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Abstract
The synthesis of a novel pharmacophore comprising a DNA-targeted platinum–acridine hybrid
agent and estrogen receptor-targeted 4-hydroxy-N-desmethyltamoxifen (endoxifen) using
carbamate coupling chemistry and its evaluation if breast cancer cell lines are described.

Breast cancer continues to be a major cause of cancer-related mortality in women.1 Anti-
estrogens such as tamoxifen (Figure 1, compound 1) have become the mainstay in the
management of the early-stage hormone-dependent form of the disease.1 Unfortunately, a
significant population of patients does not respond to this drug or develops resistance to
endocrine therapy during the course of treatment, and systemic chemotherapies often
become the only armamentarium to combat recurrent disease.2 Current platinum-based
drugs have shown limited utility as first-line or salvage therapies and no survival benefits
have been reported for regimens based on these agents in combination with targeted
therapies.3 The general lack of responsiveness of breast cancers to platinum has been
attributed to unusually high levels of acquired resistance to this treatment including
detoxification by elevated levels of cytosolic glutathione and repair of DNA adducts.3 One
common strategy to overcome several of these problems and provide more effective drugs
for hormone-dependent breast cancer is to combine an estrogen receptor (ER)-binding
molecule with a classical cytotoxic agent. The rationale behind this approach is to improve
the pharmacological properties of common cytotoxics by taking advantage of the targeting,
antiestrogenic, and chemosensitizing effects of ER-interacting ligands.4 Various conjugates
containing ER-affinic carriers have been designed with the goal of targeting ER-positive
breast cancers more efficiently with the drug cisplatin (cis-diamminedichloridoplatinum(II)),
2)5–8 and other cytotoxic agents.9–12

While several of the cis-platinum-based compounds have shown promising activity in vitro
and in mouse models,5 no attempts of extending this concept to promising nonclassical
platinum anticancer agents have been reported. One such class of compounds are platinum–
acridine agents (Figure 1), which, unlike cisplatin, do not induce cross-links but target DNA
through a dual binding mode involving intercalation and monofunctional platination of
nucleobase nitrogen.13 In non-small cell lung cancer (NSCLC), the hybrid agents produce
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more severe DNA damage than cisplatin and are significantly more cytotoxic than the
clinical agent.14–17 Given the superior cell kill of these agents and their ability to circumvent
resistance to cisplatin, we embarked on generating a breast cancer targeted agent containing
our platinum–acridine hybrid as a cytotoxic component. Here, we report on the design of the
first conjugates featuring a suitably functionalized platinum–acridine warhead coupled to an
active metabolite of the ER modulator and anticancer drug tamoxifen. The synthetic
methodology developed to generate these molecules is presented as well as screening results
in breast cancer cells.

The strategy for generating the conjugates was to functionalize a suitable platinum–acridine
at the N1 position (see Figure 1) and attach it to the secondary amino group of (E/Z)-4-
hydroxy-N-desmethyltamoxifen [(E/Z)-endoxifen, 8, the monohydroxylated/N-demethylated
metabolite of tamoxifen,18 Scheme 1]. Molecular models (not shown) were used to confirm
that linking the two pharmacophores at this position does not interfere with the binding of
the individual components with their pharmacological targets.19,20 The 4-hydroxo form of
the pharmacophore was chosen because of its superior binding affinity for ER and exquisite
potency as an inhibitor of hormone-dependent breast cancer cell proliferation18 (confirmed
in this study). In addition, since the E- and Z-isomers of 4-hydroxytamoxifen (but not those
of tamoxifen) interconvert under physiologically relevant conditions,21 it was not necessary
to generate the stereochemically pure forms of the target compounds.

First, we designed the conjugatable platinum–acridine (compound 5, Scheme 1) based on
the most potent derivatives identified to date (Figure 1). The target cytotoxic warhead
features simple ammine (NH3) nonleaving groups to maximize the aqueous solubility13 of
the conjugate and an acetamidine donor group (R = Me), which has proven to produce a 3–4
times more cytotoxic hybrid than propionamidine (R = Et).17 The synthesis of compound 5
involved addition of the linker secondary amino group in 2-((2-(acridin-9-
ylamino)ethyl)amino)ethanol (4) and its ethylene glycol extended derivative (4´) to the
nitrile ligand in [PtCl(NH3)2(MeCN)]NO3 (Scheme 1). Attempts to directly attach the
endoxifen moiety to the hydroxyl group in 5 using carbamate coupling chemistry failed
because the reaction conditions were incompatible with the metal-containing fragment.
Instead, it was necessary to introduce platinum as the last step of the reaction sequence after
preassembling the entire organic scaffold. This was achieved by reacting N-Boc-protected
and 4-nitrophenyl carbonate-activated acridine–amines 7 and 7´ with endoxifen (8) to
generate the carbamate-coupled conjugates 9 and 9´, followed by addition of platinum nitrile
complex to install the amidine-linked platinum moiety (Scheme 1). Conjugates 10 and 10´
were isolated as 1:1 mixtures of the E- and Z-isomers (for details of the synthetic procedures
and product characterization, see the Supplementary Information).

The carbamate linkage in the conjugates was chosen for its chemical robustness to assure
stability in circulation and delivery of the intact conjugate to the target site.22 To test the
reactivity of the carbamate group in aqueous media, conjugate 10 was incubated at 37 °C for
48 h in buffers mimicking the environments in serum, cytosol, and the lysosomes. In-line
high-performance liquid chromatography–mass spectrometry (LC–MS) analysis of the
samples confirmed that the carbamate linkage in compound 10 resists hydrolytic cleavage in
all cases (see Supplementary Information).

To assess the cytotoxic potency of the target conjugates, a colorimetric cell proliferation
assay was performed in the human breast adenocarcinoma cell lines MCF-7, which
overexpresses estrogen receptor (ER+), and the estrogen receptor-negative (ER-) cell line
MDA-MB-231.23 Compounds 10 and 10´ were tested along with the two precursors,
hydroxyl-modified platinum–acridine 5, and (E/Z)-4-hydroxy-N-desmethyltamoxifen (8).
For comparison, the clinical drugs tamoxifen (1) and cisplatin (2) were also included in this
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assay (Table 1). The tamoxifen metabolite, 8, showed the strongest antiproliferative effect in
MCF-7 with an IC50 value of 1.6±0.4 µM determined after exposure of cells to the drug for
72 h. Under the same conditions, a 2.4-fold higher concentration of compound 5 is required
to produce the same cell kill effect in this cell line. Conjugate 10 shows virtually the same
potency as its cytotoxic component, 5, whereas the extended conjugate 10´ was the least
active compound in this assay. All compounds were significantly more cytotoxic in MCF-7
cells than in MDA-MB-231 cells. For compounds 5, 8, and 10, for example, the cell line-
specific cytotoxic enhancements were 3-fold, 8-fold, and 6-fold, respectively. While
compounds 5 and 10 are equipotent in MCF-7, the conjugate proves to be relatively less
cytotoxic in MDA-MB-231. Tamoxifen, the mainstay of breast cancer treatment, and
cisplatin were the least active compounds tested in the ER-positive cell line.

Modification of compound 5 with endoxifen (8) produces a conjugate (10) that shows
essentially the same cytotoxic response (based on IC50 values) as the unmodified platinum–
acridine hybrid in MCF-7 cells. While equipotent, both compounds can be expected to
induce cancer cell kill by different mechanisms. A comparison of the drug–response profiles
for compounds 5 and 10 after 48 h of incubation with MCF-7 cells confirms this
supposition. While the platinum–acridine agent 5 clearly shows an antiproliferative
advantage over compound 10 at low concentrations, it is unable to kill a major fraction of
the cells at the highest concentrations tested (Figure 2). These findings suggest that a
subpopulation of cells may exist that are relatively insensitive to this agent, as has been
observed previously for MCF-7 cells exposed to cytotoxics.24 Importantly, compound 10
appears to overcome this form of resistance, based on the considerably lower percentage of
cells that remain viable after incubation with 20 and 40 µM conjugate for 48 h.

Here, we have presented the first conjugate that combines a DNA-platinating moiety, a
DNA intercalator, and a ER-binding moiety in a single molecular entity. The synthetic
approach provides a versatile platform for incorporating a wide range of small-molecule
receptor- and cancer cell-affinic ligands, as well as enzymatically cleavable and self-
immolative linkers.25 Such modifications will help target cancers more selectively and
reduce the undesired high systemic toxicity13 observed for the simple platinum–acridines.
Using a hormone-dependent cancer model, we demonstrated that the ER-targeted form of
platinum–acridine maintains the same cytotoxicity as compound 5. A comparison of the
relative cytotoxic enhancements observed for 5 and 10 in ER+ MCF-7 vs. ER- MDA-
MB-231 (Table 1) and the individual drug responses for each derivative suggest that
conjugate 10 acts by a distinct mechanism potentially involving interactions with ER.
Further investigation into the molecular mechanism of the conjugate is necessary to
substantiate this notion. Likewise, it will be important to determine why introduction of an
extended linker in compound 10´ results in a greatly diminished cytotoxic response and if
the activity of the components can be improved by introducing a cleavable linker.

In conclusion, the novel conjugate 10 was generated in an attempt to marry the cytotoxic,
DNA-damaging properties of a nonclassical platinum–acridine agent with the targeting
potential of an antiestrogen. Initial tests show promising cell kill effects superior to the
responses elicited by either cisplatin or tamoxifen. This observation warrants further studies
into structure–activity relationships in derivatives of the prototypical agent and their in vivo
efficacy against hormone-dependent breast cancer. Multifunctional agents like compound 10
may have applications in patients not responding to tamoxifen due to altered expression
levels of ER or an intrinsic inability to metabolize tamoxifen.26

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structures of tamoxifen and platinum–acridine hybrids.
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Fig. 2.
Differential response of MCF-7 cancer cells to compounds 5 and 10.
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Scheme 1.
Synthesis of target molecules. Reagents and conditions: (a) 1. For precursor 4:
[PtCl(NH3)2(MeCN)]NO3, DMF, −20 °C; 2. 1 M HNO3, MeOH. (b) Boc2O, DCM, rt. (c) 4-
nitrophenyl chloroformate, TEA, DCM, rt. (d) 1. TEA, DCM, rt; 2. TFA, DCM, rt; 3. 1 M
NaOH, DCM, rt. (e) 1. [PtCl(NH3)2(MeCN)]NO3, DMF, 4 °C; 2. 1 M HNO3, MeOH.
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Table 1

Summary of cytotoxicity data (IC50, µM)a in human breast cancer cell lines

Compound MCF-7 MDA-MB-231

1 (tamoxifen) 16.2 ± 1.2 20.1 ± 1.0

2 (cisplatin) 12.1 ± 1.1 40.6 ± 4.2

5 3.8 ± 0.4 11.3 ± 0.2

8 (endoxifen) HCl 1.6 ± 0.4 13.2 ± 0.1

10 3.5 ± 0.1 21.4 ± 1.0

10´ 27.5 ± 1.4 46.5 ± 0.7

a
The IC50 values are reported as the mean ± standard deviation for two individual 72-h incubations performed in triplicate.
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