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The JNKs are components of stress signaling pathways but also regulate morphogenesis and differentiation.
Previously, we invoked a role for the JNKs in nerve growth factor (NGF)-stimulated PC12 cell neural
differentiation (L. Marek et al., J. Cell. Physiol. 201:459-469, 2004; E. Zentrich et al., J. Biol. Chem. 277:4110-
4118, 2002). Herein, the role for JNKs in neural differentiation and transcriptional regulation of the marker
gene, NFLC, modeled in mouse embryonic stem (ES) cells was studied. NFLC-luciferase reporters revealed the
requirement for NFLC promoter sequences encompassing base pairs —128 to —98 relative to the transcrip-
tional start site as well as a proximal cyclic AMP response element-activating transcription factor binding site
at —45 to —38 base pairs for transcriptional induction in NGF-treated PC12 cells and neurally differentiated
ES cells. The findings reveal common promoter sequences that integrate conserved signal pathways in both
PC12 cell and ES cell systems. To test the requirement for the JNK pathway in ES cell neurogenesis, ES cell
lines bearing homozygous disruptions of the jnkl, juk2, or jnk3 genes were derived and submitted to an
embryoid body (EB) differentiation protocol. Neural differentiation was observed in wild-type, JNK2~/~, and
JNK3~/~ cultures but not in JNK1~'~ EBs. Rather, an outgrowth of cells with epithelial morphology and
enhanced E-cadherin expression but low NFLC mRNA and protein was observed in JNK1~/~ cultures. The
expression of wnt-4 and wnt-6, identified inhibitors of ES cell neurogenesis, was significantly elevated in
JNK1~/~ cultures relative to wild-type, JNK2~/~, and JNK3~/~ cultures. Moreover, the Wnt antagonist,
sFRP-2, partially rescued neural differentiation in JNK1~/~ cultures. Thus, a genetic approach using JNK-
deficient ES cells reveals a novel role for JNK1 involving repression of Wnt expression in neural differentiation

modeled in murine ES cells.

Members of the mitogen-activated protein (MAP) kinase fam-
ily, including the extracellular signal-regulated kinases (ERKS),
the c-Jun N-terminal kinases (JNKs), and the p38 MAP kinases,
have been extensively studied for their role in phosphorylating
and activating transcription factors that regulate genes instru-
mental in cell growth, adaptation, differentiation, and trans-
formation. The JNKs are encoded by three genes (jnk!, jnk2,
and jnk3) and participate in cellular decisions following diverse
forms of stress (14, 19) as well as the responses to growth
factors, oncogenes, cytokines, and morphogens (15, 22, 32).
Thus, the JNKs are key components of networks that mediate
cell adaptation and apoptosis as well as cell fate decisions and
differentiation. Moreover, studies in model organisms in which
the jnk genes have been disrupted support a role for the JNKs
in embryonic development and morphogenesis. In Drosophila
melanogaster, JNK is required for two distinct development
processes, epithelial sheet movement leading to dorsal closure
and planar cell polarity (36). The JNK pathway also mediates
a morphogenetic epithelial sheet movement termed conver-
gent extension in vertebrates (39). Finally, mice lacking both
jnkl and jnk2 undergo mid-gestational embryonic lethality as-
sociated with defects in neural tube closure and deregulated
neural apoptosis (17, 27). Recently, disruption of the mekk4
gene, encoding a proximal MAP kinase kinase kinase that
functions within the JNK signaling pathway, was shown to
induce marked neural tube defects manifested by exencephaly
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and spina bifida in mice (10). Thus, ample evidence supports a
broad role for the JNK pathway in neural development and
morphogenesis.

The aforementioned studies provide strong support for reg-
ulation of neural development programs by the JNK pathway,
yet the systems employed are relatively intractable to molecu-
lar and biochemical approaches. By contrast, the PC12 pheo-
chromocytoma cell line commits to a neural differentiation
program in response to NGF and represents a clonal system
that can be readily manipulated for biochemical and molecular
studies. Previous studies from our laboratory and others have
established the collaborative action of the ERKs and JNKs in
NGF-induced neural differentiation and induction of the neu-
ral-specific gene neurofilament light chain (NFLC), modeled
in PC12 cells (21, 37, 41). Using similar transfection approaches
with molecular inhibitors of the JNK pathway, studies using P19
murine embryonal carcinoma (EC) cells provide additional evi-
dence for a role for the JNK pathway in neural differentiation and
induction of NFLC (31).

The aforementioned approaches using transfection of inhib-
itory components of the JNK pathway carry the caveats asso-
ciated with overexpression techniques and do not provide in-
formation regarding the specific INK family members that may
participate in neural differentiation in these cell systems. In
this study, we employed murine embryonic stem (ES) cells as
an experimental system for molecular genetic analysis of cell
differentiation that is generally considered to be highly repre-
sentative of in vivo development (26, 34). ES cells represent a
pluripotent cultured cell system that can be directed through in
vitro protocols to differentiate into neurons that exhibit phys-
iologic, morphological, and molecular properties of cultured

10791



10792

AMURA ET AL.

MoL. CELL. BIOL.

TABLE 1. Primers for quantitative RT-PCR

Gene Forward primer Reverse primer
oct4 AAGCTGATTGGCGATGTGAGTGAT CCGTGTGAGGTGGAGTCTGGAG
nanog GGCAGCCCTGATTCTTCTACCA CTCCTCAGGGCCCTTGTCAGC
brachyury TGGAAATATGTGAACGGGGAGTGG ATTGGGCGAGTCTGGGTGGATGTA
gata4 GCCCTCTTTGTCATTCTTCGC TGCTTTCTGCCTGCTACACACC
fafs GATGGCAAAGTCAATGGCTCC TTCCTACAATCCCCTGAGACACAG
nflc CAAGGACGAGGTGTCGGAAA AGGCTTCGATCTCCAGGGTC
wnt4 CGCCATCTCTTCAGCAGGTG GGTCACAGCCACACTTCTCCAG
wntSa CCAACTGGCAGGACTTTCTCAAG TGTCTTCGCACCTTCTCCAATG
wnt6 CAGCAGGACATCCGAGAGACAG TGGAACAGGCTTGAGTGACCG
wnt7a GCTTCGCCAAGGTCTTCGTG CCCGCCTCGTTATTGTGTAAGTTC
bmp4 AAGCATCACCCACAGCGGTC CCACAATCCAATCATTCCAGCC
gapdh CGTGGAGTCTACTGGCGTCTTCAC CGGAGATGATGACCCTTTTGGC

primary neurons (4, 12, 16) and exhibit physiological function-
ality when transplanted into animals (7, 20). Moreover, ES
cells bearing homozygously disrupted jnk genes can be readily
derived from preimplantation murine embryos in which spe-
cific juk genes have been disrupted by homologous recombi-
nation, thereby providing a molecular genetic approach to
assess the role of the JNK pathway in neural differentiation. In
this study, we present findings that unveil a novel requirement
for JNK1 in neural differentiation modeled in ES cells.

MATERIALS AND METHODS

Derivation of JNK-deficient ES cells. Breeder pairs of jnkl /", jnk2~/~, and
jnk3~'~ mice were generously provided by Richard Flavell (Yale University, New
Haven, Conn.), and a colony of these mice was subsequently established in our
animal facility at University of Colorado Health Sciences Center. ES cell lines
bearing targeted disruptions of the jnkl, jnk2, or jnk3 gene were prepared from
3.5- to 4-day blastocysts as described previously (1). In brief, 4 days following the
mating of JNK™/~ breeder pairs, blastocysts were flushed from the uteri of
pregnant females and transferred to tissue culture dishes with prepared feeder
layers of mitomycin C-treated primary mouse embryo fibroblasts (PMEFs) in ES
cell growth medium (Dulbecco’s modified Eagle medium [DMEM] containing
15% fetal bovine serum [HyClone, Logan, UT], 150 uM monothioglycerol, and
1,000 U/ml ESGRO [murine leukemia inhibitory factor; Chemicon, Temecula,
CAl). After ~5 days of culture, inner cell mass outgrowths were mechanically
dislodged, trypsinized, and seeded onto new PMEF feeder layers in 24-well
plates. Wells with visible ES cell colonies were expanded in ES culture medium
containing ESGRO on PMEF feeders. Two independent JNK1~/~, JNK2~/~,
and JNK3 ™/~ ES cell lines were established in this manner as well as a JINK1~/*
JNK27/~ ES cell line derived from a blastocyst obtained from the mating of
JNK1~/* JNK2~/~ compound mutant mice. A wild-type ES cell line (wtES.1)
was also isolated as a companion for the wild-type TC1 ES cells and as another
control ES cell line that was isolated in our laboratory. All of the ES cell lines
were adapted for feeder-free culture by propagating the cells on gelatin-coated
dishes in the presence of ESGRO.

ES cell culture and differentiation. Wild-type TC1 ES cells were propagated
on gelatin-coated plates with ES cell culture medium in a humidified 5% CO,
incubator. To initiate neural differentiation of ES cells, the cells from a confluent
6-cm culture dish were seeded into 10-cm-diameter bacteriological petri dishes in
10 ml DMEM-F12 medium containing 1% horse serum (HyClone, Logan, UT)
without ESGRO to induce the formation of embryoid bodies (EBs). After 2 days,
the EBs were cultured for another 2 days in the same medium supplemented with
1 uM all-trans retinoic acid. These EBs, referred to as 2—/2+ EBs, were then
plated on tissue culture dishes previously coated with polyornithine (15 pg/ml)
and mouse laminin (20 pg/ml) in DMEM-F12 containing N2 supplement (In-
vitrogen, Carlsbad, CA). The medium was replaced every other day, and after 5
to 7 days extensive neurite outgrowth from the attached EBs was observed.
Consistent with a recent report (18), we observed more extensive morphological
neural differentiation and greater induction of NFLC protein with this method
relative to previously reported neurogenesis protocols (4, 12, 20) that employed
high concentrations of fetal bovine serum (L. Marek, C. Amura, and L. E.
Heasley, unpublished observation).

Real-time quantitative PCR. Total RNA (3 png) was reverse transcribed in a
volume of 20 pl using random hexamers and Moloney murine leukemia virus
reverse transcriptase according to the manufacturer’s protocol (Invitrogen). Ali-
quots (1 wl) of reverse transcription reactions were subjected to PCR in 25-pl
reaction mixtures with SYBR green Jumpstart 7aq Readymix (Sigma, St. Louis,
MO) and the primers listed in Table 1 using an I Cycler (Bio-Rad, Hercules,
CA). Initial real-time PCR amplification products were resolved by electro-
phoresis on 5% polyacrylamide gels to verify that the primer pairs amplified a
single product of the predicted (70 to 80 bp) size. GAPDH mRNA levels were
measured by quantitative real-time PCR (RT-PCR) as a control housekeeping
gene for normalization of the different mRNA expressions and presented as
mRNA levels in arbitrary units.

Immunoblot analysis. Whole-cell extracts were prepared in MAP kinase lysis
buffer (0.5% Triton X-100, 50 mM B-glycerophosphate [pH 7.2], 0.1 mM sodium
vanadate, 2 mM MgCl,, 1 mM EGTA, 1 mM dithiothreitol, 0.1 mM phenyl-
methylsulfonylurea, 2 wg/ml leupeptin, and 4 pg/ml aprotinin) supplemented
with 300 mM NacCl followed by brief sonication with a microprobe sonicator. The
proteins were resolved by sodium dodecyl sulfate-10% polyacrylamide gel elec-
trophoresis (SDS-10% PAGE) and transferred to nitrocellulose. The filters were
blocked in Tris-buffered saline (10 mM Tris-Cl, pH 7.4, 140 mM NaCl) contain-
ing 0.1% Tween-20 (TTBS) and 3% nonfat dry milk and then incubated with
blocking solution containing the indicated antibodies at 1 wg/ml for 12 to 16 h.
The filters were extensively washed in TTBS, and bound antibodies were visu-
alized with alkaline phosphatase-coupled secondary antibodies and Lumi-Phos
reagent (Pierce, Rockford, IL) according to the manufacturer’s directions.

Immunofluorescence analysis. Neural cultures on gelatin-coated glass Permanox
8-well chamber slides (Nalge Nunc Intl., Naperville, IL) were fixed with 4%
paraformaldehyde-3% sucrose for 10 min, washed with phosphate-buffered sa-
line (PBS), permeabilized for 10 min with 0.1% Triton X-100 in PBS, and
blocked with 10% goat serum. After three washes with PBS, the slides were
incubated with 1 wg/ml anti-NFLC (Chemicon) or isotype control (Jackson
Immunoresearch, West Grove, PA) for 1 h, washed five times, and incubated
with Alexa Fluor-labeled secondary antibodies (Molecular Probes, Eugene, OR)
for an additional 1 h. After extensive washing, slides were mounted with Vecta-
shield (Vector Laboratories, Burlingame, CA) and cells were examined with a
Zeiss immunofluorescence microscope.

NFLC promoter activity in NGF-stimulated PC12 cells. The rat NFLC pro-
moter-firefly luciferase reporter construct containing base pairs —650 and +82
relative to the start site and progressively 5'-truncated reporters (—155, —128,
—113, —103, —98, and —39) were generated by PCR as previously described
(41). PC12 cells were transfected by electroporation as previously described (41)
with 2 wg NFLC-Luc reporter construct, 0.5 pg thymidine kinase (TK)-renilla
plasmid, 10 g of herring sperm DNA and were plated on rat tail collagen-coated
dishes in full growth medium (DMEM containing 5% horse serum, 2.5% fetal
bovine serum, and 2.5% newborn calf serum). After 24 h, the medium was
changed to DMEM containing 1% horse serum and the cells were stimulated
with or without 100 ng/ml NGF for 3 days as described previously (41). Cell
extracts were prepared in 500 pl of luciferase passive lysis buffer (Promega,
Madison, WI), and both firefly and renilla luciferase activities were measured in
80-ul aliquots with a dual luciferase assay according to the manufacturer’s in-
structions using a Luminoskan Ascent (Thermo Electron Corporation, Franklin,
MA). The firefly luciferase data were normalized for transfection efficiency with
the respective renilla luciferase activities.
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FIG. 1. Neural differentiation and induction of NFLC protein in ES cells. Undifferentiated TC1 ES cells were submitted to the neural
differentiation protocol described in Materials and Methods. (A) Cultures following 6 days of culture on polyornithine-laminin-coated dishes were
photographed with a phase-contrast microscope revealing dense outgrowth of neurites from the attached EB in the lower right corner. (B) TCl
ES cell-derived neural cultures on polyornithine-laminin-coated slides were fixed and stained for NFLC as described in Materials and Methods.
Staining was visualized with a fluorescence microscope at 400X magnification. (C) TC1 ES cells as well as wtES.1 ES cells derived in our lab were
cultured as 2—/2+ EBs and then further cultured for 3 or 9 days on polyornithine-laminin-coated dishes. Whole-cell extracts from the indicated
ES cells, 2—/2+ EBs, and neural cultures were prepared and immunoblotted for NFLC with the NR4 monoclonal antibody (Sigma Chemical Co.).

Stable transfection of ES cells. Parental TC1 ES cells were transfected with 2
pg of the NFLC-luciferase (NFLC-luc) reporter constructs (full length, —128,
and —98), the full-length NFLC reporter in which the cyclic AMP response
element/activating transcription factor (CRE/ATF) site is mutated (41), or
empty pA3luc vector as well as pMSCVpuro (Clontech, Palo Alto, CA) as a
selectable marker using Lipofectamine 2000 reagent according to the manufac-
turer’s protocol (Promega). ES cells were plated on gelatin-coated dishes in ES
cell growth medium for 48 h. The growth medium was subsequently replaced
with medium containing 2 pg/ml puromycin for the selection of transfected ES
cell clones. After approximately 2 weeks of selection, clones were mechanically
isolated with a pipette, trypsinized, and expanded in the same media. Genomic
DNA was prepared from individual clones using DNAeasy tissue kits (QIAGEN,
Valencia, CA). Transfectants bearing the different NFLC reporters were char-
acterized by PCR with forward primers (—401, 5'-GGTACCGCAGAAAGG
GCGAGCCAGGGG-3'; —128,5'-GGTACCTTTGCTCTTGCGCAGAATCC-3';
—98, 5'-GGTACCGCTGCAGCAGCACGCTGC-3'; —38, 5'-GGTACCGAG
TCCCGGCGTATAAAT-3") and a reverse primer that annealed within the
luciferase coding sequences of pA3Luc (5'-TCCAGAGGAATTCATTATCAG
TGC-3"). Individual ES cell clones positive for the respective NFLC reporter
constructs were pooled and submitted to the neural differentiation protocol
described above. Cells were collected with ice-cold PBS and lysed in 500 .l of
luciferase passive lysis buffer, and aliquots (80 wl) of the supernatants were

assayed for luciferase activity with luciferase assay substrate. The luciferase
activity was normalized to cellular protein measured by the Bradford colorimet-
ric assay.

To re-express JNK1 in JNK17/~ ES cells, a cDNA encoding human JNK1al
was ligated into the murine stem cell viral vector pMSCVpuro, and the resulting
vector as well as empty pMSCVpuro were packaged into replication-incompe-
tent retroviruses (9). INK1~/~.4 ES cells were infected with the resulting retro-
viruses and selected for resistance to puromycin, and individual clones were
screened for expression of the JNKI polypeptide by immunoblotting with anti-
JNKI1 antibodies.

RESULTS

We have previously employed NFLC as a prototypic marker
of neural differentiation in PC12 pheochromocytoma cells
where morphological differentiation and transcriptional induc-
tion of NFLC are stimulated by NGF (21, 41). Using this
cultured cell system, we have identified critical regulatory re-
gions within the NFLC promoter that integrate stimulatory
inputs from the ERK and JNK pathways (41). Moreover, an
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FIG. 2. NFLC promoter activity in NGF-stimulated PC12 cells and
neuronally differentiated ES cells. (A) PC12 cells were transiently
transfected by electroporation with the indicated NFLC-luciferase re-
porter constructs and a TK-renilla-luciferase vector to measure trans-
fection efficiency. The cells were subsequently incubated with or with-
out NGF in 1% horse serum-DMEM for 3 days as described previously
(41). Firefly luciferase activity was normalized to the Renilla luciferase
activity measured in replicate aliquots, and the data are presented as
the percent of full-length promoter activity in NGF-stimulated cells
(means * standard errors of the means), where an asterisk indicates a
statistically significant difference (P < 0.05) from full-length promoter
activity. (B) TC1 ES cells stably transfected with the indicated NFLC-
luciferase reporters were cultured as ES cells, 2—/2+ EBs, or neural
cultures, and luciferase activity was measured. The luciferase activity
was normalized to cellular protein in the extracts, and the data are the
means and standard errors of the means of at least five independent
experiments, where an asterisk indicates a statistically significant dif-
ference (P < 0.05) in promoter activity relative to that of the full-
length promoter (FL).

integrated requirement for the ERK and JNK pathways has
been extended to additional genes whose expression is specif-
ically induced by NGF in PC12 cells (21). Because neurogen-
esis modeled in ES cells is thought to more closely mimic in
vivo neurogenesis (16, 34), we assessed the JNK pathway re-
quirement for neural differentiation and NFLC induction in
ES cells.

Morphological differentiation and induction of NFLC in
neuronally differentiated ES cells. The mouse ES cell line TC1
(11) was submitted to the differentiation protocol described in
Materials and Methods where the cells are cultured in suspen-
sion in serum-free medium as embryoid bodies (EBs) for 4
days, the final 2 in the presence of 1 uM retinoic acid (referred
to as 2—/2+ EBs). When the 2—/2+ EBs are plated on a
polyornithine-laminin substrate, the EBs attach and neurite
outgrowth is observed within 3 days of culture and is extensive
after 6 to 8 days of culture (Fig. 1A). Because the intact EBs
were plated and allowed to further differentiate, it was difficult

MoL. CELL. BIOL.
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FIG. 3. Increased JNK activity in ES cell-derived neurons is required
for induction of the NFLC promoter. (A) Extracts were prepared from
the indicated ES cells, 2—/2+ EBs, and 8-day neural cultures with MAP
kinase lysis buffer and assayed for JNK activity with the glutathione S-
transferase—c-Jun (1 to 79) adsorption assay as previously reported (8).
The data are the means and standard errors of the means of three
independent experiments and are presented as the percent of the activity
in TC1 ES cell-derived neurons. (B) ES cells stably transfected with
full-length NFLC-luc were submitted to the neural differentiation proto-
col, plated onto polyornithine-laminin-coated plates, and treated with or
without 25 pM PD098059 and/or 2 nM SP600125 for 5 days. Luciferase
activity and cellular protein were measured, and the data are the means
and standard errors of the means of three independent experiments,
where an asterisk indicates a statistically significant difference from un-
treated cells.

to precisely quantify the percentage of cells undergoing neural
differentiation. We estimate that greater than 80% of visible
single cells were neurons by morphology. Initial studies were
performed with an EB protocol where the ES cells are differ-
entiated for 4 days in DMEM containing 10% fetal bovine
serum followed by an additional 4 days in the same medium
containing 1 pM retinoic acid. Similar to a recent report (18),
we observed greatly enhanced neurogenesis with the serum-
depleted 2—/2+ protocol relative to EB differentiation per-
formed in the presence of 10% fetal bovine serum (L. Marek,
C. Amura, and L. E. Heasley, unpublished observation). The
ES-derived neurons stained positively for the neural specific
protein, NFLC (Fig. 1B). In addition, immunoblot analysis
demonstrated marked expression of NFLC in ES-derived neu-
rons after 3 or 9 days of culture but not in undifferentiated ES
cells or 2X/2+ EBs (Fig. 1C). Thus, neurons expressing NFLC
are readily derived by in vitro differentiation of ES cells.
Conserved promoter sequences are required for NFLC reg-
ulation in NGF-differentiated PC12 cells and ES cell-derived
neurons. We have previously defined the regulatory regions
within the NFLC promoter that mediate induction in PC12
cells by NGF (41). As shown in Fig. 2A, transient transfection
experiments using PC12 cells and a panel of NFLC promoter
luciferase constructs progressively truncated from the 5’ end
indicate that truncation beyond —128 base pairs relative to the
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FIG. 4. JNK expression and activity in wild-type and JNK™/~ ES
cells. (A) Extracts were prepared from the indicated ES cell lines
with MAP kinase lysis buffer and immunoblotted with monoclonal
antibodies against JNK1 (F3; Santa Cruz), JNK2 (D2; Santa Cruz),
or a polyclonal antibody that detects all of the known JNK polypep-
tides (Cell Signaling Biotechnology, Inc., Beverly, MA). (B) The
indicated ES cell lines were serum restricted for 4 h and stimulated
with 15% fetal bovine serum for 30 min. Extracts were prepared and
immunoblotted with anti-phospho-JNK antibodies (Cell Signaling
Technology); ns indicates a nonspecifically reacting protein. FCS,
fetal calf serum.

transcription start site significantly reduced NFLC-stimulated
promoter activity. In the present study, additional reporter
constructs where the NFLC promoter was truncated to —113
and —103 base pairs relative to the transcription start site
exhibited decreased induction by NGF and indicate the pres-
ence of a critical promoter sequence that resides between
—128 and —113 for NGF-stimulated promoter activity
(Fig. 2A). Deletion of a CRE/ATF-like site residing at —45 to
—38 base pairs by truncation to —38 base pairs completely
eliminates NGF induction of luciferase activity by the reporter.
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Also, site-directed mutagenesis of the CRE/ATF-like site
within the context of the full-length NFLC promoter reduces,
but does not eliminate, promoter activity (Fig. 2A). Thus, NGF
induction of the NFLC promoter is accomplished by the action
of two independent promoter regions, the CRE/ATF site at
—45 to —38 base pairs and a novel site residing between —128
and —113 base pairs relative to the transcription start site. We
previously established that NGF-stimulated induction of the
NFLC promoter was partially inhibited by the JNK inhibitor
SP600125 (21). To define which promoter region is required
for JNK-dependent induction of NFLC expression, the degree
of inhibition of SP600125 on NGF induction of NFLC-luc
reporters containing both promoter regions (—128), only the
CRE/ATF-like site (—103) or only the site between —128 and
—113 (CRE mutant) was measured. SP600125 (2 nM) reduced
the NGF-stimulated induction of the —128, —103, or CRE
mutant reporter to 64.1% * 16.6%, 63.4% =+ 14.0%, and
72.4% =+ 3.0% of control, respectively. The approximately
equal inhibition of the three NFLC promoter constructs by the
JNK inhibitor suggests that the JNK pathway may integrate
equally at both promoter regions. Alternatively, the JNK path-
way may regulate a transcriptional coactivator that interacts
with the resident transcription factors that bind to both pro-
moter regions. A recent study (35) provides precedent for the
ability of MAP kinases, including JNKs, to phosphorylate co-
activators such as SRC-3 as a mechanism for transcriptional
regulation.

To define the NFLC promoter sequences required for in-
duction of this gene during neural differentiation of ES cells,
TC1 ES cells were stably transfected with selected NFLC-
luciferase reporters (Fig. 2B) as described in Materials and
Methods. These NFLC-luciferase transgenic ES cell lines were
subsequently cultured as 2—/2+ EBs, plated on polyornithine-
laminin substrate, and cultured for 5 days. As shown in Fig. 2B,
luciferase activity was significantly induced in neuronal TC1
cells transfected with the full-length promoter (FL) relative to
2—/2+ EBs or undifferentiated ES cells. No neural induction
of luciferase activity was observed in TC1 cells stably trans-
fected with empty pA3luc (Fig. 2B). A similar induction of
luciferase activity was observed in neuronally differentiated
TCI1 cells transfected with the NFLC-reporter construct trun-
cated to —128 base pairs relative to the full-length promoter,
but induction of luciferase activity directed by the —98 pro-
moter construct or the full-length promoter in which the CRE/

TABLE 2. Gene expression in wild-type and JNK~/~ ES cell lines”

ES cell Oct4 Nanog Brachyury Gata4 Fgf5
TC1 0.8 +0.1 0.7+0.2 0.8 0.2 09 *=0.1 1.2 0.6
wtES.1 1.1+0.2 1.2+0.2 1.0+0.2 1.1 +0.1 0.7*=0.3
JNK17/~ .1 24 = 0.6* 1.2+03 1.2+04 23+14 1304
IJNK17/~ 4 2.0 =0.4* 1.2+0.2 1.2+0.5 09 =02 24+13
JNK27/~ .1 1.2+0.2 1.6 =05 0.8 0.3 14 x£0.6 09 =03
JNK27/~ 3 1.1x03 2.7 +0.4* 1.6 = 0.6 1.2+0.7 1.5+09
JNK1~/* JNK27/~ 1.6 = 0.3* 1.8 =05 33+19 1.9 *£0.7 1905
IJNK3~/~ .1 1.3+0.2 0.8 0.2 1.3+0.3 3111 1.7+04
IJNK3~/~ 2 1205 20+09 1.6 =04 1.1x04 1207

“Total RNA was prepared from the indicated ES cell lines, and expression of the genes was measured by quantitative RT-PCR as described in Materials and
Methods. The values were corrected for GAPDH mRNA expression in replicate samples and normalized to the expression in the wtES.1 and TC1 ES cell lines. The
data are presented as mean relative expressions and standard error of the mean of three independent RNA preparations, where an asterisk indicates a significant

difference from the TC1 value (P < 0.05) by Student’s ¢ test.



differentiation protocol described in Materials and Methods, and 7 days after plating the cultures were photographed under a phase-contrast microscope.
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FIG. 6. NFLC expression is reduced and E-cadherin expression is
increased in cell cultures derived from JNK1~/~ ES cells. (A) Total
RNA was purified from the indicated ES cell-derived cultures, and
mRNAs for NFLC and GAPDH were measured by quantitative RT-
PCR. The data were normalized for expression of the housekeeping
gene GAPDH and are the means and standard errors of the means of
three to five independent experiments. (B) Whole-cell extracts pre-
pared from the indicated ES cell-derived neural cultures were submit-
ted to SDS-PAGE and immunoblot analysis using a mouse anti-NFLC
antibody (NR4), a monoclonal E-cadherin antibody (BD Biosciences,
Palo Alto, CA), or a monoclonal N-cadherin antibody (BD Bio-
sciences).

ATF-like site was mutated (CRE) was significantly reduced
(Fig. 2B). Thus, this experiment indicates that induction of the
NFLC promoter during neural differentiation of ES cells re-
quires the same promoter regions necessary for induction of
the NFLC promoter in PC12 cells stimulated with NGF.

We previously showed that JNK activity is increased in PC12
cells undergoing neural differentiation upon incubation with
NGF and that induction of NFLC-luciferase activity in NGF-
treated PC12 cells requires the integration of the ERK and
JNK pathways (41). Analysis of JNK activity in wild-type TC1
and wtES.1 ES cells, 2—/2+ EBs, and neural cultures revealed
elevated JNK activity in neural cultures relative to ES cells or
2—/2+ EBs (Fig. 3A). When TC1 cells transfected with the
full-length NFLC-luciferase construct were treated during the
final differentiation steps on polyornithine-laminin-coated
dishes with 2 uM SP600125, a pharmacological JNK inhibitor,
a significant reduction of luciferase activity was observed
(Fig. 3B). Likewise, treatment of the EBs with 25 pM
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PD98059, a MEK inhibitor, also resulted in significantly re-
duced reporter activity. Treatment with both SP600125 and
PD9Y8059 yielded a further reduction in NFLC promoter activ-
ity, a finding that is consistent with our previous findings dem-
onstrating the required collaboration of both JNK and ERK
MAP kinases in NGF-stimulated NFLC-luciferase induction in
PC12 cells (21, 41).

Generation of JNK-deficient ES cell lines. ES cells derived
from JNK-deficient embryos would permit a molecular genetic
approach for dissection of the role of the JNK signaling path-
way in neuronal differentiation. Thus, ES cells in which the
jnkl, jnk2, or jnk3 gene was homozygously disrupted were
generated from blastocysts (embryonic day 3.5 to 4.0) as de-
scribed in Materials and Methods. A wild-type ES cell line
(WtES.1) was established as a companion for the wild-type TC1
ES cell line as well as two independent isolates of JNK1~/~,
JNK2~/~, and JNK3~/~ lines and a single JNK1~/* JNK2~/~
ES cell line. The panel of ES cell clones lacking jnkl, jnk2, or
jnk3 was characterized by immunoblot analysis with antibodies
that selectively detect JNK1 or JNK2 as well as an antibody
that recognizes all JNK polypeptides. As shown in Fig. 4A,
relative to extracts from wild-type ES cells, extracts from the
JNK17/~ ES cells lacked a predominant p46 JNK1 species and
a more minor p54 JNKI1 species. The JNK1 /" JNK2/~ ES
cell line showed the predicted decrease in JNK1 expression
due to the expression of a single jnk! allele. A p54 JNK species
that reacts with the JNK1 antibody was retained in JNK1~/~
cell lines and represents weak cross-reactivity of the antibody
with p54 JNK2 polypeptides. The JNK2~/~ ES cell clones and
the JNK1 /% JNK2 ™/~ ES cell line showed a complete lack of
the p46 and p54 JNK2 proteins that were detected in wild-type
ES cell extracts with the specific JNK2 antibody (Fig. 4A). The
pan-reactive JNK antibody detected a reduction of a p46 spe-
cies in the JNK17/~ cells and loss of both p46 and p54 JNK
polypeptides in JNK2 '~ extracts. No detectable loss of a pu-
tative JNK polypeptide in the JINK3~/~ extracts was observed
with the pan-reactive antibody, suggesting that JNK3 proteins
are not highly expressed in ES cells. As shown in Fig. 4B,
addition of 15% fetal bovine serum to wild-type and JNK3~/~
ES cell cultures that had been serum restricted for 4 h strongly
increased phosphorylation of multiple p46 and p54 JNK pro-
teins. Similar analysis of extracts from JNK1~/~ ES cells re-
vealed increased phosphorylation of the p46 and p54 JNK2
proteins that are retained in the JNK1 /" cells. Likewise, the
p46 JINKI proteins that are retained in the JNK2 7/~ cells are
phosphorylated in a fetal bovine serum-dependent manner.
Thus, ES cells bearing disruptions of juk! or jnk2 retain serum-
stimulated phosphorylation of the remaining JNK proteins.

The different ES cell lines lacking jnkl, jnk2, or jnk3 exhib-
ited growth properties and morphologies equivalent those of
the wild-type ES cell lines (L. Marek, C. Amura and L. E.
Heasley, unpublished observation). Moreover, as assessed by
quantitative RT-PCR, the stem cell marker Nanog (23) was
equally expressed in the wild-type and INK ™/~ ES cell lines
(Table 2). Expression of a distinct stem cell marker, Oct4 (5),
was significantly increased in the JNK1 7~ and JNKI1 /"
JNK27/~ ES cell lines relative to the wild-type, JNK2~/~, and
JNK3~/~ ES cells (Table 2). In this regard, Niwa et al. (25)
have demonstrated that a 50% increase in Oct4 expression in
ES cells can trigger differentiation into primitive endoderm or
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mesoderm. However, measurement of markers of primitive
endoderm (Fgf5 and Gata4) or mesoderm (brachyury) in the
panel of ES cell lines did not reveal evidence for statistically
significant induction of these marker genes and indicates that
the JNK17/~ ES cells have not undergone substantial differ-
entiation towards either of these lineages (Table 2).

JNKI1-deficient ES cells exhibit inhibited neurogenesis as-
sociated with increased Wnt-4/Wnt-6 expression. Participation
of the JNK pathway in neural differentiation was investigated
in the wild-type and JNK-deficient ES cell lines using the in
vitro neural differentiation protocol. Compared to 2—/2+ EBs
derived from the wild-type, JNK27/~, and JNK3™/~ ES cell
lines which exhibited pronounced morphological neural differ-
entiation following culture on polyornithine-laminin substrate
(Fig. 5), little or no neurite outgrowth was observed from the
plated 2—/2+ EBs derived from JNK1~/~.1 or JNK1~/~.4 ES
cells. Rather, an extensive outgrowth of cells with an epithelial
morphology was noted. As a molecular measure of neural
differentiation distinct from morphological criteria, the levels
of NFLC mRNA were measured by quantitative RT-PCR.
Figure 6A demonstrates a statistically significant decrease in
NFLC mRNA in JNK1 7/~ cultures, while JNK2™/~ and
JNK3 ™/~ cultures expressed NFLC mRNA to a level equal to
that of the wild-type ES cell-derived cultures. In addition, cell
extracts were prepared from the different ES cell-derived neural
cultures and immunoblotted for NFLC protein (Fig. 6B). Rela-
tive to the expression level of NFLC protein observed in neural
cultures derived from wild-type ES, JNK2~/~, JNKI1~/*
JNK27/~, and JNK3~/~ cells, significantly reduced levels of
NFLC protein were observed in the cultures derived from the
replicate JNK1~/~ ES cell clones. The expression of N-cad-
herin protein was approximately equal among the different
samples and served as a loading control for the experiment.
Notably, increased expression of E-cadherin protein was de-
tected in extracts from JNK1~/~ ES cell-derived cultures, con-
sistent with the epithelial morphology manifested by the cel-
lular outgrowths. Thus, JNK1~/~ ES cells exhibit an inhibited
capacity to undergo neural differentiation relative to wild-type,
JNK27~/~, and JNK3~/~ ES cells accompanied by increased
morphological and molecular evidence of epithelial differen-
tiation.

To establish that the phenotype exhibited by the JNK1~/~
ES cells is due to the JNKI1 deficiency, JNKI1 protein was
re-expressed in JNK1 /7.4 ES cells using retroviral-mediated
gene transfer of a INKlal (p46JNKla) cDNA (see Materials
and Methods). Figure 7A shows that the p46JNKla protein is
present in JNK17/~.4 ES cells transduced with the pMSCV-
puro-JNKlal vector relative to JNK1 /.4 cells transduced
with the empty pMSCVpuro vector. The level of JNK1 expres-
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sion in the JNKlal transfectant is less than the endogenous
p46 JNKI1 expression in wtES.1 cells. When the JNK1 /.4
cells transfected with JNKlal were submitted to the 2—/2+
differentiation protocol and plated on polyornithine-laminin-
coated dishes, robust neurite outgrowth (Fig. 7B) and induc-
tion of NFLC protein (Fig. 7C) were observed relative to that
of the JNK1 /.4 cells transduced with the empty retroviral
vector which exhibited the epithelial phenotype and no neural
differentiation. In addition, re-expression of JNK1 significantly
reduced the expression of E-cadherin in the differentiated cul-
tures (Fig. 7C), indicating that re-expression of JNKlal in
IJNK17/7.4 ES cells restored the neural differentiation pro-
gram to that of wild-type ES cells.

In ES cells, the Wnt pathway has been invoked as a negative
regulator of ES-derived neurogenesis (3, 13). Forced expres-
sion of Wnt-1 in ES cells inhibited neural differentiation while
expression of the Wnt antagonist, sSFRP2, enhanced neural
differentiation (3). Based on this background, we screened the
expression of multiple Wnt genes in cellular outgrowths from
wild-type and JNK1 /= EBs to test the hypothesis that the ex-
pression of specific Wnt genes was dysregulated in the JNK1~/~
cells. Quantitative RT-PCR analysis revealed a statistically signif-
icant 10- and ~3-fold increase in the expression of Wnt-6 and
Wnt-4 mRNAs, respectively, in the cellular outgrowths of
JNK1~/~ EBs relative to the neural cultures derived from wild-
type, INK2/~, and INK3 /" ES cells (Fig. 8A). By contrast, the
mRNA expression levels of Wnt-5a and Wnt-7a were not differ-
ent among the various cultures (data not shown). BMP4 has been
invoked as a mediator of Wnt inhibition of neurogenesis (24). In
addition, Ying et al. (40) have previously demonstrated that ad-
dition of BMP4 to wild-type ES cells undergoing neural differen-
tiation suppressed the development of neural precursors and
neurons and instead induced the appearance of nonneural dif-
ferentiated cells with an epithelial morphology similar to that
observed in the JINK1~/~ cultures. Quantitative RT-PCR anal-
ysis revealed a 5.8- = 1.0- and 3.0- = 0.8-fold increase in BMP4
mRNA expression in cultures of EBs derived from JNK1 /.1
and JNK1 /"4 ES cells, respectively, relative to wtES.1 and
TC1 cultures. These findings indicate that JNK1 functions to
repress a Wnt-4/Wnt-6 and BMP4 signaling axis in ES cells
undergoing neural differentiation.

To determine if the increased Wnt-4/Wnt-6 expression me-
diated inhibition of neurogenesis, the JNK1~/~ EBs were cul-
tured in the presence or absence of exogenous sFRP2. As
shown in Fig. 8B, inclusion of recombinant sFRP2 in the cul-
ture medium resulted in focal regions of morphological neural
differentiation of the plated 2—/2+ EBs derived from JNK1~/~.1
ES cells relative to control JNK1~/~.1 cultures which exhibit
only the epithelial phenotype. Thus, this result indicates that

FIG. 7. Re-expression of JNK1 in JNK1~/~ ES cells restores neural differentiation and NFLC protein induction. (A) Extracts were prepared
from JNK1~/~.4 ES cells transduced with the empty retroviral vector (JNK1~/~MSCVPuro)y or with a retroviral vector encoding JINKlal (JNK1~/
—iNkial) as well as wtES.1 cells to define endogenous levels of JNK1 proteins. The extracts were submitted to SDS-PAGE and immunoblotted for
JNKI1 or JNK2 as a loading control with the antibodies described in the legend to Fig. 4. The arrowhead indicates the migration position of the
transduced p46 JNK1 polypeptide. The immunoreactive band of ~55 kDa present in all three lanes of the JNK1 blot represents cross-reactivity of the
JNK1 antibody for p54 JNK2 proteins. (B) The indicated JNK1~/~.4 ES cell transfectants were submitted to the 2—/2+ differentiation protocol, the
resulting EBs were plated on polyornithine-laminin-coated dishes, and the cultures were photographed following 7 days of culture. (C) Extracts were
prepared from differentiated cultures derived from the JNK1~/~MSCVpuro op JNK1~/~INKle«l EG ce]l transfectants or wtES.1 cells and submitted to

immunoblot analysis for NFLC and E-cadherin.
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the increased expression of Wnt-4/Wnt-6 in INK1~/~ cultures
is a likely mediator of inhibited neurogenesis as the Wnt an-
tagonist, sSFRP2, is able to reverse this phenotype. Interest-
ingly, neither NFLC mRNA nor protein was increased in the
sFRP2-treated cultures (data not shown). We interpret this
result as evidence for a causative role for the increased Wnt-
4/Wnt-6 in inhibition of neurogenesis in INK1~/~ EBs but that
JNK1 activity, which is still lacking in sSFRP2-treated JNK1~/~
cells, is required for induction of NFLC mRNA and protein.
Disruption of the NFLC gene in mice reveals that neurogen-
esis readily proceeds despite the absence of the NFLC protein
(42).

DISCUSSION

Previous studies from our laboratory (21, 41) and others (37)
have invoked a collaborating role for the JNK pathway with the
ERK pathway in neurogenesis modeled in PC12 cells. Using
molecular and pharmacological inhibitors, the requirement of
the JNKs for full induction of a variety of NGF-stimulated
genes including NFLC in PC12 cells has been demonstrated
(21). These findings are consistent with other reports demon-
strating a requirement for the JNK pathway in neurogenesis
and NFLC regulation modeled in the distinct in vitro system,
P19 EC cells (31). Using these cells, the investigators demon-
strate that a TAK1-MKK4-JNK signaling pathway is activated
and participates in the regulation of the neural differentiation
of P19 embryonal carcinoma cells (2). Also, ES cells in which
the JNK pathway-specific scaffold protein, JSAP1, is homozy-
gously disrupted exhibit reduced in vitro neurogenesis (38).
Thus, the findings from our present study with JNK1-defi-
cient ES cells confirm the role previously unveiled for JNK
in PC12 cell and P19 EC cell neural differentiation and
NFLC gene expression and suggest a general requirement
for JNK signaling for neurogenesis. Importantly, our find-
ings highlight JNK1 as a dominant member of the JNK MAP
kinase family involved in neurogenesis.

Neural differentiation in murine ES cells is believed to re-
flect in vivo neurogenesis to a significant degree (26, 34). While
the PC12 cell line represents a useful cultured model system
for exploring NGF signaling related to neural differentiation,
the fact that these cells are derived from a pheochromocytoma
demands some caution in extending lessons learned in PC12
cells to the general problem of neurogenesis. The conserved
requirement for identical NFLC promoter regulatory regions
(Fig. 2B) and a common requirement for integrated signaling
through the ERK and JNK pathways for the induction of the
NFLC promoter during neuronal differentiation in both PC12
cells (41) and ES cells (Fig. 3B) indicate that common signaling
pathways and transcription factors are likely to control NFLC
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expression in these two distinct model systems. Moreover, the
negative influence of the Wnt signaling pathway in both PC12
cells (6, 30) and ES cells (Fig. 7 and references 3 and 13)
provides yet another commonality between the two systems.
Apparently, observations made in PC12 cells may have a
higher degree of relevance to the general question of neural
fate specification than previously appreciated.

Our findings reveal significantly increased expression of
Wnt-6 and a more modest induction of Wnt-4 in cultured EBs
derived from JNK1~/~ ES cells (Fig. 8), indicating that JNK1
participates in the repression of the Wnt pathway through
inhibition of expression of specific Wnt genes. We therefore
extend a novel hypothesis that JNK1-mediated repression of
Wnt-4 and Wnt-6 expression regulates neural fate specification
in ES cells. In support of this notion, the Wnt pathway has
been identified as a negative regulator of in vitro neural dif-
ferentiation modeled in ES cells (3, 13). Importantly, the Wnt
signaling pathway has also been shown to function as an in-
hibitor of embryonic neurogenesis where repression of Wnt
signaling is required in specific embryonic territories during
development (28, 29, 33). In contrast to the marked outgrowth
of neurons from wild-type, JNK27/~, and JNK3~/~ EBs, a
pronounced outgrowth of cells with an epithelial phenotype
(Fig. 5) and increased expression of E-cadherin (Fig. 6) was
observed in JNK1~/~ cultures. With respect to Wnt-6, this Wnt
protein has been linked to epithelialization during embryonic
development (28, 29). In the chicken embryo, the precise sites
of Wnt-6 expression coincide with crucial changes in tissue
architecture, namely epithelial remodeling and epithelial-mes-
enchymal transitions. Moreover, the expression of Wnt-6 is
closely associated with regions of BMP signaling. In fact, the
“default model” of neurogenesis invokes a Wnt-BMP signaling
axis as a dominant repressor of neurogenesis (24). In this
regard, Ying et al. (40) have noted that neural differentiation
of mouse ES cells in a serum-free system is inhibited by inclu-
sion of BMP4 and causes the appearance of flattened epithe-
lial-like cells similar to the cellular outgrowth we observe from
JNK1~/~ ES cells (Fig. 5). Similarly, we observe that BMP4
mRNA is significantly increased as well in the differentiated
JNK1~/~ cultures, suggesting that JNK1 signaling suppresses a
Wnt/BMP4 pathway, thereby promoting neural differentiation.

Based on the profound disruption of neural differentiation
observed in JNK1~/~ ES cells, one would expect mice lacking
JNKI1 to exhibit a significant disruption of neurogenesis, yet
mice bearing homozygous disruption of any single jnk gene
develop normally. However, mice in which both jukI and jnk2
are disrupted display defective neural tube closure and altered
neural apoptosis associated with embryonic lethality (17, 27).
One explanation of the discrepancy between our in vitro find-

FIG. 8. Increased expression of Wnt-4 and Wnt-6 is observed in JNK1~/~ EB cultures and the Wnt antagonist, SFRP2, increases morphological
neural differentiation. (A) The indicated ES cell lines were submitted to the 2—/2+ EB differentiation protocol and subsequently cultured on
polyornithine-laminin-coated dishes for 5 to 7 days as described in Materials and Methods. Total RNA was purified, and the expression of Wnt-4
and Wnt-6 mRNAs were measured as described in Materials and Methods by quantitative RT-PCR using the primers listed in Table 1. The results
are the average relative expression and standard errors of the means normalized for GAPDH of three to five independent experiments reflecting
three independent RNA preparations. (B) JNK17/7.1 ES cells were submitted to the 2—/2+ EB protocol and subsequently cultured on
polyornithine-laminin-coated dishes in medium with or without 1 pg/ml sFRP2 (R&D Systems, Minneapolis, MN) for 6 days and photographed

through a phase-contrast microscope.
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ings with JNK1~/~ ES cells and in vivo neurogenesis is that
functional redundancy of JNK1 and JNK2 proteins occurs dur-
ing in vivo development, preventing a neurogenic defect in
JNK1~/~ mice. Interestingly, the compound jnk mutant mouse
jnk1~"* jnk2~'~ develops normally, while the distinct com-
pound jnk mutant jnkl '~ jnk2~/* exhibits embryonic neural
tube defects, albeit with lower penetrance than that observed
in jnkl '~ jnk27'~ embryos (27). These findings support a
greater role for JNK1 in neural development relative to JNK2.
Recently, disruption of the gene encoding the proximal JNK
pathway component, MEKK4, was shown to induce neural
tube defects (10) and suggests that a MEKK4-JNKI1 signaling
axis plays a dominant role in embryonic neurogenesis. Based
on our findings that specific Wnt genes are inappropriately
expressed in cultures derived from JNK1~/~ ES cells and in-
hibit neurogenesis, we predict that similar events will be ob-
served in the developing neural tubes of compound jnkl/jnk2
mutants and mekk4 '~ embryos.
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