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Abstract

AxI is a receptor tyrosine kinase implicated in cell survival following growth factor withdrawal and
other stressors. The binding of AxI's ligand, growth arrest-specific protein 6 (Gas6), results in Axl
autophosphorylation, recruitment of signaling molecules, and activation of downstream survival
pathways. Pull-down assays and immunoprecipitations using wildtype and mutant Axl transfected
cells determined that Axl directly binds growth factor receptor-bound protein 2 (Grb2) at pYVN and
the p85 subunit of phosphatidylinositol-3 kinase (P13 kinase) at two pY XXM sites (pY779 and
pY821). Also, p85 can indirectly bind to Axl via an interaction between p85's second proline-rich
region and the N-terminal SH3 domain of Grb2. Further, Grb2 and p85 can compete for binding at
the pY821VNM site. Gas6-stimulation of AxI-transfected COS7 cells recruited activated P13 kinase
and phosphorylated Akt. An interaction between Axl, p85 and Grb2 was confirmed in brain
homogenates, enriched populations of O4+ oligodendrocytes, and O4- flow-through prepared from
day 10 mouse brain, indicating that cells with active Gas6/Axl signal through Grb2 and the P13 kinase/
Akt pathways.
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AXxI, Tyro3, and Mer, comprise a family of cell adhesion molecule-related receptor tyrosine
kinase. The receptors are expressed on cells of the immune, nervous, and reproductive systems
where co-expression of one or more family member is often detected on the same cell type
(Lai and Lemke 1991; O'Bryan et al. 1991; Graham et al. 1994; Lai et al. 1994; Lemke and
Lu 2003). The focus of our studies was to examine growth arrest-specific protein 6 (Gas6)/Axl|
signaling in the nervous system. During rat brain development and myelination, in situ
hybridization determined that Axl is highly expressed in oligodendrocytes and neurons (Prieto
et al. 2000). Using an O4 antibody specific to a sulfatide on the surface of oligodendrocytes
(Sommer and Schachner 1981; Hajihosseini et al. 1996) our laboratory determined that O4+
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immunopanned oligodendrocytes express Axl by microarray analysis, RT-PCR, and western
blot analysis (Shankar et al. 2003). Also, the Axl receptor is expressed in Schwann cells, and
endothelial cells (Li et al. 1996; Avanzi et al. 1998).

In the nervous system, the ligand for AxI, Gas6, is secreted by neurons and endothelial cells
(Stitt et al. 1995; Varnum et al. 1995; Avanzi et al. 1998; Allen et al. 1999). While many cell
types, including oligodendrocytes, express all three family members, receptor activation in
response to Gas6 is Axl > Tyro3 > Mer (Nagata et al. 1996). Gasé6 is the sole ligand for Axl,
binding to the two Ig domains of AxI (Ebner et al. 2000). The major Gas6-binding site is found
on the Axl receptor, while a minor Gas6-binding site is conserved by Tyro3 and Mer (Goruppi
et al. 1999). Gas6 is widely expressed in the CNS and PNS suggesting that the interaction
between Gas6 and its receptors has physiologically relevant functions (Li et al. 1996; Prieto
et al. 2000).

Our laboratory determined that Gas6/AxI activation protects oligodendrocytes from the effects
of growth factor withdrawal. Gas6-stimulated oligodendrocyte cultures treated with tumor
necrosis factor a (TNFa), or serum starved were protected from caspase 3 activation and cell
death. The effect was blocked with AxI-Fc decoy, or in the presence of the
phosphatidylinositol-3 kinase (P13 kinase) inhibitors LY 294002 and wortmannin. Also, the
addition of recombinant human Gas6 (rhGas6) to the cultures significantly increased the levels
of phosphorylated Akt on the oligodendrocyte cell membrane indicating that Gasé/Axl signals
through the PI3 kinase/Akt survival pathway (Shankar et al. 2006).

Gas6 activation of AxI results in autophosphorylation of tyrosine residues 779 (pYALM,; site
1), 821 (pYVNM; site 2), and 866 (pYVLC; site 3) generating consensus sites within the
cytoplasmic domain of AxI to recruit signaling molecules through consensus Src homology 2
(SH2) domains (Kazlauskas 1994; Heldin 1995; Pawson 1995; Ling et al. 1996; Fridell et al.
1998; Heiring et al. 2004). Our ongoing studies focus on AxI's role in CNS cell survival. As
part of our analysis, we sought to identify binding partners for Axl in the CNS. We explored
the binding of downstream signaling molecules to two of the consensus phosphotyrosine (pY)
motifs following AxI autophosphorylation, at amino acids 779-782 and 821-824. We
examined whether the SH2 domains of the p85 regulatory subunit of P13 kinase and the adaptor
protein growth factor receptor-bound protein 2 (Grb2) bind Axl, and whether these interactions
occur in the brain. PI3 kinase consists of a p85 regulatory subunit (p85) and a p110 catalytic
subunit (p110) that, when activated, signal to the Akt survival pathway (Fry 1994). The two
subunits, p85 and p110, are present in mammalian tissue in a 1 : 1 ratio, with no free subunits
that could negatively regulate P13 kinase activity (Geering et al. 2007). Activation of P13 kinase
allows for the conversion of the lipid signaling molecule PIP2 to P1(3,4,5)P3, which then
recruits Akt to the plasma membrane, where it is phosphorylated (threonine 308) and activated
by phosphoinositide-dependent kinase 1 (Cantley 2002). Grb2 can signal to the Akt pathway
and the MAPK extracellular regulatory kinase (ERK) 1/2 proliferative pathway; for review see
(Tari and Lopez-Berestein 2001). In this study, we examined whether Grb2 and p85 can directly
bind AxI following AxI autophosphorylation. In addition, we examined whether p85 can bind
the SH3 domain of Grb2, indirectly allowing for the recruitment of p85 to Axl.

Experimental procedures

Cell culture, transient transfections, and protein extractions

COS?7 cells were grown in Dulbecco's modified Eagle's medium (DMEM,; Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen) at 37°C in a 5%
humidified CO, atmosphere. For transient transfections, COS7 cells were plated at a density
of 2 x 106 cells/60-mm dish the day before transfection. Four micrograms of the respective
cDNAs were mixed with Lipofectamine 2000 (Invitrogen) in serum-free medium. After 4 h,
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2 mL of DMEM in the absence of serum (serum starvation) or 10% serum was added for a
total volume of 4 mL. Twenty-four hours later, cells were incubated with 200 ng/mL (2.6 nM)
rhGasé (AMGEN, Thousand Oaks, CA, USA) for 30 min at 37°C, and protein homogenates
were prepared (see below).

Mutagenesis

To determine the binding sites on AxI for p85 and Grb2, site-directed mutagenesis of Axl
cDNA at several amino acids surrounding the autophosphorylated tyrosines were performed.
These mutations were within two of AxI's YXXM binding motifs, at residues 779 (YALM)
and 821 (YVNM). The methionines were mutated to isoleucines (YALM — YALI and YVNM
— YVNI). This substitution was chosen because of the similarities in their structures; both
amino acids are hydrophobic and neutral at physiological pH. Also, the SH2 domain of p85
has no binding affinity for a pY motif containing an isoleucine at position Y + 3 (Songyang
et al. 1993). Another generated and cloned mutant AxI cDNA consisted of a mutation of
asparagine to glutamine (N — Q) in the YVNM consensus sequence; both amino acids are
neutral and hydrophilic at physiological pH. Mutant forms of human Axl were made by PCR
cloning as described in the QuickChange site-directed mutagenesis kit instruction manual
(Stratagene, La Jolla, CA, USA). Double and triple mutations were performed sequentially.
Constructs were sequenced to verify the mutations and to confirm the correct open reading
frame. Western blot analysis was performed using an AxI polyclonal antibody (pAb; AMGEN)
to confirm full-length AxI expression.

Fusion protein nomenclature

Human p85a constructs consisted of: p85(1-433): includes amino acids 1 through 433 of p85,
containing the SH3 domain, 2 proline-rich domains, the bcr homology domain and the N-
terminal SH2 domain; p85(1-333) (Hill et al. 2001): includes amino acids 1 through 333 of
p85, and there lacks the N-terminal SH2 domain; p85Aprol: same as p85(1-333) except for a
deletion of the N-terminal proline-rich region (referred to as the first proline-rich region);
p85Apro2: same as p85(1-333) except for a deletion of the C-terminal proline-rich region
(referred to as the second proline-rich region); p85Aprol + 2: same as p85(1-333) except for
a deletion of both the N- and C-terminal proline-rich regions. Grb2 constructs consisted of:
Grb2-FL consisting of full-length Grb2; Grb2-SH3N: contains only the N-terminal SH3
domain of Grb2; Grb2-SH3C: contains only the C-terminal SH3 domain of Grb2. All fusion
proteins are glutathione S-transferase (GST)-tagged.

GST-mediated binding assays, western blot analysis and antibodies

Following transient transfection COS7 cells were lysed on ice with immunoprecipitation (IP)
buffer (140 mM NaCl, 1 mM Tris, pH 7.4) containing 0.5% Triton X-100 and protease
inhibitors [2 Ig/ mL leupeptin; 2 mM ethylene glycol-bis(b-aminoethylether)-N,N,N’,N'-
tetraacetic acid; 4 ug/mL pepstatin; 5 mM sodium pyrophosphate; 30 mM B-glycerophosphate;
30 mM sodium fluo-ride; 100 mM sodium orthovanadate; 100 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride]. The homogenates were cleared by centrifugation at
4°C at 300 g, and the supernatants were incubated with GST fusion proteins bound to
glutathione-sepharose beads (GE Healthcare, Piscataway, NJ, USA) overnight at 4°Con a
nutator. Subsequently, samples were washed five times in IP buffer, boiled for 5 min in 2X
protein dye, spun at 7000 g, and the supernatants were separated in a 10% sodium dodecyl
sulfate (SDS)—polyacrylamide gel electrophoresis (PAGE). Following electrophoresis, the
proteins were transferred to nitrocellulose (Towbin et al. 1979). The blots were incubated with
5% non-fat dry milk and 5% goat serum in 1X Tris-buffered saline for 1 h at 22°C (Zamora-
Leon et al. 2005). After blocking, the membranes were incubated with the respective primary
antibodies followed by horseradish peroxidase-conjugated secondary antibodies (Laemmli
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1970; Albala et al. 1995). Primary monoclonal antibody (mAb) and pAb included: Axl pAb
(1:1000), DT-12, a mAb generated to GST protein, provided by Dr Peter Davies, Albert
Einstein College of Medicine (IgG1, 1 : 100), Grb2 mAb (IgG1, 1 : 5000; Transduction
Laboratories, Lexington, KY, USA), HA mAb (IgG2A, 1 : 1000), myc mAb (IgG2A,1: 20
000; Cell Signaling, Beverly, MA, USA), p85 pAb (1 : 500), p-Akt Thr308 pAb (1gG, 1 : 1000;
Cell Signaling), p-actin mAb (IgG2A, 1 : 5000; Sigma, St Louis, MO, USA). Secondary
antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) included: goat a-
rabbit 1gG (1 : 10 000), and goat a-mouse 1gG1 (1 : 10 000), and 1gG2A (1 : 10 000). The p85
pAb and the HA mAb were generated in the laboratory of Dr Jonathan Backer. The p85 pAb
was generated to a fusion protein of p85 containing the N-terminal SH2 domain. The antibody
recognizes p85 as well as GST. Visualization of all secondary antibodies was by enhanced
chemiluminescence (GE Healthcare) except where noted in the figure legend.

To test the direct protein—protein interaction of Grb2 and p85, Grb2-GST fusion proteins were
incubated with thrombin cut p85(1-433)-GST fusion proteins in vitro. First, the p85(1-433)
construct was incubated with lunit thrombin/20 ug p85(1-433) overnight at 22°C and the
cleavage reaction was stopped by adding 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride to 1 mM. Four micrograms of either Grb2-GST or GST only were incubated
with 30 ng of either cut p85(1-433) or uncut p85(1-433) for 1 h at 4°C on a nutator, followed
by the addition of 12 IL glutathionesepharose beads (GE Healthcare) for 30 min. Subsequently,
samples were washed five times in IP buffer and prepared as described for the GST-mediated
binding assay above. The p85 pAb that recognizes the first SH2 domain of p85 was used to
detect p85(1- 433). All other primary and secondary antibodies used are described above.

04+ and O4- immunopanning and magnetic associated cell sorting

A standard protocol to purify oligodendrocytes by immunopanning with the O4 mAb was used
(Gard and Pfeiffer 1989). O4 recognizes a sulfatide on the oligodendrocyte cell surface and
does not cross-react with other cell types (Sommer and Schachner 1981; Hajihosseini et al.
1996). Following O4 binding, cells were incubated with an IgM isotype-specific secondary
antibody linked to magnetic beads, allowing for viable oligodendrocytes to be purified by
column binding, and subsequent elution (Supermacs; Miltenyi Biotech; Auburn, CA, USA)
(Bansal et al. 1989; Gard and Pfeiffer 1990; Shankar et al. 2003). Enriched populations of O4
+ oligodendrocytes, and O4- cells, were prepared from mouse brain at post-natal day 10.
Following the removal of the meninges, 8-10 brains were pooled in calcium/magnesium free
Hank's balanced salt solution (HBSS; Invitrogen, Grand Island, NY, USA). The tissue was
minced and incubated with pre-warmed 0.025% trypsin/ 0.1 mM EDTA solution (Sigma) at
37°C for 20 min. Trypsinization was terminated by the (1 : 1) addition of 25 lg/mL soybean
meal trypsin inhibitor (Sigma) for 2 min at 22°C, followed by the addition of 80 ug/mL Dnase
I in HBSS for 5 min at 37°C. The tissue was centrifuged at 150 g for 5 min at 22°C, suspended
in HBSS containing 80 pg/mL Dnase I, and 3.9% MgSQ,4, mechanically triturated by pipetting
up and down 15 times, centrifuged at 150 g for 5 min at 22°C, and resuspended in cell-sorting
buffer (1X phosphate-buffered saline, 2 mM EDTA, 0.5% bovine serum albumin). The cell
suspension was filtered two times through a 40 um nylon cell strainer to eliminate debris and
cells larger than 40 um (BD Biosciences, Bedford, MA, USA). The cells that passed through
the strainer were counted, and incubated with sodium azide-free O4 mAb for 5 min on ice
(Gard et al. 1988; Gard and Pfeiffer 1989; Pfeiffer et al. 1993). The cells were centrifuged at
300 g for 10 min, resuspended in cell sorting buffer at 80 pL/107 cells, and incubated on ice
for 15 min with rat anti-mouse IgM-conjugated magnetic microbeads (20 pL/107 cells;
Miltenyi Biotech). The cells were washed with 10 mL of cell-sorting buffer, centrifuged at 300
g for 10 min, resuspended in 0.5 mL of cell-sorting buffer, and separated on a ferromagnetic
column by positive selection. This column sorts live cells according to cell surface markers
(LS column; Miltenyi Biotech). The initial column flow through contained O4- cells, and this
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population was retained and assayed in parallel with the O4+ oligodendrocytes that were
released from the column, once the column was removed from the magnet. Flow analysis, of
one experiment, using an Alexa 488 antibody to detect O4 antibody determined that the O4+
population was 82% pure. It was determined by western blot analysis using antibodies for
CD11b and glial fibrillary acidic protein that the O4— flow through population contained
astrocytes and microglia (data not shown). The cells of each flow through were counted and
resuspended at 3 x 10° cells/mL in HBSS containing 67 mM HEPES/6.7 mM sodium vanadate
for 30 min at 37°C. After 30 min, 200 ng/mL rhGas6 was added to suspended cells and
incubated for an additional 30 min at 37°C. The cells were centrifuged at 300 g for 5 min and
protein homogenates were prepared as previously described.

Immunoprecipitations

Protein homogenates prepared from COS7 cells were lysed with IP buffer. For analysis of the
total homogenates 20 ng from each sample were removed (unless otherwise stated in the figure
legend), prior to addition of IP antibodies. Homogenates were pre-cleared overnight with an
IgG1 irrelevant antibody, DT-12 and protein G agarose beads (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) on a nutator at 4°C. Following the pre-clear, homogenates were spun
at 300 g for 1 min in a microcentrifuge at 4°C, removed from protein G agarose beads, split
into two equal parts, and each part was incubated with either the AxI mAb (5.76 ng; AMGEN)
or DT-12 (5 png) for 1 h. Protein G agarose beads were then added, and the samples were
incubated overnight at 4°C on a nutator. Samples were washed five times in IP buffer. After
each wash the samples were centrifuged at 300 g for 1 min in a microcentrifuge at 4°C.
Following the washes and centrifugation, samples were boiled for 5 min in 2X -
mercaptoethanol-containing protein load dye, spun at 7000 g for 2 min, and the supernatants
were separated in 10% SDS-PAGE and transferred to nitrocellulose.

P13 kinase activity assay

COS7 cells were plated overnight at 2 x 108 in T75 flasks (for nonconfluency), transfected
with AxI cDNA (8 ng) and serum starved overnight. DMEM media without serum was replaced
with fresh DMEM media without serum, plus (+Gas6 and 1gG control) or minus (No Gas6)
200 ng/mL (2.6 nM) rhGas6 for 1 min. Each condition was done in duplicate (IgG control) or
in triplicate (+ or No rhGas6 with AxI mAb). Homogenates were prepared as described above,
20 ng were removed to test transfection efficiency, and homogenates were pre-cleared with
DT-12 for 1 h, as described above. Following centrifugation, the homogenates were removed
from the protein g agarose beads, and rhGas6 treated and untreated samples were incubated
overnight on a nutator at 4°C with either the AxlI mAb (5.76 ng; R&D Systems, Minneapolis,
MN, USA) or DT-12 (IgG control). Following the overnight incubation, protein G agarose
beads were added and rocked for 3h at 4°C. The beads were washed three times with phosphate-
buffered saline/1% Nonidet P-40 (Sigma), three times with 100 mM Tris pH 7.5, 500 mM
LiCly, two times with 10 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, and then resuspended
in 60 uL of the final wash buffer, and the lipid kinase activity was assayed using
phosphatidylinositol as a substrate as previously described (Layton et al. 1998; Yu et al.
1998). The complexes were incubated briefly in the presence of 10 mM MgCly, 20 ug sonicated
PI, and 100 IMATP containing 10 uCi [32P]JATP (New England Nuclear, Boston, MA, USA)
for 10 min with agitation at 22°C. The reaction was stopped with 20 uL. 8 N HCI, and the lipids
were extracted with 160 uL chloroform : methanol (1 : 1). A 50 pL aliquot of the lower phase
was spotted on baked (1 h at 100°C) Whatman indicator-free aluminum-backed silica plates,
which were then developed in chloroform : methanol : water : ammonium hydroxide (60 : 47 :
11.3: 2), dried, and analyzed using Phosphorimager cassettes (Molecular Dynamics,
Sunnyvale, CA, USA).
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COST7 cells were transfected with wildtype (WT); 1,1; or I,Ql Axl, or empty vector cDNA, and
cells were serum starved overnight. Cells were lysed and the protein homogenates were
incubated with either the AxlI mAb, or the DT-12 mAb, conjugated to protein G agarose beads.
IP's, washes, gel electrophoresis and transfer to nitrocellulose were performed as described
above with one difference; each of the immunoprecipitated (IP’ed) products were divided in
half and duplicate blots were analyzed. One blot was pre-incubated with 5% non-fat dry milk,
5% goat serum, and 2% bovine serum albumin in 1X Tris-buffered saline (far western buffer)
for 1 h, followed by incubation with 20 pg/mL GST-p85(1-433) at 22°C for 2 h. The blot was
then washed with far western buffer, and incubated with a GST mAb (1 : 100), followed by
incubation with horseradish peroxidase-conjugated goat-anti-mouse 1gG1 secondary antibody;
visualization was by enhanced chemiluminescence. The second blot was incubated with the
AxI pAb to confirm efficient IP of AxI.

Upon treatment with rhGas6, Axl undergoes autophosphorylation at tyrosines 779, 821, and
866. Surrounding these tyrosines are putative consensus SH2-binding motifs for the p85
regulatory subunit of P13 kinase at 779 (pYALM) and 821 (pYVNM), a consensus Grb2-
binding motif (pYVN) imbedded within the motif beginning at amino acid 821, and a third
putative SH2 binding motif beginning at amino acid 866 (pYVLC). To determine the binding
of active Axl to downstream signaling molecules, AxlI cDNA was transfected into COS7 cells,
treated with rhGas6 and pull-down assays were performed on total protein homogenates. This
was accomplished by incubating the total protein homogenates with GST-fusion proteins
expressing the SH2 domains of the p85 regulatory subunit of PI3 kinase, Abl, Abelson-related
tyrosine kinase (ARG), phospholipase C gamma (PLCy), p190RhoGAP and Grb2, coupled to
glutathione agarose beads. Complexes between Axl and these select SH2 domains were
examined by immunoblotting with an Axl pAb. Figure 1a shows that Axl associates with the
SH2 domains of p85, ARG, and Grb2. Conversely, the SH2 domains of Abl, PLCy, and
p190RhoGAP do not bind with AxIl. Additional pull-downs failed to show an interaction
between activated Axl and Src, Lyn, or Fyn (data not shown).

To confirm the interactions with full-length molecules, Axl was co-transfected into COS7 cells
with full-length ARG, or p85, and co-IPs on the protein homogenates were performed with an
AxI mAb. Although the SH2 domain of ARG binds to AxI in pull-down assays, Fig. 1b shows
that full-length ARG did not co-IP with AxI in rhGas6 stimulated COS7 cells co-transfected
with Axl and ARG. Figure 1c¢ shows that AxI co-1Ps with p85 (Fig. 1c-ii) and endogenous Grb2
(Fig. 1c-iii). Neither p85 nor Grb2 were IP’ed when a negative control IP was performed using
an irrelevant isotype-specific IgG1 antibody. Note that Axl is efficiently IP’ed by the AxI mAb
(Fig. 1c-i). In our studies, the AxI band often appears as a doublet because, in vivo, Axl is
glycosylated (Heiring et al. 2004).

The SH2 domain of Grb2 can bind to proteins containing a consensus pY XN motif, therefore,
to determine whether Grb2 binds directly to Axl only at pYVN, COS7 cells were transfected
with either WT AxI, or AxI with a mutation at the YVNM motif (YVQM). Fig. 1d shows the
asparagine of pYVN is critical for Grb2 binding; Grb2 binds to WT but not pYVQM Axl. SH2-
ARG binds to both WT and YVQM mutant AxI, and PLCy binds to neither. This confirms that
the SH2 domain of Grb2 directly binds to Axl via the consensus pYVN motif.

It is well established that Gas6 stimulates AxI and results in autophosphorylation of putative
SH2 binding domains. To confirm that AxI forms complexes with SH2-containing proteins
following Gas6 stimulation, AxI and p85 co-transfected COS7 cells were stimulated with
rhGas6 and the amount of p85 and Grb2 that co-1P’ed with Axl was compared with
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unstimulated co-transfected COS7 cells. Figure 1e shows that more p85 co-IP’ed with Axl
following a 30 min stimulation with rhGas6, than without rhGas6. Although p85 is over-
expressed in these cells, we still detected twofold more Grb2 that co-1P’ed with AxI following
stimulation with rhGas6 versus no stimulation, demonstrating that Gas6 enhances the ability
of Axl to bind SH2-containing proteins. Therefore, we routinely treated cells and tissue with
rhGas6 to maximally activate Axl and further enhance the interactions between activated AxI
and its binding partners.

As rhGas6 administration activates Axl and leads to binding of SH2 domain containing proteins
we examined whether the p85 being recruited to AxI was active, by performing PI3 kinase
activity assays. COS7 cells were plated at low confluency, to prevent intercellular
autophosphorylation of Axl that can occur when cells are highly confluent, transfected with
AxI cDNA (8 png), and serum starved overnight. Then cells were either stimulated with rhGasé
for 1 min (+Gas6) or left unstimulated (No Gas6). Total homogenates were prepared and
incubated with an AxI mAb, or, in duplicate, a +rhGas6 sample was incubated with an irrelevant
isotype control antibody (DT-12). Figure 1f-i shows that when 20 ug of total homogenate was
loaded in each lane the AxI transfection efficiency was similar in all replicates (B-actin is the
lane load control). Figure 1f-ii shows that Axl was efficiently IP’ed with the AxI mAb compared
with an irrelevant isotype control antibody (DT-12; control IP). When we compared the relative
P13 kinase activity of the Axl transfected rhGas6 stimulated COS7 cells with the unstimulated
AxI transfected COS7 cells significantly more active P13 kinase IP’ed with AxI from rhGas6
stimulated Axl transfected COS7 cells (Fig. 1f-iii). These data in Fig. 1 demonstrate that rhGas6
stimulation leads to activation and autophosphorylation of Axl, and subsequently, recruitment
of active P13 kinase, and Grb2.

Based on these experiments, we examined the expression and interaction of Axl and its binding
partners in the CNS. In our previous studies we detected AxI expression on human
oligodendrocytes in fetal spinal cord tissue by immunofluorescent microscopy, and showed
Axl expression in post-natal day 10 mouse brain homogenates by immunoblot analysis
(Shankar et al. 2003). Therefore, we selected day 10 mouse brain to determine whether AxI|
co-IP's with p85 and Grb2 in total brain homogenates, and O4+ (oligodendrocytes) and O4—
cell subpopulations. Figure 2a shows that in total brain homogenate, Axl, p85, and Grb2 co-
IP’ed with an Axl mAb, but not with DT-12 (control IP).

Once it was determined that the AxI/p85/Grb2 interactions occur in brain homogenates, O4+
oligodendrocytes were panned from day 10 mouse brain, and the O4+ and O4- populations
were examined. Using these two separate CNS populations, we sought to determine whether
Axl interacts with the same binding partners in these subpopulations as in the total homogenates
from mouse brain and COS7 cells. As shown in Fig. 2b, O4+ and O4- protein homogenates
express Axl; and p85 and Grb2 co-1P’ed with Axl when IP’ed with an Axl mAb, but not with
the control antibody, DT-12. These data show that the AxI receptor interacts with p85 and Grb2
in multiple CNS populations, including oligodendrocytes (O4+).

To determine the specific site(s) on Axl that interact with p85 and Grb2, we generated a series
of AxI mutants that eliminated one or both of the putative p85-binding motifs.

Figure 3a shows a schematic of the various AxI mutants in which the consensus Y XXM motif
was mutated to YXXI at one or both sites (YALI; YVNI), and the consensus Grb2-binding
motif YVN was mutated to YVQ (YVQM). AxI constructs were transfected into COS7 cells
and the p85 and Grb2 interactions with AxI were examined by both pull-downs and IPs. Figure
3b demonstrates that all Axl mutants with the exception of 1,QI are pulled down with SH2-
p85. To our surprise, p85 was able to bind and pull-down the 1,1 Axl mutant even though
methionine at the Y + 3 position is known to be preferred for p85 binding at pYXXM. To
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confirm the pull-down assays, the AxI constructs and full-length HA-tagged p85 were co-
transfected into COS7 cells. As demonstrated in Fig. 3¢, when a single pY XXM-binding site
was mutated on Axl, either YALI or YVNI, the mutant Axl still interacted with p85, presumably
at the unaltered pY XXM site. Consistent with the pull-down data in Fig. 3b, p85 co-1P’ed with
the AxI double mutant I,1; but did not co-I1P with the AxI triple mutant construct 1,QI, which
is unable to bind Grb2, suggesting that p85 is able to indirectly bind to AxI via Grb2. Based
on the results from Fig. 3b and c, we examined whether p85 directly bound AxI in the absence
of the Grb2 binding site (pYXN). To accomplish this, HA-tagged full-length p85, and WT or
AxI mutants were co-transfected into COS?7 cells, the homogenates were IP’ed with the Axl
mADb, and blots containing the IP’ed proteins were incubated with an HA mAb. As shown in
Fig. 3d, p85 IP’ed with WT; 1,QM; M,QM; and M,QI Axl; whereas, endogenous Grb2 only
bound to WT AxI. Thus, p85 can bind both directly to Axl as well as indirectly via Grb2. To
further substantiate that when the two methionines are mutated p85 cannot bind directly to AxI,
we performed a far western in which purified p85(1-433)-GST fusion protein was incubated
with a blot containing IP’ed WT Axl; 1,I; and I,QI mutant AxI, and empty vector. As shown
in Fig. 3e (upper panel) p85 bound only to WT AxI. The lower panel of Fig. 3e shows the
transfection and IP efficiency of AxI.

To determine whether the binding of endogenous p85/ p110 to AxI leads to activation of Akt,
COST7 cells were transfected with WT or 1,Ql mutant Axl and either left unstimulated, or
stimulated for 1 min with rhGas6. When normalized to B-actin as the loading control, COS7
cells transfected with WT Axl, and rhGas6 stimulated had a significant 2.9-fold increase in p-
Akt at threonine 308 relative to unstimulated WT AxI transfected COS7 cells. In addition,
COS?7 cells transfected with 1,Q1 mutant AxI showed no significant increase between
unstimulated and rhGas6 stimulated COS7 cells (Fig. 4). This demonstrates that active Axl
binds active PI3 kinase which relays signals resulting in activation of Akt by phosphorylation
of Akt at threonine 308.

To further examine the binding of Grb2 to Axl in the presence of p85, COS7 cells were co-
transfected with p85 plus WT or mutant AxI constructs, and IP’ed with AxI. As shown in Fig.
5 (+p85 panel), Grb2 co-IP’ed with WT Axl, single Axl mutant YVNI, and the double Axl
mutant (1,1). Grb2 did not co-IP with Axl when pY site 1 (pY ALM) was mutated to YALI, or
with the triple mutant, 1,Ql. This suggests that in the presence of excess p85, Grb2 can be
blocked from binding to pY site 2 (pYVNM). COS7 cells expressing endogenous Grb2 and
p85 transfected with WT or mutant AxI constructs, (Fig. 5, —p85 panel), IP’ed with the AxI
mADb, and immunoblotted with a Grb2 mAb demonstrated that Grb2 bound WT AxI and all
AxI mutant proteins, except the triple mutant, I,QI. This demonstrates that when p85 is bound
to Axl at pY site 2 (pYVNM) p85 does not interact with Grb2 and Grb2 does not bind at an
alternative site, however, as shown in Fig. 3b and ¢, when the SH2 domain of Grb2 is bound
to Axl, Grb2 can interact and recruit p85.

To define the sites of interaction between Grb2 and p85, full-length myc-tagged Grb2 was
transfected into COS7 cells, and pull-downs were performed on protein homogenates using
p85(1-333)-GST fusion proteins or one of several p85(1-333)-GST mutants lacking one or
both of the proline-rich regions. The p85(1-333)-GST fusion protein spans amino acids 1-333
of p85 containing both the first and second proline-rich regions. The p85(1-333)-GST mutant
constructs contain deletions (A) of the proline-rich region 1 (p85Aprol1-GST), the proline-rich
region 2 (p85Apro2-GST), or both proline-rich regions (p85-Aprol + 2-GST). Figure 6a shows
that WT, and p85Aprol-GST are equally efficient at binding and pulling down Grb2. GST-
only, p85Apro2-GST, and p85Aprol + 2-GST fusion proteins did not bind and pull-down Grb2.
These data demonstrate that the second proline-rich region of p85 is required for binding full-
length Grb2. To examine the p85-binding site on Grb2, N-terminal-SH3-Grb2-GST (Grb2-
SH3N-GST), C-terminal-SH3-Grb2-GST (Grb2-SH3C-GST), full-length Grb2-GST, and
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GST only expressed fusion proteins were used in pull-down assays with full-length HA-tagged-
p85 expressed protein. As demonstrated in Fig. 6b, full-length Grb2-GST efficiently pulls
down p85. The Grb2 SH3N domain pulled down p85, but the efficiency is reduced relative to
full-length Grb2. The Grb2-SH3C domain minimally pulled down p85, indicating that the
predominant interaction between p85 occurs via the SH3N domain of Grb2. To determine if a
direct interaction between the proline-rich region of p85 and the SH3N domain of Grb2, in the
absence of other proteins, pull-downs were performed using Grb2-SH3N-GST fusion protein
and p85(1-433)-GST fusion protein. The GST portion of the p85(1-433)-GST fusion protein
was cleaved from p85 using thrombin. Fig. 6¢, lanes 1 and 2, shows that when cleaved by
thrombin, p85(1-433) migrates at 51 kDa, and a GST only band is detected (lane 2). Pull-down
assays were performed by incubating either thrombin cut or uncut p85(1-433) (30 ng) with
either Grb2-SH3N-GST or GST only (4 ug). Pull-down products were compared by incubating
the blot with a p85 pAb. As expected, when uncut p85(1-433) was used, no p85 protein product
was detected at 51 kDa (lanes 3 and 4). By contrast, there is a 51 kDa band after cutting with
thrombin, and considerably more cut p85(1-433) product was pulled down with Grb2-SH3N-
GST (lane 6) than with GST only (lane 5). This figure shows that there is direct binding between
the proline-rich region of p85 and the SH3N domain of Grb2.

In summary, our data show that upon Gas6 activation and autophosphorylation, Axl can recruit
p85 directly and indirectly. In addition, AxI directly recruits Grb2, and in the absence of the
Grb2-consensus motif pYVN, Grb2 can not indirectly bind Axl.

Discussion

Our previous studies determined that the addition of rhGas6 to human oligodendrocytes during
stress conditions, such as growth factor withdrawal or TNFa. treatment, activates the AxI|
receptor, resulting in downstream signaling through the P13 kinase/Akt pathway to maintain
oligodendrocyte survival (Shankar et al. 2003). In this study, we demonstrate in vitro and in
vivo that Gas6 stimulation of the Axl receptor recruits p85 and Grb2 to Axl via their respective
SH2 domains, and alternatively, p85 can indirectly associate with AxI by binding to Grb2.
Further, Gas6 stimulation of Axl results in recruitment of active PI3 kinase which leads to
downstream activation of Akt at threonine 308.

Prior studies using epidermal growth factor (EGF) stimulation of an EGFR/AXxI chimeric
receptor determined that EGF—-EGFR/AXI chimera binding activates the P13 kinase pathway
(Fridell et al. 1996). Also, an expression library screened with an EGFR/AXI cytoplasmic
chimeric construct determined that the SH2 domains of p85, Grb2 and PLCy can associate with
the AxI chimeric receptor (Braunger et al. 1997). Unlike these earlier studies, our pull-down
and IP studies were performed with Gas6 stimulated full-length AxI. Pull-down experiments
confirm that p85 and Grb2 bind to Axl, however, we did not observe the reported interaction
between Axl and c-Src, Ick, or PLCy (Braunger et al. 1997). In addition, we did not observe
an interaction between Axl and Fyn, Abl, or p190RhoGAP. Although we demonstrate that the
SH2 domain of the effector molecule ARG binds to Gas6-stimulated Axl, IP of full-length
proteins demonstrate that Axl only interacts with p85 and Grb2. We confirm the interactions
between Axl, p85 and Grb2 in vivo using homogenates from day 10 total mouse brain, and
from brain subpopulations: O4+ immunopanned oligodendrocytes and O4- flow through cells.

In addition to showing that p85 and Grb2 bind to AxI's pY XXM and pY XN motifs, respectively
(Braunger et al. 1997; Oligino et al. 1997), we demonstrate that when both consensus p85
motifs on AxI are mutated, p85 can indirectly bind Axl, via Grb2. Grb2 is an adaptor molecule
that consists of one SH2 domain flanked by SH3 domains. Previous competitive peptide
experiments showed that Grb2 can bind to either proline-rich region of p85, and that p85 can
bind to either SH3 domain of Grb2 (Wang et al. 1995). We determined that GST fusion proteins
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of p85 (amino acids 1-333) and p85 containing a deletion of the first proline-rich region bind
Grb2 equivalently. However, deletion of the second proline-rich region of p85 significantly
diminishes binding to Grb2, demonstrating that the second proline-rich region of p85 is
required for binding to Grb2. Furthermore, the SH3N domain of Grb2 is most effective at
binding p85, although, an additive effect between the two Grb2 SH3 domains cannot be ruled
out. Far western analysis demonstrated that the SH2 domain of p85 is unable to bind to the 1,1
AxI mutant in the absence of Grb2. These data show that the methionines of the Y XXM motifs
on Axl are critical for the direct binding of p85 and that Grb2 is required for p85 to indirectly
bind to Axl, leading to downstream signaling.

AXxI's conserved Y XXM motif(s) are necessary for Gas6-activated Axl to signal to Akt. When
WT AxI transfected COS7 cells are stimulated with rhGas6, a significant 2.9-fold increase in
phosphorylated Akt at threonine 308 is observed. No significant increase in phosphorylated
Akt is seen when 1,QI mutant Axl is transfected into COS7 cells, indicating that the binding
of p85 directly and/or indirectly via Grb2 to Axl is critical for Axl to signal to Akt.

Although p85 can indirectly bind to Axl via Grb2, direct binding of p85 to Axl at pY site 2
(pYVNM) excludes Grb2. We show that endogenous Grb2 is able to co-I1P with the AxI mutant
YALI by interacting with Axl at pY site 2 (pYVN) (Fig. 5, —-p85 panel). However, over-
expression of p85, by co-transfecting p85 with the YALI AxI mutant, inhibits the Grb2 and
Axl interaction (Fig. 5, +p85 panel). Although it appears that p85 can compete with Grb2 for
binding to pY site 2 (YVNM) another explanation for the loss of Grb2 binding is that the
interaction and activation of the P13 kinase cascade recruits additional molecules that bind P13
kinase and sterically block Grb2 binding. Alternatively, in vivo, the binding of p85 and
activation of P13 kinase is known to result in conformational changes in the secondary structure
of p85 that likely masks the proline-rich regions of p85, making them inaccessible to Grb2
binding (Shoelson et al. 1993).

While Gas6/AxI/PI3 kinase/Akt is a survival pathway, the binding of Grb2 to Axl may play a
role in cell proliferation. The addition of Gas6 to NIH 3T3 cells in serum-containing media
induced proliferation, whereas, Gas6 addition to serum-starved cells resulted in protection from
apoptosis, indicating that during stress, Gas6 stimulation signals only to the survival pathway
(Crosier and Crosier 1997). We speculate that during cellular stress, resulting in Gas6 activation
of Axl, P13 kinase can bind either YXXM site, and inhibit the binding of Grb2 to Axl at the
YVN site. These interactions can activate the survival pathway, and inhibit the Grb2-mediated
proliferative pathway. When the SH2 domain of Grb2 is bound to AxI, Grb2 has two free SH3
domains to interact with other signaling molecules. However, some intercellular interactions,
such as the binding of Grb2 and son of sevenless, require that both Grb2 SH3 domains are
available (Wang et al. 1995). Therefore, a p85 interaction with the SH3N domain of Grb2
would block the putative Grb2—son of sevenless mediated ERK proliferative pathway. Studies
have shown that Axl activation following growth factor withdrawal, or serum starvation, does
not activate the ERK/MAPK pathway (Fridell etal. 1996; Shankar etal. 2003). We demonstrate
that 1 min following rhGas6 stimulation, serum starved AxI transfected COS7 cells show an
increase in phosphorylation of Akt (threonine 308). In the absence of proliferation, P13 kinase
can also function in actin-based motility and aid in cell adhesion (Sotsios et al. 1999; Santy
and Casanova 2001; Alahari et al. 2002; Nicholson and Anderson 2002; Valentijn and Gilmore
2004).

It is worth noting that while the Axl, Tyro3, and Mer receptors share highly conserved
positioning and sequence homology for each of the autophosphorylated pY motifs located
within the carboxy terminus, Tyro3, and Mer have one consensus Y XXM motif, and AxI has
two (Fig. 7a). Examination of the relative amount of p85 associated with Axl following the
pull-down and the IP experiments does not support simultaneous p85 binding at both pY XXM
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motifs as the relative amount of p85 associated with Axl in the single mutants appears similar
to the WT. However, under conditions of extreme stress when cell survival is at stake, it is
feasible that p85 could bind to both sites.

The significance of the third pY consensus motif is unknown. Although this motif was reported
to be a binding site for PLCy (Braunger et al. 1997), we were unable to pull-down Axl with
the SH2 domain of PLCc. The possibility exists that the third motif is the binding site for C1
domain-containing phosphatase and TENsin homolog (C1-TEN). The over-expression
resulted in reduced cell proliferation, migration and cell survival, therefore, C1-TEN is
considered a negative regulator of the Akt pathway and it may serve to balance the signaling
pathway induced by Gas6/AxI/PI3K/ Akt (Hafizi et al. 2005).

Based on our present study and previous data from our laboratory a proposed signaling model
is shown in Fig. 7b. In a stressful situation Gas6 activation of AxI recruits PI3 kinase directly
to Axl at the pYALM or pYVNM motifs, leading to cell survival. Alternatively, the second
proline-rich region of p85 can indirectly bind to Axl, predominantly by the N-terminal SH3
domain of Grb2, and may also signal through the Akt pathway. As shown in Fig. 4, Akt and
the cell survival pathway is activated by Gas6 stimulation of Axl in as little as 1 min. Akt
activation is eliminated if the Y XXM motifs are not available to p85 and/or Grb2, showing
that these binding sites are critical for this pathway. Although our data shows that the triple
mutant 1,Ql abolishes both the binding of p85 and Grb2 to Axl, we cannot rule out a scenario
in which pY866 cooperates with pY779 or pY821 for the recruitment of these two proteins.

We previously showed that Gas6 can protect against TNFa-induced apoptosis in mouse and
human oligodendrocyte cultures. Blocking the Akt pathway by administration of the P13 kinase
inhibitors wortmannin or LY 294002 eliminated this protective effect (Shankar et al. 2003,
2006). We have determined that both an O4+ oligodendrocyte population and mixed O4—
population, from mouse brain, can recruit p85 and Grb2 to the AxI receptor. Further
investigation is needed to determine the downstream survival signaling pathway in the nervous
system. Recent studies have determined that Gas6/ Axl signaling activates the basic loop helix
transcription factor repressors TWIST which bind to the E box in the TNF promoter and inhibits
nuclear factor kappa B-dependent transcription (Sharif et al. 2006). This pathway may be one
of the ways AxI protects against cell injury.
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ARG Abelson-related tyrosine kinase
DMEM Dulbecco's modified Eagle's medium
EGF epidermal growth factor

ERK extracellular signal-regulated kinase
Gas6 growth arrest-specific protein 6
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Grb2 growth factor receptor-bound protein 2
GST glutathione S-transferase
HBSS Hank's balanced salt solution

immunoprecipitation

IP'ed immunoprecipitated
mAb monoclonal antibody
pAb polyclonal antibody
PI3 phosphatidylinositol-3
PLCy phosphoalipase C gamma
pY phosphotyrosine
rhGas6 recombinant human Gas6
SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis
SH2 Src homology 2
TNFa tumor necrosis factor o
WT wildtype
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Fig. 1.

p85 and Grb2 pull-down and co-IP with Axl. (a) Pull-downs were performed from Axl|
transfected COS7 cell homogenates using GST-SH2 domain fusion proteins. Confirmation of
AXxI in the pull-down was performed by western blot analysis using an Axl pAb (1 : 1000).
Total Homog refers to the 140 kDa AxlI protein in Axl transfected protein homogenate.
Visualization was by enhanced chemiluminescence. (b) Axl and ARG co-transfected COS7
cell homogenates were IP’ed with DT-12, an irrelevant IgG1 mAb (negative control), an ARG
pAb, or an Axl mAb. Western blot analysis was performed using an ARG pAb (1 : 1000). (c)
AxI and p85 co-transfected COS7 cell homogenates were IP’ed with either the AxI mAb or
the irrelevant IgG1 mAb as described in (b). Western blot analysis confirms the presence of
AXI (c-i; AxI pAb, 1 :1000), p85 (c-ii; p85 pAb, 1 : 400), and Grb2 (c-iii; Grb2 mAb, 1 : 5000).
(d) Pull-downs were performed on GST-SH2 domain fusion proteins and protein homogenates
from WT or YVQM mutant Axl transfected COS7 cells. Confirmation of Axl in the pull-down
was performed by western blot analysis using an Axl pAb (1 : 1000). The lower panel shows
the 26 kDa GST-protein and the GST-expressed fusion protein using a GST mAb (DT-12, 1 :
100). (e) Axl and p85 co-transfected cells were serum starved overnight, washed and
administered DMEM plus or minus 200 ng/mL rhGas6 for 30 min. IP's were performed as
detailed above. Blots were incubated with either an AxI pAb or a Grb2 mAb. The amount of
IP’ed p85 and Grb2 was normalized to the total amount of the respective protein expressed in
20 ug of total protein (lighter exposure used for Grb2 normalization not shown) relative to p-
actin and the amount of IP’ed Axl (top panel). (f) P13 kinase activity increased following
rhGas6 stimulation of Axl transfected COS7 cells. T75 flasks of subconfluent COS7 cells were
transfected with Axl, serum starved, and stimulated for 1 min plus and minus rhGas6é. Total
homogenates were IP’ed with an Axl mAb (+Gas6, No Gas6), or DT-12 (IgG Control), and
P13 kinase activity assays were performed. Western blot analysis using an Axl pAb and b-actin
mAb on 20 Ig of total homogenates shows equal transfection efficiency (f-i), and using an AxI
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pAb shows the ability of the AxI mAb to IP AxI (f-ii). f-iii shows a two-fold increase in activity
in +Gas6 samples relative to the unstimulated samples. Values are means + SEM combined

from three independent experiments (n = 3 for No Gas6 and +Gas6; n = 2 for 1gG control for
each experiment). Asterisk represents significance (p = 0.023) between No Gas6 and +Gas6.
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Fig. 2.

p85 and Grb2 co-IP with Axl from O4+ and O4- protein extracts prepared from post-natal day
10 mouse brain. Cells from total brain, O4- flow through, and O4+ immunopanning were
stimulated in suspension with rhGas6 for 30 min at 37°C. Homogenates from post-natal day
10 mouse brain (a) total brain; (b) O4+ and O4— Homogenates, were incubated with either an
Axl or DT-12 (irrelevant IgG1 negative control antibody) mAb. Total homogenates and IP’ed
proteins were separated by SDS/PAGE and transferred to nitrocellulose. Western blot analysis
of total homogenates (40 ug) with the Axl pAb (1 : 1000) confirms the presence of Axl in total
brain, O4+, and O4- populations. The blot was cut and immunoblot analysis was performed
using AxI pAb (1 : 1000), p85 pAb (1 : 500), and Grb2 mAb (1 : 5000). A faint background
band only in the O4+ DT-12 control lanes was consistently observed and most likely is a result
of an interaction between residual O4 antibody (IgM) used during immunopanning and the
DT-12 antibody (1gG1) used in the control IP. IP buffer with O4 and 1gG1 antibody, but no
protein shows a similar faint background band, and pre-clearing with Protein-. agarose beads
did not eliminate the faint background (data not shown). Visualization was by enhanced
chemiluminescence, except for Grb2 which was visualized by Super-signal west femto (Pierce,
Rockford, IL, USA).

J Neurochem. Author manuscript; available in PMC 2010 July 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Weinger et al.

(a)

WT Axl:

Site 1 Site 2 Site 3
Phosphotyrosine Phosphotyrosine Phosphotyrosine
779 821 866
- AYALM PYVRAL SOIC -

Mutant Axl Forms:

YALI 4 AL ]

LI

LQI

LQM - oYALL oYV

AN pOILC ‘
pYVLE ‘
T E— T —
- pYALL EVae]| VLG ‘
pYVLC -

M,QI -_EJ&LM4DXELH—D_‘L\£LC_-

M,QMh oYALM aYVOM SYVIC -

=)

o)

£

£

— = = —

® . 85 3_Z23J¢

= =% =g £z 8

p85-SH2 + + + + + + + +

GST-only + + + + o+ kDa

()

+ + 4+
- . | W = = & = @ -140 Axl

E - - -
-?.g‘ti o  26GST

Axl mAb IP Control IP

Total Homog.
o -
£S559 1pa

g -140 AxI

—— g 43 (3-Actin for AxI

e e == -85 HA
o w= w= == - 43 B-Actin for HA

Fig. 3.

(d) 5
o
£ o
o =
ITn 8
o _— C
S X O
20
-
-e
-

(e) &

)
zg&&
S % ©
O < E
i—t;—nc"
Q 9 <
55 ©
28 5

ob
o

& §
S o E
=
o
o< B
I~
OSO
23 8
> > >

L

1,QM Total Homog.

LI Ax] IP

I,I Control IP

Page 18

Transfection of WT and AxI mutant constructs into COS7 cells, followed by pull-downs and
IPs, demonstrate that p85 binding to AxI is both a direct and indirect interaction. (a) Schematic
showing the three tyrosine residues (779, 821, and 866) on AxI that are autophosphorylated
following Gas6 binding to the extracellular IgG domains. Seven mutant AxI constructs were
generated and sequenced. The single AxlI mutants (YVNI; YALI; and M,QM); double AxI
mutants (1,1; 1, QM; and M,Ql); and the triple Axl mutant (1,QI) are shown. For details see
Experimental procedures. (b) WT and AxI mutant constructs were transfected into COS?7 cells
and protein homogenates were incubated with SH2-p85-GST fusion protein, or GST-only
protein (negative control). Western blot analysis confirmed the presence of Axl in the WT AxI
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Total homogenate. DT-12, an IgG1 antibody to GST (1 : 100), identifies GST proteins and the
GST fusion proteins. The M,Ql and I,Q1 Axl mutant pull-downs were done on a different blot
than the rest of the AxI mutants, and therefore, have a separate WT positive control. (c) Protein
homogenates from serum-starved COS7 cells co-transfected with AxI constructs and HA-
tagged full-length p85 were IP’ed with the Axl mAb, or DT-12. Western blot analysis was
performed with an HA mAb (top; 1 : 1000). The lower panel was incubated with an Axl pAb
(1:1000) and an HA mAb confirming the expression of Axl and HA-p85 in the total protein
homogenates (30 pg); B-actin (1 : 5000) was used as a loading control. (d) Serum starved COS7
cells were co-transfected with HA-tagged full-length p85, and WT or mutant AxI constructs.
Protein homogenates were IP’ed with an AxI mAb or DT-12. The blot was cut and western
blot analysis was performed with an AxI pAb (1 : 1000), HA mAb (1 : 1000), and a Grb2 mAb
(1:5000). The AxI pAb confirms the presence of Axl in the total homogenates (5 pug) and in
the IP. Because of the low amount of protein loaded in the total homogenate lanes the exposure
time for the total homogenate lanes with the HA mAb was 90 s whereas the exposure time was
5 s for the IP lanes (AxI and control). All other antibodies had the same exposure time for their
respective total homogenates and IP lanes. (e) Serum starved COS7 cells were transfected with
WT or mutant AxI constructs, or empty vector controls. Protein homogenates were 1P’ed with
an Axl mAb or DT-12. Blots were incubated with GST-p85(1-433) fusion protein and
subsequently incubated with a GST mAb (1 : 100), to detect p85-GST bound to AxI at 140
kDa. Visualization was by enhanced chemiluminescence.
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Fig. 4.

A 1-min rhGas6 stimulation of WT AxI transfected COS7 cells results in a 2.9-fold increase
in Akt phosphorylation at Thr308 relative to unstimulated WT AxI expressing cells; there was
no increase in rhGas6 stimulated 1,Ql mutant Axl transfected COS7 cells relative to its
unstimulated counterpart. COS7 cells were transfected with WT or I,QI mutant AxI, serum
starved overnight, left unstimulated or stimulated for 1 min with rhGas6. After 1 min, the media
was removed, replaced by 1X Tris-buffered saline, and protein homogenates were prepared
immediately. (a) Representative experiment of western blots; p-Akt T308 (1 : 1000), AxI (1 :
1000), total Akt (1 : 1000), and p-actin (1 : 5000, load control). (b) Values are means + SEM
combined from three experiments. Asterisk represents significant increase (p = 0.022) of pAkt
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Thr308 levels in 1 min rhGas6 stimulated WT AxI transfected COS7 cells versus unstimulated
WT AxI transfected COS7 cells. There is no significant increase between stimulated or
unstimulated 1,QI mutant AxI transfected COS7 cells. Significance is based on three
experiments.
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Fig. 5.

Transfection of WT, or mutant AxI constructs, plus and minus full-length p85, show a
competition between p85 and Grb2 for the pYVNM site on Axl. WT and AxI mutant constructs
were co-transfected into serum starved COS7 cells with HA-tagged p85 (+p85) or empty vector
(—p85) cDNA constructs. Protein homogenates were IP’ed with an AxI mAb. Western blot
analysis was performed using the Grb2 mAb (1 : 5000). In the total homogenates, the presence
of Axl was determined using an Axl pAb (1 : 1000).
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Fig. 6.

Pull-downs demonstrate that p85 directly binds to the SH3 domain of Grb2 via its second
proline-rich region. (a) Full-length myc-tagged Grb2 was transfected into COS7 cells and pull-
down assays were performed on protein homogenates with p85(1-333)-GST fusion proteins
spanning both proline-rich regions [amino acids 1-333; GST-fusion protein containing
p85Aprol, p85Apro2-GST, and p85Aprol + 2-GST; or GST only protein (negative control)].
Western blot analysis performed with a myc mAb (1 : 20 000) confirmed the presence of Grb2
in the total homogenates (b) COS7 cells were transfected with HA-tagged p85, and pull-down
assays were performed on the protein homogenates using full-length or the N- or C-terminal
SH3 domain of Grb2 fused to GST, or GST only protein (negative control). Western blot
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analysis performed with an HA mAb (1 : 1000) confirmed the presence of p85. (c) Pull-down
assays were performed using either Grb2-SH3N-GST or GST only incubated with either
thrombin cut p85(1-433), or uncut p85(1-433) GST. The p85(1-433) constructs span both
proline-rich regions and the first SH2 domain of p85. The presence of p85 on the blot was
detected using a pAb generated to a p85-GST fusion protein. The lower panels (a—c) show GST
with or without the expressed fusion protein, using a GST mAb (DT-12, 1 : 100).
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Fig. 7.

Conserved amino acid alignment of the human Axl, Tyro3, and Mer autophosphorylation sites
and schematic representation of the proposed Gas6/AxI downstream cell survival signaling
pathway. (a) The number represents the position of the amino acid within the respective protein.
Note that the spacing between the first Y XXM motif and the second Y XN motif is conserved
amongst all three receptors. The accession number for human Axl is BC050914; human Rse
(Tyro3) is U05682, and human c-Mer is U08023. (b) Gas6 stimulation of Axl results in
autophosphorylation at Y779ALM, Y821VNM, and Y866V LC. Direct recruitment of p85 can
occur via its SH2 domains binding to one or both of the pY779ALM, pY821VNM motifs,
whereas direct recruitment of Grb2, via its SH2 domain, can only bind to the pY821VN motif.
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Indirect association of p85 and AxI can occur through Grb2 via the second proline-rich region

of p85 binding to one of the SH3 domains of Grb2. The direct or indirect recruitment of p85/
p110 PI3 kinase can signal downstream to activate Akt resulting in enhanced cell survival.
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