c-Fos activates and physically interacts with
specific enzymes of the pathway of synthesis
of polyphosphoinositides
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ABSTRACT The oncoprotein c-Fos is a well-recognized AP-1 transcription factor. In addition,
this protein associates with the endoplasmic reticulum and activates the synthesis of phos-
pholipids. However, the mechanism by which c-Fos stimulates the synthesis of phospholipids
in general and the specific lipid pathways activated are unknown. Here we show that induc-
tion of quiescent cells to reenter growth promotes an increase in the labeling of polyphos-
phoinositides that depends on the expression of c-Fos. We also investigated whether stimula-
tion by c-Fos of the synthesis of phosphatidylinositol and its phosphorylated derivatives
depends on the activation of enzymes of the phosphatidylinositolphosphate biosynthetic
pathway. We found that c-Fos activates CDP-diacylglycerol synthase and phosphatidylinositol
(PtdIns) 4-kinase Il o in vitro, whereas no activation of phosphatidylinositol synthase or of
Ptdins 4-kinase Il B was observed. Both coimmunoprecipitation and fluorescence resonance
energy transfer experiments consistently showed a physical interaction between the N-termi-
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nal domain of c-Fos and the enzymes it activates.

INTRODUCTION

The protein c-Fos was first described more than 15 years ago as
a member of the AP-1 family of inducible transcription factors
(Morgan and Curran, 1995). The expression of c-Fos is tightly regu-
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lated. It is found at its limit of detection in quiescent cells, whereas
its expression is rapidly and transiently induced in cells stimulated to
reenter growth (Angel and Karin, 1991; Morgan and Curran, 1995;
Caputto and Guido, 2000). c-Fos is a 380-amino acid protein with
two well-established domains: the basic domain (BD), spanning
from amino acid 139 to 160, and the leucine zipper domain (LZ),
from amino acid 165 to 211. The BD domain is responsible for DNA
binding, whereas LZ is a leucine-repetition region that allows het-
erodimerization but not homodimerization of c-Fos with other leu-
cine-zipper proteins such as c-Jun to form AP-1 transcription factors
(Angel and Karin, 1991).

Like other transcription factors, c-Fos is imported into the nu-
cleus as an AP-1 dimer (Angel and Karin, 1991; Shaulian and Karin,
2002). However, an increasing number of reports show the presence
of c-Fos and of other immediate early genes in the cytoplasm. Cyto-
plasmic c-Fos is found in stimulated retina ganglion cells (Guido
etal., 1996; Bussolino et al., 1998), growing NIH 3T3 cells (Bussolino
et al., 2001), frog primary spermatogonia (Cobellis et al., 2002),
PC12 cells induced to differentiate (Gil et al., 2004), and tumors of
the nervous system (Silvestre et al., 2010). The dependence of pro-
liferation and growth on c-Fos-activated phospholipid synthesis was
shown both in culture in differentiating PC12 cells, which require this
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FIGURE 1: Pathway of synthesis of PtdInsP. The reactions examined
leading to the formation of PtdInsP starting from PtdOH are
depicted. Note that PtdOH, in addition to being conveyed to
CDP-DAG, can be channeled to DAG and the Kennedy pathway of
phospholipid synthesis. Because this pathway is not examined, it was
not included in the figure.

activation to sustain neurite elongation (Gil et al., 2004), and in vivo
for the development of tumors in the central and peripheral nervous
system (Silvestre et al., 2010).

The regulation of the activation of phospholipid synthesis by c-
Fos is attained at least at two distinguishable levels: One is the very
precise regulation the cell imposes on the amount of c-Fos it con-
tains. The other is determined by regulating the association/disso-
ciation state of c-Fos to the endoplasmic reticulum (ER). Only ER-
associated c-Fos activates lipid synthesis. In quiescent T98G cells,
the very low amounts of c-Fos contained by the cells is phosphory-
lated on tyrosine residues 10 and 30; in such a condition, c-Fos is
dissociated from the ER membranes, and no phospholipid synthesis
activation is observed. However, inducing cells to grow promotes
abundant c-Fos expression; under these conditions, c-Fos is de-
phosphorylated, and it associates to ER membranes and activates
phospholipid synthesis (Portal et al., 2007). The association of c-Fos
to the ER results in the activation of phosphatidic acid phosphatase
and lysophosphatidic acid acyl transferase Il but not of phosphati-
dylserine (PtdSer) synthase | or Il (de Arriba Zerpa et al., 1999).

Data from our laboratory showed that induction of quiescent fi-
broblasts to reenter growth promoted an increase in c-Fos expres-
sion and a concomitant increase in the labeling of polyphospho-
inositides (Bussolino et al., 2001). Consequently, in the present study
we first determined that this activation is dependent on c-Fos ex-
pression. Then we examined which enzymes of the pathway of syn-
thesis of phosphatidylinositolphosphate (PtdInsP) are activated by
c-Fos. Because when activating lipid synthesis c-Fos is found associ-
ated to the ER, we also examined whether a physical association is
occurring between c-Fos and the enzymes it activates.

Results of experiments of coimmunoprecipitation and fluores-
cence resonance energy transfer (FRET) reveal that c-Fos associates
with the enzymes CDP-diacylglycerol (DAG) synthase (CDS) and
phosphatidylinositol (Ptdins) 4-kinase Il o (Pl4Klla). On the other
hand, no association with and no activation of phosphatidylinositol
synthase (PIS) or of Ptdins 4-kinase I B (P14KIIB) were observed.

RESULTS

Effect of c-Fos on PtdInsP and
phosphatidylinositolbiphosphate synthesis in vivo

In eukaryotic cells, phospholipid synthesis occurs via two major path-
ways: one leads to the formation of Ptdins and its phosphorylated
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derivatives, and the other leads to the formation of phosphatidyle-
thanolamine (PtdEth), phosphatidylcholine (PtdCho), and PtdSer
through the Kennedy pathway (Figure 1). As stated previously, we
found that induction of quiescent NIH 3T3 fibroblasts to reenter
growth concomitantly promoted an increase in the synthesis of the
polyphosphoinositides (PtdInsP’s) and of c-Fos expression (Bussolino
et al., 2001). Thus we first examined whether there is a direct effect
of c-Fos expression on the synthesis of polyphosphoinositides. To
this end, we determined the synthesis of PtdInsP and phosphati-
dylinositolbiphosphate (PtdIsPy) in quiescent and growing cells ex-
pressing or not expressing c-Fos. As expected, the addition of fetal
bovine serum (FBS) to quiescent cell cultures promoted an increase
in PtdinsP’s labeling and an increase in c-Fos expression (Figure 2).
Furthermore, this increase in lipid labeling was dependent on the
expression of c-Fos, since specifically blocking its expression by us-
ing a c-Fos mRNA antisense oligonucleotide almost completely ab-
rogated the increase in PtdInsP’s labeling (Figure 2, A and B).

Effect of recombinant c-Fos on the activity of PtdInsP’s
synthesizing enzymes

To obtain information on the mechanism of the c-Fos—promoted
activation of polyphosphoinositide synthesis, we directly measured
the effect of purified c-Fos on the enzymatic activities of the first
three biosynthetic steps in vitro in the presence of exogenous ac-
ceptors and the addition or not of c-Fos to the assay. The first step
of PtdInsP synthesis in the ER is the conversion of phosphatidic acid
(PtdOH) into CDP-DAG, a reaction catalyzed by the enzyme CDS.
CDS is a membrane-bound protein highly dependent on Mg?*
(reviewed in Heacock and Agranoff, 1997). The next step is the con-
version of CDP-DAG into PtdIns by the enzyme PIS, a small, ER-lo-
cated, transmembrane enzyme (Antonsson, 1997). The last enzyme
examined belongs to the family of Ptdins kinases (PIKs) that phos-
phorylate the OH of the inositol ring in positions 3, 4, and 5 (Martin,
1998; Balla et al., 2002). Of the different individual kinases described
(Balla and Balla, 2006), Pl4K is the most abundant.

CDS and PIK but not PIS are activated by c-Fos

Conditions of linearity with the incubation time were established for
each reaction using quiescent NIH 3T3 cell homogenate with or
without the addition of recombinant c-Fos to the incubates. The
purity of the recombinant c-Fos preparation and the optimal con-
centrations required for activation of each enzyme were also deter-
mined (Supplemental Figure S1).

CDS activity assayed using *H-CTP and dioleoyl-PtdOH as sub-
strates (Lykidis et al., 1997) was linear up to at least 60 min of incuba-
tion (Figure 3A). At all times assayed, higher amounts of CDP-DAG
were formed in the +Fos as compared with the —Fos assays. PIS
enzyme activity was determined in vitro using 3H-myoinositol to la-
bel PtdIns. Ptdins formation was linear up to 15 min, the longest
time assayed (Figure 3B). Formation of PtdInsP was determined at
25°C; even at that temperature no clear linearity was attained
(Figure 3C). In any case, time curves show an increased enzyme ac-
tivity for CDS (>50%) when assayed in the presence of c-Fos as com-
pared with those in the absence of c-Fos at all times. Essentially the
same result was obtained for PIK. By contrast, no differences were
observed for PIS activity between +Fos and —Fos assays at any incu-
bation time or after the addition of increasing concentrations of
c-Fos to the assays (concentrations assayed varied from 0.5 to 3 ng
of c-Fos/ug of quiescent NIH 3T3 cell homogenate protein; Supple-
mental Figure S1).

Kinetic parameters (K, and V;,,.,) for both CDP-DAG and Ptdins
synthesis were determined in the presence and the absence of
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FIGURE 2: Effect of blocking c-Fos expression on the labeling of
PtdInsP and of PtdInsP, in culture. Quiescent NIH 3T3 cells were
pulsed with ¥2P-orthophosphate 15 min before harvesting. Cells
induced to reenter growth were fed with FBS 7.5 min prior to
harvesting. c-fos mRNA antisense (AS) or scrambled (S)
oligonucleotides (1 pg/ml culture medium) were added to the cultures
30 min prior to addition of 32P-orthophosphate. As a control, cells
cultured without FBS were fed AS or S, and in no case were
modifications observed in lipid labeling (data not shown). In-culture
labeling of PtdinsP (A) or of PtdinsP; (B) in the presence (+AS) or the
absence (—AS) of AS in growing (+FBS) as compared with quiescent
(—=FBS) cells or to cells cultured with S. Results are the mean of five
determinations performed in duplicate + SD. *p < 0.005 as
determined by one-way analysis of variance with Tukey post test.
(C) Note the decrease in c-Fos expression after culturing cells in the
presence of AS as determined by Western blot for cells used in A and
B. Bottom, o-tubulin as a loading control.

+
+

c-Fos. Addition of recombinant c-Fos to the assays results in a sig-
nificantly higher amount of 3H-CDP-DAG formation at all PtdOH
concentrations assayed (Figure 4A). This increase was the result of
more than doubling the V;,,, of the reaction without substantially
modifying the K, for PtdOH (K,: —=Fos, 1.33 uM; +Fos: 1.57 uM;
Vinax €xpressed as nmol/mg protein min: —Fos, 15.75; +Fos, 34.34;
Figure 4A, inset).

As with CDS, the kinetic parameters of PIK also evidenced a
similar increase in Vi,ax wWith no substantial modification in K,
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FIGURE 3: Effect of c-Fos addition on CDS, PIS, and PI4K activities.
To establish linear conditions, time curves for the synthesis of
CDP-DAG (A), PtdIns (B), and PtdInsP (C) were performed using
homogenate prepared from quiescent cells as enzyme source. Assays
were performed in the presence or the absence of c-Fos resuspended
in elution buffer; an equal volume of elution buffer was added to
assays carried out in the absence of c-Fos. (A) Formation of CDP-DAG
was measured in the presence (®) or the absence (0) of 0.5 pg of
c-Fos/mg of cell homogenate and 3H-CTP. (B) PIS activity for PtdIns
formation was measured in the presence (®) or the absence (0) of 1 pg
of c-Fos/mg of cell homogenate and 3H-inositol. (C) PIK activity was
determined in the presence (®) or the absence (0) of 1 pg of c-Fos/mg
of cell homogenate and 0-32P-ATP. All results are the mean + SD of at
least two experiments performed in triplicate. Note the increased
activity of CDS and PIK in the presence of c-Fos with respect to assays
in the absence of c-Fos.

values in the presence or in the absence of c-Fos (K: —Fos,
253.74 uM; +Fos, 331.01 pM; Vo, expressed as pmol/mg pro-
tein min: —Fos, 3.96; +Fos, 8.53; Figure 4B, inset). It should be
noted that the highest amount of c-Fos added to the incubates
(1 ng/pg of homogenate protein) corresponds to a concentration
of ~10% molecules of c-Fos/cell. This concentration is comparable
to the amount of c-Fos calculated by Kovary and Bravo (1992) to
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FIGURE 4: Kinetic parameters of CDS and PIK in the presence or the
absence of c-Fos. Enzyme activities were determined as indicated in
Figure 2. (A) For CDS activity, determinations were carried out for

20 min using increasing concentrations of dioleoyl-PtdOH as
indicated. (B) PIK activity was determined at 10 min using increasing
concentrations of PtdIns as indicated. Results are the mean + SD of
two experiments performed in triplicate. Insets, Lineweaver—Burk
plots for K, and V,,.« calculations.

be present in fibroblasts when c-Fos expression is induced
(103-10° molecules of c-Fos/cell).

Depressing the expression of CDS1 or Pl4Klla abrogates
the activation of PtdInsP and PtdInsP, labeling promoted

by FBS, whereas blocking PI4KIIB has no effect

It was considered important to assess the involvement of the en-
zymes CDS1 and the two type Il isoforms of PI4K, Pl4Klle: and
PI4KIIB (Tolias and Cantley, 1999; Barylko et al., 2002; Wei et al.,
2002; Balla and Balla, 2006), in determining the rate of PtdInsP and
PtdInsP, formation in vivo. For this, we determined the labeling of
these lipids in culture in quiescent and growing cells treated with
appropriate small interfering RNA (siRNA) to depress the expression
of these enzymes as compared with control cells with normal en-
zyme expression. As expected, the addition of FBS to the control
cultures promoted an increase in PtdinsP and PtdInsP, formation
that was abrogated in siRNA-treated cells with depressed CDS1 or
Pl4Kllow expression (Figure 5, A and B). In contrast, no effect on Pt-
dInsP and PtdInsP, formation was observed when PI4KIIB expres-
sion was depressed (Figure 5, A and B, last two columns). Figure 5C
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FIGURE 5: Effect of depressing the expression of CDS1, Pl4Kllo., or
P14KIIB on PtdinsP and PtdInsP; labeling in culture. For depressing
CDS1, Pl4Kllo, or PI4KIIB expression, cells were fed the
corresponding siRNA for 3 d, after which quiescent cells were
pulsed with 25 uCi/ml of 32P-orthophosphate for 15 min. Cells were
stimulated to grow by the addition of FBS to the culture medium or
maintained quiescent (in the absence of FBS); at 7.5 min after FBS
addition, quiescent and growing cells were harvested and labeling in
PtdInsP and PtdInsP;, determined. (A) PtdInsP labeling and (B)
PtdInsP; labeling in culture in growing cells (+FBS 7.5 min) as
compared with quiescent cells mock transfected (black) or
transfected with the appropriate siRNA to depress the expression of
CDS1 (white), Pl4Kllo (light gray), or PI4KIIB (dark gray) as indicated.
Results are the mean of two independent experiments £ SD. *p <
0.05, **p < 0.01, as determined by two-way analysis of variance with
Bonferroni post test. In addition, cells transfected with nontargeting
siRNA were examined, and no difference with respect to mock-
transfected cells was observed (data not shown). (C) Cells mock
transfected (first column) or transfected to depress the expression
of CDS1 (second column), Pl4Kllo. (third column), or PI4KII (last
column) were subjected to Western blot to determine the
expression levels of Pl4Klla (first row), of PI4KII (second row), or of
CDS1 (third row). The last row shows o-tubulin used as a loading
control. Note the decrease in the expression of the enzymes present
in cells used in A and B after culturing in the presence of the
corresponding siRNA.
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FIGURE 6: CDS and Pl4Kllo. but not PIS1 or PI4KIIB
coimmunoprecipitate c-Fos. Lysates from quiescent cells transfected
with peYFPC1-CDS1, peYFPN1-PI4KIIB, pcDNA3.1 myc-His-PIS1, or
pcDNA3.1 myc-His-Pl4Kllo. were immunoprecipitated using mouse
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Immunocomplexes were analyzed by SDS-PAGE followed by Western
blotting with rabbit anti-c-Fos antibody (top). Bottom, the
immunoprecipitates obtained for each enzyme examined using rabbit
anti-GFP (Sigma) or rabbit anti-myc (Santa Cruz Biotechnology)
antibodies. Left, Western blotting of c-Fos input (20%).

c-Fos
(55 kDa)

shows the expression levels of CDS1, Pl4Klla, and PI4KIIB in the
cells treated with siRNA used for Figure 5, A and B. These results
highlight the relevance of CDS1 and Pl4Klla. in determining c-Fos—
dependent PtdinsP and PtdinsP; synthesis activation.

CDS and Pl4Klic. but not PIS or PI4KIIP participate

in a physical association with c-Fos

The experiments previously described raised the question of
whether c-Fos and the enzymes it activates form physical associa-
tions to attain the activated state of these enzymes. To examine this
possibility, coimmunoprecipitation (colP) assays were performed
with homogenates prepared from NIH 3T3 cells transfected to ex-
press tagged CDS, PIS, Pl4Klla, or PI4KIIB. Figure 6 (top) shows that
c-Fos coimmunoprecipitates with CDS and Pl4Kllo, whereas no colP
was observed between c-Fos and PIS or PI4KIIB. Figure 6 (bottom)
shows the immunoprecipitate obtained for each enzyme. Taken to-
gether, the activation of CDS and PIl4K activities by c-Fos and the
colP of CDS and PI4K with c-Fos suggest that c-Fos is specifically
modulating these enzymes through a direct or an indirect physical
interaction.

Examination of molecular proximity by microscopic FRET

To further examine a possible participation of c-Fos in a physical
interaction with particular phospholipid-synthesizing enzymes as
suggested by the kinetics and colP experiments, we looked at this
by a different approach: microscopic FRET. FRET increases the reso-
lution of conventional fluorescence microscopy to the molecular
level, allowing quantitative examination of protein-protein interac-
tions based on nonradiative energy transfer between donor and
acceptor molecules. Because FRET depends on proximity, fluoro-
phores must lie within 1-10 nm of each other for energy transfer to
occur, a distance range that is typical of protein—protein interaction.
This requirement for FRET to take place practically excludes the
possibility of a third-party protein being involved (Gordon et al.,
1998; Elangovan et al., 2003; Chen et al., 2005; Elder et al., 2009).
For FRET examination, a set of plasmids encoding chimeric proteins
bearing green fluorescent protein (GFP) derivatives with spectral
overlap (enhanced cyan fluorescent protein [eCFP] and enhanced
yellow fluorescent protein [eYFP]) at the N- or C-terminus of c-Fos
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and the enzymes under examination were used as indicated in each
case.

Figure 7A shows the subcellular distribution of the coexpressed
chimeras under study (left and middle). FRET images are shown on
the right, using a blue-to-red increasing scale of FRET efficiency. It
is clear from the FRET images in Figure 7A (right) that positive val-
ues are produced between eYFP-c-Fos and eCFP-CDS1 (top row)
and between eYFP-c-Fos and eCFP-Pl4Klla (third row), whereas no
positive FRET was found between c-Fos-eYFP and eCFP-PIST (sec-
ond row) or between eYFP-c-Fos and eCFP-PI4KIIB (fourth row).
Figure 7B shows the quantification of FRET efficiencies for each
case: the enzymes activated by c-Fos, that is, CDS and PIl4Klla,
show statistically significant FRET efficiency values, whereas the val-
ues obtained between c-Fos and enzymes not activated by this pro-
tein (see Figures 4 and 6) were comparable to a control pair of chi-
meras that does not show FRET (cotransfection of eCFP-CDS1 and
eYFP shown in the last row of Figure 7A and quantified in the first
column of Figure 7B).

BD of c-Fos is responsible for phospholipid

synthesis activation

In previous studies it was found that only the deletion mutants of
c-Fos that contain its N-terminus plus its BD, that is, amino acids
139-160, efficiently activate phospholipid synthesis (Gil et al., 2004).
To examine whether BD is required for PtdInsP and PtdInsP; synthe-
sis activation, the ability of c-Fos and diverse c-Fos mutants to acti-
vate the production of these lipids was assayed. The mutants tested
were NA (amino acids [aa] 1-139 of full-length c-Fos), NB (aa 1-160
of full-length c-Fos that includes BD), ABD (full-length c-Fos in which
only BD was deleted), and the deletion mutant containing amino
acid 165 to the C-terminus of c-Fos (LZC). A schematic representa-
tion of the mutants examined is shown in Figure 8C. As predicted,
NA, ABD, and LZC (all devoid of BD) have no capacity to activate
PtdInsP or PtdInsP, synthesis, whereas NB has a capacity similar to
that of c-Fos to promote PtdInsP and PtdInsP; activation (Figure 8,
A and B).

Of the 21 amino acids contained in BD, 12 are basic ones (sche-
matic representation shown in Figure 8C). It was also deemed of
interest to determine whether all basic amino acids are required to
promote lipid synthesis activation or only some of these participate
in the structural requirements relevant for activation. Consequently,
different versions of full-length c-Fos, point mutated in one basic
amino acid contained in BD, were generated, recombinant protein
purified, and assayed for phospholipid synthesis-activating capac-
ity. Figure 8A shows that substitutions K139N and R144N do not
modify the activating capacity of c-Fos. Surprisingly, the substitution
R146N completely abolishes it, pointing to the relative position of
this basic residue as critically relevant to confer an appropriate struc-
ture for enzyme activation.

The N-terminus of c-Fos associates to the enzymes

it activates

Next we examined by FRET the association capacity of CDS (one of
the positive interacting enzymes with wild-type c-Fos) with the fol-
lowing set of c-Fos mutants fused to eCFP: ABD; the deletion mu-
tant NA, which does not contain BD and does not activate PtdInsP
or PtdInsP; synthesis; the deletion mutant NB, which includes BD
and activates PtdInsP and PtdInsP;, synthesis; the BD point-mutated
versions of full-length c-Fos, R144N (which activates PtdInsP and
PtdInsP, synthesis) and R146N (which does not show activating ca-
pacity), and LZC, which contains the C-terminus of c-Fos and does
not activate lipid synthesis (Figure 8, A-C).
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CDS and Pl4Kllo but not PIS1 or PI4KIIB undergo FRET
with c-Fos. (A) Cells cotransfected to express eYFP-c-Fos and
eCFP-CDS1 (first row), eCFP-PIS1 (second row), eCFP-PI4Kllo: (third
row), or eCFP-PIKIIf (fourth row) were examined by confocal
microscopy using filters for eCFP (left) or for eYFP (middle). FRET
efficiency images were obtained and pseudocolored using PFRET
software (Elangovan et al., 2003; Chen et al., 2005) (right). The last
row shows control cells coexpressing CDS1-eCFP and eYFP. (B) Mean
FRET efficiencies + SD for the donor/acceptor pairs shown in A.
Results obtained after the examination of 50 cells in each case are
from one representative experiment out of at least three performed.
*p < 0.001 as determined by one-way analysis with Dennett’s post
test. Bar, 5 um. FRET bar shown on the right corresponds to a
blue-to-red increasing scale of FRET efficiency.
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In vitro PtdIinsP and PtdInsP, synthesis activation by c-Fos
or c-Fos mutants. (A) PtdinsP and (B) PtdInsP, labeling was
determined in vitro in the presence of c-Fos or its deletion mutants
NA, NB, LZC, and ABD or its point-mutated versions K139N, R144N,
and R146N resuspended in elution buffer to a final concentration of 1
ng/pg cell homogenate protein and 32P-ATP. Control assays received
an equal volume of elution buffer. Results are the mean + SD of three
experiments performed in duplicate. *p < 0.01 as determined by
one-way analysis of variance with Dennett’s post test. (C) Schematic
representation of the c-Fos mutants used in A and B and/or for
Figure 9. Note the relevance of BD for lipid synthesis activation.

Cells were double transfected to express eYFP-CDS and the cor-
responding c-Fos mutant under study. Figure 9A shows the subcel-
lular distribution for the c-Fos mutants, which, as shown in Figure
7A, were similar to that of c-Fos, although the fluorescent tag in this
case was eCFP. Examination by FRET showed that c-Fos, NA, NB,
ABD, R144N, and R146N physically associate with CDS (Figure 9B).
In contrast, LZC, the only mutant assayed that is devoid of the N-
terminus of c-Fos, did not show positive FRET, indicating its lack of
association to CDS.

It is interesting to note that, in spite of the fact that both NA and
NB maintain a similar capacity to associate to CDS, only the BD-
containing mutant NB is capable of activating lipid synthesis. Thus
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c-Fos mutants undergo FRET with CDS irrespective of
containing or not containing c-Fos BD domain. (A) Cells cotransfected
to express eYFP-CDS and the deletion mutants eCFP-NA (first row),
eCFP-NB (second row), or eCFP-ABD (third row), the deletion mutant
LZC (fourth row), or the point-mutated versions of c-Fos eCFP-R144N
(fifth row) or eCFP-R146N (bottom row) were examined by confocal
microscopy using filters for eCFP (left) or for eYFP (middle). FRET
efficiencies images were obtained and pseudocolored using PFRET
software (Elangovan et al., 2003; Chen et al., 2005) (right). (B) Mean
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the simplest interpretation of these results is that c-Fos associates to
the enzymes by its N-terminus (Figure 9), whereas activation is ac-
complished through its BD domain (Figure 8).

DISCUSSION

Even if an overall twofold increase in the activity of the enzymes
CDS and Pl4Kllo described may seem at first sight small, it should
be noted that c-Fos also promotes the activation of the structural
phospholipids (Bussolino et al., 2001) and glycolipids (Crespo et al.,
2008). Furthermore, this phospholipid synthesis activation promoted
by c-Fos has been shown to be highly relevant for cellular processes
that demand high rates of membrane biogenesis. Such is the case
for cell proliferation and growth. In PC12 cells induced to differenti-
ate with nerve growth factor (NGF), c-Fos-activated phospholipid
and glycolipid synthesis is required for neurite elongation: blocking
of c-Fos expression results in growth arrest together with the retrac-
tion of preformed neurites; in contrast, in primed cells, the sole ex-
pression of c-Fos or of c-Fos—deletion mutants that activate phos-
pholipid synthesis sustain neurite outgrowth in the absence of NGF.
c-Fos mutants that do not activate lipid synthesis do not sustain
neurite growth either. It is interesting to underscore that in no case
could lipid synthesis activation be evidenced with c-Jun, another
member of the immediate early gene that forms homodimer or het-
erodimer AP-1 transcription factors with immediate early c-Fos
(Kovary and Bravo, 1992); c-Jun was tested up to three times the
concentration required for c-Fos—dependent activation of phospho-
lipid synthesis and even so failed to show lipid synthesis activation
(Gil et al., 2004).

Another example that highlights the biological relevance of c-
Fos—dependent lipid synthesis activation was observed in periph-
eral and CNS malignant tumor cells. These cells undergo the exac-
erbated growth characteristic of tumor cells. In 100% of the 156
human malignant tumor specimens examined, c-Fos was found
highly expressed and associated to ER components. c-Fos also acti-
vates phospholipid synthesis in all fresh human brain tumor speci-
mens examined (Silvestre et al., 2010). In culture, no proliferation of
these tumor cells is observed if c-Fos expression is blocked (Portal
et al., 2007). In an animal model of neurofibromatosis type |—the
NPcis mouse, which spontaneously develops tumors of the CNS
and the peripheral nervous system with a 100% penetrance—tumor
development depends on c-Fos expression: no tumor development
is found in NPcis mice knocked out for c-Fos, in contrast with the
tumor burden found in 71.4% of their NPcis littermates. Further-
more, treatment of NPcis mice intracranially or of malignant tumors
of the peripheral nervous system with c-Fos antisense oligonucle-
otide blocks c-Fos-activated phospholipid synthesis and cell prolif-
eration. In no case were significant modifications observed in the
AP-1 content of these tissue samples (Silvestre et al., 2010).

On the other hand, knowledge of the biosynthesis and metabo-
lism of PtdIns and its phosphorylated derivatives are of interest not
only due to its structural role in cell membranes but also in terms of
the participation of these lipids in key cellular events and the many

FRET efficiencies + SD for the donor/acceptor pairs shown in A.
Results obtained after the examination of 50 cells in each case are
from one representative experiment out of at least three performed.
*p < 0.001 determined by one-way analysis of variance with Dennett’s
post test. Bar, 5 pm. FRET bar shown on the right corresponds to a
blue-to-red increasing scale of FRET efficiency. Note that LZC, the
deletion mutant lacking the N-terminus domain of c-Fos, fails to show
association with CDS.
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diseases that result from mutations in genes encoding phospho-
inositide-metabolizing enzymes (McCrea and De Camilli, 2009). De-
spite their importance, little is known about the fine regulation of
the synthesis of these lipids. The present work proposes a novel
mechanism mediated by c-Fos that regulates the entire pathway of
PtdInsP synthesis by regulating key enzymes of the pathway.

Regarding the molecular mechanism by which c-Fos activates
the synthesis of lipids, it should be considered that c-Fos is an am-
phitropic, highly surface-active protein (Borioli et al., 2001). From
the present results, it seems reasonable to hypothesize that when
c-Fos associates to the ER membranes, the amphitropic interaction
may allow a physical interaction between c-Fos and the activated
enzymes, promoting an increase in the V;,, of the enzyme to which
it associates.

The physical association between the N-terminal domain of c-
Fos and the enzymes it activates shown in this work opens the pos-
sibility that the enzymes to which c-Fos associates share some yet-
unknown structural domain to which it associates. Previous findings
indicate that c-Fos also activates the synthesis of glycolipids in a
similar way to that observed for phospholipids: c-Fos activates the
formation of glucosylceramide, the first glycosylated intermediate
in the pathway of glycolipid synthesis, which results in a global stim-
ulation of the synthesis of most glycolipids. Again, only a particular
enzyme of this pathway is regulated by c-Fos: ceramide glucosyl
transferase but not sialyl- or galactosyl-transferases. It is worth un-
derscoring that, as found for CDS and Pl4K, the V., but not K, of
the enzyme ceramide glucosyl transferase is increased by c-Fos
(Crespo et al., 2008). c-Fos is emerging as a cytoplasmic effector
that regulates the overall production of lipids by its association to
the ER membranes and activation of key enzymes.

The experimental data presented strongly support a physical as-
sociation between c-Fos and the enzymes it is capable of activating.
It will be interesting to direct future studies toward determining
whether the Kennedy pathway of phospholipid synthesis, which is
also activated by c-Fos (Bussolino et al., 2001), shares the mecha-
nism described in this study for the activation of PtdInsP’s to achieve
activation. If so, the knowledge of the precise molecular mechanism
involved will undoubtedly facilitate rational intervention in cellular
lipid metabolism.

MATERIALS AND METHODS

Materials

NIH 3T3 mouse fibroblasts were purchased from the American
Type Culture Collection (Bethesda MD). Radioactive materials (*H-
inositol, specific activity, 21 Ci/mmol; a-3H-CTP, specific activity,
20 Ci/mmol; 32P-orthophosphoric acid, specific activity, 8500 Ci/
mmol; and y-32P-ATP, specific activity, 3000 Ci/mmol) were pur-
chased from PerkinElmer (Waltham, MA). Biotinylated antibodies
were purchased from Vector Labs (Burlingame, CA), mouse anti-
myc and anti—a-tubulin monoclonal and rabbit anti-GFP and anti—
c-Fos polyclonal antibodies, DMEM, and cycloheximide were from
Sigma-Aldrich (St. Louis, MO), rabbit anti-CDS1, anti-Pl4Klloe and
anti-Pl4KIIB polyclonal antibodies were from Abcam (Cambridge,
MA), rabbit anti-myc was from Santa Cruz Biotechnology (Santa
Cruz, CA), anti-GFP mouse monoclonal antibody and Protease In-
hibitor Cocktail were from Roche (Indianapolis, IN), and streptavi-
din-horseradish peroxidase (HRP) conjugate, Protein G Sepharose,
and ECL Plus were from GE Healthcare (Piscataway, NJ). siRNA
duplexes ON-TARGET Plus targeting mouse CDS1, Pl4Klla, and
PI4KIIB were from Dharmacon (Lafayette, CO). Fetal bovine serum
and Lipofectamine 2000 were from Invitrogen (Carlsbad, CA). His-
Bind affinity column and pET15b were purchased from Novagen

Volume 22 December 15, 2011

(Gibbstown, NJ), peCFP-C1 from Clontech (Mountain View, CA),
pGEM-T Easy from Promega (Madison, WI), Bradford assay from
Bio-Rad (Hercules, CA), and Prolong Antifade Gold from Molecular
Probes (Invitrogen).

Experimental procedures

Cell cultures. NIH 3T3 mouse fibroblasts were grown at 37°C in 5%
CO, in DMEM and 10% fetal bovine serum.

For establishing quiescence, cells were arrested in serum-free
DMEM for 48 h. Then cells were washed twice with chilled phos-
phate-buffered saline (PBS), harvested, and homogenized by soni-
cation in ultrapure Milli-Q water (Millipore, Billerica, MA), and finally
protein concentration was determined by Bradford assay.

For siRNA, immunoprecipitation, and FRET assays, cells were
transiently transfected using Lipofectamine 2000, following the
manufacturer’s protocol, in serum-free DMEM. After transfection,
cells were arrested during 48 h in DMEM prior to stimulating them
for the indicated times with DMEM supplemented with 20% FBS.

Expression and purification of recombinant proteins. Histidine
(His)-tagged c-Fos was obtained from the péHisfos vector, which
encodes an optimized sequence for c-Fos expression in prokaryotes
(Abate et al., 1991). Truncated constructs were prepared using full-
length c-Fos cDNA with oligonucleotides specifically designed for
this purpose using the “overlap extension” PCR technique (Higuchi
et al., 1988). Final PCR products were cloned in pGEM-T Easy and
subcloned in the prokaryote expression vector pET15b using the
Ndel and EcoRl sites of the polylinker sequence of the vector.
Recombinant proteins were synthesized as His-tagged proteins in
BL21 strain of Escherichia coli as described previously (Borioli
et al., 2001). The crude extracts were passed through a HisBind
affinity column. After washing thoroughly, proteins were eluted in
100 mM Tris-HCI, pH 7.9, 500 mM imidazole/8 M urea buffer
(elution buffer), and protein concentration was determined by
Bradford assay.

Metabolic labeling of PtdinsP and PtdInsP,. Quiescent cells were
pulsed with 25 pCi/ml of 32P-orthophosphate 15 min before
harvesting. c-fos mRNA antisense (5-TGC-GTT-GAA-GCC-CGA-
GAA-3") or scrambled oligonucleotide (1 pg/ml culture medium)
was added to the medium 30 min prior to radiolabeling (Bussolino
et al., 2001). siRNA duplexes were used to depress the expression
of targeted enzymes. In all cases, 240 pmol of total siRNA was
added per well of a six-well plate. After 24 h, cells were transfected
a second time in the same manner and were cultured for an
additional 48 h in serum-free DMEM before performing the
metabolic labeling. Cell harvesting and determination of 32P-PtdInsP
and %P-PtdInsP, radioactivity were as described previously
(Bussolino et al., 2001). To correct for possible differences in cell
number in siRNA assays, a matched, nonradiolabeled well was
grown in parallel, which was used for Western blot and densitometry
for a-tubulin.

In vitro PtdinsP and PtdinsP, labeling. The 3?P-PtdinsP and
32P-PtdInsP, labeling capacity of quiescent cells was determined in
vitro as described previously (Gil et al., 2004). Briefly, reactions were
initiated by the addition of 100 pg of cell homogenate to the assay
medium containing the indicated amount of recombinant c-Fos
protein or its specified mutants suspended in 3 pl of elution buffer.
32P-PtdInsP and 32P-PtdinsP, quantification was performed as
described previously (Bussolino et al., 2001); assays were performed
in duplicate.
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Enzyme activity determinations. All reactions were performed in
80 pl of final volume containing 100 pg of quiescent cell homogenate
protein as the enzyme source. Conditions of linearity with time and
protein concentration were determined for each enzyme with the
stated amount of recombinant c-Fos suspended in 3 pl of elution
buffer or an equal volume of elution buffer for control reactions.
Total CDS activity was assayed as described by Lykidis et al. (1997).
The reaction was started by the addition of 10 mM MgCl,, and
assays were incubated at 37°C for the indicated times. For total PIS
activity, the reaction was carried out as described previously (Lykidis
et al., 1997). The reaction was carried out at 37°C for the indicated
times. PIK activity was assayed according to Wong et al. (1997).
Assays were incubated at 25°C for the indicated times.

Immunoprecipitation assays. These assays were performed as
described in  Bonifacino and Dell’Angelica (2001) under
nondenaturing conditions. Briefly, NIH 3T3 cells were transfected
with the following plasmids: CDS1 and PI4KIIB cloned into peYFP-C1;
and PIST and Pl4Kllor cloned into pcDNA3.1T myc-His C. After
establishment of quiescence, cells were stimulated with 20% FBS for
7.5 min, harvested, and lysed in nondenaturing lysis buffer (1%
Triton X-100, 50 mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM EDTA) with
complete Protease Inhibitor Cocktail. Lysates were preabsorbed
with 10 pl of Protein G Sepharose (GE Healthcare) for 1 h and
centrifuged at 4°C for 15 min at 16,000 x g. Protein complexes in
the supernatant were immunoprecipitated using 25 pl of Protein G
Sepharose beads coupled to 1 pg of mouse anti-myc or anti-GFP
monoclonal antibody. The immunoprecipitates were washed four
times with washing buffer (0.1% Triton X-100, 50 mM Tris, pH 7.5,
150 mM NaCl, and Protease Inhibitor Cocktail) and once with 10 mM
PBS and analyzed by Western blot.

Western blot analysis. Total cell lysates and immunoprecipitates
were subjected to SDS-PAGE under reducing conditions on 12%
polyacrylamide gels and transferred to nitrocellulose membrane as
described previously (Gil et al., 2004). Blocked membranes were
incubated with the specified primary antibody, washed twice with
PBS-Tween, incubated using secondary biotinylated antibodies and
streptavidin-HRP conjugate (1:60,000), and finally incubated with
streptavidin-peroxidase (1:60,000). Immunoreactive bands were
detected as described in the manufacturer’s protocol for ECL Plus
(GE Healthcare).

FRET analyses. Cells were seeded onto 24-well tissue culture
dishes containing a coverslip and grown to 80-90% confluence at
the time of transfection. After transfection, cells were arrested as
described. To avoid specific interactions of endogenous c-Fos with
the fluorescent proteins, 50 pg/ml cycloheximide was added to the
culture medium 1 h prior to inducing cells to reenter growth, as
described previously (Gil et al., 2004). Then cells on coverslips were
washed with ice-cold PBS and immediately fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature; cells
were washed three times with PBS and rinsed with Milli-Q water.
Coverslips were mounted in 20 pl of Prolong Antifade Gold
(Invitrogen) and visualized using an LSM Pascal 5 (Zeiss, Jena,
Germany) or an Olympus (Center Valley, PA) FV1000 confocal laser
scanning microscope. A plan apochromat 63x, numerical aperture
1.4, oil immersion objective lens zoomed digitally 2x was used.
For FRET determinations, the sensitized emission measurement
approach was used (Gordon et al., 1998; Elder et al., 2009). The
eCFP (donor) and eYFP (acceptor) chimeric proteins were excited
with an argon laser at 458 and 515 nm, respectively. The emission
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channel was 475-515 nm for the donor and 530-600 nm for the ac-
ceptor. Background values were determined independently for each
channel from a coverslip with nontransfected cells and then sub-
tracted using ImageJ (National Institutes of Health, Bethesda, MD).
Donor spectral bleedthrough and acceptor cross excitation were
calculated and corrected from single transfected cells. PFRET soft-
ware (Elangovan et al., 2003; Chen et al., 2005) was used to obtain
the mean FRET efficiencies values (%E) within a cell on a pixel-by-
pixel basis. The algorithm used allows exclusion from saturated pix-
els and other subcellular regions that do not pass defined thresh-
olds of fluorescence intensity (e.g., cell nucleus). Thus the separation
of signal-containing pixels from the background pixels for the FRET
calculation can be achieved and makes possible the analysis of sig-
nals that arise from noncontinuous compartments such as the endo-
plasmic reticulum. PFRET also generates a %E image that indicates
the intensity of the calculated FRET, where the pixel value in the %E
image represents the FRET efficiency value. The resulting image is
then pseudocolored to better illustrate the distribution of the calcu-
lated efficiencies in the cell.
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