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Relative impact of 3- and 5-hydroxyl groups of
cytosporone B on cancer cell viability†

Zebin Xia,‡ Xihua Cao,‡ Elizabeth Rico-Bautista, Jinghua Yu, Liqun Chen, Jiebo Chen,
Andrey Bobkov, Dieter A. Wolf, Xiao-Kun Zhang and Marcia I. Dawson*

A novel and the shortest route, thus far, for preparing cytosporone B (Csn-B) is reported. Csn-B and two

analogs were used to probe the importance of hydroxyl groups at the 3- and 5-positions of the Csn-B

benzene ring in inhibiting the viability of human H460 lung cancer and LNCaP prostate cancer cells,

inducing H460 cell apoptosis, and interacting with the NR4A1 (TR3) ligand-binding domain (LBD). These

studies indicate that Csn-B and 5-Me-Csn-B, having a phenolic hydroxyl at the 3-position of their

aromatic rings, had similar activities in inhibiting cancer cell viability and in inducing apoptosis, whereas

3,5-(Me)2-Csn-B was unable to do so. These results are in agreement with ligand-binding experiments

showing that the interaction with the NR4A1 LBD required the presence of the 3-hydroxyl group.
Introduction

The orphan nuclear receptor (NR) 4A1, also called testicular
receptor 3 (TR3) in humans, Nur77 in mice and nerve growth
factor-inducible protein B (NGFI-B) in rats, is an immediate-
early gene product. Its expression is induced in response to cell
stress, serum withdrawal or treatment with mitogenic factors or
apoptotic agents.1,2 In the nucleus, NR4A1 protein functions as
a transcription factor by regulating the expression of genes
having roles in cell survival, proliferation and apoptosis. NR4A1
is known to act constitutively (without a bound ligand) in a
variety of cell types.3 However, in response to apoptotic stimuli,
nuclear NR4A1 can translocate from the nucleus to the cyto-
plasm, where it can reverse the activity of the normally cyto-
protective mitochondrial protein Bcl-2 to facilitate
mitochondrial apoptosis (programmed cell death).4–6 Recently,
several functional NR4A1 ligands have been reported.7–9 The
identication of such ligands enables the exogenous modula-
tion of NR4A1 activity and thus could lead to agents for treating
such diseases as cancer. One such ligand8 is the fungal octa-
ketide-metabolite cytosporone B (Csn-B, compound 1 in
Fig. 1).10 Wu and colleagues8 found that Csn-B bound to the
NR4A1 homodimer in the nucleus to induce the activation of a
Nur response element (NuRE)-driven reporter.11 At a concen-
tration as low as 0.1 mM Csn-B was able to induce the maximal
luciferase reporter response (12.5 fold) and to recruit the steroid
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receptor co-activator (SRC) 1 and SRC-2 proteins,8 which is
further evidence of NR4A1 transcriptional agonism. In contrast,
Csn-B was unable to activate the human heterodimer complex
of NR4A1 and another nuclear receptor, retinoid X receptor
(RXR), on the bRARE (a DR-5 response element) in a reporter
construct8 that is known to be activated by the RXR transcrip-
tional agonist-bound NR4A1–RXR complex.12,13 Csn-B at 5 or
10 mMwas found to interact with the NR4A1monomer bound to
the NBRE found in the NR4A1 promoter14 leading to enhance-
ment of NR4A1 mRNA expression. Moreover, Csn-B was also
found to inhibit expression of the anti-apoptotic brain and
reproductive organ-expressed (BRE) gene by inducing recruit-
ment of the corepressor protein N-CoR to NR4A1 when bound to
the NBRE in the BRE promoter.9 Treatment of BCG-823 gastric
cancer cells with Csn-B at concentrations$15.5 mM for 12 h led
to the translocation of NR4A1 from nucleus to mitochondria
followed by apoptosis (64% aer 48 h).8 Thus, the function of
NR4A1 appears to be dependent on the cellular context.

Here, we report the relative impact of the hydroxyl groups at
the 3- and 5-positions of the Csn-B benzene ring on the ability of
Fig. 1 Structures of cytosporone B (Csn-B, 1), 5-methyl-Csn-B (2), 3,5-dimethyl-
Csn-B (3), and di(1H-indol-3-yl)(4-trifluromethylphenyl)-methane (4).

This journal is ª The Royal Society of Chemistry 2013
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Csn-B to inhibit the viability of H460 non-small cell lung cancer
(NSCLC) and LNCaP prostate cancer cells. Both cell lines have
been reported to express NR4A1 in response to apoptotic or
mitogenic stimuli.15,16
Results and discussion
Synthesis of cytosporone B, its 5-methyl ether 2 and 3,5-
dimethyl ether 3

The routes used to synthesize Csn-B (1), 5-Me-Csn-B (2, pho-
mopsin C)17 and 3,5-(Me)2-Csn-B (3) are outlined in Fig. 2.
Although the synthesis of Csn-B has been reported by two
groups,9,17 the present ve-step approach shown in Fig. 2 is the
shortest thus far. The synthesis of 5-Me-Csn-B has also been
reported but in much lower yield17 than we obtained.

Converting 3,5-(Me)2-Csn-B (3) to Csn-B (1) was problematic
because typical methyl ether cleavage conditions produced only
5-Me-Csn-B (2), whereas attempted cleavage at higher temper-
atures ($0 �C) led to mixtures. Therefore, the more readily
cleaved benzyl ether protecting group was used in the synthesis
of 1. This modication necessitated the transformation of 3,5-
dimethyl ether 6 to the 3,5-dibenzyl ether 8 (steps b and c in
Fig. 2). Introducing the n-octanoyl group at the 2-position of
intermediate 8 to produce 9 (step d) employed the potent acyl-
ating agent octanoyl bis(triuoroacetyl)phosphate, which was
formed in situ from n-octanoic acid and triuoroacetic anhy-
dride in phosphoric acid.18,19 Its potency may account for the
debenzylation that occurred at the 5-position to give a 1 : 10
mixture of the 3,5-dibenzyl ether 9 and 3-benzyl ether 10.
Fig. 2 Synthesis of cytosporone B (Csn-B, 1), 5-Me-Csn-B (2), and 3,5-(Me)2-Csn-B (
20 h; yield: 93%. (b) Transformation of 6 to 7, the mixture of 9 plus 10 to 1, and 3 to 2
(9 plus 10), and room temperature, 23 h (3); H2O; yields: 84% (7), 98% (1) and 92% (
Conversion of 8 to 9 plus 10, and 6 to 3: n-octanoic acid, trifluoroacetic anhydride/

This journal is ª The Royal Society of Chemistry 2013
Deprotection of 3-benzyl ether 10 using boron tribromide at
�78 �C produced Csn-B (1). The overall yield for the ve steps
was 34.5%. The 3,5-dimethyl ether 6 was also acylated under
step d conditions to afford 3,5-(Me)2-Csn-B (3) (89% for two
steps). Low-temperature deprotection of 3 using boron tri-
bromide selectively cleaved its 3-methoxy group yielding 5-Me-
Csn-B (2) (82% for three steps). Schafer and Franck20 reported
that this type of ether cleavage was facilitated by the formation
of a stable six-membered ring complex that contained the
oxygen atoms of the ketone carbonyl and ether groups in the
substrate and the boron atom of the cleavage reagent. Hydro-
lysis of the complex produced the b-hydroxyketone. In the
present case, this complex would include the oxygen atom in
the n-octanoyl side chain and the 3-position hydroxyl oxygen in
the benzene ring of 5-Me-Csn-B (2) and the boron dibromide
moiety. The interaction between these two oxygens is supported
by the downeld position of the 3-hydroxyl proton that occurs in
the NMR spectrum of 5-Me-Csn-B (2), which is caused by its
hydrogen-bonding to the oxygen atom of the 2-n-octanoyl group.
Cytosporone B and its 5-methyl ether 2 and 3,5-dimethyl ether
3 dock to the NR4A1 ligand-binding domain

On the basis of the pose achieved by docking Csn-B (1) to the
crystal structure of the human NR4A1 LBD (PBD code 2QW4),
Zhan et al.8 hypothesized that Csn-B interacted with the
phenolic hydroxyl group of Y122 in helix H5 (Y453 in NR4A1
numbering) of the LBD. This interaction was demonstrated by
their binding affinity experiments and further supported by the
3). Reagents and conditions: (a) Anhydrous ethanol, benzene, sulfuric acid, reflux,
: boron tribromide, dichloromethane,�78 �C, 0.5 h, and 0 �C, 4 h (6),�78 �C, 4.5 h
2). (c) Benzyl bromide, potassium carbonate, acetone, 68 �C, 21.5 h; yield: 98%. (d)
phosphoric acid (4/1), 23 h; yields: 4% (9) and 42% (10), and 96% (3).

Med. Chem. Commun., 2013, 4, 332–339 | 333
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Fig. 3 Cytosporone B (Csn-B, 1), 5-Me-Csn-B (2) and 3,5-(Me)2-Csn-B (3) were
docked to the human NR4A1 ligand-binding domain (PDB crystal structure code
2QW4) as described in the Methods (see ESI†). Ligand poses are shown in stick
format and residue side chains in line format. Carbon atoms in the pose for Csn-B
and in the accompanying NR4A1 binding-pocket side chains are shown in
magenta (A), those for 5-Me-Csn-B and accompanying side chains are in green
(B), and those for 3,5-(Me)2-Csn-B and accompanying side chains are in cyan (C).
Nitrogen atoms are colored blue; oxygens, red; and sulfurs, yellow. Potential
hydrogen-bonds between O atoms are denoted by dashed red lines with
interatom distances given in Å. H atoms have been omitted to enhance clarity.
Residue numbering is that used for the human NR4A1 LBD.

Table 1 Dependence of cancer cell viability inhibition on the interatom distanc
compounds 1�3

Compound (groups at 3- and
5-ring positions)

Concentration (mM) required t
50% (IC50) (% inhibition at 20

H460 lung cancer

1 (3,5-dihydroxy) 15.3 (88)
2 (3-hydroxy, 5-methoxy) 15.9 (75)
3 (3,5-dimethoxy) (11)

a Cell lines were treated for 72 h.
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observed loss of Csn-B-induced transactivation and trans-
localization activities by their NR4A1 (Y453A) mutant.

The low-energy conformation of Csn-B used for docking to
the same NR4A1 LBD structure had its 2-octanoyl side chain
held in an extended conformation, resembling that used by
Zhan et al.8 Our docking produced a similar pose (see Fig. 3A).
This pose suggested that the ethyl carboxylate, 2-n-octanoyl
carbonyl and 3- and 5-OH groups of Csn-B resided in a polar
cle on the LBD surface and were partially surrounded by
residues from helices H5 and H7, while its extended alkyl chain
resided in a hydrophobic pocket surrounded by residues from
helices H1, H5 and H8, and the H1–H3 loop. This pocket led
into the interior of the LBD. In our docking pose, Csn-B was
bounded by residues from helices H1, H3, H5, H7 and H8 and
the H1–H3, H5–S1 and H7–H8 loops. Our ligand-binding pocket
(LBP) differs from the canonical LBP found in the LBDs of other
NRs such as the retinoic acid and retinoid X nuclear receptors.
Their LBP is located deeper within the LBDs and bounded by
residues from helices H3, H5, H7 and H11 and the H5–H6
loop.21,22 Interestingly, the region comparable to the canonical
LBP in the rat NR4A1 (NGFI-B) LBD structure (PDB 1YJE) is lled
with aromatic and alkyl side chains of residues from helices
H3–H5.23 In summary, our docking to the 2QW4 structure
supports the reported docked Csn-B pose8 and suggests the
following potential H-bond stabilizing interactions (i) Csn-B
2-n-octanoyl carbonyl O atom with LBD H5 Y122 phenolic OH
(4.8 Å interatom distance between Os) that would need to be
mediated by a water molecule; (ii) Csn-B ester carboxylate O
with H7 H163 imidazole ring amine H (3.93 Å); (iii) Csn-B 3-OH
with H5 Y122 OH (2.47 Å) and H8 V167 backbone carbonyl O
(2.96 Å); and (iv) Csn-B 5-OH with LBD backbone carbonyl Os of
both H7 L162 and H163, with the former requiring mediation
by a water molecule (4.66 Å) and the latter being direct (2.3 Å),
and with the H163 ring imine N (3.41 Å), assuming that the
H-bond distance is 3 Å.24

Compared to our docked pose for Csn-B (1) (Fig. 3A), docking
of 5-Me-Csn-B (2) and 3,5-(Me)2-Csn-B (3) into the same LBP
produced poses (Fig. 3B and C, respectively) that were shied
farther from the helix H7 H163 backbone carbonyl O and
towards the LBD interior. As a result, the Cs at the benzene ring
1-positions of 5-Me-Csn-B and 3,5-(Me)2-Csn-B were shied 3.7
and 2.2 Å away, respectively, from those of Csn-B. Despite this
shi, 5-Me-Csn-B could maintain a H-bond between its 3-OH
e between Y122 oxygen atom and oxygen atom at 3- or 5-position of ring of

o inhibit cell viability by
mM)a

Distance between Y122 residue
phenolic O atom and O atoms on
the benzene rings of 1–3 (Å)

LNCaP prostate cancer 3-O atom 5-O atom

13.4 (76) 2.47 7.13
11.4 (80) 2.74 4.66

(14) 4.67 5.97

This journal is ª The Royal Society of Chemistry 2013
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and the H5 Y122 OH(2.74 Å). However, the distance (4.61 Å)
between its ester carbonyl O and the Lys125 side chain N, while
smaller than that (5.47 Å) of Csn-B would not permit any direct
H-bonding to the K125 amine H. The bulk of the 3-methyl group
of 3,5-(Me)2-Csn-B deected the Y122 side chain to suggest that
there would be no, or only weak, H-bond interactions between
the O at its 3-ring position and the Y122 phenolic OH. H-bond
distances between the 3- and 5-Os in the low-energy docked
conformers of Csn-B and its methyl ethers (1–3) and the LBP
Y122 ring Os are listed in Table 1 in comparison with their
inhibitory effects on two cancer cell lines and suggest that the
3-OHs of Csn-B and 5-Me-Csn-B would be responsible for their
higher activity.

These results led us to examine the impact of H-bond
acceptor or donor status of the 3- and 5-OHs of Csn-B on cancer
cell viability and NR4A1 function.
Fig. 4 Effects of cytosporone B (Csn-B, 1), its monomethyl ether (5-Me-Csn-B, 2)
and dimethyl ether (3,5-(Me)2-Csn-B, 3) on cancer cell viability. (A) H460 lung
cancer cells in RPMI-1640 medium containing 10% fetal bovine serum were
treated for 72 h with each compound or the positive control (DIM-Ph-4-CF3, 4) at
0.1–20 mM or with vehicle alone (DMSO). (B) LNCaP prostate cancer cells were
similarly treated for 72 h at 1.0–20 mM compound or with vehicle alone. Cell
viability was measured using an MTT assay (see ESI†). Results shown are the
means of six replicates � SD.
Cytosporone B is a more effective inhibitor of H460 lung and
LNCaP prostate cancer cell viability than its monomethyl and
dimethyl ethers

We rst examined the effects of Csn-B and its methyl ether
analogs 5-Me-Csn-B and 3,5-(Me)2-Csn-B on the growth of NCI-
H460 NSCLC cells in comparison with another reported NR4A1
agonist, di(1H-indol-3-yl)(4-triuromethylphenyl)methane (DIM-
Ph-4-CF3, 4), which was rst reported by the Safe group.7 The
H460 cell line was established from a human large-cell undif-
ferentiated lung carcinoma.25 It is reported to express the wild-
type tumor suppressor p53, have elevated levels of NAD(P)
H:quinone oxidoreductase (NQO1),26 which stabilizes p53 in the
nucleus, but lack the cyclin-dependent kinase 4 inhibitor
p16/INK4A,27 which functions as a G1 cell-cycle regulator. As
shown in Fig. 4A, Csn-B and its methyl ethers were less effective
than DIM-Ph-4-CF3 in inhibiting H460 cell viability. Aer 72 h of
treatment, the concentrations of Csn-B (1), 5-Me-Csn-B (2) and
3,5-(Me)2-Csn-B (3) required to inhibit cell viability by 50% (IC50

value) were 15.3, 15.9 and >20 mM, respectively (see Table 1),
whereas that for DIM-Ph-4-CF3 (4) was 4.6 mM. However, Csn-B
was more active than 5-Me-Csn-B and 3,5-(Me)2-Csn-B. In a
separate experiment, the activities of the four compounds (1–4)
at 10 mM were compared at 72 h. Their relative inhibitions of
H460 viability were 50%, 22%, 24% and 90%. Thus, both methyl
ethers had similar potencies at this concentration but these
values were half that of Csn-B. These results suggest that at
10 mM (i) hydrogen-bond donation by the Csn-B 3-OH was more
important as a determinant of cell viability inhibition than that
of the 5-OH; (ii) the ability of the 5-OH to function as a H-bond
donor did not have a role in reducing H460 cell viability; and (iii)
the interactions of Csn-B with NR4A1 had less impact on cell
viability than those of the DIM-Ph-4-CF3. These results are in
agreement with the report that a 24 h treatment of NR4A1-
expressing BGC-823 gastric cancer cells with 10 mM 5-des-
hydroxy-Csn-B was unable to inhibit viability, whereas Csn-B
inhibited viability by 36%.9

Compounds 1–4 were next evaluated in androgen-depen-
dent,28 ATRA-sensitive LNCaP prostate cancer cells, which
express a mutant androgen receptor capable of being activated
This journal is ª The Royal Society of Chemistry 2013
by androgens, some anti-androgens, progestins and estro-
gens.29 This cancer cell line also expresses estrogen receptors a
and b,30 constitutively activated casein kinase 2,30 and high
levels of ErbB2/HER-2/Neu,31 which up-regulates Akt2 kinase
activity to enhance cell proliferation,32 but does not express the
tumor suppressor gene PTEN.33 NR4A1 was found to be induced
in this cell line on treatment with such cell stressors as
apoptosis inducers, mitogens, anti-androgens, a calcium iono-
phore, the anticancer drug etoposide15,34 and the apoptosis-
inducer and small heterodimer partner ligand 3-Cl-AHPC.35

LNCaP cell viability was determined aer a 72 h treatment
with increasing concentrations of Csn-B (1) and its methyl ether
Med. Chem. Commun., 2013, 4, 332–339 | 335
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analogs 5-Me-Csn-B (2) and 3,5-(Me)2-Csn-B (3) in comparison
with DIM-Ph-4-CF3 (4) as a positive control (Fig. 4B). IC50 values
for viability inhibition were determined from the dose–response
curves and indicated that Csn-B and 5-Me-Csn-B had compa-
rable inhibitory activity (IC50 values of 13.4 and 11.4 mM,
respectively, and viability inhibitions of 76� 7% and 80� 8% at
20 mM, Table 1). Whereas an IC50 value for 3,5-(Me)2-Csn-B was
not reached at 20 mM, the highest concentration evaluated, at
which viability inhibition was only 14 � 7%. The positive
control, DIM-Ph-4-CF3, was again the most active inhibitor (IC50

value of 9.7 mM and 97% growth inhibition at 20 mM).
In terms of the IC50 values for 50% inhibition of H460 and

LNCaP cell viability at 72 h, the positive control, DIM-Ph-4-CF3
(4), with IC50 values of 4.6 and 9.7 mM, respectively, was more
active than Csn-B (1) and 5-methyl-Csn-B (2). Its IC50 value for
inhibiting H460 lung cancer cell growth is in the same
concentration range as that reported by the Safe group (approx.
7.7 mM).36 Moreover, as this group previously reported, the
inhibition of LNCaP cell viability by DIM-Ph-4-CF3 was
Fig. 5 Cytosporone B (Csn-B, 1) and 5-Me-Csn-B (2) induce the export of NR4A1 fr
Csn-B (1), 5-Me-Csn-B (2), 3,5-(Me)2-Csn-B (3) or DIM-Ph-4-CF3 (4) or DMSO vehicle
monoclonal antibody followed by goat anti-rabbit antibody linked to Alexa Fluor 59
(blue in panels of column 2) (see Methods (ESI†)). Cells were visualized by confocal mi
demonstrated by the magenta color of the nuclei in the overlays for the control and
the cytoplasm is red in cells treated with Csn-B, 5-Me-Csn-B or DIM-Ph-4-CF3.

336 | Med. Chem. Commun., 2013, 4, 332–339
independent of interaction with peroxisome proliferator-acti-
vated nuclear receptor g, concentration dependent and
produced an IC50 value between 5 and 10 mM at 72 h,37 which is
comparable to that we attained (9.7 mM).
Cytosporone B and its 5-methyl ether induce NR4A1 nuclear
export

Zhang and co-workers rst reported that several inducers of
cancer cell apoptosis also induced the translocation of NR4A1
from the nucleus to the cytoplasm in the same cell lines.4

Translocation was accompanied by the colocalization of NR4A1
with mitochondrial Bcl-2.4,10 The interaction between NR4A1
and Bcl-2 caused the cytoprotective Bcl-2 protein to undergo a
conformational change that led to induction of apoptosis, a
process involving loss of mitochondrial membrane potential,
release of mitochondrial cytochrome c and activation of cas-
pases.4,6 Aer these reports, Wu and co-workers demonstrated
that a 12 h treatment of human BCG-8223 gastric cancer cells
om the cell nucleus to the cytoplasm. H460 cells were treated for 8 h with 10 mM
alone (control) for 8 h, fixed and then stained for NR4A1 using anti-rabbit NR4A1
4 (red in the panels of column 1) and for nuclear double-stranded DNA using DAPI
croscopy and images overlaid (column 3). Localization of NR4A1 in the cell nuclei is
3,5-(Me)2-Csn-B (3)-treated cells (column 3), whereas the nuclei remain blue and

This journal is ª The Royal Society of Chemistry 2013
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with 15.5 mM Csn-B (1) induced the export of NR4A1 from the
nucleus to the cytoplasm and NR4A1 colocalization with the
mitochondrial heat-shock protein (HSP) 60.8 Similarly, treat-
ment of H460 cells with 10 mMCsn-B, 5-Me-Csn-B (2) or DIM-Ph-
4-CF3 (4) resulted in the translocation of NR4A1 from the
nucleus to the cytoplasm (Fig. 5). In contrast and as observed
with the DMSO alone-treated control, treatment of the cells with
the 3,5-(Me)2-Csn-B (3) was unable to induce the export of
NR4A1 from the nucleus.

Cytosporone B and its 5-methyl ether induce apoptosis

Wu and co-workers also reported that a 48 h treatment with
15.5 mM Csn-B induced 63% BCG-823 cell apoptosis as
measured by nuclear DNA condensation, mitochondrial cyto-
chrome c release and procaspase-9 cleavage.8 The apoptosis-
inducing effects of Csn-B (1), its methyl ethers 5-Me-Csn-B (2)
and 3,5-(Me)2-Csn-B (3) and DIM-Ph-4-CF3 (4) on H460 cells
were examined at a lower concentration (10 mM) and at an
earlier time point (8 h) to observe early apoptotic events. As
shown by nuclear staining in Fig. 6A, induction of chromatin
Fig. 6 Cytosporone B (Csn-B) and 5-Me-Csn-B induce H460 cell apoptosis as eviden
Cells were treated for 8 h with Csn-B (1), 5-Me-Csn-B (2), 3,5-(Me)2-Csn-B (3) or DIM
permeabilized and stained using DAPI for visualization of nuclei (blue). Fields of 30
determine those undergoing apoptosis. Results shown are representative of three re
are averages of three replicates � SD and represented graphically. (C) Cells were lyse
nitrocellulose membranes and blots stained for PARP cleavage using anti-PARP antib
was used as a loading control. Results shown are representative of three replicates

This journal is ª The Royal Society of Chemistry 2013
condensation and/or DNA fragmentation by Csn-B, 5-Me-Csn-B
and DIM-Ph-4-CF3 was at least two-fold higher than that
induced by 3,5-(Me)2-Csn-B and 4.4, 5.1 and 3.7-fold, respec-
tively, higher than that that observed for the DMSO control. In
addition to chromatin condensation, cleavage of the 116 kDa
DNA repair protein poly(ADP)ribose polymerase (PARP) to an 85
kDa fragment by activated proteases is a marker of apoptosis.38

Again, 3,5-(Me)2-Csn-B was less potent than the other three
compounds (Fig. 6B and C).

Cytosporone B and its 5-methyl ether interact with the human
NR4A1 LBD

Csn-B (1) was reported to physically interact with the NR4A1
LBD by its quenching of LBD uorescence and circular
dichroism, but was unable to interact with the LBD Y122A
mutant as demonstrated by its inability to quench the uores-
cence of the mutant.8 On this basis, Csn-B was used as a positive
control in binding studies using one-dimensional 1H NMR
spectroscopy to determine the interaction of methyl ethers
5-Me-Csn-B (2) and 3,5-(Me)2-Csn-B (3) with the recombinant
ced by chromatin condensation and/or DNA fragmentation and by PARP cleavage.
-Ph-4-CF3 (4) at 10 mM or with DMSO vehicle alone (control). (A) Cells were fixed,
0 cells were scored for nuclear fragmentation and/or chromatin condensation to
plicates. (B) Levels of chromatin condensation and/or DNA fragmentation shown
d, and lysates separated using SDS-PAGE. Separated proteins were transferred to
ody followed by a peroxidase-conjugated secondary antibody. Staining for b-actin
. Procedures are described in the ESI.†

Med. Chem. Commun., 2013, 4, 332–339 | 337

http://dx.doi.org/10.1039/c2md20243c


Fig. 7 Comparison of proton nuclear magnetic resonance spectra of cytospor-
one B (Csn-B, 1), 5-Me-Csn-B (2) or 3,5-(Me)2-Csn-B (3) alone and in the presence
of recombinant NR41A ligand-binding domain (LBD) protein indicates that Csn-B
and 5-Me-Csn-B interact with this protein, whereas 3,5-(Me)2-Csn-B does not.
Low-field regions of one-dimensional 1H NMR spectra of each compound alone
(upper spectrum in black) and combined with recombinant LBD protein (lower
spectrum in red) are shown. As described in the Methods (ESI†), spectra of
100 mM Csn-B (A), 50 mM 5-Me-Csn-B (B) and 50 mM 3,5-(Me)2-Csn-B (C) in the
absence and presence of the protein at 10 mM for Csn-B and at 5 mM for 5-Me-
Csn-B and 3,5-(Me)2-Csn-B were taken at 11 �C to maintain protein stability.
Interaction between compound and protein is demonstrated by loss of
compound proton signals in the presence of protein (A and B). Spectral regions
shown for comparison are those lacking overlapping signals from the buffer,
protein and water.
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human NR4A1 LBD. NMR can be used to establish the inter-
action of a small molecule with a much larger protein, because
aer their complexation the proton signal relaxation time of the
former increases leading to broadening of the proton signals in
its NMR spectrum. Proton signals for the aromatic regions from
5.85 to 6.35 ppm in the NMR spectra of Csn-B, 5-Me-Csn-B and
3,5-(Me)2-Csn-B (1–3) were selected for comparison purposes
because they did not overlap with proton signals from either the
protein or buffer. The two singlets for the 4- and 6-hydrogens on
the benzene rings of Csn-B and 5-Me-Csn-B (Fig. 7A and B,
respectively) were totally suppressed in the presence of the LBD
protein to indicate that both compounds interacted with the
protein. In contrast, the peak heights for these two aromatic
hydrogens in the spectrum of 3,5-(Me)2-Csn-B did not decrease
in the presence of the protein (Fig. 7C) to indicate that its
interaction with the LBD was absent or very weak. The absence
of any specic interaction between 3,5-(Me)2-Csn-B and the LBD
protein was also demonstrated using isothermal titration calo-
rimetry (data not shown).

The suppression of the aromatic hydrogen signals in the
NMR spectra of Csn-B and 5-Me-Csn-B in the presence of the
NR4A1 LBD protein (Fig. 7A and B, respectively) supports their
interaction with the NR4A1 LBD and is in agreement with
earlier reports on the interaction of Csn-B with the LBD.8,9 The
present results also support the importance of the unprotected
phenolic 3-OH groups at the 3-position in the benzene rings of
Csn-B and 5-Me-Csn-B and their H-bond donation to the LBD as
evidenced by (i) the LBD-mediated suppression of the same two
aromatic hydrogen signals in the NMR spectra of these
compounds; and (ii) the absence of signal suppression by the
LBD in the spectrum of 3,5-(Me)2-Csn-B (3), which is unable to
donate such a H. The importance of the H-bond interaction of
the 3-OH with the LBD Y122 phenolic OH was rst demon-
strated by loss of interaction of Csn-B with the Y453A mutant of
the full-length receptor8 and the retention of binding to NR4A1
by 5-deshydroxy-Csn-B (only 12% higher Kd value than Csn-B).9

Moreover, the similar abilities of Csn-B and 5-Me-Csn-B to
inhibit cancer cell viability and the inability of 3,5-(Me)2-Csn-B
to comparably do so support the role of NR4A1–ligand inter-
action in mediating NR4A1 activity. The present results also
suggest that mediating NR4A1 activity using more potent
analogs of Csn-B would be a feasible therapeutic approach for
treating cancer or other NR4A1-regulated diseases.
Conclusions

In summary, cytosporone B (Csn-B, 1) and its two derivatives,
5-Me-Csn-B (2) and 3,5-(Me)2-Csn-B (3), were synthesized and
evaluated for their abilities to inhibit the viability of human
H460 lung and LNCaP prostate cancer cells, and to induce
NR4A1 nuclear export and apoptosis of H460 cancer cells. Both
Csn-B and 5-Me-Csn-B having a 3-OH on their aromatic rings
have similar bioactivities, whereas, 3,5-(Me)2-Csn-B was inactive
or showed weak activities. These results suggest that the 3-OH is
more important than the 5-OH in negatively impacting cancer
cell viability and inducing apoptosis, and agree with 1H NMR
ligand–receptor binding experiments, which indicated both
This journal is ª The Royal Society of Chemistry 2013
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Csn-B and 5-Me-Csn-B strongly interacted with NR4A1 LBD,
whereas 3,5-(Me)2-Csn-B showed no or weak interaction. These
results were supported by the results of docking the three
compounds to the NR4A1 LBD. However, the interactions of
Csn-B and 5-Me-Csn-B with the LBD led to weaker inhibition of
cell viability than that of the positive control DIM-Ph-4-CF3.
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