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Mkp1 Is a c-Jun Target Gene That Antagonizes
JNK-Dependent Apoptosis in Sympathetic Neurons
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Developing sympathetic neurons depend on NGF for survival. When sympathetic neurons are deprived of NGF in vitro, a well docu-
mented series of events, including c-Jun N-terminal kinase (JNK) pathway activation, release of cytochrome c from the mitochondria, and
caspase activation, culminates in the death of the neuron by apoptosis within 24 - 48 h. This process requires de novo gene expression,
suggesting that increased expression of specific genes activates the cell death program. Using rat gene microarrays, we found that NGF
withdrawal induces the expression of many genes, including mkp I, which encodes a MAPK phosphatase that can dephosphorylate JNKs.
The increase in mkpl mRNA level requires the MLK-JNK-c-Jun pathway, and we show that Mkp1 is an important regulator of JNK-
dependent apoptosis in sympathetic neurons. In microinjection experiments, Mkp1 overexpression can inhibit JNK-mediated phosphor-
ylation of c-Jun and protect sympathetic neurons from apoptosis, while Mkp1 knockdown accelerates NGF withdrawal-induced death.
Accordingly, the number of superior cervical ganglion (SCG) neurons is reduced in mkp1 ~'~ mice at P1 during the period of develop-
mental sympathetic neuron death. We also show that c-Jun and ATF2 bind to two conserved ATF binding sites in the mkpI promoter in
vitro and in chromatin. Both of these ATF sites contribute to basal promoter activity and are required for mkp1 promoter induction after
NGF withdrawal. These results demonstrate that Mkp1 is part of a negative feedback loop induced by the MLK-JNK-c-Jun signaling

pathway that modulates JNK activity and the rate of neuronal death in rat sympathetic neurons following NGF withdrawal.

Introduction

Programmed cell death (apoptosis) has important functions in
the developing mammalian nervous system and is essential for
adjusting the size of neuronal populations as well as ensuring that
appropriate connections are formed between neurons and their
targets (Oppenheim, 1991; Jacobson et al., 1997; Yuan and
Yankner, 2000). The size of neuronal populations is determined
by the limited availability of survival factors secreted by their
target tissues. During late embryonic and early postnatal devel-
opment, sympathetic neurons depend on the prototypical neu-
rotrophin, nerve growth factor (NGF), for survival. When
sympathetic neurons are deprived of NGF in vitro, they die by
apoptosis, and this death involves the mitochondrial (intrinsic)
pathway of caspase activation (Deckwerth and Johnson, 1993;
Edwards and Tolkovsky, 1994; Deshmukh and Johnson, 1998;
Neame et al., 1998; Wright et al., 2007). However, inhibitors of
transcription or protein synthesis can protect the neurons from
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NGF withdrawal-induced apoptosis, suggesting that new gene
expression is required for cell death to occur (Martin et al., 1988).
Therefore, sympathetic neurons have proved to be a useful model
for studies of neuronal apoptosis and for identifying new genes
that are regulated in response to NGF withdrawal.

In mammalian cells, the c-Jun N-terminal kinases (JNKs) are
one of the major subfamilies of the MAPK (mitogen-activated
protein kinase) superfamily, which also includes the extracellular
signal-regulated kinases (ERKs) and the p38 MAP kinases. Fol-
lowing NGF withdrawal in sympathetic neurons, the JNK path-
way is activated and required for cell death (Estus et al., 1994;
Ham et al., 1995; Virdee et al., 1997; Eilers et al., 1998). JNKs are
activated by reversible dual phosphorylation on the threonine
and tyrosine residues of the Thr-Pro-Tyr motif in the catalytic
domain by the upstream JNK kinases MKK4 and MKK7 (Davis,
2000). Activated JNKs phosphorylate a variety of downstream
targets, such as the AP-1 transcription factors c-Jun and ATF2.
This increases their ability to activate the transcription of their
target genes (Gupta et al., 1995; Karin, 1995; van Dam et al., 1995;
Hazzalin and Mahadevan, 2002), which include members of the
dual specificity phosphatase (DUSP) family (Hayakawa et al.,
2004; Breitwieser et al., 2007).

MAPK phosphatases (MKPs) are a family of DUSPs that
inactivate MAP kinases by dephosphorylating both phospho-
threonine and phospho-tyrosine residues located in the activa-
tion loop. This family includes Mkp1 (DUSP1, 3CH134), which
was the first family member to be identified as a phosphatase and
was originally cloned as CL100 by subtractive hybridization using
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RNA isolated from hydrogen peroxide-treated cells (Keyse and
Emslie, 1992). Mkp1 functions to negatively regulate MAPK sig-
naling (Sun et al., 1993; Keyse, 2000); however, little is known
about the function and regulation of Mkp1 in the mammalian
nervous system, and nothing is known about the relationship
between Mkp1 and the JNK signaling pathway in sympathetic
neurons deprived of NGF.

Here, we show that the mkpl gene is a direct transcriptional
target of the MLK-JNK-c-Jun pathway and that Mkp1 plays a
crucial role in the negative regulation of JNK signaling in sympa-
thetic neurons after NGF withdrawal.

Materials and Methods

Cell culture. Sympathetic neurons were isolated from the superior cervi-
cal ganglia (SCG) of 1-d-old Sprague Dawley rats (Biological Services
Unit, University College London, London, UK) and cultured as de-
scribed previously (Whitfield et al., 2004). Animal experiments were
performed according to the Animals (Scientific Procedures) Act 1986
under a license reviewed and approved by the Biological Services Unit at
University College London. Neurons were cultured in DMEM (Sigma-
Aldrich) supplemented with 10% fetal calf serum (FCS), 2 mm glutamine
(Invitrogen), and penicillin-streptomycin (SCG medium). The antimi-
totic agents fluorodeoxyuridine (20 um) and uridine (20 um) were added
to limit the proliferation of non-neuronal cells and when required, NGF
(Cedarlane Laboratories) was added at 50 ng/ml. Neurons were plated on
13 mm diameter glass coverslips coated with poly-L-lysine and laminin
and cultured in 3.5 cm diameter dishes containing 2 ml of SCG medium
and NGF for 5-7 d. For NGF withdrawal experiments, neurons were
washed twice in SCG medium lacking NGF and then refed with SCG
medium supplemented with a neutralizing anti-NGF antibody at 100
ng/ml (Millipore Bioscience Research Reagents Europe). The MLK3 in-
hibitor CEP-11004 (Cephalon) was dissolved in DMSO and used at a
final concentration of 400 nm.

The PC6-3 subline of PC12 pheochromocytoma cells (Pittman et al.,
1993) was plated on collagen-coated 9 cm dishes and cultured in PC6-3
complete medium consisting of RPMI 1640 (Invitrogen), 10% horse
serum, 5% FCS, 2 mum glutamine, and penicillin/streptomycin. Cells were
maintained in a humidified 5% CO, incubator at 37°C and passaged
every 5-7 d. To induce differentiation, 1 X 10° PC6-3 cells per 9 cm dish
were maintained for 7 d in medium containing RPMI 1640, 2% horse
serum, 1% FCS, 2 mM glutamine, penicillin/streptomycin, and NGF at
100 ng/ml (Promega). For NGF withdrawal experiments, differentiated
PC6-3 cells were gently rinsed twice with medium lacking NGF and then
refed with medium containing NGF or anti-NGF antibody.

Animals. Mkpl ~'~ mice (Dorfman et al., 1996) were provided by
Bristol-Myers Squibb with a mixed C57BL/6-129/Sv genetic back-
ground. To generate mkpl*’* and mkpl '~ lines with uniform
C57BL/6 genetic background, the original line was back-crossed against
C57BL/6 for 10 generations, wild-type and interrupted mkp1 alleles being
detected by PCR screening.

Analysis of mkpl '~ mice. For morphometric analyses, SCGs were
removed from mkpl *'* or mkpl ~'~ mice at P1 and were immersion
fixed in 10% formalin. After embedding in paraffin, serial sections 7 um
wide were cut through the ganglia, and every section was collected on
Surgipath X-tra adhesive slides (Leica). After Nissl staining, Image] im-
age analysis software was used to count all neuronal profiles containing
nucleoli on every third section. The number obtained was multiplied by
3, as described by Jacobs et al. (2005) and Coggeshall et al. (1984). This
method does not correct for split nucleoli. Statistical results were ex-
pressed as the mean = SEM and were tested for significance by a one-
tailed Student’s f test. Alternate sections were immunostained for
neuron-specific MAP2 (Clone HM-2, Sigma). TUNEL staining was per-
formed using an in situ cell death detection kit (Millipore) according to
the manufacturer’s protocol. ImageJ image analysis software was used to
count all TUNEL-positive neurons in every third section, and this num-
ber was multiplied by three according to the method of Coggeshall et al.
(1984) to obtain the total number of apoptotic cells per ganglion. Sec-
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tions were also immunostained with Ki67 (Clone MIB-1, DAKO) as a
marker of cellular proliferation.

Plasmid constructs. Sympathetic neurons from 1-d-old Sprague Dawley
rats were cultured for 6 d in vitro, and RNA was extracted and used to
generate cCDNA by reverse transcription as described below. To construct
pcDMkpl,a DNA fragment containing the rat Mkp1 coding sequences
(1-1104 bp) was generated by PCR amplification using the primers
5"-ATGGTGATGGAGGTGGGCAT-3" and 5'-TCAGCAGCTCGGA-
GAGGTTG-3' followed by cloning into HindIII and EcoRI-restricted
pcDNAL.0 (Invitrogen). The expression vectors for JunA169, the JIP-1 JNK
binding domain (JBD), wtMLK3, and kdMLK3 have been previously de-
scribed (Ham et al., 1995; Eilers et al., 2001; Mota et al., 2001). The mkp1-
LUC reporter plasmid was constructed as follows. Genomic DNA was
extracted from 1-d-old Sprague Dawley rat brains using the QTAGEN DNA
Blood and Tissue Kit. An mkpl promoter fragment was amplified by PCR
using the sense oligonucleotide: 5'-GCGACGACAACGTGCTTGAC-3’
and the antisense oligonucleotide: 5'-GGCGAAGAAGGAGCGACAATCC-
3'. The genomic DNA was denatured at 94°C for 5 min. Amplification was
performed at 94°C for 305, 63°C for 45 s, and 72°C for 140 s for 35 cycles; and
then at 72°C for 7 min. The resulting mkpI promoter fragment (—1010 to
+1) was then cloned into the HindIII and Ncol sites of the pGL3 basic vector
(Promega) upstream of the luciferase gene. Fragment orientation and posi-
tioning were confirmed by restriction enzyme analysis and DNA sequencing.
The mkp1-LUC 2xATF mutant construct was generated using the following
complementary primer pairs: ATF site 1 5'-CGCTCCCAGGCCGAC-
GAGTTATTTGCTTTTGGCTTTG-3" and 5'-CAAAGCCAAAAGCA-
AATAACTCGTCGGCCTGGGAGCG-3'; ATF site 2 5'-GCAGGGC-
GGGCGAGTTCCCCACCCGGTCAC-3" and 5'-GTGACCGGGTGGG-
GAACTCGCCCGCCCTGC-3'". The altered bases create 4 point mutations
in each of the ATF/CRE sites (the mutated bases are underlined). Mutagen-
esis was performed using the QuikChange IT Site-Directed Mutagenesis Kit
(Stratagene). DNA sequencing confirmed that the mutations had been in-
corporated correctly.

Real-time quantitative PCR. Total RNA was extracted from sympathetic
neurons using an RNeasy kit (QIAGEN) according to the manufacturer’s
instructions. Briefly, total RNA was eluted in 30 ul of RNase-free water and
1 ug of total RNA was reverse transcribed into cDNA using 200 units of
Moloney murine leukemia virus (M-MLV) reverse transcriptase in the pres-
ence of 2.5 uM N6 random primers, 0.5 mm dNTPs, and amplification grade
DNase I (all Invitrogen). Five nanograms of the resulting cDNA were used
for real-time PCR using the ABI-Prism 7900HT fast Sequence Detection
System and Tagman PCR Master Mix (Applied Biosystems). Primers were
designed with PrimerExpress software v2.0 (Applied Biosystems) and
used at the following concentrations: for c-jun, 300 nm forward
primer (5'-TCCACGGCCAACATGCT-3"), 900 nM reverse primer (5'-
CCACTGTTAACGTGGTTCATGAC-3'), and 175 nwm probe (5'-FAM-
AGGGAACAGGTGGCACAGCTTAACAGA-TAMRA-3"); for bim, 300 nm
forward primer (5'-CCAGGCCTTCAACCATTATCTC-3"), 900 nM reverse
primer (5'-GCGCAGATCTTCAGGTTCCT-3"), and 175 nm probe (5'-
FAM-TGCAATGGCTTCCATAAGGCAGTCTCA-TAMRA-3"); for mkpI,
300 nm forward primer (5'-GGACAACCACAAGGCAGACA-3'), 300 nm
reverse primer (5'-CAGCATCCTTGATGGAGTCTATAAAG-3'), and 175
nM probe (5-FAM-TAGCTCCTGGTTCAAGGAGGCGATTG-TAMRA-
3"). The levels of the c-jun, bim, and mkpl mRNAs were normalized to the
level of the Gapdh (forward 5 -CTGAGAATGGGAAGCTGGTC-3" and
reverse 5'-ACTGTGGTCATGAGCCCTTC-3") or HprtI (forward 5'-
AGTCCCAGCGTCGTGATTA-3" and reverse 5'-CCCGTTGACTGGT-
CATTACA-3') mRNA. The 2 24T relative quantitation method was used
to determine the relative expression.

Immunoblotting. Sympathetic neurons were harvested in 1 ml of ice-cold
PBS, spun down, and lysed in sample buffer (2% SDS, 2 mwm
B-mercaptoethanol, 60 mm Tris, pH 6.8, 0.01% bromophenol blue) for 10
min at 100°C. Proteins were separated on 12% SDS polyacrylamide gels and
transferred to Immobilon-P (Millipore). After blocking for 45 min with 5%
nonfat milk in TBS supplemented with 0.5% Tween 20, the membrane was
incubated with different primary antibodies overnight at 4°C. The following
primary antibodies were used: mouse monoclonal c-Jun antibody (610327,
BD Transduction Laboratories), mouse monoclonal phospho-c-Jun (ser63)
antibody (sc-822; Santa Cruz Biotechnology), rabbit polyclonal Bim anti-



10822 - J. Neurosci., August 11,2010 - 30(32):10820 10832

body (#2819, Cell Signaling Technology), and rabbit polyclonal Mkp1 anti-
body (M-18 and V-15, Santa Cruz Biotechnology). Equivalent protein
loading was confirmed by stripping membranes and reprobing with a rabbit
polyclonal ERK 1/2 antibody (Cell Signaling Technology).

PC6-3 cells were harvested in 1 ml of ice-cold PBS, spun down, and
lysed in SDS lysis buffer (10 mwm Tris-HCI, pH 7.6, 150 mm NaCl, 0.5 mm
EDTA, 0.5 mm EGTA, 1% SDS) containing a protease inhibitor cocktail
(Sigma) and 1 mm phenylmethylsulfonyl fluoride (Ham et al., 1995) and
heated for 20 min at 90°C. The lysate was spun for 20 min at 4°C and the
resulting supernatant quantified using the Bio-Rad protein assay (Bio-Rad)
according to the manufacturer’s instructions. Typically, 20 ug of protein
from PC6-3 cells was loaded per lane.

Immunofluorescence. Sympathetic neurons cultured on poly-L-lysine/
laminin-coated glass coverslips were fixed using 4% paraformaldehyde at
room temperature for 20 min, washed three times with PBS, and then
permeabilized with 0.5% Triton X-100 in PBS at room temperature for 5
min. Neurons were then incubated in 50% normal goat serum in 1% BSA
in PBS for 30 min at room temperature. After washing, neurons were
incubated with primary antibody for 1 h at room temperature, followed
by a 45 min incubation with secondary antibody at room temperature.
The primary antibodies against Mkp1 and c-Jun were diluted 1:5000 and
1:1000, respectively. Fluorescein-conjugated goat anti-rabbit or anti-
mouse secondary antibodies were typically used at a dilution of 1:250.
Neurons were rinsed in PBS and nuclei stained with DAPI dye in Anti-
fade (DAKO) or Hoechst dye and mounted on glass slides. Slides were
viewed on a Zeiss Axioplan 2 microscope using a Plan-Apochromat 63x/
1.40 oil objective. Images were captured at room temperature (20°C)
using a Quantix digital camera (Photometrics) and SmartCapture VP
software. Images were then saved as TIFF files and viewed using Adobe
Photoshop CS4.

siRNA and electroporation. For electroporation experiments, confluent 9
cm dishes of PC6-3 cells were harvested in PC6-3 complete medium, ad-
justed to 1 X 107 cells/ml, and 300 pl was transferred to a polycarbonate 4
mm electroporation cuvette (Thermo Fisher Scientific). Mkpl siRNAs
(Dharmacon) were added to the cells at a final concentration of 3 um and
were electroporated by applying a short electrical pulse (400-1200 V) for
1-10 ms using an Electroporation Pulse Generator EPI 2500. Electroporated
cells were returned to culture for 24 h and knockdown was assessed by
immunoblotting as described above. Four mkpl siRNA oligonucleotides
with target sequences UGGAGCAUAUCGUGCCGAA (Dharmacon
accession number J-096434-09), AAGAUAUGCUCGACGCCUU (J-
096434-10), UGAUCAACGUCUCGGCCAA (J-096434-11), and GU-
GAAGCAGAGGCGGAGUA (J-096434-12) and nonspecific control siRNA
oligonucleotides (Dharmacon accession numbers D-001820-03-05 and
D-001810-03-05) were purchased from Dharmacon.

Microinjection. Microinjection of sympathetic neurons was performed
as described previously (Whitfield et al., 2001; Towers et al., 2009).
Briefly, injection mixes containing the DNA being tested (at the indicated
concentrations) in 0.5X PBS (—Ca?¥, —Mg”) were injected into the
nuclei of sympathetic neurons. At least three independent experiments
were performed with 120 and 140 neurons injected in each experiment.
Typically, >90% of the cells survived injection. To assess the effect of
different expression vectors on neuronal survival after NGF withdrawal,
neurons were cultured for 5-7 d before injection. As a marker, neutral
70,000 MW Texas Red dextran (Invitrogen) was added to the injection
mix at a final concentration of 5 ug/ul together with each expression
vector at 50 ng/ul. After NGF withdrawal, the number of viable Texas
Red dextran-positive neurons was determined at 0, 24, 48, 72, and 96 h in
ablinded fashion. For immunofluorescence analysis, purified guinea pig
IgG was added to the injection mix as a marker at a final concentration of
5 pg/pl. After NGF withdrawal, the injected neurons were identified by
staining with a rhodamine-conjugated donkey anti-guinea pig IgG anti-
body (Jackson ImmunoResearch Laboratories) diluted 1:100.

Mkp1 siRNAs and controls were microinjected as described previously
(Aalto et al., 2007). Typically, 3 um of the individual siRNA or pools
(Dharmacon) were microinjected into the nucleus together with Texas
Red Dextran (5 ug/ul) or guinea pig IgG (2.5 ug/ul) as a marker. Micro-
injected cells were returned to culture for 24 h to allow the preexisting
Mkpl1 protein to degrade. Sixteen hours after NGF withdrawal, either
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neurons were fixed and stained for immunofluorescence analysis or the
number of Texas Red dextran-positive cells was determined in a survival
assay.

In reporter gene assays, sympathetic neurons were microinjected with
mkpl-LUC or the ATF site mutant at 10 ng/ul together with the control
Renilla luciferase construct pRL-TK at 5 ng/ul.

For antibody coinjection experiments, rabbit polyclonal antibodies
against c-Jun (H-79X; Santa Cruz Biotechnology) and ATF2 (C-19X;
Santa Cruz Biotechnology) were diluted in PBS (—Ca*", —Mg*") and
centrifuged for 3 h at 4°C in Microcon YM3 centrifugal filters (Millipore)
to remove sodium azide. The final antibody concentration was adjusted
to 2 wg/ul in PBS (—Ca?", —Mg?"). Purified rabbit IgG (Jackson Im-
munoResearch Laboratories) was used as a control. Neurons were mi-
croinjected with the mkpI-LUC reporter construct (20 ng/ul), pRL-TK
(10 ng/ul) and antibody (1 ug/ul). A few hours after injection, NGF was
withdrawn, and 16 h later a dual luciferase assay was performed.

Dual luciferase assay. Injected neurons were harvested in 1 ml of ice-
cold PBS, spun down, and then lysed in 25 ul of passive lysis buffer.
Luciferase activity was determined using the Dual-Luciferase Reporter
Assay System (Promega), and the luciferase assay was performed using a
Lumat LB 9507 luminometer according to the manufacturer’s instruc-
tions. Output for firefly was normalized to the Renilla luciferase output.
Each experiment was performed at least three times and the SEM was
calculated.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) was performed as described previously (Towers et al., 2009). PC6-3
cells were plated at a density of 1 X 10° cells per 9 cm dish and differentiated
for 7 d. Cells were then rinsed twice and cultured in medium containing NGF
or anti-NGF antibody. After 16 h, proteins and DNA were crosslinked by
adding formaldehyde (1% final concentration) and incubating at room tem-
perature for 3 h. For preclearing and for recovery of the immune complexes
50% protein A/G-agarose beads (Santa Cruz Biotechnology) in ChIP dilu-
tion buffer containing BSA were used. ChIP samples were analyzed by PCR
using TagDNA polymerase with CoralLoad PCR buffer and Q-solution
(Qiagen). To detect binding of c-Jun and ATF2 to the region of the rat mkp1
promoter that contains the two conserved ATF sites, the primers described
by Ryser et al. (2004) were used: 5'-CGGAGCCAGCGCTCAAAG-3" and
5'-GATCCTAATCTGGCTTCACCGCGCG-3'. PCR conditions were as
follows: 94°C for 5 min, then 3035 cycles of 94°C for 30 s, 60°C for 45 s, 72°C
for 1 min, followed by a final incubation at 72°C for 10 min. To study binding
of c-Jun and ATF2 to the TREs in the rat c-jun promoter the primers de-
scribed by Towers et al. (2009) were used: 5'-TGGAGAAAGAAGGGC-
CCAACTGTAG-3' and 5'-GTGCAACTCTGAGTCCTTATC-3'". The PCR
conditions were 94°C for 5 min followed by 3035 cycles of 20 s at 94°C, 45 s
at 52°C, 1 min at 72°C followed by 10 min at 72°C. The PCR products were
run on non-denaturing 8% polyacrylamide/1 X TBE gels and then stained
with SYBR green 1 (Sigma-Aldrich). Images were captured using a UVIdoc
gel documentation system (UVItec).

Electrophoretic mobility shift assay. Double stranded oligonucleotides were
labeled with [a-**P]dCTP (3000 Ci/mmol; PerkinElmer) using Klenow
polymerase (Roche Diagnostics) to fill in 5" overhangs. The following pairs
of oligonucleotides were used (ATF binding sites are underlined): mkpl ATF
site 2, 5'-CTAGCGGGTGACGTCACCAC-3" and 5'-GATCGTGGT-
GACGTCACCCG-3'; mkp1 ATF site mutant, 5'-CTAGCGGGCGAGTTC-
CCCAC-3" and 5'-GATCGTGGGGAACTCGCCCG-3'.

Sympathetic neuron extracts for EMSA experiments were prepared as
described previously (Towers et al., 2009) using whole-cell extract buffer
(0.1% NP-40, 250 mm KCl, 50 mm HEPES pH 7.9, 10% glycerol, 0.2 mm
EDTA, 0.2 mm EGTA, containing the following inhibitors added just
before use, 4 mm NaF, 4 mm Na;VO,, 1 mm DTT, 0.5 mm PMSF, 2% v/v
Sigma mammalian protease inhibitor cocktail). Protein concentration
was determined using the Bio-Rad protein assay.

Binding reactions were prepared with 40 mm KCI, 20 mm HEPES, pH
7.9,5 mm MgCl,, 1 mm EGTA, 0.5 mm DTT, 10% glycerol, 0.5 g/l BSA,
1 pg of poly(dI-dC), and 4 ul of whole-cell extract buffer in a volume of
24 pl. Four micrograms of whole-cell extract were used per binding
reaction, and for supershift assays 2—4 ul of antibody was added. The
antibodies were c-Jun (H-79) X, ATF2 (C-19) X, phospho-c-Jun (KM-1)
X (all from Santa Cruz Biotechnology), phospho-ATF2 (Thr71) (Cell



Kristiansen et al. @ Mkp1 Negatively Regulates JNK-Dependent Apoptosis

Signaling Technology), and, as a control, Bim AB17003 (Millipore Bio-
science Research Reagents). Binding reactions were for 2 h at 4°C, after
which 0.4 ng of the **P-labeled double-stranded oligo was added. The
samples were incubated for 15 min at room temperature, and then elec-
trophoresed on a 5% polyacrylamide, 0.25X TBE gel. Following electro-
phoresis at 180 V for ~2 h at room temperature, the gel was fixed for 15
min in 10% acetic acid, 10% methanol and dried at 80°C under vacuum.
The bands were visualized by exposing the dried gel to Kodak MXB x-ray
film (Kodak). Exposed x-ray films were scanned using an Epson photo
scanner (model 4990) and images saved as TIFF files.

Statistical analysis. Data were analyzed by paired Student’s ¢ test (for
two-tailed distributions), and significance is expressed as follows: *p <
0.001, *p < 0.01, +p < 0.1, and NS (not significant, p > 0.1). For all
graphs, error bars represent mean *= SEM.

Results
Inhibition of the MLK-JNK-c-Jun pathway reduces the
increase in mkp1 mRNA level after NGF withdrawal
To identify mRNAs upregulated after NGF withdrawal in sym-
pathetic neurons, we performed a gene microarray analysis using
Affymetrix Exon arrays and RNA isolated from sympathetic neu-
rons that had been cultured for 16 h in the presence of NGF,
absence of NGF or absence of NGF but with the mixed-lineage
kinase (MLK) inhibitor CEP-11004 added to the medium (M.
Kristiansen, F. Menghi, and J. Ham, unpublished data). Sixteen
hours corresponds to the transcriptional commitment point for
NGF withdrawal-induced death. The level of expression of genes
already known to be induced by NGF deprivation, such as c-jun,
bim, dp5, egIN3, and atf3, is high at this time point. In our mi-
croarray experiment, these genes behaved as predicted and their
transcripts increased in level following NGF withdrawal (Fig.
1A). The MLK-JNK-c-Jun pathway is activated after NGF depri-
vation (Virdee et al., 1997; Eilers et al., 1998; Mota et al., 2001; Xu
et al., 2001). To identify which of the genes induced after NGF
withdrawal are potential targets of the MLK-JNK-c-Jun pathway,
we used a small molecule MLK inhibitor, CEP-11004, which is
related to the compound CEP-1347. MLKs are upstream activa-
tors of the JNK-c-Jun pathway and are inhibited by CEP-11004
and CEP-1347 in NGF-deprived sympathetic neurons (Maroney
etal., 2001; Mota et al., 2001; Wang et al., 2005). With the excep-
tion of egIN3, the induction of the known targets of the MLK-
JNK-c-Jun pathway (c-jun, bim, dp5, and atf3) was significantly
reduced by CEP-11004 (Fig. 1A). One of the genes most highly
upregulated after NGF withdrawal in our microarray experiment
was the MAPK phosphatase, mkp1 (Fig. 1 A). The mkpl mRNA
was previously shown to be induced as early as 5 h after NGF
withdrawal (Estus et al., 1994). Interestingly, we found that an
increase of 4.51-fold in the level of the mkpl mRNA was reduced
to 1.42-fold in the presence of CEP-11004. This suggests that
mkp]1 is a potential target of the MLK-JNK-c-Jun pathway.

To validate these results, we cultured sympathetic neurons for
6 d in the presence of NGF and then for a further 16 h in the
presence of NGF, anti-NGF antibody, or CEP-11004. The level of
mkpl mRNA, and as a control, c-jun and bim mRNA, was then
measured by quantitative PCR (Fig. 1 B). After NGF withdrawal,
the level of the mkpl mRNA increased by 4.93-fold, but this was
reduced to 1.91-fold in the presence of CEP-11004 when normal-
ized to gapdh mRNA levels, or from 4.42-fold to 1.39-fold when
normalized to hprt] mRNA levels (Fig. 1B). Similarly, levels of
c-jun and bim mRNA also mirrored the patterns from the mi-
croarray analysis (Fig. 1 B). A similar increase in mkpl mRNA was
also observed in neuronally differentiated PC6-3 cells after NGF
withdrawal (supplemental Fig. S1, available at www.jneurosci.
org as supplemental material). These data confirm the validity of
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Figure1.  Mkp7mRNA levelsincrease in sympathetic neurons after NGF withdrawal, and this
requires MLK activity. Sympathetic neurons from 1-d-old rats were cultured for 6 d in vitro and
then rinsed and refed with medium containing NGF (+NGF), or lacking NGF (— NGF), or lacking
NGF but containing 400 nm CEP-11004 (—NGF+CEP-11004) for 16 h. RNA was then isolated
using an RNeasy mini kit. 4, Affymetrix Rat Exon 1.0ST microarray analysis of gene expression in
sympathetic neurons at the whole gene level. c-jun, bim, dp5, and atf3 are induced after NGF
withdrawal, and this is reduced by CEP-11004 validating them as known targets of the MLK-
INK-c-Jun pathway. mkpT induction after NGF withdrawal (4.51-fold) is reduced by CEP-11004
to 1.42-fold, suggesting that it too may be a transcriptional target of the JNK pathway. B, c-jun,
bim, and mkp7 mRNA levels were measured by real-time PCR and normalized to the housekeep-
ing genes gapdh and hprt1. Similar results were obtained in both cases. The data shown repre-
sents the average of three independent experiments == SEM. Statistical comparisons were
made between +NGF and —NGF or —NGF and —NGF+CEP for each gene. *p << 0.001;*p <

0.01; *p = 0.02.

the microarray experiment and reveal that mkpI is a potential
MLK-JNK-c-Jun target gene.

Induction of Mkp1 protein following NGF withdrawal

The primary function of Mkp1 is to dephosphorylate JNKs (Slack
et al., 2001), and it is known that JNK activity rapidly increases
after NGF withdrawal (by 4 h) but starts to return to basal level at
later time points (Xia et al., 1995; Virdee et al., 1997; Eilers et al.,
1998). We examined the effect of NGF withdrawal on the level of
Mkp1 protein and its localization (Fig. 2). In immunoblotting
experiments, we observed that by 4 h after NGF withdrawal, there
was a small increase in the level of Mkp1 protein in sympathetic
neurons. However, by 8 and 16 h, levels of Mkp1 protein had
significantly increased. In contrast, when sympathetic neurons
were deprived of NGF in the presence of 400 nm CEP-11004 for
16 h, there was no significant increase in Mkp1 protein level (Fig.
2A). The addition of CEP-11004 had no effect on the level of
Mkp1 in the presence of NGF (Fig. 2A). Levels of Mkp1 protein
and its subcellular localization were also studied by immunoflu-
orescence (Fig. 2B). In the presence of NGF, the Mkp1 protein
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Overexpression of Mkp1 prevents c-Jun
N-terminal phosphorylation and
protects against NGF withdrawal-
induced death

c-Jun N-terminal phosphorylation in-
creases after NGF withdrawal due to an
increase in JNK activity and JNK activity is
required for NGF withdrawal-induced
death (Xia et al., 1995; Virdee et al., 1997;
Eilers et al., 1998, 2001; Harding et al.,
2001). Since we demonstrated a time-
dependent increase in the level of Mkpl
protein after NGF withdrawal (Fig. 2) and since it is known that
Mkp1 can dephosphorylate JNKs, we investigated the effect of
Mkp1 overexpression on NGF withdrawal-induced death in
sympathetic neurons. We constructed an Mkp1 expression vec-
tor, pcDMkp1, by subcloning the rat mkp1 coding sequence into
pcDNAI. Sympathetic neurons were then microinjected with the
pcDMkp1 expression construct together with guinea pig IgG as a
marker and maintained in the presence of NGF for 16 h. Neurons
microinjected with the pcDMkpl construct expressed much
higher levels of Mkp1 protein compared to neurons injected with
the empty vector pcDNA1 (data not shown). We then studied the
effect of Mkp1 overexpression on the phosphorylation of c-Jun, a
well characterized JNK substrate, by microinjecting sympathetic
neurons with the pcDMkp1 expression vector or the empty vec-
tor, pcDNAL. In the presence of NGF, <2% of neurons injected
with the empty vector pcDNAL1 expressed a detectable level of
phospho-c-Jun (supplemental Fig. S2B, available at www.
jneurosci.org as supplemental material). After NGF withdrawal,
phosphorylation of c-Jun at serine 63 was evident by strong im-
munostaining in almost all of the neurons (92%) injected with
pcDNA1 (Fig. 3A; supplemental Fig. S2 B, available at www.
jneurosci.org as supplemental material). However, when
pcDMkpl was injected only 5% of the neurons stained for
phospho-c-Jun after NGF withdrawal (Fig. 3A; supplemental Fig.
S2A,B, available at www.jneurosci.org as supplemental mate-
rial). This suggests that the dephosphorylation of JNKs by Mkp1
prevented the subsequent phosphorylation of c-Jun. Since JNK
activity and c-Jun phosphorylation are required for NGF
withdrawal-induced death, we investigated the effect of pcD-
Mkp!1 expression on the survival of sympathetic neurons after
NGF withdrawal (Fig. 3B). The survival of sympathetic neurons
injected with the pcDMkp1 expression construct was compared
directly with either empty vectors (pcDNAI or pcDNA3), a
pcDNA1 expression construct encoding JunA169 (a dominant
negative c-Jun mutant lacking the transactivation domain) or a
pcDNA3 expression construct encoding the JBD (a direct JNK
inhibitor protein), together with Texas Red dextran as a marker.

Figure2. TheMkp1 proteinincreasesin level in sympathetic neurons following NGF withdrawal. 4, Inmunoblotting analysis of
Mkp1 protein levels using extracts prepared from sympathetic neurons at 0, 4, 8, and 16 h after NGF withdrawal. Neurons were
maintained in the absence of NGF for the indicated times and were then harvested, lysed in 2>< SDS sample buffer, and immuno-
blotted with an anti-Mkp1 antibody. Four independent experiments were performed and a representative immunoblot is shown.
ERK levels are shown as a loading control. B, Analysis of Mkp1 protein levels and subcellular localization by immunocytochemistry.
Sympathetic neurons were treated as indicated and fixed at 0, 4, 8, or 16 h after NGF withdrawal == CEP-11004. The cells were then
stained with an anti-Mkp1 antibody followed by a rhodamine-conjugated secondary antibody, and Hoechst dye to label the
nuclear DNA. By 16 hours after NGF withdrawal, Mkp1 protein levels had significantly increased, and Mkp1 was localized in both the
nucleus and the cytosol. The scale bar represents 25 wm.

A few hours after injection, cells were deprived of NGF for a total
period of 72 h and the percentage of viable injected cells was
calculated (Fig. 3B). As a positive control, the viability of neurons
injected with the empty vector, pcDNA1 was also determined in
the presence of NGF at 72 h. Expression of both JunA169 and the
JBD delays NGF withdrawal-induced death (Ham et al., 1995;
Eilers et al., 2001). Twenty-four hours after NGF withdrawal,
there was an increased rate of cell death in sympathetic neurons
injected with the empty vectors compared to neurons injected
with pcDJunA169, pcDJBD, and pcDMkp1 (data not shown). By
72 h, the percentage of viable cells injected with pcDMkp1 (57%)
was significantly higher when compared to neurons injected with
either pcDNALI (30%) or pcDNA3 (24%) (Fig. 3B). Furthermore,
the viability of sympathetic neurons injected with pcDMkpl
(57%) was similar to that of neurons injected with pcDJunA169
(62%, p = 0.24) or pcDJBD (68%, p = 0.422) (Fig. 3B), demon-
strating that overexpression of Mkp1l delays NGF withdrawal-
induced death in sympathetic neurons.

Knocking down Mkp1 accelerates NGF withdrawal-induced
death in sympathetic neurons

Since overexpression of Mkp1 delayed NGF withdrawal-induced
death in sympathetic neurons, we next investigated the effect of
knocking down Mkp1 on neuronal viability. We tested four com-
mercially available siRNAs (Dharmacon) that directly target dif-
ferent regions of the rat mkpl gene. To study the effect of the
siRNAs on Mkp1 protein levels in immunoblotting experiments,
we used neuronally differentiated PC6-3 cells rather than sympa-
thetic neurons. PC6-3 cells were electroporated with siRNAs
against mkp1 either individually or as a combination and imme-
diately returned to culture. Nontargeting siRNAs were also elec-
troporated as a control for non-sequence-specific effects.
Unstimulated PC6-3 cells that had not been electroporated were
also used as controls to monitor the effects of electroporation on
the viability of PC6-3 cells. After 24 h to allow for degradation of
preexisting endogenous Mkp1, cells were harvested, and immu-
noblotting performed with an Mkp1 antibody to assess the effect
ofthe siRNAs (Fig. 4 A). PC6-3 cells that were electroporated with
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Figure 3.  Overexpression of Mkp1 protects sympathetic neurons against NGF withdrawal-

induced death. A, Overexpressing Mkp1 prevents the phosphorylation of c-Jun. Sympathetic 100
neurons were cultured for 6 d in vitro and then microinjected with pcDNA1 (empty vector) or
pcDMkp1 at 10 ng/ wl, together with guinea pig IgG as a marker. After injection, neurons were 80{ [
rinsed and refed with medium lacking NGF for 16 h before being fixed and stained with a ;\?
phospho-c-Jun antibody. Arrows indicate injected neurons. The scale bar represents 25 m. B, T_u’ e L
Neurons were microinjected with Texas Red dextran (5 g/ jul) and the following expression 2 60 L
constructs at 50 ng/l: the empty expression vector pcDNA1 or pcDNA3 (negative controls), S
pcDJunA169, pcDIBD (a direct INK inhibitor protein), or pcDMkp1. The cells were then rinsed T(:
and refed with —NGF or +NGF medium and counted on an inverted microscope. After 72 h, the H 401
percentage of viable injected (Texas Red positive) neurons that remained was determined. 5 #
pcDMkp1 delayed neuronal cell death after NGF withdrawal in a similar manner to pcDJunA169 2 20 4 i 4
and pcDJBD (when compared to the empty vectors pcDNAT or pcDNA3). The average of three
experiments == SEM is shown. *p < 0.001, %p << 0.01, Student’s t test.
0 T T T
N N () N N 3>
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anontargeting control siRNA had a similar level of Mkp1 protein & & &3\) ¢ Q°° (’g-é ® ® .g.‘g.
%

to the unelectroporated control cells. Likewise, electroporation of ]
a control siRNA against a nonessential gene (cyclophilin B) also H RS a0a 107 knock down Mk o levels and i NGF
had no effect on Mkp1 protein levels. Individual siRNAs that tgure 4. sIRNAs against mkpT knock down Mkp1 protein levels and increase
. .. withdrawal-induced death. A, PC6-3 cells were electroporated for 10 ms with siRNAs against
target different exons of the mkpl gene significantly knocked L
. mkp1 (3 M) or controls as indicated and returned to culture. After 24 h, electroporated cells
down the Mkp1 protein by >80% when compared to controls.

5 S ; were harvested and Mkp1 protein levels were assessed by immunoblotting. siRNAs were effec-
Pooling combinations of siRNAs showed even greater target e individually at knocking down Mkp1, while pooling at least two siRNAs gave almost com-

specificity for mkpl and appeared to have an additive effect by plete knockdown of endogenous Mkp1. As a control, ERK protein levels were measured in the
knocking down Mkp1 protein levels by >95% (Fig. 4A). ERK  same cell extracts. B, Sympathetic neurons were cultured in the presence of NGF for 6 d and
protein levels were not altered by any of the siRNAs. Next we  werethen microinjected with guinea pig IgG as a marker (red) together with a control siRNA or
investigated whether the siRNAs were capable of knocking down mkp1siRNA (3 wm) either alone or pooled as indicated. After 24 h, the neurons were rinsed and
Mkp1 in sympathetic neurons. We therefore microinjected indi- refed with medium lacking NGF for 16 h. After this, the neurons were fixed and stained with an
vidual or pooled mkpl siRNAs into the nucleus together with antibody against Mkp1. Neurons injected with siRNAs against mkp 7 showed little or no staining
. . . for Mkp1 (green). The scale bar represents 25 wm. €, Knocking down Mkp1 accelerates neuro-

guinea pig IgG as a marker. Injected neurons were left for 24 h . . o

L2l . nal cell death after NGF withdrawal. Sympathetic neurons were cultured in vitro for 6 d and then
after injection and then were deprived of NGF for 16 h, fixed, and L ) ) .

. . o L microinjected with Texas Red dextran together with 10 ng/ .l of either pcDNAT, pcDJunA169,
then immunostained for Mkp1. Neurons injected with individual

. T ' pcDJBD, or pcDMkp1 as indicated, or mkp7 siRNAs. After injection, neurons were rinsed and
siRNAs showed a significantly reduced level of Mkp1 protein (by  yefed with medium lacking NGF. The percentage of viable injected neurons at 72 h after NGF

~80%) by immunostaining compared with those neurons in- withdrawal was calculated. Individual and pooled siRNAs accelerate neuronal cell death when
jected with the nontargeting control (Fig. 4B). Knockdown of  compared to nontargeting control (NTC) siRNA. The average of three experiments *+ SEM is
Mkp1 was enhanced further (to ~90%) by pooling various com-  shown. “p < 0.001, *p < 0.01, Student’s  test.

binations of siRNAs (Fig. 4B). Over 85% of cells injected with
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siRNAs against mkpI showed a significant
reduction in Mkpl1 levels.
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Figure5.  Alignment of the promoter sequences for the rat, human, mouse, and cow mkp7 genes. Shaded regions indicate two

creased cell death and only 15% of the
cells were viable. When compared to the
empty vector pcDNAL, the expression
vectors pcDMkp1, pcDJunA169, and pc-
DJBD significantly delayed neuronal cell death, as previously
demonstrated, while knocking down Mkp1 significantly acceler-
ated neuronal cell death, suggesting that in sympathetic neurons
Mkp!1 plays an important role in regulating the rate of NGF
withdrawal-induced death.

c-Jun and ATF2 bind to two conserved ATF sites in the

mkpl promoter

After NGF withdrawal in sympathetic neurons, the AP-1 tran-
scription factors c-Jun and, to a lesser extent, ATF2 are phos-
phorylated by JNKs, and this increases their transcriptional
activity (Eilers et al., 1998, 2001; Towers et al., 2009). c-Jun and
ATF2 bind to specific palindromic sequences in promoters, the
AP-1 site/TPA responsive element (TRE) (5'-TGA G/C TCA-3')
or the ATF site/cAMP response element (CRE) (5'-TGA CG
TCA-3"), by forming c-Jun/ATF2 heterodimers or ATF2 ho-
modimers. We investigated whether c-Jun and ATF2 could bind
to the mkpl promoter. Initially, we aligned the mkpI promoter
sequences of four species and searched for consensus transcrip-
tion factor binding sites. We found two conserved, potential
ATF binding sites in the mkpI promoter, the first of which (ATF
site 1) is located at position —172 to —165 in relation to the
transcriptional start site and is one base different from the ATF/
CRE consensus site. The second site (ATF site 2), located at po-
sition —124 to —117, is an exact match for the ATF/CRE
consensus site (Fig. 5).

We investigated whether c-Jun and ATF2 can bind to the con-
served ATF sites in the mkp1 promoter in living cells by perform-
ing chromatin immunoprecipitation (ChIP) assays using
antibodies against c-Jun and ATF2 and also Bim as a negative
control. For ChIP experiments, we used neuronally differentiated
PC6-3 cells, rather than primary sympathetic neurons, since a
large number of cells are required for conventional ChIP assays.
PC6-3 cells were differentiated in the presence of NGF for 7 d and

conserved ATF sites, an Ebox and a TATA box. Bases conserved across all four species are shown by an asterisk below the alignment.
The transcriptional start site of the mkp7 gene in each species is indicated by a square box.

then either maintained in the presence or absence of NGF for
16 h. The binding of c-Jun and ATF2 to the mkpI promoter was
studied by PCR using primers that flank mkp1 ATF site 1 and site
2 and that amplify a 259 bp region (Fig. 6A). The control anti-
body (Bim) immunoprecipitated a low level of chromatin con-
taining the mkpl promoter (Fig. 6A, top panel, lanes 3—4).
However, both the c-Jun and ATF2 antibodies precipitated a sig-
nificantly increased proportion of the region of the mkpI pro-
moter containing the two ATF sites (Fig. 6 A, top panel, lanes
5-8). At 16 hours after NGF withdrawal, the amount of c-Jun and
ATF2 bound to the mkpl promoter had not increased. One pos-
sible explanation for this is that the mkpI promoter ATF sites are
already bound by c-Jun- and ATF2-containing complexes in the
presence of NGF. We then tested the effect of NGF withdrawal on
the amount of phospho-c-Jun and phospho-ATF2 bound to the
mkp1 promoter. Again, there was alow background level of mkp1
promoter chromatin immunoprecipitated using the Bim control
antibody (Fig. 6 A, bottom panel, lanes 3—4). There was only a
slight increase above background level when the region was im-
munoprecipitated with the phospho-c-Jun (serine 63) antibody
in the presence of NGF (Fig. 6 A, bottom panel, lane 5). However,
this was significantly enriched following NGF withdrawal (Fig.
6A, bottom panel, lane 6). We found only a minor increase in the
amount of phosphorylated ATF2 (threonine 71) after NGF with-
drawal (Fig. 6 A, bottom panel, lanes 7—8). As a control, we also
studied the binding of c-Jun and ATF2 to the c-jun promoter
using primers that flank the junl and jun2 TREs (supplemental
Fig. S3, available at www.jneurosci.org as supplemental mate-
rial). We found that both c-Jun and ATF2 were bound to the
c-jun promoter in the presence of NGF and that the amount of
c-Jun and ATF2 bound to the junl and jun2 TREs did not in-
crease after NGF withdrawal. However, the level of c-Jun phos-
phorylation at serine 63 did increase after NGF deprivation
(supplemental Fig. S3, available at www.jneurosci.org as supple-
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Figure 6.  c-Junand ATF2 bind to two conserved ATF sites in the mkpT promoter. 4, Neuro-
nally differentiated PC12 cells were cultured in the presence (+N) or absence (—N) of NGF for
16 h. The cells were then crosslinked, chromatin prepared and ChIP assays performed with
antibodies against Bim (a negative control), c-Jun, ATF2, phospho-c-Jun (serine 63), or
phospho-ATF2 (threonine 71). The mkp1 promoter contains two conserved ATF sites (Fig. 5),
and the ChIP samples (as indicated) and 1% of the input chromatin samples were analyzed by
PCR using primers that flank the region containing both of the ATF sites. As a negative control,
aPCRwithout chromatin was also tested (H,0). B, Sympathetic neurons were cultured for 7 d in
vitro and then refed with medium containing NGF (+N) or anti-NGF antibody (—N). Whole-cell
extracts were prepared 16 h later. EMSA experiments were performed using oligonucleotides
containing either the wild-type mkp1 ATF site 2 or mutant site, in which 4 nt have been
changed. Four micrograms of +N or —N whole-cell extract were used per binding reaction as
indicated. A control antibody against Bim or c-Jun, ATF2, phospho-c-Jun (ser63), or phospho-
ATF2 (Thr71) antibodies were added as shown. The binding reactions were separated on a 5%
polyacrylamide gel. Free probe and the AP-1 complexes are indicated. The four point mutations
inhibited the binding of AP-1 proteins to the mkp1 ATF site. The c-Jun, ATF2, phospho-c-Jun,
and phospho-ATF2 antibodies all caused a supershift of the AP-1 complexes, and these are
indicated (SS).

mental material), as observed for the mkpI promoter (Fig. 6A).
These results are consistent with previous results in ChIP assays
studying the binding of c-Jun and ATF2 to a conserved ATF site
in the dp5 promoter (Towers et al., 2009).

We then investigated whether c-Jun and ATF2 in sympathetic
neuron extracts can bind to mkpI ATF site 2 in vitro by perform-
ingan EMSA experiment (Fig. 6 B). Whole-cell extracts were pre-
pared from neurons cultured in the presence of NGF for 7 d and
then either maintained in the presence or absence of NGF for
16 h. Extracts from neurons maintained in the presence of NGF
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contained proteins that bound to mkpl ATF site 2 (Fig. 6 B, lane
2), and this binding activity increased slightly after NGF with-
drawal (Fig. 6 B, lane 3). We also tested a mutant ATF/CRE site in
which four bases had been altered (mkp1Mut). Binding of the
AP-1 proteins (marked AP-1) was abolished by introducing these
point mutations (Fig. 6B, lanes 5 and 6). To determine whether
the specific protein complexes contained c-Jun or ATF2, anti-
bodies specific for c-Jun or ATF2 were added to the binding
reactions. The Bim antibody was added to binding reactions as a
negative control (lane 7), but there was no difference in the bind-
ing pattern when compared with the —NGF extract (lane 3). Both
the c-Jun and ATF2 antibodies (lanes 8 and 9) supershifted a
significant proportion of the AP-1 complexes toward the top of
each lane (marked SS). A significant proportion of the AP-1 pro-
teins bound to the mkp1 ATF site was also supershifted when an
antibody against phospho-c-Jun (serine 63) was added and, to a
lesser extent, when a phospho-ATF2 (threonine 71) antibody was
used. These antibodies gave supershifts that were just above the
AP-1 complex (Fig. 6 B, lanes 10—11). These results demonstrate
that after NGF withdrawal the c-Jun in sympathetic neuron ex-
tracts can bind to mkp1 ATF site 2 in vitro and is phosphorylated
at serine 63, while the amount of ATF2 (phosphorylated at thre-
onine 71) bound to mkpI ATF site 2 is lower.

mkp1 promoter activation requires the two ATF sites, JNK,
c-Jun, and ATF2

To study how mkpl expression is regulated, we constructed a
luciferase reporter plasmid (mkpl-LUC) containing 1 kb of the
mkpl promoter sequence. Sympathetic neurons were cultured
for 6 d in the presence of NGF and then microinjected with mkp1-
LUC together with the control Renilla luciferase construct pRL-
TK. After injection, the cells were maintained for 16 h in the
presence or the absence of NGF, after which time relative lucif-
erase activity was determined by dual luciferase assay. The mkpI-
LUC reporter construct is significantly activated by 1.53-fold
(p = 0.001) following withdrawal of NGF (Fig. 7A). To test
whether the two conserved ATF sites are necessary for activation
of the mkp1 promoter after NGF withdrawal, we introduced four
point mutations into both ATF sites to abolish AP-1 binding, in
the construct mkpI-LUC (2xATF mutant). Mutation of the ATF
sites resulted in a 37% decrease in basal promoter activity in the
presence of NGF when compared to wild type (Fig. 7A). After
NGF withdrawal, activation of the 2xATF mutant was completely
abolished (Fig. 7A). This demonstrates that mkpI promoter acti-
vation is mediated through the two ATF sites.

Mixed-lineage kinase 3 (MLK3) belongs to a family of MAP
kinase kinase kinases that can activate the JNK pathway. MLK3 is
activated after NGF withdrawal and overexpression of this up-
stream activator can promote neuronal death, while kinase-dead
MLK3 mutants can block apoptosis as well as c-Jun phosphory-
lation induced by NGF withdrawal (Mota et al., 2001). We inves-
tigated whether overexpression of MLK3 was sufficient to
activate the mkp1 promoter in the presence of NGF. Sympathetic
neurons were microinjected with wild-type mkpI-LUC or the
2xATF mutant together with an expression vector for wild-type
MLK3 (wtMLK3), kinase-dead MLK3 (kdMLK3), or the empty
vector pcDNA3. Neurons were cultured for 16 h in the presence
of NGF, after which luciferase activity was determined. When
mkpI-LUC and the kdMLK3 were coinjected, there was a small,
insignificant increase in relative luciferase activity compared to
empty vector. However, when mkpl-LUC and wtMLK3 were
coinjected there was a significant increase in luciferase activity
(3.1-fold). This induction was greatly reduced (to 1.19-fold)
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when wtMLK3 was coinjected with the
2xATF mutant. These results suggest that
overexpression of MLK3 is sufficient to
activate the mkpl promoter, and this re-
quires the two ATF sites. To test whether
wtMLK3-driven JNK activity can also in-
crease endogenous mkpl expression, we
coinjected sympathetic neurons with
mkpl-LUC together with wtMLK3 or
kdMLK3 in the presence and absence of
mkp1 siRNA (Fig. 7C). Neurons were cul-
tured for 16 h in the presence of NGF,
after which luciferase activity was deter-
mined. When mkpl-LUC and kdMLK3
were coinjected in the presence of mkpl
siRNA there was a small, insignificant in-
crease in luciferase activity (1.2-fold)
when compared to neurons coinjected in
the presence of NTC siRNA. However,
when mkpl-LUC and wtMLK3 where
coinjected in the presence of mkpI siRNA,
there was a significant increase in lucif-
erase activity (9-fold). This demonstrates
that the wtMLK3 can induce the endoge-
nous mkpl, which in turn would limit the
activation of the mkpI-LUC reporter con-
struct by wtMLK3.

We next investigated the effect of directly
inhibiting JNK activity by expressing the
JNK binding domain (JBD) of the scaffold
protein JNK interacting protein 1 (JIP-1), a
selective JNK inhibitor (Davis, 2000). Ex-
pression of the JBD in sympathetic neurons
inhibits JNK activity and can delay NGF
withdrawal-induced death (Eilers et al.,
2001; Harding et al., 2001) (Fig. 3B). To in-
vestigate whether JNK activity was necessary
for induction of the mkp1 promoter, we mi-
croinjected an expression vector for the JBD
or the empty vector pcDNA3 into sympa-
thetic neurons together with mkpl-LUC
and measured luciferase activity 16 h after
NGF withdrawal (Fig. 7D). When the empty
vector, pcDNA3 was injected, there was a
significant 1.51-fold induction of the mkp1-
LUC reporter construct after NGF depri-
vation. Expression of the JBD completely
abolished the induction of the mkpI-LUC
reporter construct after NGF withdrawal.
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Figure 7. The two conserved ATF sites in the mkp1 promoter contribute to basal promoter activity and are required for promoter

induction after NGF withdrawal in sympathetic neurons. 4, A 1 kb DNA fragment containing the rat mkp1 promoter was cloned upstream
of the Firefly luciferase gene in pGL3-basic. The two conserved ATF sites were then mutated using the QuikChange II* Site-Directed
Mutagenesis Kit. The wild-type and mutant mkp7-LUC constructs (10 ng/l) were microinjected into sympathetic neurons together with
the Renilla luciferase construct pRL-TK (5 ng/pul). The injected cells were then refed with medium containing or lacking NGF, as indicated.
After 16 h, a dual luciferase assay was performed and normalized activity was calculated relative to +NGF (gray bars). Statistical signifi-
cance was calculated relative to +NGF (gray bars) for each construct. The data shown represents the mean of 4 experiments == SEM. B,
Sympathetic neurons were microinjected with wild-type or the 2xATF mutant mkp7-LUC (20 ng/pul), pRL-TK(5 ng/ul), and wild-type or
kinase-dead MLK3 expression vectors (20 ng/l) or pcDNA3 as a control. Cells were maintained in medium containing NGF for 16 h and
then luciferase activity was measured. Luciferase activity was calculated relative to the level for mkp 7-LUC coinjected with pcDNA3 (control),
which was set as 1. Statistical significance was calculated relative to pcDNA3 (control) for each construct. The mean of three independent
experiments == SEM is shown. €, Sympathetic neurons were comicroinjected with mkp7-LUC (20 ng/ ) and pRL-TK(5 ng/l) together
with wtMLK3 or kdMLK3 (20 ng/ ul) in the presence and absence of mkp 7 siRNA (3 um). Cells were maintained in medium containing NGF
for 16 h and then luciferase activity was measured. Luciferase activity was calculated relative to the level for mkp7-LUC coinjected with the
kdMLK3 construct and NTC siRNA. The mean of three independent experiments == SEM is shown. D, Expression of the JIP-1JBD reduces
induction of an mkp1 reporter construct after NGF withdrawal. Sympathetic neurons were microinjected with mkp7-LUC (20 ng/pl),
pRL-TK (5 ng/l), and pcDNA3 or pcDJBD (50 ng/uul). Cells were maintained +NGF or —NGF for 16 h and then luciferase activity was
measured. Luciferase activity was calculated relative to the level for mkp7-LUCinjected with pcDNA3 +NGF, which was set as 1. Statistical
significance was calculated relative to -+ NGF (gray bars) for each construct. The mean of three independent experiments == SEM is shown.
E, Sympathetic neurons were cultured for 6 d in vitro and then microinjected with mkp7-LUC (20 ng/ ), pRL-TK (5 ng/pul), and the c-Jun
(H-79) or ATF2 (C-19) antibodies or rabbit g as a control (1 g/ pul) as indicated. Following injection, the cells were maintained in medium
containing NGF (+) or anti-NGF antibody (—) for 16 h before luciferase activity was measured. For each experiment, the level of normal-
ized luciferase activity for control IgG +NGF was set as 1 and other values were calculated relative to this. Statistical significance was
calculated relative to +NGF (gray bars) for each antibody coinjection. The mean = SEM. for five independent experiments is
shown. Student’s ¢ test was used to determine whether inductions were significant: *p < 0.001; *p < 0.01; *p < 0.1,NS (not
significant) p > 0.1.

In addition, there was a 62% decrease in basal promoter activity
when the mkp1-LUC basal levels with the pcDNA3 and pcDJBD
expression vectors were compared. These results suggest that
JNK activity is required for the normal induction of the mkpl
reporter construct following NGF withdrawal.

It has been shown previously that the NGF withdrawal-
induced death of sympathetic neurons can be inhibited by micro-
injecting antibodies against c-Jun, but not Jun B or Jun D
antibodies or control IgG (Estus et al., 1994). To investigate the
individual roles of c-Jun and ATF2 in the activation of mkpI-
LUC after NGF withdrawal, we performed an antibody coinjec-
tion experiment (Fig. 7E). Sympathetic neurons were injected
with the mkp1-LUC reporter construct together with the control
rabbit Ig or the c-Jun or ATF2 antibodies. Following injection

with the control antibody, the mkp1-LUC reporter construct was
activated 2.31-fold after NGF withdrawal. However, in compar-
ison, activation of the mkp1-LUC reporter construct was signifi-
cantly reduced following NGF withdrawal when antibodies
against c-Jun (1.26-fold) or ATF2 (1.47-fold) were coinjected.
The basal promoter activity in the presence of NGF was not af-
fected. These results suggest that following NGF withdrawal both
c-Jun and ATF2 are important for the activation of the mkpl
promoter in sympathetic neurons.

Knock-out of mkp1 results in increased sympathetic neuron
apoptosis during early postnatal development

Finally, we studied the role of mkpI in sympathetic neurons in
vivo by comparing the number of sympathetic neurons in the supe-
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Figure 8.  The number of sympathetic neurons is reduced during early postnatal development in mkp7 ~/~ SCG compared to
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were stained with the proliferation marker Ki67. Arrows indicate Ki67-positive cells. Scale bar, 100 wm. The number of Ki67-
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Discussion

Inhibitors of transcription and protein
synthesis can block NGF withdrawal-
induced apoptosis in sympathetic neu-
rons, suggesting that new gene expression
is required for cell death (Martin et al.,
1988). However, only a limited number of
genes induced by NGF withdrawal have
been identified so far. Using microarray
technology (Affymetrix Exon arrays) and
RNA isolated from rat sympathetic neu-
rons, we identified a MAPK phosphatase,
mkp1, as a potential transcriptional target
of the MLK-JNK pathway. Mkp1 is an im-
mediate early gene and therefore many
factors can increase mkpl mRNA levels in
different cell types, including heat shock
and oxidative stress (Keyse and Emslie,
1992; Franklin et al, 1998), UV light
(Franklin et al., 1998), and survival factor
withdrawal (Fig. 1). We found not only
that the mkp1 RNA significantly increased
in level after NGF withdrawal in sympa-
thetic neurons, as previously described
(Estus et al., 1994), but also that this in-
crease is strongly reduced by a MLK
inhibitor (CEP-11004). Interestingly, al-
though we could detect the expression of
seven other MAPK phosphatases (MKPs/
DUSPs) in sympathetic neurons (Fig. 9),
only the mkpl mRNA increased in level
after NGF withdrawal. One of the other
DUSPs, DUSP6/MKP3, significantly de-
creased in level after NGF deprivation, in
agreement with the previous observation
that the expression of MKP3 is induced by
the addition of NGF and that this depends

represent SEM. p = 0.0004.

rior cervical ganglia of 1-d-old wild-type (mkpl *'*) and mkp1~"~
mice (Fig. 8). At this time point of naturally occurring cell death,
there were almost 20% fewer sympathetic neurons in the mkp1 ™/~
SCG than in the mkpl */* SCG (Fig. 8A,B). To confirm that the
Nissl-stained cell bodies counted were indeed sympathetic neu-
rons, sections were immunostained with an antibody to the neu-
ronal marker MAP2 (Fig. 8C).

To determine whether the difference in sympathetic neuron
number at this time point was due to an increase in neuronal
apoptosis or a decrease in the level of proliferation of sympathetic
neuroblasts, we used Ki67 as a marker of proliferating cells and
TUNEL to measure the total number of apoptotic cells in the SCG
at P1 (Fig. 8 D,E). Immunostaining of SCG sections with Ki67
showed that there was no significant difference in the number of
proliferating cells (Fig. 8 D). However, at P1, the mkpl '~ SCG
had approximately three times more apoptotic cells than the
mkpl ™" SCG (Fig. 8 E). These data suggest that there is a de-
crease in sympathetic neuron number in the SCG of mkpl /"~
mice that is attributable to an increase in neuronal death rather
than a decrease in cellular proliferation. During naturally oc-
curring sympathetic neuron death, mkpI therefore acts as an
inhibitor of apoptosis.

on ERK activity (Camps et al., 1998),

which falls after NGF withdrawal (Xia et

al., 1995). At the protein level, Mkp1 is

rapidly induced in response to NGF with-
drawal peaking at 16 h; however, we found that this increase is
prevented by CEP-11004 (Fig. 2). Given that the increase in mkp1
mRNA and Mkpl protein level occurs after JNK activation and
depends on the MLK-JNK pathway, we studied the function and
regulation of mkpl.

After NGF withdrawal in sympathetic neurons, JNKs phos-
phorylate the AP-1 transcription factor c-Jun, which ultimately
promotes neuronal death. In microinjection experiments, we
found that overexpressing Mkpl in sympathetic neurons pre-
vented the phosphorylation of c-Jun at serine 63 after NGF with-
drawal, suggesting that the dephosphorylation of JNKs by Mkp1
prevented the subsequent phosphorylation of ¢c-Jun. By perform-
ing survival assays, we found that Mkp1 overexpression signifi-
cantly delayed apoptosis in sympathetic neurons after NGF
withdrawal. This delay was similar to that seen with expres-
sion constructs encoding a dominant negative c-Jun mutant
(JunA169) or the JBD (a direct JNK inhibitor protein), both of
which are known to protect against NGF withdrawal-induced
death. We then microinjected siRNAs targeting different regions
of the mkpI gene into sympathetic neurons. In survival assays,
knockdown of Mkp! using individual siRNAs accelerated the
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death of sympathetic neurons and this effect could be enhanced
when pools of siRNAs were injected. These observations suggest
that Mkp1 plays an important role in regulating the rate of NGF
withdrawal-induced death. In agreement with this, we found that
at P1 during the period of naturally occurring sympathetic neu-
ron apoptosis, the number of SCG neurons in mkpl ~'~ mice was
reduced by 20% compared to wild type (Fig. 8 B) and the number
of TUNEL-positive cells/SCG was increased from 240 in wild-
type mice to 700 in mkpl ~'~ mice (Fig. 8 E).

We identified two conserved ATF-binding sites in the rat
mkp1 promoter and showed that these sites bind c-Jun and ATF2
in the chromatin of neuronally differentiated PC12 cells and
in sympathetic neuron extracts in vitro. One of these sites
(TGACGTCA) was shown to bind ATF2 in ChIP assays with
chromatin from mouse embryonic fibroblasts (Breitwieser et al.,
2007). To study the role of the ATF sites in the mkpl promoter,
we constructed an mkpl reporter plasmid in which both ATF
binding sites had been mutated. This abolished the binding of
AP-1 proteins and the induction of the reporter plasmid after
NGF withdrawal. It also significantly reduced the basal promoter
activity, suggesting that these sites are important mkpI promoter
elements. In sympathetic neurons cultured in the presence of
NGF, the mkpI ATF sites may contribute to basal promoter ac-
tivity by binding c-Jun/ATF heterodimers. After NGF with-
drawal, these heterodimers would be targeted by nuclear JNKs for
phosphorylation, which would lead to an increase in their tran-
scriptional activity and thereby contribute to the induction of
mkp1 transcription. In agreement with this hypothesis, we found
that JNK activity and c-Jun and ATF2 are required for the induc-
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pathway after NGF withdrawal. After NGF withdrawal, JNK activity increases leading to phos-
phorylation of the AP-1 transcription factors ¢-Jun and ATF2. This increases their ability to
activate the transcription of their target genes. c-Jun binds to ATF binding sites present in the
promoters of c-jun itself (the jun1 and jun2 TREs) to enhance transcription of ¢c-jun in a positive
feedback manner. c-Jun can also bind to AP-1 sites in cell death genes, such as dp5, bim, and
puma and also to two conserved ATF binding sites in the mkp 1 promoter. This leads to increased
expression of Mkp1, which in turn can dephosphorylate JNKs in a negative feedback manner.
Induction of the mkp1 promoter after NGF withdrawal can be reduced by mutating both of the
ATF sites, by expressing JunA169 or the JIP1-JBD, or by using the MLK inhibitor CEP-11004.
Mkp1 acts as a negative regulator of the JNK pathway and thereby modulates the rate of
neuronal death after NGF withdrawal.

tion of mkpI-LUC after NGF withdrawal. We obtained similar
results for the two ATF binding sites in the c-jun promoter, the
junl and jun2 TREs (supplemental Fig. S3, available at www.
jneurosci.orgas supplemental material) (Eilers et al., 1998, 2001).
These observations are consistent with ChIP data published by
Hayakawa et al. (2004), who found that activation of the JNK
pathway by cisplatinum in a breast carcinoma cell line did not
increase the amount of c-Jun and ATF2 bound to the promoters
of c-jun, c-fos, and other c-Jun target genes but did increase the
amount of phosphorylated c-Jun on the same promoters.
MAPK phosphatases, such as mkp1, belong to a larger DUSP
subgroup that all have the capability of dephosphorylating
MAPKs. MAPK signaling cascades regulate important cellular
processes, including gene expression, cell proliferation, cell sur-
vival, and death. Mkp1 functions to negatively regulate MAPK
signaling (Sun et al., 1993; Keyse, 2000) and has been implicated
in metabolic control (Wu et al., 2006), immune regulation [for
review, see Abraham and Clark (2006), Jeffrey et al. (2007), and
Liu et al. (2007)], and cancer (Keyse, 2008). Several studies have
shown that in cancer cell models, spontaneous or conditional
expression of Mkp1 can protect against apoptosis by its ability to
dephosphorylate MAP kinases (Magi-Galluzzi et al., 1997; Franklin
et al., 1998; Srikanth et al., 1999; Sédnchez-Pérez et al., 2000).
Interestingly, mutations in the Drosophila mkpl homolog, puck-
ered, cause hyperactivation of DJNK, resulting in cytoskeletal de-
fects that lead to failure in dorsal closure, while a knock-out of
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puckered can trigger apoptosis in the developing Drosophila em-
bryo (Martin-Blanco et al., 1998; McEwen and Peifer, 2005).
Conversely, overexpression of puckered can mimic basket (Dro-
sophila JNK homolog) mutant phenotypes and therefore inacti-
vate signaling through JNK/basket (Martin-Blanco et al., 1998).

In this study, we compared the number of SCG neurons at P1
in wild-type mice and a conventional mkpI '~ knock-out line.
In the future, it would be interesting to study a neuron-specific
conditional knock-out of mkpI to control for any compensatory
changes that may have occurred earlier during development.
Since the JNK kinases MKK4 and MKK7 bind to the same region
of INKs as Mkp1 (the CD domain) (Tanoue et al., 2000), it would
also be interesting to count the number of SCG neurons in a
neuron-specific conditional double knock-out of mkk4 and
mkk7. This would be predicted to reduce JNK activity and there-
fore increase the number of SCG neurons at P1.

Mkp1 can be phosphorylated by ERKs, which increases its
stability and therefore reinforces its negative feedback function
(Brondello et al., 1999). After NGF withdrawal in sympathetic
neurons, the balance of MAPK activation is markedly shifted in
favor of the JNK pathway, while ERK activity falls (Xia et al.,
1995). Thus, although the mkpl mRNA is rapidly induced after
NGF deprivation, the decrease in ERK activity may delay or re-
duce the magnitude of the increase in Mkp1 protein level, which
in turn may lead to a more protracted activation of JNKs. After
NGF deprivation, JNKs phosphorylate c-Jun and ATF2, which
increases their transcriptional activity and c-Jun expression (Fig.
10). c-Jun binds to two ATF binding sites present in the promoter
of c-jun itself (supplemental Fig. S3, available at www.jneurosci.
org as supplemental material), to AP-1 sites in cell death genes,
such as dp5 and bim (Towers et al., 2009), and also to two ATF
binding sites in the mkpl promoter (Fig. 6). After NGF with-
drawal in sympathetic neurons, JNK kinase activity increases
twofold after 4 h but by 16 h starts to return to basal levels (Eilers
etal.,, 1998). The time at which JNK activity is highest (4 h after
NGF withdrawal) slightly precedes the time at which c-Jun levels
and c-Jun N-terminal phosphorylation start to increase (Ham et
al., 1995; Eilers et al., 1998), which in turn slightly precedes the
time at which Mkp1 starts to increase in level (~8 h). The strong
induction of mkpl after 16 h of NGF withdrawal could explain
why at this time point JNK activity in sympathetic neurons re-
turns to basal levels (Eilers et al., 1998). Thus, by dephosphory-
lating JNKs, Mkp1 would form part of a negative feedback loop
(Fig. 10).

We conclude that mkp1 is a direct target of the MLK-JNK-c-
Jun pathway in sympathetic neurons and is the first NGF
withdrawal-induced gene to be described that inhibits apoptosis
in this system. Studying the role of Mkp1 in sympathetic neurons
has contributed to our understanding of the gene network acti-
vated by the MLK-JNK-c-Jun pathway after NGF withdrawal.
Mkpl is part of a negative feedback loop induced by the MLK-
JNK pathway that modulates JNK activity. Since the level of
Mkp1 activity determines the rate of cell death after NGF with-
drawal, signals that increase the expression or activity of Mkpl,
such as cAMP (Zhang et al., 2008), would be predicted to pro-
mote neuronal survival.
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