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ABSTRACT

Small molecule inhibitors of many classes of enzymes, including phosphatases, have
widespread use as experimental tools and as therapeutics. Efforts to develop inhibitors
against the lipid phosphatase and tumour suppressor, PTEN, was for some time limited by
concerns that their use as therapy could result in increased risk of cancer. However, the
accumulation of evidence that short term PTEN inhibition may be valuable in conditions such
as nerve injury has raised interest. Here we investigate the inhibition of PTEN by four
available PTEN inhibitors, bpV(phen), bpV(pic), VO-OHpic and SF1670 and compared this
inhibition with that of only 3 other related enzymes, the tyrosine phosphatase SHP1 and the
phosphoinositide phosphatases INPP4A and INPP4B. Even with this very small number of
comparators, for all compounds, inhibition of multiple enzymes was observed and with all
three vanadate compounds, this was similar or more potent than the inhibition of PTEN. In
particular, the bisperoxovanadate compounds were found to inhibit PTEN poorly in the
presence of reducing agents including the cellular redox buffer glutathione.
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Introduction

PTEN is a heavily studied lipid phosphatase and tumour suppressor. It metabolizes
PtdIns(3,4,5)P3, the principal product of the class I PI 3-Kinases and thus inhibits the
activation of the growth-promoting PI3K-AKT signalling pathway (Song et al., 2012,
Vanhaesebroeck et al., 2012). Structurally, PTEN is a 50kD cytosolic enzyme that interacts
transiently with the plasma membrane to metabolize its lipid substrate (Das et al., 2003, Lee
et al., 1999, Leslie et al., 2008, Vazquez et al., 2006) and its loss of function through several
distinct mechanisms is observed at high frequency in many tumour types (Fragoso and
Barata, 2014, Leslie and Foti, 2011, Song et al., 2012). PTEN activity has potent effects in
many cell lineages on cell proliferation, growth, survival and associated changes in
metabolism and in a more lineage-specific manner, can control cell polarization and
movement (Song et al., 2012). Many of these effects are mediated through PTEN-mediated
metabolism of the lipid PtdInsP3, but evidence for the importance of PIP3/PI3K independent
functions of PTEN has been presented (Bassi et al., 2013, Leslie et al., 2007, Raftopoulou et
al., 2004) and alternate mechanisms of action have been proposed (Shi et al., 2014, Song et
al., 2011, Tamura et al., 1999), although their significance is currently hard to judge. In
transgenic mouse models, tissue specific Pten deletion promotes tumorigenesis in many
tissues (eg mammary gland, prostate, keratinocytes, B-cells, T-cells) but can also affect
other processes such as oocyte maturation through mechanisms that are unclear (Davies et
al., 2012, Suzuki et al., 2008). PTEN activity appears to be regulated in physiology at several
levels, through regulation of PTEN expression and post-translational control of PTEN activity
(Leslie et al., 2008, Song et al., 2012). It is relevant to the consideration of PTEN inhibition
that PTEN, as with many related phosphatases, is highly sensitive to inhibition by reactive
oxygen species (ROS) and reactive nitrogen species (RNS) and there is good evidence that
this inhibition can occur in response to ROS/RNS generated endogenously within cells
(Kwak et al., 2010, Lee et al., 2002, Leslie et al., 2003, Yu et al., 2005).

PTEN is a member of the Protein Tyrosine Phosphatase (PTP) super-family with a
conserved catalytic mechanism reliant upon a reduced Cysteine nucleophile (Lee et al.,
1999). There are just over 100 PTPs encoded in the human genome, sharing a short active
site ‘signature motif’ and characteristic 3D phosphatase domain architecture (Alonso et al.,
2004, Andersen et al., 2004). However, they are divergent enzymes, dephosphorylating
lipids and nucleotide substrates in addition to phospho-serine, phospho-threonine and
phospho-tyrosine residues within proteins (Alonso et al., 2004, Deshpande et al., 1999,
Worby et al., 2006, Xiao et al., 2011). There is only one closely PTEN-related phosphatase
in humans that is known to have catalytic activity, TPIP (amino acid identity approximately
50% through the phosphatase domain) (Walker et al., 2001), which has expression restricted
largely to the testis and in contrast to PTEN probably dephosphorylates PI(4,5)P2 (Iwasaki
et al., 2008, Kurokawa et al., 2012). Other PTP lipid and protein phosphatase domains range
in similarity from 20-25% for closer relatives such as PTP4A1/PRL and CDC14 to the large
number of distantly related PTPs, with amino acid identities in the 5-10% amino acid identity
range. Although PtdInsP3 is also metabolised by phosphatases other than, PTEN, it appears
that these enzymes are all of the structurally unrelated phosphoinositide 5-phosphatase
family (Dyson et al., 2012, Elong Edimo et al., 2013).
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There is a wealth of data generated in vitro and in vivo to show that the manipulation of
PTEN activity could be of therapeutic benefit in several conditions. Initial consideration of
developing a PTEN inhibitor were discouraged by concerns that long term systemic PTEN
inhibition would lead to increased cancer risk and evidence that even modest reductions in
PTEN expression level lead to increased frequencies of certain tumours, particularly breast
(Alimonti et al., 2010a, Trotman et al., 2003). On the other hand, there is strong evidence
that PTEN activity inhibits both cell survival during cerebral (and cardiac) ischemia (Ning et
al., 2004, Ruan et al., 2009) and nerve regeneration after neuronal injury (Park et al., 2008).
For example, in transgenic mice, Pten deletion from the heart protects against cardiac
ischemia and deletion from either the spinal cord or optic nerve promotes nerve regeneration
after injury (Liu et al., 2010, Park et al., 2008, Ruan et al., 2009). This work showed that viral
Cre-driven Pten deletion promotes nerve regeneration after injury both in the spinal cord and
optic nerve. This improved outcome was despite inefficient deletion of Pten from only a
fraction of neurons and in some cases was evident when Pten was deleted only after injury
(Liu et al., 2010, Sun et al., 2011). Therefore, interest has developed in the potential
suppression of PTEN activity for the treatment of nerve injury and potentially cardiac
ischemia with the expectation that treatment periods measured in days and weeks would
have benefit without greatly elevating risks of cancer.

Inhibition of PTEN by vanadium compounds
Vanadium compounds, such as sodium orthovanadate have been recognized as inhibitors of
several classes of phosphatase enzymes since the 1970s, in some cases with reasonable
potency (eg. human liver alkaline phosphatase Ki<1M) (Seargeant and Stinson, 1979,
VanEtten et al., 1974). Although this broad spectrum phosphatase inhibition by vanadate
appears to be mediated by simple reversible competitive inhibition, a more selective
irreversible inhibition of several members of the protein tyrosine phosphatase family appears
to be achieved by aqueous peroxovanadium compounds due to oxidation of the active site
cysteine thiol (Bevan et al., 1995, Huyer et al., 1997). Subsequently, peroxovanadium
compounds such as bisperoxovanadium 1,10 phenanthroline (bpV(phen)) and
bisperoxovanadium 5-hydroxypiridine-2-carboxyl (bpV(HOpic)) were studied due to their
increased biological potency and evidence that these vanadium complexes have greater
target selectivity than the simple vanadate compounds. For example, bpV(phen) and
bisperoxovanadium 2-carboxypyridine (bpV(pic)) were shown to inhibit Cdc25A with some
selectivity, displaying IC50s determined in vitro in the presence of 1mM DTT in the 10-50nM
range (Scrivens et al., 2003).

Materials and Methods

All methods, including protein purification, and phosphatase assays have been previously
described (Leslie et al., 2003, Leslie et al., 2007, Ross et al., 2007). IC50 values were
calculated from the presented data by sigmoid curve fitting with SIGMAplot software.
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Results
Bisperoxovanadium compounds
In 2004 data were presented showing substantially greater potency of bpV(phen), bpV(pic)
and bpV(HOpic) against PTEN than against the classical PTPs, PTP1B and PTP. This
work also showed a bpV-mediated enhancement of insulin stimulated AKT activation that
was observed in cells expressing PTEN (NIH3T3 fibroblasts), but not in a PTEN null cell line
(UM-UC-3 bladder cancer) (Schmid et al., 2004). This stimulated significant interest in these
compounds as PTEN inhibitors and lead the authors to then show that a related vanadium
complex with alternate ligand structure, hydroxy(oxo)vanadium 3-hydroxypyridine-2carboxylic acid (VO-OHpic), showed the greatest apparent selectivity for PTEN (Mak et al.,
2010, Rosivatz et al., 2006). VO-OHpic (Alimonti et al., 2010b, Bolduc et al., 2013, Silva et
al., 2011) and the bpV compounds bpV(phen) and bpV(pic) (Faratian et al., 2009, Mao et al.,
2013, Obeidat et al., 2014, Zhou et al., 2007) have all now been used as tools in functional
studies from many groups to study the function of PTEN at concentrations ranging from
50nM to 5M (Alimonti et al and Silva et al both 500nM, Faratian et al 50nM, Mao et al,
100nM, Zhou et al 5uM). For structures of bpV(phen) and VO-OHpic, see Fig. 1. This led us
to test the selectivity of some of these vanadate compounds in vitro. In addition, since the
original selectivity analysis of Schmid et al assayed PTEN without reducing agents in the
assay buffer and comparator phosphatases in the presence of 5mM DTT, we elected to
investigate the effect of thiol reducing agents on the potency of these inhibitors. bpV(phen)
and bpV(pic) inhibited both PTEN and the classical PTP, SHP1, with IC50 values around
100nM in the addition of reducing agents to their assay buffers. However, in the presence of
2mM DTT, the IC50 was raised in each case by at least 100 fold, to 10M or higher (Fig. 2).
In contrast, the phosphoinositide 4-phosphatses, INPP4A and INPP4B were somewhat more
sensitive to these inhibitors, with IC50s around 20nM, but importantly, there appeared to be
little or no effect on this inhibition by 2mM DTT. Given that inhibitor and enzyme were briefly
pre-incubated in the absence of substrate, this selective result also argues that the loss of
inhibition is not simply caused by reductive modification of the bpV inhibitor before the
addition of substrate. This suppression by thiols of bpV-mediated inhibition is not limited to
the relatively strong reducing agent DTT, as even physiological concentrations of the cellular
redox buffer glutathione were sufficient to suppress the inhibition of PTEN by bpV
compounds (Fig. 3). These data together not only identify other phosphatases that are
inhibited by bpV(phen) and bpV(pic) with greater potency than PTEN but imply that in
cellular glutathione conditions, the nanomolar range concentrations of these inhibitors used
in several publications may have little or no effect to inhibit PTEN. We think this adds to
existing data indicating potent inhibition of other PTPs in the presence of mM concentrations
of thiol reducing agents to argue strongly against the use of bpV(Phen) and bpV(pic) as
selective cellular PTEN inhibitors.

VO-OHpic
We also studied the inhibition by VO-OHpic of PTEN and SHP1 using soluble
PtdIns(3,4,5)P3 and pNPP as respective substrates. Pre-incubation of the enzymes with
4

inhibitor had little or no effect on inhibition by VO-OHpic, consistent with data showing that it
acts reversibly (Mak et al., 2010). However, we found much weaker inhibition of PTEN by
VO-OHpic than previously reported, requiring concentrations in the micromolar range (IC50
6.74M) and also observed inhibition of SHP1 that was at least as potent (IC50 975nM). The
dramatic effect of DTT to reduce the inhibition of PTEN or SHP1 seen with the
bisperoxovanadium compounds was not observed with VO-OHpic (Fig. 4). A number of
explanations exist for the weak inhibition we have observed using VO-OHpic, including our
commercial sources of inhibitor. However, the inhibition by VO-OHpic of SHP1 with similar or
greater potency to PTEN using the same reagents and the potent inhibition of PTEN
observed with other inhibitors fail to provide support for VO-OHpic as a selective PTEN
inhibitor.

SF1670
In 2007, a patent presented a series of phenanthrene-9, 10-diones as PTEN inhibitors
(Garlich et al, 2007, Pten inhibitors, Patent EP1755574 A2). These compounds had been
developed from chemical series originally protected as inhibitors of the tyrosine phosphatase
CD45 (Chapdelaine et al, 2001, CD45 inhibitors, Patent WO2001046125 A2). However,
several of the compounds described showed 20x or greater selectivity for PTEN over
comparator phosphatases and had cellular effects consistent with PTEN inhibition. These
inhibitors included SF1670 (structure in Fig. 1) which has now been shown to have extensive
effects on neutrophil function which are consistent with action as a PTEN inhibitor (Li et al.,
2011). However, further evidence for the target selectivity of SF1670 has not been
presented. We investigated the ability of SF1670 to inhibit PTEN, SHP1 and INPP4A and
INPP4B in the presence and absence of additional DTT. We found little or no inhibition by
SF1670 of the phosphatase activity of SHP1 against pNPP up to 100M inhibitor
concentration and similarly only weak inhibition of INPP4A or INPP4B dephosphorylation of
soluble PtdIns(3,4)P2 at this highest concentration used. The inhibition of PTEN by SF1670
appeared only marginally more potent and unexpectedly was consistently stronger in the
presence of 1mM DTT than in the absence of additional reducing agents. However, a 15
minute pre-incubation of the enzyme and inhibitor led to much stronger inhibition, suggesting
that inhibition may be irreversible (Fig. 5).

Discussion
Current drug discovery aims to develop agents with recognized mechanisms of action and
for which side-effects caused in most cases by interaction with molecules other than the
drug target are tolerable. This has led to the concepts of clean drugs which act selectively on
their targets and dirty drugs which have many “off-target” effects. The advent in some drug
discovery areas of large selectivity panels, for example testing protein kinase inhibitors
against hundreds of other kinases (Bain et al., 2007, Davies et al., 2000, Goldstein et al.,
2008), has supported this aim towards high target selectivity. In the development of PTEN
inhibitors, obtaining target selectivity over other members of the large and diverse Protein
Tyrosine Phosphatase superfamily is a significant hurdle. However, academic laboratories
have demonstrated the ability to compare the inhibition of small panels of (10-20)
5

phosphatase enzymes (Ross et al., 2007, Sergienko et al., 2012) and at least one
phosphatase selectivity panel is available as a commercial inhibitor screening service
(Millipore phosphatase profiler). It may be possible to develop active site inhibitors for PTEN
given that its substrate binding pocket is much larger than those of the classical PTPs. Also,
evidence for the conformational activation of the PTEN catalytic domain when contacting
membrane surfaces supports the possibility of developing allosteric inhibitors not necessarily
targeting the active site. Our understanding of the biology of PTEN and the rich provision of
the assays and counter-screens required in an inhibitor programme provide strong
motivation to target the phosphatase. However, the data shown here do not provide support
for the high target selectivity of the available PTEN inhibitors and indicate that more effort
and target selectivity analysis is required in this area.
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Figure Legends

Fig. 1. Structures for the inhibitors used are shown: (A) bpV(phen), (B) VO-OHpic and (C)
SF1670.

Fig. 2. Concentration inhibition curves are shown for the effects of bpV(Phen) (A, C, E and
G) and bpV(Pic) against PTEN (A,B), SHP1 (C,D), INPP4A (E, F) and INPP4B (G,H). Each
set of assays was performed in parallel in the presence and absence of 2mM DTT. Enzymes
were pre-incubated for 5 minutes in the presence of inhibitor before the addition of substrate.
Activity data in arbitrary units are shown as the mean activity from duplicate assays +/- the
range/2. The experiments were performed on at least three occasions with similar results.

Fig. 3. The inhibition of (A) PTEN and (B) SHP1 by bpVPic was tested in the presence and
absence of the physiological redox buffer, reduced glutathione (GSH). Activity data in
arbitrary units are shown as the mean activity from duplicate assays + the range/2. The
experiments were performed twice with similar results.

Fig. 4. Concentration inhibition curves are shown for the effects of VO-OHpic on (A) PTEN
and (B) SHP1. Activity data in arbitrary units are shown as the mean activity from duplicate
assays +/- the range/2. The experiments were performed on at least three occasions with
similar results.

Fig. 5. The inhibition of (A, B) PTEN and (C) INPP4B by SF1670 in the presence (A) and
absence (B) of 1mM DTT. Inhibition by bpV(Phen) and bpV(pic) are used as positive
controls. Activity data in arbitrary units are shown as the mean activity from duplicate assays
+ the range/2. These experiments were performed twice with similar results.
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Figure 1

A: bpV(phen)

B: VO-OHpic

C: SF1670
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