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INTRODUCTION

Studies under this funded activity are focused on characterizing the role of the PIM1 gene in
acquired resistance to chemotherapy drugs, by prostate cancer cells. The proposal included
three specific aims: 1) to define a novel signal transduction pathway activated by docetaxel, 2)
to characterize the mechanism through which PIM1 activates and regulates NFkB signaling, and
3) to explore genetic and pharmacologic means of inhibiting PIM1 activity or expression to
enhance the sensitivity of prostate cancer cells to docetaxel and other chemotherapy drugs.

During the 03 year (October 1, 2007 through 9/30/2008) progress has been moderate, with
continuing disruptions due the move of Dr. Lilly’s laboratory from Loma Linda University to the
University of California, Irvine. A new laboratory staff person was hired to work on this project,
but had to be terminated in early August, 2008. We have not yet succeeded in replacing this
employee. A third manuscript has now been published (Journal of Biological Chemistry),
substantially completing specific aim #1, and partially completing specific aim #2. Several new
prototype PIM1 inhibitors have been acquired from industrial and academic sources, and are
being tested for synthergism with docetaxel and other chemotherapy drugs.

BODY
We will outline our progress through reference to the specific aims described above. The first
specific aim (specific aim #1)was to outline a
RWPE-2 signal transduction pathway activated by
docetaxel and involving upregulation of PIM1
PIM1 expression. This pathway has been
substantially defined. Using RWPE2 prostate
cells, we noted that docetaxel treatment rapidly
leads to an increase in expression of the PIM1
S— pPSTAT3 | serine/threonine kinase. Expression becomes
apparent at 3hrs after drug addition, peaks at 9-
12hrs, and returns to baseline by 24hrs (Fig. 1).
This increase in expression is accompanied by
an increase in pim-1 mRNA, as shown by real
time-PCR analysis (Fig. 2). Thus the effects of
docetaxel are primarily transcriptional or post-
— === BACTIN | transcriptional.

STAT3

We next wanted to define mechanisms through
0 3 6 9 12 24 hrRx which  pim-1  could be transcriptionally
Fig. 1. Time course of PIM1, pSTAT3 upregulated. Transcription of pim-1 is known to
expression be activated by STAT transcription factors and
by NFKB transcription factors. We examined
the time course of STAT3 activation after docetaxel treatment (Fig. 1), and noted that it
paralleled the course of pim-1 expression. We therefore suspected that docetaxel increased
pim-1 expression in a STAT3-dependent manner. This was directly demonstrated by use of
decoy oligonucleotides (Fig. 2). Double-stranded DNA oligonucleotides matching a known
STAT3 binding site blocked the drug-induced upregulation of pim-1 expression, while a decoy
based on a mutated (non-binding) STAT3 site did not. These data therefore establish a linear
relationship among the following events: docetaxel treatment—> STAT3 activation> pim-1
expression.
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Fig. 2. STAT3 decoy oligonucleotide blocks
pim1 increase after docetaxel treatment
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We hypothesized that NFkB transcriptional
activation would be a downstream event in this
signal transduction pathway, because many
chemotherapy drugs and other stressors are
known to activate NFkB. We engineered
RWPEZ2 cells to constitutively express a NFkB-
dependent promoter/luciferase plasmid, and
found that docetaxel treatment increased NFkB
transcriptional activity. We then transiently
infected these cells with a pim-1-encoding
retrovirus. Pim-1 expression also consistently
increased NFkB transcriptional activity. To

determine if the drug-induced increase in NFkB

activity occurred in a pim-1-dependent manner, we then infected the reporter cell line with a
retrovirus encoding a dominant-negative form of pim-1, pimNT81. The dominant negative pim-1
cDNA completely blocked the drug-induced upregulation of NFkB activity, demonstrating that

pim-1 expression is a necessary upstream step in
the drug-induced activation of NFkB (Fig. 3). In
these studies establish a signal
triggered by docetaxel
treatment of RWPE2 prostate cancer cells.

aggregate

transduction pathway

To determine if this pathway modified drug toxicity,
we examined the effects of enforced expression of
wild-type or NT81 pim-1 cDNAs of docetaxel cell
Docetaxel produced dose-dependent
cell kill in RWPE1, 2 cells. Enforced expression of
wild-type pim-1 cDNA markedly reduced cell death.
In contrast, expression of the dominant negative
NT81 cDNA enhanced cell death after docetaxel
These data demonstrate that pim-1
expression can modulate drug-induced cell death,

kill (Fig. 4).

treatment.

and demonstrate that the survival

Fig.3. Dominant negative PIM1 (NT81)
blocks docetaxel-induced activation of
NFkB transcrjptional activity
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described above is a legitimate target for pharmacologic intervention. These data have been
published in the Journal of Biological Chemistry (1; see reprint in appendix).

Fig. 4. Modulation of docetaxel cell kill by
enforced expression of pim-1 cDNAs.
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The goal of specific aim #2 was to define
pathways through which the PIM1 kinase could
activate NFkB transcriptional activity. We had
hypothesized that PIM1 would phosphorylate the
NFKB1/p105 precursor protein on serine-937,
leading to proteolytic cleavage of the protein with
release of active p50 protein as well as other
sequestered NFKB components and the TPL2
kinase. In the previous reporting period we
demonstrated that PIM1 can phosphorylate the
p105 NFKB1 precursor on serine 937, a novel
phosphorylation site. In addition we prepared a
polyclonal antibody specific for this phosphorylation
site. During the early part of this reporting period a
number of studies were undertaken to characterize
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the expression of phosphoNFKB1/p105(S937), using our phosphospecific antibody. An initial
study used mutant (S937D) p105 cDNAs to mimick the effect of phosphorylation. These
“phosphomimic” proteins
enhanced NFkB transcriptional
activity whereas the
corresponding S937A mutant
inhibits activity, compared to

Fig. 5. NFkB transcriptional activity of p105 mutants, WT

16000

14000

12000 the wild type NFKB1 protein
(Fig.5). In this experiment,
10000 HelLa cells were transfected
with a luciferase reporter gene
8000 under the control of a synthetic
consensus NFkB binding site,
6000 plus WT or mutant p105

cDNAs. Bars indicate the
firefly luciferase activity of the
transfectants, normalized to
that of a Renilla luciferase
0 transfection control plasmid.
These data indicate that if
Control WTp105 S937A  S937D  delta 800 PIM1 phosphorylates S937 in
vivo, it likely would enhance
overall NFKB transcriptional

4000

2000

activity.

The third specific aim (specific aim #3) proposed to use small molecule inhibitors of the PIM1
kinase as molecular probes to determine their effect on docetaxel sensitivity. A report
describing one such molecule, the flavonol quercetagetin, was published as the cover article in
the January, 2007 issue of Molecular Cancer Therapeutics (2; see appendix A). We have
demonstrated that quercetagetin in a moderately potent (IC5 = 340nM, specific, and cell-
permeable inhibitor of PIM1 activity in prostate cancer cells. Key data include the
demonstration that quercetagetin in competitive with ATP. A crystal structure of PIM1 in
complex with quercetagetin, or with three other flavonoids, has been determined. We have also
shown that quercetagetin is able to inhibit the activity of the PIM1 kinase in prostate cancer cells
at an 1Cso of about 5.5uM. Interestingly the activity of the AKT kinase is not inhibited at all under
these conditions. A companion article, presenting a pharmacophore analysis of flavonoid
inhibitors of PIM1, has also been published recently (3; see appendix B). We have recently
obtained, and begun characterizing, novel small molecule inhibitors of PIM1 from Exelixis
Corporation, and from Dr. Andrew Kraft (Hollings Cancer Center). These molecules show
additive, or at some concentrations synergistic, cell growth inhibition in that PIM1 kinase acts to
inhibit cell death caused by the cytotoxic drug docetaxel, and that blocking the activity of PIM
can potentiate cell kill and overcome cytotoxic drug resistance.

KEY RESEARCH ACCOMPLISHMENTS THROUGH September 30, 2008
e Definition of a novel survival pathway activated by docetaxel treatment, and involving
sequential activation or expression of STAT3, PIM1, and NFkB components. These
studies have now been published in the Journal of Biological Chemistry.
e Identification of serine-937 as the major phosphorylation site for PIM1 on the
p105/NFKB1 precursor protein
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¢ Identication of quercetagetin as a moderately potent and specific, cell-permeable PIM1
kinase inhibitor

e Demonstration that XL-1075 and XL-1154 can show additive or synergistic cell kill in
prostate cancer cells treated with docetaxel

e Abstract presented at the annual AACR meeting, Washington DC, April, 2006

o Paper describing the activity of quercetagetin as a PIM1 kinhase inhibitor, published in
January, 2007 issue of Molecular Cancer Therapeutics (cover article)

e Paper describing pharmacophore analysis of flavonoid inhibitors of PIM1, published in
March, 2007 issue of Bioorganic and Medicinal Chemistry

REPORTABLE OUTCOMES
Manuscripts Published

Zemskova M, Sahakian E, Bashkirova S, Lilly MB. The PIM1 kinase is a critical
component of a survival pathway activated by docetaxel and promotes survival of
docetaxel-treated prostate cancer cells. J Biol Chem. 283(30):20635-44. (2008).

Holder SL, Zemskova M, Bremner R, Neidigh J, Lilly MB: Identification of specific, cell-
permeable small molecule inhibitor of the PIM1 kinase. Mol Cancer Therapeutics 6:163-72
(2007).

Holder SL, Lilly MB, Brown ML: Comparative Molecular Field Analysis of Flavonoid Inhibitors
of the PIM-1 Kinase. Bioorg Med Chem (in press, 2007)

CONCLUSIONS

Our data demonstrate that PIM1 is a critical component of a survival/stress pathway activated
by docetaxel treatment of prostate cancer cells. This pathway leads to activation of NFkB-
dependent transcription, possibly by phosphorylation of p105/NFKB1 by PIM1 at serine-937.
Targeting PIM1 kinase activity with quercetagetin, or other PIM1 kinase inhibitors, leads to
additive or synergistic cell kill following docetaxel treatment.

REFERENCES

1. Zemskova M, Sahakian E, Bashkirova S, Lilly MB. The PIM1 kinase is a critical
component of a survival pathway activated by docetaxel and promotes survival of
docetaxel-treated prostate cancer cells. J Biol Chem. 283(30):20635-44. (2008).

2. Holder SL, Zemskova M, Bremner R, Neidigh J, Lilly MB: ldentification of specific, cell-
permeable small molecule inhibitor of the PIM1 kinase. Mol Cancer Therapeutics Mol Cancer
Ther. 6:163-72 (2007).

3. Holder SL, Lilly MB, Brown ML: Comparative Molecular Field Analysis of Flavonoid
Inhibitors of the PIM-1 Kinase. Bioorg Med Chem (in press, 2007)



Michael B. Lilly, MD
W81XWH-04-1-0887

APPENDIX
Research data are presented throughout the body of this report.
The appendix contains four items:

cow»

Manuscript : Holder, et al., “Characterization . . . kinase.” MCT
Manuscript: Holder, et al., “Comparative . . . kinase.” BMC
Manuscript: Zemskova, et al., “The PIM . . . cells.” JBC
Curriculum vitae for Michael Lilly, MD

Characterization of a potent and selective small-molecule

inhibitor of the PIM1 kinase

Sheldon Holder,'*® Marina Zemskova,®
Chao Zhang,* Maryam Tabrizizad,*
Ryan Bremer,® Jonathan W. Neidigh,?
and Michael B. Lilly'#3

"Cemar for Molecutar Biology and Gena Therapy, Departments
of *Biochomis try and Micrabiology and *Medidine, Loma Linda
University School of Medcine, Lana Linda, Cafifamnia; and
*Plexxikan, Inc., Berkaley, California

Abstract

The pim-1 kinase is a true oncogene that has been
implicated in the development of leukemlas, lymphomas,
and prostate cancer, and is the target of drug development
programs. We have used experimental approaches to
identify a selective, cel-permeable, small-molecule inhib-
itor of the pim-1 kinase to foster basic and transiational
studles of the enzyme. We used an ELISA-based kinase
assay to screen a diversity Bbrary of potential kinase
inhibitors. The flavonol quercetagetin 13,3.4°,5,6,7-
hydroxyflavone} was identified as a8 moderately potent,
ATP-competitive inhibitor [iCso, 0.34 jamoliL). Resolution
of the crystal structure of PIM1 In complex with
quercetagetinor two other flavonoids reve aled a spectrum
of binding poses and hydrogen-bonding patterns in spite of
strong similarity of the igands. Quercetagetin was a highly
selective inhibitor of PIM1 compared with PIM2 and seven
other serine-threonine kinases. Quercetagetin was able to
inhibit PIM1 activity In intact RWPE2 prostate cancer celis
in a dose-dependent manner {EDgq, 5.5 nmoli/L). RWPE2
cells treated with quercetagetin showed pronounced
growth inhibition at inhibitor concentrations that blocked
PIM1 kinase activity. Furthermore, the abllity of querce-
tagetin to inhibit the growthof other prostate epithelial cell
lines varied In proportion to their levels of PIM1 protein.
Quercetagetin can function as 8 moderately potent and
selective, celt-perme able inhibitor of the pim-1 kinase, and
may be useful for proof-of concept studles to support the
development of clinically useful PIM1 inhibitors. [Mol
Cancer Ther 2007.:6{1}:163-72]
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Introduction

The pimt family of serine-threonine kinases s composed of
three highly homologous genes, pim-1, pim-2, and pins3.
These erzymes are increasingly being recognized as
important mediators of survival signals in cancers, stress
responses, and neural development (1-6). In addition,
these kinases are comstitutively expressed in some tumors
and function as true oncogenes. Thus, they are of
significant interest as targets for therapeutic intervention.

Small-molecule inhibitors are important molecular
probes for studying protein kinases. In addition, they
may serve as protype thempeutic agents for treating
diseases resulting from unregulated kinase activity. Three
prior reports have shown that known, promiscuous kinase
inhibitors can inhibit PIM | function in oitro. Jacobs et al. (7)
showed that several staurcsporine and bisindoyl-malei-
mide analogues, as well as the morpholino-substituted
chromaone LY294(X2, were able to inhbit PIM1 activity
in vitro. Subsequently, Fabian et al. (8) presented an
interaction map involving 113 kinases and 20 small-
molecule kinase inhbitors now under clinical study. Only
three inhibitors had detectable binding to (and presumably
inhibtory activity against) PIMI—two staurosporine
anabgues and flivopindol, a flavonoid undergoing eval-
uation as an inhibitor of cyclin-dependent kinases. A recent
report (9) confinned the activity of bisindoylmaleimide
derivatives as well as some flavonoids in ritw. All of the
identified inhibitors either hicked specificity for PIMI or
were only modestly active at bow micromolar concentr-
tions, or both. Furthermore, none of these reports showed
that the test agents could selectively inhibit PIM1 activity In
intact cells.

To further our basic and trarslational studies of the pim
kinases, we have sought to identify small-molecule
inhibitors of PIMI. We here report that the flavonol
quercataget; is a selective PIMI inhibitor with manomolar
potency and can differentially inhibit the kinase in cell-
based assays.

Materials and Methods

Cell Lines and Culture Methods

The prostate epithelial cell lines RWFEI, RWPE2, LNCaP,
and P(3 were oblained from the American Type Culture
Collection (Manassas, VA) and cultured in the recommen-
ded meadium. We produced additiomal pools of RWPE2
prostate cells that overexpressed pm-1 through retroviral
transduction. The coding region for the human pir=1 gene
was clomed into the pINCX retroviral vector (Clontech,
Mountain View, CA). Infectious vimses were produced in
the GP-28 packaging cell kine by cotransfection with
retroviral backbone phsmids (pLNCX or pLNCX/pim-1)
and with pVSV-G, a phsmid that expresses the envelope

Mol Cancer Ther 2007.6(1) January 2007
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164 PIMI Inhibitor

glycoprotein from vesicular stomatitis virus. Forty-eight
houts after transfection, the maedium was collected and the
virus particles were concentrated as described in the
manufacturer’s protocol (Clontech). RWPE2 cells were
plated at 1 x 10° per 60-mm plate 16 to 18 h before
infection. Cells were infected with 5 x 10" viral partides in
the presence of 8 ug /mL polybrene. After 6 h of incubation,
the virus-containing medium was rveplaced with fresh
nedium, and on the pext day G418 400 pg/mL) was
added to select infected cells. After 10 days of selection,
stable cell pools were established and PIM1 expression was
verified by immunoblotting.

For growth-inhibition experiments, cells were plated onto
24-well phtes and fixed with formaldehyde at intervals.
Cell number was quantified by crystal violet staining (10).

Recombinant pim Kinases and Kinase Assays

We prepared recombinant PIM1 and PIM2 as glutathione
S-transferase (GST) fusions in Eschenchs cali, as described
(11). For the inhibitor screening assays, a solid-phase kinase
assay was developad based on our demonst ration that PIM|
is a potent kimse for phosphorylating BAD on Ser'®
(11, 12). Nirety-six-well (lt-bottomed plates were coated
overnight at 4°C with recombinant GST-BAD [1 pg/well in
HEFES buffer. 136 mmol/L N«Cl, 26 mmol/L KCl, and
20 mmol/L. HEPES (pH 75)]. The plates were then blocked
for 1 h at room temperature with 10 pg/ml. bovine serum
albumin in HEPES bulfer. The blocking solution was then
removed and 5 pL of each inhibitor, disolved in 50%
DMSQO, were added to each well. Then, 100 pl. of kinase
buffer [20 mmol/L. MOPS (pH 70), 125 munol /1. MgCla,
1 mmol /L. MnCla, 1 mmol/L EGTA, 150 mmol/L
NaCl 10 pmol/L ATP, | mmol/L DTT, and 5 mmol /L
R-glycerophosphate] containing 25 ng recombinant GST-
PIM1 kinase were added to each well. The fimal concentra-
tion of each inhibitor was ~10 pmol/L. The plate was
placed on a gel slab dryer prewarmed to 30°C, and the
kinase reaction was allowed to proceed. The reaction was
stopped after 60 min by removal of the reaction bulffer,
followed by the addition of 100 pL of HEFES bufler
containing 20 mumol /L EDTA to each well. Phosphorylaited
GST-BAD was detected by an ELISA reaction, using as first
antibody a manodonal anti—phospho-BAD(S112) antibody
(Cell Sigmling, Danvers, MA), a secondary goat anti-mouse
IgG-pewxidase conugated antibody (Plerce, Rockford, IL),
and Turbo-TMB peroxidase substrate (Pierce). The level of
phosphoty lited GST-BAD present was proportional to the
absorbance at 450 nm.

For quantitative and kinetic studies of inhibitors against
various BADI(S112) kimases, a solution phase assay was
used. A biotinylated peptide based on the PIM1 phosphor-
ylation site of human BAD was synthesized (GGAGA-
VEIRSRHSSYPAGTE) and used as the assay substrate.
Recombinant GST-FIMI (25 ng /reaction) was preincubated
with various concentrations of inhbitors in the previous
kinase buffer (final volume 100 pL). The reaction proceeded
by addition of substrate peptide, followed by incubation for
5 min in a 30°C water bath. The reaction was terminated by
translerring the mixture to a streptavidin-coated 96-well

plate (Plerce) containing 100 pL./well of 40 mmol /LEDTA.
The biotinylated peptide substrate was allowed to bind to
the plate at room temperature for 10 min. The kvel of
phosphorylation was then determined by ELISA as
described above. Curve [litting and enzynw analyses were
dore using GraphPad Prisin version 400 for Windows
(GraphPad Software, San Diego, CA). For the additional
BATDYS112) kinases [PIM2, RSK2 (ribosomal S6 kinase 2),
and PKA (cyclic AMP-dependent protein kinase)], wac-
tion components were as described above. As with the
PIM1 assays, an ATP concentration of 10 pmol /L was used.
Furthermore, with each kinase, linear reaction velocities for
the duration of the reaction were confirmed (data not
shown).

To furtherassess the spedificity of quercetagetin as aPIMI
inhibitor, its activity against a parel of serine-threonine
kinases was also studied through a commercial kinase
inhibitor pofiling service (KinaseProfiler; Upstate Biotech-
nology, Charlottesville, VA). All KimaseProfiler assays were
conducted using 10 pmol/L. ATP concentrations.

Small-Molecule Library Screening

We obtained a library of 1200 compounds that had
structuml affinity to known kinase tnhibitors (TimTec, Inc.,
Newark, DE). The entire libraty was screened once with
our solid-phase ELISA kinase assay, with each compound
at =10 umol/L concentration. Positive hits were rescreened
at the same concentration. Compounds that had reproduc-
ibk activity at 10 pol /L were then screened at a range of
concentrations from 0.001 to 300 pmol/L. Additional
flavonoids were purchased from Indofine Chemicals
(Hillsborough, NJ) and were tested in a similar protocol.

Measurement of PIM1Kinase Activity in Cells

RWPE2 cell pools, stably infected with empty retrovirus
or pon-1-encoding retrovirus, were seeded in six-well
plates at 5 x 10° cells per well. After 18 h, the nomal
supplemented kemtinocyte medium was removed and
replaced with supplement-free kemtinocyte medium. Celk
were then incubated for an additional 20 h Quercetagetin,
or an equivaknt volume of DMSO, was added to the celk
3 h before the end of the starvation period. At the conclu-
sion of the starvation period, the cells were washed twice
with PBS and subsequently lysed in a denaturing bulfer
with protease, phosphatase inhibitors. The lysates were
normalized by total protein content (BCA protein assay,
Pierce), then analyzed by immunoblotting with the
following antibodies: monoclonal anti-PIM1 (Santa Cruz
Biotechnologies, Santa Cruz, CA); monoclonal anti—p-actin
(Sigma, St. Louis, MO); monoclonal anti-BAD (Transduc-
tn Laboratories, Franklin Lakes, NJ); and monoclonal
anti—phospho-BAD(S112), polyclonal anti-phospho-
AKT($473), and anti-AKT (all from Cell Signaling).

Cloning, Expression, Purification. and Crystallization
of PIM1

The production, punfication, and characterization of re-
combinant 6His-tagged PIMI proteins for crystallography
have been described previously (13). To obtain cocrystaks
of complexes of the protein with ligands, the protein
solution was initially mixed with the compound (dissolved

Kol Cancer Ther 2007.6€(1). January 2007
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in DMSQO) at afinal compound concentration of 1 mumol /L
and then set up for crystaliization. The protein was
crystaliized by a sitting~drop, vapor-diffusion experiment
in which equal volumes of protein (10-15 mg/mL
concentration) and reservoir solution [0.4-09 mol/L
sodium acetate, 0.} mol/L #nidazole (pH 65)] were mixed
and allbowed to equilbmte against the reservoirat 4°C. The
crystals mutinely grew to a size of 200 x 200 x 80 um in
=2 to3 days.

Structure Determination

X-ray diffraction data were collected at Advanced Light
Source (Betkeley, CA). All datawere processed and reduced
with MOSFILM and scaled with SCALA of the CCP4 suiteof
pmograms using the sof tware ELVES. The space group of all
crystals was detennined to be Pég, with the cell axes being
approximately 99, 99, and %, and one protein monomer
being present in the asymmetrical unit. All structures were
determined by molkecular replacement using the apo PIMI
structure (1YWYV; ref. 13) as a model, and refined by ONX
and REFMAGCS. Cr)suﬂographic statistics are reported in
Supplementary Table S1.7 The coordinates and structure
factors for the structures havebeen depasited with the RCSB
Pmotein Data Bank (accession codes X063, 2064, 2065).

Results

Screening of a Chemicai Library with Structural
Affinity to Known Kinase Inhibitors

As an initial approach to the identification of PIMI
inhibitors, we screened a library of snull molecules whose
structures were similar to those of known kinase inhibitors.
Of the seven compounds that had reproducible inhibitory
activity at 10 pmol/L, six were flavonoids [quercetin,
luteolin, kaempferol, 7-hydroxy flavone, (5)-5,7-dihydroxy-
8-(3-methylbut-2-ene)flavanone, and (R)-5,7-dihydroxyfla-
vanone]. These compounds exhibited a range of inhibitory
potencies (as 1Cx) from 1.1 to 6 pmol/L. Thirty-seven
other flavonoids failed to show detectable inhibitory
activity at 10 pmol /L. These inactive compounds were
chamcterized in most cases by bulky (charged or un-
chamged) groups atthe 3,3, 4/, or 7 positions; lack of atleast
two hydmgen bond donors on the A or C nings; presence of
glycoside linkages; or failure of all rings to adopt a planar
conformation.

The most active compound in the chemical library was
the flavonol quercetin (ICg;, 1.1 pmol /L), a known inhbitor
of kinases and many other enzymes (14-19). Furthermore,
six of the seven compounds with reproducble activity at
10 unot/ L were flavonosds. Hence, we screened additional
flavonoids to identify molecules with inhibitory activity
against the PIMI kinase (Fig. 1). The most active molecule
was the flavonol guercetagetin (ICsq, 034 umol/L). The four
flavonoids with the highest inhibitory activity were
chamcterized by the presence of five to six —OH groups

:w.p;ic-nmu:} danr foe this artcle are avadable &t Molarubr Cancer
Theapeutcs Ondine hap //mctaacioumakoey/).
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distributed between the A and B rings. In comparison, the
hydroxyl groups on the B ring seemed to be more critical
for the activity of the compounds than those on the A ring,
as compounds with anunsubstituted B nng showed greatly
reduced activity. Finally, a hydmophobic substituent at the
8§ position was tolerated.

Quercetagetin Is a Seiective, Potent Inhibitor of PIM1
In vitro

To assess the sekctivity of quercetagetin for PIMI, we
determined its ICsg value toward the altemative BAD{S112)
kimses RSK2, PKA, and PIM2 (Tabk 1). The 1Gy of
quercetagetin for PIM1 kinase was (.34 pmol/L, whereas
the corresponding values for the other kinases were 9- to
70-fold higher.

To further characterize the specifiaty of quercetagetin, its
inhibitory activity was examined at 1 or 10 pmol /L against
additional serine-threonine kinases (cJun-NH,-kinase 1,
PKA, Aurora-A, ¢-RAF, and PKCH; Fig. 2). At the lower
concentration, the selectivity of quercetagetin was most
apparent. In the presence of | wnol/L inhibitor, PIM1
activity was inhibited by 92%. In contrast, the activity of the
other kimases was inhibited by only 0% to 41%. In
aggregate, thewe studies established that quercetagetin
was a severalfold imore potent inhbitor for pem-1 kinase
than for seven other serine-threonine Kinases. In addition,
quercetagetin was completely nactive against the calt
tyrosine kinase when tested at the 200 pmol/L. concentra-
tion (data not shown).

Crystallograpbic Analysis of Quercetagetinin Com-
plex with PIM1

Recently, several crystal structures of the PIMi kinase
have been solved and presented, including apo forms and
lhe enzyme in complex with a variety of ligands (7, 9, 13,

21). Because the PIMI1 protein has several unique
c.tmctuml features around its ATP-binding pocket, includ-
ing the lack of the canonical hydrogen bond donor from the
hinge region typially used by kinases to bind ATP-like
ligands, we detennined the crystal structure for the kinase
in complex with three flavonoid inhibitors: quercetagetin,
myricetin, and 5,73"4",5- pentahy droxyflavone (Fig. 3).

The three flavonoid inhibitos show two distinct binding,
poses, denoted here as orientations I and 1, respectively.
Quercetagetin, the compound with two hydroxyl groups
on the Bring, adopts orientation 1, wherweas the oompc:unds
with a trisubstituted B ang (myricetin and 5734’5
pentahydroxy flavone) adopt onentation II.

The binding pose of quercetagetin in FIMI (Fig. 3A)
closely resembles that of quercetin in phosphatidylinositol
F-kinase y (1EBW, ref. 22) and that of fisetin in CDK6
(IXQO2; ref. 23), designated here as orientation 1. As seen in
the two earlier structures (Fig. 3D and E), the 3-OH of the
quercetagetin (Fig. 3A) makes a canonical hydrogen bond
with backbane caibonyl oxygen of the hinge residue Glu**
In addition, the B ring of quercetagetin binds deep inside
the PIM1 ATP-binding, pocket, with the 4“hydroxyl group
hydrogen-bonded to the side chains of two highly
conserved residues, Lys*” and Glu™. However, significant
differences were also observed between the current
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structureand the two reported structures. In both 1ESW and
IXO2, the 4-keto group of the chromenone cote of the
compound formed a hydrogen bond with the same hinge
amide nitrogen [Val®™ in phosphatidylinositol 3-kinase vy
(Fig. 3D) and Val™ in CDKé6 (Fig. 3E)]. However, there isno
direct interaction between the 4-keto group of quercetagetin
and the amide nitrogen of the corresponding residue Pro'®
in PIM1 because proline is incapable of acting as a hydro-
genbond donor. Instead, the 4-keto group of quercetagetin
makes close contact with the backbone Ca of Argm (34 A).
It is not clear whether this interaction makes a positive
contribution to the binding of quercetagetin to FIM 1.

The B ring of quercetagetin binds deep inside the PIMI
ATP-binding pocket. The 4-hydroxyl group forms hydro-
gen bonds with both Lys*” and Glu™, two of the mast
oconserved residues in kinases. As has been noted,
satisfying the hydrogen bonding requirements at this
vegion is one of the determining features of binding of
compounds to FIM1 (13).

When compared with quercetagetin, the chomenone
ocore of myricetin (Fig. 3B) and 5,7,3'4"5-pentahydroxyfa-
vorne (Fig. 3C) has flipped 180° in PIM1 such that the B ring
is now oriented towand the entrance of the ATP pocket. A
possible explanation for adopting this orientation is that the
interior of the ATP pocket cannot accommaodate the B ring,

W
.

(S5 T=inydroxy=Bel 3

with three hydroxyl substitutions. Although they bind in
the same orientation, there are important differences
between the binding poses of the two compounds, which
can be attributed to the presence or absence of the 3-
hydroxyl group. The 3-hydroxyl group in myricetin stili
makes a hydrogen bond with the carbonyl oxygen of
Glu'®, despite the difference in binding orientation.
Because of the adjacent &keto group, the 3-hydroxyl s
likely to be most acidic of all the hydroxyl groups in the
compound, and, as a result, it dictates the overall posi
tioning of the compound. Another interaction that may
contrbute to the observed binding pose is a hydrogen
bond between the 3“hydroxyl group of myricetin and the
caibonyl oxygen of Pro'*? (Fig,. 3B). The importance of the
3-hydroxyl group is evident. The second compound,
5,7,34'5-pentahydroxyflavone, lacking such a group,
makes no direct interaction with the hinge region.

Quercetagetin Inhibits PIM1 Kinase Activity in Intact
Cells

To determine if quercetagetin could act as a cell-
pernweable PIMI inhibitor, we examined the activity of
the flavonol in RWPE2 prostate cancer cells. We studied the
phosphorylation of endogenous BAD on Ser'2, under
conditions of growth factor starvation, as an indicator of
intracellular PIM1 activity (Fig. 4).

(S w6, Tadimyeranytlavanane

meatnyioumZenre)lavenone [R5, 7erd bigdroxyflarearone
Flavonord 3 5 8 7 8 b4 ¥ 4 § (3 ICa M)
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§, T=cihycroxy bvone H OH H o " H H H H H 15 wih PIM1 phbdtary sctivity. Rruce
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Table 1. Quercetagetin is a solactive inhibitor of the PiM 1 kinase
over other BADIS 112 kinases

Kinse Kg (pmol/l) Log Gy (umol/l) SE of ogtC,, R2

M1 033 =046 Q12 098
FiM2 345 035 a22 Q94
KA 22 133 Q23 094
RSK2 28 045 009 099

NOTE Al dia were dertvad fom noalinear regressbon analvses using, a
tiree-paranetes gt tut assumes a HE andixient of -1

RWFE2 cells infected with a nev-expressing retrovirus
showed little phos pho-BAD{S112) when cultured overnight
in basal serun-free medium. However, cells with enforced
expression of PIM1 kinase had a 4fold higher amount of
phospho-BAD, reflecting the ability of the PIMI protein to
phosphorylite the endogenous BAD protein. When pinse1 -
expressing celk were treated with quercetagetin, phospho-
BAD(S112) levek were markedly reduced in propostion to
the concentration of the inhibitor. Half-maximal inhibition
occurred at 55 pmol /L extracellular concentration. Quer-
cetagetin did not inhibit the activity of the AKT kinase
under these conditions, as indicated by persistent phos-
phorylation of AKT on Ser'’ These data indicate that
quercetagelin was abk to selectively block the ability of
PIMI to phosphorylate BAD in intact cells.

Quercetagetin Treatment Reproduces a Known pim-1
Knockdown Phenotype

If quercetagetin acts as a true FIMI inhibitor, then it
should reproduce a pim-1-dependent phenotype in the
target cells. We have shown that PIM1 inhibition by genetic
means (small interfering RNA) inhibits the proliferation of
RWPE! and RWPE2 cells (Supplementary Fig. S1).% We
therefore determined if quercetagetin could reproduce this
phenotype. RWPE2 cells were treated with quercetagetin
for up to 72 h (Fig. 5A). Marked dose-dependent growth
inhibition was apparent by 24 h, leading to persistent
growth arest thereafter. Quercetagetin reproduced this
pim=1-dependent phenotype at a drug concentration
that inhibited the enzyme in cells (EDyg, 3.8 pmol/L;
Fig. 5B). Similir resulls were seen in RWPEI cells (data
not shown). Apoptotic cells, showing cytoplasmic blebbing
and detachment, were rare, but dividing celk virtually
disappeared in cultures treated with quercetagetin at
625 umol/L or higher concentrations (data not shown).
DNA histograns obtained at 24 h after the addition of
quercetagetin (625 unwl/L) or DMSO vehide were very
similar (Fig. 5C). Neither showed a <2n population sugges-
tive of apoptosis. There was a slight increase in the propor-
tion of cycling cells (S + G,-M) in the drug-treated samples.

A PIMI inhbitor would be predicted to inhibit the
growth of cells that express the molecular target, more than
celb with little or no pim-1 expression. We examined the
effects of quercetagetin on the growth of prostate cell lines
that express a spectrum of PIM1 levels. RWPE2 cells
expressed the highest amount of PIM1 protein; PC3hadan
intermediate kvel; and LNCaP cells showed the lowest
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amount of kinase pwtein (Fig. 6A). Treatment of the
cells with various concentrations of quercetagetin for
72 h resulted in inhibition of cell growth (Fig. 6B). At all
concentrations, RWPE2 cells were inhibited the most, being
significantly more sensitive to quercetagetin growth inhi-
bition than the other prostate cancer cell lines. PC3 cells
showed intermediate growth suppression and were also
significantly more sensitive than were LNCaP cells at
quercetagetin concentrations of <125 pmol/L. Thus, the
ability of the flavonol to inhibit proliferation was propor-
tional 1o the amount of PIMI protein in the target cells,
particulady at lower drug concentrations. Although other
interpretations are possible, these data support our
observation that quercetagetin canact as a PIM1 inhditor.

Discussion

The development of clinically useful small-molecule kinase
inhibitors has been a seminal event in the world of onco-
logy. Flavonoids were among the early scaffold structures
identifizd as potential kinase inhibitors. However, although
many flavones, isoflavones, and flavonols have been shown
to regulate the activity of kinases in cell-based assays, fewer
data exist to show that these molecuks can ditectly bind
and inhibit kinase targets both # vw and incells. It &
chkar that some flavonoids are ATP<competitive ligands for
both tyrosine and serine-threonine kinases, as wellas other
ATP-binding ereymes. The flivonol quercetin is one such
ligand, and its ability to directly bind to ATP-binding
enzymes has been weli shown. At low-micromolar concen-
trations, it directly binds and inhibits such diverse enzymes
as the phosphatidylinositol 3-kinase (14), the epidermal
growth factor receptor tyrosine kinase (15), retroviral
reverse tramscriptases (16), DNA gyrases (17), phospho-
diesterases (18), and thioredoxin reductase (19). Other
direct flavonoid inhibitors have been described for RSK2
kinase (24), mitogen-activated protein/extracellular signal-
regulated kimase 1 (25), and several cyclin-dependent
kinases (23, 26-28). One such ligand, flavopiridol, has
already entered clinical trials for the treatment of cancer.
Others, such as PD%059, are familiar laboratory reagents
for inhibition of kinase pathways. We now show, by neans
of crystallography, that quercetagetin is a direct ligand for
the ATP-binding pocket of PIM1 kinase (Fig. 3).

80 4 T -
<
£ 404
20 4
0! 1 Bt ) ]
PHA

Auroradd  «RAF  JNK1ul Pimst PXCH

Figure 2. Quercetagetn Is a selectve Nhdtor of PiIMT kinase. Inhiditor
activity of queteragetin a1 1 and 10 pmoll tinad concentation aganst a
spectrum of seens-threonine kinases of a panel of iknases, assessed by
KinasePotier assay. The activity in 1the presence of vehvcle andy was 1aken
10 e 100% activity. Columng mean of duplicate detemninations.
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. Val-882

Specificity is always a concern with ATP pocket ligands.
There are probably no absolutely selective inhibitors for a
kinase but rather ligands that show a spectrum of affinities
for their various targets. We have shown that quercelagetin
is severalfold more active against PIM1 than against eight
other serine-threonine kinases and a tyvosine kinase, either
with in pilro assays or in cell cultures. Interestingly,
quercetagetin showed 10-fold more selectivity for PIMI
than for the honwlogous PIM2 kinase (sequence identity

%). The ATP-binding pockets of these two kinases are
identical with the exception of thiee residues abngﬂlhe
edge of the FIMI ATP-binding pocket—Ser™* (Ala™ in
PIM2), Glu™ (Leu' in PIM2), and Val®* (Ala™? in PIM2).
Val®® of PIM 1 makes direct van der Waal's contact with the
A ring of quercetagetin (Fig. 3A). Loss of such a contact due

-

~ Figure 3. X-ay crystal siructres
of tlavonods dound 10 the ATP:
bndng sites of PIM1 and compas-
—-) 0n with structures of favonads in

complex with other kinases. Ot the
fime compounds cotrystalized wih
PIM1, quercetagetn [A) orents the B
£2ng Inside the pociet {orlemtaton ),
wheress both miyricetn {B) and
5,7.3,4.,5" pematydoxy tavone IC)
fp the B ring o toward sohent
fariematon 5). Both bndng orets.
tanshave been odserved N e crys-
wl structures of tlavonods bound v
other knases. 1E8WV D, quercetnin
complex with phasphatidytinosatol
3 inase v} and 1X02 LE, faetin in
complex wih COKE mpmsen orien
Brion |, whereas 24CK {F, quercetn
n complex with HCK) exemplifies
arenution I All pctures show msl-
dues that form hydrogen band wih
e ithbinss (Lys®, Gu™, Gu'?",
and Asp' ™). In the PIMI structires,
e tMree msidues near the ATP.
bndng ste that difrentiate PIM1
tomPiM2(Ser™, Gu'? anaval'’Y
e ¥50 shown. The inhbiors are
calored by svm type: red, oxygen
atams; yeliow, cardbon stoms.
Dashed purple lines, hydogen
bonds.

to the Val-to- Ala substitution is likely a contributing factor
tothe reduced activity of the compound in PIM2 The other
residues are located close to the hinge Arg'® (Arg'™® in
PIM2). The polar side chains of Ser™ and Glu'™ can form
hydrogen bonds with Arg'®?, thus affecting its conforma-
tion. Substitutions of these residues to hydrophobic amino
acids in PIM2 will change the bcal environment (Fig. 3A).

The only large-scale examination of the specificity of
fliwvonoid kinase inhibitors was reported recently by Fabian
etal. (8). This investigation used acompetitive binding assay
to predict the inhibitor potency and specificity of the test
agents. Fhivopindol was tested for binding aff ity to 119
kinases. Twenty-three kinases bound flavopiridol under the
test conditions, withbinding constants ranging from 0.019to
6.6 pmol/L. Interestingly, the tested cyclin-dependent
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kinases bound flavopiridol less weili than did cakium/
calmodulin-dependent protein kinase kinase I These data
suggest that cyciin-dependent kinases imay not be the oniy
kinases inhibited in ceils by flavopindol. Both PIMI and
PIM2 were among the bound kimises, with binding
constants of 0.52 and 065 umol/L, respectively. Although
there is no absoiute correlation between binding constants
and enzymalic activity, flavopiridol couid conceivabiy
inhibit the activity of both PIM1 and PIM2 in test systems.
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Because quercetagetin has not been tested against a large
nummber of other kinases, we cannot predict what other
enzymes wouid be perturbed by this flivonoid. It is iikely,
however, that its specteum of selectivity wili be substantiaily
different from that of flavopiridol. Quercetagelin showed
clear preference for inhibiting PIMi over FIM2, whereas
flavopiridol did not. Furthennore quercetagetin inhibited
the activity of the Aurora-A kinase (ICs, ~4 pmoi/L), a
kinase that did not bind flavopiridol (8). The substantial
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homology between Aurora-A kinase and PIMI kinase likely
contributed to the low-level inhibitory activily of querceta-
getin for the former; Aurora-A and PIM1 are 29% identicai
over their entite kinase domains; and the ATP binding
pockets have 68% conserved amino acids.

An earlier, simaller-scaie study looked at the effect of the
flavonol quercetin on the in viro kinase activity of 25
kinases, none of which were pim family kinases (29). Al the
tested concentration (20 umol/L), quercetin inhibited the
enzymatic activity of eight of the kinases. The propensity
of this flivonol to fonn aggregates in aqueous sofution
has been advanced as an explination for its widespread
enzyme-inhibitory adlivily in ogro (30). We have nol
delected quercetagetin aggregates al concentrations of
<10 pwoi/L in aqueous solution, using a light-scattering
assay (data not shown). Thus, we feei that this artifact
does not account for the ability of this flavonoi to inhibit
PIMi at nanomolar concentrations.

Because of the potential ambiguities that may accompany
the use of small-moiecuie kinase inhibilors, a series of
standards have been prooposed for their use (29). To
validate the resuits, it is desirable 1o show that the effects

of an inhibitor disappear when a drug-resistant mutant of
the protein kinase is overexpressad. Although convincing,
this standard often faiis due to the fack of an identified
mutant with the desired properties. No such mutant has
been identified for any of the pim kinases. Another
potential standard is to show that the celluiar effect of the
drug occusrs at the same concentrations that prevents the
phosphoryiation of an authentic physiologic substrate of
the pwolein kinase. We have seen in these studies that half-
maximal growth inhibition of prostate cancer cells occurred
at adrug concentration (38 pimol /1) that approximated the
1Cq for PIM1 erzyme inhibition in ceiis (55 pmol /L)
Furthermore, the seledlivity for prostale cancer growth
inhiition, in proportion to endogenous FIMI kevels, was
greatest at 625 pmoi /L. Higher concentrations suppressed
growth more, but the relationship to endogenous PIMI
levels was obscured. These data suggest that, at reltively
low concentrations (perhaps 5-10 umol/L), the growth-
inhbitory effects of quercetagetin likely invoive PIMI
antagonism. A third standard is o observe the same effect
with at least two structunally untelated inhibitors of the
protein Kinase. Previously described inhibitors of pim
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kinases are either less active or less specific flavonoids
(7, 9), the same structural class as quercetagetin, or
staurosporine analogues (8, 9, 21). We therefore used simall
interfering RNA as a genetic means to identify a pine1-
dependent phenotype. Proliferation of prostate cells was
suppressed with both the geneticand chemical inhibitors of
PIM1 activily. These data show that quercetagetin s an
authentic small-molecule mhibitor of PIMI kinase.

The crystal structures of PIMI complexed with querce-
tagetin, myricetin, and 5,73’,4,5-pentahydoxyflavonone
show that flavonoids bind to PIMI in two distinct
orientations. Although interesting, this i not a sumprising
observation, as flavomes have shown a variety of binding
modes in kinases (9, 22, 23, 26-23). An examination of the
intermolecular interactions of each flavonoid with PIMI
does not clearly reveal why one orentation was adopted
over the other. However, it is poss ble that the presence of
three hydroxyl groups on the B sing of myricetin and
5773,4,5%pentahydroxyflavone discourages these two fla-
vonoids from adoptling the binding orientation observed
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for quercetagetin. The hydrophobic side chain of Leu'®,
which extends into the ATP pocket in the same region
oocupied by the B ring of quercetagetin (Fig. 3A), may be
incompatible with the 5" hydroxyl group of myricetin and
5,734’5 -pentahydroxyflavone.

Both pim-1 and pim-2 can phosphorylite 4EBP-1, a
regulator of protein tramslation (31, 32). Rapamycin was
unable to block this effect. These data suggest that pim
kinases may function in a parallel pathway to the
phosphatidylincsitol 3-kinase/AKT/mammalian tamget of
rapamycin cascade 1o regulate and support protein
synthesis under stress conditions. Because AKT-1 and
PIM2 function cooperatively to induce lymphoma forma-
tion in transgenic mice (6), it may be necssary to target
both pathways for effective antitumor effects. Several
prototype AKT inhibitors have been described (33, 34).
Qur identification of quercetagetin as a PIMI inhibitor
provides a tool for tissue culture studies to investigate this
hypothesis. Under the tested conditions, we found no
evidence that quercetagetin inhibitad the phosphorylation
of AKT on Ser®. Thus, it may be possible to combine
inhibitors of these kinases to detect additive or synergistic
effects resulting from the blackade of the two kinase
pathways.
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Absiract—The PIM-1 protein, the product of the pim-/ oncopmme, i3 a serine/theeonine kinase. Dysregulation of the PIM-1 kinase
hat been implicated in the development of human malignancies including lymph omaz, leukemias, and prostate cancer. Comparative
molecular ficld analysis (CoMFA) 1 a 3-D QSAR technique that has been widely used, with notable suocess, to correlate biok geal
activity with the steric and eloctrostatic propenties of Egands. We have used a set of 15 flavonoid inhibitor of the PIM-1 Kinase,
aligned de novo by common substructure, to gererate a CoMFA model for the purpose of clucidating the steric and electrostatic
propenix involved in flavonoid binding to the PIM.1 kinase. Panial kast squares correlation between observed and predicted
tnhibitor potency (expressed as —boglCyg), using a non-cross-validated pastial least squans analysis, genenrated a non-cross-vali
dated g% = 0.805 for the training et (n = 15) of flavonoids. The CoMFA generated steric map indicated that the PIM-1-binding site
was sterically hindered, leading to more efficient binding of planar molecules over (R) o1 (S) compounds. The eletrostatic map iden-
tified that positive charges near the flavonodd atom C8 and negative charges near C4' mereased flavonoad binding The CoMFA
model aocurately predicted the potency of a test set of flavonoids (n = 6), generating a correlation between observed and predicted
potency of & = 0825 CoMFA models generated from additional alignment rules, which were guided by co-crystal structure ligand
onentations, did not inprove the cormelative value of the model. Supenimposin g the PIM. | kinase crystal structure onto the CoMFA
contours validated the steric and chctiostatic maps, clucidating the amino acd residues that potentially contribute to the CoMFA
fields. Thus we hawe generated the fiust predictive model that may be used for the rational design of anall-molecule inkibitors of the
PIM-1 kinase.

® 2007 Published by Elsevier Lid

1. Introduction of growth factor signuling.*'7 Additionally, the PIM-1
kinase is involved in regulating the activity of phospha-
The PIM-I protein ts a sering/threonine kinase! = that 