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ABSTRACT: Self-repair of nuclear DNA damage is the most known reason
that leads to drug resistance of cancer tissue and limited therapeutic efficacy of
anticancer drugs. Inhibition of protein phosphatase 2A (PP2A) would block
DNA damage-induced defense of cancer cells to suppress DNA repair for
enhanced cancer treatment. Here, we combined a PP2A inhibitor LB (4-(3-
carboxy-7-oxa-bicyclo[2.2.1]heptane-2-carbonyl) piperazine-1-carboxylic acid
tert-butyl ester) and the DNA damage chemotherapeutic drug cisplatin
through a simple physical superposition. The two drugs administrated at a
ratio of 1:1 exhibited an optional synergistic antitumor efficacy in vitro and in
vivo. LB was demonstrated to specifically activate the protein kinase B (Akt)
and mitogen-activated protein kinases (MAPK) signaling pathways by PP2A
inhibition to overcome cell cycle arrest caused by cisplatin-induced DNA
damage.
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Cancer remains one of the leading causes of morbidity and
mortality around the world, which continues to increase

with around 10 million new cases every year.1,2 Although
traditional chemotherapy is quite beneficial in improving
survival rate, it has also shown a lot of hindrances including
severe toxicity, limited efficiency, and especially unexpected
drug resistance.3−5 It is well-known that drug resistance is
mediated by multiple defense mechanisms of cancer cells, such
as DNA repair, inhibition of apoptosis, and cell cycle arrest.6

PP2A, a ubiquitous and multifunctional serine/threonine
phosphatase, involves mitotic progression and cellular
responses to DNA damage, playing a dynamic role in
conquering DNA damage repair.7−9 PP2A inhibitors have
been demonstrated to force cancer cells prematurely into
mitosis and subsequently induce cell apoptosis. Hence,
combination of PP2A inhibitors with chemotherapeutics should
be an attractive strategy to improve therapeutic effect and
combat drug resistance to tumor.
Recently, the derivatives of cantharidin without evident acute

or chronic toxicity as PP2A inhibitors showed enhanced
antitumor activity with DNA-damaging agents by specifically
blocking PP2A.10,11 Zhuang studied the effect of a derivative LB
combined with TMZ for the NB line SH-SY5Y.12 Results
demonstrated that LB inhibited the cancer defense mechanisms
in response to DNA damage induced by TMZ. Another study
also showed that LB could improve the efficacy of DOX against

stem cell-derived cancers.13 Platinum(II) complexes, cisplatin in
particular, are employed in 50% of all cancer therapies.14,15

However, the clinic application of platinum(II) is limited by
severe side effects and acquired resistance.16−18 There are
certain known mechanisms of cisplatin resistance, including
increased DNA adduct repair, perturbed cell cycle, and
inhibition of apoptosis.19 Based on this, cantharidin derivatives
and combination with cisplatin have been reported to
overcome drug resistance and enhance antitumor efficacy of
cisplatin. In our previous report, canthaplatin was obtained by
appending a PP2A inhibitor LB to cisplatin in a platinum(IV)
prodrug form for DNA repair blocking.20 Recently, we also
demonstrated a polymer−(multifunctional single-drug) con-
jugate strategy, in which different drug components (platinum
and PP2A inhibitor) were rationally integrated.21−24 Never-
theless, these systems were established on tedious chemical
modification of platinum(II). Furthermore, the synergistic
mechanism of platinum(II) and PP2A inhibitor was ambiguous
and the optimal drug ratio was also vacant.
In this study, we demonstrated a combination treatment of

cisplatin and LB through a simple physical superposition. This
method would avoid fussy chemical modification and maintain
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the original valence state of cisplatin. The two drugs were
typically internalized via passive diffusion through the cell
membrane, and played a synergistic antitumor effect. Cisplatin
would disrupt DNA structure through formation of intrastrand
and interstrand cross-links.25,26 Nevertheless, in this process,
cancer cells would trigger DNA damage repair mechanisms
procedurally.27−29 We hypothesized that LB could block the
replication checkpoints triggered by DNA repair and drive
quiescent cancer cells into cycle through the significant
inhibition effect of PP2A when combined with cisplatin
(Scheme 1). Herein, we displayed the superior drug ratio of
cisplatin and LB for synergistic effect in vitro and in vivo, and
the possible synergetic mechanism was also investigated.

First, the potential for LB to specifically inhibit PP2A was
investigated with a PP2A activity assay. As shown in Figure S2,
it was found that the PP2A activity level in cervical cancer HeLa
cells exposed to LB for 3 h decreased to 78.5% of the control
level, while those exposed to combination treatment of LB and
cisplatin decreased to 86.0%. The reduced PP2A activity level
clearly proved that LB could possess the capability to inhibit
PP2A function when combined with cisplatin.
The cytotoxicity of LB and cisplatin was evaluated against

HeLa cells and lung carcinoma A549 cells through a MTT (3-
(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide)
assay. Both LB and cisplatin showed concentration- and time-
dependent cytotoxicity (Figure S3). IC50 (the 50% inhibitory
concentration) values of LB and cisplatin were shown in Table
S1. Cisplatin showed high cytotoxicity to both cancer cells,
while LB exhibited moderate cytotoxicity especially against
A549 cells. The result indicated that the low-toxic LB would be
a suitable sensitizer to promote the anticancer activity of
cisplatin.
The cytotoxicity of combination treatment of cisplatin and

LB with different mole ratios was further evaluated (Figure S4).
The combination treatment with a cisplatin/LB ratio at 1:1
showed the highest anticancer activity to A549 cells. The
combination index (CI) values lower than, equal to, and higher
than 1, denote synergism, additivity, and antagonism,
respectively.30,31 The CI50 values (CI at 50% inhibitory) against

drug effect level were also carried out (Figure 1). The detail
computational formula was shown in Supporting Information.

For A549 cells after 24 h of incubation, all the CI50 values of
combination treatment with different ratios are lower than 1,
indicating the synergy effect of cisplatin and LB against A549
cells. The CI50 with a cisplatin/LB ratio of 1:1.5 was about 1.7-
fold lower than that of 1:2.5. For HeLa cells after 24 h of
incubation, combination treatment with a ratio of 1:0.5
achieved the best synergistic effect. However, when the ratio
was 1:2 or 1:0.3, they did not display synergism efficiently, even
exhibited antagonism after 48 and 72 h. These results
demonstrated that balancing dosage of the two individual
drugs was very important to achieve the optimal anticancer
efficacy. It was also found that the CI values increased with
time. Finally, the combination treatment with a cisplatin/LB
molar ratio of 1:1 was chosen for further study because of the
excellent synergism for both HeLa and A549 cells.
One of the hallmarks of cancer cells is the capability to evade

apoptosis. The apoptosis rate of cancer cells after treatment is
another important index to evaluate the synergistic effect.
Annexin V-FITC and propidium iodide (PI) were used to
evaluate the percentage of living cells (lower left), early
apoptosis cells (lower right), and late apoptosis or necrosis cells
(upper right) (Figure S5). After 24 h of treatment with drug
concentration at IC50 values, combination treatment led to
41.5% of total apoptosis, while 36.9% for cisplatin and 35.5%
for LB treatment against A549 cells (Figure 2). Similar results

were also observed in HeLa cells. For instance, cisplatin, LB,
and combination treatment induced 4.8%, 5.4%, and 6.4% of
early apoptosis and 54%, 21.8%, and 64.1% of late apoptosis,
respectively. In short, LB significantly increased the cell
apoptosis when combined with cisplatin. The main known
apoptosis mechanism induced by cisplatin is DNA cross-linking
damage. However, cancer cells would establish defense
mechanism in the fate of acute DNA damage. Hence, the
enhanced anticancer activity is believed to be a result of
combining cisplatin, which caused acute DNA damage, with

Scheme 1. Schematic Representation of the Synergistic
Mechanism of Cisplatin and a PP2A Inhibitor, LBa

aP-Akt, phosphorylated Akt; P-Plk-1, phosphorylated polo-like kinase
1; MDM2, murine double minute 2; TCTP, translationally controlled
tumor protein; P-ERK, phosphorylated extracellular regulated protein
kinases.

Figure 1. CI50 values of cisplatin and LB with different mole ratios
against (a) A549 cells and (b) HeLa cells.

Figure 2. Apoptosis of (a) A549 cells and (b) HeLa cells after 24 h of
drug treatments: (yellow) late apoptosis; (green) early apoptosis;
(pink) living cells.
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LB, which forces cells with DNA damage to bypass cell cycle
checkpoints and go through lethal mitosis by PP2A inhibition.
To determine the effect of PP2A inhibition on cell cycle

arrest, in the fate of acute DNA damage, we analyzed cell cycle
patterns of HeLa and A549 cells after exposure to cisplatin, LB,
and combination treatment for 24 h. For HeLa cells, compared
to control samples, 24 h exposure to LB did not alter the cell
cycle percentages. Exposure to cisplatin alone increased the
percentage of cells in S phase, indicating increased cancer cell
senescence (Figure 3). As anticipated, combination treatment

prominently increased percentage of cells in G2/M phases,
corresponding to the loss of checkpoints ordinarily induced by
acute DNA damage.7,13 Likewise, the DNA replication analysis
of A549 cells revealed that 24 h exposure to LB decreased G1
phase, prominently increased G2/M phase, and little effect on S
phase. Exposure to cisplatin alone at the same dose had little
effect on cell cycle on the whole. Exposure to both drugs
resulted in markedly decreased G1 and significantly increased S.
It was evident that cisplatin arrested the cancer cells in S phase,
whereas LB would abrogate cisplatin-induced cell cycle arrest
and accelerate the malignant cell entry into G2/M phase. As
mentioned above, the chemotherapeutic action of cisplatin was
to cross-link with DNA, thereby interfering with transcription
and/or DNA replication in tumor cells; LB could significantly
inhibit the effect of PP2A, drive quiescent cancer cells with
DNA damage into cycle and block some replication
checkpoints, and in turn cause cell apoptosis.
PP2A is a ubiquitous serine/threonine phosphatase ex-

pressed in eukaryotic cells.32,33 The inhibition of PP2A by LB
would activate several important signaling pathways including
Akt to accelerate inappropriate entry of cells into mitosis,
bypass cell cycle arrest, and block some replication checkpoints
triggered by DNA damage.7,9 Hence, to explore the mechanism
of how LB abrogated cisplatin-induced cell cycle arrest on
molecular level, we further performed immunofluorescence
assay of HeLa cells after 24 h of drug treatment. As shown in
Figure 4, all cells have the same strong expression of tubulin
and total Akt. Compared to control and cisplatin treatment,
both LB treatment and combination treatment induced higher
levels of P-Akt. The increased expression of P-Akt would
further activate the phosphorylation of MDM2 and suppress
TCTP, which further induce apoptosis from continued cell
cycle progression.
Previous studies have demonstrated that MAPK signaling

pathway also played a critical role in PP2A action and
regulating cell cycle progression.34−36 ERK is an important
pathway in MAPK pathway, involved in the regulation of DNA
damage response (DDR) and cell-cycle checkpoint pathways

dominated by PP2A. Therefore, we next investigated whether
the MAPK pathway was activated in HeLa cells using specific
antibodies against the phosphorylated ERK. As shown in Figure
5a, cisplatin exhibited slight elevation on the expression of P-

ERK, while enhanced expression of P-ERK were observed both
in LB alone and in combination treatment. In contrast, no
significant changes of total ERK were detected in response to
different treatments. The results suggested that inhibition of
PP2A by LB could also activate ERK in tumor cells and
aberrantly accelerate cancer cell entry into mitosis, resulting in
increased cell vulnerability to DNA damage, disordered
replication, and death.
The expression of P-Akt and P-ERK was also evaluated by

Western blotting. As shown in Figure 5b, it was clear to find
that LB increased the expression of P-Akt and P-ERK
compared to the control group. LB plus cisplatin assumed
the similar phenomenon with LB alone, whereas cisplatin alone
had little effect on the expression of P-Akt and P-ERK. All the
results were in agreement with the above immunofluorescence
studies. Taken together, the data demonstrated that PP2A
inhibition by LB would activate the Akt and MAPK pathways,
rendering cancer cells to overcome cisplatin-induced damaged
DNA repair and undergo lethal apoptosis.
Finally, the synergistic antitumor efficacy of cisplatin and LB

at a molar ratio of 1:1 was evaluated in vivo against KM mice
with subcutaneous xenografted U14 (mouse uterine cervical
cancer cell) tumor (Figure 6a). Tumor volume grew rapidly in
control animals, and the average tumor volumes increased to
about 1000 mm3 after 2 weeks. Cisplatin alone caused marked
repression, and the tumor size decreased to about 270 mm3

after half a mouth. LB alone did not inhibit the growth of
tumors for the first week while displayed a moderate effect in
the second week. LB plus cisplatin at the same dose and

Figure 3. Cell cycle distribution of (a, purple color) HeLa and (b, red
color) A549 cells after incubation of drugs for 24 h. The percentages of
G1, S, and G2/M phases are indicated.

Figure 4. Immunofluorescence of tubulin, Akt, P-Akt (green), nuclear
morphology (DAPI, blue), and merged in HeLa cells after 24 h
exposure to DMEM only, 2.5 μM cisplatin, 2.5 μM LB, and both drugs
at the same concentration (scale bar: 20 μm).

Figure 5. (a) Immunofluorescence and (b) Western blotting against
HeLa cells after 24 h exposure to cisplatin, LB, and combination
treatment (scale bar: 20 μm).
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schedule as administrated individually significantly decreased
the growth of the xenografts. For instance, the average tumor
volume for the combination group was about 97 ± 18 mm3,
while cisplatin group was 178 ± 33 mm3 at day 10. It is
reasonable that the improved antitumor efficacy of cisplatin
combined with LB was attributed to PP2A inhibition, which
rendered cancer cells less efficient in repairing DNA damage
and more vulnerable to death.
Body weight was also monitored to evaluate systemic toxicity

(Figure 6b). LB alone had little effect on body weight,
suggesting very low toxicity. Cisplatin alone caused a significant
decrease in total body weight during the test period. Although
combination treatment of cisplatin and LB also caused an
obvious body weight loss in the first week, the body weight was
finally comparable to the initial body weight at day 0 after 2
weeks. In short, these results demonstrated that the LB would
not only improve the antitumor efficacy but also relieve the
systemic toxicity of cisplatin at a certain degree in vivo.
In the present investigation, a PP2A inhibitor LB was used to

combine with cisplatin for enhanced cancer therapy. The
optimal drug ratio of cisplatin and LB for maximum synergistic
effect in vitro was demonstrated. Meanwhile, the molecular
mechanism assumed that LB could block cisplatin-induced
DNA damage repair through activation of Akt and MAPK
signaling pathways. As a result, the therapeutic efficacy of
cisplatin was markedly sensitized by LB in vitro and in vivo.
Hence, for future platinum-based drugs, or other DNA damage
chemotherapeutic agents, combination with PP2A inhibitors
that render cancer cells more susceptible may have more
potential in the clinical application.
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