
Abstract. The phosphoinositol phosphatase SHIP2 is an
important regulator of energy metabolism. SHIP2 dephos-
phorylates phosphatidylinositol 3,4,5 trisphosphates which
are critical second messengers in signaling pathways induced
by various extracellular stimuli including insulin. SHIP2
also regulates cytoskeleton remodeling, cell adhesion and
spreading. In addition, endogenous SHIP2 in HeLa cells
regulates receptor endocytosis and ligand-induced EGFR
degradation. Further, SHIP2 in MDA-MB-231 breast cancer
cells regulates EGFR levels and supports in vitro cell proli-
feration and in vivo tumor growth and spontaneous metas-
tasis. Here we examine the role of SHIP2 in EGF signaling in
breast cancer cells using RNA interference. Our results show
that suppression of SHIP2 in MDA-MB-231 breast cancer
cells alters EGF and EGFR internalization. Upon SHIP2
silencing, EGF-induced Akt activation was reduced causing
decreased nuclear levels of activated Akt. Cytokine receptor
CXCR4, a downstream element of EGFR-Akt pathway that
plays an important role in metastasis, is down-regulated
upon SHIP2 knockdown. Finally, cell adhesion and EGF-
induced cell migration were suppressed in SHIP2 silenced
cells. These results demonstrate a positive role of SHIP2 in
EGF-induced Akt activation, CXCR4 expression, and cell
migration in breast cancer cells.

Introduction

Phosphatidylinositol lipids are membrane-bound second
messengers that transmit intracellular signaling triggered by
a variety of external stimuli such as growth factors [e.g.,
epidermal growth factor (EGF)], hormones (e.g., insulin)
as well as extracellular matrix (ECM) proteins (1). Among
various lipid molecules, phosphatidylinositol-3,4,5-trispho-
sphate (PIP3) generated by the phosphatidylinsoitol 3'-kinase
(PI3K) is critically important for cell survival, proliferation,
adhesion/migration, glucose transport/metabolism and energy
homeostasis (2-4). SH2-containing 5'-insoitol phosphatase-2,
(SHIP2), is a 5'-phosphoinositol phosphatase that dephos-
phorylates PIP3 to produce phosphatidylinositol-3,4-bisphos-
phate (PI-3,4-P2); accordingly, SHIP2 is thought be a negative
regulator of PI3K signaling (5,6).

One of the initial indications that physiological function
of SHIP2 may be important for insulin signaling came from
the observation that insulin responsive tissues express higher
levels of SHIP2 mRNA (5). SHIP2 null mice in fact display
mild insulin hypersensitivity, but a pronounced resistance
to high-fat diet-induced obesity (7). SHIP2 protein levels
were increased by a high-fat diet and in obesity (8). However,
in vitro studies of SHIP2 in insulin function are far less
convincing. Adenoviral-mediated exogenous overexpression
of SHIP2 suppresses certain aspects of insulin signaling
in adipocytes and skeletal myocytes (9-11), while SHIP2
gene silencing by RNA interference had no effect on insulin
signaling in adipocytes (12).

While undoubtedly an important conduit of insulin
signaling, PI3K-activated pathway - including Akt, its primary
downstream effector, is critical for cancer relevant cellular
processes, e.g., survival, proliferation, adhesion/spreading,
and migration (13). One of the biologically important down-
stream components of this pathway is the chemokine receptor
CXCR4 (14,15). CXCR4 is a seven-pass trans-membrane
G-protein-coupled receptor activated by the chemokine,
stromal-derived factor-1 · (SDF-1 ·) (16). CXCR4 expressing
cancer cells have a propensity for increased metastasis
(16,17). Not surprisingly, phosphoinositol phosphatases
are expected to play an important role in various aspects of
cancer development and progression. Accordingly, studies
attribute a classical tumor suppressor function to PTEN (18),
however, studies on SHIP2 in cancer cells remain ambiguous
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with regards to its effects on Akt activation and cell cycle
progression (19,20).

Recently, we demonstrated that endogenously over-
expressed SHIP2 in MDA-MB-231 breast cancer cells
paradoxically supports cell proliferation in vitro as well as
cancer growth and spontaneous lung metastases in nude
mice (21). These biological outcomes are linked to SHIP2-
mediated changes in EGFR levels. Here, we show that SHIP2
silencing in MDA-MB-231 breast cancer cells decreases
EGF-induced Akt activation and suppresses expression
of CXCR4, an EGF-Akt downstream effector of major
importance to cell migration and metastasis. Furthermore,
suppression of SHIP2 levels significantly inhibits breast
cancer cell migration.

Materials and methods

Materials. A human SHIP2 antibody (against amino acids
1105-1213 of the C-terminus) used for Western blots has
been previously described (22). MDA-MB-231 breast cancer
cells were from American Type Culture Collection (ATCC,
Manassas, Virginia). Double-stranded siRNA molecules
specific for GL3 luciferase and SHIP2 [sequences described
in (23)] were purchased from Dharmacon (Lafayette, CO).
ShRNA, containing retroviral vectors for human SHIP2 gene
(genebank: INPPL1-NM001567) and for EGFP were from
Open Biosystems (Huntsville, AL). A recombinant human
wild-type SHIP2 [with C-terminus FLAG tag (24)] was
rendered RNAi resistant by introducing 6 silent mutations
in the 22-ntd target region using PCR was described earlier
[Bio-Means, Sugar Land, TX; (21)]. CXCR4 antibody (clone
2090) was from Abcam (Cambridge, MA), vinculin antibody
was from Upstate Biotechnology (Charlottesville, VA),
and ß-actin and M2 anti-FLAG antibodies were from
Sigma-Aldrich (St. Louis, MO). Antibodies specific for the
activated- and total forms of Akt, were from Cell Signaling
Technologies (Danvers, MA). Monoclonal EGFR antibody
used for immunofluorescence was from BD Biosciences-
Transduction labs (San Jose, CA). Alexa Fluor555-EGF was
purchased from Molecular probes/Invitrogen (Carlsbad,
CA).

Cell culture and RNA interference. Mammary carcinoma
cell lines were cultured in MEM supplemented with L-
glutamine, 1 nM insulin (only for MDA-MB-231 cells)
and 10% fetal bovine serum (Hyclone, Logan, UT). Serum
starvation (where indicated) was carried out by incubating
cells in serum-free MEM containing 0.5% bovine serum
albumin (BSA). Transient RNAi experiments with validated
SHIP2 siRNA molecules were performed as previously
described (23). Development of single-cell clones from pools
of puromycin (1.0 μg/ml) resistant MDA-MB-231 cells
expressing SHIP2shRNA or EGFPshRNA was previously
described as well (21). These selected clones were subjected
to periodic Western blot analysis to ensure SHIP2 silencing,
which was stable for at least 10-12 (8-10 weeks) passages
from the time of their isolation at the single colony stage.

Immunofluorescence. Cell treatment with Alexa Fluor555-
EGF, anti-FLAG immunofluorescence, and 4',6-diamidino-2-

phenylindole (DAPI) staining were carried out as previously
described (23,24).

Western blot analyses. Preparation of whole cell lysates in a
Triton X-100 lysis buffer as well as protein analyses by SDS-
PAGE and Western blot assays were performed as described
earlier (25).

Wound migration assays. Confluent monolayers of cells were
serum starved (MEM + 0.5% bovine serum albumin) for 24-h,
followed by creation of ‘wound gaps’ in the monolayers using
a sterile pipette tip. Cells were further incubated for 6-24 h ±
EGF (20 ng/ml; where indicated) to allow for closure of
the wounds. Phase-contrast bright field photomicrographs
of the marked areas of the wounds were taken at 0 h and
again at the end of the indicated time intervals using a x20
objective. The distance migrated by the cells from the edge
of the wound into the gap is quantified by taking 3 random
digital measurements of the gaps. The distance migrated is
then calculated as arbitrary units by subtracting the gap
remaining at the end of an interval from the original size of
the gap (26).

Results

Altered EGFR endocytic trafficking in breast cancer cells upon
SHIP2 silencing. Previously isolated stable shRNA clones
of MDA-MB-231 breast cancer cells consistently showing
SHIP2 silencing at both mRNA and protein levels (21), were
employed to examine EGF internalization. As previously
observed in HeLa cervical carcinoma cells (where SHIP2
was silenced using a transient RNAi approach) (23), both
the total amount and the distribution pattern of internalized
alexa fluor-conjugated EGF (AF-EGF) were strikingly
different in SHIP2 silenced MDA-MB-231 cells expressing
SHIP2 shRNA (clone S3) as compared to control cells with
shEGFP shRNA (clone E2) (Fig. 1A). Clone E2 cells dis-
played large vesicles containing AF-EGF at the perinuclear
endosomal sorting area at 30-min incubation following a pulse
treatment (100 ng/ml for 10 min on ice) (Fig. 1A, panel a).
EGF-containing vesicles in control E2 cells were fewer but
larger after 45 min of incubation indicating robust endosomal
fusion-mediated maturation and/or trafficking (Fig. 1A, panel
b). Clone S3 SHIP2-silenced cells had appreciably less fluores-
cence signal, scattered as fine punctate foci (30-min chase/
Fig. 1A, panel c). After 45 min of follow-up incubation these
vesicles remained more widely scattered and substantially
smaller than control cells indicating a delayed or disrupted
trafficking/maturation (Fig. 1A, panel d).

Exogenous expression of wild-type SHIP2 rendered
resistant to RNAi (by introducing mismatches in the form
of silence mutations at 6 of the 22 nucleotides in the target
sequence) was previously used by us to confirm the direct
role of SHIP2 function in regulating the EGFR levels (21).
Here, we show that re-expression of this RNAi-resistant
version of wild-type SHIP2 containing the FLAG epitope
on the C-terminus (detected by anti-FLAG staining; green)
(Fig. 1B, panel a) in shSHIP2 cells (clone S3) largely restored
the perinuclear accumulation, and to a lesser extent, increased
the vesicular fusion of EGF-containing endosomes (as indi-
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cated by larger size) at the endosomal sorting area (Fig. 1B,
panel b denoted by white arrow; compare with FLAG-negative
cell situated near the top right corner of panel b). These
results confirm that SHIP2 regulates receptor-mediated EGF
internalization process in MDA-MB-231 breast cancer cells
where EGFR plays an important oncogenic and metastatic
role.

SHIP2 suppression decreases EGF induced Akt activation. We
have previously reported that SHIP2 silencing by transient
RNAi in HeLa and by stable RNAi in MDA-MB-231 cells,

decreases EGFR levels (21,23). Although immediate early
signaling events downstream of EGFR activation could be
reduced due to reduced receptor levels upon SHIP2 sup-
pression, we reason decreased PIP3 dephosphorylation in
the absence of SHIP2 could increase certain aspects of EGF
signaling such as Akt activation. Determining the overall
effect of SHIP2 suppression on EGF-induced signaling
was further complicated by the genetic make-up of MDA-
MB-231 cells. Activated K-Ras (27,28) and an autocrine
pathway, induced by urokinase type plasminogen activator
(uPA) (29) are known to cause constitutively high levels

INTERNATIONAL JOURNAL OF ONCOLOGY  34:  97-105,  2009 99

Figure 1. Altered distribution of EGF containing endocytic vesicles upon SHIP2 silencing. (A) ShEGFP (clone E2; panels a and b) or shSHIP2 (clone S3;
panels c and d) clones of MDA-MB-231 cells were treated with alexafluor-EGF (100 ng/ml) for 10 min on ice followed by 3 washes with ice-cold serum-
free medium to remove unbound EGF and incubated at 37˚C for 30 min (panels a and c) or 45 min (panels b and d) in serum-free medium in the absence
of EGF (denoted as ‘Chase’). Cells were then fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) and counterstained with DAPI to
visualize both internalized EGF and the nuclei using fluorescence microscopy [as detailed in (23)]. The results are representative of three separate
experiments. (B) MDA-MB-231 shSHIP2 cells (clone S3) transfected with a RNAi-resistant version of FLAG-tagged wild-type SHIP2 [as described in (21)],
were treated with alexafluor-EGF as in ‘A’ and chased for 45 min in the absence of EGF. Cells were then fixed in 4% paraformaldehyde (in PBS) to visualize
internalized EGF (red; panel b) using fluorescence microscopy. Re-expression of wild-type SHIP2 (green; panel a) is detected by anti-FLAG (M2)
immunofluorescence and counterstained with DAPI (blue; panel c) (23). White arrow in panel b points to the perinuclear accumulation of endosomes
in a SHIP2 re-expressing cell, as compared to a cell situated at the top with no anti-FLAG staining showing a more dispersed distribution of smaller
EGF containing vesicles. The experiment was reproduced three times.
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of ERK- and mTOR activations in MDA-MB-231 cells.
Consistent with these reports, EGF-induced augmentation
of mTOR- and ERK activation was negligible in our study,
thus making SHIP2 silencing-related changes practically
undetectable (21). Therefore, we focused on EGF-induced
PI3K-Akt pathway to understand the effect of SHIP2 sup-
pression on EGF signaling. Western blots with antibodies
against activated Akt (phosphorylated on serine 473) and
total Akt protein show that both control and SHIP2 silenced
MDA-MB-231 cells contain no detectable phosphor-Akt
under basal condition (i.e., serum-starved for 24 h). SHIP2
silenced cells (clone S3) show reduced Akt activation in
response to EGF (50 ng/ml) (Fig. 2A). Specific activation
(phosphor-/total) of Akt was lower in SHIP2 suppressed
cells than control cells at each of the three time-points tested
(Fig. 2B). The signal detected at 10-min EGF treatment in
control cells was attenuated by 3.6-fold and 9.5-fold during
30 and 60 min of continuous EGF treatment respectively. In
shSHIP2 cells, the signal attenuation was 9.6-fold at 30-min
interval (~3 times faster than control) and nearly complete
at 60-min interval (~7 times more rapid than control).
Interestingly, SHIP2 silenced cells also contain less total
Akt protein, indicating possible alterations in Akt protein
synthesis and/or stability (Fig. 2A). Immunofluorescence

studies corroborated the outcome of Western analysis
where nuclear translocation of phosphor-Akt was notably
reduced in clone S3 shSHIP2 cells as compared to control
cells (Fig. 3A). In a similar immunofluorescence approach,
internalized EGFR containing vesicles in EGF-treated
clone S3 cells were markedly less numerous and sparsely
accumulated in the perinuclear endosomal sorting area
compared to similarly treated control E2 cells (Fig. 3B). Taken
together, the overall effect of SHIP2 suppression is a
perceptible decrease in Akt activation in response to EGF, an
effect that may be linked to decreased EGFR levels. Similar
results of decreased EGF-induced Akt activation were
obtained for another shSHIP2 clone (data not shown).

CXCR4 levels are decreased in SHIP2 silenced cells. SHIP2
silenced MDA-MB-231 cells not only formed tumors slowly
in mammary fat pad implantation assays in nude mice but
also led to dramatically reduced spontaneous lung metastases
(21). Given that chemokine receptor CXCR4 is an important
determinant of metastasis (30) whose expression is regulated
by EGFR or Her2-induced PI3K-Akt pathway (15,31), we
reasoned that changes in EGFR levels (21) and EGF-Akt
signaling (Fig. 2) due to SHIP2 silencing, may ultimately
down-regulate CXCR4 expression and suppressed metastasis.
As less than 10% of in vitro cultured MDA-MB-231 cells
express CXCR4 on the surface at low levels (which is shown
to increase only upon in vivo passage) (17), we employed
Western blot assays using an antibody shown to be specific
for total cellular CXCR4 (15) to detect changes in CXCR4
expression. In transient and stable RNAi assays, our results
show that CXCR4 expression was substantially reduced
upon suppression of SHIP2 levels in MDA-MB-231 cells
(Fig. 4A and B). The extent of CXCR4 suppression was
directly correlated with the extent of SHIP2 suppression.
Prolonged treatment with SDF-1· (for 24 h) elevated CXCR4
expression (80% above untreated cells) perhaps due to per-
sistent activation of PI3K-Akt pathway (32); this induction
was abolished by SHIP2 silencing (Fig. 4A). In addition,
puromycin-resistant cells derived from xenografts developed
from control or SHIP2-silenced cells [from a previously
reported study (21)] also displayed suppressed CXCR4
levels (Fig. 4C). This result correlated well with significant
suppression of lung metastases in mice harboring these
tumors (21). Taken together, our results showing SHIP2-
induced changes in EGFR levels (21,23) and EGF-signaling
(Figs. 2 and 3) are associated with changes in expression
of the downstream gene CXCR4, reveal a potential molecular
mechanism by which SHIP2 could regulate metastatic
behavior of breast cancer cells.

SHIP2 is important for breast cancer cell adhesion and
migration. As EGFR-PI3K-Akt and CXCR4 signaling are
critical for cancer cell adhesion and migratory behaviors
influencing the metastasis (33,34), we studied the effect
of SHIP2 silencing on adhesion and migratory properties of
breast cancer cells (Fig. 5A). SHIP2-silenced cells (Fig. 5A;
panels b and d) were morphologically different, revealing
frequent spindle-shaped or rounded cells compared to the
control shEGFP cells (white arrowheads, Fig. 5A; panels a
and c). In addition, small island-like clusters of MDA-MB-
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Figure 2. SHIP2 silencing decreases EGF-dependent Akt activation. (A)
Protein extracts from MDA-MB-231 shEGFP clone E2 and shSHIP2
clone S3 cells treated with EGF (50 ng/ml) for indicated durations were
analyzed in Western blots using phosphor-specific (Ser-473) Akt antibody.
The membrane was re-probed with an antibody against total Akt. (B) The
extent of Akt activation was determined by calculating the ratio of phosphor-
Akt to total Akt of the blot shown in ‘A’. The fold (x) decrease in Akt-
activation overtime (shown on top of 30 and 60 min columns) is calculated
in relation to the maximum activation that occurred at 10-min interval
for the respective clone. The experiment was reproduced twice with two
shSHIP2 clones (S3 and S8).
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231 cells (black arrowheads in panels a and c) were largely
missing upon SHIP2 silencing (panels b and d). Instead,
SHIP2 silenced cells remain as single cell entities. Similar
morphological changes were observed upon SHIP2 silencing
in 4T-1 mouse mammary carcinoma cells as well. Upon re-
plating of MDA-MB-231 shRNA clonal cells in the presence
of 10% FBS on regular plastic, significantly fewer SHIP2-
silenced cells attached to the surface as compared to control
cells after 60 min of plating (Fig. 5B). Importantly, in scratch

wound closure assays (26), SHIP2 RNAi cells migrated
significantly slower than control cells (Fig. 6A). The effect
was seen in serum-free medium (34-50% of control) as well
as in the presence of EGF (25-50% of control) (Fig. 6B). Thus,
our experiments clearly show that endogenously expressed
SHIP2 in breast cancer cells play an important role in deter-
mining cell adhesion and migratory behavior. These results
in addition highlight the biological relevance of SHIP2-
mediated changes in the EGF-Akt pathway.
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Figure 3. SHIP2 suppression causes reduced activated Akt in the nucleus associated with decreased EGFR in endosomal sorting area. (A) Immuno-
fluorescence analyses of serum-starved (for 24 h in MEM + 0.5% BSA, panels a and d) or EGF treated (100 ng/ml for 15 min, subsequent to 24-h serum
starving; panels b, c, e and f) control shEGFP (clone E2, panels a-c) and shSHIP2 (clone S3, panels d-f) MDA-MB-231 cells using an antibody specific for
activated Akt (phosphor-Ser-473). Two different fields of EGF-treated culture are shown for each clone. (B) Immunofluorescence analyses of control shEGFP
(clone E2, panels a and c) and shSHIP2 (clone S3, panels b and d) MDA-MB-231 cells that were treated with EGF as above (100 ng/ml for 15 min,
subsequent to 24-h serum starving) using an anti-EGFR antibody (green; panels a and b). Counterstaining with DAPI is also shown (blue; panels c and d)
to illustrate the distribution of EGFR-positive vesicles in relation to the nucleus.
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Discussion

SHIP2-mediated regulation of EGF signaling. We have earlier
reported that SHIP2 in HeLa cells negatively regulates EGF-
induced EGFR endocytic internalization and degradation
(23). Similar function of SHIP2 in ligand-induced EphA2
receptor endocytosis is reported in MDA-MB-231 cells (35),
although a role for SHIP2 in cancer-relevant functions of
EphA2 is yet to be demonstrated. Here, we describe a novel
positive regulation by SHIP2, a proposed negative regulator
of insulin signaling, of the EGFR-Akt-CXCR4 pathway.
MDA-MB-231 cells reveal no basal levels of Akt activation
following serum starvation for 24 h, thereby permitting
easy detection of EGF-induced activation. SHIP2 sup-
pression attenuated both the magnitude and persistence of
EGF-induced Akt activation. There are at least two possible
explanations for SHIP2 silencing-mediated suppression of
the EGF-induced Akt pathway.
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Figure 4. Changes in CXCR4 expression upon SHIP2 silencing. MDA-MB-
231 cells were subjected to SHIP2 specific gene silencing using RNA inter-
ference approach. SHIP2 gene silencing at the protein level using a SHIP2-
specific antibody (membrane re-probed with ß-actin as loading control) is
shown along with the analysis for CXCR4 levels carried out on a separate
gel where re-probing was done with antibodies specific to vinculin as
loading control. CXCR4 detection required greater amounts of protein
loading where ß-actin signal became saturating; hence, vinculin was used
as control. (A) Transient RNA interference. Two-days post-transfection,
MDA-MB-231 cells transfected with indicated siRNA molecules were
serum starved for 24 h followed by treatment with ± SDF-1· (0.2 μg/ml)
for 24 h. GL3 refers to control luciferase-sepcfic siRNA and S2 is SHIP2-
specific siRNA (23). SHIP2 expression was normalized to that of ß-actin
and the extent of SHIP2 silencing in SHIP2-specific siRNA transfected
cells was estimated in relation to control GL3 siRNA. CXCR4 expression is
normalized to vinculin levels. (B) Stable RNA interference. Stable puro-
mycin-resistant clones of MDA-MB-231 cells expressing shEGFP (clone
E2 and E7) or shSHIP2 (clones S3 and S8) [developed in a previous
study (21)] cultured in serum containing culture medium were examined for
SHIP2 and CXCR4 levels as described for ‘A’. (C) Cells derived from
orthotopic mammary tumors induced by shSHIP2 clone S3 (animal ID
149-1 and 149-2) or control shEGFP clone E2 (155-1) were cultured in
the presence of puromycin for 7-10 days (21). Protein extracts from these
cells as well as from HeLa cells (as positive control) were analyzed
for CXCR4 and vinculin (loading control) in Western blots [presence
of SHIP2 silencing correlating with EGFR suppression in these cells has
been previously reported (21)].

Figure 5. Altered cell morphology and reduced cell adhesion in SHIP2-
silenced cells. (A) Photomicrographs (x20) of shEGFP (panels a and c)
or shSHIP2 clones (panels b and d) of MDA-MB-231 cells cultured on
tissue culture plastic in 10% FBS containing culture medium. Black arrows
denote cell clusters of small island-like clusters in MDA-MB-231 cells
(panels a and c). White arrows point to spindle-shaped morphology, rounded
cells or axon-like membrane protrusions frequently seen upon SHIP2
silencing (panels b and d). (B) ShRNA clones of MDA-MB-231 cells plated
(1000-cells/ cm2) on tissue culture-treated plastic for 60 min. Cells were then
photographed and number of cells attached per x20 field was enumerated
(n=6). P-value was estimated using 2-tailed t-test.
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First, it has been shown that internalized EGF-bound
EGFRs present in the endosomal compartment do not activate

PI3K or PLC-Á (36,37). PI-4,5-P2, the substrate for PI3K
and PLC-Á, is absent in the endosomal membranes thereby
restricting the signaling activity from these molecules to
the plasma membrane. Therefore, we reason the SHIP2
silencing-induced decrease in EGF-induced Akt activation
in MDA-MB-231 cells is potentially due to the combined
effects of previously reported enhanced EGFR degradation
(21) (Fig. 3B), leading to decreased surface EGFR levels over
time, as well as altered endocytic trafficking (23) (Fig. 1),
rapidly sequestering the surface EGFRs in the endosomal
compartments. Interestingly, enhanced EGFR degradation
observed upon knockout of a E3 ubiquitin ligase Parkin
similarly decreases Akt activation, but not ERK phospho-
rylation in mouse brain (38).

Second, decreased Akt activation upon SHIP2-silencing
may be due to decreased formation of lipid PI3,4P2, known
to be essential for full activation of Akt, both in vitro and
in vivo (39,40). In PTEN-positive PNT2 and P4E6 prostate
cancer cells, SHIP2 function is required for serum-induced
Akt phosphorylation (41). This study, however, does not
examine the changes in upstream components of this path-
way and changes in receptor tyrosine kinases upon SHIP2
silencing were not considered in the interpretation. MDA-
MB-231 cells are PTEN-positive and our results indicate a
positive role for SHIP2 in Akt activation that can be clearly
linked to changes in EGFR levels and in receptor endo-
cytosis (21).

Decreased levels of total Akt protein upon SHIP2-silencing
is another intriguing observation, indicating a possible addi-
tional mechanism by which the Akt pathway may be
regulated by SHIP2. As levels of many other cellular proteins
including PTEN, ERK1/2, mTOR, vinculin, and ß-actin remain
unaltered (21), the changes in Akt levels are likely a specific
effect. As Akt stability could be determined by phospho-
rylation by an mTOR-containing protein complex (mTORC2)
and Hsp-90 mediated mechanisms (42,43), it is intriguing
to postulate a role for SHIP2 in maintaining Akt stability,
possibly through novel protein interactions. More studies are
clearly needed to better dissect the underlying molecular
mechanisms of this interesting observation SHIP2 function.

SHIP2 role in of cell adhesion and migration - implications
for cancer biology. Another important finding of our study is
that endogenously over-expressed SHIP2 in breast cancer
cells augments adhesion, spreading and migration. This
substantially expands our previous finding in HeLa cells,
showing that exogenously expressed wild-type SHIP2
promotes cell adhesion and a truncated SHIP2 gene, deleted
in phosphatase domain, prevents cell spreading on type I
collagen (24). In HeLa cells SHIP2 function in cell spreading
is regulated by a type I collagen-specific signaling pathway
involving Src kinases, leading to interactions with Shc adapter
protein (23,25). Interestingly, cell morphology upon stable
SHIP2-silencing reveals features associated with enhanced
migration such as spindle shaped and/or rounded cells. How-
ever, these cells display dramatically deficient cell adhesion
and migration behavior. Although this seems counterintuitive,
our results are in agreement with reports demonstrating the
critical importance of dynamic changes in the local phos-
phoinositide pools in determining the final outcomes of cell
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Figure 6. Reduced cell migration of MDA-21 cells with decreased SHIP2.
Scratch wounds were created in the serum starved (for 24 h) monolayer of
shRNA clones of MDA-MB-231 cells plated to confluency, followed by
incubation ± EGF (20 ng/ml) for indicated durations. Marked areas of
the gap were photographed at 0 h and at the end of indicated intervals.
The average width of the gap in the photomicrographs was estimated by
taking three random digital measurements. (A) Representative images
from a wound closure assay used to monitor cell migratory behavior of
MDA-MB-231 cells. Experiment was repeated three times with similar
results. The arrows illustrate the extent of the wound closure during the
course of 24-h incubation in serum-free medium. (B) Average distance
migrated in the absence of EGF after 24 h or in the presence of EGF after
6 and 24 h is shown for control shEGFP clone (E2) and two shSHIP2
clones (S3 and S8) (n=3, each with triplicate measurements). P-value
on top of the columns represents the significance of comparison for
each of the shSHIP2 clone with the control shEGFP clone as estimated
from 2-tailed t-test.
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adhesion and migration (44,45). Therefore, reduced SHIP2
function may also enhance specific early events in cell
migratory behavior (for e.g., adhesion disassembly) while
preventing successful completion of migration by interfering
with later events (for e.g., lamellipodia formation, nascent
focal contact formation). Indeed, SHIP2 suppression or
inhibition has shown to interfere with focal contact formation,
actin polymerization, formation of lamellipodia and cell
scattering (23-25,46).

Alternatively, SHIP2 could regulate cell adhesion and
migration via interactions with cytoskeleton regulators [such
as p130Cas; (24)] independent of its lipid phosphatase activity.
In fact, specific aspects of regulation of cell migration by
PTEN has been shown to be independent of its lipid phos-
phatase activity (47). Other studies have reported SHIP2-
mediated regulation of actin remodeling in fibroblasts via
interactions with filamin (48) or vinexin (49) and induction
of cell scattering and formation of lamellipodia via
interactions with c-Met in MDCK (Madin-Darby Canine
Kidney) cells (46). Specific interactions with Arap3, a
GTPase activating protein (GAP) for both Arf and Rho G-
proteins, mediated by the C-terminally located SAM (sterile
alpha motif) domain suggest yet another mechanism for the
cytoskeleton regulatory function of SHIP2 (50). Therefore,
there is a strong structural and mechanistic basis for a novel
cytoskeleton regulatory function of SHIP2. On the other
hand, cell motility is known to be linked closely to dynamics
of endocytosis (51,52). There is solid evidence for the role of
both PI3K-Akt and PLC-Á pathways in the cytoskeletal
remodeling responsible for cell adhesion and migration (53).
Decreased cell adhesion and migration in SHIP2-silenced
cells could also be attributed to deregulated EGFR end-
cytosis and consequent impairment of the PI3K pathway.

CXCR4 as the possible downsream effector of SHIP2 function
in metastasis. Interestingly, our study identifies CXCR4 as
a potential relevant downstream target gene of SHIP2
function in breast cancer cells. As SHIP2 silencing caused
a pronounced decrease in spontaneous lung metastases in
an orthotopic mammary tumor model, changes observed
in CXCR4 expression provide a mechanistic basis for this
clinically relevant aspect of cancer biology. However, we
were unable to determine the role of SHIP2 in SDF-1·-
induced directed cell migration or invasion using our study
model as SDF-1· induced chemotaxis is substantial only
in metastatic variants, but not in parental MDA-MB-231
cells (17,32). As the role of CXCR4 in breast cancer metas-
tases is increasingly recognized (14,17,30,32,34), reports
show that EGFR or Her2 signaling via PI3K-Akt regulates
the expression of CXCR4 (15,31). Thus, reduced CXCR4
levels observed in SHIP2 silenced MDA-MB-231 cells are
congruent with changes in the EGFR-Akt pathway, including
reduced EGFR levels, impaired EGF internalization, and
reduced EGF-induced Akt-signaling. SDF-1· signaling
via CXCR4 involves activation of the PI3K-Akt pathway
(54), and given that the CXCR4 receptor undergoes ligand-
induced endocytic down-regulation (55), SHIP2 may regulate
SDF-1· signaling in a manner similar to EGF signaling.

In conclusion, our study reveals that EGFR-internalization
process, EGF-Akt pathway, and expression of a downstream

gene CXCR4 are positively regulated by the endogenously
expressed SHIP2 phosphoinositol phosphatase in breast
cancer cells. Further, we show, for the first time that SHIP2 in
breast cancer cells is an important regulator of cell migration.
Thus, our study provides a mechanistic basis for the recently
reported positive role of SHIP2 in breast cancer growth
and metastasis (21). Further evidence for the translational
significance of this aspect of SHIP2 function is provided
in another recent report from our group where immuno-
histochemical analysis of clinical samples of primary breast
cancers (N=285) reveal that SHIP2 expression levels correlate
with shortened disease-free survival in invasive breast
cancer patients and that SHIP2 levels positively correlate
with EGFR expression in vivo (56).
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