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TAS-106 Is Correlated with Expression of Uridine-cytidine Kinase 2
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TAS-106 [1-(3-C-ethynyl-B-D-ribo-pentofuranosyl)cytosing] is a new anticancer ribo-nucleoside with
promising antitumor activity. We have previously presented evidence suggesting that the TAS-106
sengitivity of cells is correlated with intracellular accumulation of the triphosphate of TAS-106,
which may be affected both by cellular membrane transport mechanisms and uridine-cytidine
kinase (UCK) activity. Since the presence of a UCK family consisting of two members, UCK 1 and
UCK2, has recently been reported in human cells, we investigated the relation between expression
of UCK1 and UCK2 at both the mRNA and protein levels and UCK activity (TAS-106 phosphory-
lation activity) in a panel of 10 human cancer cell lines. M easurement of UCK activity in these cell
lines revealed that it was well correlated with the cells' sensitivity to TAS-106. In addition, the
MRNA or protein expression level of UCK2 was closely correlated with UCK activity in these cell
lines, but neither the level of expression of UCK1 mRNA nor that of protein was correlated with
enzyme activity. We therefore compared the protein expression level of UCK2 in several human
tumor tissues and the corresponding normal tissues. Expression of UCK2 protein was barely
detectable in 4 of the 5 human tumor tissues, but tended to be high in the pancreatic tumor tissue.
It could not be detected at all in any of the normal tissues. Thus, expression of UCK2 appeared to
be correlated with cellular sensitivity to TAS-106, and it may contribute to the tumor-selective

cytotoxicity of TAS-106.
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1-(3-C-Ethynyl-B-D-ribo-pentofuranosyl)cytosine (ECyd,
TAS-106) is a new ribo-nucleoside analogue of cytidine
that has been found to possess significant cytotoxicity and
antitumor activity in preclinical therapeutic models.* As
shown in Fig. 1, TAS-106 taken up by the cells is rapidly
phosphorylated to the monophosphate by uridine-cytidine
kinase (UCK, EC 2.7.1.48), and this product is subse-
quently phosphorylated to the di- and the triphosphate.”)
The triphosphate of TAS-106, ECTP, is an active metabo-
lite and inhibits RNA synthesis by nonspecifically block-
ing RNA polymerases I, II, and 111.5® Thus, intracellular
accumulation of ECTP seems critical for TAS-106 to exert
cytotoxic activity. In fact, we have reported that the sensi-
tivity of cells to TAS-106 is correlated with inhibition of
cellular RNA synthesis by TAS-106 and that inhibition of
cellular RNA synthesis by TAS-106 is correlated with
intracellular accumulation of ECTP. We have also shown
that the amount of TAS-106 transported into cells and the
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cells UCK activity are decreased in TAS-106-resistant
cell variants in comparison with their parental cells?
These results suggest that both cellular membrane trans-
port by nucleoside transporters (NTs) and initial phos-
phorylation by UCK may be factors limiting the display
of antitumor activity of TAS-106.

Most mammalian cells possess NTs that mediate the
cellular membrane transport of physiologic purine and
pyrimidine nucleosides for incorporation into cellular
nucleotides and nucleic acids.? Nucleoside transport pro-
cesses in mammalian cells have been categorized into
seven types: es (equilibrative and nitrobenzylmercaptopu-
rine ribonucleoside [NBMPR]-sensitive), e (equilibrative
and NBMPR-insensitive), cit (concentrative, NBMPR-
insensitive and thymidine-selective), cib (concentrative,
NBMPR-insensitive and broadly selective), cif (concentra-
tive, NBMPR-insensitive and formycin B-selective), csg
(concentrative, NBMPR-sensitive and guanosine-selec-
tive), and cs (concentrative and NBMPR-sensitive). The
tissue and tumor distribution of NTs has not been fully
defined, but since equilibrative NTs are widely distributed
among mammalian cell types, while concentrative NTs are
found in specialized cell types, including intestinal and
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Fig. 1. Metabolic activation pathways of TAS-106 (ECyd).
ECMP, ECyd 5'-monophosphate; ECDP, ECyd 5'-diphosphate;
ECTP, ECyd 5'-triphosphate.

renal epithelia and the liver, the major mediators of nucle-
oside analogue transport in human tissues are probably
equilibrative NTs. However, pyrimidine nucleoside ana-
logues, such as 2'-deoxy-5-fluorouridine (floxuridine) and
2'-deoxy-2',2'-difluorodeoxycytidine (gemcitabine), have
been reported to be good substrates for cit NT in in vitro
experiments.’®-*® Although Tsuji et al. reported that TAS-
106 is transported by es NT in HT-1080 human fibrosar-
coma cells,™ little is known about the cellular membrane
transport mechanism of TAS-106, and further study of
TAS-106 is required.

UCK is the rate-limiting enzyme in the pyrimidine sal-
vage pathway of all mammalian cells. It catalyzes the
phosphorylation of uridine and cytidine to uridine 5'-
monophosphate (UMP) and cytidine 5'-monophosphate
(CMP), respectively, and is aso responsible for the initial
phosphorylation of TAS-106 (Fig. 1). We previousy
reported that UCK activity in human tumor xenografts is
higher than in various normal tissues of nude rats” and
demonstrated that the excellent antitumor activity of TAS-
106 observed in nude rat models bearing human tumors
reflects the tumor-selective distribution of TAS-106.9 We
therefore suspected that the antitumor activity and pharma-
codynamic features of TAS-106 may be attributable to a
higher level of phosphorylation of TAS-106 by UCK in
tumor tissue than in normal tissue. Since UCK activity in
human tumor tissues is well known to be relatively high
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compared to its activity in normal tissues,**? tumor-
selective cytotoxicity of TAS-106 could therefore be
expected clinically. To investigate UCK status as a limit-
ing factor for TAS-106 sensitivity in greater detail, we pre-
vioudly isolated a cDNA for UCK from human cancer
cells, and sequenced and characterized it.?Y The isolated
cDNA for human UCK was found to contain an open
reading frame of 786 bp, and trandation of the open read-
ing frame yielded a protein sequence of 261 amino acids.
Nucleotide and amino acid sequences of two isoforms
of human UCK, UCK1l (GenBank No. AF237290,
AAK28324) and UCK2 (GenBank No. AF236637,
AAK14053), were recently submitted to GenBank and
subsequently reported by Van Rompay et al.?? Based on
the sequence data reported, the UCK we had isolated and
cloned appeared to be UCK2. As reported previoudly, it
seems obvious that the cells sensitivity to TAS-106 is
affected by UCK activity,*® but the relations between
UCK activity and levels of expression of UCK1 and
UCK2 have never been defined. Accordingly, in the
present study we investigated the relation between expres-
sion of UCK1 and UCK?2 at both the mRNA and protein
levels, and the UCK activity (TAS-106 phosphorylation
activity) in a panel of 10 human cancer cell lines, includ-
ing TAS-106-sensitive cell lines and less sensitive cell
lines.

MATERIALS AND METHODS

Chemicals TAS-106 was synthesized by Taiho Pharma
ceutical Co., Ltd. (Tokyo). [Cytosine-5-*H]TAS-106 (5.4
Ci/mmol) was synthesized by Amersham International plc
(Buckinghamshire, UK). [5-*H]Uridine (Urd; 11 Ci/mmol)
was purchased from Moravek Biochemicals, Inc. (Brea,
CA). All other chemicals were of analytical grade, pur-
chased from commercial sources.

Céll lines and cell culture The HT-1080 human fibrosar-
coma cell line and its 1-(3-C-ethynyl-3-D-ribo-pentofura-
nosyl)uracil (EUrd)*2-resistant variant, HT-1080/EUrd,”
were generous gifts from Professor Takuma Sasaki of
the Cancer Research Institute, Kanazawa University
(Kanazawa). The NCI-H630 human colorectal carcinoma
cell line was kindly provided by Dr. Keisuke Aiba of the
Cancer Chemotherapy Center, Japanese Foundation for
Cancer Research (Tokyo). The AZ-521 human gastric can-
cer cell line was obtained from the Japanese Cancer
Research Resources Bank (Tokyo). The DLD-1 human
colorectal, MCF7 human breast, and BXxPC-3 human pan-
creatic adenocarcinoma cell lines were from the American
Type Culture Collection (Manassas, VA) and were pur-
chased through Dainippon Pharmaceutical Co., Ltd.
(Osaka). A TAS-106-resistant variant of HT-1080, HT-
1080/ECyd, and two variants of DLD-1, TAS-106-resis-
tant DLD-1/ECyd and EUrd-resistant DLD-1/EUrd, were



established in our laboratory.? AZ-521 cells were main-
tained in Dulbecco’'s modified Eagle's medium supple-
mented with 10% heat-inactivated fetal calf serum (FCS;
ICN Biomedicals, Inc., Aurora, OH) at 37°C and 5% CO,,.
MCF7 cells were cultured in Eagle’'s minimum essential
medium supplemented with non-essential amino acids, 1
mM sodium pyruvate, and 10% FCS. HT-1080, HT-1080/
ECyd, HT-1080/EUrd, DLD-1, DLD-1/ECyd, NCI-H630,
and BxPC-3 cells were cultured in RPMI 1640 medium
supplemented with 10% FCS. DLD-1/EUrd cells were
maintained in vitro in RPMI 1640 medium supplemented
with 10% FCS and 1 uM EUrd, however, al further
experiments were performed using the cells grown in
drug-free medium for 7 days.

Sensitivity of cells to TAS-106 The growth-inhibitory
effect of TAS-106 on human cancer cells was determined
by colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma
Chemical Co., St. Louis, MO),? as previously described.”
Cdlls in the exponential growth phase were seeded onto
96-well plates at a density of 500—-4000 cells/well 24 h
prior to drug exposure. The cells were then exposed to
various concentrations of TAS-106 (at least 3 wells at each
concentration) for up to 72 h. After exposure to the drug,
MTT reagent was added to each well and the plates were
incubated at 37°C for 4 h. The medium was carefully
removed, and DM SO was added to each well to dissolve
the formazan that had formed. The absorbance of the reac-
tion mixture was measured at 540 nm, and 1C, was deter-
mined as the drug concentration required to reduce the
absorbance to 50% as compared to the control. Two or
three individual experiments were conducted on each cell
line to confirm reproducibility.

Preparation of cell cytosol fractions Test cancer cells
were collected during logarithmic growth, and cell pellets
were stored frozen at —135°C. Immediately before use, the
pellets were thawed, supplemented with two volumes of
10 mM potassium phosphate buffer (pH 7.5) correspond-
ing to their wet weights, and then sonicated. The homoge-
nates were centrifuged at 105 000g for 1 h at 4°C, and the
supernatants (cytosol fractions) were collected. The cyto-
sol fractions were divided into small portions and stored
frozen at —80°C until use for enzyme assay or west-
ern blot analysis. The protein concentration in these cell
cytosols was measured by the Bradford method® using a
solution of Protein Assay Dye (Bio-Rad Laboratories,
Hercules, CA), with bovine serum abumin serving as the
reference protein.

Human tissue proteins Human breast, lung, pancreas,
colon, and rectum tumor cytoplasmic proteins and corre-
sponding normal tissue cytoplasmic proteins, except for
normal rectum tissue (5 or 10 mg protein/ml each), were
obtained from Biochain Institute, Inc. (Hayward, CA).
UCK activity UCK activity in human cancer cells was
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measured with Urd or TAS-106 as the substrate according
to the method of Ikenaka et al.,® with a slight modifica-
tion, as previously described.” The volume of each
enzyme solution (cell cytosol) was 50 ul, and the total vol-
ume of the reaction mixture was 125 pl. In addition to the
enzyme solution, the reaction mixture contained 50 mM
TrissHCI buffer (pH 8.0), 10 mM ATP (pH 7.5), 5 mM
MgCl,, 10 mM NaF, and 0.6 mM (0.25 uCi/tube) [*H]Urd
or [®*H]TAS-106. The reaction mixture was incubated at
37°C, and the reaction was stopped by heating the solution
on a heating block at 105°C for 3 min. The sample was
then centrifuged at 3000 rpm for 10 min at 4°C, and 10 ul
of the supernatant was spotted onto a polyethyleneimine-
cellulose F thin-layer chromatography plate (2.5%10 cm,
Merck KGaA, Darmstadt, Germany) and developed with
water. The phosphorylated Urd or the phosphorylated
TAS-106 remaining at the point of origin was harvested
into a vial and combined with 0.5 ml of 1 M HCI. The
mixture was then combined with 10 ml of liquid scintilla-
tor ACS-Il (Amersham) to measure the radioactivity with
a Walac 1414 WinSpectral liquid scintillation counter
(Wallac Berthold Japan Co., Ltd., Tokyo). All measure-
ments were performed in duplicate. The reaction rates
were linear with respect to time and enzyme concentration
under the conditions used. Two or three individual experi-
ments were conducted on each cell line to confirm repro-
ducibility.

Real-time PCR The UCK1 and UCK2 mRNA levels of
human cancer cells were quantified by the real-time PCR
method with an ABI PRISM 7700 Sequence Detector Sys-
tem (PE Applied Biosystems, Foster City, CA). Total RNA
was extracted from approximately 1x107 cells of each cdll
line with an RNeasy RNA Purification Kit (QIAGEN
GmbH, Hilden, Germany), and first-strand cDNASs were
synthesized from 5 pg of total RNAs with a Superscript
Preamplification System for First Strand cDNA Synthesis
(GIBCO BRL, Gaithersburg, MD). The PCR solution (25
ul) was composed of 10 pyl of cDNA solution, 2.5 ul of
primer/probe mixture (containing 5 pmol of each of the
forward and reverse primers, 2.5 pmol of interna probe),
and 12.5 ul of TagMan Universal PCR Master Mix (PE
Applied Biosystems). The internal probes were labeled
with areporter dye, 6-carboxyfluorescein (FAM), at the 5'-
end, and a quencher dye, 6-carboxytetramethylrhodamine
(TAMRA), at the 3'-end. The primer and internal probe
sequences for UCK 1 and UCK?2 are shown in Table I. The
PCR reaction conditions were 50°C for 2 min, 95°C for 10
min, and 45 cycles of 95°C for 15 s and 60°C for 1 min.
Standard curves for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and the PCR products of UCK1 and
UCK2 were generated by using serial dilutions of RNA in
the assay, and the data were analyzed according to the
manufacturer’'s instructions. The PCR assay was per-
formed in duplicate, and the mean value was used for cal-
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Tablel. Primers and Probes
UCK1 forward primer 5-GCCGACAAAGAAGTATGCCG-3
reverse primer 5-GCCATTTGCAGATGTCACCA-3
internal probe 5'-FAM-TGCCATCAACCTGATCGTGCAGC-TAMRA-3'
UCK2 forward primer  5-GTGATCATCCCTAGAGGTGCAGATA-3
reverse primer  5'-GGCCCTCCATTCAGGATGT-3'
internal probe 5'-FAM-TCTGGTGGCCATCAACCTCATCGTG-TAMRA-3
Table Il. Sensitivity to TAS-106 and UCK Activity of a Panel of Human Cancer Cell Lines
UCK activity (nmol/min/mg protein)
: Sensitivity to TAS-106 o
Cell line (ICq, LM)? Substrate! Ratio?
Urd TAS-106
AZ-521 0.017 19.087 10.074 1.89
HT-1080 0.027 12.269 4.624 2.65
DLD-1 0.058 10.147 4777 212
BxPC-3 0.081 1.454 1.538 0.95
NCI-H630 0.150 8.091 3.836 211
MCF7 0.532 3.720 2.064 1.80
DLD-1/EUrd 2.387 2.043 0.882 2.32
DLD-1/ECyd 6.088 1.038 0.466 223
HT-1080/ECyd 8.299 4.011 1.536 261
HT-1080/EUrd 29.76 0.269 0.240 112

Cell lines are listed in descending order of sensitivity to TAS-106. |1C,, values and enzyme
activities are means of data from three individual experiments or from single representative

experiments.

a) The IC, values, defined as the concentration of TAS-106 causing 50% growth inhibition,
at 72 h exposure, were determined by MTT assay.

b) UCK activity was measured by using Urd or TAS-106 as the substrate.

¢) Urd phosphorylation activity: TAS-106 phosphorylation activity rates.

culations. The amounts of the PCR products of UCK1 and
UCK2 were normalized with respect to the GAPDH level.
The experiments were repeated three times, and the aver-
age of the data obtained from the three measurements is
reported as the final value.

Antibodies UCK1 and UCK2 polyclonal antibodies were
developed by using synthetic peptides corresponding to C-
terminal amino acids 259 to 277 (PGMLTSGKRSH-
LESSSRPH) of the human UCK1 protein (GenBank No.
AAK?28324) and 243 to 261 (NGYTPSRKRQASESSS
RPH) of the human UCK2 protein,?® and these peptides
(+cysteine) were coupled to keyhole limpet hemocyanin
(KLH) to prepare the immunogens. Each immunogen was
injected into two pathogen-free rabbits (8 injections per
rabbit), and anti-UCK1 and anti-UCK2 sera were used as
primary antibodies for western blotting.

Western blotting Samples containing 50 ug protein
(human cancer cell cytosols or human tissue cytoplasmic
proteins) were subjected to SDS-polyacrylamide gel elec-
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trophoresis on a 10-20% gradient gel (Daiichi Pure
Chemicals Co., Ltd., Tokyo), and the proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(Atto Co., Tokyo). The membranes were then immuno-
blotted with anti-UCK1 or anti-UCK2 antibody, and the
immune complexes were visualized with a Western-Star
Immunodetection System (Tropix, Inc., Foster City, CA)
and quantified with a LAS-1000 Lumino image analyzer
(Fuji Film, Tokyo).

RESULTS

TAS-106 sensitivity of human cancer cells Chemosensi-
tivity to TAS-106 was determined in a panel of 10 human
cancer cell lines, and their IC, values, defined as the con-
centration of TAS-106 causing 50% growth inhibition, at
the end of 72 h of exposure are shown in Table II. The cell
lines are listed in descending order of sensitivity to TAS-
106. The IC,, value of the most resistant cell line, HT-



1080/EUrd (29.76 M), was 1750-fold higher than that of
the most sensitive cell line, AZ-521 (0.017 uM).

UCK activity of human cancer cells The UCK activity
of the pandl of 10 human cancer cell lines was measured
by using Urd or TAS-106 as the substrate, and the enzyme
activities are shown beside the IC,, values in Table II.
With the exception of lines BxPC-3 and HT-1080/ECyd,
the order of Urd phosphorylation activity (measured with
Urd as the substrate) of the cell lines paralleled their sensi-
tivity to TAS-106. The ratio of Urd phosphorylation activ-
ity to TAS-106 phosphorylation activity (measured with
TAS-106 as the substrate) of each cell line was approxi-
mately 2, except for BxPC-3 and HT-1080/EUrd. The
TAS-106 phosphorylation activity of these 10 human can-
cer cell lines ranged from 0.240 (HT-1080/EUrd) to
10.074 (AZ-521) nmol/min/mg protein, with a 42-fold
difference between the highest and lowest values. While
the difference in their TAS-106 phosphorylation activity
range was much smaller than in their TAS-106 sensitivity
range, the sensitivity of these cell lines to TAS-106
appeared to be well correlated with their TAS-106 phos-
phorylation activity (Fig. 2).

Levels of expression of UCK1 and UCK2 mRNA in
human cancer cells We examined the levels of expres-
sion of UCK1 and UCK2 mRNA in the panel of 10 human
cancer cell lines by real-time PCR using primers specific
for the transcript. The cell lines tested are listed from left
toright in Fig. 3 in descending order of sensitivity to TAS
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Fig. 2. Relation between the TAS-106 sensitivity and TAS-106
phosphorylation activity of a panel of 10 human cancer cell lines.
The plots show the correlations between IC,,, defined as the con-
centration of TAS-106 causing 50% growth inhibition, at the end
of 72 h of exposure, and UCK activity measured with TAS-106
as the substrate. y=1.6553x"2%5%, r=0.8983.
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106. The level of expression of UCK2 mRNA was almost
twice as high as that of UCK1 mRNA in 5 of the 10
human cancer cell lines, while expression of UCK1
MRNA was fairly high in only 2 of the 10 cell lines and
relatively low in the others. The level of expression of
UCK1 mRNA did not appear to correlate with the sensi-
tivity of these 10 human cancer cell linesto TAS-106. The
level of expression of UCK2 mRNA, on the other hand,
tended to correlate with their TAS106 sensitivity,
although there was only approximately a 6-fold difference
between the cell line with the highest expression, AZ-521
(UCK2/GAPDH=0.0426), and that with the lowest
expression, HT-1080/ECyd (UCK2/GAPDH=0.0071).
The level of expression of UCK2 mRNA by HT-1080/
EUrd (UCK2/GAPDH=0.0115), which had the strongest
resistance to TAS-106 and the lowest UCK activity in this
study, was almost the same as that of HT-1080/ECyd.

Levels of expression of UCK1 and UCK2 protein in
human cancer cells We performed western blot analysis
with anti-UCK1 and anti-UCK2 polyclonal antibodies to
detect UCK1 and UCK2 protein expression. As shown in
Fig. 4, athough anti-UCK1 antibody seemed to weakly
recognize UCK2 protein in addition to UCK1 protein,
anti-UCK2 antibody appeared to selectively recognize
UCK?2 protein. The levels of expression of UCK1 and
UCK?2 protein in the panel of 10 human cancer cell lines
were quantitated by western blotting using these anti-
UCK1 and anti-UCK2 antibodies, respectively, and the
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Fig. 3. Levels of expression of UCK mRNA in a panel of 10
human cancer cell lines. Cell lines are listed in descending order
of sensitivity to TAS-106 from left to right. The amounts of
UCK PCR products were normalized with respect to the GAPDH
levels. UCK1 (O) and UCK2 (m). The columns represent the
means of data from three individual experiments; bars represent
the SD.
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chemiluminescence signal intensity values are shown in
Fig. 5. While the expression levels of UCK1 protein in
these cell lines appeared to be almost the same (Fig. 5A),
expression of UCK2 protein tended to correlate with the

45.7
UCK1

325 UCK2

184

Fig. 4. Detection of UCK1 and UCK2 protein expression by
western blotting. Equal amounts of cytosols from AZ-521 cells
(containing 50 ug protein) were subjected to analysis, and band
volume (chemiluminescence signal intensity) was quantified with
a Lumino image analyzer, as described in “Materials and Meth-
ods.” The antibodies used for immunodetection were anti-UCK1
serum (lane 1), anti-UCK2 serum (lane 2), and a mixture of anti-
UCK1 and anti-UCK2 sera (lane 3).
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TAS-106 sensitivity (Fig. 5B). The volume of the UCK2
protein band of the cell line with the highest expression,
DLD-1 (band volume=21.8x10%), was 16-fold higher than
that of the cell line with the lowest expression, HT-1080/
EUrd (band volume=1.36x10%). The UCK2 protein
expression level of AZ-521 (band volume=20.6x10%),
which was the most sensitive cell line and had the highest
UCK activity in this study, was amost the same as that of
DLD-1.

Relation between the UCK expression level and UCK
activity of human cancer cells The relation between the
UCK expression level and UCK activity of the panel of 10
human cancer cell linesis shown in Fig. 6. Fig. 6A shows
the relation between the level of expression of UCK2
MRNA and TAS-106 phosphorylation activity, and Fig. 6B
shows the relation between the levels of expression of
UCK2 protein and TAS-106 phosphorylation activity.
These results indicate that both the levels of expression of
UCK2 mRNA and protein of human cancer cells were
closdly correlated with the TAS-106 phosphorylation
activity (UCK activity).

Levels of expression of UCK1 and UCK2 protein in
human tissues The levels of expression of UCK1 and
UCK?2 protein were compared by western blotting in 5
human tumor tissues and corresponding normal tissues
(except rectum). Expression of UCK1 protein was unde-
tectable in both human tumor and normal tissues (data not
shown). In contrast, while expression of UCK2 protein
could not be detected in human normal tissues, it was
detected in 4 of the 5 human tumor tissues (Fig. 7), and
was particularly high in the pancreatic tumor tissue.

(Band volume, x 10%)

UCK2 protein expression level

Fig. 5. Levels of expression of UCK1 (A) and UCK?2 (B) protein in a panel of 10 human cancer cell lines. Equal amounts of cytosols
(containing 50 ug protein) were subjected to analysis, and band volume was quantified with a Lumino image analyzer.
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Fig. 6. Relation between the UCK2 expression level and TAS-106 phosphorylation activity of a panel of 10 human cancer cell lines.
(A) Correlation between the UCK2 mRNA expression level and TAS-106 phosphorylation activity. y=0.0031x+0.0083, r=0.9144. (B)
Correlation between the UCK 2 protein expression level and TAS-106 phosphorylation activity. y=1.7947x+6.3138, r=0.8113.

UCK2 protein expression level
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Fig. 7. Levels of expresson of UCK2 protein in human tumor
and normal tissues. Equal amounts of tissue cytoplasmic proteins
(containing 50 ug protein) were subjected to analysis, and band
volume was quantified with a Lumino image analyzer. AZ-521
cell cytosol (containing 50 pg protein) was loaded on the far
right lane as a positive control.

DISCUSSION

UCK has been considered to be an important target for
chemotherapy ever since it was shown to be required for
the intracellular activation of certain pyrimidine nucleo-
side analogues to cytotoxic nucleotides. The first step in
the phosphorylation of TAS-106 is catalyzed by UCK and

is thought to be rate-limiting, and the level of UCK activ-
ity affects the sensitivity of cells to TAS-106.4% More
recently, a UCK family consisting of at least two mem-
bers, UCK1 and UCK2, has been found to be present in
human cells.?2 We therefore decided to define the relation-
ship between cellular sensitivity to TAS-106, UCK activ-
ity, and expression of UCK1 and UCK2 at both mRNA
and protein levels in human cancer cells. In preliminary
experiments, incubation with our anti-UCK1 or anti-
UCK?2 antiserum failed to neutralize the respective enzyme
activity in HT-1080 cell cytosols (data not shown), and
thus the UCK activity in this study represents the total activ-
ity of UCK1 and UCK2. When we used Urd or TAS-106
as the substrate to measure UCK activity in a panel of 10
human cancer cell lines, the ratio of Urd phosphorylation
activity to TAS-106 phosphorylation activity was found to
be almost constant. These results suggested that the TAS-
106 phosphorylation efficiency of UCK1 and UCK?2 tends
to be similar to their efficiency in regard to Urd. Since Urd
has been reported to be an approximately 20-fold more
efficient substrate for UCK2 than for UCK1,2 TAS-106
may also be a more efficient substrate for UCK2 than for
UCK1. Needless to say, the kinetic properties of both
UCK1 and UCK2 for TAS-106 phosphorylation must be
investigated to corroborate this. The UCK1 and UCK2
protein content of human cells is aso still unknown. We
therefore do not know how much UCK1 or UCK2
participates in the TAS-106 catalytic activity of UCK in
human cells. The UCK activity of human cancer cell lines
tested, however, was clearly well correlated with the sensi-
tivity to TAS-106, except for 2 cell lines, BxPC-3 and
HT-1080/ECyd, whose sensitivity is probably dependent
on other factors, such as cellular membrane transport.
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The level of expression of UCK1 mRNA was generally
low in 8 of the 10 human cancer cell lines, with only 2 cell
lines, AZ-521 and MCF7, expressing relatively high levels
of UCK1 mRNA. AZ-521 was the most sensitive cell line
to TAS-106 and had the highest UCK activity in this
study, while MCF7 had moderate levels of both TAS-106
sensitivity and UCK activity. The level of expression of
UCK1 protein was almost the same in the 10 human can-
cer cell lines. As might be expected, the level of expres-
sion of UCK1 protein was not correlated with the mRNA
expression level in the human cancer cell lines tested, and
neither protein nor MRNA expression level was correlated
with the UCK activity. On the other hand, the level of
expression of UCK2 protein roughly correlated with the
MRNA expression level in the human cancer cell lines
tested, and both protein and mRNA expression levels were
closely correlated with the UCK activity. The differencein
UCK2 expression between the highest and lowest cell
lines was 6-fold at the mRNA level and 16-fold at the pro-
tein level, and thus was not very large. However, the cell
lines with high expression of UCK2 at both the mRNA
and protein levels, i.e.,, AZ-521, DLD-1, HT-1080, and
NCI-H630, had clearly higher UCK activity and TAS-106
sensitivity than did the other cell lines.

Measurement of the UCK1 and UCK2 protein levels in
several human tumor and normal tissue cytoplasmic pro-
teins by western blotting revealed much lower levels of
expression than in human cancer cell cytosols. We could
not detect UCK1 expression in either the human tumor or
the normal tissue proteins tested, and could not detect
UCK?2 expression among human normal tissue proteins.
However, UCK2 expression was detected in 4 of the 5
human tumor tissue proteins. The UCK activity (Urd
phosphorylation activity) of the 10 human cancer cell lines
ranged from 0.269 to 19.087 nmol/min/mg protein. The

REFERENCES

1) Hattori, H., Tanaka, M., Fukushima, M., Sasaki, T. and
Matsuda, A. Nucleosides and nuclectides. 158. 1-(3-C-
Ethynyl-B-D-ribo-pentofuranosyl)cytosine, 1-(3-C-ethynyl-
[-D-ribo-pentofuranosyl)uracil, and their nuclecbase ana-
logues as new potential multifunctional antitumor nucleo-
sides with a broad spectrum of activity. J. Med. Chem., 39,
5005-5011 (1996).

2) Tabata, S., Tanaka, M., Matsuda, A., Fukushima, M. and
Sasaki, T. Antitumor effect of a novel multifunctional anti-
tumor nucleoside, 3'-ethynylcytidine, on human cancers.
Oncol. Rep., 3, 1029-1034 (1996).

3) Shimamoto, Y., Fujioka, A., Kazuno, H., Murakami, Y.,
Ohshimo, H., Kato, T., Matsuda, A., Sasaki, T. and
Fukushima, M. Antitumor activity and pharmacokinetics
of TAS-106, 1-(3-C-ethynyl-B-D-ribo-pentofuranosyl)cyto-
sine. Jpn. J. Cancer Res,, 92, 343—-351 (2001).

832

UCK activity levels reported in human tumor and normal
tissues range from 0.031 to 0.86 nmol/min/mg protein
and 0.006 to 0.37 nmol/min/mg protein, respectively.*>-2
The lower levels of expression of UCK protein in the
human tissues compared with the human cancer cell lines
seemed to correspond to the enzyme activity of UCK.
UCK activity in human tumor tissues, however, has been
reported to be several-fold higher than in human normal
tissues. Thus, the UCK2 protein expression may have been
responsible for the higher UCK activity in the human
tumor tissues.

The results of this study indicated that UCK2 expres-
sion at both the mMRNA and protein levels is correlated
with the UCK activity and sensitivity to TAS-106 of
human cancer cells, and the higher UCK2 expression in
human tumor tissues compared with normal tissues may
contribute to the tumor-selective cytotoxicity of TAS-106.
Since the UCK?2 protein expression was relatively high in
the pancreatic tumor tissue compared with the other tumor
tissues tested, TAS-106 shows promise as a therapeutic
agent for pancreatic cancer. Although we could not detect
UCK1 and UCK2 protein in any of the human normal
tissues tested, Van Rompay et al. reported ubiquitous
UCK1 mRNA expression in the normal human tissues they
investigated, but noted that UCK2 mRNA was only
detected in the placenta? The status of UCK appears to
be closely related to the antitumor activity of TAS-106,
but the physiological roles, tissue-specific expression,
and subcellular localization of UCK1 and UCK2 are
still unclear. Characterization of UCK1 and UCK2 in
greater detail will be important for further development of
TAS-106.

(Received February 8, 2002/Revised April 10, 2002/Accepted
April 15, 2002)

4) Shimamoto, Y., Kazuno, H., Murakami, Y., Azuma, A.,
Koizumi, K., Matsuda, A., Sasaki, T. and Fukushima, M.
Céllular and biochemical mechanisms of the resistance of
human cancer cells to a new anticancer ribo-nucleoside,
TAS-106. Jpn. J. Cancer Res., 92, 445-452 (2002).

5) Tabata, S, Tanaka, M., Endo, Y., Obata, T., Matsuda, A.
and Sasaki, T. Anti-tumor mechanisms of 3'-ethynyluridine
and 3'-ethynylcytidine as RNA synthesis inhibitors: devel-
opment and characterization of 3'-ethynyluridine-resistant
cells. Cancer Lett., 116, 225-231 (1997).

6) Azuma, A., Emura, T., Huang, P. and Plunkett, W. Intra-
cellular metabolism and actions of a novel antitumor nucle-
oside, 1-(3-C-ethynyl-B3-D-ribo-pentofuranosyl)cytosine
(ECyd, TAS-106). Proc. Am. Assoc. Cancer Res,, 40, 298
(1999).

7) Tekatori, S, Kanda, H., Takenaka, K., Wataya, Y.,



8)

9)

10)

11)

12)

13)

14)

15)

Matsuda, A., Fukushima, M., Shimamoto, Y., Tanaka, M.
and Sasaki, T. Antitumor mechanisms and metabolism of
the novel antitumor nucleoside analogues, 1-(3-C-ethynyl-
[3-D-ribo-pentofuranosyl)cytosine and 1-(3-C-ethynyl-3-D-
ribo-pentofuranosyl)uracil. Cancer Chemother. Pharma-
col., 44, 97-104 (1999).

Matsuda, A., Fukushima, M., Wataya, Y. and Sasaki, T. A
new antitumor nucleoside, 1-(3-C-ethynyl-B-D-ribo-pento-
furanosyl)cytosine (ECyd), is a potent inhibitor of RNA
synthesis. Nucl. Nucl., 18, 811-814 (1999).

Cass, C. E., Young, J. D., Baldwin, S. A., Cabrita, M. A.,
Graham, K. A., Griffiths, M., Jennings, L. L., Mackey, J.
R., Ng, A. M. L., Ritzel, M. W. L., Vickers, M. F. and Y ao,
S. Y. M. Nucleoside transporters of mammalian cells.
Pharm. Biotechnol., 12, 313—352 (1999).

Fang, X., Parkinson, F. E., Mowles, D. A., Young, J. D. and
Cass, C. E. Functiona characterization of a recombinant
sodium-dependent nucleoside transporter with selectivity
for pyrimidine nucleosides (cNT1rat) by transient expres-
sion in cultured mammalian cells. Biochem. J., 317, 457—
465 (1996).

Mackey, J. R, Mani, R. S, Selner, M., Mowles, D. E,
Young, J. D., Belt, J. A., Crawford, C. R. and Cass, C. E.
Functional nucleoside transporters are required for gemci-
tabine influx and manifestation of toxicity in cancer cell
lines. Cancer Res., 58, 4349—-4357 (1998).

Mackey, J. R., Yao, S. Y. M., Smith, K. M., Karpinski, E.,
Baldwin, S. A,, Cass, C. E. and Young, J. D. Gemcitabine
transport in Xenopus oocytes expressing recombinant
plasma membrane mammalian nucleoside transporters. J.
Natl. Cancer Inst., 91, 1876—1881 (1999).

Graham, K. A., Leithoff, J, Coe, |. R.,, Mowles, D.,
Mackey, J. R., Young, J. D. and Cass, C. E. Differentia
transport of cytosine-containing nucleosides by recombinant
human concentrative nucleoside transporter protein hCNT1.
Nucl. Nucl. Nucleic Acids, 19, 415—-434 (2000).

Tsuji, A., Tamai, |., Saheki, A., Nakanishi, T., Fukushima,
M., Matsuda, A. and Sasski, T. Facillitative transport of
antitumor nucleosides, 3'-ethynylcytidine (ECyd, TAS-106)
and 3'-ethynyluridine (EUrd). Proc. Am. Assoc. Cancer
Res., 40, 298 (1999).

Maehara, Y., Nakamura, H., Nakane, Y., Kawai, K.,
Okamoto, M., Nagayama, S., Shirasaka, T. and Fujii, S.
Activities of various enzymes of pyrimidine nucleotide and
DNA synthesis in norma and neoplastic human tissues.
Gann, 73, 289—-298 (1982).

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

TAS-106 Sensitivity and UCK2 Expression

Ahmed, N. K., Haggitt, R. C. and Welch, A. D. Enzymes
of salvage and de novo pathways of synthesis of pyrimidine
nuclectides in human colorectal adenocarcinomas. Bio-
chem. Pharmacol ., 31, 2485-2488 (1982).

Ahmed, N. K. Enzymes of the de novo and salvage path-
ways for pyrimidine biosynthesis in norma colon, colon
carcinoma, and xenografts. Cancer, 54, 1370-1373 (1984).
Maehara, Y., Kusumoto, T., Sakaguchi, Y., Kusumoto, H.,
Kido, Y., Anai, H. and Sugimachi, K. Pyrimidine nucle-
otide synthesis is more extensive in poorly differentiated
than in well-differentiated human gastric carcinoma. Can-
cer, 63, 96—101 (1989).

Maehara, Y., Moriguchi, S, Emi, Y., Watanabe, A.
Kohnoe, S., Tsyjitani, S. and Sugimachi, K. Comparison of
pyrimidine nucleotide synthetic enzymes involved in 5-fluo-
rouracil metabolism between human adenocarcinomas and
squamous cell carcinomas. Cancer, 66, 156—161 (1990).
Luccioni, C., Beaumatin, J., Bardot, V. and Lefrangois, D.
Pyrimidine nucleotide metabolism in human colon carcino-
mas. comparison of normal tissues, primary tumors and
xenografts. Int. J. Cancer, 58, 517-522 (1994).

Koizumi, K., Shimamoto, Y., Azuma, A., Wataya, Y.,
Matsuda, A., Sasaki, T. and Fukushima, M. Cloning
and expression of uridine/cytidine kinase cDNA from
human fibrosarcoma cells. Int. J. Mol. Med., 8, 273—278
(2001).

Van Rompay, A. R., Norda, A., Linden, K., Johansson, M.
and Karlsson, A. Phosphorylation of uridine and cytidine
nucleoside analogs by two human uridine-cytidine kinases.
Mol. Pharmacaol., 59, 1181-1186 (2001).

Matsuda, A., Hattori, H., Tanaka, M. and Sasaki, T. 1-(3-
C-Ethynyl-B-D-ribo-pentofuranosyl)uracil as a broad spec-
trum antitumor nucleoside. Biomed. Chem. Lett., 6, 1887—
1892 (1996).

Carmichael, J., DeGraff, W. G., Gazdar, A. F., Minna, J. D.
and Mitchell, J. B. Evaluation of a tetrazolium-based semi-
automated colorimetric assay: assessment of chemosensitiv-
ity testing. Cancer Res., 47, 936—942 (1987).

Bradford, M. M. A rapid and sensitive method for the
quantification of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem., 72,
248-254 (1976).

Ikenaka, K., Fukushima, M., Nakamura, H., Okamoto, M.,
Shirasaka, T. and Fujii, S. Metabolism of pyrimidine nucle-
otides in various tissues and tumor cells from rodents.
Gann, 72, 590-597 (1981).

833



