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Background: Binding to the ATP site results in poor selectivity; therefore, development of ATP-noncompetitive inhibitors

is needed.

Results: A modified chrysin with anticancer activity targets Cdks and binds to a Cdk2 allosteric site, not the ATP pocket.
Conclusion: Modified chrysin is a novel ATP-noncompetitive inhibitor.
Significance: This pharmacophore model might provide insights for the development of new ATP-noncompetitive agents.

Chrysin (5,7-dihydroxyflavone), a natural flavonoid widely
distributed in plants, reportedly has chemopreventive proper-
ties against various cancers. However, the anticancer activity of
chrysin observed in in vivo studies has been disappointing. Here,
we report that a chrysin derivative, referred to as compound
69407, more strongly inhibited EGF-induced neoplastic trans-
formation of JB6 P* cells compared with chrysin. It attenuated
cell cycle progression of EGF-stimulated cells at the G; phase
and inhibited the G,/S transition. It caused loss of retinoblas-
toma phosphorylation at both Ser-795 and Ser-807/811, the
preferred sites phosphorylated by Cdk4/6 and Cdk2, respec-
tively. It also suppressed anchorage-dependent and -indepen-
dent growth of A431 human epidermoid carcinoma cells.
Compound 69407 reduced tumor growth in the A431 mouse
xenograft model and retinoblastoma phosphorylation at Ser-
795 and Ser-807/811. Immunoprecipitation kinase assay results
showed that compound 69407 attenuated endogenous Cdk4
and Cdk2 kinase activities in EGF-stimulated JB6 P* cells. Pull-
down and in vitro kinase assay results indicated that compound
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69407 directly binds with Cdk2 and Cdk4 in an ATP-independ-
ent manner and inhibited their kinase activities. A binding
model between compound 69407 and a crystal structure of Cdk2
predicted that compound 69407 was located inside the Cdk2
allosteric binding site. The binding was further verified by a
point mutation binding assay. Overall results indicated that
compound 69407 is an ATP-noncompetitive cyclin-dependent
kinase inhibitor with anti-tumor effects, which acts by binding
inside the Cdk2 allosteric pocket. This study provides new
insights for creating a general pharmacophore model to design
and develop novel ATP-noncompetitive agents with chemopre-
ventive or chemotherapeutic potency.

Carcinogenesis involves at least three distinct stages, includ-
ing initiation, promotion, and progression. Tumor promotion
requires chronic exposure to tumor promoters, such as 12-O-
tetradecanoylphorbol-13-acetate (1, 2) and epidermal growth
factor (EGF) (3, 4), that complete the conversion of a cell to the
neoplastic state. In contrast to initiation, the tumor promotion
stage is prolonged and also reversible if tumor promoter treat-
ment is ceased (5), making it a potential target for prevention
strategies. One of the molecular mechanisms underlying EGE-
triggered neoplastic cell transformation is EGF-induced aber-
rant cell cycle progression, which is one of the hallmarks of
tumor formation and progression.

The cyclin-dependent kinase (Cdk)* family of serine/threo-
nine kinases was identified as a key regulator of cell cycle pro-

“The abbreviations used are: CDK, cyclin-dependent kinase; MBP, myelin
basic protein; IP, immunoprecipitation; MEM, minimum essential medium;
Rb, retinoblastoma.
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gression. At least nine Cdks (Cdk1-9) have been identified, and
Cdk1-7 are involved in cell cycle control. Cell cycle progression
is driven by the sequential and periodic activation of various
Cdk-cyclin complexes (6). Mouse embryonic fibroblasts lack-
ing Cdk4 are resistant to transformation by oncogenes (7).
When co-transfected with activated H-Ras, Cdk4 displayed onco-
genic potential by provoking foci formation in primary rat embry-
onic fibroblasts (8) and generating malignant human epidermal
tumorigenesis (9). Mouse embryonic fibroblasts expressing dis-
rupted Cdk2 exhibit reduced susceptibility to transformation by
oncogenes (10, 11). Activation of Cdk2 is required for foci forma-
tion induced by cyclin E and SV40 small T antigen co-expression
in human fibroblasts (12). Thus, Cdk2 and Cdk4 are closely asso-
ciated with oncogenic transformation.

Chemoprevention is acknowledged as an important and
practical strategy for the management of cancer. Accumulating
research evidence suggests that many dietary phytochemicals
have anticancer activity, low toxicity, and few adverse side
effects making them safe for human use. These natural or die-
tary compounds could be a source of prototype molecules from
which to synthetically develop new chemotherapeutic agents
with potent anticancer properties. Chrysin (5,7-dihydroxyfla-
vone), a natural flavonoid widely distributed in many plant
extracts, and honey and propolis, reportedly has chemopreven-
tive properties such as anti-proliferative and pro-apoptosis
activities against various cancers (13, 14). However, the anti-
cancer activity of chrysin observed in in vivo studies has been
disappointing (15, 16). To address this issue, several chrysin
derivatives have been synthesized in recent years (17-19), sug-
gesting the feasibility of improving the biological activities of
chrysin as an antitumor agent that is more potent, with lower
toxicity and minimal side effects by modifying its structure.

The majority of protein kinase inhibitors are ATP-competi-
tive (type I) agents, which typically bind to the ATP pocket that
is highly conserved across most of the kinases of the human
genome. The lack of selectivity is an issue with type I inhibitors,
which can lead to so-called “off-target” effects (20). The rela-
tively poor selectivity of type I inhibitors can be addressed by
type II inhibitors, which bind not only the ATP pocket but, in
addition, interact with a site adjacent to the pocket. Type III
inhibitors bind to regions that are remote from the ATP pocket.
These regions are typically not highly conserved across all the
kinases, providing for better selectivity (21). Type IV inhibitors
target protein kinases distal to the substrate binding pocket,
and type V are bi-substrate and bivalent inhibitors (22). Types
II-1V are allosteric (noncompetitive) inhibitors with distinct
allosteric binding characteristics. To date, only a small number
of noncompetitive inhibitors have been identified (21, 23).
Most were identified serendipitously and were later determined
to be ATP-noncompetitive agents through examination of
x-ray co-structures (24). Although comparatively few agents
remain in development, in particular phytochemicals, chemical
strategies for converting known type I inhibitors into corre-
sponding type II inhibitors with different kinase selectivity
profiles and exceptionally potent cellular activity have been
reported (24). This raises the possibility that natural phyto-
chemicals could serve as core scaffolds that can be further
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designed and developed to obtain inhibitors with the desired
spectrum of inhibitory activities.

Because of the important role of Cdks in carcinogenesis,
these kinases have long been considered ideal targets for anti-
cancer agents. As a result, many Cdk inhibitors have been
developed, some of which have progressed to clinical trials.
However, none are currently approved for clinical use because
the numerous potential drug leads are ATP-competitive type I
compounds, leading to a lack of target selectivity. An ever-in-
creasing demand exists for the development of ATP-noncom-
petitive Cdk inhibitors, especially those from natural and die-
tary sources. Indeed, progress has been made in identifying Cdk
inhibitors that act through novel mechanisms. A novel struc-
tural pocket present on Cdk2, which is conserved on Cdks 1, 4,
and 6, has been identified. Small molecules, identified by a high
throughput iz silico screening of this pocket, exhibit cytostatic
effects and act by decreasing the function of Cdks in cells by
binding to this site (25). Recently, an allosteric ligand-binding
site, away from the ATP site, in Cdk2 was also discovered. Bind-
ing of two 1-anilino-8-naphthalene sulfonate molecules is
accompanied by substantial structural changes in Cdk2, result-
ing in a C-helix conformation that is incompatible for cyclin A
association (26). A phytochemical Cdk inhibitor described as an
ATP-noncompetitive inhibitor has also been reported. How-
ever, a mechanism of action that is distinct from that of ATP
competitive inhibitors remains undisclosed (27).

Here, we report that a modified chrysin derivative, com-
pound 69407, inhibits EGF-induced anchorage-independent
growth of JB6 P™ cells and suppresses anchorage-dependent
and -independent growth of A431 human epidermoid carci-
noma cells. It also exhibited tumor suppression effects in an
A431 mouse xenograft model. Compound 69407 was shown to
be an ATP-noncompetitive inhibitor of Cdks. This study inves-
tigated a possible mechanism by which ATP did not compete
with compound 69407 for binding to Cdk2. Our results provide
new information for creating a general pharmacophore model
through which the design and development of new ATP-non-
competitive agents (based on parental phytochemicals) with
potent activity that target therapeutically relevant kinases with
minimal or no side effects.

EXPERIMENTAL PROCEDURES

Reagents—Compound 69407 (97% purity) was purchased
from InterBioScreen (Moscow, Russia). Chrysin (>97% purity)
and other chemical reagents, including Tris, NaCl, and SDS, for
molecular biology and buffer preparation were purchased from
Sigma. (R)-Roscovitine was from Selleck Chemicals (Houston,
TX). Restriction enzymes and a DNA ligation kit (version 2.0)
were purchased from Takara Bio, Inc. (Shiga, Japan). CNBr-
Sepharose 4B beads were obtained from Amersham Biosci-
ences, and the protein assay kit was from Bio-Rad. Active Cdk2/
cyclin E was purchased from Millipore (Dundee, UK). Active
Cdk4/cyclin D1, active Cdké6/cyclin D1, active Cdk7/cyclin
H1/MNAT1, recombinant human Rb protein (773-928 amino
acids; substrate for Cdk4/cyclin D1 and Cdké/cyclin D1), and
myelin basic protein (MBP) (substrate for Cdk7/cyclin HI/MNAT1)
were purchased from SignalChem (Richmond, British Columbia,
Canada). Recombinant human histone H1 (substrate for Cdk2/
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cyclin E) was purchased from New England Biolabs (Ipswich, MA).
Antibodies for immunoprecipitation (IP) or immunoblotting were
purchased from Cell Signaling Technology (Beverly, MA), Santa
Cruz Biotechnology (Santa Cruz, CA), Millipore (Dundee, UK),
or Upstate Biotechnology, Inc. (Charlottesville, VA). For
immunoprecipitation, protein extracts were immunoprecipi-
tated by using antibodies against Cdk2 (sc-163, Santa Cruz Bio-
technology), Cdk4 (sc-260, Santa Cruz Biotechnology), cyclin A
(sc-751, Santa Cruz Biotechnology), cyclin D1 (sc-753, Santa
Cruz Biotechnology), or normal rabbit IgG (NIO1, Calbi-
ochem). Antibodies to detect Cdk1, cyclin E, and cyclin B1 were
purchased from Cell Signaling Technology. Antibodies against
GST, Cdk6, Cdk7, Rb, and phosphorylated Rb (Ser-807/811)
were purchased from Santa Cruz Biotechnology. Antibodies
against phosphorylated Rb (Ser-795) and B-actin were pur-
chased from Sigma. Antibodies for Western blotting analysis of
other EGF-stimulated signaling pathways were from Cell Sig-
naling Technology, Santa Cruz Biotechnology, or Upstate
Biotechnology.

Cell Culture—JB6 P* mouse epidermal cells were cultured in
monolayers in minimum essential medium (MEM) Eagle’s con-
taining 5% fetal bovine serum (FBS), 2 mm L-glutamine, and 25
pg/ml gentamicin at 37 °C under a 5% CO, atmosphere.
Human skin epidermoid carcinoma A431 cells were cultured in
DMEM supplemented with 10% FBS, 1% L-glutamate, penicil-
lin, and streptomycin at 37 °C under a 5% CO, atmosphere.

Cell Viability Assay—Cell viability was measured using the
4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate (WST-1) assay kit (ITSBIO, Seoul, Korea)
according to the manufacturer’s instructions. The assay is
based on the cleavage of WST-1 to formazan dye by cellular
mitochondrial dehydrogenases. Because cleavage of WST-1 to
formazan dye occurs only in viable cells, the amount of dye
produced, measured in OD values, directly corresponds with
the number of viable cells present in culture (17, 28). Briefly, for
the cytotoxicity assay, JB6 P cells were seeded (1 X 10%) into
96-well plates in 100 ul of 5% FBS/MEM and incubated in a
37°C, 5% CO, incubator. After culturing for 12 h, different
concentrations of compound 69407 were added to each well.
After culturing for another 24 or 48 h, 10 ul of WST-1 were
added to each well, and cells were incubated for 2 h at 37 °C. For
the proliferation assay, JB6 P cells (1 X 10°) or A431 cells (2 X
10%) were seeded into 96-well plates in 100 ul of medium and
incubated in a 37 °C, 5% CO, incubator. After culturing for
12 h, different concentrations of compound 69407 were added
to each well. After culturing for another 24, 48,72, 0r 96 h, 10 ul
of WST-1 was added to each well, and cells were incubated for
2 h at 37 °C. The cellular reduction of WST-1 to formazan and
its absorbance were measured at 450 nm.

Anchorage-independent Cell Growth Assay—Cells (8 X 10?
per well) were suspended in basal medium Eagle (1 ml with 10%
FBS and 0.33% agar) in the absence or presence of EGF (10
ng/ml) with various concentrations of compound 69407 or
chrysin and plated over a layer of solidified BME, 10% FBS, 0.5%
agar (3 ml) with various concentrations of compound 69407 or
chrysin. The cultures were maintained at 37 °C in a 5% CO,
incubator for 2 or 3 weeks, and colonies were counted under a
microscope as described by Colburn et al. (29).
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Cell Cycle Analysis—]B6 P™ cells were serum-starved in 0.1%
FBS/MEM for 36 h to synchronize the cells at G, phase and
treated for 1 h with DMSO or the indicated concentrations of
compound 69407, chrysin, or (R)-roscovitine, and then exposed
to EGF (10 ng/ml) for 24 h. Trypsinized cells were stained with
propidium iodide with the CycleTEST™ PLUS DNA reagent
kit (BD Biosciences) according to the manufacturer’s recom-
mendations, and the cell cycle phases were analyzed in a
FACSCalibur flow cytometer (BD Biosciences) using the Cell-
Quest Pro (BD Biosciences) software package.

Preparation of Sepharose 4B Beads—Sepharose 4B beads (0.3
g) were washed with 300 ml of 1 mm HCl three times for 5 min
each by gentle inversion and then incubated with 3 mg of com-
pound 69407 or DMSO in coupling buffer (0.1 M NaHCO; and
0.5 M NaCl, pH 8.3) at 4 °C overnight. The samples were washed
five times with coupling buffer and incubated with blocking
buffer (0.1 m Tris-HCI, pH 8.0) at 4 °C overnight. The samples
were alternatively washed with 0.1 M acetic acid buffer, pH 4.0,
and with 0.1 M Tris-HCl and 0.5 M NaCl, pH 8.0, three times and
then resuspended in 1 ml of PBS for use.

Pulldown Assays—For pulldown assays, compound 69407-
conjugated Sepharose 4B beads (100 ul, 50% slurry) were incu-
bated with 100 ng of recombinant Cdk2-cyclin E (Millipore),
Cdk4-cyclin D1, Cdk6-cyclin D1, or Cdk7-cyclin HI-MNAT1
protein complexes (SignalChem), or cellular supernatant frac-
tions of JB6 P* cells (500 pg) in immunoprecipitation reaction
buffer (50 mMm Tris-HCI, pH 7.5, 5 mm EDTA, 150 mm NaCl, 1
mM dithiothreitol, 0.01% Nonidet P-40, and 0.02 mm phenyl-
methylsulfonyl fluoride) containing 2 ug/ml bovine serum
albumin and 1X protease inhibitor mixture at 4 °C with gentle
rocking overnight. The beads were then washed five times with
immunoprecipitation reaction buffer, and the proteins bound
to the beads were analyzed by immunoblotting (30).

In Vitro Kinase Assay—Cdk in vitro kinase assays were per-
formed as described previously (31) with the following modifi-
cations. Different concentrations of compound 69407 were incu-
bated with the active recombinant Cdk2-cyclin E (Millipore),
Cdk4-cyclin D1, Cdk6-cyclin D1, or Cdk7-cyclin HI-MNAT1
protein complexes (SignalChem) at 30 °C for 10 min. Then, 1 pug of
purified histone H1 (substrate for Cdk2-cyclin E, New England
Biolabs), 1 ug of Rb protein (773-928 amino acids, substrate for
Cdk4-cyclin D1 and Cdké6-cyclin D1, SignalChem) or 1 ug of
MBP (substrate for Cdk7-cyclin HI-MNAT1, SignalChem) was
added, and reactions were carried out in 1X kinase buffer (25
mm Tris-Cl, pH 7.5, 5 mm B-glycerophosphate, 0.1 mm
NazVO,, 10 mm MgCl,, and 2 mum dithiothreitol) containing 50
uM unlabeled ATP with or without 10 uCi of [y->**P]ATP at
30 °C for 30 min. Reactions were terminated and then proteins
resolved by 12% SDS-PAGE and visualized by autoradiography.

Western Blotting Assays—Cell lysates were prepared with
RIPA buffer (50 mm Tris-HCI, pH 7.4, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 1 mm EDTA,
1X protease inhibitor tablet). Protein concentrations were
determined using a dye-binding protein assay kit (Bio-Rad) as
described by the manufacturer, and equal amounts of proteins
were used for each experiment. Proteins were separated by
SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes (Bio-Rad). Membranes were blocked with 5% nonfat dry

VOLUME 288+NUMBER 36+SEPTEMBER 6, 2013

6T0Z ‘8 J200100 U0 158Nn6 Aq /B10"0q - mmmy//:dny wody papeojumoq


http://www.jbc.org/

milk for 1 h at room temperature and incubated with appropri-
ate primary antibodies overnight at 4 °C. After washing with
PBS containing 0.1% Tween 20, the membrane was incubated
with a horseradish peroxidase-conjugated secondary antibody
at a 1:2,000 dilution, and the signal was detected with a Super-
Signal West Pico Chemiluminescent kit (Thermo Scientific,
Rockford, IL).

IP-Western Blotting Assays and IP Kinase Assays—Immuno-
precipitation and IP kinase assays for Cdks were performed as
described previously (31) with the following modifications.
Quiescent JB6 P* cells were serum-starved in 0.1% FBS/MEM
for 36 h followed by treatment for 1 h with DMSO or the indi-
cated concentrations of compound 69407, chrysin, or (R)-ros-
covitine and then exposed to EGF (10 ng/ml) for 24 h. Cells
were harvested and disrupted in Cdk lysis buffer (50 mm Tris-
HCI, pH 7.4, 0.25 M sodium chloride, 0.1% v/v Nonidet P-40, 5
mwm EDTA, 50 mm sodium fluoride, 1 mm sodium orthovana-
date, 1 mm sodium pyrophosphate, 1 mm phenylmethylsulfonyl
fluoride, and 1X protease inhibitor mixture (Roche Applied
Science) prepared fresh each time and stored on ice. The sam-
ples were sonicated on ice (output 10, 10 s on, 5 s off, total 50 s;
Sonicator-4000, Misonix) and incubated on ice for 30 min. The
lysates were clarified by centrifugation at 13,000 rpm at 4 °C for
10 min. The protein concentration was determined using a dye-
binding protein assay kit (Bio-Rad) as described by the manu-
facturer. To pre-clear cell lysates, 40 ul of protein A/G-agarose
beads (sc-2003, Santa Cruz Biotechnology) were added to 250
g of cell lysate to a final volume of 750 ul using Cdk lysis buffer
and rotating at 4 °C for 1 h. The pre-cleared cell lysates were
immunoprecipitated with 2 ug of anti-Cdk2, anti-Cdk4, anti-cy-
clin A, or anti-cyclin D1 at 4 °C overnight, followed by 2 h of incu-
bation with 40 ul of protein A/G-agarose beads. For IP-Western
blotting assays, immunocomplexes were resolved by SDS-
PAGE, and co-immunoprecipitated proteins were detected
by Western blotting using antibodies as indicated in the specific
experiments. For IP kinase assays, immunocomplexes were
preincubated with DMSO and different concentrations of com-
pound 69407, chrysin, or (R)-roscovitine at 30 °C for 10 min and
then incubated in the presence of appropriate substrates in Cdk
kinase buffer (50 mm Tris-HCI, pH 7.4, 10 mm MgCl,, 1 mm
dithiothreitol) supplemented with 50 um ATP and 10 uCi of
[y->2P]ATP at 30 °C for 30 min. Reactions were terminated and
resolved by SDS-PAGE. To verify equal loading, the gel was
stained with Coomassie Brilliant Blue to visualize substrate
proteins before it was dried and subjected to autoradiography.

RNA Interference—A431 cells were grown in 6-well plates
and transfected with a Cdk2-specific small interfering RNA oli-
gonucleotide (si-Cdk2; catalog no. 8618; 100 pmol; Cell Signal-
ing), a Cdk4-specific small interfering RNA oligonucleotide (si-
Cdk4; catalog no. s2822; 100 pmol; Applied Biosystems), or a
scrambled oligonucleotide (si-scrambled; catalog no. 6568; 100
pmol; Cell Signaling) using HiPerFect transfection reagent (cata-
log no. 301705, Qiagen) for 72 h according to the manufacturer’s
instructions. To confirm Cdk2 or Cdk4 knockdown, cells trans-
fected with si-Cdk2, si-Cdk4, or scrambled oligonucleotide were
harvested for protein extraction and immunoblotting.

Construction of Expression Vectors—pCMV-HA-Cdk2 (Add-
gene plasmid 1884) containing human full-length Cdk2 cDNA
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was constructed by van den Heuvel and Harlow (32) and
obtained through Addgene (Cambridge, MA). The human
Cdk2 cDNA was digested with BamHI and then the fragment
was ligated into the BamHI site of the pGEX-6P-1 vector to gen-
erate a glutathione S-transferase (GST)-tagged Cdk2 expression
plasmid. The mutations of Cdk2 (Y15A, K33A, L55R, L55R, and
N59A) were generated by two-step PCR. The primer sets using for
generating mutations are listed in supplemental Table 2. The plas-
mid constructs were confirmed by restriction mapping and
DNA sequencing.

Flexible Protein Docking between Compound 69407 and
Cdk2—The crystal structure of Cdk2 (Protein Data Bank code
3PXQ (33)) was used as the receptor model structure, and the
conformation from the binding mode between compound
69407 and Cdk2 was used as the ligand structure. Protein-li-
gand docking was run using a high performance hierarchical
docking algorithm Glide in Maestro version 9.2 and Glide ver-
sion 5.7. The final binding model structure of compound
69407-Cdk2 was generated from Schrodinger Induced Fit
Docking (34), which merges the predictive power of Prime
with the docking and scoring capabilities of Glide for accom-
modating the possible protein conformational change upon
ligand binding. More computational details are provided in
the supplemental Methods.

In Vivo Tumor Growth Assay—Athymic nude mice (BALB/c
nude mouse, 6 weeks old) were from Orient Bio Inc. (Jungwon-gu,
Gyeonggi-Do, Republic of Korea). Animals were maintained
under “specific pathogen-free” conditions, and all animal stud-
ies were conducted according to guidelines approved by the
Korea Research Institute of Bioscience and Biotechnology-In-
stitutional Animal Care and Use Committee). Mice were
housed in climate-controlled quarters with a 12-h light/12-h
dark cycle, and all animals were acclimated for 2 weeks before
the study and had free access to food and water. Animals were
randomly assigned to the following groups: vehicle group (n =
9) and 50 mg/kg compound 69407 group (# = 9). Each mouse in
the corresponding group was administered compound 69407
(50 mg/kg body weight in 100 ul of 100% soybean oil as vehicle)
or only vehicle three times per week by intraperitoneal injec-
tion. After 1 week of treatment, A431 cells (5 X 10°) were then
injected subcutaneously into the right flank of mice in the
respective groups. Following injection, each mouse was admin-
istered compound 69407 (50 mg/kg body weight in 100 ul of
100% soybean oil as vehicle) or vehicle only and continued to be
administered compound 69407 or vehicle every other day by
intraperitoneal injection. The dose of compound 69407 was
based on preliminary pilot studies and also extrapolated from
cell culture experiments. Mice were weighed and tumors meas-
ured by caliper every 3 days. Tumor volume was calculated
from measurements of two diameters of the individual tumor
according to the following formula: tumor volume (mm?®) =
(length X width X width/2). Mice were monitored until day 21,
and at that time mice were euthanized and tumors extracted.

Statistical Analysis—All quantitative data are expressed as
means = S.E. or S.D. as indicated. The Student’s ¢ test or a
one-way analysis of variance was used for statistical analysis. A
probability of p < 0.05 was used as the criterion for statistical
significance.
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FIGURE 1. Compound 69407 inhibits EGF-induced anchorage-independent growth of JB6 P* cells. A, chemical structure of chrysin, and B, the chrysin
derivative, compound 69407. C, cytotoxicity of compound 69407 or chrysin measured in JB6 P™ cells. JB6 P™ cells were seeded (1 X 10%) into 96-well plates in
100 pl of 5% FBS/MEM and incubated in a 37 °C, 5% CO, incubator overnight. The cells were treated with different doses of compound 69407 (0, 5, 10, 20, 40,
60, or 80 um) or chrysin (0, 5,10, 20, 40, 60, or 80 um) for 24 or 48 h. Viability of JB6 P cells was measured as described under “Experimental Procedures.” D, effect
of chrysin and its derivative compound 69407 on anchorage-independent growth of JB6 P* cells stimulated by EGF. JB6 P™ cells (8 X 10°/ml) were exposed to
mixtures of EGF (10 ng/ml) containing the indicated concentrations of compound 69407 or chrysin in 1 ml of 0.33% basal medium Eagle’s agar containing 10%
FBS. The cultures were maintained at 37 °Ciin a 5% CO, incubator for 7 days, and then cell colonies were counted. Data are represented as means = S.D. The
asterisk indicates a statistically significant (p < 0.01) decrease in number of colonies formed in treated cells compared with untreated control cells. The pound

symbol indicates a significant difference between compound 69407 and chrysin-treated groups (p < 0.01).

RESULTS

Compound 69407, a Derivative of the Natural Compound Chry-
sin, Suppresses EGF-induced Anchorage-independent Growth of
JB6 P" Cells—We first compared the cytotoxicity of chrysin
(Fig. 1A) and compound 69407 (Fig. 1B) in JB6 P™ cells. Com-
pound 69407 at concentrations up to 80 uMm and exposure times
up to 48 h had little effect on cell viability (Fig. 1C). However,
chrysin treatment at 20 uM for 48 h began to show cytotoxicity
(Fig. 1C), and at 72 h, a significant cytotoxicity could be
observed (data not shown). Therefore, the highest dose of chry-
sin used in additional experiments was 10 um. When compar-
ing the effect of compound 69407 and chrysin on anchorage-
independent cell growth, we found that compound 69407 at 10
uM inhibited EGF-induced neoplastic transformation of JB6 P*
cells by 60% (Fig. 1D). However, the same dose of chrysin inhib-
ited EGF-induced neoplastic transformation of JB6 P cells by
only 25% (Fig. 1D). These data indicated that compound 69407
is more potent than chrysin at suppressing cell transformation.

Effects of Compound 69407 on Cell Cycle Progression and Rb
Phosphorylation Levels in EGF-stimulated JB6 P Cells—To
reveal the mechanism of compound 69407’s inhibition of EGF-
induced anchorage-independent growth of JB6 P cells under
the same conditions as for Fig. 1D, the effect of compound
69407 on cell cycle response in EGF-stimulated JB6 P cells was
evaluated using flow cytometry (Fig. 2A4). JB6 P* cells were syn-
chronized at G, phase by serum starvation. Cells were treated
for 1 h with various concentrations of compound 69407 and
then stimulated with 10 ng/ml EGF. Cell cycle distribution
analysis showed an accumulation of cells in the G; phase of the
cell cycle. Atlow concentrations of 2.5 or 5 um treatment, some
cells still could enter the S phase after exposure to EGF. How-
ever, cells treated with at least a 10 um concentration of com-
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pound 69407 could not enter S phase after exposure to EGF.
Results of cell cycle analysis indicated that compound 69407
causes G, arrest and inhibits the G, to S phase transition, which
is consistent with Cdk4 and Cdk2 inhibition. Compared with
the same dose of compound 69407, the inhibitory effect of 10
M chrysin on G, phase and the G, to S transition was signifi-
cantly lower. (R)-Roscovitine, a known Cdks inhibitor, showed
less potency than that of compound 69407 (Fig. 2A4).

As one of the known natural substrates for Cdks, Rb would be
expected to become hypophosphorylated following treatment
with compound 69407. Phosphorylation of Rb is triggered by
Cdk4/6 and probably completed by Cdk2 as cells enter S phase
(35, 36). The phosphorylation of the endogenous Rb protein at
Ser-795 is one of the preferred sites phosphorylated by Cdk4/6
(37-39). The phosphorylation of Rb protein at Ser-807/811 is
mediated by Cdk2, and these phosphorylations are thought
necessary for the G; to S transition (40, 41). Therefore, we
assessed the phosphorylation status of the endogenous Rb pro-
tein at both Ser-795 and Ser-807/811. Western blotting results
indicated that treatment with compound 69407 resulted in a
concentration-dependent loss of Rb phosphorylation at both
Ser-795 and Ser-807/811 in EGF-stimulated JB6 P cells (Fig.
2B). When comparing the same dose (10 um) of compound
69407 with chrysin, the result demonstrated that compound
69407 is more potent than chrysin in inhibiting Rb phosphoryl-
ation at both Ser-795 and Ser-807/811 in EGF-stimulated JB6
P* cells (Fig. 2B, p < 0.05), which corresponds with the FACS
results (Fig. 24). Moreover, results of real time PCR (supple-
mental Table 1) and Western blotting analysis showed that the
expression of Cdk2, Cdk4, Cdké, or upstream Cdk-activating
kinase Cdk7, in response to EGF stimulation, was unaffected by
compound 69407 treatment (Fig. 3, A and B). These results
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FIGURE 2. Compound 69407 inhibits G, to S phase transition and Rb phosphorylation levels in EGF-stimulated JB6 P* cells. A, JB6 P* cells were serum-starved
in 0.1% FBS/MEM for 36 h to synchronize the cells at G, phase and then treated for 1 h with DMSO or the indicated concentrations of compound 69407, chrysin, or
(R)-roscovitine. Cells were then exposed to EGF (10 ng/ml) for 24 h. Trypsinized cells were stained with propidium iodide using the CycleTEST™ PLUS DNA reagent kit
(BD Biosciences), and the cell cycle phases were analyzed in a FACSCalibur flow cytometer (BD Biosciences) using the CellQuest Pro (BD Biosciences) software package.
The percentage of cells occupying G,/G,, S, or G,/M phase is shown as a bar graph. Data are represented as means =+ S.D. of triplicate samples from two independent
experiments. The known Cdk inhibitor (R)-roscovitine (CYC202) was used as a positive control. Statistical significance is as follows: #, p < 0.05,and *, p < 0.01 compared
with the DMSO plus EGF control (Student’s t test). B, JB6 P™ cells were treated using the same protocol as described in A. Rb protein expression and phosphorylation
at Ser-795 and Ser-807/811 were analyzed by Western blotting using specific primary and HRP-conjugated secondary antibodies. -Actin was used as a loading
control. Band density was measured using the ImageJ program (National Institutes of Health, version 1.41), and the band intensities of total Rb, phospho-Rb (Ser-795),
or phospho-Rb (Ser-807/811) were normalized against B-actin. Statistical significance was as follows: *, p < 0.05 compared with the DMSO plus EGF control. **, p <
0.05, compound 69407-treated group (10 um) compared with chrysin-treated group (10 ww) (lower panel).
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Compound 69407 Inhibits Endogenous Cdk2 and Cdk4
Kinase Activities in EGF-stimulated JB6 P" Cells—Treatment
with compound 69407 inhibits the phosphorylation levels of
both Cdk2 and Cdk4/6 downstream substrates in EGF-stimu-
lated JB6 P cells, which suggested that compound 69407
might directly target Cdk2 and Cdk4/6. To test this hypothesis,
immunoprecipitation kinase assays were performed to assess
endogenous Cdk2 and Cdk4 activities in EGF-stimulated JB6
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were immunoprecipitated with a Cdk2 or Cdk4 antibody. The CcDK2 CyclinB
immunocomplexes were then incubated with histone H1 (for CDK4 Cyciin D1 | o

Cdk2) or a recombinant Rb protein (773-928 amino acids; for CDK6 cycinE [} =
Cdk4) in the presence of [y->*P] ATP. Cdk4-associated kinase CDK7 p-actin [SESS ]

assay results indicated that Cdk4 activity was dose-dependently  riyge 3. Effect of compound 69407 on cell cycle-regulated genes in EGF-

inhibited by compound 69407. However, chrysin at 10 um had
no effect on Cdk4 activity, and (R)-roscovitine at 20 um had
little effect (Fig. 44). Cdk2-associated kinase assay results indi-
cated that Cdk2 activity was dose-dependently inhibited by
compound 69407. However, neither chrysin at 10 um nor (R)-
roscovitine at 20 um had an effect on Cdk2 activity (Fig. 4B).
Because Cdks form active complexes with their respective
cyclins (e.g. Cdk2 with cyclin E or cyclin A, and Cdk4 with cyclin
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stimulated JB6 P cells. JB6 P cells were serum-starved in 0.1% FBS/MEM for
36 hand treated for 1 h with DMSO or the indicated concentrations of compound
69407 and then exposed to 10 ng/ml EGF for 24 h. Expression of mRNAs and
proteins was analyzed by real time RT-PCR (A) and Western blotting (B), respec-
tively. Data are shown as means = S.D. and significant differences were deter-
mined by t test. *, p < 0.05, compared with the DMSO plus EGF control.

D), the effect of compound 69407 on cyclin-associated kinase
activities was examined. Results (Fig. 4, C and D) indicated that
compound 69407 dose-dependently inhibited cyclin D1-asso-
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FIGURE 4. Compound 69407 inhibits endogenous Cdk2 and Cdk4 kinase activities in EGF-stimulated JB6 P cells. JB6 P* cells were serum-starved in
0.1% FBS/MEM for 36 h and treated for 1 h with DMSO or the indicated concentrations of compound 69407, chrysin, or (R)-roscovitine and then exposed to EGF
(10 ng/ml) for 24 h. Cell lysates were subjected to IP using the appropriate antibodies. A, cell lysates were immunoprecipitated with anti-Cdk4 and subjected
to an in vitro kinase assay using a recombinant Rb protein (773-928 amino acids) as substrate. The phosphorylated Rb protein from the reaction was resolved
by SDS-PAGE, and the blots were developed by autoradiography. B, cell lysates were immunoprecipitated with anti-Cdk2 and subjected to a histone H1 kinase
assay. Phosphorylated histone H1 was electrophoretically separated by SDS-PAGE and subjected to autoradiography. C, cell lysates were immunoprecipitated
with anti-cyclin D1 and subjected to an in vitro kinase assay using a recombinant Rb protein (773-928 amino acids) as substrate. Phosphorylated Rb proteins
from the reactions were resolved by SDS-PAGE, and the blots were developed by autoradiography. D, cell lysates were immunoprecipitated with anti-cyclin A
and subjected to a histone H1 kinase assay. Phosphorylated histone H1 was electrophoretically separated by SDS-PAGE and subjected to autoradiography. £,
co-immunoprecipitation of endogenous cyclin D1 and Cdk4. Cell lysates were immunoprecipitated with anti-cyclin D1 or a normal IgG antibody. The immune
complexes and the input were analyzed by immunoblotting with a Cdk4 antibody. F, co-immunoprecipitation of endogenous cyclin A and Cdk2. Cell lysates
were immunoprecipitated with anti-cyclin A or a normal IgG antibody. The immune complexes and input were analyzed by immunoblotting with a Cdk2
antibody. WB, Western blot; CB, Coomassie blue staining.

ciated and cyclin A-associated kinase activities and, chrysin at  its the G, to S phase transition as well as attenuates the

10 uMm had no effect, which is consistent with the Cdk4- and
Cdk2-associated kinase assay results. Additionally, co-immu-
noprecipitation data confirmed that cyclin D1 and cyclin A
antibodies imunoprecipitated the active complexes efficiently
(Fig. 4, E and F).

Compound 69407 Inhibits Cdk2 and Cdk4 Kinase Activities
in Vitro and Binds with Cdk2 and Cdk4 in Vitro and Ex Vivo—
Treatment with compound 69407 causes G, arrest and inhib-
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phosphorylation levels of both Cdk2 and Cdk4/6 downstream
substrates in EGF-stimulated JB6 P cells. This suggested that
Cdk2 and Cdk4/6 might be molecular targets of compound 69407
for the inhibition of cell transformation. Results of ix vitro kinase
assays indicated that compound 69407 inhibited Cdk2 (Fig. 54)
and Cdk4 (Fig. 5B) kinase activities with IC,, values of 8.3 and 8.4
M, respectively, compared with those for (R)-roscovitine at 0.7
uM for Cdk2 (42) and 15.3 um for Cdk4 (43). However, Cdk6
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kinase activity was not obviously changed by treatment with com-
pound 69407 (Fig. 5C). To determine whether compound 69407
specifically inhibits Cdk2 and Cdk4 kinase activities, we investi-
gated the effect of compound 69407 on the kinase activity of the
upstream Cdk-activating kinase, Cdk7. Compound 69407 had no
effect on Cdk7 kinase activity in vitro (Fig. 5D). Because compound
69407 attenuates Cdk2 and Cdk4 kinase activities, we conducted
pulldown assays to determine whether this compound interacts
directly with Cdk2 or Cdk4 kinase. Results indicated that Cdk2
directly binds to compound 69407-conjugated Sepharose 4B
beads, but it does not bind to the Sepharose 4B beads alone (Fig.

A c
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5E). A direct interaction between compound 69407 with Cdk4 was
also observed (Fig. 5F). Additionally, we confirmed in cell lysates
that this compound bound with endogenous Cdk2 (Fig. 5G) or
Cdk4 (Fig. 5H). In contrast, chrysin did not bind with either Cdk2
or Cdk4 (Fig. 5, I and J), suggesting that such modification may
increase its binding affinity with its target protein. To further
investigate the binding of compound 69407 with Cdk2 and Cdk4,
we performed a pulldown assay with increasing concentrations of
ATP. The binding ability of compound 69407 with Cdk2 was not
altered by increasing the ATP concentration (Fig. 5, Kand L), sug-
gesting that compound 69407 did not compete with ATP for bind-
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ing to Cdk2. Furthermore, compound 69407 also did not compete
with ATP for binding to Cdk4 (Fig. 5M). These results showed that
compound 69407 is an ATP-noncompetitive inhibitor that
reduces Cdk2 and Cdk4 kinase activities.

Molecular Modeling of the Binding of Compound 69407
Inside the Cdk2 Allosteric Binding Site—To assess the possible
binding mode between compound 69407 and Cdks, the hierar-
chical docking algorithm Glide (Glide version 5.7) (33) in the
Schrodinger package was used for docking experiments. Cur-
rently, 268 crystal structures of Cdk2 are available, which is
many more than for other Cdks, and therefore, it is the most
likely Cdk2 to use for building an accurate binding model with
compound 69407. To capture the ligand-induced conforma-
tional changes in the receptor allosteric binding site, we per-
formed flexible-ligand flexible-protein docking by using the
induced fit docking module (Schrédinger Suite 2011 Induced
Fit Docking protocol; Glide version 5.7; Prime version 3.0). The
binding pose of compound 69407-Cdk2 obtained from the
induced fit docking results suggested that compound 69407
bound inside the Cdk2 allosteric binding site (Fig. 64), which
was similar to that for two 1-anilino-8-naphthalene sulfonate
molecules that bound at a region away from the ATP site and
located in a large pocket that extends from the DFG region
above the C-helix (26). Compound 69407 formed five hydrogen
bonds with Cdk2. Four bonds were involved in the backbone
atoms of three residues, Phe-146, Val-64, and Leu-58, and the
other hydrogen bond was formed with the side chain atoms (i.e.
hydroxyl group) of Thr-14 (Fig. 6B). In addition, 11 residues
around the allosteric site, including Val-69, Leu-78, Leu-66,
Phe-80, Val-64, Leu-58, Phe-146, Leu-55, Leu-148, Ile-52, and
Phe-152, formed hydrophobic interactions with the carbons of
compound 69407 (Fig. 6C). Specifically, Leu-55 showed a very
strong hydrophobic interaction with compound 69407. The
side chains of Leu-55 were closely packed with the three phenyl
rings of compound 69407 (Fig. 6D). Therefore, Leu-55 should
play an important role in the binding of compound 69407 with
Cdk2. Experimental results confirmed this idea because muta-
tion of Leu-55 to Arg-55 significantly decreased the binding
ability (Fig. 6E). However, the side chains of Lys-33 and Tyr-15

were a little bulky for accommodating compound 69407 nearby
(Fig. 6D). Thus, a mutation of either residue to alanine could
increase the binding affinity slightly (Fig. 6E). The computa-
tional results were in good agreement with the experimental
results. Moreover, immunoblotting results indicated that com-
pound 69407 had no effect on the activities of numerous other
kinases (Fig. 7). This supports the hypothesis that compound
69407 functions as a Cdk inhibitor at a site other than the ATP
pocket, which is well conserved in all kinases. These results
indicated that compound 69407 binds to a Cdk2 allosteric site,
suggesting that compound 69407 might be a type III inhibitor
with ATP noncompetitive inhibitory effects on Cdks.

Compound 69407 Inhibits Human Epidermoid Carcinoma
Cell Growth and Is Dependent on Cdk2 and Cdk4—Both JB6 P~
cells and A431 human epidermoid carcinoma cells are EGF
receptor-overexpressing cells that are very responsive to EGF
stimulation (44, 45). Therefore, we further determined whether
compound 69407 could suppress the growth of the A431
human epidermoid carcinoma cell line. The experimental data
indicated that compound 69407 inhibited A431 proliferation
(Fig. 84) and anchorage-independent cell growth (Fig. 8B)
more potently than chrysin. In addition, we found that tran-
sient knockdown of endogenous Cdk2 and Cdk4 by si-Cdk2
and si-Cdk4 (Fig. 8C) inhibited A431 cell growth (Fig. 8D), indi-
cating that both Cdk2 and Cdk4 are required for A431 cell pro-
liferation. Furthermore, A431 cell viability was decreased more
effectively by compound 69407 in si-Control cells compared
with si-Cdk2 or si-Cdk4 cells (Fig. 8E). These findings showed
that the anticancer activity induced by compound 69407 is
dependent on Cdk2 and Cdk4.

Compound 69407 Inhibits the Growth of Human Epidermoid
Carcinoma Cells in a Xenograft Mouse Model—\W e next deter-
mined whether compound 69407 could suppress tumor growth
invivo. The A431 cell line was chosen as a model for evaluation
of the in vivo compound efficacy based on the data shown
above. Compound 69407 was injected into the right flank of
individual athymic nude mice. The results showed that the
mean tumor weight was decreased in the compound 69407-
treated group (Fig. 94), and the mean tumor volume in the

FIGURE 5. Compound 69407 inhibits Cdk2 and Cdk4 kinase activities in vitro and binds with Cdk2 and Cdk4 in an ATP-noncompetitive manner. A, compound
69407 inhibits Cdk2 kinase activity. The inhibitory effect of compound 69407 on Cdk2 kinase activity was assessed by an in vitro kinase assay using a recombinant
histone H1 protein as substrate and [y->2P]ATP. The 3P-labeled histone H1 was visualized by autoradiography. B, compound 69407 inhibits Cdk4 kinase activity. The
inhibitory effect of compound 69407 on Cdk4 kinase activity was assessed by an in vitro kinase assay using a recombinant Rb protein (773-928 amino acids) and
[y->2P]ATP. The >2P-labeled Rb protein was visualized by autoradiography. C, Cdké kinase activity is unaffected by compound 69407. The effect of compound 69407
on Cdkeé kinase activity was assessed by an in vitro kinase assay using a recombinant Rb protein (773-928 amino acids) as substrate and [y->P]ATP. The 3*P-labeled Rb
proteins were visualized by autoradiography. D, Cdk7 kinase activity is unaffected by compound 69407. The effect of compound 69407 on Cdk7 kinase activity was
assessed by an in vitro kinase assay using a recombinant MBP as substrate and [y->2P]ATP. The 3*P-labeled MBPs were visualized by autoradiography. Data shown are
representative of two independent experiments. Band density was measured using the ImageJ program (National Institutes of Health version 1.41), and the band
intensities of active Cdk2 and histone H1 (A, lower panel), active Cdk4 and Rb protein (B, lower panel), active Cdké and Rb protein (C, lower panel), or active Cdk7 and MBP
(D, lower panel) were compared. E, compound 69407 binds with Cdk2 in vitro. The active Cdk2-cyclin E complex (100 ng) was subjected to a pulldown assay with
compound 69407-conjugated CNBr-Sepharose 4B beads. Compound 69407 binding with Cdk2 was visualized by Western blotting (WB) with anti-Cdk2. F, compound
69407 binds with Cdk4 in vitro. The active Cdk4-cyclin D1 complex (100 ng) was subjected to a pulldown assay with compound 69407-conjugated CNBr-Sepharose 4B
beads. Compound 69407 binding of Cdk4 was visualized by Western blotting with anti-Cdk4. G, compound 69407 binds with Cdk2 ex vivo. The cellular protein fraction
(500 ug) of JB6 P™ cells was used for the pulldown assay with CNBr-DMSO or CNBr-compound 69407-conjugated beads. The Cdk2 proteins pulled down were
visualized by Western blotting with anti-Cdk2. H, compound 69407 binds with Cdk4 ex vivo. The cellular protein fraction (500 ug) of JB6 P* cells was used for the
pulldown assay with CNBr-DMSO or CNBr-compound 69407-conjugated beads. The Cdk4 proteins pulled down were visualized by Western blotting with anti-Cdk4.
Iand J, chrysin does not bind to Cdk2 and Cdk4 ex vivo. Protein fractions (500 ug) of JB6 P* cells were used for a pulldown assay with CNBr-DMSO or CNBr-chrysin-
conjugated beads. The pulled down Cdk2 (/) and Cdk4 (J) proteins were visualized by Western blotting with anti-Cdk2 and anti-Cdk4, respectively. Kand L, compound
69407 binds to Cdk2 in an ATP noncompetitive manner. Active Cdk2/cyclin E (K) or GST-Cdk2 (L) was incubated with ATP at different concentrations (0, 0.01,0.1, or 1
mm) and compound 69407-conjugated Sepharose 4B beads or with Sepharose 4B beads alone (as a negative control) in reaction buffer. The pulled down proteins
were analyzed by Western blotting. M, compound 69407 binds to Cdk4 in an ATP-noncompetitive manner. The active Cdk4-cyclin D1 complex was incubated with ATP
at different concentrations (0, 0.01, 0.1, or 1 mm) and compound 69407-conjugated Sepharose 4B beads or with Sepharose 4B beads alone (as a negative control) in
reaction buffer. The pulled down proteins were analyzed by Western blotting. Results shown are representative of at least two independent experiments.
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FIGURE 6. Computational modeling of the binding of compound 69407 inside the Cdk2 allosteric binding site. A, binding pose of compound 69407 inside the
allosteric binding site of Cdk2. B, hydrogen bonds formed between compound 69407 and four residues in the allosteric site. C, hydrophobic interactions between
compound 69407 and 11 residues of Cdk2 (for clarity, the oxygens, nitrogens, and hydrogens of the protein residues are not shown). D, function of protein residues,
Lys-33, Tyr-15, and Leu-55, in the docking of compound 69407 to Cdk2. Note: the a-helices are drawn as cylinders and the B-strands as arrows. Compound 69407 is
shown in stick model, and protein residues are shown in line model. In addition, Leu-55 in D is shown in CPK model. The figures were generated using Maestro version
9.2.E, Leu-55 plays an important role in the binding of compound 69407 inside the Cdk2 allosteric binding site. To confirm the predicted model of the Cdk2-compound
69407 complex, Cdk2 proteins harboring mutations at Tyr-15, Lys-33, Leu-55, or Leu-55/Asn-59 were expressed in the BL21 bacterial strain, and the purified GST,
GST-Cdk2, and Cdk2 mutants were incubated with compound 69407-conjugated Sepharose 4B beads or with Sepharose 4B beads alone (as a negative control) in
reaction buffer. The pulled down proteins were analyzed by Western blotting (WB) with anti-GST (top), and Coomassie Blue (C.B.) staining was used to verify equal
loading (middle). Similar results were obtained from two independent experiments. Band density was measured using the ImageJ program (Version 1.41) (bottom).

Data are shown as means = S.D., and significant differences were determined by t test. #, p < 0.01, compared with the wild type Cdk2.

vehicle-treated group increased faster than that in the com-
pound 69407-treated group (Fig. 9B). The body weights of
compound 69407- or vehicle-treated groups were similar
throughout the study (data not shown). Tumor extracts from
vehicle-treated and compound 69407-treated mice (i.e. eutha-
nized on the same day of the experiment) were prepared, and
phosphorylation of Rb (Ser-795 and Ser-807/811) was analyzed.
Western blotting analysis revealed that the compound 69407-
treated tumor extracts exhibited substantially decreased Rb
phosphorylation at both Ser-795 and Ser-807/811 compared
with vehicle-treated tumors (Fig. 9C). The protein levels of Rb
between the two groups remained unchanged (Fig. 9C). These
data suggested that A431 human epidermoid carcinoma devel-
opment was suppressed by compound 69407 through the inhi-
bition of Cdk2 and Cdk4 kinase activities.

DISCUSSION

In this study, a chrysin derivative, compound 69407, was syn-
thesized and the activity compared with that of its prototype,
chrysin. Our results showed that compound 69407 induces
G,/G; cell cycle arrest and inhibits the G, /S transition in qui-
escent JB6 P cells stimulated with EGF (Fig. 2A). Because the
progression of cells through G, phase is regulated by Cdk4/6
complexes with cyclin D and the transition from G, into S
phase is regulated by Cdk2 in complex with cyclin E, and the
transition through S phase is regulated by Cdk2 in complex
with cyclin A (46, 47), we further analyzed kinase activities

SEPTEMBER 6, 2013 «VOLUME 288+-NUMBER 36

under the same conditions. Our results showed that the G,/G;
arrest and the inhibition of the G,/S transition by compound
69407 in quiescent JB6 P cells stimulated with EGF were asso-
ciated with the attenuation of endogenous Cdk4 and Cdk2
activities (Fig. 4). The results supported the idea that com-
pound 69407 is a Cdk inhibitor. Furthermore, results showed
that compound 69407 exhibited a more potent inhibitory effect
than that of chrysin and appeared to exert its effect by targeting
Cdk2 and Cdk4. Importantly, compound 69407 was less toxic
than the parent compound. The results suggested that inhibi-
tion of Cdk4, which controls the entrance into the cell cycle,
and Cdk2, which controls the cell through S phase, might be
important molecular targets explaining the antitumor promot-
ing effects of compound 69407.

Key checkpoint targets in G,/S arrest are thought to be the
G,/S Cdks, including Cdk2, Cdk4, and Cdké, which activate the
@G, /S transition by phosphorylating the Rb protein. This results
in the release of the E2F transcription factors, which promotes
the transcription of genes required for the transition. Activa-
tion of E2F-dependent transcription is believed to be one of the
primary cell cycle-related functions of the G;/S Cdks (48).
When evaluating whether compound 69407 affects cell cycle-
related Cdk and cyclin abundance, the results of real time PCR
and Western blotting analysis showed that compound 69407
significantly attenuates the expression of Cdkl in response to
EGF stimulation at both mRNA and protein levels, whereas
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FIGURE 7. Inhibitory effect of compound 69407 on other signaling pathways in EGF-stimulated JB6 P* cells. JB6 P cells were serum-starved in 0.1% FBS/MEM

for 36 h and treated for 1 h with DMSO or indicated concentrations of compound 69407, and then exposed to 10 ng/ml EGF for 30 min. Individual levels of
phosphorylated and total proteins were visualized by Western blotting with specificantibodies. 3-Actin was used as an internal control to verify equal protein loading.
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FIGURE 8. Compound 69407 suppresses the growth of A431 human epidermoid carcinoma cells in a Cdk2- and Cdk4-dependent manner. A, compound
69407 suppresses anchorage-dependent growth of A431 cells. Cell proliferation was estimated by WST-1 assay. Absorbance was read at 24-h intervals up to
96 h. Data are represented as means = S.D. of three separate determinations, and significant differences were determined by t test. *, p < 0.05,and #, p < 0.01,
compared with the DMSO group. **, p < 0.05, comparing compound 69407-treated group (10 um) with chrysin-treated group (10 um). B, compound 69407
inhibits anchorage-independent growth of A431 cells. Data are shown as means * S.D. of two separate determinations, and significant differences were
determined by t test. ¥, p < 0.05, and #, p < 0.01, compared with the DMSO group. **, p < 0.01, comparing compound 69407-treated group (10 um) with
chrysin-treated group. C, growing A431 cells were transiently transfected with the indicated siRNAs and cultured for 72 h as described under “Experimental
Procedures.” Knockdown of Cdk2 or Cdk4 was analyzed by Western blotting. The results shown are representative of three independent experiments. B-Actin
was used as a loading control. D, A431 cells were transfected with scrambled, Cdk2, or Cdk4 siRNA in 6-well plates as described under “Experimental
Procedures” for 24 h, trypsinized, and transferred to a 96-well plate (3 X 103 cells per well) in 100 ul of complete DMEM. After culturing for another 24, 48, 72,
or96 h, 10 ul of WST-1 was added to each well, and cells were incubated for 2 h at 37 °C. Absorbance was read at 24-h intervals. Data are represented as means +
S.D. of three separate determinations, and significant differences were determined by t test. #, p < 0.01, compared with the si-Ctrl group. E, inhibition of A431
cell growth induced by compound 69407 is less apparent in knockdown Cdk2 or Cdk4 cells. A431 cells were transfected transiently for 24 h with si-Ctrl, si-Cdk2,
or si-Cdk4, trypsinized, and transferred to a 96-well plate (3 X 103 cells per well) in 100 wl of complete DMEM without or with compound 69407 (20 um). Cells
were incubated for 72 h, and growth was determined by WST-1 assay. Data are represented means = S.D. of three separate determinations, and significant
differences were determined by t test. *, p < 0.05, and #, p < 0.01, compared with the DMSO group.

si-Cdk2  si-Cdk4

Cdk2, Cdk4, Cdké6, or Cdk7 remain unaffected. The EGF-in- replication prior to mitosis might require over-riding more

duced cyclin A and cyclin B expression was also reduced at both
the mRNA and protein levels. Cyclin E was also affected, but to
a lesser extent (Fig. 3, A and B). Because E2F-binding sites are
found in the promoters of many genes, including the Cdkl,
cyclin E, cyclin A, and cyclin B promoters (49 -51), we believe
this effect to be an indirect rather than a direct effect. This
observation might reflect the fact that initiation of DNA repli-
cation is regulated through multiple coherent pathways. Re-
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than one control mechanism (52, 53).

The allosteric pocket in Cdk2 is relatively unique compared
with allosteric sites in other protein kinases. Docking experi-
mental results showed that compound 69407 binds away from
the ATP site and locates itself in a large pocket that extends
from the DFG region above the C-helix (Fig. 6A4). In contrast,
allosteric sites in other protein kinases, such as the Abl-Ima-
tinib complex or the MEK1-PD318088-ATP complex, extend
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FIGURE 9. Compound 69407 suppresses tumor growth by inhibiting CDK activity. A, total average tumor weight in the compound 69407-treated group is
significantly less than that of the vehicle-treated group. Tumors were extracted and weighed after mice were sacrificed. Data are shown as means =+ S.D., and
significant differences were determined by one-way analysis of variance. *, p < 0.05, compared with the vehicle group. B, total average tumor volume in the
compound 69407-treated group increased significantly less compared with the vehicle-treated group. Tumor volume was measured and recorded every 3
days for the duration of the study. Data are shown as means = S.D., and significant differences were determined by one-way analysis of variance. *, p < 0.05,
and #, p < 0.01, compared with the vehicle group. C, expression of Rb and phosphorylated Rb (Ser-795 and Ser-807/811) was assessed by Western blotting in
vehicle- and compound 69407-treated tumor tissues. 3-Actin was as a loading control. Data are represented as means * S.D. of three separate experiments,

and significant differences were determined by t test. *, p < 0.05, and #, p < 0.01, compared with the vehicle-treated group.

along the DFG region underneath the C-helix. In addition, the
residues of Cdk2 around the allosteric site include Val-69, Leu-
78, Leu-66, Phe-80, Val-64, Leu-58, Phe-146, Leu-55, Leu-148,
Ile-52, and Phe-152, which form hydrophobic interactions with
the carbons of compound 69407 (Fig. 6, B and C). When per-
forming multisequence alignments for Cdk2 and Cdkl, and
-3-7, which are the Cdks involved in cell cycle control (54),
results indicated that residues comprising the allosteric pocket
are largely conserved among Cdkl through Cdk7 (data not
shown). These characteristics of the allosteric pocket in Cdk2
may provide an opportunity for developing a general pharma-
cophore model by which to design a new generation of inhibi-
tors selectively targeting Cdk2 and possibly other Cdks as well,
but not other kinases.

We found that compound 69407 showed a higher binding
affinity with its target proteins compared with its progenitor,
chrysin (Figs. 5 and 6). Similarly, an analog of resveratrol,
RSVL2, was shown to strongly bind MEK1, whereas resveratrol
bound only very weakly (55). This was also true of a derivative of
indole 3-carbinol, 3CAIL which bound strongly to recombinant
Aktl and Akt2, whereas indole 3-carbinol showed no binding
(23). In addition, compared with resveratrol and quercetin, the
addition of the one or two hydroxyl groups in the resveratrol
analog RSVL2 and in myrcetin, respectively, seemed to increase
their binding affinity with MEK (56). These results support the
idea that compounds with only a small difference in molecular
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structure can lead to substantial differences in the target pro-
tein and a subtle difference in phytochemical structure, such as
the addition of hydroxyl groups, will affect the binding affinity
of a compound with a target protein (56). This raises the possi-
bility of increasing the affinity between a compound and its
target and lowering unwanted side effects by modifying the nat-
ural phytochemical structure.

In conclusion, we found that compound 69407, a derivative
of chrysin, is an effective agent for inhibiting neoplastic trans-
formation and tumor growth and acts by targeting Cdk2 and
Cdk4 in an ATP-noncompetitive manner. The possible mech-
anism by which ATP did not compete with compound 69407
for binding to Cdk2 is that compound 69407 binds inside the
Cdk2 allosteric pocket. This study provides information for
deriving a general pharmacophore model through which the
design and development of the new ATP-noncompetitive
agents with chemopreventive or chemotherapeutic potency
can be performed on the basis of prototype phytochemicals.

Acknowledgment—We thank Dr. Robert Huber (Chemistry Nobel
Prize winner in 1988) for the enlightening discussion on the molecular
modeling of the Cdk2 compound 69407 complex.
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