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p38a Mitogen-Activated Protein Kinase Depletion and Repression of
Signal Transduction to Translation Machinery by miR-124 and -128

in Neurons
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The p38a to p388 mitogen-activated protein kinases (MAPKSs) are central regulatory nodes coordinating acute stress and inflam-
matory responses. Their activation leads to rapid adjustment of protein synthesis, for instance translational induction of proin-
flammatory cytokines. The only known direct link of p38 to translation machinery is the MAPK signal-integrating kinase Mnk.
Only p38a and p38 transcripts are ubiquitously expressed. These mRNAs encode highly conserved proteins that equally phos-
phorylate recombinant Mnk1 in vitro. We discovered that expression of the p38a protein, but not the p38f isoform, is sup-
pressed in the brain. This is due to p38a depletion by two neuron-selective microRNAs (miRNAs), miR-124 and -128. Suppres-
sion of p38a protein was reversed by miR-124/-128 antisense oligonucleotides in primary explant neuronal cultures. Targeted
p38a depletion reduced Mnk1 activation, which cannot be compensated by p38f. Our research shows that p38a alone controls
acute stress and cytokine signaling from p38 MAPK to translation machinery. This regulatory axis is greatly diminished in neu-
rons, which may insulate brain physiology and function from p38a-Mnk1-mediated signaling.

he p38 mitogen-activated protein kinases (MAPKs) orches-

trate cellular responses to stress and inflammation. Of the four
p38 isoforms, only p38a and p38f3 are universally expressed (p38y
and p38d have restricted tissue type specificity). p38a and p38[3
are ~70% identical at the amino acid level and are the only p38
isoforms sensitive to pyridinyl imidazole compounds, inhibitors
which have been used extensively to characterize p38 functions.
Since they have overlapping sets of substrates and upstream acti-
vators, it is difficult to distinguish the physiological roles of p38a
and p38B using available inhibitors. Evidence from knockout
mice suggests distinct roles for p38a and p38f in development.
p38a~’” mice are embryonic lethal, partly because p38a is specif-
ically required for placental development (1-4). On the other
hand, p388 '~ mice are viable and healthy (1-5). The isoforms
may have some overlapping functions, because p38a/3 double-
knockout mouse embryos display spina bifida, exencephaly, and
liver anomalies, which are not seen with either single knockout
(6). However, expression of p38f under the p38a promoter does
not compensate for most of the p38a knockout developmental
defects (6).

In line with their role in stress and inflammation, the p38
MAPKSs constitute a central regulatory node in the proinflamma-
tory response. Most directly, they coordinate acute induction of
proinflammatory cytokines, involving transcriptional and post-
transcriptional mechanisms (7). Rapid induction of proinflam-
matory cytokines upon exposure to inflammatory stimuli occurs
prior to an increase of their mRNAs and is highly sensitive to p38
inhibitors (8). Kinases downstream of the p38 MAPKs, Mnkl (9)
and MAPK-activated protein kinase 2 (Mk2) (10) have been im-
plicated in posttranscriptional control upon p38 MAPK activa-
tion. Both Mnk1 (11) and Mk2 (12) may stabilize proinflamma-
tory cytokine transcripts via phosphorylation of AU-rich element
(ARE)-binding proteins that interact with AREs in cytokine
mRNA 3’ untranslated regions (3'UTRs). In addition, upon acti-
vation by p38 MAPK, Mnk1 binds to eukaryotic initiation factor
4G (elF4G) (13, 14) and catalyzes phosphorylation of eIF4E on
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Ser209 [eIF4E(Ser209)] (15, 16). How MAPK signaling to Mnk1
and eIF4F components affects translation mechanistically re-
mains unclear.

Due to their central switchboard functions as biological re-
sponse modifiers, the p38 MAPKs likely play important physio-
logical roles in many organs. Their activities, however, may be
particularly critical in neuronal systems. This is because (i) the p38
MAPKs are implicated in cognitive function and memory (17);
(ii) cytokine-mediated signaling to p38 MAPK alters regulatory
circuitry that controls behavior, mood, motivation, and anxiety
(18); and (iii) postmitotic neurons are particularly vulnerable to
biological stressors associated with p38 MAPK activation (19).
Accordingly, the p38 MAPKSs are implicated in chronic degenera-
tive disorders with cognitive, behavioral, and neuroinflammatory
components, e.g., Alzheimer’s and Parkinson’s diseases (20).

We report here that p38a protein levels are potently and spe-
cifically downregulated in neuronal cells due to targeting of the
p38a message by two neuron-specific microRNAs (miRNAs),
miR-124 and -128. This effect was partially relieved upon expres-
sion of miR-124 or -128 antisense oligonucleotides in explant
mouse cerebellar granule cells. Selective depletion of p38a to
achieve “neuronal” p38a/p383 expression ratios prevented Mnk1
activation, induction of Mnk1-eIF4G binding and eIF4E(Ser209)
phosphorylation. p38f3 did not compensate for p38a loss, and
depletion of p38p itself had no effect on downstream p38 MAPK
signaling to Mnk1. Our results show that the p38a isoform is the
predominant source of p38 MAPK signals to the translation ap-

Received 24 May 2012 Returned for modification 20 June 2012
Accepted 19 October 2012

Published ahead of print 29 October 2012

Address correspondence to Matthias Gromeier, grome001@mc.duke.edu.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.00695-12

mcb.asm.org 127


http://dx.doi.org/10.1128/MCB.00695-12
http://mcb.asm.org

Lawson et al.

paratus. Controlling p38a levels may be important for proper
neuronal function and protection by limiting p38 MAPK activities
that are implicated as factors in chronic neuronal inflammation
and degeneration.

MATERIALS AND METHODS

Cell lines and transfections. Hek293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Tetracycline (Tet)-inducible Hek293 cells expressing N-ter-
minal myc-tagged and C-terminal Flag-tagged eIF4G1 (Hek293" %) or
N-terminally hemagglutinin (HA)-tagged Mnk1 (Hek293M"k1) (14) were
maintained in DMEM supplemented with 10% FBS, nonessential amino
acids, hygromycin B (100 pg/ml; Mediatech), and blasticidin S HCI (15
wg/ml; Invitrogen). Cells were transfected with 0.1 wM pre-miR RNA
hairpins (Ambion) or 0.1 uM small interfering RNA (siRNA) (Qiagen)
and 15 pl Lipofectamine RNAiMax (Invitrogen) per well in 6-well plates
for 18 h, then fresh medium was added, and the cells were allowed to
recover for an additional 48 h. For immunoprecipitation (IP) assays, 0.1
M siRNA was transfected into 15-cm dishes with 50 wl Lipofectamine
RNAiMax for 18 h, and then fresh medium was added for an additional 48
h. Transfected Tet-inducible cells were serum starved in serum-free me-
dium with doxycycline (1 pwg/ml) for 18 h prior to treatment with inhib-
itors and harvesting.

Tissue samples. Mouse tissues were dissected from euthanized
6-month-old healthy animals and snap-frozen on dry ice. Healthy human
brain samples were obtained from NY Brain Bank (Columbia University).
These samples were from unidentified donors with causes of death not
related to neurological conditions and without clinical or histopatholog-
ical evidence for neurological disease. The postmortem time for the sam-
ples ranged from ~6 h to ~28 h. Patient glioblastoma or medulloblas-
toma samples were obtained from the Preston Robert Tisch Brain Tumor
Center Tissue Repository (Duke University). The glioblastoma samples
were from unidentified donors and were obtained at the time of craniot-
omy. The samples were snap-frozen in liquid nitrogen immediately after
dissection. The medulloblastoma samples are derived from (unidentified)
patient tumor material that is maintained through continuous passage as
xenografts in athymic animals. These tissues were snap-frozen on dry ice
upon dissection. All tissue samples used in this study were homogenized
in brain lysis buffer (BLB) (50 mM HEPES [pH 7.3], 10% glycerol, 1 mM
EDTA, 5 mM EGTA, 150 mM NacCl, 0.5% NP-40, 1X protease inhibitor
[Roche]) following procedures reported elsewhere (21).

Quantitative reverse transcription-PCR (qQRT-PCR). RT reactions
were performed using TagMan reverse transcription kit or miRNA re-
verse transcription kit (Invitrogen) followed by TagMan qPCR (Invitro-
gen) on a LightCycler 480 (Roche). Mouse tissue samples were normal-
ized to 18S rRNA, and miRNAs were normalized to U6 snRNA. All assays
were performed in triplicate. The AACt method was used to calculate fold
changes.

Cerebellar granule cell cultures and lentiviral vector transduction.
We followed established protocols to subcultivate and maintain mouse
cerebellar granule cells (22). Briefly, cerebella from postnatal day 5
BALB/c mouse pups were dissected and dissociated in trypsin-DNase and
triturated in DNase (both trypsin and DNase from Worthington Bio-
chemical) with fire-polished Pasteur pipettes. The cells were then passed
through 40-pm nylon mesh filters, resuspended in granule cell medium,
and plated on plates treated with poly-p-lysine (22). The following day,
cells were transduced with lentiviral vectors. miR-zip-124 and miR-zip-
128 vectors express short hairpin RNA (shRNA) complementary to the
corresponding miRNAs under the control of an HI promoter and, as
transduction efficiency readout, green fluorescent protein (GFP) under
the control of a cytomegalovirus (CMV) promoter (Systems Bioscience).
Lentiviral vectors were produced by transfection of 293FT cells with
Virapower packaging mix (Invitrogen) and miR-zip-124, miR-zip-128,
pGreenPuro control vector (Systems Bioscience) or pLenti-Flag-p38a
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transduction vector. Vectors were harvested after 48 h and concentrated
using Peg-It (Systems Bioscience).

Cloning of the p38 construct. Mouse p38a was cloned with a Flag tag
from the ATCC IMAGE clone using the primers 5'-TGGGATCCATGG
ATTACAAGGATGACGATGACAAGTCGCAGGAGAGGCCCACGTT
C-3" and 5'-TAGCGGCGGCTCAGGACTCCATTTCTTCTTGGT-3'
and inserted into pEntr3C and then gateway cloned into pLenti6.2 (both
Invitrogen).

Reporter assays. For p38a luciferase (Luc) reporters, the full-length
p38a 3'UTR was amplified from a cDNA expression clone (ATCC) using
primers 5'-GATCTAGATGAGCACCTGGTTTCTGTTC-3' and 5'-TAG
CGGCCGCAACAAGTGGTATTGTCTGAC-3', digested with Xbal-NotI
restriction enzymes, and inserted into pCI-FLuc (F stands for firefly) down-
stream of the firefly Luc open reading frame (ORF). Construction of reporter
cDNAs expressing Renilla Luc was described earlier (23). Mutations in the
miR-124 and -128 seed sequences were made using the QuikChange II mu-
tagenesis kit (Stratagene) and primer pair 5'-CTGTTCTGTTGATCCCAC
TTCCTCGTGAGGGGAAGGCCTTTTCAT-3'/5'-ATGAAAAGGCCTT
CCCCTCACGAGGAAGTGGGATCAACAGAACAG-3" (miR-128) or
primer pair 5'-CAGTATATTTGAAACTGTAAATATGTTTGCCGCTTA
AAAGGAGAGAAGAAAGTGTAGATAG-3'/5'-CTATCTACACTTTCT
TCTCTCCTTTTAAGCGGCAAACATATTTACAGTTTCAAATATACT
G-3' (miR-124). pcDNA5 miR-124 and miR-128 expression clones were
generated using genomic sequences from mir-124/pAD track-CMV and
miR-128/pAD track-CMV, generous gifts from Soo-Kyung Lee (Baylor
University), that were excised using EcoRV-KpnlI and XhoI-Kpnl, respec-
tively. Fragments were then inserted into the corresponding sites of
pcDNAS FRT/TO (Invitrogen). Hek293 cells in 24-well plates were trans-
fected with 10 ng of p38a 3'UTR firefly Luc reporter DNA, 1 ng Renilla
Luc reporter (as a control), and 400 ng pcDNA miR-124, pcDNA miR-
128, or pcDNAS (as a negative control) using Lipofectamine 2000. The
cell media were changed after 24 h, and the cells were grown another 24 h
prior to harvesting and analyzing with the Dual-Luciferase reporter assay
kit (Promega) and a Turner Biosystems luminometer. Statistical analysis
was performed using JMP10 software. An unpaired Student’s t test was
used to determine significance. P values of <0.05 were taken as statisti-
cally significant.

Immunoprecipitation and immunoblotting. Cell lysates were pre-
pared using polysome lysis buffer (20 mM Tris [pH 7.4], 100 mM NaCl, 5
mM MgCl,, 0.5% NP-40, 2 mM dithiothreitol [DTT], 1 X protease inhib-
itor [Roche], Halt phosphatase inhibitor [Thermo Scientific]). Flag-IPs
were performed as previously described (14). Briefly, anti-Flag M2-aga-
rose beads (Sigma) were blocked with 1% bovine serum albumin (BSA) in
NT2 buffer (50 mM Tris [pH 7.4], 100 mM NaCl, I mM MgCl,, and
0.05% NP-40) for 30 min prior to IP, then 25 wl of Sepharose slurry and
1.2 mg lysate were added, and the resulting mixture was incubated for 3 to
4 h at 4°C with gentle rotation. Beads were then rinsed 4 times with NT2
buffer. Precipitated proteins were eluted from beads by resuspending in
wash buffer with 0.1 mg/ml Flag peptide (Sigma). Immunoblotting was
performed as described elsewhere (24) using antibodies against p38a,
p38B (for human samples), Mnkl, phosphorylated Mnk1 (phospho-
Mnkl1) (Thr197/202), eIF4E, phospho-elF4E, phospho-Erk1/2, Erk1/2,
phospho-p38, Bmil, Itgbl, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (all from Cell Signaling), tubulin, c-myc (Sigma), or p38f3 (for
mouse samples; Invitrogen). Densitometry analysis was performed using
the FluorChem FC2 imaging system and AlphaEase FC program (Cell
Biosciences) and with Image] software (NIH).

Kinase activators and inhibitors. Anisomycin, SB203580, 12-O-tet-
radecanoylphorbol-13-acetate (TPA) (all from Sigma) were dissolved in
dimethyl sulfoxide (DMSO), and tumor necrosis factor alpha (TNF-«)
(Sigma) was dissolved in water and used at the concentrations indicated
(see Fig. 6). Doxycycline (Sigma) was dissolved in water to a final concen-
tration of 1 mg/ml.
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FIG 1 p38 MAPK isoform expression in mouse and human tissue samples.
(A) Immunoblot of mouse tissue homogenates probed for p38c, p38@3, and a
tubulin loading control. (B) qRT-PCR of p38a mRNA in mouse tissues. p38c
mRNA levels were normalized to 185 RNA levels. Values are means plus stan-
dard errors of the means (SEM) (error bars). (C) Expression of p38a./B MAPK
isoforms and a GAPDH control in Hek293 cells, human heart, and diverse
human CNS regions. DCN, deep cerebellar nuclei; exp., exposure.

RESULTS

Expression of the p38a MAPK is repressed in brain. There are
two ubiquitously expressed p38 MAPK isoforms, p38a and p38f3.
Transcripts encoding both p38a and p38f3 proteins are present in
all tissues, including brain (the only p38 MAPK isoforms in brain
are p38a and p38p [25, 26]). However, immunoblot analysis of a
mouse multitissue panel revealed that p38a protein expression is
exceedingly low in normal brain compared to other tissues
(Fig. 1A). This is in contrast to p38@ expression, which is readily
detected in brain and other tissues (Fig. 1A). All tissues were fresh-
frozen immediately following euthanasia, dissected, and pro-
cessed in parallel, which excludes postmortem protein stability as
a factor in this phenomenon. qRT-PCR of p38a mRNA in total
RNA isolated from mouse tissue lysates (Fig. 1B) confirmed
roughly equivalent levels of p38« transcripts in all tissues (25, 26).
Brain and heart contained similar amounts of p38a mRNA (Fig.
1B), but protein levels diverged significantly (Fig. 1A). Immuno-
blot analyses in (histologically confirmed normal) human central
nervous system (CNS) tissues of diverse donors and regions con-
firmed this finding. In contrast to Hek293 cells and healthy human
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heart, p38a protein was substantially reduced in all human CNS
samples (Fig. 1C). Meanwhile, p38[3 protein levels in the human
CNS samples were similar compared to those in Hek293 cells and
heart (Fig. 1C). This indicates that p38a depletion in brain is not
due to low mRNA expression. Since p38a and -3 transcripts are
abundant in brain tissues but feature structurally distinct 3'UTRSs,
we tested whether differential expression of p38a in the brain may
be due to posttranscriptional regulation of p38a mRNAs via
miRNAs.

The p38a: mRNA is targeted by two neuron-specific miRNAs.
Analysis of the p38ac mRNA 3'UTR with miRNA target site pre-
diction algorithms revealed binding motifs for miR-124 and -128
(Fig. 2A) (27, 28). Both of these miRNAs were previously pro-
posed to target p38a using in silico and in vitro methods (29-31).
Both miR-124/-128 sites are highly conserved in the p38a mRNA
3'UTRs of vertebrates (from amphibians to humans) (Fig. 2B)
and are not present in the 3'UTRs of other p38 isoforms. Both
miR-124 (neuron specific) and miR-128 (neuron enriched) are
intricately associated with the neuronal phenotype (32, 33), mak-
ing them obvious candidates for p38a repression in the CNS.
Since miR-124 and -128 are repressed in primary CNS tumors,
such as medulloblastoma and glioblastoma (34-37) (Fig. 3B), we
investigated whether this coincides with p38a upregulation in
these tumor tissues. Immunoblot analyses of primary explant
medulloblastoma and surgical glioblastoma samples revealed a
p38a/p38P3 expression ratio comparable to those in nonneuronal
tissues that lack miR-124/-128 (Fig. 3A and C). Since p38a expres-
sion was variable in the medulloblastoma xenografts, we tested the
levels of miR-124/-128 in the two samples with the lowest p38a
levels by qRT-PCR. Both miRNAs were repressed >10-fold com-
pared to the levels in the cerebellum (Fig. 3B). This suggests that
p38a expression in brain tumors is due to a loss of posttranscrip-
tional repression, since published microarray data in the Oncom-
ine database did not indicate significant changes in p38a/3 mes-
sage in brain tumors compared to normal brain (38).

To assess whether miR-124 and -128 repress p38a in cells, we
expressed them in Hek293 cells, which do not naturally contain
these miRNAs. Precursor RNA hairpins (pre-miRNA) of miR-124
and -128 were transfected into Hek293 cells, and lysates were
tested for p38a expression. These assays suggest that p38a is de-
pleted upon miR-124 or -128 expression and that enhanced de-
pletion is achieved by cotransfection of both miRNAs (Fig. 4A).

To confirm the predicted miR-124 and -128 target sites in the
p38a 3'UTR, we generated firefly Luc reporters containing the
full-length p38a 3"UTR (Fig. 4B). Reporter plasmids were trans-
fected into Hek293 cells along with plasmids expressing miR-124
or -128 either individually or combined. Luc expression of the
wild-type p38a reporter decreased upon cotransfection with miR-
124, -128, or both, indicating that it is targeted by these miRNAs
(Fig. 4B). Reporters carrying mutations in the seed sequence for
miR-124 or -128, or both combined, were no longer repressed by
the corresponding miRNAs (Fig. 4B). We therefore conclude that
p38a mRNA is a valid target of the neuron-specific microRNAs
miR-124 and -128 upon their ectopic expression in Hek293 cells.

Derepression of p38cc mRNA in neuronal cells with miR-
124/-128 antagonists. The presence of confirmed miR-124/-128
target sites in the p38a 3"UTR and repression of the endogenous
p38a transcript in Hek293 cells ectopically expressing miR-124/-
128 does not necessarily mean that this mechanism is operational
in mature, differentiated neuronal cells. To examine whether en-

mcb.asm.org 129


http://mcb.asm.org

Lawson et al.

p38-0.3'UTR:
0 01 02 03 04 05 06 07 08,20 21 22 23
L1 ] ] ] ] L1 |/;/ ] ] ] ]
[] [ ]
miR-128 miR-124 x1,000 nt
32 ;s guu 38 604..... 610
1 1 1 L}
.cuguugaucccacuucacuguga. . . . acuguaaauauguuugugccuua. . .
miR-128 Caagugacacu miR-124 Cccacggaau
uuucucug9 agaugaguc"
B miR-128
H.sapiens accugguuucuguucuguug . . aucccacuucacugugaggggaaggccuuuucacggqg
B. taurus gu a - u-a-
G.gallus -a=C=..C===C====C==U.,J==== . ====gua--
M.musculus cu..=-=-u a----C---u---
C.familiaris  ——=—=——==———===-- U===== - U-==
E.caballus ge=——@mm———————— Commm || ==——— B T a-
L.africana =  —==-=—=—== o vm———— a=--= U=-==
0. anatinus ---ca---C-,-C-———-—-—-Uuuu-uu-c a-- a--
A.carolinensis -u-C-...... u--g-c--u..g-u---ua a cauaa
miR-124
H.sapiens ca.gu auauuugaaacug.u...... aaauauguuugugccuuaaa...a.gga.g
B. taurus —=g==...===CC==Qg===CaU=. ... . . ===—=———m————————— R
G.gallus a-a-aul. .U-g-a-————===.—. . ... —————m e — uga-.u-g.-
M.musculus --g--...--g--Ca------ = S48 8 C=g-Cmmm——m— ...-.--gu-
C.familiaris --g--...g-g-CC-====—= e m———— R g.v.m.mm— .-
E.caballus -—-g--...g-==C———————— I - —— -
L.africana --gC-...g===Cm==—==—= e ——————— N m— -
0. anatinus -Cg--...U-g=-C=a==C===.=,, .., . —=——————= CCmm=—m=—= cg...uu---
A.carolinensis aga-cuucu-g-C------a-.-guaddd---g-a-———=—=——————=—— uuac.ua-.-

FIG 2 Predicted binding sites for miR-124 and -128 in the p38a mRNA 3'UTR. (A) Mature miR-124 and -128 sequences are shown with complementarity to
predicted seed sequences within the p38a 3'UTR. The numbers represent the positions of seed sequences within the 3'UTR, with the first nucleotide (nt)
downstream of the stop codon set at 1. (B) The miR-124/-128 seed sequences in the p38a 3'UTR (shown on a gray background) are broadly conserved among
vertebrates. Sequences from Homo sapiens (human), Bos taurus (cow), Gallus gallus (chicken), Mus musculus (mouse), Canis familiaris (dog), Equus caballus
(horse), Loxodonta africana (African elephant), Ornithorhynchus anotinus (platypus), and Anolis carolinensis (an arboreal lizard) are shown.

dogenous miR-124 and -128 cause repression of p38a in neurons,
we used lentiviral transduction of explanted mouse primary cere-
bellar granule neurons (CGNs) with antisense oligonucleotides to
suppress either miR-124 or -128 (see Materials and Methods for
details). It has been previously determined that both miR-124 and
-128 are abundant in mouse cerebellum at postnatal day 5, which
is the source of our explant CGNs (33). First, we tested whether
p38a in mouse 5-day-old pup whole brain and cerebella (both the
structure excised in toto and the CGN explant cultures) exhibit the
same p38a versus p38f repression phenotype as adult mouse
brain or human cerebellum (Fig. 1A and C). These tests revealed
similarly suppressed p38a in 5-day-old mouse pup CNS struc-
tures and in CGNss as in adult CNS tissues (Fig. 5A). Moreover,
p38a repression did not change upon prolonged culture of CGNs
throughout 3 days (Fig. 5A). Last, p38a expression in cultured
CGNs was far lower than in normal mouse embryonic fibroblasts
(MEFs) and contrasted with approximately even expression of the
p38P protein in all cells/tissues (Fig. 5A).

To evaluate the roles of miR-124 and -128 in p38a repression,
we transduced CGN cultures with lentiviral vectors expressing
antisense oligonucleotides complementary to miR-124 or -128
(see Materials and Methods for details) (Fig. 5B and C). The len-
tiviral vector stocks used contained ~1.5 X 10° transducing
units/ml (determined by examining coexpression of GFP in
Hek293 cells transduced with serially diluted vector stock). The
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addition of 100 pl vector stock to ~1.25 X 10° plated CGNs
yielded transduction efficiencies of >90% (as judged by GFP ex-
pression in transduced CGNs). Transduction with either anti-
sense construct moderately, but reproducibly, elevated p38a lev-
els 24 to 72 h after lentiviral transduction (Fig. 5B and C). We also
assessed expression of other, known targets of each miRNA and
found that expression of these targets was also increased (Bmil for
miR-128 [35] and integrin B1 [Itgb1] for miR-124 [39]) (Fig. 5B
and C). These experiments were performed in 4 independent se-
ries, each involving CGN cultures established from 12 mouse
pups, yielding 4 to 6 replicates for each lentiviral vector construct
targeting miR-124 or -128 (Fig. 5B and C). Distinct vector prepa-
rations were used in each series.

The modest effects observed with our strategy are to be ex-
pected for several reasons. We targeted only a single miRNA in
each assay, maintaining repression by the nonantagonized
miRNA species. Both miRNAs implicated in p38a repression are
abundant in neuronal cells. miR-124, for example, is the single
most abundant miRNA in neurons and accounts for ~25 to 48%
of the miRNA pool in such cells (40). It is therefore unlikely that
strategies to neutralize such abundant miRNAs accomplish com-
plete phenotypic reversals.

Depletion of p38a abolishes p38 MAPK signal transduction
to Mnk1 and the translation apparatus. miRNA regulation of
p38a in the brain may modulate signaling cascades with a poten-
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FIG 3 p38 MAPK isoform expression in primary CNS malignancies. (A) Expres-
sion of p38 isoforms in medulloblastoma primary explant xenografts and normal
human cerebellum (cereb.) as a control. (B) QRT-PCR for miR-124 and -128 in
normal cerebellum and medulloblastoma xenografts 2341 and 341 normalized to
U6 snRNA. Values are means plus SEM (error bars). (C) Immunoblot for p38

were treated with the p38 MAPK activator anisomycin for sub-
sequent analysis of phospho-Mnk1 by immunoblotting. To ex-
clude inadvertent activation of Erk1/2 in our assay (Mnkl is a
convergent target of p38 and Erk1/2 MAPKs), we determined

isoforms in glioblastoma patient samples with human cortex used as a control.
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FIG 4 p38a is posttranscriptionally repressed by miR-124 and -128. (A) Hek293 cells were transfected (+) with 0.1 .M pre-miR-124, pre-miR-128, or a control,
scrambled pre-miRNA and lysates were probed for p38a, p38@3, and tubulin expression. (Top) An immunoblot representative of four independent assays.
(Bottom) The mean densitometric quantification of p38a expression levels in four separate experiments is shown below the immunoblot. Expression of p38a in
control samples was normalized to tubulin and set at 100 arbitrary units; values are means plus standard deviations (error bars). (B) (Top) Schematic of firefly
Luc reporters containing wild-type (wt) and mutant p38a 3"UTRs, as indicated. Hek293 cells were transfected with the indicated p38a reporter along with
pcDNAS5 miR-124, pcDNA5 miR-128, or pcDNAS as a control. Firefly luciferase (Luc) expression was normalized to Renilla Luc levels (used as a transfection
control). (Bottom) Unlabeled black bars indicate reporter expression from constructs containing wild-type, endogenous seed sequences in the p38a 3'UTR.
Expression levels of reporters containing mutant seed sequences are indicated. pcDNA5-transfected control samples were set at 100 arbitrary units for each
reporter. Values are the means plus SEM for four independent experiments. Values that are significantly different (P < 0.05) from the value for the control are
shown by an asterisk.
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FIG 5 p38a is derepressed upon antagonizing miR-124 and -128 in primary explant mouse CGNs. (A) p38a and p38f expression in 5-day-old mouse pups.
Cortex, cerebellum, and CGNs (analyzed throughout a culturing period of 3 days) exhibit p38a repression. The p38a/p38 expression ratio in normal mouse
MEFs is shown as a control. (B and C) Lentiviral vector transduction of explant CGN cultures with miR-zip128 (B) and miR-zip124 (C) antisense oligonucle-
otides. The time (in hours) posttransduction (p.t.) is shown above the immunoblots. Immunoblots for p38a, the confirmed miR-128 target Bmil (B), the
confirmed miR-124 target Itgb1 (C), and the loading control GAPDH are shown. The assays were performed in 4 independent series involving 4 to 6 replicates
each of CGN cultures from the dissected cerebella of 48 5-day-old mouse pups. Representative results evaluating p38c/Bmil or p38a/Itgbl levels at various

intervals are shown.

that treatment with 10 wg/ml anisomycin for 10 min induced
phosphorylation of p38a and its downstream target Mnk1, but
not Erk1/2 (Fig. 6A). The p38 inhibitor SB203580 blocked ani-
somycin-mediated Mnk1 phosphorylation, indicating that ani-
somycin specifically works through p38 signaling (Fig. 6A).
Two different sets of nonoverlapping siRNAs designed to target
p38a mRNA decreased p38a protein levels (Fig. 6B to D). This
generated a p38a/p38p ratio characteristic of CNS tissues in
mice and humans (compare to Fig. 1). Compared to cells trans-
fected with control siRNAs, targeted p38a knockdown drasti-
cally reduced p38 MAPK-mediated Mnkl phosphorylation
(Fig. 6B). p38a-depleted cells still responded to anisomycin
with mild Mnkl phosphorylation, likely reflecting residual
p38a in siRNA-transfected cells. Both sets of siRNA targeting

p38a had similar effects on Mnk1 activation (Fig. 6B). In con-
trast, targeted depletion of p38f did not alter Mnk1 phosphor-
ylation patterns (Fig. 6B). This suggests that p383 cannot com-
pensate for the loss of signal to Mnkl and the translation
apparatus due to p38a depletion.

Anisomycin is a commonly used p38 MAPK activator, but due
to its toxicity, broad activation spectrum, and lack of physiological
relevance, it may not accurately reflect authentic p38 responses.
Therefore, we repeated our assay using the natural p38 MAPK
activator tumor necrosis factor (TNF-a) as the stimulus. TNF-« is
a classic proinflammatory cytokine that leads to activation of both
p38a and p38B (25). Similar to anisomycin, treatment of
Hek293"4MnKL cells with 100 ng/ml TNF-a for 25 min specifically
activated p38a-Mnkl without effects on Erkl/2 (Fig. 6A).
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FIG 6 p38a alone is responsible for stress-induced activation of Mnk1. (A) Hek293"A-Mnk! cells, transfected with negative-control siRNA, were treated with
anisomycin (10 pwg/ml; 10 min), TNF-a (100 ng/ml; 25 min), or TPA (100 nM; 25 min) (+) with (+) and without (—) pretreatment with 10 uM SB203580 and
processed for lysis and immunoblot analyses of MAPK/Mnk1 activation patterns. p-p38, phosphorylated p38. (B) Hek293"A"™"! cells transfected with control
siRNA (negative control [neg. ctrl.]), siRNA to p38f3 (B1), or two different siRNA pairs to p38a (a1 and a2) were stimulated with 10 pg/ml anisomycin (aniso.)
(+) or DMSO (—) for 10 min and lysed thereafter. The cell lysates were assayed for Mnk1 activation and knockdown of p38 isoforms. (C) Hek293HAMnk! cellg
transfected with siRNAs as shown in panel B were treated with 100 ng/ml TNF-a (+) or water (—) for 25 min. The lysates were analyzed for Mnk1 activation and
p38 isoform expression levels. All experiments were performed in three independent series; representative results are shown. (D) Mnk1 binding to eIF4G upon
stress is dependent on p38a.. Hek293¢!¥4€ cells were transfected with control siRNA or paired siRNAs to p38a or p383 as shown in panels B and C. Cells were then
uninduced (—) or induced with doxycycline (dox) (+) and serum starved (18 h), followed by stimulation with 10 pg/ml anisomycin (+) or DMSO (—) for 25
min and lysis. (Top) The resulting lysates were subjected to anti-Flag IP followed by immunoblotting with antibodies against myc-eIF4G and its binding partners
Mnk1 and eIF4E. (Bottom) Immunoblot of the corresponding input samples. The assays were performed in three independent series; a representative assay is
shown.

132 mcb.asm.org Molecular and Cellular Biology


http://mcb.asm.org

Hek293"AMnKL cells transfected with p38a-targeting siRNA and
treated with TNF-a showed Mnk1 activation deficits similar to
anisomycin-stimulated cells (Fig. 6C). Our observations indicate
that p38a is the only upstream stress kinase for Mnkl1 and that
miRNA-mediated targeting of the p38a transcript suppresses
Mnkl1 activation.

To solidify our observations, we examined whether p38a de-
pletion acts on events downstream of Mnkl phosphorylation.
Mnkl1 does not interact directly with its prime substrate, eIF4E,
but rather approaches it via binding to eIF4G. It has been shown
previously that Mnkl exists in an autoinhibitory conformation
that prevents eIF4G binding, which is relaxed upon p38/Erk1/2
MAPK phosphorylation of Mnk1 (14). Thus, Mnk1-eIF4G bind-
ing is partly controlled through MAPK-mediated Mnk1 confor-
mational activation (14). To document the effect of p38a deple-
tion on Mnkl1-elF4G binding upon p38 MAPK activation, we
used a Hek293 cell line with Tet-inducible expression of myc- and
Flag-tagged elF4G (Hek293°9) followed by Flag IP of exoge-
nous elF4G and its binding partners (Fig. 6D). We tested whether
knockdown of p38a or p38 with siRNAs would affect IP of Mnk1
with elF4G after p38 stimulation. Hek293°™% cells were trans-
fected with siRNA to p38a or -3 and then stimulated with aniso-
mycin before Mnk1-eIF4G binding was tested by Flag co-IP and
immunoblotting (Fig. 6D). Anisomycin stimulation caused an in-
crease in Mnk1-eIF4G binding in the presence of a control siRNA
and when p38f3 protein levels were depleted (Fig. 6D). However,
co-IP of Mnk1 with eIF4G was significantly diminished in cells
transfected with either set of siRNAs to p38a, indicating that p38(3
was unable to compensate for the loss of p38a and to induce
Mnk1-eIF4G binding (Fig. 6D). Additionally, Mnk1-directed
eIF4E(Ser209) phosphorylation was increased upon anisomycin
stimulation, but not in cells depleted of p38a (Fig. 6D). This
agrees with our previous results showing that p38a is necessary
and sufficient for Mnk1 activation in cells upon p38 MAPK acti-
vation (Fig. 6B and C).

p38a levels control phosphorylation of eIF4E(Ser209) upon
stress in neuronal cells. Hek293 cells, although of neuronal lin-
eage, are not a true representation of terminally differentiated,
postmitotic neurons. Therefore, to establish whether p38a levels
control the eIF4E(Ser209) phosphorylation response to stress in
neurons, we examined whether ectopic p38a overexpression in
such cells may elevate p38-Mnk1 activation (Fig. 7). Primary ex-
plant CGN cultures established as outlined for Fig. 5 were trans-
duced with retroviral Flag-p38a expression vectors (featuring a
cloning vector 3"UTR not targeted by miR-124 or miR-128) or a
control vector expressing GFP (see Materials and Methods for
details). Transduction enhanced p38a levels approximately 2-fold
(Fig. 7). Anisomycin treatment of such cultures produced in-
creased phospho-eIF4E(Ser209), suggesting that inherent neuro-
nal p38a depletion limits the translational response to p38 activa-
tion.

DISCUSSION

The most thoroughly studied MAPKSs, p38, Jnk, and Erk1/2, co-
ordinate cellular responses to extracellular stimuli associated with
acute stress/inflammation or growth signals. In line with their
pleiotropic activation spectrum and their powerful influence on
many physiological processes in cells, the activity of MAPKs is
carefully balanced at many levels. This typically involves control of
the MAPK phosphorylation state (via either kinases or phospha-
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FIG 7 Ectopic overexpression of p38a in primary explant mouse CGNs en-
hances Mnkl-dependent phosphorylation of eIF4E(Ser209). CGNs from
5-day-old mouse pups were transduced with control lentiviral expression vec-
tors (expressing GFP) or Flag-p38a-expressing vectors for 72 h. Then, they
were mock treated (DMSO) or treated with anisomycin (10 pug/ml) for 1 hand
harvested/lysed thereafter. Cell lysates were analyzed by immunoblotting as
shown.

tases), target substrate binding (via MAPK docking motifs) (43),
physical integration of MAPK signaling modules in protein scaf-
folds (44), or intracellular localization (45).

We discovered that the abundance of p38a MAPK is con-
trolled in the neuronal compartment through the action of two
neuron-specific/enriched miRNAs, miR-124 and -128, resulting
in significantly reduced kinase levels in normal brain tissues.
miRNA control over p38a biosynthesis may suggest that p38a
levels are not perpetually suppressed in neuronal tissues but that
they must remain responsive to unforeseen, rapid-onset changes
in conditions. For example, immediate increases of p38 MAPK
levels occur in response to cerebral ischemia/reperfusion injury
(46). Both miRNAs implicated in p38a regulation, miR-124 and
-128, are closely linked to the neuronal phenotype (33). Indeed,
miR-124 is the most abundant miRNA species in neurons and
plays major, defining roles in neuronal differentiation and main-
tenance of neuronal function (47). miRNAs act by repressing
translation initiation and inducing target template deadenylation
and subsequent degradation (48). Since Northern blot data show
that p38a and p383 mRNA expression is abundant in mouse
brain, it appears that p38a depletion by miR-124/-128 in the brain
primarily affects protein output but may have little influence on
p38a transcript levels.

Our studies suggest that antagonizing miR-124 and -128 in
terminally differentiated, nonproliferating CGNs elevates p38a
levels. This indicates that these miRNAs play a role in posttran-
scriptional p38a regulation in the adult brain. For instance, CGN
precursors induced to proliferate with the morphogen sonic
hedgehog (shh) have elevated p38a protein levels and display
heightened p38a activity (49). The increase of p38a protein upon
shh exposure was a posttranscriptional event, since p38a mRNA
levels were unchanged (49). Similar to our results and in accor-
dance with a role for shh in proliferation control, elevated p38a
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was also detected in medulloblastoma, tumors lacking miR-124/
-128 (49). These observations support our hypothesis that posttran-
scriptional downregulation of p38a (via miR-124/-128) is associated
with a terminally differentiated neuronal state. Additionally,
p38a’~ embryonic stem cells spontaneously differentiate into neu-
rons (50), indicating that p38a abundance and activity may be re-
quired for the proliferation of neuronal precursors but are down-
regulated upon neuronal differentiation and quiescence.

Our data show that p38a depletion ablates the p38 MAPK
signal to the downstream substrate and crucial link to protein
synthesis machinery, Mnkl. This suggests that only the p38a
MAPK isoform signals to Mnk1 in vivo. Thus, miRNA-mediated
p38a depletion in the neuronal compartment may restrict p38
MAPK activation mechanisms that result in acute-onset transla-
tion induction of susceptible mRNAs. Many studies show that the
main class of mRNAs responding to the p38 MAPK-Mnkl mod-
ule encodes proinflammatory cytokines (8, 9, 51, 52). Therefore,
miRNA-mediated p38a depletion in neurons may suppress pro-
inflammatory cytokine expression in response to local or systemic
stimuli. Disruption of this mechanism may contribute to the
pathogenesis of degenerative disease with neuroinflammatory,
behavioral, or cognitive components associated with cytokine sig-
naling in the CNS, e.g., Alzheimer’s disease.

Indeed, increased p38 MAPK activity in the brain is linked to
Alzheimer’s disease and is associated with progression of the dis-
ease (53). This is at least partially due to cytokine-mediated acti-
vation of p38 but may include other sources of p38 activity, such as
B-amyloid fibrils (54). p38a may be the main p38 isoform impli-
cated in Alzheimer’s disease, since a p38a-specific inhibitor tested
in a mouse model of Alzheimer’s disease decreased the molecular
signs of disease and improved behavioral symptoms (55). Trans-
lation suppression at p38a transcripts by miRNAs targeting p38a
in neurons may be a mechanism to restrict p38a activity and its
deleterious effects on brain physiology.

ACKNOWLEDGMENTS

We thank Heather Radford, Duke University, and David Solecki, St. Jude
Children’s Research Hospital, for help and advice with the animal work
and the neuronal explant model in this study. We thank Lucia Santacruz,
Duke University, for normal human heart samples. We thank Stephen
Keir and Robert Walters, both at Duke University, for assistance with the
tumor samples and miR-related aspects of this work, respectively.

This work was supported by PHS grant CA140510 (M.G.).

REFERENCES

1. Adams RH, Porras A, Alonso G, Jones M, Vintersten K, Panelli S,
Valladares A, Perez L, Klein R, Nebreda AR. 2000. Essential role of
p38alpha MAP kinase in placental but not embryonic cardiovascular de-
velopment. Mol. Cell 6:109-116.

2. Allen M, Svensson L, Roach M, Hambor J, McNeish J, Gabel CA. 2000.
Deficiency of the stress kinase p38alpha results in embryonic lethality:
characterization of the kinase dependence of stress responses of enzyme-
deficient embryonic stem cells. J. Exp. Med. 191:859-870.

3. Mudgett JS, Ding J, Guh-Siesel L, Chartrain NA, Yang L, Gopal S, Shen
MM. 2000. Essential role for p38alpha mitogen-activated protein kinase
in placental angiogenesis. Proc. Natl. Acad. Sci. U. S. A. 97:10454—-10459.

4, Tamura K, Sudo T, Senftleben U, Dadak AM, Johnson R, Karin M.
2000. Requirement for p38alpha in erythropoietin expression: a role for
stress kinases in erythropoiesis. Cell 102:221-231.

5. Beardmore VA, Hinton HJ, Eftychi C, Apostolaki M, Armaka M,
Darragh J, Mcllrath J, Carr JM, Armit L], Clacher C, Malone L, Kollias
G, Arthur JS. 2005. Generation and characterization of p38beta
(MAPK11) gene-targeted mice. Mol. Cell. Biol. 25:10454-10464.

6. del Barco Barrantes I, Coya JM, Maina F, Arthur JS, Nebreda AR. 2011.

134 mcb.asm.org

20.

21.

22.

23.

24.

25.

26.

Genetic analysis of specific and redundant roles for p38alpha and p38beta
MAPKSs during mouse development. Proc. Natl. Acad. Sci. U. S. A. 108:
12764-12769.

. Ono K, HanJ. 2000. The p38 signal transduction pathway: activation and

function. Cell. Signal. 12:1-13.

. Perregaux DG, Dean D, Cronan M, Connelly P, Gabel CA. 1995.

Inhibition of interleukin-1 beta production by SKF86002: evidence of two
sites of in vitro activity and of a time and system dependence. Mol. Phar-
macol. 48:433-442.

. Nagaleekar VK, Sabio G, Aktan I, Chant A, Howe IW, Thornton TM,

Benoit PJ, Davis R], Rincon M, Boyson JE. 2011. Translational control
of NKT cell cytokine production by p38 MAPK. J. Immunol. 186:4140—
4146.

. Lee JC, Laydon JT, McDonnell PC, Gallagher TF, Kumar S, Green D,

McNulty D, Blumenthal MJ, Keys JR, Land Vatter SW, Strickler JE,
McLaughlin MM, Siemens IR, Fisher SM, Livi GP, White JR, Adams JL,
Young PR. 1994. A protein kinase involved in the regulation of inflam-
matory cytokine biosynthesis. Nature 372:739-746.

. Buxade M, Parra JL, Rousseau S, Shpiro N, Marquez R, Morrice N,

Bain J, Espel E, Proud CG. 2005. The Mnks are novel components in the
control of TNF alpha biosynthesis and phosphorylate and regulate hnRNP
Al. Immunity 23:177-189.

. Hitti E, Iakovleva T, Brook M, Deppenmeier S, Gruber AD, Radzioch

D, Clark AR, Blackshear PJ, Kotlyarov A, Gaestel M. 2006. Mitogen-
activated protein kinase-activated protein kinase 2 regulates tumor necro-
sis factor mRNA stability and translation mainly by altering tristetraprolin
expression, stability, and binding to adenine/uridine-rich element. Mol.
Cell. Biol. 26:2399-2407.

. Pyronnet S, Imataka H, Gingras AC, Fukunaga R, Hunter T, Sonenberg

N. 1999. Human eukaryotic translation initiation factor 4G (eIF4G) re-
cruits mnk1 to phosphorylate eIF4E. EMBO J. 18:270-279.

. Shveygert M, Kaiser C, Bradrick SS, Gromeier M. 2010. Regulation of

eukaryotic initiation factor 4E (eIF4E) phosphorylation by mitogen-
activated protein kinase occurs through modulation of Mnk1-eIF4G in-
teraction. Mol. Cell. Biol. 30:5160—-5167.

. Fukunaga R, Hunter T. 1997. MNK1, a new MAP kinase-activated pro-

tein kinase, isolated by a novel expression screening method for identify-
ing protein kinase substrates. EMBO J. 16:1921-1933.

. Waskiewicz AJ, Flynn A, Proud CG, Cooper JA. 1997. Mitogen-

activated protein kinases activate the serine/threonine kinases Mnk1 and
Mnk2. EMBO J. 16:1909-1920.

. Thomas GM, Huganir RL. 2004. MAPK cascade signalling and synaptic

plasticity. Nat. Rev. Neurosci. 5:173-183.

. Capuron L, Miller AH. 2011. Immune system to brain signaling: neuro-

psychopharmacological implications. Pharmacol. Ther. 130:226-238.

. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME. 1995. Op-

posing effects of ERK and JNK-p38 MAP kinases on apoptosis. Science
270:1326-1331.

Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH. 2010. Mecha-
nisms underlying inflammation in neurodegeneration. Cell 140:918-934.
Neplioueva V, Dobrikova EY, Mukherjee N, Keene JD, Gromeier M.
2010. Tissue type-specific expression of the dsRNA-binding protein 76
and genome-wide elucidation of its target mRNAs. PLoS One 5:e11710.
doi:10.1371/journal.pone.0011710.

Famulski JK, Trivedi N, Howell D, Yang Y, Tong Y, Gilbertson R,
Solecki DJ. 2010. Siah regulation of Pard3A controls neuronal cell adhe-
sion during germinal zone exit. Science 330:1834-1838.

Walters RW, Bradrick SS, Gromeier M. 2010. Poly(A)-binding protein
modulates mRNA susceptibility to cap-dependent miRNA-mediated re-
pression. RNA 16:239-250.

Dobrikov M, Dobrikova E, Shveygert M, Gromeier M. 2011. Phosphor-
ylation of eukaryotic translation initiation factor 4G1 (eIF4G1) by protein
kinase Calpha regulates e[F4G1 binding to Mnkl1. Mol. Cell. Biol. 31:
2947-2959.

Jiang Y, Chen C, Li Z, Guo W, Gegner JA, Lin S, Han J. 1996.
Characterization of the structure and function of a new mitogen-activated
protein kinase (p38beta). J. Biol. Chem. 271:17920-17926.

Wang XS, Diener K, Manthey CL, Wang S, Rosenzweig B, Bray J,
Delaney J, Cole CN, Chan-Hui PY, Mantlo N, Lichenstein HS,
Zukowski M, Yao Z. 1997. Molecular cloning and characterization of
a novel p38 mitogen-activated protein kinase. J. Biol. Chem. 272:
23668-23674.

Molecular and Cellular Biology


http://mcb.asm.org

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Friedman RC, Farh KK, Burge CB, Bartel DP. 2009. Most mammalian
mRNAs are conserved targets of microRNAs. Genome Res. 19:92-105.
Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB. 2003.
Prediction of mammalian microRNA targets. Cell 115:787-798.

Chi SW, Zang ]JB, Mele A, Darnell RB. 2009. Argonaute HITS-CLIP
decodes microRNA-mRNA interaction maps. Nature 460:479—486.
Hendrickson DG, Hogan DJ, McCullough HL, Myers JW, Herschlag D,
Ferrell JE, Brown PO. 2009. Concordant regulation of translation and
mRNA abundance for hundreds of targets of a human microRNA. PLoS
Biol. 7:€1000238. doi:10.1371/journal.pbio.1000238.
Papagiannakopoulos T, Friedmann-Morvinski D, Neveu P, Dugas JC,
Gill RM, Huillard E, Liu C, Zong H, Rowitch DH, Barres BA, Verma
IM, Kosik KS. 2012. Pro-neural miR-128 is a glioma tumor suppressor
that targets mitogenic kinases. Oncogene 31:1884-1895.

Sempere LF, Freemantle S, Pitha-Rowe I, Moss E, Dmitrovsky E,
Ambros V. 2004. Expression profiling of mammalian microRNAs uncov-
ers a subset of brain-expressed microRNAs with possible roles in murine
and human neuronal differentiation. Genome Biol. 5:R13. doi:10.1186/
gb-2004-5-3-r13.

Smirnova L, Grafe A, Seiler A, Schumacher S, Nitsch R, Wulczyn FG.
2005. Regulation of miRNA expression during neural cell specification.
Eur. J. Neurosci. 21:1469-1477.

Ciafre SA, Galardi S, Mangiola A, Ferracin M, Liu CG, Sabatino G,
Negrini M, Maira G, Croce CM, Farace MG. 2005. Extensive modulation
of a set of microRNAs in primary glioblastoma. Biochem. Biophys. Res.
Commun. 334:1351-1358.

Godlewski J, Nowicki MO, Bronisz A, Williams S, Otsuki A, Nuovo G,
Raychaudhury A, Newton HB, Chiocca EA, Lawler S. 2008. Targeting of
the Bmi-1 oncogene/stem cell renewal factor by microRNA-128 inhibits
glioma proliferation and self-renewal. Cancer Res. 68:9125-9130.

Li KK, Pang JC, Ching AK, Wong CK, Kong X, Wang Y, Zhou L, Chen
Z, Ng HK. 2009. miR-124 is frequently down-regulated in medulloblas-
toma and is a negative regulator of SLC16A1. Hum. Pathol. 40:1234—
1243.

Silber J, Lim DA, Petritsch C, Persson AI, Maunakea AK, Yu M,
Vandenberg SR, Ginzinger DG, James CD, Costello JF, Bergers G,
Weiss WA, Alvarez-Buylla A, Hodgson JG. 2008. miR-124 and miR-137
inhibit proliferation of glioblastoma multiforme cells and induce differ-
entiation of brain tumor stem cells. BMC Med. 6:14. doi:10.1186/1741-
7015-6-14.

Rhodes DR, Kalyana-Sundaram S, Mahavisno V, Varambally R, Yu J,
Briggs BB, Barrette TR, Anstet MJ, Kincead-Beal C, Kulkarni P, Varam-
bally S, Ghosh D, Chinnaiyan AM. 2007. Oncomine 3.0: genes, path-
ways, and networks in a collection of 18,000 cancer gene expression pro-
files. Neoplasia 9:166—-180.

Hunt S, Jones AV, Hinsley EE, Whawell SA, Lambert DW. 2011.
MicroRNA-124 suppresses oral squamous cell carcinoma motility by tar-
geting ITGB1. FEBS Lett. 585:187-192.

Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl
T. 2002. Identification of tissue-specific microRNAs from mouse. Curr.
Biol. 12:735-739.

January 2013 Volume 33 Number 1

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

miR-124/-128 Deplete p38a MAPK in Brain

Scheper GC, Morrice NA, Kleijn M, Proud CG. 2001. The mitogen-
activated protein kinase signal-integrating kinase Mnk2 is a eukaryotic
initiation factor 4E kinase with high levels of basal activity in mammalian
cells. Mol. Cell. Biol. 21:743-754.

Dolniak B, Katsoulidis E, Carayol N, Altman JK, Redig AJ, Tallman MS,
Ueda T, Watanabe-Fukunaga R, Fukunaga R, Platanias LC. 2008.
Regulation of arsenic trioxide-induced cellular responses by Mnk1 and
Mnk2. J. Biol. Chem. 283:12034-12042.

Tanoue T, Nishida E. 2003. Molecular recognitions in the MAP kinase
cascades. Cell. Signal. 15:455—462.

Whitmarsh AJ, Davis RJ. 1998. Structural organization of MAP-kinase
signaling modules by scaffold proteins in yeast and mammals. Trends
Biochem. Sci. 23:481-485.

Pouyssegur J, Volmat V, Lenormand P. 2002. Fidelity and spatio-
temporal control in MAP kinase (ERKs) signalling. Biochem. Pharmacol.
64:755-763.

Kovalska M, Kovalska L, Pavlikova M, Janickova M, Mikuskova K,
Adamkov M, Kaplan P, Tatarkova Z, Lehotsky J. 2012. Intracellular
signaling MAPK pathway after cerebral ischemia-reperfusion injury. Neu-
rochem. Res. 37:1568-1577.

Visvanathan J, Lee S, Lee B, Lee JW, Lee SK. 2007. The microRNA
miR-124 antagonizes the anti-neural REST/SCP1 pathway during embry-
onic CNS development. Genes Dev. 21:744-749.

Fabian MR, Sonenberg N, Filipowicz W. 2010. Regulation of mRNA
translation and stability by microRNAs. Annu. Rev. Biochem. 79:351—
379.

Guldal CG, Ahmad A, Korshunov A, Squatrito M, Awan A, Mainwaring
LA, Bhatia B, Parathath SR, Nahle Z, Pfister S, Kenney AM. 2012. An
essential role for p38 MAPK in cerebellar granule neuron precursor pro-
liferation. Acta Neuropathol. 123:573-586.

Aouadi M, Binetruy B, Caron L, Le Marchand-Brustel Y, Bost F. 2006.
Role of MAPKSs in development and differentiation: lessons from knock-
out mice. Biochimie 88:1091-1098.

Joshi S, Sharma B, Kaur S, Majchrzak B, Ueda T, Fukunaga R, Verma
AK, Fish EN, Platanias LC. 2011. Essential role for Mnk kinases in type II
interferon (IFNgamma) signaling and its suppressive effects on normal
hematopoiesis. J. Biol. Chem. 286:6017—-6026.

Noubade R, Krementsov DN, Del Rio R, Thornton T, Nagaleekar V,
Saligrama N, Spitzack A, Spach K, Sabio G, Davis R]J, Rincon M,
Teuscher C. 2011. Activation of p38 MAPK in CD4 T cells controls IL-17
production and autoimmune encephalomyelitis. Blood 118:3290-3300.
Munoz L, Ammit AJ. 2010. Targeting p38 MAPK pathway for the treat-
ment of Alzheimer’s disease. Neuropharmacology 58:561-568.

Bodles AM, Barger SW. 2005. Secreted beta-amyloid precursor protein
activates microglia via JNK and p38-MAPK. Neurobiol. Aging 26:9-16.
Munoz L, Ralay Ranaivo H, Roy SM, Hu W, Craft JM, McNamara LK,
Chico LW, Van Eldik L], Watterson DM. 2007. A novel p38 alpha MAPK
inhibitor suppresses brain proinflammatory cytokine up-regulation and
attenuates synaptic dysfunction and behavioral deficits in an Alzheimer’s
disease mouse model. J. Neuroinflammation 4:21. doi:10.1186/1742-
2094-4-21.

mcb.asm.org 135


http://mcb.asm.org

	p38 Mitogen-Activated Protein Kinase Depletion and Repression of Signal Transduction to Translation Machinery by miR-124 and -128 in Neurons
	MATERIALS AND METHODS
	Cell lines and transfections.
	Tissue samples.
	Quantitative reverse transcription-PCR (qRT-PCR).
	Cerebellar granule cell cultures and lentiviral vector transduction.
	Cloning of the p38 construct.
	Reporter assays.
	Immunoprecipitation and immunoblotting.
	Kinase activators and inhibitors.

	RESULTS
	Expression of the p38 MAPK is repressed in brain.
	The p38 mRNA is targeted by two neuron-specific miRNAs.
	Derepression of p38 mRNA in neuronal cells with miR-124/-128 antagonists.
	Depletion of p38 abolishes p38 MAPK signal transduction to Mnk1 and the translation apparatus.
	p38 levels control phosphorylation of eIF4E(Ser209) upon stress in neuronal cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


