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FGF1 C-terminal domain and phosphorylation regulate
intracrine FGF1 signaling for its neurotrophic and
anti-apoptotic activities

OPEN

E Delmas', N Jah', C Pirou’, S Bouleau', N Le Floch', J-L Vayssiére', B Mignotte' and F Renaud*'

Fibroblast growth factor 1 (FGF1) is a prototypic member of the FGFs family overexpressed in various tumors. Contrarily to most
FGFs, FGF1 lacks a secretion peptide signal and acts mainly in an intracellular and nuclear manner. Intracellular FGF1 induces cell
proliferation, differentiation and survival. We previously showed that intracellular FGF1 induces neuronal differentiation and
inhibits both p53- and serum-free-medium-induced apoptosis in PC12 cells. FGF1 nuclear localization is required for these
intracellular activities, suggesting that FGF1 regulates p53-dependent apoptosis and neuronal differentiation by new nuclear
pathways. To better characterize intracellular FGF1 pathways, we studied the effect of three mutations localized in the C-terminal
domain of FGF1 (i.e., FGF1¥'3%€, FGF15'3A and FGF15'3°®) on FGF1 neurotrophic and anti-apoptotic activities in PC12 cells. The
change of the serine 130 to alanine precludes FGF1 phosphorylation, while its mutation to aspartic acid mimics phosphorylation.
These FGF1 mutants kept both a nuclear and cytosolic localization in PC12 cells. Our study highlights for the first time the role of
FGF1 phosphorylation and the implication of FGF1 C-terminal domain on its intracellular activities. Indeed, we show that the K132E
mutation inhibits both the neurotrophic and anti-apoptotic activities of FGF1, suggesting a requlatory activity for FGF1 C terminus.
Furthermore, we observed that both FGF15'3°A and FGF15'3°° mutant forms induced PC12 cells neuronal differentiation.
Therefore, FGF1 phosphorylation does not regulate FGF1-induced differentiation of PC12 cells. Then, we showed that only
FGF15'3%A protects PC12 cells against p53-dependent apoptosis, thus phosphorylation appears to inhibit FGF1 anti-apoptotic
activity in PC12 cells. Altogether, our results show that phosphorylation does not regulate FGF1 neurotrophic activity but inhibits
its anti-apoptotic activity after p53-dependent apoptosis induction, giving new insight into the poorly described FGF1 intracrine/
nuclear pathway. The study of nuclear pathways could be crucial to identify key regulators involved in neuronal differentiation,
tumor progression and resistances to radio- and chemo-therapy.
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in vivo.%~'® It also activates DNA synthesis,*'*'® exerts an

anti-apoptotic activity,'"'®1” and its overexpression correlates
with tumor development and chemotherapy resistance.'®-2°

The fibroblast growth factor 1 (FGF1) is one of the 22 members
of the FGF family.! Most FGFs are secreted and mediate their
activity through FGF receptors (FGFR1-4) located at the

plasma membrane, which induce Ras (rat sarcoma)/mitogen-
associated protein kinases, PI3K (phosphotidylinositide
3-kinase)/AKT and phospholipase C y pathways.?® However,
the fate of all FGF members is not always to be secreted. In
particular, FGF1, FGF2, one FGF3 isoform and FGF11-14,
which do not contain any secretion peptide signal, are not
secreted in physiological conditions and mediate their activity
by intracrine pathways. Most of these intracrine factors contain
one or more nuclear localization sequences (NLS), which
regulate their nuclear translocation, a process required for
their activities.*” For example, FGF1 lacks a secretion
peptide signal but contains a NLS (KKPK) and acts mainly in
an intracellular and nuclear manner.*® Intracellular FGF1 is a
neurotrophic factor for various neuronal cells both in vitro and

We have previously shown that intracellular FGF1 inhibits
p53-dependent apoptosis by an intracrine pathway in both
fibroblasts and neuronal-like cells.'®'” Using fibroblasts, we
have shown that fgf1 is a repressed target gene of p53 and that
overexpression of FGF1 decreases both the pro-apoptotic and
the anti-proliferative activities of p53. In these cells, intracellular
FGF1 mediates its activities by two mechanisms of action: (i)
FGF1 increases MDM2 (mouse double minute 2) expression,
which leads to p53-degradation; (i) FGF1 decreases
p53-dependent transactivation of bax, which encodes a pro-
apoptotic B-cell lymphoma 2 family (Bcl-2) member protein
required for p53-dependent apoptosis in fibroblasts.'®

FGF1 is highly expressed in central and peripheral nervous
systems and its neurotrophic and anti-apoptotic activities are
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well documented in vitro and in vivo.'"'321724 However, the

mechanisms of action of FGF1 for these activities remain to be
characterized. Thus, we have pursued our study in neuronal-
like PC12 cells. We showed that FGF1 inhibits both
p53-dependent and serum free-medium-induced apoptosis
and exerts its neurotrophic activity by an intracrine pathway in
PC12 cells."” Using the FGF1N-S mutant that is deleted of its
NLS, we showed that the FGF1 nuclear translocation is
required for both its anti-apoptotic and neurotrophic activities.
Intracellular FGF1 regulates p53-dependent apoptosis by
decreasing p53 phosphorylation on serine 15, which is a
marker of its activation, p53-dependent transactivation of
puma, which encodes a pro-apoptotic Bcl-2 family member
required for p53-dependent cell death in PC12 cells, and
caspase-3 activation. All these effects of FGF1 cooperate
to protect PC12 cells from p53-dependent apoptosis. The
FGF12NS mutant, which only presents a cytosolic localiza-
tion, has no effect on p53-dependent apoptosis in PC12 cells.
Altogether, these data suggest that FGF1 regulates
p53-dependent apoptosis and neuronal differentiation by
new intracrine/nuclear pathways."”

The aim of the present paper is to progress in the
characterization of these nuclear pathways. For this purpose,
the activity of new mutated forms of FGF1 in PC12 cells was
examined. We studied the effect of three mutations located
in the C terminus of FGF1 (i.e., FGF1X'32E FGF1S130A gnd
FGF15'3%0) on its intracellular neurotrophic and anti-apoptotic
activities.

Previous studies using recombinant FGF1X'32E showed
that it could bind FGF receptors, induced the mitogen-
associated protein kinase pathway but it induced neither cell
proliferation nor neuronal differentiation.’"'52% However, the
activity of the intracellular FGF1X'2E remained unknown.

We also studied two other mutants of the C-terminal domain
of FGF1. Mutation of the serine 130 into an alanine or aspartic
acid was performed to examine the role of FGF1 phospho-
rylation on FGF1 intracrine activities. Indeed, FGF1 is
phosphorylated on serine 130 by the protein kinase C delta
(PKC$) in the nucleus.?®?” Mutation of this serine into an
alanine abolishes FGF1 phosphorylation, while its mutation
into an aspartic acid mimics FGF1 phosphorylation. Both
recombinant FGF1 mutants could bind FGF receptors, be
internalized in cells and translocated to the nucleus but they
presented a reduced mitogenic activity.?® In the present study,
FGF1K132E FGF1513%A and FGF15'3%P were overexpressed
in PC12 cells to examine their intracellular activities. We
showed that all these FGF1 mutants display a nuclear and
cytosolic localization. However, their activities differed. The
K132E mutation inhibited both neurotrophic and anti-apoptotic
activities of FGF1. Both FGF15'%%4 and FGF15'%°° mutants
could induce PC12 cells neuronal differentiation, whereas only
FGF1513% protected PC12 cells from p53-dependent apop-
tosis. Altogether our study shows that the FGF1 C-terminal
domain is involved in the regulation of both its neurotrophic
and its anti-apoptotic activity and that FGF1 phosphorylation
regulates its anti-apoptotic activity whereas it does not
interfere with its neuronal differentiation activity.
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Results

FGF1K132E expression and subcellular localization. To
progress in the characterization of the intracellular FGF1
pathway, we first examined the cell fate and activity of the
FGF1%'32E mutant in PC12 cells. We stably transfected PC12
cells with dexamethasone-inducible expression vectors
encoding either wild-type (FGF1"T) or mutant (FGF1K32F)
FGF1 (Figure 1a). PC12 cells transfected by the empty vector
served as a control (Neo).

Stable Neo, FGF1VT and FGF1X'32E PC12 cell lines were
cultured in the absence or presence of dexamethasone for
48 h to induce FGF1 expression. FGF1 protein levels were
analyzed by western blot (Figure 1b). Endogenous rat FGF1
was undetectable by western blot in control cells. In the
absence of dexamethasone, FGF1 is detectable in FGF1WT
and FGF1%'32E PC12 cell lines, suggesting that the MMTV-
LTR promoter is leaky in the absence of glucocorticoid
addition. However, a threefold increase of FGF1 levels was
detected in FGF1WT and FGF1X'32E PC12 cells lines after
dexamethasone treatment.

We previously showed that FGF1 nuclear localization is
required for its intracellular activities in PC12 cells.'” To study
FGF1X'32E subcellular localization, cytosolic and nuclear
protein extracts from FGF1WT and FGF1X'32E PC12 cell lines
were analyzed by western blot (Figure 1c). Enolase and Lamin
A/C were used as purity controls for cytosolic and nuclear
fractions, respectively. Both proteins were mainly detected in
their respective fraction. In transfected PC12 cells, FGF1WT
and FGF1X'32E were both detected in cytosolic and nuclear
fractions suggesting that FGF1X'32E can be translocated to
the nucleus, similarly as FGF1'VT.

The K132E mutation inhibits FGF1 neurotrophic activity.
In PC12 cells, intracellular FGF1 induced both neuronal
differentiation and cell survival in serum-free medium.'"'” To
test if the K132E mutation could modify the intracellular FGF1
neurotrophic activity, PC12 cell lines (Neo, FGF1"T and
FGF1X'32E) were cultured for 7 days in the absence or
presence of dexamethasone to induce FGF1 expression. Cell
morphology was then observed by phase contrast micro-
scopy (Figure 2a). In the absence of dexamethasone, PC12
cells (Neo, FGF1"T and FGF1X'32E) presented an undiffer-
entiated phenotype. In the presence of dexamethasone, only
FGF1"WT PC12 cells presented long and ramified neuritis,
which is characteristic of PC12 cells neuronal differentiation.
We also analyzed the neurofilament NF-160 kDa expression
by immunocytochemistry (Figure 2b). After dexamethasone
treatment, this neuronal marker could only be detected in
FGF1WT PC12 cells. To quantify the neurotrophic activity of
both FGF1 forms, the percentage of differentiated clones was
determined in a large population of transfected PC12 clones
in the presence of dexamethasone (Figure 2c). For each
expression vector, four independent transfections were
performed and the morphology of at least 100 G418-
resistant transfected PC12 clones was analyzed. After
10 days of dexamethasone treatment, up to 40% of the
FGF1WT transfected PC12 clones presented a differentiated
phenotype. However, only 4-5% of FGF1K'3E or
Neo-transfected PC12 clones presented a differentiated
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Figure 1

FGF1""32E expression and subcellular localization in PC12 cells. (a) PC12 cells were transfected with pLK-FGF1"'T or pLK-FGF1¥'® dexamethasone-inducible

vectors to overexpress FGF1WT or FGF1K'®%  respectively. The pLK-FGF1¥'3%E vector was generated by site-directed mutagenesis using pLK-FGF1"T (aa 15 to 154) as a DNA
template. The KKPK sequence (aa 23 to 27) is the FGF1 nuclear localization sequence. (b) Neo, FGF1WT, FGF1¥132E PC12 cell lines were cultured in the absence or presence of
5x10~7 M dexamethasone for 48 h. FGF1 expression was analyzed by western blot using the actin level as a control. The presence of dexamethasone increased FGF1 levels in
FGF1"'T and FGF1"32E PC12 cells, no FGF1 was detected in Neo PC12 cells. (¢) FGF1"T and FGF1K'®%E PC12 cell lines were treated with dexamethasone for 48 h. Nuclear
(N) and cytosolic (C) proteins were analyzed by western blot for FGF1, Enolase (cytosolic marker) and Lamin A/C (nuclear marker). Total protein extracts (TE) were used as

controls. FGF1 was detected in all the fractions

phenotype in these conditions. Thus, in contrast to FGF1',
intracellular FGF1¥'32E  does not induce PC12 cells
differentiation.

To determine if the K132E mutation inhibits all aspects of
FGF1 neurotrophic activity, cell survival in the absence of
serum was examined in transfected PC12 cell lines (Neo,
FGF1YT and FGF1X'32E) These cell lines were cultured in
serum-free  medium containing dexamethasone during
11 days (Figure 2d). Cell survival was quantified after crystal
violet nuclei staining. Only FGF1"VT protected PC12 cells from
serum-depletion-induced apoptosis. Most of FGF1K'32E pC12
cells died in the absence of serum, at a similar level to Neo
PC12 cells. Thus, the K132E mutation inhibits the neuro-
trophic activity of intracellular FGF1 in PC12 cells.

The K132E mutation inhibits the FGF1 anti-apoptotic
activity during p53-dependent cell death. We have pre-
viously shown that intracellular FGF1 protects PC12 cells from
p53-dependent apoptosis.'” In this study, we tested the anti-
apoptotic activity of the FGF1%'®2E mutant in this cell death
process. After 2 days of dexamethasone treatment, PC12 cell
lines (Neo, FGF1"T and FGFX'32E) were treated with 50 ug/ml
etoposide to induce p53-dependent apoptosis. Cell survival
after 40 h of etoposide treatment was quantified after crystal
violet nuclei staining (Figure 3a). The percentages of cell
survival for Neo and FGF1%'%2E PC12 cells were of 31 and
33%, respectively, which is not significantly different. By
contrast, FGF1"YT PC12 survival appeared to be significantly
higher (64%) than FGF1X'32E and Neo PC12 cell survival.
We then analyzed different markers of p53-dependent
apoptosis by western blot (Figure 3b). We examined the
levels of serine 15-phosphorylated p53 (a marker of p53
activation), the levels of p53-upregulated modulator of

apoptosis (PUMA; a pro-apoptotic BH3-only protein encoded
by a p53-transcriptional-target gene) and the cleavage of
caspase-3 (i.e., the activation of this caspase). After two days of
dexamethasone treatment, PC12 cell lines (Neo, FGF1"T and
FGF1X132E) were treated with etoposide during 0, 8 and 16 h.
Etoposide addition increased phospho-p53 (P-p53) (Ser15),
PUMA and cleaved caspase-3 levels in all the tested cell lines.
However, all three protein levels appeared lower in FGF1WT
PC12 cells compared with Neo and FGF1%'32E PC12 cells. We
also analyzed the expression levels of the two other p53 target
genes noxa and p21 by RT-PCR (Figure 3c). Etoposide
treatment increased noxa and p21 mRNA levels in all the
tested cell lines. However, this accumulation was lower in
FGF1"T PC12 cells than in native and FGF1%'%2E PC12 cells
for noxa mRNA, which codes for a pro-apoptotic BH3-only
member of Bcl-2 family. No significant difference was detected
for p21 mMRNAs in the different cell lines.

Thus, FGF1WT protects PC12 cells from p53-dependent
apoptosis in contrast to FGF1%'*%E_ |n the presence of
etoposide, FGF1"T decreased p53 activation, p53-dependent
trans-activation of pro-apoptotic genes (PUMA and noxa) and
caspase activation, which resulted in a decrease in cell death.
The K132E mutation of FGF1 decreased all of these effects.

Altogether, our study of the FGF1¥'32E mutantin PC12 cells
showed that the K132E mutation of FGF1 inhibits both its
neurotrophic and anti-apoptotic activities. However, it does not
inhibit its nuclear translocation. Thus, the K132E mutation
probably inhibits a nuclear event required for nuclear FGF1
activities that remains to be determined.

FGF1 phosphorylation does not modify its subcellular
localization in PC12 cells. FGF1 can be phosphorylated on
serine 130 by PKC$ in the nucleus.®?” To determine if FGF1

Cell Death and Disease
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Figure 2 The K132E mutation inhibits FGF1 neurotrophic activity. (a and b) Neo, FGF1"T and FGF1¥'32€ PC12 cell lines were cultured in the absence or presence of
dexamethasone for 7 days. Cell morphology was observed by phase contrast microscopy (a) and Neurofilament NF-160 kDa (a neuronal marker) expression was analyzed by
immunocytochemistry (b). Scale bars, 50 um (a); 25 um (b). (c) PC12 cells transfected by pLK-Neo, pLK-FGF1"T and pLK-FGF1<'*2€ were treated with dexamethasone for
10 days in a selection medium. The clones morphology was examined and the percentage of differentiated clones, which present neuritis longer than cell size, were quantified
from four independent experiments (**P<0.01). (d) Neo, FGF1"T and FGF1¥'%E PC12 cell lines were cultured in the presence of dexamethasone in serum-free medium for
11 days. Cell survival was analyzed by crystal violet nuclei staining. The graph presents the mean of three independent experiments (***P< 0.001). In contrast to FGF1X'%2,

FGF1"T presented a neurotrophic activity
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Figure 3 The K132E mutation inhibits FGF1 anti-apoptotic activity. (a) Neo, FGF1"T and FGF1¥'®F PC12 cell lines were treated with dexamethasone for 48 h. Then, cell
survival after 40 h etoposide treatment was estimated after crystal violet nuclei staining. FGF 1" protected PC12 cells from p53-dependent apoptosis whereas FGF1%"%2E did not
(*P<0.01,**P<0.001, ns P> 0.05, n=4). (b) Neo, FGF1"T and FGF1*'32E PC12 cell lines cultured in the presence of dexamethasone were treated with etoposide for 0, 8 o
16 h. p53 activation (Ser 15 phosphorylation), PUMA expression and caspase-3 cleavage were analyzed by western blot. Actin detection was used as a control. Etoposide
induced upregulation of P-p53 (Ser 15), PUMA and cleaved caspase-3 in all cells. However, these levels were lower in FGF1T PC12 cells compared with FGF1¥'3% and Neo
PC12 cells. (c) Noxa (left panel) and p21 (right panel) mRNA levels were analyzed by RT-PCR in native, FGF1"'T and FGF1¥"%2€ PC12 cell lines after 0, 8 or 16 h of etoposide
treatment in the presence of dexamethasone. The 18 S rRNA levels were used as a control for the quantifications. In contrast to FGF1¥'%%, FGF1"T decreased p53-dependent

up-regulation of noxa mRNA levels (*P<0.5, n=23)

phosphorylation is involved in the regulation of FGF1
intracellular activities, PC12 cells were stably transfected
with FGF1 phosphorylation mutant (FGF1S13°A  or
FGF15'3%P) encoding dexamethasone-inducible expression
vectors (Figure 4a). The S130A mutation prevents FGF1
phosphorylation whereas the S130D mutation mimics
constitutive phosphorylation.

First, FGF1 protein levels were analyzed in PC12 cell lines
(Neo, FGF1WT, FGF15'%%A and FGF1°'3P). These cell lines
were cultured in the absence or presence of dexamethasone
for 48 h to induce FGF1 expression, and FGF1 levels were
analyzed by western blot (Figure 4b). In control PC12 cells, the
level of endogenous FGF1 was undetectable. In the three
other PC12 cell lines (FGF1WT, FGF15'3%A and FGF15'30P),
the level of FGF1 was low in the absence of dexamethasone
and increased in its presence. FGF1WT, FGF1S'3%A and
FGF15'3°C pC12 cell lines expressed similar levels of FGF1 in
the presence of dexamethasone.

After concentration on heparin sepharose, FGF1 was
detected in cell extracts of the different cell lines but not in
the conditioned media, thus showing that FGF1 is not secreted

in these cells (Figure 4c). FGF1 subcellular localization was
then examined in the different PC12 cell lines to determine if
phosphorylation of FGF1 could modify the protein localization.
Cytosolic and nuclear proteins extracted from PC12 cell lines
(FGF1WT, FGF1513°A and FGF15'3%P) cultured in the pre-
sence of dexamethasone for 48 h were analyzed by western
blot (Figure 4d). Total cell lysates were used as positive
controls. Lamin A/C and Enolase detection were used as
nuclear and cytosolic purity controls, respectively. FGF1 is
detected in both nuclear and cytosolic fractions of all FGF1
expressing cell lines. No significant difference in the levels of
nuclear FGF1 was detected between these cell lines
(Figure 4e), which suggests that FGF1 phosphorylation does
not modify FGF1 nuclear localization in PC12 cells.

Wild-type and phosphorylation mutant forms of FGF1
induce PC12 cell neuronal differentiation. To determine
the differentiation activity of FGF1 phosphorylation mutant
forms, the percentage of differentiated clones was
determined from a large population of transfected PC12
clones, as described above (Figure 5a). After 12 days of

Cell Death and Disease
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Figure 4 Expression and subcellular localization of wild-type and phosphorylation mutant forms of FGF1. (a) PC12 cells were transfected with the pLK-FGF1"'T, pLK-
FGF15"3 or pLK-FGF15"% dexamethasone-inducible vectors to respectively overexpress FGF1"'T, FGF15™%% or FGF15™, The pLK-FGF15'3%* and pLK-FGF1°13%
vectors were generated by site-directed mutagenesis. (b) Neo, FGF1"'T, FGF15'%% and FGF15'3%® PC12 cell lines were cultured in the absence or presence of 5x 10~ M
dexamethasone for 48 h. FGF1 expression was analyzed by western blot using actin level as a control. The presence of dexamethasone increased FGF1 levels at comparable
levels in the different PC12 cells transfected to express one of the different FGF1 forms. (c) After heparin sepharose concentration, FGF1 levels in cell extracts and conditioned

media of native, Neo, FGF1

WT FGF1513%% and FGF15'%%P PC12 cells were examined. (d) FGF1YT, FGF15"%%A and FGF15'3%° PC12 cell lines were treated with dexamethasone

for 48 h. Nuclear (N) and cytosolic (C) proteins were analyzed by western blot for FGF1, Enolase (cytosolic marker) and Lamin A/C (nuclear marker). Total protein extracts (TE)
were used as controls. FGF1 was detected in all the fractions. (e) Quantification of the levels of FGF1 normalized to Lamin A/C levels in the total lysates and nuclear fractions of

three independent experiments

dexamethasone treatment, about 60% of the FGF1W'-,
FGF1S'3%A. and FGF15'3%.transfected PC12 clones pre-
sented a differentiated phenotype, suggesting that FGF1
phosphorylation mutants could induce PC12 cell differentia-
tion as well as wild-type FGF1.

To confirm this result, PC12 cell lines expressing FGF
FGF1S13%A or FGF15'3%C were cultured in the absence or
presence of dexamethasone for 3 days and cell morphology
was observed by phase contrast microscopy (Figures 5b and
c). In the absence of dexamethasone, FGF1VT-, FGF1S130A.
and FGF15'3%.expressing PC12 cell lines presented an
undifferentiated phenotype. By contrast, all these cell lines
presented long and ramified neuritis after dexamethasone

1WT

Cell Death and Disease

treatment. Overexpression of FGF1WT, FGF1S13%4 or
FGF15'3% induced PC12 cell differentiation at a level which
was comparable to the differentiation induced by the addition
of recombinant FGF1 (rFGF1) in the culture medium.
However, the addition of either an inhibitor of FGF
receptors (PD173074) or a neutralizing antibody targeting
FGF1 (AF232) in the culture medium strongly decreased
rFGF1-induced PC12 cell differentiation, but had no effect on
FGF1WT, FGF15'3%4 and FGF15'%°P PC12 cell differentiation,
confirming an intracellular mode of action of FGF1 and its
mutants in our PC12 cell lines (Supplementary Figures 1-4).
Altogether, our experiments show that the mutation of serine
130 to an alanine or aspartic acid does not modify the
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longer than cell size, were quantified from three independent experiments (**P< 0.001). (b) FGF1"T, FGF15'3%* and FGF15'%° PC12 cell lines were cultured in the absence or
presence of dexamethasone for 3 days and the cell morphology was observed by phase contrast microscopy. Scale bar, 50 um. (c) Quantification of differentiation in FGF1"'T,
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Figure 6 FGF1 phosphorylation inhibits its anti-apoptotic activity. (a and b) Neo, FGF1"T, FGF15%°A and FGF15'3P PC12 cell lines were treated with dexamethasone for
48 h. p53-dependent apoptosis was then induced by etoposide treatment during 40 h. (a) Cell survival was estimated by crystal violet nuclei staining (**P<0.01, ***P<0.001, ns
P>0.05, n=#6). (b) Apoptosis (percentage of apoptotic nuclei) was estimated after Hoechst nuclei staining (*P< 0.05, **P<0.01, ns P>0.05, n=3). FGF1"' and FGF 1513
protected PC12 cells from p53-dependent apoptosis in contrast to FGF15"*%®. (c) Neo, FGF1"'T, FGF15%% and FGF15'3%® PC12 cells cultured in the presence of
dexamethasone were treated with etoposide for 0, 8 or 16 h. The levels of P-p53 (Ser 15), PUMA and cleaved caspase-3 were detected by western blot. Actin was used as a
loading control. FGF1"T, FGF15'3% and FGF15'® decreased etoposide-induced upregulation of these different apoptotic markers. The stronger effect was observed for the

unphosphorylable FGF1

differentiation activity of intracellular FGF1 in PC12 cells,
indicating that FGF1 phosphorylation does not regulate this
activity.

FGF1 phosphorylation inhibits its anti-apoptotic activity
in p53-dependent cell death. We previously showed that
intracellular FGF1WT protects PC12 cells from p53-
dependent apoptosis and that both ANLS and K132E FGF1
mutations inhibit this anti-apoptotic activity (Rodriguez-
Enfedaque et al.'” and the present study). To determine if
phosphorylation modulates FGF1 anti-apoptotic activity,
PC12 cells (Neo, FGF1WT, FGF15'3%A and FGF15'3°C) were
cultured in the presence of dexamethasone for 48 h before
the addition of etoposide to induce p53-dependent apoptosis.
Cell survival after 40 h of etoposide treatment was analyzed
after crystal violet nuclei staining (Figure 6a). As previously
shown, about 60% of FGF1WT PC12 cells survived, whereas
this percentage fell to 30% for Neo PC12 cells. Expression of
the non-phosphorylable FGF15'3° highly protected PC12
cells against etoposide-induced apoptosis. Indeed, up to
80% of FGF15'%%A PC12 cells survived in these conditions.
By contrast, expression of the phosphomimetic form
FGF15'3%C did not protect PC12 cells from cell death, as
similar levels of survival were observed with both Neo and
FGF1513%° pC12 cells. To confirm this result, we quantified
the percentage of condensed and fragmented apoptotic
nuclei after Hoechst staining, which characterizes late-stage
apoptosis, on the different etoposide-treated PC12 cells
(Figure 6b). The percentage of apoptotic nuclei was similar in
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FGF1"T and FGF1S13%" PC12 cell lines. It was significantly
reduced in these cells when compared with Neo and
FGF15'3%P pC12 cells. Altogether, these different experiments
show that FGF15'3°* protects PC12 cells from etoposide-
induced apoptosis, which contrasts from FGF15'3P,

We then examined p53 phosphorylation, p53-dependent
trans-activation of PUMA and capase-3 cleavage in Neo,
FGF1WT, FGF15'%%% and FGF15'3°° PC12 cell lines after 0, 8
or 16 h of etoposide treatment (Figure 6¢). In Neo PC12 cells,
the levels of P-p53 serine 15 (Ser 15), PUMA and cleaved
caspase-3 increased after etoposide treatment in a time-
dependent manner. These increases were reduced in FGF1-
expressing PC12 cells compared with Neo PC12 cells. The
stronger effect on these apoptotic markers was observed for
the unphosphorylable FGF15'3%A  |nterestingly, FGF15130P
had a slight effect on these different makers, but remained
unable to protect PC12 cells from p53-dependent apoptosis.
Altogether, our study showed that the unphosphorylable
FGF15'3%A protects PC12 cells from p53-dependent apopto-
sis by acting efficiently at different levels of this cell death
process, in contrast to the phosphomimetic FGF1513°D,
Therefore, it appears that phosphorylation inhibits FGF1
anti-apoptotic activity.

Discussion

We have previously shown that FGF1 mediates neurotrophic
and anti-apoptotic activities in PC12 cells by an intracrine
pathway that requires FGF1 nuclear translocation."'” In the
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Figure 7 Intracellular activities and subcellular localization of wild-type (FGF1") and mutant FGF1 forms (FGF1%'3%5, FGF1513%% FGF15'%%0) (a) Intracellular FGF1""
induced PC12 cells neuronal differentiation. Only the K132E mutation inhibited this activity. (b) Intracellular FGF1"T and FGF15'3%* protected PC12 cells from p53-dependent
apoptosis, in contrast to FGF1'%2E and FGF15%, Al these FGF1 forms presented both a nuclear and a cytosolic localization

present study, we examined the activities of FGF1 mutant
forms affected in their C-terminus (FGF1X'32E FGF1513%A and
FGF15'3%P; Figure 7). We showed that all these mutants
displayed a nuclear and cytosolic localization but differed in
their activities. Indeed, the K132E mutation inhibited FGF1
neurotrophic and anti-apoptotic activities, whereas changing
serine 130 into an alanine or aspartic acid did not alter FGF1-
induced differentiation. Interestingly, the S130D mutation
decreased the inhibitory activity of FGF1 on p53-dependent
cell death, whereas the S130A mutation seemed to reinforce
this activity. Altogether, our data show that the C-terminal
domain of FGF1 is crucial for FGF1 intracellular activities.
FGF1 nuclear translocation was not affected, suggesting that
the observed effects are not related to differences in nucleo-
cytoplasmic distribution of the mutated forms of FGF1.
Furthermore, as FGF1 nuclear translocation is required for
its neurotrophic and anti-apoptotic activities,'” these results
imply that nuclear events, which are mitigated by the serine
130 and/or lysine 132 mutations, are required for FGF1
intracellular activities. These nuclear events could be FGF1
post-translational modifications and/or protein—protein inter-
actions with regulators of cell differentiation and survival, such
as transcriptional factors.

FGF1 had previously been shown to be post-translationally
modified by methylation and phosphorylation. Indeed, FGF1
can be methylated on 3 of its 12 lysine residues.?® In vitro
reduction of bovine-purified FGF1 methylation reduced both
FGF1 affinity for heparin and its mitogenic activity when added
to the culture medium of Balb/C 3T3 cells. The lysine 132 that
is mutated in our study is one of the lysines that could be
methylated (referred as Lysine 118 in Harper and Lobb?®). The
recombinant FGF1¥'*2E mutant was studied by different
laboratories.''® This mutation was shown to inhibit FGF1
interaction with heparin and both FGF1 mitogenic and
neurotrophic activities. However, recombinant FGF1K'32E
could interact with FGF receptors and activate the mitogen-
associated protein kinase pathway, just as recombinant wild-
type FGF1.""2® This suggests that the absence of activity of
this mutant does not rely on an inhibition of its interaction with
heparin. Moreover, recombinant FGF1X'32E can be interna-
lized by cells and translocated in the nucleus, like recombinant
FGF1WT, but it fails to induce DNA synthesis in various cell
types.'® We show here that intracellular FGF1X'32E can

translocate to the nuclear compartment like wild-type FGF1,
but fails to induce PC12 cell differentiation and survival after
serum depletion or p53-dependent apoptosis. Klingenberg
et al.’® proposed that mutation of lysine 132 could interfere
with FGF1 phosphorylation. Our study of the phosphorylation
mutant forms of FGF1 (FGF15'3%4 and FGF15'3%%) in PC12
cells, which presented different activities from FGF1¥132E
does not support this hypothesis. Thus, we favor the
hypothesis that this mutation modifies the FGF1 ternary
structure or interactions between FGF1 and nuclear proteins
required for its activity. These modifications remain to be
characterized.

FGF1 was previously shown to be phosphorylated on its
serine 130 by PKCS$ in the nucleus.?®?” The effect of adding
recombinant FGF15'3°A and FGF15'3°E in the culture medium
was previously analyzed by Wiedlocha's team.2”?® Both
recombinant FGF1 mutants were shown to bind FGF
receptors, internalize and translocate in the nucleus, as well
as to promote DNA synthesis, like recombinant FGF1"T.
However, the phosphomimetic FGF15'3°E was shown to be
exported to the cytosol after nuclear translocation, to be
degraded. In contrast, FGF15'3% remains in the nucleus,
suggesting that FGF1 phosphorylation is involved in this
cytosolic export process.?” We showed that FGF1T,
FGF15"3% and FGF15'3°P could be translocated in the
nucleus of PC12 cells. Quantification of nuclear FGF1 levels
in our cell lines did not reveal any significant difference,
suggesting that FGF1 phosphorylation did not interfere with
FGF1 nuclear localization in PC12 cells. Different hypotheses
could explain the discrepancies between both studies.
Different cell types and different mutations were used to mimic
FGF1 phosphorylation; another possible explanation is that
recombinant internalized FGF1 and intracellular FGF1 display
different regulations and fates in the cell.

The results reported here strongly suggest that phosphor-
ylation inhibits FGF1 protection against p53-dependent
apoptosis. A similar result has also been obtained using the
human neuroblastoma SHSY-5Y cell line (data not shown). As
FGF1 is a survival factor for a large range of cell types'"1224
and is overexpressed in various tumors,'®*°2 it would be
interesting to characterize the nuclear events involved in the
FGF1 anti-apoptotic activity (i.e., nuclear protein interactions
and/or transcriptional regulations) that are affected by FGF1
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phosphorylation. Other growth factors (FGF2 and FGF3) and
growth factor receptors (FGFR1 and EGFR (epidermal growth
factor receptor)) could also mediate their activity by an
intracrine/nuclear pathway.>®33-36 As most of these nuclear
growth factors and/or receptors could exert oncogenic
activities, the study of these nuclear pathways could be crucial
to identify key regulators involved in tumor progression and/or
resistance to radio- and/or chemo-therapy.

Materials and Methods

Cell culture and drugs. PC12 cells, a rat pheochromocytoma-derived cell
line® (originally obtained from P. Brachet, Angers), were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS),
5% horse serum (HS), 100 xg/ml penicillin, 100 U/ml streptomycin and 1%
Glutamax at 37°C in a humidified atmosphere of 5% CO, as previously
described.'” PC12 cells transfected with inducible FGF1 expression vectors (pLK-
Neo, pLK-FGF1"T, plK-FGF1¥'%E  pLK-FGF15'®A and pLK-FGF15'%) were
maintained in DMEM supplemented with serum depleted in glucocorticoid as
previously described.'” FGF1 expression in transfected cells was induced by
5x10~7 M dexamethasone (Tebu). Etoposide (50 ug/ml, Sigma-Aldrich, St Louis,
MO, USA, E1383) was used to induce p53-dependent apoptosis.

PC12 cells transfection. Dexamethasone-inducible mutant FGF1 expression
vectors were generated using QuickChange Il XL Site-Directed Mutagenesis
Kit (Agilent Technologies, Santa Clara, CA, USA) according to the protocol of the
manufacturer. We used the pLK-FGF1"T vector as a DNA template to generate
pLK-FGF1K1%2E L K-FGF1573% and pLK-FGF15'3% with specific primers.

PC12 cells were transfected with 10 ug of the different vectors and 60 ul of
Lipofectin reagent (Life Technologies, Carlsbad, CA, USA) in 100 mm diameter Petri
dishes as previously described." Two days after transfection, cells were trypsinized
and replated in four 100 mm diameter Petri dishes with a selection medium, which
contains 0.5 mg/ml G418 (Life Technologies) in a glucocorticoid-depleted culture
medium. After 15 days of selection, geneticin resistant colonies appeared whatever
the expression vector used. WT and mutant FGF1-transfected PC12 cell lines were
isolated and amplified for further analysis.

PC12 cells neuronal differentiation. For each transfection, cells were
treated with 5x10~7 M dexamethasone in a selection medium to induce FGF1
expression. After 10-12 days of treatment, the cell morphology was observed by
phase contrast microscopy. The number of non-differentiated clones (composed of
cells with no neuritis extension or extensions smaller than the size of the soma) and
differentiated clones (composed of cells extending neuritis longer than the size of
the cell body) were quantified. For each expression vector, four independent
experiments were performed and at least 100 clones were examined by plate.

PC12 cell neuronal differentiation was also examined in stable PC12 cell lines
after 3-7 days of 5x10~7 M dexamethasone treatment by phase-contrast
microscopy using a Nikon TMS microscope. Pictures were taken with a Nikon D50
camera and the percentage of differentiated PC12 cells was determined.
Differentiation of PC12 cells after addition of 100 ng/ml of recombinant FGF1
(R&D Systems, Minneapolis, MN, USA) and 10 .g/ml of Heparin in the culture media
was performed as a control. In some of the experimental conditions, 10-100 nM of
PD173074 (R&D systems) were added to inhibit FGF receptors and test the
differentiation of PC12 cells after overexpressing FGF1 or treating with recombinant
FGF1. We also tested the effect of an anti-FGF1 antibody (AF232, R&D Systems)
added at a concentration of 12.5 and 25 pg/ml in the culture media to measure its
neutralizing potency on the differentiation activity of recombinant FGF1 (25 and
50 ng/ml) or overexpressed FGF1in PC12 cells. We also examined the expression of
the 160 kDa form of Neurofilament (NF-160, N5264, Sigma-Aldrich) by immunocy-
tochemistry as a marker of neuronal differentiation (previously described in
Rodriguez-Enfedaque et al.'”).

Nucleo-cytoplasmic fractionation. Cell fractionation was performed with
NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Scientific).
About 107 cells were used, according to the protocol of the manufacturer. Fractions
were then analyzed by western blot to detect FGF1, Enolase and Lamin A/C in the
different fractions.
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Cell survival analysis by crystal violet nuclei staining. PC12 cell
lines were plated in 12-multiwell plates with 5x 10~7 M dexamethasone. When the
cells reached 70% confluence, 50 xg/ml etoposide was added to the medium to
induce p53-dependent apoptosis (as previously described Bouleau et al'®). Cell
viability was estimated using the crystal violet method (0.1% crystal violet, 0.1 M
citric acid) after 40 h of etoposide treatment.

Cell survival in the absence of serum was also analyzed by crystal violet nuclei
staining. PC12 cell lines were plated in the presence of dexamethasone in low-serum
medium (1% FCS and 0.5% HS) to permit cell attachment. Four days later, the cells
were cultured for further 11 days in serum-free medium. Percentages of cell survival
were determined after crystal violet nuclei staining as described above.

Apoptosis analysis by hoechst staining assay. Morphological
changes in the nuclear chromatin of cells undergoing apoptosis were detected by
Hoechst 33342 staining. WT and mutant FGF1-transfected PC12 cells were grown
on glass coverslips in 6-well plates. After 48 h of dexamethasone treatment, 50 pg/
ml etoposide was added to the medium to induce p53-dependent apoptosis during
40 h. Cells were then fixed with 3.7% PBS-formaldehyde for 20 min at room
temperature. Fixed cells were washed with PBS and incubated with 10 pg/ml
Hoechst for 5 min and analyzed by epifluorescence microscopy. Pictures were taken
on a DMR Leica microscope equipped with an Olympus DP70 photo camera. For
each cell line, about 1000 nuclei were analyzed to quantify the number of
condensed and/or fragmented nuclei (late marker of apoptotic cells) reported to the
total number of nuclei.

Western blot analysis. PC12 cell lines were plated in 60 mm dishes in
the absence or presence of 5x10™7 M dexamethasone. After 48h of
dexamethasone treatment, cells were incubated with 50 xg/ml etoposide to induce
p53-dependent apoptosis. After different etoposide treatment times (0, 4, 8 or 16 h),
cells were harvested, lysed and frozen at —20°C. Proteins (10-20 ug)
were analyzed by western blot (as previously described'”). The primary antibodies
used in this study were anti-FGF1 (AB-32-NA, R&D Systems), anti-p53-P (Ser-15)
(9284, Cell Signaling, Danvers, MA, USA), anti-PUMA« (N-19, Santa Cruz, Dallas,
TX, USA), anti-cleaved Caspase-3 (Asp175, Cell Signaling), anti-actin (A20686,
Sigma-Aldrich), anti-Lamin A/C (2032, Cell Signaling) and anti-Enolase (C-19,
Santa Cruz).

To test the presence of FGF1T, FGF15'® and FGF15'%P in the conditioned
media, FGF1 heparin sepharose concentration was performed. Briefly, 120 ng of total
cell extract proteins or the equivalent fraction of conditioned media (usually about
1 ml) from dexamethasone-treated PC12 cell lines was incubated with 150 pl of
heparin sepharose (CL-6B, GE Healthcare, Little Chalfont, UK) in PBS containing
0.66 M NaCl and protease inhibitors (dilution 1/100, Roche, Basel, Switzerland). After
one night of fixation at 4 °C, the heparin sepharose was washed three times with the
binding buffer, and the heparin-binding proteins were then eluted in 60 I NuPage
LDS sample buffer 2x (Life Technologies) containing 100 mM DTT at 96 °C for
10 min.

noxa and p21 mRNA analysis by RT-PCR assay. PC12 cell lines were
plated in 100-mm dishes in the presence of 5x 10 ~7 M dexamethasone. After 48 h
of dexamethasone treatment, cells were incubated with 50 ug/ml etoposide to
induce p53-dependent apoptosis. After different etoposide treatment times (0, 8 or
16 h), total RNAs were extracted using the guanidium isothiocyanate method. RT-
PCR was performed to examine the levels of noxa and p21 mRNA as previously
described.*® The quantifications of noxa and p27 mRNA were normalized with
respect to 18S rRNA levels.

Statistical analysis. Each bar of the different graphs indicates the average
measure and standard deviation of the mean of at least three independent
experiments, and P-values are from paired two-tailed Student’s ttests.
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