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Abstract

NB1011, a phosphoramidate derivative of (E)-5-(2-
bromovinyl)-2’-deoxyuridine, is a novel small molecule
anticancer agent. NB1011 is selectively active against
tumor cells expressing high levels of thymidylate
synthase (TS), a critical enzyme in DNA biosynthesis.
NB1011 is different from the current TS-targeted drugs,
which require inhibition of TS to be effective, because
NB1011 cytotoxicity depends upon activation by TS.
Here we report a dose-dependent, antitumor activity of
NB1011 against established Tomudex-resistant breast
cancer (MCF7TDX) xenografts in athymic mice. Against
5-fluorouracil-resistant colon carcinoma (H630R10)
xenografts, NB1011 was as efficacious as irinotecan,

a drug recently approved for the treatment of 5-
fluorouracil-resistant colon cancer. To gain insight into
the mechanisms NB1011 uses to suppress cellular
growth, we analyzed the downstream molecular events
in the high TS-expressing MCF7TDX and RKOTDX cell
lines upon NB1011 treatment. NB1011 treatment
increased the mRNA levels of p21, Bax, and GADDA45.
Furthermore, NB1011 induced p53, p21, and Bax
proteins specifically in high TS-expressing tumor cells,
whereas no induction was observed in low TS-
expressing tumor cells (MCF7) or normal cells (WI38).
Cell cycle analysis demonstrated that NB1011
treatment of MCF7TDX and RKOTDX cells resulted in
an accumulation of cells in the G,-M phase of the cell
cycle. Altogether, our data indicate that the induction
of the p53 target genes p21, bax, and GADD45, with a
concomitant deregulation of the cell cycle, may
represent one of the mechanisms by which NB1011
exerts its growth-suppressive effects.

Introduction
TS? is a key enzyme in the de novo synthesis of dTMP and
therefore plays a critical role in DNA synthesis and repair. TS
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catalyzes the reductive methylation of dUMP to dTMP using
5,10-methylenetetrahydrofolate as a cofactor (1). Because
TS is an essential enzyme in proliferating cells, it has been an
important chemotherapeutic target, and various anticancer
agents focus on inhibiting TS function. Many tumor cells
display increased levels of TS because of the loss of tumor
suppressor gene function such as p53 or Rb. This increase in
TS levels renders them less sensitive to TS inhibitors than
normal cells (2, 3). Furthermore, in vitro data using tumor cell
lines as well as analysis of tumor samples from patients have
shown that exposure to TS inhibitors, such as 5-FU and
Tomudex, can result in even higher intratumoral levels of TS,
attributable to gene amplification and increased TS protein
expression (4-6). Patients with tumors characterized with
high TS expression show a poor response to fluoropyrimi-
dine-based treatments and have poor overall survival (7-9).
Drug-induced development of resistant tumor cells has be-
come a major problem in the chemotherapeutic treatment of
cancer. NB1011 is designed using an enzyme catalyzed
therapeutic activation approach. The enzyme catalyzed ther-
apeutic activation approach takes advantage of enzymes (in
this case TS) that are specifically overexpressed in drug-
resistant cancer cells by using their catalytic activity to gen-
erate cytotoxic products. We have shown previously that
NB1011, a phosphoramidate derivative of (E)-5-(2-bromovi-
nyl)-2’-deoxyuridine, is preferentially cytotoxic to tumor cells
displaying elevated levels of TS, and furthermore, that the
cytotoxicity of NB1011 is attenuated by Tomudex, a specific
inhibitor of TS activity (10). In addition, we have shown a
positive correlation between the intracellular TS protein lev-
els and the sensitivity to NB1011 (10). This cytotoxicity profile
of NB1011 is opposite to that of the classical TS inhibitors.
These TS-targeted drugs require inhibition of TS to be effec-
tive, whereas NB1011 requires TS activity to become max-
imally cytotoxic. To gain insight into the mechanisms by
which NB1011 suppresses cellular growth, we set out to
study the downstream molecular events of the cellular re-
sponse to NB1011. Here we report the effects of NB1011
treatment on gene expression, protein induction, and cell
cycle regulation.

Materials and Methods

Cells and Culture Conditions. Normal human colon epi-
thelial cells CCD18co, lung embryonic fibroblasts WI38,
and breast adenocarcinoma cell lines MCF7 (p53wt),
SW527(p53mu), and SKBR3 (p53mu) were obtained from
American Type Culture Collection (Rockville, MD). The To-
mudex-resistant breast cancer cell line MCF7TDX (11) and
the Tomudex-resistant colon cancer cell line RKOTDX
(p53wt) were provided by Dr. P. Johnston (Queens University
of Belfast, Northern Ireland). The 5-FU-resistant H630R10
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(p53wt) colon carcinoma cell line (4) was provided by Dr. E.
Chu (National Cancer Institute-Navy Medical Oncology, Be-
thesda, MD). Tomudex-resistant SW527 cells were selected
by culturing SW527 cells in medium supplemented with in-
creasing concentrations of Tomudex up to a final concen-
tration of 2 um. SKBR3TS3 is a subclone of SKBR3 that
stably expresses defined levels of TS protein and which was
generated as described previously (10). Cells were cultured
in RPMI 1640 supplemented with 10% fetal bovine serum
and the antibiotic/antimycotic Fungizone (Life Technologies,
Inc.) at 37°C in a humidified atmosphere containing 5% CO..
MCF7TDX, SW527TDX, and RKOTDX cells were maintained
continuously in the presence of 2 um Tomudex, whereas the
H630R10 cells were maintained in the presence of 10 um
5-FU. Normal cells were passaged a maximum of 15 times to
avoid senescence.

Cell Growth Inhibition Studies. Cells were seeded in 100
wnl of medium in 96-well, flat-bottomed tissue culture plates.
After 24 h, 100 wl of half-log serial dilutions of drug-contain-
ing medium were added in duplicate, and the cells were
incubated for an additional 72 h. Cells were washed with
PBS and stained with 0.5% crystal violet in methanol. So-
renson’s buffer (0.025 m sodium citrate, 0.025 m citric acid in
50% ethanol) 0.1 ml was added, and the absorbance was
monitored at the 535-nm wavelength (12). IC5,s were derived
from sigmoid curves fit according to the Hill inhibitory Emax
model and indicate the concentration at which growth is
inhibited by 50%. Each cell growth inhibition assay was
repeated at least three times. Cell growth inhibition assays
using various times of drug exposure were performed as
described above, with the exception that at 1, 6, 16, 24, and
48 h, the drug was washed out, and incubation of the cells
continued for up to 72 h.

Mouse Xenograft Models. MCF7TDX or H630R10 cells
(1.5 X 107) were injected s.c. in the mid-back region of
female CD-1 (nu/nu) athymic mice (Charles River Laborato-
ries, Wilmington, MA). Before cell injection, all mice were
primed with 17g-estradiol (Innovative Research of America,
Sarasota, FL) applied s.c. (1.7 mg estradiol/pellet) to promote
tumor growth. Tumor volumes (length X width X depth) were
monitored twice weekly by serial micrometer measurements.
Six animals were randomly assigned to each treatment
group. Single-factor ANOVA tests were performed to assure
uniformity in starting tumor volumes between the various
groups. All drugs were administered by i.p. injection once a
day for 5 days on treatment, 5 days off treatment, and 5 days
on treatment. Statistical analysis, single-factor ANOVA of the
log-transformed tumor volume data, was performed as de-
scribed by Pegram et al. (13).

RNase Protection Assay. Cells were seeded in T225 tis-
sue culture flasks and grown to a confluency of 40-50%.
Medium was aspirated, and 25 ml of tissue culture medium
containing 30 um NB1011 were added to the cells. Twenty-
five ml of tissue culture medium was added to control cells.
After an additional 48- or 72-h incubation, NB1011-treated
cells and control cells were harvested and counted, and 1 X
107 cells were snap frozen in liquid nitrogen and stored at
—80°C. Total RNA was isolated using the RNeasy mini kit
(Qiagen) according the manufacturer’s protocol. Ten pg of

each RNA were used by BD PharMingen for the RNase
protection assay with the human Stress-1 template.

Western Blot Analysis. Cells were seeded in six-well
plates at a density that results in 40-50% confluency after
overnight incubation. Cells were left untreated or were
treated with various concentrations of NB1011. To ensure
that >50% of the cells are effected, concentrations higher
than the IC54s (10, 30, and 100 um) were used for most of the
MCF7TDX and RKOTDX experiments. For proper compari-
son, the MCF7 and WI38 cells were also treated with 10, 30,
and 100 um of NB1011. After 24, 48, or 72 h of incubation,
cells were lysed at 4°C in lysis buffer containing 50 mm
HEPES, 20 mm Tris-HCI (pH 7.5), 50 mm NaCl, 2.5 mm EDTA,
1% Triton X-100, 50 mm sodium fluoride, 10 mm sodium PP;,
1 mm sodium orthovanadate, and Complete Protease Inhib-
itor Cocktail (Boehringer Mannheim). Insoluble material was
cleared by centrifugation at 4°C, and protein concentrations
were determined using BCA (Pierce Biochemicals, Rockford,
IL). Protein lysates (25-50 ng) were separated by SDS-PAGE
using 4-20% gels (Novex). Samples were transferred to
Immobilon-P polyvinylidene difluoride membranes (Millipore
Corp.), blocked in Blotto [5% nonfat dry milk in Tris-buffered
saline with 0.05% Tween 20 (TBST, Sigma Chemical Co.)],
and then incubated for 2 h with primary antibody diluted in
Blotto. Membranes were washed (three times for 15 min
each time) in TBST and incubated for 1 h with horseradish
peroxidase-conjugated secondary antibody (Amersham Life
Science) diluted in Blotto. After three 15-min washes in
TBST, the bands were visualized with the ECL detection
system (Amersham Life Science). A Storm Phosphorimager
was used to quantitate protein levels using tubulin or B-actin
as internal standards. The following mouse monoclonal pri-
mary antibodies were used: TS Ab-1 TS-106 (NeoMarkers),
tubulin Ab-4 (NeoMarkers), WAF1 Ab-3 (Oncogene), anti-g-
actin AC-15 (Sigma Chemical Co.), Bax Ab-3 (Oncogene),
and p53 Ab-2 (Oncogene).

Cell Cycle Analysis. Cells were seeded in 10-cm plates
at a density that results in 30-40% confluency after over-
night incubation. Cells were left untreated or were treated
with various concentrations of NB1011. To ensure that
>50% of the cells are affected, concentrations up to 10
times the IC5ys were used for the experiments. For a proper
comparison between MCF7TDX and MCF7 cells, the MCF7
cells were treated with the highest NB1011 dose (30 wwm) that
was used in the MCF7TDX experiments. After 72 h, cells
were processed for cell cycle analysis according to the pro-
tocol provided with the BrdU Flow Kit #2354KK (BD Phar-
Mingen). Briefly, cells were pulsed with BrdUrd for 1 h,
trypsinized, and counted. The cells were washed, fixed, and
permeabilized. Incorporated BrdUrd was labeled with FITC-
conjugated anti-BrdUrd antibody, and total DNA was stained
with 7-AAD. At least 10,000 single cells were analyzed by
flow cytometry using a FACScan (Becton Dickinson). Data
analysis was done using the WinMDI 2.8 software, devel-
oped by Joseph Trotter at The Scripps Research Institute (La
Jolla, CA). Three independent experiments were performed
for the MCF7TDX and the RKOTDX cells. The MCF7 cell
cycle analysis was done in duplicate.
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Table 1 TS protein levels and sensitivity to NB1011

NB1011 Br

Cell type TS protein level I1C,, (uM)
SKBR3 05+ 0.1 412 + 23
CCD18co 1 + 02 501 + 29
WI38 1.5 + 0.2 516 + 43
MCF7 1.8 + 0.2 168 + 20
RKOTDX 4.6 + 0.1 16 + 6
SKBR3TS3 4.6 + 0.5 13 + 4
SW527TDX 10 + 04 13 +3
MCF7TDX 20 + 0.8 3 +03

TS protein levels were determined by Western blotting. The level of TS
detected in lysates made from exponentially growing normal colon epi-
thelial cells, CCD18co, is set at 1. TS protein levels are given as values
relative to the TS level in CCD18co. IC5, is the concentration of NB1011
that inhibits cellular growth by 50%.

AnnexinV/PI Staining for Apoptosis. Cells, seeded in
six-well plates, were either left untreated or treated with
various concentrations of NB1011 for 24, 48, or 72 h. To
ensure that >50% of the cells are affected, concentrations
up to 10 times the IC55s were used for the experiments. At
the indicated time points, both floating and attached cells
were collected. Cells were incubated with a staining solution
containing Annexin V-fluorescein and propidium iodide (An-
nexin-V-Fluos staining kit; Boehringer Mannheim) according
the manufacturer’s protocol. The percentage of apoptotic
cells was determined by flow cytometry using at least 30,000
single cells. Data analysis was done using the WinMDI 2.8
software, developed by Joseph Trotter at The Scripps Re-
search Institute. Assays were repeated at least two times.

Results

TS Protein Levels and NB1011 Cytotoxicity. To determine
the intracellular TS protein levels and the sensitivity of the
various cell lines to NB1011, Western blot analysis and
growth inhibition assays were performed. The TS protein
level, detected in lysates made from exponentially growing
normal colon epithelial cells, CCD18co, was set at 1. TS
protein levels are given as values relative to the TS level in
CCD18co. Table 1 shows that the TS protein levels in expo-
nentially growing normal cell types, CCD18co and WI38, as
well as in the MCF7 and SKBRS3 breast tumor cell lines, are
relatively low (1, 1.5, 1.8, and 0.5, respectively). The tumor
cell lines RKOTDX, SW527TDX, and MCF7TDX, which are
resistant to the direct TS inhibitor Tomudex, have elevated
TS protein levels (4.6, 10, and 20, respectively). The TS
protein level in SKBR3TS3 cells, which stably express re-
combinant human TS, is 4.6-fold higher than the TS level
observed in the normal colon epithelial cells. The IC5ys of
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Fig. 1. Antitumor activity of NB1011 against human xenografts in athy-
mic mice. A, dose-dependent efficacy of NB1011 against Tomudex-
resistant MCF7TDX breast carcinoma. NB1011 was given at 0.1, 0.5, and
2.4 mg/day. B, efficacy comparison of NB1011 (2.4 mg/day) and CPT-11
(10 mg/kg/day) against 5-FU-resistant H630R10 colon carcinoma. Drugs
were administered i.p. for 5 days on treatment, 5 days off treatment, and
5 days on treatment. Values are mean tumor volumes * s.e.m.; n = 6. *,
significantly different (P < 0.05) from excipient control. *x, significantly
different (P < 0.05) from the 2.4 mg/day NB1011 treated group.

NB1011 against these various cell lines (Table 1) show that
NB1011 is preferentially cytotoxic to tumor cell lines with
high TS levels.

NB1011 Has Antitumor Activity in Mouse Xenograft
Models. To determine dose-dependent efficacy of NB1011
in a MCF7TDX mouse xenograft model, athymic mice bear-
ing s.c. MCF7TDX tumors were administered i.p. three dif-
ferent doses of NB1011 (Fig. 1A). The highest dose of
NB1011 (2.4 mg/day) resulted in a significant reduction (P <
0.05) in day 26 xenograft volume as compared with the
excipient-treated control. Treatment with NB1011 at 2.4 mg/
day was also significantly different (P < 0.05) at day 26 from
treatment with NB1011 at 0.1 or 0.5 mg/day, but no statis-
tically significant difference could be observed between
mean xenograft volumes of animals treated with NB1011 at
0.1 or at 0.5 mg/day (Fig. 1A). In conclusion, these results
show a dose-response between NB1011 and MCF7TDX xe-
nograft volume with a significant difference (P < 0.05), main-
tained up to day 26, between treatment with NB1011 at 2.4
mg/day and NB1011 at 0.1 mg/day.

Our previous experiments showed that NB1011 is effica-
cious in 5-FU-resistant, high TS-expressing H630R10 colon
xenografts in athymic mice (14). Irinotecan (also called

379
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CPT11) is a recently approved drug for the treatment of
5-FU-resistant colon cancer. We therefore determined the
relative efficacies of NB1011 and CPT11 in the H630R10
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xenograft model. i.p. treatment with NB1011 at 2.4 mg/day Tubulin Tubulin
was as efficacious as i.p. treatment with CPT11 at its max-

imum tolerated dose of 10 mg/kg (Fig. 1B). No statistically p21 Bax
significant difference was observed in the mean xenograft Normalized

volume between the NB1011- and CPT 11-treated groups.
Both groups were statistically different (P < 0.05) from the
excipient-treated control group (Fig. 1B).

NB1011 Treatment Induces p21, Bax, and GADD45
mRNA. To gain insight into the mechanism(s) by which
NB1011 inhibits cellular growth, we investigated molecular
events downstream of NB1011 treatment. We focused on
the identification of cellular genes that are regulated upon
treatment with NB1011. Tomudex-resistant breast carci-
noma cells, MCF7TDX, which have high TS levels and are
sensitive to NB1011 (Table 1), were left untreated or were
treated with 30 um NB1011 for 48 h. Cells were harvested,
and total RNA was isolated. RNase protection assays using
10 ng of each RNA and the human Stress-1 template (BD
PharMingen) showed a significant induction in p21 (20-fold),
Bax (4.3-fold), and GADD45 (19-fold) mRNA levels in
NB1011-treated MCF7TDX cells as compared with the un-
treated control (Fig. 2A). To confirm and extend these results,
we analyzed MCF7TDX cells, and the Tomudex-resistant
colon carcinoma cell line, RKOTDX, in the RNase protection
assays. RKOTDX cells also express elevated levels of TS and
are sensitive to NB1011 (Table 1). Results from this RNase
protection assay (Fig. 2B) showed that in RKOTDX cells,
NB1011 treatment leads to the induction of p21, Bax, and
GADD45 mRNA, although to a lesser extent as seen in the
MCF7TDX cells.

NB1011 Treatment Results in an Increase in the p21
and Bax Proteins. To determine whether the induction of
mRNA in cells treated with NB1011 correlates with an in-
crease in the corresponding proteins, we analyzed the en-
dogenous p21 and Bax protein levels in MCF7TDX and
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Fig. 3. NB1011 treatment increases the endogenous p21 and Bax pro-
tein levels. MCF7TDX (A) and RKOTDX (B) cells were treated with various
concentrations of NB1011 as indicated. MCF7TDX cells were treated for
24, 48, or 72 h, and RKOTDX cells were treated for 48 h. At the indicated
time points, total cell lysates were made, and the protein concentrations
were determined using the BCA-200 protein assay. Endogenous p21,
Bax, and tubulin protein levels were analyzed by Western blotting using 25
ng of the various cell lysates and the anti-p21, anti-Bax, and the anti-
tubulin mouse monoclonal antibodies. The normalized fold increase in
endogenous protein levels is indicated.

RKOTDX cells. Results (Fig. 3A) show that NB1011 treatment
of MCF7TDX cells leads to a 4-9-fold increase in the endog-
enous p21 protein levels as compared with the endogenous
p21 protein levels observed in untreated MCF7TDX cells. A
2-2.4-fold increase in the endogenous Bax protein levels
was detected upon NB1011 treatment (Fig. 3A). These data
show that the increase in p21 and Bax mRNA in MCF7TDX
cells upon NB1011 treatment correlates with an increase in
the p21 and Bax proteins. Also in the RKOTDX cells the
increase in Bax mRNA levels induced by NB1011 translates
into an increase in the endogenous Bax protein levels (Fig.
3B). Endogenous p21 levels, however, could not be detected
in the RKOTDX cells under the experimental conditions used
(results not shown).
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Fig. 4. The cytotoxicity of NB1011 correlates with the induction of p21 in
MCF7TDX cells. A, Western blot analysis of lysates (25 ng) made of
MCF7TDX cells treated for 18 or 42 h with concentrations of NB1011
ranging from 0 to 10 um. p21 and tubulin levels were determined by using
the anti-p21 and anti-tubulin antibodies. *, the p21 protein levels in the
complete set of lysates (0-10 um NB1011) made at 42 h. B, ICsgs of
NB1011 were determined using MCF7TDX cells and various times of drug
exposure.

p21 Induction by NB1011 Is Dose and Time Dependent
and Correlates with the Cytotoxicity of NB1011. To de-
termine whether the induction of p21 is dependent upon the
dose of NB1011 and on the time of drug exposure, we
analyzed the endogenous p21 protein levels in MCF7TDX
cells that were treated with concentrations of NB1011 rang-
ing from 0 to 10 um for 18 or 42 h. Fig. 4A shows that by
Western blot analysis, no significant p21 induction can be
detected in the MCF7TDX cells treated for 18 h with a con-
centration of NB1011 up to 10 um. However, an increase in
p21 protein levels can be detected in MCF7TDX cells treated
with 6 or 10 um NB1011 for 42 h. To correlate the induction
of p21 with the cytotoxicity of NB1011, we determined the
IC5o of NB1011 on MCF7TDX cells using various times of
drug exposure (Fig. 4B). Our data show that the concentra-
tion of NB1011 that results in a noticeable induction of p21
(6 um at 42 h) is similar to its IC5y (5 um at 48 h).

NB1011 Induces p21 and Bax Proteins in MCF7TDX
Cells but not in MCF7 or Normal WI38 Fibroblasts. We
analyzed the induction of p21 and Bax by NB1011 in
MCF7TDX cells, characterized by high TS protein levels, and
in MCF7 tumor cells or in WI38 normal embryonic lung fibro-
blasts. Both these latter cell types express low levels of the
TS protein (Table 1). Results show that the endogenous p21
and Bax proteins are induced 8-11-fold and 2-2.3-fold, re-
spectively in the high TS-expressing MCF7TDX cells when
treated with 10, 30, or 100 um of NB1011. Upon NB1011
treatment of MCF7 cells, the p21 and Bax protein levels were
induced only 1.6-1.8-fold and 1.3-fold, respectively (Fig. 5A).
In the normal WI38 fibroblasts, NB1011 treatment (10 and 30
um) did not result in the induction of the p21 protein, and only
a 1.7-fold induction was observed when the cells were
treated with 100 um NB1011 (Fig. 5B).

Endogenous p53 Protein Levels Are Induced by
NB1011. The p21, bax and GADD45 genes are directly reg-
ulated by the tumor suppressor protein p53 (15-17). Be-
cause NB1011 treatment of MCF7TDX and RKOTDX cells,
both of which are wild type for p53, results in the induction of
p21, Bax, and GADD45 mRNAs (Fig. 2), we investigated
whether NB1011 induces endogenous p53 protein levels.
Fig. 5C shows that NB1011 treatment of MCF7TDX cells

results in a 2-3-fold increase in the endogenous p53 protein
levels as compared with the untreated control. Furthermore,
the induction of p53 by NB1011 correlates well with the
cytotoxicity of NB1011, because no p53 protein induction
was observed in the NB1011-treated MCF7 cells.

Effects of NB1011 Treatment on the Regulation of the
Cell Cycle. The p21 and GADD45 proteins have been re-
ported to be involved in G3-G, and G,-M cell cycle regulation
(18-20). Because NB1011 treatment results in an increase in
p21 and GADD45, we investigated whether NB1011 has an
effect on the regulation of the cell cycle. BrdUrd incorpora-
tion/proliferation assays were performed using asynchro-
nous, exponentially growing MCF7TDX and RKOTDX cells,
which were left untreated or were treated with various con-
centrations of NB1011 for 72 h. The total cellular DNA con-
tent (7-AAD staining) and the proportion of cells in S-phase
(BrdUrd incorporation) were quantitated by FACS analysis.
Results from a representative experiment (Fig. 6A) show that
treatment of MCF7TDX and RKOTDX cells with NB1011
results in a decrease of cells in the S-phase (up to 14 and
19%, respectively) and an increase of cells in the G,-M
phase of the cell cycle (up to 26 and 15%, respectively) as
compared with the untreated control cells. Representative
results from cell cycle analysis of MCF7 cells (Fig. 6A) show
that treatment with NB1011 did not affect the percentage of
cells in the S-phase, whereas only a 5% increase in the
percentage of cells in the G,-M phase of the cell cycle was
observed. Fig. 6B shows the total cell numbers for the un-
treated and NB1011-treated RKOTDX, MCFTDX, and MCF7
cells. Cells were counted before the addition of NB1011 and
after 72 h of drug treatment. The cells were subsequently
processed for cell cycle analysis. Total cell numbers are
decreased 3-6-fold upon NB1011 treatment of the RKOTDX
and MCF7TDX cells, respectively, whereas the total number
of MCF7 cells showed only a 1.1-fold decrease. This corre-
lates well with the cell cycle distribution (Fig. 6A) showing
that both the RKOTDX and MCF7TDX cells are arrested in
G,-M, whereas the cell cycle distribution of the NB1011-
treated MCF7 cells is similar to the untreated control.

Effects of NB1011 Treatment on the Induction of Ap-
optosis. Apart from p21 and GADD45, NB1011 treatment of
both the MCF7TDX and RKOTDX cells induced the proapo-
ptotic Bcl-2 family member, Bax. We used Annexin V com-
bined with propidium iodide staining to determine whether
this increase in Bax protein levels corresponded with an
effect on the induction of apoptosis. After 72 h, NB1011
induced apoptosis in 12% of the RKOTDX cells as compared
with 2% of apoptotic cells observed in the untreated control
(data not shown). Also in the MCF7TDX cells, NB1011 treat-
ment resulted in the induction of apoptosis in 10% of the
cells as compared with 4% of apoptotic cells present in
the untreated control (data not shown). This indicates that
the increase in Bax protein levels observed upon NB1011
treatment is not sufficient to trigger the balance toward mas-
sive apoptosis.

Discussion
NB1011 is a novel anticancer agent that is specifically cyto-
toxic to human tumor cells with elevated TS protein levels
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Normalized 1 151818 1 11 810 1 1 113 1 2 23 22 protein levels in MCF7 and
Fold Induction MCF7TDX cell lysates (50 ug).
Cells were treated with 0, 10, 30,
B and 100 um NB1011 and har-
wi3s MCF7TDX vested after 48 h (A and B) or
NB1011 (uM) 0 10 30100 O 10 30100 c Rec._MCF7TDX MCF7 72 h (C). Western blot analysis
. Bl NB1011 (M) p53 0 10 30100 0 10 30100 was performed to determine the
Tubulin —_— e —— —- endogenous protein levels using
p5§ T e e ——— the anti-p21, anti-Bax, anti-
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shown.
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Fig. 6. Effects of NB1011 treatment on the cell cy-
cle of MCF7TDX and RKOTDX cells. A, cells were
treated with 10, 30, or 100 um NB1011 or were left
untreated (control). After 72 h, cells were analyzed
by flow cytometry using BrdUrd incorporation and 0
7-AAD DNA staining to determine the cell cycle dis-
tribution of at least 10,000 cells. Columns, the per-
centages of cells in the Go-G; W, S N, or G,-M []
phase of the cell cycle. B, cells were counted before
the addition of NB1011 (0 h) and after 72 h of drug
treatment. Columns, total cell numbers.

(Ref. 10); Table 1). The data presented in this study indicate
that NB1011 has dose-related antitumor activity in high TS-
expressing breast cancer xenografts and that its efficacy is
comparable with that of CPT11 in 5-FU-resistant H630R10
colon carcinoma xenografts. To understand how NB1011
exerts its growth-suppressive effects, we delineated the
downstream molecular events of the cellular response to
NB1011. Our results show that NB1011 treatment of high
TS-expressing MCF7TDX and RKOTDX cells leads to the
induction of p21, bax, and GADD45, all of which are direct
target genes of p53 (15-17). The p21 protein is an important
cell cycle regulator that inhibits several cyclin/cyclin-
dependent kinase complexes, which are essential for cell
cycle progression (21). Although initially thought to be in-
volved solely in the G, checkpoint control upon DNA dam-
age, p21 has now been shown to play a crucial role in the G,
DNA damage checkpoint (19, 22). The DNA damage-induc-
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ible gene GADD45 has also been implicated in the activation
of a G,-M checkpoint (20, 23). Activation of the Cdc2/Cyclin
B complex is required for mitotic entry in mammalian cells
(24), and both p21 and GADD45 have been reported to inhibit
the protein kinase activity of this Cdc2/Cyclin B complex (22,
25). MCF7TDX cells treated with NB1011 up-regulate p21
and GADD45 and accumulate in the G,-M phase of the cell
cycle. Additional preliminary experiments suggest that Cdc2
protein levels are down-regulated upon NB1011 treatment,
and we are currently investigating whether NB1011 has an
effect on the Cdc2 protein kinase activity. The induction of
p53, p21, and GADD45, the down-regulation of Cdc2 protein
levels, and consequently the accumulation of cells in the
G,-M phase of the cell cycle fit the profile of a classic DNA
damage response (26). This suggests that NB1011 treatment
results in DNA damage, although the mechanism of toxicity
may not be limited to DNA damage. The detailed mechanism
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by which NB1011 would produce DNA damage still needs to
be elucidated, because experiments performed with radio-
labeled NB1011 did not show incorporation into DNA.2

The induction of p21, Bax, and GADD45 by NB1011 is p53
dependent. NB1011 treatment of the high TS expressing
SW527TDX and SKBR3TS3 cell lines, both of which are
mutant for p53, did not result in a detectable increase in p21,
GADDA45, or Bax nor in the accumulation of cells in the G,-M
phase of the cell cycle (data not shown). Our results, showing
that NB1011 is cytotoxic to high TS-expressing tumor cells
with either wild-type p53 (MCF7TDX and RKOTDX) or mutant
p53 (SW527TDX and SKBR3TSS3), indicate that p53 is not
required for the cytotoxicity of NB1011. Which particular
genes become activated and which proteins will be induced
upon NB1011 treatment of high TS-expressing, p53 mutant
cell lines are intriguing questions that warrant further inves-
tigation. Apart from the important cell cycle regulators p21
and GADD45, NB1011 treatment of both the MCF7TDX and
RKOTDX cells induced the proapoptotic Bcl-2 family mem-
ber, Bax. However this increase in Bax protein levels did not
shift the balance toward massive apoptosis, because
NB1011 treatment for 72 h induced apoptosis in only 6-10%
of the cells. It is known that the Bcl-2:Bax ratio or as reported
recently for colon cancer cells, the Bcl-X :Bax ratio, rather
than the Bax protein levels seems to be a key determinant in
the decision of the cells to undergo apoptosis (27). High
levels of Bcl-2 and Bcl-X, have been reported for MCF7 cells
(28). It will therefore be interesting to analyze the effects of
the combination of NB1011 with Bcl-2 inhibitors on the in-
duction of apoptosis in MCF7TDX cells.

NB1011 has a cytotoxicity profile that is clearly opposite to
the classical TS inhibitors such as 5-FU and Tomudex, sup-
porting a different mode of action of NB1011. NB1011 is
preferentially cytotoxic to tumor cells with elevated TS pro-
tein levels, whereas normal cells with low TS levels are not (or
less) sensitive to NB1011 treatment (Ref. 10; Table 1). 5-FU
and Tomudex, on the other hand, are less effective against
tumor cells that have increased TS protein levels; in fact,
increasing the intracellular TS levels is one of the mecha-
nisms tumor cells use to become resistant to these classical
TS inhibitors (3). The accumulation of tumor cells in the G,-M
phase of the cell cycle upon NB1011 treatment as opposed
to the G;-S arrest induced by Tomudex and 5-FU (29, 30)
also suggests that NB1011 treatment has consequences
different from limiting the supply of thymidylate for DNA
synthesis. In addition, the increase in cell size seen upon
treatment of cells with 5-FU or Tomudex and characteristic
for thymineless death (31, 32) is not observed when tumor
cells are treated with NB1011.# The induction of p53, p21,
and Bax by NB1011, the accumulation of cells in the G,-M
phase of the cell cycle, and the inhibition of cellular growth is
observed in the high TS-expressing MCF7TDX and RKOTDX
cells but is not detectable in NB1011-treated cells with low
TS levels (e.g., MCF7 and WI38). This correlation between

3 M. Sergeeva and B. Cathers, unpublished data.
4S. T. C. Neuteboom, unpublished data.

high TS levels and p53 induction is consistent with the re-
quirement for NB1011 to be activated by TS.

Significant antitumor activity of NB1011 was demon-
strated in mouse xenograft models upon treatment with 2.4
mg/day (120 mg/kg). This dose of NB1011 corresponds with
360 mg/m?. Toxicity studies using rats and dogs® have
shown that doses as high as 2000 mg/m? (5.6 times the
efficacious dose in mice) are well tolerated. Clinical trials
(Phase I/ll) to assess the safety and efficacy of NB1011 in
patients with 5-FU-resistant colon cancer have been initiated
using a NB1011 dose of 200 mg/m?, which is just below the
efficacious dose in mice. The minimal toxicity of NB1011 to
normal cells with low TS levels and the favorable toxicity
profiles in rats and dogs suggest that NB1011 represents a
novel chemotherapeutic with the capacity to spare normal
cells and preferentially target cancer cells with genetic
changes that engender high TS levels.
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