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Abstract

A series of molecular pathological investigations of the molecules that stimulate the cyclin dependent kinases (CDK1, 2, 4, and 6) have
led to enormous accumulation of knowledge of the clinical significance of these molecules for cancer diagnosis. However, the molecules
have yet to be applied to clinical cancer diagnosis, as there is no available technology for application of the knowledge in a clinical setting.
We hypothesized that the direct measurement of CDK activities and expressions (CDK profiling) might produce clinically relevant values for
the diagnosis. This study investigated the clinical relevance of CDK profiling in gastrointestinal carcinoma tissues by using originally
developed expression and activity analysis methods. We have established novel methods and an apparatus for analyzing the expression and
activities of the CDK molecules in lysate of tumor tissue in a clinical setting, and examined 30 surgically dissected gastrointestinal
carcinomas and corresponding normal mucosal specimens. We demonstrate here that remarkably elevated CDK2 activity is evident in more
than 70% of carcinoma tissues. Moreover, a G1-CDK activity profiling accurately mirrored the differences in proliferation between tumor
and normal colonic tissues. Our results suggest that CDK profiling is a potent molecular—clinical approach to complement the conventional
pathological diagnosis, and to further assist in the individualized medications.
© 2005 Elsevier B.V. All rights reserved.
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with poor clinical outcomes for the individuals concerned
[3—5]. The p53 protein functions as a transcription factor
and regulates cell proliferation, DNA repair, differentiation,
and apoptosis [6,7]. In non-cancerous cells with DNA
damage, p53 transactivates the expression of a CDKI
molecule, p21VA"!| which inhibits intrinsic CDK2 activity
and sustains the non-phosphorylated (active) form of RB
protein, thereby arresting the cell cycle at the G1/S
boundary, known as the restriction (R) point. In contrast,
mutant p53 molecules are unable to function and are
believed to lead to uncontrolled Gl-phase CDK activity
which causes RB phosphorylation (inactivation). This
results in deregulated proliferation and genome instability,
turning cells malignant.

A series of molecular pathological investigations of the
molecules that stimulate the Gl-phase CDKs (CDK2, 4,
and 6) have clearly demonstrated the clinical significance
of these molecules for cancer diagnosis and prognosis. For
example, there is much clinical evidence indicating that the
overexpression of cyclin E and cyclin D1, which bind and
activate CDK2, and CDK4 and 6, respectively, correlates
with tumorigenesis, prognosis or sensitivity to chemo-
therapy in a variety of malignancies, as does the
inactivation of CDKI molecules such as p21"“*F! and
p27%P! which inhibit CDK2, 4, and 6, and pl6™%*?
which inhibits CDK4 and 6 [8-24]. However, there are
some contradictions among these reports. These may arise
from the uncertainties inherent in immunohistochemical
techniques due to inaccuracies in quantitative measure-
ments or to variations in antibody specificity. These
contradictions may also arise because of the various causes
of the inactivation or activation of the molecules, which
may be attributable to alterations in expression or to
mutations. Several lines of evidence clearly demonstrate that
the inactivation of CDKI molecules in cancer cells cannot be
analyzed merely using protein expression profiles. Therefore,
we hypothesized that the direct measurement of CDK
activities might produce more reliable data for clinical
diagnosis because such activities directly reflect the actual
inactivation of the CDKI molecules or the activation of CDK-
activating molecules, regardless of the cause including
unknown CDK-modulating molecules.

2. Materials and methods
2.1. Clinical samples

The research plan was evaluated and approved by the
ethics committee of Kyoto Prefectural University of
Medicine. Thirty-seven patients with gastrointestinal tumors
were diagnosed and treated surgically at the University
Hospital, Kyoto Prefectural University of Medicine from
2001 to 2002. Samples of around 50 mg of tumor tissue and
the surrounding normal mucosal tissues were collected
during surgery with the patient’s informed prior consent.

The tissue samples were further dissected into 2 mm? pieces
in ice-cold PBS containing 2% Protease Inhibitor Cocktail
(Sigma, St. Louis, MO, USA), then immediately frozen in
liquid nitrogen and stored at —80 °C until use.

2.2. CDK expression analysis (CPDIB method)

Lysates of pieces (2 mm’) of surgically dissected tissues
were prepared using a newly developed tissue-homoge-
nizer (condition; 8 kg/cm?, Sysmex, Kobe, Japan) with
lysis buffer; 0.1% NP-40, 20 mM Tris—HCI, pH 7.4, 150
mM NaCl, 2% Proteinase Inhibitor Cocktail (Sigma, St
Louis, MO, USA). The insoluble materials were removed
by centrifugation at 15,000 rpm at 4 °C, and the aliquots
of supernatant were prepared and stored at —80 °C until
use. Protein concentrations were analyzed (DC Kit, Pierce,
Rockford, IL, USA) and 2.5 pg of total protein was
applied to the well of a newly developed dot—blot device
(Sysmex, Kobe, Japan) with a hydrophobic membrane
(PVDF with 0.22 pm pores; Millipore, Billerica, MA,
USA). The target protein in the crude sample bound to the
membrane was quantitatively detected by sequential
reactions with anti-CDK antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), biotinylated secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), and fluorescein-labeled streptavidin (Vector, Bur-
lingame, CA, USA). Between each reaction, the well was
automatically washed with TBS solution; 25 mM Tris—
HCIL, pH 7.4, 150 mM NacCl. Fluorescent images of the
membranes were analyzed using an image analyzer (Bio-
Rad, Hercules, CA, USA), and the intensity of dots
quantified by ‘Quantity One’ (Bio-Rad, Hercules, CA,
USA). RFUs and the amounts of standard recombinant
proteins (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) were linearly correlated in the standardized ranges:
CDKI1, 2.5-25 ng/dot; CDK2, 1.0—10 ng/dot; CDK4,
1.0—10 ng/dot; CDK6, 2.5-25 ng/dot.

2.3. CDK kinase analysis

Analysis of enzyme activity was performed using a non-
radioisotopic method. Cell lysates were prepared as described
for expression analysis. The CDK molecules were selectively
precipitated from 100 pg of lysate total protein with 2 pg of
the corresponding antibodies (anti-CDK1, -2, -4, or -6
antibodies; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and 20 pl of protein A beads (Amersham Pharmacia,
Uppsala, Sweden) for 1 h at 4 °C. After three washes with
washing bufter, 0.1% NP-40, 50 mM Tris—HCI, pH 7.4, 50 ul
of the substrate mixture containing 10 pg of protein substrate,
5 mM adenosine 5'-O-(3-thiotriphosphate) (Sigma, St Louis,
MO, USA), 20 mM Tris—HCI, pH 7.4, and 0.1% Triton
X-100, was added to the beads and incubated under con-
tinuous shaking at 37 °C for 10 min. Histone H1 (Upstate
Biotechnology, Lake Placid, NY, USA) was used as the
protein substrate for CDK1 and CDK2, and recombinant RB
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protein (amino acids 769—-921) for CDK4 and CDK6. After
the beads were removed, the introduced monothiophosphates
in the substrate were further labelled by incubation with 0.6
mM 5-iodoacetamidofluorescein (Molecular Probes, Eugene,
OR, USA) in coupling buffer; 150 mM Tris—HCI, pH 7.4, 5
mM EDTA, for 20 min in the dark at room temperature. The
reaction was quenched with B-mercaptoethanol, and 0.4 ng
of the substrate was applied to the wells of the dot—blot
device (Sysmex, Kobe, Japan). After the membrane was
washed, the images were evaluated using an image analyzer
(Bio-Rad, Hercules, CA, USA), and the fluorescence
intensity of the dots was quantified using ‘Quantity One’
(Bio-Rad, Hercules, CA, USA). The activity was calculated
with a standard curve prepared with CDK activities corre-
sponding to 0, 12.5, 25, 50, 100, and 150 nug of protein
extracted from a K562 chronic myelogenous leukemia cell
line. One unit (U) is equivalent to the kinase activity of 1 ng of
total protein from the K562 cells.

3. Results and discussion

The CDK profiling system is composed of analysis of
CDKl, 2, 4, and 6 expressions and activities. The analytical
procedures for expression and activity were originally
developed and carefully validated as follows.

The expression analysis named CPDIB method was
established by modifying the dot—blot analysis. The
procedure is schematically described in Fig. 1. The
advantage of the CPDIB method is the allowance of direct
blotting of crude cell/tissue lysate on a hydrophobic
membrane. Therefore, retention of the target molecule on
the membrane is critical for its quantitative performance.
The retention was examined by the added-recovery analysis.
The recovery was examined by blotting the recombinant
CDK protein mixed into Colo205 cell lysate (total protein;
2.5 pg, 50 pl of 50 pg/ml total proteins), and more than 90%
of recovery was observed in all four CDK analysis methods

(data not shown). Therefore, we concluded that quantitative
blotting of the target protein could be achieved for a
minimum value of 2.5 ug of total protein of crude lysate.
The specificity of each anti-CDK antibody was examined by
blotting serial amounts (0, 2.5, 5, 7.5, 10 ng) of four
recombinant CDK molecules mixed in 2.5 pg of bovine
serum albumin (Fig. 2). All four antibodies showed no
cross-reactivity to the other CDK isotypes except for slight
cross-reactivities of both anti-CDK1 and anti-CDK4 anti-
bodies only against CDK6, and the measurements (relative
fluorescent unit) were linearly correlated to the amount of
each recombinant protein. The stability of the assay was
examined by evaluating the reproducibility of the values of
control cell lysate (HeLa; human cervical cancer cell line)
among 30 independent assays. The control variations
(standard deviation divided by the average) were 21% for
CDK1, 22% for CDK2, 19% for CDK4, and 34% for
CDKae6.

The non-radioisotopic CDK activity analysis was modi-
fied from the on-beads CDK kinase assay [25]. The assay
utilizes ATP-yS instead of y [**P]-ATP. Briefly, each CDK
molecule was immunoprecipitated from cell/tissue lysate.
The thiophosphate of ATP-yS is transferred to the protein
substrate during the on-beads kinase reaction. The intro-
duced thiophosphate was further labeled with 5-iodoaceta-
midofluorescein, and blotted onto PVDF membrane. The
kinase activity was calculated by measuring the fluores-
cence intensity of the blot as described in Materials and
methods. Specificities of the antibodies to the four CDK
species were secured by using same specific anti-CDK
antibodies of the expression analysis. The enzyme stabilities
during the reaction were examined for 120 min, and
confirmed the linear increase of phosphorylated product
until 15 min in all four cases (data not shown). The ATP-
dependency of the enzymatic reaction in the procedure was
examined in the experiments with CDK inhibitors, butyro-
lactone and staurosporine. The CDK2 activity was dose-
dependently inhibited by both inhibitors to its background

Step 1 Step 2 Step 3 Step4
° ° mm) - -
——a & & @ a — _a.. . &
Addition of Immobilization of Addition of Blocking of free space
Cell/tissue lysate crude proteins blocking buffer for hydrophobic interaction
Step 5 Step 6 Step 7 Step 8

Fluorescent

- A -»\b),l_g"LC Lo o E oy Fluorescent

Addition of fluorescence-  Antigen/antibody
[abeled antibody solution reaction for 30 minutes

‘Washing out of
non-bound antibodies

Fig. 1. Schematic figure of a procedure of CPDIB method. Step 1: Crude lysate from cells or tissue was dispensed into the well with a PVDF membrane. Step
2: The crude total proteins were blotted on the membrane by aspiration. Step 3: Blocking buffer containing 4% BSA was dispensed into the well. Step 4:
Blocking solution was discarded by aspiration. Step 5: The fluorescent-labeled anti-CDK antibody solution was dispensed into the well. Step 6: The antibody/
antigen reaction was allowed for 30 min. Step 7: Non-bound antibodies were washed away by 5 times of addition and aspiration of washing buffer.



H. Ishihara et al. / Biochimica et Biophysica Acta 1741 (2005) 226—233 229
A 400 B 1600
r
300 e 1200
i / i /
E 200 / E 800 /-
100 400
. . 4
&
0 2 2 L 0 . & &
0 25 5 75 10 25 5 75 10
Recombinant CDK (ng/dot) Recombinant CDK (ng/dot)
C 800 D 4000
/ '
600 3000 /
. / i /
E 400 / E 2000 /
200 1000 )
* * 4
0 25 5 75 10 25 5 75 10
Recombinant CDK (ng/dot) Recombinant CDK (ng/dot)

Fig. 2. Specificity and quantitative performance of CDK expression assays (CPDIB method). Serial amounts (2, 1.5, 1, 0.5 ng) of four recombinant CDK
proteins (@, CDK1; A, CDK2; B, CDK4; ¢, CDK6) were mixed with 2.5 pg of BSA respectively, and blotted onto the membrane. After blocking of the wells,

the anti-CDK1 (A), anti-CDK2 (B), anti-CDK4 (C), and anti-CDK6 (D) antibodies were allowed to react.

level, and IC50 values were 38 uM for butyrolactone and 2
uM for Staurosporine (data not shown). The quantitative
performance of the system was examined and the four assay

systems illustrated a linear correlation between the measure-
ments (relative fluorescent unit) and input amounts of cell
lysate (Fig. 3). Finally, the stability was examined by
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Fig. 3. Standard curves of non-radio-isotopic CDK activity assays. The each CDK molecules was immunoprecipitated from a serial amounts (0, 25, 50, 75, 100
ng of total proteins) of lysate of K562 leukemia cell lines with specific antibodies for CDK1 (A), CDK2 (B), CDK4 (C), and CDKG6 (D), and non-radioisotopic
assay procedure were performed as described in Materials and methods.
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evaluating the reproducibility of the values of CDK2 kinase
activity of the control cell lysate (K562 human leukemia cell
line) among 20 independent assays. The control variation
was 38%.

In order to examine the applicability of the above-
established system to the clinical samples and the clinical
relevance of the concept of the CDK profiling system, we
analyzed clinical gastrointestinal cancer tissues and the
corresponding normal mucosal tissues as a reference. Table
1 shows the clinicopathological features of patients from
whom the gastrointestinal tumors used in this study were
taken. The median age of the study population was 67 years
(range 2386 years). One of 22 colon carcinomas, and five
of eight gastric carcinomas were at stage IV.

Table 1
Clinicopathological features of patients

Histology  Site T N*

<

Patient Sex Age Stage

Colon carcinoma

C001 F 53 1T well A 3 1 0
C002 M 67 1D mod R 3 X(0/5) 0
C003 M 67 (1D mod R 3 X(0/8) 0
C005 M 56 1 mod A 3 1 0
C006 M 48 11 mod R 3 1 0
C007 F 80 1 neu R 3 1 0
C008 M 75 I muc A 30 0
C009 M 65 1 mod R 2 0 0
CO010 M 83 1 mod T 3 1 0
COo11 M 77 1D muc R 3 X(0/3) 0
C012 M 86 1I mod R 30 0
C013 F 71 I por A 2 0 0
C014 F 81 (IT) mod R 3 X(0/8) 0
Co15 F 57 1 well R 3 1 0
Co16 F 44 v muc S 4 X017 1
Co17 M 48 1D well R 3 X(/6) 0
CO018 M 60 (IT) well S 3 X0/7) 0
C019 F 35 1 mod R 3 1 0
C020 M 74 (IT) mod A 3 X009 0
C021 M 48 I mod D 4 2 0
C022 M 23 1T por C 30 0
C023 F 79 1D mod R 3 X(/6) 0
Gastric carcinoma

S001 M 71 v tub-mod Ca-F 2 0 1
S002 M 66 1A muc Ca-F 3 1 0
S005 M 59 11 tub-well FCo 3 0 0
S006 F 67 v tub-mod Co-A 3 3 0
S008 M 78 v tub-mod Co 2 0 1
S009 M 69 v tub-mod Co 2 1 1
S010 M 73 v tub-mod Co 3 1 1
SO11 F 40 1I muc Co 2 1 0

The clinical status of each patient was classified according to the rule of
World Organization. Classification of Tumors [32]. *In the rule, definition
of NO is no metastasis in at least 12 lymph nodes for colon carcinoma. X in
the table means no metastasis found in less than the above number of nodes
(described in bracket). Colon carcinoma; well: well differentiated adeno-
carcinoma, mod: moderately differentiated adenocarcinoma, neu: neuro-
endocrine carcinoma, muc: mucinous adenocarcinoma, por: poorly
differentiated adenocarcinoma, A: ascending colon, R: rectum, T: transverse
colon, S: sigmoid colon, D: descending colon, C: cecum. Gastric
carcinoma; tub: tubular adenocarcinoma, mod: moderately differentiated
adenocarcinoma, muc: mucinous adenocarcinoma, well: well differentiated
adenocarcinoma, Ca: cardia, F: fundus, Co: corpus, A: antrum.

Through analysis of the expressions and activities, we
observed statistically significant and clear differences
between the CDK2 activities of tumor and normal tissues.
Statistical analysis, using both paired and non-paired tests
revealed that the differences were significant in both colonic
and gastric tissues (Table 2 and Fig. 4). When the cut-off
value for CDK2 activity was set as the mean+two standard
deviations (2 S.D.) of the value for normal tissue, 16/22
(73%) colon cancer tissues and 6/8 (75%) gastric cancer
tissues were positive. Only two false positive evaluations
were made in normal tissues (data not shown). These results
clearly indicate that most of the tumor formation in these
gastrointestinal carcinomas is associated with the dysfunc-
tion of molecule(s) in the cascade leading to CDK2 activity.

In the experiment with 18 different cell lines, we
observed that CDK2 kinase activity was positively corre-
lated to the population of S-phase (r=0.653, data not
shown). By contrast, CDKI1 activity did not show the
correlation with the population of G2/M phase. This
revealed that the CDK2 activity is a parameter of cell
proliferation. Moreover, the level of a biologically hyper-
active isoform of cyclin E, which is an assembly partner of
CDK2, correlates strongly with poor survival in patients
with breast cancer [26]. Combined, high CDK2 activity
indicating aggressive growth of tumor tissues may be a
major cause of poor clinical outcome.

Interestingly, colon cancer tissues showed slight but
statistically significantly lower CDK4 and CDKG6 activities
than normal tissues (only in a paired statistical analysis, Fig.
4). This suggests that the accelerated G1 phase is predom-
inantly promoted by the augmentation of CDK2 activity.
Furthermore, relatively higher activities were observed for
both CDK1 and CDK2 in normal gastric tissues compared
with normal colonic tissues (Table 2, Fig. 4). These results
might indicate active regeneration of the mucosa in gastric
tissues, or hyperplastic proliferation caused by infection
with Helicobacter pylori, which is often found in Japanese
individuals [27].

Another noteworthy point in our results was observed in
the analyses of CDK1. Expression analysis of the CDKs
showed relatively higher CDKI1 levels in both colon and
gastric cancer tissues (Table 2). When the cut-off value for
CDKI1 expression was set at the mean+2 S.D. of the
CDK1 value for the corresponding normal tissue, we
found that 6/22 (27%) colon cancer tissues and 6/8
(75%) gastric cancer tissues had CDKI1 expression levels
above the cut-off value. Moreover, close to 50% of colon
tumor tissues (9/19) showed a more than two-fold
enhancement of CDKI1 activity compared with the
corresponding normal mucosa (Fig. 4), although the
average activities between tumor tissues and normal
mucosa were similar. This raises the possibility that the
growth-inhibitory effects of CDK inhibitors with a
relatively broad spectrum, such as CYC202 (R-roscovi-
tine [28]), are mediated through the inhibition of CDKI
activity in a certain portion of cancer patients.
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Table 2

Mean activity and expression of CDKs in normal and tumor tissues
CDK1 CDK2 CDK4 CDK6
normal tumor normal tumor normal tumor normal tumor

A. Activity (U/ug of total protein+S.D.)

Colon 0.017£0.020 0.017£0.019 0.012£0.016 0.065+0.040%** 0.086+0.043 0.069+0.051 0.094+0.11 0.049£0.044
(n=19) (n=22) (n=19) (n=22) (n=14) (n=13) (n=14) (n=13)

Stomach 0.034£0.036 0.027£0.038 0.040£0.031 0.18+0.17* 0.10£0.086 0.027+0.026 0.10£0.050 0.052£0.043
(n=8) (n=8) (n=8) (n=8) (n=8) (n=16) (n=8) (n=06)

B. Expression (ng/ug of total protein+S.D.)

Colon 0.79+0.60 1.5£0.78%%* 0.23£0.24 0.21£0.17 0.35+£0.23 0.54+£0.25* 0.19+£0.23 0.24£0.25
(n=21) (n=22) (n=21) (n=22) (n=21) (n=22) (n=21) (n=22)

Stomach 0.84+0.38 2.8+2.0% 0.39+0.29 0.52+0.71 0.38+0.71 0.85+0.70 0.28+0.26 0.76+1.2
(n=38) (n=8) (n=8) (n=8) (n=8) (n=8) (n=8) (n=8)

* P<0.05.

** P<0.01 in Mann—Whitney’s U test.

In this study, CDK kinase activity was found to be the
most dominant parameter for differentiation of cancer and
normal mucosa; 5.4 times difference for colon tissue, and
4.5 times difference for gastric tissue on average. This
indicates that the activity analysis provides clinically more
relevant values than the expression analysis, although

CDK1 CDK2
A 0120 0250
0100 [ |
0200
0080 [
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0080 [
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5 5
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3 004 3
0050 l
0020 [
0.000 0.000 :
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the assay method is thought to be difficult to apply in a
clinic.

Cyclin molecules activate the CDK catalytic unit by
association and regulate kinase activity by de novo synthesis
and degradation, which proceeds in tandem with progression
through the cell cycle. The pairing between the CDK

CDK4 CDK6
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Fig. 4. CDK activities in gastrointestinal tumor tissues and normal mucosal tissues. CDK1, 2, 4, and 6 activities were measured by a non-radioisotopic kinase
assay. Data from 22 patients with colon carcinomas (A), eight with gastric carcinomas (B), and the corresponding normal mucosal tissues are plotted. Data are

shown as mean+standard deviation.
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Fig. 5. G1 CDK activity profiling of colonic tissues. Profiling was performed by normalizing the values for CDK2, 4, and 6 activities to the value for CDK1

activity. (A) Eight normal colonic mucosa. (B) Nine colon carcinomas.

isotypes and cyclin isotypes is specific; CDK1 associates
with cyclin B, CDK2 with cyclin E, and CDK4 or CDK6
with cyclin D. Thus, one might expect that analysis of
CDK1, CDK2, and CDK4/6 activity—a tedious and time-
consuming process—could be replaced by quantifying the
amounts of the corresponding partner cyclins. The amount of
cyclins, however, did not correspond perfectly with CDK
activity in our study (data not shown), demonstrating that
regulation of CDK activity is a complex event that probably
includes phosphorylation of the catalytic subunit or associ-
ation of CDK inhibitors (p16™42 p21WAF! p27%P! “and so
on) with that subunit. Therefore, accurate monitoring of the
activity of particular CDKs can be performed only with
conventional kinase assay systems that quantify the extent of
substrate phosphorylation.

In normal cells, proliferation is strictly controlled at G1
phase by regulatory molecules, and after passing the R point,
the cell-cycle machinery becomes relatively refractory to
ectopic signals such as stress and growth-inhibitory signals.
Therefore, we normalized the values for CDK activities at
G1; CDK2, 4, and 6 to the CDKI1 activity at G2/M for the
purpose of this study and performed G1 CDK activity
profiling for colonic tissues (this was performed for eight
normal colonic mucosa and nine colon carcinomas in which
CDKI1 activity could be measured). It is noteworthy that
normal colonic mucosal tissues shared an almost identical
G1 CDK profile (Fig. 5A), although no shared profile was
observed for normal gastric mucosa (data not shown). These
results strongly suggest that in normal colonic tissues, the G1
phase of the mammalian cell cycle is organized via the
coordination of CDK activities. On the other hand, the
profiles of colon carcinoma tissues were random among the
nine patients, with no common feature (Fig. 5B).

Inhibitors of CDK molecules and activators of the CDK
inhibitors are being developed intensively, and some are
undergoing clinical trials [29]. These may be effective in the
treatment of tumors with activated CDKs. We have
demonstrated here that CDK2 activity was remarkably
increased in more than 70% of gastrointestinal cancers.

This evidence is very much in agreement with CDK2
inhibition, showing promising growth-inhibitory effects as
an anti-cancer drug [30] despite the report showing the
proliferation of colon cancer cell lines in the absence of
CDK2 activity [31].

According to the clinically relevant evidence with
surgically resected tumor tissues in this study, the CDK
profiling procedure is revealed to be clinically workable and
worthwhile to apply on the automated apparatus. We believe
that the concept of CDK profiling including the direct
measurement of CDK activities in a clinical setting,
described here, will introduce a novel molecular—clinical
approach to complement morphological diagnoses for
cancer, and for monitoring therapeutic stratagems currently
in use. This technology might also assist in the individu-
alized medications with novel CDK modulating drugs and
conventional cell cycle modulating anti-cancer drugs.

Acknowledgements

We thank Drs. Tameo Iwasaki and Kaoru Asano, Central
Research Laboratories, Sysmex Corporation, Kobe, Japan,
for intensive discussions and for supporting the project. We
also thank Mr. David McColl, University of Strathclyde,
Glasgow, Scotland, for improvement of English quality of
the manuscript.

References

[1] M. Classon, E. Harlow, The retinoblastoma tumour suppressor in
development and cancer, Nat. Rev., Cancer 2 (2002) 910-917.

[2] CJ. Sherr, F. McCormick, The RB and p53 pathways in cancer,
Cancer Cell 2 (2002) 103—112.

[3] M.S. Greenblatt, W.P. Bennett, M. Hollstein, C.C. Harris, Mutations in
the p53 tumor suppressor gene: clues to cancer etiology and molecular
pathogenesis, Cancer Res. 54 (1994) 4855-4878.

[4] F. Chang, S. Syrjanen, K.S. Syrjanen, Implications of the p53 tumor-
suppressor gene in clinical oncology, J. Clin. Oncol. 13 (1995)
1009-1022.



H. Ishihara et al. / Biochimica et Biophysica Acta 1741 (2005) 226—233 233

[5] W. Yasui, H. Yokozaki, F. Shimamoto, H. Tahara, E. Tahara,
Molecular-pathological diagnosis of gastrointestinal tissues and its
contribution to cancer histopathology, Pathol. Int. 49 (1999) 763—-774.

[6] A.J. Levine, p53 the cellular gatekeeper for growth and division, Cell
88 (1997) 323-331.

[7]1 AJ. Giaccia, M.B. Kastan, The complexity of p53 modulation:
emerging patterns from divergent signals, Genes Dev. 12 (1998)
2973-2983.

[8] P.J. van Diest, R.J. Michalides, L. Jannink, P. van der Valk, H.L.
Peterse, J.S. de Jong, C.J. Meijer, J.P. Baak, Cyclin D1 expression in
invasive breast cancer. Correlations and prognostic value, Am. J.
Pathol. 150 (1997) 705-711.

[9] T. Sutter, S. Doi, K.A. Carnevale, N. Arber, I.B. Weinstein, Expression
of cyclins DI and E in human colon adenocarcinomas, J. Med. 28
(1997) 285-3009.

[10] C. Gillett, V. Fantl, R. Smith, C. Fisher, J. Bartek, C. Dickson, D.

Barnes, G. Peters, Amplification and overexpression of cyclin D1 in

breast cancer detected by immunohistochemical staining, Cancer Res.

54 (1994) 1812—-1819.

T.L. Gramlich, C.R. Fritsch, D. Maurer, M. Eberle, T.S. Gansler,

Differential polymerase chain reaction assay of cyclin DI gene

amplification in esophageal carcinoma, Diagn. Mol. Pathol. 3 (1994)

255-259.

S. Gansauge, F. Gansauge, M. Ramadani, H. Stobbe, B. Rau, N.

Harada, H.G. Beger, Overexpression of cyclin DI in human

pancreatic carcinoma is associated with poor prognosis, Cancer

Res. 57 (1997) 1634—-1637.

Y. Takano, Y. Kato, P.J. van Diest, M. Masuda, H. Mitomi, I. Okayasu,

Cyclin D2 overexpression and lack of p27 correlate positively and

cyclin E inversely with a poor prognosis in gastric cancer cases, Am. J.

Pathol. 156 (2000) 585—-594.

[14] A. Sgambato, A. Cittadini, B. Faraglia, 1.B. Weinstein, Multiple
functions of p27(Kipl) and its alterations in tumor cells, J. Cell
Physiol. 183 (2000) 18-27.

[15] S. Ortega, M. Malumbres, M. Barbacid, Cyclin D-dependent kinases
INK4 inhibitors and cancer, Biochim. Biophys. Acta 1602 (2002)
73-87.

[16] S. Nakashima, S. Natsugoe, M. Matsumoto, F. Kijima, Y. Take-
bayashi, H. Okumura, M. Shimada, S. Nakano, C. Kusano, M. Baba,
S. Takao, T. Aikou, Expression of p53 and p21 is useful for the
prediction of preoperative chemotherapeutic effects in esophageal
carcinoma, Anticancer Res. 20 (2000) 1933—-1937.

[17] J. Sjostrom, C. Blomgqvist, P. Heikkila, K.V. Boguslawski, A.
Raisanen-Sokolowski, N.O. Bengtsson, 1. Mjaaland, P. Malmstrom,
B. Ostenstadt, J. Bergh, E. Wist, V. Valvere, E. Saksela, Predictive
value of p53 mdm-2 p21 and mib-1 for chemotherapy response in
advanced breast cancer, Clin. Cancer Res. 6 (2000) 3103-3110.

[18] Y. Nio, M. Dong, K. Uegaki, N. Hirahara, Y. Minari, S. Sasaki, M.
Takamura, C. Iguchi, K. Tamura, Comparative significance of p53 and
WAF/1-p21 expression on the efficacy of adjuvant chemotherapy for
resectable invasive ductal carcinoma of the pancreas, Pancreas 18
(1999) 117-126.

[19] R. Samejima, Y. Kitajima, S. Yunotani, K. Miyazaki, Cyclin DI is a

possible predictor of sensitivity to chemoradiotherapy for esophageal

squamous cell carcinoma, Anticancer Res. (1999) 5515-5521.

V.J. Spataro, H. Litman, G. Viale, F. Maffini, M. Masullo, R. Golouh,

F.J. Martinez-Tello, P. Grigolato, K.B. Shilkin, B.A. Gusterson, M.

[1

—

[12

—

[13

[t}

[20

=

Castiglione-Gertsch, K. Price, J. Lindtner, H. Cortes-Funes, E.
Simoncini, M.J. Byrme, J. Collins, R.D. Gelber, A.S. Coates, A.
Goldhirsch, International Breast Cancer Study Group, decreased
immunoreactivity for p27 protein in patients with early-stage breast
carcinoma is correlated with HER-2/neu overexpression and with
benefit from one course of perioperative chemotherapy in patients
with negative lymph node status: results from International Breast
Cancer Study Group Trial V, Cancer 97 (2000) 1591—-1600.

[217 U. Naumann, S. Weit, L. Rieger, R. Meyermann, M. Weller, p27
modulates cell cycle progression and chemosensitivity in human
malignant glioma, Biochem. Biophys. Res. Commun. 261 (1999)
890—-896.

[22] K. Fukuoka, J. Adachi, K. Nishio, H. Arioka, H. Kurokawa, H.
Fukumoto, T. Ishida, T. Nomoto, H. Yokote, A. Tomonari, N. Narita, J.
Yokota, N. Saijo, pl 6INK4 expression is associated with the increased
sensitivity of human non-small cell lung cancer cells to DNA
topoisomerase I inhibitors, Jpn. J. Cancer Res. 88 (1997) 1009—-1016.

[23] A. Sgambato, A. Camerini, G. Pani, R. Cangiano, B. Faraglia, G.
Bianchino, B. De Bari, T. Galeotti, A. Cittadini, Increased expression
of cyclin E is associated with an increased resistance to doxorubicin in
rat fibroblasts, Br. J. Cancer 88 (2003) 1956—1962.

[24] M. Omura-Minamisawa, M.B. Diccianni, A. Batova, R.C. Chang, L.J.
Bridgeman, J. Yu, E. de Wit, F.H. Kung, J.D. Pullen, A.L. Yu, In vitro
sensitivity of T-cell lymphoblastic leukemia to UCN-01 (7-hydroxy-
staurosporine) is dependent on pl6 protein status: a Pediatric
Oncology Group study, Cancer Res. 60 (2000) 6573—6576.

[25] A.H. Schonthal, Measuring cyclin-dependent kinase activity, Methods
Mol. Biol. 281 (2004) 105—124.

[26] K. Keyomarsi, S.L. Tucker, T.A. Buchholz, M. Callister, Y. Ding,
G.N. Hortobagyi, 1. Bedrosian, C. Knickerbocker, W. Toyofuku, M.
Lowe, T.W. Herliczek, S.S. Bacus, Cyclin E and survival in patients
with breast cancer, N. Engl. J. Med. 347 (2002) 1566—1575.

[27] R. Barreto-Zuniga, M. Maruyama, Y. Kato, K. Aizu, H. Ohta, T.
Takekoshi, S.F. Bernal, Significance of Helicobacter pylori infection
as a risk factor in gastric cancer: serological and histological studies,
J. Gastroenterol. 32 (1997) 289-294.

[28] L. Meijer, E. Raymond, Roscovitine and other purines as kinase
inhibitors from starfish oocytes to clinical trials, Acc. Chem. Res. 36
(2003) 417-425.

[29] A.M. Senderowicz, The cell cycle as a target for cancer therapy: basic
and clinical findings with the small molecule inhibitors flavopiridol
and UCN-01, Oncologist 7 (Suppl. 3) (2002) 12-19.

[30] R.N. Misra, H.Y. Xiao, K.S. Kim, S. Lu, W.C. Han, S.A. Barbosa,
J.T. Hunt, D.B. Rawlins, W. Shan, S.Z. Ahmed, L. Qian, B.C.
Chen, R. Zhao, M.S. Bednarz, K.A. Kellar, Mulheron, R.
Batorsky, U. Roongta, A. Kamath, P. Marathe, S.A. Ranadive,
J.S. Sack, J.S. Tokarski, N.P. Pavletich, F.Y. Lee, K.R. Webster,
S.D. Kimball, N-(cycloalkylamino)acyl-2-aminothiazole inhibitors
of cyclin-dependent kinase 2 N-[5-[[[5-(11-dimethylethyl)-2-oxazo-
lyl]methyl]thio]-2-thiazolyl]-4-piperidinecarboxamide (BMS-387032)
a highly efficacious and selective antitumor agent, J. Med. Chem.
47 (2004) 1719-1728.

[31] O. Tetsu, F. McCormick, Proliferation of cancer cells despite CDK2
inhibition, Cancer Cell 3 (2003) 233-245.

[32] S.R. Hamilton, L.A. Aaltonen (Eds.), World Health Organization
Classification of Tumors. Pathology and Genetics of Tumors of the
Digestive System, IARC Press, Lyon, 2000.



	A new cancer diagnostic system based on a CDK profiling technology
	Introduction
	Materials and methods
	Clinical samples
	CDK expression analysis (CPDIB method)
	CDK kinase analysis

	Results and discussion
	Acknowledgements
	References


