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The tumor suppressor gene Lot1 is highly expressed during
brain development. During cerebellar development, Lot1 is
expressed by proliferating granule cells with a time course
matching the expression of the pituitary adenylate cyclase-acti-
vating polypeptide (PACAP) receptor, a neuropeptide receptor
that plays an important role in the regulation of granule cell
proliferation/survival. Although it has become clear that Lot1 is
a negative regulator of cell division in tumor cells, its role in
neuronal proliferation is not understood. We previously
demonstrated that in cerebellar granule cells Lot1 expression
is regulated by the PACAP/cAMP system. The aim of this
study was to investigate the role played by Lot1 in neuron
proliferation/survival and to identify the molecular mecha-
nisms underlying its actions. Using a Lot1-inducible expres-
sion system, we found that in PC12 cells Lot1 negatively
regulates proliferation and favors differentiation by up-
regulating the expression of the PACAP receptor. In cerebel-
lar granule cells in culture, an increase in Lot1 expression was
paralleled by inhibition of proliferation and up-regulation of
the PACAP receptor, which in turn positively regulated Lot1
expression. Silencing of Lot1 leads to an increase in granule
cell proliferation and a reduction in survival. Confirming the
in vitro results, in vivo experiments showed that PACAP
induced an increase in Lot1 expression that was paralleled by
inhibition of cerebellar granule cell proliferation. These data
show that Lot1 is a key element of the PACAP/cAMP pathway
that negatively regulates neuronal precursor proliferation.
The existence of a PACAP receptor/Lot1-positive feedback
loop may powerfully regulate neural proliferation during
critical phases of cerebellar development.

Lot1 (lost on transformation 1) (1) is a tumor suppressor gene
member of a new family of zinc finger proteins, the PLAG (plei-
omorphic adenoma gene) family, which includes Lot1
(PLAGL1), PLAGL, and PLAGL2 (2). Themouse ortholog of rat
Lot1 was independently identified by Spengler et al. (3) and
designated as Zac1, which is highly homologous to the human
and rat Lot1 genes.

Lot1 was first considered as a tumor suppressor gene based
on its ability to induce cell cycle arrest and apoptosis, when
misexpressed in epithelial cell lines (3, 4). Its expression is fre-
quently down-regulated in the ovarian and breast carcinoma
cells (1, 5, 6), and it is localized on chromosome 6q24–25, a
common site for loss of heterozygosity inmany solid tumors (3,
7). In addition, Lot1 is maternally imprinted, a mode of epige-
netic control of gene expression levels that is common to many
genes involved in growth control (8, 9). Functional analysis of
Lot1 demonstrated that it may cause growth suppression as a
target of mitogenic signaling pathways (10). The growth inhib-
itory potential of Lot1, the patterns of its expression in cancer
cells, and its chromosomal localization confirm the hypothesis
that this gene is a suitable candidate as a tumor suppressor.
Interestingly, Lot1/Zac1 has been shown to be abundantly

expressed in many proliferative areas during brain develop-
ment (11–15). Comparative analysis of the expression profiles
of the three PLAG family members showed that these genes are
expressed in both unique and overlapping patterns both in the
central and peripheral nervous systems (15), suggesting that
thesePLAG genesmight control cell fate and proliferation deci-
sions during brain development. In recent studies, we demon-
strated that Lot1 was expressed by proliferating neuronal pre-
cursor cells during neurogenesis (13, 16). Lot1 expression was
observed during the first postnatal week in the external granule
cell layer of the cerebellum (13), composed primarily of prolif-
erating cerebellar granule cell precursors. We also showed that
primary cultures of cerebellar granule cells exhibit a temporal
pattern of Lot1 expression resembling that of in vivo develop-
ment, with mRNA and protein levels progressively decreasing
with differentiation (13, 16). Furthermore, in cerebellar granule
cells, Lot1 expression was found to be controlled by cAMP cas-
cade activated by the pituitary adenylate cyclase-activating
polypeptide (PACAP),2 which suggested that this gene may be
an important element of the cAMP-mediated pathway that
negatively regulates neuronal proliferation and favors differen-
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tiation (16). Interestingly, it has been recently demonstrated
that Zac1 is a negative regulator of retinal size, controlling the
absolute number of rod and amacrine cells generated during
development (17).
PACAP is a neuropeptide belonging to the vasoactive intes-

tinal peptide family and is highly expressed both in the central
and peripheral nervous system. Several lines of evidence sug-
gest that PACAP, besides having neurotrophic and neuropro-
tective actions on various neural cell types, enhances neuron
differentiation (18–22) and acts as an anti-mitogenic signal in
developing cerebral cortex (23). PACAP-38 binds with high
affinity to three G-protein-coupled receptors, PAC1-R,
VPAC1-R, and VPAC2. All three receptors activate adenylate
cyclase through Gs coupling, whereas PAC1-R also activates
phospholipase C through Gq coupling (24). It has been shown
that in the PC12 cell line PACAP induces neurite generation
(25, 26) through the cAMP pathway (27, 28). The finding that a
correlation exists between the expression patterns of Lot1/
Zac1 and PAC1-R in some brain areas during development (11,
13), that Lot1 expression is induced by the PACAP-cAMP sys-
tem (16), and that Lot1 is capable of inducing transcription of
the PAC1-R in different cell lines (29, 30), suggests that Lot1
may be a key element of the pathway that mediates the various
PACAP actions.
Although it has become clear that Lot1 is a suppressor of cell

division in tumor cells, its role in the regulation of neuronal
proliferation during development is not understood. The aimof
this study was to establish whether Lot1 expression affects pro-
liferation/differentiation/survival of neuronal cells and to iden-
tify the molecular mechanisms that underlie its action. To this
purpose we have used two neuronal culture systems as follows:
(i) the pheochromocytoma PC12 cell line that represents one of
the principal model systems that has been used to dissect the
molecular details of neuronal proliferation/differentiation (31,
32), and (ii) primary cultures of cerebellar granule cell precur-
sors that have been shown to express high levels of Lot1 after
PACAP activation (16). In addition, to validate the results
obtained in vitro, we used an in vivo approach to establish
whether an increase in Lot1 expression induced by PACAP is
accompanied by changes in granule cell proliferation.

EXPERIMENTAL PROCEDURES

Plasmids—The following reporter plasmids were used for
this study: cmv-�Gal, Tk-Luc, AP1-Luc, CRE-Luc (33), and
Lot1-Luc (13). The inducible Lot1 reporter plasmid pIND-Lot1
was constructed by inserting the cDNA of rat Lot1 containing
the HA epitope (hemagglutinin influenza, YPYDVPDYA) (13)
into the HindIII/EcoRI sites of pIND1 vector (Invitrogen).
Cell Cultures and Treatments—Ecdysone-responsive (EcR)

PC12 cells (34), established using the co-expression vector
pVgRXRandZeocin selection, were generously provided byDr.
H. Green (Harvard Medical School, Boston). Parental EcR
PC12 cells and those stably transfected with pIND-Lot1 (EcR
Lot1) were grown on polystyrene tissue culture plates or dishes,
coated with poly-D-lysine (20 �M, Sigma) in Dulbecco’s modi-
fied Eagle’s medium (Sigma) supplemented with 10% horse
serum (Sigma), 5% plasma-derived fetal bovine serum (Sigma),
and 1% penicillin/streptomycin (Invitrogen) at 37 °C in a

humidified atmosphere with 5%CO2. Cells were split at 1-week
intervals by dissociation with trypsin/EDTA with a midweek
change of medium. Starting 24 h after plating, medium was
aspirated and replenished every other day. Ponasterone A
(Invitrogen) at the concentrations indicated in figure legends
(Figs. 1–4), 10�M forskolin (Sigma), 10 nM PACAP-38 (Sigma),
50 ng/ml mouse NGF (Sigma), 1 �M PACAP6-38 (Bachem), 10
�M H89 (PKA inhibitor, Calbiochem), or vehicle was added
after each change of medium. Primary cultures of cerebellar
granule cell precursors (GCP)were prepared from the cerebella
of 7-day-oldWistar rat pups as described previously (35). Cells
were plated on poly-D-lysine (20 �M, Sigma)-coated dishes at
the density of 2 � 103 cells/mm2 and maintained in B27-sup-
plemented neurobasal medium (Invitrogen) supplemented
with 2mM glutamine and 0.05mg/ml gentamicin (Sigma). GCP
were treated 2 h after plating with either 10�M forskolin, 10 nM
PACAP-38, or 1 �M PACAP6-38.
Animals and Treatments—Wistar rats (Harlan, Italy) were

kept in our animal facility under conditions of constant tem-
perature andwith 12-h light/12-h dark cycle. Pregnantmothers
were isolated in single cages when pregnancy became evident.
Day of birthwas consideredP0 andpupswere treated at P7. The
young rats were lightly anesthetized with ether and injected
with 0.01 �g of PACAP-38 over 1 min under the skull by using
a 25-�l microsyringe (Hamilton) connected to a needle
(0.5-mm diameter) equipped with a guard limiting its penetra-
tion to 6mm from the insertion point. The injection (15�l) was
made freehand at a point�6mmbehind the interaural line; the
syringe was held horizontally so that the tip of the needle was
positioned in the subarachnoid space between the skull and the
surface of the cerebellum, as reported previously (36). Control
experiments performed with trypan blue have shown that the
needle did not penetrate into the neuroepithelium and that the
dorsal part of the cerebellar hemispheres and vermis were com-
pletely bathed with the dye. After injection, the needle was left
in situ for 1 min to avoid reflux on withdrawal. Twenty four
hours after PACAP-38 injection, animals received a single subcu-
taneous injection (150�g/g bodyweight) of 5-bromo-2-deoxyuri-
dine (BrdUrd; Sigma), a marker of proliferating cells and their
progeny (37) in 0.9% NaCl solution. Animals were sacrificed 2 h
after the BrdUrd injection. Pups were killed by decapitation, and
the cerebellum was rapidly dissected and fixed by immersion in
Glyo-Fix (ThermoElectronCorp.,Waltham,MA) for 24h. Exper-
iments were performed in accordance with the Italian and Euro-
pean Community Law for the use of experimental animals and
were authorized by a local bioethical committee.
Transfection—PC12 cells were transfected with polyethyl-

eneimine, 25 kDa (PEI-25, Sigma), as described previously (38,
39). Cells were plated 24 h before transfection on poly-D-lysine-
coated plates or dishes. For stable transfection of the pIND
plasmid, EcR PC12 cells were seeded �5 � 106 cells in 10-cm
dishes and transfected with 10 �g of plasmid DNA. Cells
expressing Lot1 (EcR Lot1) were selected by growth in Geneti-
cin� (G418, 500 mg/ml; Invitrogen) and screened for expres-
sion by immunoblotting. For luciferase assays, cells were plated
at 1 � 105 cells/24-well plate and transfected with 2 �g of plas-
mid DNA. 0.5 �g of �-galactosidase reporter plasmid (pCMV-
�Gal) was co-transfected togetherwith 1.5�g of Lot1 luciferase
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reporter plasmid (Lot1-Luc) (13) to normalize for transfection
efficiency.
Luciferase Assay—Luciferase activity was measured as

described previously (40) 48 h after transfection and normal-
ized for�-galactosidase activity in the same sample (see below).
Luciferase activity wasmeasuredwith a TD 20/20 luminometer
(Promega).

�-Galactosidase Assay—Cell lysates (20 �l) were added to
100 �l of �-galactosidase assay buffer (Na2HPO4 60 mM,
NaH2PO4 40mM, KCl 10mM,MgCl2 1mM,�-mercaptoethanol
0.34%, pH 7.5) containing 20 mg/ml o-nitrophenyl �-D-galac-
topyranoside (Sigma) and incubated for 1 h at 37 °C. Reaction
was stopped with 50 �l of Na2CO3 1 M, and absorbance at 420
nmwasmeasured on aBenchmarkmultiplate reader (Bio-Rad).
Immunofluorescence—For immunofluorescence studies in

PC12 cells, the following antibodies were used: anti-N-CAM
(monoclonal antibody at 1:200; Sigma) and anti-Lot1 (poly-
clonal antibody at 1:100; see Ref. 13). Cells, plated on poly-D-
lysine-coated coverslips at 5 � 104 cells/well (24-well plates),
were fixed for 30 min in 4% paraformaldehyde, 4% sucrose in
120mM sodiumphosphate buffer, pH 7.4, and then rinsed three
times with PBS. Coverslips were incubated overnight at 4 °C
with appropriate dilutions of the primary antibody in the fol-
lowing blocking buffer: 1.5% goat serum, 0.1% Triton X-100 in
PBS, pH 7.4. Cells were then incubated with Cy3-conjugated
goat anti-mouse secondary antibody or with fluorescein iso-
thiocyanate-conjugated goat anti-rabbit secondary antibody
(dilution 1:200; Sigma) for 1–2 h at room temperature. After all
incubations, specimens were extensively washed with PBS con-
taining 0.1% Triton X-100. Coverslips were mounted on glass
slides in PBS containing 70% glycerol and Hoechst 33342 (2
�g/ml). Phase contrast and fluorescence images were taken
with an Eclipse TE 2000-S microscope (Nikon, Tokyo, Japan)
equipped with an AxioCam MRm digital camera (Zeiss,
Oberkochen, Germany).
Cell Proliferation Assay—EcR PC12 parental and EcR Lot1

cells were plated on poly-D-lysine-coated 96-well plates at 1 �
104 cells/well. At the end of the different treatments (described
in detail under “Results” and Figs. 2 and 4 legends), cells were
incubated with 10 �M BrdUrd for an additional 2 h. BrdUrd
incorporation was measured in triplicate with the cell prolifer-
ation ELISA kit (Roche Applied Science) according to theman-
ufacturer’s instructions. Data were normalized versus total pro-
tein level and evaluated with the Lowry protein assay (41).
Cell Count—EcRLot1 cells � ponasterone A at various time

points were dissociated, gently centrifuged, and resuspended in
5ml of PBS, pH 7.4. An aliquot containing 0.4% trypan blue was
incubated at room temperature for 5 min, and cells were
counted on a hemocytometer. Only cells that excluded the blue
dye and had a well defined cellular outline were scored as live
and were counted.
Real Time Reverse Transcriptase Quantitative PCR

(RT-qPCR)—Total RNA was prepared from EcRLot1 cells,
GCP, or cerebella with TRI Reagent� (Sigma) according to the
manufacturer’s instructions. cDNA synthesis was achieved
with 1 �g of total RNA using the iScriptTM cDNA synthesis kit
according to manufacturer’s instructions. The primer
sequences used are as follows: (i) Lot1 (NM_012760), forward

5�-TTAGCTGCGTAGTTGCGTGTTA-3� and reverse
5�-CGGGTCCCTGAAAAGAACACA-3�; (ii) glyceraldehyde-
3-phosphate dehydrogenase (NM_008084), forward 5�-GAA-
CATCATCCCTGCATCCA-3� and reverse 5�-CCAGT-
GAGCTTCCCGTTCA-3�; (iii) PACAP receptor (PAC1-R)
(NM_133511), forward 5�-CCCTCGCCACCCTCACTAC-
3� and reverse 5�-CCTTGATGAAGACGGAGATAGCC-3�;
and (iv) cyclin-dependent kinase inhibitor 1C (p57Kip2)
(NM_001033757), forward 5�-CTGACTTTCGCCAAGC-3�
and reverse 5�-AACTAACTCATCGCAGACG-3�. Real time
PCR was performed using iQTMSYBR GREEN supermix (Bio-
Rad), according to the manufacturer’s instructions, on an
iCycler iQ real time PCR detection system (Bio Rad). For each
experiment the reactions were done in triplicate. Fluorescence
was determined at each step of every cycle. Real time PCR assay
was done under the following universal conditions: 2 min at
50 °C, 10min at 95 °C, 50 cycles of denaturation at 95 °C for 15 s,
and annealing/extension at 60 °C for 1 min. In all cases, a single
product of the appropriate size was detected by gel electro-
phoresis, and the analysis of the melting curve excluded the
presence of dimerized primers (data not shown). Relative quan-
tification was performed using the comparative CT method, in
which arithmetic formulas are used to obtain the same result as
the one yielded by the relative standard curve method. The
comparative CT method was used because the target gene and
the reference control gene (glyceraldehyde-3-phosphate dehy-
drogenase) had similar amplification efficiency.
Western Blotting—The following antibodies were used: anti-

phosphorylated Erk1/2 (polyclonal antibody at 1:1000),
anti-phosphorylated-RSK (polyclonal antibody at 1:1000), and
anti-phosphorylated MEK1/2 (polyclonal antibody at 1:1000)
(Cell Signaling Technologies, Beverly, MA); anti-phosphoryla-
ted CREB (polyclonal antibody at 1:2000) (Upstate Biotechnol-
ogy, Inc., Lake Placid, NY); anti-HA (monoclonal antibody, at
1:500) (Santa Cruz Biotechnology); anti-Lot1 (polyclonal anti-
body at 1:1000) (13); anti-c-Fos (polyclonal antibody at
1:20,000), anti-�-tubulin III (polyclonal antibody at 1:1000),
and anti-�-actin (polyclonal antibody at 1:2000) (Sigma). The
specificity of the Lot1 immunohistochemical staining was con-
firmed by replacing the primary anti-Lot1 serum with the anti-
body pre-absorbed as described previously (13). For the prepa-
ration of total cell extracts, cells were lysed in lysis buffer
(Tris-HCl 10 mM, SDS 2%, dithiothreitol 10 mM, protease and
phosphatase inhibitor mixtures 1%). Cell extracts were immedi-
ately processed by Western blot or kept frozen (�80 °C) until
assayed. Protein concentration of samples was estimated by the
Lowry method (41). Equivalent (15 �g) amounts of proteins per
samplewere subjected to electrophoresis on a10%SDS-polyacryl-
amide gel. The gel was then blotted onto a nitrocellulose mem-
brane, and equal loading of protein in each lane was assessed by
brief staining of the blot with 0.1%Ponceau S. Blottedmembranes
wereblocked for 1h in5%milk inTBS (Tris-HCl10mM,NaCl 150
mM, pH 8.0) plus Tween 20 0.1% and then incubated overnight at
4 °Cwith primary antibodies.Membranes were washed and incu-
bated for 1 h at room temperature with peroxidase-conjugated
anti-rabbit IgG (dilution 1:1000; AmershamBiosciences). Specific
reactions were revealed with the ECLWestern blotting detection
reagent (Amersham Biosciences).
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Fluorescence Cell Sorter—A flow cytometric method was
used to assess the cell cycle. PC12 cells were washed with PBS
and harvested after treatment with ponasterone A for either 24
or 48 h. The pellet was incubated in ice (8–10 min) and then
resuspended in 50 �g/ml propidium iodide containing Triton
0.1%, tri-sodium citrate 0.1%, and 0.1 mg/ml RNase (Sigma) at
4 °C. Cell cycle analysis was performed by using a FACSCalibur
(BD Biosciences) to determine the percentage of cells in the
G0-G1, S, G2 � M phases of the cell cycle.
Analysis of Neurite Outgrowth—PC12 cells differentiation

was assessed by plating cells on poly-D-lysine-coated 6-well
plates (35� 104 cells/well), switched to serum-freemedium for
1 h, and followed by stimulations as indicated in the legend of
Fig. 3. Phase contrast photographs of the cultures were taken at
various time intervals with an Eclipse TE 2000-S microscope
(Nikon, Tokyo, Japan) equippedwith anAxioCamMRm (Zeiss,
Oberkochen, Germany) digital camera. Ten different areas
were randomly selected, and neurite outgrowth was measured
using the image analysis system Image Pro Plus (Media Cyber-
netics, Silver Spring, MD). Only cells with neurites longer than
one cell body diameter were considered as neurite-bearing
cells. All experiments were performed at least three times. The
total length of neurites was divided for the total number of cells
counted in the areas.
Cell Death—The Cell Death Detection ElisaPlus kit (Roche

Applied Sciences) was used to determine apoptosis using the
protocol provided by the manufacturer. This kit is based on a
quantitative sandwich enzyme immunoassay principle, using
mouse monoclonal antibodies directed against DNA and his-
tones, respectively. This allows the apoptosis-specific detection
and relative quantification of mononucleosomes and oligonu-
cleosomes that are released into the cytoplasm of cells dying
from apoptosis. 1� 104 cells/well were plated on poly-D-lysine-
coated 96-well plates. Nucleosomes were photometrically
detected at 405 nm, and the final absorbance was obtained by
subtracting the observed absorbance of the negative control
and the background.
Immunofluorescence and Determination of the Labeling

Index in GCP Cultures—GCP, plated on poly-D-lysine-coated
coverslips, were cultured for 18 h, then treated with 10 �M
BrdUrd for an additional 6 h, fixed, and processed for BrdUrd
and �-tubulin III (an early neuronal marker) double-fluores-
cence immunohistochemistry, and counterstained with
Hoechst 33342, as described previously (16). Fluorescence
images, taken from randommicroscopic fields (10–12 for each
coverslip), were superimposed and used to determine the label-
ing index (LI), defined as percent of cells co-labeled with
BrdUrd and �-tubulin III over total cell number in three inde-
pendent experiments in duplicate. Pyknotic cells were excluded
from the count of total cell number.
Antisense Experiment—To silence the expression of Lot1,

experiments were performed by using an antisense oligonu-
cleotide (5�-tcgTGGGTCTGGAGGtga-3�) specific for the
5�-coding region of rat Lot1 (RNA structure version 4.5; CLC
RNA Workbench) and, as a control, with the same sequence
with mixed basis (5�-cggTCAGAGTGAGTAGGgac-3�), a
“scrambled” sequence that does not recognize any eukaryotic
coding region (Basic Local Alignment Search Tool from NCBI

(blast.ncbi.nlm.nih)). Both oligonucleotides were phosphoro-
thioated to make them more resistant to RNase attack. Treat-
ments were performed in GCP switched after 2 h in culture to
serum-free medium for 30 min and exposed to different con-
centrations of the oligonucleotides for 24 h. All chemicals and
oligonucleotides were from Sigma.
BrdUrd Immunohistochemistry and Cell Count—Cerebella

from rat pups were embedded in paraffin and cut with a mic-
rotome in 8-�m-thick sections. One of eight sections was pro-
cessed for BrdUrd immunohistochemistry as described previ-
ously (42). Cell count was done in the external granular layer
(Fig. 8,C andD), the site of cerebellar granule cell production at
this age, in three lobuli (II, III, and VI) of each sampled section.
A random area in the external granule cell layer of each lobule
was first traced, and all immunostained cells present within the
traced area were then counted. The volume of the sampled
region was obtained by multiplying the area by the section
thickness. Cell number was expressed as cells/mm3.
Statistics—Data are expressed asmeans� S.E., and statistical

significance was assessed by one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc tests. The two-
tailed Student’s t test was used when comparing two groups. A
probability level of p � 0.05 was considered to be statistically
significant. Statistical analysis was performed using GraphPad
Prism 3.00 (GraphPad Software, San Diego).

RESULTS

Establishment of a Lot1-inducible Expression System in PC12
Cell Lines—ThePC12 cell line is amodel systemwidely used for
peripheral neuronal proliferation/differentiation studies (32).
We first examined whether PC12 cells exhibit a basal expres-
sion of Lot1, similarly to cerebellar GCP (13, 16). We found
that, unlike GCP, PC12 cells did not exhibit a basal expression
of Lot1 (Fig. 1A). This is in agreement with recent data suggest-
ing loss of Lot1 expression in human pheochromocytomas (60).
To establish whether Lot1 may be induced in differentiated
PC12 cells, we exposed PC12 cells to either PACAP (PACAP-
38) or NGF for 5 days. We found that Lot1 was also not
expressed in differentiated PC12 cells (Fig. 1A).We took advan-
tage of such a cellular model, where Lot1 is not endogenously
expressed, to create PC12 cell lines in which Lot1 expression
could be induced through the EcR-based gene regulation sys-
tem.We used ponasterone A to activate the system and induce
Lot1 expression in PC12 clones (EcR Lot1 clones).
The level of Lot1 expression, assessed at the protein level, was

different in different EcR Lot1 cell clones (data not shown). For
this study, we selected the EcRLot1 clone that showed the high-
est induction of Lot1 expression. The time course of Lot1
induction by ponasterone A in EcR Lot1 cells was evaluated by
Western blotting. The addition of ponasteroneA (10�M) to the
EcR Lot1 cells rapidly stimulated (within 3 h) the expression of
the Lot1 gene product (Fig. 1, B and C), with maximum induc-
tion at 8 h (Fig. 1, B and C). The pre-absorbed anti-Lot1 anti-
body specifically abolished the Lot1 band (labeled in Fig. 1B
with an asterisk), and the anti-HA antibody recognized the HA
epitope included in the EcR Lot1 plasmid (Fig. 1B), indicating
the specificity of the Western blot band for Lot1. We used
immunocytochemistry to verify the subcellular localization of
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Lot1 in EcR Lot1 cells stimulated with ponasterone A for 48 h.
In agreement with previous evidence (3), we confirmed the
nuclear localization of the induced protein (Fig. 1D).
We transiently transfected EcR Lot1 cells with a Lot-lucif-

erase reporter plasmid (16). EcRLot1 cellswere then stimulated
with ponasterone A (10 �M) for 24 h. Expression of Lot1
increased the activity of the Lot-luciferase reporter (Fig. 1E),
thus demonstrating the ability of the inducibly expressed Lot1
to act as transcription factor in PC12 cells.
Effect of Lot1 onCell Proliferation in PC12Cell Lines—After 2

days of stimulation with ponasterone A, the number of EcR
Lot1 cells underwent a reduction (Fig. 2B) as compared with
unstimulated cells (Fig. 2A). We quantified the effects of treat-
ment with ponasterone A (10 �M) on cellular proliferation by
the following: (i) directly counting the number of cells (Fig. 2C)
and (ii) BrdUrd incorporation (Fig. 2D). Lot1-expressing cells
showed a significant reduction in the growth capacity after
24–48 h of ponasterone A stimulation. Maximum reduction
occurred after 4 days and attained a value of�50%with respect
to untreated EcRLot1 cells (Fig. 2,C andD). Parental PC12 cells
did not show any decrease in cell proliferation at each time
point, irrespective of the presence of ponasterone A (Fig. 2D),
indicating that ponasterone A per se did not alter PC12 cell
proliferation.
Treatment of the EcR Lot1 cells with ponasterone A resulted

in a concentration-dependent induction of Lot1 expression
(Fig. 2E). Lot1 expression increased with the doses of ponaster-
one A up to 10 �M (Fig. 2, E and F) during 48 h of exposure.
Higher doses of ponasterone A did not further increase the
amounts of produced Lot1 (data not shown). Dose-response
curves revealed an inverse relationship between Lot1 expres-
sion and cell proliferation (Fig. 2F), suggesting that Lot1 was
responsible for inhibition of cell proliferation. On the basis of
these results, all subsequent experiments in EcR Lot1 cells were
performed in the presence of 10 �M ponasterone A, the dose
that induced maximum effects on proliferation.
Effect of Lot1 on Cell Death and Cell Cycle Progression in

PC12Cell Lines—Lot1 overexpression appears to exert apopto-
tic effects and induce cell cycle arrest in G0/G1 in different cell
lines (3).We first assessed whether the reduced number of cells
observed following stimulation of Lot1 expression was because
of an increase in apoptotic cell death. Evaluation of apoptosis
using a cell death enzyme-linked immunosorbent assaymethod
showed no differences between cells that did and did not
express Lot1 after 96 h of culture (Fig. 2G). This result was
confirmed by flow cytometry analysis of the sub-G1 peak, which

FIGURE 1. Inducible expression of Lot1 in PC12 cells. A, expression of Lot1
protein was assayed by Western blot on nuclear extracts of cerebellar GCP at
1 day in vitro and of PC12 cells untreated and treated with NGF (50 ng/ml) or
PACAP-38 (10 nM) for 5 days. B, expression of Lot1 protein was assayed by West-
ern blot in total cell extracts of EcR Lot1 cells treated with ponasterone A (Pon. A)
(10 �M) for the indicated times. The asterisk indicates the band corresponding
to Lot1 protein. On the right are shown immunoblots of homogenates of EcR
Lot1 cells, treated with ponasterone A (10 �M) for 24 h, and exposed to pre-
absorbed anti-Lot1 serum (PrAbs Lot1) and anti-HA antibody (HA) to

check for the specificity of the band corresponding to Lot1 protein. C, Lot1
protein levels following treatment with ponasterone A were normalized to
�-actin content. Bars are the mean � S.E. of three experiments. *, p � 0.05; **,
p � 0.01; ***, p � 0.001; Bonferroni’s test after ANOVA. D, confocal microscope
images of EcR Lot1 cells untreated (panel on the left) or stimulated with pon-
asterone A (10 �M) (panel on the right) and double-immunostained for Lot1
(green) and N-CAM (red). Cell nuclei were stained by Hoechst dye (blue). Scale
bar, 20 �m. E, luciferase reporter analysis of Lot1 promoter. EcR Lot1 cells were
transfected (as indicated under “Experimental Procedures”) with 1.5 �g of
Lot1 luciferase reporter plasmid (Lot1-Luc) and 0.5 �g of the �-galactosidase
reporter plasmid (pCMV-�Gal). Twenty four hours after transfection cells
were incubated with (black bars) or without (white bars) 10 �M ponasterone A
for a further 24 h. Bars are the mean � S.E. of three experiments. *, p � 0.01
(two-tailed t test).
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is considered to indicate the propor-
tion of apoptotic cells over total
(43). We found that the percentage
of apoptotic cells was similar irre-
spective of Lot1 expression (Fig.
2H). These findings show that in
this cellular system Lot1 expression
did not induce cell death.
Flow cytometry analysis of DNA

content (Fig. 2H) showed that fol-
lowing induction of Lot1 expression
a significantly larger fraction of cells
was in G0/G1 phase of the cell cycle
(12% after 24 h and 20% at 48 h),
compared with unstimulated cells.
We found that a smaller fraction of
cells was in S and G2 � M phases,
although this differencewas not sta-
tistically significant (Fig. 2H).
Although flow cytometry analysis
does not allow discrimination of the
percentage of cells inG0 andG1, due
to the similar DNA content in these
phases, these data strongly suggest
that the reduced proliferation
observed following induction of
Lot1 expression was because of cell
cycle arrest in the G0/G1 phase.
Effect of Lot1 on Differentiation of

PC12 Cell Lines—During develop-
ment, cessation of neuronal prolif-
eration is closely coupled with
differentiation. Differentiation of
PC12 cells, toward sympathetic and
chromaffin-like phenotypes, can be
induced by different trophic factors,
including NGF and PACAP (44).
We investigated whether Lot1
expression alone or by virtue of syn-
ergy with other agents could pro-
mote neuronal differentiation in
PC12 cell lines. We found that Lot1
was able to induce a beginning of
neuronal morphology in PC12 cells,
as assessed by evaluation of neurite
length (Fig. 3, A and E). Although
untreated EcR Lot1 cells exhibited a
polygonal morphology with occa-
sional short fine processes (Fig. 3A),
treatment with ponasterone A for
48 h induced a neurite length
increase by �70% (Fig. 3, B and E).
Although the effect of Lot1 was
smaller than that induced by NGF
(see below), these data clearly show
that Lot1 expression was able to
promote initial differentiation even
in the absence of pro-differentiative

FIGURE 2. Effect of Lot1 expression on proliferation, cell death, and cell cycle progression in PC12 cells. A and
B, phase contrast images of EcR Lot1 cells cultured without (A) or with (B) ponasterone A (Pon. A) (10 �M) for 2 days.
Scale bar, 50 �m. C, EcR Lot1 cells were cultured with or without ponasterone A (10 �M) for the indicated periods,
after which cells were dissociated, stained by trypan blue, and counted on a hemocytometer. Data are expressed as
the mean � S.E. of three independent experiments. D, EcR Lot1 cells and parental PC12 cells were stimulated as
indicated in C, and BrdUrd (10 �M) was added for the last 2 h, and thereafter cells were processed for a proliferation
BrdUrd assay (see “Experimental Procedures”). Data, given as % of untreated conditions, are expressed as the
mean�S.E. of five independent experiments. E, ponasterone A dose-dependent expression of Lot1 in EcR Lot1 cells.
EcR Lot1 cells were grown with varying concentrations of ponasterone A for 48 h and then assayed for Lot1 expres-
sion by immunoblotting. F, relationship between Lot1 expression (solid triangle; normalized to �-actin content) and
cell proliferation (open squares; evaluated with a BrdUrd incorporation assay) at different concentrations of ponas-
terone A. Data of proliferation assay are given as % of untreated condition. Data are the mean � S.E. of 3–4 exper-
iments. G, EcR Lot1 cells were cultured without or with ponasterone A (10 �M) for the indicated periods, after which
cells were processed for a cell death detection assay (see “Experimental Procedures”). Data, given as % of untreated
conditions, are the mean � S.E. of three independent experiments. H, flow cytometry analysis of DNA content in EcR
Lot1 cells cultured without or with ponasterone A (10 �M) for 1 or 2 days. Bars are the mean � S.E. of three experi-
ments. The asterisks (C, D, and F–H) indicate a significant difference between the treated versus untreated condition;
*, p � 0.05; **, p � 0.01; ***, p � 0.001; Bonferroni’s test after ANOVA.
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stimuli. To analyze the effects of Lot1 expression on NGF-in-
duced differentiation, EcR Lot1 cells were cultivated for 2 days
in the presence ofNGF� ponasteroneA (Fig. 3,C andD). After
NGF treatment, PC12 cells exhibited short neurites within 24 h
(data not shown) andmore elongated neurites within 48 h (Fig.
3C). Co-treatment with NGF � ponasterone A induced a
greater length increase (�700% versus untreated cells) (Fig. 3,D
and E) than treatment with NGF alone (�500% versus
untreated cells) (Fig. 3E).
The growth-associated protein �-tubulin type III is fre-

quently used as a marker for differentiation in PC12 cells (45).
EcR Lot1 cells stimulatedwith ponasteroneA for 48 h exhibited
a higher expression of �-tubulin III than untreated cells (Fig.
3F), which is in agreement with the appearance of neurites (see
above). EcR Lot1 cells stimulated with NGF � ponasterone A
expressed a higher level of �-tubulin III when compared with
cells stimulated with either ponasterone A or NGF alone (Fig.
3F). CREB is a transcription factor that is a key target of the
NGF-stimulated signaling pathway (46). Upon exposure of

PC12 cells to NGF, CREB becomes phosphorylated (P-CREB)
(46). and this phosphorylation promotes pro-differentiative
gene expression. Exposure of EcR Lot1 cells to ponasterone A
for 48 h induced a 2-fold increase in P-CREB (Fig. 3G), whereas
exposure to NGF � ponasterone A induced a 4-fold increase
(Fig. 3G). These data suggest that Lot1 alone is able to induce a
partial differentiation of PC12 cells and to enhance the differ-
entiation induced byNGF. The increase in P-CREB after induc-
tion of Lot1 expression raises the possibility that Lot1might act
by enhancing the signaling pathways downstream to NGF
receptors.
Effect of Lot1 on PAC1-R Gene Expression and Activation

of the PKA/CREB and the MEK/ERK Pathways in PC12 Cell
Lines—In several cell lines, includingPC12 cells, transfection of
Lot1 induces the expression of type I PACAP receptor
(PAC1-R) by transcriptional mechanisms (30). PACAP, a key
signal neuropeptide, has been proposed as an autocrine regula-
tory factor that plays a role in the differentiation of neural cor-
tical precursor cells (47) and neurite outgrowth in PC12 cells
(25, 27, 48). In addition, PACAP has been shown to play a neg-
ative role in neuronal proliferation (22, 47, 49, 50).
To verify whether the effect of Lot1 expression on cell prolif-

eration/differentiation in EcR Lot1 cells was mediated by an
increased expression of PAC1-R, we first evaluated, by
RT-qPCR, themRNA level of PAC1-R 24 h after ponasteroneA
stimulation. As shown by Fig. 4A, Lot1 induced an increase
(2.5-fold) of PAC1-R mRNA in EcR Lot1 cells. Lot1-induced
PAC1-R expression was unchanged in the presence of a
PAC1-R receptor antagonist, PACAP6-38 (Fig. 4A), indicating
a direct transcriptional mechanism of Lot1 on PAC1-R expres-
sion. To establish whether the anti-proliferative and pro-differ-
entiative actions of Lot1 required activation of PAC1-R, we
investigated cell proliferation and differentiation in the pres-
ence of PACAP6-38.We found that the anti-proliferative effect
of Lot1 (Fig. 4B; see also Fig. 2D) was reverted by co-incubation
with PACAP6-38 (Fig. 4B), confirming that the anti-prolifera-
tive action of Lot1 on PC12 cells requires PAC1-R activation.
We also found that the pro-differentiative effect of Lot1 was
reverted by co-incubation with PACAP6-38 (data not shown).
Although PAC1-R is known to be positively coupled with the

adenylate cyclase, phospholipase C, and calcium pathways (27),
there is now evidence that the effects of its activation on cell
proliferation and neurite outgrowth in PC12 cells are mainly
mediated by an increase in cAMP levels (51). MEK/ERK phos-
phorylation, dependent on cAMP elevation (27), mediates the
effect of PACAP on neurite outgrowth (26, 52).We usedWest-
ern blot analysis to determine whether expression of Lot1/
PAC1-R in EcR Lot1 cells induced activation of pathways
downstream to the cAMP/PKA system. We found that EcR
Lot1 cells have a low basal phosphorylation of CREB (Fig. 3G)
andMEK (Fig. 4C). After 2 days of treatment with ponasterone
A, there was a notably increased phosphorylation of CREB (Fig.
3G) and MEK (Fig. 4C), compared with unstimulated cultures.
Because the activity of MEK has been demonstrated to cause
activation of RSK (alternatively named 90-kDa ribosomal S6
kinase (p90rsk)) (53), as well as expression of the immediate
early gene c-fos (54, 55), we examined the levels of phosphoryl-
ated RSK and of c-Fos. Fig. 4C shows that 2 days of treatment

FIGURE 3. Effect of Lot1 on NGF-induced neurite outgrowth in PC12 cells.
A–D, phase contrast images showing the morphology of EcR Lot1 cells. EcR
Lot1 cells were incubated for 48 h in the absence (A) or presence (B) of 10 �M

ponasterone A (Pon. A), 50 ng/ml NGF (C), or 50 ng/ml NGF plus 10 �M pon-
asterone A (D) in serum-free medium. Scale bar, 40 �m. E, quantification of
neurite outgrowth, shown as mean length (�m) per cell. Photomicrographs
from six adjacent fields were taken for each cell line in each experiment. Data
are expressed as mean � S.E. of 3– 6 independent experiments. *, p � 0.01; **,
p � 0.001, treated versus untreated cells; #, p � 0.05 ponasterone A plus NGF
versus NGF-only treated cells (Bonferroni’s test after ANOVA). F and G, exam-
ples of immunoblotting with anti-�-tubulin III (F), anti-P-CREB (G), and anti-�-
actin antibodies obtained from total cell extracts in the indicated different
conditions. �-Tubulin III (F) and P-CREB (G) protein levels were normalized to
�-actin content and expressed as percent of untreated condition. Bars are the
mean � S.E. of three independent experiments. *, p � 0.05; **, p � 0.01,
treated versus untreated conditions; #, p � 0.01 ponasterone A plus NGF ver-
sus NGF-only treated cells (Bonferroni’s test after ANOVA).
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with ponasterone A caused a strong phosphorylation of RSK
and induction of c-Fos (Fig. 4C).
We then investigated the role of PKA in the effects exerted by

Lot1 on cell proliferation. EcR Lot1 cells were treated with pon-
asterone A, or left unstimulated, either in the presence or
absence of the H89, a strong inhibitor of PKA. As indicated in
Fig. 4E, in the presence of H89, Lot1 expressionwas not accom-
panied by a decrease in cell proliferation (Fig. 4E). In parallel,
upon treatment with H89, the increase in phosphorylation of
CREB as well as RSK induced by Lot1 was also abolished (Fig.

4D). These results suggested that
the activation of PKA was essential
for the anti-proliferative effects
exerted by Lot1.
Relations between Lot1 and

PAC1-R Expression and Cerebellar
Granule Cell Precursor Prolifera-
tion—We have recently shown that
GCP exhibit high levels of Lot1
expression, which progressively
decrease with granule cell differen-
tiation (13, 16), and that Lot1
expression is controlled by the
PACAP/cAMP cascade (16).
Confirming previous evidence

(16), exposure of GCP in culture to
either forskolin, a potent activator
of adenylyl cyclase, or PACAP
induced a notable increase in Lot1
mRNA levels (Fig. 5A). Conversely,
exposure to an antagonist of
PAC1-R, PACAP6-38, caused a dra-
matic decrease of Lot1 expression
(Fig. 5A). We next examined the
PAC1-R mRNA levels and found a
close relationship between Lot1
and PAC1-R expression (Fig. 5B).
Analysis of GCP proliferation in
cultures exposed to forskolin,
PACAP, or PACAP6-38 showed
that proliferation was significantly
inhibited by forskolin and PACAP
(�40 and �30%, respectively)
(Fig. 5, C and D), as reported pre-
viously (16). Conversely, exposure
to PACAP6-38 induced a signifi-
cant increase in GCP proliferation
(Fig. 5, C andD). The pro-prolifera-
tive action exerted by the block of
PAC1-R indicates that in the culture
there was a basal activation of the
PAC1-R, because of the presence of
PACAP in the culture medium. Rel-
ative quantification by RT-qPCR of
PACAP in control cultures showed
a small amount of the PACAP tran-
script (data not shown). In the
developing and adult rat cerebellum

PACAP is not expressed by granule cells but by Purkinje cells
(56, 57). Immunohistochemistry for calbindin-28 kDa, a
marker of Purkinje cells, revealed the presence of around 1% of
Purkinje cells (Fig. 5E), which accounts for the presence of
PACAP in the culture medium. Taken together, these results
correlate GCP proliferation with Lot1 and PAC1-R expression.
Effect of Inhibition of Lot1 Expression on Cerebellar Granule

Cell Precursor Proliferation/Survival—To define whether Lot1
is an essential gene forGCPproliferation, in cultures ofGCPwe
suppressed its expression with antisense oligonucleotides

FIGURE 4. Lot1 promotes PAC1-R expression and activation of PKA-dependent pathways in PC12 cells.
A, PAC1-R mRNA expression, quantified by RT-qPCR, in EcR Lot1 cells cultured without or with ponasterone A
(Pon. A) (10 �M) and in the presence or absence of the PAC1-R antagonist, PACAP6-38 (1 �M). Data are
expressed as mean � S.E. of three independent experiments. B, proliferation, evaluated with a BrdUrd
assay, of EcR Lot1 cells exposed to the same conditions indicated in A. BrdUrd (10 �M) was added for the
last 2 h in culture. Data are the mean � S.E. of four independent experiments. C, Western blot analysis of
Mek and Rsk phosphorylation and c-Fos expression in EcR-Lot1 cells cultured without or with ponasterone
A (Pon. A) (10 �M), protein expressions were normalized to �-actin content. Bars are the mean � S.E. of
three independent experiments. Representative examples of Western blots are shown below the graphs.
*, p � 0.05; **, p � 0.01; two-tailed t test. D, Western blot analysis of P-CREB, P-Rsk, and �-actin expression
in EcR Lot1 cells cultured without or with ponasterone A (10 �M) and in the presence or absence of the PKA
antagonist, H89 (10 �M). E, sister cultures were exposed to the same conditions as in D, and cell prolifer-
ation was evaluated with a BrdUrd assay. BrdUrd (10 �M) was added for the last 2 h in culture. Data, given
as % of the untreated condition, are the means � S.E. of four independent experiments. The asterisks
(A, B, and E) indicate a significant difference between the treated versus untreated condition; *, p � 0.05;
**, p � 0.01; Bonferroni’s test after ANOVA.
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(AsN), using scrambled oligonucleotides (ScrN) as control. To
test the efficacy of treatment with AsN, we checked Lot1
expression at the mRNA level by RT-qPCR and at the protein

level by Western blot and immunohistochemistry (Fig. 6, A, C
and D). After a 12-h treatment, AsN but not ScrN markedly
decreased the expression of Lot1 in a dose-dependent manner
(Fig. 6, A, C, and D). Analysis of PAC1-R expression by RT-
qPCR showed that it decreased in parallel with that of Lot1 (Fig.
6, A and B), which is in line with a direct transcriptional action
of Lot1 on PAC1-R expression.
We then evaluated neuronal proliferation after 24 h of treat-

ment with different concentrations of AsN or ScrN. Treatment
with AsN, but not with ScrN, resulted in a dose-dependent
increase in neuronal proliferation (Fig. 6, E and G). We also
evaluated cell death by counting Hoechst-stained pyknotic
nuclei after treatment with AsN or ScrN to establish whether
Lot1 is involved in this process. Inhibition of Lot1 expression
with AsN resulted in a dose-dependent increase in apoptotic
cell death (Fig. 6F).
Mechanisms Underlying Lot1 Actions—The experiments

reported above demonstrate thatLot1negatively regulatesGCP
proliferation, positively regulates GCP survival, and increases
the expression of PAC1-R. Lot1may exert its anti-proliferative
and anti-apoptotic actions by increasing the transcription of
PAC1-R, with consequent enhancement of the PACAP/cAMP
pathway, and/or by promoting the transcription of genes other
than PAC1-R. To clear this issue, we investigated the effect of
the PACAP/cAMP pathway on proliferation/survival in cul-
tures in which Lot1 expression was inhibited with AsN. The
PACAP/cAMPpathwaywas activated downstream to PAC1-R,
through forskolin, because inhibition of Lot1 expression leads
to a reduced expression of PAC1-R (see Fig. 6B). Although in
control cultures, forskolin induced a robust increase in Lot1
and PAC1-R expression (Fig. 7, A and B), in cultures treated
with AsN, Lot1 and PAC1-R expression was reduced in a dose-
dependent manner (Fig. 7, A and B), demonstrating that AsN
was able to inhibit Lot1/PAC1-R expression also in a condition
leading to stimulation of Lot1/PAC1-R transcription. Evalua-
tion of cell proliferation in cultures treated with forskolin �
AsN showed an increase in cell proliferation that closely
matched the decreased expression of Lot1. This clearly shows
that Lot1 by itself is necessary to inhibit cell proliferation. Eval-
uation of cell death in parallel cultures showed that a reduction
in Lot1 expression by AsN did not change cell death, when
cultures were stimulated with forskolin (Fig. 7D). This suggests
that the increase in apoptotic cell death, observed when Lot1
expression was inhibited (Fig. 6G), was not mediated by Lot1
per se, but was due to under-activation of the PACAP/cAMP
pathway because of the reduced expression of PAC1-R.
In an attempt to identify themechanismbywhichLot1 inhib-

its cell proliferation, we investigated the expression of p57Kip2,
a cyclin-dependent kinase inhibitor, in cultures treated with
AsN, forskolin or forskolin � AsN. We focused on p57Kip2
because this gene appears to control the transition from prolif-
eration to differentiation during brain development (58) and is
a direct transcriptional target of Lot1 (59). We found that inhi-
bition of Lot1 expression with AsN led to a parallel decrease of
p57Kip2 expression (Fig. 7E). Conversely, up-regulation of Lot1
expression by forskolin led to a corresponding increase of
p57Kip2 expression (Fig. 7E). Importantly, in cultures treated
with forskolin but in the presence of AsN there was no increase

FIGURE 5. Effect of PACAP-38 and PACAP6-38 on proliferation of GCP in
culture. A and B, Lot1 (A) and PAC1-R (B) mRNA expression were quantified by
RT-qPCR in GCP cultures treated with forskolin (10 �M), PACAP-38 (10 nM), or
PACAP6-38 (1 �M) for 20 h. Data, given as % of untreated conditions, are
expressed as the mean � S.E. of three independent experiments. C, double
immunofluorescence for �-tubulin III and BrdUrd of GCP at 1 day in vitro. One
hour after plating GCP cultures were stimulated with forskolin (10 �M),
PACAP-38 (10 nM), or PACAP6-38 (1 �M) for 20 h. BrdUrd (10 �M) was added for
the last 6 h, and thereafter cells were processed for double immunofluores-
cence with anti-BrdUrd (red) and anti-�-tubulin III (green) antibodies. Cell
nuclei were stained by Hoechst dye (blue). Scale bar, 50 �m. D, LI, defined as
percentage of BrdUrd-positive cells over total cell number, was determined
for GCP treated as reported in C. Data are expressed as the means � S.E. of
three independent experiments. E, phase-contrast image of GCP after 1 day in
culture, merged with an immunofluorescence image showing a Purkinje cell
immunostained for anti-calbindin-28 kDa (red). Scale bar, 40 �m. The asterisks
(B, D, and E) indicate a significant difference between the treated versus
untreated condition; *, p � 0.05; **, p � 0.01; Bonferroni’s test after ANOVA.
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in p57Kip2 expression, indicating
that Lot1 is essential for transcrip-
tion of p57Kip2.
From these experiments it can be

concluded that the anti-prolifera-
tive and anti-apoptotic effects of the
PACAP/cAMP pathway are medi-
ated through different mechanisms.
Although the anti-proliferative
effects are mediated by Lot1, most
likely through p57Kip2, the anti-ap-
optotic effects are mediated by
other components of the pathway.
Effect of PACAP on Lot1 Ex-

pression and GCP Proliferation in
Vivo—To establish whether the
effect of Lot1 on GCP proliferation
observed in vitro reflects the in vivo
condition, neonate (P7) rats re-
ceived one intracranial injection of
PACAP at the level of the cerebel-
lum to activate the PACAP/cAMP
pathway. Results showed that at 6 h
after PACAP injection, the cerebel-
lum exhibited a large increase of
Lot1 expression, as evaluated at the
mRNA level (Fig. 8A). Evaluation of
the effect of PACAP on GCP prolif-
eration 24 h after the injection,
through BrdUrd labeling, showed
that there was a significant decrease
in the number of proliferating cells
in the EGL, where the dividing pre-
cursors of granule neurons are pres-
ent (Fig. 8, B–D). These data indi-
cate that the effects of PACAP in
vivomimic those observed in vitro.

DISCUSSION

During brain development the
generation of an appropriate neu-
ron number requires a fine-tuning
between cell proliferation and cell
death. This study provides novel
evidence that the tumor suppressor
gene Lot1 is a key element of the
PACAP/cAMP pathway that regu-
lates proliferation/survival of neu-
ronal cells. In particular, in the PC12
cell line, Lot1 appears to negatively
regulate proliferation and favor dif-
ferentiation, and in cerebellar gran-
ule cell precursorsLot1 inhibits pro-
liferation and promotes survival.
Lot1 Inhibits Proliferation of

PC12 Cell Lines—We provide here
evidence that PC12 cells cloned
from a rat adrenal pheochromocy-

FIGURE 6. Dose-dependent effect of Lot1 antisense on GCP proliferation/survival. A and B, relative quan-
tification by RT-qPCR of Lot1 (A) and PAC1-R (B) expression in GCP at 1 day in vitro after 12 h of exposure to
different concentrations of Lot1 antisense or to a scrambled oligonucleotide. Data, given as % of control
condition, are expressed as the means � S.E. of three independent experiments. C, examples of immunoblot-
ting with anti-Lot1 antibody obtained from GCP extracts from cultures untreated, treated with AsN (5 �M) or
treated with ScrN (5 �M). D, immunohistochemistry for Lot1 (red) in cultures of GCP-untreated, treated with
antisense (5 �M), or scrambled oligonucleotides (5 �M). Final pictures were obtained by merging phase con-
trast images with fluorescence images. Scale bar, 50 �m. E, LI, defined as percentage of BrdUrd-positive cells
over total cell number, was determined for GCP treated as reported in D. F, percentage of apoptotic GCP
treated as reported in D, evaluated by counting pyknotic nuclei evidenced by Hoechst staining. Data in E and
F are expressed as the mean � S.E. of four independent experiments. G, double immunofluorescence for
�-tubulin III (green) and BrdUrd (red) of GCP at 1 day in vitro untreated, treated with antisense (5 �M) or treated
with a scrambled oligonucleotide (5 �M). Scale bar, 50 �m. The asterisks in A, B, E, and F indicate a significant
difference between the treated versus untreated condition; *, p � 0.05; **, p � 0.01; Bonferroni’s test after
ANOVA.
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toma (32) do not express Lot1. We took advantage of the PC12
cell line to create a cellular model where Lot1 expression could
be induced by activating the ecdysone system.We found that in
this cellularmodel induction of Lot1 expression caused a strong
inhibition of cell proliferation and promoted a partial neuronal
differentiation. In agreement with other studies (30), we dem-
onstrated that Lot1 transcriptionally induced an increase in
PAC1-R expression. By using a PAC1-R antagonist, we addi-
tionally demonstrated that the effect of Lot1 on PC12 cell pro-
liferation and differentiation was dependent on the PAC1-R.
The signaling cascades downstream to PAC1-R/cAMP sys-

tem have been shown to include the MEK pathway (61), the
protein kinase A (PKA), and the cAMP-binding guanine nucle-
otide exchange factors Epac1 and -2 (62). By using a PKA inhib-
itor, we found that Lot1-induced inhibition of cell proliferation
required activation of PKA. We additionally found that the
PAC1-R/cAMP system, up-regulated by Lot1, induced activa-
tion of the MEK pathway, with a consequent increase of c-Fos

expression. According to recent studies, PACAP induces PC12
cell neurite outgrowth through either theMEK and/or the Epac
pathway, independently of PKA (26, 63, 64). Thus, although in
PC12 cells PACAP-induced neuritogenesis appears to be PKA-
independent, according to our study the anti-proliferative
action of PACAP is PKA-dependent.
PC12 cells can produce PACAP which, binding to PAC1-R,

stimulates PACAP gene expression (48), indicating that
PACAPmay act as an autocrine regulatory factor. The fact that
PC12 cells exhibit continuous proliferation implies that they
express low levels of PAC1-R and/or PACAP. Our observation
that the increased expression of PAC1-R induced by Lot1 was
accompanied by inhibition of cell proliferation indicates that
this increase was sufficient to drive the cAMP cascade and to
inhibit cell proliferation. Preliminary data from our laboratory
suggest that an increase in the expression of Lot1 can induce an
increase in the production of PACAP also. We are currently
investigating whether the increase in PACAP expression is
directly mediated by Lot1 or indirectly through the PAC1-R/
cAMP cascade.
Lot1 and PAC1-R have been shown to be highly expressed in

the human adrenal gland (65, 66). Accordingly, loss of Lot1
expression in pheochromocytomas (60) may underlie dysregu-
lation of cell proliferation in this tumor. In this study, by induc-
ing Lot1 expression, we could demonstrate that Lot1 exerts
anti-proliferative effects in PC12 cells and the underlying

FIGURE 7. Concomitant effects of Lot1 silencing and activation of the
PACAP/cAMP pathway on granule cell proliferation/survival. A and B, rel-
ative quantification by RT-qPCR of Lot1 (A) and PAC1-R (B) expression in GCP
at 1 day in vitro after 12 h of treatment with forskolin (10 �M) or forskolin plus
different concentrations of Lot1 antisense. Data, given as % of control condi-
tion, are expressed as the mean � S.E. of three independent experiments.
C, LI, defined as percentage of BrdUrd-positive cells over total cell number,
was determined for GCP treated as reported in A. D, percentage of apoptotic
GCP evaluated by counting pyknotic nuclei evidenced by Hoechst staining.
Data in C and D are expressed as the mean � S.E. of three independent exper-
iments. E, relative quantification by RT-qPCR of p57Kip2 expression in GCP at
1 day in vitro after 12 h of treatment with forskolin (10 �M), antisense oligo-
nucleotides (5 �M), or forskolin plus antisense oligonucleotides (5 �M). Data,
given as % of control condition, are expressed as the mean � S.E. of three
independent experiments. The asterisks in A–E indicate a significant differ-
ence between the treated versus untreated condition; *, p � 0.05; **, p � 0.01;
Bonferroni’s test after ANOVA.

FIGURE 8. Effect of PACAP on Lot1 expression and GCP proliferation in
vivo. A, relative quantification by RT-qPCR of Lot1 expression in cerebellar
extract from P7 rat pups untreated (n � 4) or treated (n � 4) with PACAP-38
(0.01 �g). Animals were scarified 6 h after a PACAP-38 intracranial injection.
Data, given as % of control condition, are expressed as the mean � S.E.
B, quantification of BrdUrd-positive cells in the cerebellum of untreated (n �
4) and PACAP-treated rat pups (n � 4). These animals received one intraperi-
toneal BrdUrd injection 22 h after a PACAP-38 intracranial injection and were
sacrificed after 2 h. BrdUrd-positive cells were counted in the EGL and were
expressed as BrdUrd positive cells/mm3. Values are means � S.E.; **, p � 0.01
(two-tailed t test). C and D, photomicrographs of sagittal sections across the
cerebellum of a P7 untreated (C) and PACAP-38 (0.01 �g) treated rat (D).
Sections were taken at the level of the midline. These animals received one
BrdUrd injection 22 h after a PACAP-38 intracranial injection and were sacri-
ficed after 2 h. Sections were immunostained for BrdUrd and counterstained
with toluidine blue. Scale bar, 100 �m. IGL, inner granular layer; ML, molecular
layer.
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mechanisms. Lot1 effects in the PC12 cells are likely to replicate
those physiologically present in adrenal gland cells.
Lot1 Inhibits Proliferation and Is Involved in the Survival of

Cerebellar Granule Cell Precursors—In the EGL, granule cells
proliferate actively and then stop dividing, to migrate through
the different layers of the cerebellar cortex (67). Although the
different stages of cerebellar development are well described,
the molecular mechanisms that shift granule neurons from
proliferation to differentiation remain largely unknown.
PACAP and PAC1-R are actively expressed during cerebellar

development (68–70). Specifically, the expression of the
PAC1-R reaches a maximum in the EGL between P4 and P12
(71), a period that corresponds to intense neurogenesis (67),
with a time window temporally matching Lot1 expression (13).
In vitro experiments have shown that PAC1-R is expressed by
granule cell precursors (72) and that PACAP stimulates differ-
entiation of these neurons by inhibiting cell proliferation and
stimulating neurite outgrowth (50, 72, 73). Recent studies have
shown that disruption of the PACAP gene in mutant mice
induces altered cerebellar development, for a delay of granule
cell differentiation and an increase in granule cell death (22, 50).
We provide here novel evidence that acute, in vivo adminis-

tration of PACAP increases the expression of Lot1 and exerts
an anti-proliferative effect on GCP, confirming the key role of
the PACAP/cAMP system in the ontogenesis of the cerebellum.
Concerning themechanisms bywhich this system regulates cell
proliferation, our in vitro results demonstrate that Lot1 is a key
effector of this pathway because it directly inhibits GCP prolif-
eration and up-regulates the transcription of PAC1-R. Con-
versely, inhibition of either Lot1 expression or PAC1-R activity

(by PACAP6-38) increases GCP
proliferation. These data demon-
strate that expression of Lot1 and
PAC1-R signaling are closely regu-
lated and are required to inhibit
GCP proliferation.
In vivo and in vitro experiments

have shown that PACAP has an im-
portant survival-promoting effect on
cerebellar granule cells (36, 73, 74).
This study confirms the survival-
promoting effect of the PACAP/
cAMP system on cerebellar granule
cells. It additionally shows that inhi-
bition of Lot1 expression was
followed by down-regulation of
PAC1-R expression and an increase
in cell death, suggesting that Lot1
participates in the survival-promot-
ing effect of the PACAP/cAMP sys-
tem by enhancing PAC1-R expres-
sion (see also below).
Potential Mechanisms by which

the PACAP/cAMP/Lot1 System
Modulates Cerebellar Granule Cell
Proliferation and Survival—Ac-
cording to a recent study, Lot1
appears to inhibit cell proliferation

by up-regulating the expression if the cyclin-dependent kinase
inhibitor p57Kip2 (59). In that study (59) it was shown that
mouse Lot1 and p57Kip2 have a strikingly similar expression
pattern and that LOT1 binds within the CpG island of LIT1
(KCNQ1OT1), which is a paternally expressed antisense RNA
thought to negatively regulate p57Kip2 in cis. Moreover, it has
been demonstrated that PACAP rapidly elicits increased levels
of p57Kip2, to block cell cycle progression of cerebral cortical
precursors (75). By silencing Lot1 expression, we could show
that Lot1 is essential for transcription of p57Kip2 in GCP.
These data suggest that PACAP inhibits GCP proliferation
through Lot1, which, by increasing p57Kip2 expression, accel-
erates GCP exit from the cell cycle (Fig. 9).
Our data show that the PACAP/cAMP system even in the

absence of Lot1 expression was able to promote GCP survival,
indicating that this effect was mediated by a Lot1-independent
mechanism. Although this mechanism is largely unknown so
far, in light of recent data c-fosmay be a good candidate for the
survival promoting activity exerted by the PACAP/cAMP sys-
tem (76, 77) on GCP (Fig. 9). It should be noted that although
Lot1 does not directly promote cell survival, it indirectly favors
cell survival by increasing the expression of PAC1-R, thereby
enhancing the efficacy of the PACAP/cAMP system.
In conclusion, our data clearly show that the PACAP/cAMP

system exerts both anti-proliferative and survival-promoting
effects on cerebellar granule cells and that Lot1 is involved in
both these effects. Although the anti-proliferative effects are
most likely directly mediated by Lot1, through inhibition of the
cell cycle machinery, the survival-promoting effects are indi-

FIGURE 9. Putative signaling pathways involved in the anti-proliferative/prosurvival actions of Lot1 in
cerebellar granule cell precursors. Lot1 expression in GCP increases the transcription of PAC1-R through a
G4C4 response element. The larger number of PAC1-R increases the efficacy of the PACAP-prosurvival effect
and, by a positive feedback, the transcription of Lot1. Lot1 increases p57Kip2 expression, which may inhibit GCP
proliferation.

Lot1 Negatively Regulates Neuronal Proliferation

15336 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 22 • MAY 29, 2009



rectly mediated through a Lot1-induced increase in PAC1-R
expression (Fig. 9).
Lot1-PAC1-R Interactions—This study shows that Lot1 is up-

regulated in GCP by the PACAP/cAMP system and that Lot1
up-regulates the expression of PAC1-R. Thus, Lot1 and
PAC1-R appear to reciprocally regulate their expression
through a positive feedback mechanism. Feedback pathways
exist in diverse neuronal systems, including Drosophila
miRNA9a, which regulates sensory organ precursor number by
down-regulating Senseless expression (78) or Branchless and
Hedgehog pathways that form a positive feedback loop to regu-
late the onset of neuroblast division (79). In the mammalian
brain, nitric oxide acts in a positive feedback loop with brain-
derived neurotrophic factor to regulate neural progenitor cell
proliferation and differentiation (80).
Our findings that Lot1 and PAC1-R reciprocally regulate

their expression provide a basis for the formulation of a model
for the role played by Lot1 in the regulation of GCP prolifera-
tion and survival (Fig. 9). In thismodel, Lot1 expressed by newly
generated GCP provides a positive feedback signal, which by
increasing PAC1-R further enhances Lot1 expression. This
amplifies the anti-proliferative and survival-promoting effects
of the PACAP/cAMP pathway.
We recently demonstrated that Lot1 is expressed by prolifer-

ating GCP in the EGL, but is absent from mature cerebellar
granule cells in the IGL (13), though PAC1-R is still highly
expressed by the latter. This suggests that at the end of cerebel-
lar development, additional events must take place that silence
Lot1 expression in differentiated granule cells and regulate
PAC1-R expression independently on Lot1. At this stage of
development PAC1-R is no longer involved in the regulation of
proliferation/differentiation but plays a role in the neuromodu-
latory/neurotrophic action exerted by PACAP.
Conclusions—This study shows that Lot1 is responsible for

the growth-inhibitory effect exerted by PACAPonproliferating
granule cells and suggests that a Lot1-PAC1-R-positive feed-
back loop may represent a key mechanism for regulation of
neuron proliferation.
It has been demonstrated recently that PACAP exerts a pow-

erful inhibitory action on the induction, growth, or survival of
Hedgehog pathway-associated medulloblastoma, a highly
aggressive tumor of the cerebellum in infants (81). Down-reg-
ulation of the expression of LOT1 has been linked to several
types of tumors (1, 5, 60, 82, 83). From our results it may be
speculated thatmutations in either LOT1 and/or PAC1-R takes
place in human medulloblastoma tumors. If so, it would be of
relevance to determine whether down-regulation of LOT1
expression underlies the pathogenesis of this tumor.
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