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Pharicin A, a novel natural ent-kaurene
diterpenoid, induces mitotic arrest
and mitotic catastrophe of cancer cells
by interfering with BubR1 function
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In this study, we report the functional characterization of a new ent-kaurene diterpenoid termed pharicin A, which
was originally isolated from Isodon xerophilus, a perennial shrub frequently used in Chinese folk medicine for tumor
treatment. Pharicin A induces mitotic arrest in leukemia and solid tumor-derived cells identified by their morphology,
DNA content and mitotic marker analyses. Pharicin A-induced mitotic arrest is associated with unaligned chromosomes,
aberrant BubR1 localization and deregulated spindle checkpoint activation. Pharicin A directly binds to BubR1 in vitro,
which is correlated with premature sister chromatid separation in vivo. Pharicin A also induces mitotic arrest in paclitaxel-
resistant Jurkat and U20S cells. Combined, our study strongly suggests that pharicin A represents a novel class of small
molecule compounds capable of perturbing mitotic progression and initiating mitotic catastrophe, which merits further
preclinical and clinical investigations for cancer drug development.
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Introduction

Microtubule poisons represent important weaponry in the drug
arsenal for cancer treatment."? Paclitaxel and related taxanes
exhibit potent anticancer activities by promoting tubulin polym-
erization and microtubule stabilization, which is followed by
mitotic arrest and apoptosis.>* These compounds are effective
against a wide array of malignancies including refractory ovar-
ian cancer, metastatic breast cancer, non-small cell lung cancer
and head/neck cancer and bladder carcinomas.”® Vinca alkaloids,
originally isolated from Vinca rosea plant, have also been success-
fully developed into anti-cancer drugs (e.g., vincristine) in the
clinic.* Microtubule poisons cause mitotic arrest frequently by
activating the spindle checkpoint.

The clinical success of paclitaxel has spurred a number of
efforts to identify additional novel natural and semi-synthetic
mitosis-interfering products, such as ixabepilone” and vinflu-
nine.® All of these compounds have similar biochemical func-
tions targeting the disruption of microtubule dynamics; however,

surprisingly they have different biologic properties, which might
underlie their differential clinical efficacy.” During the past 30
years, a large number of ent-kauranoids have been isolated from
the genus Isodon, many of which exhibit potent antitumor activi-
ties with relatively low toxicities."

Mitosis is a series of well-orchestrated molecularly complex
events, and this degree of complexity and orchestration make
it an exquisite target for therapeutic intervention.? It is impera-
tive that the bi-orientation attachment of microtubules to sis-
ter chromatids must be established before proper chromosome
segregation. The spindle checkpoint functions to monitor the
completion of alignment of paired sister chromatids at the meta-
phase plate and the tension generated across the spindle poles.!
The spindle checkpoint consists of evolutionarily conserved
molecules including BubR1, CENP-E, Plk1, Mad2 and Sgol.'"
3 A number of therapeutic compounds targeting the mitotic
process and checkpoints have been developed. As mentioned
above, there are microtubule poisons which affect the integrity
of microtubules that are essential for mitotic checkpoint control
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and mitotic progression. Using a chemical and genetic screen
approach, as an example, ent-15-oxokaurenoic acid causes a pro-
longed mitotic arrest through affecting the association of the
mitotic motor protein CENP-E with kinetochores and thus
inhibiting chromosome movement." There are also compounds
that affect various aspects of the signaling network, such as
agents that inhibit PIk1 or Aurora A kinase."'® However, during
the past decades, limited reports indicate that the spindle assem-
bly checkpoint could be the target of natural and/or synthetic
chemical compounds.

In this study, we report the isolation of a novel ent-kaurene
diterpenoid termed pharicin A from Isodon pharicus (Prain) Hara.
Our results show that pharicin A induces mitotic arrest of pacli-
taxel-sensitive and resistant tumor cells. Evidence obtained from
a combination of biochemical, cellular and molecular approaches
suggests that this arrest may be related to the ability of pharicin
A to bind to BubR1, perturbing its sub-cellular localization and
inhibiting its kinase activity. This suggests that pharicin A may
represent a new class of anti-mitotic chemical compounds that
directly affects the proteins involved in the spindle checkpoint,
and merits further preclinical and clinical investigations for can-
cer drug development.

Results

Pharicin A inhibits proliferation of cancer cells by inducing
mitotic arrest. Any natural compounds-target molecular enti-
ties that control the cell cycle.® In this work; we describe the
effect of pharicin A, isolated from 1. pharicusleaves through a
series of chromatographic procedures, the structure of which is
shown in Figure 1A. Detailed analyses that led to the identifi-
cation of the structure are presented in Supplemental Table 1
and Supplemental Figure S1. To determine the potential effect
of pharicin A on cell proliferation, Jurkat and Raji lymphocytic
leukemia cells were treated with various concentrations of the
compound for 12, 24 and 48 h. In each treatment, live cells
were identified using Trypan blue exclusion assay to estimate the
viability index. Pharicin A inhibited proliferation of Jurkat and
Raji cells in a time- and dose-dependent manner (Fig. 1B). Jurkat
and Raji cells treated with pharicin A remained viable but their
growth was almost completely inhibited. To determine if pharicin
A was also active toward solid tumor-derived cell line, we treated
HeLa cells with pharicin A for various times. Pharicin A also
inhibited HeLa cell proliferation in a time- and dose-dependent
fashion (Fig. 1C). The pharicin A-induced inhibition of Hela
cell proliferation was associated with detachment from the cul-
ture plate (round-up), a phenotype reminiscent of those treated
with a microtubule poison.

Microscopic examination revealed that Jurkat and Raji cells
treated with of pharicin A (1, 2 and 4 uM) exhibited condensed
chromosomes with nuclear membrane breakdown (Suppl. Fig.
§2), suggesting that this compound might induce mitotic arrest.
Phosphorylation of histone H3 serine-10 (p-H3S10) is a reli-
able mitotic marker.”” Therefore, we stained pharicin A-treated
cells with an antibody against p-H3S10. Fluorescence micros-
copy revealed that the majority of Jurkat and Raji cells treated
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with pharicin A were positive for p-H3S10, similar to those cells
treated with mitotic inducers paclitaxel and nocodazole (Fig.
2A). Likewise, pharicin A treatment of HelLa cells significantly
enriched cells positive for p-H3S10 (Fig. 2B). Time-lapse micros-
copy revealed that mitotic Hela cells induced by pharicin A
eventually underwent mitotic catastrophe (data not shown).

Flow cytometry confirmed that pharicin A treatment of Jurkat
and Raji cells significantly increased the G,/M cell population
with a concomitant reduction in G, and § cell populations and
that pharicin A-induced G,/M arrest was time-dependent (Fig.
3A). To further confirm the ability of pharicin A to induce
mitotic arrest, Jurkat cells treated with the compound for various
times were blotted for Cdkl because its activity controls entry
into and exit from mitosis.** Whereas the amount of Tyr-15 phos-
phorylated Cdk1 (correlated with its inhibition) decreased after
pharicin A treatment, the level of Thr-161-phosphorylated Cdk1
(correlated with its activation) increased (Fig. 3B). All changes
started to be evident 3—6 h post treatment and became more pro-
nounced at 12 h, indicating that Cdkl was activated by pharicin
A. Moreover, pharicin A significantly increased MPM-2, which
represents phospho-epitopes of mitotic proteins as a result of
enhanced activities of Cdkl/cyclin B and its upstream regula-
tors.?*? Pharicin A treatment also significantly increased Cdc20
and phosphorylated Cdc27 (Fig. 3B), consistent with the mitotic
arrest. As a positive control, paclitaxel significantly activated
Cdkl and increased signals of MPM2, Cdc20 and phosphory-
lated"Cdc27 (Fig.-3B). We ‘next examined mitotic markers in
the rounded-up fraction of HeLa cells treated with pharicin A,
paclitaxel or nocodazole (Fig. 3C). We observed that pharicin
A activated Cdkl in a manner similar to that of paclitaxel or
nocodazole. However, pharicin A caused a partial phosphoryla-
tion/activation of BubR1; mitotic cells induced by pharicin A also
contained a significant amount of non-phosphorylated Cdc27,
suggesting a compromised activation of the spindle checkpoint
by the compound.

Pharicin A compromises chromosome congression by per-
turbing BubR1 function and spindle checkpoint activation.
Many compounds that induce mitotic arrest affect the integrity
of microtubules.* Microscopic examination revealed that pha-
ricin A-induced mitotic cells contained nearly normal spindle
microtubules and spindle poles (Fig. 4A). However, a significant
percentage of these cells contained unaligned chromosomes at
the spindle poles (Fig. 4A and arrows; Fig. 4B). These unaligned
chromosomes were also detected in a significant fraction of Jurkat
and Raji cells treated with pharicin A but not with paclitaxel or
nocodazole (data not shown). Because depletion of certain mitotic
proteins including CENP-E and KIF18A also induced unaligned
chromosomes in mitotic cells (Fig. 4A and B), we asked whether
there was a functional interaction between pharicin A treatment
and depletion of these mitotic proteins during mitosis. HeLa cells
transfected with KIF18A or CENP-E siRNAs were treated with
pharicin A or vehicle for 24 h. Depletion of KIF18A or CEND-E
was confirmed by western blotting (Fig. 4C). Fluorescent
microscopy revealed that whereas BubR1 localized at kineto-
chores of mitotic cells induced by either pharicin A treatment
or KIF18A depletion, its signal was unevenly distributed among
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the kinetochores (Fig. 4D). BubR1
signals were particularly intense in
those kinetochores clustered at either
spindle poles or in the areas with a
microtubule nucleating activity (Fig.
4D and arrows). This differential
distribution of BubR1 signals among
various kinetochores was less appar-

Structure of Pharicin A

ent in mitotic cells both transfected

with CENP-E siRNA and treaed | B 1= o]

with pharicin A (Fig. 4D). These —k 1uM — 100

combined studies thus indicate that 10} 4 2uM -

pharicin A perturbed the proper =3 -8 4uM

kinetochore localization of BubR1 PN . -+ M

after KIF18A depletion. x o
Given that BubR1 is an impor- 5 - 2

tant player in the spindle checkpoint | § 15/0 5

regulation'>® and that BubR1 acti- 2 100 2

vation was compromised in mitotic T E

cells treated with pharicin A (Fig. % 10F 75 &

3C), we determined whether pha- ks 50

ricin A directly bound to BubRI. > 57

Pharicin A was immobilized onto i S— 25

epoxy-activated ~ Sepharose  resin 0 , . . , 0

using hydroxyl-coupling chemical 0 12 24 h

conjugation. Pharicin A resin and a

mock conjugated control resin were | (G

incubated with HeLa cell lysates; pro- my Day

teins that bound to each resin were g g:;

eluted. Immunoblotting revealed
that BubR1 signals were detected in
pharicin A eluent but not from the
control eluent (Fig. 5A). No other
components of the spindle assembly
checkpoint including Mad2 were
detected in pharicin A eluent (data
not shown). These results strongly

Absorbance (590 nm)
(% of Contral)

:

No

Taxol

suggest that pharicin A may inter-

PharicinA (LM)

fere with BubR1 function in vivo

by directly binding to BubR1. A
spindle checkpoint
frequently causes premature sepa-
ration of sister chromatids.?>* We
then investigated whether pharicin A

compromised

Figure 1. Pharicin A inhibits cell proliferation. (A) The chemical structure of pharicin A. (B) Jurkat (upper
parts) and Raji cells (lower parts) were treated with the indicated concentrations of pharicin A for various
times. Viable cell numbers (left parts) and viability (right parts) were determined by the trypan-blue
exclusion assay. All values represent means with bar as standard deviation. The data were summarized
from triplicate samples of at least for five independent experiments. (C) HeLa cells were treated with
various concentrations of pharicin A for different times. Cell viability was measured using the MTT assay.

treatment also had an impact on the
integrity of sister chromatid cohesion.
Different from nocodazole, pharicin
A treatment induced premature separation of sister chromatids in
a fraction of mitotic cells although the extent was not as severe as
those with Sgol depletion (Fig. 5B and C).

Pharicin A inhibits autophosphorylation activity of BubR1
in vitro. As pharicin A binds to BubR1, we reasoned that it may
affect the activity of BubR1. BubR1 is capable of autophosphory-
lation.'®?¢ Therefore, we explored the possibility that pharicin A
could affect BubR1 autophosphorylation. BubR1 autophospho-
rylation was inhibited in a dose-dependent manner by pharicin

www.landesbioscience.com

A (Fig. 5D, left part). Increasing concentration of ATP could
significantly suppress pharicin A-induced inhibition of the auto-
phosphorylation activity of BubR1, suggesting that pharicin A
may function as an ATP-competitive inhibitor. In contrast, the
same amount of pharicin A had no significant impact on the
activity of Plk3 (Fig. 5D, right part), a protein kinase involved
in cell cycle control.”” Combined, these results suggest that the
effect of pharicin A on cell cycle progression may be at least in
part mediated through the inhibition of BubR1 activity, leading
to impaired spindle checkpoint functions.
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Pharicin A induces mitotic arrest in paclitaxel-resistant
cells. One major problem in the clinics that involves the pacli-
taxel therapy is drug resistance. Because pharicin A induces
mitotic arrest and perturbing the spindle assembly checkpoint,
we asked whether it remained effective on cells resistant to pacli-
taxel. A paclitaxel-resistant Jurkat cell line was established and
maintained in paclitaxel. Different from parental cells, these
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Figure 2. Pharicin A induces mitotic arrest. (A) Jurkat and Raji cells treated with pharicin A,
nocodazole (Noc), paclitaxel (Taxol) or vehicle for 24 h were collected onto slides by cytospin,
stained with the antibody to phosphorylated histone H3 (p-H3S10). DNA was stained with
DAPI. Fluorescence signals were detected using a Bio-Rad MRC-1024 laser scanning confocal
microscope. All experiments were repeated at least for four times and similar results were
obtained. Representative images were shown. (B) Hela cells treated with pharicin A, nocoda-
zole (Noc), paclitaxel (Taxol) or vehicle for 24 h were fixed and stained with the antibodies to

Marge going mitotic arrest in the presence of 20 nM

paclitaxel (Fig. 6A). However, after treatment
with 2 UM pharicin A for 24 h, these pacli-
taxel-resistant cells underwent cell cycle arrest.
Their gross morphology and DNA content
are consistent with mitotic arrest (Fig. 6A).
Staining these cells with the antibody against
p-H3S10 confirmed that these cells enriched

by pharicin A treatment were mitotic (Fig.

6B). Moreover, pharicin A was also effective
to induce G,/M arrest of a subclone of U20S
cells that were resistant to paclitaxel (Fig. 6C).
Combined, these studies suggest that pharicin
A possesses a mechanism of action that is dif-
ferent from paclitaxel.

Discussion

In this report, we describe the characterization
Taxol of pharicin A, a novel ent-kaurene, in induction
of mitotic arrest in both lymphocytic leuke-
mia cells and solid tumor-derived cancer cells.
Our studies demonstrate that pharicin A is an
effective inducer of mitotic arrest and mitotic
catastrophe. Pharicin A-induced mitotic arrest
was associated with a compromised activation
of BubR1 as well as the spindle checkpoint,
leading to chromosome congression defects.
Pharicin A possesses not only a new structure
but also to a novel mode of action compared
with known mitotic inducers. (i) Different
from nocodazole, pharicin A does not seem
to depolymerize microtubules based on over-
all microtubule structures. (ii) Similar to both
nocodazole and paclitaxel, pharicin A causes
mitotic arrest; however, its ability to induce
mitotic arrest is accompanied by aberrant
“activation” of BubR1. (iii) A high percentage
of mitotic cells treated with pharicin A have
a chromosome congression defect manifested
as having unaligned chromosomes. (iv) More
importantly, pharicin A binds to BubRl in
vitro and induces mitotic arrest in paclitaxel-
resistant cells in vivo.

Similar to paclitaxel and nocodazole,
pharcicin A activates Cdkl/cyclin B, a mas-
ter regulator of mitotic entry.”® The mitotic
status of cells arrested as a result of pharicin
A treatment is also manifested by the accumulation of MPM2
epitope in a time-dependent fashion and by the presence of
high levels of p-H3S10. During mitosis, the anaphase onset and
mitotic exit are controlled by the anaphase-promoting complex/
cyclosome (APC/C) which is primarily regulated by the spin-
dle checkpoint." APC/C inhibition due to spindle checkpoint

activation is correlated with phosphorylation of its components
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Figure 3 (See previous page). Pharicin A-induced mitotic arrest is correlated with the activation of Cdk1. (A) Jurkat and Raji cells were treated with
pharicin A (2 uM) for the indicated times for various times as indicated. DNA content of the treated cells was analyzed by flow cytometry. (B) Jurkat
cells were treated with pharicin A (2 uM) for various times were collected and approximately equal amounts of cell lysates were blotted for Cdk1, p-
Cdk1(Tyr 15), p-Cdk1(Thr 161), MPM-2, Cdc20, Cdc27 and B-actin. Cells treated with paclitaxel for 24 h were lysed and equal amounts of cell lysates were
used as control. (C) Hela cells were treated with pharcin A, paclitaxel (Taxol) or nocodazole (Noc) or vehicle for 24 h were collected and lysed. Equal
amounts of cell lysates were blotted for Cdk1, p-Cdk1(Tyr15), BubR1, Cdc27, securin and B-actin.

including Cdc27."% A detailed examination of the spindle check-
point status reveals that pharicin A elicits a response that was
uncharacteristic of known mitotic poisons. This is particularly
apparent in HeLa cells treated with pharicin A. Rounded-up
cells collected by shake-off contain both phosphorylated and
unphosphorylated BubR1, suggesting that pharicin A halts cell
cycle progression at a mitotic stage different from those treated
with paclitaxel or nocodazole. Supporting this, only a small
fraction of Cdc27 is phosphorylated in HeLa cells treated with
pharicin A. Furthermore, chromosome patterns in pharicin
A-induced mitotic cells are very different from those arrested
by the treatment with either paclitaxel or nocodazole. In addi-
tion to those congressed at the metaphase plate (the mid-zone),
there are clusters of unpaired chromosomes at the spindle pole
regions, suggestive of a congression defect. Intriguingly, “spin-
dle pole” kinetochores or those gathered around microtubule
nucleation centers in mitotic cells treated with pharicin A and
depleted of KIF18A are highly positive for BubR1 whereas much
less BubR1 was detected in other kinetochores in the same cell
(Fig. 4C).

Pharicin A binds to and inhibits BubR1 autophosphoryla-
tion, suggesting that BubR1 may be an in vivo target of this
compound. Several lines of evidence are consistent with this
notion. Pharicin A-induced mitotic arrest is associated with par-
tial activation/phosphorylation of BubR1 although Cdc2 is fully
activated. Pharicin A causes premature separation of sister chro-
matids, which frequently occurs in cells with an impaired spindle
checkpoint.?** Moreover, depletion of KIF18A, CENP-E or
SGOIL alone induces mitotic arrest that is accompanied by the
presence of unaligned chromosomes.”?* These proteins either
directly regulate BubR1,” or physically interact with BubR1
(Huang and Dai, unpublished data). Furthermore, BubR1 sub-
cellular localization was dramatically altered in cells treated with
pharicin A and depleted of KIF18A (Fig. 4D), suggesting that
there exists synergy in deregulating BubR1 between pharicin A
and the absence of KIF18A function.

The spindle assembly checkpoint functions to maintain
cohesion of sister chromatids before anaphase entry. Haplo-
insufficiency of checkpoint proteins including BubR1 weakens
the protection of sister chromatid cohesion due to an elevated
activity of separase that cleaves the cohesin complex.?** Given
the established role of the spindle checkpoint, it appear to be less
than ideal that anticancer drugs be developed by targeting com-
ponents of the spindle checkpoint as it may lead to mitotic slip-
page and chromosomal instability. However, extensive premature
separation of sister chromatids causes mitotic arrest rather than
mitotic slippage. In fact, pharicin A-treated cells undergo apop-
tosis after a prolonged mitotic arrest (data not shown). Further
supporting this, depletion of Sgol, a protector of centromeric
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cohesion, causes massive mitotic arrest which is coupled with the
presence of unaligned chromosomes as well as premature sepa-
ration of sister chromatids.** In addition, homozygous deletion
of spindle checkpoint genes including Mad2 and BubR1 results
in embryonic lethality in mice.?** Therefore, it is conceivable
that pharicin A or its chemical derivative suppresses the spindle
assembly checkpoint by targeting BubR1 and severely perturbs
the integrity of centromeric cohesin, leading to mitotic catastro-
phe. It is also possible that pharicin A, especially at sub-lethal
concentrations, may induce the formation of micronuclei, lead-
ing to aneuploidy as it perturbs mitotic processes and induces
premature sister chromatid separation.

In conclusion, we describe the functional characterization of
a novel ent-kaurane compound that induces mitosis arrest at a
stage different from that induced by known microtubule poi-
sons. To our knowledge, this is the first report to show that an
ent-kaurane diterpenoid possesses the activity to perturb mitotic
processes. This is at least partly due to deregulation of BubR1
and the spindle checkpoint activation. Drug-resistance is a major
problem for paclitaxel-based chemotherapies. The ability of pha-
ricin A 'to induce mitosis arrest in paclitaxel-resistant cells not
only is consistent-with its novel mechanism of action but also
open a new avenue of research for the development of a new class
anti-cancer drugs for managing paclitaxel-resistant malignan-
cies. Combined, our studies underscore the importance of fur-
ther investigation of this compound or its structural derivatives
as novel anticancer agents.

Materials and Methods

Isolation and identification of pharicin A. I. pharicus leaves, col-
lected from Lhasa, Tibet of the People’s Republic of China, were
air-dried prior to milling. Voucher specimens were identified by
Prof. Xi-Wen Li and deposited at the State Key Laboratory of
Phytochemistry and Plant Resources at the Kunming Institute of
Botany of the Chinese Academy of Sciences. Purification of pha-
ricin A was carried out by routine chromatography. Its structure
was elucidated based on analyses of 1-dimensional and 2-dimen-
sional NMR data as well as mass spectrometry. The milled plant
material (4.0 kg) was extracted with 70% aq. acetone (3 x 8 L)
at room temperature overnight. The extracts were partitioned
between H,O and EtOAc. The EtOAc layer (380 g) was sub-
jected to chromatography on MCl-gel CHP 20P (90% CH,OH-
H,0, 100% CH,OH). The 90% CH,OH fraction (285 g) was
chromatographed over silica gel matrix (200-300 mesh, 1.5 kg)
and eluted in a step gradient manner with CHCI,-(CH,),CO
(1:0 to 0:1) to obtain fractions A to F. Fraction B was further
fractionated by chromatography through the silica gel matrix
(petroleum ether-acetone, from 99:1 to 1:1) to yield fractions Bl
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Figure 4 (See previous page). Pharicin A induces chromosome congression defect and aberrant BubR1 localization. (A) HeLa cells treated with pha-
ricin A (8 uM) or transfected with CENP-E, CENP-F or KIF18A siRNAs for 24 h were fixed and stained with antibodies to o-tubulin (green) and p-H3510
(red). DNA was stained with DAPI (blue). Representative images were shown. (B) Percent of cells with lagging/unaligned chromosomes as shown in A
were summarized from 300 mitotic cells treated with pharicin A or transfected with CENP-E, CENP-F or KIF18A siRNAs for 24 h. (C) HelLa cells treated
with pharicin A (8 uM) or paclitaxel (Taxol, 10 nM) or transfected with Sgo1, CENP-E or KIF18A siRNAs for 24 h were collected and lysed. Equal amounts
of cell lysates were blotted for CENPE, KIF18A, BubR1 or -actin. (D) HeLa cells treated with vehicle or pharicin A (8 uM), and/or transfected with KIF18A
or CENP-E siRNAs for 24 h were fixed and stained with antibodies to BubR1 (Red) and a-tubulin (Green). DNA was stained with DAPI (blue). Each experi-
ment was repeated for at least three times. Representative images were shown.

to B4. Pharicin A (~400 mg with purity >98%) was crystallized
from fraction BI.

Cell treatment. Human T-cell leukemia cell line Jurkat
and human B cell lymphoma cell line Raji were cultured at
37°C in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% heat-inactivated fetal calf serum
(FBS, Gibco BRL, Gaithersburg, ML), penicillin (100 IU/ml)
and streptomycin (100 pg/ml) in a humidified incubator at
37°C and 5% CO,/95% air. Hela (cervical carcinoma) cells,
obtained from the American Type Culture Collection (ATCC,
Manassas, VA), were cultured in culture dishes or on Lab-Tek II
chamber slides (Fisher Scientific) in Dulbecco’s Modified Eagle
medium (DMEM) supplemented with 10% FBS at 37°C with
5% CO,/95%. To establish paclitaxel-resistant cells, Jurkat were
treated with 20 nM of paclitaxel (paclitaxel thereafter, Sigma-
Aldrich, St. Louis, MO) every other day and maintained for a
longer period. During experiments, cells were originally seeded at
a density of 2 x 10° cells/ml and were treated with the indicated
concentrations of pharicin A, paclitaxel or nocodazole (Sigma-
Aldrich, St. Louis, MO). Pharicin A, paclitaxel and nocodazole
were dissolved in DMSO as stock solution at-concentrations of
100 mM, 5 mM and 16 mM, respectively. Cell viability was
determined by trypan-blue exclusion assay. For morphological
observations, cells were collected onto slides through cytospin
(Shandon, Runcorn, UK), stained with Wright-Giemsa dye
(BASO Diagnostic Inc., Shanghai, China), and examined under
a light microscope (Olympus BX-51, Olympus Optical, Japan).

Flow cytometry analysis. To analyze cellular DNA content
by flow cytometry, 10 cells were collected, rinsed and fixed over-
night with 75% cold ethanol at -20°C. Cells were then treated
with 100 pg/ml RNase A in Tris-HCI buffer (pH 7.4) and
stained with 25 pg/ml propidium iodide (PI, Sigma-Aldrich, St.
Louis, MO). Samples were then subjected to the analysis by flow
cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA)
using CellQuest Pro software (BD Biosciences). Ten thousand
cells were acquired and analyzed for the DNA content.

Fluorescence microscopy. Cells were collected onto slides
by Wescor Model 7620 Cytopro Cytocentrifuge (Wescor Inc.,
Ontario, Canada) and fixed with 4% formaldehyde for 10 min-
utes. After permeabilized by 0.3% Triton X-100 in PBS, cells
were incubated with 1% bovine serum albumin (BSA, followed
by incubating overnight with antibodies to o-tubulin (Sigma-
Aldrich, St. Louis, MO), phospho-Histone H3 (Serinel0) (Lake
placid, NY), BubR1, CREST or CENP-E (Novus, Littleton,
CO). Then, cells were stained with appropriate second antibod-
ies conjugated with Texas Red (Sigma-Aldrich, St. Louis, MO),
Rhodamine-Red-X or FITC (Jackson Immuno Research) for 1
hour. Cellular DNA were finally stained with 4',6-diamidino-2-
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phenylindole (DAPI, Molecular Probe, Eugene, OR). Fluorescence
signals were detected on a Bio-Rad MRC-1024 laser scanning
confocal microscope equipped with a Zeissx60 objective or a
fluorescence microscope (Olympus, BX-51, Tokyo, Japan).

Western blot. Cells were treated with pharicin A (2 uM unless
otherwise specified), nocodazole (1 pM) or paclitaxel (10 nM)
for various periods of time. Mitotic (rounded up) HeLa cells were
collected by shake-off. Protein extracts were equally loaded on
a 6-12% SDS-polyacrylamide gel, electrophoresed and blotted
on to Immobilon-NC membranes (Piscataway, NJ, USA). After
blocking in 5% nonfat milk, the membrane was incubated over-
night at 4°C with mouse antibodies against B-tubulin (Sigma-
Aldrich), cyclin Bl, CENP-E, Cdc20 (Abcam, UK), Cdc27
(Santa Cruz, CA), MPM2 (Lake placid, NY) or with rabbit anti-
bodies against Cdc2 (Santa Cruz, CA), phospho-Cdc2 (Tyrl5),
phospho-Cdc2 (Thrl61) (Cell Signaling, Beverly, MA), Mad2
(Bethyl Laboratories Inc., Montgomery, TX) and BubR1, fol-
lowed by incubation with horseradish peroxidase (HRP)-linked
secondary antibodies (Cell-Signaling, Beverly, MA). Specific sig-
nals were detected by chemiluminescence (Cell Signaling). The
same blots-were- re-probed with anti-B-actin antibody (Merck,
Darmstadt, Germany) as loading control.

Pharicin A resin conjugation and affinity pull-down. Epoxy-
activated Sepharose™ 6B (GE Healthcare) was excellent for cou-
pling carbohydrates through hydroxyl, amino or thiol groups.
Pharicin A resin was generated by conjugation onto epoxy-
activated Sepharose 6B via the hydroxyl group. Equal amounts
(0.3 g) of Pharicin A resin and un-conjugated control resin were
incubated with HeLa cell lysates (5 mg) overnight. After through
washing with PBS, the resin was re-suspended SDS-PAGE sam-
ple buffer. The proteins bound to Pharicin A and control resin,
along with the lysate input, were fractionated on an 8% SDS-
polyacrylamide gel followed by electronic transfer to Nylon
membrane. The protein blot was probed with the anti-BubR1
antibody. A duplicate blot was stained with Coomassie blue to
visualize the loading.

In vitro enzyme assays for BubR1 and Plk3. BubR1 and
Plk3 expressed in the Sf9 cell line was purified as described previ-
ously.””*® 10 ng of recombinant BubR1 and Plk3 was incubated
with different concentrations of phricinA in a 20 ul reaction mix-
ture [20 mM HEPES, pH7.4, 2 mM EGTA, 10 mM MgClL, 1
mM DTT (add 5 mM MnCl, in Plk3 kinase buffer)] for 10 min
at room temperature. Kinase reactions were performed for 30 min
at 37°C in a volume of 25 pul [20 pl enzyme + 50 mM MgClL,
different concentrations of ATP, and 0.1 pul ¥?P-ATP (10 uCi,
PerkinElmer Life Sciences)], and 1 lg casein substrates in Plk3
reaction. After incubation, 20 pl aliquots of the reaction mix-
ture were spotted onto a P81 phosphocellulose paper (Millipore,
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Figure 5. Pharicin A binds to BubR1 and impairs sister chromatid cohesion. (A) Pharicin A was immobilized to Epoxy-activated Sepharose 6B resin via
the hydroxyl group. Pharicin A resin and the control resin were incubated with HeLa cell lysates (5 mg) for 24 h. After extensive washing, proteins that
specifically bind to Pharicin A resin or the control resin were eluted and blotted for BubR1. As a loading control, the blot was stained with Coomassie
blue. (B) HeLa cells were treated with Pharincin A or paclitaxel (Taxol) or transfected with SGO1 siRNA for 24 h. Mitotic chromosome spreads were
prepared. Arrows indicate prematurely separated sister chromatids. Representative images were shown. (C) Premature sister chromatid separation as
shown in B was counted from 100 mitotic cells. Data were summarized from three independent experiments. (D) Phairicin A inhibits autophosphoryla-
tion activity of BubR1 but not PIk3 in vitro. Purified recombinant of BubR1 (10 ng) (left part) or Plk3 (10 ng) (right part) was incubated with different
concentrations of pharicin A. Kinase assays performed in the presence of 3?P-ATP (10 uCi) and increasing concentrations of cold ATP as indicated. The
values from individual assay samples were collected and plotted as a function of pharicin A concentrations using Prism 4 Graphpad software.
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Figure 6. Pharicin A induces mitotic arrest in leukemic cells resistant to paclitaxel. (A)
Paclitaxel-resistant Jurkat cells were treated with paclitaxel (Taxol, 20 nM) or pharicin A (2
uUM) for 24 h. The treated cells were stained by Wright-Giemsa dye (upper parts) or sub-
jected to DNA content analysis for cell cycle distributions by flow cytometry (lower parts).

(B) Paclitaxel-resistant Jurkat cells treated with paclitaxel (Taxol, 20 nM), pharicin A (2

uM) or vehicle for 24 h were stained with the antibody to p-H3510. DNA was stained with
DAPI. The experiment was repeated for three times. Representative images were shown.
(C) U20S cells and its subclone resistant to paclitaxel were treated with either pharicin A

(2 uM) or paclitaxel (20 nM) or vehicle for 24 h. Treated cells were then processed for DNA

content analysis using flow cytometry.
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Billerica, Massachusetts). Terminated by 80 mM
EDTA, filters were washed 3 times for 5 min each
with 0.75% phosphoric acid followed by acetone,
and the radioactivity determined using a liquid
scintillation counter. Control samples contained
appropriate amounts of DMSO. Nonspecific
binding was determined by conducting the assay
in the absence of the enzyme, and the values
subtracted from each of the experimental values.
The kinase activity is expressed as a percent of
the maximal kinase activity. All assays were car-
ried out in triplicate.

Statistical analysis. The Student’s t-test was
used to evaluate the difference between two
groups. A value of p < 0.05 was considered to be
statistically significant.
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