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ABSTRACT

Retinoids that regulate cell growth, differentiation, and apoptosis
have shown promising resultsin preclinical studiesand in afew clinical
trials of cancer chemoprevention and therapy. However, the clinical
use of retinoids is limited by resistance of certain malignant cells to
their antitumor effects and by side effects. To identify more potent
retinoids, we examined the effects of heteroarotinoids (Hets), new
synthetic retinoids with reduced toxicity, on the growth of human head
and neck squamous cell carcinoma (HNSCC) lines. Six Hets with
different retinoic acid receptor activation potentials were found to
exhibit distinct efficacies. The most potent among the Hets examined,
SHetA2, {[(4-nitrophenyl)amino][2,2,4,4-tetramethyl thiochroman-6-
yl)amino] methane-1-thione}, was more effective than either all-trans-
or 9-cis-RA. The growth of UMSCC38, the most sensitive among the
eight HNSCC cell lines examined, was suppressed by ShetA2 in a dose-
and time-dependent fashion. SHetA2-induced apoptosis in UM SCC38
cells was comparable with N-(4-hydroxyphenyl)retinamide (4HPR).
Reactive oxygen species (ROS) generation in the UM SCC38 cells was
increased by SHetA2, and this effect was suppressed by the antioxidant
butylated hydroxyanisol, which also suppressed SHetA2-induced apo-
ptosis. SHetA2 suppressed mitochondrial permeability transition and
enhanced cytochrome c release from mitochondria. Both of these ef-
fects were prevented by cyclosporin A, which also decreased SHetA2-
induced apoptosis. SHetA2 increased caspase-3-like activity, and a
caspase-3 inhibitor diminished SHetA2-induced apoptosis. Several ret-
inoid receptor antagonists failed to prevent apoptosis induction by
SHetA2. These results demonstrate that SHetA2 is a potent, receptor -
independent, apoptosis inducer that acts on the mitochondria in
HNSCC cells. Further investigation of the potential of SHetA2 in
prevention and therapy of HNSCC iswarranted also because of much
lower toxicities compared with receptor active retinoids.

INTRODUCTION

Retinoids, natural and synthetic vitamin A analogues, have dem-
onstrated potential in the chemoprevention of a variety of cancersin
animal models (1) and in humans at increased risk for developing
primary or second primary cancers (2—4). Certain retinoids can also
inhibit the growth, induce the differentiation, or enhance apoptosis of
fully malignant cells in vitro (5) and in vivo (6—8). Head and neck
premalignant and malignant cells are susceptible to retinoid chemo-
preventive (2, 3) and therapeutic (7-9) effects in vivo. Studies with
cultured HNSCCs® have demonstrated that retinoids can suppress cell
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proliferation, inhibit the formation of colonies in semisolid agarose,
and decrease the growth of HNSCC multicellular spheroids (10, 11).
In addition, retinoids suppress the expression of several squamous
differentiation markers and inhibit cornified envelope formation
(10, 12).

Many HNSCC cell lines exhibit relative resistance to the growth-
inhibitory effects of ATRA and 9-cis-RA, although some synthetic
analogues are quite potent (13). For example, 4HPR is an effective
inducer of apoptosis, abeit at high (>3 um) concentrations (14).

The clinical application of ATRA is limited by a number of side
effects (2). Likewise, 4HPR has a significant side effect (night blind-
ness) resulting mainly from reduction in circulating retinol levels (15).
Therefore, new retinoids are being synthesized and characterized with
the hope of improving their antitumor and chemopreventive efficacy.
The toxicity and teratogenicity of retinoids are associated with the
activation of nuclear RARs and RXRs that act as transcription factors
(16-18). Thus retinoid-related molecules, which inhibit the growth of
cancer cells or induce apoptosis by receptor-independent molecules,
may be devoid of side effects.

Certain retinoids belonging to the class of Hets have demonstrated
anticancer activity as well as low toxicity (19—22). Hets have dem-
onstrated growth-inhibitory activity against carcinoma cell lines de-
rived from cervix, vulva, ovary, and HNSCC tumors (20). Some Hets
caused a reduction in tumor size in a xenograft model of human
HNSCC cell line UMSCC38 in nude mice (21). Recently, some
receptor-activating and receptor-independent Hets were found to in-
duce differentiation and apoptosis in organotypic cultures of ovarian
carcinoma (22). Although this indicates that receptor activation is not
required for apoptosis, the mechanism(s) that underlie the induction of
apoptosis in cancer cells by Hets has not been investigated.

In the present study, we demonstrate the ability of some Hets to
induce apoptosis in HNSCC cell lines, and we shed light on some
aspects of the mechanism of apoptosis induction. Specifically, we
show that the induction of apoptosisisindependent of retinoid recep-
tor signaling pathway and that it involves changes in mitochondrial
permesability transition and cytochrome c release followed by activa-
tion of caspases 3.

MATERIALS AND METHODS

Retinoids. The Hets were synthesized as published (19, 21).* SHet50 is a
receptor pan-agonist, Ohet72 is specific for the RXRs, whereas SHetA2,
SHetA3, and SHetA4 do not activate any of the receptors when used at doses
up to 10 um (Fig. 1). ATRA was obtained from Dr. Werner Bollag (F.
Hoffmann-La Roche, Basel, Switzerland). AGN 193109 [a RAR-«, -3, and -y
antagonist (23)], was obtained from Dr. R. Chandraratna (Allergan, Irvine,
CA). LG100754, a RXR antagonist (24), was obtained from Dr. R. Heyman

reactive oxygen species; RXR, retinoid X receptor; SRB, sulforhodamine B; TFP, triflu-
operazine; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling; 4HPR, N-(4-hydroxyphenyl)retinamide; MPTP, mitochondrial permeability tran-
sition pore; PBST, PBS and Tween 20; CsA, cyclosporin A.

4S. Liu, CW Brown, K. D. Berlin, A. Dhar, S. Guruswamy, D. Brown, and D. M.
Benbrook. Synthesis and biological evaluation of sulfur-containing Hets possessing thio-
ures or urea moieties as three atom “linker” groups— discrimination between malignant
and benign cells, submitted for publication.
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Fig. 1. Structure of the retinoids used in this study. ® Analyzed by transcriptional
activation of reporter constructs in cells transfected with individua receptors (19—22) or
b hinding to receptors (23, 24).

(Ligand Pharmaceuticals, Inc., San Diego, CA). The chemical structures and
receptor selectivity of these retinoids are presented in Fig. 1.

Cell Lines and Cell Culture. Human HNSCC cell lines UMSCC17A,
UMSCC17B, UMSCC22B, and UMSCC38 cell lines were obtained from Dr.
T. Carey (University of Michigan, Ann Arbor, MI). HNSCC cell lines
MDAB886LN, 1186, and 1483 were provided by Dr. P. G. Sacks (New York
University College of Dentistry, New York, NY). SqCC/Y1 cells were pro-
vided by Dr. M. Reiss (Yale University, New Haven, CT). These cells were
grown in monolayer culture in a 1:1 (v/v) mixture of DMEM and Ham’'s F12
medium, supplemented with 5% fetal bovine serum and antibiotics at 37°C in
a humidified atmosphere consisting of 95% air and 5% CO..

Treatment with Hets and Determination of Cell Survival. Cells were
seeded at a density of 3000 cells/well in 96-well tissue culture plates. After
24 h, cells were treated with different concentrations of retinoids. Control
cultures received the same amount of DMSO (fina concentrations, 0.01—
0.1%) as did the treated cultures. Cell numbers were estimated on days 1, 2,
and 3 by using the SRB assay as described in detail previously (13). The
percentage of growth inhibition was calculated by using the equation: %
growth inhibition = (1 — At/Ac) X 100, where At and Ac represent the
absorbance in treated and control cultures, respectively. |Cg,, the drug con-
centration causing a 50% cell growth inhibition, was determined by interpo-
lation of the dose-response curve.

Detection of Apoptosis. Cells were plated on 10-cm-diameter dishes, and,
after 24 h, they received either DM SO or retinoids dissolved in DMSO. After
1, 2, and 3 days of treatment, cells were harvested by abrief trypsinization and
were counted. APO-Direct TUNEL kit (Phoenix Flow Systems, Inc., San
Diego, CA) was used following the manufacturer’s protocol to label DNA
fragments with 3'-hydroxyl ends. In addition, Annexin V-FITC Apoptosis

Detection kit (Oncogene Research Products, Cambridge, MA) was also used
following the manufacturer’s protocol to label externalized phosphatidylserine.
Flow cytometric analysis was conducted using a Coulter EPICS Profile Il flow
cytometer (Coulter Corp., Miami, FL) equipped with a 488-nm argon laser.
Approximately 10,000 events (cells) were evaluated for each sample. Gating of
control nonapoptotic populations (cells treated with DMSO) was used as a
reference to compare with treatments with retinoids. An interna control,
(HL-60 cells treated with camptothecin to induce apoptosis) provided in the
apoptosis detection kit, was also used to ensure that the TUNEL reaction was
occurring during the staining procedure.

Assay of Generation of ROS. The net intracellular generation of ROS was
measured by using the oxidation-sensitive fluorescent dye DCF-DA (Molec-
ular Probe, Eugene, OR) as described previously (25, 26). Briefly, Cells were
seeded in 6-well plates (10000 cells/well). After 24 h, they were treated with
DCF-DA without (control) or with 10 um of different retinoids and with a
mixture of SHetA2 and BHA. The cells were maintained at 37°C, and the
fluorescence (excitation at 485 nm, emission at 538 nm) was measured at
30-minintervals. Three wells were used for each control or treatment analysis,
and the mean + SD was determined.

Assay for Detection of MPT. Induction of MPT was evaluated as de-
scribed previously (27). Briefly, after treatment with different agents, both the
floating and attached UMSCC38 cells were collected by trypsinization, and
then were incubated with 50 nm DiOCg for 15 min at 37°C. A positive control
for transmembrane potential 1oss was obtained by incubation with the uncou-
pler carbonylcyanamide m-chlorphenylhydrazone (50 wm), a protonophore,
which disrupts transmembrane potential. The cells were then analyzed using a
cytofluorimeter (Facscaliber, excitation at 488 nm, emission at 552 nm). At
least 10,000 events were collected per sample. The suppression of transmem-
brane potential is represented as a shift of the fluorescence peak to lower
levels. The percentage of suppression = (Y — X)/Y X 100, where X and Y
correspond to the observed percentage of MPT in untreated (Y) and SHetA2-
treated (X) samples, respectively. The percentage of cells in the lower fluo-
rescence category was plotted in graphs.

Assay for Detection of Cytochrome c Release from Mitochondria by
Western Blotting. Semiconfluent cultures of UMSCC38 cells were treated
with 10 um different retinoids in 10-cm-diameter plates at 37°C for 24 h. At
the end of incubation, medium-containing floating cells and attached cells were
harvested by trypsinization. Cell suspensions containing both the floating and
the attached cells were subjected to centrifugation at 200 X g for 5 min. After
resuspension in 1 ml of buffer | [250 um sucrose, 30 um Tris, 1 um EDTA (pH
7.7)], the cells were transferred to microcentrifuge tubes and were placed on
ice. Then the cells were centrifuged in a microcentrifuge at 1,000 X g for
1 min. Thirty ul of buffer I, supplemented with leupeptin (1 wg/ml), pepstatin
(1 wg/ml), and aprotinin (1 pg/ml), were used to suspend the cells. The cells
were then disrupted by homogenization on ice in a 0.3-ml Kontes Dounce
homogenizer with 15 strokes of B pestle. The homogenate was subjected to
centrifugation at 16,000 X g for 1 min, and then the supernatant was collected
and subjected to another centrifugation at 16,000 X g for 30 min. The
supernatant extract (cytosolic fraction) and the resulting pellets containing
mitochondria (mitochondria fraction) were frozen at —80°C. Samples con-
taining 25 g of protein from both fractions were loaded on 12% polyacryl-
amide gel. After electrophoresis, the proteins were transferred to nitrocellulose
membrane (Amersham Life Science, Arlington Heights, IL). After inhibiting
nonspecific binding sites with 5% (w/v) skim milk, the membrane was incu-
bated with affinity-purified anti-cytochrome ¢ antibody 7H8.22C12 (Phar-
Mingen, San Diego, CA) diluted 1:1,000 in 1% (w/v) dried milk in 0.2% (v/v)
Tween 20 containing PBS (PBST) for 1 h at room temperature. The membrane
was then washed three times in PBST and incubated with rabbit antimouse
IgG-horseradish peroxidase conjugate (DAKO, Carpinteria, CA) and was
diluted 1:2000 in 1% (w/v) dried milk in PBST for 1 h at room temperature.
The membrane was then washed four times with PBST, stained with enhanced
chemiluminescence reagents from Amersham according to the supplier's in-
structions, dried, and exposed briefly to X-ray film. The percentage of cyto-
chrome ¢ content was calculated by using the eguation: % cytochrome c
content = [A/(A + B)] X 100, where A and B represent the relative density of
Western blotting protein bands of the cytosolic and pellet fractions, respec-
tively.

Assay for Caspase-3-like Protease. Caspase-3-like protease activity was
measured by a modification of the method described previously (26). Briefly,
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Fig. 2. Hetsinhibit survival of HNSCC cellsin a dose- and time-dependent manner. A,
cells were seeded at a density of 3000 cells/well in 96-well tissue culture plates. After
24 h, cells were treated with 10 um retinoids. After 3 days, cell numbers were estimated
by using the SRB assay. B, cells were treated with different concentrations of retinoids for
3 days. C, cells were treated with each of nine different retinoids (at 10 um) for 1, 2, and
3 days. Each assay was performed in triplicate, and the results were calculated as the
mean + SE, asdescribed in “Materials and Methods.” All eight of the retinoids have been
analyzed in both B and C.

UMSCC38 were treated with Hets for 6, 12, 18, and 24 h at 37°C. At the end
of each incubation, floating and attached cells were harvested. The cells were
centrifuged at 1000 X g for 1 min. The pelleted cells were suspended in 1 ml
of lysis buffer [1 mm DTT, 0.125 mm EDTA, 5% glycerol, 1 mm phenyl-
methylsulfonylfluoride, 1 wg/ml leupeptin, 1 wg/ml pepstatin, 1 wg/ml apro-
tinin, 1% Triton X-100 in 12.5 mm Tris-HCI buffer (pH 7.0)] at 4°C for 15
min. After centrifugation at 1000 X g for 15 min, cell lysates were diluted with
the reaction buffer [1 mm DTT, 0.5 mm EDTA, 20% glycerol in 50 mm
Tris-HCI buffer (pH 7.0)] and were incubated at 37°C in the presence of 30 um
of the caspase-3 substrate (acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin).
The product was measured at 2-min intervals at 460 nm after excitation at 360
nm using Fluoroskan 1. Protein concentration was measured by a dye-binding
assay using the Bio-Rad Protein Assay reagents (Bio-Rad Laboratories, Her-
cules, CA).

Detection of Caspase-3 Activation by Western Blotting. Cytosolic ex-
tracts, prepared as above and containing 25 ng protein, were subjected to
electrophoresis using 12% polyacrylamide slab gels. The proteins were trans-
ferred electrophoretically to polyvinylidene fluoride membrane. The nonspe-
cific binding sites on the membrane were first blocked with 5% (w/v) dried
skim milk in PBST. After three washes with PBST, the membrane was
incubated with affinity-purified anti-caspase-3 antibody (BD Transduction
Laboratories, Lexington, KY) diluted 1:1000 in 1% (w/v) dried skim milk in
PBST for 1 h at room temperature. The rest of the procedure was the same as
that described above for cytochrome c detection.

RESULTS

Differential Effects of Hets on the Survival of UM SCC38 Cells.
We have chosen to use the HNSCC cell line UM SCC38 to explore the
mechanism of action of Hets because these cells have been found to
be sensitive to some Hets in a xenograft model in nude mice (21).
Initially, we examined the effects of treating the cellsfor 72 h with six
different Hets and three retinoids at a concentration of 10 um (Figs. 1
and 2A). Among the six Hets examined, two (SHetA2 and SHetA19)
were found to be more potent than the natural RAs (ATRA and
9-cis-RA) in decreasing the survival of UMSCC38 cells, whereas the
other four were less potent. SHetA2 was as effective as the potent
pro-apoptotic retinoid 4HPR (Fig. 2A). The effects of these retinoids
on cell survival were dose dependent and time dependent (Fig. 2, B
and C). Decreased cell survival was noticed after 72 h of treatment
with concentrations as low as 1 um for SHetA2 and SHetA19. These

two Hets were also effective after shorter treatment (e.g., 24—48 h;
Fig. 2C).

Induction of Apoptosis in UMSCC38 Cells by SHetA2. Apo-
ptosis was determined after treatment with SHetA2 by the TUNEL
assay as shown in Fig. 3A. Whereas ATRA induced apoptosis in
<10% of the cells after a 72 h-treatment (Fig. 3A), SHetA2 induced
apoptosis in 47.5% of the cells after a 24 h-treatment, 72.7% after
48-h treatment, and almost 100% of the total cell population after a
72-h treatment (Fig. 3, A and B). Observations under the microscope
revealed that the UMSCC38 cells did not detach even after 72 h of
exposure to ShetA2, and they appeared to be intact and did not
fragment into apoptotic bodies. Using another apoptosis detection
method, the Annexin V hinding assay, we confirmed the ability of
SHetA2 to induce apoptosis (Fig. 3, C and D). 4HPR (10 um) induced
12.6% of necrosis and 14.1% of late stage of apoptosis after a 24-h
treatment, whereas ATRA was considerably less effective (Fig. 3, C
and D). In contrast, SHetA2 induced early-stage apoptosis (8.6%) and
late-stage apoptosis (33.8%), but not necrosis (2.9%) after a 24-h
treatment (Fig. 3C). Among other Hets, SHetA 19 was al so effectivein
inducing both early and late stage of apoptosis whereas the other four
Hets were ineffective (Fig. 3C).

The proapoptotic effect of SHetA2 was not restricted to UM SCC38,
as indicated by our finding that seven other HNSCCs were sensitive
to treatment with 10 um SHetA2 (Fig. 4, A and B). SHetA2 was more
potent than ATRA in the induction of apoptosisin eight HNSCC cell
lines (Fig. 4B).

Apoptosis Induced by SHetA2 Is Independent of Retinoid
Receptor-mediated Pathway. The Hets used in this study included
four that exhibited no receptor activation capability, one that was
specific for activating RXRs, and one that was specific for both RARs
and RXRs (Fig. 1). SHetA2 did not transactivate any of the retinoid
receptors at concentrations up to 10 um (Fig. 1). Indeed, neither the
pan-RAR-specific antagonist AGN193109 (40 um) nor the pan-RXR-
specific antagonist LG100754 (20 um) blocked apoptosis induced by
SHetA2 (Fig. 4C). Thus, we concluded that apoptosis induced
by SHetA2 is independent of activation of RARs or RXRs in the
UMSCC38 cells.

UMSCC38 Cells Accumulate in the S and G,-M Phases of the
Cell Cycle after Treatment with SHetA2. Examination of cell cycle
distributions in UMSCC38 cells treated with 10 um SHetA2 reveaed
that cells were shifted from the G, to the S and G,-M phases after 24
and 48 h compared with DM SO-treated control cells (Fig. 5). In 48-hr
treated cultures, the increase in G,-M was twice as high as at 24 h,
mostly because of afurther decreasein cellsin G,. We did not observe
the accumulation of cells in a sub-G1 compartment expected from
apoptotic cells. The reason may be that the cells had undergone DNA
fragmentation but did not form apoptotic bodies therefore the majority
of the signals recorded by the flow cytometer was of cellsin G;, S
phase, or G,-M, not sub-G;.

Treatment of UMSCC38 Cells with SHetA2 I ncreases Gener a-
tion of ROS, Suppresses Mitochondrial Permeability Transition,
and Induces Cytochrome ¢ Release from Mitochondria. The abil-
ity of retinoids, such as 4HPR, to induce apoptosis independent of
receptor activation has been ascribed in part to induction of ROS (14,
25-27). Therefore, we explored whether SHetA2 shares a similar
mechanism. SHetA2 increased the generation of intracellular ROS in
UMSCC38 cells within 60 min after treatment. A linear and time-
dependent increase in the ROS generation rate was observed up to 240
min (Fig. 6A). Under the same conditions, ATRA caused agradual but
small increase in ROS generation, whereas 4HPR induced ROS
generation more effectively than SHetA2. The increase of ROS by
SHetA2 treatment was inhibited by cotreatment with the antioxidant
BHA (Fig. 6A). Furthermore, BHA was able to suppress induction of
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apoptosis by SHetA2 (Fig. 6B), suggesting that ROS generation was
important for apoptosis induction by SHetA2.

Increased levels of ROS can lead to aterations in the mitochondrial
membrane potential followed by the release of caspase-activating
factors, such as cytochrome c. A kinetic analysis of the uptake of the
potential sensitive dye DiOCg4 (25) in SHetA2 treated cells, which is
indicative of MPT, demonstrated a time-dependent MPT suppression
beginning at 6 h after treatment (Fig. 6C). CsA, the reference inhibitor
of MPT (28), prevented the suppression of mitochondria depolariza-
tion by SHetA2 in UMSCC38 cells (Fig. 6D).

The suppression of MPT by SHetA2 treatment of UMSCC38 cells
was accompanied by the release of cytochrome c into the cytoplasm
(Fig. 6E). This event was blocked by CsA (Fig. 6E). Moreover, the
two MPT inhibitors CsA and TFP (27, 29), suppressed induction of
apoptosis by SHetA2 treatment (Fig. 6F).

Activation of Caspase-3 by SHetA2 Treatment. To investigate
additional downstream steps in the apoptosis pathway induced by
SHetA2, we tested the activation of capase-3in UMSCC38 cellsusing
both a Western blotting and a fluorescent substrate assay. Caspase-3-
like activity was increased efficiently and time dependently after
SHetA2 treatment (Fig. 7A). Procaspase 3 level decreased after treat-
ment, indicating its activation, and, indeed, an analysis of caspase-3
activity has shown an increase cleavage of a synthetic substrate
(Fig. 7A, bottom panel). The caspase-3 inhibitor, Ac-DEVD-CHO,
inhibited SHetA2-induced apoptosis in UMSCC38 cells (Fig. 7B).

DISCUSSION

The majority of retinoids used in clinical trias to date have exhib-
ited dose-limiting side effects (30—32). Therefore, considerable ef-
forts have been invested in the development of synthetic mimics of
RA, which exert similar biological effects but exhibit lower toxicity
than RA. One group of retinoids prepared for this purpose is the Hets

FITC Intensity

(33-35). Hets have been defined as retinoids possessing one aromatic
ring and at least one heteroatom (e.g., O, S NR) in the partially
saturated ring. A few members of this group exhibited considerable
anticancer activity (19-22). Inclusion of the heteroatom in the ring
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Fig. 4. Effect of SHetA2 on different HNSCC cancer cell lines and effects of the RAR
or RXR antagonists on the induction of apoptosis by SHetA2 in UMSCC38 cells. A and
B, effects of SHetA2 on different HNSCC cell lines. After 1 or 3 days of treatment with
10 um SHetA2, cells were harvested. Their survival was determined using SRB assay (A)
and apoptosis was detected using the TUNEL assay (B). Cell survival assay was per-
formed in triplicate, and the results were calculated as the mean = SE. C, cells were
treated with SHetA2 alone (10 wwm) or combined with AGN193109 (RAR antagonist; 40
um) or LG100754 (RXR antagonist; 20 um). Cells were harvested after 24 h and
processed for the TUNEL assay as described in “Materials and Methods.” The TUNEL
apoptosis assays were performed twice independently with similar results.
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or 48 h, cells were harvested and analyzed using a flow cytometer for DNA contents
distribution after propidium iodide staining as described in “Materials and Methods.”
Results represent two independent experiments. Cells with sub-G; DNA content were
excluded from analysis by gating to obtain cell cycle distribution of cells without
extensive DNA degradation.

has been shown to decrease the toxicity 100-fold in an animal
model (19).

Zacheis et al. (21) demonstrated that selected Hets inhibit cell
proliferation and suppress tumor growth in a xenograft model of
HNSCC UMSCC38 cells in nude mice, with no significant toxic
effects. ShetA2 did not induce apoptosis in norma ovarian and
endometrial cells in vitro and exhibited no toxicity to normal tissues
in vivo in an animal model in which tumor inhibition was clearly
observed.”

The active Hets exhibited specificity for both RAR and RXR or for
RXR only and also suppressed the activity of the activator protein 1
(AP-1) transcription factor. Although the effects of the Hets on
apoptosis had not been investigated, the marked regression of estab-
lished tumors in vivo (21) suggested that apoptosis could account for
some of the antitumor effects. Recent studies have demonstrated that
certain Hets can decrease the growth fraction of ovarian carcinoma
cells in organotypic cultures by inducing differentiation or apoptosis
(22). Moreover, some Hets were found to induce apoptosisin ATRA-
resistant HL60 myeloid leukemia cells (33). However, the mecha
nism(s) by which Hets induce apoptosis has remained unexplored.

In the present study, we have partialy elucidated for the first time
some aspects of the mechanisms by which a potent proapoptotic Het,
SHetA2, induces apoptosis. Initially, we compared the activities of six
Hets with those of the natural ATRA and 9-cis-RA and the synthetic
4HPR and found that SHetA2 was the most potent among all of these
retinoids in decreasing the survival of UMSCC38 cells by 50% when
cells were exposed to even 1 um for 72 h. This effect was found to
be the result of apoptosis induction. Therefore, subsequent studies
were focused on the mechanism of action of this Het. Because the
UMSCC38 cells were found to be the most sensitive to SHetA2
among eight different HNSCC cell lines and had also shown sensi-
tivity to Hets in vivo (21), we chose these cells for additional studies
on the SHetA2 mechanism of apoptosis induction. The apoptosis was
confirmed by two independent assays, the TUNEL assay and the
Annexin V assay. Thelatter assay demonstrated also that SHetA2 was

more potent than 4HPR, a potent proapoptotic retinoid (36, 37), in
inducing apoptosisin the UM SCC38 cells. The exposure of these cells
to SHetA2 also altered the cell cycle distribution such that the pro-
portion of cellsin the G, phase decreased and that in the S and G,-M
phases increased. There are several examples in the literature of
agents that can cause cells to accumulate in G,-M and induce apo-
ptosis. Such agents include CD437 (38), vinorelbin (39), and arsenic
trioxide (40).

ShetA2 does not activate nuclear retinoid receptors (Fig. 1). We
excluded a role for nuclear retinoid receptors in the mechanism of
apoptosis induction by SHetA2 in UMSCC 38 cells by demonstrating
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Fig. 6. Effects of SHetA2 on ROS generation, MPT suppression, and cytochrome ¢
release in UMSCC38 cells. A, cells were treated with the indicated retinoids (at 10 pm)
and with a mixture of SHetA2 (10 um) and BHA (50 wm) in the absence or presence of
DCF-DA. The fluorescence of the dichlorofluorescein generated because of the formation
of ROS was measured for 240 min (at 30-min intervals); con, control.. B, cells were
treated with control medium or with SHetA2 (10 um), BHA (50 um), or both. After 24 h,
cells were harvested, and apoptosis was detected by the TUNEL assay. C, cells were
treated with 10 uvm SHetA2 for different periods (up to 24 h); then cells were incubated
with 50 nv DiOCg and analyzed for fluorescence emission representing suppression of
MPT as described in “Materials and Methods.” D, the MPT inhibitor CsA (2 uwm) and the
arotinoid SHetA2 (10 um) were added concurrently or individually to UMSCC38 cells
and MPT suppression was determined. E and F, cells were cultured in the presence of 10
M SHetA2 and 2 um MPT inhibitor CsA or TFP. After 24 h, cells were harvested and
analyzed for: E, cytochrome c release by Western blotting; and F, apoptosis by the
TUNEL assay as described in “Materials and Methods.”
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Fig. 7 Activation of caspase-3 and its role in apoptosis induction by SHetA2 in
UMSCC38 cells. A, cellswere treated with SHetA2 for the indicated times, and cells were
harvested and analyzed for procaspase-3 level of activity and caspase-3-like activity, as
described in “Materials and Methods.” The results were calculated as the mean + SE of
three assays. B, cells were treated with 20 um caspase-3 inhibitor (Ac-DEVE-CHO) and
10 pum SHetA2, individually or in combination, as well as with control medium. After
24 h, cells were harvested, and apoptosis was detected by the TUNEL assay.

that the pan-RAR receptor antagonist AGN193109 and the RXR
antagonist LG100754 did not affect the ability of SHetA2 to kill cells.
It is noteworthy that a previous study has shown that some Hets can
inhibit growth of skin cell lines independently of apoptosis via a
RARpB-dependent mechanism (20). The ability to induce apoptosis of
head and neck cancer cellsindependently of receptor activation offers
promise for the potential of SHetA2 to exhibit reduced toxicity/
teratogenicity desired for optimal use in secondary chemoprevention
strategies. In previous studies, we and others have shown that the
potent apoptosis-inducing retinoid 4HPR triggers apoptosis by in-
creasing the production of ROS in mitochondria (25, 27, 37, 41). In
the present study, we have demonstrated that SHetA2 was also an
effective ROS inducer, albeit less potently than 4HPR but more
effectively than ATRA. The increase in ROS as well as apoptosis
could be blocked by the antioxidant BHA, indicating that SHetA2-
induced ROS generation is essentia for apoptosis as shown for 4HPR
(24, 27), as well as for various agents including tumor necrosis
factor-«, transforming growth factor-B1, anti-Fas antibodies, and sev-
eral chemotherapeutic agents as well as radiation (42—46). Besides
increasing ROS, SHetA2 also disrupted MPTP, and this effect was
blocked by CsA, which binds to Cyp-M, a cyclophilin-family protein
associated with the MPTP, causing it to dissociate from the pore
complex (47, 48). This reaction is believed to increase the probability
of inhibiting pore flicker and lowers the binding affinity for calcium
(49) and inhibits MPTP opening (50). SHetA2-induced opening of the
MPTP causes release of cytochrome c into the cytoplasm presumably
as a consequence of mitochondria swelling and outer membrane
rupture (51, 52). The roles of ROS, MPTP, and cytochrome c in the
mechanisms of SHetA2-induced apoptosis are supported by the find-
ing that not only CsA but aso another MPTP inhibitor, TFP-
suppressed SHetA2 induced apoptosis.

The release of cytochrome c¢ from the mitochondria and its inter-
action with cytosolic factors including Apaf-1 and dATP can activate
caspase-9 and then caspase-3 (52-54). Indeed, we found that SHetA2
treatment of UMSCC38 cells resulted in activation of caspase-3 and
that the caspase-3 inhibitor Ac-DEVD-CHO was able to inhibit
SHetA2-induced apoptosis.

In conclusion, our results demonstrate that SHetA2 is a potent
receptor-independent inducer of apoptosis and point to the mitochon-
dria as the major mediator of this effect at least in UMSCC38 cells.

Additional studies on the potential of SHetA2 for chemoprevention
and therapy of ATRA-resistant cancers are warranted based on these
findings and the low toxicity of SHetA2.
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