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Because phosphoinositide 3-kinase
(PI3K) plays a central role in cellular
activation, proliferation, and survival,
pharmacologic inhibitors targeting com-
ponents of the PI3K pathway are ac-
tively being developed as therapeutics
for the treatment of inflammatory disor-
ders and cancer. These targeted drugs
inhibit the activity of either PI3K itself or
downstream protein kinases. However,
a previously unexplored, alternate strat-
egy is to activate the negative regula-
tory phosphatases in this pathway. The

SH2-containing inositol-5'-phosphatase
SHIP1 is a normal physiologic counter-
regulator of PI3K in immune/hematopoietic
cells that hydrolyzes the PI3K product
phosphatidylinositiol-3,4,5-trisphosphate
(PIP3). We now describe the identification
and characterization of potent and spe-
cific small-molecule activators of SHIP1.
These compounds represent the first
small-molecule activators of a phospha-
tase, and are able to activate recombinant
SHIP1 enzyme in vitro and stimulate SHIP1
activity in intact macrophage and mast

cells. Mechanism of activation studies
with these compounds suggest that they
bind a previously undescribed, allosteric
activation domain within SHIP1. Further-
more, in vivo administration of these com-
pounds was protective in mouse models
of endotoxemia and acute cutaneous ana-
phylaxis, suggesting that SHIP1 agonists
could be used therapeutically to inhibit the
PI3K pathway. (Blood. 2007;110:1942-1949)
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Introduction

In response to extracellular signals, phosphoinositide 3-kinase
(PI3K) becomes activated and phosphorylates phosphatidylinositol-
4,5-bisphosphate (PI-4,5-P,) within the plasma membrane to
generate phosphatidylinositol-3,4,5-bisphosphate (PIP;). PIP; then
initiates a cascade of downstream signaling pathways by interact-
ing with pleckstrin homology (PH) domain-containing proteins,
such as protein kinase B (PKB, also known as Akt), that regulate
cellular activation, proliferation and/or survival, depending on the
cell type and stimulus.! Cellular levels of PIP; are normally tightly
regulated by both PI3K and the 5" inositol phosphatases SHIP1
(SH2 domain—containing inositol phosphatase) and SHIP2, as well
as the 3’ inositol phosphatase PTEN, which dephosphorylates
PIP;.23 Of these, SHIPI is unique in that its expression is restricted
primarily to immune and hematopoietic cells.>* SHIP’s role in
immune cell homeostasis is shown both by the myeloproliferative
syndrome observed in SHIP1~/~ mice, as well as the hypersensitiv-
ity of SHIP1~/~ mice and cells to immune stimulation.>® SHIP1
mediates signaling from the inhibitory FcyRIIB receptor,” and is
important in terminating signal transduction from activating im-
mune/hematopoietic cell receptor systems.® Diminished SHIPI
activity or expression has been observed in human inflammatory
diseases® and hematopoietic malignancies.'0-13

Because dysregulated activation of the PI3K pathway contrib-
utes to inflammatory/immune disorders and cancer, intense efforts

have been invested into the development of inhibitors of PI3K
itself, as well as downstream protein kinases.!#!” The precedent for
discovery and biologic efficacy of kinase inhibitors is well
established, and a number of promising new PI3K isoform—specific
inhibitors have recently been developed and used in mouse models
of inflammatory disease!'®!° and glioma?® with minimal toxicities.
However, because of the dynamic interplay between phosphatases
and kinases in regulating biologic processes, inositol phosphatase
activators represent a complementary, alternative approach to
reduce cellular PIP; levels (discussed in Knight and Shokat!?). Of
the phosphoinositol phosphatases that degrade PIP;, SHIP1 is a
particularly ideal target for development of potential therapeutics
for treating immune and hemopoetic disorders because its hemato-
poietic-restricted expression would limit the effects of a specific
SHIP1 agonist to target cells, and hence would probably minimize
off-target tissue effects.

In search of small molecule modifiers of SHIP1, we developed a
chromogenic enzyme assay to monitor SHIP phosphatase activity,
and isolated the meroterpenoid pelorol as a potent SHIP1 activator
from a marine invertebrate extract library. Structural analogs of
pelorol, AQX-016A and AQX-MN100, were synthesized that
exhibited greater SHIP1-activating activity than the parent com-
pound. We show that these small-molecule agonists were able to
selectively activate SHIP1 through a novel allosteric activation
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mechanism, and are protective when administered to cell and
mouse models of inflammation.

Materials and methods

The animal studies were approved by the University of British Columbia
Animal Care Committee.

Formulation of compounds

For in vitro testing in the SHIP1 enzyme assay, AQX-016A and AQX-
MN100 were dissolved in EtOH and diluted into aqueous buffer (20 mM
Tris HCI [pH 7.5] and 10 mM MgCl,). The actual concentration of the drug
in solution was determined by optical density measurement at 280 nm (A ax
for both compounds) after high-speed centrifugation at 14 000g for
30 minutes to remove precipitated drug. For testing on cells, compounds
were formulated in the carrier cyclodextrin (Cyclodex Technologies, High
Springs, FL) at 6 mM (2 mg/mL). For oral administration to animals,
compounds were dissolved in 100% cremophore EL (Sigma-Aldrich
Canada, Oakville, ON, Canada) at 150 mM (50 mg/mL) prior to dilution to
6 mM in phosphate-buffered saline. However, while these compounds
caged in cyclodextrin or formulated in cremophore EL micelles were very
soluble in aqueous solution, they could not be used in the SHIP1 enzyme
assays because of interference from both cyclodextrin and cremophore EL.

Production of recombinant SHIP1 enzyme and SHIP1
C2 domain

N-terminal His¢-tagged SHIP1 enzyme was expressed in mammalian 293T
cells by transient transfection with pMEI18S-His-SHIP1 plasmid and
purified to more than 95% homogeneity by Ni-chelating bead chromatogra-
phy (Qiagen, Mississauga, ON, Canada). Recombinant SHIP1 C2 domain
(amino acid residues 725 to 863) was expressed in Escherichia coli
transformed with a pET28C expression vector constructed as described in
“Construction of the SHIPI AC2 mutant and isolated C2 domain.”
Recombinant protein purified from the cell lysates by Ni-chelating bead
chromatography was more than 95% pure.

In vitro SHIPI enzyme assay. SHIP1 enzyme assays were performed
in 96-well microtiter plates with 10 ng enzyme/well in a total volume of
25 L of 20 mM Tris HCI1 (pH 7.5) and 10 mM MgCl,. SHIP1 enzyme was
incubated with test extracts (provided in DMSO [dimethyl] sulfoxide]) or
vehicle for 15 minutes at 23°C before the addition of 100 wM inositol-
1,3.4,5-tetrakisphosphate (IP,; Echelon Biosciences, Salt Lake City, UT).
After 20 minutes at 37°C, the amount of inorganic phosphate released was
assessed by the addition of Malachite Green reagent, and absorbance
measurement was at 650 nm.2! For enzyme kinetics determinations,
enzyme reaction progress was measured every minute for 15 minutes at
concentrations of IP, ranging from 10 to 100 wM. Initial reaction velocities
were determined from the slope of the linear portion of the resulting time
courses and plotted against IP, concentration. SHIP2 enzyme was pur-
chased from Echelon Biosciences, and an equivalent amount of inositol
phosphatase activity was used in the in vitro enzyme assay. Enzyme data are
expressed as the mean of triplicates (= SEM). Experiments were performed
at least 3 times.

Production of SHIP1*'* and SHIP1~'~ bone marrow-derived macro-
phages and mast cells. Bone marrow cells were aspirated from
4- to 8-week-old C57BI6 X 129Sv mixed background mice and SHIP1+/*
and SHIP1~/~ mast cells prepared as described previously.?2 Bone marrow—
derived macrophages from SHIP1"/* and SHIP1~/~ mice were obtained
as described previously® and maintained in Iscove modified Dulbecco
medium (IMDM) supplemented with 10% fetal calf serum (FCS),
150 pM monothiolgylcerol (MTG), and 2% C127 cell-conditioned
medium as a source of macrophage colony stimulating factor (M-CSF;
macrophage medium).

LPS stimulation of macrophages. For the analysis of lipopolysaccha-
ride (LPS)-stimulated tumor necrosis factor a (TNFa) production,
2 X 107 cells were plated the night before in 24-well plates in macrophage
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medium. The next day, the medium was changed, and AQX-016A or carrier
was added to cells at the indicated concentrations for 30 minutes prior to the
addition of 10 ng/mL LPS. Supernatants were collected for TNFa
determination by enzyme-linked immunosorbent assay (ELISA; BD Bio-
sciences, Mississauga, ON, Canada). For analysis of intracellular signaling,
2 X 10° cells were plated the night before in 6-cm tissue-culture plates. The
next day, the cells were cultured in macrophage medium without M-CSF for
1 hour at 37°C and then pretreated with AQX-O16A or carrier for
30 minutes prior to the addition of 10 ng/mL LPS for 15 minutes. Cells were
washed with 4°C PBS and resuspended in lysis buffer (50 mM HEPES,
2 mM EDTA, 1 mM NaVO,, 100 mM NaF, 50 mM NaPP;, and 1% NP40)
supplemented with Complete Protease Inhibitor Cocktail (Roche, Montreal,
QC, Canada). Lysates were rocked at 4°C for 30 minutes and clarified by
centrifuging 20 minutes at 12 000g. Lysates were then made 1 X in
Laemmli buffer, boiled 2 minutes, and loaded onto 7.5% SDS-
polyacrylamide cells. Immunoblot analysis for phospho-PKB (Cell
Signaling, Mississauga, ON, Canada), SHIPI, and actin (Santa Cruz
Biotechnology, Santa Cruz, CA) were carried out as described previously.®

Stimulation of mast cells by FceRI crosslinking. Mast cells were
preloaded overnight in bone marrow mast cell (BMMC) medium lacking 1L-3
with 0.1 pwg/mL anti-DNP IgE (SPE-7; Sigma-Aldrich Canada). For calcium flux
measurements, cells were incubated with 2 wM fura 2-acetoxymethyl ester
(Molecular Probes, Eugene, OR) in Tyrode buffer at 23°C for 45 minutes. Cells
were then washed and incubated in the presence of vehicle control, LY294002, or
AQX-016A 30 minutes prior to stimulation with the indicated concentration of
DNP-human serum albumin (DNP-HSA). Calcium influx was monitored by
spectrofluorometry as described previously.?* For analysis of intracellular signal-
ing, cells were preloaded with anti-DNP IgE as for calcium flux measurements,
pretreated with AQX-016A or buffer control for 30 minutes at 37°C, and
stimulated with 20 ng/mL DNP-HSA for 5 minutes. Total-cell lysates were then
prepared and analyzed for phospho-PKB, phospho-p38MAPK, phospho-MAPK,
Grb-2 (Cell Signaling), and SHIP1® by immunoblot analysis as described
previously.>*

Mouse endotoxemia model. C57Bl6 mice aged 6 to 8 weeks
(Vancouver Coastal Health Research Institute [VCHRI], Mammalian
Model of Human Disease Core Facility, Vancouver, BC, Canada) were
orally administered the indicated dose of AQX-016A, AQX-MNI100,
dexamethasone, or carrier 30 minutes prior to an intraperitoneal injection of
2 mg/kg LPS (E coli serotype 0111:B4; Sigma-Aldrich Canada). Blood was
drawn 2 hours later for determination of plasma TNFa by ELISA. Results
are representative of 3 independent experiments.

Mouse acute cutaneous anaphylaxis model. CDI1 mice aged 6 to
8 weeks (University of British Columbia Animal Facility, Vancouver, BC,
Canada) were sensitized to the hapten DNP by cutaneous application of
25 nL 0.5% dinitroflourobenzene (DNFB; Sigma-Aldrich Canada) in
acetone to the shaved abdomen of mice for 2 consecutive days. At 24 hours
later, test substances (dissolved in 10 pL of 1:2 DMSO/MeOH) were
painted on the right ear, while the left ear received vehicle control. At
30 minutes after drug application, DNFB (2,4-dinitrofluorobenzene) was
applied to both ears to induce mast cell degranulation. A 6-mm punch was
taken from the ear and immediately frozen on dry ice for subsequent
determination of neutrophil myeloperoxidase (MPO) activity as described.?

Construction of the SHIP1 AC2 mutant and isolated C2 domain

A Hisg-tagged SHIP1 AC2 domain deletion mutant (deleting residues 725 to
863) in the mammalian expression vector pME18S was generated by a
standard polymerase chain reaction (PCR)-based methodology. An N-
terminal Hiss C2 domain construct was also generated by PCR inserted into
the pET28C bacterial expression vector using EcoRI and Ndel restric-
tion sites.

PLO assays

Protein lipid overlay (PLO) assays were performed essentially as de-
scribed?® with minor modifications. Lyophilized phosphatidylinositol-3,4-
bisphosphate diC16 (PIP,; Echelon Biosciences) was reconstituted in a
2:1.8 solution of methanol and water. PVDF membranes (Millipore,
Missisauga, ON, Canada) were initially wetted in methanol for 1 minute,
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washed 3 times for 5 minutes each with water, and gently agitated in TBST
buffer (20 mM Tris [pH 7.5], 0.15 M NaCl [TBS] with 0.05% Tween 20) at
23°C overnight. Treated membranes were air-dried, and dilutions of
reconstituted lipids were spotted in 1-pL aliquots to give the indicated
amount of PIP, per membrane spot. Membranes were dried completely and
blocked with blocking buffer (3% BSA in TBS with 0.05% NaN3) for 1
hour at 23°C. Purified, recombinant C2 domain was diluted into blocking
buffer (5 uM final) and treated with 4 pM AQX-MN100 or EtOH control
for 30 minutes at 23°C prior to overnight incubation with the PIP,-spotted
membranes. Membranes were washed 10 times over 50 minutes in TBST
buffer at 23°C and incubated with anti-Hiss mouse IgG (Qiagen, Missi-
sauga, ON, Canada) for 1 hour at 23°C. Membranes were washed 10 times
over 50 minutes and incubated with Alexa Fluor 660 goat antimouse IgG
(Invitrogen, Burlington, ON, Canada) for 1 hour at 23°C. After washing,
bound proteins were detected and quantified on a Li-Cor Odyssey scanner
(Lincoln, NE).

Scintillation proximity assays

AQX-MN100 was radiolabeled with tritium by GE Healthcare (Piscataway,
NIJ) to a specific activity of 155.4 X 10'9 Bq (42 Ci/mmol). Copper chelate
(His-Tag) YSi SPA Scintillation Beads (GE Healthcare, Piscataway, NJ)
were diluted in 0.25% BSA/TBS to 1.5 mg/mL, and recombinant,
Hise-tagged protein was added at the indicated concentrations: wild-type
(1 pM), AC2 SHIP1 enzyme (1 pM), or C2 domain (10 nM). Protein was
allowed to bind for 1 hour at 23°C, and 250 pg of beads were aliquoted per
well of a 96-well plate. A total of 0.185 MBq (5 wCi) of [PH]-AQX-MN100
was added per well, the plate was gently agitated for 30 minutes, and the
amount of bead-associated radioactivity was quantified by counting in a
Wallac (Perkin-Elmer, Waltham, MA) BetaPlate plate scintillation counter.

Results
Identification of small-molecule SHIP1 agonists

Recombinant SHIP1 enzyme was used in a chromogenic assay to
identify small-molecule modifiers of SHIP1 phosphatase activity
from a marine invertebrate extract library. Of approximately
2000 extracts tested, several exhibiting SHIP1 agonistic activity
were identified (Figure S1, available on the Blood website; see the
Supplemental Figures link at the top of the online article). Using
enzyme-guided fractionation, the active component was purified
from extract B8, derived from the Papua New Guinea sponge,
Dactylospongia elegans. We solved the structure of the active
component and identified it as the meroterpenoid pelorol,>” which
was also independently identified by Golcik et al?® from D. elegans
and by Kwak et al®® from Perrosasapongia metachromia. While the
interesting structure of pelorol was noted by both groups, and
Golcik et al reported antiprotozoan activity of this compound,?
neither group appreciated the ability of pelorol to activate SHIP1 or
modify the activity of mammalian cells as we now describe.

An efficient chemical synthetic protocol was then developed for the
production of pelorol from the commercially available terpenoid sclare-
olide.?” This allowed production of sufficient quantities for analysis in
biologic assays. In addition, certain synthetic intermediates, as well as
structural analogs of pelorol, were tested for their SHIPI-activating
ability. One of these, a synthetic intermediate designated AQX-016A
(compound 22 generated in 7 chemical steps from sclareolide in Yang et
al?’) was 3 times more potent than the natural product pelorol at the
same molar concentration (Figure 1A). Most of our subsequent studies
were therefore performed with AQX-016A.

To evaluate the specificity of AQX-016A for SHIPI, we
assessed AQX-016A’s ability to activate its most closely related
phosphoinositol phosphatase, SHIP2.> As shown in Figure 1B,
AQX-016A preferentially activated SHIP1 over SHIP2. We then
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Figure 1. AQX-016A increases SHIP1 enzyme activity in vitro and in intact cells.
(A) Purified pelorol, AQX-016A, 8-epi-pelorol, and 9-epi-pelorol were tested at 2 uM
for their ability to enhance SHIP’s enzyme activity. (B) The effect of AQX-016A on
SHIP1 (#) and SHIP2 (O) enzyme activity was compared in in vitro enzyme assays.
In panels C and D, J16 cells were treated for 30 minutes with 15 pM AQX-016A,
25 pM LY294002, or carrier prior to stimulation with 50 ng/mL of LPS for 15 minutes at
37°C. Cellular lipids were extracted and analyzed for PIP3 (C) and PI-3,4-P (D) levels
as described in “Materials and methods.” Data are expressed as means (+ SEM) and
are representative of 3 independent experiments.

determined whether AQX-016A was able to activate SHIP’s
enzyme activity in intact cells by analyzing the inositol phospho-
lipid content of macrophages stimulated with LPS in the presence
or absence of AQX-016A (Figure 1C). LPS stimulation of macro-
phages results in activation of PI3K and, as shown in Figure 1C,
LPS induced a 3- to 5-fold increase in PIP; levels. Treatment of
cells with AQX-016A abolished this increase in PIP; levels (Figure
1C) and resulted in a corresponding increase in the SHIP1
hydrolysis product PI-3,4-P, (Figure 1D). For comparison, we also
treated LPS-stimulated cells with the PI3K inhibitor LY294002
and, as expected, PIP; levels were diminished to levels indistinguish-
able from cells not stimulated with LPS (Figure 1C) without a
corresponding increase in PI-3,4-P, levels (Figure 1D). Thus, both
AQX-016A and LY294002 inhibited the PI3K-mediated increase
in intracellular PIP; levels but through different mechanisms. The
increased levels of the specific SHIP1 product, PI-3,4-P,, observed
in AQX-016A-treated cells, was consistent with an activation of
SHIP-mediated 5'-dephosphorylation of PIP;.

AQX-016A inhibits macrophage and mast-cell activation

We next assessed the target specificity and biologic efficacy of
AQX-016A by comparing its effects on PI3K-regulated processes
in primary SHIP1*/* versus SHIP1~/~ macrophages and mast
cells. Both LPS-induced macrophage® and IgE-induced mast-cell
activation?>?* involve activation of PI3K-dependent pathways
which have previously been shown to be negatively regulated by
SHIPI. LPS stimulation of macrophages is associated with a
PIP;-dependent release of proinflammatory mediators such as
TNFa.® We examined the action of AQX-016A on SHIP1*/*
versus SHIP1~/~ bone marrow—derived macrophages. Cells were
pretreated for 30 minutes with AQX-016A prior to stimulation with
10 ng/mL of LPS for 2 hours. AQX-016A was able to suppress
TNFa production in SHIP1%/* cells by 30% at 3 pM and 50% at
15 uM (Figure 2A). In contrast, SHIP1~/~ cells, TNFa production
was indistinguishable from non—-AQX-016A—treated cells at 3 p.M
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Figure 2. AQX-016A inhibits immune cell activation. A
(A) SHIP1+/+ (@) and SHIP1~/~ (M) macrophages were
pretreated with AQX-016A or carrier 30 minutes prior to
stimulation with 10 ng/mL of LPS at 37°C for 2 hours and
TNFa production determination by ELISA. Absolute TNFa
levels for SHIP1+/* and SHIP1-/~ cells were 623 + 30
and 812 = 20 pg/mL, respectively. Data are expressed
as means (+ SEM) and are representative of 3 indepen-
dent experiments. (B) SHIP1+/+ and SHIP1~/~ mast cells
were preloaded with IgE and Fura-2 as described in
“Materials and methods, Stimulation of mast cells by
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and was suppressed 15% at 15 pwM. For comparison, the PI3K
inhibitor LY294002 inhibited both SHIP1*/* and SHIP1~/~ macro-
phages to the same extent (up to approximately 40% at 15 pM;
Figure S2). Activation of mast cells via IgE plus antigen crosslink-
ing of their IgE receptors results in elevation of intracellular
calcium levels.??3% As shown in Figure 2B, AQX-016A selectively
inhibited IgE plus antigen-induced calcium entry to a substantially
greater degree in SHIP1*/* than in SHIP1 /- bone marrow—
derived mast cells, whereas LY294002 inhibited both SHIP1*/*
and SHIP1~/~ mast cells to the same extent (Figure S3). These data
were consistent with AQX-016A inhibiting PI3K-dependent macro-
phage and mast-cell responses in a SHIP-dependent manner.

Next, we compared the ability of AQX-016A to inhibit activa-
tion of PIP;-dependent downstream signaling proteins in SHIP1*/*
versus SHIP1~/~ cells. LPS stimulation of macrophages results in
PKB phosphorylation. As shown in Figure 2C, AQX-016A prefer-
entially inhibited, in a dose-dependent manner, LPS-stimulated
PKB phosphorylation in SHIP1*/* but not in SHIP1~/~ macro-
phages. Similarly, AQX-016A inhibited the phosphorylation of
PKB, p38MAPK "and extracellular signal-regulated kinase (ERK) in
SHIP1*™* but not in SHIP1~/~ mast cells (Figure 2D). Similar
protein loading was confirmed by reblotting with either antibodies
to PKB or Grb2. We also examined the ability of AQX-016A to
inhibit PKB activation in nonhematopoietic, prostate epithelial
LNCaP cells, which do not express SHIP1. The human prostate
cancer cell line LNCaP exhibits constitutive activation of PKB due
to the loss of PTEN expression.3! As shown in Figure S4,
LY294002 efficiently suppressed PKB phosphorylation, whereas
AQX-016A had no effect at doses up to 60 wM. Thus, AQX-016A
inhibits PIP;-regulated intracellular signal transduction events in
SHIP-expressing hematopoietic cells, but not in SHIP-deficient
hematopoietic or nonhematopoietic cells.

AQX-016A inhibits inflammation in vivo

We went on to test whether AQX-016A would be effective in
inhibiting inflammatory reactions in vivo by assessing its ability to

[ ——-'| Grbe2

provide protection in mouse models. The mouse model of endo-
toxic shock involves intraperitoneal injection of bacterial LPS and
measurement of serum TNFa levels 2 hours later.3> We orally
administered AQX-016A or the steroidal drug dexamethasone to
mice 30 minutes prior to the LPS challenge. As predicted for an
activator of SHIP1 and an inhibitor of macrophage activation,
AQX-016A reduced the level of serum TNFa and did so to the
same extent as dexamethasone (Figure 3).

AQX-MN100 is as biologically active as AQX-016A

Our observation that AQX-016A was substantially more active on
SHIP1*/* than SHIP1~/~ cells suggested it acted by specifically
targeting SHIP1. However, the presence of a catechol moiety
within AQX-016A (Figure 4A) was potentially problematic be-
cause catechols can exhibit activities independent of their specific
protein pocket binding interaction.!” For example, catechols can
bind metals or be oxidized to an orthoquinone, which can lead to
covalent modification of proteins through Michael reactions.?* To
rule out these possibilities, we synthesized a monophenolic version
of AQX-016A, designated AQX-MN100 (M.N. and R.J.A., manu-
script in preparation; Figure 4A). Analogous to AQX-016A,
AQX-MN100 enhanced SHIP1 enzyme activity in vitro (Figure

@
o
=]
e

AQX-016A

Figure 3. AQX-016A inhibits inflammation in a mouse model endotoxemia. (A)
Mice were administered 20 mg/kg AQX-016A or 0.4 mg/kg dexamethasone orally 30
minutes prior to an intraperitoneal injection of 2 mg/kg LPS. Blood was collected 2
hours later for TNFa determination by ELISA. Each symbol indicates 1 mouse, and
data are representative of 3 independent experiments.
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Figure 4. AQX-MN100 has the same biologic activities as AQX-016A. (A) Structures of AQX-MN100 and AQX-016A. (B) AQX-MN100 activates SHIP1 enzyme activity in
vitro. Assays performed as in Figure 1A. (C) AQX-MN100 inhibits TNFa production from LPS stimulated SHIP1+/* but not SHIP1~/~ BMmds. Cells and treatments were as
described in Figure 2A. (D) AQX-MN100 inhibits LPS-induced plasma TNFa levels in mice. Mice were treated as in Figure 2E. (E) AQX-MN100 inhibits DNFB-induced
neutrophil-specific myeloperoxidase (MPO) in sensitized mice. Mice were sensitized as in Figure 2F, and vehicle or AQX-MN100 applied to pairs of ears prior to DNFB
challenge. Some mice were not challenged with DNFB (no DNFB). Ears were harvested, and MPO levels were determined. P < .02 for the AQX-MN100 versus the
vehicle-treated groups. Data are expressed as the mean (+SEM) and are representative of 3 independent experiments.

4B). Like AQX-016A, AQX-MNI100 also selectively inhibited
TNFa production from SHIP1+/* but not SHIP1~/~ macrophages
(Figure 4C). The maximum inhibition of TNFa production by
AQX-MNI100 in this in vitro assay is approximately 50%, a level
comparable with the maximum inhibition exerted by LY292004
(Figure S2) and the macrophage inhibitory cytokine IL-10.3* Thus,
the calculated ECsq for this inhibition was 0.3 to 0.6 wM. Oral
administration of AQX-MN100 also efficiently inhibited the LPS-
induced elevation of plasma TNFa levels in the mouse endotox-
emia model (Figure 4D).

We also tested the ability of AQX-MN100 to inhibit cutaneous
anaphylaxis. Anaphylactic or allergic responses are mediated by
allergen-induced degranulation of presensitized mast cells.® The
mouse ear edema/cutaneous anaphylaxis model®® involves presen-
sitization of mice with the haptenizing agent dinitrofluorobenzene
(DNFB). At 1 week later, the allergic reaction is elicited by painting
DNFB onto the ears of the mice. The efficacy of potential
anti-inflammatory compounds is tested by topical application of the
test substance to 1 ear and comparing the resulting ear edema or
inflammation of the 2 ears. As shown in Figure 4E, topically
applied AQX-MN100 dramatically inhibited allergen-induced in-
flammation compared with the vehicle control-treated ear. AQX-
016A was also able to inhibit DNFB-induced inflammation in this
model (Figure S5).

SHIP1 is an allosterically activated enzyme

The allosteric regulation of enzymes has remained underappreci-
ated primarily because allosteric effectors are not easy to find.
While most allosteric regulators have been discovered through
serendipity, a few allosteric regulators have been deduced from

discovery of activators or inhibitors of enzymes as a result of
high-throughput chemical screens (HTSs).’® For example, the
allostery of glucokinase was discovered from an HTS in search of
activators for the treatment of diabetes.3® By analogy, our discovery
of small-molecule activators of SHIP1 led us to postulate that
SHIP1 might in fact be allosterically regulated. To this end, we
investigated the molecular mechanism by which AQX-MN100 acti-
vated SHIP1, first by performing classical enzyme kinetic analysis of its
phosphatase activity. Activity measurements were performed with
substrate concentrations from 10 to 100 wM. Plots of the initial reaction
velocity at each substrate concentration are predicted to exhibit a
hyperbolic profile if SHIP1 obeys conventional Michaelis-Menten
kinetics.”” However, we found SHIP1 in fact displayed sigmoidal
reaction kinetics, suggesting allosteric activation by its end product
(Figure 5A). Indeed, addition of the SHIP1 product PI-3,4-P, to the
enzyme reaction activated wild-type SHIP1 enzyme to the same extent
as AQX-MN100 (Figure 5B). Interestingly, the 3" inositol phosphatases
PTEN?® and myotubularin (MTM)*® have also been recently shown to
be allosterically activated by their phosphatidylinositol products
(PI-4,5-P, and PI-5-P, respectively).

In PTEN and MTM, the allosteric binding sites for their products
were mapped to lipid-binding motifs in each protein. The SHIP1 protein
contains a C2 domain located at the carboxy-terminal end of its
phosphatase domain* that we hypothesized could be its allosteric
binding site. C2 domains were first described in the protein kinase C
family where it serves to bind Ca>*,* but C2 domains have since been
identified in other proteins, where they have been shown to bind to a
variety of ligands, including lipids.*'*? To test this possibility,
we generated SHIP1 lacking its C2 domain (AC2 SHIP). As
shown in Figure 5B, although AC2 SHIP1 was as active as the

20z aunr g0 uo 3senb Aq Jpd'z16100208108UZ/8LE08YL/ZF61/9/01 L /4Pd-BloIuE/POOIq/A8U" Suolelgndyse//:dny woly papeojumoq



BLOOD, 15 SEPTEMBER 2007 - VOLUME 110, NUMBER 6

A

200 =484 150K1 4 spmemy . ==
= ¥ unm

w

B
bid

| EtOH
. ACX-MM100
T PI(3.4)P2

E
g

Initial velocity
{pmaole phosphate’min|
3
15
=

]
]
SHIP Phosphatase Activily
]

(proles phosphate/ming
=
a

B
=1

.11

20 50 &0 100 Wt ace
[inositol-1,3.4 5-tatrakisphosphate] (M)

(9]
o

o W EOH

“, ACX-MN100 L}

@
a
a

B

=3
[
g
|.

[
=1
=1

@
=
=3
=1
a

s00- gy L1 | -‘“—|

0 25 50 75 100 125 BSA G2 Domain
PI{3,4)P2 (pmocles)

C2 Domain Bownd
{(Arbitrary Fluorescence Units)
E
=
L
AQX-MMN100 Bound (1K CPM)
o
=

g

o

Figure 5. The C2 domain is required for end-product allosteric activation of
SHIP1 and binding of AQX-MN100. (A) SHIP1 enzyme initial velocities were
determined at the indicated concentration of inositol-1,2,4,5-tetrakisphosphate (IP,)
substrate. The equation Y =49 + 150/ (1 + 100980 - x) - 0.22) describes the line
with R2 = 0.98. (B) The ability of product PI-3,4-P, (20 M) or AQX-MN100 (3 uM) to
activate wild-type (WT) and C2 domain—deleted (AC2) SHIP1 enzyme was deter-
mined at 30 M IP,4. (C) Recombinant C2 domain was preincubated for 30 minutes at
23°C with 4.0 pM AQX-MN100 or EtOH control and allowed to bind to PI-3,4-P,
immobilized on membrane strips in a protein overlay assay as described in “Materials
and methods, PLO assays.” (D) Recombinant C2 domain (10 nM) was coated onto
copper chelate (His-Tag) YSi SPA Scintillation Beads in the presence of 0.25% BSA.
Beads were then incubated with 0.185 MBq (5 p.Ci) of [3H]-AQX-MN100, and the
bead-associated radioactivity was measured as described in “Materials and meth-
ods.” Data are expressed as means (=SEM) and are representative of at least 3
independent experiments.

wild-type SHIP1, its activity could not be enhanced by the
addition of either PI-3,4-P, or AQX-MN100. This suggested that
the C2 domain was required for the allosteric activation of
SHIP1 activity and that it might be the binding site for its
allosteric activators such as PI-3,4-P, and AQX-MN100.

To examine whether the C2 domain could bind PI-3,4-P,, we
expressed and isolated recombinant, Hisg-tagged C2 domain and
determined its PI-3,4-P,~binding ability using PLO assays.?® Purified
C2 domain was incubated with membrane strips spotted with PI-3,4-P,,
and bound protein was detected using an anti-Hisg antibody. As shown
in Figure 5C, the C2 domain bound PI-3,4-P,; this binding was inhibited
by AQX-MN100, consistent with both AQX-MN100 and PI-3,4-P,
interacting with the C2 domain at a common binding site. AQX-MN100
was verified to directly bind the C2 domain using scintillation proximity
assays (SPAs) in which SPA beads were coated with either the C2
domain or control protein (BSA) prior to incubation with [*H]-AQX-
MN100. As shown in Figure 5D, the C2 domain did indeed interact with
[PH]-AQX-MN100. In complementary studies, we observed that [*H]-
AQX-MN100 bound to wild-type SHIP1 but not to SHIP1 lacking its
C2 domain (Figure S6). Together, these data are consistent with
AQX-MNI100 directly binding to SHIP’s C2 domain, resulting in
allosteric activation of the enzyme.

Discussion

The PI3K pathway has been the target of intense efforts to develop
therapeutics.'*16** The PI3K family consists of multiple isoforms that
vary in tissue distribution and in the receptor systems to which they are
coupled.'® The classic PI3K inhibitors wortmannin and LY292004 have
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been excellent experimental tools for probing PI3K function, but they
have not been successful in clinical development partly because they
globally inhibit all members of the PI3K family.** Recently however,
isoform-specific inhibitors of PI3K have been developed. For example,
an isoform-selective inhibitor that preferentially inhibits PI3K+y has been
described. PI3K+y mediates signaling from G-protein—oupled receptors
(GPCRs), and although its expression can be detected in endothelium,
heart, and brain, it is primarily expressed in immune cells.** Selective
PI3Ky inhibitors thus benefit from PI3K+y’s relatively restricted expres-
sion compared with the other PI3K isoforms, and the fact that many
(though not all*®) inflammatory processes involve GPCR-dependent
steps.** This inhibitor was found to be protective in mouse models of
rheumatoid arthritis'® and glomerulonephritis.'® A dual PI3Koa/mTOR
inhibitor!” was also recently found to have efficacy in a human glioma
xenograft model?® without any undue toxicities, even though PI3Ka is
expressed in all tissues and plays an important role in insulin signal-
ing.!>4 To account for this observation, it has been postulated that a
sufficient therapeutic window exists because cancer cells become very
dependent on particular signaling pathways (called “oncogene addic-
tion™%), and thus pharmacologic inhibitors show selectivity toward
cancer versus normal cells.!* In addition to PI3K itself, downstream
protein kinases are also being targeted with mixed results. Work is
continuing on PKB inhibitors*’-#° with limited success, perhaps because
of dose limitations due to toxicities.’>>! The mTOR protein complex
(mTORCY1) inhibitor rapamycin, on the other hand, is currently ap-
proved as an immunosuppressive agent with manageable side effects.>
The toxicities of both PKB and mTORCT1 inhibitors are partly related to
the ubiquitous expression of both targets.

As a complementary approach to inhibiting PI3K and down-
stream protein kinases, we describe a novel paradigm for inhibiting
PI3K signaling through activation of the phosphatases that nega-
tively regulate this pathway. SHIP1 is a particularly good target for
immune/hematopoietic disorders because of its restricted expres-
sion to hematopoietic cells. Because the relative activity of
phosphatases present in a cell will influence the efficacy of kinase
inhibitors, as discussed by Knight and Shokat,'” SHIP1 agonists
could also be used to potentiate the activation of PI3K inhibitors
and promote tissue targeting of PI3K inhibitors to the hematopoietic/
immune cell compartment. Herein, we report the isolation of
pelerol as a small-molecule SHIP1 agonist and the synthesis of
more potent analogs (AQX-016A and AQX-MN100) that inhibit
macrophage and mast-cell activation in vitro and inflammation in
mouse models. Work is now under way to produce large quantities
of compound to test AQX-MNI100 in additional inflammatory/
autoimmune disease models. Initial toxicology studies suggest both
AQX-016A and AQX-MN100 are well tolerated and do not signifi-
cantly affect peripheral blood cell counts, bone marrow progenitor
numbers, and liver and kidney function (data not shown).

Our results suggest that the current model for SHIP1 activation,
involving translocation of SHIP1 via its SH2 or its phosphorylated
NPXY motifs from the cytoplasm to the plasma membrane without
any change in its intrinsic phosphatase activity,”® needs to be
modified. Specifically, we postulate that upon recruitment to the
plasma membrane, SHIP1 hydrolyzes a small amount of PIP; at a
low, basal rate. This generates some PI-3,4-P,, which then binds to
the C2 domain, leading to a conformation change which enhances
its catalytic activity. Interestingly, as mentioned earlier, end product
activation has also been reported for 2 3’ inositol lipid phospha-
tases. PTEN binds its product (PI-4,5-P,) using an N-terminal lipid
binding motif, resulting in enhancement of phosphatase activity.?
Similarly, the MTM phosphatase binds its product (PI-5-P) via a
divergent PH domain which allosterically activates its function.*
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In the case of PTEN, the requirement for PI-4,5-P, helps localize
PTEN protein to specific regions of the membrane.>*-5 In a similar
fashion, PI-3,4-P, may also similarly serve to localize SHIP1 to the
plasma membrane in addition to allosterically activating its phos-
phatase activity, providing a positive feedback mechanism to quickly
accelerate SHIP’s activity to degrade PIP;. Regardless of whether
PI-3,4-P, binding regulates SHIP1 localization, this newly described
allosteric activation domain within SHIP1 may be exploited therapeuti-
cally by pharmacologic agents such as AQX-MN100.

From its first description, allosteric sites have been considered to be
better drug targets than active sites, and allosteric regulators have been
predicted to possess more selectivity than active site modulators.3
While it remains challenging to prove that a specific drug-target
interaction is responsible for mediating its biologic effects, our observa-
tion that AQX-016A and AQX-MN100 had minimal effects on SHIP1~/~
mast cells and macrophages provides compelling support for the notion
that the PI3K pathway inhibitory effects observed are indeed mediated
through SHIP1. Furthermore, our observation that AQX-MN100 exhib-
its efficacy at a submicromolar ECs, (Figure 4C) suggests that it
possesses a low likelihood of off-target effects based on calculations by
Knight and Shokat.!” Indeed, we have found that AQX-MN100 had
minimal off-target effects on a screen of 100 other kinases and
phosphatases (Figure S7). Several of the targets included in this screen
are C2 domain—containing proteins such as protein kinase C, Raf-1, and
SHIP2. The lack of effect of AQX-MN100 on these enzymes suggest
AQX-MN100 interacts with residues in the SHIP1 C2 domain that are
not conserved in other C2 domains. In fact, the C2 domains of SHIP1
and SHIP2 only share 62% similarity (42% identity) at the amino acid
level. Studies are under way to characterize the residues in the SHIP1 C2
domain important for interacting with AQX-MN100.

In summary, we show proof-of-principle that small-molecule
activators of lipid phosphatases can be found, and that they provide
a new paradigm for inhibition of PI3K-dependent processes.
Small-molecule agonists of the hematopoietic cell-restricted SHIP1
enzyme, in particular, represent potential therapeutics for treatment
of immune/hematopoietic disorders in which the PI3K pathway is
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dysregulated. Because of their unique target and mechanism of
action, this novel class of SHIP1 agonistic compounds may also be
powerful synergistic agents in combination with current therapies.
Agonists of other allosterically regulated phosphatases, such as
PTEN38 and MTM,3® may similarly be useful for diseases in which
their impaired activity has been implicated.
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