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Microtubules are involved in celluar processes of movement, intracellular trafficking and mitosis, thus
microtubule-targeting agents have been widely used in cancer therapy. Herein, we report isopenicin A, a
novel meroterpenoid isolated from the plant endophytic fungus of Penicillium sp. sh18, as a novel
microtubule binding molecule that efficiently depolymerizes microtubule polymerization to evoke G2/M
cell cycle arrest and subsequent cell apoptosis, contributing to proliferation inhibition of human tumor
cell lines. The discovery of isopenicin A provides a new chemotype for discovery and development of
promising microtubule inhibitors.

© 2020 Elsevier Inc. All rights reserved.
1. Introduction

Microtubules are highly dynamic cytoskeletal fibres that are
formed by the assembly of tubulins in a head-to-tail structure [1].
The two types of non-equilibrium dynamics of microtubules are
crucial to a wide range of cellular functions, such as the assembly of
the mitotic spindle, the movement of organelles, vesicles and
proteins, and the associated cell signaling, as well as in the devel-
opment and maintenance of cellular shape [2]. Therefore, micro-
tubule binding agents are widely used in clinical cancer therapy,
such as paclitaxel and colchicine [3]. Tubulin interactors are clas-
sified into two categories containing tubulin stabilizing agents and
tubulin destabilizing agents based on their interference action and
the binding sites on the tubulin dimer have been identified [4].
Between them, compounds binding to paclitaxel [5] or laulimalide
[6] sites promote tubulin polymerization while interactions with
the other sites (vinblastine [7], colchicine [8], maytansine [5], lau-
limalide [9]) lead to inhibition of polymerization. These diverse
mechanisms of tubulin inhibition provide several options for
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Fungal metabolites have played a leading role in drug discovery

and development resulting in the clinical application of useful
agents [10], antibacterial penicillins, cholesterol-lowering lova-
statin, antifungal echinocandin B, and immunosuppressive cyclo-
sporin A, demonstrating potential of exploring fungal sources for
newmedicines. Of note, the Taxus brevifolia barks were the primary
source of the approved tubulin binding agent paclitaxel until the
discovery of paclitaxol in an endophytic fungus Taxomyces
andreanae in 1993 [11], and more than 20 genera of taxol-
producing endophytic fungus have been identified [12]. Fungal
secondary metabolites have always been regarded as an important
source for drug discovery due to their diverse chemical structures
and bioactivities.

Fungal meroterpenoids, a unique type of secondary metabolites
derived from a hybrid terpenoid-polyketide pathway, associated
with a broad spectrum of biological properties for their complex
and intriguing structures. Andrastin A, a meroterpenoid as a po-
tential lead for anticancer drugs, serves as a node in the molecular
networking of Penicillium sp. sh18 [13]. Subsequently, isopenicin A
was found in the metabolites of Penicillium sp. sh18 as a novel
antitumor meroterpene analog to andrastin A. Isopenicin A, a novel
meroterpenoid possessing two types of unprecedented terpenoid-
polyketide hybrid skeletons, showed antineoplastic activity and
the Wnt/b-catenin signaling pathway inhibitory of isopenicin A in
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Fig. 1. Isopenicin A inhibited tubulin polymerization in vitro. (a) Structure of iso-
penicin A. (b) After reacting with Tubulin Reaction Mix, the effect of compounds on the
tubulin polymerization was detected using the EnVision Multimode Plate Reader.
Isopenicin A dose-dependent inhibited the tubulin polymerization.
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our previous research [13], while the anti-tumor target of iso-
penicin A has been little studied up to now. Herein, isopenicin A
was identified as a novel natural microtubule inhibitor, which
induced G2/M cell cycle arrest and subsequent apoptosis to atten-
uate the proliferation of cancer cells.

2. Materials and methods

2.1. Chemicals and reagents

Isopenicin A was isolated from the cultures of Penicillium sp.
sh18. The structure was determined through synergetic use of
extensive spectroscopic analysis, quantum-chemical calculation
with ANN-PRA analysis, and X-ray crystallographic analysis [13].
Isopenicin Awas dissolved at 10 mM in dimethyl sulfoxide (DMSO)
as a stock solution and diluted to desired concentrations according
to the research requirement. Antibodies against PARP, Bcl-XL and
XIAP were purchased from Santa Cruz Biotechnology. Antibodies
against Cdc2 and Cyclin B1 were purchased from Cell Signaling
Technology and antibody against tubulin was from Sigma. The
Annexin V-FITC/PI Apoptosis kit and Tubulin Polymerization Assay
Kit were purchased from BD Biosciences and Cytoskeleton,
respectively.

2.2. Cell lines and cell culture

Human colorectal cancer cells SW480 were obtained from
American Type Culture Collection (ATCC), and human mammary
cancer cells MDA-MB-231 and human chronic myelogenous leu-
kemia cells K562 were purchased from Shanghai Institute of
Biochemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). SW480 and MDA-MB-231 cells were cultured in
Dulbecco’s modified Eagle’s Medium (DMEM) (HyClone, Logan, UT)
supplemented with 10% fetal bovine serum and 1% penicillin and
streptomycin. K562 cells were cultured in RPMI-1640 supple-
mentedwith 10% fetal bovine serum. All cells were cultured at 37 �C
in a humidified atmosphere with 5% CO2.

2.3. Tubulin polymerization assay

The Tubulin Polymerization Assay was conducted following the
manufacture’s protocols. The condition was 2 mg/mL tubulin in
80 mM PIPES pH 6.9, 2.0 mMMgCl2, 0.5 mM EGTA, 1.0 mM GTP and
15% glycerol. In brief, Tubulin Reaction Mix that acquired by mixing
the assay components were utilized to react with compounds. The
reaction was detected at 410e460 nm in kinetic mode with exci-
tation filters of 340e360 nm using the EnVision Multimode Plate
Reader.

2.4. Immunofluorescence staining

The MDA-MB-231 cells grown on cover slips were fixed in 4%
paraformaldehyde for 20min at 37 �C and permeabilized using 0.1%
Triton X-100 for 10 min at room temperature. The cells were
blockedwith 3% BSA serum for 1 h at room temperature. To observe
microtubules polymerization, cells were incubated with anti-
tubulin antibody and corresponding FITC conjugated secondary
antibody before staining the nuclei with DAPI. Images were later
observed using a Laser confocal microscope.

2.5. Cytotoxicity assay and IC50 determination

Cell viability was assessed by the MTS assay. Cells were dealt
with the indicated compounds at concentrations of 2.5, 5, 10, 20
and 40 mM in 96-well plates. After 48 h, MTS was added to each
Please cite this article as: L. Chen et al., Discovery of isopenicin A, a mero
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well, for a final concentration of 20%. The samples were incubated
at 37 �C for 1e4 h and the optical density (OD) was measured at
490 nm using a microplate reader (PerkinElmer). The IC50 values
were determined with GraphPad Prism software by non-linear
regression analysis.

2.6. Cell cycle analysis

SW480 cells were incubated with isopenicin A for 24 h, and cells
were collected and fixed in 70% ethanol overnight. Fixed cells were
resuspended in PBS the next day, and then incubated with RNase A
(50 mg/mL) for 30 min and stained with propidium iodide (PI) so-
lution (50 mg/mL final concentration) in the dark for 20 min.
FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ)
was used to analyze the fluorescence intensity, and the cell cyle
distribution was determined using FlowJo 7.6.1.

2.7. Cell apoptosis assay

The Annexin V-FITC/PI Apoptosis Kit was used to analyze cell
apoptosis according to the manufacturer’s protocols. Cells were
seeded in 6-well plates at a density of 2☓105 cells/well and incu-
bated with certain concentrations of isopenicin A for 48 h. The cells
were collected and washed twice with cold PBS, and then resus-
pended in 1 � binding buffer containing Annexin V-FITC and pro-
pidium iodine (PI). After incubation for 15min at room temperature
in the dark, the fluorescent intensity was measured using a FACS-
Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ).

2.8. Western blotting

Total cell lysates were prepared by direct lysis in 2☓Laemmli
buffer (0.125 M Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% b-mer-
captoethanol, and 0.004% bromophenol blue). Samples were
terpenoid as a novel inhibitor of tubulin polymerization, Biochemical
.2020.02.026



L. Chen et al. / Biochemical and Biophysical Research Communications xxx (xxxx) xxx 3
fractionated in 12% acrylamide gel, transferred to a PVDF mem-
brane (Bio-Rad), and then incubated with specific primary anti-
bodies followed by the corresponding peroxidase-conjugated
secondary antibodies. Proteins of interest were visualized by
chemiluminescent detection on an ImageQuant LAS mini 4000 (GE
Healthcare).
3. Results

3.1. Isopenicin A inhibited tubulin polymerization in vitro

Isopenicin A (structure designated in Fig. 1a), a meroterpenoid
isolated from the cultures of Penicillium sp. sh18, was found to
suppress the proliferation of various cancer cells in our previous
study, in which the obvious G2/M cell cycle arrest was observed
[13]. It is generally known that tubulin-binding agents induce the
G2/M phase arrest due to disruption of microtubule dynamics.
Fig. 2. Isopenicin A inhibited tubulin polymerization in vivo. (a) Cells pretreated with isop
were stained with DAPI (blue) and tubulin was visualized by green fluorescence. (b) Morp
recorded with a microscope. (c) Effects of isopenicin A on the growth of various cell lines (
referred to the Web version of this article.)
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Thus, we tested the effect of isopenicin A on tubulin polymerization
in a cell-free system. Purified tubulin alone was polymerized, and
Paclitaxel promoted microtubule polymerization while colchicine
accelerated depolymerization. Meanwhile, isopenicin A inhibited
the tubulin polymerization in a concentration-dependent manner
(Fig. 1b).
3.2. Isopenicin A inhibited tubulin polymerization in vivo

Tubulin-targeted agents disrupt the microtubule network, then
immunofluorescence stainingwas undertaken to evaluate the effect
of isopenicin A on the cytoskeleton network in MDA-MB-231 cells.
As shown in Fig. 2a, compared to the typical cytoskeleton structures
of untreated cellswhichhad long anddensemicrotubules extending
throughout the cytoplasm, paclitaxel-induced microtubule poly-
merization with cellular microtubule gathered closely together,
while colchicine-induced microtubule depolymerization caused
enicin A and processed for immunostaining with anti-tubulin antibody. Nuclei of cells
hological changes of SW480 cells after treated with isopenicin A were observed and
48 h). (For interpretation of the references to color in this figure legend, the reader is
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cellular microtubule incompact. After exposure to isopenicin A at
different concentrations (15 mM, 30 mM) for 2 h, the microtubule
networks in cytosol were disrupted, indicating that isopenicin A
induced a dose-dependent collapse of the microtubule networks.
Microtubules are involved in celluar processes of cell shape main-
tenance and mitosis, the morphological change and cytotoxicity
were detected in isopenicin A treated cancer cells. As shown in
Fig. 2b, long time treatment of isopenicin A caused the celluar
morphology change. The IC50 values of isopenicin A for 48 h treat-
ment were 23.94 ± 0.26 mmol/L, 5.76 ± 0.20 mmol/L and
8.33 ± 0.74 mmol/L for MBA-MD-231, K562 and SW480 cells,
respectively (Fig. 2c).
Fig. 4. Isopenicin A induced apoptosis of SW480 cells. (a, b) SW480 cells were incu-
3.3. Isopenicin A induced G2/M phase arrest and regulated the
expression of G2/M-related proteins in SW480 cells

In the M phase of cell cycle, microtubules are remodeled and
assembled into mitotic spindles to direct and drive the chromo-
somes separation, thus disruption of tubulin dynamics leads to G2/
M cell cycle arrest [14]. To further confirm the microtubule depo-
lymerization effect of isopenicin A, we examined the G2/M cell
cycle arrest activity of isopenicin A with propidiumiodide (PI)
staining by flow cytometry analysis in SW480 cells. Cells were
treated with 7.5 mM, 15 mM, and 30 mM isopenicin A for 24 h, then
cell cycle distribution of isopenicin A-treated cells was analyzed. As
shown in Fig. 3a and b, exposure to isopenicin A increased the
number of G2/M phase cells, while the number of cells in the S and
G1 phases was contemporaneously reduced. The percentages of
cells arrested at the G2/M phasewere 29.79%, 32.44%, and 34.83% at
the concentrations of 7.5 mM, 15 mM, and 30 mM respectively, while
the percentage of G2/M in control group was 12.06%. Cyclin B1 [15]
and Cdc2 [16] play a key role in the control of cell cycle progression
from G2 to M phase, which have been implicated in the tumori-
genesis and the development of malignancy. The expression of
these proteins then be analyzed by western blot. The western blot
analysis demonstrated that the expression of Cyclin B1 and Cdc2
were decreased after treated with isopenicin A (Fig. 3c).
bated with Isopenicin A at concentrations of 7.5, 15, and 30 mM for 48 h. Apoptosis was
analyzed by Annexin V-FITC/PI staining. Isopenicin A induced dramatic apoptosis in
SW480 cells. (c) Cells were treated with isopenicin A for 24 h and cell lysates were
subjected to western blot analysis with antibodies indicated. b-actin were used as
loading controls.
3.4. Isopenicin A induced apoptosis of SW480 cells

Microtubule inhibitors induced disruption of mitosis and cell
Fig. 3. Isopenicin A induced G2/M phase arrest and regulated the expression of G2/M-rela
15 mM, 30 mM isopenicin A for 24 h. Cells were harvested and subjected to cell cycle analys
Lysates from cells treated with Isopenicin A for 24 h were subjected to western blot analys
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cycle arrest lead to cell apoptosis activation and an obvious typical
apoptosis sub-G1 accumulation was observed in isopenicin A
treated cells (Fig. 3a and b), we deduced that isopenicin A caused
cell apoptosis. Annexin V-FITC/PI apoptosis detection kit assay was
performed to assess the apoptosis induction effect of isopenicin A.
As Fig. 4 illustrated, the percentage of apoptotic cells in the control
group was only 10.38%, while the percentages of early (Annexin Vþ/
PI�) and late (Annexin Vþ/PIþ) apoptosis induced by isopenicin A
increased to 15.56%, 59.435%, and 69.68% at 7.5, 15 and 30 mM for
48 h respectively. Western blot analysis (Fig. 4c) also demonstrated
that isopenicin A significantly induced the cleavage of PARP-1 [17]
in the cancer cells detected. The protein level of Bcl-xL, a key
regulator of anti-apoptotic pathway [18], was down-regulated by
isopenicin A treatment. Moreover, the level of XIAP (X-linked in-
hibitor of apoptosis), a member of the inhibitor of apoptosis (IAP)
[19], was dramatically decreased in isopenicin A treated cells. These
ted proteins in SW480 cells. (a, b) SW480 cells were treated respectively with 7.5 mM,
is. The percentage of cells of different phases of cell cycle was analyzed by FlowJo. (c)
is with Cdc2 and Cyclin B antibodies.

terpenoid as a novel inhibitor of tubulin polymerization, Biochemical
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results confirmed that isopenicin A effectively induced cell
apoptosis in SW480 cells in a dose-dependent manner.

4. Discussion

Microtubules, polymerized by two subunits (a-tubulin and b-
tubulin) in a dynamic status, polymerization and depolymerization,
are involved in celluar processes of movement, cell shape mainte-
nance, intracellular trafficking andmitosis [20]. As tubulin is among
the most established and clinically validated targets and tubulin-
targeted chemotherapeutic drugs are widely used in clinical, mi-
crotubules have been an attractive target for the development of
highly efficient anticancer drugs. Natural microtubule-interactive
products are important sources of microtubule binding agents in
cancer therapy, the discovery of potent tubulin-targeted inhibitors
and structures are the important content of drug research and
development.

Isopenicin A is an effective anti-cancer compound with un-
precedented terpenoid-polyketide hybrid skeletons that could
induce potent G2/M phase arrest of SW620 cells in our previous
study [14], a typical characteristic of tubulin inhibitors, indicating
the compound may serve as an effective anti-microtubule agent. In
the present study, isopenicin A was discovered to be a tubulin-
targeted agent that could depolymerize microtubules in a cell-
free system and disrupt the in-vivo microtubule networks in can-
cer cells, as well as the cellular morphology change and prolifera-
tion inhibition, suggesting that isopenicin A is a novel tubulin
depolymerization agent. Furthermore, the microtubule disruptive
effect was further confirmed by the G2/M cell cycle arrest modu-
lated by isopenicin A in cell cycle analysis, a typical characteristic
due to the disruption of microtubule dynamics. Besides, since an
obvious typical apoptosis sub-G1 was observed in cell cycle anal-
ysis, the cell apoptosis was investigated with Annexin V-FITC/PI
binding assay. The apoptosis analysis confirmed that isopenicin A
effectively induced cell apoptosis in SW480 cells in a dose-
dependent manner, with upregulation of proapoptotic modulator
cleaved-PARP-1 and downregulation of anti-apoptotic proteins Bcl-
xL and XIAP. The proliferation inhibitory activity of isopenicin A on
cancer cells was detected, and the growth of SW480, K562 and
MDA-MB-231 cells was effectively suppressed by Isopenicin A.

In conclusion, our study identified isopenicin A as a novel nat-
ural microtubule depolymerization agent with tumor proliferation
inhibitory activity by inducing G2/M cell cycle arrest and cell
apoptosis. Moreover, the discovery of isopenicin A provides a new
chemotype for discovery and development of promising microtu-
bule inhibitors.
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