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Previously, we demonstrated that the peroxisome proliferator-activated recep®PARy) agonist
troglitazone mediated the repression of cyclin D1 in MCF-7 breast cancer cells by facilitating proteasome-
facilitated proteolysis. This PPARIndependent mechanism provided a molecular basis for using troglitazone
as scaffold to develop a novel class of cyclin D1-ablative agents. The proof of principle of this premise is
provided byA2TG, in which the introduction of a double bond adjacent to the thiazolidinedione ring abrogated
the PPAR activity while retaining the activity in cyclin D1 repression. Structural optimizatioddT G

led to STG28 [§)-5-(4{[6-(allyloxy)-2,5,7,8-tetramethylchroman-2-yl[methgxg-methoxybenzylidene)-
thiazolidine-2,4-dione], which exhibited low micromolar potency in ablating cyclin D1 and inhibiting MCF-7
cell proliferation. It is noteworthy that STG28 mediated the proteasomal degradation of cyclin D1 with a
high degree of specificity. Exposure to STG28 did not cause any appreciable change in the expression
levels of a series of other cyclins and CDK-dependent kinases. In light of the pivotal role of cyclin D1 in
promoting tumorigenesis and drug resistance, this novel cyclin D1-ablating agent may have therapeutic
relevance in cancer therapy.

Introduction versus PPAR activation, provides a molecular basis for using
Overexpression of the cell cycle control gene cyclin D1 troglitazone as scaffold to develop novel agents with high

represents a key mechanism underlying tumorigenesis, tumorPOte€ncy in repressing cyclin D1 expression. This structural
progression, and metastasis in a variety of human caAcers. optimization has led to a novel class of cyclin D1-ablative agents
Evidence indicates that cyclin D1 regulates cell cycle progres- With low-micromolar potency.
sion and proliferation through the interaction with multiple
signaling target8® Cyclin D1 serves as the regulatory subunit
of cyclin-dependent kinases (CDKSs) 4 and 6 and exhibits the In our previous report, we demonstrated that introduction of
ability to bind and sequester the CDK inhibitor p2¥Together, a double bond adjoining the terminal thiazolidine-2,4-dione ring
these functions facilitate CDK-mediated inactivating phospho- of troglitazone abrogated the PPARgonist activity without
rylation of the retinoblastoma protein (pRb), resulting in G1/S compromising the cyclin D1-repressing activifyThus, the
progression. In addition, this cell cycle regulator may regulate resulting PPARy-inactive analogueA2TG (Figure 1A) was
transcription through physical associations with a plethora of used as a lead compound in this study for structural modifica-
transcriptional factors, coactivators, and corepressors that goverrtions. To envisage the role of the vitamin E antioxidant moiety
histone acetylation and chromatin remodeling protéifiie in the effect ofA2TG on cyclin D1 ablation, different substit-
concerted action of these CDK-dependent and CDK-independentuents were added to the terminal hydroxyl functiolPA&TG,
functions underscores the oncogenic potential of cyclin D1 in yielding compoundd—5. Among them, addition of an allyl,
many forms of cancefrInhibition of cyclin D1 expression by  3,3-dimethylallyl, or benzyl group taA2TG resulted in a
antisense oligonucleotides has been shown to block tumorigen-multifold increase in the cyclin D1-ablating activity. Subse-
esis or to reverse the transformed phenotype of human esoph-quently, compoun® was synthesized to examine the effect of
ageaP lung;? colonl? pancreatid! gastrict213melanoma? and the orientation of the thiazolidinedione ring on the activity.
squamous cancer celfsin mice. Furthermore, we used the allyl- and 3,3-dimethylallyl-substituted
In light of the function of cyclin D1 as an oncogene, targeting analogues ofA2TG as platforms to carry out structural
its expression represents a promising strategy for canceroptimization, which generated two series of compounds, i.e.,
therapy!® Cyclin D1 is induced by a multitude of proliferative =~ 7—10 and11—-16, respectively. ThesA2TG derivatives were
and transforming signaling pathways, including the RAS/RAF/ synthesized according to a general procedure described in Figure
ERK, PI3K/PDK-1, WNTp-catenin, and PKA/CREB pathways, 1B. All derivatives synthesized, includins2TG, were racemic
and undergoes rapid proteasomal degradation upon the with-compounds unless otherwise indicated.
drawal of growth factor&® Previously, we reported that the
peroxisome proliferator-activated recepjo(PPARy) agonist Results
troglita_zone, at high doses, facilitated the proteqsomgl proteolysis Pharmacological Exploitation of PPARy-Independent Ef-
of cyclin D1 independently of PPAR!” The dissociation of  fact of Troglitazone on Cyclin D1 Repression To Generate
these two pharmacological activities, i.e., cyclin D1 repression 4 Novel Class of Cyclin D1-Ablative AgentsDose-dependent
o wn g roud be add 5o o14) 688 effect of troglitazone and\2TG on cyclin D1 repression in
4008_°F‘;"X:°r(%f%rre‘*gggés%r_‘cé_;a‘ﬁ:“ Che‘;_g " 4rcg%ii_é du_one- (614) MCF-7 cells was examined by Western blot analysis after 72 h
tThe Ohio State University. of drug treatment (Figure 2AN2TG, though devoid of PPAR
* National Taiwan University and National Health Research Institutes. agonist activity, exhibited slightly higher potency in repressing
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Figure 1. (A) Representative structures of troglitazone and derivatives
and (B) the general synthetic procedure for troglitazone derivatives.
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cyclin D1 compared to troglitazone. For example, the concentra-
tion required for the complete abrogation of cyclin D1 expres-
sion was approximately 30M for A2TG vis-avis 40 uM for

troglitazone. Earlier, we have demonstrated that this troglitazone-

andA2TG-mediated cyclin D1 down-regulation was caused by
ubiquitin-dependent proteasomal degradatiohogether, these
findings suggest that the effect of these agents on cyclin D1
repression was independent of PPA&tivation. Consequently,
A2TG was used as a starting point for structural optimization
to generate cyclin D1-ablative agents with low-micromolar
potency.

Lead Optimization: Steric and Stereochemical Effects.
A2TG was first conjugated with different substituents through
an ether linkage at the terminal hydroxyl function, generating
compoundsl—5. These derivatives were analyzed by Western
blotting for their ability, within the dose range of 2:5.5uM,
to repress cyclin D1 expression in MCF-7 cells (Figure 2B).
Among the five derivatives examined, the allyl)( 3,3-
dimethylallyl 2), and benzyl §) derivatives gave robust
reduction in cyclin D1 levels at concentrations below\ after
72 h of exposure, while the cinnamy#)(and succinyl %)
counterparts had only moderate effect even atuibd This
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Figure 2. Dose-dependent effect of troglitazon®2TG, and com-
pounds1—16 on cyclin D1 ablation in MCF-7 breast cancer cells.
MCF-7 cells were exposed to the individual agents at the indicated
concentrations in 5% FBS-supplemented medium for 72 h, and the
expression of cyclin D1 was analyzed by Western blot analysis with
f-actin as an internal standard: (A) Western blot analysis of the dose-
dependent effect of troglitazone a?®TG on cyclin D1 repression;

(B) a summary of the differential effect of compourfds16 on cyclin

D1 ablation. The general structures for these compounds are shown in
Figure 1. Intensities of cyclin D1 immunostaining in Western blots
were measured by densitometry and after being normalized to that of
actin were presented as numerical data with the DMSO control as 100%.
(C) Representative Western blotting of compou@d$, 8, and13 is
shown at the indicated concentrations.

exhibited the highest potency with multifold improvement over
the parent compound, followed by the methyl derivati9g (
while the bromo and methyoxy counterpartg &nd 10,
respectively) showed modest or no appreciable reduction in
cyclin D1-ablating activity (Figure 2B). The kg of 8 in

differential increase in potency suggests a unique mode of ligandmediating the repression of cyclin D1 was approximately 2.5
recognition that preferred less bulky hydrophobic side chains. ;M after 72 h of exposure, compared to greater thasVBfor

The 4- to 5-fold improvement in the cyclin D1-ablating activity
of compoundd —3 over A2TG indicates the importance of this
hydrophobic interaction in ligand binding.

1. On the other hand, derivatization »fvith various functional
groups (compoundd1-16) led to a decrease in potency
irrespective of the size and stereoelectronic property of these

Our data also suggest the requirement of a linear, elongatedsubstituents (Figure 2B).

ligand structure for the high potency in cyclin D1 ablation. For
example, changing the relative position of the terminal meth-
ylene-2,4-thiazolidinedione moiety to the phenyl ring from para
to meta ( — 6) substantially attenuated the cyclin D1-repressing
potency (Figure 2B).

With 1 and2 as lead compounds, we further examined the
effect of modifying the benzylidene moiety with different
substitutions on cyclin D1-ablating activity. Among the four
different analogues df examined, the methoxy derivativ8)(

In light of the high potency oB, we further compared the
activity of its optically active isomers. Figure 3 depicts the dose-
dependent effect 0fg-8 (left panel, named STG28 from this
point on) and R)-8 (right panel) in repressing the expression
of cyclin D1 in MCF-7 cells after a 24-h treatment. These data
clearly indicate a stereochemical preference in the pharmaco-
logical action, i.e., the potency of th§){isomer was severalfold
higher than that of theR)-counterpart. In line with its enhanced
ability in cyclin D1 ablation, STG28 exhibited significantly
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Figure 3. Dose-dependent effect 0B)¢8 (STG28) versusR)-8 on
cyclin D1 ablation. MCF-7 cells were exposed to the individual agents
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at the indicated concentrations in 5% FBS-supplemented medium for
24 h, and the expression of cyclin D1 was analyzed by Western blot

analysis withjg-actin as an internal standard.
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Figure 4. Mechanistic validation of the mode of action of STG28.
(A) Effect of STG28 on cyclin D1 ablation is highly specific. MCF-7
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Figure 5. Evidence that the effect of unsaturated thiazolidinedione
derivatives on cyclin D1 repression is reversible. The effect of the
unsaturated thiazolidinediorlg vis-avis its saturated counterpdl8,
each at 1«M, on cyclin D1 repression in MCF-7 cells was examined
at different intervals throughout a 48 h period in two different manners.
(A) For continuous exposure, cells in T-75 flasks were incubated in
drug-containing, 5% FBS-supplemented medium for 48 h. (B) For
washout at 24 h of treatment, cells in T-75 flasks were exposed to the
agent for 24 h, followed by incubation in drug-free medium for an
additional 24 h. Cyclin D1 levels in cell lysates were analyzed by
Western blot analysis witfi-actin as an internal standard.

cell cycle-regulatory proteins, underscoring the high degree of
specificity in the effect of STG28 on cyclin D1 repression.

Second, semiquantitative PCR (polymerase chain reaction)
showed that the mRNA level of cyclin D1 remained unaltered
after 24 h of exposure to different doses of STG28 (Figure 4B),
indicating that the repression occurred at the protein level.

Third, we tested the effect of the proteasome inhibitor MG132
on the protection of STG28-mediated cyclin D1 ablation (Figure
4C). As shown, MG132 at 5 and 1M was effective in
rescuing the drug-induced cyclin D1 repression, providing a
mechanistic link with proteasome-mediated proteolysis.

Together, these findings confirmed that STG28 mediated the
repression of cyclin D1 through the same mode of mechanism
as that of troglitazone and2TG. The target that thes®2TG

cells were exposed to STG28 at the indicated concentrations in 5% derivatives use to facilitate proteasomal degradation of cyclin
FBS-supplemented medium for 24 h, and the expression of various D1 remains unclear. However, the presence of the benzylidine-

cyclins, CDKs, the CDK inhibitors p21 and p27 was analyzed by
Western blot analysis wit-actin as an internal standard. (B) STG28-
facilitated cyclin D1 ablation is mediated at the post-transcriptional
level. Drug-treated MCF-7 cells were subjected to total RNA isolation,
followed by RT-PCR analysis of mRNA transcripts of cyclin D1 gene,
as described in the Experimental Section. (C) STG28-facilitated cyclin

thiazolidine-2,4-dione substructure raised a possibility that these
A2TG derivatives might act as “Michael acceptors” by co-
valently modifying the target enzyme/protein upon binding. To
examine this possibility, we assessed the effect of an unsaturated
thiazolidinedione 17) vis-avis its saturated counterpari§)

D1 ablation is mediated through proteasomal degradation. MCF-7 cells on cyclin D1 ablation by using a washout experiment. Com-

were exposed to 10M STG28 in the presence of various concentrations
of the proteasome inhibitor MG132 in 5% FBS-supplemented medium
for 24 h, and the expression of cyclin D1 was analyzed by Western
blot analysis withs-actin as an internal standard.

higher potency than2TG in inhibiting MCF-7 cell proliferation
(ICsp of 5 vs 55uM).

Mechanistic Validation of the Mode of Action of STG28.
Previously, we demonstrated that troglitazone aN8TG
facilitated proteasomal degradation of cyclin D1 in a highly
specific mannet! Here, we carried out the following three
experiments to validate the mechanism by which STG28
mediated cyclin D1 ablation. First, to demonstrate that the

poundsl7 and 18 exhibited 1G of 6 and 9uM, of which the
relative ratio was in line with that oA2TG to troglitazone.
Figure 5A shows the time-dependent effectldf(left panel)
and18 (right panel), each at 1M, on the suppression of cyclin
D1 expression. In a parallel experiment in which these agents
were washed out from the medium after 24 h of exposure, the
cyclin D1 level rapidly returned to normal regardless of the
unsaturated thiazolidinedione moiety (Figure 5B). These data
suggest a reversible nature of this ligarptotein interaction.

Discussion
On the basis of the mechanistic finding that the effect of

ablative effect of STG28 was unique to cyclin D1, we assessed troglitazone on cyclin D1 repression was independent of PPAR

the expression levels of cyclins D2, D3, A, B, and E, CDKs 2 activation!’ this study embarked on the structural optimization

and 4, and the CDK inhibitors p21 and p27 in MCF-7 cells of troglitazone to develop a novel class of cyclin D1-ablative

exposed to different doses of STG28 for 24 h (Figure 4A). As agents. Our premise that troglitazone’s pharmacological activi-
shown, with the exception of a slight decrease in p21 levels, ties in cyclin D1 ablation and PPARactivation could be

no appreciable change was noted in the expression level of thesestructurally dissociated was borne out A2 TG, which, albeit
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devoid of PPAR: activity, exhibited a slightly higher cyclin (2)-54{ 4-[(6-Allyloxy-2,5,7,8-tetramethylchroman-2-yl)methoxy]-
D1-ablating activity. Presumably, the rigid, liner substructure benzylideng thiazolidine-2,4-dione (1). Step a(1) To a stirring
of benzylidene-thiazolidinedione &f2TG prohibited its interac-  solution of 0.78 g of LiAlH, (20 mmol) in 10 mL of THF at GC
tion with PPARy. Subsequent modifications ARTG by adding ~ Was addé 5 g (20 mmol) of 6-hydroxy-2,5,7,8-tetramethylchroman-
hydrophobic side chains, including allyl, dimethylallyl, and 2-carboxylic acid (Sigma-Aldrich, St. Louis, MO) in 250 mL of

. . THF dropwise over a period of 1 h. The solution was stirred at
benzyl, to .the terminal hygroxyl f“r.‘c“°r? (CompogriKiSZ, a}nd room temperature under nitrogen for another 6 h, and 4 mL of 0.25
3, respectively) resulted in a multifold increase in cyclin D1- N NaOH was added to quench the reaction. The mixture was stirred

repressing potency. This increase, however, was not noted withat room temperature for 1 h, filtered, and concentrated under
an extended aromatic side chain such as cinnawiylo( a reduced pressure. The resulting residue was purified by flash silica
charged group such as succing).(Moreover, the requirement  gel chromatography (ethyl acetate/hexane, 1:2) to afford 2-hy-
of a linear structure for the ligand recognition was underscored droxymethyl-2,5,7,8-tetramethylchroman-6-ol in 75% yield.

by the substantially lower potency 6fcompared td. Further (2) A mixture of the above purified product (2 mmol), allyl
modifications of the benzylidene moiety inand2 revealed a ~ bromide (2 mmol), and CO; (3 mmol) in 10 mL of acetone was
subtle effect of the 3-substitution on cyclin D1 ablation. Among refluxed for 48 h, filtered, and concentrated. The resulting residue
the 10 derivatives examined<16), 8 showed the highest ~ Vas punfnegl by flash silica gel chromatography (ethyl acetate/
activity, followed by, while the other derivatives displayed —€Xanes, 1:5) to yield (6-allyloxy-2,5,7,8-tetramethylchroman-2-

. P yl)methanol in 81% yield.
decreased potency. It is also noteworthy that the abilit§ iof (3) Triflate anhydride (0.19 mL, 1.1 mmol) was added dropwise

cyclin D1 repression was stereospecific; i.e., Begnantiomer  iniq the mixture of the above purified product (1 mmol), pyridine
(STG28) was more active than thig){counterpart. STG28 was (1.2 mmol), and 5 mL of ChCl, at 0°C. The solution was stirred
able to repress cyclin D1 at low-micromolar concentrations, at 0°C for 30 min and concentrated. The resulting residue was
while (R)-8 required at least 1M to achieve the same extent  purified by flash silica gel chromatography (ethyl acetate/hexanes,
of repression. 1:10), giving (6-allyloxy-2,5,7,8-tetramethylchroman-2-yl)methyl
Equally important, STG28-mediated cyclin D1 ablation was trifluoromethanesulfonate in 92% yield. _
highly specific. Our data indicate that none of the other cyclins _ Step b.The purified triflate from step a (0.5 mmol) in 2 mL of
examined were affected by STG28. The mode of action of PMF was treated with KCO; (0.5 mmol) in 10 mL of DMF at
STG28 in facilitating cyclin D1 ablation was identical to that C -C for 30 min, followed by 4-hydroxybenzaldehyde (0.5 mL,
. : : . 4.7 mmol). The mixture was stirred at room temperature overnight,
of its parent compound, i.e., via proteasome-mediated proteoly-

. o . . poured into water to quench the reaction, extracted with ethyl
sis. From a mechanistic perspective, STG28 provides a usefuly etate, and concentrated. The resulting residue was purified by

pharmacological tool to study the ubiquitin-dependent protea- fiash silica gel chromatography (ethyl acetate/hexanes, 1:10),
somal degradation of cyclin D1, which constitutes the focus of resulting in 4-[(6-allyloxy-2,5,7,8-tetramethylchroman-2-yl)methoxy]-

our current investigation. benzaldehyde in 93% yield.
. Step c.A mixture of the above purified aldehyde (0.3 mmol),
Conclusion 4-thiazolidinedione (0.6 mmol), and a catalytic amount of piperidine

STG28 represents the first small-molecule agent that exhibits was refluxed in 5 mL of EtOH for 24 h and concentrated. The oil
high potency in repressing cyclin D1 expression. This agent product was dissolved in ethyl acetate, poured into water, and
may have therapeutic relevance in light of the pivotal role of acidified with acetic acid. The mixture was extracted with ethyl
cyclin D1 in promoting tumorigenesis and drug resistance. In acetate and concentrated. The resulting residue was purified by flash

: . silica gel chromatography (ethyl acetate/hexanes, 1:5), generating
breast cancer, overexpression of this cell cycle regulator confers1 in 71% yield: 'H NMR (CDCh) 6 1.30 (s, 3H), 1.831.93 (m,

resistance to antiestrogens and represents a negative predictiv«fH) 2.04-2.16 (m, 10H), 2.58 (&) = 5.8 Hz, 2 H), 3.95 (dJ =
factor for tamoxifen response. Thus, these findings underscoreg g 1, 1 H)' 4.03,(dJ Z88Hz 1 H)I 415 (dJ = 11.5 Hz. 2

the potential use of this anti-cyclin D1 therapy in the treatment H), 5.23 (d,J = 10.1 Hz, 1 H), 5.41 (dJ = 18.2 Hz, 1 H), 6.02
of breast cancer. Testing of STG28 in an in vivo breast tumor 6.17 (m, 1 H), 7.10 (dJ = 9.8 Hz, 2 H), 7.48 (dJ = 9.8 Hz, 2

model is currently under way. H), 7.79 (s, 1 H), 8.56 (s, 1 H); HRMS exact mass of MNa)",
. ) 502.1658 amu; observed mass of MNa)*, 502.1685 amu. Anal.
Experimental Section (CaH2NOsS) C, H, N.

Chemical reagents and organic solvents were purchased from (2)-5-(4-((2,5,7,8-Tetramethyl-6-(3-methylbut-2-enyloxy)chro-
Aldrich unless otherwise mentioned. Nuclear magnetic resonanceman-2-yl)methoxy)benzylidene)thiazolidine-2,4-dione (2):*H
spectra f{H NMR) were measured on a Bruker AC 300, Bruker NMR (CDCl) 6 1.40 (s, 3 H), 1.63 (s, 3 H), 1.69 (s, 3 H), 1-88
DPX 300, or Bruker DRX 400 model spectrometer. Chemical shifts 1.93 (m, 1 H), 2.042.18 (m, 10 H), 2.61 (tJ = 6.8, 2 H), 3.95
(0) were reported in parts per million (ppm) relative to the TMS (d,J = 9.3 Hz, 1 H), 4.03 (dJ = 9.3 Hz, 1 H), 4.15 (dJ = 7.0,
peak. Electrospray ionization (ESI) mass spectrometry analyses were2 H), 5.58 (t,J = 7.2, 1 H), 7.01 (dJ = 8.8 Hz, 2 H), 7.42 (dJ
performed with a Micromass QTOF electrospray mass spectrometer.= 8.8 Hz, 2 H), 7.90 (s, 1 H), 8.84 (s, 1 H); HRMS exact mass of
Elemental analyses were performed by the Atlantic Microlab, Inc. (M + Na)*, 530.1971 amu; observed mass of MNa)*, 530.1975
(Norcross, GA). amu. Anal. (GgH3aNOsS) C, H, N.

Troglitazone and the proteasome inhibitor MG132 were pur-  (Z)-5-{4-[(6-Benzyloxy-2,5,7,8-tetramethylchroman-2-yl)-
chased from Sigma-Aldrich (St. Louis, MOY2TG was synthesized =~ methoxy]-3-bromobenzylidenéthiazolidine-2,4-dione (3): H
as previously describéd Mouse anti-cyclin D1 was purchased from NMR (CDCl) 6 1.42 (s, 3 H), 1.841.95 (m, 1 H), 2.042.20
Cell Signaling Technology Inc. (Beverly, MA). Rabbit antibodies (m, 10 H), 2.62 (tJ = 6.9 Hz, 2 H), 3.95 (dJ = 9.3, 1 H), 4.01
against CDK2, CDK4, cyclin A, cyclin B, cyclin D2, cyclin D3, (d, J = 9.3 Hz, 1 H), 4.67 (s, 2 H), 7.01 (d,= 8.9 Hz, 2 H),
cyclin E, p21, p27 were purchased from Santa Cruz Biotechnology, 7.35-7.50 (m, 7 H), 7.79 (s, 1 H), 8.69 (brs, 1 H); HRMS exact
Inc. (Santa Cruz, CA). Mouse monoclonal anti-actin was purchased mass of (M+ Na)*, 552.1815 amu; observed mass of {M\a)",
from MP Biomedicals (Irvine, CA). MTT [3-(4,5-dimethylthiazol- ~ 552.1839 amu. Anal. ($H3:NOsS) C, H, N.
2-yl)-2,5-diphenyl-H-tetrazolium bromide] for cell viability assay (2)-54 4-[(6-Cinnamyloxy-2,5,7,8-tetramethylchroman-2-yl)-
was purchased form TCI America, Inc. (Portland, OR). methoxy]benzylidené thiazolidine-2,4-dione (4):'H NMR (CDClg)

Compoundsl—18 were synthesized according to the general 6 1.41 (s, 3 H), 1.831.94 (m, 1 H), 2.02-2.20 (m, 10 H), 2.62 (t,
procedure described in Figure 1B, which is illustrated by the J= 6.0 Hz, 2 H), 3.95 (dJ = 8.9 Hz, 1 H), 4.04 (dJ = 8.9 Hz,
synthesis ofl, described as follows. 1H), 4.34 (dJ=5.8Hz, 2 H), 6.46-6.51 (m, 1 H), 6.73 (dJ =
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16 Hz, 1 H), 7.01 (dJ = 8.7 Hz, 2 H), 7.257.50 (d, 7 H), 7.79
(s, 1 H), 8.54 (brs, 1 H); HRMS exact mass of (MNa)*, 578.1971
amu; observed mass of (M Na)", 578.1966 amu.

(2)-4-[2-({ 4-[(2,4-Dioxothiazolidin-5-ylidene)methyl]phenoxy -
methyl)-2,5,7,8-tetramethylchroman-6-yloxy]-4-oxobutanoic Acid
(5): TH NMR (CDCls) 6 1.36 (s, 3 H), 1.842.10 (m, 11 H), 2.62
(m, 2 H), 2.77#2.82 (m, 2 H), 2.882.92 (m, 2 H), 3.95 (dJ =
9.2,1H,),4.02 (dJ=9.2 Hz, 1 H), 6.96 (dJ = 6.6 Hz, 2 H),
7.40 (d,J = 6.6 Hz, 2 H), 7.77 (s, 1 H), 8.43 (brs, 1 H); HRMS
exact mass of (M- Na)", 562.1506 amu; observed mass of {M
Na)*, 562.1480.

(2)-54 3-[(6-Allyloxy-2,5,7,8-tetramethylchroman-2-yl)methoxy]-
benzylideng thiazolidine-2,4-dione (6):*H NMR (CDCl;) 6 1.35
(s, 3 H), 1.75-1.98 (m, 1 H), 2.042.22 (m, 10 H), 2.61 (&) =
5.9 Hz, 2 H), 3.95 (m, 2 H), 4.15 (d,= 11.5 Hz, 2 H), 5.25 (d,
J=8.6 Hz, 1 H), 5.43 (dJ = 14.3 Hz, 1 H), 6.026.17 (m, 1 H),
7.01 (m, 2 H),7.08 (m,1H),7.35@3=6.9Hz,1H),7.75(s, 1
H), 8.38 (s, 1 H); HRMS exact mass of (M Na)*, 502.1659 amu;
observed mass of (M- Na)*, 502.1677.

(2)-54 4-[(6-Allyloxy-2,5,7,8-tetramethylchroman-2-yl)methoxy]-
3-bromobenzylideng thiazolidine-2,4-dione (7):'H NMR (CDClg)

0 1.47 (s, 3 H), 1.942.19 (m, 11 H), 2.66:2.64 (m, 2 H), 4.00
(d,J=9.2 Hz, 1 H), 4.07 (d) = 9.2 Hz, 1 H), 4.16 (d) = 5.5
Hz, 2 H), 5.23 (dJ = 10.4 Hz, 1 H), 5.41 (d) = 17.2 Hz, 1 H),
5.98-6.11 (m, 1 H), 6.96 (dJ = 8.7 Hz, 1 H), 7.36 (ddJ) = 8.7,
2.1 Hz, 1 H), 7.67 (dJ = 2.1 Hz, 1 H), 7.70 (s, 1 H), 8.30 (brs,
1 H); HRMS exact mass of (M- Na)*, 580.0763 amu; observed
mass of (M+ Na)*, 580.0763 amu.

(2)-54 4-[(6-Allyloxy-2,5,7,8-tetramethylchroman-2-yl)methoxy]-
3-methoxybenzylidengthiazolidine-2,4-dione (8):H NMR (CDCl)
01.42(s,3H),1.881.92 (m, 1 H), 2.042.18 (m, 10 H), 2.61 (t,
J=7.2Hz, 2 H), 3.88 (s, 3H), 3.98 (d,= 9.9 Hz, 1 H), 4.09 (d,
J=9.9 Hz, 1 H), 4.16 (dJ = 5.5 Hz, 2 H), 5.23 (dJ = 10.4 Hz,
1H), 5.40 (dJ=17.2 Hz, 1 H), 6.03-6.15 (m, 1 H), 6.96-7.06
(m, 3 H), 7.76 (s, 1 H), 8.34 (s, 1 H); HRMS exact mass of{M
Na)*, 532.1764 amu; observed mass of fMNa)", 532.1762 amu.
Anal. (C28H31NOGS) C, H, N.

(2)-54 4-[(6-Allyloxy-2,5,7,8-tetramethylchroman-2-yl)methoxy]-
3-methylbenzylidené thiazolidine-2,4-dione (9):*H NMR (CDCly)

0 1.43 (s, 3 H), 1.891.94 (m, 1 H), 2.052.20 (m, 10 H), 2.26
(s, 3H), 2.61(tJ=6.5Hz, 2 H), 3.95 (dJ = 9.3 Hz, 1 H), 4.02
(d,J=9.3 Hz, 1 H), 4.16 (dJ = 5.5 Hz, 2 H), 5.23 (dJ = 10.4
Hz, 1 H), 5.41 (dJ=17.3 Hz, 1 H), 6.046.15 (m, 1 H), 6.88 (d,
J=8.8Hz,1H),7.27 (s, 1 H), 7.29 (d,= 8.0 Hz, 1 H), 7.76 (s,
1 H); HRMS exact mass of (M- Na)*, 516.1815 amu; observed
mass of (M+ Na)*, 516.1837 amu. Anal. ($gH3:NOsS) C, H, N.

(2)-54 4-[(6-Allyloxy-2,5,7,8-tetramethylchroman-2-yl)methoxy]-
3-ethoxybenzylidengthiazolidine-2,4-dione (10):'H NMR (CDCl)

0 1.45 (s, 3 H), 1.58 (s, 3 H), 1.85..95 (m, 1 H), 2.02 (s, 3 H),
2.12-2.25 (m, 7 H), 2.60 (m, 2 H), 3.974.31 (m, 6 H), 5.23 (d,
J=8.6 Hz, 1 H), 5.40 (dJ = 13.3 Hz, 1 H), 6.056.16 (m, 1 H),
6.94-7.10 (m, 3 H), 7.76 (s, 1 H), 8.31 (s, 1 H); HRMS exact
mass of (M+ Na)*, 546.1921 amu; observed mass of {iVNa)",
546.1907 amu.

(2)-5-(3-Fluoro-4{[2,5,7,8-tetramethyl-6-(3-methylbut-2-eny-
loxy)chroman-2-yljmethoxy} benzylidene)thiazolidine-2,4-di-
one (11):*H NMR (CDClg) 6 1.42 (s, 3 H), 1.69 (s, 3 H), 1.78 (s,
3 H),1.871.93 (m, 1 H), 1.96 (s, 3 H), 2.642.17 (m, 7 H), 2.61
(t, J=6.5Hz, 2 H), 4.02 (dJ = 9.5 Hz, 1 H), 4.10 (dJ = 9.5
Hz, 1 H), 4.15 (dJ = 7.2 Hz, 2 H), 5.57 (t) = 6.9 Hz, 1 H), 7.05
(t, J=8.3Hz, 1 H), 7.1#7.23 (m, 2 H), 7.72 (s,1 H), 8.46 (brs,
1 H); HRMS exact mass of (M- Na)*, 548.1877 amu; observed
mass of (M+ Na)*, 548.1889 amu.

(2)-5-(3-Bromo-44{[2,5,7,8-tetramethyl-6-(3-methylbut-2-eny-
loxy)chroman-2-yl)methoxylbenzylidenéthiazolidine-2,4-di-
one (12):*H NMR (CDCl3) 6 1.40 (s, 3 H), 1.69 (s, 3 H), 1.78 (s,
3 H), 1.9:-1.97 (m, 1 H), 2.022.21 (m, 10 H), 2.61 (m, 2 H),
3.94 (d,J = 9.5 Hz, 1H), 4.03 (dJ = 9.5 Hz, 1 H), 4.14 (dJ =
6.8 Hz, 2 H), 5.58 (t) = 7.1 Hz, 1 H), 6.96 (dJ = 8.6 Hz, 1 H),
7.38 (dd,J = 8.6, 2.0 Hz, 1 H), 7.67 (d) = 2.0 Hz, 1 H), 7.79
(s,1 H), 8.56 (brs, 1 H); HRMS exact mass of (MNa)", 608.1076
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amu; observed mass of (M Na)*, 608.1094 amu. Anal. (fgHz>-
BrNOsS) C, H, N.

(2)-5-(3-Methoxy-4{[2,5,7,8-tetramethyl-6-(3-methylbut-2-
enyloxy)chroman-2-ylJmethoxy} benzylidene)thiazolidine-2,4-di-
one (13):*H NMR (CDClg) 6 1.42 (s, 3 H), 1.69 (s, 3 H), 1.78 (s,
3 H), 1.86-1.93 (m, 1 H), 2.0+2.17 (m, 10 H), 2.61 (1) = 6.8
Hz, 2 H), 3.87 (s, 3 H), 4.00 (&= 9.5 Hz, 1 H), 4.09 (dJ=9.5
Hz, 1 H), 4.14 (dJ = 6.8 Hz, 2 H), 5.58 (tJ = 7.1 Hz, 1 H),
6.96-7.06 (m, 3 H), 7.76 (s, 1 H); HRMS exact mass of (M
Na)*, 560.2077; observed mass of (M Na)", 560.2086.

(2)-5-(3-Methyl-4{[2,5,7,8-tetramethyl-6-(3-methylbut-2-eny-
loxy)chroman-2-yllmethoxy} benzylidene)thiazolidine-2,4-di-
one (14):1H NMR (CDCl;) 6 1.44 (s, 3 H), 1.69 (s, 3 H), 1.78 (s,

3 H), 1.86-1.94 (m, 1 H), 2.022.20 (m, 10 H), 2.26 (s, 3 H),
2.61 (t,J = 3.2 Hz, 2 H), 3.95 (dJ = 9.3 Hz, 1 H), 4.03 (dJ =
9.3 Hz, 1 H), 4.17 (dJ = 6.9 Hz, 2 H), 5.58 (tJ = 5.5 Hz, 1 H),
6.88 (d,J = 9.2 Hz, 1H), 7.27 (s, 1 H), 7.29 (d,= 9.2 Hz, 1H),
7.76 (s, 1 H), 8.24 (brs,1 H); HRMS exact mass of (MNa),
544.2128 amu; observed mass of (MNa)*, 544.2134 amu.

(2)-5-(3-Ethoxy-4{[2,5,7,8-tetramethyl-6-(3-methylbut-2-eny-
loxy)chroman-2-yllmethoxy)benzylidengthiazolidine-2,4-di-
one (15):'H NMR (CDCl3) 6 1.40-1.46 (m, 6 H), 1.70 (s, 3 H),
1.79 (s, 3 H), 1.8#1.93 (m, 1 H), 2.01 (s, 3 H), 2.62.17 (m, 7
H), 2.62 (t,J = 7.0 Hz, 2 H), 3.974.16 (m, 6 H), 5.58 () = 7.1
Hz, 1 H), 6.97-7.08 (m, 3 H), 7.76 (s, 1 H), 8.59 (s, 1 H); HRMS
exact mass of (M- Na), 574.2342; observed mass of (MNa)*,
574.2122.

(2)-5-[(4'-Fluoro-6-{[2,5,7,8-tetramethyl-6-(3-methylbut-2-
enyloxy)chroman-2-ylmethoxy} biphenyl-3-yl)methylene]thiazo-
lidine-2,4-dione (16):'H NMR (CDCl) ¢ 1.27 (s, 3 H), 1.69
1.94 (m, 8 H), 2.00 (s, 3 H), 2.10 (s, 3 H), 2.17 (s, 3 H), 246
2.61 (m, 2 H), 3.99 (s, 2 H), 4.14 (d,= 7.0 Hz, 2 H), 5.58 (t,
=7.1Hz, 1 H),7.027.10 (m, 3H), 7.4%+7.52 (m, 4 H), 7.81 (s,

1 H), 8.30 (brs, 1 H); HRMS exact mass of (MNa)", 624.2190;
observed mass of (M- Na)*, 624.2206.

(2)-5{ 4-[2-(6-Butoxy-2,5,7,8-tetramethyl-chroman-2-yl)ethyl]-
3-trifluoromethylbenzylidene} thiazolidine-2,4-dione (17): *H
NMR (CDClg) 6 0.93 (t,J = 7.0 Hz, 3 H), 1.3+1.54 (m, 5 H),
1.73-1.84 (m, 2 H), 1.871.95 (m, 1 H), 1.952.19 (m, 10 H),
2.60 (m, 2 H), 3.62 (t) = 6.7 Hz, 2 H), 4.03 (gJ = 9.0 Hz, 1 H),
4.08 (9, = 9.3 Hz, 1 H), 7.09 (dJ = 9.0 Hz, 1 H), 7.59 (ddJ
=9.0, 2.1 Hz, 1 H), 7.70 () = 2.1 Hz, 1H), 7.79 (s, 1 H), 8.83
(s, 1 H); HRMS exact mass of (M- Na)", 584.2058; observed
mass of (M+ Na)*, 584.2094.

5-{4-[2-(6-Butoxy-2,5,7,8-tetramethylchroman-2-yl)ethyl]-3-
trifluoromethylbenzyl } thaizolodine-2,4-dione (18): 'H NMR
(CDCls) 6 0.99 (t,J=7.2, 3 H), 1,34-1.68 (m, 5 H), 1.69-1.86
(m, 2 H), 1.86-1.98 (m, 1 H), 1.982.22 (m, 10 H), 2.62 (1 H),
3.18 (m, 1 H), 3.46 (m, 1 H), 3.64 (#,= 6.9 Hz, 2 H), 4.26 (g,
=10 Hz, 2 H), 4.51 (m, 1 H), 6.95 (d,= 6.6 Hz, 1H), 7.26 (d,
J=6.6 Hz, 1 H), 7.44 (s, 1 H), 8.165 (s, 1 H); HRMS exact mass
of (M + Na), 586.2215; observed mass of (MNa)", 586.2237.

Cell Culture. ER-positive MCF-7 breast cancer cells were
obtained from the American Type Culture Collection (Manassas,
VA) and were maintained in DMEM/Ham’s F-12 medium supple-
mented with 10% fetal bovine serum (FBS, Gibco) at°87in a
humidified incubator containing 5% GO

Western Blot Analysis.MCF-7 cells were seeded in 10% FBS-
containing DMEM/Ham’s F-12 medium for 24 h and treated with
various agents as indicated. After individual treatments for 24 h,
both the incubation medium and adherent cells in T-25 or T-75
flasks were scraped and collected by centrifugation at 2200 rpm
for 10 min. The supernatants were recovered, placed on ice, and
triturated with 26-50 uL of a chilled lysis buffer (M-PER
mammalian protein extraction reagent; Pierce, Rockford, IL), to
which was added 1% protease inhibitor cocktail (set Ill, EMD
Biosciences, Inc.; San Diego, CA). After a 30-min incubation on
ice, the mixture was centrifuged at 160f@r 3 min. An amount
of 2 uL of the suspension was taken for protein analysis using the
Bradford assay kit (Bio-Rad, Hercules, CA). To the remaining
solution was added the same volume of 3DS—polyacrylamide
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gel electrophoresis sample loading buffer (100 mM Tris-HCI, pH References

6.8, 4% SDS, 5%j3-mercaptoethanol, 20% glycerol, and 0.1%
bromphenol blue). The mixture was boiled for 10 min. Equal
amounts of proteins were loaded onto 10% SipS8lyacrylamide
gels. After electrophoresis, protein bands were transferred to
nitrocellulose membranes in a semidry transfer cell. The transblotted
membrane was blocked with Tris-buffered saline/0.1% Tween 20
(TBST) containing 5% nonfat milk for 90 min, and the membrane
was incubated with the appropriate primary antibody in TBST/5%
nonfat milk at 4°C overnight. After being washed three times with
TBST for a total of 45 min, the transblotted membrane was
incubated with goat antirabbit or antimouse 1gG-horseradish per-
oxidase conjugates (diluted 1:1000) fb h atroom temperature
and washed four times with TBST for a total of 1 h. The
immunoblots were visualized by enhanced chemiluminescence.

Semiquantitative PCR Analysis of mRNA Transcripts of
Cyclin D1 Gene.MCF-7 cells were subject to total RNA isolation
by using the RNeasy minikit (Qiagen, Valencia, CA). RNA
concentrations and quality were assessed spectrophotometrically
by measuring absorption at 260 nm. Aliquots ofi@Pof total RNA
from each sample were reverse-transcribed to cDNA using the
Omniscript RT kit (Qiagen) according to manufacturer’s instruc-
tions. The primers used were as follows: cyclin D1, forward, 5
ATGGAACACCAGCTCCTGTGCTGC-3 reverse, 5TCAGAT-
GTCCACGTCCCGCACGT-3 p-actin, forward, 5TCTACA-
ATGAGCTGCGTGTG-3, reverse, 5GGTCAGGATCTTCAT-
GAGGT-3. The reaction conditions were as follows: for cyclin
D1, (1) initial denaturation at 98C for 5 min, (2) 34 cycles of
amplification (95°C for 1 min, 65°C for 1 min 45 s, and 72C
for 1 min), and (3) a final extension step of 10 min at°C2, for
p-actin, (1) initial denaturation at 9% for 3 min, (2) 40 cycles of
amplification (95°C for 30 s, 58°C for 20 s, and 72C for 45 s),
and (3) a final extension step of 10 min at’®2 The PCR reaction
products were separated electrophoretically in a 1.2% agarose gel
and stained with ethidium bromide.

Cell Viability Analysis. The effect of individual test agents on
cell viability was assessed by using the MTT assay in six replicates.
Cells were seeded and incubated in 96-well, flat-bottomed plates
in DMEM/Ham'’s F-12 medium with 10% FBS for 24 h and were
exposed to various concentrations of test agents dissolved in DMSO
(final DMSO concentration, 0.1%) in 5% FBS-supplemented
DMEM/Ham’s F-12 medium. Controls received DMSO vehicle at
a concentration equal to that of drug-treated cells. The medium
was removed and replaced by 200 of 0.5 mM MTT in 10%
FBS-containing RPMI 1640 medium, and cells were incubated in
the 5% CQ incubator at 37C for 2 h. Supernatants were removed
from the wells, and the reduced MTT dye was solubilized in 200
uL/well DMSO. Absorbance at 570 nm was determined on a plate
reader.
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