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Abstract—Four xanthocillins (1-4), including a new compound 4, were isolated from cultured marine fungus Basipetospora sp. as
thrombopoietin (TPO) mimics. Compounds 1-4 promoted the proliferation of a TPO-sensitive human leukemia cell line, UT-7/
TPO, and UT-7/EPO-mpl, genetically engineered to express c-Mpl, a receptor for TPO in dose-dependent manners. However, the
proliferation of UT-7/EPO, a parental cell line of UT-7/EPO-mpl that was devoid of TPO receptor, was not affected by them.
Thrombopoietic action of compound 1 was nearly as potent as that of TPO, inducing cell proliferation at a concentration ranging
from 1 to 100 nM. Compound 1 also induced the phosphorylation of several proteins, including Janus kinase 2 (Jak2), signal
transducers, and activators of transcription-3 (STAT3) and STATS in the UT-7/EPO-mpl cell line, but not in the UT-7/EPO cell
line. These data indicated that xanthocillins are putative agonists for c-Mpl, as their cellular actions were analogous to those of

TPO.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Thrombopoietin (TPO) is a glycoprotein consisting of
332 amino acids that regulate platelet production by
stimulating proliferation and differentiation of hemato-
poietic stem cells, megakaryocytic progenitor cells, and
megakaryocytes. This regulation of the cell development
is mediated through a receptor, c-Mpl, a protein encod-
ed by proto-oncogene c-mpl.'* Upon binding to c-Mpl,
TPO activates a Janus kinase 2 (Jak2)-signal transduc-
ers and activators of transcription (STAT) signaling
pathway to drive cell proliferation and differentiation.
Therefore, recombinant human (rh) TPO can be an
attractive treatment for thrombocytopenia. In fact,
rhTPO has been tested as a treatment for patients with
thrombocytopenia, including those who are receiving
nonmyeloablative chemotherapy.’ However, difficulties
associated with a protein-based drug, such as limited
administration methods and development of an anti-
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body against TPO, must be considered for future drug
development. Thus, small nonpeptide molecules that
mimic the activity of TPO with bioavailability, preferen-
tially through oral administration, would be of consider-
able medical importance.® Several small peptides of
14-16 amino acid residues and their dimmers have been
reported as potent agonists of c-Mpl,” with in vivo
efficacy in mice.® Recently, nonpeptide synthetic
compounds such as a benzodiazepine derivative,’
hydrazinonaphthalenes and azonaphthalenes,'® and a
substituted thiazole!' have been reported to possess
TPO-like activity. To date, however, none of these com-
pounds has been developed as a thrombopoietic drug.

In search of TPO mimetic molecules with unique struc-
ture and possibly with an interesting mechanism of ac-
tion from natural sources, we screened fungal strains
isolated from benthic marine organisms using a UT-7/
TPO cell proliferation assay, since marine microorgan-
isms including fungi have been proven to be rich sources
of bioactive secondary metabolites.!? In the present study
we report the isolation of xanthocillins (1-4) as TPO
mimetics from marine fungus Basipetospora sp. and dis-
cuss that xanthocillins are a novel class of c-Mpl agonist.
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2. Results
2.1. Isolation and structure determination of xanthocillins

The lipophilic extract of cultured Basipetospora sp. was
separated with a silica gel column to give fractions that
exhibited the activity to induce cell proliferation of the
UT7/TPO cells. HPLC purifications of active fractions
afforded compounds 1-4 (Fig. 1).

compound 1:R; =H, R, = OH, Rz = H
compound 2:R; = H, R, = OCH3 (C-10), Rz =H
compound 3:R; = H, Ry, = OCH3(C-10"), R3 =OCH3(C-11")
compound 4:R; = R, = R3 = OCH3

Figure 1. Structures of xanthocillins (1-4).

Spectral data for compounds 1-4 were very similar to
each other, suggesting that they were related com-
pounds. Structures of these compounds can be assigned
readily to derivatives of xanthocillin X on the basis of its
characteristic IR absorlption for an isonitrile group
around 2110-2120cm™", UV absorption at 360 nm,
and the molecular formula deduced from the high-reso-
lution mass spectral data. Structures of each compound
were assigned on the basis of molecular formulae and
two-dimensional correlation nuclear magnetic resonance
(NMR) spectra, by which the chemical shift for all the
protons and carbons for compounds 1-4 could be as-
signed. The data for compounds 1-3 corresponded well
to those of xanthocillin X monomethyl ether (XME),
xanthocillin X dimethyl ether (XDE), and xanthocillin
X trimethyl ether (XTE), respectively.'*> Compound 4,
6’,8’-dimethoxy XDE, has never been reported previ-
ously. The molecular formula of 4 deduced by mass
spectral data along with the NMR data indicated that
4 possesses three methoxyl groups in the B ring,
although the A ring and the substituted diene are the
same as those of other xanthocillins. The symmetric nat-
ure of the B ring and the correlation observed between
H-5" and C-3’ in heteronuclear multiple bond correla-
tion spectrum (HMBC) NMR spectra confirmed the
substitution pattern in the B ring. Xanthocillin X was
first isolated as an anti-microbial agent.'*!> Methyl-
ethers of xanthocillin X, compound 1-3, were later iso-
lated from Aspergillus sp. as anti-viral principles.'¢

2.2. The effect of compounds 1-4 on the proliferation of
the various UT-7 cells

We first tested the effects of compound 1 on the cell pro-
liferation of UT-7 sublines.!”'® Compound 1, at concen-
trations between 0.3 and 1000 ng/mL, was applied to
UT-7/TPO, UT-7/EPO-mpl, and UT-7/EPO cell lines
(Fig. 2). Both EPO and TPO were used as controls.
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Figure 2. Proliferative activity of compound 1 on UT-7/TPO, UT-7/
EPO-mpl, and UT-7/EPO cells: (A) UT-7/TPO cells, (B) UT-7/EPO-
mpl cells, and (C) UT-7/EPO cells were cultured in IMDM containing
10% FBS in the presence of EPO, TPO, or compound 1 (0.3-1000 ng/
mL) for 4 days. The data represents the average of two independent
experiments (panels A and C), or the mean * SE of three independent
experiments (panel B).

Compound 1 induced proliferation of UT-7/TPO and
UT-7/EPO-mpl in a dose-dependent manner, but not
UT-7/EPO cells. The maximum response achieved by
compound 1 in the UT-7/EPO-mpl cells was comparable
to that induced by TPO, however that in UT-7/TPO
cells was about 4 times less than that induced by TPO.
Reason for this discrete response of two cell lines to
compound 1 is not clear since both cell lines are equally
responsive to TPO as well as EPO.

We next compared the effects of all xanthocillins isolated
in the present study on the proliferations of UT-7/EPO-
mpl and UT-7/EPO cells (Fig. 3). In the UT-7/EPO-mpl
cells, both compounds 1 and 3 induced cell proliferation
with nearly optimal responses, which were comparable
to that of TPO. The efficacy of 2, however, reached only
about 78% of that of TPO, probably because of its



6390 R. Sakai et al. | Bioorg. Med. Chem. 13 (2005) 6388—6393

A UT-7/ EPO-mpl cell proliferation

n
)

-O- EPO
= 20 5~ TPO
—&— compound 1

[0
Sk
© O
58 —O— compound 2
§ 9 1.0 —&— compound 3

T 05 —o— compound 4

0.0
0.001 001 0.1 1 10 100 1000
Concentration

(TPO, compound 1-4; ng/ml, EPO; U/ml)

B UT-7/ EPO cell proliferation
-O— EPO
15 -~ TPO
—4— compound 1
—— compound 2
0.5 —A— compound 3
—O— compound 4

0.0 L—5 00—~

-0.5

1.0

Absorbance
(AOD450nm)

0.001  0.01 0.1 1 10 100 1000

Concentration
(TPO, compound 1-4; ng/ml, EPO; U/ml)

Figure 3. Proliferative activity of compounds 1-4 on UT-7/EPO-mpl
and UT-7/EPO cells: (A) UT-7/EPO-mpl cells and (B) UT-7/EPO cells
were cultured in IMDM containing 10% FBS in the presence of EPO,
TPO, or compounds 1-4 for 4 days. The data represent the mean + SE
of three independent experiments (panel A) or the average of two
independent experiments (panel B).

cytotoxicity at higher concentrations. Of note, in the
UT-7/TPO cells, compounds 2-4 induced proliferation
of the cells with maximum response of about 12-28%
(data not shown). This tendency was similar to that ob-
served for compound 1 as described above.

The efficacy and maximum response achieved by these
compounds relative to TPO are summarized in Table
1. Compared to other nonpeptide thrombopoietic com-
pounds, the activity of 1 was as potent as that of
SB394725, one of the most potent small molecule
thrombopoietic agents reported so far that induce cell
proliferation through c¢-Mpl activation at about
40 nM.'"” Among the xanthocillins tested, methoxyl sub-
stitution in the B ring attenuated the potency.

Xanthocillins are known to display various biological
activities. For example, 1-3 were cytotoxic against HeLa
cells in concentrations ranging from 3.2 to 10 pg/mL.%°
Compounds 2 and 3 inhibited the growth of yeast Can-
dida albicans at 1Csy values of 12.1 and 8.2 ug/mlL,

Table 1. UT-7/EPO-mpl cell proliferation induced by compound1-4*

1 2 3 4
ECso (ng/mL) 4.0 14 23 210
(2.7-6.8)°  (8.1-25)°  (14-37)°  (120-400)°
ECso (nM) 13 44 66 560
Enmax (%0)° 109.1 775 105.7 74.4

#Data shown in this table are mean triplicate at each data point.
®TPO (10 ng/mL) = 100 %.
€95% confidence interval.

respectively. Anti-viral activity of compounds 1-3 was
also reported: 1-3 inhibited plaque formation of New-
castle disease virus (NDV) between concentrations of 2
and 30 pg/mL without cytotoxicity. Interestingly, we
found that the effective concentration range of xantho-
cillins to induce cell proliferation for c-Mpl-expressed
UT-7 cells was significantly lower than that of the bio-
logical activities described above, suggesting that the
mechanism of TPO-like action of xanthocillins is differ-
ent from the above ‘inhibitory’ actions to various cells
and microorganisms. Interestingly, compounds 1 and 2
were reported to inhibit the biosynthesis of prostaglan-
din E2 and F2a at ICs, values of 0.2 and 30 uM, respec-
tively, although the mechanism of this activity is not
known.'3

2.3. Effects of xanthocillins on c-Mpl-mediated signal
transduction pathways

Since the above results suggested that xanthocillins act
as agonists of c-Mpl, we further examined the cellular
mechanism for selective induction of UT-7/EPO-mpl
cell proliferation by xanthocillins. Thus, we examined
a TPO-receptor-mediated signaling pathway. Each
UT-7/EPO-mpl or UT-7/EPO cell was treated with com-
pound 1. Harvested cells were lysed, and the cell lysates
were immunoprecipitated with an anti-phosphotyrosine
antibody and visualized by Western blotting with each
antibody against Jak2, STAT3, and STATSA. In the
UT-7/EPO-mpl cells, compound 1 induced phosphory-
lation of all the above proteins in the same manner as
TPO (Fig. 4).

On the other hand, neither compound 1 nor TPO in-
duced phosphorylation of such proteins in the UT-7/
EPO cells (data not shown). These data were consistent
with the results from the cell proliferation assay in which
xanthocillin selectively induced c-Mpl-expressed UT-7
cells.
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Figure 4. Signal transducing activity of compound 1 on UT-7/EPO-
mpl cells. UT-7/EPO-mpl cells were treated with TPO or compound 1
(0.3-20 pg/mL) at 37 °C for 5 min. Cell lysates were immunoprecip-
itated with antiphosphotyrosine antibody and visualized by Western
blotting with each antibody against Jak2 (panel A), STAT3 (panel B),
and STATSA (panel C).
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3. Discussion

In summary, data presented in this study demonstrated
that mycotoxin xanthocillins are putative ligands of
c-Mpl, a TPO receptor, with dose-dependent thrombo-
poietic action. The xanthocillins are the first example of
natural product with this activity. In the UT-7 cells, they
acted as TPO mimics only when c-Mpl was expressed. The
fact that xanthocillins activate a downstream signaling
pathway of c-Mpl strongly suggests that these com-
pounds are agonists of the TPO receptor. It should be not-
ed, however that the actions of xanthocillins and TPO are
comparable, but may not be the same, because response of
UT-7/TPO was considerably lower than that of UT-7/
EPO-mpl cell lines upon application of xanthocillins;
while both of which responded similarly to TPO. This re-
sult might merely be a reflection of higher susceptibility of
UT-7/TPO cells to cytotoxicity of xanthocillins, however,
it is also possible that some unknown complexity under-
lies in TPO-receptor-mediated signaling resulted in the
different responses of two cell lines to xanthocillins.

Although several nonpeptide small TPO mimetic com-
pounds are known and the pharmacophore of some
compounds has been uncovered,'®?! the mechanisms
of these drugs to activate TPO receptor are rather elu-
sive. It is less likely that they are able to facilitate recep-
tor dimerization as in the case of TPO itself or possibly
of small-peptide TPO mimics. Thus, discoveries of
nonpeptidyl TPO mimics with diverse structural feature
are beneficial in the investigation of the molecular mech-
anisms of these compounds for the activation of TPO
receptor. Because the structure of xanthocillins is signif-
icantly different from that of other nonpeptidyl throm-
bopoietic drugs, and the potency of xanthocillins to
activate the receptor is considerably high, it is intriguing
to study further to reveal the unique mechanism of
receptor activation by these molecules, which would be
of help in designing novel thrombopoietic drugs.

4. Experimental
4.1. General

The NMR data were recorded at 500 MHz for 'H and
125 MHz for '*C using methanol-d, as solvent. Chemi-
cal shifts for '"H were reported in ppm relative to resid-
ual proton in the methanol-dy at § 3.29. Mass spectra
were measured in EI mode. Exact masses were deter-
mined using polyfluorokerocene (PFK) as an internal
standard. An HPLC was performed using C-18
reversed-phase column (20 x 250 mm at a flow rate of
1 mL/min).

4.2. Biological material

The marine fungus isolate whose acetone extract in-
duced the growth of UT-7/TPO cells was identified on
the basis of its morphological and biochemical charac-
teristics to be Basipetospora sp. strain 1142, The strain
was deposited in international patent organism deposi-
tory (IPOD) with registry number of FERM P-18940.

4.3. Isolation of xanthocillins

The fungus was grown on 100 mL of a medium consist-
ing of 20 g of starch, 5 g of glucose, 2 g of yeast extract,
0.1 g of defatted soybean, and 0.1 g of Mg,P,O;in 1 L
of distilled water. After incubation at 25 °C for 4 days
on a rotary shaker at 140 rpm, the seed culture was
transferred to 900 mL of the same medium and incubat-
ed for 11 days under the same conditions. The cell pellet
from 13 L of broth was extracted with acetone and par-
titioned between hexane and water. The aqueous layer
was re-extracted with ethyl acetate. The culture broth
was passed through a DIAION HP20 (Mitsubishi
Chemical) column, and the absorbed material was
recovered by eluting with acetone. Both of these extracts
were combined to give a crude extract. The crude extract
was applied on a silica gel column and eluted with
CHCI5-CH;OH 100:0-5. One of the fractions that
induced UT-7/TPO cell proliferation was subjected to
HPLC (acetonitrile-water 75:25, 15 mL/min) to give
XME (1) as yellow needles. IR (KBr) v 3300, 2929,
2117, 1604, 1511, 1259, 1177, 1031, 816cm '; 'H
NMR (CD5;0D) ¢ 7.79 (2H, d, J =9 Hz, H-5, 9), 7.72
(2H, d, J =9 Hz, H-5, 9"), 7.02 (4H, m, H-3, 3/, 6, 8),
6.87 2H, d, /=9 Hz, H-6, 8'), 3.85 (3H, s, H-10);
13C NMR (CD;0D) § 174.9, 174.7 (C-1, 1'), 162.7 (C-
7), 161.6 (C-7'), 133.1 (C-5"), 132.7 (C-5), 129.0 (C-3'),
128.3 (C-3), 126.2 (C-4), 124.9 (C-4"), 117.5, 116.5 (C-
2,2%),116.9 (C-6/, 8'), 115.5 (C-6, 8), 55.9 (C-10): HRE-
IMS m/z 302.1233 (caled for Ci9H4N,O,: 302.1055).
The other active fraction was separated by HPLC (ace-
tonitrile-water 64:36, 15 mL/min) to afford compound
2-4. Compound 2: yellow needles; IR (KBr) v 2918,
2118, 1601, 1509, 1264, 1180, 1024, 876 cm '; 'H
NMR (CDCl;) ¢ 7.78 (4H, d, J=9 Hz, H-5, 5,9, 9,
7.02 (2H, s, H-3, 3'), 6.98 (4H, d, /=9 Hz, H-6, ¢, 8,
8"), 3.87 (6H, s, H-10, 10’); >°C NMR (CDCls) § 173.3
(C-1), 161.2 (C-7), 131.8 (C-5), 127.6 (C-3), 124.9 (C-
4), 116.3 (C-2), 114.6 (C-6), 55.5 (C-10, 10"): HREIMS
miz 316.1233 (calcd for CyoH6N,O5: 316.1212).

Compound 3: yellow solid; IR (KBr) v 2935, 2838, 2112,
1601, 1512, 1260, 1179, 1145, 1024cm™'; 'H NMR
(CDCls) ¢ 7.80 (2H, d, J=9 Hz, H-5), 7.49 (1H, d,
J=2Hz, H-5), 7.36 (1H, dd, J=2, 9 Hz, H-9"), 7.03
(1H, s, H3 or H3’), 7.02 (1H, s, H3 or H3'), 6.99 (2H,
d, J=9Hz H-6, H-8), 6.94 (1H, d, J=9 Hz, H-8),
3.96 (3H, s, H-11"), 3.95 (3H, s, H-10"), 3.88 (3H, s,
H-10); >*C NMR (CDCly) & 173.5, 173.4 (C-1, 1),
161.3 (C-7), 151.0 (C-7"), 149.1 (C-6), 131.8 (C-5),
127.8 (C-3), 127.6 (C-3), 125.1 (C-4'), 124.9 (C-4),
124.6 (C-9'), 116.3, 116.2 (C-2, 2), 114.6 (C-6), 111.9
(C-5"), 111.2 (C-8"), 56.1 (C10’, 11"), 55.5 (C-10): HRE-
IMS m/z 346.1330 (calcd for C2|H18N203: 3461317)

Compound 4: yellow solid; IR (KBr) v 2935, 2838, 2111,
1599, 1509, 1258, 1128 cm™'; 'THNMR (CDCl;) § 7.81
(2H, d, J =9 Hz, H-5), 7.09 (1H, s, H-5'), 7.06 (1H, s,
H-3), 7.02 (1H, s, H-3"), 6.99 (2H, d, J =9 Hz, H-6),
3.93 (9H, s, H-10", 11/, 12), 3.88 (3H, s, H-10); '*C
NMR (CDCly) 6 174.0, 173.5 (C-1, 1), 161.4 (C-7),
153.3 (C-6"), 140.1 (C-7'), 132.0 (C-5), 128.3 (C-3'),
127.8 (C-3), 127.5 (C-4'), 124.7 (C-4), 117.5 (C-2"),
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116.0 (C-2), 114.6 (C-6), 107.3 (C-5'), 61.1 (C-10"), 56.3
(C-11"), 55.5 (C-10): HREIMS m/z 376.1390 (caled for
C22H20N204: 3761423)

4.4. Cells and cell culture

The UT-7 cell line was established from bone marrow
(BM) cells obtained from a patient with acute megak-
aryocytic leukemia.?> UT-7/EPO and UT-7/TPO were
established by continuous maintenance of the UT-7 cell
line in the presence of EPO and TPO, respectively.!7-?3
UT-7/EPO-mpl was prepared by introducing a vector
that induces expression of human TPO receptor gene
(¢c-mpl) into human leukemia cell line UT-7/EPO under
the control of a cytomegalovirus immediate-early pro-
moter following the method of Takatoku et al.!® These
cell lines were subcultured in Iscove’s modified
Dulbecco’s medium (IMDM; Gibco) containing 10%
fetal bovine serum (FBS; Trace Scientific) using a CO,
incubator (5% CO,, 37 °C).

4.5. Cell proliferation assay

The subcultured cells described above were washed
twice with phosphate-buffered saline (PBS) and suspend-
ed in IMDM containing 10% FBS at a cell density of
6 x 10* cells/mL. The cell suspension was transferred to
a 96-well tissue culture plate in 100-pL aliquots. Then
either EPO (Epogen®, Chugai Pharmaceutical), TPO
(PeproTech EC), or compounds 1-4 dissolved in DMSO
was diluted 83-fold with IMDM containing 10% FBS
and added to the aforementioned cell suspension in
20-uL aliquot. The suspension was incubated in a CO,
incubator (5% CO,, 37 °C) for 4 days. Cell proliferation
was assayed using WST-8 reagent (Kishida Chemical)
according to instructions by the manufacturer. A 10-
pL aliquot of 5 mM WST-8 reagent was added to each
well of the tissue culture plate, and the plate was incu-
bated at 37 °C for 4 h. The formazan pigment generated
was detected by measuring the absorbance at 450 nm
with a 96-well microplate reader. The concentration of
each compound producing half maximal growth
(ECs) and the maximal growth rate achieved by the
same compound (E.x) to the growth of UT-7/EPO-
mpl cells in the presence of 10 ng/mL TPO were
determined.

4.6. Immunoprecipitation and Western blotting

The signal transducing activity of the compound to TPO
receptor was assayed by SDS-PAGE and Western blot-
ting. Briefly, UT-7/EPO-mpl cells and UT-7/EPO cells
were washed 3 times with PBS and suspended in IMDM
containing 10% FBS at a cell density of 9 x 10° cells/mL.
The cell suspension was incubated in a CO, incubator
(5% CO,, 37 °C) for 18 h. To 2 mL of this cell suspen-
sion (7 x 10° cells/mL), either TPO (final concentration,
3ng/mL) or a DMSO solution 1 (final concentration,
0.3-20 pg/mL) was added. After the mixture was incu-
bated at 37 °C for 5 min, the cells were lysed in 1.4 mL
of TNE buffer [20 mM Tris—HCI buffer (pH 7.4) con-
taining 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1 mM phenylmethanesulfonyl fluoride (PMSF),

1 mM Na3;VO,, and 1/400-diluted Protease Inhibitor
Cocktail (Sigma)]. The cell lysate was centrifuged to col-
lect the supernatant for immunoprecipitation with an
antibody against phosphotyrosine (PY20, Transduction
Laboratories) and protein G Sepharose (Pharmacia).
The immunoprecipitated protein fraction was collected
and denatured in a sample buffer for separation by
SDS-PAGE (7.5%). The separated proteins were trans-
ferred onto polyvinyliden difluoride (PVDF) membrane
(0.2 mm pore size) at 100 V for 1 h and incubated with
antibodies against proteins involved in signal transduc-
tion [anti-Jak2 (Upstate Biotechnology), anti-STAT3
(Santa Cruz Biotechnology), and anti-STATS5A (Up-
state Biotechnology)] followed by an alkaline phospha-
tase-labeled second antibody. The antigen—antibody
complex formed on the PVDF membrane was visualized
with 150 pg/mL nitro blue tetrazolium chloride (NBT)
and 300 pg/mL (5-bromo-4-chloro-3-indolyl-phosphate)
(BCIP).
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