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Abstract
Potential chemopreventive and therapeutic value of the
lead Flexible Heteroarotinoid (Flex-Het), SHetA2, was in-
dicated by growth inhibition of multiple cancer cell lines.
The objective of this study was to evaluate the SHetA2
mechanism and in vivo activity in kidney cancer. SHetA2
induced apoptosis in the Caki-1 kidney cancer cell line
through reduction of Bcl-2 protein and induction of
PARP-1 and caspase 3 cleavages, whereas normal kidney
epithelial cells exhibited resistance. Both normal and can-
cerous cells underwent G1 arrest and loss of Cyclin D1.
Tubule differentiation was induced in organotypic cultures
and xenograft tumors in association with increases in
E-Cadherin mRNA and protein expression. SHetA2 re-
pressed activity of nuclear factor-κB, a transcription factor
that regulates apoptosis, Bcl-2, growth, Cyclin D1, differ-
entiation, and E-Cadherin in the opposite manner as
SHetA2. Glutathione binding and generation of reactive
oxygen species were not required for these activities. Oral
SHetA2 inhibited growth in one of two renal cancer xeno-
graft models without causing mortality or weight loss.
Structure function analysis of related Flex-Hets for poten-
tial improvement of SHetA2 pharmaceutical properties
showed that compounds with increased hydrophilicity
slightly reduced the growth inhibition efficacy, but re-
tained the differential effect on cancer over normal cells.

Flex-Hets and metabolites were not mutagenic in the
Ames test. In conclusion, SHetA2 regulates growth, dif-
ferentiation, and apoptosis in kidney cancer cells through
multiple molecular events downstream of nuclear factor-
κB repression. Increasing the hydrophilicity of Flex-Hets
does not attenuate the differential effect on cancer cells
over normal cells, thus offering alternatives for improve-
ment of therapeutic value. [Mol Cancer Ther 2009;8(5):
1227–38]

Introduction
Kidney cancer represents ∼3% of all human malignancies
with a detection rate for new cases of 30,000 per year in
the United States and 20,000 per year in the European
Union (1). The majority of kidney cancers are renal cell car-
cinoma with an adenocarcinoma histology (2). Both the in-
cidence and mortality of renal cell carcinoma have been
steadily increasing since 1950 (2). The increased incidence
can be partially explained by the implementation of new
imaging techniques that have improved the capability to de-
tect asymptomatic early stage cancers (2). The number of
advanced cases, however, has also increased (2). Renal can-
cer has high mortality due to its high metastatic rate and its
inherent resistance to standard chemotherapy and radiation
therapy (3). Patients who are initially diagnosed with meta-
static renal cancer have a 5-year survival rate of <10%, and
renal cancer has an overall 5-year survival rate of 60% (4).
Thus, there is a great need for novel pharmaceuticals to pre-
vent and treat kidney cancer.

Flexible Heteroarotinoids (Flex-Hets) are a promising
new class of anticancer compounds that regulate growth,
differentiation, and apoptosis in multiple types of cancer
cells (5). The SHetA2 compound was chosen as the lead
Flex-Het, because it exerted the greatest growth inhibitory
activities on cancer cells, while retaining the differential re-
sistance in normal cells. All of the cancer cell lines in the
National Cancer Institutes (NCI) 60 cell line human tumor
panel were sensitive to the growth inhibitor activities of
SHetA2 at micromolar concentrations (5). This broad range
of activity was not due to generalized toxicity because nor-
mal and benign human ovarian, endometrial, and oral cul-
tures were resistant to SHetA2-induced growth inhibition
and apoptosis (6, 7). The mechanism of this differential ap-
optosis in cancerous over normal ovarian cells involves
direct effects of Flex-Hets on mitochondria and the Bcl-2
family of proteins (7). Studies in animal models showed that
SHetA2 inhibited growth of ovarian cancer cell lines with-
out evidence of toxicity, and did not induce skin irritancy or
teratogenicity (5, 8). Because of these encouraging results,
SHetA2 was chosen for preclinical development as a cancer
therapeutic agent in the NCI's Rapid Access to Intervention
Development (RAID) program (Application 196, Com-
pound NSC 726189) and now is being developed as a cancer
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chemoprevention agent in the RAPID program. Potential
application of SHetA2 for prevention and treatment of kid-
ney cancer is indicated by the ability of this compound to
inhibit growth of the 8 renal cancer cell lines (786-O,
A498, ACHN, Caki-1, RXF 393, SN12 C, TK-10, U0-31) in
the 60 cell line panel of NCI (5). The numbers of cells re-
maining at the end of the treatment period were fewer than
the number of cells present at the initiation of treatment, in-
dicating that cell death was induced. The objective of this
study was to evaluate the potential antitumor activity and
mechanism of action for SHetA2 against kidney cancer and
to evaluate the efficacy of similar Flex-Hets that might pro-
vide improved the pharmaceutical properties.

Materials and Methods
Drugs and Cell Lines

Flex-Hets were synthesized as previously described (6, 9),
dissolved in DMSO at 0.01 mol/L, stored in 50 μL aliquots
at −20°C, and manipulated under subdued lighting to
protect from photo-oxidation. Caki-1 was derived from a
human skin metastatic lesion from a renal clear cell carcino-
ma. 786-O was derived from a human primary renal clear
cell adenocarcinoma. Human kidney 2 (HK-2) is a proximal
tubular cell line derived from normal kidney and immortal-
ized with human papillomavirus 16 E6/E7 genes.
RTC91696 cells (provided by Martin Turman, MD, Univer-
sity of Oklahoma Health Sciences Center, Oklahoma City,
OK, at passage 3) are primary human cell culture derived
from a normal kidney, which were cultured in MEMα media
supplemented with epidermal growth factor (10 ng/mL);
hydrocortisone (5 μg/mL); 6.35 μg/mL each of insulin,
transferrin, and selenous acid; and 10% fetal bovine serum,
penicillin, and streptomycin.
Growth Inhibition Assays

Cell lines were treated with 1 to 12.5 μmol/L of test com-
pound or the same volume of DMSO solvent in triplicate.
After 48 h, the CellTiter 96 AQueous Assay (Promega)
was used to measure metabolically active cells. Growth in-
dices were derived by dividing the average OD540 of each
treatment by the average OD540 of control cultures. Prism
3.0 Software (GraphPad) was used to plot growth index ver-
sus concentration and to derive the efficacy and potency va-
lues using nonlinear regression analysis. Values for the cell
lines were derived from plots of two to three independent
experiments. Due to the limited number of cells and dou-
blings before senescence, values for normal cell cultures
were derived from plots of single experiments.
Apoptosis Assay

The Vybrant Apoptosis Assay kit #3 (Molecular Probes)
was used to measure apoptosis and necrosis. After treat-
ment, tissue culture medium from each culture was collect-
ed to harvest cells that had already lifted off the tissue
culture plate and combined with adherent cells harvested
by trypsinization. Cells were pelleted and incubated with
Annexin-V-FITC and propidium iodide (PI) before evalua-
tion by flow cytometry at an excitation wavelength of
488 nm and observation wavelengths of 530 and 575 nm.

Western Blot Analysis

The CytoBuster protein extraction reagent (Novagen)
and protease inhibitor cocktail (Sigma) were used to ex-
tract proteins from treated cultures. Proteins (100 μg) were
separated by SDS-polyacrylamide, and electroblotted onto
nitrocellulose membranes, which were hybridized with
mouse monoclonal antibodies Bcl-2 (100), Bcl-xL(H5),
Bax (2D2), Caspase 3, PARP-1 (Santa Cruz Biotechnology),
or Cyclin-D1 (BD Biosciences). Horseradish peroxidase–
conjugated secondary antibody and Western Blotting
Luminol Reagent (Santa Cruz) were used for detection.
Membranes were stripped and reprobed with mouse
monoclonal β-actin (C4; Santa Cruz) or glyceraldehyde-
3-phosphate dehydrogenase (Santa Cruz).
Cell Cycle Analysis

Cultures incubated with DMSO solvent or SHetA2 using
various dosages and treatment times were washed, har-
vested, and incubated in staining solution (PBS, 5% Triton
X-100, 1 mg/mL RNase, and 1 mg/mL PI) for 3 h. FACSCa-
libur and Modfit Version 2.0 cell analysis software were
used to evaluate the cell cycle profile.

Organotypic Cultures

A mixture of culture media, liquid collagen 1, and a single-
cell suspension were solidified in tissue culture inserts as
described (10). After 1 wk of growth, cultures were treated
with 1 μmol/L SHetA2 or the same volume of DMSO sol-
vent for 2 wk. Cultures were fixed in formalin, embedded,
sectioned (5 μm), deparaffinized, and stained with H&E.

rtPCR

RNA was isolated from frozen cell pellets or tumors using
the mini RNeasy kit and shredder (Qiagen). Triplicate PCR
reactions were done using validated TaqMan primers (Ap-
plied Biosystems) specific for E-Cadherin and 18S genes.
The ΔΔ Ct method was used to normalize expression of
the E-Cadherin test gene to the 18S housekeeping gene,
and to determine the relative expression of the of E-Cadher-
in at each dosage or time point compared with the solvent
only control cultures (11). Three independent experiments
were done.

Nuclear Factor-κB Luciferase Reporter Assays

Cultures were cotransfected with 10 μg of DNA consist-
ing of a 10:1 ratio of the nuclear factor-κB (NF-κB)–specific
reporter plasmid, pNF-κB-luc (from Dr. Wei Qun Ding,
University of Oklahoma Health Sciences Center) to evalu-
ate NF-κB transcriptional activity and the pRL-TK (from
Dr. A.L. Olson University of Oklahoma Health Sciences
Center) as a transfection control using Metafectene Pro
(Biontex). Twenty-four hours after transfection, the cells
were trypsinized and replated onto 12-well plates. Twenty
four hours after replating, cultures were treated with 10
μmol/L SHetA2 for various time points. In some instances,
20 ng/mL tumor necrosis factor α was added for the last
30 min of treatment. Lysates were prepared using Passive
Lysis Buffer (Promega) and luciferase activity was mea-
sured using the Dual Luciferase Reporter Assay (Promega).
Firefly luciferase activity was normalized to Renilla lucifer-
ase activity.
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Animal Xenografts

The in vivo efficacy of the test agent was evaluated in the
human renal cell xenograft Caki-1. Briefly, the tumors were
generated by s.c. injection of Caki-1 cells into the axillary
region each of 100 athymic nude mice (nu/nuNCr, Animal
Production Program, NCI-Frederick). These tumors were
staged to 125 mg at which time the mice were randomized
into the various treatment groups using the Study Director
randomization program (StudyLog Systems, Inc.). NSC
726189 was formulated as a solution in 100% PEG 400. Drug
solutions were prepared for dosing at 0.1 mL/10 grams
body weight, and exact body weight dosing was used
throughout the study. A group of 25 mice served as vehicle
controls. NSC 726189 was administered at doses of 20, 40,
and 60 mg/kg/dose administered once daily for 30 d). All
mice were treated by oral gavage on a once daily for 30 d
schedule. The tumor weight (in milligrams) was calculated
from the length and width caliper measurements using the
formula: [(tumor length × tumor width2) / 2]. On days 1, 3,
7, 18, and 28 of dosing, fine needle aspirates were collected
from 3 mice in each group (each mouse sampled only once)
and flash frozen. Twenty-four hours after the last drug dose,
all tumors were collected, divided into 2 pieces with 1 piece
flash frozen and the second piece placed into 10% neutral
buffered formalin. Percent growth inhibition in the drug
treated tumors was compared with the vehicle-control trea-
ted animals.

Bacterial Mutation (Ames) Test

Dry powder of SHetA2 and SHetA3 compounds were
sent to Charles River Laboratories Preclinical Services Mon-

treal, Inc., where they were dissolved and evaluated for bac-
terial mutagenicity in the absence and presence of S9 rat
liver microsomal fraction according to the following proce-
dures. The bacteria were originally supplied by Moltxo. On
the day before the assay, frozen aliquots of bacteria were
thawed and cultured in Oxoid Nutrient Broth no. 2 contain-
ing ampicillin as a selective agent where appropriate to the
late-log phase of growth. A 0.5-mL aliquot of S9 fraction
(Phenobarbital/5,6-benzoflavone–induced male Sprague-
Dawley rat liver fraction supplied by Moltox: +S9) or PBS
0.2 mol/L (pH7.4; -S9) was combined with 0.1 mL bacterial
culture and 0.1 mL of SHetA2, SHetA3, or the positive con-
trol agent and incubated at 37°C for 30 min with shaking
at 180 rpm. The sample then was mixed with molten top
agar supplemented with 0.05 mmol/L biotin and minimal
(0.05 mmol/L) histidine, and minimal (0.05 mmol/L) tryp-
tophan, and overlaid on a minimal glucose plate (1.5% agar,
Vogel-Bonner medium E, and 2% glucose). The plates were
incubated at 37°C for 48 to 72 h and the numbers of rever-
tant colonies then were counted.

Results
Differential Apoptosis Activity in Cancerous over

Normal Cells

Sensitivity of kidney cancer cell lines and resistance of
normal kidney epithelial tubule cells to Flex-Het induction
of apoptosis was confirmed using flow cytometric analysis
of Annexin-V-FITC and PI-stained cells. Representative his-
tograms of the Caki-1 cancer cell line and RTC 91696 normal
cultures treated with SHetA2 are shown in Fig. 1A. SHetA2

Figure 1. Differential induction
of apoptosis in cancer over nor-
mal cells. Cultures were treated
with 10 μmol/L SHetA2 for the in-
dicated amount of time. A, cells
were stained with Annexin-V and
PI for flow cytometric evaluation
of apoptosis. RTC91696 cells
were used at passage 3 in parallel
with the cytotoxicity assays in Ta-
ble 1. B, the percentages of cells
in the quadrant corresponding to
apoptosis from four replicate ex-
periments are presented. C and
D, proteins from Caki-1 cells trea-
ted with 10 μmol/L SHetA2 for
the indicated amount of time
were extracted and evaluated by
Western blot analysis. 24c, trea-
ted with DMSO solvent only for
24 h.
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treatment increased the percentage of Caki-1 cancer cells
represented in the lower right hand quadrant of the histo-
gram corresponding to apoptosis. In contrast, the majority
of cells in normal renal cultures treated with SHetA2 re-
mained in the lower left-hand quadrant of the histogram
corresponding to living cells. Quantification of repeated ex-
periments confirmed induction of apoptosis in cancer but
not normal cultures (Fig. 1B). To validate the SHetA2-
induced apoptosis in cancer cells at the molecular level,
two well-characterized apoptosis proteins that are activated
by cleavage, PARP-1, and Caspase 3 were evaluated. West-
ern blot analysis of protein extracts from Caki-1 cultures
showed that SHetA2 treatment induced cleavage of PARP-
1 and Caspase 3 within 16 hours of treatment (Fig. 1C). The
Bcl-2 antiapoptotic protein was decreased in cancer cells
but not normal cells, whereas the Bax proapoptotic protein
was not decreased in either cell type (Fig. 1D). The maxi-
mum 72-hour treatment time and 12.5-μmol/L concentra-
tion did not induce apoptosis in normal cells. Higher
concentrations were not evaluated because they would
not be clinically achievable with SHetA2.
SHetA2 Induces G1 Cell Cycle Arrest and Cyclin D1

Degradation

Because apoptosis did not contribute to the growth inhi-
bition in normal kidney cultures, it was theorized that the
mechanism of growth inhibition in normal cultures was
caused by cell cycle arrest. To test this, flow cytometric anal-
ysis of PI-stained cells was used to measure the effects of
SHetA2 on the cell cycle profiles of normal and cancerous
kidney cultures. SHetA2 increased the percentages of cells

in the G0-G1 phase of the cell cycle in both the Caki-1 cancer
and normal HK-2 cell lines (Fig. 2A-B). Prevention of this
G1 arrest by cycloheximide and a proteasomal inhibitor,
MG132, indicated that the mechanism of G1 arrest requires
protein synthesis and a functional proteasomal degradation
pathway (Fig. 2C). To explore the mechanism of cell cycle
arrest, the effects of treatment on Cyclin D1, a major regu-
lator of G1-S progression, was evaluated. Expression of
Cyclin D1 is tightly controlled during the cell cycle, with de-
creased expression during S phase progression. Decreased
expression of Cyclin D1 was observed by Western blot
analysis within 1 hour of SHetA2 treatment (Fig. 2D).
Role of Glutathione Binding in SHetA2 Regulation of

Growth and Apoptosis

Studies done by the NCI RAID program showed that
SHetA2 binds to glutathione in vitro and in vivo (12). If glu-
tathione binding is involved in the SHetA2 mechanisms of
G1 arrest and apoptosis, then treatment of cells with excess
glutathione and a glutathione precursor (NAC) should be
able to attenuate or prevent the induction of these end
points. Simultaneous treatment of Caki-1 cells with glutathi-
one or NAC prevented G1 arrest in Caki-1 cancer cells
(Fig. 3A) but not in normal HK-2 cells (Fig. 3B). Glutathione
and NAC did not alter SHetA2-induced G1 arrest in two
ovarian cancer cell lines evaluated (data not shown). Apo-
ptosis in Caki-1 cancer cells was not altered by glutathione
or NAC (Fig. 3C).
Differentiation

Another activity that adds promise to the potential of
SHetA2 as an anticancer agent is differentiation induction.

Figure 2. G1 cell cycle arrest in
both cancer and normal cells. Flow
cytometric analysis of cell cycle
distribution of Caki-1 cells (A) or
HK-2 normal kidney cells (B) trea-
ted with 10 μmol/L SHetA2 (C) or
the same volume of solvent for
24 h before fixation and PI stain-
ing. Cyclocheximide (CHX) and
a proteasome inhibitor (MG132)
inhibited the SHetA2-induced G1
cell cycle arrest (C). Western blot
analysis showed that Cyclin D1
protein levels are decreased in
association with the cell cycle
arrest (D).
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At concentrations below 3 μmol/L, SHetA2 and other het-
eroarotinoids induced glandular differentiation and re-
versed the cancerous phenotype in ovarian organotypic
cultures (10). Induction of a more differentiated phenotype
and tubule formation was observed in two independent an-
imal kidney cancer xenograft models (Fig. 4A-H). E-Cadherin
was implicated in the mechanism of differentiation through
previous microarray analysis and the known role of this
molecule in cell-cell adhesion, communication, and tissue
structure (13). Real-time rtPCR analysis of RNA isolated
from tumors of animals treated with SHetA2 showed a
slight increase in E-Cadherin mRNA compared with un-
treated tumors (Fig. 4I). A time course analysis of SHetA2
effects on E-Cadherin expression in SHetA2-treated Caki-1
cultures revealed two phases of induction (Fig. 4J). Up-
regulation was observed within 1 hour and the rate of in-
crease in steady-state mRNA levels continued until 4 hours
of treatment, when the induction leveled off at 20-fold.
Another induction occurred at 16 hours with an increasing
rise in steady-state mRNA levels that resulted in the ob-
served 60-fold induction at 24 hours of treatment. In-
creased expression of E-Cadherin protein over time was
also observed in SHetA2 treated Caki-1 cancer and HK-2
normal kidney cultures (Fig. 4K).

Inhibition of NF-κB
Repression of the NF-κB transcription factor was impli-

cated in the mechanism of SHetA2 because this transcrip-
tion factor regulates growth, differentiation, apoptosis,
and the specific SHetA2-regulated genes in the opposite
manner as SHetA2 (14). Real-time rtPCR showed that
SHetA2 does not regulate NF-κB at the mRNA expression

level (data not shown). The NF-κB transcriptional activity
was induced by tumor necrosis factor α and was signifi-
cantly inhibited by SHetA2 (Fig. 5A). In the absence of
tumor necrosis factor α, NF-κB activity was barely detect-
able. A time course of NF-κB repression was done to
evaluate if SHetA2 regulation of this transcription factor
occurs through the canonical pathway involving Iκκβ-
and NEMO-dependent degradation of IκB that takes place
within minutes as opposed to the noncanonical pathway
that involves Iκκα-dependent processing of p100 to the
p52 NF-κB subunit and takes several hours (15). The ob-
served inhibition of NF-κB activity within 30 minutes of
treatment (Fig. 5B) suggests that the mechanism is occur-
ring through the canonical pathway.

In vivo Growth Inhibition of SHetA2 on Caki-1 Renal

Cancer Xenografts

In studies conducted by the NCI's RAID program, Caki-1
renal cancer xenografts exhibited the greatest sensitivity to
the lead compound, SHetA2. Oral administration of SHetA2
at 20 and 40 mg/kg/day for 30 days induced a trend to-
ward reduced xenograft tumor sizes that was not statistic-
ally significant (Fig. 6). The higher dose of 60 mg/kg/day
induced significant growth inhibition over treatment days
13 through 23, with maximal growth inhibition of 36%
achieved on day 34, which was the 23rd day of treatment
(Fig. 6A). The degree of growth inhibition was no longer
significant at the time of animal sacrifice that occurred
1 day after treatment was terminated, which may be due
to the reduced numbers of animals remaining at this time
(18 in the untreated control group and 7 in the treated
group). There were 4 tumor-related deaths in the untreated

Figure 3. Glutathione and NAC
in apoptosis and G1 arrest. Flow
cytometric analysis of PI-stained
cells showed that reduced gluta-
thione (GSH; 5 mmol/L) and NAC
(5 mmol/L) could prevent G1 arrest
in Caki-1 cancer cells (A) but not
HK-2 normal cells (B) treated with
5 μmol/L SHetA2 for 24 h. C, flow
cytometric analysis showed that
apoptosis was not inhibited by the
reduced glutathione (10mmol/L) or
NAC (10 mmol/L) in Caki-1 cells
treated with 10 μmol/L SHetA2
for 20 h. Columns,mean and stan-
dard error of a representative ex-
periment of two independent
experiments done in quadruplicate;
bars, SE. P values represent signif-
icant differences in the indicated
columns determined by posttests
using One-Way ANOVA analysis.
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control group, 6 in the group treated at 60 mg/kg/day, 6 in
the group treated with 40 mg/kg/day, and 3 in the group
treated with 20 mg/kg/day. None of the treatment concen-
trations altered the body weight of the animals compared
with the control group (Fig. 6D). Another xenograft model
using the A498 cancer cell line did not exhibit significant
sensitivity to SHetA2 at 20, 40, or 60 mg/kg/day or signif-
icant animal body weight loss (data not shown).

Structure-Act iv ity Relat ionships of Flexible

Heteroarotionoids

Given the inconsistent in vivo efficacy of SHetA2, structur-
al alterations theorized to improve the pharmacologic prop-
erties in kidney cancer by increasing hydrophilicity were
evaluated. A series of Flex-Hets that differ by single struc-
tural alterations were compared for their ability to inhibit
growth of two renal cancer cell lines (Caki-1 and 786-O),

Figure 4. Induction of tubule differentiation. Top, H&E-stained sections of Caki-1 organotypic cultures grown in the absence (A and B) or presence of
1 μmol/L SHetA2 (C and D) for 2 wk before histochemical analysis. Middle, H&E-stained sections of xenograft tumors from untreated control mice (E)
showing that most of the malignant cells are arranged singly and separate one from the other, compared with the more orderly arrangement of cells in
tumors from mice treated with oral SHetA2 (60 mg/kg/d) 5 d per week for 30 d at the University of Oklahoma (F and G) or every day for 30 d at the RAID
program (H). In some areas of the treated tumors, collections of tumor cells formed cords that were similar to tubules but no lumen was present (identified
by a rectangle in F). In other areas of the treated tumors, a few tubules with lumens were present (circled in G and H). Neither cords nor lumens were
present in the control tumors. I, rt-PCR analysis of E-Cadherin expression in tumors from the RAID xenografts in (bottom; H). To calculate fold induction,
the expression levels in the individual treated tumors were compared with the average expression observed in three separate untreated tumors. J, real-time
rtPCR analysis of E-Cadherin in Caki-1 cells treated with SHetA2 for the indicated times. Results are representative of two independent experiments. K,
Western blot analysis of E-Cadherin expression in cell cultures treated with SHetA2. 24C, control cultures treated with solvent only for 24 h.
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an immortalized normal kidney cell line (HK-2), and prima-
ry cultures of normal kidney cells (RTC91696; Table 1). The
efficacies (maximal growth inhibition), but not the potencies
(concentration required to induce half maximal growth),
were greater in the cancer cell lines compared with the

normal cell cultures. Compounds with NO2 substitutions
(SHetC2 and SHetA2) on the single aromatic ring exhibited
the greatest activity. In all cases, compounds with urea lin-
kers exhibited slightly greater activity compared with the
matching thiourea linkers (compare SHetC2 with SHetA2,
SHetA4 with SHetA3, and SHetD3 with SHetD4). Although
the increased hydrophilicity of the ethyl and methyl esters
slightly decreased the efficacy, it did not eliminate the differ-
ential effect on cancer over normal cells. Relocation of the
methyl ester on the cyclic ring did not significantly alter
the activity of SHetD5 compared with SHetD4. All trans-
retinoic acid did not inhibit the growth of the cancer cell lines
and had minimal activity in the normal cells. Previous stud-
ies showed that SHetA2, SHetA3, SHetA4, and SHetC2 work
through similar mechanisms of action in ovarian cells (7, 16).

Lack of DNA Mutagenicity

Because benzisothiazoles compounds possessing an aro-
matic nitro group have been found to be mutagenic (17),
the mutagenicity of NO2-subsituted SHetA2 was compared
with its ethyl ester substituted SHetA3 in five different bac-
terial strains. In this assay, five bacterial strains that each
contained a different type of mutation that prohibits their
growth in histidine deficient media were incubated with
the positive controls, SHetA2, SHetA3, or DMSO solvent.
The positive controls caused revertant mutations that al-
lowed the bacteria to grow in histidine-deficient media, as in-
dicated by a significantly increase in the number of revertant
colonies (Table 2). In contrast, neither SHetA2 nor SHetA3 in-
duced substantial increases in the revertant colony counts in
any of the five bacterial strains. Preincubation with S9 micro-
somal fractions was done to determine if SHetA2 or SHetA3
metabolites were mutagenic. Again, there was no effect on
the number of revertant colonies in any of the five bacterial

Figure 5. Repression of NF-κB activity. Caki-1 renal cancer cells were
cotransfected with pNF-κB-Luc reporter and pRLTK transfection control
plasmids and treated with DMSO or 10 μmol/L SHetA2 with or without
20 ng/mL tumor necrosis factor α (TNFα) for 4 or 8 h (A) or 10 μmol/L
SHetA2 only (B) for various amounts of time before lysing the cells and
evaluating for luciferase activity. c, control treated with solvent only. Tu-
mor necrosis factor α was added to last 30 min of treatment. The firefly
luciferase (NF-κB reporter) was normalized to the renilla luciferase (trans-
fection control) activity.

Figure 6. Effects of oral SHetA2
on Caki-1 tumor size. The mean
and SE of the tumor volumes of
the control group gavaged with
PEG400 vehicle is shown com-
pared with SHetA2 gavaged at
60, 40, and 20 mg/kg/d for 30 d.
Arrows, the initiation and termina-
tion of treatment. *, statistically
significant differences between
the treated and vehicle control
tumor sizes determined by t tests
(day 24, P = 0.035; day 28, P =
0.021; day 32, P = 0.028; day
34, P= 0.006).
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strains. Partial or complete absence of the background lawn
of nonrevertant bacteria and reduction in revertant colony
counts were obtained with three of five bacterial strains after
exposure to SHetA2 at higher dose levels (Table 2). SHetA3
induced toxicity at the highest does in only one of the five
bacterial strains (Table 2). Because there was no indication
of any mutagenicity at surviving doses or in the presence
of S9, this toxicity is not considered to have had any material
effect on the validity of the result or the conclusion obtained.

Discussion
Evaluation of molecular events induced during SHetA2
regulation of apoptosis, growth, and differentiation in kid-
ney cancer cells showed repression of NF-κB activity and
regulation of multiple downstream events. These results
are consistent with a systems biology analysis that impli-
cated multiple genes driven by NF-κB and its inducer, tu-
mor necrosis factor α, in the mechanism of SHetA2
chemoprevention of dimethylbenz(a)anthracene–induced

endometrial carcinogenesis (18). The cellular redox state
plays an important role in regulation of NF-κB activity,
with activation or repression dependent on the individual
cellular context (19, 20). SHetA2 modulates the cellular
redox state via generation of reactive oxygen species,
which may be produced as a consequence of the known
binding to glutathione and mitochondrial swelling (6, 12,
21). Treatment with a range of antioxidants under condi-
tions validated to repress SHetA2-induced generation of
both cellular and mitochondrial reactive oxygen species
did not prevent mitochondrial swelling or apoptosis, indi-
cating that alterations in cellular redox are a consequence,
and not a cause, of the mitochondrial and cellular events
induced by SHetA2 (7). In this study, the inability of
exogenous glutathione or NAC to prevent apoptosis fur-
ther supports the conclusion that redox regulation is not
required for SHetA2 action. Also, the inconsistent repres-
sion of SHetA2-induced G1 arrest in Caki-1, but not nor-
mal HK-2 cells, suggests that glutathione binding can
contribute, but is not required, for the mechanism of G1

Table 1. Structures and Activities of Flex-Hets and t-RA in cancer and normal renal cells

Caki-1 cancer 786-O cancer HK-2 normal RTC91696 normal

SHetC2 85.71% ± 4.53% 78.53% ± 6.11% 52.67% ± 1.84% 52.31% ± 7.38%
4.91 ± 0.29 μmol/L 7.48 ± 0.34 μmol/L 4.47 ± 0.49 μmol/L 7.67 ± 0.49 μmol/L

SHetA2 84.40% ± 3.86% 72.00% ± 5.06% 51.02% ± 7.07% 36.84% ± 6.80%
4.93 ± 0.22 μmol/L 7.55 ± 0.38 μmol/L 4.50 ± 0.28 μmol/L 4.57 ± 0.49 μmol/L

SHetA4 68.92% ± 6.94% 45.04% ± 4.80% 26.35% ± 0.80% 39.67% ± 2.52%
5.07 ± 0.15 μmol/L 2.56 ± 0.34 μmol/L 5.19 ± 0.25 μmol/L 7.55 ± 0.51 μmol/L

SHetA3 56.48% ± 14.58% 54.10% ± 13.66% 35.34% ± 2.09% 28.23% ± 3.07%
7.28 ± 0.27 μmol/L 7.2 ± 0.72 μmol/L 5.14 ± 0.26 μmol/L 5.92 ± 1.91 μmol/L

SHetD3 56.99% ± 12.12% 61.52% ± 1.44% 26.37% ± 0.22% 46.27% ± 0.95%
7.14 ± 0.22 μmol/L 7.15 ± 0.81 μmol/L 6.91 ± 0.66 μmol/L 9.42 ± 0.43 μmol/L

SHetD4 38.67% ± 1.50% 44.55% ± 17.56% 43.67% ± 0.44% 37.74% ± 6.61%
7.56 ± 0.15 μmol/L 5.08 ± 0.71 μmol/L 7.42 ± 0.20 μmol/L 5.36 ± 0.60 μmol/L

SHetD5 34.10% ± 1.20% 41.80% ± 16.91% 47.97% ± 1.00% ND
7.22 ± 0.25 μmol/L 5.14 ± 0.70 μmol/L 4.96 ± 0.25 μmol/L

t-RA 6.46% ± 9.40% 0.00% ± 1.43% 15.81% ± 0.47% ND
4.64 ± 1.14 μmol/L 23.60 ± 0.0 μmol/L 6.28 ± 2.19 μmol/L

NOTE: The top value represents the efficacy (maximum growth inhibition observed) and the bottom value represents the potency (EC50, concentration needed to
induce half maximal efficacy). The hydrophilicity of the compounds is increased by the end group with NO2 being the least hydrophobic, CO2Et intermediate,
and CO2CH3 being the most hydrophilic.
Abbreviations: ND, not determined; t-RA, trans-retinoic acid.

Flex-Hets in Kidney Cancer

Mol Cancer Ther 2009;8(5). May 2009

1234



arrest. Lack of repression of SHetA2-induced G1 arrest in
ovarian cancer cell lines by glutathione and NAC also
support this conclusion.

Although glutathione binding is a potential source of tox-
icity, the widespread safe use of the analgesic paracetamol

(acetaminophen), which also binds glutathione, suggests
that this toxicity can be managed. The main toxicity of acet-
aminophen is hepatotoxicity, which can be effectively trea-
ted with NAC (22). Although livers from SHetA2-treated
animals were not evaluated in this study, evaluation of

Table 2. Bacterial mutation test

Strain Treatment μg/plate SHetA2 SHetA3

−S9 +S9 −S9 +S9

Mean SD Mean SD Mean SD Mean SD

TA1535 DMSO (μmol/L) 0 21 3 21 7 21 3 21 7
0.125 50 19 9 15 10 27 3 23 3
0.393 158 26 9 20 6 21 3 19 3
1.245 500 18 7 22 2 19 7 19 3
3.937 1581 21 7 19 1 18 2 16 5
12.452 5000 16 5 22 4 20 6 17 2

PC: NaAZ 0.5 304 54 N/A N/A 304 54 N/A N/A
PC: 2AA 5 N/A N/A 324 81 N/A N/A 324 81

TA1537 DMSO (μmol/L) 0 15 4 21 11 15 4 21 11
0.004 1.58 9 6 23 3 ND ND ND ND
0.012 5.0 T T 21 2 13 1 15 3
0.039 15.8 T T 21 4 11 2 17 7
0.125 50 T T T T 13 5 22 3
0.393 158 T T T T 11 3 15 2
1.245 500 ND ND ND ND 11 2 16 8
3.937 1581 ND ND ND ND 6 2 6 3

PC: 9AZ 10 673 108 N/A N/A 673 108 N/A N/A
PC: BaP 5 N/A N/A 119 5 N/A N/A 119 5

TA98 DMSO (μmol/L) 0 30 5 45 13 30 5 45 13
0.004 1.58 16 6 48 2 ND ND ND ND
0.012 5.0 T T 45 8 ND ND ND ND
0.039 15.8 T T 52 10 ND ND ND ND
0.125 50 T T 49 8 31 6 55 8
0.393 158 T T 12 6 24 4 61 2
1.245 500 ND ND ND ND 27 6 55 6
3.937 1581 ND ND ND ND 22 3 62 7
12.452 5000 ND ND ND ND 18 7 57 6

PC: 2NF 1 108 7 N/A N/A 108 7 N/A N/A
PC: BaP 5 N/A N/A 375 13 N/A N/A 375 13

TA100 DMSO (μmol/L) 0 124 4 160 12 124 4 160 12
0.004 1.58 136 17 136 9 ND ND ND ND
0.012 5.0 T T 124 14 151 16 ND ND
0.039 15.8 T T 171 24 138 12 ND ND
0.125 50 T T T T 132 5 168 19
0.393 158 ND ND T T 117 14 150 12
1.245 500 ND ND T T 123 6 213 27
3.937 1581 ND ND ND ND T T 217 4

PC: NaAZ 0.5 511 35 N/A N/A 511 35 N/A N/A
PC: NQO 0.5 N/A N/A 965 70 N/A N/A 965 70

WP2 uvrA DMSO (μmol/L) 0 19 5 33 7 19 5 33 7
0.125 50 17 3 27 4 18 1 37 15
0.393 158 14 3 18 8 19 3 36 4
1.245 500 18 1 22 2 15 2 36 6
3.937 1581 10 2 17 3 15 3 29 9
12.452 5000 12 3 13 3 15 3 20 4

PC: 2AA 0.5 594 45 N/A N/A 594 45 N/A N/A
PC: 2AA 15 N/A N/A 145 10 N/A N/A 145 10

NOTE: Mean and standard deviations of the number of revertant colonies from triplicate results are presented.
Abbreviations: PC, positive control; N/A, not applicable; T, toxic as indicated by incomplete/no background lawn.
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livers of SHetA2-treated mice from a previous xenograft
model showed no liver damage as indicated by necrosis, fat-
ty changes, or inflammation in portal tracts (5). Differences
in the mechanisms of cell death induced by acetaminophen
and SHetA2 suggest that the glutathione binding by SHetA2
will not cause the same toxicities as acetaminophen. The
major pathway of cell death induced by acetaminophen is
initiated by disturbances in cellular calcium homeostasis, ac-
tivation of the proapoptotic Bax and Bid proteins, and release
of proteins from the mitochondria that cause a caspase-inde-
pendent DNA laddering and necrotic cell death (23). In con-
trast, results presented in this report on kidney cancer and in
previous publications on ovarian, head and neck, and lung
cancer show that SHetA2 does not induce necrosis, but in-
stead causes cell death through induction of apoptosis via
mechanisms involving decreased levels of the antiapoptotic
Bcl-2 proteins with no effect on Bax, leading to release of cy-
tochrome c from the mitochondria and activation of caspases
(7, 21, 24, 25).6 Furthermore, NAC can prevent acetamino-
phen induced cell death but not SHetA2-induced cell death
(23). Although acetaminophen also inhibits NF-κB activity,
the mechanism occurs through repression of reactive oxygen
species similar to NAC, whereas SHetA2, inhibition of
NF-κB activity is repressed by NAC.

If glutathione binding proves to be a significant hindrance
to progression of SHetA2 to clinical trials, SHetC2, which
contains a urea linker in place of the thiourea linker, is a vi-
able alternative. Theoretically, the urea linker cannot be ox-
idized to a product that binds glutathione. In addition, the
oxygen atom of the urea linker in SHetC2 has increased
H-bonding capability and may therefore bind to potential
protein targets with greater affinity. On the other hand,
the increased H-bonding capability might increase binding
to plasma proteins and decrease the bioavailability. Because
SHetA2 was shown to be bound by plasma proteins at
99.3% to 99.5% (27), increased binding activity could be det-
rimental to the pharmaceutical qualities of Flex-Het. Previ-
ous studies showed that SHetC2 is also capable of inducing
apoptosis (16). The equal potencies and efficacies of SHetC2
with SHetA2 for inhibiting the growth of renal cancer cell
lines and similar reduced effects in normal kidney cells in-
dicates that SHetC2 is a reasonable alternative lead com-
pound for SHetA2 that would avoid the potential toxicity
of glutathione binding. The switch of SHetC2 for SHetA2
as a lead compound is not an easy decision, however, be-
cause millions of dollars have already been invested by
the NCI RAID and RAPID programs in the preclinical
development of SHetA2 (NSC 726189) and no significant
toxicities have been noted to date.

The differential effect of SHetA2 on apoptosis in cancer
versus normal cells further supports the potential safety of
this compound. The resistance of primary cultures of kidney
epithelial tubule cells and the HK-1 normal kidney epithe-
lial cell line to SHetA2 apoptosis is consistent with the resis-

tance of normal primary cultures and cell lines previously
reported for ovarian, endometrial, and endothelial cells
(6, 7, 28). The mechanism of this differential effect involves
resistance of normal cells to perturbations in the balance
of Bcl-2 proteins and mitochondrial swelling induced by
SHetA2 and related Flex-Hets (7).

Although normal cells are resistant to SHetA2-induced
apoptosis, they are still growth inhibited. The results pre-
sented here showed that this growth inhibition is caused
by arrest of the cell cycle at the G1-S border in association
with loss of Cyclin D1. The decreased levels of Cyclin D1
seem to be the result of alterations in both protein synthesis
and degradation because inhibition of these activities with
cyclohexamide and MG132, respectively, could attenuate
the Cyclin D1 decrease. The repression of Cyclin D1 tran-
scription is consistent with the theory that SHetA2 repres-
sion of NF-κB initiates a series of events responsible for
the cellular outcomes, because Cyclin D1 transcription can
be induced by NF-κB through multiple NF-κB sites in the
Cyclin D1 promoter (29).

In addition to the growth inhibition and apoptosis activ-
ities of SHetA2, the ability to reverse abnormal cellular dif-
ferentiation in ovarian organotypic cultures and xenografts
offers promise for utility of this compound in chemopre-
vention (5, 10). The results presented here confirm that
SHetA2 also can induce differentiation in kidney cancer
organotypic cultures and xenografts. SHetA2 up-regulation
of E-Cadherin expression is a likely candidate for the mo-
lecular mechanism of differentiation induction and is con-
sistent with repression of NF-κB, because this transcription
factor has been shown to decrease E-Cadherin expression
(30). In addition to a role in differentiation, loss of E-Cadherin
expression in kidney cancer is associated with increased
proliferation through down-regulation of p27Kip1 (p27),
a cyclin-dependent kinase inhibitor, and induction of acti-
vating phosphorylation of the epidermal growth factor re-
ceptor (31). E-Cadherin seems to play an important role
specifically in kidney carcinogenesis due to its regulation
by the von Hippel-Lindau protein, which is defective or
lost in von Hippel-Lindau hereditary cancer syndrome
and most sporadic clear cell renal cell cancers in associa-
tion with decreased E-Cadherin expression (32). The von
Hippel-Lindau protein indirectly represses E-Cadherin ex-
pression through binding to the ubiquitin E3 ligase com-
plex, resulting in degradation of E-Cadherin (32, 33).
Decreased or nuclear E-cadherin expression is associated
with poor prognosis in kidney cancer (34, 35). Loss of
E-cadherin occurs during epithelial to mesenchymal tran-
sition that confers the ability to migrate and invade, making
restoration of E-Cadherin a therapeutic goal of antican-
cer strategies (13). Caution is needed in up-regulation of
E-Cadherin as an anticancer strategy because this up-
regulation could promote mesenchymal-epithelial revert-
ing transitions and result in the ability of cancer cells to
form metastic lesions after they have disseminated from
the primary tumor site (36).

The reason for effective growth inhibition of Caki-1 xeno-
grafts, but not A498 xenografts, by SHetA2 is unclear,

6 Chengedza S, Benbrook DM. NF-KB repression by SHetA2 overcomes
TNFα-resistance in ovarian cancer cells. 2009: In preparation.
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because both cell lines are equally sensitive to this com-
pound in vitro (5). A large study comparing the in vitro
growth inhibition activity of compounds with their ability
to inhibit xenograft tumor growth found that only 18% to
44% of the compounds that were active in vitro exhibited
activity against the corresponding xenograft in vivo (37).
Thus, the pharmacologic properties of SHetA2 may need
to be improved. In this and previous studies, compounds
with nitro substitutions on the phenyl ring (SHetC2 and
SHetA2) consistently exerted greater growth inhibitory
and apoptosis activity in comparisons to related com-
pounds with methyl or ethyl ester substitutions (SHetA3,
SHetA4, SHetD3, and SHetD4; refs. 6, 16). Although aro-
matic nitro groups in the context of bz-nitro–substituted
amino 2,1-benzisothiazoles have been shown to be muta-
genic, the structures of these compounds are very different
from Flex-Hets (17) and neither SHetA2 nor SHetA3 were
mutagenic as direct agents or after metabolism by S9 liver
microsomal fraction. This is consistent with the lack of ter-
atogenicity of SHetA2 in mouse embryos (8). Higher doses
of SHetA2 were toxic to three of the five bacterial strains,
whereas SHetA3 exhibited limited tocixity in only one of
the five bacterial strains, which is consistent with the greater
cytotoxicity of SHetA2 in eukaryotic cells. Previous studies
found no differences in the cytotoxicities of SHetA2,
SHetA3, and SHetA4 against Mycobacterium bovis Bacillus
Calmette-Guerin (38).

In conclusion, SHetA2 regulates growth, differentiation,
and apoptosis in kidney cancer cell lines through multiple
molecular events downstream of NF-κB repression and
independent of cellular redox regulation. Flex-Hets with
greater hydrophilicity than SHetA2 retain the differential ef-
fect on cancer cells over normal cells, thus offering alterna-
tives for improvement of therapeutic value.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Melinda Hollingshead, PhD, for careful editing of this article.

References

1. Kirkali Z, Tuzel E, Mungan MU. Recent advances in kidney cancer and
metastatic disease. BJU Int 2001;88:818–24.

2. Pantuck AJ, Zisman A, Belldegrun AS. The changing natural history of
renal cell carcinoma. J Urol 2001;166:1611–23.

3. Amato RJ. Chemotherapy for renal cell carcinoma. Semin Oncol 2000;
27:177–86.

4. Schrader AJ, von Knobloch R, Heidenreich A, Buer J, Hofmann R. Ap-
plication of retinoids in the treatment of renal cell carcinoma-a futile effort?
Anticancer Drugs 2004;15:819–24.

5. Benbrook DM, Kamelle SA, Guruswamy SB, et al. Flexible heteroaro-
tinoids (Flex-Hets) exhibit improved therapeutic ratios as anti-cancer
agents over retinoic acid receptor antagonists. Invest New Drugs
2005;23:417–28.

6. Liu S, Brown CW, Berlin KD, et al. Synthesis of flexible sulfur-
containing heteroarotinoids that induce apoptosis and reactive oxygen
species with discrimination between malignant and benign cells. J Med
Chem 2004;47:999–1007.

7. Liu T-Z, Hannafon B, Gill L, Kelly B, Benbrook DM. Flex-Hets differen-

tially induce apoptosis in cancer over normal cells by directly targeting mi-
tochondria. Mol Cancer Ther 2007;6:1814–22.

8. Mic FA, Molotkov A, Benbrook DM, Duester G. Retinoid activation of
RAR but not RXR is sufficient for mouse embryonic development. Proc
Natl Acad Sci U S A 2003;100:7135–40.

9. Le W-D, Berlin KD, Benbrook DM. Modified heteroarotinoids as poten-
tial anticancer agents - improved synthesis of 2-nitrotetralin and 2-amino-
tetralin. J Saudi Chem Soc 2007;11:351–60.

10. Guruswamy S, Lightfoot S, Gold M, et al. Effects of retinoids on can-
cerous phenotype and apoptosis in organotypic culture of ovarian carcino-
ma. J Nat Cancer Inst 2001;93:516–25.

11. Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitiave PCR and the 2-DDCT method. Methods
2001;25:402–8.

12. Liu Z, Zhang Y, Hua YF, Covey JM, Benbrook DM, Chan KK. Metab-
olism of a sulfur-containing heteroarotionoid antitumor agent, SHetA2 us-
ing liquid chromatography/tandem mass spectrometry. Rapid Commun
Mass Spectrom 2008;22:3371–81.

13. HowardEW,CammKD,WongYC,WangXH.E-cadherin upregulationasa
therapeutic goal in cancer treatment. Mini Rev Med Chem 2008;8:496–518.

14. Kuphal S, Poser I, Jobin C, Hellerbrand C, Bosserhoff AK. Loss of
E-cadherin leads to upregulation of NFκB activity in malignant melanoma.
Oncogene 2004;23:8509–19.

15. Scheidereit C. IkB kinase complexes: gateways to NF-kB activation
and transcription. Oncogene 2006;25:6685–705.

16. Le TC, Berlin KD, Benson SD, et al. Heteroarotinoids with anti-cancer
activity against ovarian cancer cells. Open Med Chem J 2007;1:11–23.

17. Zani F, Bellotti A, Mazza P. Biological studies on 2,1-benzisothiazole
derivatives. II. Evaluation of antimicrobial and genotoxic properties of bz-
nitro-, 3-ethylacetate-, 3-amino- and 3-substituted amino 2,1-benzisothia-
zoles. Farmaco 1994;40:713–9.

18. Benbrook DM, Lightfoot S, Ranger-Moore J, et al. Gene expression
analysis of biological systems driving an organotypic model of endometrial
carcinogenesis and chemoprevention. Gene Regulation and Systems Biol-
ogy 2008;2:21–42.

19. Hayakawa M, Miyashita H, Sakamoto I, et al. Evidence that reac-
tive oxygen species do not mediate NF-kB activation. EMBO 2003;22:
3356–66.

20. Kabe Y, Ando K, Hirao S, Yoshida M, Handa H. Redox regulation of
NF-κB activation: distinct redox regulation between the cytoplasm and
the nucleus. Antioxid Redox Signal 2005;7:395–403.

21. Chun K-H, Benbrook DM, Berlin KD, Hong WK, Lotan R. Induction of
apoptosis in head and neck squamous cell carcinoma (HNSCC) cell lines by
heteroarotinoids through a mitochondrial dependent pathway. Cancer Res
2003;63:3826–32.

22. Atkuri KR, Mantovani JJ, Herzenberg LA, Herzenberg LA. N-Acetyl-
cysteine-a safe antidote for cysteine/glutathione deficiency. Curr Opin
Pharmacol 2007;7:355–9.

23. Jaeschke H, Bajt ML. Intracellular signaling mechanisms of acetamin-
ophen-induced liver cell death. Toxicol Sci 2006;89:31–41.

24. Lin Y-D, Chen S, Yue P, et al. CAAT/enhancer binding protein homol-
ogous protein-dependent death receptor 5 induction is a major component
of SHetA2-induced apoptosis in lung cancer cells. Cancer Res 2008;68:
5335–44.

25. Lin Y, Liu X, Yue P, et al. c-FLIP Down-regulation is an important
mechanism underlying Flex-Het-induced apoptosis and enhancement of
TRAIL-initiated apoptosis in lung cancer cells. Mol Cancer Ther 2008;
7:3556–65.

26. Boulares AH, Giardina C, Inan MS, Khairallah EA, Cohen SD. Acet-
aminophen inhibits NF-κB activation by interfering with the oxidant signal
in murine Hepa 1–6 cells. Toxicol Sci 2000;55:370–5.

27. Zhang Y, Hua Y, Benbrook DM, Covey JM, Chan KK. High perfor-
mance liquid chromatographic analysis and preclinical pharmacokinetics
of the heteroarotinoid antitumor agent, SHetA2. Cancer Chemother Phar-
macol 2006;58:561–9.

28. Myers T, Chengedza S, Lightfoot S, et al. Flexible Heteroarotinoid
(Flex-Het) SHetA2 inhibits angiogenesis in vitro and in vivo. Invest New
Drugs 2008. Published online: 18 September 2008.

29. Guttridge DC, Albanese C, Reuther JY, Pestell RG, Baldwin AS, Jr.
NF-κB controls cell growth and differentiation through transcriptional reg-
ulation of cyclin D1. Mol Cell Biol 1999;19:5785–99.

Molecular Cancer Therapeutics

Mol Cancer Ther 2009;8(5). May 2009

1237



30. Chua HL, Bhat-Nakshatri P, Clare SE, Morimiya A, Badve S, Nakshatri
H. NF-κB represses E-cadherin expression and enhances epithelial to mes-
enchymal transition of mammary epithelial cells: potential involvement of
ZEB-1 and ZEB-2. Oncogene 2007;26:711–24.

31. Migita T, OdaY,MasudaK, et al. Inverse relationship between E-cadherin
and p27Kip1 expression in renal cell carcinoma. Int J Oncol 2008;33:
41–7.

32. EstebanMA,TranMGB,HartenSK, et al. Regulation of E-cadherin expres-
sion by VHL and hypoxia-inducible factor. Cancer Res 2006;66:3567–75.

33. Krishnamachary B, Zagzag D, Nagasawa H, et al. Hypoxia-inducible
factor-1-dependent repression of E-cadherin in von Hippel-Lindau tumor
suppressor-null renal cell carcinoma mediated by TCF3, ZFHX1A, and
ZFHX1B. Cancer Res 2006;66:2725–31.

34. Tsujimoto Y, Komori K, Tsujimoto M, et al. [Immunohistochemical

studies of p53, Ki-67, E-cadherin and β-catenin on renal pelvic and ureteral
cancers]. Nippon Hinyokika Gakkai Zasshi 2008;99:1–6.

35. Gervais ML, Henry PC, Saravanan A, et al. Nuclear E-cadherin and
VHL immunoreactivity are prognostic indicators of clear-cell renal cell car-
cinoma. Lab Invest 2007;87:1252–64.

36. Wells A, Yates C, Shepard CR. E-cadherin as an indicator of mesen-
chymal to epithelial reverting transitions during the metastatic seeding of
disseminated carcinomas. Clin Exp Metastasis 2008;25:621–8.

37. Johnson JI, Decker S, Zaharevitz D, et al. Relationships between drug
activity in NCI preclinical in vitro and in vivomodels and early clinical trials.
[see comment]. Br J Cancer 2001;84:1424–31.

38. Brown CW, Liu S, Klucik J, et al. Novel heteroarotinoids as poten-
tial antagonists of mycobacterium bovis BCG. J Med Chem 2004;47:
1008–17.

Flex-Hets in Kidney Cancer

Mol Cancer Ther 2009;8(5). May 2009

1238


