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Abstract: Our previous studies indicated that tumor invasion and 5-flurouracil (5-FU) resistance in colorectal cancer
(CRC) was more affected by cytoplasmic localization of expressed Nrf2 (cNrf2) than by nuclear localization (nNrf2),
indicating a need for novel antitumor agents to overcome 5-FU resistance and improve outcomes in patients with
CRC. In the present study, 20 nitrogen-substituted anthra[1,2-c][1,2,5] thiadiazole-6,11-dione derivatives were col-
lected to verify the compound most able to suppress cell growth in nuclear location sequence (NLS)-mutated Nrf2-
transfected shNrf2-HCT116 stable clones that have high cNrf2 expression. The MTT assay indicated that these
high-cNrf2-expressing shNrf2-HCT116 stable clones exhibited the lowest percentage survival when treated with
RV-59 than with the other 19 compounds. As expected, the high-cNrf2-expressing cells also showed a higher value
for the inhibitory concentration of 50% cell survival (IC50) for 5-FU when compared with Nrf2-knockdown HCT116
stable clones (17.74 uM vs. 5.34 uM). Interestingly, a lower RV-59 IC50 value was seen in the high-cNrf2-expressing
stable clones than in the Nrf2-knockdown stable clones (3.55 uM vs. 16.81 pM). A similar low RV-59 IC50 value
was observed in high-cNrf2-expressing NLS-mutated Nrf2-transfected shNrf2-HCT116 stable clones and p53 null
(-/-) HCT116 cells (4.2 uM vs. 4.4 uM), whereas the IC50 value was 17.6 uM in normal colon FHC epithelial cells.
Colony-forming assays confirmed that RV-59 treatment inhibited colony formation in NLS-mutated Nrf2-transfected
shNrf2-HCT116 stable clones and in p537- HCT116 cells. Annexin-V/PI staining showed an involvement of apoptosis
in the inhibitory effect of RV-59 on cell viability. A nude mouse xenograft tumor model showed that RV-59 efficiently
suppressed tumor growth induced by transplanted NLS-mutated Nrf2-transfected shNrf2-HCT116 stable clones
without affecting the body weight of the nude mice over the 37 day experimental period. These results strongly
suggest that RV-59 may be a novel antitumor agent for suppression of 5-FU resistance and may have therapeutic
potential for improving outcomes in patients with cNrf2-expressing tumors.
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Introduction

Colorectal cancer (CRC) has been the leading
cancer in Taiwan for the past two decades [1].
Surgery and chemotherapy are two major treat-
ment options for patients with CRC, with 5-fluo-
rouracil (5-FU)-based chemotherapy as the ma-
in chemotherapy in these patients. However,
5-FU resistance occurs frequently and results
in treatment failure in patients with CRC, par-
ticularly in patients with metastatic disease
[2-4]. Therefore, novel agents are needed to
overcome 5-FU resistance and, in turn, to in-
crease the treatment efficacy.

Our previous studies indicated that Nrf2 expres-
sion in a cytoplasmic localization (cNrf2) is a
greater contributor to CRC tumor invasion and
5-FU resistance than is Nrf2 expression in a
nuclear localization (nNrf2) [5, 6]. Moreover,
CRC patients with cNrf2-expressing tumors had
poorer prognosis and more unfavorable res-
ponse to 5-FU-based chemotherapy when com-
pared with patients with nNrf2-expressing tu-
mors [5, 6]. The mechanisms of cNrf2-mediat-
ed 5-FU resistance were predominately th-
rough activation of the NF-kB/AKT/B-catenin/
ZEB1 cascades by cNrf2-induced PSMD4 ex-
pression [5].
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The 5-FU resistance mediated by cNrf2-in-
duced PSMD4 expression in colorectal cancer
may occur mainly through effects on the epithe-
lial-to-mesenchymal transition (EMT). This is
consistent with a large body of literature that
implicates NF-kB, B-catenin, and ZEB1 in EMT-
mediated chemoresistance [6-10]. Unfortu-
nately, no inhibitors targeting NF-kB, (3-catenin,
or ZEB1 are yet available for clinical use. Th-
erefore, a novel agent is urgently needed to
overcome cNrf2-mediated 5-FU resistance
and, consequently, to improve the therapeutic
response and clinical outcomes in patients
with cNrf2-expressing CRC tumors.

We sought a novel agent against cNrf2-mediat-
ed 5-FU resistance by screening a series of
nitrogen-substituted anthra[1,2-c][1,2,5] thia-
diazole-6,11-dione derivatives that showed pro-
mise as antitumor agents in p53 null (-/-)
HCT116 cells that have high cNrf2 expression
and a HCT116 colon cancer cell line that
showed low cNrf2 expression. We established
a high cNrf2-expressing HCT116 cell line by
transfecting a mutated nuclear location
sequence (NLS) of the Nrf2 expression vector
into shNrf2-HCT116 stable clones and used
these clones to explore which compound(s)
could best inhibit cell growth in 5-FU resistant
NLS-mutated Nrf2-transfected shNrf2-HCT116
stable clones. Of the 20 compounds tested,
RV-59 showed the highest inhibitory effects on
cell growth inthe NLS-mutated Nrf2-transfected
shNrf2-HCT116 stable clones.

Materials and methods
Cell lines

The HCT116 and p537 HCT116 cell lines were
kindly provided by Dr. C. C. Chang (Institute of
Biomedical Sciences, National Chung Hsing
University, Taichung, Taiwan). Both cell lines
were maintained in RPMI-1640 (HyClone
Logan, UT, USA). The medium contained 10%
fetal bovine serum (FBS) supplemented with
penicillin (100 U/mL) and streptomycin (100
mg/mL). Cells were cultured and stored accord-
ing to the suppliers’ instructions and used at
passages 5 to 20.

Plasmid construction
The procedures of plasmid construction were

according to our previous report [5]. Nrf2 cDNA
was cloned into pcDNA3.1 Zeo(+) (Invitrogen,
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Carlsbad, CA, USA) by PCR amplification with
newly created Xhol and BamHI sites attached
onto the 5’ends of the forward and reverse Nrf2
primers, using H116 cDNA as a template. The
NLS-mutated Nrf2 was generated using the
QuickChange site-directed mutagenesis sys-
tem (Stratagene, San Diego, CA, USA). Mutant
NLS primers were based on a previous report
[5]. The shRNA was purchased from the Na-
tional RNAi Core Facility, Academia Sinica,
Taiwan.

Plasmid transfection reaction

Different concentrations of expression plas-
mids were transiently transfected into HCT116
colon cancer cells (1 x 10°) using the Turbofect
transfection reagents (Thermo, Waltham, MA,
USA). After 48 h, the cells were harvested and
whole-cell extracts were assayed in subse-
quent experiments.

Selection of HCT116 stable clone

The selection of shNrf2-HCT116 and NLS-
mutated Nrf2-transfected shNrf2-HCT116 sta-
ble clones was based on our previous report
[5]. The Nrf2 shRNA plasmids (10 pg) were
mixed with Turbofect transfection reagent
(Thermo, Waltham, MA, USA) and added to 1 x
10% HCT116 cells. After 48 h, stable transfec-
tants for Nrf2 shRNA were selected from using
1 pg/ml puromycin (Sigma-Aldrich, St. Louis,
MO, USA). The selection medium was replaced
every three days for three weeks.

The MTT assay

The cell lines were cultured in 96-well flat-bot-
tomed microtiter plates supplemented with
RPMI 1640 and DMEM containing 10% heat-
inactivated fetal bovine serum, 100 units/mL
penicillin, and 100 units/mL streptomycin. The
cells were incubated in a humidified atmo-
sphere containing 95% air and 5% CO, at 37°C
until they reached the exponential growth
phase. The cells pretreated with shNrf2 or NLS-
mutated Nrf2 expression vectors for 24 h, fol-
lowed by treatment of 5-FU or RV-59. After a 48
h incubation, the in vitro cytotoxic effects of
these treatments were determined by MTT
assays (at 570 nm).

Annexin-V/PI staining

The cells were collected by trypsinization and
centrifugation at 1,000 g for 5 minutes.
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Following resuspension at a final cell density of
1 to 2 x 108 cells/mL in binding buffer (10
mmol/L HEPES-NaOH, 140 mmol/L NaCl, 2.5
mmol/L CaCl,), 100 pL of a single-cell suspen-
sion (1-2 x 10° cells) was incubated with 5 uL
Annexin-V-FITC and 5 uL propidium iodide (PI)
for 15 minutes at room temperature in the
dark. After addition of 400 pL of binding buffer,
the samples were analyzed with a BD FACS
Calibur flow cytometer (BD Biosciences) within
1 h. For each sample, 10,000 events were
counted.

Xenograft tumor models

The nude mouse study was approved by the
Institutional Animal Care and Use Committee at
Taipei Medical University. All mice were main-
tained in individual ventilated cages according
to the guidelines established in “Guide For The
Care and Use of Laboratory Animals” prepared
by the Committee on Care and Use of Labora-
tory Animals of the Institute of Laboratory Ani-
mal Resources Commission on Life Sciences,
National Research Council, U.S.A. (1985). The
use of nude mice has been approved by the
Institutional Animal Care and Use Committee of
Taipei Medical University, Taipei, Taiwan (LAC-
2014-0257). The models of colorectal adeno-
carcinoma were 4-week-old female BALB/c
nude mice (n = 20; supplied by the National
Laboratory Animal Center, Taiwan) that were
acclimated for 1 week while caged in groups of
5. The mice were housed in SPF conditions and
fed a diet of animal chow and water throughout
the experiment. Therapeutic experiments on
tumor growth were initiated by injecting NLS-
mutated Nrf2 HCT116 cells (10° cells in 0.1 mL
of PBS) subcutaneously into the backs of
5-week-old female BALB/c nude mice. The
xenograft size was measured every three days
and the tumor volume was determined as
(length x width2)/2. When tumors had grown to
0.5 cm?, mice were randomized to the following
groups: vehicle control (DMSO), RV-59 (2 mg/
kg), RV-59 (5 mg/kg), and 5-FU (20 mg/kg).
Drugs were administered by intraperitoneal
injection every 7 days.

Statistical analysis

Statistical analysis was conducted using the
SPSS statistical software program (Version
15.0; SPSS Inc.). Student’s t test was used to
analyze the data. Results are given as mean +
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SD unless otherwise indicated. P < 0.05 was
considered statistically significant.

Results
Discovery of RV-59

We screened our in-house small molecule
library (> 300 compounds with structural diver-
sity) and found a series of nitrogen-substituted
anthra[1,2-c][1,2,5] thiadiazole-6,11-dione de-
rivatives that exhibited potent and promising
antitumor activity (Figure 1A, 1B). In recent
years, small-molecule targeted therapies have
shown spectacular progress as cancer treat-
ments, and the HCT116 human colon cancer
cell line has been instrumental in conducting
therapeutic research and drug screenings. We
initiated a preliminary investigation to deter-
mine whether the substitution of a terminal ali-
phatic group of the small molecule RV-59 with
electron-withdrawing groups and electron-
donating groups would affect its potency. We
synthesized and evaluated the 19 compounds
listed in Figure 1A: 5d, B1, D1, CL24, SJ-3,
SJ-10, RV-59, TC-N2, TC-N7, TC-N14, TC-N19,
TC-N25, CC-12, LCC-01, LCC-02, LCC-03, LCC-
10, J4-1, and J3-6. Notably, the introduction of
a dimethylamino-ethyl-amino group to the
6,6,6,5-tetraheterocyclic ring system scaffold
at the 4 position increased the inhibitory activ-
ity significantly when compared to other modifi-
cations. Another study revealed that sulfur-sub-
stituted anthra[1,2-c][1,2,5] thiadiazole-6,11-
dione derivatives were promising antitumor
agents [11]. Screening tests against HCT116
colon cancer cells led to the optimization of
small molecules that targeted colon cancer.
Small molecules with an N-substituted aliphat-
ic substituent were examined by the MTT assay
in these screenings as the most potent leads
against HCT116 colon cancer cells. The overall
chemical structure is presented in Figure 1B.
The results indicated that the length of the
N-substituted aliphatic side chain greatly
affected the inhibitory activity of the small
molecules.

RV-59 potentially inhibits cell growth of higher
cNrf2-expressing HCT116 colon cancer cells

Nrf2-knockdown HCT116 cells (which have no
Nrf2 expression) and NLS-mutated Nrf2-tr-
ansfected shNrf2-HCT116 stable clones (which
have high cNrf2 expression) were used to
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Figure 1. RV-59 inhibits cell growth of NLS-mutated Nrf2-trans-

treated with 19 novel drugs (10 uM) for 24 h, and the cell viability
was evaluated by the MTT assay. B. Chemical structure of RV-59.

examine whether cell survival determined by
the MTT assay could be changed by treatment
with RV-59. Figure 1A shows that the lowest
survival was observed in the high-cNrf2-ex-
pressing NLS-mutated Nrf2-transfected sh-
Nrf2-HCT116 stable clones after treatment
with RV-59 (10 uM) when compared to treat-
ment with the other 19 compounds. By con-
trast, the shNrf2-HCT116 stable clones treated
with all 20 compounds showed > 70% cell sur-
vival. These results suggest that RV-59 may
potentially inhibit the growth of cNrf2-express-
ing HCT116 colon cancer cells but is relatively
ineffective in suppressing the growth of Nrf2-
silenced HCT116 colon cancer cells.

RV-59 efficiently inhibits cell growth and over-
comes cNrf2-mediated 5-FU resistance in
HCT116 colon cancer cells

The MTT assay was also conducted to calculate
the 50% inhibitory concentration of cell survival
(IC50) value from survival curves based on five
concentrations of RV-59 and 5-FU (0-20 uM) in
shNrf2-HCT116 stable clones and in the NLS-
mutated Nrf2-transfected shNrf2-HCT116 sta-
ble clones. The IC50 value of 5-FU was 5.34
UM for the shNrf2-HCT116 stable clones and
17.74 uM for the NLS-mutated Nrf2-transfected
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shNrf2-HCT116 stable clones (Figure 2A). The
IC50 value of RV-59 was 16.81 uM for the
shNrf2-HCT116 stable clones and 3.55 uM for
the NLS-mutated Nrf2-transfected shNrf2-
HCT116 stable clones (Figure 2B). These re-
sults strongly suggest that RV-59 may predomi-
nately kill and overcome cNrf2-mediated resis-
tance in 5-FU resistant cells, but does not
affect Nrf2-negative colon cancer cells.

RV-59 kills cNrf2-mediated 5-FU resistant
NLS-mutated Nrf2-transfected shNrf2-HCT116
stable clones by apoptosis

We next examined whether RV-59 could Kill
cNrf2-mediated 5-FU resistant cells by an
apoptotic pathway. The MTT assay was used to
verify whether RV-59 could efficiently kill cNrf2-
mediated 5-FU resistant cells without having
adverse effects on normal FHC colon epithelial
cells. Figure 3A shows that the cell viability was
gradually decreased by increasing doses of
RV-59 (0-15 pM) in the NLS-mutated Nrf2-
transfected shNrf2-HCT116 stable clones. The
IC50 of RV-59 was 4.20 uM for NLS-mutated
Nrf2-transfected shNrf2-HCT116 stable clones
and 17.6 uM for FHC cells. As expected, the
IC50 of RV-59 in NLS-mutated Nrf2-transfected
shNrf2-HCT116 stable clones (4.2 pM) was
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Figure 2. The IC50 value of shNRf2-HCT116 and NLS-mutated Nrf2-transfected shNrf2-HCT116 stable clones after
treatment of 5-FU or RV-59. A. Both stable clones were treated with five concentrations of 5-FU for 48 h and the
IC50 value for both clones were calculated from their dose-response survival curves. B. Both stable clones were
treated with five concentrations of RV59 for 48 h and the IC50 value for both clones were calculated from their
dose-response survival curves.

A icsoM) g
120 = p53-I-HCT116 44
} pmso
==0= HCT116 NLS-mutated Nrf2 42
100§D~ P
A== —————i
5 Ss, == FHC 17.6
—5 80 | \\‘ 3
s ~ PE3-/-HCT116 |
3 A
F
2
E
¢ 40 !
HCT116 NLS- |
20 - mutated Nrf2
0 . :
[1] 5 10 16 20
RV-59(uM)
(o D DMSO RV-59
s 2
DMSO RV-59
3 3.02% 2 12.32%
Y 2
p53-/-HCT116
p63-/- HCT116 2 4 -
£ 1.12% il 8.96%
Bp= ®
rJ L W 15 L rd Yo' W W w
S
2 16.49%
HCT116 NLS-
mutated Nrf2 HCT116 NLS- *
mutated Nrf2
H
8.11%
% ; 10 w W 0* o W' B 7 0*

Figure 3. RV59 kills cNrf2-mediated 5-FU resistance in colon cancer cells via apoptotic pathway. A. The IC50 value
of RV-59 for p537- HCT116 cells, NLS-mutated Nrf2-transfected shNrf2-HCT116 stable clones and normal FHC
colon epithelial cells was calculated from their dose response survival curves. Each cells were treated with RV-59
for 48 h. B. The MTT assay was used to evaluated the cell viability when p537- HCT116 and NLS-mutated Nrf2-
transfected HCT116 cells were treated with RV-59 or DMSO for 48 h. C. The colony forming ability was determined by
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colony formation assay when p537- HCT116 cells and NLS-mutated Nrf2-transfected shNrf2-HCT116 stable clones
were treated with RV-59 or DMSO for 48 h. D. Annexin V analysis was conducted to evaluate the percentage of
apoptotic cells when p537- HCT116 and NLS-mutated Nrf2-transfected shNrf2-HCT116 stable clones were treated

with RV-59 or DMSO for 48 h.
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Figure 4. RV-59 suppresses tumor growth induced by NLS-mutated Nrf2-transfected shNrf2-HCT116 stable clones
in nude mice. A. The representative tumor burdens of each group are presented. B. The body weights of the mice
were measured on day 37. The body weights of the mice were measured on day 37. C. The nude mice were subcu-
taneously injected with NLS-mutated Nf2-transfected shNrf2-HCT116 stable clones (1 x 10° cells/0.1 mL) on day O
and then given a peritoneal injection of RV-59 (2.5 mg/kg or 5.0 mg/kg) on day 7, 14, 21, 28, and 35. All mice were
sacrificed on day 37 and their tumors were removed to measure tumor volumes. C. The tumor volume of all mice
was measured by 3-day intervals from day 10 to day 37. Mean + S.E.M. values (cm?3) were calculated from the tumor

volume of five nude mice in each group.

similar to that observed in p537- HCT116 cells
(4.4 pM), which had an even higher cNrf2
expression (Figure 3A). The MTT and colony for-
mation assays indicated that treatment with
RV-59 almost completely inhibited cell survival
and colony formation in both the p537 HCT116
cells and the NLS-mutated Nrf2-transfected
shNrf2-HCT116 stable clones when compared
to vehicle controls (DMSO) (Figure 3B and 3C).
Annexin-V/PI staining showed that the percent-
ages of apoptotic cells were significantly higher
when the p537 HCT116 cells and NLS-mutated
Nrf2-transfected shNrf2-HCT116 stable clones
were treated with RV-59 than with a vehicle
control (12.32% vs. 3.02% for p537- HCT116
cells; 16.49% vs. 4.24% for NLS-mutated Nrf2-
transfected HCT116 cells; Figure 3D). These
results suggest that RV-59 may kill cNrf2-medi-
ated 5-FU resistant colon cancer cells by an
apoptotic pathway, but it is ineffective at killing
normal colon epithelial cells.
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RV-59 nearly completely suppresses xenograft
tumor growth induced by NLS-mutated Nrf2-
transfected shNrf2-HCT116 stable clones

We conducted a xenograft tumor study in nude
mice to explore whether RV-59 could suppress
tumor growth induced by NLS-mutated Nrf2-
transfected shNrf2-HCT116 stable clones. Five
nude mice were randomly distributed into each
group. All mice were injected with NLS-mutated
Nrf2-transfected shNrf2-HCT116 stable clones
(1 x 108 cells/0.1 mL) and every 3 days they
were injected with RV-59 (either 2.5 or 5.0 mg/
kg) or DMSO. Representative xenograft tumors
from each group are shown in Figure 4A. The
body weights of the mice in the two RV-59 treat-
ed groups were unchanged when compared
with the vehicle control group (Figure 4B). The
tumor volume of the control mice was markedly
increased during the 37 days; however, the
tumor volume of the mice in the other two
groups was significantly decreased by RV-59

Am J Cancer Res 2019;9(12):2789-2796
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(2.5 mg/kg) when compared to the vehicle con-
trols. More surprisingly, the tumor growth was
almost completely suppressed by a high con-
centration of RV-59 (5.0 mg/kg) (Figure 4C).
These results strongly suggest that RV-59 may
efficiently suppress tumor growth induced by
colon cancer cells with cNrf2-mediated 5-FU
resistance.

Discussion

The results of this study, obtained from both
cell and animal models, provide evidence to
support RV-59 as an effective agent that can
overcome cNrf2-mediated 5-FU resistance in
colon cancer cells (Figures 2-4). To confirm the
hypothesis, two colon cancer cell lines, HCT-15
and HT-29, the former having higher cNrf2
expression and the latter having lower cNrf2
expression, were collected to treat with RV-59
(1-5 uM). As expected, the MTT assay indicated
that a lower IC50 value was observed in HCT-15
cells when compared with HT-29 cells (1.8 yM
vs. 3.5 uM, Figure S1). More importantly, the
growth of cNrf2-induced xenograft tumors in
nude mice can be completely suppressed by
RV-59, even when used alone as a single agent
(Figure 4). The potential of RV-59 for suppress-
ing cNrf2-induced tumor growth was similar to
that of a combination treatment of carfilzomib
plus 5-FU [6]. To the best our knowledgeg, this is
the first report of a single agent that can nearly
completely suppress tumor growth induced by
cNrf2-mediated 5-FU resistant colon cancer
cells.

A survey of 160 patients with CRC revealed that
more than 50% patients had cNrf2-expressing
tumors, but only 5% had nNrf2-expressing
tumors and 25% had c¢/nNrf2 expressing
tumors [5]. Of these 160 patients with CRC, 59
were available for a retrospective study to
examine the association with the tumor re-
sponse to 5-FU-based chemotherapy [6]. Pa-
tients with cNrf2-expressing tumors had a high-
er prevalence of unfavorable response to 5-
FU-based chemotherapy when compared to
patients with ¢/nNrf2 or Nrf2-negative express-
ing tumors [6]. Mechanistic studies on a cell
model have demonstrated that cNrf2 expres-
sion may induce PSMD4 expression and in turn
promote tumor invasion and 5-FU resistance
via the NF-kB/AKT/B-catenin/ZEB1 cascades
[5, 6].
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In the present study, we have provided evi-
dence that a single agent, RV-59, on its own,
without combination with 5-FU and/or other
natural compounds, can efficiently overcome
cNrf2-mediated 5-FU resistance and suppress
tumor growth in colon cancer cells [6, 12-18].
Moreover, RV-59 had no adverse effects on
normal FHC colon epithelial cells, nor did it
affect the body weights of nude mice during the
experimental period, suggesting that RV-59
might not be toxic to normal cells or to nude
mice (Figures 3 and 4). However, further phar-
macokinetics and toxicological studies should
be performed to confirm these possibilities.

In summary, a nitrogen-substituted anthra[1,2-
c][1,2,5] thiadiazole-6,11-dione derivative, RV-
59, may effectively suppress cNrf2-mediated
5-FU resistance and tumor growth in CRC.
These findings strongly support the potential
for development of RV-59 as a new drug for
clinical therapy in CRC, particularly for patients
with cNrf2-expressing tumors.
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RV-59 suppresses drug resistance and tumor growth
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Figure S1. The IC50 value of RV-59 for HCT-15 and HCT-29 colon cancer cells was determined from the dose-
response curve of the MTT assay.



