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The SH2 domain containing inositol 5-phosphatase SHIP2
contains several interacting domains that are important for
scaffolding properties. We and others have previously reported
that SHIP2 interacts with the E3 ubiquitin ligase c-Cbl. Here, we
identified human SHIP2 monoubiquitination on lysine 315.
SHIP2 could also be polyubiquitinated but was not degraded by
the 26 S proteasome. Furthermore, we identified a ubiquitin-
interacting motif at the C-terminal end of SHIP2 that confers
ubiquitin binding capacity. However, this ubiquitin-interacting
motif is dispensable for its monoubiquitination. We showed
that neither c-Cbl nor Nedd4-1 play the role of ubiquitin ligase
for SHIP2. Strikingly, monoubiquitination of the �SH2-SHIP2
mutant (lacking the N-terminal SH2 domain) is strongly
increased, suggesting an intrinsic inhibitory effect of the SHIP2
SH2 domain on its monoubiquitination. Moreover, SHIP2
monoubiquitination was increased upon 30 min of epidermal
growth factor stimulation. This correlates with the loss of inter-
action between the SHIP2 SH2domain and c-Cbl. In thismodel,
c-Cbl could mask the monoubiquitination site and thereby pre-
vent SHIP2monoubiquitination. The present study thus reveals
an unexpected and novel role of SHIP2 SH2 domain in the reg-
ulation of its newly identified monoubiquitination.

SH2 domain-containing inositol phosphate 5-phosphatase 2
(SHIP2)3 is a type II lipid phosphatase that hydrolyzes the
5-phosphate of the phosphorylated inositol ring of inositol and
phosphatidylinositol molecules (1, 2). Phosphatidylinositol
3,4,5-trisphosphate (PtdIns(3,4,5)P3), which is produced by
class I phosphatidylinositol 3-kinase, is the major substrate of

SHIP2 and is converted into PtdIns(3,4)P2 by its enzymatic
activity (3, 4). In addition to its central catalytic domain, SHIP2
contains an N-terminal SH2 domain, and in its C-terminal part
an NPXY motif, a proline-rich region, and a sterile � motif
(SAM). Through these domains, SHIP2 interacts with numer-
ous protein partners (the EGFR, p130(Cas), Cbl, Vinexin,
Arap3, APS, JIP-1, and Intersectin) (5–12). Beside its phospho-
inositide phosphatase activity, the scaffold properties of SHIP2
could also contribute to its function in signaling. For example,
we showed that, through direct interaction with JIP1, SHIP2
was able to up-regulate JIP1-mediated JNK activation as well as
to increase JIP1 tyrosine phosphorylation (12). SHIP2 mRNA
and proteins are ubiquitously expressed in human, rat, and
mouse (3, 4, 13). SHIP2 appears to be tyrosine phosphorylated
by a very large number of extracellular ligands (EGF, platelet-
derived growth factor, macrophage-colony stimulating factor,
insulin, and human growth factor), but the biological signifi-
cance of SHIP2 tyrosine phosphorylation remains controversial
(5, 14–17). SHIP2 also functions in remodeling of actin struc-
tures, cell adhesion and spreading, and receptor endocytosis
(18, 19). In vitro and in vivo studies in mice also showed that
SHIP2 negatively regulates insulin signaling (20–23).
We and others have previously shown that SHIP2 is a c-Cbl

partner in mammalian cells (8, 18). The mammalian Cbl family
of proteins consists of three homologues known as c-Cbl,
Cbl-b, and Cbl-c (also known as Cbl-3). All three Cbl proteins
share highly conserved domains. c-Cbl and Cbl-b function as
adaptor proteins by interacting with other signaling molecules
through their various protein-protein interacting motifs. They
share a C-terminal proline-rich region containing potential
tyrosine phosphorylation sites and a ubiquitin-associated
domain (UBA) (24). The three Cbl proteins also contain an
N-terminal tyrosine kinase-binding domain and a catalytic
RING finger domain responsible for their E3 ubiquitin ligase
activity. Their E3 ubiquitin ligases activity mediates the ubiq-
uitination of different activated substrates (e.g. EGFR, platelet-
derived growth factor receptor, CSF-1, Met, Src, Abl, and
Sprouty, among others) and targets them for degradation
(25–30).
Polyubiquitinated proteins are subjected to proteolysis by

the 26 S proteasome when lysine 48 of ubiquitin is the site of
chain formation. Ubiquitin chains formed through lysine 63 are
rather involved in a variety of processes, including DNA repair,
translation, I�B kinase activation, endocytosis, and protein
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transport (31). Monoubiquitination has been associated with
endocytosis, virus budding, chromatin remodeling, and trans-
port of proteins in different cellular compartments (32–34).
Moreover, many proteins (ubiquitin receptors) harbor ubiq-
uitin binding domains/motifs (UBD), which interact with
mono- and/or polyubiquitin chains (35). To date, eleven fami-
lies of UBDs have been identified (36). Thus, ubiquitinated pro-
teins and ubiquitin receptors constitute a signaling network
within the cell.
In this study, we identified a ubiquitin-interacting motif

(UIM) at the C-terminal extremity of SHIP2 that confers to
SHIP2 the capacity to bind ubiquitin. We have observed that
SHIP2 is monoubiquitinated by a process that is actively con-
trolled by the ability of its SH2 domain to mask the monoubiq-
uitination site.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—COS-7 and Hek293T
cells were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen), 100 units/ml penicillin (Invitrogen), 100 �g/ml
streptomycin (Invitrogen), 2.5 �g/ml fungizone (Invitrogen),
and 2mMsodiumpyruvate (Invitrogen). CHO-IR cells (Chinese
hamster ovary cells stably overexpressing the human insulin
receptor) were maintained in Ham’s F-12 medium (Invitrogen)
supplemented with 10% fetal bovine serum, 100 units/ml pen-
icillin (Invitrogen), 100 �g/ml streptomycin (Invitrogen), and
2.5 �g/ml and 400 �g/ml Geneticin (G418, Invitrogen). Cells
were grown at 37 °C in a 5% CO2 humidified atmosphere. For
EGF and insulin stimulation, 16-h serum-starved cells were
stimulated by 50 ng/ml EGF or 100 nM insulin for the indicated
times.
Reagents and Antibodies—Lactacystin, cycloheximide, and

Nonidet P-40were purchased fromCalbiochem.Mousemono-
clonal anti-FLAG (M2), mouse monoclonal anti-Cyclin D1,
rabbit polyclonal anti-�-actin, anti-�-catenin, and anti-Myc
(9E10) antibodies were purchased from Sigma; mouse mono-
clonal anti-Hiswas fromBDTransductionLaboratories;mouse
monoclonal anti-HA was from RocheMolecular Biochemicals;
mouse monoclonal anti-phosphotyrosine (4G10) was from
Upstate; mouse monoclonal anti-Ubiquitin (P4D1), rabbit
polyclonal anti-EGFR (1005), and mouse monoclonal anti-Cbl
(A-9) were from Santa Cruz Biotechnology; rabbit polyclonal
anti-laminB1 was from Abcam; and mouse monoclonal anti-
tubulin �Ab2 was from NeoMarkers. Rabbit polyclonal SHIP2
and polyclonal anti-Type I 5-PPase I antibodies have been pre-
viously reported (13, 37).
Plasmids and Site-directed Mutagenesis—The human His-

tagged SHIP2 and certainmutants (SHIP2-(18–935) or tSHIP2
mutant, SHIP2-(18–1194) or �SAM mutant, SHIP2-(885–
1184) or PRO mutant, and �SH2-SHIP2 mutant) have been
described before (3, 5, 8, 38). The human c-Cbl and FLAG-
tagged ubiquitin cDNAs were kind gifts from Dr. Wallace Y.
Langdon (University of Western Australia). The human Cbl-b
cDNA was kindly provided by Dr. Stanley Lipkowitz (National
Naval Medical Center, Bethesda, MD). The full-length c-Cbl
and Cbl-b cDNAs were subcloned into a pcDNA3-HA vector.
The human tagged-HA SHIP2 cDNA was a kind gift from Dr.

Mitchell (Monash University, Clayton, Australia). The mouse
FLAG-tagged Eps15 cDNA was kindly provided from Dr. S.
Sigismund (Institute for Molecular Oncology, Milan, Italy).
The human HA-tagged coiled-coil activator cDNA was kindly
provided by Dr. Yang (University of Southern California, Los
Angeles, CA). Ubc9 cDNA was a kind gift from Dr. Niedenthal
(Hanover Medical School, Germany). FLAG-tagged SUMO-1
and SUMO-2 cDNA were kindly provided by Dr. LeGoff
(University of Rennes, France). SHIP2 constructs correspond-
ing to amino acids 935–1258, 18–650, and 651–1258 were
prepared with SHIP2 as template and a 5�-primer containing
an EcoRI restriction site (underlined) and a 3�-primer con-
taining an XbaI site (underlined). The primers were:
5�-primer (5�-GGAATTCGTGGAGAGAAACCGCCACC-
AACGGGGAG-3�) and 3�-primer (5�-GCTCTAGAGTCA-
CTTGCTGAGCTGCAGGGTG-3�) for the SHIP2-(935–
1258); 5�-primer (5�-GGAATTCGTGGAGCCCCCTCCT-
GGTACCACCGCGAC-3�) and 3�-primer (5�-GCTCTAG-
ATGAATCGAAGGAAGACCTTGTG-3�) for the SHIP2-
(18–650); and 5�-primer (5�-GGAATTCGTGGAAGTGA-
GGAGGAGATCTCCTTC-3�) and 3�-primer (5�-GCTC-
TAGAGTCACTTGCTGAGCTGCAGGGTG-3�) for the
SHIP2-(651–1258). The PCR products were subcloned in a
pcDNA3-HisC vector. Site-directed mutagenesis was con-
ducted by using the QuikChange site-directed mutagenesis
kit according to the manufacturer’s instruction (Stratagene).
The mutants K315R, K515R, and K962R were generated
from the full-length His-tagged SHIP2 construct by replac-
ing the target lysines by arginine. The �UIM mutant was
generated from the full-length His-tagged SHIP2 construct
by replacing aspartate 1117, 1118, and 1134, leucine 1124,
serine 1131, and glutamate 1132 by alanine, and alanine 1127
by glycine. The HA-tagged C381A mutant was generated
from the full-length HA-c-Cbl construct by replacing cys-
teine 381 by alanine. All mutations were confirmed by DNA
sequencing.
Transfections—COS-7 cells were plated at 1.5 � 106 cells/

10-cm dish and CHO-IR cells at 2 � 106 cells/10-cm dish the
day before transfection. To transfect the cells, we alternatively
used 3 �g of FLAG-tagged ubiquitin, 4 �g of His-tagged SHIP2
andmutants, 3 �g of HA-tagged Cbl andmutants, 2 �g of Type
I 5-PPase, 3 �g of Myc-tagged SHIP1, 3 �g of FLAG-tagged
SUMO, 1 �g of HA-tagged coiled-coil activator, 3 �g of Ubc9,
or 2 �g of FLAG-tagged Eps15 expressing plasmids using
FuGENE6 according to themanufacturer’s instructions (Roche
Diagnostics). Empty vector was used to equilibrate transfected
DNA amounts. Transfection ofHEK293Twas performed using
calcium phosphate based on the procedure described previ-
ously (39).
Immunoprecipitation and Immunoblotting—36h after trans-

fection, cells cultured in 100-mm dishes were washed twice
with ice-cold phosphate-buffered saline, solubilized in 500�l of
lysis buffer (80 mM Tris-HCl, pH 7.5, 150 mM NaCl, 20 mM

EDTA, 200 mM NaF, 1% Brij, 4 mM sodium vanadate, 5 mM

Na4P2O7, 1 �M okadaic acid, and a mix of protease inhibitors
(Complete, RocheMolecular Biochemicals)) by constant agita-
tion for 30min at 4 °C, and centrifuged at 14,000� g for 20min
at 4 °C. 50�g of total cell extracts was tested byWestern blot to
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verify proteins expression. The supernatant (of one-half cell
extract� 625 �g of total proteins) was incubated with the indi-
cated antibodies by constant agitation for 2 h at 4 °C. Immune
complexes were precipitated with protein G-Sepharose beads
(Amersham Biosciences) by constant rotation for 2 h at 4 °C.
Immunoprecipitates were collected by centrifugation, washed
three times with lysis buffer, and boiled for 5 min in Laemmli
buffer (125 mM Tris, 2% SDS, 10% glycerol, 5% �-mercaptoeth-
anol, and 0.01% bromphenol blue). The solubilized proteins
were separated by SDS-PAGE and transferred to nitrocellulose
membranes (Amersham Biosciences). The membranes were
blocked with 5% nonfat drymilk in TBSN (10mMTris-HCl, pH
7.5, 150 mM NaCl, and 0.05% Nonidet P-40) for 40 min and
subsequently incubated with primary antibodies in TBSN,
washed three timeswithTBSN, and incubatedwith horseradish
peroxidase-conjugated secondary antibody (1/25,000 dilution).
After extensive washing, the membranes were incubated with
enhanced chemiluminescence reagent (ECL, PerkinElmer Life
Sciences). Sumoylation experiments were done in lysis buffer
supplemented with 20 mM N-ethylmaleimide (Sigma). Quanti-
fication of the data was performed by using densitometric anal-
ysis of the autoradiography (Scion Image Software) or through
Odyssey method. Statistical significance was performed by
using Student’s t test. A p value of �0.5 was considered to be
statistically significant.
PulldownAssay withUbiquitin Beads—Twodays after trans-

fection of the expression constructs, COS-7 cells in 100-mm
disheswere lysed in 500�l of lysis buffer. After centrifugation at
12,000 � g for 15 min at 4 °C, the supernatants (of one-fourth
cell extracts, 250 �g) were incubated with 30 �l of ubiquitin-
agarose beads (Boston Biochem, Cambridge, MA) or with pro-
tein A-agarose beads (Sigma-Aldrich) for 3 h at 4 °C. The beads
were thenwashed three timeswithwashing buffer (10mMTris-
HCl, pH 7.4, 100 mM NaCl, and 0.1% Nonidet P-40), and the
boundproteinswere eluted by boilingwith 5�Laemmli sample
buffer. Eluted proteins were separated by SDS-PAGE, and pro-
teins were detected by immunoblotting and the enhanced
chemiluminescence reagent (Amersham Biosciences).
Mass Spectrometry Analysis—COS-7 cells were transfected

with plasmids encoding His-tagged SHIP2 and FLAG-tagged
ubiquitin and cultured for 2 days. His-tagged SHIP2was immu-
noprecipitated from 15 mg of proteins with anti-His mono-
clonal antibodies and separated by 7.5% SDS-PAGE. The two
bands corresponding to immunoprecipitated SHIP2 were
excised from the silver nitrate-stained gel and subjected to tryp-
tic digestion with a MassPrep robot (Micromass), as described
before (Shevshenko et al. (72)). Mass spectrometry analysis of
the digested fragmentswas performed on aQ-TOFUltimaGlo-
bal mass spectrometer equipped with aMALDI source. Micro-
sequencing was performed by argon-induced fragmentation
after selection of the parent ion.
Malachite Phosphatase Assay—PtdIns(3,4,5)P3 5-phospha-

tase activity was determined with the phosphate release assay
using an acidic malachite green dye (40). Dioctanoylglycerol
PtdIns(3,4,5)P3 was diluted in 30 �l of assay buffer (50 mM

Hepes, pH 7.4, 2 mM MgCl2, 1 mg/ml bovine serum albumin).
The phosphatase reaction was initiated by adding immunopre-
cipitated SHIP2 diluted in assay buffer (15 �l) to the substrate.

Samples were incubated at 37 °C. After 7 min, reactions were
stopped by the addition of 15 �l of 0.1 M EDTA. 75 �l of mala-
chite green reagent (41) was added to 50 �l of the reaction
solution. Samples were allowed to stay for 10 min for color
development before measuring absorbance at 650 nm. Inor-
ganic phosphate release was quantified by comparison to a
standard curve of KH2PO4 in dH2O. We checked the linearity
of the assaywith respect of time and protein concentration. The
enzymatic blank was made by adding the EDTA solution to the
substrate before the enzyme. Each value results from triplicate
determinations � S.E.
Subcellular Fractionation—COS-7 cells (3 � 106 in 90-mm

Petri dishes) were transiently transfected using FuGENE 6
(RocheApplied Science). Cells from10disheswere harvested at
48 h after transfection, on ice, in 2 ml of a homogenization
medium containing 0.25 M sucrose, 3 mM imidazole, pH 7.0, 1
mM EDTA, and complete protease inhibitor mixture (Roche
Applied Science). After a first homogenization by 10 passages
through a tight Dounce homogenizer (Wheaton), the material
was centrifuged at 1,200 � g for 10 min. The upper third of the
supernatant was collected as a postnuclear supernatant (E), and
the remainder was homogenized again by twoDounce passages
and centrifugations at 925 � g for 7 and 5 min. Each time, the
upper thirdwas removed and added in fraction E before repeat-
ing Dounce homogenization and centrifugation. The final
supernatant was entirely removed and combined with E frac-
tion. To maximize subcellular particle extraction, 1 ml of the
homogenizationmediumwas again added to the pellet that was
passed through the Dounce homogenizer and pelleted again at
765 � g for 2 min, a procedure repeated several times until
reaching a final volume of 10 ml in fraction E. The final pellet,
denoted the N fraction, was resuspended in 0.5 ml of homoge-
nizationmedium. Pooled supernatants (denoted the E fraction)
were submitted to high speed sedimentation in a Ti-75 rotor
(Beckman) to yield postnuclear particles (referred to as the
MLP pellet) at 110,000 � g for 60 min. The high speed super-
natant is denoted the S fraction. Postnuclear particles were
resuspended in 1 ml of homogenization medium and homoge-
nized by ten passages through a loose Dounce homogenizer.
All the homogenization and extraction procedures were effi-
cient, because between 75 and 100% of the total proteins were
recovered in the S and MLP fractions. Protein concentrations
were determined in fractions E, N, S, and MLP, equivalent
quantities were separated by SDS-PAGE and analyzed by
immunoblotting.

RESULTS

SHIP2 Associates with c-Cbl and Cbl-b Proteins—We previ-
ously reported that SHIP2 interacts with endogenous c-Cbl in
CHO-IR cells in coimmunoprecipitation experiments (8). We
confirmed this association in human HEK293T cells (Fig. 1A).
Because Cbl-b presents a large sequence identity with c-Cbl, we
tested whether SHIP2 could also interact with Cbl-b in COS-7
cells. As shown in Fig. 1B, His-tagged SHIP2 coimmunoprecipi-
tated with HA-tagged Cbl-b indicating an association of SHIP2
with both forms of Cbl in intact cells. It was controlled that
SHIP2 alone did not precipitatewith anti-HAantibody (Fig. 1A,
lane 3).
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SHIP2 Is Monoubiquitinated—
Given the association of SHIP2 with
Cbl proteins, which presents an E3
ubiquitin ligase activity, we ques-
tioned if SHIP2 could be a target for
Cbl-mediated ubiquitination. First,
we examined whether SHIP2 could
be ubiquitinated in intact cells by an
in vivo ubiquitination assay. FLAG-
tagged ubiquitin was transfected in
CHO-IR cells, and ubiquitinated
proteins were immunoprecipitated
from cell lysates with an anti-FLAG
antibody. Endogenous SHIP2 pro-
teinwas immunodetectedwith anti-
SHIP2 antibody (Fig. 2A, lane 2).
We detected the ubiquitinated form
of SHIP2 at 170 kDa showing that
SHIP2 can be ubiquitinated when
expressed at physiological levels.

FIGURE 1. SHIP2 associates with c-Cbl and Cbl-b proteins. A, cell lysates were prepared from HEK293T cells
transfected with His-tagged SHIP2 and HA-tagged c-Cbl. Appropriate expression of c-Cbl and SHIP2 was con-
firmed with anti-HA and anti-SHIP2 antibodies, respectively (WCL) IB, immunoblotted; IP, immunoprecipitated.
B, cell lysates prepared from COS-7 cells transfected with His-tagged SHIP2 and HA-tagged c-Cbl or HA-tagged
Cbl-b were immunoblotted with anti-HA or anti-His antibodies. In both A and B, anti-HA immunoprecipitates
were separated by SDS-PAGE and immunoblotted with anti-SHIP2 or anti-HA antibodies.

FIGURE 2. Monoubiquitination of SHIP2. A, CHO-IR cells were transiently transfected with His-tagged SHIP2 and FLAG-tagged ubiquitin. Anti-FLAG immu-
noprecipitates were resolved by SDS-PAGE, and endogenous or transfected SHIP2 were both revealed by immunoblotting with anti-SHIP2 antibodies.
B, lysates of CHO-IR, COS-7, and HEK293T cells transiently transfected with FLAG-tagged ubiquitin, and His-tagged SHIP2 were immunoprecipitated (IP) with
an anti-FLAG antibody and immunoblotted (IB) with anti-SHIP2 antibodies. C, COS-7 cells were transiently transfected with FLAG-tagged ubiquitin and Type I
5-PPase or Myc-tagged SHIP1. Anti-FLAG immunoprecipitates with anti-FLAG antibodies were immunoblotted with anti-Type I 5-PPase or anti-Myc antibodies,
respectively. D, CHO-IR cells were transiently transfected with His-tagged SHIP2 and FLAG-tagged ubiquitin. Anti-His immunoprecipitates were resolved by
SDS-PAGE and detected by immunoblotting with anti-SHIP2 and anti-ubiquitin (anti-Ub) antibodies. E, COS-7 cells were transiently transfected with HA-tagged
SHIP2 and/or His-tagged SHIP2. Anti-His immunoprecipitates were immunoblotted with anti-HA antibodies. F, COS-7 cells were transfected with
His-tagged SHIP2 and FLAG-tagged ubiquitin. Anti-His immunoprecipitated proteins were separated by SDS-PAGE and silver stained. Arrows indicate
bands of stained proteins excised for enzymatic digestion by trypsin and subsequent analysis by MALDI-Q-TOF mass spectrometry. In-gel tryptic digests
of the control SHIP2 (band 1) and the monoubiquitinated SHIP2 (band 2) were analyzed by MALDI-Q-TOF mass spectrometry. Mass spectrometry spectra
(enlarged) of the ubiquitin peptides isolated in monoubiquitinated SHIP2 (band 2) are shown. n.s., band is unspecific.
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This result was confirmed overexpressing His-SHIP2 in
CHO-IR cells (Fig. 2A, lanes 3 and 4; Fig. 2B, left panel (inter-
mediate exposure)). Similar data were obtained in COS-7 and
HEK293T cells transfected by the same constructs (Fig. 2B,
middle and right panels).
We then tested whether other inositol phosphate 5-phos-

phatases, Type I 5-PPase and SHIP1, could also be ubiquiti-
nated. Type I 5-PPase was not ubiquitinated under the same
experimental conditions (Fig. 2C, left panel), whereas SHIP1
was monoubiquitinated (Fig. 2C, right panel).
Interestingly, for both SHIP1 and SHIP2, the antibody

revealed two bands with a molecular mass that differs by �10
kDa. We detected the ubiquitinated form of SHIP2 at 170 kDa,
as well as, surprisingly, a band at 160 kDa corresponding to the
molecular mass of non-ubiquitinated SHIP2 (160 kDa). The
presence of the lower band suggested that ubiquitinated SHIP2
associatedwith non-ubiquitinated SHIP2, directly or indirectly.
The same observation was made for SHIP1 with molecular
masses of �145 and 155 kDa. To identify the ubiquitinated
form of SHIP2 in the doublet, we specifically immunoprecipi-
tated SHIP2with anti-His antibody and revealed ubiquitin (Fig.
2D, right panel). Only the 170-kDa formof SHIP2was detected,
whereas anti-His antibody revealed both bands as SHIP2 pro-
tein (Fig. 2D, left panel). The hypothesis that the interaction
between SHIP2 and itself is the consequence of ubiquitination
was discarded. Indeed, differentially His- and HA-tagged
SHIP2 were coimmunoprecipitated in COS-7 cells where ubiq-
uitin was not overexpressed (Fig. 2E) confirming that two mol-
ecules of SHIP2 can be associated.
As the molecular mass of one ubiquitin molecule is 10 kDa,

the observed shift in molecular mass of SHIP2 could be caused
by the attachment of a single ubiquitin molecule. This was
assessed by mass spectrometry analysis. FLAG-tagged ubiq-
uitin andHis-tagged SHIP2 or empty vectorwere transfected in
COS-7 cells. SHIP2 was immunoprecipitated with anti-His.
Precipitated proteinswere separated by SDS-PAGEand stained
with silver (Fig. 2F). Both bands at 160 and 170 kDa (respec-
tively, bands 1 and 2 in Fig. 2F) were excised, subjected to tryp-
tic digestion, and analyzed byMALDI-Q-TOFmass spectrom-
etry to identify SHIP2 and ubiquitin peptide fragments. Both
bands proved to be derived fromSHIP2 as the digested peptides
corresponded with the expected sequences of SHIP2 (supple-
mental Fig. S1, A and B). The upper band generated additional
peptides with m/z values of 1523.78 and 2130.13, correspond-
ing to ubiquitin tryptic peptides, whereas the lower band did
not (Fig. 2F). Microsequencing of these peptides by fragmenta-
tion confirmed that they corresponded to ubiquitin sequences
(supplemental Fig. S2). In the same mass spectrometry experi-
ment, the 120-kDa protein coimmunoprecipitated with SHIP2
(Fig. 2F, band 3) was also excised, subjected to tryptic digestion,
and analyzed byMALDI-Q-TOFmass spectrometry. Two ions
were selected for tandemmass spectrometry analysis, and pep-
tide sequence information unequivocally identified this protein
as c-Cbl (supplemental Fig. S3) by peptide mass fingerprint
analysis using the SwissProt program. Band 4 on the Fig. 2F
derived from degraded SHIP2 (supplemental Fig. S4).

SHIP2 Could Be Polyubiquitinated in Vivo but Is Not
Degraded by the 26 S Proteasome—Fig. 2A (lanes 3 and 4)
revealed a pattern above the monoubiquitinated SHIP2 sug-
gesting that SHIP2 could also be polyubiquitinated. In most
cases, polyubiquitination targets modified proteins for degra-
dation by the 26 S proteasome. To determine whether SHIP2
could be degraded by the proteasomal system, CHO-IR cells
were treated for various times with or without the 26 S protea-
some inhibitor lactacystin. Lactacystin did not affect the pro-
tein level of endogenous SHIP2, while the positive control pro-
tein �-catenin, which is degraded via the ubiquitin-proteasome
pathway (supplemental Fig. S5A) (42), clearly accumulated
upon treatment with this inhibitor. Similar results were
obtained after treatment of the cells by the aldehyde peptide
MG132, another 26 S proteasome inhibitor (data not shown).
These results suggest that the protein level of endogenous
SHIP2 is not regulated by the 26 S proteasome degradation
system in CHO-IR cells under basal conditions.
Simultaneously, we evaluated the stability of endogenous

SHIP2 protein. CHO-IR cells were treated for various times
with the protein synthesis inhibitor cycloheximide, and endog-
enous SHIP2 turnover wasmonitored during 24 h (supplemen-
tal Fig. S5B). No change in the level of endogenous SHIP2 was
detected. We reprobed the membrane with anti-�-actin anti-
bodies to confirm equal loading of proteins andwith anti-cyclin
D1 antibodies as positive control (43). Similar data were
obtained in 3T3-L1 and C2C12 cells, with the mRNA synthesis
inhibitor Actinomycin D and with the protein synthesis inhib-
itor Puromycin (data not shown). These results show that
SHIP2 is a stable protein with a half-life longer than 24 h.
Mapping of the Ubiquitination Domain in SHIP2—We have

determined the regions of SHIP2 necessary for its monoubiq-
uitination.We created two deletionmutants (SHIP2-(18–650)
and SHIP2-(651–1258)) from wild-type SHIP2 (Fig. 3A) and
verified their ubiquitination by an ubiquitination assay in
COS-7 cells. TheN-terminal SHIP2-(18–650)mutant (75 kDa)
was monoubiquitinated, whereas the C-terminal SHIP2-(651–
1258) mutant (85 kDa) was not (Fig. 3B). The monoubiquitina-
tion of the SHIP2-(18–650) mutant indicated that this N-ter-
minal region of SHIP2 contains a monoubiquitination site and
that amino acids 651–1258 are dispensable for this post-trans-
lational modification. We confirmed these results in COS-7
cells transiently transfected with three other deletion SHIP2
mutants (SHIP2-(18–935) (100kDa), SHIP2-(18–1194) (150
kDa), and SHIP2-(885–1184) (40 kDa)) (Fig. 3A). As shown in
Fig. 3B, SHIP2 mutants, which contain amino acids 18–650,
were monoubiquitinated unlike those that did not contain this
region.
Lysine 315 Is the Major Site for SHIP2 Ubiquitination—To

identify precisely the target lysine residue that could be impli-
cated in the monoubiquitination of SHIP2, mass spectrometry
was used. Analysis of ubiquitinated proteins by trypsin diges-
tion cleaves the original ubiquitinmolecule leaving a di-peptide
(-GG) that adds a monoisotopic mass of 114.04 Da to the tar-
geted lysine residue; sometimes miscleavage in ubiquitin gen-
erates a longer tag (-LRGG) (supplemental Fig. S6A). In addi-
tion, the modified peptides carry a proteolytic miscleavage,
because trypsin digestion cannot occur at the modified lysine
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site due to sterical hindrance by the ubiquitin molecule. Both
modifications lead to unique mass spectrometry spectra for
peptides modified by ubiquitination. His-tagged SHIP2 and
FLAG-tagged ubiquitin or empty vector were transfected in
COS-7 cells, and SHIP2was immunoprecipitatedwith anti-His.
Precipitated proteinswere separated by SDS-PAGEand stained
with silver (Fig. 2F). The band at 170 kDa (band 2 on the Fig. 2F)
was excised and processed for mass spectrometry. This
revealed the presence of a 2301.2 m/z value peptide, corre-

sponding to themiscleaved peptide of SHIP2 with attachedGG
moieties derived from the C terminus of ubiquitin (supplemen-
tal Fig. S6B). The detected peptide mass corresponded to a
monoubiquitinated branched peptide centered on lysine 315 of
SHIP2. The purified peptide was in too low quantity to be
sequenced.
Interestingly, lysine 315 is fully conserved among all mem-

bers of the SHIP2 family in various species and located in a
sumoylation/ubiquitination consensus sequence �KXe (�,

FIGURE 3. Mapping of the lysine 315 as ubiquitination site in SHIP2. A, deletion mutants of wild-type SHIP2. B, COS-7 cells were transiently transfected with
His-tagged SHIP2-(18 – 650), His-tagged SHIP2-(651–1258), His-tagged SHIP2-(18 –935), His-tagged SHIP2-(885–1184), or His-tagged SHIP2-(18 –1194) mutants
of SHIP2. Cell lysates were immunoprecipitated (IP) with an anti-FLAG antibody and immunoblotted with an anti-His antibody. Expression of SHIP2 mutants
was confirmed by immunoblotting of the cell lysates with an anti-His antibody. C, sequence analysis of SHIP2 showed that SHIP2 contains three consensus
ubiquitination/sumoylation sites (lysine residues in position 315, 515, and 962). D, COS-7 cells were transiently transfected with FLAG-tagged ubiquitin and
His-tagged SHIP2, His-tagged K315R, His-tagged K515R, or His-tagged K962R. Expression of SHIP2 or mutants was confirmed with anti-His antibody. Cell lysates
were immunoprecipitated with an anti-FLAG antibody, immunoblotted with an anti-His antibody, and SHIP2 ubiquitination was quantified by densitometric
analysis. Each value represents the mean � S.E. of four independent experiments (*, p � 0.05 compared with control).
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hydrophobic residue; K, lysine; X, amino acid; and e, acidic res-
idue) (Fig. 3C) (44, 45). Two additional sumoylation/ubiquiti-
nation consensus sequences are present in SHIP2: one located
in theN-terminal 18–650 region (lysine 515), and a second one
is located in the proline-rich domain of theC-terminal region of
SHIP2 (lysine 962). To evaluate the respective implication of
these three lysine residues in SHIP2 monoubiquitination, we
mutated separately each lysine residue to arginine and per-
formed an ubiquitination assay in COS-7 cells. Mutation of
lysine 515 or lysine 962 did not affect SHIP2 monoubiquitina-
tion, whereas with the K315R mutant, a loss of SHIP2 monou-
biquitination as compared with the wild type was observed
when lysine 315 was mutated (Fig. 3D). Our results thus dem-
onstrate that lysine 315 is the main target site for SHIP2
monoubiquitination.
In addition, to test whether SHIP2 could be covalently mod-

ified by SUMO, COS-7 cells were transiently transfected with
His-tagged SHIP2, Ubc9, and FLAG-tagged SUMO-1 or
SUMO-2. Cell lysates were immunoprecipitated with an anti-
FLAGantibody and immunoblottedwith anti-His antibody.No
sumoylated SHIP2 could be observed in COS-7 cells that co-
express SUMO-1 or SUMO-2 with SHIP2 (supplemental Fig.
S7A), whereas we could reproduce in our experimental condi-
tions the already described sumoylation of coiled-coil activator
(supplemental Fig. S7B) (46).
SHIP2 Binds Ubiquitin by a UIM Motif—It is well docu-

mented that proteins that undergo monoubiquitination have
an intrinsic propensity to bind to monoubiquitin (35, 47–49).
Therefore, we investigated whether SHIP2 can interact with
ubiquitin. Lysates were prepared from intact COS-7 cells or
COS-7 cells overexpressingHis-tagged SHIP2 (whole cell lysate
corresponds to 50 �g of cell extract). 300 �g of the extract were
incubated with agarose beads covalently bound to ubiquitin. By
SDS-PAGE and immunoblotting analysis with anti-SHIP2 anti-
bodies, we found that endogenous and overexpressed SHIP2
bound to ubiquitin-agarose beads, but not to our control beads
of protein-A-agarose (Fig. 4A). The same results were obtained
for Eps15 and Cbl-b, known to bind ubiquitin (50, 51) (Fig. 4A).
c-Cbl was used as a negative control (51). These data suggest
that SHIP2 is able to bind to ubiquitin.
To identify the ubiquitin-binding region of SHIP2, several

truncated mutants of SHIP2, described in Fig. 4B, were tested
for their ability to bind to ubiquitin-agarose beads. As shown in
Fig. 4C, the SHIP2-(18–935) mutant failed to interact with
ubiquitin, whereas the three other mutants were still able to
bind to ubiquitin. Thus, only the proline-rich domain of SHIP2
(residues 885–1184) has a strong ability to bind to ubiquitin,
which suggests that the ubiquitin-binding region of SHIP2
resides within the C terminus, between amino acids 885 and

1184. In this regionwe identified a putativeUIMdomain (resid-
ing between amino acid residues 1117 and 1137) (Fig. 4D). The
UIM domain is a single �-helix that binds to monoubiquitin
(36, 52). The peptide sequence of the UIM domain consists of a
highly conserved �XXAXX�SXXe core (�, hydrophobic resi-
due; A, alanine; S, serine; X, amino acid; and e, acidic residue),
which is preceded by a block of acidic residues (51, 53).
Sequence alignment of the region comprised between amino
acid 1117 and 1137 of different species of SHIP2 showed a
strong conservation (Fig. 4D).
To further confirm that the UIM domain is responsible for

binding to ubiquitin, we replaced each conserved residue of the
putative UIM domain with alanine, or with glycine if alanine
was already present, in the full-length His-tagged SHIP2. The
ubiquitin interaction ability of the UIMmutant (SHIP2-�UIM)
was tested and is shown in Fig. 4C. In SHIP2-�UIM the critical
amino acids of the domain were mutated in SHIP2, and this
abolished the interaction with ubiquitin. A partial inhibition
was also obtained for L1124A-S1131A, D1117A-D1118A, and
L1124A/S1131A/D1134Amutants (data not shown). Together,
these findings indicate that SHIP2 contains a UIMdomain nec-
essary for interaction with ubiquitin. We also demonstrated
that SHIP1 cannot bind to ubiquitin (Fig. 4A), which is consist-
ent with the fact that SHIP1 does not contain such a UIM
domain.
Woelk et al. showed that covalent monoubiquitination of

several proteins harboring UBDs depends on the ability of the
UBD to engage ubiquitin noncovalently, a process termed “cou-
pledmonoubiquitination” (54). To test if SHIP2monoubiquiti-
nation depends on its UIM domain, we performed a ubiquiti-
nation assay in COS-7 cells transiently transfected with SHIP2
or theUIMmutant of SHIP2 and ubiquitin. As shown in Fig. 4E,
mutation of the UIMmotif did not affect SHIP2monoubiquiti-
nation. Moreover, in Fig. 3B, we showed that the C-terminal
mutant of SHIP2-(18–650) and SHIP2-(18–935), which lacks
the UIM domain, can still be monoubiquitinated. SHIP2
monoubiquitination is thus independent of its UIM.
Cbl and Nedd4-1 Do Not Play the Role of Ubiquitin Ligase for

SHIP2 Monoubiquitination—Given the association of SHIP2
withCbl, which presents an E3 ubiquitin ligase activity, we then
examined whether Cbl could play the role of the E3 ligase in
SHIP2 monoubiquitination. For this purpose, we used the HA-
tagged c-Cbl RING finger mutant C381A, which contains a
mutation of the conserved cysteine 381 to alanine, which dis-
rupts the E2 binding and ligase activity of c-Cbl (24). The loss of
activity of the C381A mutant is confirmed in Fig. 5A, by com-
paring the effect of c-Cbl andC381Amutant on EGFR ubiquiti-
nation. We thus coexpressed HA-tagged c-Cbl or HA-tagged
C381Amutant with His-tagged SHIP2 and FLAG-tagged ubiq-

FIGURE 4. SHIP2 binds monoubiquitin by a UIM motif. A, one-fourth lysates of non-transfected COS-7 cells or of COS-7 cells transfected with His-tagged
SHIP2, FLAG-tagged Eps15, HA-tagged c-Cbl, HA-tagged Cbl-b, or Myc-tagged SHIP1 were incubated with ubiquitin-agarose (Ub) or protein A-agarose (Prot.A)
for 4 h at 4 °C. Bound proteins were analyzed by immunoblotting (IB) with anti-SHIP2, anti-FLAG, anti-HA, or anti-Myc antibodies for the indicated proteins.
Expression of transfected proteins was confirmed by immunoblotting of 1/25 lysates with corresponding antibodies. B, schematic representation of the
deletion mutants of wild-type SHIP2 we used. C, COS-7 cell lysates transfected with indicated mutants of SHIP2 were incubated with ubiquitin-agarose (Ub) or
protein A-agarose (Prot.A) for 4 h at 4 °C. Bound proteins were analyzed by immunoblotting with an anti-His antibody. Expression of transfected proteins was
confirmed by immunoblotting of 1/25 lysates with an anti-His antibody. D, alignment of human SHIP2 (amino acids 1117–1137) with its orthologs from
different organisms. Consensus UIM is aligned with SHIP2 sequences: �, hydrophobic residue; A, alanine; S, serine; and e, acidic residue. E, COS-7 cells were
transiently transfected with His-tagged SHIP2 or His-tagged SHIP2-�UIM mutant and FLAG-tagged ubiquitin. Cell lysates were immunoprecipitated (IP) with
an anti-FLAG antibody and immunoblotted with an anti-His antibody. Expression of transfected SHIP2 proteins was confirmed with an anti-His antibody.

SHIP2 Is Monoubiquitinated

DECEMBER 25, 2009 • VOLUME 284 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36069

http://www.jbc.org/cgi/content/full/M109.064923/DC1
http://www.jbc.org/cgi/content/full/M109.064923/DC1
http://www.jbc.org/cgi/content/full/M109.064923/DC1


uitin in COS-7 cells. Equal amounts of cell lysates were immu-
noprecipitated with anti-FLAG and immunoblotted with anti-
SHIP2 to detect monoubiquitinated SHIP2. As shown in Fig.
5B, overexpression of c-Cbl or C381A mutant did not affect
SHIP2 monoubiquitination. Similar results were obtained in
COS-7 cells stimulated or not with EGF (supplemental Fig. S8).
This result indicates that c-Cbl does not act as E3 ligase for
SHIP2 monoubiquitination.
Different studies reported that several UBD-containing pro-

teins are monoubiquitinated by the E3 ligase Nedd4-1 (50, 54).
Because SHIP2 contains a UIM domain, we tested also whether
Nedd4-1 could be the E3 ligase for its monoubiquitination. By
a ubiquitination assay, we showed that the coexpression of
Nedd4-1 did not influence monoubiquitination of SHIP2,
which is consistent with the fact that in addition SHIP2 cannot
interact with Nedd4-1 (with or without EGF stimulation of the
cells) (data not shown).
SHIP2 Monoubiquitination and SHIP2-Cbl Interaction Are

Regulated by EGF—Many proteins containing a UBD as Hrs,
Eps15, or Epsin, are alsomonoubiquitinated in response to EGF

treatment (50). Therefore we tested whether EGF stimulation
can influence SHIP2 monoubiquitination and if this correlates
to phosphorylation. Serum-starved COS-7 cells transfected
with FLAG-ubiquitin andHis-SHIP2were stimulatedwith EGF
for 5, 30, and 60 min. Equal amounts of total cell lysates were
immunoprecipitated with anti-FLAG antibody, and monou-
biquitinated SHIP2 was detected with anti-SHIP2 antibodies.
As shown in Fig. 6A, a small fraction of SHIP2 was monoubiq-
uitinated without EGF stimulation, but this monoubiquitina-
tion was strongly increased upon EGF stimulation with a max-
imal level at 30 min.
Ubiquitination of proteins often depends on the phosphory-

lation state of the target. We have shown before that SHIP2
tyrosine phosphorylation is increased after 5 min of EGF stim-

FIGURE 5. Cbl do not play the role of ubiquitin ligase for SHIP2 monou-
biquitination. A, COS-7 cells were transiently transfected with FLAG-tagged
ubiquitin and HA-tagged c-Cbl or HA-tagged C381A. Cells were serum-
starved for 16 h and stimulated with 50 ng/ml EGF for 10 min. Equal amounts
of cell lysates were immunoprecipitated (IP) with an anti-FLAG antibody and
immunoblotted (IB) with anti-EGFR antibodies. Expression of EGFR, c-Cbl, and
C381A was confirmed with anti-EGFR or anti-HA antibodies. B, COS-7 cells
were transiently transfected with His-tagged SHIP2, FLAG-tagged ubiquitin,
HA-tagged c-Cbl, HA-tagged C381A, or an empty vector. Cell lysates were
immunoprecipitated with an anti-FLAG antibody and immunoblotted with
anti-SHIP2 antibodies. Expression of SHIP2, c-Cbl, and c-Cbl-C381A was con-
firmed with anti-His or anti-HA antibodies.

FIGURE 6. SHIP2 monoubiquitination is regulated by EGF stimulation.
A, COS-7 cells were transiently transfected with FLAG-tagged ubiquitin and
His-tagged SHIP2 or an empty vector, serum-starved for 16 h, and stimulated
with 50 ng/ml EGF for 5, 30, and 60 min. Equal amounts of cell lysates were
immunoprecipitated with an anti-FLAG antibody and immunoblotted with
anti-SHIP2 antibodies. Expression of SHIP2 was confirmed by immunoblot-
ting of the cell lysates with anti-SHIP2 antibodies. B and C, COS-7 cells were
transfected with His-tagged SHIP2 (B) or with HA-tagged c-Cbl (C), serum-
starved for 16 h, and stimulated with 50 ng/ml EGF at 5, 15, and 30 min. Equal
amounts of cell lysates were immunoprecipitated (IP) with an anti-His anti-
body, and immunoprecipitates were separated by SDS-PAGE and immuno-
blotted (IB) with anti-4G10 (anti-phosphotyrosine) or anti-His antibodies (B)
or with anti-Cbl or anti-His antibodies (C).
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ulation (3). Here we prolonged EGF stimulation until 30 min
in serum-starved COS-7 cells transiently transfected with
His-tagged SHIP2. Equal amounts of total cell lysates were
immunoprecipitated with anti-His antibody, and tyrosine-
phosphorylated SHIP2 was detected with anti-phosphot-
yrosine antibodies (Fig. 6B). We observed that tyrosine phos-
phorylation of SHIP2 was maximal at 5 min and strongly
decreased after 30 min in contrast to its ubiquitination.
This phosphorylation time course also fits well with the asso-

ciation of SHIP2 with c-Cbl upon EGF stimulation in our
COS-7 cells model. Serum-starved COS-7 cells transiently
transfected with His-tagged SHIP2 and HA-tagged c-Cbl were
stimulated with EGF for 5, 15, and 30 min. Equal amounts of
total cell lysates were immunoprecipitated with an anti-His
antibody, and immunoprecipitates were analyzed by immuno-
blotting with anti-Cbl and anti-His antibodies. As shown in Fig.
6C, SHIP2 is not associated with c-Cbl in non-stimulated cells.

This interaction is clearly seen at 5 min of EGF stimulation and
strongly decreased after 30 min. Taken together, these observa-
tions strongly suggest that the interaction between SHIP2 and
c-Cbl is not constitutive but is regulated by EGF in COS-7 cells.
Loss of the SH2 Domain of SHIP2 Favors Its Mono-

ubiquitination—To further address the relation between c-Cbl
binding and SHIP2 phosphorylation on the ubiquitination, we
analyzed the ubiquitination state of two important SHIP2
mutants, �SH2-SHIP2 (lacking the N-terminal SH2 domain)
and NPAW-SHIP2 (lacking the tyrosine in the NPAY motif).
A difference in c-Cbl binding properties of the different

mutants is shown as well in Fig. 7A in which we noticed that, if
�SH2-SHIP2 did not bind c-Cbl at all, NPAWmutant binds to
c-Cbl with much lower affinity than the wt-SHIP2. In addition
this binding is less sensitive to EGF treatment. It is interesting
to note that these mutants are not phosphorylated on tyrosine
under EGF (Fig. 7B).

FIGURE 7. Loss of the SH2 domain of SHIP2 favors its monoubiquitination. A, COS-7 cells were transiently transfected with HA-Cbl and Xpress-tagged SHIP2,
�SH2-SHIP2, or NPAW-SHIP2 mutants. Cells are serum-starved for 16 h and stimulated with 50 ng/ml EGF for 5 and 30 min. Cell lysates were immunoprecipi-
tated with an anti-Xpress antibody and immunoblotted (IB) with an anti-HA antibody. The amount of associated c-Cbl was quantified by the Odyssey method.
B, COS-7 cells were transiently transfected with Xpress-tagged SHIP2, �SH2-SHIP2, or NPAW-SHIP2 mutants. Cells are serum-starved for 16 h and stimulated
with 50 ng/ml EGF for 5 min. Phosphorylated SHIP2 was revealed using anti-phosphotyrosine antibody. C, COS-7 cells were transiently transfected with
FLAG-tagged ubiquitin, His-tagged SHIP2, or His-tagged �SH2-SHIP2 mutant. Cell lysates were immunoprecipitated (IP) with an anti-FLAG antibody and
immunoblotted with an anti-His antibody. Expression of His-tagged SHIP2 and �SH2-SHIP2 mutant was confirmed with an anti-His antibody. D, COS-7 cells
were transiently transfected with FLAG-tagged ubiquitin and His-tagged �SH2-SHIP2 mutant as indicated, serum-starved for 16 h, and stimulated with 50
ng/ml EGF for 30 min. Equal amounts of cell lysates were immunoprecipitated with an anti-FLAG antibody and immunoblotted with an anti-His antibody.
E, COS-7 cells were transiently transfected with FLAG-tagged ubiquitin and His-tagged SHIP2 or NPAW SHIP2 mutant as indicated, serum-starved for 16 h, and
stimulated with 50 ng/ml EGF for 5, 30, and 60 min. Equal amounts of cell lysates were immunoprecipitated with an anti-FLAG antibody and immunoblotted
with an anti-SHIP2 antibody. Expression of SHIP2 mutant was confirmed by immunoblotting of the cell lysates with an anti-His antibody, and EGF stimulation
was verified using anti-phosphotyrosine antibody.
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We further examined the monoubiquitination of these
mutants by an ubiquitination assay. An interesting observation
shown in the Fig. 7C was that the monoubiquitination of the
�SH2-SHIP2 mutant was very much increased as compared
with the wt-SHIP2. It was detectable in COS-7 whole cell
lysates transfectedwith FLAG-tagged ubiquitin andHis-tagged
�SH2-SHIP2 mutant, which was not the case for SHIP2, for
which monoubiquitination in whole cell extracts was almost
undetectable (Fig. 7C, WCL). This result suggests that the
�SH2-SHIP2 mutant is more subject to monoubiquitination
than wild-type SHIP2 in these experimental conditions. The
SH2 domain of SHIP2 thus negatively controls SHIP2 monou-
biquitination. Therefore, we tested the EGF stimulation on
�SH2-SHIP2 mutant monoubiquitination. Serum-starved
COS-7 cells transiently transfected with FLAG-tagged ubiq-
uitin and His-tagged �SH2-SHIP2 mutant were stimulated
with EGF for 30 min. Equal amounts of total cell lysates were
immunoprecipitated with an anti-FLAG antibody, andmonou-
biquitinated �SH2-SHIP2 mutant was detected with anti-His
antibodies. No change in the level of the monoubiquitinated
�SH2-SHIP2 mutant was observed with or without EGF (Fig.
7D, additional time in supplemental Fig. S9). We concluded
that �SH2-SHIP2 monoubiquitination is abundant in control
cells and not further increased by EGF. The monoubiquitina-
tion of the NPAW mutant was comparable to one of the wt-
SHIP2 in unstimulated cells, and no increase was observedwith
EGF (Fig. 7E) suggesting that the tyrosine phosphorylation
could be an important factor in EGF regulation of SHIP2
ubiquitination.
Monoubiquitinated SHIP2 Retains Its Catalytic Activity and Is

Located in a Particular Fraction—Surprisingly, we observed in
Fig. 7C that monoubiquitinated SHIP2 (170 kDa) was found
associated with SHIP2 (160 kDa), whereas monoubiquitinated
�SH2-SHIP2 mutant (160 kDa) was not coimmunoprecipi-
tated with non-ubiquitinated �SH2-SHIP2 mutant (150 kDa).
This result suggests that the SHIP2 SH2 domain is needed for
the SHIP2-SHIP2 association. This mutant was suitable, with-
out any wt SHIP2 interference, to investigate if the catalytic
activity of themonoubiquitinated�SH2-SHIP2wasmodulated
compared with the non-ubiquitinated �SH2-SHIP2 isoform.
PtdIns(3,4,5)P3 5-phosphatase activity of ubiquitinated �SH2-
SHIP2, Ub-�SH2-SHIP2, and SHIP2 was determined after
immunoprecipitation. PtdIns(3,4,5)P3 5-phosphatase activity
was determined into two different amounts of the immunopre-
cipitated beads (Fig. 8A). No significant difference was ob-
served between the catalytic activity of monoubiquitinated
�SH2-SHIP2 and that with the �SH2-SHIP2. This suggests
that monoubiquitination does not modulate the catalytic activ-
ity of SHIP2 under these experimental conditions. We also
showed that the catalytic activity of SHIP2 was not necessary
for its monoubiquitination, because the catalytic mutant of

SHIP2 (D607A) was still monoubiquitinated and able to dimer-
ize (data not shown).
To investigate whether monoubiquitination of SHIP2 is

related to its intracellular localization, the distribution of non-
ubiquitinated and monoubiquitinated �SH2-SHIP2 was deter-
mined. COS-7 cells transiently transfected with �SH2-SHIP2
and with or without FLAG-tagged ubiquitin were fractionated
into nuclear (N) and cytoplasmic (E) fractions (further subfrac-
tionated into high speed supernatant (S) and particles (MLP)
fractions) by sequential centrifugations and homogenizations.
The different fractions from COS-7 cells transfected with
�SH2-SHIP2 alone or with FLAG-ubiquitin were immuno-
blotted with an anti-X-press antibody. As shown in Fig. 8B,
non-ubiquitinated �SH2-SHIP2 was localized in both soluble
(S) andparticular (N andMLP) fractions. Interestingly ubiquiti-
nated �SH2-SHIP2 is essentially associated with theMLP frac-
tion (30%) and considerably less abundant in nuclear (7%) and
cytosolic (10%) fractions. It is notable that ubiquitinated�SH2-
SHIP2 and EGFRwere immunodetected in the sameMLP frac-
tion. The same results were obtained with wt-SHIP2 but
needed FLAG-immunoprecipitation because Ub-SHIP2 is not
detectable by simple Western blot (data not shown).

DISCUSSION

In this study, based on cell ubiquitination assays and mass
spectrometry, we identified SHIP2 monoubiquitination. We
also showed that SHIP1 was also monoubiquitinated, albeit
with lower intensity. In contrast, Type I 5-PPasewas apparently
not modified by ubiquitination. This suggests that overexpres-
sion of the protein is not sufficient to lead to ubiquitination.We
consider this result as a significant negative control. It has been
postulated that the tumor suppressor PTEN, is subjected to
both poly- and monoubiquitination leading to PTEN degrada-
tion and nuclear localization respectively (34, 55). Controver-
sial data on the implication of the ubiquitin ligase Nedd4-1
suggest that it is conceivable that PTEN mono- and polyubiq-
uitination may be catalyzed by different ligases, possibly acting
in cell- and tissue-specific manners (34, 55, 56). Our experi-
ments also suggested that SHIP2 could be polyubiquitinated.
Nevertheless, using 26 S proteasome inhibitors (lactacystin and
MG132) we excluded that SHIP2 is degraded by the protea-
some pathway and demonstrated that, in the experimental con-
ditions tested, SHIP2 is a stable protein with a half-life greater
than 24 h. In the case of polyubiquitin chain, the linkage via the
lysine 48 targets polyubiquitinated proteins to the 26 S protea-
somal degradation pathway. The potential SHIP2 polyubiquiti-
nation should thus be due to another ubiquitin linkage (35).
The major modification of SHIP2 thus consists of its mono-

ubiquitination. We detected endogenous SHIP2 monoubiquiti-
nation in conditions where ubiquitin is overexpressed. Detect-
ing monoubiquitination of endogenous proteins in native

FIGURE 8. Catalytic activity and subcellular localization of monoubiquitinated �SH2-SHIP2. A, COS-7 cells were transiently transfected with Xpress-
tagged �SH2-SHIP2 alone or with FLAG-tagged ubiquitin, lysed, and immunoprecipitated overnight with Xpress or FLAG antibodies, respectively. Immuno-
blotting (IB) with anti-Xpress are shown in the inset. A fraction of the immunoprecipitation (50 and 25 �l) was used to assay phosphatase activity. The results
are representative of four different experiments. In each experiments data are means of triplicates � S.E. B, COS-7 cells were transiently transfected with
His-tagged �SH2-SHIP2. SHIP2 in each fraction was probed by Western blotting with anti-Xpress antibodies. Tubulin �, lamin B1, and EGFR were used as
controls to validate the fractionation. The percentage of ubiquitinated �SH2-SHIP2 over non-ubiquitinated SHIP2 in each fraction was estimated by quanti-
tative Western blotting using anti-Xpress antibodies.
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conditions is known to be rather difficult considering the low
abundance of monoubiquitinated proteins and the lack of sen-
sitive antibodies and methods to detect them. Accordingly, we
speculate that SHIP2 monoubiquitination could be very rapid
and transient in cells. Polyubiquitination of transfected PTEN
was detected without adding ubiquitin in cells (34). Neverthe-
less to observe PTENmonoubiquitination, the authors needed
to add tagged ubiquitin as well.
We have shown that Lys-315 is the major site for SHIP2

monoubiquitination. Lys-315 is in a sumoylation/ubiquitina-
tion consensus site (�KXe: �, hydrophobic residue; K, lysine;
X, amino acid; and e, acidic residue) (44, 45, 57). Nevertheless
SHIP2 was not covalently modified by sumoylation in our
experimental model despite the presence of three different
such consensus (around Lys-315, Lys-515, and Lys-962). This
consensus site is present in other members of the 5-phospha-
tases family, two of them in SHIP1, SIP-110 and SIP-145, and
INPP5B, which could be of potential interest in the regulation
of these proteins.
Interestingly, we also identified that SHIP2 contained, as

other numerous proteins implicated in endocytosis, a func-
tionalUIM, verywell conserved between species, which confers
to SHIP2 the ability to bind ubiquitin. SHIP1 does not contain
anyUIMmotif and does not bind ubiquitin. It was reported that
several proteins harboring functional UBDs can undergo
monoubiquitination by a process referred to as coupled
monoubiquitination (54). Seven classes of UBDs (UIM, CUE,
UBA, MIU, GAT, UBM, and UBZ) are currently known to sus-
tain this process (35, 58, 59). However, we demonstrated that
SHIP2 is not subjected to “coupled monoubiquitination,”
because its UIM is dispensable for its monoubiquitination.
Monoubiquitinated proteins that do not contain UBDs are also
known (60).
The E3 ubiquitin ligase c-Cbl mediates ubiquitination of

tyrosine kinases, receptors (e.g. EGFR, platelet-derived growth
factor receptor, CSF-1, andMet) or non-receptors (e.g.Abl and
Src) but also of cytoplasmic proteins (such as Sprouty) (25–30).
We showed that c-Cbl, which associates with SHIP2 upon EGF
stimulation, does not modify the level of SHIP2 monoubiquiti-
nation. We also tested Nedd4-1, which was shown to interact
with and ubiquitinate PTEN (61). Nedd4-1 did not interact
with or ubiquitinate SHIP2 in our experimental conditions.
Hoeller et al. recently described that some UBD-containing
proteins can be monoubiquitinated directly by E2-conjugating
enzymes, associating with the UBD, bypassing the requirement
of E3 ligase (62). It seems that it is not the case for SHIP2,
because the UIM is dispensable for its monoubiquitination.
However, both modes of ubiquitination of the same substrate,
E3-independent and E3-dependent, can coexist (62). Thus, the
identification of the physiological ubiquitin ligase for SHIP2
(among around 1000 ubiquitin ligases of the genome) remains
to be identified.
We also observed that ubiquitinated SHIP2 was coimmuno-

precipitatedwith unmodified SHIP2 suggesting that two SHIP2
molecules are able to associate. This associationwas not depen-
dent on the ubiquitination of SHIP2, because we were able to
coimmunoprecipitate differentially tagged SHIP2 in the
absence of ubiquitin. Previous studies showed an association

between SHIP1 and SHIP2 via the SHIP2 SH2-domain (63).
The �SH2-SHIP2 mutant (which does not contain the N-ter-
minal SH2 domain of SHIP2) is not able to coimmunoprecipi-
tate with itself indicating the importance of the SH2 domain for
the SHIP2-SHIP2 association.
Strikingly we also found that the �SH2-SHIP2 mutant was

monoubiquitinated to a much more extent as compared with
the wild-type SHIP2. This is interesting because SHIP2 SH2
domain is essentially known to interact with partners (e.g.
c-Cbl) or immunoreceptors (Fc�RIIB) (18, 64). Our data sug-
gest that the N-terminal SH2 domain of SHIP2 possesses an
intrinsic inhibitory effect on themonoubiquitination of SHIP2.
Such an intramolecular inhibitory effect was also recently
reported for PTEN. Its Nedd4-1-mediated ubiquitination and
degradation is antagonized by its C-terminal region containing
a C2 domain (61).
We also observed that EGF stimulation strongly increases

SHIP2 monoubiquitination after 30 min. At the same time,
tyrosine phosphorylation of SHIP2 and binding with c-Cbl
strongly decreases. Both are maximal upon 5-min EGF stimu-
lation. The fact that neither �SH2-SHIP2 nor NPAW-SHIP2
mutant monoubiquitination were regulated by EGF stimula-
tion suggests that phosphorylation and SH2 target binding are
crucial for this regulation.
To address the functional consequences of SHIP2 monou-

biquitination, we tested whether this post-translational modi-
fication could modulate its catalytic activity. This question
remains controversial in the case of phosphorylation and may
be tissue-specific (17, 65, 66). In our experiments, monoubiq-
uitinated SHIP2 remained fully active. We also showed by sub-
cellular fractionation that monoubiquitinated SHIP2 was
enriched in the particular fractions of the cells containing
membranes, lysosomes, and vesicles (30% of the SHIP2 is
monoubiquitinated) while not in the nuclear (7%) or in the sol-
uble fractions (10%). SHIP2 monoubiquitination could thus
take place in the particular subunits of the cell or the monou-
biquitinated SHIP2 is further recruited in the particular frac-
tion, perhaps targeting the PtdIns(3,4,5)P3 5-phosphatase
activity to a specific cellular site. Previous studies have shown
that monoubiquitination regulates cellular transport (33, 34,
67). PTEN monoubiquitination regulates its nuclear import,
which represents a protective function of cytoplasmic protea-
somal degradation (34). Monoubiquitination of p53 implies its
nuclear export, but several nuclear localization signal and
nuclear export signal sequences in p53 are also implicated in
this transport (33, 67). An interesting fact resides in the colo-
calization of the monoubiquitinated SHIP2 with the EGFR in
MLP fraction. As shown previously by Prasad and collabora-
tors, SHIP2 regulates the ligand-dependent down-regulation of
the EGFR (18).
On the basis of these datawe propose the followingmodel for

regulation of SHIP2 monoubiquitination (Fig. 9): at the basal
state or upon short times of EGF stimulation (5 min), SHIP2 is
protected from monoubiquitination due to the integrity of its
SH2 domain, which could be engaged in an intramolecular
interaction with an internal phosphorylated tyrosine or in an
interaction with a phosphorylated tyrosine of a proteic partner
or both. This masks the potential interaction site for the E3
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ligase or the target lysine 315, which prevents SHIP2 mono-
ubiquitination. SHIP2 contains many tyrosine residues that are
maximally phosphorylated after 5 min of EGF stimulation and
could interact intramolecularly with its N-terminal SH2
domain (3). In the case of an interaction with a proteic partner,
c-Cbl could play this role. Indeed, c-Cbl strongly interacts with
SHIP2 upon 5-min EGF stimulation, and it does so via the SH2
domain of SHIP2 (18, 68). In thismodel, c-Cbl could be a bridge
that assembles two SHIP2 molecules and competes for the
addition of the ubiquitin moiety. This is consistent with our
observation that SHIP2 is able to coimmunoprecipitate with
itself and that the SH2 domain is also necessary for this inter-
action. After EGF stimulation for longer times (30min), disrup-
tion of the inter- or intramolecular interaction, caused by a
decrease in SHIP2 tyrosine phosphorylation, releases the
monoubiquitination site and thus allows for SHIP2 monoubiq-
uitination. Our findings showed SHIP2 is still weakly monou-

biquitinated at the basal state (in the absence of serum). SHIP2
can thus also undergo this post-translational modification in
the absence of EGF stimulation. This was also observed for
Eps15, which is monoubiquitinated in Her14 cells upon EGF
stimulation (69, 70), whereas in other cell lines endogenous
Eps15 is constitutivelymonoubiquitinated (70). Thus, although
monoubiquitination of some sorting proteins is EGF-depend-
ent, other proteins are constitutively ubiquitinated.
In summary, we demonstrate that SHIP2 is able to recognize

other ubiquitinated proteins by a UIM domain and that its
monoubiquitination is a process that is actively controlled by
the ability of its SH2 domain to mask the monoubiquitination
site. We also showed that monoubiquitination of SHIP2 could
be implicated in its cellular translocation and does not modify
its phosphatase activity. Recently, novel functions of SHIP2
were shown such as scaffold properties in the c-Jun N-terminal
kinase cascade, negative regulation of EGFR internalization and
degradation, EphA2 endocytosis, and angiotensin II signaling
(12, 18, 19, 71). SHIP2 monoubiquitination is therefore a novel
protein modification potentially involved in these molecular
functions.
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