Biochemical and Biophysical Research Communications 423 (2012) 122-127

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

Insulin/insulin-like growth factor (IGF) stimulation abrogates an association
between a deubiquitinating enzyme USP7 and insulin receptor substrates
(IRSs) followed by proteasomal degradation of IRSs

Hidehito Yoshihara?, Toshiaki Fukushima *°, Fumihiko Hakuno?, Yasushi Saeki®, Keiji Tanaka®,
Akihiro Ito 9, Minoru Yoshida 9, Shun-ichiro Iemura ¢, Tohru Natsume ¢, Tomoichiro Asano P,
Kazuhiro Chida?, Leonard Girnitaf, Shin-Ichiro Takahashi **

@ Department of Animal Sciences and Applied Biological Chemistry, Graduate School of Agriculture and Life Sciences, The University of Tokyo, Tokyo, Japan

b Laboratory of Biomedical Chemistry, Institute of Biomedical and Health Sciences, Hiroshima University, Hiroshima, Japan
€ Laboratory of Protein Metabolism, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan

d Chemical Genetics Laboratory, RIKEN Advanced Science Institute, Saitama, Japan

¢ Biomedicinal Information Research Centre, National Institute of Advance Industrial Science and Technology, Tokyo, Japan
fDepartment of Oncology and Pathology, Cancer Center Karolinska, Karolinska Institutet and Karolinska University Hospital, Stockholm, Sweden

ARTICLE INFO ABSTRACT

Article history:
Received 14 May 2012
Available online 23 May 2012

Keywords:

Insulin receptor substrate (IRS)
Deubiquitinating enzyme

Ubiquitin specific protease 7 (USP7)
Degradation

Proteasome

Phosphatidylinositol 3-kinase
Insulin

Insulin-like growth factor (IGF)

Insulin receptor substrates (IRSs) play central roles in insulin/insulin-like growth factor (IGF) signaling and
mediate a variety of their bioactivities. IRSs are tyrosine-phosphorylated by activated insulin receptor/
IGF-I receptor tyrosine kinase in response to insulin/IGF, and are recognized by signaling molecules pos-
sessing the SH2 domain such as phosphatidylinositol 3-kinase (PI3K), leading to the activation of down-
stream pathways. Recent studies have suggested that degradation of IRSs by the ubiquitin-proteasome
pathway leads to impaired insulin/IGF signaling, but the precise mechanism underlying the process is still
unclear. In this study, we identified deubiquitinating enzyme ubiquitin specific protease 7 (USP7) as an
IRS-2-interacting protein and demonstrated that deubiquitinase activity of USP7 plays important roles
in IRS-2 stabilization through the ubiquitin-proteasome pathway. In addition, insulin treatment dissoci-
ated USP7 from IRS-2, leading to degradation of IRS-2. This dissociation was prevented by treatment with
LY294002, a PI3K inhibitor, indicating that insulin activation of the PI3K pathway leads to dissociation of
IRS-2 from USP7 and IRS-2 degradation. We obtained similar results for IRS-1 in cells treated with insulin
and for IRS-2 in cells treated with IGF-1. Taken together, this is the first report demonstrating that USP7 is

an IRS-1/2 deubiquitinating enzyme forming a negative feedback loop in insulin/IGF signaling.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Insulin stimulates glucose uptake and utilization in muscle and
adipose tissues and suppresses glucose production in liver, control-
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ling the maintenance of glucose homeostasis [1]. On the other
hand, insulin-like growth factors (IGFs) induce cell proliferation,
differentiation and survival of various cell-types, coordinating the
growth and development in vivo [2]. Insulin receptor substrate
(IRS)-1 and IRS-2 are important mediators of insulin/IGF signaling.
Tyrosine residues of IRSs are phosphorylated by insulin receptor/
IGF-I receptor tyrosine kinase in response to insulin/IGFs, followed
by the association with SH2 domain-containing proteins such as
phosphatidylinositol 3-kinase (PI3K) and Grb2. These events cause
the activation of the downstream kinases such as Akt (also called
protein kinase B) and extracellular signal-regulated kinase (Erk),
leading to the induction of a variety of insulin/IGF bioactivities
[1,2].

Protein levels of IRSs often dramatically change under various
conditions such as diabetes [3-6]. Recent studies have shown
that several ubiquitin ligases ubiquitinate IRSs and induce their
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degradation by the 26 S proteasome [7-10]. In addition, it is well
known that prolonged insulin/IGF stimulation induces ubiquitina-
tion of IRSs followed by their degradation, which is an important
mechanism for the desensitization of insulin/IGF signaling
[11,12]. Protein ubiquitination is regulated not only by ubiquitin
ligases but also by deubiquitinating enzymes (DUB), however, it
is unknown how IRS-1/2 are deubiquitinated.

We have previously shown that IRS-1/2 generally form high-
molecular-mass complexes over 1000 kDa containing IRS-associ-
ated proteins (IRSAPs) that modulate insulin/IGF signals [13]. In
this study, we show that deubiquitinating enzyme USP7 is one of
the IRSAPs and it prevents IRS-1/2 ubiquitination and proteasomal
degradation. We also demonstrate that insulin or IGF-I treatment
stimulates USP7 dissociation from IRSs via activation of PI3K path-
way, leading to degradation of IRSs. These results reveal USP7 as an
IRS-1/2 deubiquitinating enzyme, forming a negative feedback
loop in insulin/IGF signaling.

2. Materials and methods
2.1. Cell culture and reagents

HEK293 cells, HEK293T cells, FRTL-5 thyroid cells, and L6 myo-
blasts were cultured and transfected as previously described [13-
15]. H4IIE hepatoma cells were cultured with Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum.

2.2. Immunoprecipitation and immunoblotting analysis

These procedures were carried out as described previously [13],
except for modifications as described in Supplementary methods.

2.3. LC-MS/MS analysis

LC-MS/MS analysis was performed as described previously
[16].

2.4. Purification of GST fused proteins and GST pull-down analysis

These procedures were performed as previously described [17],
except for modifications as described in Supplementary methods.

2.5. Far-Western blotting analysis

Proteins were resolved by SDS-PAGE, transferred to polyvinyli-
dene difluoride (PVDF) membranes. After the membranes were
incubated with blocking buffer (10 mM Tris-HCl pH 7.2, 50 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 3% bovine
serum albumin) for 30 min, they were incubated with blocking
buffer containing 1 mg/ml GST or GST-fused proteins overnight,
followed by the immunoblotting with anti-GST antibody conju-
gated with horseradish peroxidase.

2.6. Subcellular fractionation into cytoplasm and nuclei

Cells were lysed in fractionation buffer (10 mM Tris-HCI pH 7.4,
100 mM Na(l, 2.5 mM MgCl,, 0.5% TritonX-100, 20 pg/ml calpain
inhibitor I (Roche, Basel, Switzerland), 500 pM Na3VO,4, 10 pg/ml
leupeptin, 5 pg/ml pepstatin, 20 pg/ml phenylmethylsulfonyl fluo-
ride (PMSF), and 100 kallikrein-inactivating (KI) U/ml aprotinin).
The cell lysates were passed through a 25 G needle syringe four
times and centrifuged at 4000g for 10 min at 4 °C. The superna-
tants were saved as the cytoplasmic fraction. The pellets were
resuspended in fractionation buffer without TritonX-100, soni-
cated three times for 5s, and centrifuged at 15,000g for 10 min

at 4 °C. The supernatants were saved as the nuclei fraction. The
protein assay of the each fractions was performed using a protein
assay kit (Bio-Rad Laboratories, Hercules, CA). Equal amounts of
proteins subjected to immunoprecipitation and immunoblotting
analysis.

2.7. RNA interference

This procedure was performed as previously described [18], ex-
cept for modifications as described in Supplementary methods.

2.8. In vitro tyrosine phosphorylation and dephosphorylation of IRSs

Phosphorylation/de-phosphorylation of IRSs with insulin recep-
tor kinase/alkaline phosphatase was performed as described in
Supplementary methods.

Additional experimental materials and methods are described
in Supplementary materials.

3. Results
3.1. USP7 associates with IRS-1/2

In the initial screening to identify IRSs-associated proteins,
FLAG-IRS-1 or FLAG-IRS-2 was over-expressed in HEK293 cells,
and the cell lysates were subjected to the immunoprecipitation
with anti-FLAG antibody-conjugated beads. Mixtures of co-immu-
noprecipitated proteins were digested with lysyl endopeptidase,
and then subjected to LC-MS/MS analysis. As a result, we identified
a deubiquitinating enzyme USP7 as one of the IRSs-associated
proteins.

Co-immunoprecipitation and immunoblotting analysis vali-
dated the initial screening and confirmed that USP7 associated
with IRS-1/2 in HEK293T cells over-expressing IRS-1/2 (Fig. 1A
and B). We also found that USP7 associated with endogenous
IRS-1 and IRS-2 in H4IIE hepatoma cells (Fig. 1C) and in L6 myo-
blasts (Fig. S1).

We then determined the regions of each protein that are re-
quired for their association. Pull-down analysis using USP7 dele-
tion mutants revealed that the MATH domain of USP7 was
responsible for the association with IRS-1/2 (Fig. 1D-F). Far-wes-
tern blotting analysis using the MATH domain of USP7 fused with
GST as a probe revealed that this domain directly binds to IRS-1/2
(Fig. 1G). On the other hand, pull-down analysis using IRS-1/2 dele-
tion mutants indicated that USP7 binds to multiple regions in IRS-
1/2 (Figs. S2A and B). We also investigated the subcellular localiza-
tion of USP7-IRS-2 complex. Co-immunoprecipitation analysis
after subcellular fractionation into cytoplasm and nuclei indicated
that a large part of the complex is detected in the cytoplasm in
HAIIE cells (Fig. 1H).

3.2. USP7 deubiquitinates IRS-2 and prevents its proteasomal
degradation

We next investigated the physiological roles of USP7 for IRS-2.
We hypothesized that USP7 deubiquitinates IRS-1/2 and prevents
their proteasomal degradation. In HEK293 cells, over-expression
of USP7 resulted in the increase in IRS-2 protein levels (Fig. 2A).
By contrast, over-expression of dominant negative USP7 (USP7
CS, where the single cysteine residue in the catalytic center was
substituted with serine [19]) decreased IRS-2 protein levels, an ef-
fect prevented by pre-treatment with a proteasome inhibitor
MG132 (Fig. 2B, left panel). Importantly, over-expression of domi-
nant negative USP7 CS increased ubiquitination of IRS-2 in the
presence of MG132 (Fig. 2B, right panel). Moreover, in H4IIE cells,
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Fig. 1. The association of USP7 with IRS-1/2. (A-C) HEK293T cells over-expressing FLAG-IRS-1 (A) or FLAG-IRS-2 (B), or H4IIE cells (C) were cultured under serum-free
conditions for 24 h. The lysates were subjected to immunoprecipitation (IP) and immunoblotting (IB) analyses. (D) Schematic representation of rat USP7 and its deletion
mutants used in the following experiments. MATH, meprin associated TRAF homology domain. Ubl, ubiquitin-like domain. The purity of GST-fused proteins was validated by
CBB staining. (E and F) HEK293T cells over-expressing FLAG-IRS-1 (E) of FLAG-IRS-2 (F) were cultured under serum-free condition for 24 h. The lysates were subjected to pull-
down analysis using GST-fused USP7 deletion mutants. Input, 3/100 volume of HEK293T cell lysates. (G) Lysates of serum-starved H4IIE cells were immunoprecipitated with
anti-IRS-1/2 antibodies. The immunoprecipitates were resolved by SDS-PAGE and subjected to far- western blotting (FW) analyses using purified GST or GST-fused MATH
domain of USP7 (upper panels) as probes, and immunoblotting analysis using anti-IRS-1/2 antibodies (lower panels). (H) Lysates of serum-starved H4IIE cells were
fractionated into cytoplasm (Cyto) and nuclei (Nuc), followed by immunoprecipitation with anti-IRS-2 antibody. The fractions and immunoprecipitates were subjected to
immunoblotting analysis. Lamin B1, a nuclear protein. HSP90, a cytoplasmic protein. Data are representative of at least three independent experiments.

knockdown of USP7 decreased IRS-2 protein levels (Fig. 2C). All of
these results support our hypothesis that USP7 prevents IRS-2 deg-
radation by deubiquitinating activity. In addition, we found that
over-expression of dominant-negative USP7 CS decreased IRS-1
protein levels (Fig. 2D), indicating that USP7 also plays roles in
the regulation of IRS-1 protein levels.

3.3. USP7 dissociates from IRS-1/2 in response to insulin/IGF
stimulation, leading to the proteasomal degradation of IRS-1/2

In several cell-types, insulin/IGF stimulation causes the associa-
tion of some ubiquitin ligases with IRS-1/2, followed by their pro-
teasomal degradation [7,8,10], which is thought to be one of the
feedback inhibition mechanisms in insulin/IGF signaling
[7,8,10,11]. We examined the effects of insulin stimulation on the
association of USP7 with IRS-2 in HA4IIE cells. Surprisingly, co-
immunoprecipitation analysis revealed that the amounts of USP7
bound to IRS-2 were dramatically decreased within 1 min after
insulin stimulation (Fig. 3A). We also found that insulin stimula-
tion gradually decreased electrophoretic mobility of IRS-2 at

1-60 min after insulin stimulation reflecting its phosphorylation
state [20] followed by the decrease in IRS-2 protein levels
(Fig. 3A). In addition, we found that USP7 also dissociated from
IRS-1 in response to insulin stimulation followed by decrease of
IRS-1 protein levels (Fig. 3B). In FRTL-5 cells, IGF-I stimulation dis-
sociated USP7 from IRS-2 followed by decrease of IRS-2 protein
levels (Fig. 3C). These results clearly indicate that the rapid disso-
ciation of USP7 from IRS-1/2 in response to insulin/IGF-I stimula-
tion may enable the subsequent ubiquitination and proteasomal
degradation of IRS-1/2.

3.4. USP7 dissociates from IRS-2 followed by its degradation through
activation of the PI3K pathway in response to insulin stimulation

Finally, we investigated molecular mechanisms of the USP7 dis-
sociation. Insulin-induced dissociation was prevented in the pres-
ence of LY294002, a PI3K inhibitor, but not of PD98059, a MEK
inhibitor (Fig. 4A and B). We also performed pull-down analysis
using the MATH domain of USP7 as a bait and IRS-2 derived from
HAIIE cells treated with or without insulin as a prey. The result
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Fig. 2. Roles of USP7 in the regulation of IRS-1/2 protein levels. (A) HEK293 cells
over-expressing indicated proteins were cultured under serum-free condition for
24 h. The cell lysates subjected to immunoblotting analysis. B-Actin, loading
control. (B) HEK293 cells over-expressing FLAG-IRS-2 and myc-USP7 CS (dominant-
negative mutant) were cultured under serum-free condition for 24 h, and treated
with 10 uM MG132 for the last 6 h. The lysates were subjected to immunoprecip-
itation and immunoblotting analysis. (C) H4IIE cells transfected with control RNA or
USP7 siRNA were cultured under serum-free condition for 24 h. The lysates were
subjected to immunoblotting analysis. (D) HEK293 cells over-expressing FLAG-IRS-
1 and myc-USP7 CS were cultured under serum-free condition for 24 h. The lysates
were subjected to immunoprecipitation and immunoblotting analysis. Data are
representative of at least three independent experiments.

indicated that insulin stimulation decreased the affinity of IRS-2
for the MATH domain, and this decrease was prevented by the
treatment of cells with LY294002 (Fig. 4C), suggesting that phos-
phorylation of IRS-2 via PI3K pathway triggers the USP7
dissociation.

IRS-2 is phosphorylated by some serine/threonine kinases
downstream of PI3K [21]. To examine the roles of the serine/thre-
onine phosphorylation of IRS-2 in the association with the MATH
domain, IRS-2 derived from cells stimulated with serum was trea-
ted with alkaline phosphatase in vitro, and then subjected to the
pull-down analysis. The result indicated that phosphorylation of
IRS-2 decreased the affinity of IRS-2 for the MATH domain
(Fig. 4D). In contrast, tyrosine phosphorylation of IRS-2 by insulin
receptor kinase in vitro prior to the pull down analysis did not af-
fect the affinity of IRS-2 for the MATH domain (Fig. 4E).

4. Discussion

In this study, we identified deubiquitinating enzyme USP7 as an
IRSs-associated protein and examined the physiological significance
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Fig. 3. The dissociation of USP7 from IRS-1/2 in response to insulin/IGF stimulation.
(A-C) Serum-starved H4IIE cells (A and B) or FRTL-5 cells (C) were treated with 100
nM insulin (A and B) or 100 ng/ml IGF-I (C) for the indicated durations. The lysates
were subjected to immunoprecipitation with anti-IRS-1 antibody (B) or anti-IRS-2
antibody (A and C) and immunoblotting analysis.

of this association in the regulation of insulin/IGF signaling. Based
on our results, USP7 deubiquitinated IRS-1/2 resulting in increase
in their stabilization. In addition, insulin/IGF treatment caused dis-
sociation of USP7 from IRS-1/2 followed by induction of their degra-
dation, suggesting that USP7 formed a negative feedback loop in
insulin/IGF signaling.

Since the human genome encodes 95 different DUBs [22], many
fewer than the more than 600 E3 ligase molecular species [23],
DUBs are considered to be low specificity enzymes. Actually,
numerous proteins have been identified as potential substrates of
USP7 [24] including p53, a tumor suppressor, and Mdmz2, an E3 li-
gase of p53 [19,25]. USP7 associates with these proteins through
the MATH domain and deubiquitinates them [26,27]. In addition,
USP7 regulates these protein levels through alteration of affinity
for these proteins [28] and phosphorylation of serine residues
within the MATH domain-binding motif of p53 or Mdm2 which
abrogated binding to USP7 [29]. We demonstrated that USP7 di-
rectly associated with IRS-2 through the MATH domain (Fig. 1G),
and that dephosphorylation of IRS-2 increases the interaction
while tyrosine phosphorylation of IRS-2 by insulin receptor kinase
did not increase the interaction (Fig. 4D and E), suggesting the
common mechanisms for IRS-2 and p53/Mdm?2 that serine/threo-
nine phosphorylation of their binding regions reduces their USP7
association. Different phosphorylation status of each substrate
may enable USP7 to regulate their protein stabilities specifically.

Recent studies have shown that several serine/threonine ki-
nases downstream of PI3K such as Akt, GSK-3, mTOR and p70S6K
phosphorylate IRS-1/2, and the phosphorylation triggers IRS-1/2
ubiquitination and degradation [21]. In addition, particular serine
residues of IRS-1 such as S307, S527, S636 and S639 were reported
to be key phosphorylation sites required for IRS-1 degradation
[8,21]. In the present study we demonstrated that IRS-2 modifica-
tion induced by insulin stimulation via PI3K pathway activation re-
leases USP7 from IRS-2 (Fig. 4B). Taken together with the data
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Fig. 4. The molecular mechanisms of dissociation of USP7 from IRS-2. (A and B) Serum-starved H4IIE cells were pretreated with indicated concentrations of PD98059 (A) or
LY294002 (B) for 30 min. Cells were treated with 100 nM insulin for 5 min. The lysates were subjected to immunoprecipitation and immunoblotting analysis. (C) Serum-
starved HA4IIE cells were pretreated with 40 M LY294002 for 30 min and then treated with 100 nM insulin for 5 min. The lysates were subjected to pull-down analysis using
GST-fused MATH domain of USP7. (D) Lysates of HEK293T cells over-expressing FLAG-IRS-2 were subjected to immunoprecipitation with anti-FLAG antibody-conjugated
beads. The precipitates on beads were treated with calf intestine alkaline phosphatase (CIAP) or heat-denatured CIAP (A), washed with lysis buffer, and then eluted with FLAG
peptide. Eluates were subjected to pull-down analysis. (E) HEK293T cells over-expressing FLAG-IRS-2 were cultured under serum-free condition for 24 h. The lysates were
subjected to immunoprecipitation with anti-FLAG antibody-conjugated beads. Precipitates were subjected to in vitro tyrosine phosphorylation assay using insulin receptor
kinase, washed with lysis buffer, and then eluted with FLAG peptide. Eluates were subjected to pull-down analysis. Data are representative of at least three independent

experiments.

indicating serine phosphorylation of IRS-1/2 triggered dissociation
of USP7 from IRS-1/2 (Fig. 4D and E), these results suggest that
there are key phosphorylation site(s) and kinase(s) downstream
of PI3K involved in IRS-1/2 degradation and required for dissocia-
tion of USP7 from IRS-1/2.

The ubiquitin-proteasome-mediated degradation of IRS-1/2 in-
duced by insulin/IGF stimulation is a component of the cellular
feedback inhibition that modulates insulin/IGF action by limiting
the magnitude and duration of insulin/IGF signals [21]. We demon-
strated that USP7 associates with IRS-1/2 and prevents proteaso-
mal degradation of IRS-1/2 (Figs. 1C and 2B and D). Moreover,
we showed that insulin/IGF stimulation releases USP7 from IRS-
1/2 (Fig. 3A and B). Taking these data together, we concluded that
the dissociation of USP7 from IRS-1/2 induced by insulin/IGF stim-
ulation may be involved in the feedback inhibition mechanism of
insulin/IGF signaling by allowing the ubiquitin dependent degrada-
tion of IRS-1/2.

It was reported that prolonged insulin/IGF stimulation de-
creases IRS-1/2 levels in several cell-types, whereas the detailed
time courses of their decreases are often different for different IRSs
isoforms as well as different cell-types [21,30]. In addition to insu-
lin/IGF stimulation, various stimulation factors and physiological
conditions affect IRS-1/2 levels. Obesity and inflammatory cyto-
kines secreted from adipose tissues induce IRS-1/2 degradation in

insulin target tissues [7], which is thought to be one of the mech-
anisms for the onset of insulin resistance and type 2 diabetes. We
had previously reported that dietary protein deprivation increased
IRS-1/2 in liver, leading to the potentiation of hepatic insulin action
[31]. Unloading stress induces IRS-1 degradation in muscle, which
causes unloading-mediated muscle atrophy [9]. So far, several E3
ligases had been identified as responsible factors for the degrada-
tion of IRS-1/2 in some conditions. However, since our study re-
vealed USP7 as a novel DUB targeting IRS-1/2 and we recently
identified other DUBs as IRSAPs (data not shown), there is an ur-
gent need to elucidate roles of DUBs containing USP7 in the regu-
lation of IRS-1/2 protein levels in IRSs-isoform-, cell-type-, and
stimulation factor-dependent manner.

Protein degradation through proteasome-system is regulated
by the balance between ubiquitination and deubiquitination of tar-
get proteins. Several E3 ligases have been shown to ubiquitinate
IRS-1/2. On the other hand, there is no study showing how IRS-1/
2 are deubiquitinated. To elucidate the degradation mechanism
of IRS-1/2, it is necessary to reveal not only how E3 ligases ubiqui-
tinate IRS-1/2 but also how DUB (s) deubiquitinate IRS-1/2.

In conclusion, we identified deubiquitinating enzyme USP7 as a
novel regulator of IRS-1/2 stability and showed that activation of
the PI3K pathway induced by insulin leads to dissociation of IRS-
1/2 from USP7 and degradation of IRS-1/2.
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