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E47 is a basic helix-loop-helix transcription factor involved in
neuronal differentiation and survival. We had previously shown
that the basic helix-loop-helix protein E47 binds to E-box
sequences within the promoter of the TrkB gene and activates
its transcription. Proper expression of the TrkB receptor plays a
key role in development and function of the vertebrate nervous
system, and altered levels of TrkB have been associated with
important human diseases. Here we show that E47 interacts
with MLK2, a mixed lineage kinase (MLK) involved in JNK-me-
diated activation of programmed cell death. MLK2 enhances
phosphorylation of the AD2 activation domain of E47 in vivo in
aJNK-independent manner and phosphorylates in vitro defined
serine and threonine residues within a loop-helix structure of
AD?2 that also contains a putative MLK docking site. Although
these residues are essential for MLK2-mediated inactivation of
E47, inhibition of MLKs by CEP11004 causes up-regulation of
TrkB at a transcriptional level in cerebellar granule neurons and
differentiating neuroblastoma cells. These findings allow us to
propose a novel mechanism by which MLK regulates TrkB
expression through phosphorylation of an activation domain of
E47. This molecular link would explain why MLK inhibitors not
only prevent activation of cell death processes but also enhance
cell survival signaling as a key aspect of their neuroprotective
potential.

Basic helix-loop-helix (bHLH)? proteins are transcription
factors that regulate gene expression to promote cell differen-
tiation and tissue-specific cellular functions (1). For instance,
NeuroD and MyoD are tissue-specific bHLH proteins involved
in neurogenesis and myogenesis, respectively (2, 3). These tis-
sue-specific proteins form dimers with other ubiquitously
expressed bHLH transcription factors called E proteins, which
bind to the canonical E-box sequence CANNTG and include
HEB, E2-2, and the E2A gene products E12 and E47 (1). The
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formation of active heterodimers can be inhibited by overex-
pression of Id family members, which bind to and sequester
E2A proteins into transcriptionally nonfunctional complexes
(4). There are two activation domains within E12 and E47 pro-
teins: AD1, which is found between amino acids 1 and 99 (5, 6),
and AD2, which is between amino acids 325 and 432 (7). The
AD2 domain contains a region between amino acids 345 and
408 consisting of a loop adjacent to an amphipathic a-helix, the
loop-helix (LH) motif, which is conserved in yeast, Drosophila,
and mammalian cells (7). c-Jun specifically represses the activ-
ity of the LH domain, and the selective recognition by c-Jun of
this activation domain in pancreatic 3 cells suggests an impor-
tant function of E2A proteins in regulating insulin control ele-
ment-mediated expression (8). In addition, E2A transcriptional
activity can be modulated by phosphorylation at different lev-
els. It has been reported that phosphorylation status of E47
alters the DNA binding ability of E47 as homodimers or het-
erodimers in different cellular contexts (9-11). Thus, p38
MAPK has been described to phosphorylate E47 at Ser'*° and
promote MyoD/E47 association and muscle-specific gene tran-
scription (12). On the other hand, it has also been observed that
MEKKI1 (MAPK/ERK kinase kinase 1) signaling through p38
leads to transcriptional inactivation of E47 (13). In addition,
Ser/Thr kinases 3pK and MAPK-activated protein kinase 2
have been shown to interact with E47 and repress its transcrip-
tional activity (14). Finally, E47 proteasomal degradation is
associated with increased ERK MAPK activity in aged B cell
precursors (15, 16).

MLKs are a family of serine/threonine kinases, all of which
actas mitogen-activated protein kinase kinase kinases (17). The
name “mixed lineage kinases” derives from the fact that of the
11 conserved subdomains found in all protein kinases, domains
1-8 of the MLK proteins resemble serine/threonine kinases,
whereas regions 911 share sequence similarity with those of
tyrosine kinases, such as the fibroblast growth factor receptor
and Src (17-19). Eight mammalian MLKs have been identified
and categorized into three subfamilies on the basis of domain
organization and sequence similarity: MLKs, dual leucine zip-
per-bearing kinases (DLKs), and zipper sterile a-motif kinases
(ZAKs). However, MLK2, MLK3, DLK, and leucine zipper
kinase (LZK) are the only MLKs that have been studied in any
detail at a biochemical level (20 -22). Although MLK3 and LZK
are expressed widely, MLK2 and DLK are restricted to brain.
MLK1-4 share a high degree of homology in the N-terminal
500 amino acids, which incorporate several functional
domains: an SH3 domain, a kinase catalytic domain, two
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leucine zippers, a proline-rich region, and the Cdc42/Rac inter-
active binding (CRIB) domain, which mediates binding to GTP-
bound Cdc42 and Rac. In contrast to the N-terminal portion of
these proteins, the C termini share little homology and vary
greatly in size, possibly to mediate specificity and orchestrate
interactions with various other proteins. MLKs are considered
primarily as kinases that act upstream of JNKs. Nonetheless,
mammalian MLK3 is localized to the centrosome, and its activ-
ity is enhanced during G,/M phase transition, when the JNK
pathway remains inactive (23). It has been reported that silenc-
ing MLK3 can block mitogen-stimulated B-Raf activation and
prevent serum- or Ki-Ras-stimulated cell proliferation (24). In
addition, MLK2 has been involved in modulation of NeuroD
and Alien transcription factors (25, 26). Thus, MLKs may be
involved in very different processes depending on the particular
molecular context.

Little is known about the molecular effectors of MLK activity
in response to external or internal inputs, but the available evi-
dence suggests that the activity of MLK proteins is controlled
by phosphorylation (27). The most striking feature of all MLK
proteins is their ability to dimerize, and MLK3 autophosphor-
ylates following homodimerization (27) via a mechanism anal-
ogous to that of receptor tyrosine kinases (with which MLKs
share some sequence homology). Activation of MLK3 by Cdc42
and Rac has been shown to be a pathway for JNK activation by
these G-proteins (28). Two Cdc42-inducible autophosphoryla-
tion sites in MLK3 have been identified, but it is unclear how
Cdc42 induces MLK3 phosphorylation. One speculation was
that the association of the CRIB domain with a GTP-bound
G-protein would displace an intramolecular SH3-mediated
interaction and permit homodimerization via the leucine zip-
per and autophosphorylation.

The activation of the JNK pathway is critical for the naturally
occurring neuronal cell death in development and may be
important in the pathological neuronal cell death of neurode-
generative diseases. The small molecule MLK inhibitors
CEP1347 and CEP11004 prevent the activation of the JNK
pathway and consequently reduce neuronal cell death in many
cell culture and animal models (29). Thus, the cell death pro-
gram induced by nerve growth factor deprivation in sympa-
thetic neurons is inhibited by MLK inhibitors as a direct conse-
quence of inhibiting downstream kinases of the JNK pathway
such as MKK4 and JNK and JNK-activated transcription factors
such as c-Jun (30, 31). Intriguingly, it has been reported that
MLK inhibition by CEP11004 increases TrkB protein levels in
cultures of cerebellar granule neurons (32). Because TrkB is a
key tyrosine receptor for brain-derived neurotrophic factor
involved in differentiation and survival in the nervous system
(33), MLK inhibitors would also up-regulate cell survival cir-
cuits. Previous work in our laboratory has demonstrated that
E47 and NeuroD bHLH proteins bind to p21** and TrkB pro-
moters linking differentiation and cell cycle arrest in SH-SY5Y
neuroblastoma cells (34). In this study we show that MLK2
binds to and phosphorylates E47 at the AD2 transactivation
domain and, as a consequence, represses TrkB promoter activ-
ity. Our results provide a molecular link that explains why MLK
inhibition not only prevents activation of cell death processes
but also enhances cell survival signaling.
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EXPERIMENTAL PROCEDURES

Plasmid Constructions—Plasmids pCMV-E47 (35) and SRD-
MLK2 (36) contain the full-length cDNAs of human E47 and
MLK?2, respectively. MLK2 was tagged at its N terminus with a
triple FLAG epitope and subcloned under the cytomegalovirus
promoter to produce pCYC573, where several derivatives con-
taining different fragments from MLK2 were obtained:
pCYC833 (1-364 aa), pCYC843 (1-496 aa), pCYC844 (1-757
aa), and pCYC716 (327-954 aa). A K125A mutation was intro-
duced to obtain a kinase-dead MLK2 mutant in pCYC742 using
XL site-directed mutagenesis kit (Stratagene). A tandem affin-
ity purification (TAP)-E47 fusion under the cytomegalovirus
promoter (pCYC304) was also used to obtain derivatives with
different fragments of E47: pCYC306 (1-220 aa), pCYC831
(221-330 aa), pCYC830 (331— 400 aa), pCYC925 (331—460 aa),
pCYC305 (1-540 aa), pCYC 307 (100-540 aa), and pCYC308
(100-490 aa). Point mutations within full-length E47 produced
plasmids pCYC805 (S379A), pCYC899 (S352A/T355A/S359A/
S379A, referred to as S/T4A), and pCYC920 (S341A/S352A/
T355A/S359A/S379A, referred to as S/T5A). Point mutations
within TAP-tagged E47 peptides produced plasmids pCYC836
(S341A), pCYC837 (S352A, T355A, S359A), pCYC838
(S379A), and pCYC926 (S/T5A) pGEX-KG (GE Life Sciences)
derivatives containing GST fusions to E47 peptides were
pCYC907 (331-460 aa) and pCYC903 (361—-460 aa), and cor-
responding S/T5A (S341A/S352A/T355A/S359A/S379A) and
S379A derivatives were pCYC921 and pCYC905, respectively.
N-terminal (1-496 aa) wild-type and kinase-dead (K125A)
MLK2 fusions to GST produced pCYC846 and pCYC848,
respectively. The TrkB luciferase reporter construct (pCYC219)
carries a 1.9-kb fragment from positions —1888 to +30 nucle-
otides relative to the main transcription start site of human
TrkB promoter inserted into pGL3b (Promega).

Cell Culture—SH-SY5Y neuroblastoma cells, mouse embry-
onic fibroblasts (MEFs), HEK293T cells, and GP2-293T cells
were grown at 37 °C in a humidified atmosphere of 5% CO, in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 20 units/ml penicillin, 20 ug/ml streptomycin,
and 10% fetal bovine serum (Invitrogen). To induce cell cycle
arrest and differentiation in SH-SY5Y cells, all-trans-retinoic
acid (RA; Sigma) was added to a final concentration of 10 M for
5 days. The medium was changed every 3 days. MEFs and
SH-SY5Y cells were transfected with Lipofectamine 2000
(Invitrogen), and HEK293T and GP2-293T were transfected
with polyethylenimine (Sigma-Aldrich), following standard
protocols. Primary cultures of cerebellar granule neurons were
prepared from postnatal day 7 Sprague-Dawley rat pups as
described previously (32). The cells were dissociated by 1
mg/ml trypsin for 15 min prior to mechanical trituration,
plated in poly-L-lysine-coated dishes at a density of 3 X 10°
cells/ml and maintained in basal Eagle’s medium with 25 mm
KCl, 10% dialyzed fetal bovine serum, 2 mm glutamine, 100
units/ml penicillin, and 100 ug/ml streptomycin. Aphidicolin
(3.3 pg/ml) was added 1 day later to reduce the number of
non-neuronal cells. The MLK inhibitor CEP-11004 was kindly
provided by Cephalon, Inc. (West Chester, PA). Stocks solu-
tions of CEP-11004 (4 mm) were prepared in dimethyl sulfox-
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ide, and a working 40 uM solution was prepared in 1% bovine
serum albumin/basal Eagle’s medium on the day of the
experiment.

Tandem Affinity Purification—TAP-tagged N-terminal
(1-220 aa) or C-terminal (100—-651 aa) human E47 fragments
or TAP control cDNAs were cloned into a retroviral expression
vector (pBABE-puro) to obtain pCYC313, pCYC315 and
pCYC316, respectively. Retroviruses were produced in GP2—
293T packaging cells by transfection of pBABE-puro deriva-
tives and helper pVSV-G. The cells were maintained at 32 °C in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Supernatant containing viruses was recov-
ered after 48, 72, and 96 h, filtered (0.45 wm), and used for
SH-SY5Y infection with the addition of 5 ug/ml polybrene.
After 2 days, the medium was removed, and infected cells were
selected with 0.25 pg/ml puromycin. A pBABE-puro derivative
expressing green fluorescent protein (pCYC186) was used to
estimate infection efficiencies. Ten 150-mm plates (8 X 10°
cells seeded), and twenty 150-mm plates (5 X 10° cells seeded)
were used for TAP experiments with proliferating or RA-differ-
entiated SH-SY5Y cells, respectively. The cells were lysed in
TNT buffer (10 mm Tris-HC], pH 8, 150 mm NaCl, 0.1% Triton
X-100, 1 mm DTT) with 2 mm MgCl, and protease and phos-
phatase inhibitors and centrifuged for 3 min at 200 X g. Triton
X-100 was raised to 1% whenever the large C-terminal frag-
ment of E47 was used. Obtained supernatants were first used
for immunoprecipitation with 100 ul of IgG Sepharose 6 Fast
Flow beads (Amersham Biosciences) for 2 h. After five washes,
300 units/ml AcTEV protease (Invitrogen) was added to the
column, which was incubated for 2 h at room temperature to
elute E47 in TNT buffer with 0.5 mm EDTA. The second immu-
noprecipitation was carried out with calmodulin beads (Strat-
agene) in TNT buffer with 1 mm magnesium acetate, 1 mm
imidazole, and 2 mm CaCl,. After five washes, calmodulin beads
were suspended in 50 mm NH,CO,H, pH 8, and proteins were
analyzed by nano-liquid chromatography coupled to nano-
electrospray ionization and tandem mass spectrometry
analysis.

Protein Phosphatase Treatment—HEK293T cells were
co-transfected with E47 and MLK2 expression plasmids in
60-mm plates. One day after transfection, the cells were lysed in
200 wl of 20 mm HEPES-KOH, pH 7.9, 125 mMm NaCl, 0.1%
Nonidet P-40, 1 mm EDTA, 1 mm phenylmethylsulfonyl fluo-
ride, and protease inhibitors; sonicated on ice; and spun for 10
min at 12,000 X g. Supernatant was divided into 50-ul aliquots
and treated with 4 units of SAP (shrimp alkaline phosphatase;
Roche Applied Science) or 400 units of A protein phosphatase
(NEB) as directed by the supplier. Phosphatase inhibitors (1 mm
sodium fluoride, 1 mm B-glycerophosphate, 5 mM sodium pyro-
phosphate, 1 mMm EGTA) were added when indicated. The sam-
ples were incubated 90 min at 37 °C (SAP) or 30 °C (A phospha-
tase). To stop the reaction, 2X SDS-PAGE loading buffer was
added, and the samples were analyzed by Western blot.

Immunoprecipitation and Western Blot Analysis—For
immunoprecipitation experiments, HEK293T cells were har-
vested 24 h after transfection. The cells were resuspended in
lysis buffer (20 mm HEPES-KOH, pH 7.9, 125 mm NacCl, 0.1%
Nonidet P-40, 1 mm EDTA, 1 mMm phenylmethylsulfonyl fluo-
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ride, protease, and phosphatase inhibitors), sonicated on ice,
and spun for 10 min at 12,000 X g. The supernatants were
incubated with 50 ul of aFLAG M2-agarose beads (Sigma). The
samples were rocked for 2 h at 4 °C, and the beads were col-
lected by centrifugation (1 min at 2000 X g), washed three times
with 1 ml of cold lysis buffer, and finally resuspended in loading
buffer, boiled, and loaded onto SDS-PAGE gels. Western blot
analysis was performed as previously described (34) with aE47
(SC-763), aFLAG (Sigma), horseradish peroxidase-a-horse-
radish peroxidase (Sigma), apS63-c-Jun (Cell Signaling), and
aJNK (Cell Signaling) antibodies used as recommended by the
suppliers.

Luciferase Assays—Luciferase were performed essentially as
described (34) with a dual luciferase reporter assay system (Pro-
mega). Routinely, 1 ug of firefly luciferase reporter plasmid and
0.05 ug of Renilla luciferase pRL-TK control plasmid (Pro-
mega) were used to determine relative expression values. To
assess effects caused by E47 or MLK2, 0.8 or 0.2 ug of each
expression plasmid (or empty vector) were added to each trans-
fection assay. Firefly/Renilla luciferase ratios obtained from a
promoterless vector were substracted as background, and the
resulting values were normalized to control conditions.

Production and Purification of Recombinant Proteins—All of
the GST fusions were expressed in Escherichia coli BL21 (DE3)
by adding 0.4 mm isopropyl-B-p-thiogalactopyranoside to cul-
tures at a cell density of 0.3 A4, and subsequent incubation for
4 h at 30°C. The proteins were purified using glutathione-
Sepharose beads as directed by the supplier (Amersham Bio-
sciences) in 500 ul of lysis buffer containing 25 mm HEPES, pH
7.9,0.3 M KCl, 1 mm EDTA, 0.1% Nonidet P-40, 10% glycerol, 1
mwm DTT, and protease inhibitors. Elution buffer contained 40
mM reduced glutathione, 20 mm NaCl, 0.5 mm DTT, and 50 mm
Tris-HCI, pH 8.

In Vitro Kinase Assay—XKinase reactions were carried out in
20 wl (20 mm HEPES, pH 7.5, 15 mm MgCl,, 2 mM DTT, 0.1 mm
Na;VO,, 1 mMm phenylmethylsulfonyl fluoride, protease, and
phosphatase inhibitors) containing 25 um nonradioactive ATP,
5 uCi of [y-**P]ATP, 0.2 pg of GST-MLK2 (or GST-MLK2
KD), and 2 ug of the corresponding substrate proteins and were
incubated for 20 min at 30 °C. Phosphorylated products were
separated by SDS-PAGE, stained with Coomassie Brilliant Blue
to ensure equal loading of substrate proteins and MLK2 kinase,
dried, and analyzed by autoradiography.

Reverse Transcription Real Time PCR—RNA was extracted
(RNeasy kit; Qiagen), treated with DNasel (Qiagen), and
reverse transcribed with Superscript I reverse transcriptase
(Invitrogen). Relative mRNA levels were determined by
quantitative real time PCR using TagMan probes from
Applied Biosystems, TrkB (Hs 001778811_m1), and trans-
ferrin receptor (TFRC) (4333770F) for SH-SY5Y cells, TrkB
5'(Rn 01441749), TrkB 3’ (Rn 00820626), and glyceralde-
hyde-3-phosphate dehydrogenase (Rn 01749022_g1) for cer-
ebellar granule neurons. PCRs were run and analyzed with an
iCycler iQ real time detection system (Bio-Rad).

RESULTS

E47 Interacts with MLK2—T o identify neuronal proteins that
interact with transcriptional complexes containing E47, we
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carried out TAP experiments using E47 as bait in SH-SY5Y
human neuroblastoma cells either proliferating or undergoing
differentiation with RA (37). SH-SY5Y cells were infected with
retroviral vectors expressing TAP-tagged human N-terminal
(1-220 aa) or C-terminal (100-651 aa) E47 moieties and sub-
sequently selected by puromycin treatment. Purified E47-TAP
complexes were analyzed by nano-liquid chromatography cou-
pled to nano-electrospray ionization and tandem mass spec-
trometry analysis. One of the identified peptides specifically
present in the N-terminal E47-TAP pulldown was matched to
MLK2, one of the mixed lineage kinases that had been initially
identified as signaling effectors in the nervous system (17, 38,
39). To confirm and analyze further the interaction between
E47 and MLK2, HEK293T cells were transfected with full-
length E47 and different FLAG-tagged MLK2 constructs (Fig.
1A), and corresponding cell extracts were used for immunopre-
cipitation experiments with aFLAG beads. Although the inter-
action of E47 with full-length FLAG-MLK2 was readily
detected (Fig. 1B), the co-immunoprecipitation efficiency
decreased significantly when only the C-terminal moiety of
MLK?2 was used, suggesting that the interacting region would
lie in the N-terminal sequences of MLK2 that include the SH3
motif and the kinase domain. In agreement with this, the N-ter-
minal region of MLK2 was sufficient to co-immunoprecipitate
E47 at a similar relative efficiency compared with full-length
MLK2. Finally, supporting a key role for the kinase activity of
MLK?2, a kinase-dead mutant of MLK2 was unable to co-immu-
noprecipitate E47 (Fig. 1B). Because MLKs undergo autophos-
phorylation to become fully active (17, 19), this result suggests
that autophosphorylation might also be important to acquire a
competent conformation to interact with E47. NeuroD overex-
pression did not affect co-immunoprecipitation of E47 and
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FIGURE 1. MLK2 interacts with E47 enhancing its phosphorylation level. A, scheme showing the different
domainsin MLK2. SH3, Src homology 3 motif; LZ, leucine zipper. The N-terminal (N, 1-364 aa) and C-terminal (C,
327-954 aa) MLK2 moieties used in immunoprecipitation assays are depicted. B, in vivo interaction between
MLK2 and E47. HEK293T cells were transfected with full E47 and the indicated FLAG-MLK?2 (full, N-terminal,
C-terminal, and kinase-dead (KD) mutant) constructs. Immunoprecipitation was carried out with aFLAG beads,
and E47 and FLAG-MLK2 levels in input and immunoprecipitation (IP) samples were analyzed by Western blot.
C, E47 phosphorylation by MLK2 in HEK293T cells. Cell extracts from HEK293T transfected with E47 and MLK2
were treated with A (APPase) or shrimp alkaline (SAP) phosphatases and/or phosphatase inhibitors (PPI). E47
phosphorylation was assessed as a shift in mobility by Western blot. D, E47 phosphorylation by MLK2 in
SH-SY5Y cells. Western blot analysis of E47 in the presence of transfected MLK2 or its kinase-dead mutant (KD)
in proliferating (cyc) or RA-differentiating (RA) SH-SY5Y cells. E, effect of the MLK2 inhibitor CEP11004 on
MLK2-mediated E47 phosphorylation. HEK293T cells were transfected with MLK2 and E47 and treated with 400
nm CEP11004 for 24 h. E47 phosphorylation levels were analyzed by Western blot.

shown to be constitutively active
when overexpressed (36), our
observations would suggest that
MLK2 phosphorylates E47, either
directly or indirectly. The retarded
E47 bands caused by MLK2 co-ex-
pression collapsed into a faster
migrating band after treatment of
cell extracts with shrimp alkaline
phosphatase (Fig. 1C), demonstrat-
ing that MLK2 enhances phosphor-
ylation of E47. Moreover, treatment
of cell extracts with A protein phosphatase also revealed a basal
phosphorylation status for E47 in HEK293T cells, which likely
reflects the demonstrated participation of other kinases in E47
phosphorylation (9-16). A kinase-dependent shift in E47
mobility was also observed in extracts from SH-SY5Y cells
transfected with MLK2, either cycling or undergoing differen-
tiation with RA (Fig. 1D). Finally, phosphorylation of E47 was
inhibited when MLK2-expressing cells were treated with
CEP11004, a specific MLK inhibitor (Fig. 1E). In summary, our
results indicate that MLK2 induces E47 phosphorylation
in vivo.

MLK?2 Inhibits E47 Transactivation Activity on the TrkB
Promoter—Because MLK2 had been implicated in NeuroD
modulation (25) and nuclear receptor co-repression (26), we
wanted to study the effects of MLK2 overexpression on E47
transcriptional activity. We had shown that E47 is able to acti-
vate the TrkB promoter through E-box sequences important
for achieving full transcriptional activity during SH-SY5Y dif-
ferentiation (34). Thus, we used our previously established
luciferase-reporter assay to analyze the role of MLK2 on E47
transcriptional activity. MLK2 was able to inhibit most effects
caused by E47 co-expression on TrkB-promoter reporter
expression in both proliferating and RA-treated cells (Fig. 2),
whereas it had no significant effect on corresponding reporter
basal levels. This inhibition was due neither to lower E47 pro-
tein levels in the presence of MLK2 (Fig. 1D) nor to a change in
E47 intracellular localization, which was mostly nuclear under
these conditions (data not shown). Moreover, the MLK2
kinase-dead mutant was unable to exert this inhibition (Fig. 2),
which reinforced the notion that MLK2 regulates E47 through
phosphorylation. Interestingly, MLK2 was not able to revert
E47-mediated activation of the p21“*/ promoter (data not
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FIGURE 2. MLK2 inhibits E47 transactivation activity on the TrkB pro-
moterin SH-SY5Y cells. Effects of MLK2 on E47-driven TrkB promoter activity
in proliferating (A) or RA-differentiating (B) SH-SY5Y cells. One day after seed-
ing (A) or 3-4 days after seeding in the presence of RA (B), cells were trans-
fected with a TrkB-promoter luciferase construct and E47 and either wild-type
MLK2 or the kinase-dead (KD) mutant, and harvested 1 day after transfection
to determine luciferase activities. The mean values and standard errors of
three independent determinations of a representative experiment are plot-
ted. Significant differences (« = 0.05) with control are indicated with an
asterisk.

shown), suggesting that MLK2 would exert specific roles to
regulate differentiation and survival, but not cell cycle events.
MLK?2 Phosphorylates Ser/Thr Residues in the LH Motif of
E47—A close inspection of the shift caused by MLK2 co-ex-
pression in TAP-tagged full and partial-degradation products
(data not shown), suggested that major phosphorylation events
should take place within the N-terminal 460 aa of E47 (Fig. 3A).
By means of an ordered deletion analysis (Fig. 3B), we delimited
a region spanning amino acids 331-460 in E47 that corre-
sponded to the AD2 activation domain and included the LH
motif previously identified (7). Because MLKs have been shown
to recognize sequence-specific 24-aa docking sites in down-
stream kinases (40), we scrutinized the identified region that
was highly phosphorylated by MLK2 and found a significant
similarity to the MLK docking site between residues 387 and
408 of E47 (Fig. 3A). On the other hand, although MLKs show
similarities to serine-threonine and tyrosine kinases, so far they
have been shown to phosphorylate only serine and threonine
residues in downstream kinases (17, 19). Thus, we searched for
serine and threonine residues in E47 near the putative MLK
docking site that were conserved from fish to human. Although
there are no strictly conserved serines or threonines C-terminal
from the docking site, there are many conserved Ser/Thr resi-
dues between positions 331 and 386, with Ser®”® being the clos-
est to the MLK docking sequence (Fig. 44). First, the S379A
mutation abolished most of the shift caused by MLK2 on E47 in
both HEK293T (Fig. 4B) and SH-SY5Y (Fig. 4C) cells. Although
MLKs do not require a proline next to the Ser/Thr residue (36,
41, 42), because Ser®”? is followed by proline, we decided to
screen for additional (S/T)P sites in a close serine-rich patch
between amino acids 350 and 359 (Fig. 4A4). We also took into
account the fact that MLKs likely target (S/T)XXXS as consen-
sus sequence for autophosphorylation. Whereas the most
prominent shift was still observed in a triple S352A/T355A/
S359A mutant, the smear that can be observed in the wild-type
peptide was lost in the triple mutant (Fig. 4B), suggesting that
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FIGURE 3. The AD2 activation domain of E47 is phosphorylated in the
presence of MLK2. A, scheme showing the different domainsin E47.ADT and
AD?2, activating domains. Ordered deletions used to delimit the main phos-
phorylation region of E47 are depicted. The sequence of a putative MLK dock-
ing site is aligned with those defined in several MLK substrates. Chemically
identical (*), highly conserved (:), or less conserved (.) amino acids are indi-
cated. Chemical characteristics of conserved amino acids are indicated in red
(acid), blue (basic), magenta (polar), and green (hydrophobic). B, analysis of
E47 regions phosphorylated by MLK2 in vivo. TAP-tagged E47 constructs were
transfected in HEK293T in the absence or presence of MLK2 and E47 phos-
phorylation was assessed by Western blot.

MLK?2 phosphorylates additional sites to Ser®”°. Finally, mutat-
ing Ser®*! only affected very slightly the complex mobility shift
caused by MLK2.

Two lines of evidence indicated that MLK2 enhances E47
phosphorylation independently of the downstream kinase JNK.
First, co-transfection of a dominant-negative JNK inhibited
MLK2-driven phosphorylation of c-Jun to 18%, whereas that of
E47 only decreased to 86% (Fig. 4D). Second, MLK2 enhanced
phosphorylation of E47 with a similar efficiency in either wild-
type or double null JNK1,2 mutant MEFs (Fig. 4E). In summary,
our results indicate that MLK2 induces E47 phosphorylation in
vivo in a JNK-independent manner.

To test whether MLK2 is able to phosphorylate E47 directly,
we carried out in vitro kinase assays with an N-terminal recom-
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FIGURE 4. MLK2 phosphorylates Ser/Thr residues within the LH motif of
the AD2 activation domain. A, serine or threonine residues mutated in the
AD?2 activation domain of E47 are indicated in red.E47tp1 and E47tp2 indicate
the extent of target peptides analyzed. B and C, effects of serine or threonine
mutations to alanine on E47 phosphorylation by MLK2. TAP-tagged E47 con-
structs were transfected in the presence or absence of MLK2 in HEK293T (B) or
SH-SY5Y (C) cells either cycling (cyc) or RA-treated (RA), and E47 mobility was
analyzed by Western blot. The quintuple S/T5A mutant contains the follow-
ing changes: S341A, S352A, T355A, S359A, and S379A. D, E47 phosphor-
ylation by MLK2 and JNK in HEK293T cells. Cell extracts from HEK293T
transfected with E47, MLK2, and a dominant-negative form of JNK (dnJNK)
were used to analyze phosphorylation of E47 as a shift in mobility by Western
blot. Ser®*-phosphorylated c-Jun is shown as control for phosphorylation
efficiencies, which are shown as relative percentage values below the corre-
sponding lanes. E, E47 phosphorylation by MLK2 in JNK-deficient MEFs. West-
ern blot analysis of E47 in the presence of transfected MLK2 in JNK*/* and
INK™/~ (double null JNK1 JNK2 mutant) MEFs. JNK proteins were also
detected as control. F, analysis of E47 full-length phosphorylation by different
MLK2 constructs. E47 was transfected in HEK293T together with constructs
carrying different fragments of MLK2. full, N-terminal 1-496 aa or 1-757 aa
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binant fragment (1-496 aa) of MLK2 that retains its kinase
competence (Ref. 43 and see Fig. 4F) and exhibits a sufficient
solubility in E. coli for efficient purification under native condi-
tions (data not shown). We found that this fragment of MLK2,
but not a kinase-dead mutant, strongly phosphorylated the
abovementioned E47 peptide spanning residues 331-460 (Fig.
4@G). Although the S379A mutant was still efficiently phosphor-
ylated by MLK2, phosphorylation of the S/T5A quintuple
mutant was severely reduced (Fig. 4G), indicating that the iden-
tified Ser/Thr residues are all important phosphorylation tar-
gets of MLK2. Although MLK2 phosphorylated very efficiently
a shorter peptide that only contained Ser®”®, phosphorylation
of a S379A mutant in this shorter context was undetectable. In
summary, MLK2 phosphorylates in vitro at least five Ser/Thr
residues within the LH motif that plays a key role as a transcrip-
tional activation domain of E47 (7).

Transcriptional Repression by MLK2 Requires the Ser/Thr
Target Residues within the LH Motif of E47—To test whether
MLK?2 would inhibit the transcriptional activation domain of
E47 by phosphorylation of the identified target residues within
the LH motif, we co-expressed different E47 mutants with wild-
type and kinase-dead MLK2 proteins and analyzed TrkB pro-
moter-driven expression by the aforementioned luciferase
assay (Fig. 5A). Although the single S379A mutant was not sig-
nificantly resistant to MLK2-mediated inhibition, expression
produced by a quadruple mutant (S352A/T355A/S359A/
S379A, referred to as S/T4A) was significantly higher in the
presence of MLK2. Moreover, expression levels attained by the
S/T5A quintuple mutant were almost unaffected by co-expres-
sion of MLK2, indicating that MLK2-mediated repression
effects require the same Ser/Thr residues in E47 that are phos-
phorylated both in vitro and in vivo by MLK2. The different E47
mutants stimulated TrkB promoter-driven expression very
similarly in the absence of MLK2, which suggests that the ser-
ine/threonine to alanine substitutions introduced do not cause
important functional or structural alterations in E47. In sum-
mary, these results give support to the notion that MLK?2 inhib-
its E47 transcriptional activity by direct phosphorylation of Ser/
Thr residues within the LH motif.

MLK Inhibits TrkB Expression in Neuronal Cells—Inhibition
of MLKs by CEP11004 has been shown to increase TrkB protein
levels in cerebellar granule neurons (32), and our results suggest
that, because MLK?2 inhibits E47 activity, MLKs could regulate
TrkB expression at a transcriptional level. To test the functional
relevance of MLKs on endogenous TrkB transcription in a neu-
ronal differentiation paradigm, we used SH-SY5Y cells in the
presence or absence of RA to stimulate or not E47-driven tran-
scription, respectively (34), and samples were collected from
three independent experiments to determine TrkB and TFRC
(as control) mRNA levels by reverse transcription real time
PCR. Relative TrkB expression levels in the absence of RA were
very low and insensitive to MLK inhibition (data not shown),

fragments, a C-terminal 327-954 aa fragment (C), and a kinase-dead (KD)
mutant. E47 phosphorylation was assessed by Western blot. G, MLK2 in vitro
kinase assay. Bacterially expressed E47tp1 and E47tp2 target peptides, as well
as their S379A or S/T5A mutants, were purified as GST fusions and subjected
to in vitro kinase assays with recombinant N-terminal MLK2 (1-496 aa). Cor-
responding autoradiographies are shown. wt, wild type; KD, kinase-dead.

JOURNAL OF BIOLOGICAL CHEMISTRY 32985



E47 Phosphorylation by MLK Represses TrkB Expression

3.5 25 ¢

3.0
25
2.0
1.5
1.0
0.5
0.0
MLK2 - - + KD -+ KD -+ KD - + KD

E47 - wt S379A S/T4A S/T5A

FIGURE 5. Transcriptional repression by MLK2 requires the Ser/Thr target residues identified within the
LH motif of E47. A, effects of Ser/Thr mutations on the ability of E47 to activate TrkB promoter-driven expres-
sionin the presence of MLK2.SH-SY5Y cells treated for 3—4 days with RA were transfected with a TrkB-promoter
luciferase reporter and the indicated E47 constructs in the presence or absence of either wild-type (wt) or a
kinase-dead (KD) mutant of MLK2 and harvested 1 day after transfection to determine luciferase activities. The
quadruple S/T4A mutant contains the following changes: S352A, T355A, S359A, and S379A. The quintuple
S/T5A mutant contains S341A as an additional change. The mean values and standard errors of five independ-
ent transfection experiments are plotted. Significant differences (a = 0.05) within sets of same E47 variant are
indicated with an asterisk. B, effect of MLK inhibitor CEP11004 on TrkB mRNA expression in SH-SY5Y cells.
Proliferating SH-SY5Y cells were deprived from trophic factors in the presence of RA and treated or not with 400
nm CEP11004 for 24 h. Reverse transcription real time PCR analysis of TrkB was made relative to TFRC as control.
The mean values and standard errors of three independent determinations from three independent experi-
ments are shown. Significant differences (a = 0.05) with control are indicated with an asterisk.
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FIGURE 6. MLK2 inhibits TrkB expression in cerebellar granule neurons. A, MLK2 inhibition up-regulates
TrkB promoter-driven expression. Cerebellar granule neurons cultured for 6 days were transfected with a
TrkB-promoter luciferase reporter and either wild-type or a kinase-dead (KD) mutant of MLK2 and treated or
not with 400 nm CEP11004 for 18 h after transfection to determine luciferase activities. Mean values and
standard errors of sixindependent transfection experiments are plotted. Significant differences (o = 0.05) with
control are indicated with an asterisk. B, effect of MLK inhibition on TrkB expression in cerebellar granule
neurons treated or not with 400 nm CEP11004 for 24 h. Reverse transcription real time PCR analysis of TrkB was
done with two different probes targeting 5" and 3’ sequences of the TrkB mRNA, and the results obtained were
made relative to glyceraldehyde-3-phosphate dehydrogenase as control. Mean values and standard errors of
six independent determinations are shown. Significant differences (a« = 0.05) with control are indicated with
an asterisk. C, scheme showing the molecular link established by E47 between the JNK and phosphatidylino-
sitol 3-kinase pathways to determine the cell toward death or survival. When trophic signals are high, E47
would provide with a high level of Trk receptors to activate cell survival pathways. On the contrary, in the
presence of apoptotic stimuli, increasingly active MLK proteins would lead to JNK-mediated cell death and, in
addition, limit E47-dependent Trk expression to abate cell survival signals. Thus, E47 inhibition by MLK appears
as an important link that would negatively coordinate cell death and survival pathways in neurons.

MLK inhibition by CEP11004
caused a clear increase of TrkB
mRNA levels in cerebellar granule
neurons levels as determined with
two different probes targeted to 5’
and 3’ sequences of the TrkB
mRNA (Fig. 6B). These results dem-
onstrate that the MLK inhibitor
CEP11004 increases expression of
TrkB at the mRNA level and sup-
port our findings that point to MLK
as a key repressor of E47-driven
expression in neurons.

DISCUSSION

In a previous study we reported
that bHLH protein E47 binds to
E-box sequences within the pro-
moter of the TrkB gene and acti-
vates its transcription (34). Here we
show that MLK2 kinase, whose
activity has been involved in the reg-
ulation of JNK pathway (17, 39),
represses TrkB promoter activity by
phosphorylating E47 in a JNK-inde-
pendent manner. In particular, we
show that phosphorylation of Ser/
Thr residues within the LH motif of
the AD2 activation domain inhibits
EA47 as a transcriptional activator of
TrkB. Moreover, inhibition of MLK
activity by CEP11004 (32) increases
TrkB expression levels in cerebellar
granule neurons and differentiat-
ing SH-SY5Y neuroblastoma cells.
These findings point to a novel
molecular mechanism by which
MLK regulates TrkB expression by
phosphorylating the E47 transcrip-
tion factor.

The molecular mechanisms that
control the transcriptional activity
of E47 are not fully understood but
appear to involve both positive and
negative regulatory factors. Previ-
ous work has demonstrated that p38
MAPK activates muscle-specific

but, as expected from our previous work (34), they were easily
detected under RA-elicited differentiation conditions. More
importantly, TrkB mRNA expression levels showed a clear
increase in cells treated with CEP11004 (Fig. 5B). Similar results
were obtained in cerebellar granule neurons. Thus, TrkB pro-
moter-driven expression was clearly stimulated by the addition
of CEP11004, even under MLK2 overexpression conditions
(Fig. 6A). Because MLKs require dimerization for autophos-
phorylation and full activation (17), we used the MLK2 kinase-
dead protein as a dominant mutant and found that it also stim-
ulated TrkB promoter-driven expression (Fig. 6A). Finally,
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gene transcription. Phosphorylation of E47 at Ser'*® by p38
MAPK enhances MyoD/E47 heterodimerization and subse-
quent binding to E-box sequences (12). Other results may sug-
gest that p38 MAPK could exert a negative effect by phosphor-
ylating other residues in the N terminus of E47 (13). Although
this post-translational modifications would involve the N-ter-
minal sequences of E47 that contain the AD1 activation
domain, studies conducted by Quong et al. (7) and Aronheim et
al. (5) identified a LH region within the AD2 activation domain
capable of forming a loop structure between amino acids 345
and 394, and an amphipathic « helix between amino acids 395
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and 408. Interestingly, this region showed different transactiva-
tion properties depending on the cell line used (5), suggesting
that it would likely be regulated by lineage-specific co-activa-
tors and/or co-repressors. As a relevant example, c-Jun has
been reported to inhibit the transactivation potential of the
AD2 activation domain of E47 (8). Although the mechanism by
which c-Jun represses E47 transactivation activity remained to
be elucidated, these authors demonstrated that serines at posi-
tions 63 and 73 in c-Jun were not involved in the repression
mechanism. Phosphorylation of these serine residues by JNK is
essential for c-Jun activation (44), but not for binding to activa-
tors such as ATF-2 (45), which would rule out the possibility
that the MLK2 effect on E47 activity is mediated by down-
stream activation of JNK.

MLK?2 is predominantly expressed in brain, and it is localized
in both the cytoplasm and nucleus (26, 46). Previous studies
have reported interactions between MLK2 and components of
transcriptional complexes. Thus, MLK2 has been shown to
phosphorylate and enhance the silencing activity of Alien, a
co-repressor for nuclear receptors. The authors suggested that
this mechanism would represent a link between MLK2 and
transcriptional repression of target genes during neuronal dif-
ferentiation (26). On the other hand, it has been reported that
MLK2 interacts with and phosphorylates NeuroD via the Hun-
tingtin protein in mouse N2A neuroblastoma cells (25). Unfor-
tunately, because NeuroD activity was assayed very indirectly as
the fraction of Xenopus embryos displaying ectopic neurons
after mRNA injection, a direct consequence on the transactiva-
tion properties of NeuroD was not demonstrated. In any event,
the domains of MLK2 required for binding NeuroD and E47 are
different. Although NeuroD requires the LZ domain of MLK2
(25), it is totally dispensable for E47 interaction.

Studies with neuronal models have involved MLKs as medi-
ators of apoptosis induced by trophic factor deprivation (31,
38). On the one hand, perhaps with the participation of Cdc42,
MLK would sense trophic factor limiting conditions to activate
JNK and induce c-Jun-dependent and -independent processes
leading to apoptosis (31). On the other hand, Wang et al. (32)
have shown that the MLK inhibitor CEP11004 increases TrkA
and TrkB protein levels in both central and peripheral nervous
systems, this activation process important being for phospha-
tidylinositol 3-kinase-mediated long term survival. Thus, the
authors of this work proposed that MLK inhibitors would not
only inhibit the JNK apoptotic pathway but, as they raised Trk
receptor protein levels, they would also increase cell respon-
siveness to trophic factors. This dual effect could explain the
protective action of MLK inhibitors in models of neuronal
injury and neurodegeneration such as Alzheimer’s disease,
where basal forebrain cholinergic neurons down-regulate TrkA
expression in aged rats (47). We show here that MLK2 phos-
phorylates E47 and represses its activity as a transcription fac-
tor, thus reducing TrkB expression levels as a direct conse-
quence. Our results provide with a direct molecular link
between the JNK and phosphatidylinositol 3-kinase pathways
and would explain the effects caused by MLK inhibitors on Trk
receptor levels and long term survival (see scheme in Fig. 6C).

It has been shown that the interaction between the SH3
domain of MLK2 and the proline-rich N terminus of Hunting-
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tin inhibits MLK2 activity in HEK293T and HN33 cells (48),
and it has been proposed that, in normal cells, MLK2 would be
sequestered in an inactive form by binding of its SH3 domain to
the N terminus of Huntingtin (17, 48). In Huntington disease,
the polyglutamine-expanded mutant versions of Huntingtin
would fail to bind MLK2 and, as a consequence, cause JNK
activation and apoptosis (48). Interestingly, Ginés et al. (49)
have shown that levels of TrkB receptor protein are diminished
in a knock-in mouse model of Huntington disease. This obser-
vation could also be explained taking into account that, as we
show here, unwanted MLK activation should inhibit E47-de-
pendent expression of TrkB, raising the question as to whether
enforced expression of TrkB could delay Huntington disease
progression.

Neuron survival during development of the nervous system
isatleastin part determined by the limited availability of target-
derived growth factors, which act to inhibit programmed cell
death (50). Then, to ensure that apoptosis is only triggered once
trophic factor levels fall below a precise threshold, mechanisms
should exist that add robustness and convert linear response
systems into switch-like devices. In our scheme (Fig. 6C), when
trophic signals are high, E47 would ensure plenty expression
levels of Trk receptors and positively contribute to activate cell
survival pathways. On the contrary, when trophic factor avail-
ability becomes limiting, increasing levels of active MLK by
apoptotic signals would raise INK-mediated effects to boost cell
death and, in parallel, reduce E47-dependent Trk expression
levels to decrease cell survival signals even further. Thus, E47
would serve as a link between phosphatidylinositol 3-kinase
and JNK pathways to promptly incline neurons toward survival
or death.
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