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Abstract

The membrane tyrosine kinase receptors, AXL and MET, are implicated in GnRH neuron
migration and/or survival. We hypothesized that the receptors with their ligands, GAS6 and HGF,
respectively may cross-talk in GnRH neuronal function. In NLT GnRH neuronal cells, MET co-
immunoprecipitated with AXL, although HGF or GAS6 did not transphosphorylate AXL or MET,
respectively. Co-expression of a kinase dead AXL blocked HGF activation of MET and indirectly
AKT and p38MAPK. Silencing of AXL decreased HGF’s ability to phosphorylate MET and
activate AXL’s downstream effectors, p38MAPK and AKT. HGF/MET signaling modulated
neuron migration dependent and independent of AXL co-expression and p38MAPK. Conversely,
AXL’s control of GhRH neuronal survival was dependent on HGF/MET signaling. Together,
these data support that the importance of membrane tyrosine kinase receptor crosstalk to regulate
neuronal cell-specific developmental functions.
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1. Introduction

Hypothalamic Gonadotropin releasing hormone (GnRH) neurons are the primary regulators
of the reproductive axis. They release the decapeptide hormone, GnRH, in an episodic
fashion to control pituitary gonadotropin production and normal reproductive functions
(Wierman et al., 2011). During embryogenesis, GhnRH neurons originate near the olfactory
placode and migrate across cribriform plate into the basal forebrain (Schwanzel-Fukuda and
Pfaff, 1989). Failure in GnRH neuronal migration or loss of these neurons can result in
delayed or absent pubertal maturation in mice and men (Wierman et al., 2004; Wierman et
al., 2011; Wray, 2010).
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Hepatocyte Growth Factor/Scatter Factor (HGF/SF) is a multifunctional cytokine secreted as
pro-HGF which is activated by serine proteases, tissue and urokinase type plasminogen
activators (tPA/uPA) (Bottaro et al., 1991; Mars et al., 1993; Naldini et al., 1991). HGF
activates its hetrodimeric tyrosine kinase receptor MET which plays a pivotal role in
epithelial-mesenchyme-transition, embryonic development, organogenesis, development of
neuronal precursors, regulation of olfactory axon outgrowth, epithelial cell growth,
morphogenesis and differentiation, tissue regeneration and wound healing (Comoglio, 2001;
Comoglio et al., 2008; Furge et al., 2000; Gentile A, 2008). Recent studies have shown
complex interactions between HGF/MET with other membrane receptor tyrosine kinases
(RTKSs) such as Semaphorin-4D/Plexin B1(Soong et al., 2012) and SDF1/CXCR4 (Tu et al.,
2009), suggesting the importance of crosstalk between membrane receptors of various types
(Giacobini et al., 2007; Giacobini et al., 2008).

HGF and MET are widely expressed in the developing and adult brain. Prior work suggests
an HGF gradient can induce chemotaxis and act as a guiding signal in migrating GnRH
neurons in immortalized cells and in vivo (Giacobini et al., 2007; Jung et al., 1994). HGF
and MET null mice are embryonically lethal (Bladt et al., 1995; Schmidt et al., 1995; Uehara
et al., 1995), whereas both tPA and uPA knockouts are sub-fertile with a decreased number
of GnRH neurons (Giacobini et al., 2007). Whether the reduced GnRH neuronal numbers
are due to a lack of migration or decreased survival of GnRH neurons was not determined.

The dispersed, low numbers of GnRH neurons in vivo have led the field to use immortalized
NLT GnRH neuronal cell line as a model of early neuronal development as the cells express
low levels of GnRH with an intrinsic migratory phenotype (Allen et al., 1999; Giacobini et
al., 2007; Radovick et al., 1991). Our prior studies on the TAM (TYRO3, AXL and MER)
RTK family showed that AXL and TYRO3, but not MER, were expressed in NLT GnRH
neuronal cells and that Ax//7Tyro3null mice have delayed sexual maturation and estrus cycle
defects due to defects in GnRH neuronal cell migration and survival (Allen et al., 1999;
Pierce et al., 2008; Pierce et al., 2011). In addition to AXL and TYRO3, MET is expressed
at higher levels in the migratory NLT compared to the post migratory GT1-7 GnRH
neuronal cell lines (Allen et al., 1999; Giacobini et al., 2002; Giacobini et al., 2008; Pierce et
al., 2008). Since both AXL and MET are activated by heparan sulfate proteoglycans tethered
ligands, GAS6 and HGF respectively, and both display directional chemotaxis in GnRH
neurons, we postulated that their pathways may interact in GhnRH neuronal cells.

We previously showed that GAS6/AXL signaling protects from growth factor withdrawal
induced apoptosis via ERK-MAPK and the PI3 kinase (PI3K) pathway to AKT (Allen et al.,
1999). In addition, GAS6/AXL activation induces GnRH neuronal migration via the
p38MAPK pathway(Allen et al., 2002b). HGF/MET has been shown to signal via multiple
MAPK pathways for growth and invasion in human gastric carcinoma cells (Wang et al.,
2012), through ERK, PI3K and p38MAPK for cortical neuron and oral squamous cell
migration (Brusevold et al., 2012; Segarra J, 2006), through PI13K for survival and migration
in lung epithelial cell lines (Graziani et al., 1991), via STAT3 for morphogenesis (Boccaccio
et al., 1998), invasion in skin tumor cells (Syed et al., 2011) and cell survival and motility in
gastric cancer cells (Okamoto et al., 2011). The downstream components of MET signaling
in GNRH neuronal cells had not been evaluated. Thus, we asked whether crosstalk between
the AXL and MET and/or their ligands to intracellular signaling pathways impacted GnRH
neuronal cell migration or survival.
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2. Material and Methods

2.1. Cell Culture and Transfection

NLT (Mellon PL, 1990) and GT1-7 (Radovick et al., 1991) GnRH neuronal cells were
grown in DMEM (HyClone, Logan, UT) supplemented with 10% FBS (Atlanta Biologicals,
Lawrenceville, GA), penicillin (100 U/ml), and streptomycin (100pg/ml) in humidified 5%
CO3, incubator at 37°C. Transfections on NLT cells were performed using Lipofectamine
Plus reagents as per the manufacturer’s instructions(lnvitrogen, CA).

2.2. Reagents

Human recombinant HGF (H9661) and DMSO were purchased from Sigma-Aldrich (St.
Louis, MO). Full length recombinant GAS6 was provided by B Varnum at Amgen
(Thousand Oaks CA). Pure MET tyrosine kinase inhibitor (PF-04217903) was a kind gift
from Ross Camidge (University of Colorado, Denver). LY294002, SB203580 and PD98059
were purchased from Calbiochem (San Diego, CA). AXL (M-20), MET (sc-8057) and HGF
(sc-13087) antibodies, normal mouse, rabbit and goat IgG and HRP-linked anti-goat
antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal
TYRO3 (MAB579) antibody and anti-CASPASE 3 antibody were purchased from R&D
Systems (Minneapolis, MN). Horseradish peroxidase (HRP)-conjugated secondary
antibodies (Goat anti-rabbit 1gG and Goat anti-mouse 1gG) were purchased from Bio-rad
(Hercules, CA). Antibodies specific to AKT, phospho-AKT(Ser 473), ERK, phospho-
ERK(Thr 202/204), p38MAPK, phospho-p38MAPK(Thr180/Tyr 182), phospho-MET (Tyr
1234/1235), phospho-AXL(Tyr 702), STAT3, phospho-STAT3(Tyr 705) and PARP were
purchased from Cell Signaling Technology (Beverly, MA). B-Tubulin and phospho-STAT3
(Ser 727) were purchased from Abcam (Cambridge, MA) and GAPDH antibodies was
purchased from Millipore (Billerica, MA).

2.3. Plasmids

pRK5, PRK5-AXL WT plasmid containing the mouse Ax/cDNA (wild type) and PRK5-
AXL KD plasmid containing the truncated tyrosine kinase receptor Axl was provided by
Paola Bellosta (New York University)(Bellosta et al., 1995). For domain analysis, AXL
mutant plasmids encoding deletion in first immunoglobulin domain (pcDNA3 A AXL-1G),
Fibronectin 111 domain I ()cDNA3 A AXL-FNI), Fibronectin 1l domain Il ()cDNA3 A
AXL-FNII), Fibronectin 111 domain I and Il (pcDNA3 A AxI-FNI/IT) and intracellular
domains (pcDNA3 A AXL-ICD) were generously provided by Shuang-En Chuang
(National Institute for Cancer Research, Taiwan) (Lay et al., 2007). Sequences for all
plasmids were confirmed by DNA sequencing (UCD, Cancer Center Sequencing Core
Facility).

2.4. DNA Microarray Analysis

Total RNA was isolated from 3 different batches of NLT and GT1-7 cells and DNA
microarrays and bioinformatics analysis of the data were performed as previously described
(Pierce et al., 2008).

2.5. Semi-quantitative gPCR

Total RNA was isolated from NLT or GT1-7 cells using RNeasy kit according to the
manufacturer’s protocol (Qiagen, Valencia, CA). 2j.g RNA was reverse transcribed using
RT-PCR system from Biorad (Hercules, CA) in PTC-200 thermal cycler (MJ Research,
Waltham, MA). qPCR was performed in a Applied Biosystems real time PCR system using
Power SYBR Green PCR master mix (Applied Biosystems, Foster city, CA). Primer
sequences for amplifying Metwere Fwd 5 * -TCTGGGAGCTCATGACGAGA-3 * and Rev
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3’ -CTTCGTACAAGGCGTCTGGA -5, Hgfwere: Fwd 5~ -
GCTTGGCATCCACGATGTTC-3 " and Rev 3’ - AGGATTGCAGGTCGAGCAAG-5 .
The quantity of Metand Hgf mRNA were compared to that of housekeeping control
glyceraldehyde-3-phosphatedehydrogenase (Gapdh) in the gPCR reactions using following
primers Fwd 5 * -CGACCCCTTCATTGACCTCA-3 "and 3’ -
GCCACGACTCATACAGCACC -5 “. Amplification reactions were set up of 25pl
containing 5M of each primer and SYBR Green gPCR master mix with following
program, consisting of initial denaturation for 10min at 95°C, followed by 40 cycles of 95°C
for 15s, primer annealing and acquisition at 60°C for 1min. The cycle threshold values (Ct)
obtained for Metand Hgfgenes were normalized against Gapdhto calculate A Ct values
from triplicate experiments.

2.6. Immunoblot Analysis

NLT and GT1-7 cells were harvested in 1xRIPA buffer (150mM NaCl, 1% NP40, 0.5%
deoxycholate, 0.1% SDS, 59mM Tris, pH8.0) and 0.5 mM PMSF, 1x protease inhibitor
(Sigma-Aldrich, St. Louis, MO), 20mM NazVO4 and 25mM NaF (Fisher, Pittsburgh, PA)
were freshly added to the buffer. Protein lysates were quantified using BCA assay (Pierce,
Rockford, IL) and equivalent amount of protein were resolved on 7.5% SDS/PAGE gels.
The PVDF membranes were blocked 3% BSA in TBS-T buffer (20mM Tris-Cl, pH7.6,
137mM NaCl and 0.1% Tween-20) for 1hr at room temperature. Immunoblot analyses and
stripping to reprobe with pan antibodies were performed as described (Nielsen-Preiss et al.,
2007). Densitometry analysis was performed with the Bio-Rad Fluor-S multi-imager and
NIH Image J software.

2.7. Immunoprecipitation

Immunoprecipitation (IP) experiments were performed as previously described (Pierce et al.,
2008). Immunoprecipitated lysates were then loaded on 7.5% SDS gel and membranes were
subsequently used for immunoblotting experiments. IP MET was probed for MET, AXL,
TYRO3, MER and EGFR. IP of IgG mouse were probed with AXL TYRO3, MER and
EGFR and immunoprecipitations were repeated in three independent experiments. Data
were quantified using Image J software.

2.8. Small Interfering RNA (siRNA) for AXL

Scrambled siRNAs and four individual siRNAs targeting Ax/were designed and synthesized
using siRNA Target Finder and Silencer siRNA Construction Kit (Ambion, Austin, TX).
SiRNA sequences and transfection was performed as described (Pierce et al., 2008). Twenty-
four hrs after transfection, cells were placed in media without serum for 8 hrs and used for
signaling, migration or apoptosis experiments.

2.9. Scratch Assay

NLT cells were grown in DMEM with 10% FBS in 6 well plates up to 90% confluency.
Cells were transiently transfected with scrambled or AXL-specific sSiRNAs for 24 hrs. Cells
were subsequently incubated in serum free DMEM for 16-18 hrs and washed with PBS.
Cells were treated with 25um SB203580 or 10pwm LY 294002 or DMSO for 2 hrs, in
DMEM with 2% FBS followed by incubation in presence of PBS or HGF (50 ng/ml) for
48h. A scratch was made using a sterile 200l micropipette tip and three different scratch
areas in marked fields per well were photographed at O hr using a phase-contrast inverted
microscope and Moticam 2000 camera and Moticam image acquisition software. Cells were
re-photographed 24hrs later, the area of the scratch was measured and the number of cells
migrated into the scratch for each well was counted using Image J software. Migration of
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neuronal cells per well was calculated from three fields in triplicate experiments and data
was normalized to scratch area from each well.

2.10. Apoptosis Assay

NLT cells were transiently transfected with scrambled (control) and AXL-specific SIRNAs.
After starving for 6 hrs NLT neuronal cells were counted, plated on coverslips and treated
with 10pm LY294002 or 30im PD980590r mock inhibited with DMSO for 2 hrs followed
by incubation in presence of PBS or HGF (50 ng/ml) for 48hrs. Hoechst staining was then
performed as described earlier (Allen et al., 1999). One thousand cells were counted from
eight randomly chosen fields using a fluorescent microscope (Axiovert 200 Zeiss
microscope, Carl Zeiss Germany). Duplicate coverslips in three separate experiments were
evaluated. The rate of apoptosis was expressed as a percentage of total counted cells.

2.11. Statistical Analysis

All data are expressed as mean + sem for each group. Statistical differences between two
groups was analyzed using Student’s ftest and among multiple groups using one way
ANOVA with Bonferronis post-hoc test (for silencing experiment) and Tukeys multiple
comparisions post-hoc test (for scratch and apoptosis assay), P values < 0.05 were
considered statistically significant.

3. Results

3.1. Differential expression of Met, Axl and Tyro3 in GnRH neuronal cells

DNA microarrays were performed in triplicate in NLT and GT1-7 neuronal cells as
previously reported (Pierce et al., 2008). 9881 transcripts were found to be differentially
regulated (p<0.005) and 1827 and 901 transcripts were expressed in only GT and NLT cells
respectively (using Gene Spring software). Data were analyzed for transcript levels of Met
and its ligand Hgfand TAM family receptor (Ax/) and its ligand Gas6. Among the TAM
family members, the Ax/ transcrijpt was more abundant in the NLT cells (log, transformed
11.4) as compared to the GT1-7 (log, transformed 8.2) GnRH neuronal cells, whereas
transcript levels of 7yro3and Gasé were similar between the two neuronal cell lines as
previously reported (Pierce et al., 2008). Both Metand Hgftranscripts were higher in NLT
cells (log, transformed 9.8 and 8.1 respectively) compared to GT1-7 neuronal cells (log,
transformed 3.7 and 3.8 respectively). Differential transcript levels were confirmed by
measuring mRNAs using a SYBR green semiquantitative gPCR normalized to Gapadh as an
internal control. Both Metand Hgfwere higher in NLT cells (A Ct 5.2 0.8 and 4.7+0.6
respectively) as compared to GT1-7 neuronal cells (A Ct 9.1 0.6 and 11.4+0.6
respectively). Immunoblotting of neuronal lysates demonstrated that HGF protein levels
were not different (NS) (Fig. 1A). Since immunobloting of whole cell lysates failed to detect
the low levels of MET protein, immunoprecipitation (IP) was used to confirm higher levels
of MET in NLT as compared to GT1-7 neuronal cells (Fig. 1B). The glycosylated MET
precursor band and p-subunit of MET receptor were detected at 170 and 145 kDa
respectively. AXL protein was detected only in NLT cells, TYRO3 levels were equivalent in
both cell lines and no GAS6 protein was detected in either cell lines, as previously reported
(Pierce et al., 2008).

3.2. HGF phosphorylates MET to signal via AKT, ERK, STAT3 and p38MAPK in GhnRH
neuronal cells

We previously showed that GAS6/AXL phosphorylates ERK, PI3K and p38MAPK
pathways in GnRH neuronal cells (Allen et al., 1999; Allen et al., 2002a). To define the
downstream signaling pathways activated by HGF/MET in GnRH neurons, NLT cells were
serum starved for 6-8 hrs and treated with a selective MET tyrosine kinase inhibitor
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(PF-04217903, 500.M) or DMSO. After 16-18 hrs, cells were treated with or without HGF
(50 ng/ml for 15 min) and harvested. DMSO was used as vehicle control. Inhibition of MET
decreased HGF phosphorylation of MET (0.4 versus 45-fold in control, P=0.01), AKT (0.6
versus 14.7-fold in control, P=0.0001), ERK (0.9 versus 3.0 -fold in control, P=0.0008),
p38MAPK (0.6 versus 35-fold in control, P=0.01) and STAT3 (2.4 versus 4.7-fold in
control, P=0.004). Interestingly, HGF failed to phosphorylate STAT3 at the Tyr705 residue,
but instead phosphorylated STAT3 at Ser727 residue in NLT GnRH neuronal cells. These
data suggest that HGF through MET phosphorylates multiple downstream signaling
pathway components in NLT GnRH neuronal cells, including ERK, AKT, p38MAPK and
STAT-3 (Fig. 1C).

3.3. AXL directly interacts with MET in NLT GnRH neuronal cells

We asked whether there is a direct interaction between MET and AXL, and examined if
their respective ligands (HGF and GASG6) can phosphorylate each other’s receptor in GnRH
neuronal cells (Fig. 2A). An anti-MET antibody was used to immunoprecipitate MET
protein and lysates were probed with anti-MET or anti-AXL antibodies. To demonstrate the
basal levels of MET and AXL in NLT cells, lysates (50 j1g) were used as an input control.
AXL protein (120 and 140 kDa) was detected in MET immuoprecipitated NLT lysates (0.6 -
fold as compared to input lysate, n=3), indicating a direct but weak interaction of MET with
AXL (Fig. 2B). IP of control mouse 1gG probed with AXL showed no band. Additional
experiments showed that MET can also interact with TYRO3 (120 and 140 kDa) but not
with the other TAM family member, MER or with a control tyrosine kinase receptor, EGFR
(170 kDa) (Supplementary Fig. S1). These data indicate that MET and AXL receptors
interact in GnRH neuronal cells.

3.4. HGF and GAS6 do not phosphorylate each other’s receptors

Next we explored whether GAS6, the AXL ligand, can phosphorylate MET, or conversely
HGF can phosphorylate AXL (Fig 2A). NLT cells were starved for 6-8 hrs followed by
treatment with PBS, HGF (50 ng/ml for 15 min), or GAS6 (400 ng/ml for 10 min, (Allen et
al., 1999; Allen et al., 2002b) (Fig. 2C). Immunoblots of NLT lysates stimulated with HGF
and probed with phosphor- MET revealed that MET was phosphorylated only after HGF
stimulation, with no effect after GAS6 (Fig. 2C). Similarly, NLT lysates probed with P-AXL
demonstrated that GAS6 phosphorylated AXL, but HGF had no effect (Fig. 2C). Thus HGF
and GASG failed to trans-phosphorylate the opposite receptor, and the ligands are receptor
specific in GnRH neuronal cells.

3.5. AXL modulation of HGF /MET signaling is dependent on the intracellular domain

To elucidate which domains of AXL interact with MET to modulate HGF/MET signaling,
AXL mutants (Fig. 3A) were expressed and then treated in the presence or absence of HGF
in GnRH neuronal cells. Over expression of WT AXL induced MET phosphorylation by 1.6
-fold. As compared to vector control, AXL mutants did not alter HGF phosphorylation of
MET with deletion of the AXL immunoglobulin (AAXL-IgG, 1.4 -fold), the fibronectin |
and Il (AAXL -FNI/II, 0.9 -fold), only fibronectin I (AAXL-FNI, 0.8 -fold) or only the
fibronectin 11 (AAXL-FNII, 0.7 -fold) domains (see Fig. 3B). AXL mutant in which the
intracellular domain which contains the kinase domain was deleted (AAXL-ICD mutant)
was less well expressed in NLT neuronal cells. However, despite a lower level of
expression, the AAXL-ICD mutant resulted in a loss of MET phosphorylation (0.06 -fold as
compared to vector and 0.03 -fold as compared to wild type AXL, P=0.04) (Fig. 3B). Thus,
the intracellular domain of AXL, including the tyrosine kinase domain, is important for
AXL modulation of HGF/MET signaling. Interestingly, deletion of only the AXL
fibronectin 11 domain as compared to overexpressed wild type AXL (0.4-fold) did alter HGF
phosphorylation of MET. To confirm the importance of the FNII domain of AXL in AXL/
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MET interaction, coimmunoprecipitation experiment was performed. Lysates of cells
expressing empty vector and AAXL-FNII were immunoprecipitated with a MET antibody.
Immunoblots were then probed with MET and revealed that FN2 domain of AXL may be
involved in bringing the AXL and MET receptors into close proximity (Fig. 3C)

3.6. AXL/MET interaction occurs via AKT and p38MAPK pathways

To confirm the functional relevance of the AXL tyrosine kinase phosphorylation on
downstream signaling of HGF, wild type AXL (pRK5-AXL-WT) and the AXL mutant with
mutated kinase domain (pRK5-AXL-KD) were overexpressed and then cells incubated in
the absence or presence of HGF. HGF stimulation increased the levels of phosphorylated
MET and AKT, but not ERK, p38MAPK or STAT3 when wild type AXL was
overexpressed (9.4 -fold) (see Fig. 3D). In contrast, expression of pRK5-AXL-KD resulted
in a diminished MET phosphorylation (1.1-fold as compared to 46 -fold in vector, P=0.05),
decreased phospho-AKT (1.6-fold as compared to 28-fold in vector, P=0.03) and phospho-
p38MAPK (0.2-fold as compared to 2.0-fold in vector, P=0.02) in response to HGF.
Importantly, ERK phosphorylation (1.1-fold as compared to 1.4-fold in vector) and STAT3
phosphorylation (1.1-fold as compared to 1.0-fold in vector) was unchanged (Fig. 3D).
Together, our data suggest that the AXL kinase domain is required for efficient HGF-
induced MET signaling to the PI3BK/AKT and p38MAPK, but not the ERK MAPK and
STAT3 pathways in the GnRH neuronal cells.

3.7. Levels of AXL protein in GnRH neuronal cells modulates downstream HGF/MET

signaling

We then investigated if altering the endogenous levels of AXL modulated HGF-induced
MET signaling. Silencing of endogenous AXL (50-80% by siRNA, Fig. 4A) resulted in a
decreased ability of HGF to phosphorylate MET (19.1 to 9.9-fold, P<0.001), AKT (39.7 to
22-fold, P<0.05), and p38MAPK (21.8-fold to 8.1-fold, P<0.05), respectively as compared
to the scrambled control (Fig. 4B). In contrast, there were no effects of silencing AXL on
HGF activation of ERK phosphorylation (2.0-fold versus 2.1-fold in scrambled controls,
NS) and STAT3 phosphorylation (1.6-fold versus 1.9-fold in scrambled controls, NS),
suggesting cell specific downstream effector pathways dependent on AXL/MET interaction
in GnRH neurons (Fig. 4A and 4B). Additionally, since TYRO3 another TAM family
member can directly interact with MET in the neuronal cells, we silenced endogenous
TYRO3 (47%). Loss of TYRO3 in the neuronal cells had no effect on HGF induced MET
activation (data not shown), confirming AXL-specific interaction with MET.

3.8. HGF/MET activation of GhnRH neuronal cell migration is dependent on AXL

We previously showed that GAS6/AXL signaling through p38MAPK mediates GnRH
neuronal migration (Allen et al., 2002a). To test the hypothesis that AXL levels modulate
the effects of HGF/MET promotion of GnRH neuron migration, scratch assays were
performed in NLT GnRH neuronal cells with and without silencing of AXL. Cells were
incubated with SB203580 (25.M), a p38MAPK inhibitor and LY294002 (10pM), a
P13Kinase inhibitor in the presence or absence of DMSO and HGF (50 ng/ml) for 24 hrs
(see Fig. 5A). Silencing of AXL (85% by siRNA as compared to scramble control)
expression was confirmed using immunoblot (inset of Fig. 5B). NLT cells that migrated
after 24hrs were counted and data normalized with their respective scratch area (see Fig.
5B). HGF activated migration as compared to the DMSO treated controls (1.8+ 0.1 vs.
1.1+0.1 respectively, P<0.01) in NLT neuronal cells transfected with scrambled oligomers.
However, HGF failed to induce migration in NLT neurons where AXL expression was
silenced (1.1+0.07 vs. 1.840.1, as compared to HGF treated scramble controls, NS)
indicating that AXL co-expression was required for HGF induction of GnRH migration.
Treatment with the p38MAPK inhibitor, SB203580 significantly reduced the basal
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migration in both DMSO treated scramble controls (1.1+0.1 to 0.4+0.02, P<0.01) and
DMSO treated siAXL group (0.9+£0.01 to 0.2+0.1, P<0.001), suggesting that basal neuronal
migration is critically dependent on p38MAPK. Addition of HGF increased rates of
migration back to basal levels in the presence of the p38MAPK inhibitor in scrambled
controls (0.9+0.02 vs. 0.4+0.4, as compared to SB203580 treated scrambled controls,
P<0.05). Inhibition of AXL blocked this effect, suggesting that HGF effects on migration
are independent of AXL’s activation of p38MAPK.

In contrast, treatment with the PI13K inhibitor, LY 294002, had no significant effects on
HGF-induced GnRH migration in either scrambled controls (1.0+0.07 as compared to
DMSO treated scrambled group, NS) or AXL inhibited neuronal cells (1.0+0.2, as compared
to DMSO treated siAXL group and also as compared to LY 294002 and HGF treated
scrambled groups, NS). Additionally, treatment with PD98059 (10iM), a MEK inhibitor
that blocks ERKMAPK signaling had no effect on basal migration of NLT cells (data not
shown)implicating that GnRH neuronal migration is not dependent on ERK pathway.
Immunoblots confirmed that samples treated with SB203580 or LY 294002 showed
significant reduction in the phospho-p38MAPK and phospho-AKT levels (supplementary
Fig. S2). Together these data indicate that HGF/MET activation of GnRH neuronal
migration is dependent on the presence of AXL, yet independent of AXL’s actions via the
p38MAPK pathway. The neuronal migration pathway that mediates these effects remains to
be elucidated.

3.9. HGF/MET modulates the effects of AXL on GnRH neuronal cell survival

Similarly, we asked whether HGF/MET conferred effects on GnRH neuronal cell survival in
response to growth factor withdrawal and whether these are dependent on AXL
coexpression and its downstream effectors (see Fig. 6). NLT cells were transfected with
scrambled control or si-AXL for 24hrs. Cells were pre-treated with LY294002 or PD98059
or DMSO for 2hrs followed by incubation in the presence or absence of PBS or HGF in
serum-free medium for 48hrs. Silencing of AXL (85% by siRNA as compared to scramble
control) expression was confirmed using immunoblot (inset of Fig. 6). Apoptotic neuronal
cells were measured by counting the number of cells with condensed or fragmented
chromatin using Hoechst staining (Fig. 6). Inhibition of AXL expression increased apoptotic
cells in baseline conditions (2.5-fold, 3.4+0.2 in scrambled group to 8.8+1.5 in si-AXL
group, P<0.05) confirming its importance in survival even in the absence of its ligand,
GAS6. Somewhat to our surprise, HGF did not affect rates of cell death after growth factor
withdrawal in baseline conditions (0.7-fold, 3.4+0.2 in DMSO treated to 2.6+0.3 in HGF
treated scrambled controls, NS). However, HGF rescued the cells from programmed cell
death when AXL expression was inhibited (2.3-fold, 8.8+1.5 in si-AXL with DMSO to
3.8%0.6 in si-AXL with HGF, P<0.05). These data suggest that HGF/MET signaling
modulates AXL’s ability to promote neuronal cell survival.

In cells where AXL was silenced, inhibition of the PI3Kpathway with LY 294002 or ERK
pathway with the MEK inhibitor PD98059 resulted in increased apoptotic cells, 1.9-fold (8.2
+1.8 in scramble to 15.8+3 in si-AXL, NS) and 1.9-fold (5.0+1.2 in scramble to 9.7+0.2 in
si-AXL, NS) respectively, confirming these effector pathways are downstream of AXL as
previously observed (Allen et al., 1999; Allen et al., 2002a). In cells where AXL was
silenced, addition of HGF rescued cells treated with the PI3K inhibitor (2.2—fold, 15.8+3 in
si-AXL with LY?294002 to 7.0+1.7 in si-AXL with LY294002 and HGF, P<0.05). In
contrast, HGF did not significantly alter the rates of apoptosis in cells incubated with the
MEK inhibitor (9.7+0.2 in si-AXL with PD98059 to 6.7+1.6 in si-AXL with PD98059 and
HGF, NS). Immunoblots confirmed that samples treated with LY294002 or PD98059
showed significant reduction in the phospho-AKT and phospho-ERK levels (supplementary
Fig. S2). Together, these data suggest that HGF signaling to MET modulates AXL’s
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influence on survival in response to growth factor withdrawal via the PI3K, but not the ERK
pathway.

4. Discussion

The present study identifies the importance of AXL co-expression in modulating HGF/MET
and conversely HGF/MET to modulate AXL function in a model of early migrating GnRH
neurons. Co-immunoprecipitation of MET with AXL supports a direct interaction between
these two tyrosine kinase receptors in GnRH neuronal cells. We also identify that HGF/
MET directly or indirectly activates multiple pathways including ERK, PI3K/AKT and
p38MAPK in GnRH neuronal cells. Although the ligands, GAS6and HGF do not
transactivate the opposite receptor, AXL or MET respectively, the presence of AXL
modulates HGF/MET signaling and conversely the presence of MET modulates AXL
effects. HGF/MET mediates neuronal migration dependent on interaction with AXL but
independent of AXL’s actions via the p38MAPK or AKT pathways. Conversely, HGF/MET
is not critical for GnRH neuronal survival in the presence of AXL, but rescues GnRH
neuronal cells from growth factor withdrawal induced apoptosis when AXL is silenced.
Despite being a robust effector pathway downstream of MET, the ERK MAPK pathway
does not mediate MET effects on migration or survival in GnRH neuronal cells. We further
show that coexpression of a kinase dead AXL disrupted AXL’S ability to modulate HGF/
MET signaling, suggesting the importance of the AXL kinase domain to mediate the
crosstalk between the 2 RTKSs.

Prior work has shown that HGF/MET interacts with other membrane receptors such as MSP/
Ron to promote tumorigenesis (Jo et al., 2000). In gastric cancer cells, HGF/MET can form
hetrodimeric complexes with Ron in which MSP (the ligand for Ron) and HGF specific
activation resulted in transphosphorylation of each other’s receptors(Follenzi et al., 2000). In
contrast, in our system, GAS6 and HGF failed to transphosphorylate MET and AXL,
respectively suggesting that in GnRH neuronal cells, activation of both AXL and MET
receptors are ligand specific processes.

In glioma cells, crosstalk between SDF-1 alpha/CXCR4 and HGF/MET is mediated by NF-
Kappap and leads to migration (Esencay M, 2012). Khoury and coworkers have reported
that the physiological signals downstream of HGF/MET can synergize with ErbB2/Neu
receptors to further enhance the malignant phenotype in kidney cells (Khoury et al., 2005).
We asked if AXL and MET crosstalk affects their respective downstream signaling in the
early migrating GnRH neurons. Earlier studies from our lab have shown that GAS6/AXL
drives migration via Rac-p38MAPK pathway and cell survival via PI3K/AKT and ERK
pathways in GnRH neurons (Allen et al., 1999; Allen et al., 2002a). Activation of the HGF/
MET downstream signaling has been implicated in regulating a wide number of pathways
including AKT (survival), FAK (invasion), ERK (proliferation) and STAT3
(morphogenesis) in cancer cells (as reviewed in (Birchmeier C, 2003). Addition of a
selective MET inhibitor leads to a significant reduction in the expression of AKT, ERK,
p38MAPK and STAT3 in NLT neurons. Altering the levels of AXL influenced the bi-
directional cross-talk between AXL and MET. Expression of a kinase dead AXL mutant
reduced HGF induced MET phosphorylation of AKT and p38MAPKwith no effect on ERK
or STATS3, confirming the cell specific pathways downstream of the interaction between
AXL and MET in GnRH neurons. Similarly, either deletion of the intracytoplasmic domain
or specifically mutating the tyrosine kinase domain of AXL resulted in a significant
reduction in HGF- induced activation of MET. These data suggest that the kinase domain of
AXL is the major locus of receptor interaction. Inability to observe complete inhibition of
phospho-MET could be due to the inadequate silencing of AXL or subtle roles played by
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other AXL domains such as fibronectin Il domain that may be involved in bringing the
receptors into close proximity.

HGF has previously been shown to induce a chemotactic response for migration of GN11
cells (similar to NLT cells) in a Boyden chamber assay (Giacobini et al., 2007). Our data
revealed that silencing of AXL decreases HGF induced migration, suggesting that AXL/
MET interaction is required for optimal GnRH neuronal migration in response to HGF.
Whereas AXL induced migration is dependent on p38MAPK, the effects of HGF appear to
be independent of p38MAPK or PI3K/AKT (Fig 7). HGF is known to exert a protective
effect in the hippocampal CA1 after transient forebrain ischemia in an ERK-dependent
pathway (Niimura et al., 2006). In GnRH neuronal cells, HGF had no effects on survival in
response to growth factor withdrawal, but partially rescued apoptosis when AXL or the
PI3K/AKT pathway was inhibited. Together, these data confirm the bi-directional crosstalk
between the two receptors and their downstream effector pathways in GnRH neuronal cells.

5. Conclusion

In conclusion, our studies have demonstrated novel pathways for MET signaling in GnRH
neuronal cells. Importantly, AXL, but not TYRO3 or MER members of the TAM family
communicates with MET. HGF/MET signaling activates migration independent of AXL via
an as yet unknown pathway in addition to acting via AXL to trigger p38MAPK induced
neuronal migration. HGF/MET has no effects on its own to modulate survival but rescues
cells where AXL is deficient via the PI3K/AKT pathway. These data add to the growing
observations that membrane receptor tyrosine kinases may crosstalk during development to
mediate their cell specific actions and suggest that mutations in these pathway components
may be candidates for study as underlying defects in lack of pubertal development and
disorders of sexual maturation in humans.
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Figure1l. HGF/MET expression and signaling in GnRH Neuronal Cells

A: Immunoblots depicting protein levels of MET and HGF expressed in NLT and GT1-7
GnRH neuronal cells with GAPDH (loading control), n=3. B: Immunoprecipitation of MET
in NLT and GT1-7 GnRH neuronal cells. C: HGF/MET interaction is required for activation
of MET and it’s downstream signaling pathways. Inhibition of MET decreased levels of
activated p-MET, p-AKT, p-ERK, p-p38MAPK and p-STAT3 after HGF stimulation, -
TUBULIN as loading control, n=3.
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Figure2. Crosstalk of AXL and MET in NLT GnRH neurons

A: Schematic illustrating the possible crosstalk of GAS6/AXL and HGF/MET in migrating
GnRH neurons. B: MET and AXL directly interact in GnRH neuronal cells. NLT lysate
(input control), lysates immunoprecipitated with anti-MET and mouse 1gG (negative
control) were immunoblotted with anti-MET and anti-AXL, n=3. C: HGF and Gas6 do not
activate AXL and MET. NLT lysates treated with HGF or GAS6 were immunoblotted with
anti-phospho-MET or anti-phosho-AXL, n=3.
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Figure 3. Mutation in the kinase domain of AXL prevents HGF activation of MET, AKT and
p38MAPK

A: Schematic illustrating the different domain deletion mutants of AXL. B: Intracytoplasmic
domain of AXL can modulate HGF induced MET activation. NLT cells were transfected
with pcDNA3 or Axl domain deleted mutants (ApcDNA3 AXL-1g, ApcDNA3 AXL-FN1,
ApcDNA3 AXL-FN2, ApcDNA3 AXL-FN1/2 and ApcDNA3 AxI-ICD) (see methods for
details). Cells were immunoblotted with AXL, p-MET and B-TUBULIN (loading control),
n=3. Intracellular domain deleted AXL mutant resulted in a loss of HGF induced MET
activation. C: AXL-FN2 domain is involved in protein-protein interaction of AXL and
MET. Overexpressed NLT lysates (input control) were immunoprecipitated with anti-MET
and Mouse IgG (negative control) and were immunoblotted with anti-AXL. D: Tyrosine
kinase domain of AXL can alter HGF/ MET signaling and activation of AKT and
p38MAPK pathway. NLT cells were transfected with control vectors (pRK5) or wild type-
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AXL (pRK5-WT AXL) or tyrosine kinase domain deleted AXL mutant (pRK5-KD AXL)
(see methods for details). Cells were harvested for immunoblot, and probed with antibodies
for AXL, p-AXL, p-MET, p-AKT, AKT, p-ERK, ERK, p-p38MAPK, p38MAPK, p-
STATS3, STAT3 and B-TUBULIN (loading control), n=3. Kinase dead AXL mutant
decreased HGF induced MET, AKT and p38MAPK activation.
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Figure4. Silencing of AXL altersHGF/MET signalingin NLT GnRH neurons
A: Silencing AXL decreased HGF stimulated activation of MET, AKT and p38MAPK. NLT
cells were transfected with control scrambled siRNA or siRNA specific for AXL (see
methods for details). Cells were immunoblotted with AXL, p-MET, p-AKT, AKT, p-ERK,
ERK, p-p38MAPK, p38MAPK, p-STAT3, STAT3 and B-TUBULIN (loading control), n=3.
B: Bar graphs depicting effect of HGF on the mean relative expression of pMET, pAKT,
pPERK, p38MAPK and p-STATS3 to that of B-TUBULIN, AKT, ERK, p38MAPK and
STAT3 respectively in scrambled and AXL inhibited NLT GnRH neuronal cells. Letters
represent significant difference from each other (a, difference from HGF untreated cells and
b, difference from HGF treated scramble controls) p<0.05, ANOVA with post hoc
Bonferronis multiple comparisons test, n=3.

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 July 15.

Page 18



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Salian-Mehta et al. Page 19

DMSO  +HGF +SB203580 +SB203580 +LY294002 +LY294002
+HGF

A +HGF
i)
E
%
>
<

Scramble si-AXL
e ——

B. AXL .

No. of migrated cells/scratch area

Figure5. Interaction of AXL and MET influence migration in NLT GnRH neuronal cells

A: Representative wound-healing images of functional effects of silencing AXL on HGF
induced NLT GnRH neuronal migration (see methods for details). B: Bar graph depicting
effect of HGF on migration of NLT neurons in presence of p38MAPK inhibitor (SB203580)
and PI13K inhibitor (LY294002) in scramble and AXL inhibited (as shown in inset) neuronal
cells. Results are normalized with scratch area and expressed as mean + SEM. Letters
represent significant difference from each other (a and b, difference from DMSO and HGF
scrambled control groups, ¢ and d, difference from DMSO and HGF siAXL groups and e,
difference from SB203580+HGF treated scrambled control group) p<0.05; ANOVA with
post hoc Tukeys multiple comparisons test, n=3.
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Figure 6. AXL and MET interaction influence survival in NLT GnRH neuronal cells

Functional effects of silencing AXL (as shown in inset) on HGF induced on rates of
apoptosis in response to serum deprivation in a PI3K dependent pathway as assessed by
Hoechst staining (see methods for details). Letters represent significant difference from each
other (a, difference from DMSO treated scrambled control group and b, difference from
LY294002 treated siAXL group) p<0.05; ANOVA with post hoc Tukeys multiple
comparisons test, n=3.
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Figure7.
Schematic illustration of the crosstalk of GAS6/AXL and HGF/MET and their putative
effects on various downstream signaling molecules in early migrating GnRH neurons.

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 July 15.



