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Purvalanol A induces apoptosis and downregulation
of antiapoptotic proteins through abrogation of
phosphorylation of JAK2/STAT3 and RNA polymerase Il

Daisuke lizuka, Aki Ogura, Mikinori Kuwabara and Osamu Inanami

To clarify the mechanisms of purvalanol A in the induction
of apoptosis, we investigated whether purvalanol A
influenced the RNA synthesis and expression of RNA
polymerase Il and signal transducer and activator of
transcription 3 (STAT3). When MKN45 cells were treated
with 30 pumol/I purvalanol A, mitochondrial dysfunction
occurred before the induction of the apoptosis and the
expression of antiapoptotic proteins survivin, Bcl-X,, and
Bcl-2 was reduced. The treatment with parvalanol A was
also shown to reduce not only mRNA for these proteins but
also global RNA synthesis. The phosphorylation of the
carboxy-terminal domain of RNA polymerase Il, which was
involved in transcriptional regulation, was strongly inhibited
by purvalanol A, followed by the partial inhibition of the
expression of RNA polymerase Il. Furthermore, the
phosphorylation at Tyr705 of STAT3, which is known to be
a phosphorylation site for Janus kinase 2 (JAK2), was
completely inhibited by purvalanol A early (3 h) after drug
treatment, although the phosphorylation of STAT3 at
Ser727, which is a phosphorylation site for Ras/Raf/MEK
and extracellular signal-regulated protein kinase 1/2, was

Introduction

Recently, various cyclin-dependent kinase (Cdk) inhibi-
tors have been developed and some have been tested
under preclinical trials. Purvalanol A was recently
developed as a protein kinase inhibitor for cell division
cycle 2 (Cdc2) (Cdkl) through competitive inhibition
of ATP binding. It inhibits both G; and G, phase pro-
gression and the phosphorylation of Rb, resulting in the
lasting inhibition of cell proliferation and cell death in
both mouse fibroblasts and human cancer cell lines [1].
Purvalanol A also enhances taxol-induced and radiation-
induced cell death through the inhibition of Cdc2 kinase
activity [2,3]. In our earlier study, we found that
treatment with purvalanol A inhibited not only Cdc2
kinase activity but also expression of the antiapoptotic
proteins survivin, XIAP, Bcl-2, and Bcl-X;.. These facts
led us to speculate that purvalanol A could inhibit not
only Cdc2 kinase activity but also unknown kinase-
dependent protein synthesis or RNA synthesis, causing
degradation of these antiapoptotic proteins, because this
compound was designed as a purine analogue to bind with
ATP-binding sites of the other kinases.

It is well known that some transcription factors regulate
the expression of antiapoptotic proteins through their
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still detectable until late (12 h) after treatment. In addition,
the tyrosine phosphorylation of JAK2 was efficiently
inhibited by purvalanol A. These results suggest that the
inhibition of JAK2/STAT3 and RNA polymerase |l is crucial
in the downregulation of antiapoptotic proteins leading

to the apoptotic cell death induced by parvalanol A.
Anti-Cancer Drugs 19:565-572 © 2008 Wolters Kluwer
Health | Lippincott Williams & Wilkins.
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phosphorylation. Signal transducer and activator of
transcription 3 (STAT3) is known to be constitutively
activated in various human tumors [4] and to play an
important role in the expression of various proteins
related to oncogenic potential [5] and antiapoptotic
functions [6]. Aberrant STAT3 activation in tumors is
reported to promote tumor growth and survival in several
human cancers. STAT3 is phosphorylated at a single
tyrosine residue (Tyr705). This process is initiated by
cytokines, hormones, and growth factors, which interact
with the extracellular domains of specific transmembrane
receptors. This binding triggers receptor dimerization
and association with protein tyrosine kinases, for exam-
ple, Janus kinase (JAK)1, JAK2, JAK3, and tyrosine
kinase 2 ('Iyk2). Alternatively, growth factor receptors
(e.g. epidermal growth factor receptor) have an intrinsic
tyrosine kinase domain and ligand-induced receptor
stimulation results in kinase activation. After phosphor-
ylation at the Tyr residue, STAT3 forms a homodimer,
then translocates from the cytoplasm to the nucleus.
Transcriptional activation seems to be regulated by
phosphorylation at serine residue 727 (Ser727), which is
induced by Ras/Raf/mitogen-activated protein kinase—
ERK kinase (MEK) or extracellular signal-regulated
protein kinase (ERK) 1/2 [7,8]. The activated form of
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STATS3 plays a critical role as a transcription factor that
initiates increases in the transcription of a number of
genes, including the apoptotic regulatory genes Bcel-Xi,
survivin, and MCL-1 [9]. Thus, it seems that the STAT3-
related signal transduction pathway is a candidate target
for purvalanol A.

The purpose of this study was to demonstrate the
mechanism of downregulation of antiapoptotic proteins
by purvalanol A. We, therefore, investigated the inhibi-
tion of RNA synthesis and suppression of the regulatory
system in STAT3 by purvalanol A. Furthermore, we
examined the effect of parvalanol A on the phosphoryla-
tion status and expression of RNA polymerase II, which
plays a central role in transcriptional regulation.

Materials and methods

Chemicals

RPMI 1640 was purchased from Invitrogen (Carlsbad,
California, USA). Purvalanol A was obtained from CAL-
BIOCHEM (San Diego, California, USA) and dissolved in
dimethylsulfoxide at 4 mmol/l. Propidium iodide (PI) was
purchased from Sigma Chemical Company (St Louis,
Missouri, USA). Anti-RNA polymerase 11 (A-10, sc-17798),
anti-JAK2 (HR-758, sc-278), antiphosphotyrosine (PY20,
sc-508), antiactin (I-19, sc-1616), donkey antigoat IgG-
HRP (sc-2020), goat antimouse [gG-HRP (sc-2005), goat
antirabbit IgG-HRP (sc-2004), and normal rabbit IgG
(sc-2027) were from Santa Cruz Biotechnology (Santa
Cruz, California, USA). Anti-Bcl-X;, (010-16851) and anti-
Bel-2 (013-16101) were from Wako (Osaka, Japan).
Antisurvivin (2808), anti-p53 (9282), anti-Rbp1 carboxy-
terminal domain (CTD) (Ser2/5) (4735S), anti-STAT?3
(9132), anti-phospho-STAT3 ('Iyr705) (9131S), anti-phos-
pho-STAT3 (Ser727) (9134S), and anti-phospho-JAK2
(Tyr1007/1008)  (3771) were from Cell Signaling
Technology (Beverly, Massachusetts, USA). The chemilu-
minescence detection kit, Western Lightning Chemilumi-
nescence Reagent Plus, was from Perkin Elmer (Boston,
Massachusetts, USA).

Cell culture

Human gastric adenocarcinoma MKN45 cells (wild-type
p53) were grown in RPMI 1640 containing 10% fetal calf
serum at 37°C in 5% COg,=-air. Cells were cultured for
24 h before starting experiments. All samples except for
those treated with purvalanol A were treated with dime-
thylsulfoxide only.

Fluorescence microscopic observation of

apoptotic cells

Cells incubated for the indicated periods of time after
treatment with and without purvalanol A were collected by
centrifugation at 1000 rpm for 5 min at 4°C. The pellet was
washed in phosphate-buffered saline [PBS(-)] and fixed
with 70% ethanol. For fluorescence microscopy, the fixed
cells were washed and resuspended in PBS(-). An aliquot

containing 2 x 10°cells was stained with 40 pug/ml PI in
20l of PBS(-) for 15min in the dark. Fluorescence
microscopic observation was performed using an Olympus
BX50 microscope (Olympus Optical Co., Tokyo, Japan)
with reflected-light fluorescence. Apoptosis was defined
by apoptotic morphological changes such as nuclear
fragmentation and condensation. The apoptotic fraction
was calculated as the percentage of apoptotic cells against
total cells microscopically observed. Three independent
experiments were performed.

Detection of apoptotic cells by annexin V-fluorescein
isothiocyanate

After cells were treated with and without purvalanol A,
they were collected by centrifugation at 1000 rpm for
S5Smin at 4°C. The pellet was washed with PBS(-) and
stained with binding buffer [10 mmol/l HEPES (pH 7.4),
140 mmol/l NaCl, and 2.5mmol/l CaCl,] containing a
fluorescein isothiocyanate conjugate of annexin V for
10min in the dark at 4°C. Then 10000cells were
analyzed using an EPICS XL flow cytometer (Beckman
Coulter, Fullerton, California, USA). Three independent
experiments were performed, combined to generate
a mean value and a representative profile was obtained.

Mitochondrial viability assay

The cell viability was determined using Dojindo Cell
Counting kit including 2-(4-iodophenyl)-3- (4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) (Dojindo,
Kumamoto, Japan). First, 3 x 10’ cells were seeded 24h
before starting experiments. Cells incubated for the
indicated periods of time after treatment with and without
purvalanol A were collected by trypsinization and centri-
fugation at 1000rpm for 5min at 4°C. The pellet was
washed in PBS(-), resuspended with 100 pl of RPMI 1640
medium, and transferred into a 96-well microplate
(Corning Incorporated, Corning, New York, USA). A 10 ul
aliquot [0.3% WST-1/20mmol/l HEPES (pH 7.4),
0.2 mmol/l 1-methoxy PMS] was added to each well. The
cells were then incubated for 2 h at 37°C. The absorbance
was read at 450 nm using a microplate reader (Model 680;
Bio-Rad, Hercules, California, USA). The cytotoxicity
induced by purvalanol A was calculated as the rate of
viability of each sample compared with the untreated cells.
Three independent experiments were performed and
combined to generate a mean value.

Measurement of RNA synthesis

RNA synthesis was measured by the cellular incorpora-
tion of *H-uridine according to the method described
by Wang ez a/. [10]. First, 2 x 10° cells were seeded into
6-well plates 24h before starting experiments and
incubated with medium with and without purvalanol A.
After 1h, the supernatant was discarded and all the
samples were washed with PBS(-) and again incubated
with medium containing 1 pCi/ml uridine [5-°H] (Mor-
avek Biochemicals, Inc., Brea, California, USA) with and

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



without purvalanol A. After incorporation of *H-uridine
for 3h, the reaction was stopped by adding 10%
trichloroacetic acid and the mixture was incubated for
20 min at 4°C. The plates were washed with 70% ethanol
and dried. The residues were dissolved in 1% SDS in
0.3 N NaOH at 60°C for 30 min. The solutions were then
placed in 10ml of a liquid scintillator (AQUASOL-2;
Perkin Elmer, Boston, Massachusetts, USA), and the
radioactivity of each sample was measured with a liquid
scintillation counter (TRI-CARB 2100TR; Perkin Elmer).
Three independent experiments were performed.

Semiquantitative reverse transcription-PCR

RNA isolation was performed with an RNeasy Mini kit
(Qiagen, Hilden, Germany). Reverse transcription from
cellular RNA was performed with an RNA PCR kit
(AMV) Ver.2.1. Cellular RNA (1pg) as a template,
2.5pmol/l random 9 mers, 0.25units/ul AMV reverse
transcriptase, 0.1 volume of 10X RNA PCR buffer, 1
mmol/l deoxynucleoside triphosphate mixture, 5 mmol/l
MgCl,, and 1 unit/ul RNase inhibitor were used for the
first strand ¢cDNA synthesis at 30°C for 10 min, 45°C for
30 min, and 99°C for 5 min. For all amplifications, 2 pl of
a 1:5 ¢cDNA dilution was used. The total 10 pl reaction
mixture contained 0.1U of Taqg DNA polymerase
(Promega, Madison, Wisconsin, USA), 0.2 mmol/l deoxy-
nucleoside triphosphate mixture, 1X PCR buffer
(containing 1.5 mmol/l MgCl,), 1pmol/l sense primer,
and 1 pmol/l antisense primer. Cycling conditions were as
follows for each primer set. Survivin and glyceraldehyde-
3P-dehydrogenase (GAPDH): initial denaturation at
94°C for 2 min, followed by 30 cycles at 94°C for 30s,
60°C for 30, and 72°C for 60 s. Bcl-2: initial denaturation
at 94°C for 2 min, followed by 35 cycles at 94°C for 30,
55°C for 30s, and 72°C for 60s. Bcl-Xp: 94°C for 2 min,
followed by 26 cycles at 94°C for 30s, 65°C for 30s, and
72°C for 60s. The primer pairs of survivin (forward
primer, 5-AGAACTGGCCCTTCTTG-3', reverse pri-
mer, 5-TTCCTCTATGGGGTCGTGC-3"), Bcl-2 (forward
primer, 5-CCTGTGGATGACTGAGTACC-3/, reverse
primer, 5'-GAGACAGCCAGGAGAAAT -3'), Bcl-XL (for-
ward primer, 5-GGCCTTTTTCTCCTTCGGTG-3,
reverse primer, 5-CTCTCGGCTGCTGCATTGTT-3),
and GAPDH (forward primer, 5-GAAGGTGAAGGTCG
GAGTC-3, reverse primer, 5-GAAGATGGTGATGG
GATTTC-3') were used for amplification. PCR-amplified
products were analyzed on 2% agarose gels after ethidium
bromide staining. Two independent experiments were
performed and a representative result was obtained.

Immunoprecipitation

After 1x 107 cells had been treated with and without
purvalanol A, they were collected by centrifugation at
1000 rpm for 5 min at 4°C. The pellet was washed with
PBS(-) and was counted to ascertain the same number
of cells. Then the cells were lysed in lysis buffer [1%
Triton X-100, 20 mmol/l Tris (pH 7.5), 150 mmol/l NaCl,
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10% glycerol, 5 mmol/l sodium fluoride, 2 mmol/l EDTA,
1 mmol/l phenylmethylsulfonyl fluoride, 10 pg/ml aproti-
nin, 10 pg/ml leupeptin, and 10 pg/ml pepstatin A] for
30min at 4°C. The cell lysate was centrifuged
at 13000 rpm for 30 min at 4°C, and was added to protein
G PLUS Agarose (Santa Cruz, sc-2002), preassociated
with the anti-JAK2 antibody or normal rabbit IgG, and
mixed gently overnight at 4°C. The immunoprecipitate
was washed twice with lysis buffer, then mixed with 30 pl
of Laemmli’s sample buffer [62.5mmol/l Tris—-HCI
(pH 6.8), 10% glycerol, 5% B-mercaptoethanol, 1% SDS
and 0.004% bromophenol blue], heated for 5 min at 95°C,
and subjected to SDS-PAGE and western blotting as
described in the following section.

SDS-PAGE and western blotting

Cells were collected at the indicated periods of time after
X irradiation and 5 x 10° cells were suspended in 100 pl
of lysis buffer [20 mmol/l HEPES (pH 7.4), 20 mmol/l
ethylene glycol abis(B-aminoethyl ester)-N,N,N,N-
tetra-acetic acid (EGTA), 50 mmol/l glycerophosphate,
1% Triton X-100, 10% glycerol, 1 mmol/l phenylmethyl-
sulfonyl fluoride (PMSF), 10 pg/ml aprotinin, 10 pg/ml
pepstatin A, and 10 pg/ml leupeptin], kept on ice for
30 min, and sonicated for 30s at ice-cold temperature.
After centrifugation at 12000 rpm for 30 min at 4°C, a
three-fold volume of Laemmli’s sample buffer was added
to the supernatant and it was boiled for 3 min. Proteins
were separated by SDS-PAGE and transferred onto
nitrocellulose membranes (Advantec Toyo, Tokyo, Japan).
The membranes were probed with anti-RNA polymerase
I, anti-STAT3, antisurvivin, anti-p53, anti-JAK2, or
antiactin in Tris-buffered saline/Tween 20 (TBST) buffer
(10 mmol/l Tris—=HCI, 0.1 mol/l NaCl, 0.1% Tween-20, pH
7.4) containing 5% nonfat skim milk, anti-Rpbl CTD,
anti-phospho-STAT3 (Tyr705) antiphosphotyrosine, or
anti-phospho-STAT3 (Ser727) in TBST buffer containing
5% bovine serum albumin and anti-Bcl-X;, or anti-Bcl-2
in TBST buffer containing 3% nonfat skim milk. These
antibodies were detected by a method using HRP-
conjugated antirabbit, antimouse, and antigoat IgG anti-
bodies with Perkin Elmer Western Lightning, Chemilu-
minescence Reagent Plus. Two independent experiments
were performed and a representative result was obtained.

Statistics

The results are given as means = SE. The statistical
significance of differences between the groups was tested
with Student’s 7-test. P < 0.05 was accepted as statisti-
cally significant.

Results

Purvalanol A induces mitochondrial dysfunction

before apoptosis

First, we examined the effects of purvalanol A on apoptotic
cell death by morphological evaluation. Figure 1la
shows fluorescence microscopic observation of apoptotic
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Purvalanol A-induced mitochondria dysfunction before apoptotic cell death. (a) (Upper panel) Fluorescence microscopy photographs of nuclei

of untreated cells stained with propidium iodide, and of those treated with purvalanol A (30 umol/l) at 48 h. White arrows indicate apoptotic
morphological changes in nuclei. White bar represent picture scale (100 um). (Lower panel) Induction of apoptosis (%) in cells treated with 30 umol/I
purvalanol A. In each case, at least 300 cells were evaluated for apoptosis. Data are expressed as means * SE for three experiments. (b) Detection of
apoptosis by flow cytometry using fluorescein isothiocyanate (FITC)-annexin V staining. The x-axis and y-axis indicate the fluorescence intensity of
annexin V-FITC and the number of cells, respectively. Frequency of apoptotic induction indicated in upper panels by bars is shown as a graph. Data
are expressed as means £ SE for three experiments. (c) The WST-1 assay was used to determine mitochondrial viability. Cells treated with and
without purvalanol A (30 umol/l) were incubated for O, 12, 24, 36, 48, and 72 h. Data are expressed as means £ SE for three experiments.

morphological changes in nuclei stained with PI, including
DNA fragmentation and chromatin condensation. When
cells were treated with 30 umol/l purvalanol A, typical
morphological alterations characteristic of apoptosis were
observed (white arrows in the second panel of Fig. 1a).
Quantitative measurements of apopotic cells done with
fluorescence microscopy revealed that apoptosis was
induced in a time-dependent manner (Fig. 1a). To confirm
the induction of apoptosis by parvalanol A, annexin V
staining was used. Although the amount of apoptotic cell
death detected by annexin V at 24, 36, and 48 h after the
drug treatment was slightly lower than that detected by
morphological changes, the annexin V-positive cells
increased time dependently and the annexin V-positive
population at 72 h reached 54% of total cells, similar to that
detected by morphological changes (Fig. 1b). Next, to
evaluate whether purvalanol A induced mitochondrial
dysfunction, WST-1 assay was used (Fig. 1c). The data
showed that mitochondrial dysfunction was induced in
80% of the cells within 24 h after purvalanol A treatment,
although apoptotic cell death was detected in only 37%
(detection by morphological changes) and 20% (detection
by annexin V) of the cells at 24h after the treatment.
These facts suggested that purvalanol A induced mito-
chondrial dysfunction before the induction of apoptosis.

Purvalanol A inhibits the expression of

antiapoptotic proteins

To examine whether parvalanol A-induced apoptosis was
associated with downregulation of expression of anti-

apoptotic proteins, western blot analysis of apoptosis
regulatory proteins was performed. As shown in Fig. 2,
;the treatment with purvalanol A gradually suppressed
the expression of survivin, Bcl-X;, Bcl-2, and Bax with
different time courses. The expression of antiapoptotic
proteins such as survivin, Bel-Xj, and Bcl-2 was strongly
suppressed from 24 to 36h after the treatment with
purvalanol A, whereas a significant expression of Bax,
which is known as a proapoptotic protein, was still
observed at 48 h after the treatment with purvalanol A.

Purvalanol A inhibits RNA synthesis

As the Cdk inhibitor roscovitine, which is structurally
similar to purvalanol A, has been reported to suppress
RNA synthesis by the downregulation of RNA polymerase
IT through the inhibition of kinase activities of Cdk7
and Cdk9 [11], we investigated the inhibitory effect of
purvalanol A on RNA synthesis. For this purpose,
cells were pretreated with parvalanol A for 1h and
then incubated with *H-uridine for 3h in the presence
of purvalanol A. As shown in Fig. 3a, the treatment
with purvalanol A significantly inhibited the incorporation
of *H-uridine (P < 0.01, Student’s 7-test), indicating that
it suppressed global RNA synthesis. Next, to test
the effects of purvalanol A on the expression of mRNA
of antiapoptotic proteins, semiquantitative RT-PCR
was performed. Figure 3b shows the expression of
mRNAs of survivin, Bcl-2, and Bcl-X;. Purvalanol
A inhibited their mRNA expression in a time-dependent
manner.
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Purvalanol A inhibits the expression of RNA
polymerase 1l and the phosphorylation of

signal transducer and activator of transcription 3

As the treatment with purvalanol A inhibited global RNA
synthesis and downregulation of mRNA for specific
antiapoptotic proteins as shown in Fig. 3, we explored
the phosphorylation status and expression of polymerase
IT to regulate synthesis of mRNA and those of STAT3 to
act as a transcription factor for several antiapoptotic
proteins such as survivin and Bcl-X;. Figure 4a and b
show western blot analysis of the expression and
phosphorylation status of RNA polymerase Il and STAT3,
respectively. The purvalanol A treatment slightly inhib-
ited the expression of RNA polymerase II and completely
diminished upper-shifted bands, indicating the phos-
phorylation of RNA polymerase II within 1h after the

Fig. 2
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Western blot analysis of the expression of survivin, Bcl-X|, Bcl-2, and
Bax using corresponding antibodies. MKN45 cells treated with or
without 30 pmol/l purvalanol A were incubated for 0, 6, 12, 24, 36, and
48 h. Actin in each sample was used as a standard.

Fig. 3
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drug treatment (Fig. 4a, asterisk). To confirm that this
upper-shifted band was owing to the phosphorylated
RNA polymerase II, an antibody-recognizing phosphor-
ylation of Ser2 and Ser5 of the RNA polymerase II CTD
region was used. The band owing to the phosphorylated
RNA polymerase II was observed in the same position as
the band indicated by the asterisk in the upper panel in
Fig. 4a and was suddenly diminished within 1h after the
drug treatment. Figure 4b shows the effects of purvalanol
A on the phosphorylation status and expression of STAT3.
The phosphorylation of STAT3 at Tyr705 was inhibited
by purvalanol A from 3 h after the cells were treated with
it, but phosphorylation of STAT3 at Ser727 started to
decrease from 12 h, though the expression of total STAT3
did not change. These results suggested that purvalanol A
inhibited the activation of STAT3 through a decrease in
STAT3 phosphorylated at "Tyr705. As Tyr705 of STAT3
is known to be phosphorylated by active JAKZ2 (the
phosphorylated form of JAK2), we investigated the phos-
phorylation status of JAK2. Fig. 4c (I) showed the
western blotting patterns of immunoprecipitate with a
specific antibody against JAKZ and a normal IgG. When
the cell lysate was immunoprecipitated by a specific
antibody against JAK2 but not normal IgG, a phosphory-
lated protein of 125 kDa, which corresponded to the size
of JAKZ, was observed as indicated by arrow heads in
Fig. 4c. This result indicated that the active form
(phosphorylated form) of JAK2 was constitutively present
in our culture condition. In Fig. 4c (II), it is shown that
the amount of phosphorylated JAKZ remarkably de-
creased at 5 and 10 h after purvalanol treatment. To
obtain precise data for time course of phosphorylation
status of JAK2 after treatment of purvalanol A, we used a
phospho-JAK2 antibody to detect levels of JAK2 phos-
phorylated at Tyr1007/1008. As shown in Fig. 4d, the
inhibition of phosphorylation of JAKZ started within 1h
after purvalanol A treatment and was sustained at least for

—
Q
=

sk

40000

N w
o o
o o
o o
o o

10000

Incorporation of
3H-uridine (cpm)

0
Purvalanol A - +

(b) Untreated
Purvalanol A
0 3 6 12 24(h)

SUNVIVIN —e S a— — — —

Bel-X > ————

BCl-2 ——p comn e e ..

GAPDH —b e e s css o s

(a) The |ncorporat|on of ®H-uridine into MKN45 cells. The cells were pretreated with purvalanol A (30 umol/l) for 1 h and with medium containing
1 uCi/ml uridine [5-3H] for 1 h in the presence of 30 umol/l purvalanol A. The procedures for collection of cells and measurement of radioactivity were
described in Materials and methods. Each point represents the mean of triplicate samples (mean £ SE). **P <0.01 by Student’s t-test. (b) mMRNA
expression of survivin, Bcl-X, and Bcl-2 was detected by semiquantitative reverse transcription-PCR analysis using specific primers for each.
MKN45 cells treated with or without 30 umol/| purvalanol A were incubated for 0, 3, 6, 12, and 24 h. GAPDH in each sample was used as a

standard.
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Fig. 4
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(a) Western blot analysis of the expression of RNA polymerase Il, phospho-Rpb1 carboxy-terminal domain, and p53 using corresponding antibodies.
MKN45 cells treated with 30 umol/l purvalanol A were incubated for 0, 1, 3, 6, and 12 h. Actin in each sample was used as a standard. (b) Western
blot analysis of the expression of phospho-signal transducer and activator of transcription 3 (STAT3) (Tyr705), phospho-STAT3 (Ser727), and STAT3
using corresponding antibodies. MKN45 cells treated with 30 pmol/I purvalanol A were incubated for 0, 1, 3, 6, and 12 h. Actin in each sample was
used as a standard. (c) Detection of phosphorylation of Janus kinase 2 (JAK2). (I): equal amounts of cell lysate obtained from exponential growing
MKN45 cells were immunoprecipitated with a JAK2 antibody (first lane) and a normal IgG (second lane), respectively, and western blotting was
performed with an antiphosphotyrosine antibody [left panel in (I)] and an anti-JAK2 antibody [right panel in (I)]. (Il): cells were treated with 30 umol/|
purvalanol A for 5 and 10 h, and equal amounts of total cell lysate were immunoprecipitated with a JAK2 antibody, and western blotting was
performed with an antiphosphotyrosine antibody [left panel in (Il)] and an anti-JAK2 antibody [left panel in (Il)]. Arrows indicated the molecular weight
(kDa) estimated by standard proteins (prestained SDS—-PAGE standards, broad range; Bio-Rad). (d) Western blot analysis of the expression of
phospho-JAK2 (Tyr1007/1008) and non-phospho-JAK2 using corresponding antibodies. MKN45 cells treated with 30 umol/l purvalanol A were
incubated for O, 1, 3, 6, and 12 h. Actin in each sample was used as a standard.

12 h. Furthermore, as MKN45 cells have wild-type p53,
which is widely accepted to be an apoptotic protein, the
accumulation of p53 proteins was measured. Interest-
ingly, the expression of p53 increased within 1 h after the
drug treatment as shown in the bottom panel of Fig. 4a.

Discussion

STAT3 is constitutively upregulated in a variety of tumor
cells and possesses oncogenic potential and antiapoptotic
functions. It is phosphorylated at a 'Tyr705 by the
receptor kinase, or by JAK2 through cytokines, hormones,
and growth factors. Following phosphorylation of this site,
STAT?3 forms a homodimer, then translocates from the
cytoplasm to the nucleus where it plays a critical role
as a transcription factor that initiates an increase in
the transcription of a number of genes, including the
antiapoptotic regulatory genes Bcl-Xp, survivin, and
MCL-1 [9]. Transcriptional activation seems to be
regulated by phosphorylation at Ser727. This phosphory-
lation at Ser727 was reported to be involved in the ERK
pathway [8].

In this study, transcription factor STAT3 was inhibited
in the early stage (3 h) after addition of purvalanol A and
phosphorylation of JAK2 was also inhibited within 1h
after purvalanol A addition as shown in Fig. 4b—d, whereas
phosphorylation of STAT3 at Ser727 was not inhibited
until 12h after addition of the drug. In our earlier
experiments, the treatment of gastric adenocarcinoma
MKN45 cells with purvalanol A did not result in any
inhibition of the constitutive phosphorylation state of
ERK1/2 [3]. Based on these results, treatment with
purvalanol A seems to directly inhibit the phosphorylation
mechanism of JAK2, followed by the abrogation of the
JAK2/STAT 3-related transcriptional machinery. As the
expression of Bcl-Xy, and survivin is known to be tightly
associated with the activation of STAT3 in tumor cells,
the downregulation of mRNA expression of these
antiapoptotic proteins was at least partly owing to the
inhibition of the JAK2/STAT?3 pathway by purvalanol A.

Recently, as structural analogues 2, 6, 9-trisubstituted
purine Cdk inhibitors, olomoucine and roscovitine, were
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developed. Roscovitine was reported to preferentially
inhibit not only Cdk1, 2, 5 activities but also the activities
of Cdk7, 9 and RNA polymerase II associated with the
expression of the antiapoptotic protein Mcl-1 [11].
As shown in Fig. 4, purvalanol A completely inhibited
the phosphorylation of Ser2 and Ser5 of the RNA
polymerase II CTD region, which was recently reported
to play an important role in transcriptional regulation
from the viewpoint of mRNA processing and chromatin
remodeling [12], and it also partially inhibited expression
of RNA polymerase II. These results suggest that
purvalanol A inhibits transcription via the suppression of
RNA polymerase II activity, because cyclin T/Cdk9 and
cyclin H/Cdk7 complexes are reported to be able to
phosphorylate the residues at Ser2 and Ser5 of the RNA
polymerase II CTD region and it is possible that
purvalanol A treatment inhibits the activities of these
cyclin/Cdk complex [13]. In addition, the expression of
p53 started to increase within 1h after the drug
treatment as shown in the bottom panel of Fig. 4a. This
may be explained by p53 stabilization owing to a
purvalanol A-induced decrease in mdm-2 mRNA synth-
esis, because inhibition of transcription of Mdm-2 by
flavopiridol, actinomycin D, and 5,6-dichloro-1-3-D-ribo-
furanosylbenzimidazole was reported to prevent degra-
dation of p53, thus inducing p53 [14-16]. These
observations may mean that parvalanol A promotes
p53-dependent apoptosis signaling in MKN45 cells with
wild-type p53. As MKN45 cells are known to have wild-
type p53, this accumulation of p53 may also, at least
partially, contribute to parvalanol A-induced apoptosis.

Recently, downregulation of STAT3 has been well
investigated for anticancer therapy. Several approaches
have been used to block STAT?3 in cancer cells, resulting
in reduced proliferation and apoptosis [9]. Xi ez a/. [17]
have also demonstrated that blocking STAT3 activation
using a transcription factor decoy approach decreases
tumor growth and STAT3 target gene expression in a
xenograft model of squamous cell carcinoma of the head
and the neck. This study indicates that purvalanol A has
antitumor activity via the downregulation of transcription
for antiapoptotic genes. Furthermore, treatment combin-
ing the inhibition of STAT3 and other genotoxic reagents
is reported to have a high efficacy in apoptotic cell death
in various tumors. Duan e @/ [18] have reported that
SD-1029, an inhibitor of IL-6-induced and oncostatin-
induced STAT3 nuclear translocation, enhanced apopto-
sis induced by paclitaxel in ovarian cancer cells. Alas
et al. [19] have reported that piceatannol (JAK1/STAT3
inhibitor) and tyrphostin AG490 (JAK2/STAT?3 inhibitor)
enhance apoptosis in 2F7 and U266 cells, respectively,
exposed to therapeutic drugs, including cisplatin, fludar-
abine, adriamycin, and vinblastine. Kim ¢z @/ [20] have
reported that dominant-negative STAT3 results in the
greatest radiosensitization of MDA-MB-231, decreasing
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angiogenesis and cell survival. Our earlier reports showed
that X-ray-induced apoptosis and reproductive cell death
were enhanced by combination with 1-(3-C-ethynyl-B-D-
ribo-pentofuranosyl) cytosine (ECyd), which was synth-
esized as an antitumor drug targeting RNA synthesis,
or purvalanol A in various tumor cells [3,21-23]. When
these drugs enhanced radiation-induced apoptosis, the
downregulation of G, checkpoint-related proteins and
antiapoptotic proteins was found to be important in
radiation-induced cell death in various cell lines.

In summary, the Cdk inhibitor purvalanol A was shown to
efficiently inhibit the expression of antiapoptotic proteins
such as survivin, Bel-X;, and Bcl-2 through the inhibition
of RNA synthesis by downregulation of the phosphory-
lated forms of JAK2/STAT3 and RNA polymerase I and
to produce apoptotic cell death through mitochondrial
pathways.
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