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ABSTRACT

The goal of this project is to build upon our discovery of two phospholipid lead compounds, serine amide phosphate (SAP)
and serine diamide phosphate (SDAP), that have been shown to be sclective in their cytotoxic actions in PC-3 and DU-145 prostate
caner cells respectively. These agents were originally desingned as part of a series of compounds to inhibit lysophosphatidic acid
(LPA), a phospholid growth factor. After discovering the antiproliferation activity of SAP and SDAP in prostate cancer cell lines we
propose to snythesize a focused set of SAP and SDAP analogs. We have found that the synthesis of these compounds can be prepared
in a shorter sequence and in better yield using our new sythetic scheme. We have tested for the affinity of the synthesized compounds
in PC-3, DU-145, and LNCaP cell lines as we proposed earlier. In addition to these cell lines we have also tested for affinity of these
compounds in two additional PPC-1 and TSU cell lines (data shown in Table 1). These new analogs have provided valuable insight as
to the importance of chirality, lipid solubility, spatial orientation, and important functional groups of the pharamcophore and for the
optimization of the antiproliferative actions of this new set of drugs. Our most recent compounds are based on the thiazolidinones (2)
and the thiazolidine (3) analogs. We have utilized new synthetic schemes for these new compounds and have found the optimum
length of the aliphatic chain in these two series. In earliar studies it appeared in our Serine Amide Phosphate (SAP) series that the
alphatic chain is optimum at C-14 while with the new compounds it apprears to be C-18 on DU-145 and PC-3 cell lines. In a few
instances we have discovered a new set of 2-arylthiazolidine-4-carboxylic acid amides that show sub micromolar anticancer activity in
the cell lines described above. We have designated this set of compouns as 2-aryithiazolidine-4-caroxylic acid amides (ATCAAs).
This reports shares the critical structure activity relationships for optimum acitivity in prostate cancer cells.
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Intreduction The goal of this project is to build upon our discovery of two
phospholipid lead compounds, serine amide phosphate (SAP) and serine diamide
phosphate (SDAP), that have been shown to be selective in their cytotoxic actions in PC-
3 and DU-145 prostate caner cells respectively. These agents were originally desingned
as part of a series of compounds to inhibit lysophosphatidic acid (LPA), a phospholid
growth factor. After discovering the antiproliferation activity of SAP and SDAP in
prostate cancer cell lines we propose to snythesize a focused set of SAP and SDAP
analogs using the combinatorial parallel-compound solution phase synthesies when
appropiate, and to prepare the remaining analogs using classical techniques. These
analogs provided us with valuable insight as to the importance of chirality, lipid
solubility, spatial orientation, and important functional groups of the pharamcophore and
allow for the optimization of the antiproliferative actions of this set of drugs.

More recently we have discovered a new set of 2-arylthiazolidine-4-carboxylic
acid amides that show sub micromolar anticancer activity in the cell lines described
above. We have found new synthetic schemes for these new compounds and have
expanded our structure activity relationships into the substitutions for activity against PC-
3, DU-145, LNCaP, PPC-1 and TSU-Pr1 prostate cell lines using the RH7777 cell line as
a control cell line for comparison. We are now optimizing these agents for potential use
in prostate cancer.

Due to time and budgetary constraints, only a limited set of compounds have
been carried forward. These experiments are designed to provide an initial pharmacologic
assessment of our most promising compounds, focusing specifically on (1) their in vivo
toxicity and (2) their in vivo antitumor efficacy in prostate tumor xenografts. Animal care
guidelines at our institution will be strictly followed for these studies. We have found a
new set of compounds, the 2-arylthiazolidine-4-caroxylic acid amides (ATCAAs) that
have potential for prostate cancer.
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Task 1. Synthesis of serine amide phosphate (SAP) and serine diamide phosphate

(SDAP) analogs

Year 4: We will take the advantage of biological studies in year 1-3 to design new generation of
analogs in order to optimize the inhibition of proliferation of prostate cancer cells.

This task was successfully completed. In year 2 we described design, synthesis, and biological
evaluation of a new series of 2-aryl-4-oxothiazolin-3-yl amides in which 4-thiazolidine moiety was
introduced as a phosphate mimic. However, these 4-thiazolidinone derivatives demonstrated less
cytotoxicity in prostate cancer cells despite improved selectivity over RH7777 cells. To further
optimize the thiazolidinone analogues in terms of cytotoxicity and selectivity, we made closely
related structural modifications, which led us to the discovery of a new class of 2-arylthiazolidine-4-
carboxylic acid amides (ATCAAs). The detailed structure activity relationship studies of this 3™
generation compounds was reported in year 3 report. These compounds were potent cytotoxic
agents with ICsg values in the low micromolar concentration range and demonstrated enbanced
selectivity in receptor-negative cells compared to serine amide phosphates (SAPs) and 4-
thiazolidinone amides (manuscript 1).

2 0
0 £ o 5
(0] 5
NH(CH,),CH
HO—;.D._O NH(CH3),CH; 8 N\)J\NH(CHZ),,CH:, 4 Wa 2)nCH3
O *NH

Serine Amide Phosphate

SR i A 2-Arylthiazolidine-4-carboxylic acid amide

Apoptosis represents a general and delicately efficient cellular suicide pathway. Most of the
presently available cytotoxic anticancer drugs mediate their effect via apoptosis induction in cancer
cells. Apoptosis is suggested as one of the major mechanisms for targeted therapy of various
cancers including prostate cancer. However, cancer cells become resistant to apoptosis in case of
advanced prostate cancer and do not respond to cytotoxic chemotherapeutic agents. Thus, agents
that induce apoptotic death of hormone-refractory prostate cancer cells could be useful for the
treatment of this malignancy.

Recently, we showed that ATCAAs induce apoptosis in LNCaP and PC-3 cells (manuscript 1).
Therefore, we hypothesize that ATCAAs represent a novel class of anti-prostate cancer agents,
which were very effective in the inhibition of growth of human prostate cancer cell lines and
capable of inducing apoptosis. To further understand the structural features and their anticancer
activity, we proposed synthetic optimization of ATCAAs toward potency and selectivity.
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The details of this work have been recently published in Bioorgnic & Medicinal Chemistry Letters
(manuscript 2).

The general synthesis of various analogs is shown in Scheme 1. Accordingly, L-cysteine (1a) or L-
penicillamine (1b) was allowed to react with appropriate benzaldehydes (2a-2e¢) in ethanol at
ambient temperature to give cyclized products (3-7), which were converted to the corresponding
Boc derivatives 8-12 as shown in Scheme 1. Reaction of Boc-protected carboxylic acids 8-12 with
octadecyl or di-n-octyl amine using EDC/HOBt gave corresponding amides, which were treated
with TFA to form the target compounds 13-18. All new compounds were fully characterized by
'HNMR, “CNMR, IR and Mass spectrometry, in certain cases by elemental analysis.

Scheme 1
O (0]
N mon F N el
EtOH
- )g‘) A G OH Boc,0, NaOH OH
N S NH Dioxane/H,0O S._NBoc
H, 2a - 2e Y Y
1aor1b R, R, 8-12
R2 3 = 7
1a,R=Ry=H  2a 4-hydroxyphenyl 1.RaR4NH
1b,R=R;=Me 2b 4-ethoxyphenyl EDC/HOBt,CHyCl,
2c 2,4 6-trimethoxyphenyl 2. TFA/CH,Cl,
2d 3,4,5-trimethoxyphenyl i (o)
2e 4-dimethylaminophenyl R ™ J\N’Ra
SYNH R,
Rz
13-18

13,14, 15,17, 18 : Ra=H, R4 = CygHa7
16 : R3=CgHy7, R4 = CgHyz

Cancer-bearing animals have elevated levels of polyamines in their extracellular fluids. The
potential usefulness of polyamine analogs as antiproliferative agents against many tumor cell lines
has been extensively discussed. Prostate gland is a uniquely rich factory of polyamine production.
The semen of healthy men contains large amounts of spermine that originates mainly from prostatic
secretion. No other human organ has such high polyamine concentrations. Therefore, targeting
prostatic polyamines has been a tempting approach for the therapy of prostatic carcinoma.

In year 2 we designed and synthesized serine-polyamine and thiazolidinone-polyamine conjugates.
The antiproliferative effects of synthesized compounds were assessed against five human prostate
cancer cell lines DU-145, PC-3, LNCaP, PPC-1, and TSU-Pr1 using sulforhodamine B (SRB)
assay.
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Interestingly, the thiazolidinone-spermine conjugate (19) showed enhanced selective
antiproliferative activity in prostate cancer cell lines over non-tumor RH7777 cells. Encouraged
with these results and in our continued efforts to further optimize this set of compounds for
selective potency and to improve their pharmacokinetic properties, we designed a new series of
compounds containing thiazolidine-4-carboxylic acid as head group conjugated with naturally
occurring polyamines. Initially, we utilized putrescine, spermidine, and spermine polyamines for
this study.

Carboxylic acid 22 was synthesized following a method, reported earlier from our laboratory.
Treatment of excess of 1,4-diaminobutane with di-t-butyl-dicarbonate in chloroform under dilute
conditions gave mono protected putrescine (24). Reaction of acrylonitrile with 1,4-diaminobutane in
methanol gave the adduct which was converted to Boc- protected spermidine (26) in two steps as
shown in Scheme 2. Reaction of carboxylic acid 22 with protected polyamines (24 and 26) in the
presence of EDC/HOB followed by treatment with HCl gave compounds 29 and 30 (Scheme 2).

Scheme 2
(0]
ﬁjj\ e 1.EtOH /’_(U\ OH
HS OH + '2"“—’. Boc,0 S. NBoc
NFz MeO OMe
el OMe
21 MeO OMe
OMe
22
Boc,O NH., acrylonitrile H
BOCHN/\/\/NHZ HZN/\/\/ 2 -~ . HzNA\/\/ ~"cN
24 23 25
1.Boc,0O
2. LAH
Boc
BocHN/\/\/fz\ls\/\/NHz

We adopted a different protocol for the synthesis of spermine conjugates. Firstly, carboxylic acid 22
was converted to corresponding active ester with 4-nitrophenol. Reaction of this active ester 31 with
spermine in methanol at ambient temperature gave the corresponding spermine conjugate which
was treated with HCI/Et,0 to form the compound 32 (Scheme 3).
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Scheme 3
fo} (0]
r—eL OH r—HL /—HL NHR
d Yoo EDC, HOBT \ eoc cl d Y
24 or 26
MeO OMe MeO OMe
OMe HO OMe OMe
22 27 & 28 29,30& 32
EDC, HOBT 1. Spermine, MeOH
2. HCl
NBoc
MeQ OMe R
31 OMe H
27 —N—(CH,)4-NHBoc
H
29 —N—(CH,)s-NH,
H Boc
28 —N—(CHp)s-N_ (CHy)s-NHBoc
H H
30 —N—(CHy)3-N—(CH,)4-NH,
32

H H H
—N=—(CH2)3-N—(CH2)4-N—(CHo)s-NH,

Task 2. Determine activity of SAP and SDAP analogs in Prostate cell lines

Year 4: We will determine the activity of the synthesized analogs in PC-3, DU-145 and LNCaP cell
lines.

This task was completed successfully. We have tested the cytotoxicity of the synthesized
compounds in PC-3, DU-145 and LNCaP prostate cancer cell lines as proposed earlier. In addition
to these cell lines we have also tested in two additional PPC-1 and TSU-Pr1 prostate cancer cell
lines. To determine the selectivity of these compounds we have also tested them in non-prostate
cancer cells RH7777 cells (data shown in Tables 1 & 2).



Table 1. Antiproliferative effects of synthesized analogs
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ICso (LM)
D RH |DU- A A > | TSU-
Structure 7777 | 145° PC-3" | LNCaP® | PPC-1 Pr1®
0
13 HN "“ILNHC18H37
/Q/Q‘) 54 | 31 | 53 16 | 082 | 30
HO S
HN—"" “NHC,gH
14 T 0 | s20 | >20 | 6 44 | >20
S
EtO
1
Menn "\LNHC18H37
15 B >0 | 73 | 106 | 24 083 | 6.1
MeO S
OMe
MeO, HN "JJ\N’(:""l17
16 Y &, | >20 | >20 | >20 8.7 141 | >20
MeO S
MeO
(o}
MeO, HN ““U\NHCwHy
S >20 | >20 | >20 | >20 | 188 | >20
17 | 1o S
MeO
1
HN—" J\NHC18H37
18 /@/(X >20 | >20 | >20 | >20 | >20 | >20
\, S
by
S-Fluorourasil ND° | 11.9 12.0 49 64 36

*Control cell line. ®Prostate cancer cell lines. °ND = Not determined.
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Table 2. Antiproliferative effects of polyamine conjugates

ICso (UM)
ID RH DU- | PC- LNCa v | TSU- | MCF-
Structure 7777 | 145° |3® | P PPC-I" | ppb | ¢
[o]
~ 9
S N\)LN/\/\N
H H/J 68.4 53 7.0 12.2 5.7 3.2 >100
19. HCI -
i
MeO HN—" N
29.HCI Meo@/% >100 | >100 | >100 | >100 | >100 | >100 | >100
NH,
MeO
0
MeO HN .\JL”/i
MeO S NH
30.HCI ///) >100 | >100 | >100 | >100 >100 >100 | >100
MeO
HoN
(o)
MeO HN—)-“JLH/\L
MeO NH
32.HCI 71.9 5.1 59 10.9 5.0 3.0 >100
MeO HN
\_\,NH

*Control cell line. *Prostate cancer cell lines. *Breast cancer cell line.
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Task 3. Determine the activity of SAP and SDAP analogs in prostate tumor xenograft in mice

Year 4: We will select the most promising agents from specific Aim.6 of the PC-3, DU-145 and
LNCaP cell lines studied in year 1, 2 and 3 for In Vitro Efficacy against Prostate Tumor Xenografts
in mice (Specific Aim C.7)

Before assessing in vivo activities of these thiazolidine analogs (ATCAAs), we first tested the
acute (30 day) toxicity and pharmacokinetics of selected thiazolidines. Daily subcutaneous doses
(10 mg/kg of analog A, 5 mg/kg of analog B, 10 mg/kg of analog C, or 10 mg/kg of analog D) did
not produce any signs of toxicity as demonstrated by lack of body weight loss. We developed and
validated an LC/MS bioanalytical method for quantitation of drug concentrations in mouse plasma.
Briefly, plasma proteins were precipitated with acetonitrile, centrifuged, and the supernatant
fraction directly injected to the LC/MS. Analytes were detected using selected ion monitoring in
the positive-ion mode using electrospray ionization and an Agilent 1100 coupled to a single
quadrupole mass spectrometer.

0 0
C|HHN—>-“‘”\H—C14H29 C|HHN—>~“ N=Cighr
s O
A B 0

MeO CIHHN')'“ N-CigHaz

EN
CIHHN->' u—cmH37 "
AcHN

c MeO D

We then examined the pharmacokinetics of analog A in ICR mice after a 10 mg/kg intravenous
dose (Figure 1). Compound A

demonstrated moderate clearance (56 Figure 1. Pharmacokinetics of Analog A in mice
100000

mL/min/kg) and distribution (volume of - 3

distribution was 1.3 L/kg), with a terminal S _ 10000 L

half-life of 2 h. The relatively short in vivo % E

half-life of analog A in mice prompted us e E 1000 "_ -

to examine the in vitro hepatic metabolism § L i T

of several lead compounds (i.e., analogs A- 8 78,. ks -

D; Figure 2). Analog A with a shorter E 5 10 ¥
(C14) alkyl chain was metabolized more 5 1

rapidly in vitro compared to B with a C18
alkyl chain. Thiazolidines C and D with 2-
aryl ring substituents were most stable
during in vitro metabolism studies.
Hydroxylation of the alkyl chain was a major metabolic modification found in A, with the
subsequent formation of a carboxylic acid metabolite, suggesting that alkyl chain length is also an

0 60 120 180 240 300 360 420 480

Time {min)
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important determinant of in vivo metabolic stability and pharmacokinetics. Importantly, the
structural modifications that enhanced in vitro cytotoxicity also enhanced in vitro metabolic
stability.

—

Agure 2. In Vitro Metabolism of Thiazolidines

100 1@ 30 min
@ 60 min

% parent remaining
8 &8 8 B8

o

Key Research Accomplishments

a) Investigated the effect of position of the substituents and nature of the ether linkage on pheyl
head group of ATCAAs.

b) Optimized the substitution pattern of methoxy groups on the phenyl head group by
synthesizing new analogs. Cytotoxicity data shows that 3,4,5-trimethoxyphenyl analog was
more active than corresponding 4-methoxy, 3,4-dimethoxy, and 2,4,6-trimethoxyphenyl
derivatives.

c) Investigated the significance of amide group in ATCAAs by replacing the amide hydrogen
with an alkyl group to provide branched amide 16, which failed to demonstrate cytotoxicity
at concentration below 20 uM in three prostate cancer cell lines except LNCaP and PPC-1
cells.

d) Observed that central thiazolidine core in ATCAAs with two chiral centers plays an
important role in providing potency and selectivity as simple structural modification by
dimethyl substitution at C-5 position lead to decreased potency in all five human prostate
cancer cell lines.

e) Cytotoxicity data demonstrated that ATCAAs are sensitive to simple modifications or
changes, which allowed us to understand the minimum structural requirements of this class

12
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of compounds to exhibit potent and selective anticancer activity against prostate cancer
cells.

Synthesized new series of polyamine conjugates containing thiazolidine-4-carboxylic acid as
head group conjugated with naturally occurring polyamines. In this small series of
compounds, spermine conjugates were found to be most active with enhanced selectivity
against prostate cancer cell lines and interestingly they did not show any cytotoxocity in
MCF-7 breast cancer cells below 100 uM.

Toxicity and pharmacokinetics of selected ATCAAs indicates that these compounds did not
produce any signs of toxicity as demonstrated by lack of body weight loss.

We developed and validated an LC/MS bioanalytical method for quantitation of drug
concentrations (ATCAAs) in mouse plasma.

Identified metabolic sites of selected thiazolidines by in vitro hepatic metabolism studies.

Reportable QOutcomes (Copies attached)

s

Discovery of 2-Arylthiazolidine-4-carboxylic acid amides as a new class of cytotoxic agents

for prostate cancer.

Veeresa Gududuru, Eunju Hurh, James T. Dalton, and Duane D. Miller, J. Med. Chem 2005,

48, 2584-2588.

SAR studies of 2-arylthiazolidine-4-carboxylic acid amides: A novel class of cytotoxic

agnets for prostate cancer.

Veeresa Gududuru, Eunju Hurh, Joshua Sullivan, James T. Dalton, and Duane D. Miller,
Bioorganic & Medicinal Chemistry Letters, 2005,15, 4010-4013.

Polyamine Conjugates of Serine, 4-Thiazolidinone and Thiazolidine-4-carboxylic acid: Synthesis
and Growth Inhibitory Effects on Human Prostate Cancer Cell Lines.

Veeresa Gududuru, Eunju Hurh, James T. Dalton, and Duane D. Miller, MEDI, 229™ ACS National
Meeting, San Diego, CA, March 12, 2005.
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2584 J. Med. Chem. 2005, 48, 25842588

Discovery of 2-Arylthiazolidine-4-carboxylic Acid Amides as a New Class of

Cytotoxic Agents for Prostate Cancer'

Veeresa Gududuru,* Eunju Hurh,? James T. Dalton,’ and Duane D. Miller*+#

Department of Pharmaceutical Sciences, College of Pharmacy, University of Tennessee Health Science Center,
Memphis, Tennessee 38163, and Division of Pharmaceutics, College of Pharmacy, The Ohio State University,

Columbus, Ohio 43210

Received September 30, 2004

To improve the selectivity and antiproliferative activity of previously reported serine amide
phosphates (SAPs), we designed a new series of 4-thiazolidinone amides, in which the
4-thiazolidinone moiety was introduced as a phosphate mimic. However, these 4-thiazolidinone
derivatives demonstrated less cytotoxicity in prostate cancer cells despite improved selectivity
over RH7777 cells. To further optimize the thiazolidinone analogues in terms of cytotoxicity
and selectivity, we made closely related structural modifications, which led us to the discovery
of a new class of 2-arylthiazolidine-4-carboxylic acid amides. These compounds were potent
cytotoxic agents with ICsg values in the low micromolar concentration range and demonstrated
enhanced selectivity in receptor-negative cells compared to SAPs and 4-thiazolidinone amides.

Introduction

One promising drug development strategy for prostate
cancer involves identifying and testing agents that
interfere with growth factors and other molecules
involved in the cancer cell’s signaling pathways. G-
protein-coupled receptors (GPCRs) are a family of
membrane-bound proteins that are involved in the
proliferation and survival of prostate cancer cells initi-
ated by binding of lysophospholipids (LPLs).1™* The
importance of G protein-dependent pathways in the
regulation of growth and metastasis in vivo is cor-
roborated by the observation that the growth of androgen-
independent prostate cancer cells in mice is attenuated
by treatment with pertussis toxin, an inhibitor of Gi/o
proteins.’ Lysophosphatidic acid (LPA) and sphingosine
1-phosphate (S1P) are lipid mediators generated via the
regulated breakdown of membrane phospholipids that
are known to stimulate GPCR-signaling.

LPLs bind to GPCRs encoded by the Edg gene family,
collectively referred to as LPL receptors, to exert diverse
biological effects. Lysophosphatidic acid (LPA) stimu-
lates phospholipase D activity and PC-3 prostate cell
proliferation.® Further, prior studies have shown that
LPA is mitogenic in prostate cancer cells and that PC-3
and DU-145 cells express LPA;, LPA,, and LPA; recep-
tors.” Advanced prostate cancers express LPL receptors
and depend on phosphatidylinositol 3-kinase (PI3K)
signaling for growth and progression to androgen inde-
pendence.? Thus, these pathways are widely viewed as
one of the most promising new approaches to cancer
therapy® and provide an especially novel approach to
the treatment of advanced, androgen-refractory prostate

* Corresponding author. 847 Monroe Ave., Rm. 227C, Memphis,
TN 38163. Phone: +1-901-448-6026. Fax: +1-901-448-3446. E-mail:
dmiller@utmem.edu.

* Part of this work was presented at 227th ACS National Meeting,
Anaheim, CA, March 28-April 1, 2004 and at 95th AACR Annual
Meeting, Orlando, FL, March 27—March 31, 2004.

* University of Tennessee Health Science Center.

¥ The Ohio State University.
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cancer. Despite the promise of this approach, there are
no clinically available therapies that selectively exploit
or inhibit LPA or PI3K signaling.

In a previous contribution from our laboratory,® we
showed that effective cytotoxic agents were obtained,
by replacing the glycerol backbone in LPA with serine
amide. However, the most potent compounds in that
series of derivatives were nonselective and potently
killed both prostate cancer and control cell lines. To
improve the selectivity and enhance the pharmaco-
kinetic and antiproliferative properties, 2-aryl-4-oxo-
thiazolidine amides with general structure III (Figure
1) were designed, utilizing 4-thiazolidinone moiety as
a biomimetic replacement for the phosphate group.!
This strategic modification showed that the 2-aryl-
thiazolidinone moiety is indeed quite beneficial for
obtaining a new set of antiproliferative compounds with
improved selectivity, but resulted in decreased potency
compared to serine amide phosphates® To further
optimize the structural characteristics of these com-
pounds to selectively elicit antiproliferative activity, we
made closely related, minor modifications to 2-aryl-4-
oxo-thiazolidine amides as shown in Figure 1. Our
current work highlights synthesis, structure—activity
relationship (SAR) studies, and biological evaluation of
2-arylthiazolidine-4-carboxylic acid amides (ATCAAs)
for prostate cancer.

© 2005 American Chemical Society

Published on Web 02/22/2005



2-Arylthiazolidine-4-carboxylic Acid Amides

Table 1. Structures and Physical Data of Synthesized Compounds

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 7 2585

I NHR,
SYNR1
R
intermediate 2a—v R compd R Ry Ro mp (°C)  yield (%) formula anal.
phenyl 3-HC1 phenyl H C7Hs ND 80 C17H27CIN,OS C,H,N
n-dodecyl 4-HC1 phenyl H C14Hgg 95 83 Ca4H41 CIN,OS C,H N
cyclohexyl 5-HCI phenyl H CisHs7 93 70 Ca8H49CIN,OS C,H,N
benzyl 6-HCl phenyl H ClgHag 85 78 ngHmClNgOS C, H, N
3-indolyl 7 n«dodecyl H 013H37 86 69 C34H63Nzos C, H, N
3-pyridinyl 8 cyclohexyl H C1gHs? 60 75 Ca3H54N-08 C,H N
3-furanyl 9 benzyl H CgHgy 80 81 Ca9H5oN208S C,H,N
4-dimethyl amino phenyl 10 3-indolyl H CigH37 125 65 C30H49N30S C,H, N
3-hydroxyphenyl 11 3-pyridinyl H CigHs7 94 63 Ca7Ha7N308 C,H,N
4-methoxypheny! 12-HC1 3-furanyl H CygHg7y 99 60 CosH47CIN,O5S C,H N
3,4-dimethoxyphenyl 13 4-dimethylaminophenyl H CigHs7? 75 75 C3oH53N308 C,H,N
3,4,5-trimethoxyphenyl 14 3-hydroxyphenyl H CisHgr 50 69 CogHygN20,S C,H, N
4-acetylamino phenyl 16-HCl 4-methoxyphenyl H CigHz7 95 70 CoH5CIN2OS  C,H, N
4-fluorophenyl 16-HC1  3,4-dimethoxyphenyl H CygHjs7 103 83 C30Hgs3CIN,038 C,H N
4-bromopheny! 17-HC1  3,4,5-trimethoxyphenyl H CisHaz 115 70 C31Hs5CIN2O,S C,H N
4-nitrophenyl 18:HC! 4-acetylaminophenyl H CisHar 170 63 C30Hs52CIN30:S  C,H, N
4-cyanophenyl 19 4-fluorophenyl H CygHz7 65 73 CosHa7FN2OS C,H, N
3,5-difluorophenyl 20 4-bromopheny! H CigH3z7 81 {7 CogH47BrN.0OS C,H, N
2,6-dichlorophenyl 21 4-nitrophenyl H CisHsr 115 60 CosHg7N303S C,H,N
3-bromo-4-flucrophenyl 22 4-cyanophenyl H CisHj7 90 70 CosH47N308 C,H N
4-methylphenyl 23 3,5-difluorophenyl H CigHs7 113 70 CosHysFaN20S C,H,N
biphenyl 24 2,6-dichloropheny! H CisHazr 49 80 CasHyClNOS C,H, N
25 3-bromo-4-fluorophenyl H CisHs7 100 78 CosH4sBrFNoOS C,H, N
26 4-methylphenyl H C13H37 120 73 CZQH50NQOS C, H, N
27-HCI biphenyl H C13H37 130 70 C34H5301NZOS C, H, N
28 phenyl COCH; CjgHjas 90 95 CaoHs50N202S C,H,N
29 phenyl SO,CH; CigHsy 55 90 Cy9Hs50N203S, C,H, N
Scheme 1¢ Scheme 2°
o] fo) O e}
/\)cJ)\ /_\.-‘\u\OH b /_\‘ NHR;, N—CqgHa7 ‘U\N—CwHy
HS” ™" “OH SNH T 4 \H S NH H BB b . g kM
NH, Y Y
R R
1 2a-2v 3-27
2 Reagents and conditions: (a) RCHO, EtOH; (b) CH3(CH,),NHo,
EDC, HOBt, CH:Cl,. 5 28, R=COCH,
29, R=50,CH;

Chemistry

Compounds described in this study were prepared
following straightforward chemistry. Reaction of L-
cysteine with various aldehydes under reported condi-
tions!! gave corresponding acids, which were isolated
as diastereomeric mixtures. These mixtures were used
directly for the formation of corresponding amides by
reacting with appropriate alkylamines using EDC/HOBt
as shown in Scheme 1. All compounds thus prepared
were characterized as diastereomeric mixtures (Table
1). N-Acyl and N-sulfonyl derivatives (28 and 29) were
synthesized from 5 by standard procedures (Scheme 2).
The synthesis of thiazole derivative 34 was accom-
plished starting from cysteine methyl ester (30) as
shown in Scheme 3. The structures of the synthesized
compounds and the yields of the syntheses are presented
in Table 1.

Results and Discussion

The ability of 2-aryl-thiazolidine derivatives (AT-
CAAs) to inhibit the growth of five human prostate
cancer cell lines (DU-145, PC-3, LNCaP, PPC-1, and
TSU—-Prl) was assessed using the sulforhodamine B
(SRB) assay.?® We also included a control cell line

@ Reagents and conditions: (a) AczO, pyridine; (b} CH350,Cl,
pyridine.

Scheme 3¢
R
(o]
a /'—H OMe b
HS OMe + PhCHO ——— ¢ \n —_—
NH,.HCI
30 &3]
ig
N~C,gH
H 18M137

( 32, R=OMe
c
33, R=0OH
@ Reagents and conditions: (a) NaHCO3, EtOH, H20; (b) NBS,
CCly; (¢) NaOH, MeOH; (d) CygH37NH,, EDC, HOBt, CHCl,.

(RH7777) that does not express LPL receptors,'? to
understand whether the antiproliferative activity of
these derivatives was mediated through inhibition of
LPL receptors. We first examined LPL receptor expres-



‘ 2586 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 7

Table 2. LPL Receptor mRNA Expression

Gududuru et al.

expression level relative to $-actin

LPL receptor old name RH7T77 DU145 PC-3 LNCaP PPC-1 TSU-Prl

LPA, EDG-2 UDs 2.16 2.53 UD 2.29 2.13

LPA; EDG-4 uD 0.33 0.43 0.32 0.41 0.19

LPA3 EDG-7 uD 0.07 0.27 0.28 0.15 UD
sum LPA;-3 0 2.56 3.23 0.60 2.85 2.32

@ UD: under detection limit.

Table 3. Antiproliferative Effects of Compounds 3—29 and 34

1Cs0 (M)

compd RH77772 DU-145b PC-3b LNCaP? PPC-1t TSU-Pr1®
3-HC1 52.2 44.9 38.5 12.4 34.7 28.0
4-HCl 3.4 2.4 3.0 1.4 1.3 2.0
5-HC1 25.6 5.4 7.8 2.1 2.0 5.0
6-HCl NA¢ >20 NAc 13.6 16.8 >20
7 ~20 8.9 15.0 11.9 13.0 10.7
8 >20 >20 >20 12.8 9.3 >20
9 >20 15.3 16.4 4.4 4.0 11.2
10 >20 8.9 115 2.1 1.3 4.4
11 10.5 7.5 9.2 3.6 2.9 7.8
12-HCI 10.4 6.6 8.1 L7 1.1 4.2
13 >20 5.3 6.0 1.6 1.1 3.0
14 31.0 5.7 6.7 1.7 1.2 4.0
15-HCl1 >20 8.7 ~20 2.1 1.5 ND4
16-HCI 10.3 4.5 5.2 0.85 0.58 2.4
17-HCl 11.4 3.9 4.0 0.82 0.48 2.4
18-HCI1 21.1 3.1 5.6 1.3 0.55 0.94
19 17.4 5.7 6.8 1.9 2.1 5.4
20 >20 13.8 17.3 5.1 3.7 18.3
21 ~20 15.3 ~ 20 8.4 15.3 15.9
22 >20 >20 >20 5.9 5.0 >20
23 >20 >20 >20 11.2 10.6 >20
24 >20 >20 >20 13.1 17.1 ~20
25 ~20 11.3 13.5 3.0 4.7 14.0
26 >20 10.5 12.8 1.9 1.9 8.0
27-HCI1 >20 >20 >20 >20 >20 =20
28 >20 ~20 ~20 16.1 12.6 >20
29 >20 >20 >20 >20 =20 >20
34 >20 =20 >20 >20 >20 >20
5-FU ND4 11.9 12.0 4.9 6.4 3.6
paclitaxel ND¢ 2.7 3.4¢ 2.0¢ 3.4¢ 2.1¢

@ Control cell line. ® Prostate cancer cell lines. ¢ No activity. ¢ Not determined. ¢ ICs0 in nM.

sion in these cell lines by RT-PCR to validate their use
as in vitro models (Table 2). LPA; was the predominant
LPL receptor expressed in these cell lines. However,
LNCaP cells did not express this receptor subtype. LPA,
was also expressed in all prostate cancer cell lines
examined. Interestingly, ovarian cancer cells also dem-
onstrated overexpression of LPA, compared to normal
ovarian epithelial cells.® PC-3 and LNCaP cells, but not
DU-145 cells, expressed LPA3, consistent with published
data.” None of the LPL receptors was expressed in
RH7777 cells.

The diastereomeric mixtures of the target compounds
3—29 were used as such to evaluate their in vitro
inhibitory activity against prostate cancer cell lines, and
the results are summarized in Table 3. Paclitaxel and
5-fluorouracil were used as reference drugs for com-
parison. Since preparation of isolated enantiomers was
not easy to achieve, the 1C50s were obtained on diaster-
eomeric mixtures in order to select the most promising
compounds. Many of these thiazolidine analogues were
very effective in killing prostate cancer cell lines with
1Csg values as low as 480 nM (Table 3). Examination of
the cytotoxic effects of 3—5 showed that as the chain
length increased from C; to C;s, the potency also
increased. However, a further increase in the alkyl chain

length by one carbon unit (6) caused a significant loss
of activity. Interestingly, the Cy4 derivative (4) demon-
strated higher potency than 5, but was 8-fold less
selective against the RH7777 cell line. Thus, an alkyl
chain with Cig unit was optimal for maintaining the
potency and selectivity observed in this series of com-
pounds. N-Acyl and N-sulfonyl derivatives (28 and 29)
were significantly less cytotoxic than parent compound
5. Replacement of the phenyl ring with an alkyl or
cyclohexyl group reduced the potency (7 and 8) relative
to the thiazolidine derivative (5). Introduction of a
methylene spacer separating the phenyl ring and the
thiazolidine ring furnished a compound 9, which was
less active than the parent compound 5.

Replacements of the phenyl ring with a heterocycle,
such as an indole, pyridine, or furan ring was investi-
gated by synthesizing analogues 10—12. The furanyl
derivative 12 showed equivalent cytotoxicity as 5, but
was 3-fold less selective against RH7777 cells.

The cytotoxicity data of compounds 13—27 provides
a summary of a broad survey of phenyl ring-substituted
analogues. Examination of the ICsy values of these
analogues demonstrates a greater tolerance for diverse
substituents in the phenyl ring. In general, the most
potent analogues possessed electron-donating substit-
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Table 4. Thiazolidine Amide-Induced Apoptosis

compd for 72 h PC-3 LNCaP RH7777
4 2 uM 1.8 14.1 2.6
5 uM 18.7 75.4 3.2
10 uM 54.0 80.7 2.5
5 2 uM 14 45 NDe
5 uM 2.3 45.2
10 uM 3.4 37.1
20 uM Y27 26.1

2 ND: not determined.

uents, as exemplified by comparison of 18 and 16—18,
relative to 5. Compound 18 was one of the most active
compounds with an ICsy of 0.55 uM and was 38-fold
more selective in PPC-1 cells compared to RH7777 cells.
On the other hand, thiazolidine analogues (19—25), with
electron-withdrawing substituents demonstrated less
cytotoxicity. Comparison of the potencies of 26 and 27
suggest that substitution of the phenyl ring with a bulky
group reduces the activity. To understand the effect of
unsaturation on potency and selectivity, and to over-
come the problems associated with stereoisomers, we
replaced the central thiazolidine core in 5 with a
thiazole ring. However, thiazole derivative (34) did not
show any activity below 20 uM in both prostate and
RH7777 cells, which suggests that thiazolidine ring with
two chiral centers plays an important role in providing
potency and selectivity.

From the LPL receptor mRNA expression studies
(Table 2), it was evident that these cell lines serve as
an excellent model system to explore the effects of LPL
receptors in prostate cancer cell growth. Given the
structural similarity of SAPs to ceramide (and the
known ability of ceramide to induce apoptosis), we next
determined whether the antiproliferative effects of
thiazolidine analogues were mediated via apoptotic
events. We examined the ability of our analogues to
induce apoptosis in LNCaP, PC-3, and RH7777 cells
using a quantitative sandwich ELISA!3 that measures
DNA—histone complex released during apoptosis. The
enrichment factor calculated as ratio of OD405 in
treated and untreated cells provides a quantitative
assessment of the degree of apoptosis induced. Initially,
we used only two compounds (4 and 5) for this study.
Apoptotic activity of analogue 4 was selective in prostate
cancer cells despite nonselective cytotoxicity in RH7777
negative control cells (Table 4). Analogue 5 induced
apoptosis in PC-3 and LNCaP cells, but to a lesser
extent in PC-3 cells perhaps due to lower potency in this
cell line. These data suggests that thiazolidine ana-
logues may act as potent inducers of apoptosis and
selectively kill a variety of prostate cancer cell lines.

Conclusions

2-Aryl-thiazolidine-4-carboxylic acid amides (AT-
CAAs) were obtained by the modification of previously
reported 4-thiazolidinones. We synthesized a number
of ATCAAs and evaluated for their inhibitory activity
toward the growth of human prostate cancer cell lines.
Introduction of ring activating groups on the phenyl ring
resulted in increased potencies for prostate cancer cell
lines and led to discovery of several new anticancer
agents represented by analogues 16, 17, and 18 with
low/sub micromolar cytotoxicity and high selectivity.
From this study, compound 18 emerged as one of the
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most potent and selective cytotoxic agents with an ICs
of 0.55 uM and 38-fold selectivity in PPC-1 cells.
Further, the ability of these analogues to induce apop-
tosis in LNCaP and PC-3 cells provides an important
clue to understand their mechanism of action, and
suggests that they may have therapeutic utility in the
treatment of prostate or ovarian cancer. All compounds
discussed in this report have been prepared and tested
as diastereomeric mixtures. Future efforts shall be
aimed at synthesis and evaluation of pure individual
stereoisomers of the most promising thiazolidines dis-
cussed above.

Experimental Section

All reagents and solvents used were reagent grade or were
purified by standard methods before use. Moisture-sensitive
reactions were carried under an argon atmosphere. Progress
of the reactions was followed by thin-layer chromatography
(TLC) analysis. Flash column chromatography was carried out
using silica gel (200—425 mesh) supplied by Fisher. Melting
points were measured in open capillary tubes on a Thomas-
Hoover melting point apparatus and are uncorrected. All
compounds were characterized by NMR and MS (ESI). 'H
NMR spectra were recorded on a Varian 300 instrument.
Chemical shifts are reported as 6 values relative to MesSi as
internal standard. Mass spectra were obtained in the electro-
spray (ES) mode using Esquire-LC (Bruker) spectrometer.
Elemental analyses were performed by Atlantic Microlab Inc.
(Norcross, GA).

General Procedure for the Preparation of 2a-v. A
mixture of L-cysteine (1, 0.5 g, 4.12 mmol) and appropriate
aldehyde (4.12 mmol) in ethanol (15 mL) was stirred at room
temperature for 5 h, and the solid separated was collected,
washed with diethyl ether and dried to afford 2a—v.

(2RS,4R)-2-Phenylthiazolidine-4-carboxylic Acid (2a).
Obtained as colorless crystals (0.82 g, 95%). '"H NMR (DMSO-
ds) 6 7.24—7.53 (m, 5H), 5.67 (s, 0.6H), 5.50 (s, 0.4H), 4.22
(dd, J = 6.9, 4.5 Hz, 0.6H), 3.90 (dd, J = 8.7, 7.2 Hz, 0.4H),
3.27—3.40 (m, 1H), 3.04—3.16 (m, 1H); MS (ESI) m/z 208
M - 1).

General Procedure for the Preparation of 3—27. A
mixture of appropriate carboxylic acid (2a—v, 0.3—0.5 g), EDC
(1.25 equiv) and HOBt (1 equiv) in CH2Cl; (25—50 mL) was
stirred for 10 min. To this solution, appropriate alkylamine
(1 equiv) was added and stirring continued at room temper-
ature for 6—8 h. Reaction mixture was diluted with CH,Cl;
(100—150 mL) and sequentially washed with water, sat.
NaHCOj3, and brine and dried over Na;SOy. The solvent was
removed under reduced pressure to yield a crude solid, which
was purified by column chromatography. The purified com-
pounds (3—6, 12, 15—-18, and 27) were converted to corre-
sponding hydrochlorides using 2 M HCV/Et.0.

(2RS,4R)-2-Phenylthiazolidine-4-carboxylic Acid Hep-
tylamide Hydrochloride (3-HCD. 'H NMR (DMSO-dg) &
8.72 (s, 1H), 7.65 (m, 2H), 7.43 (m, 3H), 5.89 (s, 0.6H), 5.84 (s,
0.4H), 4.66 (t, J = 6.3 Hz, 0.6H), 4.46 (t, J = 6.9 Hz, 0.4H),
3.565—-3.71 (m, 1H), 3.24—3.34 (m, 1H), 3.13(d, J = 5.7 Hz,
2H), 1.44 (m, 2H), 1.25 (s, 8H), 0.83 (t, J = 6.9 Hz, 3H); MS
(ESI) m/z 307.10 (M + 1).

2-Phenylthiazolidine-4-carboxylic Acid Methyl Ester
(81). To a solution of DL-cysteine (3 g, 24.76 mmol) in MeOH
(50 mL) at 0 °C, SOCl; (2.76 mL, 37.14 mmol) was slowly
added and warmed to room temperature then refluxed for 3
h. The reaction mixture was concentrated in vacuo to yield a
residue. This residue 30 was taken up in aqueous EtOH (1:1,
30 mL), NaHCOj; (2.28 g, 27.23 mmol) was added, and after
10 min, benzaldehyde (2.5 mL, 24.76 mmol) was added and
stirring continued for 3 h. CHCI3 (200 mL) was added to the
reaction mixture, washed with water and brine, and dried (Nas-
S04), and solvent was removed in vacuo. The crude product
was purified by column chromatography to afford 31 (4.7 g,
85%). 'TH NMR (CDCly) 6 7.51-7.62 (m, 2H), 7.32-7.42 (m,
3H), 5.84 (s, 0.4H), 5.58 (s, 0.6H), 4.24 (t, J = 6.3 Hz, 0.4H),
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4.01 (t, J = 7.5 Hz, 0.6H), 3.83 (s, 3H), 3.39—3.55 (m, 1H),
3.10-3.26 (m, 1H); MS (ESI) m/z 224 (M + 1).

2-Phenylthiazole-4-carboxylic Acid Methyl Ester (32).
This compound was synthesized following a reported proce-
dure.'* N-Bromosuccinamide (2.48 g, 13.9 mmol) and benzoyl
peroxide (0.05 g} were added to 31 (1.5 g, 6.7 mmol) dissolved
in CCl, (70 mL), and the solution was refluxed for 6 h. Solvent
was removed in vacuo, and the crude product was purified by
column chromatography to afford 32 (0.71 g, 48%). 'H NMR
(CDCls) 6 8.20 (s, 1H), 8.0—8.04 (m, 2H), 7.45—7.50 (m, 3H),
4.0 (s, 3H); MS (ESI) m/z 220 (M+1).

2-Phenylthiazole-4-carboxylic Acid Octadecylamide
(34). To a solution of 82 (0.5 g, 2.28 mmol) in MeOH (10 mL)
at 0 °C, 1 N NaOH (5 mL) was added and stirred for 2 h. To
the reaction mixture, EtOAc (30 mL) was added and acidified
with 1 N HCl. Extracted with EtOAc (3 x 50 mL), combined
extracts were washed with water and brine and dried (Nas-
S0,), and solvent was removed under vacuo to give crude acid
33, which was converted to 34 (0.30 g, 68%), following the
general procedure used as in the case of synthesis of 3—27.
'H NMR (CDCl3) 6 8.10 (s, 1H), 7.96—7.93 (m, 2H), 7.46—17.50
(m, 3H), 3.49 (dd, J = 13.5, 6.9 Hz, 2H), 1.69 (m, 2H), 1.27 (m,
30H), 0.89 (t, J = 6.3 Hz, 3H); MS (ESI) m/z 457.60 (M + 1).

Cell Culture. DU-145, PC-3, and LNCaP human prostate
cancer cells, and RH7777 rat hepatoma cells were obtained
from American Type Culture Collection (Manassas, VA). Dr.
Mitchell Steiner at University of Tennessee Health Science
Center kindly provided PPC-1 and TSU-Prl cells. Prostate
cancer cells and RH7777 cells were maintained in RPMI 1640
medium and DMEM (Mediatech, Inc., Herndon, VA), respec-
tively, supplemented with 10% fetal bovine serum (Gibco,
Grand Island, NY) in 5% CO/95% air humidified atmosphere
at 37 °C.

RT-PCR Analysis of LPA Receptor Expression. Total
RNA was extracted using TRIzol reagent (Invitrogen Corp.,
Carlsbad, CA) according to the manufacturer’s instruction. 0.5
ug (LPAy) or 1 ug (LPA; and LPAg) of total RNA was used to
perform RT-PCR using SuperScript One-Step RT-PCR with
Platinum Taq (Invitrogen Corp., Carlsbad, CA) with 0.2 uM
of primers. The following primer pairs were used: LPA;
forward 5-GCTCCACACACGGATGAGCAACC-3’, LPA; re-
verse 5-GTGGTCATTGCTGTGAACTCCAGC-3’; LPA, for-
ward 5-CTGCTCAGCCGCTCCTATTTG-3’, LPA; reverse 5'-
AGGAGCACCCACAAGTCATCAG-3’; LPA; forward 5-CC-
ATAGCAACCTGACCAAAAAGAG-3’, LPAj reverse 5-TCCT-
TGTAGGAGTAGATGATGGGG-3'; B-actin forward 5’-GCTC-
GTCGTCGACAACGGCTC-3’, B-actin reverse 5-CAAACAT-
GATCTGGGTCATCTTCTC-3". PCR conditions were as fol-
lows: After 2 min denaturation step at 94 °C, samples were
subjected to 34 to 40 cycles at 94 °C for 30 s, 60 °C (LPA,) or
58 °C (LPA; and LPAj3) for 30 s, and 72 °C for 1 min, followed
by an additional elongation step at 72 °C for 7 min. Primers
were selected to span at least one intron of the genomic
sequence to detect genomic DNA contamination. The PCR
products were separated on 1.5% agarose gels, stained with
ethidium bromide, and the band intensity was quantified using
Quantity One Software (Bio-Rad Laboratories, Inc., Hercules,
CA). Expression levels of each receptor subtype in different
cell lines were expressed as ratios compared to f-actin mRNA
level.

Cytotoxicity Assay. For in vitro cytotoxicity screening,
1000 to 5000 cells were plated into each well of 96-well plates
depending on growth rate and exposed to different concentra-
tions of a test compound for 96 h in three to five replicates.
All the compounds were dissolved in dimethyl sulfoxide at 5
to 20 mM and diluted to desired concentrations in complete
culture medium. Cell numbers at the end of the drug treat-
ment were measured by the SRB assay. Briefly, the cells were
fixed with 10% of trichloroacetic acid and stained with 0.4%
SRB, and the absorbances at 540 nm were measured using a
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plate reader (DYNEX Technologies, Chantilly, VA). Percent-
ages of cell survival versus drug concentrations were plotted
and the ICso (concentration that inhibited cell growth by 50%
of untreated control) values were obtained by nonlinear
regression analysis using WinNonlin (Pharsight Corporation,
Mountain View, CA). 5-Fluorouracil was used as a positive
control to compare potencies of the new compounds.

Apoptosis. A sandwich ELISA (Roche, Mannheim, Ger-
many) utilizing monoclonal antibodies specific for DNA and
histones was used to quantify degree of apoptosis induced by
the analogues after 72 h exposure. This assay measures DNA—
histone complexes (mono- and oligonucleosomes) released into
cytoplasm from the nucleus during apoptosis. RH7777 cells
were employed because of nonspecific cytotoxicity of compound
4 in receptor-negative cells as well as receptor-positive prostate
cancer cells.
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Abstract—In our continuing efforts to develop novel chemotherapeutic agents for prostate cancer, recently we reported the discov-
ery of 2-arylthiazolidine-4-carboxylic acid amides (ATCAAs) as a new class of cytotoxic agents. Several of them were very effective
in killing specific human prostate cancer cell lines with low/sub-micromolar cytotoxicity and high selectivity against control cells in
our sulforhodamine B assay. Encouraged with these preliminary results, we decided to further optimize this new scaffold to enhance
the potency and selectivity. Current work describes the synthesis, SAR, and biological evaluation of new compounds for their ability
to inhibit the growth of five human prostate cancer cell lines. The cytotoxicity data demonstrated that ATCAASs are sensitive o
simple modifications or changes, which allowed us to understand the minimum structural requirements of this class of compounds
to exhibit potent and selective anticancer activity against prostate cancer cells.

© 2005 Elsevier Ltd. All rights reserved.

Prostate cancer is the most common cancer and is the
second leading cause of cancer-related deaths in North
America.! According to American Cancer Society,
approximately 30,000 men will die from prostate cancer
in the United States in 2005.2 One out of nine men over
65 years of age is frequently diagnosed with prostate
cancer in the United States.* Age and hormone are
two known factors influencing the incidence of prostate
cancer. Recently, dietary pattern has been identified as
a major factor for the difference in prostate cancer
incidence between Western and Asian countries.’
Hormonal ablation, the basis of systemic therapy, will
invariably fail to control the progression of metastatic
prostate cancer in the Jong run.® Patients with advanced
or metastatic prostate cancer develop hormone-refracto-
ry status that becomes fatal because of the growth of
androgen-independent tumor cells and the emergence
of tumor clones. Agents that induce apoptosis in meta-
static prostate cancer are necessary for the cancer che-
motherapy and are urgent for the chnical treatment.
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Recent signal transduction research has raised the idea
that intracellular signaling mechanisms triggered by
extracellular hormonal factors acting through heterotri-
meric guanine nucleotide-binding protein (G protein)-
coupled receptors (GPCRs) can mediate and sustain
prostate cancer pathologic process.” Patients with ad-
vanced prostate cancer express elevated levels of GPCRs
and GPCR ligands, suggesting that the GPCR system is
activated in the cancerous gland and may contribute to
tumor growth.8 Importantly, inhibition of G protein sig-
naling attenuates prostate cancer cell growth in animal
models.” However, the nature of intracellular signaling
pathways mediating mitogenic effects of GPCRs in pros-
tate cancer is poorly defined.

Apoptosis represents a general and dehcately efficient
cellular suicide pathway. Most of the currently available
cytotoxic anticancer drugs mediate their effect via apop-
tosis induction in cancer cells.® Apoptosis is suggested as
one of the major mechanisms for targeted therapy ol
various cancers including prostate cancer.'®"'2 However,
cancer cells become resistant to apoptosis in case of ad-
vanced prostate cancer and do not respond to cytotoxic
chemotherapeutic agents.'> Thus, agents that induce
apoptotic death of hormone-refractory prostate cancer
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cells could be useful for the treatment of this

malignancy.

Recently, we reported the discovery of 2-arylthiazoli-
dine-4-carboxylic acid amides (ATCAAs) as a new class
of cytotoxic agents for prostate cancer'® (Fig. 1). These
compounds were obtained as third-generation antican-
cer agents derived from lysophosphatidic acid (LPA),
a small bioactive phospholipid that stimulates cell pro-
liferation, migration, and survival by acting on its cog-
nate GPCRs.!> Accumulating evidence suggests that
LPA’s actions are concordant with many of the hall-
marks of cancer,'® indicating an important role for
LPA in the initiation or progression of malignant dis-
ease. Indeed, LPA levels are significantly increased in
malignant effusions, and its receptors (LPA,;;3) are
aberrantly expressed in prostate cancer cells.!” Further,
we showed that ATCAAs induce apoptosis in LNCaP
and PC-3 cells.!* Therefore, we hypothesize that AT-
CAAs represent a novel class of anti-prostate cancer
agents, which were very effective in the inhibition of
growth of human prostate cancer cell lines and capable
of inducing apoptosis. To further understand the struc-
tural features and their anticancer activity, we herein
propose synthetic optimization of ATCAAs toward
potency and selectivity. In this paper, we report the syn-
thesis, structure—activity relationship, and antiprolifera-
tive activity of new ATCAAs for prostate cancer.

The general synthesis of target compounds is shown in
Scheme 1. Accordingly, L-cysteine (5a) or L-penicill-
amine (5b) was allowed to react with appropnate
benzaldehydes (6a—6¢) in ethanol at ambient tempera-

ture to give cyclized products (7-11), which were con-
verted to the corresponding Boc derivatives 12-16 as
shown in Scheme 1. Reaction of Boc-protected car-
boxylic acids 1216 with octadecyl or di-n-octyl amine
using EDC/HOBt gave corresponding amides, which
were treated with TFA to form the target compounds
17-22. All new compounds'® were characterized by
spectroscopy and, in certain cases, by elemental anal-
ysis. The structure and antiproliferative effects of syn-
thesized compounds along with previously reported
ATCAAs (for comparison) are listed in Table 1.

The prepared compounds were tested for their potency
and selectivity against five human prostate cancer cell
lines (DU-145, PC-3, LNCaP, PPC-1, and TSU-Prl)
and RH7777 cells (control cell line) using the sulforhoda-
mine B assay according to a previously reported proce-
dure.!* RH7777 cells are rat hepatoma cells that does
not express LPL receptors. These cells were used as neg-
ative controls to understand whether the antiprolifera-
tive activity of ATCAAs was mediated through
inhibition of LPL receptors. To validate their use as neg-
ative controls, we also examined LPL receptor expres-
sion in these cells and showed that none of the LPL
receptors were expressed in RH7777 cells by RT-
PCR.'" 5-Fluorouracil (5-FU) was used as a reference
drug. Analog 17 containing 4-hydroxyphenyl head group
was equally active in all five prostate cancer cell lines, but
was not selective compared to 1 (with 3-hydroxyphenyl
group) against RH7777 cells. Comparison of the 1Csq
values of 2 and 18 suggests that an increase in the alkyl
chain length of the ether leads to decreased cytotoxicity.
Examination of the cytotoxicity data of ATCAAs sug-
gests that electron-donating substituents on the 2-pheny!
ring increases the biological activity, and compound 3

5 o with 3,4,5-trimethoxyphenyl head group emerged as
o L /__(kN_(CH ,CH one of the most potent and selective cytotoxic agents
HO—FI’—O/\‘/\O (CHa)nCHy d NuH il from our previous study.'® It was also observed that
OH OH 3.4,5-trimethoxyphenyl analog was more active than
LPA 3,4-dimethoxy and 4-methoxyphenyl derivatives. To [ur-
ther optimize the substitution pattern of methoxy groups
ATCAAS on the phenyl ring, 19 was synthesized which showed a
decrease in the potency compared to 31in all prostate can-
Figure 1. cer cell lines.
; © i ©
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Scheme 1.
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Table 1. Antiproliferative effects of ATCAAs

Compound Structure ICsp (1M)
RH7777° DU-145° PC-3° LNCaP® PPC-1® TSU-Pr1®
g
I HO HN‘)" NHC1gH; 31.0 5.7 6.7 1.7 1.2 4.0
O
2 HN— " "NHC1gHy >20 8.7 19.0 21 1.5 19.6
MeO 2 (lf)
MeO HN “‘J\NHC,SHy
3° —) 114 3.9 4.0 0.82 0.48 24
MeO 5
MeO fj)\
HN—"
4 ™ NHC1gHa7 20 53 6.0 16 1 30
N S
b
e}
A
17 HN‘) NHC1gHs7 54 3.1 53 16 0.82 3.0
HO B o
AL
18 HN‘)‘ NHC13Haz >20 >20 >20 6.1 4.4 >20
o
E10 o
|
OMepN— k"""Cu:H:ﬂ
19 A >20 73 10.6 24 0.83 6.0
MeO s
OMe ?
. i _O\J\N,CBHW
20 sj Cehrr >20 >20 >20 8.7 14.1 >20
MeO
MeO
MeO, HN—"" “NHC1gHy7
21 3( >20 >20 >20 >20 18.8 >20
MeO 5
MeO
| I
22 HN3'< NHC18Hy7 >20 >20 >20 >20 >20 >20
< ,@As
N
/
5-FU ND¢ 1.9 12.0 4.9 6.4 3.6

* Control cell linc.

® Prostate cancer cell lines.
°ATCAAs for comparison.
dND, not dctermined.

We showed that ATCAAs have demonstrated chain
length (lipophilic side chain)-dependent cytotoxicity
with shorter alkyl chain length containing compounds
being less active.'* However, the effect of branching in
the hpophilic tail region of ATCAAs on the biological
activity was not examined belore. To nvestigate the
significance of amide group in ATCAAs, we decided
to replace the amide hydrogen with an alkyl group.
For these two reasons, compound 20 was synthesized
and tested against five human prostate cancer cell
lines. Analog 20 failed to demonstrate cytotoxicity at
concentration below 20 uM 1in three prostate cancer

cell lines except LNCaP and PPC-1 cells. Central
thiazolidine core in ATCAAs with two chiral centers
plays an important role in providing potency and
selectivity.'® We observed that replacement of the
thiazolidine ring with more stable thiazole ring result-
ed in loss of cytotoxicity.” Compounds 21 and 22
were prepared to further optimize the central thiazoli-
dine core by dimethyl substitution at C-5 position.
However, this simple structural modification did not
improve the activity. Indeed, 21 and 22 were active
only above 20 uM against all tested five human pros-
tate cancer cell lines.
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In conclusion, 2-arylthiazolidine-4-carboxylic acid
amides represent a new class of cytotoxic agents for pros-
tate cancer. Furthermore, the anticancer activity of these
analogs is attributed to their ability to induce apoptosis in
prostate cancer cells. In our continued eflorts to optimize
ATCAAs toward potency and selectivity, we have pre-
pared and evaluated a new set of compounds for their
ability to inhibit the growth of five human prostate cancer
cell lines. The SAR study revealed that (1) antiprolifera-
tive activity of ATCAAs is sensitive to the position of
the substituents on the phenyl ring, (2) introduction of
dialkyl (i.e., dioctyl) amide group into the tail region
decreases the potency, and (3) modifications to the central
thiazolidine core are not favorable. The present data com-
bined with our earlier SAR results provided an insight
into the important structural requirements of ATCAAs
for their anti-prostate cancer activity. On the basis of
these results, we conclude that our next focus will be to-
wards the synthesis of pure stereoisomers of 3 and their
pharmacological characterization in animal models, the
results of which will be reported in due course.
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Characteristic data for some compounds are given
below. Compound 18: '"H NMR (300 MHz, CDCl3) §:
0.89 (1, J = 6.6 Hz, 3H), 1.27 (s, 32H), 1.4-1.43 (m, 3H),
3.29-3.34 (m, 2H), 3.38-3.41 (m, 1H), 3.71 (dd, /= 11.1,
3.9 Hz, 1H), 4.01-4.09 (m, 2H), 4.32-4.36 (m, 1H), 5.30
(d, J=12Hz, 0.7H), 5.59 (d, J =102 Hz, 0.3H), 6.87-
6.92 (m, 2H), 7.39-7.46 (m, 2H); "*C NMR (75 MHz,
DMSO-ds) & 13.7, 144, 22.0, 26.3, 28.6, 28.8, 28.9,
29.0, 31.2, 37.0, 62.8, 65.6, 66.1, 70.6, 71.6, 113.7, 113.9,
128.1, 1580, 158.3, 169.6, 170.2; MS (ESI) m/z 505
[M+1].Compound 19: 'H NMR (300 MHz, CDCly) ¢:
0.89 (1, J=6.6Hz, 3H), 1.26 (s, 32H), 3.12-3.45 (m,
3H), 3.72 (dd, J=17.5, 4.5 Hz, 1H), 3.82 (d, J=2.1 Hz,
3H), 3.84 (s, 6H), 4.14 (br s, 1H), 4.34 (d, J=6Hz,
1H), 5.86 (d, J=7.5Hz, 1H), 6.16 (d, J=3.9 Hz, 2H),
738 (m, 1H); '*C NMR (75 MHz, DMSO-dg) §: 13.8,
220, 26.1, 26.2, 28.6, 289, 31.2, 35.8, 55.2, 55.9, 62.5,
63.8, 66.0, 66.5, 91.5, 105.7, 158.9, 160.7, 169.6, 170.3;
MS (ESI) mfz 551 [M+1].Compound 22: 'H NMR
(300 MHz, CDCly) &: 089 (1, J=9Hz, 3H), 1.27 (s,
32H), 1.46 (s, 3H), 1.50 (s, 3H), 2.97 (s, 6H), 3.19-3.30
(m, 2H), 3.58 (s, 0.6H), 3.95 (s, Hz, 0.4H), 5.59 (s,
0.5H), 5.64 (s, 0.5H), 6.25 (t, J=6Hz, 1H), 6.72 (dd,
J=87, 18Hz, 2H), 7.38-7.43 (m, 2H); "*C NMR
(75 MHz, CDCly) & 13.5, 22.1, 25.5, 26.4, 27.2, 277,
28.7, 28.8, 28.9, 29.0, 29.1, 31.3, 38.4, 38.7. 39.9, 67.2,
67.9, 73.3, 74.2, 111.8, 111.9, 127.6, 127.9, 168.0, 169.6;
MS (ESI) m/z 533 [M+1].
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