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Growth-associated protein 43 (GAP-43) is a neuronal phosphoprotein associated with initial axonal
outgrowth and synaptic remodeling and recent work also suggests its involvement in cell cycle control.
The complex expression of GAP-43 features transcriptional and posttranscriptional components.
However, in some conditions, GAP-43 gene expression is controlled primarily by the interaction of
stabilizing or destabilizing RNA-binding proteins (RBPs) with adenine and uridine (AU)-rich instability
elements (AREs) in its 30UTR. Like GAP-43, many proteins involved in cell proliferation are encoded by
ARE-containing mRNAs, some of which codify cell-cycle-regulating proteins including cyclin D1.
Considering that GAP-43 and cyclin D1 mRNA stabilization may depend on similar RBPs, this study
evaluated the participation of GAP-43 in cell cycle control and its underlying mechanisms, particularly
the possible role of its 30UTR, using GAP-43-transfected NIH-3T3 fibroblasts. Our results show an arrest
in cell cycle progression in the G0/G1 phase. This arrest may be mediated by the competition of GAP-43
30UTR with cyclin D1 30UTR for the binding of Hu proteins such as HuR, which may lead to a decrease in
cyclin D1 expression. These results might lead to therapeutic applications involving the use of sequences
in the B region of GAP-43 30UTR to slow down cell cycle progression.

� 2015 Elsevier Inc. All rights reserved.
Introduction

The growth-associated protein 43 (GAP-43)2 is a neuronal phos-
phoprotein expressed in association with initial axonal outgrowth
and remodeling of synaptic connections. GAP-43 has been shown
to interact with other proteins including calmodulin [1], G0 [41],
rabaptin 5 [28] and actin [21]. In turn, its expression and phos-
phorylation are influenced by extracellular signals such as the neural
cell adhesion molecule (NCAM) [22], growth factors [46], hormones
[49] and lipids [2].

The expression of GAP-43 is complex and features both tran-
scriptional and posttranscriptional components [9,40,34,45].
Transcriptional factors of the basic helix loop helix (bHLH) family
are known to control the neural-specific expression of the gene
[6,17]. However, in some conditions, the levels of transcription
do not correlate well with the accumulation of mature GAP-43
mRNA [27], and GAP-43 gene expression is controlled primarily
by changes in mRNA stability [35]. mRNA stabilization in turn
depends on the interaction of specific instability-conferring
sequences in the 30untranslated region (30UTR) of mRNAs with
specific RNA-binding proteins (RBPs) [33]. In the case of GAP-43
mRNA, this process involves the PKC-dependent interaction of a
highly conserved U-rich sequence with neuronal RBP HuD. HuD
is a member of the Hu protein family, which is homologous to
the Drosophila embryonic lethal abnormal vision (ELAV) RBPs
and the best known mRNA stabilization factor [42].

In mammals, four proteins have been described as part of the
ELAV/Hu family: HuB, HuC, HuD and HuR. HuR is expressed ubi-
quitously and HuB is expressed in neurons and gonads, whereas
HuC and HuD are preferentially expressed in neurons [16,25]. Hu
proteins bind to sequences rich in adenine and uridine residues
known as the AU-rich element (ARE) sequences [37,5], which are
present in the 30UTR of specific mRNAs involved in cell growth
and differentiation and which constitute key regulators of mRNA
stability. The presence of this ARE sequence controls mRNA half-
life and translation through its interaction with specific RBPs
[36]. An important number of proteins involved in stress, immuno-
logical and inflammatory responses, as well as in cell proliferation,
are encoded by ARE-containing mRNAs. For example, oncogenes
(e.g. c-Myc and c-Fos), cell cycle-regulating proteins (cyclins D1,
A1 and B1), cytokines (TNFa, IL2) and growth factors are codified
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by these mRNAs. Thus, the steady-state levels of mRNA depend on
the balance between mRNA transcription speed and the level of
expression of RBPs responsible for its stabilization versus that of
RBPs that promote its degradation.

Recent evidence suggests that GAP-43 may also have a role in
cell proliferation. GAP-43 mRNA and protein expression are not
detected in select human and mouse glioma cell lines, while their
re-expression in deficient C6 glioma cells has been shown to
inhibit growth in vitro [13]. Moreover, advanced neuroblastoma
prognosis is associated to abnormal nerve growth factor
(NGF)/high-affinity NGF receptor (TrkA) signal transduction,
whose downstream genes include GAP-43 [26]. Finally, in a
non-neural cell line, Zhao et al. demonstrated the lengthening of
the cell cycle in transgenic fibroblasts expressing GAP-43 [48].

In this context, this study evaluated the participation of GAP-43
in cell cycle control and its underlying mechanisms, particularly
regarding the possible participation of its 30UTR sequence. Using
GAP-43-transfected NIH-3T3 fibroblasts, we found an arrest in cell
cycle progression and a decrease in cyclin D1 levels, which was
mediated by a specific region within GAP-43 30UTR containing a
binding site for Hu proteins.
Materials and methods

Materials

All cell culture reagents were obtained from GIBCO (Grand
Island, NY, USA). Fetal bovine serum (FBS) was from Natocor
(Cordoba, Argentina). The expression vector pcDNA3,
Lipofectamine™ 2000 and Geneticin (G418) were from Invitrogen
(Carlsbad, CA, USA). The expression vector pMEP4 is from
Addgene (Cambridge, MA, USA).

Polyclonal anti-cyclin D1 and E, Cyclin-Dependent Kinase (Cdk)
2, 4 and 6, p27Kip1, ERK1/2 and pERK1/2 antibodies were from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). All secondary
antibodies were from Jackson Immunoresearch Laboratories (West
Grove, PA, USA). The Cycletest™ Plus DNA Reagent Kit was from
Becton Dickinson (San Diego, CA, USA). RNAlater and RNAqueous-
Micro were purchased from Ambion (Foster City, CA, USA). SYBR
Green I dye, primers, the High-Capacity cDNA Reverse
Transcription Kits, and the TaqMan RT Kit were obtained from
Applied Biosystems (Foster City, CA, USA).

All other chemicals used were from Sigma–Aldrich (St. Louis,
MO, USA) and of the highest purity commercially available.
Vector constructs

The pcGAP construct was prepared by cloning rat GAP-43 cDNA
[29] in the HindIII/XbaI sites of the pcDNA3 vector (Invitrogen,
Carlsbad, CA, USA). In addition, and in order to evaluate whether
RBPs involved in RNA stability are implicated in the effects of
GAP-43 expression on NIH-3T3 cell cycle progression, we con-
ducted experiments using different chimeras including the GAP-
43 30UTR and the b-globin genes [45]. The Glob-Gap30 chimera
included the coding region of rabbit b-globin and the 30UTR of
GAP-43, while the Gap-Glob30 chimera included the coding region
of GAP-43 flanked by the b-globin 50 and 30UTRs from pSP64T [45].
In addition, to test the effect of specific sequences in the GAP-43
30UTR, we used Glob-B, in which the B fragment of the GAP-43
30UTR contains the HuD-binding site, and Gap-C [45], in which
the C fragment contains a control region from GAP-43 30UTR which
does not include the HuD-binding site. All of these 30UTR and
chimeric constructs were cloned downstream of the human
metallothionein-IIA in the pMEP4 vector, which contains an induci-
ble metallothionein promoter activated in the presence of Cd2+.
Transfection experiments and cell culture treatments

Wild type NIH-3T3 fibroblasts were cultured in Dulbecco’s
modified Eagle medium (DMEM) low glucose, supplemented with
7.5% FBS and 50U penicillin/streptomycin/ml (complete medium)
in a humidified atmosphere at 37 �C and 5% CO2. Cell transfections
were performed by lipofection using Lipofectamine™ 2000. After
lipofection, cells were cultured in complete medium supplemented
with G418 (0.5 mg/ml) at 37 �C. Clonal colonies were isolated,
expanded and assayed for GAP-43 expression by Western blot or
immunocytochemistry. Among several stably transfected cell lines,
we selected T23G (expressing GAP-43) and T22p (transfected with
pcDNA3 empty vector). Even if T23G cell clone exhibited the
expression of GAP-43 protein, expression levels were low enough
to be compatible with stable transfection. For cell cycle analysis,
cells were arrested through a 48-h culture in a serum-deprived
medium with 0.1% FBS. After 48 h, serum-deprived medium was
replaced with complete medium for subsequent experiments.

In turn, for cyclin D1 protein, cyclin D1 mRNA and 30UTR
sequence quantification, NIH-3T3 cells were transiently transfected
with the chimeras described above using Lipofectamine™ 2000
according to the procedure described in this section. Once transfec-
tion had been completed, an in order to achieve metallothionein
promoter activation, cells were induced for 16 h in the presence
of 5 lM CdCl2. Exposure to Cd2+ brings about an 8- to 10-fold activa-
tion of the metallothionein-IIA promoter in the pMEP4 vector and,
as a consequence, increases construct expression [45]. Results were
evaluated right after CdCl2 removal (t0) and 4 h later (t4).

Cell adhesion and proliferation

T22p and T23G clones were grown on 96-well plates (1 � 104

cells/well) and incubated for different time periods in complete
medium. To evaluate cell adhesion, cells were harvested every
15 min during 6 h, washed in PBS and fixed by addition of 100 ll
paraformaldehyde (4% w/v) during 15 min. Plates were washed
three times in deionized water, air-dried and stained by addition
of 100 ll crystal violet solution (0.1% w/v) during 20 min at room
temperature. Excess dye was removed by extensive washing with
deionized water. Once the plates were air-dried, 100 ll acetic acid
solution (10% v/v) was added to solubilize the dye. The absorbance
of dye extracts was measured at 590 nm using a Biotrack II plate
reader (Amersham Biosciences, NJ, USA). The same procedure
was used to evaluate possible changes in cell proliferation induced
by the expression of GAP-43, although cells were harvested at 6,
24, 48, 96 and 120 h.

Flow cytometry

To synchronize cells, T22p and T23G clones were washed with
PBS and then serum-starved for 48 h in DMEM containing 0.1%
FBS. Next, re-entry into the G1 phase of the cell cycle was initiated
by replacing the starvation medium with complete medium. At dif-
ferent times (0, 12, 15, 18 or 24 h), cells were harvested and washed
with PBS; the cell cycle was then analyzed through nuclear DNA
quantification using the Cycletest™ Plus DNA Reagent Kit according
to the manufacturer’s instructions. Propidium-iodide-stained
nuclei were analyzed by flow cytometry (Becton Dickinson) and
the percentages of cells in the G0–G1, S and G2–M phases of the cell
cycle were determined by means of Mod Fit LT cell cycle analysis
software (Verity Software, Topsham, ME, USA).

BrdU labeling

To synchronize cells, T22p and T23G clones were washed with
PBS and then serum-starved for 48 h in DMEM containing 0.1%
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FBS. Next, re-entry into the G1 phase of the cell cycle was initiated
by replacing the starvation medium with complete medium.
Sixteen hours after being released from G0–G1 blockade, cells were
pulse-labeled by BrdU (10 lM) for 1.5 h, washed with PBS and
fixed in a solution of paraformaldehyde 4% w/v in PBS. They were
then treated with 6 M HCl in PBS containing 1% Triton X 100 during
15 min at room temperature. After blockade with a solution of 5%
w/v albumin in PBS, cells were treated with a monoclonal anti-
BrdU antibody (1:250) and then with a Texas Red goat anti-mouse
secondary antibody (1:1000). Taking 300 cells for each experimen-
tal condition, BrdU-positive cells were analyzed by fluorescence
microscopy using the Image Pro Plus Software.

Western blot analysis

The levels of cyclins D1 and E, and cyclin-dependent kinases
(Cdks) 2, 4 and 6 and Cdk inhibitor p27Kip1 were evaluated by
Western blot. After a 24-h culture and in order to synchronize cells,
T22p and T23G clones were washed with PBS and then serum-
starved for 48 h in DMEM containing 0.1% FBS. Next, re-entry into
the G1 phase of the cell cycle was initiated by replacing the starva-
tion medium with complete medium and cells were cultured for
different times according to the experiments planned. Cells were
harvested and washed twice with PBS; the cellular pellet was then
resuspended in a buffer containing 10 mM Tris (pH 7.4), 150 mM
NaCl, 0.1% (w/v) SDS, 1% (v/v) NP40 and protease inhibitors 1 lg/
ml pepstatin A, 10 lg/ml leupeptin, 10 lg/ml antipain, 5 lg/ml
aprotinin and 10 lg/ml chemostatin (Roche Cocktail). Samples
containing 70 lg protein were separated by SDS–PAGE (10% acry-
lamide) [18] and blotted onto PVDF membranes. After 2-h block-
ade in 5% (w/v) non-fat milk in PBS, membranes were probed
overnight at 4 �C with the different primary antibodies (polyclonal
anti-cyclin D1, cyclin E, Cdks2, 4, 6 and Cdk inhibitor p27Kip1, 1:500
for all antibodies). To evaluate ERK phosphorylation, T22p and
T23G clones were synchronized as described above. After medium
replacement, cells were harvested at 5, 10, 15 and 20 min, and ali-
quots containing 70 lg total protein were separated by SDS–PAGE.
The levels of ERK1/2 and pERK1/2 were evaluated using specific
antibodies (1:500). Membranes were subsequently incubated for
90 min at room temperature with the corresponding secondary
horseradish peroxidase-conjugated antibody (1:15,000). Bands
were visualized by enhanced chemiluminescence (ECL plus,
Amersham Biosciences, Piscataway, NJ, USA) using a
Phosphoimager 840 (GE Healthcare, Piscataway, NJ, USA).

Cyclin-dependent kinase assay

To synchronize cells, T22p and T23G clones were washed with
PBS and then serum-starved for 48 h in DMEM containing 0.1%
FBS. Next, re-entry into the G1 phase of the cell cycle was initiated
by replacing the starvation medium with complete medium. After
2 and 4-h culture, cells were harvested in Cdk4/Cdk6 buffer con-
taining 50 mM HEPES pH 7.5, 10% glycerol, 150 mM NaCl, 1 mM
EDTA, 2.5 mM EGTA, 1 mM DTT and 0.1% Tween 20, supplemented
with the phosphatase and protease inhibitors 5 mM NaF, 0.1 mM
sodium orthovanadate, 5 lg/ml of leupeptin, 50 lg/ml PMSF and
5 lg/ml of pestatin A; cells were then mechanically lysed by
repeated passages through Pasteur pipettes. Cellular debris was
removed from soluble extract by centrifugation at 16,000�g for
10 min at 4 �C.

Aliquots containing 100 lg total protein were used for
immunoprecipitation of endogenous Cdk2, Cdk4 and Cdk6 using
the above mentioned antibodies and 30 ll Protein A/G Plus-
Agarose. Cdk4 and Cdk6 reactions were carried out in 50 ll of
50 mM HEPES buffer, pH 7.5, 10 mM MgCl2, 1 mM DTT, 2.5 mM
EGTA, 10 mM b-glycerophosphate, 0.1 mM sodium orthovanadate
and 1 mM NaF containing 10 lg Glutathione-S-transferase-Rb sub-
strate (GST-Rb). Cdk2 reaction was assayed in 50 ll of a kinase buf-
fer containing 50 mM Tris/HCl, pH 7.4, 10 mM MgCl2, 1 mM DTT
and 10 lg Histone I substrate.

In both cases, 2 mM EGTA and 10 lCi of [c-32P] ATP were added
to the reaction media and assays were carried out for 30 min at
30 �C; non-radioactive ATP (final concentration 30 lM) was then
added to each reaction mixture to reduce background signal.
Reactions were stopped by the addition of Laemmli sample buffer
and the reaction products were electrophoresed in SDS 12% poly-
acrylamide gel. The gel was then dehydrated using Slab Gel
Dryer SGD 2000 Savant and the radioactive bands corresponding
to different phosphorylated products were visualized by autora-
diography using the Storm Phosphoimager 640 (GE Healthcare,
Piscataway, NJ, USA).

Real-Time PCR analysis

NIH-3T3 cells transiently transfected with the chimeras
described above were harvested and kept in RNAlater solution at
4 �C and then samples stored at �80 �C. Total RNA was isolated
with RNAqueous-Micro Kit. Samples were used for reverse tran-
scription with random hexamer primers, using a High-Capacity
cDNA Reverse Transcription Kit and a TaqMan RT Kit.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as an internal control. Real-Time PCR (RT-PCR) was performed
using the SYBR Green PCR Master Mix on an Applied Biosystems
7500 Real Time PCR System. Primers were designed using Primer
Express Software. The primer sequences were as follows:
Gen
 Forward primer
 Reverse primer
GAPDH
 50-TGTTCTAGAGACAGCC
GCATCTT-30
50-CACCGACCTTCACCATCTT
GT-30
Cyclin D1
 50-CCTCTCCTGCTACCGCA
CAA-30
50-GCAGTCCGGGTCACACT
TG-30
GAP-43 30UTR
 50-ACCCCGAGGCTGACCAA-30
 50-CAACGTGGAAAGCCGTTT
CT-30
Raw data from at least three independent experiments were
used to determine the relative expression levels of each transcript
by employing the comparative CT method. In order to use the DDCT

method to calculate the fold-differences in gene expression
between samples, a validation experiment was done to determine
that the efficiency of the target amplification and the efficiency of
the reference (GAPDH) amplification are approximately equal. The
amount of target, normalized to an endogenous reference and rela-
tive to a calibrator, is given by: 2�DDCT (RQ).

Statistical analysis

Data are presented as the means ± SEM. The statistical analysis
was performed either by Student’s t-test for independent samples
or ANOVA (one-way repeated) followed by Tukey’s multiple com-
parison test.

Results

Involvement of GAP-43 expression in cell cycle progression

In order to evaluate whether the expression of GAP-43 has
effects on cell cycle progression and, as a consequence, on cell pro-
liferation, we first studied possible changes in the adhesion proper-
ties of cultured NIH-3T3 cells stably transfected with GAP-43-
expressing (T23G) or control vectors (T22p). For this assessment,
an equal number of cells were seeded from the T22p and T23G
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clones and cell adhesion was evaluated as described above. The
amount of adhered cells was determined through crystal violet
dying at 0.25, 0.50, 0.75, 2, 3, 4 and 6 h (Fig. 1A). Results showed
no significant differences between clones in the amount of adhered
cells, indicating that ectopic GAP-43 expression does not alter the
adhesion properties of NIH-3T3 cells in culture. The same metho-
dology was used to evaluate changes in cell proliferation at 6, 24,
48, 96 and 120 h. In this case, results showed no differences
between clones up to 96 h; however, at 120 h, the amount of cells
was significantly larger for the T22p clone (Fig. 1B), which suggests
that the expression of GAP-43 may be involved in the control of cell
cycle progression.

On the basis of these first results, we evaluated cell cycle pro-
gression by flow cytometry to determine the percentage of cells
in the different phases of the cell cycle (G0/G1, S and G2/M) at the
times analyzed. Results showed no significant differences between
cell populations after 48-h serum starvation (time 0), with
approximately 80% cells in the G0/G1 phase in accordance with cell
cycle arrest. After 6-h culture in complete medium, there were still
no significant changes with regards to time 0. However, 12 h after
complete medium implementation, a difference was observed in
the percentage of cells in the S phase, with 30% for the T22p clone
and 18% for T23G. At the same time, approximately 65% T22p cells
were observed to be in the G0/G1 phase, as compared to 75% T23G
ones. These differences became more evident after 18-h complete-
medium culture, when a significant increase was observed in the
proportion of T23G cells in the G0/G1 phase with regards to T22p
cells (46.45% versus 22.99%), concomitantly with a decrease in
the proportion of T23G cells in the S phase (50.93% versus
77.01%). These findings demonstrate that GAP-43 expression pro-
duces an arrest in NIH-3T3 cell cycle at the G0/G1 phase (Fig. 2A).
Likewise, BrdU incorporation experiments after 16 h in complete-
medium culture showed that the percentage of T23G cells in the
S phase of the cycle was significantly lower than that of T22p cells
(p < 0.001) (Fig. 2B).
Effects of GAP-43 expression on cyclins, Cdks and Cdk inhibitor p27Kip1

In order to evaluate the mechanisms involved in the arrest of
the cell cycle induced by the expression of GAP-43, we studied
the profile of proteins involved in cell cycle progression, particu-
larly those participating in the G1/S transition. Results showed a
significant decrease in cyclin D1 levels in T23G cells as compared
to T22p cells at 6, 8 and 10 h, although no significant differences
were observed at the other times points analyzed. In contrast, no
significant differences in Cdk4 and Cdk6 levels were observed
between GAP-43-expressing and control cells (Fig. 3A).
Fig. 1. Effects of GAP-43 expression on cell adhesion and proliferation. The same number
Results are expressed as 590 nm absorbance as a function of culture hours. Each point rep
(A) The number of adhered cells was determined through crystal violet staining bet
differences were observed in the number of adhered cells between clones at the time po
staining between 6 and 120 h. Significant differences: ⁄⁄⁄p < 0.001.
Regarding cyclin E levels, we found a significant decrease in
cells expressing GAP-43 as compared to control cells between 6
and 12 h, which provides further support for cell cycle arrest in
the G0/G1 phase. In agreement with results obtained for Cdk4
and Cdk6, no significant differences were observed in the levels
of Cdk2 between GAP-43-expressing and control cells (Fig. 3B).

On the basis of these findings, and considering that cells
expressing GAP-43 undergo cell cycle arrest during the G0/G1

phase, the activity of these three kinases was measured during
the G1/S transition between 6 and 8 h in complete-medium cul-
ture. In agreement with the decrease observed in the levels of
cyclins D1 and E as a consequence of GAP-43 expression, we found
a significant decrease in the activity of Cdk2, 4 and 6 in cells
expressing GAP-43 as compared to T22p cells (Fig. 3C).

As protein p27Kip1, a Cdk inhibitor, plays an important role in
the regulation of Cdk activity during G0/G1 progression and cell
cycle arrest, we evaluated the levels of this protein along the cell
cycle in both clones. While p27Kip1 levels were higher in cells
expressing GAP-43 at all times analyzed, differences were only sig-
nificant after 6 and 8 h of complete-medium culture (Fig. 4).

Effects of GAP-43 expression on ERK1/2 activation

As mitogenic growth factors initiate the cell cycle through path-
ways Ras/Raf/ERK, activating the transcription factors responsible
for the expression of cyclin D, we next evaluated whether the
decrease in cyclin D1 levels was due to changes in the activation
of ERK1/2 as a consequence of GAP-43 expression. The levels of
ERK1/2 and p-ERK1/2 were determined according to the protocol
described above and the relationship between p-ERK1/2 and total
ERK1/2 was evaluated as a parameter of MAPK pathway activation.
Results showed no significant differences in early ERK1/2
activation (from 0 to 20 min) between cells expressing GAP-43
and control cells (Fig. 5).

Possible participation of RBPs in the effect of GAP-43 expression on cell
cycle progression

As mentioned before, numerous mRNAs have a 30UTR-located
ARE sequence, which is key in the regulation of their expression
and which controls their half-life and translation by interacting
with RBPs. Thus, the level of a certain mRNA in the steady state will
depend on the balance between transcription velocity and the level
of RBPs responsible for stabilization versus those promoting degra-
dation. Considering this, together with the fact that GAP-43
expression may imply an increase in its mRNA and RBP binding,
we evaluated whether the changes observed in cyclin D1 protein
of cells (1 � 104) was plated for each clone, T22p (C) and T23G (G), in a 96-well plate.
resents mean absorbance ± SEM of three independent experiments with each clone.

ween 15 min and 6 h, after which absorbance remained constant. No significant
ints analyzed. (B) The total number of cells was determined through crystal violet



Fig. 2. Effects of GAP-43 expression on cell cycle progression (A) Synchronized T22p (C) and T23G (G) cells were analyzed at 0, 12, 18 and 24 h in complete medium. Cell cycle
progression was evaluated by flow cytometry. Each histogram shows DNA staining by propidium iodide and the figure shows representative flow cytometry profiles of cell
distribution in G0–G1, S, and G2–M phases from four independent experiments. Percentages of cells in the G0–G1, S and G2–M phases were determined through the Mod Fit LT
cell cycle analysis software. (B) After 16 h in complete medium, synchronized C and G cells were pulse-labeled with BrdU during 90 min and BrdU-positive cells were
analyzed by fluorescent microscopy using Image Pro Plus software. Three hundred cells were counted for each clone. Results are expressed as the percentage of BrdU-positive
cells ± SEM from at least three independent experiments. Significant differences: ⁄⁄⁄p < 0.001.
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levels may be associated to changes in its mRNA stability. In par-
ticular, we hypothesized that the decrease observed in cyclin D1
protein levels could be due to a decrease in cyclin D1 mRNA stabil-
ity as the consequence of a decrease in the amount of RBPs avail-
able, in turn caused by RBP sequestration by GAP-43 mRNA.

We therefore studied the possible changes in cyclin D1 protein
levels as a consequence of the overexpression of chimeras (Fig. 6A):

� Gap-Glob30 (control, changes are not expected in the levels of
cyclin D1 because this construct lacks the region B of GAP-43
30UTR, which binds RBPs).
� Gap-C (changes are not expected in the levels of cyclin D1
because this construct lacks the region B of GAP-43 30UTR,
which binds RBPs).
� Glob-Gap30 (a decrease is expected in the levels of cyclin D1 due

to a decrease in its mRNA stability caused by RBP
sequestration).
� Glob-B (a decrease is expected in the levels of cyclin D1 due to a

decrease in its mRNA stability caused by RBP sequestration).

Results showed a significant decrease in cyclin D1 protein levels
in cells transfected with the entire GAP-43 30UTR (Glob-Gap30) and



Fig. 3. Effects of GAP-43 expression on cyclins D1 and E and Cdk2, 4 and 6. (A and B) Synchronized T22p (C) and T23G (G) cells were harvested at 2 h intervals between 0 and
20 h in complete medium, and cyclin D1, Cdk4, Cdk6 (A), cyclin E and Cdk2 (B) were analyzed from cell extracts by Western blot analyses. Bands were visualized by
chemiluminescence using Phosphoimager 840. After densitometric analyses, protein levels were normalized per total protein content in each lane. Results are expressed as
the mean IOD ± SEM and each point is the average of at least three independent experiments. Significant differences: ⁄⁄⁄p < 0.001. (C) Synchronized C and G cells were
harvested at 6 h in complete medium and cell extracts were immunoprecipitated using specific anti-Cdk2, anti-Cdk4 and anti-Cdk6 antibodies. After phosphorylation
reaction in the presence of [c-32P] ATP and the specific substrates for each of the kinases analyzed, proteins were separated by SDS–PAGE (10% w/v acrylamide) and
phosphorylated products were visualized by radioautography using Phosphoimager 840. Results are expressed as the mean IOD ± SEM and each point is the average of at least
three independent experiments. Significant differences: ⁄⁄⁄p < 0.001.
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just the B-region of the 30UTR (Glob-B), both associated with the
b-globin coding sequence, as compared to those transfected with
Gap-Glob30 (control). In contrast, no changes in cyclin D1 protein
levels were found in cells transfected with the coding region of
GAP-43 and the C region (Gap-C). It is worth pointing out that
chimeras with GAP-43 30UTR, i.e. Glob-Gap30 and Glob-B, include
the binding region of RBPs, in particular fragment B, which con-
tains the binding site for RBP HuD (Fig. 6B).

With these results, we analyzed and correlated the levels of
cyclin D1 mRNA and the GAP-43 30UTR sequence in cells



Fig. 4. Effects of GAP-43 expression on p27Kip1 levels. Synchronized T22p (C) and
T23G (G) cells were harvested at 6, 8, 10 and 12 h in complete medium and p27Kip1

(p27) levels were analyzed from cell extracts by Western blot analyses. Bands were
visualized by chemiluminescence using Phosphoimager 840. After densitometric
analyses, protein levels were normalized per total protein content in each lane.
Results are expressed as the mean IOD ± SEM and each point is the average of at
least three independent experiments. Significant differences: ⁄⁄⁄p < 0.001.
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transiently transfected with chimeras Glob-Gap30 or Gap-Glob30

(control) by RT-PCR. Cells were treated overnight with CdCl2 to
induce the metallothionein promoter in the constructs, and cells
were harvested after 0 and 4 h of heavy metal depletion. At t0,
results showed a 5-fold increase in GAP-43 30UTR and a 50%
decrease in cyclin D1 mRNA in cells transfected with Glob-Gap30.
At t4, the expression of GAP-43 30UTR decreased in these cells
and reached the levels of cells transfected with Gap-Glob30; as a
consequence, cyclin D1 mRNA levels increased and reached twice
the levels of cells transfected with Gap-Glob30 (Fig. 6C).

Discussion

Nervous system formation relies on a fine balance between cell
proliferation, cell cycle exit and the differentiation of several
neural phenotypes [11,4,31]. An important number of factors
controlling cell cycle progression have been implicated in the
determination of cell fate and the differentiation of neural precur-
sors. Conversely, molecules involved in the specification of certain
phenotypes or their differentiation emerge as cell cycle regulators
[7,12,8]. GAP-43 may then be regarded as a member of this
category, i.e. a protein involved in neuronal regeneration which
regulates cell cycle progression.

The expression of GAP-43, a protein specific to the nervous
system, increases in differentiating neurons and glia. In
Fig. 5. Effects of GAP-43 expression on ERK1/2 activation. Synchronized T22p (C) and T23
pERK1/2 levels were analyzed from cell extracts by Western blot analyses. Bands were vi
the mean IOD ± SEM and each point is the average of at least three independent experim
undifferentiated neurons, the response of GAP-43 to extracellular
signals plays an important role in guiding the axonal path, whereas
its deficiency causes severe defects in cytoarchitecture. The
presence of GAP-43 is also required in mitotic neuroblasts
[3,10,15] and its absence causes an unsuitable onset of neural dif-
ferentiation [20,38,39,24]. Shen et al. demonstrated that the
expression of GAP-43 in multipotent precursors is necessary for
both neurogenic and gliogenic commitment, while its absence
alters neuronal and astrocyte differentiation [38]. In order to iden-
tify new genes associated with malignant astrocytoma formation,
Huang et al. demonstrated that neither GAP-43 mRNA nor
GAP-43 protein are present in cell lines derived from human and
mouse gliomas. GAP-43 re-expression in these deficient cells has
resulted in growth suppression and has been associated to a
decrease in MAP kinase and to the activation of AKT, which
suggests that GAP-43 may inhibit glioma growth through the
modulation of mitogenic signaling pathways [13].

Considering this background information, we evaluated the
possible participation of GAP-43 expression in cell cycle control
in NIH-3T3 cells, a proliferating line which does not usually
express this protein. The ectopic expression of GAP-43 produced
no changes in cell viability or the adhesion properties of NIH-3T3
cells in culture. Taking this into account, the decrease in the num-
ber of cells corresponding to the GAP-43-expressing clone after
5 days in culture suggests a protein effect on cell cycle progression.
In normally proliferating cells, growth arrest may be due to a
decrease in the proportion of actively proliferating cells or an
increase in cell cycle duration.

As these cells complete a cycle in 24 h, we analyzed the propor-
tion of cells in each cell cycle phase, G0/G1, S and G2/M every 6 h in
complete medium. In these experimental conditions and 18 h after
medium replacement, we observed a significant decrease in the
percentage of cells expressing GAP-43 in the S phase as compared
to control cells. This decrease was at the expense of an increase in
the proportion of cells in the G0/G1 phase, compatible with G0/G1

cycle arrest. Cell cycle withdrawal during the G1 phase is a critical
point when the cell must ‘‘decide’’ whether entering a new division
cycle or differentiating. When a neural precursor commits to dif-
ferentiation, it leaves the G1 phase and enters the G0 phase, a
quiescent state. These findings are supported by results obtained
from BrdU experiments, which showed lower incorporation in cells
expressing GAP-43 as compared to control cells. In the same line,
and using cumulative labeling of BrdU, Zhao et al. [48] determined
that the time required for NIH-3T3 cells transfected with vector
pLNCX2-GAP-43 to reach the proliferating stage was significantly
longer than that of control cells, which is compatible with the
increase observed in cell cycle duration.

In our experimental model, the expression of cyclin D1 was sig-
nificantly lower in NIH-3T3 proliferating cells expressing GAP-43
than in control cells after 6, 8 and 10 h in complete medium.
Although no significant changes in Cdk4 and Cdk6 protein levels
G (G) cells were harvested at 5, 10, 15, 20 min in complete medium and ERK1/2 and
sualized by chemiluminescence using Phosphoimager 840. Results are expressed as

ents.



Fig. 6. Effects of Gap-Glob30 , Glob-Gap30 , Glob-B and Gap-C expression on cyclin D1 levels. (A) Schematic representation of wild-type GAP-43 cDNA showing regions A–C
within 30UTR, adapted from [45]. (B) NIH-3T3 cells were transiently transfected with constructs Gap-Glob30 , Glob-Gap30 , Glob-B and Gap-C. Once transfection had been
completed, cells were induced for 16 h in the presence of 5 lM CdCl2. Results were evaluated right after CdCl2 removal (t0). Cyclin D1 protein levels were determined from
cell extracts by Western blot analyses. Bands were visualized by chemiluminescence using Phosphoimager 840. Results are expressed as the mean IOD ± SEM and each point
is the average of at least three independent experiments. Significant differences: ⁄⁄⁄p < 0.001. (C) NIH-3T3 cells were transiently transfected with constructs Gap-Glob30 and
Glob-Gap30 . Once transfection had been completed, cells were induced for 16 h in the presence of 5 lM CdCl2. Results were evaluated right after CdCl2 removal (t0) and 4 h
later (t4). The levels of cyclin D1 mRNA and GAP-43 30UTR sequence were then measured by RT-PCR. Reactions were done in a final volume of 25 ll containing SYBR Green 2�
Master Green, primers F and R in a final concentration of 800 nM for cyclin D1, 500 nM for 30UTR and 300 nM for GAPDH. Template mass used for each reaction was 1 ng.
Universal thermocycling conditions were used. Bar graphs show the levels of cyclin D1 mRNA and GAP-43 30UTR sequence in Glob-Gap30-transfected cells at t0 and t4,
respectively. Results are expressed relative to Gap-Glob30-transfected cell values (dotted line).
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were observed along the cell cycle or between control and GAP-43-
expressing cells, we found a significant reduction in the activity of
both kinases. These findings are in agreement with the decrease
observed in cyclin D1 levels, and directly correlate with the
decrease in cyclin E in cells expressing GAP-43 after 8–12 h in com-
plete medium. Furthermore, while no changes were observed in
the levels of Cdk2, the decline in cyclin E is in agreement with
the decrease in the activity of this kinase as a consequence of the
ectopic expression of GAP-43.

The generation of new neurons requires progenitor cells to
abandon the cell cycle and activate specific differentiation and
migration programs. A possible mechanism for the control of these
events involves multifunctional proteins capable of controlling
both cell cycle exit and differentiation [32]. Cdk inhibitor p27Kip1,
which regulates the cell cycle and promotes neuronal differentia-
tion and migration, constitutes a good example. p27Kip1 controls
G1–S transition and may, in that way, be involved in the lengthen-
ing of the G1 phase [30,44]. In our studies, a significant increase in
the expression of inhibitor p27Kip1 was observed in cells expressing
GAP-43 after 6–8 h in complete medium, which is in agreement
with cell cycle arrest at the G1 phase in NIH-3T3 cells expressing
GAP-43, a protein directly involved in neuronal differentiation.

The ERK1 and ERK2 isoforms belong to a family of highly con-
served serine/threonine kinases which are activated through phos-
phorylation. ERK activation is indispensable for cell proliferation
and, in fibroblasts, it has been proven to take place over two
phases: a quick initial phase in response to stimuli, and a late
phase which takes several hours and is induced by the persistent
presence of a mitogenic agent [23,14,43]. ERK activation is neces-
sary for G1/S transition [47], as it activates transcription factors
responsible for cyclin D expression. ERK activation has been pro-
posed as an event necessary for cell cycle progression induced by
growth factors. The expression of GAP-43 in these cells produced
no changes in early ERK1/2 phosphorylation levels, which suggests
that the cell cycle arrest produced by the expression of GAP-43 in
NIH-3T3 cells is not due to the inhibition of ERK1/2 signaling.
Moreover, the absence of significant differences in ERK phos-
phorylation between GAP-43-expressing and control cells suggests
that the decrease observed in cyclin D1 levels may be due to a
posttranscriptional effect.

With the formation of the three germinal layers (ectoderm,
mesoderm and endoderm), stem cells lose pluripotency and their
function is restricted to the generation of specific cell types in dif-
ferent organs or systems derived from a single germinal layer.
Along the cell cycle, G1 is the most interesting phase in terms of
the differentiation of stem cells and the one in which most changes
take place during development. Interestingly, it has been suggested
that the duration of the G1 phase in embryonic, neural and
hematopoietic stem cells determines their differentiation. The cell
cycle hypothesis put forward by Lange and Calegari [19] states that
a change in G1 length may be a cause rather than a consequence of
the differentiation of a progenitor cell. Therefore, changes in the



Fig. 7. Role of GAP-43 in the control of cell cycle progression: a proposed mechanism. (A) The transfection of proliferating NIH-3T3 cells with wild-type GAP-43 cDNA
generated a decrease in cyclin D1 levels and, as a consequence, a decrease in Cdk4 and Cdk6 activity. These events in turn triggered a decrease in cyclin E levels and Cdk2
activity, which finally led to a cell cycle arrest in G0/G1. As no changes were observed in ERK1/2 phosphorylation, this arrest may respond to a posttranscriptional effect
probably involving RBPs. (B) The expression of constructs Glob-Gap30 , which includes the coding region of rabbit b-globin and the 30UTR of GAP-43, and Glob-B, in which
fragment B in the 30UTR of GAP-43 contains the HuD-binding site, induced a decrease in both cyclin D1 protein levels and mRNA expression. These findings hint at a
mechanism involving a loss in cyclin D1 mRNA stability due to a decrease in RBP availability.
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levels of cyclins/Cdks in the G1 phase may control the proliferation
versus the differentiation of a certain progenitor cell.

In this context, GAP-43 is implicated in neuronal differentiation
during development and, according to our results and those of
Zhao et al. [48], its expression in proliferating NIH-3T3 produces
changes in cell cycle progression. In our experimental model, and
in contrast to the results of Zhao et al., we proved an increase in
the expression of p27Kip1. In addition, we observed a decrease in
the expression of cyclin D1 and a concomitant reduction in the
activity of Cdk4 and Cdk6, which in turn triggered a decrease in
cyclin E levels and in the activity of Cdk2, with no changes in the
activation of ERK1/2.

When evaluating the possible mechanisms involved in cell cycle
arrest by GAP-43 expression, we observed a significant decrease in
the expression of cyclin D1 protein in cells transfected with con-
structs Glob-Gap30, which contains the entire 30UTR of GAP-43
mRNA, and Glob-B, which contains fragment B of the 30UTR of
GAP-43 mRNA where HuD binds, as compared to cells transfected
with construct Gap-Glob30, which exhibited the highest levels of
cyclin D1 protein. This result shows that the consequence of the
expression of the b-globin gene 30

´
UTR, which does not contain an

ARE, is different from that of the expression of GAP-43 mRNA
30

´
UTR. In addition, no significant differences were observed in

the levels of cyclin D1 in cells transfected with construct Gap-C,
which only contains the coding region of GAP-43 and a region of
the 30UTR that does not contain the ARE or HuD binding site. The
assessment of the levels of cyclin D1 mRNA and those of the
30UTR of GAP-43 sequence in transfected NIH-3T3 cells revealed
an inverse relationship, as evidenced by an increase in the expres-
sion of GAP-43 30UTR concomitant with a decrease in the levels of
cyclin D1 mRNA.

Conclusions

Although further experiments need to be carried out to deter-
mine whether the 30UTR of GAP-43 and cyclin D1 mRNA both bind
to Hu proteins, these results suggest that the decrease observed in
cyclin D1 protein levels as a consequence of GAP-43 expression
may be due to an alteration in the stability of cyclin D1 mRNA.
This alteration may in turn be due to a reduction in the availability
of ARE-binding RBPs, which are required for its stabilization
(Fig. 7). Should these results be confirmed, sequences in the B
region of the GAP-43 30UTR could be used to slow down cell cycle
progression, which might imply promising therapeutic
applications.
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