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The autophosphorylation of specific tyrosine residues
occurs in the cytoplasmic region of the insulin receptor
(IR) upon insulin binding, and this in turn initiates
signal transduction. The R3 subfamily (Ptprb, Ptprh,
Ptprj and Ptpro) of receptor-like protein tyrosine phos-
phatases (RPTPs) is characterized by an extracellular
region with 6—17 fibronectin type I1I-like repeats and a
cytoplasmic region with a single phosphatase domain.
We herein identified the IR as a substrate for R3
RPTPs by using the substrate-trapping mutants of R3
RPTPs. The co-expression of R3 RPTPs with the IR
in HEK293T cells suppressed insulin-induced tyrosine
phosphorylation of the IR. In vitro assays using syn-
thetic phosphopeptides revealed that R3 RPTPs prefer-
entially dephosphorylated a particular phosphorylation
site of the IR: Y960 in the juxtamembrane region and
Y1146 in the activation loop. Among four R3 members,
only Ptprj was co-expressed with the IR in major insu-
lin target tissues, such as the skeletal muscle, liver and
adipose tissue. Importantly, the activation of IR and
Akt by insulin was enhanced, and glucose and insulin
tolerance was improved in Ptprj-deficient mice. These
results demonstrated Ptprj as a physiological enzyme
that attenuates insulin signalling in vivo, and indicate
that an inhibitor of Ptprj may be an insulin-sensitizing
agent.

Keywords: diabetes/insulin receptor/insulin signalling/
protein tyrosine phosphatase/Ptprj-deficient mice.

Abbreviations: CNS, central nervous system; ICR,
intracellular region; IR, insulin receptor; IRS, insulin
receptor substrate; PTK, protein tyrosine kinase;

PTP, protein tyrosine phosphatase; PTP-1B, protein
tyrosine phosphatase 1B; Ptprb, protein tyrosine
phosphatase receptor type B; Ptprh, protein tyrosine
phosphatase receptor type H; Ptprj, protein

tyrosine phosphatase receptor type J; RPTK, receptor
PTK; RPTP, receptor-like PTP.

Insulin, which is secreted by B cells in the pancreatic
islets of Langerhans in response to an increase in blood
glucose levels, plays a central role in regulating energy
metabolism including glucose and lipid metabolism
(I, 2). Insulin signalling is initiated when insulin
binds to the insulin receptor (IR), a member of the
receptor protein tyrosine kinase (RPTK) superfamily,
on the surface of target cells such as skeletal muscle,
liver and adipose cells. When insulin binds to the IR, it
is activated by autophosphorylation and subsequently
phosphorylates tyrosine residues on insulin receptor
substrates (IRSs) bound to the IR. This stimulates
the recruitment of SH2 domain proteins including
phosphatidylinositol 3-kinase to IRSs, and activates
downstream signalling pathways (/, 2). Insulin signal-
ling is integral to the regulation of glucose homeostasis
in the liver, striated muscle and adipose tissue because
it promotes glucose uptake and glycogen synthesis and
inhibits glycogenolysis and gluconeogenesis (/, 2).
Insulin resistance in these tissues, which has been
attributed to defects in IR signalling, is the underlying
pathogenic feature of type 2 diabetes (/).

Reversible tyrosine phosphorylation is an important
mechanism for the regulation of variegated cellular
functions. The tyrosine phosphorylation levels of a
cellular protein are determined by the balance between
the activities of specific protein tyrosine Kkinases
(PTKs) and protein tyrosine phosphatases (PTPs).
PTPs are therefore considered to be central players
that regulate insulin signalling by opposing the activity
of PTKs (3, 4). Extensive efforts have been undertaken
to identify PTPs that negatively regulate IR activity
(5—10). Among the candidate PTPs identified to date,
protein tyrosine phosphatase 1B (PTP-1B) has been
examined the most extensively. PTP-1B is a non-recep-
tor-type PTP that is attached to the cytoplasmic face of
the endoplasmic reticulum (ER) (/7). It is ubiquitously
expressed in the body and is known to control a multi-
tude of signalling events during cell growth, differenti-
ation, apoptosis and cell movement (/2, /3). PTP-1B
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preferentially dephosphorylates tyrosine residues at
1150 and 1151 (the amino acid residue number in
mouse IR) in the activation loop of the IR, which
leads to inactivation of the IR (/4). PTP-1B-deficient
mice exhibit increased systemic insulin sensitivity,
improved glucose tolerance and enhanced liver IR
phosphorylation (75, 16). Thus, PTP-1B is a physio-
logical negative regulator of insulin signalling; how-
ever, the contribution of other PTPs to the regulation
of insulin signalling remains unclear.

The human genome encodes 107 PTPs (/7), 38 of
which are classical tyrosine-specific PTPs. Of these, 20
members are transmembrane receptor-like PTPs
(RPTPs), while 18 members are intracellular PTPs.
RPTPs consist of an extracellular region, single trans-
membrane segment and cytoplasmic region with one or
two tyrosine phosphatase domains. RPTPs have been
classified into eight subfamilies (R1/R6, R2a, R2b, R3,
R4, RS, R7 and R8) based on the sequence homologies of
their extracellular and PTP domains (/8). We previously
performed large-scale screening of the enzyme—substrate
relationship between the R3 RPTPs (Ptprb, Ptprh, Ptprj
and Ptpro) and RPTKs using mammalian two-hybrid
assays with substrate-trapping RPTP mutants (/9). The
R3 RPTP subfamily is characterized by the extracellular
region, composed of fibronectin type III-like repeats, and
the intracellular region (ICR), containing a single phos-
phatase domain (/8). We identified multiple RPTKSs as
substrates for R3 subfamily members (/9).

We continued screening, and herein reported that the
IR was a substrate for the R3 subfamily. The co-expres-
sion of R3 RPTPs with the IR in HEK293 suppressed
activation of the IR. Synthetic peptide-based assays re-
vealed that R3 RPTPs preferentially dephosphorylated
particular phosphorylation sites of the IR: Y960 in the
juxtamembrane region and Y1146 in the activation loop.
Among R3 RPTPs, Ptprj was found to be expressed
with the IR in insulin target tissues including the skeletal
muscle, liver and adipose tissue. In HEK293T cells, Ptprj
was co-localized with the IR at the subcellular level. In
line with these results, Piprj-deficient mice showed
enhanced insulin signalling: an enhancement in the insu-
lin-induced activation of the IR and Akt in the liver, and
improved glucose and insulin tolerance.

Materials and Methods

Antibodies

Anti-Myc and anti-hemagglutinin (HA) antibodies were purchased
from Sigma-Aldrich. An anti-phosphotyrosine antibody (4G10) was
from Merck Millipore. Anti-Akt and anti-phosphorylated Akt
(S473) antibodies were from Cell Signaling Technologies. An anti-
IR antibody was from Santa Cruz. Horseradish peroxidase (HRP)-
conjugated and Alexa-conjugated secondary antibodies were from
Life Technologies.

DNA constructs

Mouse IR complementary DNA (cDNA) was cloned by reverse
transcription polymerase chain reaction (RT-PCR) using total
RNA from the mouse brain. The ICRs of mouse IR was subcloned
into a pCMV-BD-vector (Stratagene) to produce fusion proteins
comprising the Gal4 DNA-binding domain and RPTK ICR
(BD-RPTKs). The full-length cDNA of the mouse IR was subcloned
into the expression vector pcDNA-Myc to produce a Myc-tagged IR
protein (IR-Myc). RPTP constructs were described previously (/9).

Mammalian two-hybrid assay
Mammalian two-hybrid assays were performed as described (/9).

Cell culture and transfection

HEK?293T cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM)/F-12 medium (1:1, Nissui, Tokyo, Japan) supplemented
with 10% foetal bovine serum. Transfection was performed using
Lipofect AMINE PLUS (Life Technologies) according to the manu-
facturer’s protocol.

Immunoblotting

Cells were lysed in a lysis buffer, which consisted of 20 mM Hepes,
pH 7.4, 120 mM NacCl, 0.1% sodium dodecyl sulfate (SDS), 0.5%
deoxycholate, 1% Nonidet P-40, 10% glycerol, 5SmM ethylenedia-
minetetraacetic acid (EDTA), S0mM NaF, 0.5mM Na3VO, and
a protease inhibitor mixture (10 pg/ml leupeptin, 1 pg/ml pepstatin
A and 1 mM phenylmethylsulfonyl fluoride). Cell lysates were clar-
ified by centrifugation, and protein concentrations were deter-
mined using the BCA microassay kit (Life Technologies). The
extracts were combined with SDS sample buffer and treated for
15min at 75°C. Ten micrograms of each sample was then subjected
to SDS-polyacrylamide gel electrophoresis (PAGE). Separated
proteins were transferred onto Immobilon-P membranes (Merck
Millipore), incubated with specific primary antibodies and perox-
idase-linked secondary antibodies (GE Healthcare), followed by
detection  with  chemiluminiscence using ECL Reagent
(GE Healthcare). The lumino-image analyzer LAS-3000
(Fujifilm, Japan) was used for this detection. Signal intensity was
quantified by densitometry.

In vitro dephosphorylation assay

Glutathione S-transferase (GST) fusion proteins encoding the
entire ICRs of R3 RPTPs were described previously (79).
Regarding in vitro dephosphorylation, we first prepared autopho-
sphorylated IR proteins as the substrate. HEK293T cells express-
ing Myc-tagged IR were treated with 50 ng/ml insulin for 15 min,
and IR proteins were purified by immunoprecipitation with an
anti-Myc antibody and protein G-Sepharose CL-4B. Protein G
beads were washed once and re-suspended in 100ul of 10mM
Tris—HCI, pH 7.0, containing SmM dithiothreitol, 5SmM EDTA
and 100 pg/ml bovine serum albumin (BSA) (protein tyrosine phos-
phatase (PTP) buffer). In the dephosphorylation assay, 10ng of
GST-RPTPs or GST alone was reacted with 10 ul of Myc-IR at
30°C. At the indicated time, the reaction was stopped by the add-
ition of SDS sample buffer. Samples were separated by SDS-PAGE
followed by immunoblotting with an anti-phosphotyrosine
antibody.

Phosphatase assay with phosphopeptides
Phosphatase assays were performed as described (20).

Reverse transcription polymerase chain reaction

Total RNA was extracted using Trizol reagent (Life Technologies)
following the manufacturer’s instructions. Total RNAs were reverse
transcribed using SuperScript II reverse transcriptase (Life
Technologies). cDNAs were amplified using Ex Taq (Takara) on a
T-Professional thermal cycler (Biometra, Germany). The primers
were used as follows:

Piprji: Y- TGGAGAAAGAAAAGGACAGATGCCAAGAAT-3
(forward) and 5-CTAGGCGATGTAACCATTAGTCTTTCC
AAAC-3 (reverse); IR: 5-AATGGCAACATCACACACTACC
TG-3' (forward) and 5-AGCTCTGGAAGAAGGGTGATCT
TC-3" (reverse); G3pdh: 5-ATGGCGTTTCAAAAGGCAGTG
AAG-3 (forward) and 5-TCTGCCATCACTGGTTGCAGGA
TC-3" (reverse). PCR settings were as follows: initial denatura-
tion for 30s at 95°C was followed by 28 cycles of amplification
for 30s at 95°C and 30s at 72°C.

In situ hybridization
In situ hybridization was performed as described (27).

Immunocytochemistry
Transfected cells were fixed with 4% paraformaldehyde for 10 min
and permeabilized with 0.1% Triton X-100 in phosphate-buffered
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saline (PBS) for Smin. Cells were then incubated for 1 h in a block-
ing solution (5% BSA in phosphate-buffered saline) at room tem-
perature, and reacted with the primary antibodies for 2h at room
temperature. After washing, cells were treated with the Alexa-con-
jugated secondary antibody (Life Technologies) at a 1:250 dilution
for 30 min at room temperature. The fluorescence signals obtained
were observed with a BXS51TRF microscope (Olympus, Japan)
equipped with a DP-70 digital CCD camera (Olympus, Japan) or
Zeiss LSM700 confocal laser microscope (Carl Zeiss), and images
were processed using Adobe Photoshop CS3 (Adobe).

Mice

Targeted Ptprj heterozygous mice (Ptprj/”) generated in Dr. A.
Fusco’s laboratory (22) were backcrossed with a C57BL/6 back-
ground to give a final five-generation C57BL/6 congenic. After the

final backcrossing, Prprj™/~ mice were interbred to give littermates

for analyses. All sex-matched littermates were co-caged and food
and water was provided ad /libitum. Male mice aged 4 to 6 months
were used in this study. Experiments with animals were carried out
according to the guidelines of the National Institute for Basic
Biology (Okazaki, Japan).

Liver lysate preparation

Livers were dissected from mice, and frozen in liquid N,, and then
ground to a fine powder under liquid N2. Liver powders were homo-
genized in ice-cold lysis buffer as described above. Cell lysates were
clarified by centrifugation, and protein concentrations were deter-
mined using the BCA microassay kit (Life Technologies).

Glucose and insulin tolerance test

In the intraperitoneal glucose tolerance test, mice were injected intra-
peritoneally with 2 mg/g body weight glucose after overnight fasting.
In insulin tolerance test, mice were injected intraperitoneally with
insulin (2.0 U/kg) after 6 h of fasting. Blood samples were taken at
various time points (0—120 min) from the tail tip, and blood glucose
levels were measured with a glucometer (Aventir Biotech, USA).

Results

Identification of the IR as a substrate for the R3 RPTP
subfamily by mammalian two-hybrid assays

We exploited mammalian two-hybrid assays with the
substrate-trapping DA (Asp — Ala) mutants of PTPs
(19, 20) to examine enzyme—substrate interactions be-
tween R3 RPTP members (Ptprb, Ptprh, Ptprj and
Ptpro) and the IR: the DA mutant in which the general
aspartic acid (D) residue in the PTP domain was con-
verted to alanine (A) retained the ability to recognize
and bind stably to substrates (23). All DA mutants of
R3 RPTPs showed specific interactions with the IR
(Fig. 1A). In contrast, wild-type (WT) RPTPs did
not have the activity to form a stable complex with
the IR due to their phosphatase activity (Fig. 1A).
These results suggested that R3 RPTPs recognized
the IR as their substrate.

We first determined whether Ptprj directly depho-
sphorylated the IR in vitro using purified proteins.
A Myc-tagged IR was expressed in HEK293T cells,
and stimulated with insulin. Autophosphorylated IR
proteins were prepared by immunopurification with
an anti-Myc antibody. The ICRs of the WT R3
RPTPs were prepared as GST fusion proteins in a
similar manner, and were incubated with the IR pro-
teins in vitro. All four GST-RPTPs efficiently depho-
sphorylated the IR (Fig. 1B).

We then investigated whether the full-length R3
RPTPs dephosphorylated the full-length IR in cultured
cells. When the IR was expressed alone in
HEK293T cells and stimulated with insulin, highly

Regulation of insulin signalling by R3 RPTPs

tyrosyl-phosphorylated IR proteins were detected by
an immunoblot analysis (Fig. 1C). The tyrosine phos-
phorylation levels of the IR were significantly sup-
pressed by the co-expression of R3 RPTPs (Fig. 1C).
When the phosphotyrosine levels of the IR were
normalized to the expression of each R3 RPTP
member, their dephosphorylating activities were
judged to be similar among R3 RPTP members
(Fig. 1C, right). These results collectively indicated
that the IR was a physiological substrate for the R3
RPTP subfamily.

Identification of specific dephosphorylation sites in
the IR by R3 RPTP members

When insulin binds to the IR, it is autophosphorylated
at several tyrosine residues; the major sites are Y960,
Y1146, Y1150, Y1151, Y1316 and Y1322 (Fig. 2A)
(24). The autophosphorylation of Y1146, Y1150 and
Y1151 in the activation loop is known to be required
for maximal activation (/, 25), while the phosphoryl-
ation of other sites regulates interactions with signal-
ling molecules (7).

We attempted to identify the tyrosine residues in the
IR that are dephosphorylated by R3 RPTPs. To
achieve this, we performed an in vitro phosphatase
assay using synthetic phosphopeptides corresponding
to the mouse IR sequence (Fig. 2B). All R3 RPTP
members preferentially dephosphorylated the peptides
containing phosphorylated Y960 and Y1146 (Fig. 2C).
These results indicated that R3 RPTPs preferentially
dephosphorylated Y960 in the juxtamembrane region
and Y1146 in the activation loop of the IR.

Co-expression of Ptprj with the IR in insulin target
tissues and co-localization of Ptprj proteins with the
IR in HEK293T cells

Ptprj is known to be broadly expressed in various tis-
sues (26), while the expression of Ptprb, Ptprh and
Ptpro was shown to be restricted in endothelial cells,
the intestine and the brain and kidney, respectively
(27—29). Therefore, we considered Ptprj to be the
physiological counterpart, and thus, examined it in
more detail. RT-PCR analyses revealed that Ptprj
was expressed in insulin target tissues; the skeletal
muscle, liver and adipose tissue (Fig. 3A). In situ
hybridization reconfirmed the expression of Ptprj in
these tissues (Fig. 3B).

We next examined the subcellular distribution of
Ptprj and IR proteins in HEK293T cells, and found
that Ptprj co-localized with the IR at the cell surface
before and after the insulin stimulation (Fig. 3C, data
not shown). These results suggested that Ptprj played
an important role in glucose metabolism through
dephosphorylation of the IR in vivo. Therefore, we
investigated the effects of a Ptprj deficiency on insulin
signalling using Ptprj-knockout (Ptprj-KO) mice.

Enhancement of insulin signalling in Ptprj-KO mice

Ptprj-KO mice are viable, fertile and show no gross
abnormalities (22). In Ptprj-KO mice, insulin
signalling was expected to be enhanced due to defects
in the dephosphorylation of the IR by Ptprj. We first
examined activation of the IR in the liver after an
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Fig. 1 Identification of the IR as a substrate for the R3 RPTP subfamily. (A) Mammalian two-hybrid analyses to detect interactions between
RPTPs and the IR. COS7 cells were transfected with the reporter plasmid pFR-Luc, together with BD-IR and an AD-RPTP expression plasmid.
The reporter firefly luciferase value obtained with BD-IR and the empty AD vector (control) was set at 100%, and data obtained with different
combinations are shown as relative values. The co-transfected sea pansy luciferase values by pRL-TK were used to normalize the transfection
efficacy (19). AD, AD empty vector; BD, BD empty vector; DA, substrate-trapping mutant of RPTPs; WT, wild-type RPTP. Values are shown
as the mean = SEM (n = 3). The asterisk indicates a significant difference from the control by the Student’s 7-test (**P <0.01). (B) In vitro
dephosphorylation of the IR by R3 RPTPs. Tyrosine-phosphorylated IR proteins were incubated with an equal amount of GST, GST-Ptprb,
GST-Ptprh, GST-Ptprj or GST-Ptpro. After the reaction, proteins were separated by SDS-PAGE and subjected to immunoblotting using an
anti-phosphotyrosine antibody (pTyr) and anti-Myc antibody (Myc). The right panel shows a summary of the phosphorylation levels of the IR.
The phosphorylation levels are relative values to the control level (100%) by the GST protein. Values are shown as the mean + SEM (n = 3). The
asterisk indicates a significant difference from the control by the Student’s s-test (** P <0.01). (C) Suppression of tyrosyl phosphorylation of the
IR by the co-expression of R3 RPTPs in HEK293T cells. An Myc-tagged IR expression construct was co-transfected with a control empty vector
or an expression construct of HA-tagged Ptprb, Ptprh, Ptprj or Ptpro in HEK293T cells. IR proteins were immunoprecipitated with an anti-Myc
antibody and analysed with the indicated antibodies by western blotting. RPTP proteins in lysates were detected with an anti-HA antibody. The
right panel shows a summary of the phosphorylation level of IR (pTyr). Data were normalized to the Myc level and the average level of
expression of RPTPs, and shown as relative values to Ptprb. Values are shown as the mean = SEM (n = 3).
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Fig. 2 Phosphatase assays using synthetic phosphopeptides. (A) Schematic representation of autophosphorylation sites in the IR. (B) A list of
phosphopeptides used in the experiments. (C) A summary of phosphatase assays. Phosphopeptides from the insulin receptor were incubated with
an equal amount of GST-Ptprb, GST-Ptprh, GST-Ptprj or GST-Ptpro. After the reaction, the amount of phosphate released was measured. The

experiment was carried out in triplicate, and the values are shown as the mean = SEM.
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Fig. 3 Tissue and subcellular distributions of the IR and Ptprj. (A) RT-PCR analyses of Piprj, IR and G3pdh gene expression in insulin tar-
get tissues. (B) Section in situ hybridization of Ptprj in insulin target tissues. Scale bars: liver, 100 um; muscle and white adipose, 250 pm.
(C) Subcellular distributions of the IR and Ptprj in HEK293T cells. Cells were treated with 50 ng/ml insulin for 15min, and fixed for immu-
nostaining. Scale bar: 10 um.
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Fig. 4 Enhanced insulin signalling in the liver of Ptprj-KO mice. (A) Tyrosine phosphorylation levels in the IR. Mice were treated with vehicle or
insulin (10 U/kg) for Smin. IR proteins were immunoprecipitated from liver lysates with an anti-IR antibody, and subjected to immunoblotting
analyses with an anti-phosphotyrosine antibody (pTyr) and anti-insulin receptor antibody (IR). The right panel shows a summary of the relative
intensities of tyrosine-phosphorylated IR/IR. Data are shown as the mean = SEM (n = 3). The asterisk indicates a significant difference from
WT mice by the Student’s z-test (**P<0.01). (B) Phosphorylation levels of Akt at S473. The right panel shows a summary of the relative

intensities of phospho-Akt/Akt. Data are shown as the mean = SEM (n = 3). The asterisk indicates a significant difference from WT mice by the

Student’s t-test (*P <0.05).

intraperitoneal injection of insulin. Prior to the admin-
istration of insulin, no significant difference was
observed in the tyrosine phosphorylation levels of the
IR between Piprj-deficient and WT mice. However,
after the insulin injection, tyrosine phosphorylation
of the IR was significantly greater in Pzprj-KO mice
than in WT mice (Fig. 4A). Furthermore, activation of
the protein kinase Akt, an important downstream
effector of insulin signalling, was also enhanced more
in Ptprj-KO mice after the insulin stimulation than in
WT mice (Fig. 4B). These results indicated that Ptprj
regulated insulin signalling by dephosphorylating the
IR in vivo.

Enhancementofglucose andinsulin tolerancein Ptprj-
KO mice

We further examined insulin sensitivity in Ptprj-KO
mice by measuring plasma glucose concentrations
after an intraperitoneal injection of glucose (glucose
tolerance tests). As shown in Fig. 5A, no significant
differences were observed in blood glucose concentra-
tions between fasting Ptprj-KO mice and WT mice.
However, as expected, Ptprj-KO mice cleared glucose
at a higher rate than WT mice after the glucose

injection (Fig. 5A). We then performed insulin toler-
ance tests to confirm enhanced insulin sensitivity. After
an intraperitoneal injection of insulin, the decrease
observed in blood glucose levels was significantly
greater in Ptprj-KO mice than in WT mice: an ~50%
drop in blood glucose levels was noted in Ptprj-KO
mice at 45min, whereas this was ~30% in WT mice
(P<0.01) (Fig. 5B). These results strongly indicated
that Ptprj was involved in glucose homeostasis in vivo
by attenuating activation of the IR.

Discussion

We previously identified that the R3 RPTP subfamily
specifically functioned as RPTK phosphatases for var-
iegated RPTKs by using substrate-trapping RPTP
mutants (/9, 20). In this study, we additionally identi-
fied the IR as a substrate for R3 RPTPs. Substrate-
trapping mutants of R3 RPTPs formed stable com-
plexes with the IR, and more importantly, R3 RPTPs
suppressed the insulin-induced tyrosine phosphoryl-
ation of the IR in cells. R3 RPTPs preferentially
dephosphorylated particular phosphorylation sites in
the IR: Y960 in the juxtamembrane region and
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Fig. 5 Improved glucose and insulin tolerance in Pzprj-KO mice. (A)
Glucose tolerance test. Glucose (2 g/kg body weight) was adminis-
tered by an intraperitoneal injection to fasted WT (filled squares)
and Prprj-KO (open circle) mice. Blood was collected from the sec-
tioned tip of the tail at the indicated times, and assayed for glucose
using a glucometer. Values are shown as the mean = SEM. The
asterisk indicates a significant difference from WT mice by the
Student’s ¢-test (¥*P<0.05, **P<0.01). (B) Insulin tolerance test.
Insulin (1 U/kg body weight) was administered by an intraperitoneal
injection to fasted mice, and blood glucose levels were assayed as
above. Values are shown as the mean + SEM. The asterisk indicates
a significant difference from WT mice by the Student’s r-test
(*P<0.05, ¥**P<0.01).

Y1146 in the activation loop. Among R3 RPTPs, Ptprj
was selectively expressed in insulin target tissues such as
the skeletal muscle, liver and adipose tissue.
Furthermore, Ptprj colocalized with the IR in the
plasma membrane. In line with these results, Piprj-
deficient mice showed enhanced insulin signalling:
Ptprj-deficient mice exhibited an enhancement in the in-
sulin-induced activation of IR and Akt, and showed
improved glucose and insulin tolerance. Thus, Ptprj is
likely to be a critical regulator of insulin signalling in vivo.

The binding of insulin to its receptor induces the
phosphorylation of tyrosine residues in the activation
loop (Y1146, Y1150 and Y1151), which leads to the
full activation of tyrosine kinase (25). Following its
activation, additional autophosphorylation reactions
occur in the juxtamembrane region and C-terminal
tail of the IR. Phosphorylation in these regions pro-
motes interactions between signalling molecules (/).
In particular, the phosphorylation of Y960 in the jux-
tamembrane serves as the binding site for IRS-1 and
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IRS-2, which play critical roles in insulin signalling.
Consequently, the activated IR induces the tyrosine
phosphorylation of IRS-1 and IRS-2, which creates
high-affinity binding sites for other signalling mol-
ecules, resulting in the assembly of multi-protein
signalling complexes that mediate the effects of insulin
on cellular metabolism, growth and glucose homeosta-
sis (1, 2). We demonstrated that R3 RPTPs preferen-
tially dephosphorylated Y1146 in the activation loop
and Y960 in the juxtamembrane autophosphorylation
sites. These results suggested that R3 RPTPs effect-
ively inhibited IR activation and insulin signalling
through the dephosphorylation of these sites. Among
R3 RPTPs, Ptprj was the most likely member to regu-
late insulin signalling in vivo.

PTP-1B, a ubiquitously expressed cytosolic PTP, is
known to dephosphorylate the IR in order to attenuate
insulin signalling in vivo (15, 16). PTP1B-deficient mice
exhibit enhanced insulin sensitivity, which is associated
with increased IR activation, a similar phenotype to
Ptprj-deficient mice. Thus, Ptprj and PTP-1B may
regulate insulin signalling in a similar manner in vivo.
However, their subcellular distribution differs: Ptprj is
distributed in the cell membrane, whereas PTP-1B is
localized at the ER via a C-terminal segment (/7).
Accordingly, they have different dephosphorylation
site specificities in the IR: Ptprj preferentially depho-
sphorylates Y960 and Y1146, while PTP-1B preferen-
tially dephosphorylates Y1150/Y 1151 (/4). Thus, Ptprj
and PTP-1B appear to regulate insulin signalling via
different mechanisms.

The multiple clinical manifestations of type 2 dia-
betes originate from defects in insulin secretion and
the resistance of peripheral tissues to the effects of
insulin (/). Insulin resistance has been attributed to
defects in IR signalling. One approach for enhancing
IR signalling may involve the inhibition of PTPs,
which attenuates IR signalling in vivo. PTP-1B has al-
ready been recognized as a promising therapeutic
target in the effective management of type 2 diabetes
(30). Our results suggest that Ptprj is also a promising
target for the development of novel therapeutics for
the treatment of type 2 diabetes and obesity. A
recent study consistently showed that Ptprj antisense
improved the metabolic phenotype of high-fat diet-fed
mice (317).

Previous studies reported that insulin entered the
CNS through the blood—brain barrier by receptor-
mediated transport, and regulated food intake, sympa-
thetic activity and the effects of peripheral insulin
(32, 33). Insulin signalling is also known to modulate
neurotransmitter channel activity in the CNS (33).
Therefore, insulin resistance in neuronal tissue may
predispose individuals to the development of neurode-
generative disorders (34). Because Ptprj and Ptpro are
expressed in the CNS (26, 29), they may play an im-
portant role in the regulation of insulin signalling in
the brain. The functional roles of these RPTPs in the
brain need to be examined in future studies.

Insulin signalling is also involved in the normal
function of endothelial cells (35): Dysfunctional insulin
signalling in endothelial cells is reportedly responsible
for the pathogenesis of cardiovascular impairments,
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which may account for the majority of deaths in diabetic
patients (35). Insulin signalling in endothelial cells also
plays a pivotal role in the regulation of glucose uptake
by the skeletal muscle (36). Because Ptprb and Ptprj are
expressed in endothelial cells (26, 27), they may regulate
insulin signalling in these cell types. Therefore, inhibitors
towards these RPTPs may be potential therapeutic drugs
for the cardiovascular diseases associated with diabetes
and obesity. Further investigations on mice with the tar-
geted inactivation of R3 RPTPs in different insulin
target tissues may provide a definitive assessment of its
contribution to IR signalling in vivo.
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