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The growth arrest-specific 6 gene product Gas6 is a
growth and survival factor related to protein S. Gas6 is
the ligand of Axl receptor tyrosine kinase; upon binding
to its receptor Gas6 activates the phosphatidylinositol
3-OH kinase (PI3K) and its downstream targets S6K and
Akt. Gas6 anti-apoptotic signaling was previously
shown to require functional PI3K and Akt and to involve
Bad phosphorylation in serum-starved NIH 3T3 cells.
Here we demonstrate that Gas6 induces a rapid and
transient increase in nuclear NF-�B binding activity
coupled to transcription activation from NF-�B-respon-
sive promoters and increase in Bcl-xL protein level. Gas6
survival function is impaired in cells lacking p65/RelA
and in NIH 3T3 cells transfected with a dominant nega-
tive I�B, indicating that NF-�B activation plays a cen-
tral role in promoting survival in this system. Moreover,
NF-�B activation can be blocked by a dominant negative
Akt and by wortmannin, an inhibitor of PI3K, thus sug-
gesting that NF-�B activation is a downstream event
with respect to PI3K and Akt, as already described for
other growth factors. In addition, we show that glycogen
synthase kinase 3, which is phosphorylated in response
to Gas6, can physically associate with NFKB1/p105 in
living cells and can phosphorylate it in vitro. Further-
more, Gas6 treatment is coupled to a decrease in p105
protein level. Altogether these data suggest the involve-
ment of NF-�B and glycogen synthase kinase 3 in Gas6
anti-apoptotic signaling and unveil a possible link be-
tween these survival pathways.

The growth arrest-specific 6 gene product (Gas6) is a secreted
protein related to the anti-coagulant protein S. Gas6 binds,
with different affinities, to the receptors of the mammalian Axl
protein-tyrosine kinase family: Axl (also named Ark, Ufo, Ty-
ro7), Rse (also named Sky, Brt, Tif, Dtk, Tyro3), and Mer (Eyk,
Nyk, Tyro12). Inactivation of the Gas6 gene has recently been
shown to prevent venous and arterial thrombosis in mice and
protect against fatal collagen/epinephrine-induced thrombo-
embolism (1). This knock-out phenotype has unveiled one of the
biological functions of Gas6; however, published data of the
past several years argue for a multiplicity of functions of GAS6/

Axl signaling in normal and cancer cells. GAS6 has been re-
ported to be involved in osteoclastic bone reabsorption (2) and
in pluripotential hematopoietic stem cells growth support (3).

A large body of evidences support a role of Gas6/Axl signaling
in cell growth and protection from apoptosis in normal and
cancer cells. Simultaneous inactivation of Axl, Sky, and Mer in
the mouse causes progressive death of differentiating germ
cells and infertility (4). Axl is overexpressed in metastatic colon
carcinoma (5, 6) and aggressive melanoma (7). Gas6 is mito-
genic for fibroblasts (8, 9), Schwann cells (10), and contact-
inhibited mouse mammary gland cells (11), and it can enhance
the mitogenic activity of thrombin in injured vascular smooth
muscle cells (12). In addition, Gas6 can also act as a survival
factor. It protects mouse fibroblasts and human umbilical vein
endothelial cells from apoptosis in response to serum with-
drawal and TNF1 cytotoxicity (8, 9, 13).

Gas6-mediated survival involves the phosphatidylinositol
3-OH kinase (PI3K) and the AKT/protein kinase B (PKB) path-
ways in serum-starved NIH 3T3 mouse fibroblasts (14, 15).
Activation of these pathways has been reported to induce nu-
clear translocation of the transcription factor nuclear factor
kappa B (NF-�B) in response to platelet-derived growth factor
(PDGF) (16), tumor necrosis factor (TNF) (17), and interferon
�/� (18). Moreover, Mer-dependent protection from apoptosis
induced by interleukin-3 withdrawal in hematopoietic cells
involves PI3K induction and NF-�B transcriptional activation
(19). Altogether these pieces of evidences suggest that NF-�B
could play a role in Gas6/Axl signaling.

NF-�B is present in the cytoplasm of the majority of cell
types as homodimer or heterodimer of a family of structurally
related proteins (20). Five members have been identified in
mammalian cells: RelA (p65), cRel, RelB, NF-�B1 (p50/p105),
and NF-�B2 (p52/p100). They are present in an inactive form
associated with inhibitory proteins that mask their nuclear
localization signal. Inhibitors belong either to the I�B family
(I�B�, �, �, and Bcl3) or are the precursors of NF-�B1 and
NF-�B2: p105 and p100, respectively. A wide variety of stimuli
are known to activate NF-�B, including cytokines, growth fac-
tors, bacterial and viral products, oxidative stress, UV irradi-
ation, and some pharmaceutical drugs and chemicals. Upon
cell stimulation I�B is rapidly phosphorylated at two conserved
serine residues near its amino terminus (21). Similarly, p105 is
phosphorylated in its carboxyl-terminal region (22). Phospho-
rylation of the inhibitors triggers their proteolytic degradation* This work was supported in part by a grant from Associazione
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via the ubiquitin-proteasome pathway. The released NF-�B
dimer can then translocate to the nucleus, where it directly
binds to its cognate DNA sequence to activate gene
transcription.

NF-�B is a regulator of inflammation and immune response
as well as of cellular proliferation and apoptosis (23). Although
NF-�B has been shown to be pro-apoptotic in certain experi-
mental settings, a number of data argues for a role of NF-�B as
regulator of survival. RelA (p65) knock-out in mice is embry-
onically lethal as a result of extensive liver apoptosis. In addi-
tion, cells derived from these mice show enhanced sensitivity to
TNF-induced apoptosis (24). NF-�B is required for protection
from apoptosis occurring after growth factors withdrawal in
various systems, including fibroblasts (16), hematopoietic cells
(19), hepatoma cells (25), Chinese hamster ovary (CHO) (26),
and PC12 cells, (27). A number of anti-apoptotic proteins en-
coded by NF-�B-inducible genes have recently been identified,
namely Bcl-xL (28, 29), A1 (30, 31), and TNF receptor-associ-
ated proteins 1 and 2 (32).

Besides NF-�B induction, activation of Akt/PKB has been
reported to determine partial inactivation of glycogen synthase
kinase 3 (GSK3) in response to insulin (33), Gas6 (11), and
FGF1 (34). GSK3 is a serine threonine protein kinase regulat-
ing cell-fate specification and tumorigenesis (35). Recently,
GSK3� function has been shown to be required for NF-�B-
mediated anti-apoptotic response to TNF-� (36). Disruption of
the mouse GSK3� gene determines severe liver degeneration
during mid-gestation, as observed in mice lacking genes in-
volved in the activation of NF-�B (36).

In the present manuscript we have investigated the role of
NF-�B in modulating Gas6 survival signaling and started to
address the question of possible cross-talk between NF-�B and
GSK3 signaling.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—293 cells, NIH 3T3 cells, p50�/� and
p65�/� mouse fibroblasts were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS), penicillin (100
units/ml), and streptomycin (100 �g/ml). Medium was replaced with
0.5% FCS containing serum for 48 h to induce growth arrest by serum
starvation.

Wortmannin, sodium fluoride, and sodium orthovanadate were from
Sigma Chemical Co., St. Louis, MO. Basic fibroblast growth factor
(bFGF) was kindly supplied by Dr. C. Grassi (Farmitalia, Milano).
Epidermal growth factor (EGF) was kindly provided by A. Ullrich.
Recombinant Gas6 was supplied by Amgen Inc.

Transfection and Luciferase Reporter Assay—NIH 3T3 cells at 60–
80% confluency were transiently transfected using LipofectAMINE
Plus reagent (Life Technologies, Inc.) according to the manufacturer’s
instructions. I�B�N in pCMV4 expression vector was kindly provided
by Dr. Shao-Cong Sun and is described in a previous study (37), pCMV6
plasmids containing HA-AKT K� and AKT K� (K179M) were kindly
provided by Dr. A. Bellacosa. Basic TKluc containing the herpes sim-
plex virus thymidine kinase (TK) promoter in front of luciferase and
mPRDII TKluc, with two NF-kB binding sites in front of the TK pro-
moter, were a kind gift of Dr. G. Manfioletti and have been described
previously (38). bcl-x promoter and bcl-x promoter triple mutant linked
to luciferase expression vector were a kind gift of Dr. Perez Polo and are
described in a previous study (29). PRL-null Renilla luciferase expres-
sion vector was from Promega (Madison, WI). Briefly, 1–2 �g of plasmid
DNA were diluted in Opti-MEM (Life Technologies, Inc.) and mixed
with LipofectAMINE and Plus reagent. Complexes were allowed to
form for 15 min prior to addition to the cells. Meanwhile the culture
medium was replaced with Opti-MEM. The medium was replaced with
0.5% FCS containing medium 5 h after transfection to induce growth
arrest. 48 h later the medium was replaced with serum-free medium
with or without Gas6, and the cells were lysed 5 h later in Passive Lysis
Buffer (Promega). Extracts were collected and cleared by centrifugation
at high speed. The substrates were obtained using the Dual Luciferase
Reporter assay system (Promega), and relative light units (firefly/Re-
nilla) were measured using a luminometer (Turner Design).

Western Blot—Western blot analysis was performed by preparing
whole cell extracts in 2� SDS sample buffer containing 1 �g/ml apro-
tinin, 1 �g/ml pepstatin, and 1 �g/ml leupeptin on ice. 20 mM �-glycer-
ophosphate, 10 mM sodium orthovanadate was added to the extracts to
be analyzed with anti-phospho-GSK3 antibodies. Western blotting an-
tibodies were purchased from the following companies: I�B (New Eng-
land BioLabs, Inc., Beverly, MA), NF-�B p50/105 (Santa Cruz Biotech-
nology, Inc.), Bcl-x (Transduction Laboratories, Lexington, KY), GSK3
(BIOSOURCE International Inc.), Phospho GSK3 (Cell Signaling), and
actin (Sigma). After incubation with primary antibodies, blots were
incubated with horseradish peroxidase secondary antibodies (Sigma)
and visualized using ECL chemiluminescence reagents (Amersham
Pharmacia Biotech, Piscataway, NJ).

Gel Retardation Assays—Nuclear extracts and oligonucleotide probe
were prepared as described previously (39). 5 �g of nuclear extracts was
incubated with [�-32P]ATP (Amersham Pharmacia Biotech UK)-labeled
NF-�B-specific oligonucleotide and analyzed in native 5% gel as de-
scribed (39). Super-shift assays were performed by preincubating nu-
clear extracts with specific antibodies for 15 min. NF-�B p50, p65, and
cRel antibodies were from Santa Cruz Biotechnology, Inc.

Immunoprecipitation and in Vitro Kinase Assay—293 cells grown on
10-cm plates were lysed in a buffer containing 20 mM Tris, pH 8, 100 mM

KCl, 1 mM EDTA, 0.5% EDTA, 1 mM phenylmethylsulfonyl fluoride, 1
�g/ml aprotinin, 1 �g/ml pepstatin,1 �g/ml leupeptin, 20 mM �-glycer-
ophosphate, and 10 mM sodium orthovanadate on ice. Cells were dis-
rupted by repeated aspiration through a 26-gauge needle, and cellular
debris were removed by centrifugation. The lysates were incubated with
4 �g of p50/105 antibody or GSK3 antibody (Santa Cruz Biotechnology)
overnight at 4 °C, and subsequently protein A-Sepharose beads (Amer-
sham Pharmacia Biotech) were added and incubated for 2 h. At this
point the IP products to be used for kinase assay were centrifuged and
washed twice with kinase buffer (20 mM Tris, pH 7.5, 10 mM MgCl2, 5
mM dithiothreitol, 20 �M ATP, 20 mM �-glycerophosphate, and 10 mM

sodium orthovanadate) and resuspended in the same buffer. Kinase
assay was performed by adding to the immunoprecipitation product: 5
�Ci of [�-32P]ATP and 0.5 �l of recombinant GSK3� (Cell Signaling)
and incubating 15 min at 37 °C. Reactions were terminated by adding
SDS-PAGE loading buffer and analyzed on a 12.5% SDS-PAGE after
boiling for 2 min. The IP reactions to be analyzed by SDS-PAGE were
centrifuged and washed three times with lysis buffer. Afterward, the
beads were resuspended in SDS loading buffer, boiled, and separated on
a 12.5% SDS-PAGE.

RESULTS

Gas6 Treatment Is Coupled to a Decrease in I�B� Protein
Level and to an Increase in Nuclear NF-�B Binding Activity in
NIH 3T3 Mouse Fibroblasts—Gas6 anti-apoptotic activity was
previously shown to absolutely require the phosphatidylinosi-
tol 3-OH kinase (PI3K) (14) and its substrate AKT/PKB (15) in
serum-starved NIH 3T3 mouse fibroblasts. AKT has been
shown to drive transcription activation of NF-�B both indi-
rectly through IKK and subsequent I�B phosphorylation (16,
17) or directly by p65/RelA subunit phosphorylation (42, 43).

As a first approach to verify whether Gas6 could lead to
NF-�B induction we analyzed the effect of Gas6 treatment on
the protein level of the NF-�B inhibitor I�B-�. NIH 3T3 were
grown for 48 h in 0.5% containing medium to achieve quies-
cence. Thereafter the medium was replaced with serum-free
containing medium in the presence or absence of Gas6 and
lysates prepared at different time points (5, 15, 30, 60 min).
Some plates were replaced with 20% FCS containing medium
as control for I�B� down-regulation. The blot shown in Fig. 1A
demonstrates that both Gas6 and 20% FCS treatment are
coupled to a transient and rapid decrease in I�B�. Actin was
used as loading control.

To analyze the effect of Gas6 on nuclear NF-�B binding
activity, gel retardation assays were performed with a 32P-
labeled oligonucleotide containing a NF-�B consensus as al-
ready described (39). NIH 3T3 cells were serum-starved (48 h
in 0.5% FCS) and then shifted to 20% FCS or to serum-free
medium with or without Gas6, and nuclear extracts were pre-
pared 60 min later. Extracts were prepared also from cells left
in 0.5% FCS as negative control. Fig. 1B shows the retarded
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bands. Shifting the cells to serum-free induces a slight increase
in binding activity (lane 2) as compared with growth-arrested
control cells (lane 1). Gas6 (lane 4) induces a clear increase in
the complex binding to the �B-specific oligonucleotide, just as
20% serum (lane 3), used as positive control, because it was
previously shown to induce NF-�B (40). The specificity of the
retarded complex was assessed by competition experiments
with cold specific and unspecific oligonucleotides as already
described (39) (data not shown).

NF-�B Is Required for Gas6-mediated Protection from Apo-
ptosis—Because we have observed that Gas6 treatment is cou-
pled to the induction of nuclear NF-�B binding activity, we
investigated the effect of other growth factors in our experi-
mental setting. Serum-starved cells were shifted to serum-free
medium, and FGF, EGF, or Gas6 were added to the cells.
Control cells were shifted to serum-free medium without
growth factors. Treated cells were either used to prepare nu-
clear extracts 30 min later, or to measure viability 20 h later.
The graph reported in Fig. 2A indicates the increase in cell
viability with respect to the control cells grown in serum-free
containing medium. Both Gas6 and FGF, but not EGF, effi-
ciently protect serum-starved NIH 3T3 fibroblasts from apo-
ptosis, as already reported (8). Interestingly, protection from
apoptosis correlates with a clear increase of NF-�B binding
activity, as shown in Fig. 2B. The �B binding activity induced
by FGF and Gas6 are comparable, whereas it is significantly
lower in extracts from EGF-treated cells.

To test the importance of NF-�B induction in Gas6-mediated
protection from apoptosis, we challenged growth-arrested
mouse fibroblasts lacking either p50 (41) or p65 (24) subunits of
NF-�B with serum-free medium in the presence or absence
Gas6. As reported in the graph of Fig. 2C, p50�/� cells can be
rescued by Gas6, as for wild type NIH 3T3 cells, whereas
p65�/� cells cannot. This result demonstrates that Gas6-me-
diated protection from apoptosis induced upon serum with-

drawal requires a functional cRel/p65, whereas p50 is
dispensable.

To further investigate the relevance of NF-�B induction for
Gas6 survival properties, we analyzed the effect of a dominant
negative I�B� (I�B�N), which cannot be phosphorylated and is
therefore resistant to degradation. NIH 3T3 cells were trans-
fected with an expression vector for I�B�N or with an empty
vector as control using LipofectAMINE. Six hours after trans-
fection the cells were shifted to a medium containing 0.5%
serum to induce growth arrest. After 48 h the cells were rinsed

FIG. 1. Gas6 effect on I�B protein and NF-�B binding activity
in serum-starved NIH 3T3 fibroblasts. A, the Western blot demon-
strates that both serum and Gas6 treatment are coupled to a rapid and
transient decrease in I�B protein level. Actin is used as loading control.
B, gel retardation assays were performed using a 32P-labeled oligonu-
cleotide containing a consensus sequence for NF-�B. Nuclear extracts
were from serum-starved NIH 3T3 cells (lane 1), starved cells incubated
for 1 h in serum-free medium, as negative control (lane 2), 20% serum
containing medium as positive control (lane 3), or serum-free medium
containing Gas6 (lane 4).

FIG. 2. Induction of NF-�B binding activity correlates with
protection from apoptosis. A, serum-starved cells (48 h in 0.5%
serum containing medium) were incubated with the FGF, EGF, and
Gas6 in serum-free medium for 20 h; then the cells were trypsinized and
counted. The graph indicates the increase in viability with respect to
the control cells incubated in serum-free medium without growth fac-
tors. B, serum-starved cells were incubated with FGF, EGF, and Gas6
in serum-free medium for 1 h, and nuclear extracts were prepared and
analyzed in gel retardation assays with a NF-�B-specific oligonucleo-
tide. C, effect of Gas6 on cell viability of p50�/� and p65�/� murine
fibroblasts. NIH 3T3 cells were used as control. The graph indicates the
increase in cell viability of Gas6-treated cells with respect to control
cells incubated in serum-free medium. D, effect of a dominant negative
I�B (I�B �N) on Gas6-mediated protection from apoptosis. NIH 3T3
were transfected with dominant negative I�B or with an empty vector
as transfection control. 6 h later, the cells were serum-starved for 48 h
to achieve growth arrest. Thereafter, the cells were incubated in serum-
free medium in the presence or absence of Gas6 or in 0.5% containing
medium for additional 20 h. Afterward, the cells were trypsinized and
counted. The graph shows the average of the number of recovered cells
in three independent experiments.
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in phosphate-buffered saline and incubated in serum-free plus
or minus Gas6 or again with 0.5% serum containing medium
for additional 20 h. At this point the cells were trypsinized and
counted. The graph of Fig. 2D reports the average of the results
obtained in three independent experiments and clearly demon-
strates that blocking NF-�B activation by a dominant negative
I�B impairs Gas6 survival activity.

NF-�B Binding Activity Induction by Gas6 Is Rapid and
Transient and Contains p50 and p65 Subunits—To analyze the
kinetics of NF-�B binding activity induction, we prepared nu-
clear extracts at different time points after shifting serum-
starved NIH 3T3 cells to serum-free medium containing Gas6
as indicated in Fig. 3. The extracts were used in a gel retarda-
tion assay with a probe specific for NF-�B. The results of this
time course experiment, shown in Fig. 3A, indicate that the
induction starts already at 15 min, peaks at 30 min, and sub-
sequently declines.

To identify the polypeptides present in the shifted complex
we preincubated the nuclear extracts either with p50-, p65-, or
cRel-specific antibodies before performing the gel retardation
assay. As shown in Fig. 3B, both p50 and p65 antibodies can
partially super-shift the retarded complex, whereas cRel-spe-
cific antibody cannot.

These data indicate that Gas6-induced complex contains
both p50 and p65 subunits of NF-�B but not cRel.

Gas6 Induces NF-�B-dependent Transcription Activation—
The effect of Gas6 on NF-�B-dependent transcription was stud-
ied by analyzing its effect both on an artificial promoter con-
taining two NF-�B binding sites and on the bcl-x promoter.
This promoter has recently been shown to contain three NF-�B
binding sites and to be responsive to NF-�B induction (29, 28,
31). NIH 3T3 cells were transfected with luciferase expression
plasmids driven by the herpes simplex virus thymidine kinase

(TK) promoter or the same promoter containing two NF-�B
binding sites (38). A Renilla expression vector was included in
each transfection experiment for normalization. 6 h after trans-
fection the cells were rinsed and the medium was replaced with
0.5% FCS containing medium to induce growth arrest. 48 h
later the medium was changed with serum-free medium with
or without Gas6 for an additional 5 h. Afterward, relative
luciferase activity (firefly/Renilla) was measured with a
luminometer.

Fig. 4A shows the increase of relative luciferase (LUC) ac-
tivity occurring for each transfected expression vector using
extracts from Gas6-treated cells as compared with control cells.
These results indicate that Gas6 can specifically increase the
transcription rate from a promoter containing binding sites for
NF-�B. Similar results were obtained by transfecting a LUC
expression vector driven by the bcl-x promoter or a bcl-x pro-
moter in which the three putative NF-�B binding sites have
been mutated (29). As shown in Fig. 4B, Gas6 can positively
affect the bcl-x promoter but not the same promoter lacking
NF-�B binding sites. Altogether these data argue that Gas6
can activate NF-�B-dependent transcription.

To verify the biological relevance of the increase in bcl-x
promoter activity in response to Gas6, we analyzed its effect on
Bcl- xL protein level in a time-course experiment. Cell lysates
from serum-starved NIH 3T3 cells incubated for different times
with Gas6 were analyzed in a Western blot decorated with an
antibody specific for Bcl- xL; actin was used as loading control.
As shown in Fig. 4C, Gas6 treatment is coupled to an increase
in Bcl- xL protein level, suggesting that one of the mechanisms
by which Gas6 can protect from apoptosis is by up-regulating

FIG. 3. NF-�B activation is transient and contains p50 and p65
polypeptides. A, a time-course gel retardation assay was performed
with a 32P-labeled NF-�B-specific oligonucleotide and nuclear extracts
from serum-starved NIH 3T3 fibroblasts incubated for increasing times
in serum-free medium containing Gas6 as indicated in the figure. B,
super-shift analysis of the Gas6-induced complexes. Nuclear extracts
from Gas6-treated cells were preincubated with antibodies against the
p50 (lane 2), p65 (lane 3), or cRel (lane 4) and subsequently used for gel
retardation assay. The control assay, preincubated without antibodies,
is shown in lane 1.

FIG. 4. Effect of Gas6 on transcription activity on promoters
containing NF-�B binding sites. A, NIH 3T3 mouse fibroblasts were
transfected with a luciferase expression vector driven by a Tk promoter
or a Tk promoter with two NF-�B binding sites. A Renilla expression
vector was co-transfected as normalization control. 6 h after transfec-
tion growth arrest was achieved by replacing the medium with 0.5%
serum containing medium for 48 h. Thereafter the medium was re-
placed with serum-free medium or serum-free medium containing Gas6
and luciferase activity (firefly/Renilla) was measured 5 h later. B, effect
of Gas6 on transcription activity of the bcl-x promoter and the bcl-x
promoter in which the three NF-�B binding sites have been mutated.
Transfection and luciferase assay were performed as described for A. C,
time course of Gas6 effect on Bcl-xL protein. Actin is used as the loading
control. The blot shows an increase in Bcl- xL protein level coupled to
Gas6 treatment.
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the anti-apoptotic protein Bcl-x. To further assess the rele-
vance of NF-�B activation by Gas6 in Bcl-x up-regulation, the
same type of analysis was performed in serum-starved p65�/�
and p50�/� cells. Fig. 5A shows that bcl-xL promoter activity
appears to be susceptible to Gas6 induction in p50�/� cells,
whereas it is unaffected in p65�/� cells. The blot of Fig. 5B
shows that Gas6 induces Bcl-xL protein increase in p50�/�
cells, but not in p65�/� cells, suggesting that a functional p65
is required for the noticed effect of Gas6.

NF-�B Activation by Gas6 Involves the PI3K and AKT Path-
ways—Previous studies have demonstrated the absolute re-
quirement both of PI3K and AKT for Gas6 survival property
(14, 15). To verify whether NF-�B activation was a downstream
event in these pathways we analyzed the effect of a dominant
negative Akt on bcl-x promoter activation in response to Gas6
in serum-starved NIH 3T3. As shown in Fig. 6A, the increase in
the bcl-x promoter activity upon Gas6 addition can be blocked
by co-transfecting an expression plasmid encoding for a domi-
nant negative kinase dead Akt.

Moreover, wortmannin, a potent inhibitor of PI3K, efficiently
prevents NF-�B binding activity, as induced by Gas6, and is
analyzed in the gel retardation assay of Fig. 6B. Altogether
these data suggest that the induction of NF-�B-mediated tran-
scription is linked to PI3K and AKT activation in the used
experimental settings.

Involvement of GSK3� in Gas6 Anti-apoptotic Signaling—
Gas6 was recently reported to induce GSK3 phosphorylation in
mouse C57MG (11). We found that Gas6 had the same effect on
GSK3 in serum-starved NIH 3T3 as shown in Fig. 7A.

GSK3 substrates contain either clustered serines spaced at

four-amino acid intervals (�-catenin), or a conserved proline
residue to the carboxyl side of a targeted serine/threonine (c-
Jun, cyclin-D1, myelin basic protein, Tau) (35). Because human
p105 has three serines with this spacing at positions 899, 903,
and 907 and a proline to the carboxyl side of serine 907 we
investigated whether p105 could be an in vitro substrate for
GSK3�. We therefore immunoprecipitated p105 from 293 cells
lysates and used it in an in vitro kinase assay with recombinant
GSK3�; a mock immunoprecipitation product was used as neg-
ative control. A radioactive band of 105-kDa apparent molecu-
lar mass specifically appears after incubation of the p50/p105
immunoprecipitation product with GSK3, as shown in Fig. 7B.

As a first approach to investigate whether this in vitro phos-
phorylation could have any biological significance, we investi-
gated whether the endogenous p105 and GSK3 do interact in
living cells. To this end we probed a p50/p105 immunoprecipi-
tation product with a GSK3-specific antibody. A total lysate
and a GSK3 IP were used as control. As shown in Fig. 7C,
GSK3� can be specifically immunoprecipitated with p50/p105.

To address the question whether Gas6 signaling affects the
association between p105 and GSK3, we analyzed the p105
protein level in cells treated with Gas6 and in control, un-
treated cells. As shown in Fig. 7D, the level of p105 signifi-
cantly decreases in response to Gas6. This result indicates that
the association between p105 and GSK3 may be regulated
indirectly by Gas6, through a reduction in p105 protein level.

DISCUSSION

The data presented in this manuscript demonstrate the re-
quirement of transcription factor NF-�B activation in Gas6/Axl
signaling and protection from apoptosis. We have used NIH
3T3 mouse fibroblasts as a model system to investigate Gas6/
Axl function in the control of apoptosis, as already character-
ized (8, 14, 15). Previous studies have shown that Axl receptor

FIG. 5. Effect of Gas6 on bcl-x promoter activity and Bcl-xL
protein in p50�/� and in p65�/� mouse fibroblasts. A, cells were
transfected with a luciferase expression vector driven by the bcl-x
promoter and a Renilla expression vector for normalization, as de-
scribed in the legend of Fig. 4. The graph shows the relative luciferase
activity (firefly/renilla) of lysates from p50�/� and p65�/� cells incu-
bated in serum-free medium in the presence or absence of Gas6. B, the
blot shows an increase in Bcl- xL protein level coupled to Gas6 treat-
ment in p50�/� mouse fibroblasts. Bcl- xL protein level appears unaf-
fected in p65�/� cells.

FIG. 6. Akt and PI3K are involved in NF-�B activation by Gas6.
A, effect of a dominant negative, kinase dead Akt kinase on the tran-
scription activity of the bcl-x promoter. Bclx-LUC was co-transfected
either with an expression vector for wild type Akt kinase or for kinase
dead, dominant negative Akt. Transfection was performed as described
in the legend of Fig. 4. The graph indicates the relative increase in LUC
activity (firefly/Renilla) of GAS6-treated cells with respect to control
cells incubated in serum-free. B, effect of PI3K inhibitor, wortmannin
on the induction of NF-kB binding activity by Gas6. Gel retardation
assays were performed using a 32P-labeled NF-�B-specific oligonucleo-
tide, and nuclear extracts from cells were preincubated 1 h with wort-
mannin prior to Gas6 addition or from control cells stimulated with
Gas6.
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activation by Gas6 switches the PI3K/AKT pathways on and
that both of them are absolutely required for protection from
apoptosis in this system (14, 15). In addition, Gas6 treatment is
coupled to phosphorylation and inactivation of the pro-apo-
ptotic protein Bad (15). Here we show that NF-�B induction
and transcription activation require functional PI3K and Akt
kinase. Therefore, on the basis of published data and the re-
sults reported here we can suggest that the Gas6 survival
pathway involves consecutive activation of Axl, PI3K, and Akt,
ultimately leading to an increase in nuclear NF-�B binding
activity and subsequent induction of NF-�B-responsive anti-
apoptotic genes like bcl-xL.

Protection from apoptosis through the PI3K and subsequent
NF-�B activation has been shown to occur in response to plate-
let-derived growth factor (PDGF), tumor necrosis factor (TNF),
and interferon �/� (16–18). In the case of PDGF and TNF the
Akt kinase can directly phosphorylate and activate the IKK�
kinase with subsequent I�B phosphorylation and degradation.
On the other hand, other reports argue for a direct action of Akt
on the p65 subunit of NF-�B leading to transcription activation
(42). In the present study we observed a transient decrease in
I�B�, suggesting that also in our experimental settings the
classical pathway of NF-�B activation could be switched on.
Namely: activation of a I�B kinase by Akt, phosphorylation and
ubiquitination-dependent degradation of I�B�, and subsequent
nuclear translocation of the active transcription factor. How-
ever, we cannot exclude a direct effect of Akt on p65; indeed,
this polypeptide plays a crucial role in our system. We have
shown that p65 is one of the major components of the induced
complex by means of super-shift analysis and that p65�/� cells
are not responsive to the survival effect of Gas6.

One of the means by which NF-�B displays its pro-survival

function is through the up-regulation of genes encoding for
anti-apoptotic proteins (23). These proteins include Bcl-xL,
TRAF1, TRAF2, c-IAP1, c-IAP2, numerous cytokines and
growth factors, as well as adhesion molecules (23). Bcl-xL pro-
tein, like Bcl 2, is known to dimerize with Bax and Bad pro-
teins, and it has been shown that the balance between the
expression of these apoptosis-protecting and apoptosis-induc-
ing proteins is critical for cell survival or death (44). Previous
studies have shown that one of the effects of Gas6/Axl anti-
apoptotic signaling is Bad phosphorylation (15). Here we inves-
tigated the effect of Gas6 on Bcl-xL, because the promoter of its
gene has recently been shown to contain three binding sites for
NF-�B and to be responsive to NF-�B activation (28, 29). We
have shown that induction of NF-�B binding activities is cou-
pled both to bcl-x promoter activation and increase in Bcl-xL

protein levels. These findings further support the relevance of
the role played by Gas6 in modulating cell survival by targeting
different members of the Bcl 2 family. This effect occurs as an
early response through phosphorylation of Bad via Akt, fol-
lowed by increased Bcl-xL expression level through NF-�B in-
duction. In our study we have analyzed the effect of Gas6-
mediated NF-�B activation on Bcl-xL; it is likely that also other
NF-�B-responsive genes might be involved.

What is the physiological significance of Axl/Gas6 anti-apo-
ptotic signaling? In the testis, one of the body districts were
both Gas6 and Axl are expressed, Gas6/Axl signaling has been
shown to exert anti-apoptotic functions. Mice lacking all the
three receptors are indeed sterile because of progressive death
of differentiating germ cells (4). Interestingly, bcl-xL is highly
expressed in human spermatogonia (45) and its overexpression
in mouse male germinal cells make them more resistant to
apoptotic-inducing conditions (46).

Another system where Axl is highly expressed both during
development and in the adult is the central nervous system (47,
48). In this system NF-�B could also play a survival function
(49, 50). In addition, gene targeting has revealed that bcl-xL is
required for neuronal survival during neuronal development
and for post-natal CNS neurons (51). A cross-talk between
GSK3� and NF-�B molecular pathways has been recently sug-
gested because cells lacking GSK3� are defective in NF-�B
signaling (36). Moreover, both GSK3� and RelA gene disrup-
tion result in embryonic lethality caused by severe liver degen-
eration (24, 36).

We have observed that Gas6 treatment is coupled to GSK3�

phosphorylation in serum-starved NIH 3T3, as already de-
scribed for the murine C57MG cells (11). This coupling could
underlie an involvement of GSK3 in Gas6 anti-apoptotic sig-
naling, as suggested for FGF. The herein reported physical
association of endogenous p105 and GSK3� in living cells and
the in vitro phosphorylation of p105 by GSK3 could be one of
the molecular basis of a cross-talk between NF-�B and GSK3�.
We speculate that GSK3 could be involved in regulating p105
protein stability. When GSK3 is phosphorylated and inacti-
vated upon treatment with Gas6 or other growth factors, p105
could become a target of inducible kinases like ikB kinase,
which target it to degradation, thus leading to NF-�B activa-
tion. Indeed we have observed that Gas6 treatment is coupled
to a decrease in p105 protein level, as already reported for other
NF-�B inducers. Further studies are required for a full under-
standing of the role played by GSK3 in Gas6-Axl signaling and
NF-�B activation.

Besides its reported physiological roles in the hematopoietic
and reproductive systems, Gas6/Axl signaling has also been
suggested to play a role in some disorders, including glomeru-
lonephritis (52), osteoclastic bone re-absorption (2), rheumatoid
arthritis (13), and certain metastatic tumors (7). A molecular

FIG. 7. Gas6-GSK3-NF-�B: a possible cross-talk. A, the blot
shown in the upper panel was decorated with anti-phospho GSK3 and
shows that GSK3 is phosphorylated in Gas6-treated cells. The blot
shown in the lower panel was decorated with anti-GSK3 for control. B,
GSK3 can phosphorylate p105 in vitro. Commercial GSK3� was used
for a kinase assay with a p50/105 immunoprecipitation product (lane 2);
a mock IP product was used as negative control (lane 1). C, an antibody
specific for p50/p105 can co-immunoprecipitate GSK3�. 293 cell lysates
were immunoprecipitated with p50/p105 goat-specific antibody (lane 4)
or goat GSK3-specific antibody (lane 2). A total lysate (lane 1) and a
mock IP (lane 3) were used as controls. The gel was blotted and deco-
rated with a monoclonal GSK3 antibody. D, p105 protein level de-
creases in response to Gas6 treatment. NIH 3T3 cells were serum-
starved and then shifted to a serum-free medium in the presence or
absence of Gas6. The cell lysates were used for Western blot experi-
ments. The blot was decorated with a p50/105-specific antibody. Actin
was used as the loading control.
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dissection of the pathways involved therefore represents an
important step in the development of new tools for therapeutic
intervention.
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