
INTRODUCTION
Inositol phospholipids play a crucial

role in all aspects of cell biology, from cell
survival, differentiation and migration, to
immune function, organ development
and tumor growth. Their production is
carefully regulated by a wide range of
lipid kinases and phosphatases (1,2). The
most studied of these is phosphatidyli-
nositol 3-kinase (PI3K), which produces
the phosphoinositides (phosphatidyl in-
ositol phosphates [PIPs]) PtdIns(3)P1,
PtdIns(3,4)P2 and PtdIns(3,4,5)P3. The last
phospholipid [PtdIns(3,4,5)P3] acts as

 second messenger by binding PH
 domain–containing proteins such as pro-
tein kinase B (PKB/Akt), implicated in
cell survival. Many tumors, including
breast cancer and hematological malig-
nancies such as the plasma cell neoplasm
multiple myeloma (MM), present with
constitutive activation of the PI3K-Akt
pathway (3). Activating mutations in the
PI3K gene (PIK3CA) have been described,
but constitutive PI3K signaling may also
occur as a secondary effect (4). Activating
mutations in receptor tyrosine kinases or
Ras, oncogenic translocation products,

and cytokine signaling loops have also
been described as contributing factors
(5,6). Regardless of the activating mecha-
nism, targeting the PI3K/Akt pathway
with specific inhibitors is believed to be a
promising approach in treating cancer
(7,8).

PI3K signaling is generally thought to
be counteracted by lipid phosphatases.
One of these is the phosphatase and
tensin homolog (PTEN), which hy-
drolyzes PtdIns(3,4,5)P3 to PtdIns(4,5)P2,
thereby decreasing the PI3K-induced sur-
vival signal and acting as a tumor sup-
pressor (reviewed in [9]). Others are the
SH2-domain containing inositol 5′
polyphosphatases: SH2 domain-
 containing inositol-5′-phosphatase 1
(SHIP1) and SHIP2, which dephosphory-
late inositol lipids at the 5D position of
the inositol ring, when a phosphate is
present at the 3D position, thereby gener-
ating PtdIns(3,4)P2. SHIP1 and SHIP2
share 38% sequence homology, but may
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have different cellular functions, since
SHIP2 is ubiquitously expressed, whereas
SHIP1 is predominantly found in cells
from the hematopoietic lineage and bone-
forming osteolineage cells (10,11).

Recently, a growing body of literature
disputes the dogma of lipid phosphatases
acting only as tumor suppressors (2,9). In
particular, the role of SHIP1 and SHIP2
has become less obvious. It is now clear
that both PtdIns(3,4,5)P3 and PtdIns(3,4)P2

are capable of enhancing Akt phosphory-
lation (12). PtdIns(3,4)P2 may actually be
necessary for full activation of Akt, since
PtdInd(3,4)P2 is more efficient than
PtdIns(3,4,5)P3 at binding the PH domain
of Akt, resulting in its phosphorylation on
Ser473 and hence its full membrane activ-
ity (13,14). Indeed, knockdown of SHIP2
in myoblasts, resulting in increased
PtdIns(3,4,5)P3 levels, nevertheless de-
creased Akt phosphorylation and in-
creased cell death (15). Intriguingly, en-
hanced SHIP2 expression levels
correlating with poor prognosis have been
observed in primary breast cancer, and
growth of a human breast cancer cell line
in a murine model was inhibited by
SHIP2 knockdown (16,17). In addition, in-
creased PtdIns(3,4)P2 levels were found in
leukemic cells (18). Definitive evidence of
SHIP1 enzyme activity and its product
PtdIns(3,4)P2 being required for cancer
cell survival was provided by our recent
description of a SHIP1 inhibitor that
 selectively causes apoptosis of SHIP1-
 expressing blood cancer cells, which are
in turn protected from this inhibitor by in-
troduction of exogenous PtdIns(3,4)P2

(19). These findings do not rule out a con-
tribution of PtdIns(3,4,5)P3 to cancer cell
survival, but simply indicate that both
PtdIns(3,4,5)P3 and PtdInd(3,4)P2 are
likely required for a cell to achieve and
sustain a malignant state, which can be
formulated as the “Two PIP hypothesis”
(2). The recent demonstration that the
4′ inositol polyphosphatases inositol
polyphosphate phosphatase 4A (INPP4A)
and INPP4B, which specifically hydrolyze
PtdIns(3,4)P2 to PtdIns(3)P, prevent tumor
formation and cell transformation further
highlights the critical role of the SHIP1/2

product PtdIns(3,4)P2 in malignancy
(20,21).

Because a role for SHIP1/2 enzymes as
proto-oncogenes is emerging, the use of
SHIP inhibitors in SHIP1 and SHIP2 ex-
pressing tumors becomes a highly attrac-
tive prospect. We recently described a
novel selective SHIP1 inhibitor that
showed cytotoxicity toward malignant
hematologic cancers (19). In the current
study, we show that reduced cell growth
upon SHIP1 inhibition is a common
characteristic in MM cells, further delin-
eate the molecular mechanisms involved
in this and demonstrate that SHIP1 in-
hibitor treatment of mice reduces MM
cell growth in vivo. In addition, we de-
scribe three novel pan-SHIP inhibitors
that are capable of activating caspase 9
and 3 and effectively kill both MM and
SHIP2-expressing breast cancer cells.

MATERIALS AND METHODS

Cell Lines and Material
MM cell lines RPMI8226, U266 and

OPM2 (ATCC, Rockville, MD, USA)
were routinely maintained in Iscove’s
Modified Dulbecco’s Medium (IMDM)
(ATCC) supplemented with 10% fetal
calf serum (Mediatech, Manassas, VA,
USA), whereas MDA-MB-231 and MCF-
7 cells were cultured in Eagle’s minimal
essential medium (EMEM) with 10%
fetal calf serum and L-glutamine. MG-
132 was from Sigma Aldrich (St. Louis,
MO, USA).  PtdIns(3,4,5)P3 and
PtdIns(3,4)P2 shuttle PIP kits were pur-
chased from Echelon Biosciences (Salt
Lake City, UT, USA) and used per the
manufacturer’s instructions.

Detection of Phosphatase Enzymatic
Activity

Fluorescent polarization assay (Eche-
lon Biosciences) was used as described
previously (19). In short, recombinant
SHIP1 or SHIP2 is mixed with its sub-
strate PtdIns(3,4,5)P3 in the presence of
potential chemical inhibitors. The reac-
tion product is mixed with PtdIns(3,4)P2

detector protein and a fluorescent
PI(3,4)P2 probe. Newly synthesized

PtdIns(3,4)P2 displaces the detector pro-
tein, thereby enhancing an unbound flu-
orescent probe in the mixture and de-
creasing mean polarization units. Thus,
identified SHIP inhibitors, (2-phenyl-
benzo[h]quinolin-4-yl)-[2]piperidyl-
methanol hydrochloride (1PIE), 1-
[(chlorophenyl)methyl]-2-methyl-5-
 (methylthio)-1H-indole-3-ethanamine
 hydrochloride (2PIQ) and (2-adamantan-
1-yl-6,8-dichloro-quinolin-4-yl)-pyridin-
2-yl-methanol hydrochloride (6PTQ)
were subsequently tested for inhibition
of free phosphate production by recom-
binant SHIP1 or SHIP2 (Echelon Bio-
sciences) by Malachite Green assay (Ech-
elon Biosciences) as described before (19)
or by fluorescent polarization assay. To
demonstrate selectivity of the com-
pounds for SHIP1 and SHIP2 over other
phosphatases, SHIP1 and the inositol 5-
phosphatase oculocerebrorenal syndrome
of Lowe (OCRL) were immunoprecipi-
tated from OPM2 cells. For this purpose,
OPM2 cells were lysed in IP-lysis buffer
(20 mmol/L Tris, 150 mmol/L NaCl,
1 mmol/L EDTA, 1 mmol/L EGTA, 1%
Triton × 100, 1 mmol/L phenylmethyl-
sulfonyl fluoride and Halt protease in-
hibitor), and SHIP1 or OCRL were im-
munoprecipitated by using mouse IgG
antibodies from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Beads were
washed four times with immunoprecipi-
tation (IP) lysis buffer and once with Tris-
buffered saline (TBS)/MgCl2 (10 mmol/L)
and resuspended in TBS/MgCl2. SHIP in-
hibitors (200 μmol/L) were added to the
beads for 5 min, after which immunopre-
cipitated SHIP1 was incubated in the
presence of 100 μmol/L PtdIns(3,4,5)P3

(Echelon Biosciences), whereas immuno-
precipitated OCRL was incubated in the
presence of 100 μmol/L PtdIns(4,5)P2 for
30 min. Malachite Green solution was
added according to the manufacturer’s in-
structions, and the plate was read after 20
min. Identification of 3α-aminocholestane
(3AC) was described previously (19).

Cell Viability Assay
Cells were treated in triplicate or

more with increasing concentrations of
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compounds. Cell viability was deter-
mined with a Cell Counting Kit (Do-
jindo Molecular Technologies, Rock-
ville, MD, USA) per the manufacturer’s
instructions. The odds density (OD) of
compound-treated cells was divided by
the OD of their vehicle control, and the
viability was expressed as a percentage
of untreated cells. Results are ex-
pressed as mean ± standard error of the
mean (SEM) of three individual experi-
ments. For PIP add-back experiments,
MCF-7 cells were treated for 2 h with
10 μmol/L SHIP inhibitors, after which
cells were washed and fresh medium
was added. Cells were subsequently
cultured in the absence (0 μmol/L) or
presence (10 or 20 μmol/L) of either
PtdIns(3,4)P2-diC16 (P-3416; Echelon
Biosciences) or PtdIns(3,5)P2-diC16 
(P-3516; Echelon Biosciences) for 36 h,
after which cell viability was deter-
mined by the  Dojindo Cell Counting
Kit.

Staining with Bromodeoxyuridine
Exponentially growing MM cells were

treated with compounds as indicated
and 10 μmol/L BrdU was added for the
last 14 h of treatment. Cells were stained
with anti–5-bromo-2’-deoxyuridine–
 allophycocyanin (anti–BrdU-APC) using
the BrdU Flow Cytometry Kit according
to the manufacturer’s instructions (BD
Bioscience, San Jose, CA, USA) and ana-
lyzed by flow cytometry.

Annexin V Staining
Annexin V/propidium iodide (PI)

staining was performed using the
 Annexin V–APC apoptosis detection kit
from BD Pharmingen (Sharon, MA,
USA) per the manufacturer’s instruc-
tions. In short, cells were treated with
SHIP inhibitors for 36 h. Cells were har-
vested, washed twice with ice-cold
phosphate-buffered saline and stained
with Annexin-APC and PI in binding
buffer for 15 min. Fluorescence was de-
termined by flow cytometry (LSRII; Bec-
ton Dickinson Medical Systems, Sharon,
MA, USA). Results are expressed as
mean ± SEM.

OPM2 Tumor Challenge Studies
NOD/SCID/γcIL2R (NSG) mice (The

Jackson Laboratory, Bar Harbor, ME,
USA) were injected intraperitoneally with
1 × 107 OPM2 cells and 6 h later received
an initial injection of 3AC or vehicle. 3AC
was suspended in a 0.3%  Klucel/H2O
 solution at 11.46 mmol/L and adminis-
tered by intraperitoneal injection of 100-μL
solution. Vehicle-treated mice received
100-μL injection of 0.3% Klucel/H2O solu-
tion. The final concentration of 3AC in the
treated mice was 60 μmol/L. The mice
were then treated with 3AC or vehicle
daily for the next 6 d and then twice per
week in the remaining 15 wks of the sur-
vival study. In some instances, tumors
from the vehicle- or 3AC-treated hosts
were excised and single-cell suspensions
were made for Western blot analysis of
SHIP2 expression after mice were deemed
to be moribund and recommended for
humane euthanasia by veterinary staff.

Enzyme-Linked Immunosorbent Assay
for Human Igλ Light Chain in Mouse
Peripheral Blood

Mice were bled into a serum collection
tube (Microvette 300Z; Sarstedt, Num-
brecht, Germany) 4 wks after the OPM2
challenge, and serum was obtained after
pelleting of blood cells at 5,000g for 5 min.
Human Igλ light chain amounts were de-
termined using an Ig light chain detection
kit from Biovendor (Chandler, NC, USA)
per the manufacturer’s instructions.

Detection of Circulating OPM2 Cells in
Mouse Blood

Mice were bled into a blood collection
tube (Microvette 300Z, Sarstedt, Num-
brecht, Germany) 4 wks after OPM2
challenge and red cells were lysed.
White blood cells were incubated with
anti-CD16/32 to block Fc receptor bind-
ing and then stained with antibodies
against human HLA-ABC, clone W6/32.
Samples were acquired on an LSRII cy-
tometer (Becton Dickinson), and dead
cells were excluded from the analysis
after cytometer acquisition by exclusion
of cells that stained positively for DAPI
(di aminido phenyl indol).

Western Blot Analysis
Cells were treated as described and

lysed in cell Laemmli buffer. Protein con-
centration was determined by RC/DC
protein assay (Pierce, Rockford, IL, USA)
according to the manufacturer’s descrip-
tion. Immunoblotting was performed as
described (22). Detection was performed
according to the manufacturer’s guide-
lines (ECL, Pierce, Rockford, IL, USA). All
phospho-antibodies were from Cell Sig-
naling Technology (Beverly, MA, USA).
SHIP1 P1C1 and actin antibodies were
from Santa Cruz Biotechnology. For quan-
titative Western blot analysis, gels were
blotted on Immobilon-FL transfer mem-
brane (Millipore, Billerica, MA, USA).
Anti-rabbit or anti-mouse IRDye-conju-
gated secondary antibodies were used ac-
cording to the manufacturer’s directions,
and blots were scanned by Odyssey in-
frared imaging (LI-COR Biosciences, Lin-
coln, NE, USA). Analysis of results was
done using Odyssey 3.0 software.

Statistical Analysis
Statistical analysis was performed

using either GraphPad Prism 5 or SPSS 17
software. The effect of inhibitors on cell
viability was determined by Student t test
for paired samples, and comparisons be-
tween inhibitors were performed with an
independent samples t test. Increases in
Annexin V–positive cells upon treatment
with inhibitors was calculated by a Stu-
dent t test for paired samples. Mouse sur-
vival curves were compared by log-rank
(Mantel-Cox) test. Statistical analysis of
comparison of serum Igλ free chain and
percentage of circulating OPM2 cells in
3AC- and vehicle-treated mice were per-
formed by an independent samples t test.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Inhibition of SHIP1 Reduces Cell
Viability of MM Cells Through Different
Mechanisms

Activation of SHIP1 has been shown to
have antitumorigenic effects in MM cells.

R E S E A R C H  A R T I C L E
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However, because both the SHIP sub-
strate PtdIns(3,4,5)P3 and its product
PtdIns(3,4)P2 are capable of activating the
Akt survival pathway in MM cells (Fig-
ure 1A), it is conceivable that inhibition of
SHIP1 may also lead to cell death. Indeed,
we previously demonstrated a cell growth
inhibitory effect of SHIP1 inhibition on
human MM OPM2 cells. Because MM is a
heterogeneous disease, we tested whether
other SHIP1-expressing MM cell lines
would be equally affected. As shown ear-
lier, OPM2 cell viability was effectively re-
duced by 3AC treatment. RPMI8226 and
U266 cells showed significantly less sensi-
tivity to 3AC treatment when compared
with OPM2 cells, although viability was
decreased significantly at concentrations
of ≥12.5 μmol/L (Figure 1B).

To investigate the molecular mecha-
nisms responsible for the reduced viable
cell numbers upon 3AC treatment, we de-
termined the effect of SHIP1 inhibition on
cell cycle progression by BrdU incorpora-
tion and 7-amino-actinomycin D (7AAD)
staining. OPM2 cells are highly prolifera-
tive, with up to 75% of cells undergoing
S phase during the 14 h of BrdU expo-
sure. Treatment with 3AC for 36 h se-
verely reduced the percentage of cells in
the S phase, which was accompanied by
an increase of cells in the G2/M phase
(Figure 1C). In contrast, in the less prolif-
erative RPMI8226 and U266 cells, cell
cycle progression is blocked in the G0/G1
phase upon 3AC treatment, in conjunc-
tion with a reduced percentage of cells
undergoing the S phase. These results in-
dicate that inhibition of SHIP1 affects dif-
ferent MM cells in different stages of their
cell cycle, leading to a reduced number of
viable cells upon 3AC treatment.

SHIP1 Inhibition Causes Caspase
Activation and Apoptosis in MM Cells

Next, we investigated the potential of
3AC to induce programmed cell death
(apoptosis) in MM cells, which may be
one of the consequences of cell cycle ar-
rest. As shown in Figure 2A, a 2.7-fold
increase in the percentage of Annexin
V–positive cells was observed in OPM2
cells upon 36 h of 3AC exposure (268% ±

47%, P = 0.03), whereas little induction of
apoptosis was detected in U266 (160% ±
3%, P = 0.01) and RPMI8226 cells (103% ±
12%, P = 0.8). These differences were also
reflected in a biochemical analysis of
apoptosis. Intrinsic apoptosis is mediated
through release of mitochondrial cy-
tochrome c, which activates a caspase
cascade, starting with the cleaving of
procaspase 9 to its active form and re-
sulting in the cleaving and activation of
caspase 3. Poly (ADP-ribose) polymerase
(PARP), involved in DNA repair in re-
sponse to environmental stress, is one of
the main cleavage targets of caspase 3
and acts as an important hallmark of
apoptosis. Consistent with our cell via-
bility and apoptosis data, cleaving of cas-
pase 9, caspase 3 and PARP was evident
in OPM2 cells upon SHIP1 inhibition
(Figure 2B). In contrast, 3AC treatment
did not increase levels of cleaved PARP
in RPMI8226 and U266 cells, although
some cleaving of caspase 3 was observed
in the latter. Interestingly, we also ob-
served a conversion of light chain 3
(LC3)B-I to LC3B-II upon 3AC treatment
of MM cells, which is considered to be a
hallmark of autophagy.

SHIP1 Inhibition Results in Proteasome-
Dependent Degradation of SHIP1
Protein

To further elucidate the molecular
mechanism by which 3AC may affect cell
signaling and viability, we investigated
the expression of SHIP1, SHIP2 and
PTEN protein in 3AC-treated MM cells
(Figure 3A). Surprisingly, prolonged ex-
posure of MM cells to 3AC reduced
SHIP1 protein levels, without affecting ei-
ther SHIP2 or PTEN in U266 or RPMI8226
cells. In OPM2 cells, SHIP2 levels were
slightly upregulated, possibly as a com-
pensatory mechanism. Cotreatment of
cells with the proteasome inhibitor MG-
132 prevented the reduction in SHIP1 ex-
pression, suggesting that proteasomal
degradation of ubiquitinated SHIP1 is en-
hanced by 3AC treatment (Figure 3B).
Thus, treatment of MM cells with the
SHIP1 inhibitor results in the downregu-
lation of SHIP1 in a proteasome-
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Figure 1. SHIP1 inhibition reduces viable
cell numbers and either G2/M or G0/G1
cell cycle arrest. (A) U266 MM cells were
treated for 10 min with increasing con-
centrations of PtdInd(3,4)P2 or
PtdIns(3,4,5)P3, using shuttle PIP kit as de-
scribed. Cells were subsequently lysed
and proteins were separated by sodium
dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE). Blots were
probed with antibodies against phos-
phorylated Akt. Equal loading was con-
firmed by reprobing the blots with anti-
bodies against actin. (B) OPM2, U266
and RPMI8226 cells were treated for 48 h
with increasing concentrations of 3AC,
and viable cell numbers were deter-
mined by a cell-counting kit. The means
of at least three independent experi-
ments are shown. Asterisks indicate sig-
nificant differences between OPM2 cells
and U266 and RPMI8226 cells. —●—,
OPM2; —■—, RPMI8226; —▲—, U266. (C)
MM cell lines were cultured in the pres-
ence or absence of 12.5 μmol/L 3AC of
48 h and 10 μmol/L BrdU for 14 h. Cells
were subsequently labeled with
APC–anti-BrdU and 7AAD, and cell cycle
status was analyzed by flow cytometry. A
representative example of two indepen-
dent experiments is shown. conc, con-
centration. , sub G0/G1; , G0/G1;

, G2/M; , S.



 dependent fashion, which may contribute
to the cytotoxic effects on MM cells after
long-term exposure to this compound.

SHIP1 Inhibition Reduces MM Cell
Growth In Vivo

We previously showed that 3AC treat-
ment reduces basal- and insulinlike
growth factor (IGF)-1–induced activation
of Akt in OPM2 cells (19) and now dem-
onstrate that SHIP1 inhibition results in
cell death through apoptosis. We sought
then to determine if the observed in vitro
effects on cancer cell survival were suffi-
ciently sustained and robust to enable
abrogation of MM growth in vivo. For
this analysis, we used a tumor xenograft
model of MM. We challenged
NOD/SCID/γcIL2R (NSG) mice with
OPM2 cells and then initiated SHIP1 in-
hibitor or vehicle treatment. Mice re-
ceived an initial injection of either 3AC
or vehicle 6 h after injection of MM cells
and then daily for 1 wk (induction
phase) followed by biweekly injections
of 3AC or vehicle for the subsequent 15
wks of the study (maintenance phase).
OPM2 is an IgGλ-secreting cell line, and
the amount of free human Igλ light
chain in the serum of mice is therefore a
clear indication of tumor burden. We
found that 3AC results in reduced MM
growth in vivo, as determined by quanti-
tation of free human Igλ light chain in
the plasma after OPM2 challenge (Fig-
ure 4A). In addition, reduced numbers
of circulating OPM2 cells, as determined
by human HLA-ABC staining, was ob-
served in  peripheral blood from 3AC-
treated mice compared with vehicle con-
trols (Figures 4B, C). Most importantly,
3AC treatment results in significantly
enhanced survival of mice after tumor
challenge (Figure 4D). Thus, treatment
with a SHIP1 selective inhibitor (3AC)
significantly abrogated MM tumor
growth in vivo as well as in vitro. In
3AC-treated mice that resisted treat-
ment, we found that MM tumors exhib-
ited an upregulation of SHIP2 (Figure
4E), reminiscent of in vitro treatment of
OPM2 cells (see Figure 3A) and suggest-
ing that SHIP1 inhibition may select for
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Figure 2. SHIP1 inhibition affects apoptosis induction differently in MM cell lines. (A) MM
cells were treated with increasing concentrations of 3AC for 48 h and Annexin V–positive
cells were determined by fluorescence-activated cell sorter (FACS) analysis. Results repre-
sent the mean increase in apoptotic cells in two independent experiments. , U266; 

, RPMI8226; , OPM2. (B) MM cells were treated for 48 h with increasing concentra-
tions of 3AC. After cell lysis, proteins were separated by SDS-PAGE and blots were probed
with antibodies against hallmark proteins for apoptosis or autophagy (upper panel:
cleaved caspase 3, cleaved caspase 9, LC3B-II; lower panel: cleaved PARP). Equal load-
ing was confirmed by reprobing blots with antibodies against actin. conc, concentration.

Figure 3. Treatment of MM cells with 3AC results in proteasomal degradation of SHIP1. (A)
MM cells were treated for 48 h with increasing concentrations of 3AC. After cell lysis, pro-
teins were separated by SDS-PAGE and blots were probed with antibodies against SHIP1,
SHIP2 and PTEN. Equal loading was confirmed by reprobing blots with antibodies against
actin. (B) MM cells were treated for 48 h with 10 μmol/L 3AC in the absence or presence
of 10 μmol/L MG-132. After cell lysis, proteins were separated by SDS-PAGE and blots were
probed with antibodies against SHIP1. Equal loading was confirmed by reprobing blots
with antibodies against actin. conc, concentration.



tumor cells with increased SHIP2 ex-
pression.

Novel Pan-SHIP1/2 Inhibitors Reduce
Cell Viability MM Cells

With the exception of primary osteo-
lineage cells, SHIP1 expression is lim-
ited to cells from the bone marrow and
blood. To investigate a potential wider
use for SHIP inhibitors in the treatment
of cancer, we searched for inhibitors of
SHIP2. Our initial high throughput

screening of chemical libraries estab-
lished 3AC as a selective inhibitor of
SHIP1, but also identified three other
compounds that were capable of inhibit-
ing SHIP1 activity as determined by
 fluorescence polarization assays (Fig-
ures 5A–C, panels i and ii) (that is, 1PIE,
2PIQ and 6PTQ). However, whereas
3AC showed high selectivity for SHIP1
as determined by Malachite Green phos-
phatase assay (19), these latter com-
pounds also showed high inhibitory ac-

tivity against SHIP2 (Figures 5A–C,
panel iii). The SHIP1/2 half-maximal in-
hibitory concentration (IC50) values for
1PIE, 2PIQ and 6PTQ are 30 μmol/L/
30 μmol/L, 500 μmol/L/500 μmol/L
and 63 μmol/L/35 μmol/L, respec-
tively. To demonstrate selectivity of
1PIE, 2PIQ and 6PTQ over other lipid
phosphatases, we precipitated the inosi-
tol 5-phosphatase OCRL from OPM2
cells and tested its ability to dephospho-
rylate PtdIns(4,5)P2 in the presence of
pan-SHIP inhibitors by Malachite Green
assay. In parallel, SHIP1 was precipi-
tated from OPM2 cells, and its capacity
for PtdIns(3,4,5)P3 dephosphorylation
was measured in the absence or pres-
ence of 1PIE, 2PIQ and 6PTQ. As shown
in Figure 5D, 1PIE, 2PIQ and 6PTQ were
highly selective for recombinant SHIP2
and precipitated SHIP1, with little effect
on OCRL phosphatase activity.

Using these compounds, we then set
out to investigate the effect of pan-
SHIP1/2 inhibition on tumor cell
growth. As shown in Figures 6A–C, a
significant reduction in viable MM cell
numbers was observed with all com-
pounds. Although cell killing reached
statistical significance by 7.5 μmol/L for
all inhibitors used, 2PIQ was less effec-
tive in all MM cell lines tested.
RPMI8226 cells showed a significantly
lower sensitivity to all pan-SHIP in-
hibitors when compared with OPM2 and
U266 cells, which behaved essentially
identical. As may be expected, MM cell
lines showed a higher sensitivity to the
pan-SHIP inhibitors, compared with the
SHIP1-selective compound 3AC (com-
pare Figures 6A–C with Figure 1B).

Cell Cycle Arrest and Apoptosis
Induction by Pan-SHIP Inhibition in
MM Cells

Next, we aimed to investigate the mo-
lecular effect of pan-SHIP inhibition on
MM cells. We chose to focus these stud-
ies on 1PIE, since this compound is one
of the most efficient cytotoxic agents and
showed high selectivity toward SHIP2.
Treatment of OPM2, RPMI8226 and U266
cells with 10 μmol/L 1PIE resulted in a
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Figure 4. 3AC treatment inhibits MM cell growth in vivo. NOD/SCID/γcIL2R (NSG) mutant
mice were challenged with 1 × 107 MM cells (OPM2) by intraperitoneal injection. Six h
later, the mice received their first injection of 3AC, followed by a daily dose for the next 
7 d and then a biweekly dose for the ensuing 15 wks. (A) Enzyme-linked immunosorbent
assay quantitation of human (Hu) λ light chain present in the serum of OPM2 challenged
mice (3AC- or vehicle-treated) and unchallenged mice as indicated. (B) Representative
FACS detection and quantitation of human MM cells in the circulation of NSG mice is indi-
cated. (C) Box and whisker plots showing the mean, range and standard deviation for
MM detected by flow cytometry in the indicated electronic gate in (B). (D) Survival of
3AC and vehicle treatment (Veh) groups that were challenged with MM cells (n =
11/group). (E) Western blot analysis of SHIP2 expression in MM tumors recovered from vehi-
cle-treated (Veh) or 3AC-treated mice. PBMC, peripheral blood mononuclear cells. 



G2/M cell cycle arrest in all cell lines
studied, thereby reducing the amount of
cells undergoing the S phase (Figure 7A).
In addition, we observed a drastic in-
crease in sub-G0/G1 phase cells, an indi-
cation of considerable onset of apoptosis.
This result was confirmed by Annexin V

staining of 1PIE-treated MM cells (Fig-
ure 7B). Consistent with cell survival
data, an increase in apoptotic cells was
found in all cell lines tested. RPMI8226
cells, which were the least susceptible to
pan-SHIP1/2 inhibitors in cell viability
assays, also showed the least increase in

percentage of Annexin V–positive cells
(191% ± 41%, P = 0.16), followed by U266
(555% ± 70%, P = 0.02) and OPM2 cells
(603% ± 90%, P = 0.03). Initiation of apo-
ptosis was accompanied by an increased
presence of cleaved caspase 9, caspase 3
and PARP, implying activation of the in-
trinsic apoptosis pathways in all these
cell lines in response to exposure to in-
creasing concentrations of 1PIE (Figure
7C). In addition, cleaving of LC3 was ob-
served, indicative of autophagic cell
death mechanisms (see Figure 7C).

Taken together, these data show that
inhibition of SHIP1/2 in MM cells results
in a G2/M cell cycle arrest, followed by
caspase cascade activation and ending in
extensive apoptosis.

Pan-SHIP Inhibitors Reduce Cell
Viability of SHIP2 Expressing Breast
Cancer Cells

We next sought to determine whether
inhibition of SHIP may have broader ap-
plicability in cancer treatment. For this
purpose, we studied the effect of pan-
SHIP inhibition on cell viability in
SHIP2-expressing breast cancer cells.
Two well-described cell lines, MDA-MB-
231 and MCF-7, which do not express
SHIP1 (Figure 6D), were resistant to
treatment with 3AC (Figures 8A, B), con-
sistent with the SHIP1 selectivity of this
compound. Excitingly, however, cell via-
bility was severely reduced by treatment
of breast cancer cells with increasing con-
centrations of 1PIE, 2PIQ or 6PTQ, show-
ing that targeting SHIP2 activity may be
a viable objective for the treatment of
breast cancer.

Exogenous PtdIns(3,4)P2 Rescues
Breast Cancer Cells from Pan-SHIP
Inhibitors

As for 3AC treatment of OPM2 MM
cells (19), we observed a diminished
IGF-1–induced phosphorylation of Akt in
the presence of 1PIE, 2PIQ or 6PTQ in
MDA-MB-231 cells and to a lesser degree
in MCF-7 cells (Supplementary Figure 1).
To prove an involvement of PtdIns(3,4)P2

in the reduced viability of breast cancer
cell lines by pan-SHIP inhibitors, MCF-7
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Figure 5. Identification of pan-SHIP inhibitors. (A–C) (i) Structures of 1PIE (A), 2PIQ (B) and
6PTQ (C). (ii) Fluorescence polarization assay shows inhibition of recombinant SHIP1 activ-
ity by 100 μmol/L 1PIE (A), 2PIQ (B) and 6PTQ (C). The decrease in mean polarization units
without compound (–) is inhibited by adding 1PIE, 2PIQ or 6PTQ to the reaction mix (+). (iii)
Comparison of efficiency of recombinant SHIP1 and SHIP2 inhibition by increasing con-
centrations of inhibitors, as determined by either Malachite Green assay (2PIQ, B) or fluo-
rescence polarization assay (1PIE [A] and 6PTQ [C]). (D) Recombinant SHIP2 and SHIP1
precipitated from OPM2 cell lysates were allowed to dephosphorylate PtdIns(3,4,5)P3 in
the absence (DMSO) or presence of inhibitors. OCRL, precipitated from OPM2 cell lysates,
was allowed to dephosphorylate PtdIns(4,5)P2 in the presence of inhibitors or DMSO con-
trol. Free phosphate groups were detected with Malachite Green reaction. The percent-
age inhibition of phosphatase activity in two independent immunoprecipitation experi-
ments is represented (means ± SEM).



breast cancer cells were cultured in the
presence of 10 μmol/L 1PIE, 2PIQ or
6PTQ, thereby reducing viable cell levels
to around 20%. Adding increasing con-
centrations of exogenous PtdIns(3,4)P2

rescued cells from treatment with all pan-
SHIP inhibitors, albeit to a different extent
for each compound (Figures 8C–E). In
contrast, exogenous addition of the phos-
pholipid PtdIns(3,5)P2, which is not in-
volved in PI3K signaling, did not rescue
MCF-7 cells from treatment with either
1PIE, 2PIQ or 6PTQ. In addition, exoge-
nous PtdIns(3,4)P2 or PtdIns(3,5)P2 had lit-
tle effect on MCF-7 growth when SHIP2
was not inhibited, that is, in the presence
of the selective SHIP1 inhibitor 3AC (Fig-
ure 8F). Together, these results confirm
the importance of reduced  PtdIns(3,4)P2

levels in the cytotoxic effect of pan-SHIP
inhibition in breast cancer cells.

DISCUSSION
The prevalent belief that the lipid

phosphatases SHIP1 and SHIP2 act
solely to counteract PI3K-induced sur-
vival signals (23) is slowly being chal-
lenged (2,19). PtdIns(3,4)P2 was demon-
strated to have a higher affinity for Akt
than PtdIns(3,4,5)P3, (14), and in accor-
dance with this finding, several studies
have shown that reduction of SHIP2 ac-
tivity may result in decreased, rather
then increased, Akt activity, leading to
reduced proliferation and enhanced cell
death (15,24). SHIP2 overexpression has
been described in primary breast cancer,
and SHIP2 is required for the prosur-
vival signal initiated by epidermal
growth factor receptor in this tumor
type (25). We now describe three novel
pan-SHIP inhibitors, which were able to
effectively kill two breast cancer cell

lines in addition to three MM cell lines.
Although we are not the first to identify
SHIP2 inhibitors, to the best of our
knowledge, we are the first to present
data suggesting SHIP2 enzymatic inhibi-
tion may indeed be a useful tool in the
treatment of breast cancer. Because
breast cancer remains one of the most
commonly diagnosed tumor types, and
depending on disease stage, remains
 incurable in 7–85% of patients (www.
cancer.org, national cancer database),
our findings may present a step forward
in the ongoing search for novel, more ef-
fective treatments.

A role for SHIP inhibition in MM was
suggested by our previous studies show-
ing cell killing of a MM cell line with the
SHIP1 inhibitor 3AC (19). We now ex-
tend these findings to a wider cohort of
MM cell lines and show the ability of
3AC to inhibit MM cell growth in an in
vivo mouse model. Furthermore, we
demonstrate that in addition to SHIP1,
SHIP2 may present a target for treat-
ment. MM, a clonal plasma cell neo-
plasm leading to renal failure, hypercal-
cemia and skeletal destruction, presents
with very heterogeneous clinical behav-
ior (26). It is therefore interesting to note
that 3AC treatment exerts different
mechanistic effects on different MM cell
lines. We find a G2/M cell cycle block in
OPM2 cells, with caspase cascade activa-
tion, PARP cleavage and apoptosis in-
duction. In contrast, RPMI8226 and U266
cells were blocked in the G0/G1 phase of
cell cycle, but showed less induction of
apoptosis. These results are reminiscent
of a previous study in which treatment
of myeloid leukemia cells with the natu-
ral compound apigenin resulted in
G2/M arrest followed by classic apopto-
sis, whereas the same compound caused
a G0/G1 block in an erythroid leukemia
cell line (27), which corresponded to au-
tophagy rather than apoptosis. Au-
tophagy, or autophagocytosis, is a re-
versible process in which intracellular
components are sequestered and de-
graded in double membrane autophago-
somes (28). This strategy may serve to
temporarily protect cells from cytotoxic
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Figure 6. Pan-SHIP1/2 inhibitors reduce viable cell numbers of SHIP2-expressing MM cells.
RPMI8226 (A), U266 (B) and OPM2 (C) cells were treated with increasing concentration of
pan-SHIP inhibitors for 36 h, and cell viability was determined with a cell counting kit. The
mean of three independent experiments is shown. Asterisks indicate the concentration
(conc) at which cell killing became significant for each compound. Double asterisks indi-
cate at which concentrations 2PIQ showed significantly less cell killing than 1PIE or 6PTE.
—●—, 1PIE; —■—, 6PTQ; —▲—, 2PIQ. (D) Untreated MM (RPMI8226, U266 and OPM2) cells
and breast cancer cells (MCF-7 and MDA-MB-231) were lysed, and proteins were sepa-
rated by SDS-PAGE, after which the blots were probed with antibodies against SHIP1, SHIP2
and PTEN. Equal loading was confirmed by reprobing the blots with antibodies against
actin. conc, concentration.



stimuli, but can progress to apoptosis
after prolonged cellular stress (29). The
number of autophagosomes correlates to
the amount of lipidated LC3B-II protein
found in the cell and is generally consid-
ered to be a hallmark of autophagy (30).
We found increased LC3B-II expression
in all MM cells upon treatment with 3AC
and pan-SHIP inhibitors. Interestingly,
PTEN positively regulates autophagy,
and loss of PTEN has been shown to in-
hibit autophagy without affecting LC3B
conversion (31). It is therefore conceiv-
able that OPM2 cells, which are PTEN
deficient (Figures 3A and 6D), are inca-

pable of properly initiating the au-
tophagic process, thus directly diverting
to apoptosis, whereas the PTEN-
 expressing U266 and RPMI8226 cells are
relatively more resistant to 3AC-induced
cell death by engaging the autophagic
pathway. Additionally, another explana-
tion might be found in Maiso et al. (32),
who found that inhibition of IGF signal-
ing, resulting in reduced Akt activity and
G0/G1 cell cycle arrest, leads to  caspase
3–, 8– and 9–independent apoptosis in
PTEN-competent MM cell lines.

PTEN deficiency in OPM2 cells re-
sults in increased constitutive Akt phos-

phorylation compared with RPMI8226
and U266 cells (33 and our own unpub-
lished observations). It is possible that
as a result, this cell line has become
more dependent on Akt-activated sur-
vival signals and is therefore more sus-
ceptible to perturbations in the levels of
phospholipids governing this pathway.
Consistent with the “Two PIP hypothe-
sis,” the ratio and absolute amounts of
both PtdIns(3,4,5)P3 and PtdIns(3,4)P2

may be critical to cancer cell survival
and growth, where a change in the level
of either PIP species could cause cell
death. This may also explain why stim-
ulation of SHIP1 activity with a specific
agonist also caused apoptosis in MM
cell lines, including OPM2 and
RPMI8226 (34).

Our in vitro studies with chemical inhi-
bition of SHIP1 in blood cancer cells pre-
dicted that SHIP inhibition, because of its
negative impact on PtdIns(3,4)P2 levels
and Akt/PKB activation in cancer cells,
is sufficiently cytotoxic for MM cells such
that MM tumor growth in vivo might be
abrogated. Here we demonstrate that
chemical inhibition of SHIP1 can elimi-
nate residual disease in a lethal MM
tumor model. Our results with chemical
inhibition of SHIP suggest that SHIP has
a tumor-promoting role in human
myeloid leukemias and MM via its syn-
thesis of PtdIns(3,4)P2, whereas other re-
cent studies indicate SHIP can serve as a
tumor suppressor in murine virally in-
duced erythroid leukemia (35) and
murine B cell lymphoma (36). In these
latter models, it will be critical to deter-
mine whether inappropriate induction of
s-SHIP or SHIP2 expression has occurred
in these SHIP1 mutant tumor models
and thus provided a compensatory enzy-
matic source of PtdIns(3,4)P2. Our find-
ing that increased SHIP2 expression is
selected in 3AC-resistant MM tumors is
consistent with a “paralogue compensa-
tion” model. Intriguingly, viral infection
can induce inappropriate expression of s-
SHIP in lineage committed hematopoi-
etic cells (37), suggesting that “isoform
compensation” by s-SHIP may also be
possible in virally induced leukemia
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Figure 7. Pan-SHIP inhibitor 1PIE causes cell cycle arrest and induces apoptosis in MM
cells. (A) MM cell lines were cultured in the presence or absence of 10 μmol/L 1PIE for 48
h and 10 μmol/L BrdU for 14 h. Cells were subsequently labeled with APC–anti-BrdU and
7AAD, and cell cycle status was analyzed by flow cytometry. A representative example of
two independent experiments is shown. , sub G0/G1; , G0/G1; , G2/M; , S.
(B) MM cells were treated with increasing concentrations of 1PIE for 48 h and Annexin
V–positive cells were determined by FACS analysis. Results represent the mean increase in
apoptotic cells in two independent experiments. , U266; , RPMI8226; , OPM2. (C)
MM cells were treated for 48 h with increasing concentrations of 1PIE. After cell lysis, pro-
teins were separated by SDS-PAGE, and blots were probed with antibodies against
cleaved caspase 3, cleaved caspase 9, cleaved LC3B-II and cleaved PARP. Equal loading
was confirmed with antibodies against actin. conc, concentration.



models. Alternatively, survival of ery-
throid leukemias and B lymphomas may
be more dependent on the presence of
PtdIns(3,4,5)3 than PtdIns(3,4)P2, whereas
myeloid leukemias and MM survival
may be PtdIns(3,4)P2 biased. In all likeli-
hood, most cancers must sustain a cer-
tain threshold of both PtdIns(3,4,5)P3 and

PtdIns(3,4)P2 to maintain their malignant
state—the “Two PIP hypothesis” (2).

Aside from being a phosphatase, SHIP1
also functions to mask receptor tails to
prevent recruitment of other signaling
proteins (38,39), or as an adaptor protein
for proteins such as Shc, DOK1 and Grb2,
and as such has been proposed to reduce

Ras signaling (40). Theoretically, it is pos-
sible that while blocking phosphatase ac-
tivity with 3AC, these other functions of
SHIP1 may not be affected. However, we
observed a decrease in SHIP1 protein ex-
pression in MM cells upon prolonged
treatment with 3AC, suggesting that these
scaffolding functions may no longer play
a role. It has recently been shown that
SHIP-1 is ubiquitinated and targeted for
proteasomal degradation upon its phos-
phorylation (41). However, we did not ob-
serve a difference in IGF-1–stimulated
SHIP1 phosphorylation in MM cells after
pretreatment with 3AC (unpublished ob-
servations, GM Fuhler). Hence, the reason
for the proteasomal degradation of SHIP1
upon 3AC treatment remains unclear.

CONCLUSION
In conclusion, we describe three novel

pan-SHIP inhibitors and describe the
cell-killing effects of SHIP1/2 inhibition
in MM and breast cancer models. The
widespread expression of SHIP2 sug-
gests that inhibition of SHIP2 may find a
broader clinical application, whereas the
use of SHIP1 inhibitors may have the
benefit of surpassing innocent bystander
effects and therefore be more readily
used in the treatment of hematological
malignancies.
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Figure 8. Pan-SHIP inhibitors reduce viable cell numbers of SHIP2-expressing breast cancer
cells. MDA-MB-231 (A) and MCF-7 (B) cells were treated with indicated concentrations of
pan-SHIP inhibitors for 2 h. Cells were washed twice, and fresh medium was added. Viable
cell number was determined with a cell counting kit after 24 h, and results represent the
mean of at least two independent experiments. —●—, 3AC; —■—, 1PIE; —▲—, 6PTQ; 
—▼—, 2PIQ. (C–E) After treatment of MCF-7 cells with 10 μmol/L 1PIE, 2PIQ or 6PTQ for 2 h,
cells were subsequently cultured for 36 h in the absence or presence of the indicated
concentrations of PtsIns(3,4)P2 or PtdIns(3,5)P2, after which cell viability was determined
with a cell counting kit. The mean of three independent experiments is shown. —●—,
PI(3,4)P2; —■—, PI(3,5)P2. (F) MCF-7 cells were treated with 10 μmol/L 3AC for 2 h, after
which the medium was replaced and cells were cultured in the absence or presence of
indicated concentrations of PtsIns(3,4)P2 or PtdIns(3,5)P2 for 36 h. Cell viability was deter-
mined with a cell counting kit. —●—, PI(3,4)P2; —■—, PI(3,5)P2.
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