THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 24, pp. 17859-17870, June 14, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Fibroblast Growth Factor Receptor Like-1 (FGFRL1) Interacts
with SHP-1 Phosphatase at Insulin Secretory Granules and
Induces Beta-cell ERK1/2 Protein Activation™
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Background: FGFRLI has a unique intracellular domain predicted to inhibit intracellular signaling.

Results: FGFRL1 localizes to pancreatic beta-cell insulin granules and enhances intracellular signaling, insulin content, and
matrix adhesion. Signaling was reduced by mutation of the intracellular domain.

Conclusion: Contrary to prediction, FGFRL1 enhances biological responses in these cells.

Significance: This study reveals a novel mechanism of intracellular signaling regulation.

FGFRL1 is a newly identified member of the fibroblast growth
factor receptor (FGFR) family expressed in adult pancreas.
Unlike canonical FGFRs that initiate signaling via tyrosine
kinase domains, the short intracellular sequence of FGFRL1
consists of a putative Src homology domain-2 (SH2)-binding
motif adjacent to a histidine-rich C terminus. As a consequence
of nonexistent kinase domains, FGFRL1 has been postulated to
act as a decoy receptor to inhibit canonical FGFR ligand-in-
duced signaling. In pancreatic islet beta-cells, canonical FGFR1
signaling affects metabolism and insulin processing. This study
determined beta-cell expression of FGFRL1 as well as conse-
quent effects on FGFR1 signaling and biological responses. We
confirmed FGFRL1 expression at the plasma membrane and
within distinct intracellular granules of both primary beta-cells
and BTC3 cells. Fluorescent protein-tagged FGFRL1 (RL1)
induced a significantligand-independent increase in MAPK sig-
naling. Removal of the histidine-rich domain (RL1-AHis) or
entire intracellular sequence (RL1-AC) resulted in greater
retention at the plasma membrane and significantly reduced
ligand-independent ERK1/2 responses. The SHP-1 phosphatase
was identified as an RL1-binding substrate. Point mutation of
the SH2-binding motif reduced the ability of FGFRL1 to bind
SHP-1 and activate ERK1/2 but did not affect receptor localiza-
tion to insulin secretory granules. Finally, overexpression of RL1
increased cellular insulin content and matrix adhesion. Overall,
these data suggest that FGFRL1 does not function as a decoy
receptor in beta-cells, but rather it enhances ERK1/2 signaling

* This work was supported by Canadian Institutes of Health Research Bridge
Fund Grant NMD106997 (to J.V.R. and D. M. K.), a Natural Sciences and
Engineering Research Council of Canada Discovery Grant (to J. V.R.),and a
Novo-Nordisk student scholarship from the University of Toronto Faculty
of Medicine Banting and Best Diabetes Centre (to P.N.S.). The confocal
microscope used in these studies was purchased using a CFl Leaders
Opportunity Fund Grant (to J. V. R.).

I This article contains supplemental Fig. S1.

" To whom correspondence may be addressed: Rosebrugh Bldg., 164 College
St, Rm. 407, University of Toronto, Toronto, Ontario M5G 1L7, Canada. Tel.:
416-978-8335; Fax: 416-978-4317; E-mail: dawn.kilkenny@utoronto.ca.

2To whom correspondence may be addressed: Rosebrugh Bldg., 164 College
St., Rm. 407, University of Toronto, Toronto, Ontario M5G 1L7, Canada. Tel.:
416-581-7839; Fax: 416-581-7839; E-mail: jon.rocheleau@utoronto.ca.

JUNE 14, 2013 +VOLUME 288-NUMBER 24

through association of SHP-1 with the receptor’s intracellular
SH2-binding motif.

Fibroblast growth factors (FGFs) compose a large family of
23 polypeptides that exhibit diverse yet redundant roles in bio-
logical processes such as cellular proliferation, differentiation,
and metabolism (1-5). Activation of intracellular signaling cas-
cades is classically mediated by ligand interaction with high
affinity cell surface tyrosine kinase receptors FGFR1-4 that are
structurally similar and exhibit a high degree of sequence
homology at the amino acid level (6, 7). Ligand binding to extra-
cellular immunoglobulin-like (Ig-like) domains induces recep-
tor dimerization at the cell membrane, initiating trans-auto-
phosphorylation of intracellular tyrosine residues and intrinsic
activity of a split kinase domain (4, 5). Many known substrates
and adaptor proteins (i.e. FRS2, PLC, Akt, ERK1/2, and Grb2)
have been identified as phosphorylation targets in FGF/FGFR®-
mediated signaling pathways (8).

Fibroblast growth factor receptor-like 1 (FGFRL1) is a newly
described member of the FGFR family that is expressed in
embryonic bone and adult pancreas (9 —11). This unique recep-
tor exhibits an ectodomain closely resembling the canonical
FGER family members, thereby retaining the ability to bind
FGF ligands with varying affinity (12). However, FGFRL1 is not
likely to initiate classical intracellular tyrosine signaling cas-
cades due to the striking absence of an intracellular kinase
domain (11). As a consequence, FGFRL1 is predicted to regu-
late FGF signaling in a negative manner by either (i) het-
erodimerizing with cell surface canonical FGFRs, thereby pre-
venting intracellular receptor trans-autophosphorylation, or
(ii) binding extracellular ligand to prevent its interaction with
canonical receptors. To date, no definitive experiments have
confirmed either of these functions.

Rather than a split kinase domain, FGFRL1 exhibits a unique
intracellular domain that consists of a tandem tyrosine-based

3 The abbreviations used are: FGFR, FGF receptor; FGFRL1, fibroblast growth
factor receptor-like 1; SH2, Src homology domain-2; ANOVA, analysis of
variance; MOC, Manders’ overlap coefficient; eGFP, enhanced GFP.

JOURNAL OF BIOLOGICAL CHEMISTRY 17859



FGFRL1 Signaling in BTC3 Cells

motif (PKLYPKLYTDI) directly adjacent to a histidine-rich
region (11). The tandem tyrosine-based motif is predicted to
play a role in either directing receptor endocytosis and/or
transmembrane trafficking (13) or in functioning as a putative
SH2-binding motif due to sequence similarity to immunore-
ceptor tyrosine-based inhibition motifs (11). The histidine-rich
region has been shown to interact with zinc and nickel ions (14),
which as a consequence may directly modulate the adjacent
SH2-binding motif. Binding of substrate signaling molecules
and metal ions to the receptor C terminus may therefore rep-
resent alternative mechanisms to regulate FGFRLI signaling.

It has been well established that FGF ligands and their recep-
tors play a role in the development of the embryonic and neo-
natal pancreas (3, 15-17), and although both ligand and recep-
tor have been identified in the adult pancreas (1, 18, 19), the role
of this signaling system is less well defined in the mature tissue.
Stimulation of rodent islets with FGFs has been shown to spe-
cifically modulate the beta-cell and potentiate insulin secretion
(20, 21). Conversely, attenuation of FGF signaling by targeted
beta-cell expression of a kinase-deficient (“dominant negative”)
FGFRI1 (but not FGFR2) induced a diabetic phenotype in mice
(1). The islets of these mice contained a diminished number of
beta-cells with reduced glucose sensitivity and impaired insulin
processing, demonstrating the importance of FGF signaling in
maintenance of beta-cell physiology and glucose homeostasis.
We previously confirmed FGFR1 activity in adult murine pan-
creatic beta-cells, and we further showed changes in islet glu-
cose-stimulated metabolism and insulin secretion in the pres-
ence of the FGFR1-ligand FGF21 (2, 22). Overall, these data
suggest that FGFR1-induced signaling regulates beta-cell biol-
ogy via classical intracellular signaling responses and may be
associated with the onset and progression of metabolic disor-
ders such as diabetes.

We hypothesized that FGFR1 activity in adult pancreatic islet
beta-cells is modulated by FGFRL1. We subsequently confirmed
FGFRL1 expression in beta-cells of mouse islets, as well as the
BTC3 cell line. Endogenous FGFRL1 expression was detected at
the cell membrane and in distinct intracellular aggregates (insulin
granules and late recycling endosomes) with granular association
directed by the C terminus of the receptor. Interestingly, overex-
pression of FGFRL1 significantly enhanced tyrosine phosphoryla-
tion of the MAPK signaling protein ERK1/2. Activation of the
MAPK pathway was dependent on the SH2-binding motif, as
either complete removal of the FGFRL1 C terminus or point muta-
tion of the specific tandem tyrosine residues reduced both ligand-
independent and ligand-dependent ERK1/2 phosphorylation to
control levels. SHP-1 phosphatase was identified as a candidate
substrate protein with the ability to bind to the SH2-binding motif
of FGFRLLI. Overall, these data demonstrate that FGFRL1 does not
function as a decoy receptor to regulate FGF ligand-mediated sig-
naling, but rather it directly interacts with known substrate pro-
teins to affect ligand-independent and -dependent mechanisms of
ERK1/2 activity.

EXPERIMENTAL PROCEDURES

Molecular Cloning of FGFRLI and SHP-1 Fluorescent Protein
Constructs—The complete sequence of human FGFRLI cDNA
(Open Biosystems) was excised from the pCMV_SPORT6 vec-
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tor following introduction of Nhel and Agel restriction sites
and a modified Kozak sequence by PCR using the following
primers: sense FGFRL1-Nhel 5'-CGGGGCTAGCGGGACC-
ATGACGCCGAGCCCCCTGTT-3" and antisense FGFRL1-
Agel 5'-GCGCGACCGGTGCGCACTGATAGTGGATGTG-
CTGGTGGA-3'. The FGFRL1 sequence was subsequently
cloned in-frame with monomeric Venus fluorescent protein
into the Nhel and Agel sites of the N1 vector (23) to create a
full-length fluorescent protein-tagged FGFRL1 (RL1,.,). The
RL1-AC-Venus construct (RL1-AC,,,,), deficient for the intra-
cellular domain, was cloned in-frame into the Nhel and Agel
sites of monomeric Venus-N1 by PCR using the sense FGFRL1-
Nhel primer in combination with antisense AC-Agel primer
5'-GCGCGACCGGTGCAAGCCACAGGAGCAGGGTGCC-
CAGGAT-3'. Similarly, the RL1-AHis-Venus construct (RL1-
AHis,,,,,), deficient for the intracellular histidine-rich region of
FGFRLI, was cloned in-frame of monomeric Venus-N1 by PCR
using the sense FGFRL1-Nhel primer in combination with anti-
sense AHis-Agel primer 5'-GCGCGACCGGTGCGATGTCT-
GTGTAGAGTTTGGGGTACA-3'. Additionally, all RL1 vari-
ants were transferred in-frame with mCherry (i.e. RL1g,,),
allowing multicolor imaging and appropriate spectral detection
of constructs when co-expressed. The full-length SHP-1 gene
was enzymatically cleaved from a SHP-1-eGFP vector (kindly
provided by Dr. Scott Gray-Owen, University of Toronto) and
subsequently ligated to the Cerulean-N1 plasmid at the Nhel
and Agel sites to create SHP-1-Cerulean (SHP-1,,). All con-
struct sequences were verified by sequencing at The Centre for
Applied Genomics (The Hospital for Sick Children, Toronto,
Ontario, Canada).

FGFRL1 Fluorescent Protein SH2-binding Motif Point
Mutations—Tandem tyrosine residues of the putative RL1,,,,
intracellular SH2-binding motif were point-mutated individually
or in combination using the QuikChange® site-directed mutagen-
esis protocol (Stratagene). Briefly, tyrosine residues were replaced
with alanine residues using Pfu polymerase and specific mutagenic
primers as follows (point mutations are underlined in bold; anti-
sense primers were the reverse complement of sense primers):
Y471A, sense 5'-GTTGCTGGCCCTAAGTTGGCGCCCAAA-
CTCTACACAGAC-3'; Y475A, sense 5'-CTAAGTTGTACCCC-
AAACTCGCGACAGACATCCACACACACAC-3’; and Y471/
Y475A, sense 5'-CTAAGTTGGCGCCCAAACTCGCGACAG-
ACATCCACACACACAC-3'. All mutated RL1 variants were
subsequently transferred from the Venus-N1 vector into
mCherry-N1 for co-transfection and multicolor confocal
microscopy.

Cell Culture and Transfection—Insulin-secreting murine
BTC3 cells were maintained at 37 °C in DMEM containing 4.5
g/liter glucose and 3.7 g/liter sodium bicarbonate supple-
mented with 1 mm sodium pyruvate, 15% horse serum, 5% FBS,
and 5 units/ml penicillin/streptomycin. «TC1 cells were main-
tained at 37 °C in RPMI 1640 medium supplemented with 11
mM glucose, 10 mm HEPES, 10% FBS, and 5 units/ml penicillin/
streptomycin. Cells were plated onto 6-well culture dishes for
protein analysis by Western immunoblot or 35-mm glass bot-
tom dishes (MatTek Corp.) for fluorescence imaging. Live cell
fluorescence imaging was conducted in imaging media (125 mm

VOLUME 288+NUMBER 24+JUNE 14, 2013



NaCl, 5.7 mm KCl, 2.5 mm CaCl,, 1.2 mm MgCl,, 10 mm HEPES,
and 2 mM glucose, pH 7.4).

To create stable cell lines, plasmid DNAs were introduced by
electroporation into BTC3 cells (10 X 1 ms square wave pulses
of 200 V at 100-ms intervals using a Bio-Rad Gene Pulser
Xcell™ electroporation system). Forty micrograms of each
construct was electroporated into the equivalent of a near-con-
fluent P100 dish of harvested BTC3 cells suspended in Dulbec-
co’s PBS in a 40-mm gapped cuvette. Transfected cultures were
replated overnight with fresh 10% FBS/DMEM prior to media
supplementation with G418 (800 ug/ml) for selection of posi-
tively transfected cells. The concentration of G418 was reduced
(400 pg/ml) for cells maintained in long term culture.

For transient intracellular localization experiments, BTC3
cells were co-transfected with each mCherry-tagged RL1 con-
struct and either eGFP-tagged phogrin (Phogrin,ggp; phospha-
tase of granules of insulin, a marker of insulin secretory gran-
ules) or Rab7 (Rab7,5p; @ marker of late recycling endosomes)
(24-26). Cultures at ~50—-60% confluency were transfected
using polyethyleneimine (linear, M, 25,000; Polysciences, Inc.)
at a ratio of 3:1 (polyethyleneimine/DNA). Alternatively, each
stably-expressing RL1y,, isoform BTC3 cell line was tran-
siently transfected with SHP-1,, plasmid DNA by electropo-
ration as described previously. Fluorescence expression was
verified 48-72 h post-transfection. Only cultures visually
assessed by fluorescence microscopy to be at least 60% trans-
fected were used for further experimentation.

Whole Islet Harvest and Dispersion—Animal procedures
were approved by the Animal Care Committee of the Univer-
sity Health Network, Toronto, Ontario, Canada, in accordance
with the policies and guidelines of the Canadian Council on
Animal Care (Animal Use Protocol number 1531). Pancreatic
islets were isolated from 8- to 12-week-old C57BL6 male mice
by collagenase digestion (Roche Applied Science) (22). Islets
were equilibrated in full RPMI 1640 medium supplemented
with 11 mm glucose, 10% FBS, and 5 units/ml penicillin/strep-
tomycin prior to mRNA harvest or dispersion to single cells
using Accutase (Sigma) for fixation and immunostaining as
described previously (2).

RT-PCR—The RNA from BTC3 cells, «TC1 cells, and ~100
whole murine islets was isolated using the RNeasy mini kit (Qia-
gen) and reverse-transcribed using the High Capacity cDNA
reverse transcription kit protocol (Applied Biosystems). Oligonu-
cleotide primers were designed to amplify a 238-bp amplicon
of Fgfrll (GenBank™ accession numbers NM_054071.2
and NM_001164259.1; exons 2-5 or exons 3 and 4; respec-
tively; sense 5-TCTTCAGGCTTCAGGTTCTTCAAGC-3’
and antisense 5'-AGGAGGACCCAGCCAGC-3'). A DNA
Engine Thermal Cycler (Bio-Rad) was used with the following
cycling parameters: 95 °C for 30 s, 52 °C for 30 s, and 72 °C for
30 s (35 cycles). The housekeeping transcript glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) was amplified as a
positive control using sense (5'-ATCGAGCTCATCCCATCA-
CCATCTTCCAGG-3') and antisense (5'-ACATCTAGAGCC-
ATCACGCCACAGTTTCCC-3') primers. All reactions included
nuclease-free water as a negative control.

JUNE 14, 2013 +VOLUME 288-NUMBER 24

FGFRL1 Signaling in BTC3 Cells

Immunofluorescence Protein Detection and Dual-color Con-
focal Imaging—Dispersed islet cells or BTC3 cells were fixed in
2% paraformaldehyde (10 min at room temperature (RT)), and
nonspecific binding was blocked by sample incubation with
10% normal goat serum in 0.1% Triton X-100/PBS (1 h at RT).
The samples were subsequently incubated overnight (4 °C)
with FGFR5 (H-300) antibody (1:100; Santa Cruz Biotechnol-
ogy) followed by incubation with anti-rabbit AlexaFluor 568
(1:1000; 45 min at RT; Invitrogen). Samples were thoroughly
washed with PBS and consequently incubated with guinea pig
anti-insulin antibody (1:1000; 1 h at RT; Linco) followed by
anti-guinea pig AlexaFluor 488 (1:1000; 45 min at RT; Invitro-
gen). All antibodies were diluted in 3% normal goat serum, 0.1%
Triton X-100/PBS. Samples were examined visually using
a X63 1.4 NA oil immersion lens on a Zeiss LSM710 confocal
microscope. Immunofluorescence associated with insulin and
FGFRL1 was detected using 488- and 543-nm laser line illumi-
nation in combination with a 519 —575-nm bandpass and 568 —
712-nm long pass filters, respectively.

Venus fluorescent protein was visualized using the 514-nm
laser line and 519 —575-nm bandpass filter. DAPI nuclear stain
was excited by 740-nm two-photon laser excitation and
detected using a 396 —502-nm bandpass filter. For all co-trans-
fected samples, sequential images were collected to discrimi-
nate between fluorophores and eliminate potential signal bleed
through. To discriminate between eGFP- and mCherry-associ-
ated fluorescence, images were collected using 488- and
543-nm laser lines in combination with 493—-574-nm bandpass
and 578-696-nm long pass filters, respectively. Similarly,
sequential images were collected using 458- and 514-nm laser
line excitation in combination with a 519—-621-nm long pass
filter to discriminate between Cerulean- and Venus-associated
fluorescence.

Quantitative analysis on a minimum of three fields of view
per sample was used to determine fluorophore co-localization
using the Manders’ region of interest calculator plugin of
Image] software (National Institute of Health). Distinct punc-
tate regions (10 —30 per image) were selected for analysis of the
Manders’ overlap coefficient (MOC), which reports the relative
co-localization between two signals with a value between 0 (low
co-localization) and 1 (high co-localization) (27-29). Image
intensity profiles were also used to determine the level of fluo-
rophore association.

Immunoprecipitation—BTC3 cells were harvested as described
previously (2). Cell lysates (500 ug/sample) were pre-cleared
with protein A/G PLUS-agarose bead slurry (20 ul/sample;
Santa Cruz Biotechnology) by incubating on a rotating platform
(30 min, 4 °C). Rabbit anti-FGFRLI or rabbit anti-SHP-1 (C-19)
(2 pg/sample; Santa Cruz Biotechnology) was added to pre-
cleared lysate supernatants (2 h, 4 °C, rotating platform) fol-
lowed by addition of bead slurry for overnight incubation (20
wul/sample; rotation at 4 °C). Bead complexes were collected by
centrifugation and washed three times with cold lysis buffer.
Immunoprecipitated samples were eluted from the beads by
boiling in SDS Loading Buffer (15 ul/sample) for Western
immunoblotting analysis using mouse monoclonal anti-SHP-1
(D-11) (1:500; Santa Cruz Biotechnology), mouse monoclonal
anti-SHP-1 (Clone 52) (1:500; BD Biosciences), or Living Colors

JOURNAL OF BIOLOGICAL CHEMISTRY 17861



FGFRL1 Signaling in BTC3 Cells

anti-GFP (1:200; Clontech) overnight at 4 °C followed by detec-
tion with HRP-linked anti-mouse or anti-rabbit secondary as
appropriate (1:2000; Cell Signaling Technology).

Western Immunoblotting—Cell cultures were serum-starved
in 0.2% FBS/DMEM (11 mum glucose) for 48 h prior to stimula-
tion. Stimulation media containing heparin sodium salt (10
units/ml; Sigma) and FGF2 (10 ng/ml; R&D Systems) were
added to cells as indicated for 10 min at 37 °C. Cultures were
washed with sterile PBS containing 100 um sodium orthovana-
date and harvested on ice by manual scraping. The MEK inhib-
itor U0126 (10 um; Cell Signaling Technology) was added to
specific cultures 2 h prior to stimulation with FGF2 (as indi-
cated). For gene knockdown studies, SHP-1 siRNA or scram-
bled control siRNA-A (0.75 ug; Santa Cruz Biotechnology) was
mixed with siRNA transfection reagent at a 1:1 ratio according
to the manufacturer’s protocol (Santa Cruz Biotechnology).
The mixture was suspended in serum-free DMEM and overlaid
onto cells (70% confluency). Serum was added to the culture
media (7 h post-transfection; 0.2% FBS) for 24 h prior to exper-
imentation. Harvested cells were collected by centrifugation,
washed three times with ice-cold sterile PBS containing 100 um
sodium orthovanadate, and lysed in Triton lysis buffer (1% Tri-
ton X-100, 100 mm sodium chloride, 50 mm HEPES, 5% glyc-
erol, protease inhibitor mixture and PhosphoSTOP phospha-
tase inhibitor (Roche Applied Science)). Whole cell lysate
protein concentration was determined by colorimetric protein
assay (Bio-Rad) using BSA as a standard. The equivalent of 20
pg of total protein per lane was separated by 7.5 or 10% SDS-
PAGE and transferred to nitrocellulose membranes for non-
specific blocking (5% milk/TBS-T; 1 h; RT) and overnight incu-
bation (4 °C) with the following antibodies diluted in block
solution: FGFR5 (H-300) (1:2000; Santa Cruz Biotechnology),
phospho-p44/42 MAPK (Thr-202/Tyr-204) (1:1000; Cell Sig-
naling Technology), or p44/42 MAPK (1:1000; Cell Signaling
Technology). Blots were subsequently incubated with anti-rab-
bit horseradish peroxidase-linked antibody (1:2000; Cell Sig-
naling Technology; 45 min; RT). For SHP-1 immunoblotting,
nitrocellulose membranes were blocked in 5% BSA/TBS-T (1 h;
RT) and incubated overnight (4 °C) with mouse monoclonal
anti-SHP-1 antibody (clone 52; 1:500; BD Biosciences) and
anti-mouse horseradish peroxidase-linked antibody (1:2000;
Cell Signaling Technology; 45 min; RT). Proteins were detected
by enhanced chemiluminescence.

For each experiment, phospho-ERK1/2 was detected before
membranes were stripped and reprobed for corresponding
ERK1/2 or SHP-1 protein levels. Protein band intensities were
determined using ImageJ. To quantify ERK1/2 activation, the
mean intensity (minus background intensity) of each phospho-
ERK1/2 band was divided by the corresponding ERK1/2 band.
Each ratiometric measurement was consequently normalized
to the value of the corresponding control sample.

Insulin Assay—Cell cultures at 70% confluency were equili-
brated with 2 mm glucose in imaging buffer for 1 h at 37 °C.
Buffer was discarded, and cultures were subsequently treated
with fresh glucose-supplemented imaging buffer (2 or 11 mwm;
1 h at 37 °C). The supernatants were collected, and adherent
cells were harvested with 0.25% trypsin/EDTA for cell count-
ing, as well as cell lysate preparation. Supernatants and cell
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lysate fractions were diluted (10- and 2000-fold, respectively),
and insulin content was measured using a mouse/rat insulin
ELISA kit (Millipore) according to the manufacturer’s recom-
mendations. Total insulin content was normalized to total cell
number. Secreted insulin (supernatant fraction) was reported
as the fraction of insulin relative to corresponding total insulin
content.

Adhesion Assay—Flat-bottom, nontreated 96-well assay
plates were prepared for adhesion assays as described previ-
ously (30). Briefly, individual wells were pre-coated with poly-
L-lysine (0.1% in PBS; 1 h at RT) followed by laminin (100
pg/ml; Sigma), collagen type IV (1 mg/ml; Sigma) or BSA (1%)
for 3 h at 37°C. Cells were suspended in 10% FBS/DMEM,
plated at 2.5 X 10° cells/well, and allowed to adhere for 1 h at
37 °C. Media were aspirated, and wells were carefully washed
with PBS containing Ca>* and Mg>" prior to cell fixation with
2% paraformaldehyde (15 min at RT). Fixed cells were stained
with 0.2% toluidine blue/PBS (30 min at RT), thoroughly
washed with PBS, and lysed with 1% Triton X-100 for 30 min
(RT). Cellular absorbance values collected at 590 nm were cor-
rected for background absorbance levels (control wells contain-
ing no cells) and normalized to Venus control sample values.

Proliferation Assay—Cells were plated at equivalent density
(0.5 X 10*/well; 6-well culture plates) in stimulation media
(DMEM, penicillin/streptomycin, 0.2% FBS, 0.2% BSA, 10
units/ml heparin sodium salt) supplemented with 10% FBS or
FGF-2 (10 ng/ml) as indicated. At day 5, stimulation media
were aspirated, and cultures were washed briefly with pre-
warmed PBS. Cells were harvested with trypsin/EDTA, and
total cell number was determined by visual counting using a
hemocytometer and trypan blue exclusion. Values were
reported as fold change in cell number compared with the
Venus control sample (0.2% FBS).

Statistical Analysis—Each experiment was performed a min-
imum three times (as indicated). Statistical analysis of the data
was performed using Origin 8 SRO software (Origin-Lab). Data
are reported as mean * S.E. The significance level was setat p <
0.05 and verified using either Tukey’s honestly significant dif-
ference test for mean comparison after one-way analysis of vari-
ance (ANOVA) or by two-tailed two-sample ¢ test.

RESULTS

FGFRL1 Is Endogenously Expressed in Pancreatic Islets and
Beta-cells—FGFRL1 is expressed in the adult pancreas of mice
and humans (9-11). To determine whether FGFRLI is specifi-
cally expressed in endocrine beta-cells, we examined transcript
and protein expression in murine pancreatic islets and endo-
crine cell lines (Fig. 1). Fgfrll mRNA was amplified by RT-PCR
in islets and BTC3 cells but not the aTC1 a-cell line (Fig. 1A).
Two protein bands of ~53 and 65-70 kDa were consequently
identified in BTC3 cell lysates by Western immunoblotting
(Fig. 1B). In dispersed islet samples, only insulin-positive cells
exhibited FGFRL1 immunofluorescence (Fig. 1C). FGFRL1
immunofluorescence in BTC3 cells was subsequently observed
to localize at distinct punctate regions throughout the cyto-
plasm, and it exhibited significant overlap with insulin granules
(Fig. 1D). These data confirm that FGFRL1 is endogenously
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FIGURE 1. FGFRL1 is expressed in insulin-secreting pancreatic islet beta-
cells. A, FgfrlT mRNA was amplified by RT-PCR in islet samples (/) and insulin-
secreting beta-cells (8 = BTC3) but not a-cells (a = «TC1) or a DNA-deficient
sample (—). The Gapdh housekeeping gene was amplified as a loading con-
trol. B, FGFRL1 protein bands of ~53 and 65-70 kDa were visualized in BTC3
cell lysates by Western immunoblotting. Molecular mass markers (kDa) are
indicated at left. C, polyclonal antibody co-immunofluorescent detection
positively identified FGFRL1 expression (red) in insulin-positive cells (green)
dispersed from whole mouse islets. FGFRL1 was not detected in insulin-neg-
ative cells (arrow). D, FGFRL1-associated immunofluorescence (red) was pri-
marily associated with discrete intracellular punctate regions in BTC3 cells
but was excluded from nuclei (DRAQ5 counterstain; blue). FGFRL1 was fre-
quently observed to co-localize with insulin-rich regions (green; arrow). The
inset reveals R5-immunofluorescence control. Scale bars, 10 um.

expressed in pancreatic islet beta-cells as well as the BTC3 cell
line.

C-terminal Domain of FGFRLI Directs Intracellular Expres-
sion in BTC3 Cells—The intracellular domain of FGFRL1 con-
tains a putative SH2-binding motif adjacent to a C-terminal
histidine-rich region previously shown to bind Zn>* (14). To
explore the role of these domains in regulating receptor local-
ization and signaling in beta-cells, we created fluorescent pro-
tein-tagged constructs with C-terminal truncations of the full-
length receptor (RL1) resulting in progressive removal of the
histidine-rich region (RL1-AHis) and putative SH2-binding
domain (RL1-AC) (31). Live BTC3 cells expressing the full-
length construct (RL1) confirmed distinct localization of the
receptor at both the cell membrane as well as in distinct punc-
tate regions within the cytosol, similar to endogenous expres-
sion (Fig. 2; RL1,,,,, compared with Fig. 1D). Although the trun-
cated RL1-AHis and -AC constructs also demonstrated
punctate cytoplasmic accumulation, a more predominant
expression at the cell membrane was observed (Fig. 2; RL1-
His,,.,, and RL1-AC,,,, respectively). All cell nuclei remained
void of receptor expression. These data suggest that FGFRL1
trafficking, in particular to punctate structures within the cyto-
plasm, is regulated by the C terminus of the receptor.

FGFLRI1 Associates with Insulin Secretory Granules and Late
Endosomes—Previous work has revealed that FGFRLI localizes
to secretory granules in HEK293 cells, a kidney cell line (31, 32).
To determine FGFRLI1 localization in BTC3 cells, we co-ex-
pressed the full-length (RL1) and truncated (RL1-AHis and
RL1-AC) constructs with Phogrin,cpp, @ marker for insulin
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FIGURE 2. Unique C-terminal domain directs intracellular expression of
FGFRL1 in BTC3 cells. A, confocal microscopy images of live BTC3 cells over-
expressing full-length FGFRL1 tagged with Venus fluorescent protein
(RL1y,,) reveal receptor-associated fluorescence primarily in distinct punc-
tate regions within the cytosol. Exclusion of the histidine-rich zinc-binding
region (RL1-AHis,,,,) (B) or removal of the intracellular domain (RL1-AC,.,)
revealed enhanced receptor expression at the cell membrane (C). Scale bar,
10 wm.

secretory granules, and Rab7_5p, @ marker for late recycling
endosomes (Fig. 3). Full-length receptor (RL1) showed signifi-
cant overlap with Phogrin.;pp and less pronounced overlap
with Rab7,.p consistent with preferential localization to insu-
lin secretory granules (Fig. 3, A and E). In contrast, truncated
receptors (RL1-AHis and RL1-AC) demonstrated reverse
trends both visually (Fig. 3; as indicated) and by Manders’ over-
lap coefficient (Fig. 3, D and H). These data are consistent with
the C terminus of FGFRL1 directing receptor trafficking to
insulin secretory granules.

C Terminus of FGFRLI1 Enhances MEK/MAPK Pathway Acti-
vation Independent of Ligand Stimulation—FGFRL1 has been
postulated to act as a decoy receptor due to ligand binding
ability and the absence of a C-terminal tyrosine kinase domain
(11,12, 32). To explore the effect of FGFRL1 on beta-cell MAPK
signaling activity, we examined ERK1/2 phosphorylation in
BTC3 cells stably expressing the full-length (RL1) and trun-
cated (RL1-AHis and RL1-AC) receptor constructs (Fig. 4).
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FIGURE 3. C-terminal domain of FGFRL1 directs receptor trafficking to
insulin secretory granules and late recycling endosomes. A-C, two-color
confocal imaging revealed that co-localization of FGFRL1 (RL1,; red) with
Phogrin g (Phosphatase of insulin secretory granules, tagged with green
fluorescent protein; green) was reduced when the receptor C-terminal
domain was truncated (RL1-AC,. or RL1-AHisc,.; as indicated). Protein co-
localization was defined by yellow pixels in image overlays (arrows). D, MOC
was calculated for distinct punctate regions in each sample image (A-C) and
plotted as mean MOC = S.E. *, p < 0.05 compared with RL1 + Phogrin using
one-way ANOVA. n = 3. E-G, conversely, association of FGFRL1,, (red) with
Rab7sep (a fluorescent marker of late recycling endosomes; green) occurred
at higher frequency for the C-terminal mutant receptor constructs (as indi-
cated; arrows). Scale bar, 10 um. H, MOC was calculated for distinct punctate
regions in each sample image (E-G) and plotted as mean MOC = S.E. *, p <
0.05 compared with RL1 + Rab7 using one-way ANOVA.n = 3.

Expression of full-length RL1 significantly increased ERK1/2
phosphorylation compared with the Venus fluorescent protein
control in a ligand-independent manner (Fig. 4, A and B, open
bars). In contrast, the truncated receptor constructs (RL1-AHis
and RL1-AC) had no influence on base-line ERK1/2 phosphor-
ylation (compared with Venus controls). All cells examined
were responsive to FGF2 (a defined ligand for FGFRL1 (11)),
exhibiting similar trends in ERK1/2 phosphorylation at 10 min
of stimulation (Fig. 4, A and B, black bars). Cells expressing

17864 JOURNAL OF BIOLOGICAL CHEMISTRY

A Venus RL1 RL1-AC RL1-AHis
FGF2 -~ + -

pERK1/2

[-FGF2
64
*
24
04
RL1

+ -+ -+

v0)
©
S

Bl +FGF2

1

Fold pERK1/2/ERK1/2 Ratio
N
i

Venus RL1-AC  RL1-AHis
C Venus FGFRL1
u0126 = = R OF - -+ +
FGF2 e & = *

4

- f -+

O

Fold pERK1/2/ERK1/2 Ratio

FGFRL1

FIGURE 4. C-terminal domain of FGFRL1 activates the MEK/MAPK signaling
pathway independent of receptor-ligand association. A, representative
phospho-ERK1/2 (pERK1/2) and total ERK1/2 immunoblots, and B, mean fold-
change in phospho-ERK1/2 responses revealed a significant increase in activity
associated with overexpression of full-length FGFRL1 (RL1), both in the absence
(—)and presence (+) of FGF2 ligand (10 ng/ml for 10 min).Independent of ligand
stimulation, ERK1/2 phosphorylation was reduced to comparable Venus control
levels when either the C-terminal domain (RL1-AC) or histidine-rich region (RL1-
AHis) was removed. *, p < 0.05 compared with Venus, RL1-AC, and RL1-AHis
controls using one-way ANOVA. n = 4. C and D, enhanced phosphorylation of
ERK1/2 in FGFRL1-overexpressing cells (FGFRL1 —/—) was reduced to control
levels when cells were pretreated with the MEK inhibitor U0126 (FGFRL1 +/—
compared with Venus —/—). Pretreatment with U0126 also reduced FGF-2-stim-
ulated phosphorylation to control levels for both control (Venus +/+ compared
with Venus —/—) and FGFRL1 (FGFRL1 +/+ compared with FGFRL1 —/—) cells.
Representative blots are shown; each phospho-ERK1/2 blot was stripped and
reprobed for total ERK1/2 to assess sample loading integrity and determine
ERK1/2 activation (pERK1/2/ERK1/2 intensity ratios). Data are plotted as the mean
fold-change in phospho-ERK1/2 response = S.E. compared with Venus control.
n = three separate experiments.

Venus

full-length receptor (RL1) were responsive to exogenous FGF2;
however, the resulting increase in ERK1/2 activation was not
significant compared with base-line RL1 or ligand-stimulated
Venus control cells. These data demonstrate that FGFRL1 does
not act as a decoy receptor, but rather it enhances both base-
line and FGF2-stimulated ERK1/2 responses.
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To further explore the mechanisms involved in FGFRL1-de-
pendent signaling responses, we measured ligand-independent
and -dependent activation of ERK1/2 in the presence of the
MEK inhibitor U0126 (Fig. 4, C and D). In Venus-expressing
control cells, U0126 diminished FGF2-stimulated ERK1/2 acti-
vation to base-line control levels. In RL1-expressing cells,
although U0126 diminished base-line ERK1/2 phosphorylation
to control levels, the FGF2-stimulated response was not signif-
icantly reduced suggesting MEK-independent activation of
ERK1/2 in these cells. These data reveal that FGFRLI1 expres-
sion enhances ERK1/2 phosphorylation via MEK-mediated
mechanisms and further enables ligand-stimulated responses
independent of MEK.

SH2 Domain of FGFRLI Is Required for SHP-1 Association—
As a consequence of our data showing predominant FGFRL1
expression at discrete intracellular regions and enhanced ERK1/2
phosphorylation in the absence of ligand, we revisited a hypothesis
by Sleeman et al. (11) suggesting that the putative SH2-binding
motif might interact with SHP phosphatases to regulate intracel-
lular signaling. We postulated that FGFRL1 sequesters SHP-1
(PTPNG), a phosphatase with two SH2 domains that is expressed
in beta-cells (33, 34). We confirmed association of endogenous
FGFRL1 and SHP-1 by co-immunoprecipitation (Fig. 54). We
subsequently determined that SHP-1 is a positive regulator of
ERK1/2 activation in Venus- and RL1-expressing BTC3 cells by
performing SHP-1 siRNA knockdown (Fig. 5B). Endogenous
SHP-1 was subsequently determined to associate with the full-
length receptor construct (RL1,,,,,) but not the C-terminal trunca-
tion constructs (RL1-AHis and RL1-AC) (Fig. 5C). Similar trends
were observed by dual-color live cell imaging when ectopic fluo-
rescent protein-tagged SHP-1 was co-expressed with each recep-
tor isoform (Fig. 5, D and E). These data show that overlap of
SHP-1,, with full-length RL1,,,,, in intracellular punctate regions
was significantly compromised when the histidine-rich region
(RL1-AHis) or C terminus was removed (RL1-AC) (Fig. 5F).
Together, these data reveal that SHP-1 phosphatase forms an acti-
vated complex with full-length RL1 at insulin secretory granules
and that this association is dependent upon the receptor C
terminus.

To determine more specifically the contribution of the RL1
SH2-binding motif in driving the association with SHP-1, we
created full-length RL1 constructs with point mutations to
replace the first (Y471A), second (Y475A), and both (Y471A
and Y475A) tyrosine residues of the tandem repeat motif with
nonfunctional alanine residues (Fig. 6A4). Immunoprecipitation
of full-length RL1 (both RL1,,,, construct and endogenous
receptor) resulted in detection of endogenous SHP-1 by West-
ern immunoblotting, consistent with interaction through the
receptor’s SH2-binding motif (Fig. 6B). As expected, the
mutant receptor constructs exhibited negligible or reduced
association with SHP-1. These trends in receptor/substrate
interaction were similarly observed by fluorescence imaging of
cells expressing SHP-1.,, and RL1,,, (Fig. 6C). Co-localization
of these constructs at intracellular punctate regions was visibly
reduced when the SH2-binding motif was point-mutated (Fig.
6C, as indicated). The significant reduction in overlap of SHP-1
with mutated receptor isoforms was confirmed by line plot (Fig.
6D) and Manders’ overlap coefficient analysis (Fig. 6E). Inter-
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FIGURE 5. SHP-1 associates with the C-terminal domain of intracellular
FGFRL1. A endogenous SHP-1 identified by Western immunoblotting (/B) (right
lane) co-immunoprecipitated (IP) with endogenous FGFRL1 in BTC3 cell lysates
(left lane; representative blot shown). B, phosphorylation of ERK1/2 was signifi-
cantly decreased in both Venus control and FGFRL1-overexpressing cells when
SHP-1 protein levels were reduced by SHP-1 siRNA expression (+ siRNA) com-
pared with scrambled siRNA expression (— siRNA). Representative blots are
shown; pERK1/2 membranes were stripped and reprobed for ERK1/2 (to assess
sample loading and determine pERK1/2:ERK1/2 intensity ratios) and SHP-1 (to
assess impact of siRNA expression). Data are plotted as the mean fold-change in
phospho-ERK1/2 response = S.E. compared with Venus control for three sepa-
rate experiments. ¥, p < 0.05 by two-sample t test compared with scrambled
siRNA control. G, lysates from BTC3 cells expressing FGFRL1y,,, -AHiSyen, ~“ACyens
and control Venus were immunoprecipitated (left lanes) with anti-SHP-1 and
immunodetected using an anti-fluorescent protein antibody (Living Colors).
Comparison with nonimmunoprecipitated cell lysates (right lanes) confirmed
association of the full-length FGFRL1,,,, construct with endogenous SHP-1. D,
dual-color confocal imaging further confirmed co-localization (yellow; arrows) of
full-length FGFRL1,,,, protein (RL1y.,; green) with SHP-1,, (red) in BTC3 cells (D,
left panel). The long dashed arrow represents regions of interest examined in the
line profile (E). Receptor/SHP-1 co-localization was reduced or below detection
levels when the histidine-rich region (RL1-AHis,.,,) or the C terminus (RL1-AC,,)
was deleted, respectively (D, middle and right panels). Scale bar, 10 um. E, repre-
sentative line profile showing normalized intensities of SHP-1.,, (red) and
FGFRL1,,, (green) along an arbitrary line in D. The numerals 7 and 2 indicate
overlapping peaks that correspond to punctate regions observed to have strong
co-localization in D. F, MOC was calculated for distinct punctate regions from
each sample and plotted as mean MOC = S.E. (with the exception of RL1-AC/
SHP-1 samples where co-expression was not observed; N/A, not applicable). *,
p < 0.05 compared with Venus, RL1-AC, and RL1-AHis controls using one-way
ANOVA.n = 4.
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FIGURE 6. SH2-binding motif is required for SHP-1 association. A, tyrosine
residues of the intracellular SH2-binding motif (red font) were point-mutated
to noncatalytic alanine residues (underlined green font; YA71A; YA75A; YA71A/
Y475A). B, lysate from BTC3 cells expressing FGFRL1,,,, control or mutant
constructs (as indicated) was immunoprecipitated (IP) (left lanes) with anti-
FGFRL1 and detected by Western immunoblotting (/B) using anti-SHP-1 (BD
Biosciences). The association of SHP-1 with full-length FGFRL1 (far left lane;
molecular weight confirmed in whole cell lysate samples at right) was
reduced when either of the SH2-binding domain tyrosine residues was
mutated. G, two-color confocal imaging also revealed that mutation of either
tyrosine residue (Tyr-471 or Tyr-475) reduced association of SHP-1 with RL1.
Dashed arrow represents region of interest examined in the line profile. Scale
bar, 10 um. D, representative line profile showing normalized intensities of
SHP-1,, (red) and Y475A,,,, (green) along an arbitrary line in B. E, Manders’
overlap coefficient for distinct punctate regions from each sample compared
with FGFRL1,,,/SHP-1c,, co-expression and plotted as mean MOC = S.E. %,
p < 0.05 compared with RL1 + SHP-1 using one-way ANOVA.n =4o0orn=3
(for YA71A/Y475A + SHP-1).

estingly, the point mutations had no apparent effect on RL1
expression at the insulin secretory granules as determined by
co-localization with Phogrin cp (supplemental Fig. S1). This
suggests that the zinc-binding histidine-rich region plays the
predominant role in directing receptor localization to secretory
granules. Taken together, these data reveal that formation of a
complex containing full-length RL1 and the signaling substrate
SHP-1 is dependent upon the receptor’s intracellular SH2-
binding motif.
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FIGURE 7. Intracellular SH2-binding motif of FGFRL1 is associated with
activation of the MAPK signaling pathway independent of ligand stimu-
lation. A, representative phospho-ERK1/2 (pERK1/2) and total ERK1/2 immu-
noblots, and B, mean fold-change in phospho-ERK1/2 responses revealed a
significant decrease in activity associated with mutation of the SH2-binding
motif (either single Y471A or Y475A or double Y471A/Y475A mutations) com-
pared with full-length receptor (RL1), both in the absence (—) and presence
(+) of FGF2 ligand (10 ng/ml for 10 min). ¥, p < 0.05 compared with Venus in
the absence of FGF2 ligand using one-way ANOVA; # indicates p < 0.05 when
compared with Venus in the presence of FGF2 ligand using one-way ANOVA.

Disruption of the Substrate-binding SH2 Motif Interferes with
RLI-stimulated ERK1/2 Phosphorylation—To determine the
effect of the SH2-binding motif on downstream intracellular
signaling, we subsequently created BTC3 cells with stable
expression of RL1 with SH2-binding motif mutants for com-
parison of ERK1/2 responses (Fig. 7). Interestingly, the signifi-
cant increase in base-line (ligand-independent) ERK1/2 activity
associated with overexpression of full-length RL1 was absent in
cells overexpressing constructs with mutations in the SH2-
binding motif (Fig. 7B, open bars). All three mutants also
showed FGF2-induced phospho-ERK1/2 responses similar to
Venus-expressing control cells (Fig. 7B, black bars). These data
indicate that FGFRL1 requires the tyrosine residues in the SH2-
binding motif to enhance phosphorylation of ERK1/2 in the
absence (or presence) of ligand, and it ultimately confirms that
this receptor does not act as a decoy to block FGF2-induced
responses.

FGFRL1 Expression Increases Cellular Insulin and Matrix
Adhesion—To determine the physiological relevance of
FGEFRLLI signaling in beta-cells, we examined the effect of the
full-length and truncated RL1 constructs on a number of BTC3
responses (Fig. 8). Consistent with previous work linking FGFR
signaling to insulin processing, we observed greater total insu-
lin and secretion in BTC3 cells expressing full-length RL1,,,
(Fig. 8, A and B) (1, 20, 21). Expression of this construct also
resulted in greater BTC3 adhesion to both collagen type IV and
laminin compared with Venus-expressing control cells (Fig. 8,
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FIGURE 8. FGFRL1 expression affects 3-cell insulin content and matrix adhesion but not cellular proliferation. FGFRL1 overexpressing BTC3 cells
exhibited higher total insulin content (A) and greater basal insulin secretion compared with Venus control cells (B). *, p < 0.05 by two-tailed two-sample
t test. C and D, FGFRL1 overexpression also enhanced cellular adherence to extracellular matrix substrate components collagen type IV and laminin.
Truncation or removal of the C-terminal domain reduced cellular adherence to levels similar to that observed for Venus control cells. n = 3 experimental
cultures; three wells/experiment. E, no significant differences in cellular proliferation (5 days) were observed by overexpression of FGFRL1 independent
of stimulation media examined (10% FBS or FGF-2, as indicated; 0.2% FBS control cultures). n = 5-7. %, p < 0.05 and N.S. indicates no significance using

one-way ANOVA.

Cand D). Interestingly, this activity was related to the C-termi-
nal domain of the receptor as both truncation mutants (RL1-
AHis and -AC) exhibited matrix adhesion levels similar to con-
trol cells. Finally, consistent with FGFRL1 promoting limited
mitogenic activity, we observed no significant differences in
cellular proliferation with RL1 overexpression in the presence
of either 10% FBS or FGF-2 (10 ng/ml) (Fig. 8E). Overall, these
data suggest that FGFRLI signaling in beta-cells modulates
insulin processing and matrix adhesion.
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DISCUSSION

FGFRLLI is a newly described member of the FGER family
that is expressed in adult pancreas (10, 35). This receptor has
an ill-defined role in intracellular signaling due to the
absence of a catalytic C-terminal kinase domain. Prevailing
models suggest that FGFRL1 acts as a decoy receptor to
dampen ligand-induced responses of other FGFRs. Our pre-
vious work has explored FGFR1 signaling in beta-cells and
the effect on metabolism and cell survival (2, 22, 36). We
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FIGURE 9. Proposed mechanisms of FGFRL1-directed signaling via SHP-1. Canonical FGF receptors (i.e. FGFR1) activate downstream MAPK signaling events
via ligand-induced receptor dimerization and trans-autophosphorylation. Conversely, association of SHP-1 with FGFRL1 at insulin secretory granules may
localize the phosphatase, enabling up-regulation of the MAPK pathway (i.e. enhanced ERK1/2 phosphorylation). Alternatively, FGFRL1 at the plasma mem-
brane may bind extracellular FGF ligand to elevate ERK1/2 phosphorylation by means of a MEK-independent signaling cascade.

therefore aimed to determine specific expression of FGFRL1
in pancreatic beta-cells and its role in regulating endogenous
FGEFR1 signaling.

We first confirmed FGFRL1 expression at the plasma mem-
brane and insulin secretory granules of beta-cells. This localiza-
tion pattern is consistent with evidence of FGFRL1 secretory
granule association in human embryonic kidney and chondro-
sarcoma cells (37). We further confirmed that localization to
and/or retention at granules is directed by the C-terminal por-
tion of the receptor, with defined truncations showing progres-
sively enhanced localization to the plasma membrane and recy-
cling endosomes (12, 31). In this manner, the secretory granule
can be considered a reservoir of FGFRL1 (Fig. 9). In contrast to
the truncation constructs (RL1-AHis and RL1-AC) and also
confirming previous studies (31), we continued to observe
strong localization at secretory granules of constructs that con-
tained point mutations in the SH2-binding motif (Y471A,
Y475A, and Y471A/Y475A). These data suggest that localiza-
tion to granules is directed by the histidine-rich region of the
receptor. Because FGFRLI likely traffics to the plasma mem-
brane via secretory granule exocytosis and the insulin granules
are a zinc-rich environment, we postulate that full-length
receptor is retained at the granule by interaction with Zn>" ions
that bind to the histidine-rich region (14). We also observed
increased association of the truncated mutants with recycling
endosomes, further supporting the finding that the C-terminal
domain of the receptor directs receptor localization post-inter-
nalization. However, this observation may simply reflect a
change in the rate-limiting step of receptor turnover from gran-
ular localization to accumulation within recycling endosomes.
Ultimately, the localization and signaling of FGFRL1 may be
dynamically regulated by both phosphorylation and Zn>" sec-
ondary messenger. Future studies are required to dissect the
relevance and mechanisms of the regulatory pathways to reveal
the contextual effect on FGFRL1 signaling in the beta-cell.
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Unexpectedly, overexpression of full-length FGFRL1 caused
aligand-independent increase in base-line ERK1/2 phosphory-
lation. We further revealed that this response required the
intracellular domain of the receptor and depended upon
upstream MEK, as C-terminal truncation or preincubation
with the MEK inhibitor U0126 resulted in ERK1/2 phosphoryl-
ation levels comparable with controls. The tandem repeat tyro-
sine residues of the SH2-binding motif specifically play a role in
RL1-stimulated ERK1/2 activation, as point mutation of either
residue ablated activation. Overall, these data suggest that the
ligand-independent ERK1/2 response depends on both the
SH2-binding motif as well as the histidine-rich region. We pos-
tulate that the ability of full-length RL1 to sequester and acti-
vate effector proteins such as SHP-1 at secretory granules
results in enhanced base-line ERK1/2 activation (Fig. 9). Acti-
vation upon binding to FGFRLI is consistent with structural
evidence that the unbound N-terminal SH2 domain of SHP-1
auto-inhibits its catalytic domain (38). Our evidence further
suggests that even if the SH2-binding motif of FGFRL1 is non-
functional, the receptor does not function as a decoy receptor to
block ligand-induced signaling in beta-cells.

FGFRLI1 localized at insulin granules is unlikely to participate
in binding of extracellular ligand. However, we postulate that
binding of SHP-1 to FGFRLI at the granules accounts for the
ligand-independent elevation of ERK1/2 activity (Fig. 9). Con-
sistently, we showed association of endogenous FGFRL1 and
SHP-1 in BTC3 cells by co-immunoprecipitation (Fig. 54) that
was dependent upon the intracellular SH2-binding domain of
the receptor (significantly less endogenous SHP-1 was associ-
ated with the truncated and point-mutated receptor con-
structs) (Figs. 5C and 6B). Although we have focused on SHP-1
as a known substrate phosphatase expressed in beta-cells, it is
not unreasonable to assume that other substrate molecules
compete for binding to FGFRLI at this motif. Our future stud-
ies will examine competitive binding of other relevant sub-

VOLUME 288+NUMBER 24+JUNE 14, 2013



strates (e.g. Src kinase, Grb2, and Raf) to determine the ability of
FGFRLI to positively or negatively regulate signaling as a con-
sequence of substrate availability.

Association of SHP-1 with FGFRL1 at insulin secretory gran-
ules is particularly intriguing due to a growing body of evidence
suggesting these vesicles act as centers/scaffolds to modulate
downstream signaling (39). The insulin secretory granule is also
a major sink for Zn>" ions, which are actively pumped into
granules for proper packaging and crystallization of insulin
(40). A previous study has shown that the histidine-rich C ter-
minus of FGFRLI directly binds Zn>* ions (14). We therefore
postulate that modulation of Zn>" ion concentration around
the granule (via granule pumps/channels) will directly affect the
conformation of the histidine-rich region, consequently regu-
lating availability of the SH2-binding motif for substrate asso-
ciation. Our evidence that C-terminal receptor truncation
impairs FGFRL1-induced ERK1/2 activation is consistent with
a model in which the SH2-binding motif works in concert with
the histidine-rich region. A likely mechanism is that Zn>*-in-
duced conformational changes in the histidine-rich region may
affect availability of the SH2-binding motif to offer an alterna-
tive mechanism to control FGFRLI activity.

Our data clearly indicate that FGFRLI also enhances ligand-
induced ERK1/2 responses in beta-cells. We consistently
observed greater FGF2-induced ERK1/2 phosphorylation in
FGFRL1-overexpressing cells compared with Venus controls
indicating that the presence of this unique receptor does not
negatively regulate intracellular signaling. Interestingly, recep-
tor truncation mutants also did not prevent FGF2-induced
ERK1/2 activation. FGF2 is classically defined as an FGFR1-
specific ligand with more moderate binding to FGFRL1 (11, 12).
We have therefore interpreted our signaling pathway data as
resulting from FGF2 interaction with canonical FGFR1 and
subsequent modulation by FGFRLI (Fig. 9). In this context, our
data suggest that FGFRL1 modulates the FGFR1 response to
induce MEK-independent activation of ERK1/2, as MEK inhi-
bition was unable to block FGF2-induced ERK1/2 activation in
FGFRL1-expressing cells (Fig. 4). This MEK-independent path-
way has yet to be defined. Because ligand addition induces this
response, it is likely due to ligand-receptor interaction at the
plasma membrane; however, it is not clear whether the
response is due to FGFR1 interaction with FGFRL1 at the level
of the plasma membrane (Fig. 9, dashed line) or more indirectly
through intracellular FGFRL1-substrate effects at insulin secre-
tory granules (Fig. 9). MEK-independent activation of ERK1/2
has previously been shown to involve PI3K/Akt mechanisms
(41) as well as protein kinase C (PKC) (42—44). The latter sig-
naling pathway has also been postulated to occur through a
scaffolded signaling complex that retains activated ERK1/2 in
the cytoplasm to make the response less mitogenic (45). Con-
sistently, FGFRL1 expression did not affect BTC3 cellular pro-
liferation independent of stimulus, but rather it modified insu-
lin processing and cell-matrix adhesion.

In summary, these studies showed that predominant beta-
cell expression of FGFRL1 at insulin secretory granules was
redirected to the cell membrane with truncation of the C ter-
minus of the receptor. Overexpression of full-length receptor
elevated ERK1/2 phosphorylation in the absence of ligand
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through a MEK-dependent mechanism. This response
required two tandem tyrosines on the C terminus of FGFRL1
that had been previously recognized as a putative SHP phos-
phatase-binding site (11). We showed that this motif directed
association of SHP-1, a phosphatase expressed in beta-cells,
suggesting a model whereby the receptor sequesters and acti-
vates SHP-1 at secretory granules to up-regulate base-line
ERK1/2 activity (Fig. 9). We postulate that numerous phospha-
tases/kinases compete for association with the SH2-binding
motif resulting in signaling regulation dependent upon sub-
strate availability. Finally, our data suggest that expression and
intracellular signaling via FGFRLI are associated with insulin
processing and matrix adhesion in beta-cells. Future studies
will need to determine the mechanisms and physiological
role(s) of ligand-induced MEK-independent FGFRLI signaling.
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