoclonal and polyclonal antibod-
ies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA) (anti-KOR), Abcam
(Cambridge, MA) (anti-KOR), Sigma (St.
Louis, MO) (anti-Tau), Cell Signaling Technol-
ogy (Beverly, MA) [anti-eukaryotic initiation
factor 4E (eIF4E)], and Upstate Biotechnology
(Lake Placid, NY) (anti-FAK, anti-a-actin, and
anti-phospho-Tyr). Recombinant netrin-1 was
from R & D Systems (Minneapolis, MN). Biotin-
labeled dynorphin and HiLyte Fluor 555-
conjugated streptavidin were from AnaSpec (San
Jose, CA). U69,593 [(5a,7,83)-(+)-N-methyl-
N-[7-(1-pyrrolidinyl)-1-oxaspiro[4,5]dec-8-
yl]benzenacetamide] and nor-binaltorphimine
(nor-BNI) were from Sigma. *H-U69,593 was
from PerkinElmer (Wellesley, MA). Gene-spe-
cific small interfering RNAs (siRNAs) were from
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thesized oligonucleotides (FAK, 5'-TCG ACA
GGT GAA GAG TGA CTA CAT GGG AAT
TCG CAT GTAGTCACT CTT CACCTGTTT
TT-3' and 5'-CTA GAA AAA CAG GTG AAG
AGT GAC TAC ATG CGA ATT CCC ATG
TAG TCA CTC TTC ACC TG-3") were self-
annealed and ligated into the IMG-800 vector.
The intact, 5'-UTR or 3’-UTR deleted KOR
translational reporter were constructed with primer pairs specific to
KOR 5’-UTR and 3'-UTR sequences (5'-ACT CTC GAG GCG CAC
CTT GCT GAT CCC-3', 5'-ACT CCA TGG TGA GCG CTG CAG-3';
and 5'- CCA TCT AGA CTA GTC GTG GAA ATG TCT TC-3',5"'-ACC
GTC GACCTC CAG CAG TGT CAA GTT GAC-3'), digested with Xhol/
Necol or Xbal/Sall, and ligated into a TK promoter in pGL3-Basic vector
(Promega, Madison, WI). DRG neurons were prepared as described pre-
viously (Zheng et al., 2001; Stucky et al., 2002; Bi et al., 2003) and plated
on 0.1 pg/ul poly-p-lysine-coated plates. P19 embryonal carcinoma cells
were prepared as described previously (Park et al., 2002). Reporter assay
was performed also as described previously (Hu et al., 2002). Three in-
dependent experiments were conducted for each assay.

Protein preparation, Western blotting, and immunohistochemistry. Pro-
tein samples from P19 cells were prepared as described previously (Park
etal., 2002). In brief, cell pellet was resuspended in immunoprecipitation
buffer and sonicated. Equal amount of proteins were added into the gel
loading buffer and resolved on an 8% SDS-PAGE. Western blots of var-
ious antigens were performed as described previously (Tsai et al., 2006).
Immunohistochemistry was conducted as described (Bi et al., 2003) with
anti-KOR (1:200) or anti-Tau (1:500) antibodies. To quantify the fluo-
rescent signals, 15 cells were randomly chosen for the measurement of
pixel intensity that was obtained with the help of Image ProPlus software
(Media Cybernetics, Silver Spring, MD). To exclude uneven branches of
cells, the readings were taken only from whole cell bodies. To avoid pixel
saturation, the intensity was measured on images of short exposure
times. The specific intensities were obtained by normalizing KOR-
specific signals against Tau-specific signals in the same field. The mean

Figure 1.

A, Translation of KOR in DRG neurons is stimulated by netrin-1. Inmunofluorescence staining of endogenous KOR
(green) in reqular DRG neurons and DRG neurons treated with netrin-1, netrin-1 plus cyclohexamide, netrin-1 plus puromycin, and
netrin-1 plus actinomycin-D is shown in the top row. DRG neurons with siRNA to knockdown endogenous KOR were also treated
with or without netrin-1 (bottom row). Tau staining (red) provided an internal control for normalization. ctrl, Control. B, Quan-
titative analyses of normalized KOR pixel intensities (against Tau pixel intensities).

from the control set of cells was given an arbitrary value of 1 for the
determination of the relative intensity of each treated culture.

RNA preparation, reverse transcription-PCR, and Southern blot analysis.
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA)
and dissolved in DEPC-H, 0. For reverse transcription (RT) reactions, 2
g of RNA was used to synthesize cDNA (Qiagen). Specific primer pairs
for PCR amplification were as follows: KOR, 5'-CAT CAT CAG GAA
ACT GCA-3" and 5'-TGG TCA TGT TTG TCA TC-3'; a-actin, 5'-TGG
CCT TAG GGT GCA GGG-3" and 5'-GTG GGC CGC TCT AGG CAC
CA-3’). Southern blot and semiquantitative analyses of RT-PCR prod-
ucts were performed as described previously (Wei et al., 2000; Bi et al.,
2001) and repeated at least three times for each experiment.

Metabolic labeling. P19 cells were cultured in the presence of >>S-
labeled Met/Cys (MP Biomedicals, Irvine, CA) for different time inter-
vals. Cells were sonicated and applied to immunoprecipitation. Samples
were resolved by 8% SDS-PAGE and exposed to a PhosphorImager (Mo-
lecular Dynamics, Sunnyvale, CA) for quantification.

Ligand binding assay. For in situligand binding, primary DRG neurons
were first treated with or without 0.2 pg/ml netrin-1 for 30 min, followed
by the addition of 1 um biotin—dynorphin along with or without 2 ug/ml
cyclohexamide, 10 ug/ml puromycin, or 2 ug/ml actinomycin-D for
another 20 min. After washing, cells were incubated with goat serum-
diluted streptavidin, extensively washed, and observed under an inverted
microscope (Nikon, Tokyo, Japan). For competition, 50 nm nor-BNI, 10
nm U69,593, or 50 nM unlabeled dynorphin was added along with biotin—
dynorphin. For the quantitative ligand binding assay, primary DRG neu-
rons were suspended in medium and incubated with unlabeled dynor-



Tsai et al. @ K Opioid Receptor Translation Stimulation

(A)
Netrin-1 plus
Netrin-1  cyclohexamide

Netrin-1 plus  Netrin-1 plus
UB9,593 unconjugated-dynorphin

si-KOR

no treatment

Netrin-1 plus
nor-BNI

(B)

no treatment Netrin-1

(C) (D)

6000
5000 5000

4000
3000

3H readings

3H readings

Netrin-1 plus

‘uromycn

si-KOR plus
Netrin-1

control

J. Neurosci., September 20, 2006 - 26(38):9743-9749 + 9745

G beads. Specific mRNAs were then detected by
semiquantitative RT-PCR, followed by South-

Netrin-1 plus
ern blot analyses.

actinomycin-D

Results

Translation of endogenous KOR is
activated by netrin-1 in DRG neurons
KOR mRNA is detected in numerous neu-
rons, including DRG neurons and P19 em-
bryonal carcinoma cells, as well as their
differentiated neurons (Bi et al., 2001). In
the search for extracellular signals/factors
such as growth factors, hormones, and
opioids that could possibly affect the ex-
pression of KOR protein, we found
netrin-1 to be most interesting. As shown
in Figure 1A, top, netrin-1 treatment for
30 min significantly stimulated the expres-
sion of immunoreacting, endogenous
KOR proteins in mouse primary DRG
neurons, which was blocked, for ~80%, by
the translational inhibitor cyclohexamide
or puromycin. The incomplete inhibition
of translation by these drugs was attribut-
able to the application of these drugs at
lower concentrations to minimize their
toxic effects. The specific effect on transla-
tion was also supported by the results
using a transcription inhibitor actinomy-
cin-D, which exerted no significant effect
on netrin-1 stimulation of the expression
of endogenous KOR. To confirm the spec-

si-KOR

Netrin-1 (200 ug/ml) = + 0

+ +L_F

3H-U69,593 + +

2000
1000 ﬂ
0
+
+
+

nor-BNI - -

cold-U69,593 - = - +

Figure 2.

phin for 10 min. Culture medium was changed into a fresh medium
containing 0.2 pg/ml netrin-1 for 30 min. *H-U69,593 was then added
along with or without nor-BNI or unlabeled U69,593 for another 20 min.
Cell pellet was collected and H counts were determined. For ligand
binding in KOR-silenced DRG neurons, cultures were transfected with
KOR siRNA for 48 h and subjected to binding assays. All binding assays
were done at least three times to determine the mean values.

Polysome fractionation and RNA immunoprecipitation. Polysome frac-
tionation was conducted as described previously (Mukhopadhyay et al.,
2003). In brief, P19 cell extracts were layered onto the polysomal buffer
[10 m™m 3-(N-morpholino)-propanesulfonic acid, 250 mm NaCl, 2.5 mm
MgOAc, 0.5% Nonidet P-40, and 50 ug/ml cyclohemaxide]. The poly-
somes were collected by ultracentrifugation at 100,000 X g for 1 h. The
supernatant was collected as the post-polysomal fraction. Total RNA was
isolated from polysomal and post-polysomal fractions with TRIzol re-
agent. For RNA immunoprecipitation, cell extracts were subjected to
protein immunoprecipitation as described previously (Gupta et al.,
2005). After precipitation, TRIzol was applied to the precipitated protein
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Increased functional KOR in DRG neurons during netrin-1 stimulation. 4, /n situ ligand binding of primary DRG
neurons. Biotin-labeled dynorphin was added to control cells, and images of cells treated with netrin-1, netrin-1 plus cyclohex-
amide, netrin-1 plus puromycin, and netrin-1 plus actinomycin-D are shown in the top row. Images of cells treated with netrin-1
plus nor-BNI, netrin-1 plus U69,593, and netrin-1 plus unconjugated dynorphin are shown in the bottom row. Cells were incu-
bated with HiLyte Fluor 555-conjugated streptavidin and observed under an inverted microscope. B, DRG neurons with endoge-
nous KOR knockdown by siRNA were also treated with netrin-1and detected for specific ligand binding. €, Quantitative ligand
hinding assays of primary DRG neurons using *H-labeled U69,593 in the presence of various competing KOR ligands (*p < 0.05).
D, Quantitative ligand binding assays of primary DRG neurons with or without endogenous KOR knockdown by siRNA (*p << 0.05).

ificity of netrin-1 to KOR, siRNA to KOR
was applied in the experiment of netrin-1
stimulation (Fig. 1 A, bottom). Clearly, si-
lencing of the endogenous KOR gene dra-
matically inhibited netrin-1-stimulated
KOR protein expression. The slight in-
crease of KOR in netrin-1-stimulated,
KOR-silenced cells was probably attribut-
able to the widely recognized inability of
siRNA to completely block the expression
of endogenous genes. To confirm whether
the effects of netrin-1 were generally true
for other KOR-expressing cells, we con-
ducted the same set of experiments in P19
cells. Similarly, KOR expression in P19 was
also stimulated by netrin-1, which was also
effectively inhibited by translational inhibitors and silencing of
KOR but not by the transcriptional inhibitor (supplemental Fig.
1, available at www.jneurosci.org as supplemental material).

Netrin-1

Increase in functional KOR protein by netrin-1 stimulation in
primary DRG neurons

The KOR-stimulating effect of netrin-1 was found to be at the
level of protein expression (Fig. 1). We then determined whether
the increased KOR proteins could contribute to the biological
function of KOR in neurons, such as specific ligand binding. We
then examined the KOR ligand-binding patterns of primary DRG
neurons using biotin-labeled dynorphin (Fig. 2A,B) and *H-
labeled U69,593 (Fig. 2C,D). To first establish that biotinylation
on dynorphin did not affect its property as a specific KOR ligand,
we examined the K; values of dynorphin and biotin—dynorphin
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in competition experiments against *H-
U69,593 (Stahn et al., 1998). As shown in
supplemental Figure 2 (available at www.
jneurosci.org as supplemental material),
both dynorphin and biotin—dynorphin
exhibited a very similar K; value (supple-
mental Fig. 2, available at www.jneurosci.
org as supplemental material). This result
justified the application of biotin—dynor-
phin as a specific KOR ligand in the in situ
ligand binding assay. Biotin—dynorphin
was then applied in subsequent experi-
ments in which cells were treated with
netrin-1 and a panel of compounds, in-
cluding inhibitors and competing ligands,
as shown in Figure 2 A. Clearly, dynorphin
binding to the primary DRG neurons was
significantly enhanced by netrin-1, which
was very effectively inhibited by transla-
tion inhibitors such as cyclohexamide and
puromycin but not by the transcription in-
hibitor actinomycin-D. With the addition
of different competing KOR ligands (nor-
BNI, U69,593 or dynorphin), binding of
biotin—dynorphin to these cells was also
significantly inhibited. To further validate
the specific effect of netrin-1 to KOR, we
applied KOR siRNA into cells, followed by
ligand binding assays (Fig. 2 B). Consistent
with the results shown in Figure 1, KOR
silencing rendered very few cells bound by
dynorphin even after netrin-1 treatment.
This result further supported the specific
and stimulatory effect of netrin-1 on the
synthesis of endogenous KOR proteins.

A quantitative ligand-binding assay us-
ing *H-U69,593 (Fig. 2C) also showed that
U69,593 binding to the DRG neurons was
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Figure3. Translation of KOR in P19 cells is stimulated by netrin-1. 4, Metabolic labeling of newly synthesized KOR and Tau in
mock- or netrin-1-treated P19 cells. Cyclohexamide, puromycin, and actinomycin-D were also added together with netrin-1to
determine the effects of netrin-1 on translation versus transcription. Lug, Luciferase. B, Translation reporter assays conducted in
parallel as shown in A.

significantly enhanced. The specificity of

ligand binding was verified in competition

experiments in which the binding could be blocked by the antag-
onist nor-BNI, as well as by the cold ligand U69,593. The quan-
titative binding assays were also subjected to KOR silencing in the
DRG neurons (Fig. 2D), which showed effective inhibition of
netrin-1-stimulated KOR ligand binding by silencing the endog-
enous KOR.

To examine the molecular mechanisms underlying the stim-
ulating effects of netrin-1 on KOR protein expression, the P19
cell system was used because the very limited amount of material
obtained from primary DRG neurons precluded its application in
a biochemical assay for quantitative measures. We first sought a
direct evidence for a translational effect of netrin-1 by using a
metabolic labeling procedure (Fig. 3A). To minimize the poten-
tial effects of transcription, cells were first treated with
actinomycin-D before labeling with *°S-Met/Cys. The KOR-
specific immunoprecipitate was then monitored by determining
the amounts of >°S labeling in the precipitate. It appeared that the
amount of the **S-labeled, newly synthesized KOR was signifi-
cantly greater in netrin-1-treated cells beginning at the first time
point, 45 min. The effect was even more significant at 90 min and
then gradually leveled, although the rate of newly synthesized
KOR appeared to remain relatively high even at 4.5 h after
netrin-1 treatment. Importantly, this effect was dramatically in-

hibited by the protein synthesis inhibitors cyclohexamide and
puromycin but not by the transcription inhibitor actino-
mycin-D. For a negative control, the amount of newly synthe-
sized Tau was also monitored in parallel, which appeared to
remain relatively constant between the mock- and netrin-1-
treated groups. To provide another quantitative, kinetic evidence
for the specific effects of netrin-1 on KOR translation, we gener-
ated a translational reporter that contained the intact 5'- and
3’-UTRs of KOR mRNA and examined, in parallel with the met-
abolic labeling experiments, the translational efficiency of this
reporter after netrin-1 treatment (Fig. 3B). With the identical
treatments, the kinetics of stimulation of KOR translation, de-
tected using the translational reporter, appeared to follow closely
the kinetics detected using the metabolic labeling procedure.
These results unambiguously demonstrated the stimulating, or
activating, effect of netrin-1 on de novo synthesis of KOR
proteins.

Netrin-1-stimulated KOR translation is through the FAK
signaling pathway

The above findings suggested that netrin-1 was an inducer for de
novo KOR synthesis. Recent studies have identified FAK as the
downstream mediator of netrin-1 in axon guidance (Li et al.,
2004; Liu et al., 2004; Ren et al., 2004). To determine whether
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Figure4. FAKisthe downstream target of netrin-1in stimulating KOR translation. A, West-
ern blot analysis of netrin-1induced phosphorylation of FAK. FAK proteins were immunopre-
cipitated and analyzed by anti-phosphorylated tyrosine. IP, Inmunoprecipitation; IB, immuno-
blot. B, KOR translational reporter assays in FAK-silenced P19 cells. FAK protein levels were
detected on the Western blot (top). KOR reporter activities in regular or siFAK P19 cells were
determined in cells treated with 0.1, 0.2, or 0.4 wg/ml netrin-1for 30 min (*p << 0.05). Con,
Control.

FAK was involved in netrin-1-stimulated translation of KOR, we
monitored the behavior of the endogenous FAK and tested the
biological function of FAK, specifically in regulating the expres-
sion of KOR as shown in Figure 4. It appeared that tyrosine phos-
phorylation of the endogenous FAK in P19 cells indeed was in-
creased immediately (20 min) after netrin-1 treatment (Fig. 4A),
suggesting that FAK was activated after netrin-1 treatment in this
experimental system. To determine whether FAK was directly
involved in netrin-1-stimulated KOR expression, siRNA-
mediated silencing of FAK in P19 cells was performed. We gen-
erated stable P19 cell lines harvesting a vector that could con-
stantly produce siRNA to silence the endogenous FAK in P19
cells. In addition, we applied the KOR translational reporter in
the stable cell lines containing siFAK to determine, specifically,
the effects of FAK on KOR translation. As shown in Figure 4B,
this translational reporter was effectively stimulated by netrin-1,
in a dose-dependent manner, in normal P19 cells. Significantly,
the same reporter was no longer responsive to netrin-1 signals in

J. Neurosci., September 20, 2006 - 26(38):9743-9749 « 9747

(A) 3

il 4 |L2R-FAK

FAK o <¢-Endo. FAK

RO [ —

3.5

3
2
2 25
& ~
38 2
© 3
Qo 15
S £
235 ]
0L
= =
£ 05
i

0 -+ -+ -+

IL-2R FAK  IL-2R FAK  Netrin-1
(Y397F)

Figure5.  Constitutively active FAK upregulates KOR translation. A, Western blot analyses of

P19 cells transfected with various forms of FAK, including a control vector IL2R, a constitutively
negative FAK, IL2R-FAK-Y397F, and a constitutively active FAK, IL2R—FAK. B, KOR transla-
tional reporter activities in P19 cells transfected with the active FAK, IL2R—FAK, or the negative
FAK, IL2R—FAK-Y397F, and cells treated with netrin-1 for a comparison (*p << 0.05).

the FAK-silenced P19 cells. This result confirmed FAK as a key
mediator of netrin-1 in stimulating KOR translation.

To confirm the direct effect of FAK, we exploited the reported
constitutively active (IL2ZR-FAK) and inactive (IL2R-FAK-
Y397F) forms of FAK to bypass the input of netrin-1. P19 cells
were transfected with the constitutively active or inactive FAKs,
and the expression of the endogenous KOR protein was moni-
tored as shown in Figure 5A. The results confirmed that only the
constitutively active FAK (IL2R-FAK) could increase the endog-
enous KOR protein level. To provide additional functional evi-
dence at the level of translation, the KOR translational reporter
was used to monitor the effects of constitutively active FAK or
constitutively inactive FAK, for a comparison with netrin-1 stim-
ulation as shown in Figure 5B. As predicted, only the active FAK
was able to increase the KOR translational reporter activity,
which occurred as effectively as that triggered by netrin-1 stimu-
lation. Altogether, these data validated that the level of endoge-
nous KOR protein indeed was significantly and specifically ele-
vated by netrin-1, which activated FAK, and that this occurred at
the level of KOR translation.
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It is also clear that the total KOR mRNA
level in the total pool remained relatively
constant before and after netrin-1 treat-
ment. For a control, we monitored the dis-
tribution of a-actin mRNA in these frac-
tions, which was not significantly altered
after netrin-1 treatment.

To examine whether KOR mRNAs loaded with polysomes
were ready for translation, we determined the interaction of KOR
mRNA with one component for the translational rate-limiting
step, eIF4E. Anti-eIF4E was used to precipitate polysomes, which
was then used to determine the amount of associated KOR
mRNA (Fig. 6 B). As shown in this figure, KOR mRNA associa-
tion with eIF4E was increased after netrin-1 treatments. For a
negative control, the associated a-actin mRNAs was also moni-
tored, which remained unchanged after netrin-1 treatment. It is
known that mRNA translational control usually involved its
UTRs. To locate the UTRs of KOR mRNA involved in netrin-1
stimulation, we generated three translational reporters of KOR
5’-UTRand 3’-UTR and determined their association with eIF4E
(Fig. 6C, left). It appeared that the reporters carrying either the
intact KOR 5'-3'-UTRs or the 5'-UTR alone were responsive to
netrin-1 stimulation for association with eIF4E. Very differently,
the reporter carrying the KOR 3’-UTR failed to respond to
netrin-1 stimulation. The activities of these reporters were also
determined as shown in the right panel of Figure 6C. Consistent
with the association with eIF4E, the translational reporters carry-
ing either the intact KOR 5'=3’-UTRs or the 5'-UTR alone could
be stimulated by netrin-1 treatment.

These data provide unambiguous evidence for netrin-1-
stimulated de novo KOR synthesis in primary DRG neurons and
in P19 cells. The signal of netrin-1 is mediated by its downstream
target FAK. Under the unstimulated condition, a significant por-
tion of KOR mRNA is distributed in the translationally silent,
post-polysomal fraction. During stimulation, the vast majority of
KOR mRNA then partitions to the polysomal fraction for de novo
synthesis of KOR proteins. Functionally, the newly synthesized
KOR proteins in primary DRG neurons are able to bind specific
ligands.

Figure 6.

Netrin-1 stimulates KOR mRNA association with polysomes. 4, Abundance of KOR and c-actin mRNAs in polysomal
(P) versus post-polysomal (S) fractions, as well as the total mRNA pool (T). Specific associated mRNA was detected using semi-
quantitative RT-PCR, followed by Southern blot analyses. B, Coimmunoprecipitation of elF4E with KOR or ce-actin mRNAs. The
mRNA precipitated by anti-elF4E antibody was analyzed by semiquantitative RT-PCR. C, Semiquantitative RT-PCR analyses of
elF4E-associated KOR translational reporters carrying various KOR UTRs (left). The reporter activities of the same three transla-
tional reporters were determined in parallel in P19 cells (right). lug, Luciferase.

Discussion

This study demonstrates the first example of posttranscriptional
regulation of functional KOR protein synthesis by an axon guid-
ance cue, netrin-1. The signal of netrin-1 is passed to its down-
stream target FAK, which triggers differential subcellular parti-
tion of KOR mRNA. Without stimulation, a significant portion
of KOR mRNA stays in the post-polysomal fraction that is trans-
lationally silent. After stimulation by netrin-1, or FAK activation,
the majority of KOR mRNA is then translocated to the polysomal
fraction for rapid activation of translation.

Netrin-1 is known as an axon guidance cue (Kennedy et al.,
1994), as well as a growth factor (Kennedy, 2000). Previous stud-
ies revealed its effects in rapid protein synthesis through the p42/
p44 MAPK signaling pathway (Campbell and Holt, 2001, 2003).
Our current study identifies a novel netrin-1-triggered pathway
of translational control that involves differential mRNA parti-
tion. This signaling pathway also is mediated through the FAK
system. Several obvious issues have to be addressed. For instance,
it is unclear how FAK acts on KOR mRNA pools. Apparently, the
5’-UTR of KOR is sufficient for its translational regulation by
netrin-1 or by FAK, but it is unclear how the 5'-UTR of KOR
responds to netrin-1 or FAK signals. Presumably, in unstimu-
lated cells, a portion of KOR mRNA partitions in the inactive,
post-polysomal fraction by the action of some sorts of machinery
or protein complexes. FAK activation then triggers translocation
of this silent KOR mRNA pool to the polysomal fraction, proba-
bly mediated by some sort of complexes stimulated by the acti-
vated FAK. It will be important to identify the target of FAK and
the mediator or transporter for moving KOR mRNA around.
Another interesting and important question is the physiological
implication of the de novo synthesis of KOR proteins in neurons,
especially in response to netrin-1 stimulation. Based on ligand
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binding assays, these newly synthesized proteins are functional.
There has been no report on any potential role for KOR in axon
outgrowth. Our observation, as well as the demonstrated mech-
anism, presents an extremely interesting scenario for future stud-
ies in terms of the physiological function of KOR in the behavior
of KOR-expressing neurons.

Regulation of KOR gene expression occurs primarily during
developmental stages and in cell differentiation processes (Hu et
al., 2002; Bi et al., 2003). This involves principally transcriptional
events such as acquiring specific transcription factors and engag-
ing in chromatin remodeling events (Park et al., 2005). Posttran-
scriptional regulation has been demonstrated for KOR, such as
regulating its mRNA stability, transport, and translation (Wei
and Loh, 2002; Bi et al., 2003; Wei, 2004). Although these previ-
ous studies have illustrated that the mRNA sequences could play
arolein these posttranscriptional events, it was unclear how these
RNA sequences were regulated and whether they responded to
any environmental factors or neuronal activities. To this end, the
current study has shed light on the type of signals that could
regulate the expression of KOR from its mRNA. We observed
that KOR mRNA could be differentially transported in differen-
tiated P19 neurons (Bi et al., 2003) and exhibited different levels
of stability (Wei et al., 2000). It is conceivable that other signal
inputs might participate in this extensive network of posttran-
scriptional control for the production of KOR proteins. To this
end, it is also of significance to identify other signal inputs for
regulating the synthesis of KOR proteins, especially in neurons.

De novo protein synthesis can be particularly important for
neurons. It is known that neurons engender the most extensively
compartmentalized intracellular environment. It is also true that
neurons require the highest degree of plasticity in terms of the
amount and the type of proteins that they should produce at a
given time. Although classical transport mechanisms have ad-
dressed the issue of moving various proteins or protein com-
plexes in neurons, these mechanisms may become ineffective
should neurons require some specialized proteins at a specific
time. The capacity to regulate translation of specific proteins in
neurons could potentially equip the cells with a greater plasticity
in terms of producing specific types of proteins that are needed
only when cells are stimulated. The fact that a significant portion
of KOR mRNA is dormant in the control cells and that it can be
rapidly activated for protein synthesis by environmental cues
would suggest an intriguing role for KOR in neuronal behaviors
other than receiving opioid drugs.
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