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Neuroblastoma cells having stem cell-like qualities are widely
employed models for the study of neural stem/progenitor cell
proliferation and differentiation. We find that human BE(2)C
neuroblastoma cells possess a signaling cascade initiated by
Ca2� influx via voltage-dependent calcium channels and the
N-methyl-D-aspartate (NMDA) receptor and culminating in
nuclear calmodulin-dependent protein kinase IV (CaMKIV)-
mediated phosphorylation and activation of the transcription
factors Ca2�/cyclic AMP-response element-binding protein
(CREB) andATF1 (activating transcription factor-1). This path-
way functions to maintain BE(2)C cells in an undifferentiated,
proliferative state. Parallel to this Ca2�-dependent pathway is a
hormone-responsive program by which retinoic acid (RA) ini-
tiates the differentiation of BE(2)C cells toward a neuronal lin-
eage. This is evidenced by RA-dependent induction of the cell
cycle inhibitor p21/Cip1 (Cdk-interacting protein 1) and cell
cycle arrest, induction of the neuroblastic marker doublecortin
and of the neuron-specific intermediate filament protein,
peripherin, and by RA-stimulated extension of neuritic pro-
cesses. During neuronal differentiation there is a complex
antagonistic interplay between these two major signaling path-
ways. RA down-regulates expression of CaMKIV and one of its
upstream activators, CaMKK1 (calmodulin-dependent protein
kinase kinase 1). This is accompanied by RA-induced suppres-
sion of activating phosphorylation of CREB with a time course
paralleling that of CaMKIV down-regulation. RA-induced
repression of the Ca2�/calmodulin-dependent protein kinase
kinase/CaMKIV/CREB pathway appears to be involved in regu-
lating the timing of neuronal differentiation, as shown by the
effect of RNA interference of CaMKIV to markedly accelerate
RA-dependent up-regulation of p21/Cip1 and doublecortin
expression and RA-promoted neurite outgrowth. RA-induced
repression of the CaMKIV signaling pathway may represent an
early event in retinoid-dependent neuronal differentiation.

Intracellular Ca2� fulfills a pleiotropic role in the physiology
of neural cells through its regulation of events such as neuro-
transmitter release, synaptic plasticity, dendrite and axonmor-

phogenesis, and neuronal migration (recently reviewed in Refs.
1–3). Although the functions of intracellular Ca2� have been
most intensively studied in postmitotic neurons, recent evi-
dence has raised the possibility of developmental roles of intra-
cellular Ca2� prior to or during neuronal differentiation via
regulation of the proliferation and/or differentiation of neural
stem cells (NSCs)2 and restricted neural progenitors (4–10).
Many of the biochemical events underlying intracellular

Ca2� action in developing and mature neural tissues are
mediated by Ca2� complexed with calmodulin (CaM) and
activation of members of the CaM kinase subfamily compris-
ing CaMKI, -II, and -IV (reviewed in Refs. 11 and 12).
CaMKIV is characterized by its mainly nuclear localization
(13), its requirement of phosphorylation by CaMKKs 1(�)
and/or 2(�) (14–17) for optimal activity, and by its acquisition
of Ca2�/CaM-independent (autonomous) activity as a conse-
quence of CaMKK-dependent phosphorylation and subse-
quent autophosphorylation (18–20). The downstream targets
of CaMKIV are thought to be primarily nuclear due to its
sequestration in the cytoplasm at resting intracellular Ca2� lev-
els by binding to Ser/Thr protein phosphatase type 2A, which
maintains CaMKIV in a dephosphorylated and inactive state
(21). Elevation of intracellular Ca2� leads to the accumulation
of CaMKIV in a phosphorylated, activated, and Ca2�-autono-
mous state in the nucleus (18, 19, 22, 23).
In the nucleus, CaMKIV regulates the transactivating abili-

ties of a range of sequence-specific transcription factors and
transcriptional co-regulators, including CREB (24–26), the
related CREB family member, ATF1 (27), and CREB-binding
protein (28, 29). In multiple cell types, including T-cells and
neurons, intracellular Ca2� elevation provokesCREBphospho-
rylation at its transcriptionally activating site, Ser-133, by
CaMKIV (30, 31). In addition to CaMKIV, protein kinase A and
downstream kinases in the mitogen-activated protein kinase
cascade (ribosomal S6 kinase andmitogen- and stress-activated
protein kinase) can also effect CREBphosphorylation as a result
of intracellular Ca2�-elevating stimuli. In depolarized neurons,
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CaMKIV is reported tomediatemore rapid and transient phos-
phorylation of CREB than does activation of the mitogen-acti-
vated protein kinase cascade (32). However, for the most part,
the roles and kinetics of the various CREB kinases in intracel-
lular Ca2�-dependent CREB phosphorylation and transcrip-
tional activation are undefined (recently reviewed in Refs. 12
and 33).
In the adult, CaMKIV is expressedmost abundantly in brain,

testis, ovary, and T-lymphocytes (11). CaMKIV expression
appears to be regulated during embryonic development. In
some cell types, its expression correlates with distinct periods
of cellular proliferation, differentiation, or survival (34). Con-
sonantwith potential developmental roles, CaMKIV is found in
different types ofmultipotent stemandprogenitor cells, includ-
ing immature neutrophils, embryonic stem cells, hematopoi-
etic stem cells, and osteoclast progenitors (35–38). Potential
developmental roles of CaMKIV are largely unexplored,
although several recent studies have documented participation
of CaMKIV in spermiogenesis and hematopoietic stem cell
maintenance (37, 39, 40), and it has been observed that
CaMKIV null mice exhibit reduced numbers of Purkinje neu-
rons following cerebellar development (41).
The research described herein was conducted to explore the

role of the CaMKIV signaling pathway in the proliferation, dif-
ferentiation, and survival of multipotent neural cells. As a cel-
lular model, we utilized human BE(2)C neuroblastoma cells.
BE(2)C cells phenotypically resemble malignantly transformed
NSCs, having the capacity for both self-renewal and multipo-
tency. BE(2)C cells differentiate to a substrate-adherent/glial
phenotype with long term bromodeoxyuridine (BrdUrd) treat-
ment or to a neuroblastic phenotype when cultured with the
vitamin A derivative, all-trans-retinoic acid (RA) (42–44). We
report here that RA represses the CaMKIV cascade during its
induction of neuronal differentiation, an event that may be
important for temporal coordination of the transition from
neural stem/progenitor cell proliferation to a neuronally differ-
entiated state.

EXPERIMENTAL PROCEDURES

Materials—The following reagents were obtained from
Sigma: STO-609 (7H-benzimidazo[2,1-a]benz[de]isoquino-
line-7-one-3-carboxylic acid), RA, NMDA, 4�,6-diamidino-2-
phenylindole (DAPI), tri-iodothyronine (thyroid hormone),
BrdUrd, 1,25-dihydroxyvitamin D3, and forskolin. Insulin-like
growth factor 1 was obtained from BIOSOURCE. All other
reagents were obtained from standard sources and were of the
highest grade available.
Cell Culture—Human BE(2)C neuroblastoma cells were

obtained from ATCC. Cells were routinely cultured in Dulbec-
co’s modified Eagle’s medium/F-12 (1:1 ratio) and containing
10% fetal bovine serum (Foundation, Gemini Bio-products), 1.0
mM non-essential amino acids (Invitrogen), and, unless other-
wise indicated, 1� penicillin/streptomycin (Invitrogen) and
maintained in a 5% CO2, 95% air humidified incubator at 37 °C.
For routine culturing, cells were passaged once every 7 days,
and complete medium was replaced 4 days later.
Plasmids, siRNAs, and Transfection—The following plas-

mids were used: pcDNA 3.1-EGFP (a gift of M. K. Stachow-

iak), Ca2�/cAMP-response element (CRE)-firefly luciferase
reporter (CRE-Luc; Stratagene), SV40-Renilla luciferase
(pRL; Promega), and constitutively active CaMKIV (CA-
CaMKIV; a gift of G. A. Wayman and T. R. Soderling). The
following siRNA duplexes (Ambion) were used: CaMKIV
siRNA targeting exon 11 (CaMKIVsi-11), CaMKIV siRNA tar-
geting exon 1 (CaMKIVsi-1), and negative control siRNA 1
(NSsi). BE(2)C cells were plated at an appropriate density in
antibiotic-free complete medium 24 h prior to transfection.
Plasmids or siRNA duplexes were transfected using Lipo-
fectamine 2000 as the transfection agent according to theman-
ufacturer’s instructions (Invitrogen). After a 5–6-h incubation
period in serum-free OPTIMEM I, transfection components
were removed and replaced with complete medium lacking
antibiotics.
Gene Reporter Assays—CRE-Luc, pRL, and, where indi-

cated, CA-CaMKIV were transfected into BE(2)C cells
plated on 100-mm plates at concentrations of 150, 3.48, and
300 ng/ml, respectively. After 48 h, the dual luciferase assay
was performed according to the manufacturer’s instructions
(Promega).
Subcellular Fractionation—Subcellular fractionation of

BE(2)C neuroblastoma cells growing in monolayer culture was
performed with the ProteoextractTM subcellular proteome
extraction kit according to themanufacturer’s instructions (BD
Biosciences). Nuclear and cytosolic compartments were sub-
jected to immunoblotting for their respective markers, histone
H3 and lactate dehydrogenase, to assess the effectiveness of the
fractionation procedure.
Immunoblotting—BE(2)C cells were lysed in harvest buffer

(50 mM Tris, pH 8.0, 2% SDS, 1� protease inhibitor mixture
(Sigma), 25 mM NaF, 100 �M Na3VO4, 100 �M okadaic acid, 5
mM EGTA, and 5mM EDTA) and chilled on ice for 10 min, and
lysate and cellular debris were removed with a rubber police-
man. Cell lysate was sonicated on ice to shear DNA to reduce
viscosity. Cellular debris was then pelleted by centrifugation at
14,000 rpm at 4 °C for 10 min, and supernatant was transferred
to a fresh prechilled tube. Equal protein amounts were sub-
jected to standard electrophoresis conditions on 7.5, 10, or
12.5% SDS-polyacrylamide gels and transferred to polyvinyli-
dene difluoride membranes. Membranes were rinsed in TBST
(Tris-buffered saline, 0.1% Tween 20) twice, for 5 min each
time, at room temperature and incubated in blocking buffer (5%
(w/v) nonfat milk or 5% bovine serum albumin in TBST) for
18 h at 4 °C or 1 h at room temperature. Membranes were
rinsed three times for 5 min each time in TBST and then incu-
bated for 18 h at 4 °C or for 1 h at room temperature in blocking
buffer containing the following primary antibodies at their
respective dilutions: p21/Cip1 (1:500; Cell Signaling), pan-
CREB (1:5,000; Cell Signaling), phosphoserine 133 CREB
(1:1,000; Cell Signaling), CaMKIV (1:3,000 (Cell Signaling) or
1:1,000 (Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)),
GAPDH (1:10,000–20,000; Santa Cruz Biotechnology), Bcl-2
(1:500–1,000; Cell Signaling), poly(ADP)-ribose polymerase
(PARP) (1:500–1:5,000; Cell Signaling), pro-caspase-3 (1:1,000;
Cell Signaling), DCX (1:500–1,000; Cell Signaling), lactate
dehydrogenase (1:500; U.S. Biologicals), histone H3 (1:10,000;
AbCam), or vimentin (1:1,000; BD Biosciences). Following
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three 5-min washes in TBST, blots were incubated with appro-
priate secondary antibodies in blocking buffer for 1 h and then
subjected to four 15-min washes in TBST. Immunoreactive
bands were visualized by ECL.
BrdUrd Labeling and Immunocytochemistry—BE(2)C cells

were plated on coverslips in wells of a 12-well plate at a density
of �104 cells/coverslip, 24 h prior to drug treatments or trans-
fections and then labeled with 10 �M BrdUrd for 1–3 h, as
indicated in the figure legends (Fig. 3, Table 1). Following treat-
ment, cells were fixed with 1 ml of fixation solution (8%
paraformaldehyde in PBS, pH 7.2, and containing 300 mM

sucrose) at 37 °C, which was replaced with fixation solution but
containing 4% paraformaldehyde. Cells were rinsed three times
in PBS, pH 7.2, and then permeabilized with 0.5% Triton X-100
in PBS for 5 min. They were then rinsed three times with PBS
and incubated in 2 NHCl at 37 °C for 15min in PBS to denature
chromatin. Cells were rinsed five times with PBS, pH 10.0, fol-
lowed by three rinses with PBS, pH 7.2, and then incubated in
PBS containing 2% goat serum for 18 h at 4 °C to block nonspe-
cific binding. Following three 5-min washes, cells were incu-
bated with PBS, 2% goat serum containing BrdUrdmonoclonal
antibody (Sigma) at a 1:1000 dilution for 18 h at 4 °C. Goat
anti-mouse Alexa 587 (Molecular Probes) in PBS, 2% goat
serum was used at a 1:2,000 dilution to detect BrdUrd labeling.
For detection of neuronal microtubules, coverslips were

incubated with �III tubulin antibody (Sigma) at a 1:1000 dilu-
tion for 18 h at 4 °C. Goat anti-rabbit fluorescein isothiocyanate
(Molecular Probes) was then used at a 1:1,000 dilution in PBS,
2% goat serum. After 18 h of incubation, coverslips were incu-
bated with 300 nM DAPI for 5 min (where indicated), rinsed
three times in PBS and then H2O, and mounted in ProLong
Gold antifade reagent (Molecular Probes). Images were cap-
tured with a Zeiss Axioimager Z1 Axiophot wide field fluores-
cence microscope and analyzed using the program Image J.
RNA Isolation and cDNA Synthesis—BE(2)C cells were lysed,

and total RNA was isolated using Qiashredder columns and
RNeasy kits, respectively, according to the manufacturer’s
instructions (Qiagen). Genomic DNA was removed by on col-
umnDNase digestion during RNA isolationwith anRNase-free
DNase set (Qiagen). RNA was quantified, and purity was
assessed spectrophotometrically. cDNA was synthesized using
Superscript III reverse transcriptase and other reagents as rec-
ommended by the manufacturer (Invitrogen). Briefly, RNA
(2.12�g)was combinedwith 30 ng of randomhexamers and 0.4
mM dNTPs, heated at 65 °C for 5min, and rapidly chilled on ice
for 5 min. First strand buffer, 0.1 M dithiothreitol, RNase out,
and Superscript III reverse transcriptase were added. Samples
were incubated at 25 °C for 10 min, 50 °C for 60 min, and 70 °C
for 15 min, at which point the reaction was stopped by holding
at 4 °C. RNase H was added to each tube, and remaining RNA
was digested at 37 °C for 20 min.
End Point PCR—End point (non-quantitative) PCR was per-

formed using Platinum Taq polymerase under standard reac-
tion conditions as recommended by themanufacturer (Invitro-
gen) with BE(2)C cell cDNA (2 �g) and 0.2 �M forward and 0.2
�M reverse primers. PCR was performed using a PerkinElmer
Life Sciences or Bio-Rad thermocycler. Thermocycling param-
eters were as follows: 10 min at 95 °C, 30–35 cycles of 95 °C for

30 s, 58–60 °C for 60 s, and 72 °C for 60 s, followed by 10min at
72 °C.
Quantitative Reverse Transcription PCR (qRT-PCR)—

mRNA was quantified by real time qRT-PCR of BE(2)C cDNA
with SYBR Green detection (Bio-Rad) using a Bio-Rad iCycler.
Thermocycling parameters were as follows: 2 min at 95 °C and
45 cycles at 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. The
amplification specificity was verified by melt curve analysis.
The average starting quantity for each condition was calculated
by the standard curve method using GAPDH as normalizer.
Primers—Primers were designed using the program PRIME

(Genetics Computer Group). Specificity of the primers was
established by a preliminary endpoint PCR (in the presence and
absence of reverse transcriptase) and melt curve analysis fol-
lowing qRT-PCR. In most cases, primers spanned at least
one exon/intron junction. Primers are listed by target cDNA,
forward primer (5� to 3�), and reverse primer (5� to 3�),
respectively: Bcl-2, GCCGTTGGCCCCCGTTGCTTTTC
and CGCCCACATCTCCCGCATCCCAC; CaMKIV, TGC-
AACTCCAGCCCCAGATGCAC and ACAGACCACATGT-
CCACCTCAGGTCC; CaMKK1, GCAACCAGTTTGAGGG-
GAACGACGC and CAACGTGACGCCAGTGGCCCATAC;
CaMKK2, CCAGACCAGCCCGACATAGCTGAGGA and
CGTGACCCAGGGGTGCAGCTTGATT; DCX, CGTTTCT-
ACCGCAATGGGGACCGC and ACGCACTCCCTGAGGC-
AGGTTGATG; GAPDH, TGGCATTGCCCTCAACGACCA-
CTTTG and TCCTCTTGTGCTCTTGCTGGGGCT; p21/
Cip1, CGAAAACGGCGGCAGACCAGCATGA and TGAG-
GCCCTCGCGCTTCCAGGAC; Peripherin, GGAGGAGCT-
GCGACAGCTAAAAGAGG and AGGAGGCAAAAGAAT-
GGACGGGCAC.

RESULTS

In neurons, CaMKIV is localized primarily to the nucleus
(13). In experiments using T-lymphocytes and embryonic kid-
ney 293 cells, a proportion of the enzyme was shown to be
cytoplasmic due to interaction with Ser/Thr protein phospha-
tase 2A (21). Moreover, the CaMKIV-Ser/Thr protein phos-
phatase 2A interaction is disrupted by Ca2�/CaM, suggesting
that the nuclear/cytoplasmic ratio of CaMKIV is responsive to
variations over time in the level of intracellular Ca2� (45). We
therefore assessed the subcellular distribution of CaMKIV in
BE(2)C neuroblastoma cells without the addition of an intracel-
lular Ca2�-elevating agonist using a selective extraction/differ-
ential centrifugation method. As shown in Fig. 1A, CaMKIV
was almost exclusively recovered in the nuclear fraction. This
suggests that either the localization of CaMKIV to the nuclear
compartment in BE(2)C cells does not require elevation of
intracellular Ca2� or that intracellular Ca2� is elevated to a
sufficient extent under basal conditions to maintain nuclear
retention of CaMKIV.
The nuclear transcription factor CREB is the most thor-

oughly documented in vivo target of CaMKIV (24–27, 29–31).
However, given the observations of other CREB kinases medi-
ating its phosphorylation in response to intracellular Ca2�

influx (32), we examined the role of nuclear CaMKIV in
enhancing transcription by phosphorylating and activating
CREB in BE(2)C cells. Transfection of CA-CaMKIV led to
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increased phosphorylation of CREB at its transcriptionally acti-
vating phosphorylation site (Ser-133) in approximate propor-
tion to the increase in the intracellular concentration of
CaMKIV (Fig. 1B). The Ser(P)-133-specific anti-CREB anti-

body also recognizes the phosphorylation site known to be
essential for CaMKIV-mediated activation of the CREB family
member ATF1 (Ser-63) (27). As shown, phosphorylation of
ATF1 was also increased by CA-CaMKIV. To verify that

FIGURE 1. CaMKIV is necessary and sufficient for CREB/ATF1 activation in response to Ca2� influx in BE(2)C neuroblastoma cells. A, CaMKIV is expressed
and predominantly nuclearly localized in human BE(2)C neuroblastoma cells. BE(2)C cells were fractionated into cytoplasmic and nuclear compartments, and
the levels of expression of CaMKIV (top) and the subcellular markers histone H3 (Nuclear; middle) and lactate dehydrogenase (LDH) (Cytoplasmic; bottom) were
determined by immunoblotting. Note that, depending on electrophoretic conditions, the two isoforms of CaMKIV (� and �) are resolved (e.g. see B and D) or
unresolved (A). B, constitutively active CaMKIV (CA-CaMKIV) induces CREB/ATF1 phosphorylation. BE(2)C cells were serum-starved and mock-transfected or
transfected with CA-CaMKIV. Right, CREB/ATF-1 phosphorylation and expression of total CREB (Pan-CREB) were determined by immunoblotting. Left, blots
were also probed for CaMKIV and GAPDH to confirm expression of CA-CaMKIV and equivalent protein loading, respectively. Note that CA-CaMKIV electro-
phoreses at a higher molecular size than endogenous CaMKIV due to a plasmid-encoded His tag. C, CA-CaMKIV is sufficient to drive CRE-mediated transcrip-
tional activity. Serum-starved BE(2)C cells were transfected with pRL and pCRE-Luc with or without CA-CaMKIV. Transcriptional activity was calculated by
normalizing firefly luciferase to Renilla luciferase activities and then calculating normalized activity in CA-CaMKIV-transfected cells relative to cells transfected
with luciferase plasmids alone. D, endogenous CaMKIV is required for CREB/ATF1 phosphorylation in BE(2)C cells. BE(2)C cells were transfected with 50 nM NSsi
or CaMKIVsi-11, and levels of CaMKIV expression and CREB/ATF-1 phosphorylation were determined by immunoblotting after the indicated times. Blots were
also probed for total CREB (Pan-CREB). Right, CREB phosphorylation was quantified by scanning densitometry of phospho-CREB immunoreactivity normalized
to total CREB immunoreactivity in CaMKIVsi-11-transfected cells and expressed as a percentage of normalized CREB phosphorylation in NSsi-transfected cells.
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CaMKIV is capable of promoting transcriptional activation of
endogenous CREB, we examined the ability of CA-CaMKIV to
enhance transcription of a luciferase reporter driven by a CRE.
CA-CaMKIVproduced a 10.85� 3.15-fold (p� 0.001) increase
in CRE-dependent transcription (Fig. 1C). Thus, active
CaMKIV is sufficient to induce CREB and ATF1 phosphoryla-
tion and CRE-mediated transcription.
We then used RNAi to examine a potential requirement of

endogenous CaMKIV for CREB andATF1 activation in BE(2)C
cells. In preliminary experiments, the concentration depen-
dences and targeting specificities of siRNAs targeting exon 11
or exon 1 of CaMKIV (CaMKIVsi-11 or CaMKIVsi-1, respec-
tively) were established (supplemental Fig. S1). Of the two,
CaMKIVsi-11 was somewhat more efficacious, with the ability
to reduce CaMKIV protein and mRNA levels by �80–90%.
CaMKIVsi-11 was therefore preferentially used in this study,
either alone or in equimolar combination with CaMKIVsi-1
(CaMKIVsi-1/11). Neither siRNAwas capable of silencing pro-
tein expression of the related CaMKs, CaMKII� (supplemental
Fig. S1A) or CaMKI� (data not shown). In addition,
CaMKIVsi-11 was ineffective in reducing mRNA levels of the
upstream activators of CaMKIV, CaMKK1, and CaMKK2 (data
not shown).
We first investigated the role of CaMKIV in cells cultured in

the presence of serum but in the absence of added intracellular
Ca2�-elevating agonists. Compared with a nonspecific siRNA
(NSsi), CaMKIVsi-11 was highly effective in reducing CaMKIV
protein expression for up to 96 h with a maximal reduction at
48 h of incubation (Fig. 1D). Concomitantly, CREB and ATF1
activation site phosphorylation was readily detected during
incubation with NSsi, whereas their phosphorylation was
greatly reduced by incubation with CaMKIVsi-11, also with
maximal reduction at 48 h. CREB phosphorylation, determined
by scanning densitometry and normalized to total (pan-)CREB
expression was decreased by 77.1 � 17.8, 46.6 � 17.7, and
50.1 � 30.0% at 48, 72, and 96 h, respectively (Fig. 1D, right).
Thus, the time point of maximal reduction and partial rebound
in CREB phosphorylation paralleled the kinetics of CaMKIV
silencing. Since the levels of CaMKIV available for CREB phos-
phorylation in the nucleus are not precisely known, increase in
the latter may be the result of the gradual return in CaMKIV
expression between the 48 and 96 h time points or alternatively
due to the participation in CREB phosphorylation of other
kinases. Regardless, it may be concluded based on these results
that CaMKIV is required for optimal activation site CREB/
ATF1 phosphorylation in BE(2)C neuroblastoma cells.
We next probed the role of Ca2� influx in CaMKIV-medi-

ated CREB/ATF1 phosphorylation under both unstimulated
and stimulated conditions. For the experiment illustrated in
Fig. 2A, cells were serum-starved to reduce the influence of
serumcomponents onCa2� influx and then incubated in one of
four types of media: Ca2� (�1mM)-containing medium, Ca2�-
depleted (EGTA added) medium, medium with a 10 �M con-
centration of the dihydropyridine voltage-dependent Ca2�

channel (VDCC) blocker nimodipine, or medium containing
both EGTAandnimodipine. After 15min,mediawere replaced
as indicated, and cells were incubated for an additional 15 min
to determine whether any observed effects were reversible.

CREB andATF1 phosphorylationwere then assessed by immu-
noblotting. Continuous exposure throughout both incubation
periods to Ca2�-containingmedium induced robust CREB and
ATF1 phosphorylation (leftmost lane 1). However, removal of
extracellular Ca2� or VDCC blockade or the combination of
the two treatments greatly attenuated both CREB and ATF1
phosphorylation (lanes 2, 4, and 5). These treatments did not
induce irreversible, toxic effects, since CREB and ATF1 phos-
phorylationwas fully restored by shifting the cells back toCa2�-
containing medium for an additional 15 min of incubation
(lanes 3 and 6, respectively). Thus, CREB and ATF1 phospho-
rylation is rapidly and reversibly responsive to Ca2� influx
without the need for the addition of an intracellular Ca2�-ele-
vating agonist. This is probably due to a basal influx mediated
by either L-type or T-type VDCCs, given the relatively depolar-
ized resting potential of BE(2)C cells of ��55 mV (46). Con-
tinuous Ca2� influx is consistent with only a slight increase in
CREB and ATF1 phosphorylation after exposure of BE(2)C
cells to depolarizing concentrations of KCl (data not shown)
and with the nuclear accumulation of CaMKIV under resting
conditions (Fig. 1A).
In mature neurons, activation of NMDA-type glutamate

receptors (NMDARs) results in Ca2� influx and activation of
CaMKIV and CREB phosphorylation (29). To ascertain
whether BE(2)C cells are similarly responsive to NMDA, cells
were incubated with NMDA at various concentrations for time
periods between 2 and 15 min (supplemental Fig. S2). NMDA
induced a concentration-dependent increase in CREB phos-
phorylation, which was maximal at the earliest time point of 2
min. The transient nature of this response suggests that rapid
CREB phosphorylation may be counteracted over longer peri-
ods of time by NMDAR inactivation and/or phosphatase
activation. To determine whether NMDA-induced CREB phos-
phorylation is mediated by CaMKIV, NSsi- or CaMKIVsi-11-
transfected cells were incubated with 7.5 �MNMDA or vehicle
control for 2min. As illustrated and quantified in Fig. 2B, CREB
phosphorylation was increased 323% by NMDA as compared
with vehicle control in NSsi-treated cells. No increase, how-
ever, was observed in CaMKIVsi-11-transfected cells. To-
gether, the results shown in Fig. 2 indicate that phosphorylation
of CREB and ATF1 elicited by Ca2� influx via VDCC or
NMDAR activities is CaMKIV-dependent within the examined
time frames.
In the following series of experiments, we investigated the

role of CaMKIV in the survival, proliferation, and differentia-
tion of BE(2)C cells. Initially we assessed the effects of inhibi-
tion of the upstream activators of CaMKIV (i.e. CaMKK1
and/or CaMKK2), using the selective CaMKK inhibitor, STO-
609 (47). As determined by BrdUrd labeling, CaMKK inhibition
by STO-609 reduced the percentage of cycling cells from42.3�
18.2 to 23.8� 8.1% (p� 0.001) (Fig. 3A). In addition, the overall
proliferative rate was decreased by STO-609 over a 6-day
period in culture (supplemental Fig. S3).
These results are consistent with the involvement of

CaMKIV in maintaining continued BE(2)C cell cycling. How-
ever, CaMKI and AMPK are also documented targets of
CaMKKs (48–51) and could be, at least in part, responsible for
these effects. Therefore, we directly tested the role of CaMKIV
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in cell cycle progression. Cells were co-transfected with either
NSsi or CaMKIVsi-11 and EGFP to identify siRNA transfec-
tants. After a brief labeling period of 1 h, cycling cells were
identified by BrdUrd immunocytochemistry. As shown in Fig.
3B, a high proportion of cells transfected with CaMKIVsi-11
failed to enter S-phase. Quantification of this effect is shown in
Table 1. During this labeling period, the BrdUrd�EGFP�/
BrdUrd�EGFP� ratio for NSsi-transfected cells was 0.141
(102/725). However, for CaMKIVsi-11-transfected cells, this
ratio was decreased to 0.045 (24/538), a 3-fold reduction (�2 �
25.4, 1 degree of freedom, p � 0.001) confirming that silencing
of CaMKIV expression promotes cell cycle arrest.
We also investigated the potential for CaMKIV to function in

a prosurvival capacity in BE(2)C cells as in other cell types, as
has been reported (31, 37, 52, 53). Silencing of CaMKIV expres-
sion in BE(2)C cells by RNAi increased the level of processed
(cleaved) PARP and reduced the level of intact pro-caspase 3,
events associated with the induction of apoptosis (Fig. 3C).
Similarly, inhibition of CaMKK activity reduced cell viability
(supplemental Fig. S4) and induced markers of apoptosis (data
not shown). In addition, RNAi of CaMKIV reducedmRNA and

protein levels of the prosurvival oncoprotein Bcl-2 (Fig. 3D),
suggesting that CaMKIV-mediated transcriptional control of
Bcl-2 expression may be a mechanism for promotion of cell
survival. Together, these results are consistent with the
CaMKIV cascade acting tomaintain the capacity of undifferen-
tiated BE(2)C cells for continued cell cycling.
As noted above, it is known that BE(2)C neuroblastoma cells

will differentiate and assume a neuronal phenotype when cul-
tured in the presence of low concentrations of RA (42–44).
Since cell cycle exit accompanies terminal neuronal differenti-
ation (54), we determined the effect of RA on BE(2)C cell cycle
progression. Treatment of BE(2)C cells with 1 �M RA led to a
marked decrease in BrdUrd incorporation during the labeling
period (Fig. 4A). RA reduced the percentage of cycling cells
from 42.3 � 18.2 to 24.3 � 12.01%, a 42.6% reduction (p �
0.005), indicating that RA promotes cell cycle exit. BE(2)C neu-
roblastoma cells in the absence of a differentiation-inducing
stimulus typically grow as clumps of proliferating cells. How-
ever, the addition of RA resulted in their extending neuritic
processes, which stained positively for the neuron-specific
cytoskeletal protein �III tubulin (Fig. 4B).

FIGURE 2. CaMKIV-dependent CREB/ATF-1 phosphorylation is downstream of VDCC and NMDA receptor activities. A, removal of extracellular Ca2� and
inhibition of VDCC activity reversibly inhibit CREB/ATF-1 phosphorylation. BE(2)C cells were serum-starved for 3 h and then preincubated for 15 min in medium
(containing �1 mM calcium) without additions or in the same medium with the addition of either 2 mM EGTA, 10 �M nimodipine (NIMO), or 2 mM EGTA plus 10
�M nimodipine. Media were replaced as indicated, and cells were incubated for an additional 15 min and then analyzed by immunoblotting for CREB/ATF-1
phosphorylation and total CREB (Pan-CREB) expression. B, NMDA-induced CREB/ATF-1 phosphorylation is blocked by RNAi of CaMKIV. BE(2)C cells were
transfected with 50 nM NSsi or CaMKIVsi-11 siRNAs for 48 h, serum-starved for 3 h, and then preincubated with HEPES-Tyrode’s buffer with glycine substituted
for Mg2� (119 mM NaCl, 2.5 mM CaCl2, 2 mM glycine, 25 mM HEPES, 30 mM glucose) for 15 min. Cultures were then treated with 7.5 �M NMDA or vehicle control
(DMSO; �) for 2 min in the same buffer and then analyzed by immunoblotting for CREB/ATF1 phosphorylation and total CREB expression. Blots were also
probed for CaMKIV and GAPDH to confirm silencing of CaMKIV and equivalent protein loading, respectively. Right, CREB phosphorylation was quantified by
scanning densitometry of phospho-CREB immunoreactivity normalized to total CREB (Pan-CREB) immunoreactivity and expressed as a percentage of normal-
ized CREB phosphorylation in vehicle-treated/NSsi-transfected cells.
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Besides RA-induced changes in cell physiology andmorphol-
ogy, we examined the expression of two neurogenesis-related
genes, DCX and peripherin, to monitor the progress of neuro-

nal differentiation. DCX is a neuron-specific microtubule-
binding protein that has been employed as a marker of neuro-
genesis in both fetal and adult mammalian brain (55, 56)

FIGURE 3. The CaMKIV signaling cascade promotes the proliferation and survival of BE(2)C neuroblastoma cells. A, CaMKK inhibition by STO-609 reduces
the percentage of cells in the cell cycle. BE(2)C cells were cultured for 48 h in the absence (vehicle control) or presence of 10 �M STO-609. Cells were labeled by
incubation with BrdUrd during the final 3 h of incubation and fixed with 4% paraformaldehyde. Cells were identified by nuclear staining with DAPI, and cycling cells
were visualized by BrdUrd immunocytochemistry. The percentage of cycling cells is calculated as the number of cells incorporating BrdUrd divided by the number of
DAPI-stained (total) cells. *, p � 0.001. B, RNAi of CaMKIV induces cell cycle arrest. BE(2)C cells were co-transfected with 100 nM CaMKIVsi-11 and pcDNA 3.1-EGFP for
48 h and labeled with BrdUrd (BrdU) for 1 h. Cells incorporating CaMKIVsi-11 are identified by EGFP fluorescence (green) in the center and right panels. Cycling cells are
identified by BrdUrd immunocytochemistry (red) in the left and right panels. The upper and lower rows are two representative fields of cells. C, RNAi of CaMKIV induces
markers of apoptosis. BE(2)C cells were transfected with 100 nM NSsi or 100 nM (total) CaMKIVsi-1/11 and analyzed by immunoblotting after 48 h for the apoptotic
markers cleaved PARP and (loss of) intact pro-Caspase-3. Blots were also probed for CaMKIV and GAPDH to confirm silencing of CaMKIV and equivalent protein loading,
respectively. D, Bcl-2 mRNA and protein expression are down-regulated by RNAi of CaMKIV. Top, BE(2)C cells were transfected with 100 nM NSsi or 100 nM (total)
CaMKIVsi-1/11 for 48 h, following which lysates were prepared, and Bcl-2 mRNA abundance was determined by qRT-PCR. *, p � 0.01. Bottom, BE(2)C cells were
transfected with either 100 nM NSsi, CaMKIVsi-1, or CaMKIVsi-11 for 48 h and analyzed by immunoblotting for expression of Bcl-2 and CREB/ATF-1 phosphorylation.
Blots were also probed for CaMKIV and GAPDH to confirm silencing of CaMKIV and equivalent protein loading, respectively.
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(reviewed in Ref. 54). Its expression sharply increases at around
the time of cell cycle exit of progenitor cells in cortex and hip-
pocampus. It is therefore used here as an early marker of neu-
ronal differentiation. Induction of DCX mRNA or protein by
RA in neuroblastoma cells has not been previously reported.
Expression of the neuronal type III intermediate filament pro-
tein peripherin is also activated during neuronal differentiation
(57). Cui et al. (43) studied the time course of increase of
peripherin protein in BE(2)C cells during RA treatment.
Increased peripherin protein was seen at 7 days, and a maxi-
mum was reached at �14 days. Since abundant neurite exten-
sion is seen at 48 h of RA treatment (Fig. 4B), peripherin is used
here as a late marker of neuronal differentiation. RA induction
of peripherin mRNA in neural cells has not been previously
reported.
As shown in Fig. 4C, extended (7-day) treatment with RA led

to increased expression of the mRNAs encoding both the early
(DCX) and late (peripherin) neuronal markers. We also deter-
mined the time course of induction of DCX protein after RA
addition. DCX protein, although essentially undetectable in
the proliferative state, was detected by 72 h of RA treatment
(Fig. 4E).
Figs. 1–4 document the presence in BE(2)C human neuro-

blastoma cells of two major signaling pathways, one Ca2�-de-
pendent and involved in maintaining cells in a proliferative
state and the other hormone-dependent with the capacity to
terminate proliferation and induce differentiation. The ability
of silencing of CaMKIV expression to phenocopy the effect of
RA to promote cell cycle exit is consistent with antagonism
between these two pathways at the molecular level.
We therefore sought to determine whether such apparent

antagonism occurs due to independent effects that are opposite
in sign on downstream targets or whether it is due to direct
negative interactions (cross-talk) between the two pathways.
Although these two potential mechanisms are not mutually
exclusive, strong evidence for the latter was obtained by the
experiment illustrated in Fig. 5A. Treatment of cells with RA
produced virtually complete down-regulation of CaMKIV pro-
tein expression, whereas a variety of other hormones and ago-
nists capable of inducing differentiation in neuroblastoma cells
(58–63) were without effect. By contrast to the prominent
down-regulation of CaMKIV, treatment with RA for up to 96 h
produced no detectable change in protein expression of
another CaMKK-regulated protein AMPK, thereby confirming
that the observed down-regulation of CaMKIV is not due to a
transcriptionally nonspecific or otherwise toxic effect (data not
shown). These results raise the possibility of a unique relation-

ship between the RA and CaMKIV-mediated signaling path-
ways, a hypothesis that will be of interest to explore in future
investigations.
We then determined the time course of CaMKIV down-reg-

ulation by RA. Down-regulation occurred rapidly with a maxi-
mal effect (�80% reduction) achieved by 24 h of incubation
with RA (Fig. 5B). Although this reduction in expression abated
to some degree over time, CaMKIV protein was still reduced by
�70% after 72 h of exposure to RA. The rapidity of this effect is
to be contrasted with induction of DCX (itself an early marker
of RA action), which did not achieve maximally induced levels
until�96 h of RA treatment (Fig. 4E). This suggests that down-
regulation of CaMKIV may represent an “immediate early”
action of RA.
We verified that the down-regulation of CaMKIV by RA

would lead to corresponding reductions in CREB and ATF1
phosphorylation. As shown in Fig. 5C, treatment with RA
yielded reductions inCREBphosphorylation of�70% after 48 h
or 72 h of incubation, similar to the percentage reduction of
CaMKIV at these time points. Thus, RA-induced down-regula-
tion of CaMKIV protein is reflected in lowered nuclear CREB
phosphorylation.
A potential mechanism by which CaMKIV protein might be

decreased would be through inhibition of transcription. We
therefore quantified CaMKIV mRNA levels in vehicle and RA-
treated cells by qRT-PCR. RA had no effect at 6 h but produced
significant decreases in CaMKIV mRNA abundance between
24 and 168 h of RA treatment (Fig. 6A).
CaMKIV in the absence of CaMKK phosphorylation has

�5% of the activity of its phosphorylated form (18). There-
fore, in addition to RA regulation of its expression, it was
theoretically possible that CaMKIV could also be regulated
by RA-mediated decreases in CaMKK1 and/or CaMKK2 lev-
els of expression. To examine this possibility and whether
CaMKK expression over time is correlated with that of
CaMKIV, CaMKK1 and CaMKK2 steady state mRNA levels
were determined by qRT-PCR in cells incubated in the
absence or presence of 1 �M RA over the same time period. A
rapid and prominent down-regulation of CaMKK1 but not of
CaMKK2 was observed (Fig. 6, B and C). These data indicate
that RA down-regulation of CaMKK1 expression represents
a potential mechanism for suppression of CaMKIV func-
tional activity.
The stringent down-regulation of the CaMKIV cascade by

RA raised the question of whether RA-dependent down-reg-
ulation of CaMKIV is in some way mechanistically linked to
RA induction of neuronal differentiation. Hypothetically, by
maintaining cells in a proliferative state, CaMKIV nuclear
activity represents an impediment to RA-induced mitotic
exit. In this scheme, RA-mediated suppression of CaMKIV
activity, by removing a block to growth arrest, allows differ-
entiation to proceed in an efficient manner. We therefore
predicted that silencing of CaMKIV expression by RNAi
prior to RA addition would, by mimicking an obligatory early
action of RA, hasten RA-induced neuronal differentiation.
To test this hypothesis, cells were transfected with NSsi or
CaMKIVsi-1/11 for 24 h, after which they were treated with

TABLE 1
RNAi of CaMKIV induces cell cycle arrest
BE(2)C cells were transfected with 100 nmCaMKIVsi-11 and pcDNA 3.1-EGFP for
48 h and labeled with BrdUrd for 1 h. Cells incorporating CaMKIVsi-11 or NSsi
were identified by EGFP fluorescence. EGFP-positive cycling (BrdUrd-positive) and
arrested (BrdUrd-negative) cells were identified by BrdUrd immunocytochemistry,
as described under “Experimental Procedures.” Images were analyzed using Image J
with cell counting by an observer blind as to conditions. �2 � 25.407, 1 degree of
freedom (p � 0.001).

BrdUrd�/GFP� BrdUrd�/GFP�

CaMKIVsi-11 24 538
NSsi 102 725
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FIGURE 4. RA induces neuronal differentiation of BE(2)C neuroblastoma cells. A, RA induction of neuronal differentiation is accompanied by cell cycle exit.
BE(2)C cells were grown for 48 h in the absence (vehicle control) or presence of 1 �M RA. Percentages of cycling cells were determined as in the legend to Fig.
3A. *, p � 0.005. B, RA induces morphological changes characteristic of neuronal differentiation. BE(2)C cells were incubated the absence (vehicle control) or
presence of 1 �M RA for 48 h. Cells were analyzed for �III tubulin (green) by immunocytochemistry, nuclei were visualized with DAPI (blue), and images were
acquired by fluorescence microscopy. C and D, RA induces markers of neuronal differentiation. BE(2)C cells were cultured in the absence (vehicle control) or
presence of 1 �M RA for 168 h. Transcript levels of DCX (C) and peripherin (D) were quantified by qRT-PCR. *, p � 0.005. E, time course of induction of DCX protein
expression by RA. BE(2)C cells were cultured for various time periods in the absence (vehicle control) or presence of 1 �M RA and analyzed by immunoblotting
for expression of DCX. The blot shown was also probed for histone (H3) to confirm equivalent protein loading.
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FIGURE 5. The CaMKIV signaling cascade is repressed by RA in BE(2)C neuroblastoma cells. A, a screen of neuronal differentiation-inducing agents reveals
RA as a specific repressor of CaMKIV protein expression. BE(2)C cells were cultured for 7 days in the absence (vehicle control) or presence, as indicated, of the
following: RA (10 �M), thyroid hormone (10 �M), vitamin D (dihydroxyvitamin D3) (10 �M), forskolin (10 �M), or insulin-like growth factor 1 (IGF-1; 100 ng/ml).
Treated cells were analyzed by immunoblotting for expression of CaMKIV and GAPDH as a loading control. B, RA rapidly down-regulates CaMKIV protein
expression. BE(2)C cells were cultured for various time periods in the absence (vehicle control) or presence of 1 �M RA and analyzed by immunoblotting for
expression of CaMKIV and GAPDH as a loading control. Right, CaMKIV protein expression as a function of time of incubation in the presence of RA is quantified
by scanning densitometry, normalized to GAPDH expression, and expressed as a percentage of normalized CaMKIV expression in the time-matched vehicle
controls. C, RA down-regulates CREB/ATF-1 phosphorylation. BE(2)C cells were cultured for various time periods in the absence (vehicle control) or presence of
1 �M RA and analyzed by immunoblotting for CREB/ATF-1 phosphorylation and for expression of total CREB (Pan-CREB) and CaMKIV. Right, CREB phosphoryl-
ation was quantified by scanning densitometry, normalized to total CREB expression in RA-treated cells, and expressed as a percentage of normalized CREB
phosphorylation in the respective time-matched vehicle controls.
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RA for an additional 24–168 h, and a gene expression versus
time profile was generated by qRT-PCR (Fig. 7A).
First, we tested the effect of this regimen on CaMKIV

mRNA levels. As shown by the plot in the upper left quad-
rant of Fig. 7A, RNAi of CaMKIV and RA treatment pro-
duced roughly equivalent reductions in CaMKIV mRNA at
the 24 and 48 h time points. The treatments also showed
additivity of effects, producing a more rapid drop in
CaMKIV expression (to �20% of control levels) when com-
bined than either treatment alone. We then proceeded to
test the effects of this experimentally induced rapid drop in
CaMKIV levels on the mRNA abundances of three genes
associated with neuronal differentiation, p21/Cip1, DCX,
and peripherin (Fig. 7A).

The G1 CDK inhibitor, p21/Cip1, a key regulator of neu-
rogenesis, is reported to mediate RA-dependent cell cycle
arrest in neuroprogenitor cells and therefore is expected to
be among the first genes induced by RA (64). In control,
CaMKIV-expressing cells, induction of p21/Cip1 mRNA
required greater than 24 h of exposure to RA but eventually
achieved a 4.96 � 0.82-fold level of induction after 48 h. By
contrast, in CaMKIV-silenced cells, the level of p21/Cip1
mRNA was elevated 4.28 � 0.46-fold at the 24 h point and
did not differ significantly from RA-treated, CaMKIV-ex-
pressing cells at the 48 h time point. In the absence of RA
treatment, RNAi of CaMKIV had no effect on p21/Cip1
mRNA abundance at either time point. In similar fashion,
RNAi of CaMKIV had no detectable effect on DCX mRNA
levels in the absence of RA but significantly accelerated
induction of DCX in its presence. As with p21/Cip1, the level
of induction achieved by RA after an extended time of incu-
bation did not differ significantly between CaMKIV-ex-
pressing or silenced cells.
As noted above, the intermediate filament protein peripherin

is normally induced by RA in BE(2)C cells with a relatively slow
time course, with increases detected by day 7 and a maximal
response around day 14 (43). PeripherinmRNA showed a trend
to be up-regulated after 7 days of RA treatment, although this
did not achieve statistical significance at p � 0.05, a result con-
sistent with a time course of RA induction of its expression
being significantly delayed relative to those of p21/Cip1 and
DCX (Fig. 7A). Similarly to the changes in mRNA levels, the
protein levels of the early neuronalmarkers p21/Cip1 andDCX
were increased at an early time point of 26 h of RA treatment
when preceded by CaMKIV silencing compared with RA alone
(Fig. 7, B and C).
Since multipotent BE(2)C cells are capable of non-neuronal

differentiation, we also checked whether vimentin, a marker of
neuroblastoma differentiation to a Schwann cell/melanocyte
phenotype (42), was up-regulated by RA preceded by CaMKIV
silencing. In contrast to the neuronal markers, RA did not up-
regulate vimentinwith orwithout silencing of CaMKIV expres-FIGURE 6. RA represses the CaMKIV signaling cascade at the mRNA level

in BE(2)C neuroblastoma cells. A, RA down-regulates CaMKIV mRNA levels.
BE(2)C cells were cultured for various time periods in the absence (vehicle
control) or presence of 1 �M RA, following which lysates were prepared, and
CaMKIV mRNA was quantified by qRT-PCR. CaMKIV mRNA concentrations are
normalized to GAPDH at the respective time points. Relative mRNA abun-
dance is defined as the concentration of CaMKIV mRNA in RA-treated cells
divided by the respective time-matched vehicle control values. *, p � 0.001;
**, p � 0.002. B, RA down-regulates CaMKK1 mRNA levels. CaMKK1 mRNA
abundance in BE(2)C cells cultured in the absence (vehicle control) or pres-

ence of 1 �M RA was quantified by qRT-PCR and calculated as described in A.
*, p � 0.001; **, p � 0.030. C, RA does not down-regulate CaMKK2 mRNA
levels. CaMKK2 mRNA abundance in BE(2)C cells cultured in the absence
(vehicle control) or presence of 1 �M RA was quantified by qRT-PCR and cal-
culated as described in A. *, p � 0.010.
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FIGURE 7. RNAi of CaMKIV accelerates RA induction of markers of neuronal differentiation in BE(2)C neuroblastoma cells. A, variation with time in mRNA
levels of CaMKIV and differentiation markers by RNAi of CaMKIV, followed by RA treatment. BE(2)C cells were transfected for 24 h with 100 nM NSsi or 100 nM

(total) CaMKIVsi-1/11, following which they were incubated in the absence (�; DMSO) or presence of 10 �M RA. At the indicated time points, mRNA abundances
of CaMKIV, p21/Cip1, DCX, and peripherin were quantified by qRT-PCR. *, p � 0.05. B, variation with time in protein levels of CaMKIV by RNAi of CaMKIV followed
by RA treatment. BE(2)C cells were transfected for 24 h with 100 nM NSsi or 100 nM (total) of CaMKIVsi-1/11, following which they were incubated in the absence
(�; vehicle, DMSO), or presence (�), of 10 �M RA. At the indicated time points, protein levels of CaMKIV were analyzed by immunoblotting. The blot shown was
also probed for GAPDH to confirm equivalent protein loading. C, variation with time in protein levels of differentiation markers by RNAi of CaMKIV followed by
RA treatment. BE(2)C cells were treated as in B. At the indicated time points, protein levels of p21/Cip1, DCX, and vimentin were analyzed by immunoblotting.
The blot shown was also probed for GAPDH to confirm equivalent protein loading.
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sion (Fig. 7C). Thus, silencing of CaMKIV expression, although
accelerating RA-initiated differentiation, does not alter its
specification of a neuronal fate.
Finally, this paradigm was used to examine the effects of

CaMKIV silencing on the morphology of BE(2)C cells during
RA-initiated differentiation (Fig. 8). As predicted, silencing
of CaMKIV expression did not, by itself, result in morpho-
logical differentiation. In the absence of RA, the cells contin-
ued to grow in clumps with little evidence of neuritic pro-
cesses (Fig. 8,A and B). However, when the cells were treated
with RA for 26 h, they appeared to lose cellular adhesiveness
and began to extend neurites, and these effects were more

prominent when RA addition was preceded by siRNA-in-
duced silencing of CaMKIV expression (Fig. 8, C and D).
Taken, together, these results indicate that reduction in

activity of the CaMKIV cascade is not by itself sufficient to
trigger neuronal differentiation but rather creates an environ-
ment permissive for efficient RA-induced cell cycle exit and the
initial steps of neuronal differentiation.

DISCUSSION

In this report, we describe the involvement of two signal-
ing pathways in the decisions of stem cell-like BE(2)C cells to
either continue to proliferate or to exit the cell cycle and

FIGURE 8. RNAi of CaMKIV accelerates RA induction of a neuronal morphology of BE(2)C neuroblastoma cells. BE(2)C cells were transfected for 24 h with
100 nM NSsi or 100 nM (total) of CaMKIVsi-1/11. Cells were then incubated in the absence (vehicle; DMSO) or presence of 10 �M RA for an additional 26 h.
Phase-contrast images were captured from cells treated with NSsi/vehicle (A), CaMKIVsi-1/11/vehicle (B), NSsi/RA (C), or CaMKIVsi-1/11/RA (D). Shown are three
representative fields of cells per condition selected by an observer blind as to experimental conditions.
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differentiate. In one pathway, a signaling cascade initiated by
Ca2� influx through VDCCs or NMDARs culminates in
nuclear CaMKIV-mediated phosphorylation and activation
of CREB and ATF1 and is ultimately involved in mainte-
nance of a proliferative state. Whereas in some respects, this
pathway in BE(2)C neuroblastoma cells recapitulates ele-
ments of CaMKIV signaling in mature neurons or lympho-
cytes, in other respects, it appears to exhibit novel elements.
In mature hippocampal neurons, CaMKIV phosphorylation

of CREB is transient (duration of �10–60 min) in response to
Ca2� influx evoked by K� depolarization or high frequency
stimulation (32, 65). Similarly, the response of BE(2)C neuro-
blastoma cells toNMDA treatment is also transient, beingmax-
imal at �2 min of treatment (supplemental Fig. S2). Surpris-
ingly, however, silencing of CaMKIV expression in BE(2)C cells
produced an 80% decrement of basal CREB phosphorylation
over a 2-day period (Fig. 1D). Since, under these conditions,
CREB phosphorylation is dependent upon the presence of
extracellular Ca2� and VDCC activity (Fig. 2), we hypothesize
that in contrast to differentiated neurons, the maintenance of
undifferentiated BE(2)C cells may rely on continuous Ca2�

influx and, at least in part, CaMKIV signaling. We speculate
further that this mechanism could have been selected for dur-
ing formation of the original tumor fromwhich this cell linewas
ultimately derived.
Previous investigations in bothneural andnon-neural cell types

havedocumentedCaMKIVtobeamediatorof cell survival.Apop-
tosis of cerebellar or spiral ganglia neurons due to withdrawal of
trophic support may be counteracted by depolarization-induced
Ca2� influx. However, in the absence of either trophic support or
depolarizingmedium, neuronal viability can still bemaintained by
transfection of CA-CaMKIV (52, 53, 66, 67). In transgenic mice
expressing catalytically inactive CaMKIV, there is a reduction in
the number of thymicT lymphocytes and inT cell survival (31). In
CaMKIV null mice, there is a significant loss of hematopoietic
stem cells and cerebellar Purkinje neurons (37, 41). In Xenopus,
decreased survival of erythroid precursors is observed upon inac-
tivation of CaMKIV (39).
The present data reinforce the association of CaMKIV with

cell survival. RNAi of CaMKIV activated pro-caspase-3 proc-
essing and PARP degradation and decreased levels of Bcl-2
mRNA and protein (Fig. 3, C and D). This association is also
supported by the dose-dependent decrease in cell viability and
increased pro-caspase-3 processing and PARP degradation by
the action of the selective CaMKK inhibitor STO-609 (supple-
mental Fig. S4) (data not shown).
However, beyond a role in survival, possible association of

CaMKIVwith events underlying cell cycle exit and differentiation
has received relatively little experimental attention. Kitsos et al.
(37) reported that CaMKIV-null hematopoietic progenitor cells
proliferate at anaberrantlyhigher rate thanwild typecells but then
ultimately suffer exhaustion. Also, mitochondrial dysfunction-in-
duced hypoproliferation in amouse fibroblast cell line was associ-
ated with CaMKIV phosphorylation of CREB (68).
We find that in human neuroblastoma cells, the CaMKIV

cascade functions as a positive regulator of proliferation. This is
shown by the cell cycle arrest and hypoproliferation produced
by RNAi of CaMKIV, reduction in proliferation by CaMKK

inhibition, and the effect of silencing of CaMKIV expression to
accelerate RA-dependent up-regulation of the cell cycle inhib-
itor p21/Cip1. It seems, therefore, that the role of CaMKIV
depends on both the tissue of origin and the state of differenti-
ation of the particular cell type under study. In sum, however,
the present evidence supports a role for CaMKIV in mainte-
nance of BE(2)C cells through both promotion of survival and
cell cycle re-entry, although their proportional contributions to
continued optimal proliferation remain to be established.
As a prominent nuclear CaMKIV target, CREB phosphoryl-

ation is used here as a sensitive readout of the activity status of
nuclear CaMKIV. However, we have not specifically addressed
whether CREB mediates CaMKIV modulation of survival
and/or proliferation. CREB is well established as playing an
important role in neuronal survival, an effect thatmay bemedi-
ated by Bcl-2 among other effectors (69, 70). CREB may also
support cell proliferation in other cell types, as was demon-
strated in pituitary somatotrophs, Schwann cells, and chondro-
cytes (71–73). It would be of interest in subsequent studies to
explore the role of CREB in survival/proliferation of NSCs and
neural progenitors. Such a role is suggested here by the prom-
inent and sustained suppression of CREB phosphorylation dur-
ing the early phase of RA-induced cell cycle exit and neuronal
differentiation (Fig. 5C).
Parallel to this Ca2�-initiated pathway is an RA-mediated

pathway for the promotion of neuronal differentiation. This
involves RA-dependent up-regulation of the cell cycle inhibitor
p21/Cip1, cell cycle exit, induction of the neuroblastic marker
DCX and the neuron-specific intermediate filament protein
peripherin, and neurite extension. A key finding of this study is
that RA employs multiple mechanisms for repressing the
CaMKIV pathway, presumably as a means of removing a pro-
liferative pathway that would act as an impediment to efficient
induction of neuronal differentiation. The evidence for this is as
follows.
First, RA produces pronounced and sustained down-regula-

tion in the levels of CaMKIV mRNA and protein (Figs. 5–7).
The specificity of this effect is shown by its absence when
BE(2)C cells were incubated with a variety of other hormones
reported to be differentiation-inducing in neuroblastoma cells
(57–63). Strikingly, this was the case even with dihydroxyvita-
min D3 and insulin-like growth factor 1, which reportedly syn-
ergize with RA in the induction of differentiation (59, 63). It is
also intriguing that there are relatively few targets reported to
be repressed by RA, in comparison with the number of targets
known to be induced (74).
Second, RA rapidly down-regulates CaMKK1 mRNA with a

time course similar to that of CaMKIV down-regulation (Fig.
7). This finding represents a novel mechanism for regulatory
control of CaMKIV activity. Since phosphorylation of CaMKIV
results in �20-fold enhancement of its activity, modulation of
CaMKK expression represents, in principle, a point at which
regulatory influence could be effectively exerted on its down-
stream target, CaMKIV (18). The correspondence in the time
courses of CaMKIV and CaMKK1 mRNA repression in
response to RA without such down-regulation of CaMKK2
mRNA (Fig. 6) also suggests that activating phosphorylation of
CaMKIV in BE(2)C neuroblastoma cells may be regulated by
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CaMKK1 in preference to CaMKK2, although there remains
the possibility of functional redundancy of CaMKKs in activa-
tion of CaMKIV in these cells.
There have been several previous investigations of the potential

for regulation of the CaMKIV cascade at themRNA level. Liu and
Brent (36, 75) demonstrated that in mouse embryonic stem cells
differentiated into neurons by thyroid hormone, CaMKIVmRNA
was increased�5-fold, but therewasnochange in response toRA.
Similarly, Krebs et al. (76) reported that in fetal rat telencephalic
neurons,CaMKIVmRNAandproteinare inducedby thyroidhor-
mone but not by RA. On the other hand, in a non-neural system,
maturing neutrophils (MPROcells), RA reducesCaMKIVmRNA
in concordance with the results reported here but simultaneously
up-regulates CaMKK1 (35). These divergent results suggest that
control of expression of CaMKIV cascademembersmay subserve
different functions in different species, cell types, and develop-
mental stages.
We also examined the directionality of the interaction

between the RA andCaMKIVpathways. Contrary to the results
presented here, a number of independent studies are consistent
with CaMKIV and RA being positive co-effectors in signaling
gene expression. These include stimulatory effects of CA-
CaMKIV in gene reporter assays on the transcriptional activi-
ties of retinoic acid receptor, thyroid hormone receptor, vita-
min D receptor, and the orphan receptors ROR�2, ROR�, and
COUP-TF1 (77–81). We have replicated in BE(2)C cells the
effect of CA-CaMKIV to increase RA-response element lucif-
erase activity. However, neither RNAi of endogenous CaMKIV
nor inhibition of endogenous CaMKKs by STO-609 inhibited
RA-induced RA-response element luciferase activity (data not
shown). These results suggest that at least in BE(2)C cells,
CaMKIV does not positively influence RA signaling. The basis
for effects of CA-CaMKIV to stimulate transcription in
reporter gene assays may rest with an ability of nuclear active
CaMKIV at perhaps supraphysiological levels to stimulate
export from the nucleus of Class II histone deacetylases, leading
to corepressor dissociation from a variety of hormone-respon-
sive transcriptional elements (77–80).
In adult neural stem cells, RA acts early in differentiation to

specify a neuronal fate in addition to provoking cell cycle exit by
up-regulating p21/Cip1 (64). We show here that silencing of
CaMKIV expression does not alter lineage commitment, since
there was no effect of CaMKIV silencing on vimentin expres-
sion (Fig. 7C) (i.e. it did not lead to specification of a Schwann/
melanocyte fate). Rather, we infer from our results that the
effect of CaMKIV silencing ahead of RA treatment is to mimic
and thereby make more efficient a mechanism by which RA
normally facilitates differentiation by down-regulating oppos-
ing mechanisms driving cell cycle progression. Such a mecha-
nism could have relevance for decisions of other cell types to
re-enter the cell cycle or to exit and differentiate.
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