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ABSTRACT: Chemotherapy for ovarian cancer often causes
severe side effects. As candidates for combretastatin A4 (CA4)
prodrug for ovarian cancer prodrug monotherapy (PMT), we
designed and synthesized two β-galactose-conjugated CA4s
(CA4-βGals), CA4-βGal-1 and CA4-βGal-2. CA4 was
liberated from CA4-βGals by β-galactosidase, an enzyme
more strongly expressed in ovarian cancer cells than normal
cells. CA4-βGal-2, which has a self-immolative benzyl linker
between CA4 and the β-galactose moiety, was more cytotoxic
to ovarian cancer cell lines than CA4-βGal-1 without a linker.
Therefore, CA4-βGal-2 can serve as a platform for the design and manufacture of prodrugs for ovarian cancer PMT.
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Ovarian cancer is called a “silent killer”, and its late
diagnosis reduces the overall cure rate.1 Metastasis of

ovarian cancer cells to the peritoneal cavity occurs easily
because no anatomical barrier exists between them.2 Chemo-
therapy for stage 3 patients (in whom ovarian cancer cells have
metastasized to the abdomen) revealed that intraperitoneal
delivery of cisplatin and paclitaxel is more effective than
intravenous delivery of those drugs. However, the intra-
peritoneal delivery method causes more side effects than the
intravenous delivery method.3 This indicates that chemo-
therapy for advanced-stage ovarian cancer patients requires
antitumor agents that exhibit selective cytotoxicity to cancer
cells.
In prodrug monotherapy (PMT), a nontoxic prodrug is

administered, which releases a cytotoxic drug in response to
enzymatic activity enhanced in tumor tissues, realizing cancer
cell selective chemotherapy.4 It is known that β-galactosidase
activity is enhanced in some cancer cell lines, such as ovarian,5

breast,6 colon,6 and larynx7 cancers and gliomas.8 Utilizing this
characteristic, Asanuma et al. developed a fluorescence probe
that is transformable into a fluorescent dye by β-galactosidase
and applied it to the visualization of small peritoneal metastases
in mouse models of ovarian cancer.9 Based on this result, we
hypothesized that noncytotoxic molecules that are transformed
into cytotoxic molecules by β-galactosidase are suitable
prodrugs for ovarian cancer PMT.
We focused on combretastatin A4 (CA4), a potent tubulin

polymerization inhibitor, because microtubule disrupting
agents, such as paclitaxel, are used for ovarian cancer
chemotherapy. CA4 is a natural product isolated from the
bark of the African willow tree Combretum caf f rum.10

Structure−activity relationship studies of CA4 revealed that

the three methoxy substituents on ring A, the cis-stilbene
moiety, and hydrogen bond donors, such as the hydroxy group
on ring B, are necessary for CA4 to exert potent cytotoxicity
(Figure 1a).11 Based on this knowledge, we speculated that the
cytotoxicity of CA4 would be weakened by substituting a β-
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Figure 1. (a) Structures of CA4-βGal-1 and CA4-βGal-2 based on the
structure−activity relationships of CA4. (b) Release pathway of CA4
from CA4-βGal-2.
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galactose moiety for the hydroxy group on ring B. In this letter,
we report the design and syntheses of β-galactose-conjugated
CA4s (CA4-βGals) for ovarian cancer PMT and their potent
cytotoxicity to ovarian cancer cell lines.
We designed two CA4-βGals, CA4-βGal-1 and CA4-βGal-2,

which release their β-galactose moieties and are transformed
into CA4 in response to β-galactosidase activity (Figure 1b). In
the case of CA4-βGal-1, a β-galactose moiety is directly
introduced to the hydroxy group on ring B through a glycoside
bond. In contrast, in the case of CA4-βGal-2, a self-immolative
benzyl linker is inserted between CA4 and the β-galactose
moiety. When the β-galactose moiety is removed, 1,6-benzyl
elimination of the linker subsequently occurs, resulting in the
formation of CA4.12,13 Some reports about prodrugs activated
by a tumor-associated protease plasmin showed the importance
of self-immolative linkers to avoid steric hindrance near the
tripeptide substrate moiety for effective release of drugs.14−16

Therefore, we speculated that CA4-βGal-1 would be metabo-
lized slowly by β-galactosidase because the methoxy group on
ring B is located near the β-galactose moiety, whereas CA4-
βGal-2 would be decomposed rapidly by β-galactosidase due to
little steric hindrance near the β-galactose moiety.
CA4 was synthesized according to a reported scheme.17

Williamson ether syntheses of CA4 with 1 or 3 and removal of
the acetyl groups using sodium methoxide produced CA4-βGal-
1 and CA4-βGal-2, respectively (Scheme 1).
First, we evaluated the inhibitory activities of CA4-βGal-1

and CA4-βGal-2 against tubulin polymerization. As results,
neither CA4-βGal-1 nor CA4-βGal-2 showed the tubulin
polymerization inhibitory activity (Figure S1). These results
are coincident with the structure−activity relationship of CA4
derivatives.
Next, we investigated whether CA4-βGals would be

metabolized into CA4 by β-galactosidase. HPLC analyses
revealed that β-galactosidase recognized both CA4-βGals as
substrates and transformed them mainly into CA4 (Figure 2).
In addition, under the same enzymatic reaction conditions, the
yields of CA4 from CA4-βGal-1 were lower than those from
CA4-βGal-2, and CA4-βGal-2 was more rapidly consumed by
β-galactosidase than CA4-βGal-1 (Figure 2b). This difference
probably results from the steric hindrance existing near their β-
galactose moieties. This result demonstrates the suitability of
the molecular design using 1,6-benzyl linker as a self-

immolative benzyl linker to facilitate the access of β-
galactosidase to the β-galactose moiety of a substrate.
Next, we evaluated the cytotoxicity levels of CA4-βGal-1,

CA4-βGal-2, and CA4 in two ovarian cancer cell lines,
OVCAR3 and OVK18, using a WST-8-based colorimetric cell
cytotoxicity assay. The EC50 values of CA4-βGal-2 against
OVCAR3 and OVK18 were 2.47 and 2.67 nM, respectively,
and were equivalent to the EC50 values of CA4 against the same
cell lines (3.45 and 1.99 nM, respectively). However, the EC50
values of CA4-βGal-1 against the same cell lines were 69.1 and
252 nM, respectively (Figure 3a, Table 1). These results
revealed that CA4-βGal-2 exhibits higher cytotoxicity than

Scheme 1. Synthetic Sequence to CA4-βGal-1 and CA4-βGal-2a

aReagents and conditions: (a) CA4, NaH, THF/DMF (7:1), reflux, 23 h, yield 40%; (b) NaOMe, MeOH, 0 °C, 5 h, yield 41%; (c) CA4, NaH,
THF/DMF (36:5), RT, 42 h, yield 71%; (d) NaOMe, MeOH, 0 °C, 3 h, yield 89%.

Figure 2. (a) HPLC profiles of enzymatic reactions of 0.2 mM CA4-
βGal-1 (left column) and 0.2 mM CA4-βGal-2 (right column) with β-
galactosidase (0.1 U) in 0.2 M PBS(−) (pH 7.4) at 37 °C. Reactions
were monitored by measuring the absorption at 300 nm. (b) Yields of
CA4 (left) and consumption of CA4-βGal-1 and CA4-βGal-2 (right)
by β-galactosidase activity. Yields were determined on peak integrals.
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CA4-βGal-1 in ovarian cancer cell lines. The enzymatic reaction
rates of the two CA4-βGals in vitro might have led to these
differences in cytotoxicity. The cellular permeability of CA4-
βGals also might have affected their cytotoxicity. The estimated
log P values of CA4-βGal-1 and CA4-βGal-2 are 1.5 and 3.1
(calculated by ChemBioDraw13), respectively, which indicate
that CA4-βGal-2 is more hydrophobic than CA4-βGal-1. For
compounds whose molecular weights are higher than 400, a
certain level of hydrophobicity is required to enhance their
cellular permeability.18 Therefore, CA4-βGal-2 is probably
more cell-permeable than CA4-βGal-1.
We also investigated whether the cytotoxicity levels of CA4-

βGals are dependent on the intracellular β-galactosidase activity
by introducing β-GA, a β-galactosidase inhibitor.19 When
intracellular β-galactosidase activity was inhibited by 1 mM β-

GA, the cytotoxicity levels of CA4-βGals in OVCAR3 and
OVK18 were decreased substantially (Figure 3b). These results
revealed that the cytotoxicity levels of CA4-βGals in ovarian
cancer cell lines are dependent on intracellular β-galactosidase
activity, and their high cytotoxicity levels are caused by CA4,
the product of β-galactosidase enzymatic activity. The
inhibition condition, 1 mM β-GA, suppressed β-galactosidase
activity of OVK18 to that of normal cells.9 Therefore, these
results also demonstrated that CA4-βGals disrupt ovarian
cancer cells preferentially.
CA4 exhibits potent inhibition of tubulin polymerization and

disrupts intracellular microtubule architecture.10 To elucidate
whether the cytotoxicity of CA4-βGals to ovarian cancer cells is
caused by the disruption of intracellular microtubule
architecture, we evaluated intracellular α-tubulin and DNA,
which were stained with suitable fluorescent dyes, with a
confocal fluorescence microscope after incubating OVCAR3
with CA4-βGal-1 or CA4-βGal-2 for 24 h. When OVCAR3 was
incubated with CA4-βGal-2 at a concentration below its EC50
(1 nM), contraction of cytoskeleton was observed, but
intracellular microtubule architecture was maintained (Figure
4c, left). When CA4-βGal-2 above its EC50 was added (10 nM),

we observed disruption of microtubule architecture in addition
to contraction of cytoskeleton. Some cells showed nuclear
contraction and fragmentation (Figure 4c, right). Similar
abnormal morphological changes of microtubule architecture,
cytoskeleton, and nucleus were observed in OVCAR3 treated
with 10 nM CA4 for 24 h (Figure 4b). We also observed similar
morphological changes in the case of CA4-βGal-1 (Figure S2).
These cytoskeletal and nuclear changes are characteristic of
apoptosis. These findings demonstrate that the cytotoxicity of
CA4-βGals to ovarian cancer cells is a result of the disruption of
microtubule architecture induced by CA4, which is produced
from CA4-βGals by intracellular β-galactosidase activity, and
the subsequent apoptosis.
In conclusion, we designed and synthesized two CA4-βGals

for ovarian cancer PMT, CA4-βGal-1 and CA4-βGal-2, and

Figure 3. (a) Cell viability curves of ovarian cancer cell lines,
OVCAR3 (left) and OVK18 (right), treated with CA4 and CA4-βGals.
(b) Inhibition effects of intracellular β-galactosidase activity on cell
viabilities of OVCAR3 (top) and OVK18 (bottom) with β-GA (1
mM). ***p < 0.01 by Welch’s t-test (n = 6 for each group).

Table 1. EC50 Values of CA4-βGals and CA4 against Ovarian
Cancer Cell Linesa

EC50 (nM)

cell line CA4-βGal-1 CA4-βGal-2 CA4

OVCAR3 69.06 ± 14.67 2.47 ± 0.21 3.45 ± 0.97
OVK18 252.42 ± 17.56 2.67 ± 0.19 1.99 ± 0.05

aValues represent the average and SE of six experiments performed in
triplicate.

Figure 4. Fluorescence microscopy images of the ovarian cancer cell
line OVCAR3 (a) treated with CA4 at 10 nM (b) and CA4-βGal-2 at
1 and 10 nM (c). Nuclei were directly stained with DAPI (blue), and
α-tubulin was detected with Alexa Fluor 647 (red) conjugated with
secondary antibody. Scale bars, 10 μm.
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demonstrated that CA4-βGal-2 exhibited more potent cytotox-
icity to ovarian cancer cell lines than CA4-βGal-1. This result
indicates the suitability of introducing the self-immolative 1,6-
benzyl linker in the design of prodrugs for ovarian cancer PMT.
Because high β-galactosidase activity is reported in not only
ovarian cancer but also other malignant tumors,6−9 CA4-βGal-2
can be also used as a prodrug candidate for PMT for these
malignant tumors. Our design strategy for CA4-βGal-2 is
valuable for the development of prodrugs for PMT targeting
various cancers.
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