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Background: Surface proteins fine-tune insulin secretion from pancreatic �-cells.
Results: Kirrel2 is regulated by multiple post-translational modifications, and its expression influences basal insulin secretion.
Conclusion: Kirrel2 expression is tightly regulated by phosphorylation and suppresses basal insulin secretion.
Significance: Genetic and biochemical characterization of Kirrel2 in pancreatic �-cells reveals insight into regulation of protein
stability and insulin secretion.

Direct interactions among pancreatic �-cells via cell surface
proteins inhibit basal and enhance stimulated insulin secretion.
Here, we functionally and biochemically characterized Kirrel2,
an immunoglobulin superfamily protein with �-cell-specific
expression in the pancreas. Our results show that Kirrel2 is a
phosphorylated glycoprotein that co-localizes and interacts
with the adherens junction proteins E-cadherin and �-catenin
in MIN6 cells. We further demonstrate that the phosphosites
Tyr595–596 are functionally relevant for the regulation of Kirrel2
stability and localization. Analysis of the extracellular and intra-
cellular domains of Kirrel2 revealed that it is cleaved and shed
from MIN6 cells and that the remaining membrane spanning
cytoplasmic domain is processed by �-secretase complex. Kir-
rel2 knockdown with RNA interference in MIN6 cells and abla-
tion of Kirrel2 from mice with genetic deletion resulted in
increased basal insulin secretion from �-cells, with no immedi-
ate influence on stimulated insulin secretion, total insulin con-
tent, or whole body glucose metabolism. Our results show that
in pancreatic �-cells Kirrel2 localizes to adherens junctions, is
regulated by multiple post-translational events, including glyco-
sylation, extracellular cleavage, and phosphorylation, and
engages in the regulation of basal insulin secretion.

Pancreatic �-cells sense fluctuations in metabolic demand,
particularly minute changes in circulating glucose levels, and
uniquely respond by secreting adequate amounts of insulin to
regulate glucose homeostasis and metabolism (1). Loss of �-cell
mass or impairment of normal insulin secretion results in dia-
betes, the most common metabolic disease in man that is char-
acterized by hyperglycemia over a prolonged period (1). Hence,
uncovering molecular mechanisms underlying normal �-cell

function as well as those that lead to its dysfunction is crucial for
understanding the pathology of diabetes and developing novel
approaches for its treatment.

During embryonic development, scattered �-cells aggregate
with other �-cells and endocrine cells into small clusters that
subsequently mature through a series of morphogenetic events
to form endocrine micro-organs of the pancreas termed islets
of Langerhans (2, 3). In pancreatic islets, several surface pro-
teins mediate direct communication among �-cells and their
neighbors (4). These integral membrane proteins selectively
interact to adopt one or more of the following functions: estab-
lishment of adhesive links among adjacent cells (5, 6); assistance
in the formation of characteristic islet architecture (3, 7, 8);
contribution to functional polarity of the �-cells (7, 9); forma-
tion of channels that facilitate direct exchange of cytosolic com-
ponents (10); and propagation of intracellular signals in
response to receptor-ligand interactions (11). These interac-
tions at the cell surface collectively assist �-cells to optimize
their insulin gene expression, insulin content, as well as basal
and stimulated insulin secretion (12–19). Hence, physical sep-
aration of �-cells from their native contacts in pancreatic islets
results in impairment of their insulin secretory responses (20,
21).

Kin of irregular chiasm-like 2 (Kirrel2, also known as neph-
rin-like 3/NEPH3) is an immunoglobulin superfamily protein
with �-cell-specific expression in human and mouse pancreas
(22). It forms a family of three closely related proteins together
with Kirrel3 (nephrin-like 1/NEPH1) and Kirrel3 (nephrin-like
2/NEPH2). The extracellular region of Kirrel family proteins
shows strong structural homology to nephrin, a molecule with a
central role in formation and function of the glomerular slit
diaphragm of the mammalian kidney (23–27). Kirrel2 was pre-
viously shown to form homotypic interactions with itself, het-
erotypic interactions with nephrin and NEPH1, and to induce* The authors declare that they have no conflicts of interest with the contents
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cell adhesion through these interactions when overexpressed in
mouse L fibroblasts, which do not exhibit cell adhesion activity
due to a lack of adherens junction proteins (28). Apart from the
important roles of nephrin/Kirrel proteins in specialized cell-
cell contacts and formation of the size-selective filter barrier in
the kidney, nephrin has also been localized to the surface of
insulin granules and the plasma membrane of the pancreatic
�-cells, where it was proposed to function as an active compo-
nent of insulin vesicle machinery that may affect vesicle-actin
interactions and mobilization of insulin granules to the plasma
membrane (29). Autoantibodies against Kirrel2 have been
detected in patients with type 1 diabetes (30), raising the possi-
bility that shedding of this membrane protein within the pan-
creatic islet, uptake by resident or circulating macrophages or
dendritic cells, and antigen presentation in lymph nodes drain-
ing the pancreas are some of the mechanisms contributing to
autoimmunity (31).

Because of the �-cell-restricted expression, the structural ho-
mology of Kirrel family proteins and nephrin (32–34), and the
possible involvement in the pathogenesis of type 1 diabetes, we
aimed to characterize the role of Kirrel2 in pancreatic �-cell
function, cell adhesion, as well as insulin secretion using bio-
chemical, cell biological, and genetic approaches.

Experimental Procedures

Eukaryotic Expression Constructs—Mammalian expression
plasmids for Kirrel2-V5 and Fyn-V5 were constructed by
amplification of cDNA fragments coding for full-length mouse
Kirrel2 (NM_172898, 5�-tcttggggtacacacactcg-3� and 5�-cacat-
gagtctggagacgct-3�) and Fyn (NM_008054, 5�-gggagaggaccat-
gtgaatg-3� and 5�-caggttttcaccgggctgat-3�) by PCR from
murine (C57Bl/6, male, 12 weeks) pancreatic islet cDNA and
ligation of these fragments into pCDNA3.1/V5-His vector (Life
Technologies, Inc.). An HA tag sequence was inserted between
Pro21 and His22 of Kirrel2-V5 to obtain the Kirrel2-HA-V5
expression vector. Kirrel2-GFP was constructed by directional
cloning of full-length mouse Kirrel2 cDNA into pEGFP-N1
vector (Clontech) with PCR primers containing HindIII and
SacII cut sites (5�-ctagggaagctttggggtacacacactcg-3� and
5�-caacaaccgcggcacatgagtctggagac-3�). Plasmids encoding Kir-
rel2-V5 substitution mutants Y595F/Y596F, Y595D/Y596D,
Y595A/Y596A, Y631F/Y632F, Y653F, Y595F/Y596F/Y631F/
Y632F/Y653F, and the kinase-dead Fyn K299M mutant were
prepared using QuikChange site-directed mutagenesis kit (Agi-
lent Technologies) with primers that were designed by the
manufacturer’s software. Full-length human IGF1R cDNA
from the human ORFeome library was subcloned into
pcDNA3.1 and used as control construct for immunoprecipi-
tation experiments. All plasmids were validated by DNA
sequencing.

Cell Culture and Transfection—MIN6 cells were cultured in
DMEM (Gibco) supplemented with 25 mM glucose, 16% FBS
(PAA), penicillin/streptomycin (Gibco), and 55 �M �-mercap-
toethanol. For shedding experiments, the medium was
exchanged to Opti-MEM (Gibco) supplemented with penicil-
lin/streptomycin (Gibco). Transfections were performed with
Lipofectamine 2000 reagent (Life Technologies, Inc.) following
the manufacturer’s instructions.

Cell Treatments—Pervanadate was prepared by incubation
of activated orthovanadate with 0.18% H2O2 at the dark for 15
min and used in culture medium at 100 �M for 15 min prior to
cell lysis unless stated otherwise. Src kinase inhibitors PP2 and
SU6656 (Sigma) were used at 10 and 5 �M, respectively, for 30
min. For N-linked glycan removal, lysates of MIN6 cells were
treated with the indicated units of N-glycanase enzyme
(Prozyme) following the manufacturer’s instructions for 1 h at
37 °C, and the reactions were stopped by addition of Laemmli
buffer with DTT. For protein half-life assessment, cyclohexi-
mide (Sigma) was used at 50 �g/ml in culture medium, and cells
were either directly lysed (t � 0) or incubated for the indicated
time periods before cell lysis.

Immunoblotting and Immunoprecipitation—Cells were
washed twice with ice-cold PBS and lysed with Triton X-100
lysis buffer (1% Triton X-100, 20 mM HEPES, pH 7.9, 0.3 M

NaCl, 0.2 mM EDTA, 1.5 mM MgCl2, 100 �M pervanadate, pro-
tease, and phosphatase inhibitor mixtures (Roche Applied Sci-
ence)) for 30 min on ice. Cell debris was removed by centrifu-
gation (14,000 � g, 15 min, 4 °C). Equal amounts of total protein
were dissolved with SDS-PAGE and transferred to nitrocellu-
lose membrane to be immunoblotted with indicated antibod-
ies. For immunoprecipitation, equal amounts of total protein
were incubated with anti-HA or anti-V5-agarose affinity gels
(Sigma) for 4 h at 4 °C by rotation. Beads were washed with lysis
buffer; bound proteins were eluted with 2� reducing Laemmli
buffer and dissolved with SDS-PAGE.

Surface Protein Isolation—As instructed in the Pierce� cell
surface protein isolation kit (Thermo Scientific), cells were
washed twice with ice-cold PBS followed by incubation with
0.25 mg/ml Sulfo-NHS-SS-Biotin or PBS on a rocking platform
for 30 min at 4 °C. After quenching of the reaction, cells were
washed twice with ice-cold TBS and lysed with Triton X-100
cell lysis buffer for 30 min on ice. After removal of cell debris, a
fraction of the clarified supernatant was spared as input mate-
rial. An equal amount of total protein was incubated with the
NeutrAvidin-agarose slurry for 2 h at 4 °C in a closed column.
The unbound proteins in the flow-through, representing the
intracellular fraction, were collected by centrifugation. Any
remaining unbound proteins were removed by extensive wash-
ing with the lysis buffer. The captured surface proteins were
eluted with 2� Laemmli buffer with DTT.

Subcellular Fractionation—Cells were incubated in fraction-
ation buffer (250 mM sucrose, 20 mM HEPES, pH 7.4, 10 mM

KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
protease inhibitor mixture) for 30 min and were homogenized
by passing through a 27-gauge needle 15 times. A small portion
of the homogenate was spared as total lysate and was mixed
with 3� the volume of lysis buffer (50 mM Tris-HCl, pH 8.0, 150
mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 10% glycerol, protease inhibitor mixture (Roche Applied
Science)). The rest of the cell suspension was centrifuged for 10
min at 10,000 � g. The cleared supernatant was centrifuged for
1 h at 100,000 � g and procured as the cytosolic fraction. The
pellet was washed once with 3 ml of fractionation buffer and
centrifuged for 1 h at 100,000 � g. The supernatant was
removed, and the membrane-enriched pellet was dissolved in
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lysis buffer. Equal amounts of protein from each fraction were
analyzed by Western blotting.

Reagents, Antibodies and siRNAs—Rabbit polyclonal anti-�-
catenin (Sigma), mouse monoclonal anti-CPE (BD Biosci-
ences), rabbit monoclonal anti-E-cadherin (Cell Signaling),
rabbit polyclonal anti-EGFR (Cell Signaling), rabbit polyclonal
anti-Fyn (Cell Signaling), mouse monoclonal anti-�-tubulin
(Sigma), rabbit polyclonal GAPDH (Cell Signaling), rabbit poly-
clonal anti-GFP (Invitrogen), mouse monoclonal anti-HA
(Covance), rabbit polyclonal anti-glucagon (Millipore), guinea
pig polyclonal anti-insulin (Linco), goat polyclonal anti-Kirrel2
(R & D Systems), mouse monoclonal anti-phosphotyrosine
(clone 4G10�, Millipore), and mouse monoclonal anti-V5
(Sigma) antibodies were obtained commercially and used at
dilutions recommended by the manufacturer. Secondary anti-
bodies linked to horseradish peroxidase (Calbiochem) and to
Alexa-Fluor� (Life Technologies, Inc.) were used at 1:10,000
and 1:500 dilutions, respectively. siRNAs against Kirrel2
(SASI_Mm01_00162935 and SASI_Mm01_ 00162937) and Fyn
(SASI_Mm02_00309539 and SASI_Mm02_00309540) were
purchased from Sigma.

Immunohistochemistry—MIN6 cells were fixed with 4% para-
formaldehyde in PBS for 15 min at room temperature and
washed with PBS. Cells were blocked and permeabilized in
blocking buffer (3% of serum of the secondary antibody species,
1% BSA in PBS) with 0.1% Triton X-100 for 30 min and incu-
bated overnight at 4 °C with the primary antibody and for 1 h at
room temperature with the secondary antibody both diluted in
the blocking buffer. Excessive fixing solution and unbound pri-
mary and secondary antibodies were removed by repetitive PBS
washes. For nuclei and filamentous actin detection, Hoechst
33342 stain (Life Technologies, Inc.) and Alexa Fluor� 568
phalloidin (Life Technologies, Inc.) were added to the second-
ary antibody solutions in dilutions recommended by manufac-
turer. Cells were mounted with CC/MountTM tissue mounting
medium (Sigma) and visualized with Zeiss LSM 510 or LSM 780
confocal microscope.

Generation of Kirrel2 KO Mice—An embryonic stem (ES) cell
line JM8A1.N3 was obtained from the KOMP repository, in
which the trapping cassette “En2SA-lacZ-pA” and a down-
stream loxP site were inserted in introns 2 and 4, respectively, in
the Kirrel2 gene. ES cells were injected into C57Bl/6N blasto-
cysts at the Rockefeller University Gene Targeting Center. Kir-
rel2 null mice were generated by crossing targeted mice with
Deleter Cre mice, thereby generating alleles in which the neo-
cassette and exons 3 and 4 were deleted, resulting in early trun-
cation of the endogenous transcript.

Pancreatic Islet Isolation—The bile duct was clamped at the
ampulla of Vater, and the pancreas was perfused through the
common duct with 0.2 mg/ml Liberase (Roche Applied Sci-
ence) in serum-free RPMI 1640 medium (Gibco). The perfused
pancreas was removed and digested for 18 min in 1 ml of Lib-
erase (0.2 mg/ml) in serum-free RPMI 1640 medium at 37 °C.
Digestion was blocked by addition of 20 ml of RPMI 1640
medium with 10% FBS, and the digested tissue was disassoci-
ated from the exocrine tissue with vigorous shaking. With
repeated mild centrifugation and resuspension steps, the exo-
crine pancreas and collagenase were partially removed from the

contents of the tube. Final pellet was resuspended in 10 ml of
Histopaque 1077 (Sigma) covered with 10 ml of serum-free
RPMI 1640 medium creating a sharp interface. Following cen-
trifugation at 2200 rpm for 20 min, the islets were collected
from Histopaque medium interface. Intact islets were picked
under a light microscope and cultured in RPMI 1640 medium
with 11 mM glucose, 10% FBS, and penicillin/streptomycin.

Insulin Secretion Assay—MIN6 cells or isolated islets were
preincubated for 1 h at 37 °C in KRBH/BSA buffer (Krebs-
Ringer bicarbonate HEPES buffer; 129 mM NaCl, 5 mM

NaHCO3, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 10 mM

HEPES, and 1 mM CaCl2 at pH 7.4, 0.1% bovine serum albumin)
containing 2 or 5 mM glucose, respectively. First, they were
incubated for 1 h in KRBH/BSA with low glucose, and later they
were incubated for 1 h in secretion buffer containing the indi-
cated concentrations of glucose or other secretagogues. Insulin
content of collected supernatants, acid/ethanol islet extracts,
and cell lysates were determined by insulin ELISA (Crystal
Chem Inc.).

Metabolic Measurements and Experimental Animals—Blood
glucose was measured using a Contour glucometer (Bayer). For
IPGTT, mice fasted overnight (13 h) were injected with 2 g/kg
(chow diet) or 1.5 g/kg (HFD) D-glucose solution. After weaning
(3 weeks), mice were housed in a pathogen-free animal facility
and were maintained on a 12-h light/12-h dark cycle with free
access to either standard rodent chow or HFD containing 60%
kJ of fat. All animals were on the C57BL/6N background.
Plasma insulin and glucagon (Phoenix Pharmaceuticals) con-
centrations were determined by ELISA.

Statistical Analysis—All values are described as mean � S.D.
Statistical significance was determined by Student’s t test or
analysis of variance with Bonferroni post hoc test, rejecting the
null hypothesis at p � 0.05.

MS Sample Preparation—Tryptic digestion of immunopuri-
fied Kirrel2 protein was performed as described in part previ-
ously (35). In brief, digestion was performed in a 100 mM

ammonium bicarbonate, 0.1% Rapigest-containing buffer. Cys-
teine bridges were reduced by addition of 5 mM tris(2-carboxy-
ethyl)phosphine (Pierce), and free cysteine was carbamidom-
ethylated by 10 mM iodoacetamide (Pierce). An enzyme to
protein ratio of 1:50 (Trypsin, Promega) was used to digest pro-
teins at 37 °C for 12 h. Peptide mixtures were desalted by Ultra
Microtip Columns (The Nest Group). Samples were dried in a
vacuum concentrator and stored at �20 °C until further use.

MS Analysis—Kirrel2 samples were analyzed with an LTQ-
Orbitrap XL mass spectrometer (Thermo Scientific). Peptides
were loaded on a 10-cm reversed phase HPLC column (75 �m
diameter) packed with C18 material (Magic C18 AQ 3 �m;
Michrom Bioresources). Peptides were separated using a linear
gradient of 5–30% Buffer B (2% H2O, 0.1% formic acid in ace-
tonitrile) in Buffer A (2% acetonitrile, 0.1% formic acid in H2O)
for 60 min at a flow rate of 300 nl/min. Samples were injected in
duplicates. The first duplicate was recorded in data-dependent
mode, and the other duplicate was recorded in data-dependent
mode with the addition of a preferred mass list for the peptide
“DPTNGYYR” in unphosphorylated ([M � 2H]2�, 493.222)
and singly phosphorylated form ([M � 2H]2�, 533.218). Pep-
tide ion mass to charge range of 350 –1600 (400 –1600 for injec-
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tions run with preferred mass list) was monitored with one high
resolution (60,000) MS1 scan followed by five MS2 fragmenta-
tion scans (TOP5) on the five most intense ions in collision-
induced dissociation mode. Singly charged ions were excluded
from MS2 fragmentation. Essential full MS settings were as
follows: automatic gain control � 106; maximum ion time �
500 ms; resolution � 60,000 full width at half-maximum. MS2
settings were as follows: AGC � 30,000; maximum ion time �
10 ms; minimum signal threshold � 250; dynamic exclusion
time � 30 s; isolation width � 2 Da; normalized collision
energy � 32; activation Q � 0.25.

MS Database Search and Data Analysis—MS data were
searched against the mouse UniProt Database (May 2014) (36),
including common protein contaminants using the MaxQuant
search engine (version 1.305) (37). MS data analysis included
search for variable modifications of N termini (acetylation),
oxidized methionines, and phosphorylation of serine, threo-
nine, and tyrosine residues. Carbamidomethylation of cysteines
was included as static modification. A protein and peptide false
discovery rate of 1% was determined by target-decoy-based
search (reverse database search). Peptides with a score of �60,
a posterior error probability of 	0.05, and a � score of �5 were
removed from the data set. For phosphopeptides, additional
filters of “score difference” of 	10 and “localization score” of
	0.75 were applied. Common contaminants, proteins only
identified by a modified site, and proteins identified by only one
unique peptide were removed. Furthermore, proteins with a
low abundance score (�1000 intensity-based absolute quanti-
fication score) were removed. For identified protein groups, the
major protein identification was used. Identified Kirrel2 pep-
tides and their positions in the Kirrel2 amino acid sequence
were visualized using Protter (38).

Results

Kirrel2 Is Glycosylated and Localizes to Cell Contacts—To
study the localization of Kirrel2, we constructed different
tagged vectors expressing mouse Kirrel2 (Fig. 1A). A specific
antibody against the extracellular domain of Kirrel2 recognized
the endogenous and overexpressed Kirrel2 protein with an
apparent molecular mass of 95 kDa in cell lysates of the pancre-
atic �-cell line MIN6 (Fig. 1, B and C). To determine whether
Kirrel2 is N-linked glycosylated, we used N-glycanase, an
enzyme that releases intact N-linked oligosaccharides from gly-
coproteins. We applied an enzyme gradient to lysates of MIN6
cells and analyzed its effect on electrophoretic mobility of Kir-
rel2-V5. A shift of the apparent molecular mass of Kirrel2 from

95 to 
80 kDa was observed with a multistep pattern of gly-
can removal, demonstrating that Kirrel2 is an N-linked glyco-
protein (Fig. 1D).

To understand the functions of Kirrel2 in pancreatic �-cells,
we next examined its cellular localization, in particular with
respect to co-localization with insulin granules and plasma
membrane distribution. MIN6 cells transiently expressing Kir-
rel2-V5 were immunolabeled with anti-V5 and anti-insulin
antibodies. Kirrel2 staining marked distinct vesicles and did not
co-localize with insulin granules, indicating that it is not a con-
stituent of the insulin vesicle machinery (Fig. 1E). Kirrel2 pre-
dominantly localized to the plasma membrane as dots or

“puncta” along the sites of the cell contacts (Fig. 1, F–I). To test
whether any other characterized adherens junction proteins
localize to these structures, we immunolabeled MIN6 cells with
antibodies against epithelial cadherin (E-cadherin) (Fig. 1F),
�-catenin (Fig. 1G), and fluorescent phalloidin that labels fila-
mentous actin (F-actin) (Fig. 1H). We observed that E-cadherin
and �-catenin staining at the cell contacts largely co-localized
with Kirrel2, although F-actin staining was rather continuous
along the cell edges. To assess whether Kirrel2 proteins of two
opposing cells co-localize within the same puncta, we tran-
siently transfected two separate pools of MIN6 cells that were
either expressing Kirrel2-V5 or Kirrel2-GFP. The two cell pop-
ulations were trypsinized, mixed at a 1:1 ratio, seeded on
microscopy slides, and prepared for analysis by immunofluo-
rescent confocal microscopy. We observed that at contact sites
of neighboring Kirrel2-V5- and Kirrel2-GFP-expressing cells,
each signal obtained by Kirrel2-V5 staining was directly
adjoined by a Kirrel2-GFP signal from the opposing cell (Fig. 1I)
indicating adhesive trans-interactions between Kirrel2 mole-
cules of neighboring cells. In line with this observation, the
Kirrel2 signal at intracellular contacts of a transfected and a
non-transfected cell was significantly less compared with the
signal observed at contacts with other transfected cells. This
suggests that significantly lower endogenous levels of Kirrel2 in
non-transfected cells are insufficient to efficiently stabilize sim-
ilar amounts of overexpressed Kirrel2 at the cell-to-cell con-
tacts (Fig. 1, E–I). Additionally, no Kirrel2 signal was observed
at the contact-free cell membranes (Fig. 1, E–I).

Fyn Interacts with and Phosphorylates Kirrel2—Cytoplasmic
domains of cell surface proteins are frequent targets of intracel-
lular protein kinases, and phosphorylated residues are often
involved in assembly of cell-cell adhesions and cell adhesion-
initiated signaling pathways. Likewise, phosphorylation of sev-
eral cytoplasmic tyrosine residues of nephrin and NEPH1 has
been associated with activation of signaling cascades, actin poly-
merization, and protein endocytosis (39 – 42). To determine
whether Kirrel2 is a target of tyrosine phosphorylation, MIN6
cells expressing Kirrel2-V5 were treated with the tyrosine phos-
phatase inhibitor pervanadate prior to cell lysis. We then
immunoprecipitated Kirrel2-V5 with anti-V5-agarose affinity
gel and immunoblotted with anti-V5 or anti-phosphotyrosine
antibodies. As shown in Fig. 2A, pervanadate treatment
induced marked tyrosine phosphorylation of Kirrel2. A corre-
sponding upward mobility shift of the anti-V5 tag antibody sig-
nal was also evident in pervanadate-treated samples.

Previous studies have demonstrated that Fyn, a member of
Src family tyrosine kinases (SFKs), tyrosine phosphorylates
cytoplasmic domain of nephrin and NEPH1 in podocytes (39,
43, 44). Various SFKs are also expressed in pancreatic �-cells
and exert a tonic inhibitory role in Ca2�-dependent insulin
secretion (45). These observations prompted us to investigate
the effect of SFK-specific inhibitors on tyrosine phosphoryla-
tion of Kirrel2 in pancreatic �-cells. For this purpose, we
treated MIN6 cells with two structurally unrelated SFK inhibi-
tors, PP2 and SU6656. Pervanadate was added to culture
medium 10 min prior to lysis, and Kirrel2-V5 was immunopre-
cipitated with anti-V5-agarose affinity gel. As shown in Fig. 2B,
tyrosine phosphorylation of Kirrel2 was strongly inhibited by
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both PP2 and SU6656. These data demonstrate that Kirrel2, at
least in part, is phosphorylated by SFKs in MIN6 cells.

Next, we investigated whether Fyn directly interacts with and
phosphorylates Kirrel2. For this purpose, we co-transfected
Kirrel2-HA with either a wild type (Fyn-V5WT) or a kinase-
dead (Fyn-V5KD) form of V5-tagged Fyn in MIN6 cells. Co-ex-
pression of Fyn-V5WT was sufficient to trigger tyrosine phos-
phorylation of Kirrel2-HA even without the pervanadate
treatment (Fig. 2C). Phosphorylation was drastically increased
when these cells were treated with pervanadate. Increased tyro-
sine phosphorylation correlated with a significant upward
mobility shift in HA tag antibody signal. On the contrary,
expression of Fyn-V5 KD neither enhanced Kirrel2 phosphory-
lation nor changed the electrophoretic mobility of Kirrel2.

Additionally, Fyn-V5WT co-immunoprecipitated with Kirrel2-
HA, indicating a direct interaction between the two proteins.
The amount of co-immunoprecipitated Fyn-V5WT signifi-
cantly increased when the cells were treated with pervanadate.
In contrast, Fyn-V5KD co-immunoprecipitated with Kirrel2
only after pervanadate treatment. Neither form of Fyn-V5 was
immunoprecipitated with anti-HA-agarose affinity gel alone.
To further corroborate that Kirrel2 is phosphorylated by Fyn,
we co-transfected MIN6 cells with Kirrel2-V5 and either anti-
Fyn or control siRNAs. A significant reduction in total amount
of Fyn as well as a corresponding decrease in Kirrel2-V5 phos-
phorylation was observed (Fig. 2D). These findings demon-
strate that Fyn mediates tyrosine phosphorylation of Kirrel2 in
pancreatic �-cells.
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FIGURE 1. Kirrel2 is predominantly expressed at the cell junctions and co-localizes with adherens junction proteins. A, schematic representation of wild
type N- and C-terminally tagged Kirrel2 proteins. B, Western blot of MIN6 cells transfected with control or Kirrel2 targeting siRNAs using an antibody against the
N-terminal domain of Kirrel2. �-Tub, �-tubulin. C, immunoblots (IB) of MIN6 cells transfected with control (pcDNA) or Kirrel2-V5 expression vectors using
anti-Kirrel2 antibody. D, lysates of MIN6 cells transfected with control (�) or Kirel2-V5-expressing (�) plasmids were treated with indicated units of N-glycanase
enzyme and immunoblotted with anti-V5 antibodies. E–H, MIN6 cells expressing Kirrel2-V5 were immunolabeled with indicated antibodies or phalloidin
(F-actin). I, MIN6 cells were transfected with Kirrel2-V5 or Kirrel2-GFP vectors. After 16 h, the two cell populations were trypsinized, mixed, and cultured on
chambered microscopy slides for 16 h prior to immunolabeling with anti-V5 antibodies. Images were obtained by confocal microscopy. Bar, 10 �m.
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FIGURE 2. Kirrel2 is tyrosine-phosphorylated by Src family kinase Fyn. A, MIN6 cells were transfected with control (�) or Kirrel2-V5 (�) vectors and
treated with PBS (�) or pervanadate (�) prior to cell lysis. Lysates were incubated with anti-V5 agarose affinity gel, and precipitated protein complexes
were immunoblotted (IB) with anti-phosphotyrosine (4G10) and anti-V5 antibodies. B, transfected MIN6 cells were treated with 10 �M DMSO, 10 �M PP2,
or 5 �M SU6656 for 20 min, followed by 10 min of pervanadate treatment prior to lysis. Following purification with anti-V5-agarose affinity gel,
immunoprecipitates (IP) were immunoblotted with anti-phosphotyrosine (4G10) and anti-V5 antibodies. C, MIN6 cells expressing Kirrel2-HA, wild type
(WT), or kinase-dead (KD) Fyn were treated with PBS (�) or pervanadate (�) prior to cell lysis. After immunoprecipitation with anti-HA-agarose affinity
gel, immunoprecipitates were blotted with 4G10, anti-HA, or anti-V5 antibodies. Immunoblotting of total cell lysates with anti-V5 antibody demon-
strates Fyn-V5 expression. D, MIN6 cells were co-transfected with control (�) or Kirrel2-V5 (�) vectors and control or anti-Fyn siRNAs. Prior to lysis, cells
were treated with PBS or pervanadate. Lysates were purified with anti-V5-agarose affinity gel, and immune complexes were blotted with 4G10 or anti-V5
antibodies. 50 �g of total protein was immunoblotted with 4G10 antibody to evaluate changes in total tyrosine phosphorylation in A, B, and D. F, Protter
images of identified peptides and phosphopeptides of the intracellular (left) and extracellular (right) domains were obtained from three independent
Kirrel2-HA-V5 immunopurifications. Identified peptides (blue) and modified residues (green) are highlighted. Arrow indicates a potential putative
cleavage site, identified through a semi-tryptic peptide FLVEAFPAPEVEGGQGPGLISVLH, with a correct tryptic cleavage at the N terminus and a non-
tryptic cleavage at the C terminus (H) of the extracellular domain. Dashed lines show trypsin cleavage sites. PM, plasma membrane. E, conservation in the
cytoplasmic tail of Kirrel2 among mammals.
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Kirrel2 Is Phosphorylated at Residues Tyr595,596, Tyr631/632,
and Tyr653—Cytoplasmic domain of full-length mouse Kirrel2
protein contains eight tyrosine residues, seven of which are
conserved in humans and other mammals (Fig. 2E). We
employed mass spectrometry (MS) to identify potentially phos-
phorylated tyrosine residues in Kirrel2. MIN6 cells co-express-
ing Kirrel2-HA and Fyn-V5WT were treated with pervanadate
prior to lysis, and Kirrel2-HA was immunoprecipitated with
anti-HA-agarose affinity gel prior to digestion with trypsin and
MS analysis. In total, 154 proteins were consistently identified
in three independent experiments. As expected, in all three
studies the Kirrel2 protein was identified as the most abundant
protein providing 39.8, 22.4, and 24.5% of the total protein mass
in the samples (based on the intensity-based absolute quantifi-
cation score (iBAQ score) (46). The peptide coverage included
42 unique peptides with five phosphorylation sites in the cyto-
plasmic domain (Fig. 2F). The peptide “DPTNGYYR596” was
identified as a double-phosphorylated peptide at amino acids
Tyr595,596 (underlined). Another tyrosine phosphorylation was
detected on peptide (R)AGYLTTPHPR(A), where underline
indicates Tyr653. A serine phosphorylation was identified on
peptide “GPEEETGSSEDR, where underline indicates Ser563.
Additionally, another single serine phosphorylation on (R)IPG-
SSEGSSR(G) peptide was detected, where underlines indicate
Ser548,549. The phosphorylation was restricted to either Ser548

or Ser549; however, due to site ambiguity, the exact position of
the serine phosphorylation could not be determined from the
spectrum. None of the identified phosphosites are currently
listed in the UniProt or the PhosphoSitePlus database.

To confirm phosphorylation of the mapped tyrosine residues
and to study their functional relevance, we introduced pheny-
lalanine substitutions into Kirrel2-V5 at positions Tyr595–596

and Tyr653. Both mutations resulted in a reduction of the tyro-
sine phosphorylation signal of Kirrel2 in immunoblot analysis
(Fig. 3A). Total tyrosine phosphorylation of triple mutant Kir-
rel2-V5Y595F/Y596F/Y653F was markedly reduced compared with
the wild type Kirrel2; however, a considerable amount of resid-
ual signal indicated phosphorylation of additional tyrosine res-
idues (data not shown). By introducing a series of phenylalanine
substitutions for tyrosine residues located within the peptides
that were not covered by the MS data, we discovered that muta-
tions at the evolutionarily conserved Tyr631 and neighboring
Tyr632 also resulted in a significant decrease in total tyrosine
phosphorylation of Kirrel2 (Fig. 3A). The total intensity of the
phosphotyrosine signal was clearly reduced for the quintuple
mutant Kirrel2Y595F/Y596F/Y631F/Y632F/Y653F, but not completely
abolished, indicating phosphorylation of other additional resi-
dues that need further investigation. These findings comple-
ment MS data showing phosphorylation of Tyr595,596 and
Tyr653 and demonstrate phosphorylation at residues Tyr631

and/or Tyr632.
Phosphodeficient Kirrel2 Mutants Exhibit Altered Stability and

Cell Surface Localization—When MIN6 cells were transfected
with equal amounts of Kirrel2 expression plasmids, protein levels
of Kirrel2Y595F/Y596F or Kirrel2Y595F/Y596F/Y631F/Y632F/Y653F were
detected at higher levels than Kirrel2WT, Kirrel2Y631F/Y632F and
Kirrel2Y653 (Fig. 3B). Recurrent observations with independent
plasmid preparations prompted us to investigate potential differ-
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FIGURE 3. Mutant Kirrel2Y595F/Y596F protein displays enhanced stability. A, MIN6 cells expressing wild type or mutant Kirrel2-V5 were treated with pervana-
date. V5-tagged proteins were immunoprecipitated (IP) with anti-V5-agarose affinity gels and immunoblotted (IB) with 4G10 and anti-V5 antibodies. B, MIN6
cells were transfected with IGF1R-V5, control (pcDNA), wild type, or mutant Kirrel2 vectors. Duplicate transfections were performed using independent
maximum preparations. Total protein lysates were immunoblotted with indicated antibodies. �-Tub, �-tubulin. C, MIN6 cells, co-transfected with GFP and wild
type or mutant Kirrel2-V5 expression vectors, were treated with cycloheximide for the indicated time. Cell extracts were immunoblotted with V5 tag and GFP
antibodies. D, quantification of Kirrel-V5 signals from two independent experiments by densitometry. Two-way analysis of variance with Bonferroni post hoc
test was performed. **, p � 0.01; ***, p � 0.001.
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ences in turnover rates of mutant Kirrel2 proteins. To assess pro-
tein half-lives, we blocked novel protein biosynthesis with cyclo-
heximide in MIN6 cells co-expressing GFP and Kirrel2-V5 (Fig.
3C). Total protein extracts were immunoblotted with anti-V5 and
anti-GFP antibodies. The levels of co-transfected GFP were used
as transfection and loading controls. Quantification of the remain-
ing Kirrel2-V5 signal by densitometric scanning of the immuno-
hybridization signals revealed that Kirrel2Y595F/Y596F mutants
exhibit a 
30% prolonged half-life (Fig. 3D).

Next, we assessed whether differences in stabilities of phos-
pho-mutant Kirrel2 proteins would correlate with differences
in their subcellular localization. For this purpose, we performed
co-stainings in MIN6 cells expressing wild type or mutant Kir-
rel2-V5 using anti-V5 antibodies and phalloidin. In MIN6 cells
expressing wild type Kirrel2, the F-actin and Kirrel2 signal was
linearly distributed along the cell contacts (Fig. 4A). A similar
pattern of Kirrel2 and F-actin staining was observed for Kirrel2-
V5Y631F/Y632F- and Kirrel2Y653F-expressing cells (Fig. 4, C and
D). However, the signal observed in most of the contact sites of
Kirrel2-V5Y595F/Y596F- and Kirrel2Y595F/Y596F/Y631F/Y632F/Y653F-
expressing cells appeared less distinct and demarcated (Fig. 4, B
and E). Frequently, the signal was distributed to three-dimen-
sional reticular structures instead of a narrow straight line. The
F-actin staining was also disturbed in these contacts. These
reticular structures largely co-localized with both E-cadherin
and �-catenin (Fig. 5, A and B).

Having shown that mutant Kirrel2Y595F/Y596F is more stable
and modifies the structure of cell contacts, we asked whether
the mutation results in accumulation of Kirrel2 at the plasma
membrane. For this purpose, we first quantitatively assessed
endogenous levels of Kirrel2 located at the plasma membrane
of MIN6 cells and compared it with other well characterized
integral membrane proteins using a surface protein isolation
technique (47). We labeled surface proteins containing acces-
sible lysine residues with a cell-impermeable cleavable biotiny-
lation reagent, Sulfo-NHS-SS-Biotin, followed by affinity puri-
fication with streptavidin-coated beads. We then resolved the
collected fractions, including the total protein lysate (Fig. 6,
Input), unbound proteins in the flow-through, and captured
surface proteins (Eluate) by SDS-PAGE, and immunoblotted
with antibodies against Kirrel2, E-cadherin, epidermal growth
factor receptor (EGFR), and CPE (Fig. 6A). E-cadherin, a �-cell
adhesion molecule (3), EGFR, an intensely trafficking cell sur-
face receptor (48), and CPE, an insulin granule membrane res-
ident protein (49), were used as representative �-cell trans-
membrane proteins with distinct cell surface exposure. As
expected, we observed that most of the E-cadherin, a small frac-
tion of the total EGFR, and no CPE was found in the eluate
enriched for plasma membrane proteins (Fig. 6A). Similar to
E-cadherin, Kirrel2 was mainly localized at the plasma mem-
brane. This observation indicates that endogenous Kirrel2
resides mostly on the MIN6 cell surface in standard culture
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FIGURE 4. Expression of Kirrel2Y595F/Y596F results in formation of reticular cell junctions. MIN6 cells were transfected with plasmids encoding for wild type
or indicated mutants of Kirrel2-V5. Kirrel2 was immunolabeled with anti-V5 antibody (green), F-actin with phalloidin 568 (red), and nuclei with Hoechst stain
(blue). Bar, 10 �m
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conditions. We next assessed potential differences between
surface to intracellular protein fractions of mutant and wild
type Kirrel2 molecules. For this purpose, we once again isolated
surface proteins of MIN6 cells expressing wild type or mutant
Kirrel2-V5. Immunoblotting analysis of the collected fractions
with V5 antibodies revealed that ratios of surface to intracellu-
lar levels were significantly higher for Kirrel2-V5Y595F/Y596F and
Kirrel2-V5Y595F/Y596/Y631F/Y632F/Y653F (Fig. 6B). In contrast, lev-
els of E-cadherin in the plasma membrane remained
unchanged. These results show that Tyr595–596 are involved in
regulation of Kirrel2 localization at the plasma membrane.

Kirrel2 Forms Homotypic Dimers That Are Not Influenced by
Tyrosine Phosphorylation—Previous findings indicate that the
cytoplasmic fragment of Kirrel2 can homo- and heterodimerize
with the related proteins nephrin and NEPH1 in podocytes
(28). Homotypic and heterotypic interactions of NEPH1 are
crucial for glomerular slit diaphragm function (24, 33, 50). We
asked whether Kirrel2 could form homotypic multimers in
MIN6 cells, and whether phosphorylation of Kirrel2 affects this
process. For this purpose, we performed Western blotting in
the presence and absence of the reducing agent DTT. When
SDS-PAGE is performed under non-reducing conditions, cova-
lent interactions among proteins can be preserved and identi-
fied with immunoblotting due to a size shift they introduce to
the inspected proteins. In Western blots of MIN6 lysates tran-
siently expressing Kirrel2-V5 or Kirrel2-GFP, both anti-V5 and
anti-GFP antibodies interacted with additional bands that cor-
respond to twice the molecular weight of the Kirrel2-V5 or
Kirrel2-GFP monomers, indicating Kirrel2 forms homotypic
dimers in MIN6 (Fig. 6, C and D).

Immunohistochemistry results suggested that Kirrel2 local-
ization at the cell surface depends on trans-homotypic interac-
tions of Kirrel2 molecules from neighboring cells. In case of
another adhesion molecule C-cadherin, formation of trans-
protein dimers requires prior cis-homodimerization (51).
Therefore, we next assessed whether the increased amount of

Kirrel2Y596F/Y596F levels at the cell surface is mediated by an
increase in Kirrel2 dimers. Lysates of MIN6 cells expressing
wild type or mutant Kirrel2-V5 were resolved with reducing
and non-reducing SDS-PAGE followed by immunoblotting
with anti-V5 antibodies (Fig. 6E). Densitometric scanning of
the immunohybridization signals revealed that dimer to mono-
mer ratio of Kirrel2Y596F/Y596F was not changed compared with
wild type Kirrel2. Next, we tested whether interactions between
wild type and mutant Kirrel2 molecules are altered by perform-
ing co-immunoprecipitation with lysates from MIN6 cells co-
expressing Kirrel2-HA and respective phospho-mutants (Fig.
6F). Kirrel2-HA efficiently precipitated both wild type and
mutant Kirrel2-V5 molecules, but not V5-tagged IGF1R,
another type I transmembrane protein of similar molecular
weight. We concluded that the phosphorylation status of
cytoplasmic tyrosine residues does not influence Kirrel2
dimerization.

We have shown that both wild type and phospho-mutant
Kirrel2 proteins co-localize with the adherens junction mole-
cules E-cadherin and �-catenin. To investigate whether Kirrel2
forms stable protein-protein interactions with E-cadherin and
�-catenin, we expressed V5-tagged wild type or phospho-mu-
tant Kirrel2 in MIN6 cells and performed immunoprecipitation
with anti-V5 agarose affinity gel. Both E-cadherin and
�-catenin were detected in the immune complexes, indicating
that these proteins interact with Kirrel2 (Fig. 6G).

Kirrel2 Is Constitutively Shed from MIN6 Cells—In Western
blotting experiments using anti-V5 antibodies, we noticed
another specific band with a lower molecular mass (�28 kDa)
in whole cell lysates of Kirrel2-V5-expressing MIN6 cells (Fig.
7A). The membrane spanning cytoplasmic domain of Kirrel2-
V5, including the protein tag and linker peptides, has a molec-
ular mass around 24 kDa. Therefore, we hypothesized that the
extracellular Kirrrel2 domain might be cleaved and possibly
shed, with the lower band representing the residual C-terminal
membrane spanning fragment of Kirrel2 (Fig. 2F). Interest-
ingly, when SDS-PAGE was performed in non-reducing condi-
tions (�DTT), another band with a molecular mass of 
55 kDa
appeared (Fig. 7A). It has previously been shown that the cyto-
solic domain of Kirrel2 can co-immunoprecipitate full-length
protein, indicating that Kirrel2 molecules dimerize through
their cytoplasmic domains (28). The 55-kDa band observed in
non-reducing conditions therefore might represent dimers of
the cleaved C-terminal fragment. In subcellular fractionation
experiments, the 28-kDa C-terminal fragment was exclusively
detected in membrane-enriched fractions and was not found in
the cytosolic fractions (Fig. 7B). To confirm extracellular cleav-
age of Kirrel2 and to assess whether its ectodomain is shed, we
analyzed supernatants from MIN6 cells by Western blotting
with an antibody against the N-terminal fragment of Kirrel2.
MIN6 cells expressing Kirrel2-V5 or control plasmids were cul-
tured for 24 h in reduced serum medium. Culture media were
collected, concentrated, and analyzed together with whole cell
lysates by Western blotting (Fig. 7C). In the supernatants, Kir-
rel2 antibodies interacted with two bands with molecular
masses of 
50 and 
65 kDa. These signals were not detected in
cell lysates. These results indicate that the Kirrel2 ectodomain
is constitutively shed from MIN6 cells, conceivably with two

Kirrel2-V5 Y595-6F E-Cadherin Merged

A.

β-Catenin MergedKirrel2-V5 Y595-6F

B.

FIGURE 5. Reticular junctions of Kirrel2Y595F/Y596F co-localizes with E-cad-
herin and �-catenin. MIN6 cells expressing Kirrel2-V5 or Kirrel2Y595F/Y596F-V5
were immunolabeled with anti-V5 (green), anti-E-cadherin (A), or �-catenin
(B) antibodies (red). Nuclei were labeled with Hoechst stain (blue). Bar, 10 �m

Kirrel2 in Pancreatic �-Cells

OCTOBER 23, 2015 • VOLUME 290 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 25899



cleavage events. Next, we investigated the mechanisms through
which the cytoplasmic Kirrel2 fragment is processed following
the extracellular cleavage. Previous studies show that various
type I integral membrane proteins such as E-cadherin (52),
N-cadherin (53), and ephrinB2 (54) that undergo ectodomain

shedding are subject to subsequent intramembrane cleavage by
�-secretase complex. To assess whether the C-terminal frag-
ment of Kirrel2 is processed by �-secretase, we repressed its
functions with the potent �-secretase inhibitor DAPT. Incuba-
tion of MIN6 cells with DAPT in three independent studies
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resulted in stabilization of the C-terminal fragment in the cell
lysate compared with controls (p � 0.02), thereby confirming
Kirrel2 as a substrate of the �-secretase complex (Fig. 7D).

Regulated proteolysis is one of the most efficient mecha-
nisms that cells exploit to control protein function to rapidly
respond to alterations in internal and environmental cues (55).
Therefore, we next assessed whether enhanced stability of
Kirrel2Y595F/Y596F is due to decreased ectodomain shedding. To
test this, we analyzed supernatants of MIN6 cells expressing
wild type and phospho-mutant Kirrel2 molecules by immuno-
blotting. The ratio of shed to full-length Kirrel2 remained sim-
ilar for both wild type and mutant Kirrel2 proteins, indicating
that regulation of Kirrel2 stability by phosphorylation is inde-
pendent of ectodomain cleavage (Fig. 7E).

Kirrel2 Alters Basal Insulin Secretion In Vitro and In Vivo—
To assess functional relevance of Kirrel2 in pancreatic �-cells,
we modulated Kirrel2 levels and measured insulin content and
secretion in MIN6 cells. Kirrel2 knockdown with RNAi resulted
in a small but significant increase in basal insulin secretion,

whereas transient overexpression of Kirrel2-V5 suppressed
basal insulin secretion from MIN6 cells (Fig. 8, A and B). Nei-
ther knockdown nor overexpression of Kirrel2 altered glucose-
induced insulin secretion and total insulin content of MIN6
(Fig. 8, A and B).

To investigate the physiological functions of Kirrel2, we gen-
erated mice with a null mutation in the Kirrel2 gene by targeted
insertion of a trapping cassette within intron 2, resulting in
premature termination of the endogenous transcript. Loss of
Kirrel2 expression was confirmed by quantitative PCR (Fig.
8C). Expression of Kirrel1 and -3 was similar in Kirrel2 KO and
control mice, demonstrating that there was no compensation
(data not shown). Surprisingly, we found nephrin levels 50%
reduced in Kirrel2 KO mice, most likely due to interference of
the targeting construct with the bidirectional promoter/tran-
scriptional unit regulating the expression of nephrin and Kir-
rel2 (56). Kirrel2�/� mice were born at expected Mendelian
frequencies of normal size, fertile, and appeared healthy up to
12 months of age. To determine whether Kirrel2 is required for

FIGURE 6. Kirrel2Y595F/Y596F stabilization at plasma membrane is independent of its dimerization. A, intact MIN6 cells treated with or without
Sulfo-NHS-SS-Biotin were processed according to the kit instructions. Collected fractions, including input, flow-through, and eluate, were analyzed by
immunoblotting (IB) with antibodies against Kirrel2, E-cadherin (E-cad), EGFR, and CPE. Ratios of biotinylated (surface) to unbiotinylated (intracellular)
proteins based on densitometry of the immunohybridization signals are shown in the right panel. B, MIN6 cells, transfected with V5-tagged wild type or
mutant Kirrel2 expression plasmids, were treated as described in A. Collected fractions were analyzed by immunoblotting with anti-V5 (upper panel) and
with anti-E-cadherin antibodies (lower panel). Ratios of biotinylated (surface) to unbiotinylated (intracellular) proteins are shown in right panels. *, p �
0.05 at Student’s t test. C and D, MIN6 cells were transfected with Kirrel2-V5 or Kirrel2-GFP expression plasmids together with their respective controls.
Protein lysates were resolved with reducing (�DTT) or non-reducing (�DTT) SDS-PAGE and blotted with anti-V5 or -GFP antibodies. E, Western blot of
MIN6 cell lysates expressing the indicated Kirrel2-V5 proteins, resolved with reducing (�DTT) and non-reducing (�DTT) SDS-PAGE following immuno-
blotting with anti-V5 antibodies. F, lysates of MIN6 cells co-expressing wild type Kirrel2-HA and mutant Kirrel2-V5 were incubated with anti-HA affinity
gel; immunoprecipitates were immunoblotted with anti-V5 and anti-HA antibody. A total of 50 �g of protein was immunoblotted with anti-V5
antibodies as input control. G, anti-V5 affinity gel immunoprecipitates of MIN6 cell lysates transiently expressing V5 tagged wild type or mutant Kirrel2
immunoblotted with anti-E-cadherin, -�-catenin, and -V5 antibodies.
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FIGURE 7. Kirrel2 is cleaved and shed from MIN6 cells. A, lysates of MIN6 cells transfected with Kirrel2-V5 (�) or with control (�) plasmids were resolved with
reducing (�DTT) or non-reducing (�DTT) SDS-PAGE and immunoblotted (IB) with anti-V5 antibody. B, total lysates and cytoplasmic and membrane-enriched
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normal islet morphogenesis, we performed immunohisto-
chemistry analysis with anti-insulin (�-cells) and glucagon
(�-cells) antibodies on wild type and Kirrel2 null mice on pan-
creatic sections (Fig. 8D). In adult murine islets, structural orga-
nization of the endocrine cells creates a �-cell core and a dis-
continuous non-�-cell (mainly �-cells) mantle architecture
(57). No apparent abnormalities were noted in the distribution
of �- and �-cells of Kirrel2-deficient islets compared with lit-
termate controls, indicating that Kirrel2 is not required for the
formation and maintenance of the mantle-core arrangement in
rodent islets. To assess other possible morphological changes in
Kirrel2 null islets, we further investigated whether adherens
junctions are altered. Confocal imaging of immunolabeled pan-
creatic sections of Kirrel2 null mice revealed that E-cadherin
and �-catenin (data not shown) are expressed and distributed
similarly in knock-out and control animals.

To study the functional significance of Kirrel2 in �-cells, we
isolated pancreatic islets from Kirrel2 null and wild type litter-
mates and performed basal and glucose-stimulated insulin
secretion assays. Consistent with observations made with
MIN6 cells, islets from mice with genetic deletion of Kirrel2
exhibited increased basal insulin secretion (Fig. 8E). However,
no changes in insulin secretion were measured in isolated islets
in response to high glucose concentrations (16 mM), glucagon-
like peptide 1 (GLP-1, 10 nM), and KCl (30 mM). Total insulin
content of size-matched islets used for static insulin secretion
was similar (Fig. 8F). Kirrel2�/� mice were normoglycemic and
had similar fasting plasma insulin and glucagon levels (Fig. 8, G
and H). Total pancreatic insulin content (Fig. 8I) and glucose
tolerance (Fig. 8J) were also comparable in mutant and wild
type mice.

Finally, to assess the long term consequences of Kirrel2 abla-
tion on pancreatic �-cell function and glucose whole body
homeostasis during metabolic stress, we fed Kirrel2�/� and
wild type littermate controls a HFD and monitored the starting
at time of their weaning. No differences in body weight, fasting
plasma glucose, insulin, and glucagon levels as well as in IPGTT
were measured in Kirrel2 null and control mice (Fig. 8, K–O).
These results demonstrate that Kirrel2 is dispensable for glyce-
mic control in physiological and metabolic stress conditions in
mice.

Discussion

In glomeruli of the kidney, nephrin and Kirrel family mole-
cules localize to the slit diaphragms, which are highly special-
ized cell junctions of the podocytes (57). Despite the morpho-
logical and functional differences among the two cell types,
multiple protein components of the slit diaphragms are also
expressed in pancreatic �-cells (58). Although the functional

importance of these proteins in the glomerular filtration barrier
was established more than a decade ago, they have only recently
been investigated in detail in pancreatic in �-cells. Nephrin, for
instance, is expressed on the surface of insulin granules and the
plasma membrane, its cellular localization is highly dynamic,
and it facilitates glucose-stimulated insulin release (29). Our
results show that Kirrel2 is unlikely to be a constituent of insu-
lin granules because we found it predominantly at cell-to-cell
contacts that co-localize with the adherens junction proteins
E-cadherin and �-catenin as well as Kirrel2 molecules from
neighboring cells. Additionally, we have demonstrated that
both E-cadherin and �-catenin co-precipitate with Kirrel2,
indicating that they might be members of the same protein
supercomplex that is formed at the cell junctions.

In podocytes, both nephrin and NEPH1 involvement in the
dynamic organization of podocyte morphology and function
are regulated by phosphorylation of several cytoplasmic resi-
dues (57). More recently, tyrosine phosphorylation of nephrin
was shown to be altered by glucose (59). In this study, we have
demonstrated that Kirrel2 is also regulated by post-transla-
tional modifications. Our results revealed phosphorylation at
two serine and several tyrosine residues in the cytoplasmic tail
of Kirrel2. Serine phosphorylations have not been reported in
any Kirrel family member or nephrin, and its function is cur-
rently unknown. In contrast, tyrosine phosphorylation in
NEPH1 and nephrin family is well studied with established
links to signal transduction pathways and protein-protein
interactions. Two of the identified phosphosites Tyr595 and
Tyr596 in Kirrel2 are located in a highly conserved stretch of
nine amino acids (DPTNGYYXV) that is shared by all three
Kirrel family members. Phosphorylation of both tyrosines in
this stretch is required for NEPH1 interactions with an Src ho-
mology 2 domain-containing adaptor molecule, growth factor
receptor-bound protein (Grb2) in podocytes (40). Additionally,
phosphorylation of the first tyrosine residue in the conserved
peptide is critical for the interaction of Kirrel family members
with podocin, another essential member of the glomerular slit
diaphragm (60). In podocytes, podocin is crucial for membrane
docking of nephrin and nephrin signaling (61) as well as facili-
tating NEPH1-nephrin interactions (33). Unlike Kirrel family
proteins and nephrin, podocin is not expressed in pancreatic
islets (58) raising the question whether a functionally similar
protein can substitute for it in pancreatic �-cells.

The significance of tyrosine phosphorylation at Tyr595 and
Tyr596 in the regulation of Kirrel2 function was demonstrated by
the drastic changes in the morphology of cell junctions elicited by
the phospho-mutant Kirrel2Y595F/Y596F. This effect was not
mediated by increased protein expression of Kirrel2Y595F/Y596F

FIGURE 8. Kirrel2 regulates basal insulin secretion from pancreatic �-cells. Effect of RNAi mediated silencing (A) and overexpression (B) of Kirrel2 on basal
and glucose-stimulated insulin secretion from MIN6 cells (n � 6 for A and B). *, p � 0.05 at Student’s t test. IB, immunoblot. C, quantitative PCR with two different
primer pairs that amplify fragments of Kirrel2 genomic locus upstream (primer pair 1) and downstream (primer pair 2) of the trapping cassette insertion site
(n � 2). D, immunofluorescent images of islets from Kirrel2�/�, Kirrel2�/�, and Kirrel2�/� mice with anti-insulin (green) and anti-glucagon (red) antibodies.
Nuclei (blue) are labeled with Hoechst stain. Bar, 50 �m. In vitro insulin secretion from E and total insulin content of F size-matched wild type and knock-out islets
(n 	4). **, p � 0.01 at Student’s t test. G and H, circulating fasting insulin and glucagon in Kirrel2�/�, Kirrel2�/�, and Kirrel2�/� mice fed chow diet (CD) (n 	5).
I, total pancreatic insulin content normalized to pancreatic weight of 12-week-old, chow-fed males (n � 6). J, IPGTT with overnight-fasted 12-week-old male
mice on chow diet (n 	8). K and L, weight and circulating fasted glucose concentrations of Kirrel2 null, heterozygous, and littermate wild type male mice, kept
on a high-fed diet (HFD), starting at 3 weeks of age (n 	5). M and N, circulating fasting insulin and glucagon levels of Kirrel2�/�, Kirrel2�/�, and Kirrel2�/� mice
fed a HFD (n 	5). O, IPGTT with overnight-fasted, 12-week-old male mice that were fed a HFD for 8 weeks (n 	5).
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because wild type Kirrel2 does not induce such perturbations
even when expressed at higher levels than the phospho-mutant.
The main effects observed upon disruption of Tyr595 and Tyr596

phosphorylation in Kirrel2 were an increase in protein stability
and cell surface localization. These results suggest a mechanism
of Kirrel2 turnover that is functionally coupled to its signaling,
most likely by Kirrel2 internalization and subsequent degrada-
tion. Indeed, tyrosine phosphorylation of nephrin for instance
has been shown to increase its raft-mediated endocytosis
thereby creating a negative feedback loop in the nephrin signal-
ing pathway (41). It is important to point out that although
mutations at Tyr595 and Tyr596 significantly alter the amount of
Kirrel2 that localizes to the cell junctions, they are not sufficient
to localize Kirrel2 at contact free membranes. These observa-
tions indicate that phosphorylation alone does not regulate
Kirrel2 localization at the cell surface. It is possible that cis-
and trans-dimerization as well as interactions with other
molecules are also required for stabilization of Kirrel2 at the
cell contacts similar to the model that was proposed for
nephrin sorting in podocytes (41). Our results indicate that
the signals transduced from other phosphorylated tyrosine
residues on Kirrel2 are not involved in the regulation of pro-
tein stability or localization. However, it would be interest-
ing to investigate whether phosphorylation at these residues
alters Kirrel2 signaling or its interactions with other
molecules.

Fyn kinase is a tyrosine-specific phosphotransferase and a
member of the Src family and has been shown to phosphorylate
key targets involved in a variety of different signaling pathways,
including integrin-mediated signaling, growth factor and cyto-
kine receptor signaling, ion channel and cell adhesion (62). The
role of Fyn in pancreatic �-cells is currently unknown; however,
the related kinase YES has been shown to be required for gran-
ule mobilization/replenishment, and F-actin remodeling in
sustained insulin secretion (63) and Fyn-related kinase FRK
influences �-cell number during embryogenesis and neonatal
life (64). In this study, we have shown that Fyn is also responsi-
ble for Kirrel2 phosphorylation in pancreatic �-cells. We did
not study the contribution of other members of the Src family
kinases to Kirrel2 phosphorylation because Fyn knockdown
alone was sufficient to significantly reduce tyrosine phosphor-
ylation of Kirrel2. Our data suggest that tyrosine phosphoryla-
tion regulates the stability of Kirrel2 in pancreatic �-cells,
which might be a prerequisite for destabilizing cell-cell contacts
in response to changes in islet growth or regulated exocytosis of
insulin granules.

Our analysis of MIN6 cell supernatants revealed that Kirrel2
is extracellularly cleaved giving rise to two different N-termi-
nally shed fragments. Ectodomain shedding of cell adhesion
molecules can regulate their adhesive properties or signaling
functions and be induced during natural processes such as pro-
tein turnover, cell division, differentiation, and morphological
alterations linked to development as well as stress and tissue
injury (65). For example, proteinuria that develops during pre-
eclampsia is induced by nephrin shedding from podocytes as a
result of endothelin-1 release from endothelial glomerular cells
(66). Similarly, the amount of NEPH2 ectodomain that is shed
from human podocytes is significantly higher in the urine of

patients with membranous glomerulonephritis (67). Interest-
ingly, NEPH2 shedding from podocytes produces two extracel-
lular cleavage products of the same molecular size as the shed
fragments of Kirrel2 that were detected in the MIN6 superna-
tants (67). Considering the fact that the two proteins display
highly homologous extracellular domain architecture, it is pos-
sible that the molecular mechanisms that are involved in their
shedding are also similar. Additionally, we show that following
its ectodomain shedding the membrane spanning cytoplasmic
domain of Kirrel2 is processed by the �-secretase complex.
There are various examples that show shed extracellular
domains or cleaved intracellular domains of �-secretase sub-
strates are not always simple intermediates destined for degra-
dation but can continue to interact with signaling partners and
promote direct or indirect intracellular signaling (68). There-
fore, functional characterization of Kirrel2 cleavage products as
well as external and internal stimuli that influence Kirrel2 shed-
ding could provide additional insight into the cellular and phys-
iological functions of Kirrel2.

We found that basal insulin secretion was modestly
increased in MIN6 cells with knockdown of Kirrel2 and in pri-
mary islets of Kirrel2 null mice compared with control litter-
mates. The reduced expression of nephrin in Kirrel2 KO mice is
unlikely to contribute to the increased basal insulin secretion in
Kirrel2 KO mice because nephrin null mice exhibit reduced
glucose-stimulated insulin release in MIN6 cells and human
islets (29). To corroborate these findings, we silenced nephrin
expression by RNAi in Min6 cells and found no changes in
insulin secretion at low (3 mM) but increased insulin release at
high glucose concentration (data not shown). Interestingly, an
insulin tolerance test did not reveal altered insulin sensitivity
(data not shown), and we did not measure increased plasma
insulin or decreased blood glucose levels under fasting or
randomly fed conditions in Kirrel2 null mice. The reason for
this discrepancy is currently unknown but is most likely due
to the many hypoglycemic counter-regulatory responses
known to regulate glucose homeostasis in intact animals,
including the autonomic nervous system, metabolites, and
gut hormones.

It is well established that in vitro close to normal secretory
responses of intact islets are significantly impaired upon islet
dispersion resulting in blunted stimulated and elevated basal
insulin secretion (20). Furthermore, it is widely accepted that
individual �-cells require direct cell contact to optimize their
inherently heterogeneous basal and stimulated insulin secre-
tion (69, 70). Here, we have shown that decreased expression
levels of Kirrel2 in MIN6 cells and genetic ablation of Kirrel2
from pancreatic islets of mice result in elevated basal insulin
secretion. Interestingly, this phenotype has also been noted in
MIN6 cells with lower expression levels of E-cadherin (71) and
in knock-out mice of �-cell gap junction molecule connexin36
(14). Our results may indicate that Kirrel2 is part of an extra-
cellular cell adhesion scaffold that is required for normal basal
insulin secretion. However, genetic deletion of Kirrel2 does not
result in significant changes in glucose-stimulated insulin
secretion, clearly indicating that Kirrel2 is dispensable for nor-
mal glucose homeostasis in mice.
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