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Abstract—A series of platinum complexes derived from integrating demethylcantharidin (DMC) with different isomers of 1,2-di-
aminocyclohexane (DACH) has been synthesized and found to exhibit superior in vitro anticancer activity against colorectal and
human hepatocellular cancer cell lines when compared with oxaliplatin, cisplatin, and carboplatin. Flow cytometric analysis
revealed that the frans-DACH-Pt-DMC analogues showed similar behavior to oxaliplatin on affecting the cell cycle of the
HCT116 colorectal cancer cell line, but distinct from that of cisplatin or carboplatin. The DACH component apparently dictates
the trans-DACH-Pt-DMC complexes to behave mechanistically similar to oxaliplatin, whereas the DMC ligand appears to enhance
the compounds’ overall anticancer activity, probably by accelerating the cell cycle from G1 to S-phase with subsequent onset of G2/

M arrest and accompanying apoptosis.
© 2005 Elsevier Ltd. All rights reserved.

Classical platinum (Pt)-based drugs such as cisplatin and
carboplatin (Fig. 1) are among the most active antican-
cer agents and are widely used to treat various solid car-
cinomas.! However, intrinsic resistance in cancer cell
lines such as hepatocellular carcinoma (HCC) and colo-
rectal carcinoma, and the rapid emergence of acquired
cisplatin resistance,” led to a global search for more
effective Pt-based anticancer drugs.?

Oxaliplatin, a diaminocyclohexane (DACH)-containing
third-generation platinum drug (Fig. 1), has a spectrum
of activity and mechanisms of action and resistance that
is clearly different from those of cisplatin and carboplat-
in,*> and is the first Pt-based anticancer drug to demon-
strate convincing clinical activity against colorectal
cancer, the second leading cause of cancer-related deaths
in the Western world.® Oxaliplatin was first launched for
clinical use in France in 1996; rest of Europe in 1999 and
recently USA in 2002, and its use has since increased
dramatically.” It is highly plausible that oxaliplatin will
forge a niche as a treatment option for those cancers
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that are unresponsive to other Pt-based drugs. For
example, a recent clinical study has demonstrated that
the FOLFOX regimen (oxaliplatin and infused fluoro-
uracil plus leucovorin (5-FU/LV)) had superior activity
over irinotecan, and bolus 5-FU/LV as a first-line ther-
apy for metastatic colorectal cancer.®

The ability of oxaliplatin to circumvent cisplatin resis-
tance caused by mismatch repair (MMR) deficiency is
attributed to the presence of the 1,2-diaminocyclohex-
ane (DACH) ligand.* It has been reported that the
trans-(+)-(1R,2R-DACH) isomer of oxaliplatin is the
most effective against cisplatin-sensitive and -resistant
cancer cell lines.>?

We recently reported the development of a novel series
of Pt anticancer agents [Pt(CgHgOs)(NH,R),] by inte-
grating a Pt-moiety with demethylcantharidin (norcant-
haridin), a modified structural component of a
traditional Chinese medicine (TCM).!° The novel
TCM-Pt compounds were found to be highly cytotoxic,
particularly toward HCC; apparently able to overcome
acquired cisplatin resistance; and demonstrated protein
phosphatase 2A (PP2A) inhibitory activity: properties
that were attributed to the inclusion of demethylcantha-
ridin (DMC) in the chemical structures.!®!! Our obser-
vations led us to infer a novel dual mechanism of


mailto:yeepingho@cuhk.edu.hk

C.-W. Yu et al. | Bioorg. Med. Chem. Lett. 16 (2006) 1686-1691 1687

O
@]
Cl.  _NHj
Pt
Cl NH3 (@]
Cisplatin Demethylcantharidin
H,
O (@] O\ /N«,,,‘
Pt /)
o (e} o N
O NH3 H2
© Oxaliplatin
Carboplatin
? H
2
@)
H2 O\ /N/’/"
O\ N/, Pt\
4 /
/o0 H,
o N o
H,
O R,R-(+)-DACH-Pt-DMC

and

0
H, Q Hy
O\ /N O\ N
Pt, Pt
o N /N
H, ° B,
o 0

trans-(x)-DACH-Pt-DMC
(trans-(x)-Compound 5)

cis-DACH-Pt-DMC

o

(@]
H;
O\ /N O\ /NH3
Pt Pt
o N O NH3
Ho
(@]

O

(NH3),-Pt-DMC
(Compound 1)

S,S-(-)-DACH-Pt-DMC
Figure 1. Chemical structures referred to in this study.

anticancer activity that encompassed a classical alkylat-
ing function by the Pt-amine moiety and inhibition of
PP2A by the DMC component that is subsequently
released from the complex.!!"'> We have also shown that
DMC, as a PP2A inhibitor, can selectively target the
nucleotide excision repair (NER) mechanism, thus
enabling the circumvention of cisplatin resistance
demonstrated by the TCM-Pt-DMC compounds.'! A
contemporary review by McCluskey et al.'? that identi-
fied the potential for developing effective therapeutic
strategies against many diseases including cancer by
inhibition of protein phosphatase provided some
support for our hypothesis of a novel dual mechanism
of action.

Amongst our series of compounds, 5 (a racemate from
trans-(+)-DACH; Fig. 1) has the closest structural
resemblance to oxaliplatin and had exhibited the most
potent anticancer activity.'® In our continued quest for

a superior Pt-based anticancer drug that is distinct from
cisplatin or carboplatin, we herein describe the prepara-
tion of a new series of DACH-Pt-DMC analogues
derived from using different isomers of DACH; report
on the in vitro anticancer activity, specifically against
HCC and colon cancer cell lines; and cell cycle analysis
of adherent cells of HCT116 colorectal cancer cell line,
selected because of its intrinsic resistance to cisplatin!#
but not to oxaliplatin, by flow cytometry. This study
aimed to ascertain how the novel Pt-complexes that inte-
grate DMC with stereochemically different DACH
ligands might influence biological activity and to com-
pare with oxaliplatin, the only DACH-containing
Pt-based anticancer drug that is currently used clinically.

In brief, DMC was reacted with appropriate DACH-Pt-
(NOs), intermediates, which were prepared from treat-
ment of K,PtCl, with appropriate diastereomeric DACH,
followed by reaction with silver nitrate according to
previously described methods.'® Three new analogues,
namely trans-(1R,2R)-, trans-(1S,25)-, and cis-DACH-
Pt-DMC (Fig. 1), were obtained in 73% yield for the
trans-complexes and 33% yield for the cis-complex.!> 8
The novel compounds were characterized by '"H NMR,
FAB-mass, and circular dichroism (CD) spectroscopy,
and polarimetry. CD spectra clearly showed the optical
activity of the novel DACH-Pt-DMC compounds, and
the specific rotation [o]p for trans-(1R,2R)-DACH-
Pt-DMC was +55.57° and that for trans-(1S,25)-
DACH-Pt-DMC was —57.66° whereas the original
trans-(+)-DACH-Pt-DMC and the cis-DACH-Pt-DMC
diastereomer were confirmed to be optically inactive.

The antiproliferative activity (ICso) of the novel com-
pounds against a range of human hepatocellular (Huh-
7, PLC/5, and SK-Hepl) and colorectal (Colo320DM,
HCT116, and HT29) carcinoma cell lines and two ac-
quired cisplatin-resistant human hepatocellular sub-lines
(Huh-7 and SK-Hepl) was measured by a standard
tetrazolium (MTT) assay.!® Acquired cisplatin-resistant
sub-lines were developed by repeated exposure to
cisplatin over a period of 12 months. Drug treatment
was started 24 h after cells were seeded and ICso values
were determined after cells were exposed to the drugs for
72 h (Table 1).

The in vitro results showed that the rrans-analogues
were consistently the most potent amongst all the com-
pounds tested in both HCC and colon cancer cell lines:
the trans-(+)-(1R,2R)-DACH-Pt-DMC complex, in
particular, was the most effective diastereomer (ICs
range of 2-5 uM in HCC and 0.4-0.8 pM in colon), thus
concurring with previous reports of the biological
behavior of different oxaliplatin isomers.>° Amongst
the control drugs, oxaliplatin was the most potent, dem-
onstrating an ICsy of ~1 pM in colon cancer cell lines
and an ICsy range of 7-11 uM against HCC cell lines.
The results reflected the refractory nature of the selected
cell lines toward cisplatin (ICsy range of 10-50 uM in
HCC and 2-6.5uM in colon) and carboplatin (ICs,
range of 75-400 uM in HCC and 42-112 uM in colon).
All of the diastereomeric DACH-Pt-DMC complexes
and oxaliplatin were apparently able to circumvent
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Table 1. Antiproliferative activity® of novel DACH-Pt-DMC complexes and reference drugs in selected human HCC, colorectal cancer cell lines, and human HCC cisplatin-resistant sub-lines

cis-5

S,8-(—)-5

R,R-(+)-5

trans-(*)-5
2.58+£0.28

Cisplatin Carboplatin Oxaliplatin

DMC

Cell line

5.59%0.71 15.21 £2.02

2.33£0.30

28.79 +3.45 10.21 £ 1.73 108.42 £ 13.25 7.46 £ 1.97

Sensitive parent Huh-7

Cisplatin-resistant

245+ 0.28 (1.05)  5.38%£0.85(0.96) 19.35%1.85(1.27)

3.03+0.43 (1.17)

8.01 + 1.99 (1.07)

23.76 £ 2.75 (2.33) 204.60 = 21.29 (1.89)

24.82 +3.03 (0.86)

Huh-7 subline®

PLC/5

15.67 +2.54
17.79 + 2.88

3.39+0.58 3.68 £0.30 6.76 £ 0.39
320+ 0.54 691 £2.16

3.89£0.97

8.95+1.56
7.71 £2.03

9.76 £ 1.71 75.23 +10.39
121.58 £ 13.64

11.46 £ 1.98

25.68 £2.94
20.23 £3.01

Sensitive parent

SK-Hepl
Cisplatin-resistant

5924127 (1.52) 536+ 1.07 (1.68) 1024+ 1.88 (1.48) 20.05 £ 2.30 (1.13)

5204+ 523 (4.54) 402.55+37.64 (3.31) 11.47 % 1.94 (1.49)

19.63 +2.78 (0.97)
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SK-Hepl subline®
Colon-320DM
HCT116

HT29
#1Cs is the drug concentration effective in inhibiting 50% of the cell growth measured by the MTT assay after 72-h drug exposure (ICso/uM % SD; n = 10-15 from two to three independent experiments).

®Resistance level (n-fold) in parentheses. The fold resistance equals the ICs, of the resistant cells divided by the ICs, of parental cells for various drugs.

3.62£0.61

1.60 £ 0.69
2.04 £041

0.79 £ 0.24
0.40 £0.25
0.77 £ 0.33

0.81 £0.23
0.81 £0.29

1.08 £ 0.52
1.24 £0.15

42.75£6.73

1.97 £0.59
4.14 £0.80
6.47+1.33

19.92 +3.22
23.20 £ 2.06

25.76 £ 2.55

3.21+£0.58
8.52+2.71

69.43 £ 14.74
112.07 £ 11.12

2.27%0.94

1.65+0.49

1.31+£0.30

cisplatin resistance in Huh-7 and SK-Hepl sub-lines,
thus reaffirming our earlier findings that the mechanism
of antitumor action of trans-(£)-DACH-Pt-DMC is
different from that of cisplatin or carboplatin, and more
akin to that of oxaliplatin.!' DMC, a PP2A inhibitor,
also demonstrated a lack of cisplatin resistance and its
1Csy values were consistent at around 20-25 uM in all
the cell lines tested.

Flow cytometric analysis (determined at 0, 6, 12, 18, 24,
48, and 72 h after drug treatment) of all trans-DACH-
Pt-DMC complexes (at ICsy and 5x ICs, concentrations)
once again showed distinct similarity to oxaliplatin,
but different from cisplatin and carboplatin, in affecting
the cell cycle of HCT116 colorectal cancer adherent
cells.

Prominent differences were observed when HCT116 cells
were subjected to drugs at 5x ICs, concentrations (Figs.
2 and 3). Cisplatin caused a significant increase in the
S-phase (49 + 1) at 18 h, followed by G2/M-phase arrest
(76 = 5) from 48 to 72 h (Figs. 2c and d). The pattern for
carboplatin was generally similar to that for cisplatin,
except for a dramatic increase in the population of the
sub-G1 phase (65 % 3) at 72 h, which implied delayed
apoptosis can occur with prolonged exposure to the
drug (Fig. 2a). DMC was unique in that it exhibited
an accumulation of S-phase (44 * 2) at 6 h followed by
G2/M-phase arrest (41 * 3) after 12 h, with apparent
accompanying apoptosis, as observed by a significant in-
crease in the sub-G1 population from 6 h and reaching a
maximum at 24 h (14 £ 2) (Fig. 2a). These findings are
in agreement with those from other research groups
where cantharidin-like PP2A inhibitors can accelerate
the progression of the cell cycle from G1 to S-phase with
ensuing G2/M arrest.!'320

In contrast, flow cytometric analysis revealed that the
novel trans-DACH-Pt-DMC analogues and oxaliplatin
followed a similar trend: that is, the compounds at 5x
ICso concentrations all caused a significant decrease in
the S-phase population within 18 h and at the same time
induced G2/M arrest, but with no obvious apoptosis
(Figs. 2a, c, and d). It was also observed that the Gl
population remained more or less constant, which could
imply that G1 arrest might be present and/or that a frac-
tion of the cells were able to start another cycle due to
activation of a repair mechanism.?!>> These findings
would suggest that the influence of the DACH structural
component predominates over the DMC, in affecting the
cell cycle of HCT116. However, the in vitro antiprolifer-
ative activity of the trans-(+)-R,R-DACH-Pt-DMC
analogue is three times more potent than oxaliplatin in
HCT116 cells (Table 1). Chemically, the two compounds
have the same DACH-Pt moiety and differ only in the
bidentate oxygenated-ligand; thus, it is highly probable
that the superior anticancer activity is due to the pres-
ence of the DMC ligand.

In order to further substantiate a mechanistic role for
DMC, we subjected an additional compound from
our original series of DMC-Pt analogues, namely com-
pound 1 (DMC-Pt-(NH3),), to the same flow cytometric
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Figure 2. Population changes against time in the cell cycle of HCT116 after treatment with drugs at 5x ICsy concentrations as determined by flow
cytometry at (a) sub G1; (b) G1; (¢) S; and (d) G2/M phases.
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analysis. Compound 1 (ICsy of 12.62+2.94 uM in
HCT116) was selected because we have previously
shown it to dissociate in vitro, over a period of 24 h,
to the diacid of DMC (endothall) and its inferred Pt-
(NH3), moiety; the latter species being equivalent to
the cytotoxic, alkylating Pt-moiety of cisplatin or carbo-
platin.'? Interestingly, flow cytometry of compound 1
does indeed show an early sub-G1 phase accumulation
from 24 h to 48 h (46 £ 2) that is similar to DMC; plus
an increase in the S-phase at 18 h (45 £ 3) that resembles
the effect due to cisplatin or carboplatin (Figs. 2a, ¢, and
3). Therefore, it is possible to deduce that the antiprolif-
erative effect of 1 on HCT116 is due to a combination
of: (i) the cisplatin- or carboplatin-like alkylation of
DNA, a mechanism that is well established; and (ii) an
acceleration or induction of apoptosis by the released
diacid of DMC.

The structure of compound 1 can be compared directly
with that of carboplatin: they both have the same
(NH3;),-Pt moiety and again differ only in the dicarboxy-
lato-ligand (Fig. 1). However, compound 1 is approxi-
mately five times more potent than carboplatin in
HCTI116 cells (ICsg of 12.62+294uM and
69.43 + 14.74 uM, respectively); thus, together with the
cell cycle analysis, it provides further evidence of the
DMC-ligand able to significantly enhance anticancer
activity.

In conclusion, this is the first report of a study examin-
ing the mechanism of anticancer activity of new com-
plexes that integrate demethylcantharidin (DMC), a
modified component of a traditional Chinese medicine,
with different isomers of 1,2-diaminocyclohexane
(DACH). We have shown that the DACH and DMC
components both contribute significantly to the com-
pounds’ potent anticancer activity, but with different
mechanisms. Flow cytometric analysis has shown our
trans-DACH-Pt-DMC analogues to influence the cell
cycle of HCT116 with striking similarity to oxaliplatin,
and it would appear that in these analogues, the DACH
structural component predominates over the DMC, in
dictating the mechanism of anticancer activity. Howev-
er, the fact that the in vitro antiproliferative activity of
the trans-(+)-(1R,2R)-analogue is three times more po-
tent than oxaliplatin in HCT116, and that of compound
1 is five times more potent than carboplatin, does advo-
cate that the bidentate DMC ligand has an important
role in enhancing anticancer activity, probably by accel-
erating the progression of the cell cycle and early induc-
tion of apoptosis.
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