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Abstract: Side-effects and resistance substantially limit the efficacy of chemotherapy. One possible solution to this
persistent problem would be co-administration of targeted therapy and chemotherapy to achieve synergistic anti-
cancer effects without extra toxicity. Here, we reported that LY2228820, a selective inhibitor of p38-MAPK signaling
pathway, could induce synergistic anti-cancer effects with anti-microtubule (AMT) chemotherapy both in vitro and in
vivo. In drug-resistant cancer cells, treatment with either LY2228820 or AMT drug alone was compatible with viabil-
ity, while co-administration of both led to dramatic cytotoxicity, G2/M arrest and apoptosis. Moreover, co-treatment
with LY2228820 notably improved the effectiveness of paclitaxel without exhibiting adverse effects in vivo. Mecha-
nistic studies showed that LY2228820 sensitized cancer cells to AMT agents independent of P-gp. LY2228820
did not influence either the expression or the function of P-gp. Instead, it could inhibit p38-HSP27 signaling axis by
down-regulating p-HSP27. Furthermore, LY2228820 blocked the p-HSP27 mediated protective response against
AMT drugs in tumor cells, resulting in mitochondrial instability and the activation of mitochondrial death pathways.
This P-gp-independent regime containing LY2228820 and AMT agents could produce synergistic anti-cancer effects
without extra systematic toxicity. Our study offers a novel strategy for improving the therapeutic efficacy of AMT
drugs by achieving a better balance between efficacy and toxicity. This new combination regime could be advanta-
geous in patients who show little response to the maximal dosage of AMT chemotherapy, as well as those unable to
tolerate the systematic toxicity of these agents in clinic.

Keywords: Synergistic anti-cancer effects, LY2228820, anti-microtubule agents, P-gp, p-HSP27, mitochondrial
death

Introduction

Currently, chemotherapy can be classified into
two categories: conventional chemotherapy wi-
th cytotoxic agents which suppress the funda-
mental biological process of rapidly dividing
cells, and targeted therapy aimed at blocking
the hyper-activated signhaling pathways which
are critical for cancer cells yet spare normal
cells [1]. Both have unique advantages and dis-
advantages. For instance, conventional chemo-
therapy has a wider response among various
cancer types, while the efficacy of targeted
therapy varies greatly among cancer types due

to its high dependence on the presence of prop-
er therapeutic targets [2]. Besides, convention-
al chemotherapy often exhibits more severe
systematic toxicity to organs with high cell turn-
over such as the bone marrow and digestive
tract, while targeted therapy maintains better
tolerance among patients [3, 4]. Moreover,
cancer cells also utilize different strategies to
develop resistance against these two thera-
peutic categories. For conventional chemoth-
erapy, reducing drug influx or enhancing drug
efflux are the most common mechanisms of
drug resistance, while the alteration of signal-
ing networks via bypassing therapeutic targets
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often occurs in cells resistant to targeted ther-
apy [5].

Consequently, it is reasonable to combine con-
ventional and targeted chemotherapies togeth-
er to complement each other. Generally, the
effects of combing different treatments can
either be antagonistic, additive or synergistic. It
is worth noting that systematic toxicity could
accumulate when two toxic drugs are used in
combination [6]. Therefore, the ideal form of
combination therapy should be able to cause
significant injury to tumor cells with a low-toxic
dosage of a cytotoxic agent in combination with
a non-toxic targeted therapy. Therefore, indi-
vidual components alone has little influence
on either cancer cells or healthy tissues, but
specific and remarkable injury to malignant tis-
sues results from their combination, thus gre-
atly improving the therapeutic efficacy as well
as the quality of life for patients. For example,
thioridazine, an established antipsychotic ag-
ent, sensitizes glioblastoma cells to temozolo-
mide by blocking autophagy, thus significantly
increasing the survival in drug-resistant glio-
blastoma, while avoiding the severe systematic
toxicity commonly seen in animals treated with
a higher dose of temozolomide alone [7].

The reported study is another typical example
of synergistic anti-cancer chemotherapies. He-
re, we studied two anti-microtubule (AMT) ag-
ents, paclitaxel and vinorelbine, both of which
can interfere with the tubulin dynamics and in-
terrupt proper chromosome segregation, thus
causing mitotic catastrophe and cell death.
Their side-effects include digestive tract symp-
toms (nhausea, vomiting and diarrhea), skin
symptoms (pale skin and hair loss), peripheral
neurotoxicity (joint or muscle pain) and even
seizures [8]. These side effects limit the maxi-
mal dosage in clinic and increase the possibility
of treatment interruptions, allowing a fraction
of cancer cells to survive and develop resis-
tance, thus leading to relapse. One possible
solution to this long-standing problem is the
construction of a balance between satisfactory
therapeutic efficacy and tolerable systematic
toxicity, by adding targeted therapy with rela-
tively less systematic toxicity to reduce the dos-
age of cytotoxic AMT agents. Therefore, many
efforts have been devoted to seeking a proper
targeted therapeutic approach to sensitize can-
cer cells to these classic cytotoxic chemothera-
pies and to improve their therapeutic window
for a better safety profile.
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From a large-scale screening of small molecu-
lar compounds (> 1800) with potential anti-
tumor activity, we identified that LY2228820, a
P38/MAPK inhibitor with a good safety profile
in phase 1/2 clinical trial, could achieve syner-
gistic anti-cancer effects in combination with
low doses of paclitaxel or vinorelbine in cancer
cells both in vitro and in vivo. Moreover, mecha-
nistic studies showed that such synergy was
mediated by the suppression of HSP27 phos-
phorylation (ser78) rather than the blockage of
P-gp activity. Therefore, the systematic toxicity
of paxlitaxel or vinorelbine at high doses could
be avoided by such synergistic anti-cancer the-
rapies.

Materials and methods
Cell culture and mice

BCap37 was obtained from Prof. Weimin Fan
(The Medical University of South Carolina) in
2010. Bads-200 and Bats-72, two multidrug-
resistant (MDR) cell lines, were established
from BCap37 as described previously [9]. HCC-
LM3 was purchased from China Center for Type
Culture Collection (CCTCC) in 2014. BCap37,
Bads-200 and Bats-72 were maintained in RP-
MI 1640 medium supplemented with 10% fetal
bovine serum (FBS), whereas Bads-200 was
cultured with additional 200 nM paclitaxel.
HCC-LM3 was maintained in minimum essen-
tial medium with 10% FBS. Cells were incubat-
ed at 37°C with 5% CO,. All cell lines were te-
sted negative for mycoplasma. 4-5-week-old
female athymic nude (nu/nu) mice were pur-
chased from the Animal Facility of Zhejiang
University. All animals care and experiments
were conducted according to the Guidelines
of Zhejiang University Animal Care Committee.

Drugs and treatments

Paclitaxel (injection, 6 mg/mL) was purchased
from Mead Johnson Co. (Princeton, NJ, USA).
LY2228820 (50 mg) was purchased from
Selleckchem (Houston, TX, USA). Cells were
evenly seeded into various plates or dishes in
drug-free medium for 24 h, and then treated
with chemotherapeutic agents with or without
the co-administration of LY2228820.

MTT assay

Cells were harvested and resuspended to a
final concentration of 10”4 cells/mL. Aliquots
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of the cell suspension were evenly distributed
into 96-well tissue culture plates. After one
night of incubation, the designated wells were
treated with drug regimes. Four hours prior to
the end of treatment, MTT solution was added.
The medium containing MTT was replaced with
150 pyL of DMSO in each well to dissolve the
formazan crystals after 4 h-incubation. The ab-
sorbance at 570 nm in individual wells was de-
termined using a microplate spectrometer (Bio-
Rad, Sunnyvale, CA).

Colony-forming assay

Bads-200 cells were seeded into 6-well plates
at a density of 500 cells/well and were main-
tained with different regimens of drugs for 12
days. The cell clones were stained with Giemsa.

Analysis of cell cycle

Cell cycle distribution was determined by flow
cytometric analysis. Briefly, after drug treat-
ment for 72 h, both detached and attached
cells were harvested and washed twice with
PBS, followed by fixation in 75% ethanol diluted
in PBS. Cells were then incubated in PBS con-
taining 100 yL/mL RNase and 40 uL/mL prop-
idium iodide (Pl) at room temperature for 0.5 h
before flow cytometric analysis. Cell cycle dis-
tribution and DNA content were determined
using Coulter Epics V instrument (Beckman
Coulter, CA).

Analysis of apoptosis

Annexin V/Pl apoptosis detection kit (Beyo-
time, Haimen, China) was used to detect cell
apoptosis according to the manufacturer’s in-
structions. Briefly, cells were harvested and
washed twice with PBS after treatment for 72
h. Then the cells were suspended with 400 uL
of binding buffer, 5 pL of Annexin V conjugated
with fluorescein isothiocyanate (FITC) and 5 uL
of Pl solution. After incubating for 15 min at
room temperature in the dark, the percentage
of apoptotic cells was determined by flow cy-
tometry.

Evaluation of therapeutic efficacy in vivo

Bats-72 cells (1 x 10”6 cells in 0.1 mL PBS)
were implanted into the right flanks of the
homozygous nude athymic mice (female, 5-6
weeks old). Four days after implantation, mice
were randomly divided into 4 groups and treat-
ed with different regimens: (i) vehicle; (i) LY222-
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8820 alone at 20 mg/kg, i.v.; (iii) paclitaxel
alone at 15 mg/kg, i.v.; (iv) combination of
LY2228820 and paclitaxel, i.v.. The same treat-
ment regimens were repeated every 3 days for
a total of 5 cycles. Two perpendicular diameters
(width and length) of the tumors as well as the
body weight of mice were measured every 3
days until the animals were euthanized. After
the animals were sacrificed, the tumor tissues
were resected and weighted. Further, livers,
kidneys and blood samples were examined. Se-
rum alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and creatinine levels
were measured using a Hitachi 7600 automatic
analyzer (Hitachi, Tokyo, Japan). The inhibition
rate of tumor growth (IR) was calculated accord-
ing to the following formula: IR = 100% % (mean
tumor weight of control group mean tumor wei-
ght of experimental group)/mean tumor weight
of control group.

Rhodamine 123 efflux assay

Bads-200 cells were incubated with PBS, LY-
2228820 or verapamil for 3 h. 5 yM Rhodamine
123 (Meilunbio, Dalian, China) was then add-
ed in each group. The cells were incubated for
additional 0.5 h. Afterwards, the cells were wa-
shed with ice-cold PBS, trypsinized and resus-
pended in 300 uL PBS. Intracellular Rhodamine
123 fluorescence intensity was determined wi-
th Coulter Epics V instrument (Beckman Coul-
ter, CA).

P-glycoprotein ATPase activity assay

The effect of LY2228820 on the ATPase activity
of P-glycoprotein was measured by P-gp-Glo™
Assay Systems (Promega, Madison, WI) accord-
ing to the protocol provided by the manufactur-
er [10].

Mitochondrial membrane potential (MMP)

MMP was determined using a JC-1 mitochon-
drial membrane potential assay kit (Beyotime
biotechnology, Hainan, China). Cells were col-
lected, resuspended in PBS, and subsequently
incubated with JC-1 for 30 min at 37°C in the
dark. After incubation, the cells were washed
and analyzed by flow cytometry.

Isolation of mitochondria and cytoplasm

The cell mitochondria isolation kit (Beyotime
biotechnology, Hainan, China) was utilized to
obtain cytosolic and mitochondrial protein frac-
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tions. Cells were collected and incubated with
mitochondria isolation reagent for 15 min in
ice, then homogenized with glass homogenizer
for 15-20 times. After centrifugation for 10
min (700 g, 4°C), the supernatant was isolated
and centrifuged again for 30 min (10000 g,
4°C). Precipitate was mitochondrial fraction
and supernatant was centrifuged for 10 min
(12000 g, 4°C) to collect cytosolic fraction.

SiRNA transfection

Cells were transfected with HSP27 siRNA (Ri-
boBio, Guangzhou, China) using Lipofectamine
2000 (Invitrogen, USA) according to the manu-
facturer’s protocol. The siRNA sequence for
HSP27 was GCTGCAAAATCCGATGAGA.

Western blot analysis and antibodies

Cells were collected for western blot analysis
after different treatments. The detailed proce-
dure has been described previously [9]. The
antibodies were listed as follows: B-actin (sc-
47778) was from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA); cleaved caspase-3
(#9661), cleaved PARP (#5625), Cyclin B1 (#41-
35), Cdc2 (#9116), P-gp (#13342), p-MKK3/6
(#12280), p-P38 (#4511), P38 (#8690), p-MK2
(#3041), p-HSP27 (#2405), HSP27 (#95357),
Cytochrome C (#11940), B-tubulin (#2128) and
COX-IV (#4850) were from Cell Signaling Tech-
nology, Inc. (Danvers, MA, USA); goat anti-rab-
bit and goat anti-mouse I1gG peroxidase-conju-
gated secondary antibodies (31460 and 31-
430) were purchased from Thermo-Pierce (Ro-
ckford, IL, USA).

Statistical analysis

Data are presented as mean + standard error
of three independent experiments. Two-sided
Student’s t-test was used to determine the sta-
tistical difference between various experimen-
tal and control groups. Statistical analysis of
the data presented was performed by SPSS
version 22.0 (SPSS, Chicago, IL, USA).

Results

LY2228820 induces synergistic effect with
AMT agents in MDR breast cancer cells

First, the appropriate concentration of LY22-
28820 for the combination therapy was deter-
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mined by MTT assay. As shown in Figure 1A,
LY2228820 exerted little cytotoxicity from O to
2 UM, and hence 2 uM LY2228820 was cho-
sen as the safe dosage for the co-administra-
tion with various chemotherapeutic agents. As
shown in Figure 1B, 1C, LY2228820 remark-
ably enhanced the cytotoxicity of paclitaxel in a
MDR cell line Bads-200, and the IC50 values
decreased from 1501 nM to 420.7 nM (P <
0.001). Besides, LY2228820 could also signifi-
cantly sensitize Bads-200 to vinorelbine (Figure
1D). However, the co-treatment of LY2228820
had little influence on the drug sensitivity of
doxorubicin and mitomycin in Bads-200 (Figure
1E, 1F). The results obtained in Bats-72, anoth-
er MDR cell line, were consistent with those
obtained in Bads-200 (Table 1).

As depicted in Figure 1G, the overall cell mor-
phology was normal in CTL and monotherapy
groups of both paclitaxel/vinorelbine and LY-
2228820, and whereas their co-treatment in-
duced abnormal morphology, including sus-
pending cells, cytoplasm blebs and apoptotic
bodies. In addition, colony-forming assay sh-
owed that while the number and size of colo-
nies were comparable between CTL and mono-
therapy groups, almost no visible colonies we-
re formed in the co-treatment group (Figure
1H). In a word, LY2228820 induces synergistic
effect with AMT agents in MDR breast cancer
cells.

LY2228820 enhances G2/M arrest and apop-
tosis induced by AMT agents

AMT agents exert cytotoxic effects by inducing
G2/M arrest via stabilizing microtubules, whi-
ch leads to apoptosis. As shown in Figure 2A,
compared with the treatments of 500 nM pa-
clitaxel and vinorelbine alone, their co-adminis-
tration with 2 yM LY2228820 significantly in-
creased the percentage of cells at G2-M pha-
se, from 19.97% to 78.4% (P < 0.001) and
23.32% to 81.04% (P < 0.001), respectively.
Similar results were obtained in Annexin V/
propidium iodide apoptosis assay. As shown in
Figure 2B, the co-treatment of LY2228820
significantly elevated the population of apop-
totic cells compared to the groups treated wi-
th paclitaxel or vinorelbine alone (P < 0.001,
21.57% versus 6.23%, 19.63% versus 5.90%).
A monotherapy of 2000 nM paclitaxel (PTX!) or
5000 nM vinorelbine (VB!) was required to
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Figure 1. LY2228820 induces synergistic effect with AMT agents. A. Bads-200 and Bats-72 were incubated with in-
creasing doses of LY2228820 alone for 72 h. B-F. Bads-200 was exposed to a series of concentrations of paclitaxel,
vinorelbine, doxorubicin or mitomycin respectively with or without the combination of 2 uM LY2228820 for 72 h.
The IC50s of paclitaxel was determined with or without 2 uM LY2228820 after 72 h treatment. G. Cell morphology
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of Bads-200 was imaged by inverted microscopic examination after different treatments for 72 h. H. Colony forma-
tion of Bads-200 with various treatments. Data are shown as mean + SD. ***P < 0.001. CTL, control; LY, 2 uM
LY2228820; PTX, 500 nM paclitaxel; LY + PTX, combination of 2 uM LY2228820 and 500 nM paclitaxel; VB, 500
nM vinorelbine; LY + VB, combination of 2 yM LY2228820 and 500 nM vinorelbine.

Table 1. LY2228820 induces synergistic effects with AMT agents
in Bads-200 and Bats-72

196 + 49 mm?3, and mean
tumor weights were 0.58 *
0.08, 0.54 + 0.10, 0.51+

LY2228820 Bads-200 Bats-72

Drug 0.12, 0.26 + 0.03 g. As
- (M) IC50 (nW) RI IC50 (nM) RI depicted in Figure BC,gwhen
Paclitaxel +0 1501 + 68.5 233.7£21.8 - co-treated with LY2228820,
+2 420.7+30.7 357 46.4+56 5.03 the inhibition rate of paclitax-

Vinorelbine +0 3388.7 + 390.5 1126.7 + 207 - el was significantly elevated
+2 388+185 873 260.3+90.2 4.32 from 11.5% to 56.2% (n = 6,

Doxorubicin +0 8710 + 1656.9 3490 + 276.2 - P < 0.001). Furthermore, re-
+2 8440 £2511.9 1.03 3360+310 1.04 sected tumors were analyz-

Mitomycin +0 9289 + 1437.8 7566.7 £ 1335 - ed by immunohistochemistry
+2 8690 + 3891.3 1.07 7970.3+4145 095  Stainingwith the antibody ag-

ainst Ki-67. When co-treated

aRI (reversal index) was determined by the IC50 in the absence of LY2228820

divided by the IC50 in the presence of LY2228820.

induce a comparable level of G2/M arrest or
apoptosis with the co-administration regime.
Subsequently, the expression level of several
regulatory proteins associated with G2/M ar-
rest and apoptosis were analyzed by western
blot. As depicted in Figure 2C, 2D, a notable
increase in the expression of Cyclin B1 and a
decrease in expression of Cdc2 were observed
in the co-administration group compared with
paclitaxel or vinorelbine alone. Also, the co-
administration led to a stronger cleavage of
caspase-3 and poly ADP-ribose polymerase
(PARP). In conclusion, LY2228820 enhances
G2/M arrest and apoptosis induced by AMT
agents.

The co-administration with LY2228820
improves the effectiveness of paclitaxel in
Bats-72 xenograft models without additional
adverse effects

The previous results indicated that LY22288-
20 induces synergistic effect with AMT ag-
ents in vitro. This raised a clinical concern
regarding whether this phenomenon could be
replicated in vivo. As shown in Figure 3A-C,
while control and monotherapy groups had
no significant difference in tumor volume, the
xenografts of co-administration group were sig-
nificantly smaller than the other three gro-
ups (n =6, P < 0.001). These results confirmed
synergistic effect in vivo. The mean tumor vol-
umes were 800 + 109, 751 + 112, 687 + 119,
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with LY2228820 and pacli-

taxel, the number of intratu-

moral Ki-67-positive cells sig-
nificantly decreased compared with the other
three groups (Figure 3E).

Notably, the co-administration of LY2228820
and paclitaxel did not lead to any significant
effects on the body weight of mice (Figure 3D).
Typically, high doses of paclitaxel have closely
been related to hepatotoxicity and nephrotoxic-
ity in preclinical studies and clinical settings
[11-13]. Therefore, the liver and kidney tissues
of mice were resected and underwent care-
ful histological examination. H&E staining sh-
owed that the combination therapy did not le-
ad to significant pathological difference in the
hepatic lobule, interlobular vein, glomerulus or
uriniferous tubule, indicating no toxic effects on
the liver or kidney (Figure 3F). Furthermore, the
co-treatment of LY2228820 and paclitaxel did
not cause significant increase of ALT, AST and
creatinine levels (Figure 3G). Collectively, the-
se results demonstrated that co-administration
with LY2228820 improves the effectiveness
of paclitaxel at relatively low dosage in Bats-72
xenograft models without severe adverse ef-
fects frequently induced by high dose paclita-
xel.

LY2228820 sensitizes cancer cells to AMT
agents independent of P-gp

In our previous study, an up-regulation of P-gp
protein was observed in Bads-200 cell [9]. We
then aimed to investigate whether such syner-
gistic effect was caused by the down-regulation
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Figure 2. LY2228820 enhances G2/M arrest and apoptosis induced by AMT agents. A. Cell cycle analysis of Bads-
200 after different treatments for 72 h. B. The proportion of apoptotic cells of Bads-200 with various administra-
tions for 72 h was tested. C, D. Western blot analysis of Cyclin B1, Cdc2, C-Cas3, and C-PARP proteins in Bads-200
after different treatments for 72 h. AP peaks represent the population of apoptotic cells. Data are shown as mean *
SD. N.S., P> 0.05; ***P < 0.001. CTL, control; LY, 2 uM LY2228820; PTX, 500 nM paclitaxel; LY + PTX, combination
of 2 yM LY2228820 and 500 nM paclitaxel; PTX!, 2000 nM paclitaxel; VB, 500 nM vinorelbine; LY + VB, combina-
tion of 2 yM LY2228820 and 500 nM vinorelbine; VB!, 5000 nM vinorelbine.

of P-gp protein or the inhibition of its function.
Western blot showed that LY2228820 did not
influence the expression of P-gp protein (Figure
4A). Next, we performed Rh123 intracellular
accumulation and efflux assay. As shown in
Figure 4B and 4C, compared with ROD group,
the amount of intracellular Rh123 exhibited no
difference after the co-treatment with LY22-
28820 but was significantly elevated when co-
treated with verapamil (VRP), a positive control
[14]. Furthermore, Pgp-Glo™ Assay confirmed
that LY2228820 did not affect the ATPase
activity of P-gp (Figure 4D), indicating that LY-
2228820 is not a substrate of P-gp. Doxorubic-
in and mitomycin have a high affinity for P-gp,
and Figure 4E showed that LY2228820 has
an insignificant impact on the sensitivity of
Bads200 to these two drugs. Moreover, the co-
administration with LY2228820 significantly
sensitized Bcap37and HCC-LM3, two cell lines
with no expression of P-gp, to paclitaxel (Figure
4F). These findings suggested that LY2228820
could sensitize cancer cells to AMT agents in-
dependent of P-gp.

The co-administration with LY2228820 pro-
motes paclitaxel-induced mitochondrial cell
death by altering the P38/HSP-27 signaling
axis

As LY2228820 is a potent and selective kinase
inhibitor of P38 MAPK, we tested several sig-
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naling proteins associated with P38 MAPK
pathway to analyze their involvement in the syn-
ergistic effect. As previously shown, the co-
administration of LY2228820 (2 uM) with pacli-
taxel (500 nM) could induce a comparable le-
vel of apoptosis with monotherapy of 2000 nM
paclitaxel in vitro. However, the P38/HSP27
signaling axis was differently regulated in cells
undergoing the combination treatment, com-
pared to cells treated with 2000 nM paclitaxel
alone (Figure 5A). The expression level of p-MK-
K3, p-P38 and p-MK2 were only remarkably
increased in LY + PTX group, while the protein
level of p-HSP27 (Ser78) was notably elevated
only in PTX! (2000 nM PTX) group. Interestingly,
the phosphorylation of HSP27 at Ser78 was
completely inhibited in LY + PTX group com-
pared to PTX! group. The results obtained with
vinorelbine treatment were consistent with th-
ose treated with paclitaxel (Figure 5B). It has
been reported that the phosphorylation of
HSP27 protects cells from oxidative stress
and thus its suppression is involved in mito-
chondria-related apoptosis [15-17]. We mea-
sured the mitochondrial membrane potential
(MMP) using JC-1 assay to analyze whether
LY2228820 promoted paclitaxel-induced mito-
chondrial cell death via inhibition of p-HSP27.
As depicted in Figure 5C, 5D, there were no sig-
nificant differences in MMP between LY and
PTX groups compared to the control group.
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Figure 3. The co-administration with LY2228820 improves the effectiveness of paclitaxel in MDR tumor xenograft
without additional adverse effects. Nude mice bearing Bats-72 tumors were treated with paclitaxel +/- LY2228820.
A. Tumor mass of four groups with different treatments. B. Tumor volume of four groups in the treatment process.
C, D. Tumor weight and body weight of mice at the end of experiments. E, F. immunohistochemical staining (x 200)
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of tumors and histological analysis (x 200) of liver and kidney were performed. G. Serum ALT, AST and creatinine
levels were measured in each group. Data are shown as mean + SD. N.S., P > 0.05; ***P < 0.001. CTL, control; LY,
LY2228820; PTX, paclitaxel; LY + PTX, co-administration of LY2228820 and paclitaxel; IR, inhibition rate.
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Figure 4. LY2228820 sensitizes cancer cells to AMT agents independent of P-gp. A. Western blot analysis of P-gp
proteins in Bads-200 after different treatments for 72 h. CTL, control; LY, 2 yM LY2228820; PTX, 500 nM pacli-
taxel; LY + PTX, combination of 2 uM LY2228820 and 500 nM paclitaxel; PTX!, 2000 nM paclitaxel; VB, 500 nM
vinorelbine; LY + VB, combination of 2 yM LY2228820 and 500 nM vinorelbine; VB!, 5000 nM vinorelbine. B, C.
Intracellular Rh123 fluorescence intensity in Bads-200 with different treatments was determined. CTL, control; Rod,
treatment with 5 uM rhodamine 123 for 0.5 h; LY + ROD, pre-incubation with 2 uM LY2228820 for 3 h, then treated
with 5 uM rhodamine 123 for 0.5 h; VRP, pre-incubation with 20 uM verapamil for 3 h, then treated with 5 uM rho-
damine 123 for 0.5 h. D. The effect of LY2228820 on the ATPase activity of P-glycoprotein was measured. LY, 2 yM
LY2228820; VRP, 20 uM verapamil. E. The IC50s of doxorubicin and mitomycin with or without 2 uM LY2228820
after 72 h treatment of Bads-200 were determined. F. The expression of P-gp in Bads-200, BCap37 and HCC-LM3
cells were detected by western blot. The IC50s of paclitaxel with or without 2 uM LY2228820 after 72 h treatment
of Bcap37 and HCC-LM3 were determined. Data are shown as mean + SD. N.S., P > 0.05; *P < 0.05; **P < 0.01;
***%pP < 0.001.

Compared with the PTX group, MMP was signifi-
cantly reduced in both LY + PTX and PTX! gr-
oups (P < 0.001), indicating higher levels of
mitochondria-related apoptosis. Moreover, mo-
re Cytochrome C was released into the cyto-
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plasm from mitochondria in LY + PTX and PTX!
groups (Figure 5E). In summary, the co-admin-
istration with LY2228820 could promote mito-
chondrial cell death by altering P38/HSP-27
signaling axis.
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Figure 5. The co-administration with LY2228820 promotes paclitaxel-induced mitochondrial cell death by altering
P38 MAPK pathway. A, B. Western blot analysis of p-MKK3/6, p-P38, P38, p-MK2, HSP27 and p-HSP27 proteins
in Bads-200 after different treatments for 72 h. C, D. MMP was analyzed by FCM by JC-1 assays in Bads-200 after
different treatments for 72 h. E. The subcellular localization of Cytochrome C was assessed by western blot after
cytoplasm and mitochondrial fraction of Bads-200 with various different treatments for 72 h. MMP, mitochon-
drial membrane potential; Data are shown as mean + SD. N.S., P > 0.05; ***P < 0.001. CTL, control; LY, 2 yM
LY2228820; PTX, 500 nM paclitaxel; LY + PTX, combination of 2 uM LY2228820 and 500 nM paclitaxel; PTX!, 2000
nM paclitaxel; VB, 500 nM vinorelbine; LY + VB, combination of 2 yM LY2228820 and 500 nM vinorelbine; VB!,

5000 nM vinorelbine.

LY2228820 causes synergistic effect with
AMT drugs by down-regulating the phosphory-
lation of HSP27

We aimed to further explore the role of p-HSP-
27 in AMT drugs mediated mitochondrial cell
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death in tumor cells. As the concentration of
paclitaxel or vinorelbine increased, the expres-
sion of p-HSP27 elevated consistently with the
apoptotic marker C-PARP (Figure 6A, 6B). This
suggested that p-HSP27 might promote AMT
drug-induced cell apoptosis or exert a protec-
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Figure 6. LY2228820 causes synergistic effect with AMT drugs by down-regulating the phosphorylation of HSP27.
A, B. Bads-200 was treated with ascending concentrations of paclitaxel (0-2000 nM) and vinorelbine (0-5000 nM)
for 72 h, and then the expression of p-HSP27 and C-PARP was analyzed by western blot. C. Bads-200 was treated
with relatively high concentration of paclitaxel (1500 and 2000 nM) for 72 h in the presence or absence of HSP27
siRNA, and then the expression of p-HSP27 and HSP27 was analyzed by western blot. D. The IC50s of paclitaxel in
Bads-200 were determined after 72 h treatment in the presence or absence of HSP27 siRNA. E-G. Bads-200 cells
were divided into four groups with different treatment for 72 h: control, 1500 nM PTX, 1500 nM PTX + HSP27 siRNA
and 1500 nM PTX + 2 uM LY2228820. The expression of p-HSP27 and C-PARP was analyzed by western blot. Cell
viability of each group was assessed by MTT assay. MMP was analyzed by JC-1 assays. Data are shown as mean +
SD. *P < 0.05; **P < 0.01; ***P < 0.001; H. Through inhibiting the phosphorylation of HSP27, LY2228820 causes
synergistic effect with AMT drugs via promoting mitochondrial cell death. PTX, paclitaxel; VB, vinorelbine.

tive response against AMT drug-mediated cell
death. To ascertain whether p-HSP27 is a pro-
apoptosis or anti-apoptosis factor in the AMT
pharmacotherapy, we compared the IC50 val-
ues of paclitaxel in the presence or absence of
siHSP27. The results indicated that the down-
regulation of p-HSP27 via HSP27 knockdown
could sensitize Bads-200 cells to paclitaxel.
The IC50 values of paclitaxel decreased from
1500 nM to 996.3 nM when cells were trans-
fected with HSP27 siRNA (Figure 6C, 6D). The-
se results demonstrated that p-HSP27 could
mediate a protective response against AMT
drugs in tumor cells. Next, Bads-200 cells were
treated with four regimes: control, 1500 nM
PTX, 1500 nM PTX + HSP27 siRNA and 1500
nM PTX + 2 uM LY2228820. The cleavage level
of PARP, p-HSP27, cell viability, and mitochon-
drial potential were evaluated in each group.
The expression of p-HSP27 progressively de-
creased in 1500 nM PTX, 1500 nM PTX +
HSP27 siRNA and 1500 nM PTX + 2 uM
LY2228820 groups. On the contrary, C-PARP
expression progressively increased in these
three groups (Figure 6E). Compared with the
control group, the cell viability in the other three
groups decreased to 50.4%, 37.2%, and 24.1%,
while the proportion of mitochondrial cell death
were 17.06%, 25.17% and 35.37%, respective-
ly (Figure 6F, 6G). These confirmed that the
level of p-HSP27 was negatively correlated with
the severity of cytotoxicity as well as the level
of mitochondrial cell death, indicating that p-
HSP27 indeed exerts anti-apoptotic effect with
PTX treatment. Taken together, LY2228820 in-
duces synergistic effect with paclitaxel by blo-
cking the p-HSP27-mediated protective res-
ponse against AMT drugs in tumor cells (Figure
6H).

Discussion

Although chemotherapy is currently one of the
most frequently used treatment for cancer pa-
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tients, it is often associated with the risks of
chemo-resistance as well as other side effects
including cardiotoxicity, nephrotoxicity, hepato-
toxicity and gastrointestinal toxicity [18]. To
overcome such obstacles, novel combined che-
motherapeutic treatments are in urgent need
to achieve continuous improvements in long-
term survival and quality of life [19]. Compared
with normal cells, cancers cells have distinct
epigenetic, genetic alterations and microenvi-
ronment, leading to the need for specific molec-
ular targets. In this study, we identified that
P38/MAPK inhibitor LY2228820 could achieve
synergistic anti-cancer effects with low dos-
es of paclitaxel and vinorelbine by enhancing
G2/M arrest and mitochondrial apoptosis in
a p38/MAPK-HSP-27 signaling axis-dependent
manner. Xenograft assays showed that this
combination therapy could suppress the grow-
th of paclitaxel-resistant cells with a tolerable
dosage of paclitaxel in vivo to avoid severe sys-
tematic toxicity. This combination therapy might
be effective for cancer patients unresponsive
to maximal dosage of AMT chemotherapy or
those who cannot tolerate the systematic to-
xicity of these agents in clinic.

P-glycoprotein (P-gp) is the major ATP-depen-
dent efflux pump responsible for resistance to
chemotherapy agents including AMT [20]. In
order to reverse P-gp-mediated chemotherapy
resistance, many agents have been investigat-
ed in clinical trials, including verapamil, quini-
dine, cyclosporine A, PSC-833 [14, 21-23].
However, these inhibitors have not been pro-
ven to be effective as chemotherapy sensitiz-
ing agents in clinical trials due to the lack of
additional survival benefit, as well as their toxic-
ity caused by pharmacological interactions wi-
th anticancer drugs and their interference with
normal physiological functions including liver
and kidney [24]. In contrast, here we showed
that LY2228820 could resensitize a P-gp-high-
expressing cell line to AMT agents without alter-
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ing its P-gp activity. At the same time, our in
vivo study showed that neither did this combi-
nation therapy induce extra toxicity to cause
weight loss in animal models, nor did it inter-
fere with liver and kidney functions. Therefore,
our finding might offer a safer alternative for
patients with high P-gp-expression in the clini-
cal setting.

Moreover, cancers are highly heterogeneous,
and the up-regulation of P-gp is not the only
mechanism of paclitaxel resistance. For exam-
ple, both up-regulation and mutation of beta-
tubulin have been identified in non-small-cell
lung cancer and ovarian cancer patients show-
ing resistance to paclitaxel, among whom P-gp
inhibitors might show less potency [25-28].
Other than inducing cell cycle arrest, AMT
agents also create mitochondrial stress to Kill
cancer cells [29, 30]. Mitochondria, the energy
factory of eukaryotic cells, might be the key to
overcoming drug resistance in certain cancer
patients. Triona Ni Chonghaile et al. reported
that malignant cells showing disrupted mito-
chondrial homeostasis would respond better
to cytotoxic agents, compared to those with
undamaged mitochondrial homeostasis in pa-
tients with multiple myeloma, acute myeloge-
nous, lymphoblastic leukemia, and ovarian can-
cer [31]. Thus, it is worth re-evaluating the im-
portance of mitochondrial homeostasis in can-
cer, which might be the Achilles’ heel of cancer
cells with variant genetic background relating
to drug resistance. Here in this study, LY-
2228820 sensitizes cancer cells to paclitaxel
or vinorelbine by suppressing the phosphoryla-
tion of HSP27, a protein involved in mitochon-
drial homeostasis. Thus, even low doses of
paclitaxel combined with LY2228820 could in-
duce significant apoptosis in cancer cells by
interfering with mitochondrial homeostasis.
The synergistic anti-cancer effects of LY22-
28820 and AMT agents are still under evalua-
tion in other cells without P-gp overexpression.
Our preliminary data suggest that such effect
could also exist in P-gp-null breast and liver
cancer cell lines (Figure 4F), which indicates
that LY2228820 might be able to sensitize a
wider range of cancer types to AMT agents by
priming mitochondria into vulnerable states.

HSP27 is a molecular chaperone highly ex-
pressed in many kinds of aggressive cancers,
including ovarian cancer, colorectal cancer, and
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breast cancer [32-34]. It consecutively counter-
acts the formation of misfolded proteins and
allows for correct protein folding when cancer
cells are exposed to various stresses, such as
chemotherapies and radio therapies. There-
fore, high HSP27 expression is associated wi-
th resistance to chemotherapies. For example,
analysis on biopsies from breast cancer pati-
ents treated with chemotherapy showed that
nuclear accumulation and high cytoplasmic
HSP27 were correlated with shorter disease-
free survival time [35]. Moreover, siRNA-medi-
ated down-regulation of HSP27 expression en-
hanced paclitaxel-induced apoptosis in bladder
cancer cells, which is consistent with our obser-
vations in this report [36]. Detailed biochemis-
try analysis showed that HSP27 could be phos-
phorylated in response to multiple upstream
signals through p38 MAPK-MK2 signaling pa-
thway [37]. Unphosphorylated HSP27 aggre-
gated into large oligomer (up to 800 Kda) while
phosphorylated HSP27 forms smaller oligomer
[38]. Only large oligomers show chaperone ac-
tivity, while dimerized HSP27 could interact wi-
th cytochrome ¢ and prevent the formation of
the apoptosome [16, 39]. Here we showed th-
at LY2228820 suppressed phosphorylation of
HSP27 and induced stronger paclitaxel-induced
apoptosis, which might be attributed to block-
age of the protein-protein interaction between
cytochrome ¢ and phosphorylated HSP27.

Aside from sensitizing paclitaxel-resistant bre-
ast cancer cells to AMT therapies, LY2228820
can also enhance bortezomib-induced cytotox-
icity and inhibit osteoclastogenesis in multiple
myeloma [40, 41]. Moreover, it suppresses
angiogenesis which is critical for the growth
as well as metastasis of solid tumors [42].
Considering the central role of the p38/MAPK
pathway in stress response against various
forms of cancer therapies, as well as the pro-
duction of several cytokines inducing angio-
genesis and immune tolerance, it is worth com-
prehensively analyzing the effect of combin-
ing LY2228820 with a broader category of cli-
nically available therapeutics. Here we noticed
that doxorubicin and mitomycin could not func-
tion synergistically with LY2228820. Such se-
lectivity still requires further investigation. No-
netheless, the change in angiogenesis should
also be evaluated in combination therapy in
vivo.
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In summary, synergistic anti-cancer chemo-
therapy offers a novel strategy for improving
the therapeutic efficacy of chemotherapy drugs
by achieving a better balance between efficacy
and toxicity. Without further systematic toxicity,
a non-toxic dosage of LY2228820 co-adminis-
trated with a low-toxic dosage of AMT agents
could produce synergistic anti-cancer effects
via promotion of mitochondrial death. This new
combination regime could be advantageous in
patients who show little response to the maxi-
mal dosage of AMT chemotherapy, as well as
those unable to tolerate the systematic toxicity
of these agents in clinic.
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