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A B S T R A C T

Racemic resolution of (+/−)-MAD28, a representative caged xanthone, was accomplished using (1S, 4R)-
(−)-camphanic chloride as the chiral agent. Selective crystallization of the resulting diastereomers in acetoni-
trile produced, after hydrolysis, the pure enantiomers. Screening of racemic MAD28 and both enantiomers
across a broad spectrum of breast cancer cell lines revealed that they: (a) are equipotent in each of the breast
cancer subtypes examined; and (b) exhibit a higher degree of cytotoxicity against breast cancer cell lines of
basal-like subtype and triple negative receptor status. The results support the notion that MAD28 and related
caged xanthones are promising drug leads against chemoresistant and metastatic cancers.

1. Introduction

Isolated mainly from plants of the Garcinia genus, caged xanthones
(CXs) [1–3], exhibit a broad spectrum of bioactivities as antibacterial,
antiviral, anticancer and antimalarial agents [4–11]. Their therapeutic
potential is highlighted by gambogic acid (GBA, 1) [12–17] (Fig. 1), the
archetype of this family, that has entered clinical trials in China as an
anticancer agent [18,19]. In terms of chemical structure, GBA contains
a unique caged structure at the C-ring of a xanthone scaffold that is
encountered in all members of this family. In terms of biological mode
of action, GBA was found to interfere with several protein targets such
as the proteasome [20,21], topoisomerase II [22], Bcl-2 [23,24] and the
heat shock protein Hsp90 [25–28]. In cancer cells, these interactions
lead to mitochondrial toxicity and cell death in a tissue-selective
manner [29–34]. Structure-activity relationship studies identified clu-
venone (CLV, 2), a synthetic CX analogue containing the C-ring caged
motif as the pharmacophoric motif of this family (blue scaffold in
Fig. 1) [35,36]. Moreover, installation of a hydroxyl group at the C6
position resulted in compound MAD28 (3) that exerts significantly
improved cytotoxicity against a variety of cancer cell lines [26,37–41].
Recently, MAD28 was found to exhibit potent cytotoxicity in a 3-

dimensional (3D) in vitro model of inflammatory breast cancer [42,43],
a unique subtype of breast cancer with a drug-resistant and highly
metastatic phenotype [44–47]. These findings suggest that MAD28 can
serve as a starting point for the development of drugs against che-
moresistant cancers for which there is no efficient pharmacological
treatment [48,49].

By virtue of their biosynthesis, caged xanthones are usually isolated
either as racemates or as scalemic mixtures of low enantiomeric excess
[50–55]. Consequently, most of the biological studies have been per-
formed with mixtures of variable or undetermined enantiomeric com-
position. Efforts to separate enantiomerically pure compounds have
relied mainly on chiral HPLC purification that is not readily amenable
to large-scale purification [52–54]. This challenge can be addressed
using chiral resolution techniques that, to the best of our knowledge,
have not been explored [5,6]. Here we report such a method to resolve
(+/−)-MAD28, a representative CX, using camphanic chloride as a
chiral resolving agent. This approach is amenable to scale-up and could
be used to separate other synthetic or natural members of the CX fa-
mily. In addition, we evaluated the activity of racemic MAD28 and its
enantiomers across a broad spectrum of breast cancer subtypes. The
enantiomers were found to be equipotent in each of the molecularly-
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defined breast cancer subtypes. Additionally, they exhibited approxi-
mately 2-fold higher degree of efficacy (1.6 µM IC50 vs. 3.5 µM IC50)
between the basal vs. the human epithelial growth factor receptor 2
(HER2) enriched and luminal B subtypes, respectively.

2. Experimental section

2.1. General experimental procedures

(1S, 4R)-(−)-camphanic chloride was purchased from Sigma-
Aldrich (> 96.0%, [α]D23= –18, c=2.0, CCl4). Pd(PPh3)4 was pur-
chased from Strem Chemicals, Inc. (Newburyport, MA). The rest of the
reagents were obtained (Sigma-Aldrich, Acros) at highest commercial
quality and used without further purification except where noted. All
nonaqueous reactions were carried out under argon atmosphere using
dry glassware that had been flame-dried under a stream of argon unless
otherwise noted. Anhydrous tetrahydrofuran (THF) and di-
methylformamide (DMF) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated alu-
mina columns. Flash column chromatography was performed on silica
gel (Merck Kieselgel 60, 230–400 mesh). The progress of all the reac-
tions was monitored by thin-layer chromatography (TLC) using glass
plates precoated with silica gel-60 F254 to a thickness of 0.5 mm
(Merck), and compounds were visualized by irradiation with UV light
and/or by treatment with a solution of CAM or KMnO4 stain followed
by heating. 1H NMR and 13C NMR spectra were recorded on a 400 or
500MHz Varian or a 500 JEOL instrument. Chemical shifts (δ) are
quoted in parts per million (ppm) referenced to the appropriate residual
solvent peak reference (CDCl3), with the abbreviations s, d, t, dd, m,
denoting singlet, doublet, triplet, doublet of doublets and multiplet,
respectively. J is a coupling constant given in Hertz (Hz). High re-
solution mass spectra (HRMS) were recorded on a Bruker microTOF
mass spectrometer under electrospray ionization (ESI) conditions.
Optical rotation data were collected on a Jasco P-1010 polarimeter
using HPLC grade anhydrous CHCl3. The single crystal X-ray diffraction
studies were carried out on a Bruker Kappa APEX-II CCD diffractometer
equipped with Cu Kα radiation (λ=1.5478). HPLC analysis was per-
formed on a JASCO HPLC system equipped with a UV-2075 Plus
spectrometer, PU-2080 Plus pumps and an MX-2080-32 dynamic mixer
using a Lux® 5 µm Amylose-2 column (250×4.6mm) with detection at
250 nm using HPLC grade 50% ACN/H2O as eluent and a flow rate of
1.2 mL/min. ECD spectra were recorded on a Jacsco J-810 spectro-
polarimeter in 0.2 cm quartz cell at 23 °C using HPLC grade anhydrous
MeOH.

2.2. Synthetic procedures of (−)-diastereomer 8 and (+)-diastereomer 9

To a stirred solution of racemic mixture of (± )-MAD28 (3)
(190mg, 0.50mmol, 1 equiv.) in CH2Cl2 (7.0mL) was added (1S, 4R)-
(−)-camphanic chloride (7) (108mg, 0.50mmol, 1 equiv.), Et3N
(0.14mL, 1.0mmol, 2 equiv.) and 4-DMAP (30.5mg, 0.25mmol, 0.5

equiv.). The reaction mixture was stirred under argon at room tem-
perature for 2 h. (1S, 4R)-(−)-Camphanic chloride (7) (97.5 mg,
0.45mmol, 0.9 equiv.), Et3N (0.14mL, 1.0 mmol, 2 equiv.) and 4-
DMAP (30.5mg, 0.25mmol, 0.5 equiv.) were additionally added to the
reaction mixture. The reaction mixture was stirred under argon at room
temperature for another 2 h to complete the reaction. The reaction was
quenched by the addition of water (3mL) and was extracted with
CH2Cl2 (2× 3mL). The combined organic layers were washed with
brine, dried over Mg2SO4, filtered and concentrated by rotary eva-
poration. Acetonitrile (2 mL) was added to the crude material and the
solid was collected by a vacuum filtration, washed with cold acetoni-
trile and dried to yield (−)-diastereomer 8 (134.4 mg, 48%) as a white
solid. The mother liquid was concentrated and purified through flash
column chromatography (silica, 17% to 20% EtOAc/hexane) to give
(+)-diastereomer 9 (89.6 mg, 32%) as a white solid.

8: Rf = 0.19 (hexane/EtOAc=3:1); [α]D23= –275.6 (c=0.32,
CHCl3); 1H NMR (500MHz, CDCl3) δ 7.52 (t, J=8.4 Hz, 1H), 7.31 (d,
J=7.0 Hz, 1H), 7.04 (d, J=8.5 Hz, 1H), 6.72 (d, J=7.0 Hz, 1H),
4.42–4.39 (m, 1H), 3.49–3.47 (m, 1H), 2.72–2.62 (m, 3H), 2.52–2.46
(m, 1H), 2.44 (d, J=9.5 Hz, 1H), 2.34 (dd, J=13.6, 4.6 Hz, 1H),
2.02–1.97 (m, 1H), 1.81–1.75 (m, 1H), 1.71 (s, 3H), 1.44–1.41 (m, 1H),
1.37 (s, 3H), 1.30 (s, 3H), 1.20 (s, 3H), 1.17 (s, 3H), 1.16 (s, 3H), 1.08
(s, 3H); 13C NMR (125MHz, CDCl3) δ 202.9, 178.2, 174.6, 165.8,
160.6, 149.5, 135.8, 135.2, 134.9, 133.7, 118.9, 117.0, 116.5, 112.5,
91.3, 90.2, 84.5, 83.5, 55.1, 54.5, 48.6, 46.8, 31.2, 30.3, 29.2, 29.1,
28.9, 25.3, 25.3, 16.9, 16.9, 16.8, 9.8; HRMS (ESI) m/e calcd for
[C33H37O8]+ [M+H]+ 561.2483, found 561.2484.

9: Rf = 0.19 (hexane/EtOAc=3:1); [α]D23 = +183.2 (c=0.29,
CHCl3); 1H NMR (500MHz, CDCl3) δ 7.51 (t, J=8.1 Hz, 1H), 7.33 (d,
J=7.0 Hz, 1H), 7.03 (d, J=8.4 Hz, 1H), 6.71 (d, J=7.9 Hz, 1H),
4.43–4.40 (m, 1H), 3.49–3.46 (m, 1H), 2.70–2.57 (m, 3H), 2.47–2.42
(m, 2H), 2.32 (dd, J=13.5, 4.5 Hz, 1H), 2.02–1.96 (m, 1H), 1.80–1.75
(m, 1H), 1.70 (s, 3H), 1.38 (s, 3H), 1.34–1.30 (m, 1H), 1.30 (s, 3H),
1.19 (s, 3H), 1.17 (s, 3H), 1.17 (s, 3H), 1.03 (s, 3H); 13C NMR
(125MHz, CDCl3) δ 202.9, 178.3, 174.6, 165.9, 160.7, 149.6, 135.9,
135.3, 134.8, 133.9, 118.6, 117.0, 116.5, 112.4, 91.1, 90.3, 84.5, 83.5,
55.1, 54.6, 48.7, 46.8, 31.3, 30.3, 29.1, 29.1, 28.9, 25.5, 25.2, 16.9,
16.8, 16.7, 9.8; HRMS (ESI) m/e calcd for [C33H37O8]+ [M+H]+

561.2483, found 561.2482.

2.3. Synthetic procedure of (−)-3: (−)-MAD28

To a stirred solution of (−)-diastereomer 8 (44.0mg, 0.079mmol)
in THF (1.7 mL) was added aqueous KOH (5 N, 0.15mL). The reaction
mixture was stirred at room temperature for 1.5 h. The onset of an
orange-red solution indicated the formation of the free hydroxyl group
of MAD28. Upon completion, the reaction mixture was diluted with
EtOAc and washed with water (3× 1mL). The combined EtOAc layers
were dried over MgSO4, filtered and concentrated by rotary evapora-
tion. The crude material was purified by flash column chromatography
(silica, 13% EtOAc/hexane) to give compound (−)-3 (26.1 mg, 87%) as
a yellow solid.

(−)-3: Rf = 0.59 (hexane/EtOAc=3:1); [α]D23= –469.1
(c=0.29, CHCl3); ECD (c=78.6×10−3 mM, MeOH) λmax (deg cm2

dmol−1) 233 (–21565.1), 259 (35547.2), 301 (99562.4), 341
(–131789); 1H NMR (400MHz, CDCl3) δ 12.08 (s, 1H), 7.48 (d,
J=7.0 Hz, 1H), 7.40 (t, J=8.3 Hz, 1H), 6.53 (t, J=8.4 Hz, 2H), 4.41
(t, J=5.9 Hz, 1H), 3.53 (t, J=5.0 Hz, 1H), 2.63 (d, J=9.6 Hz, 2H),
2.45 (d, J=9.6 Hz, 1H), 2.35 (dd, J=13.5, 4.5 Hz, 1H), 1.70 (s, 3H),
1.37 (s, 3H), 1.32–1.30 (m, 1H), 1.30 (s, 3H), 1.01 (s, 3H); 13C NMR
(100MHz, CDCl3) δ 202.8, 181.4, 162.9, 159.6, 138.8, 135.4, 135.0,
133.9, 118.7, 109.4, 107.5, 106.1, 90.0, 84.5, 83.6, 48.8, 47.0, 30.4,
29.23, 29.15, 25.6, 25.0, 16.8; HRMS (ESI) m/e calcd for [C23H23O5]−

[M−H]− 379.1551, found 379.1552. The enantiomeric excess of (−)-3
(tR 17min) is 100%.
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Fig. 1. Chemical structures of gambogic acid (GBA), cluvenone (CLV) and
hydroxylated analogue MAD28.
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2.4. Synthetic procedure of (+)-3: (+)-MAD28

To a stirred solution of (+)-diastereomer 9 (22.7mg, 0.04mmol) in
THF (0.9mL) was added aqueous KOH (5 N, 0.07mL). The reaction
mixture was stirred at room temperature for 30min. The onset of an
orange-red solution indicated the formation of the free hydroxyl group
of MAD28. Upon completion, the reaction mixture was diluted with
EtOAc and washed with water (3×1mL). The combined EtOAc layers
were dried over MgSO4, filtered and concentrated by rotary evapora-
tion. The crude material was purified by flash column chromatography
(silica, 13% EtOAc/hexane) to give compound (+)-3 (12.2 mg, 80%) as
a yellow solid.

(+)-3: Rf = 0.59 (hexane/EtOAc=3:1); [α]D23 = +411.8
(c=0.29, CHCl3); ECD (c=78.6× 10−3 mM, MeOH) λmax (deg cm2

dmol−1) 233 (15968.9), 259 (–27537.9), 301 (–77569.2), 341
(103394); 1H NMR (400MHz, CDCl3) δ 12.08 (s, 1H), 7.49 (d,
J=6.9 Hz, 1H), 7.40 (t, J=8.3 Hz, 1H), 6.53 (t, J=8.8 Hz, 2H), 4.42
(t, J=5.9 Hz, 1H), 3.53 (t, J=5.9 Hz, 1H), 2.63 (d, J=9.5 Hz, 2H),
2.45 (d, J=9.6 Hz, 1H), 2.35 (dd, J=13.6, 4.5 Hz, 1H), 1.70 (s, 3H),
1.37 (s, 3H), 1.32–1.30 (m, 1H), 1.30 (s, 3H), 1.01 (s, 3H); 13C NMR
(125MHz, CDCl3) δ 202.7, 181.3, 162.8, 159.6, 138.7, 135.3, 134.9,
133.8, 118.6, 109.3, 107.4, 106.1, 90.0, 83.7, 83.5, 48.8, 47.0, 30.3,
29.1, 29.0, 25.5, 24.9, 16.7; HRMS (ESI) m/e calcd for [C23H23O5]−

[M−H]− 379.1551, found 379.1550. The enantiomeric excess of (+)-3
(tR 18min) is 94%.

2.5. Cell culture

Cell lines SKBR3, MDA-MB-468, MDA-MB-231, BT474 and MCF-7
were acquired from ATCC and cultured in RPMI containing 10% heat-
inactivated fetal bovine serum (HI-FBS) and penicillin/streptomycin.
SpheroidsMARY-X were kept in MEM containing 10% HI-FBS and peni-
cillin/streptomycin. HMECs were maintained in mammary epithelial
basal media with appropriate supplements (ThermoFisher Scientific,
cat# 12755013). All cell lines were maintained in humidified air with
5% CO2 at 37 °C.

2.6. Viability assays

Cell lines were seeded in opaque 96-well plates at a density of 2000
cells per well. 24 h after seeding, the cells were treated with increasing
concentrations of (+/−)-MAD28, (−)-MAD28, and (+)-MAD28. All
treatments were performed with freshly prepared 2-fold serial dilutions
of the compounds in DMSO at concentrations ranging from 20 to
0.08 µM. Evaluation of cell viability was performed 24 h after treatment
using the CellTiter-Glo 3D kit (#G9682) according to the manu-
facturer’s instructions. Luminescence was quantified using a FilterMax
F5 Microplate Reader. The luminescence of samples treated with DMSO
(control) was set to 100% viability. The viability assays were performed
at least 3 times for each cell line with 2 technical replicates for each
experiment. Dose-response curves were constructed based on the nor-
malized viability data for each drug treatment using GraphPad Prism
version 8.0.2 for Windows. Nonlinear regression curves with variable
slopes generated for the different treatments in the same cell line were
compared to each other using extra sum-of-squares F test to conclude if
the same curve can fit all the data, leading to a global (best fit) curve.

2.7. Immunoblot analysis

Cells seeded in 6-well plates were treated with vehicle only (control;
DMSO) and increasing concentrations of racemic MAD28 and en-
antiomers. Following 24 h treatment, cells were lysed in RIPA buffer
supplemented with HALT protease and phosphatase inhibitors
(#78440). Cell lysates were quantified, and 5–10 µg of total protein was
prepared for SDS-PAGE. Proteins were transferred to PVDF membrane
and blocked with 5% milk for 30min. Membranes were incubated

overnight at 4 °C with primary antibodies, for cleaved-PARP or cleaved-
caspase 3 or 7 and actin. Following application of appropriate HRP-
conjugated secondary antibodies, membranes were incubated in en-
hanced chemiluminescence reagents for immunoblot detection.

3. Results and discussion

3.1. Synthesis and chiral resolution of (+/−)-MAD28

The synthesis of MAD28 (3) was performed by the two-step se-
quence that involves Pd(0)-catalyzed reverse prenylation of 4 with
carbonate 5 and heat-induced Claisen/Diels–Alder reaction of 6
(Scheme 1) [37]. The chiral HPLC chromatogram of 3 shows well-re-
solved peaks at tR of 17 and 18min in an approximate ratio of 1:1
(50.3% : 49.7%) (Fig. 2A), showing that indeed, 3 is a racemic mixture.
This mixture was resolved using (1S, 4R)-(−)-camphanic chloride (7)
as a chiral agent [56,57] to form a mixture of diastereomeric esters 8
and 9. Addition of acetonitrile to the mixture of these isomers resulted
in precipitation of compound 8 that could be filtered from the solution.
Diastereoisomer 9 remained in the solution and was subsequently
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THF, 25 °C, 1.5 h, 87% for (−)-3 and 0.5 h, 80% for (+)-3.
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purified by silica gel column chromatography. Basic hydrolysis of 8 and
9, led to isolation of (−)-3 ([α]D23= –469.1, c=0.29, CHCl3) and
(+)-3 ([α]D23 = +411.8, c=0.29, CHCl3), respectively.

The enantiomeric purity determination of (−)-3 and (+)-3 was
performed via chiral HPLC analysis (Fig. 2). The chiral HPLC chroma-
togram of (−)-3 reveals a single enantiomer with an enantiomeric ex-
cess of 100% (Fig. 2B). On the other hand, the chiral HPLC chroma-
togram of (+)-3 shows two peaks in a ratio of 3:97, indicating that the
enantiomeric excess of (+)-3 is 94% (Fig. 2C). In addition, the elution
order of the enantiomers (−)-3 and (+)-3 was confirmed by co-injec-
tion of 3 and (−)-3 as well as co-injection of 3 and (+)-3 (Fig. 2D and
2E, respectively).

To establish the absolute configuration, single crystals of 8 and
(−)-3 were subjected to X-ray structure analysis using Cu Kα radiation
(Fig. 3). Based on the X-ray data analysis, the absolute configuration of
8 and (−)-3 was assigned as 11S, 13R, 14S and 22S [58]. The results
are consistent with previous reports on the absolute configuration of
caged motif presented in (−)-morellic acid and (−)-gambogic acid
[59,60].

The electronic circular dichroism (ECD) spectrum of (−)-3 (Fig. 4,
blue line) shows a positive Cotton effect near 259 and 301 nm and a
negative Cotton effect near 233 and 341 nm, whereas the ECD spectrum
of (+)-3 (Fig. 4, red line) displays Cotton effects of the opposite signs.
These results indicate that the absolute configuration of (+)-3 is 11R,
13S, 14R and 22R.

3.2. Enantiomer evaluation across a broad spectrum of breast cancer cell
line subtypes

Histopathological analysis and DNA microarray profiling have de-
monstrated that breast cancer is highly heterogeneous [61–63]. Based
on immunostaining and protein expression there are at least five dis-
tinct subtypes, commonly referred to as: HER2, luminal A, luminal B,
claudin-low and basal [64,65]. With this in mind, we evaluated the
bioactivity of MAD28 and its enantiomers across a broad panel of
breast cancer cell lines. Cells were seeded in a multi-well plate at the
optimum cell density/number and treated with vehicle only (DMSO)
and increasing drug concentrations (0.08–20.0 µM) of the racemic
mixture and each of the enantiomers. The treated plate was incubated
for 24 h under standard tissue culture conditions. Experiments were
conducted in triplicates. Following treatment, viability for each cell line
was assessed using a CellTiter-Glo 3D ATP quantitation kit. The IC50
was determined from dose-response curves constructed for each breast
cancer subtype (Fig. 5, Fig. S1 and Table 1).

The IC50 calculated via ATP quantitation for spheroidsMARY-X

(0.7+/−0.1 µM) is comparable to the IC50 values previously calculated
for the racemic MAD28 (0.66+/−0.22 µM) using spheroid dissolution
indices (i.e., response measured as a deviation from a well-circum-
scribed spheroid edge) [42,43]. Dissolution of the formerly intact
spheroidsMARY-X following treatment with (+/−)-MAD28 and en-
antiomers is shown in Fig. 6. Dissolution is an alternate means for
viability assessment and IC50 evaluation, where dissolute spheroids or
single cell suspension is indicative of cell death. Thus, the response of
IBC spheroidsMARY-X to MAD28 is now validated by two different cell
viability assays (ATP quantitation vs. dissolution indices).

Table 1 summarizes the IC50 values for (+/−)-MAD28 and its
enantiomers across six breast cancer cell lines representing five mole-
cularly distinct subtypes and MARY-X, a 3D triple negative in-
flammatory breast cancer model. The best fit IC50 represents a global
curve that adequately fits all the data sets collected from the racemic
MAD28 and its enantiomers per treated cell line. The IC50 data indicate
that racemicMAD28 is equipotent with its purified enantiomers in each
of the molecularly-defined breast cancer subtypes (Table 1 and Fig. S1).
It is interesting to observe that cell lines which overexpress human
epidermal growth factor receptor-2 (HER2), such as SKBR3, as well as
BT474 which overexpresses HER2, estrogen (ER) and sometimes pro-
gesterone (PR) receptors, are less sensitive to MAD28 than cells of
basal-like subtype with a triple negative receptor status, such as the
MDA-MB-468 cell line (Fig. 5). In fact, there is approximately 2-fold
higher efficacy (1.6 µM IC50 vs. 3.5 µM IC50) between the basal vs. the
HER2 enriched and luminal B subtypes, respectively (Fig. 5A-C).
Moreover, sub-micromolar response was measured in the triple nega-
tive 3D inflammatory breast cancer model, spheroidsMARY-X with an
IC50 of 0.7 µM (Table 1 and Fig. 5D). In addition, the therapeutic index
(in vitro; HMEC IC50/BC IC50) was calculated for each breast cancer cell
line (Table 1) using the normal human mammary epithelial cells (ESI
Fig. S2).

The SKBR3 cell line represents a breast cancer subtype that does not
overexpress estrogen and progesterone receptors (ER−, PR−). This
subtype is however, defined by the presence of human epidermal
growth factor receptor-2 (HER2+) which is an established therapeutic
target [66]. As such it can be treated with trastuzumab (Herceptin) and
related combination therapies. MCF7 cells are representative of the
luminal A subtype in which HER2 is not expressed. Nonetheless, these
cancer cells overexpress ERs and sometimes PRs thus allowing for anti-
estrogen based therapeutic strategies [67]. In general, these cells have
low levels of Ki-67, a marker of tumor cell growth and division [68].
Based on this, they are considered low grade and grow slowly. BT474
cells are representative of the luminal B subtype and overexpress ERs
(and/or PRs) [69,70]. These cells are HER2 positive with high levels of
Ki-67 [65,71]. As such, they grow faster than luminal A cancers and
have worse prognosis. The MDA-MB-231 cell line is a representative of

Fig. 2. Chiral HPLC chromatograms using a Lux® 5 µm Amylose-2
(250×4.6mm) column with detection at 250 nm, 50% ACN/H2O as eluent and
a flow rate of 1.2mL/min. (A) 3: MAD28; (B) (−)-3 (tR17 min); (C) (+)-3 (tR18
min); (D) co-injection of 3 and (−)-3; (E) co-injection of 3 and (+)-3.

Fig. 3. X-ray structures of ester 8 and (−)-MAD28.
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triple negative receptor status since it does not express ER, PR and
HER2 on its cell surface [72]. These cells downregulate claudin-3, -4
and -7, proteins involved in cell invasion and metastasis [65,73] and
also have low expression of Ki67 [71]. Similarly, the MDA-MB-468 cell
line represents the basal-like breast cancer subtype that is defined by
negative immunohistochemical staining for ER, PR and HER2 [74–76].
These cells show high levels of Ki67 and strong expression of basal
markers such as cytokeratins 5,6 and 17 [77,78]. This type of cancer is
more common in women with BRCA1 gene mutations, has poor clinical
outcomes and shows disproportionately higher prevalence in women of
African descent. The spheroidsMARY-X are a representative in vitro model

of inflammatory breast cancer (IBC), the most lethal and aggressive
form of breast disease that is stage 4 upon diagnosis. IBC does not have
any known molecular diagnostic criteria and hence, there are no known
IBC-specific targeted therapies [48,49,79]. Interestingly, gene expres-
sion studies of IBC tumors has revealed an enrichment in basal-like
subtype providing a reasonable explanation for the similar sensitivity of
spheroidsMARY-X and MDA-MB-468 to MAD28.

The effect of (+/−)-MAD28 and its enantiomers on cell death was
assessed by immunoblot analysis of the apoptotic pathway markers
cleaved-poly ADP-ribose polymerase (c-PARP) and cleaved-caspase 3 or
7 [80,81]. A dose-dependent increase in appearance of both c-PARP

Fig. 4. ECD spectra of compounds (−)-3 (blue line) and (+)-3 (red line) in MeOH (78.6× 10−3 mM).

Fig. 5. Dose-response curves of racemic MAD28 and enantiomers against various breast cancer molecular subtypes: (A) SKBR3 cell line (HER2+); (B) BT474
cell line (Luminal B; ER+PR+/−HER2+); (C) MDA-MB-468 cell line (basal; triple negative); and (D) SpheroidsMARY-X (3-D; triple negative).
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(Fig. 7A-C) and cleaved-caspase 3 or 7 (Fig. S3) was seen across all
molecular breast cancer subtypes irrespective of treatment with ra-
cemic MAD28 or its enantiomers. Control experiments were also per-
formed using human mammary epithelial cells (HMEC), a normal pri-
mary cell line. Treatment of these cells with up to 4.0 µM MAD28
showed no production of c-PARP and thus, no induction of apoptosis
(Fig. 7D). In turn, this supports the notion that these compounds are
selectively cytotoxic against aggressive and metastatic breast cancer
cell lines [37].

4. Conclusions

We report here the chiral resolution of (+/−)-MAD28 to its en-
antiomers using camphanic chloride as the resolving agent. The re-
sulting diastereomers can be separated via selective precipitation in
acetonitrile giving rise, after hydrolysis, to the corresponding en-
antiomers. This approach may also be applicable to other caged xan-
thones containing free phenol groups and, at the absence of any en-
antioselective synthesis, it provides a straightforward way to access
enantiomerically pure compounds. We also compared the bioactivity of
these enantiomers in a broad panel of breast cancer cell lines that re-
present the various breast cancer subtypes. We found that both en-
antiomers and the racemic mixture of MAD28 are equipotent across
each cell line. Importantly, the IC50 values decrease by more than 2-fold
in breast cancer cell lines that are characterized by a triple negative

receptor status and high proliferative status (Ki67), both indicative of
an aggressive phenotype. In fact, the lowest IC50 values were measured
in spheroidsMARY-X, an in vitro model of inflammatory breast cancer that
is characterized by a triple negative receptor status with a chemore-
sistant and highly metastatic phenotype. The results indicate that
MAD28 exerts selective cytotoxicity in aggressive, chemorefractory
breast cancer that lacks actionable targets. In turn, this provides

Table 1
Calculated IC50 values and in vitro therapeutic indices (TI) for representative breast cancer cell lines.

Cell line Classification Receptor status IC50 (µM) TI

(+/−)-MAD28 (−)-MAD28 (+)-MAD28 Best fit IC50

SKBR3 HER2 ER−, PR−, HER2+ 3.7 +/−0.7 3.0 +/−0.8 3.7 +/−0.8 3.5 +/−0.4 1.1
BT474 Luminal B ER+, PR+/−, HER2+ 3.5 +/−0.3 3.1 +/−0.2 3.8 +/−0.2 3.5 +/−0.1 1.1
MDA-MB-231 Claudin-low ER−, PR−, HER2− 3.4 +/−0.3 3.0 +/−0.2 3.3 +/−0.3 3.2 +/−0.2 1.3
MCF-7 Luminal A ER+, PR+/−, HER2− 2.2 +/−0.2 2.1 +/−0.2 2.7 +/−0.3 2.3 +/−0.1 1.7
MDA-MB-468 Basal ER−, PR−, HER2− 1.4 +/−0.2 1.4 +/−0.2 1.9 +/−0.3 1.6 +/−0.2 2.5
MARY-X 3D ER−, PR−, HER2− 0.6 +/−0.2 0.9 +/−0.3 0.7 +/−0.2 0.7 +/−0.1 5.7

Fig. 6. Dissolution of spheroidsMARY-X following treatment with racemic
MAD28 and enantiomers: Control (vehicle only; DMSO) following 24 h period
shows well-circumscribed spheroid edges. Racemic (+/−)-MAD28, and both
enantiomers, (−)-MAD28 and (+)-MAD28 treated spheroids (2.25 µM) dis-
play equipotency resulting in total dissolution of formerly intact spheroids in-
dicative of cell death.

Fig. 7. Apoptosis evaluation of BC cell lines as compared to a normal cell
line (HMEC) following treatment with racemic MAD28 and enantiomers:
(A) SKBR3 cell line (HER+ ), (B) BT474 cell line (Luminal B; ER+PR
+/−HER2+) and (C) MDA-MB 468 cell line (basal; triple negative) display
dose-dependent apoptotic response with increase in c-PARP. (D) Human
mammary epithelial cells (HMEC) do not display induction of apoptosis.
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additional support in identifying MAD28 and related caged xanthones
as promising drug leads for chemoresistant and metastatic cancers.
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contains: Fig. S1 Dose-response curves for all breast cancer cell lines;
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