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Figure 1. Lectin microarray analysis. Total cellular proteins of Huh7 cells treated with or without doxorubicin were analyzed three times using lectin
microarray. Twenty-five nanogram aliquots of Cy3-labeled proteins were applied to each lectin microarray. The fluorescence intensity of each lectin was
normalized to the intensity of WGA staining. All data are represented as mean =+ standard deviations (SD). The Wilcoxon test was used to assess any
significant differences in variables. There were significant increases in the intensities of SNA, SSA, and TJA-1 after doxorubicin treatment (DXR+)
compared with the intensities in the absence of doxorubicin treatment (DXR—) (P < 0.0S).

Table 1. Expression Profile of Sialylated Proteins in Doxorubicin-Treated Huh7 Cells, Obtained from iTRAQ Analysis

Swiss-Prot
accession
number

Q9Y4L1
P13674

P11279
060568
060568

P11142
P16278

P11279
Q92508
P11279
Q86VZ4

P19022
P13473

QSZPR3
P11047
QSZPR3
P13473

P56199

sequence

VEGSQNLTTVK
DMSDGFISNLTIQR

SGPKNMTEDLPSDATVVLNR
SAEFENYTVR
EQYIHENYSR

VEIIANDQGNR
NNVITLNITGK

NMTFDLPSDATVVLNR
ELYNGTADITLR
ENTSDPSLVIAFGR
SSDNVSVTVLR

SNISILR
AASTYSIDSVSESYNTGDNTTFPDAEDK

TALFPDLLAQGNASLR
TLAGENQTAFEIEELNR
QLVHSFAEGQDQGSAYANR
VQPENVTQGK

VYVYALNQTR

description
hypoxia up-regulated protein 1
prolyl 4-hydroxylase subunit
alpha-1
lysosome-associated membrane
glycoprotein 1
procollagen-lysine, 2-oxoglutarate
S-dioxygenase 3

procollagen-lysine, 2-oxoglutarate
S-dioxygenase 3

heat shock cognate 71 kDa protein
beta-galactosidase

lysosome-associated membrane
glycoprotein 1

piezo-type mechanosensitive ion
channel component 1

lysosome-associated membrane
glycoprotein 1

low-density lipoprotein receptor-
related protein 11

cadherin-2

lysosome-associated membrane
glycoprotein 2

CD276 antigen
laminin subunit gamma-1
CD276 antigen

lysosome-associated membrane
glycoprotein 2
integrin alpha-1

gene
symbol

HYOU1
P4HAL

LAMPI
PLOD3
PLOD3

HSPAS
GLBI

LAMPI
PIEZO1
LAMPI
LRP11

CDH2
LAMP2

CD276
LAMCI
CD276
LAMP2

ITGAI

site
NS15
N367

NS62,
N76

Né63
Ns548

N31

N458,
N464

N62,
N76

N2294
N84

N291

N692
N257

N104
N1223
N309
N356

NSs32

115/11

F137
4.857

3.796
2.848
2.347

2,152
1.963

1.890
1.852
1.836
1.806

1.804
1.699

1.697
1.696
1.634
1.614

1.611

4

115/114 115/114
count  variability [%]

1

1

1

1

1

1

1

1

1

2 6.0

2 8.6

1

1

1

il

1

2 12.5

and fixed with methanol for 10 min at —20 °C, followed by
blocking with PBS containing 1% BSA for 1 h at RT. The cells
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were then incubated overnight at 4 °C with the mouse antifetuin-A
antibody (Santa Cruz Biotechnology) and rabbit antialbumin
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antibody (Rockland Immunochemicals, Gilbertsville, PA, USA).
Fluorescein isothiocyanate (FITC)-conjugated SSA (J-Oil Mills, Inc.,,
Tokyo, Japan) was incubated for 2 h at RT. Primary antibody binding
was detected with Alexa-488 antimouse IgG or Alexa-546 antirabbit
IgG (Invitrogen). Finally, the cells were washed three times for 2 min
with PBS. Staining was evaluated using confocal microscopy.

Statistical Analysis

Statistical analyses were conducted using JMP Pro 10.0 software
(SAS Institute Inc., Cary, NC, USA). Variables in lectin array analyses
were expressed as the mean =+ standard deviation (SD). The Wilcoxon
test was used to assess any significant differences in variables.
Differences were considered statistically significant at P < 0.05.

B RESULTS

Glycan Profiling of Huh7 Cells Treated with or without DXR
Using Lectin Microarray

First, we determined the DXR ICs, concentration in Huh7 cells
treated with DXR for 48 h, using the WST assay (Nacalai Tesque,
Kyoto, Japan) (data not shown). Huh?7 cells were treated with
the IC,, concentration of DXR (S yug/mL) for 48 h, and then
Cy3-labeled proteins derived from these cells were subjected to
lectin microarray analysis (Figure 1). Interestingly, the intensities
of three sialylated glycan-recognizing lectins (SNA, SSA, and
TJA-1) among 43 lectins were significantly higher in DXR-
treated cells than in untreated cells. This finding is very similar to
that of our previous study, which demonstrated that hepatic
CSCs (CD133 and CD13 double-posmve Huh?7 cells) highly
expressed sialylated glycans.'® In this previous study, we also
demonstrated that SSA lectin could be used as a tool for isolating
CSCs. Unexpectedly, binding to the lectins PSA and LCA was
slightly decreased in DXR-treated cells. Both PSA and LCA
lectins recognize al—6 core fucosylation, which is involved
in carcinogenesis. Changes in the branching formation of
N-glycans, as judged by binding to L4-PHA lectin, were not
observed in Huh?7 cells treated with DXR.

Sialylated Protein Expression Profile of Huh7 Cells Treated
with or without DXR

To identify target glycoproteins that show increased sialylation
upon DXR treatment, iTRAQ_ analysis was performed. Total
cell lysates from Huh7 cells treated with or without DXR were
trypsinized and applied to a SSA-agarose column. Subsequently,
captured sialylated glycopeptides were deglycosylated with
glycopeptidase F and labeled with a specific isobaric iTRAQ
reagent. A total of 191 proteins were identified with this analysis.
Among these, we have listed glycoproteins that showed more
than 1.6-fold expression in DXR-treated Huh7 cells as compared
with that in DXR-untreated Huh7 cells (Table 1).

Western Blot Analysis of Glycoprotein Listed by iTRAQ
Analysis

To further verify the changes in the glycoproteins listed in Table 1,
we selected four proteins [hypoxia up-regulated protein 1
(HYOUL), prolyl 4-hydroxylase subunit alpha-1 (P4HAL),
lysosomal-associated membrane glycoprotein 1 (LAMP1), and
LAMP2], which are known to be abundantly glycosylated and
associated with cancer, for validation using Western blotting
(Figure 2). The expression levels of HYOU1 and P4HA1 showed
no significant differences between Huh7 cells with or without DXR
treatment. This indicates that the sialylation levels of these proteins
increased with DXR treatment and total protein levels were not
changed. In contrast, both LAMP1 and LAMP2 protein levels
were slightly increased in DXR-treated Huh?7 cells.
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Figure 2. Western blot analyses of HYOUI, P4HA1, LAMPI, and
LAMP2. (A) Twenty-five micrograms (HYOUL and P4HAL), 10 ug
(LAMP1 and f-actin), and 2.5 pg (LAMP2) of total cellular proteins
were electrophoresed on 8% polyacrylamide gels, and Western blot
analyses were performed. S-actin was used as the control. (B) Expression
level of each protein band was determined by ImageJ64 software for
three independent blots, and statistical analysis was performed by
Wilcoxon test. Each result represented the mean + SD.

Increase in Sialylation of 70 kDa Proteins in DXR-Treated
Huh7 Cells

Next, we performed lectin blot analysis to determine changes in
sialylation in each protein band in DXR-treated Huh7 cells. Very
interestingly, dramatic increases in sialylation in approximately
70 kDa proteins were observed (Figure 3A). While other bands
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Figure 3. Lectin blot analyses and SSA precipitation of Huh7 cells
treated with or without doxorubicin. (A) Lectin blot analyses using SSA,
AAL, 14-PHA, and DSA. (B) Proteins were captured by SSA-agarose
bead complexes, followed by 10% SDS-PAGE analysis with silver
staining. The arrows indicate specifically sialylated bands. These data
were results from 3—$ independent experiments.

in the SSA lectin blot were slightly increased or decreased in
DXR-treated cells, the 70 kDa proteins were very prominent.
Therefore, the protein levels of these 70 kDa proteins might be
increased upon DXR treatment. Mechanisms that can increase
sialylation in glycoproteins include increased branching,
increased presence of Lewis structures, and extension of
lactosamine structure repeats. L4-PHA, AAL, and DSA can
recognize these glycan structures, respectively. Therefore, we
examined these lectin blot analyses. The 70 kDa band was not

dx.doi.org/10.1021/pr5004399 | J. Proteome Res. 2014, 13, 4869—4877



Journal of Proteome Research

detected in other lectin blot analyses, although a significant
increase was observed in AAL lectin blot analysis (Figure 3A).
The increase in the intensity of the 70 kDa band in the
DXR-treated cells in the AAL blot indicates an increased
presence of Lewis structures in some glycoproteins. To capture
this sialylated glycoprotein at 70 kDa, SSA precipitation was
performed (Figure 3B). As shown in Figure 3B, approximately
70 kDa sialylated glycoproteins were identified using SSA-agarose
precipitation followed by silver staining. Next, the 70 kDa protein
spot was digested with trypsin, and the extracted peptides
were analyzed using LC—MS/MS. The spectra thus acquired
were searched against the Swiss-Prot database with the aid of the
MASCOT search engine. In this manner, we identified five
proteins as candidate sialylated glycoproteins (Table 2).

Table 2. Sialylated 70 kDa Proteins Identified by LC—MS/MS

Swiss-Prot peptide protein
accession no. protein matching  coverage (%)
P16278 beta-galactosidase 12 11.23
P02765 alpha-2-HS-glycoprotein 8 5.45
(fetuin-A)

Q02413 desmoglein-1 2 0.95
QI9NPR9Y protein GPR108 2 2.03
P11279 lysosome-associated 1 2.64

membrane glycoprotein 1

Evaluation of the 70 kDa Sialylated Proteins in DXR-Treated
Huh? Cells by Western Blot

To evaluate the 70 kDa sialylated proteins listed in Table 1,
Western blotting was performed. Because of their large hit numbers
in LC—MS/MS analysis, we focused on fetuin-A and beta-
galactosidase. Although the protein expression of beta-galactosidase
was slightly increased in DXR-treated Huh7 cells, the protein
expression of beta-galactosidase obtained by SSA precipitation was
much greater in DXR-treated Huh7 cells (Figure 4A). This result
indicates that the sialylation levels of beta-galactosidase increased
with DXR treatment. Next, Western blot analyses of alpha-2-HS-
glycoprotein (fetuin-A) were performed. Although the protein
expression of fetuin-A in total cell lysate was lower in DXR-treated
Huh7 cells, the protein expression of fetuin-A obtained by SSA
precipitation was significantly higher in DXR-treated Huh7 cells
(Figure 4B). Furthermore, the molecular weight of fetuin-A was
higher in DXR-treated Huh7 cells. These results indicate that
oligosaccharide structures of fetuin-A are completely different
between DXR-treated and untreated Huh7 cells. Additionally, the
molecular weight of fetuin-A in the conditioned medium was almost
the same between DXR-treated and untreated cells, which was
consistent with the sialylated fetuin-A band (70 kDa) observed in cell
lysates treated with DXR (Figure 4C). We found that sialylated
fetuin (70 kDa) was barely observed in untreated cell lysate and
almost all of the 70 kDa fetuin was secreted into the medium in the
absence of DXR treatment. In order to determine whether the
changes in molecular weight of fetuin-A were due to glycosylation/
sialylation, the total cell lysates of DXR-treated and untreated Huh7
cells were incubated with 200 mU/mL neuraminidase, which
specifically cleaves terminal sialic acid residues. A decrease of the
molecular weight of fetuin-A was observed following neuraminidase
treatment, suggesting that sialylation in fetuin-A was increased upon
DXR treatment (Figure 4D). Next, to determine whether the
changes in fetuin-A bands were dependent on N-glycosylation, cell
lysates were treated with 20 mU/mL glycopeptidase F, which
removes most complex type N-linked carbohydrates from
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glycoproteins. As expected, the fetuin-A band was decreased
following this treatment (Figure 4D).

Localization of Fetuin-A in Huh7 Cells Treated with DXR

To examine the localization of fetuin-A in DXR-treated Huh?7
cells, an immunofluorescence study was performed. Cells were
stained with antifetuin-A antibody (Figure SA,B), and anti-
albumin antibody, which served as a nonglycosylated secretory
protein control (Figure SA) and SSA (Figure SB). Although the
expression of fetuin-A was lower in DXR-treated Huh?7 cells than
in untreated cells, colocalization of fetuin-A and albumin were
observed in DXR-treated and untreated cells. In contrast, the
localization of SSA changed dramatically in DXR-treated cells
(Figure SB). The localization of these signals was altered in DXR-
treated cells from a perinuclear pattern to a scatter pattern in the
cytoplasm. SSA and fetuin-A were not colocalized in DXR-
untreated cells, but a few DXR-treated cells showed colocaliza-
tion of SSA and fetuin-A (Figure SB).

B DISCUSSION

In the present study, to identify target glycoproteins for SSA
lectin, we first used iTRAQ_systems with SSA-agarose capture.
However, the amounts of cellular proteins that could be isolated
using CD133 antibody and SSA lectin were too small for
proteomic analyses. Therefore, we used the anticancer drug
DXR. Theoretically, treatment with DXR at its ICs, can
concentrate CSCs. Lectin array analyses showed increased
binding to SSA, SNA, and TJA-1 in DXR-treated Huh7 cells.
Similar results were obtained in CD133 and CD13 double-
positive CSCs derived from Huh7 cells.' These findings suggest
that Huh7 cells treated with DXR display similar characteristics
to CSCs. SSA, SNA, and TJA-1 recognize terminal a2, 6-sialic
acid residues. We speculate that this increased sialylation in
DXR-treated Huh7 cells might have potential benefits for the
survival of anticancer drug-treated cells. To identify those
glycoproteins that are targets for sialylation, iTRAQ analysis was
performed. Of the 19 candidate glycoproteins we identified,
concentration of HYOU1 was much greater than those of the
other glycoproteins. HYOUT1 plays an important role in hypoxia/
ischemia and angiogenesis. HYOUL is overexpressed in invasive
breast cancer, and its overexpression appears to be associated
with poor prognosis.*® A high score in iTRAQ analyses using
SSA agarose capture may indicate one of two possibilities: an
increase in the glycoprotein level itself or an increase in sialic acid
levels in a specific glycoprotein. Protein levels remain unchanged
in the case of HYOU1 (Figure 2). Although we would have liked
to perform immunoprecipitation followed by SSA lectin blotting,
the antibody for immunoprecipitation was not available. We
predict that sialic acid increases in HYOU1 in DXR-treated Huh7
cells. The next high score in iTRAQ analysis was that of PAHAL.
P4HAL1 plays a central role in collagen synthesis. PAHA1 has also
been shown to be expressed in hepatocellular carcinoma tissue.
In contrast, the protein expression levels of LAMP1 and LAMP2
were increased with DXR treatment. LAMP1 and LAMP2 are
localized primarily in the periphery of lysosomes and are
recognized as major constituents of the lysosomal membrane.*®
It is well-known that these molecules are among the most heavily
glycosylated cellular proteins, with approximately 50% of their
mass being carbohydrates. Therefore, these proteins could be
captured by an SSA-agarose column and detected using iTRAQ
analysis. Since these 4 glycoproteins are associated with cancer
progression as well as metastasis, increases in sialic acid content
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Figure 4. Evaluation of 70 kDa sialylated proteins in Huh7 cells treated with doxorubicin with Western blotting. (A) Ten micrograms of cell lysate and
total cellular proteins obtained from lectin precipitation (S0 ug) were electrophoresed on 8% acrylamide gels, and Western blot analyses of beta-
galactosidase were performed. (B) Western blotting analysis of fetuin-A was performed. (C) Western blotting analysis of fetuin-A from Huh7 cell lysates
(30 4g) and conditioned media (1 #L) in the presence or absence of DXR treatment. (D) Cell lysates were treated with neuraminidase or glycopeptidase
F at 37 °C overnight. The lysates were then subjected to 8% SDS-PAGE analysis. These data were results from 3 independent experiments.

in these proteins can change biological characteristics, including
cancer stemness.

Next, we conducted an SSA lectin blot analysis to determine
total/partial increases in sialic acid content in DXR-treated Huh7
cells. Surprisingly, proteins approximately 70 kDa in mass were
specifically sialylated. From LC—MS/MS analyses, we identified
five proteins that were not identified by iTRAQ analysis, with the
exception of LAMP1. Fetuin-A (predicted molecular weight:
38 kDa), GPR108 (predicted molecular weight: 60 kDa), LAMP1
(predicted molecular weight: 45 kDa), and LAMP2 (predicted
molecular weight: 45 kDa) are abundantly glycosylated. In our
study, 70 kDa fetuin-A was heavily sialylated. Therefore, the band
sizes of fetuin-A, GPR108, LAMP1, and LAMP2 were heavier
than the predicted molecular weights. In addition, the predicted
size of beta-galactosidase is about 116 kDa, but the alternatively
spliced variant of beta-galactosidase was reported to be about
67 kDa.*” Desmoglein-1 (predicted molecular weight: 112 kDa)
would be cleaved by DXR-activated proteases. The reason why
these proteins were not identified by iTRAQ is likely due to the
analysis method of iTRAQ. Because proteins are cleaved into
peptides in iTRAQ analysis, the steric structures of each protein
is not reflected in iTRAQ_ analysis. In contrast, the steric
structures of each protein and the site of N-glycan attachment are
necessary in SSA precipitation analysis. These differences
between iTRAQ and SSA precipitation are likely the reason for
the different results seen in our study.

In LC—MS/MS analysis, we focused on beta-galactosidase
and fetuin-A because of their predominantly large hit numbers.
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Beta-galactosidase (lysosomal hydrolase) cleaves the terminal
beta-galactose from glycoconjugates. It is reported that
anticancer drug treatment induces a senescence-like phenotype,
and senescent cells are characterized by the appearance of
senescence-associated beta—galactosidase.3 Therefore, increases
in sialic acid in beta-galactosidase in DXR-treated Huh7 cells are
very interesting. Another glycoprotein, identified as a 70 kDa
sialylated glycoprotein, was fetuin-A. Fetuin-A is well-known as a
heavily sialylated glycoprotein with both N-linked and O-linked
carbohydrate side chains.””*® Although various previous reports
have discussed the biological functions of fetuin-A,*"** no
studies have demonstrated differences in fetuin-A functions due
to glycosylation differences. Asialofetuin-A is well-known to bind
easily to galectin-3, while sialylated fetuin (sialofetuin) is
reported to have no binding ability to galectin-3.**** These
biological differences would contribute to the functional diversity
of variously glycosylated fetuin-A.

Neuraminidase treatment decreases the molecular weight of
fetuin-A in DXR-treated Huh7 cells, and the lowered molecular
weight was consistent with that of fetuin-A in DXR-untreated
Huh7 cells, suggesting that fetuin-A was heavily sialylated
in DXR-treated Huh7 cells. The question arises as to why this
sialylated fetuin-A was not secreted into the conditioned
medium. Therefore, we performed immunocytochemical anal-
ysis using confocal microscopy. Most of the fetuin-A was
colocalized with albumin in DXR-treated cells compared to
untreated cells, indicating that the secreted proteins were in the
same endosome as during DXR treatment. A previous study
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Figure 5. Localization of fetuin-A in Huh7 cells treated with
doxorubicin. Immunocytochemical analyses were performed in Huh7
cells treated with or without DXR. After fixation of the cells, staining
signals were visualized by laser scanning confocal microscopy. (A)
Fetuin-A was visualized by Alexa-488-labeled immunostaining (green),
albumin was visualized by Alexa-546-labeled immunostaining (red). (B)
SSA was visualized by FITC labeling (green), and fetuin-A was
visualized by Alexa-546-labeled immunostaining (red). The magnifica-
tion is X120. The bar indicates 10 ym. These data were results from 3
independent experiments.

showed that DXR induced apoptosis at a high dose (ICy,) but
induced autophagy at alow dose (ICs,).* However, fetuin-A was
not located in either the lysosome or the autophagosome (data
not shown). Next we examined immunostaining of SSA to detect
sialylated proteins. Surprisingly, SSA staining was dramatically
changed, and a few cells showed colocalization of fetuin-A and SSA
in DXR-treated cells. These results indicate that a small amount of
sialylated fetuin-A remained inside the cell in DXR-treated cells. In
general, fetuin-A is known as a highly sialylated serum protein.*®
Most sialylated fetuin-A might be promptly secreted to the
conditioned medium (Figure 4C). In contrast, a small amount of
sialylated fetuin-A remained inside the cell in DXR-treated cells.
Further studies should be performed using sialyltransferase
knockout or knockdown cells to evaluate the relationship between
sialylation and the localization of glycoproteins, especially that of
fetuin-A in anticancer drug treated cells. Since sialylation is a
glycomarker for stem cells,"**” changes in the localization of
sialylated proteins in CSCs might be involved in stem cell biology.
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ABSTRACT

Platinum resistance has long been a major issue in the treatment of various
cancers. We previously reported that enhanced annexin A4 (ANXA4) expression, a
Ca?*-regulated phospholipid-binding protein, induces chemoresistance to platinum-
based drugs. In this study, we investigated the role of annexin repeats, a conserved
structure of all the annexin family, responsible for platinum-resistance as well
as the effect of knockdown of ANXA4. ANXA4 knockdown increased sensitivity to
platinum-based drugs both in vitro and in vivo. To identify the domain responsible
for chemoresistance, ANXA4 deletion mutants were constructed by deleting annexin
repeats one by one from the C terminus. Platinum resistance was induced both in
vitro and in vivo in cells expressing either full-length ANXA4 or the deletion mutants,
containing at least one intact annexin repeat. However, cells expressing the mutant
without any calcium-binding sites in the annexin repeated sequence, which is
essential for ANXA4 translocation from the cytosol to plasma membrane, failed to
acquire platinum resistance. After cisplatin treatment, the intracellular chloride ion
concentration, whose channel is partly regulated by ANXA4, significantly increased in
the platinum-resistant cells. These findings indicate that the calcium-binding site in
the annexin repeat induces chemoresistance to the platinum-based drug by elevating
the intracellular chloride concentration.

INTRODUCTION

Since cisplatin was first introduced as an anticancer
drug in the 1970s [1], various platinum-based drugs
have been developed and widely used not only against
gynecological but also against other cancers, including
lung, colorectal, testicular, prostate and bladder cancer [2-
6]. Although these platinum-based drugs have significantly
contributed to improve survival rates, chemoresistance to
these drugs has become a major problem in recent years
[7-9]. Tt has now been elucidated that the mechanism
of platinum resistance is mediated by reduced platinum
accumulation, increased platinum detoxification, increased

repair of platinum—DNA adducts and inhibited apoptosis
[10-12]. Several proteins have been reported to be
candidate factors such as copper transporters: CTR1[13],
ATP7A and ATP7B[14-17]; multidrug resistance protein
2 (MRP2) [18-20]; glutathione S-transferase enzyme
n (GSTm) [21]; excision cross-complementing gene 1
(ERCCI) [22]; receptor-interacting protein 1 (RIP1) [23];
microRNAs [24-26]; and p53 [27]. In contrast, there are
still several proteins related to platinum resistance without
a full understanding of how these proteins help cells to
confer platinum-based drugs.

We recently reported that annexin A4 (ANXA4)
is overexpressed in ovarian clear cell carcinoma and
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induces chemoresistance to platinum-based drugs [28].
Annexins are calcium-regulated and negatively charged
phospholipid membrane-binding proteins. The basic
structure of annexins consists of 2 major domains: a
conserved structural element called an annexin repeat,
a segment of 70 amino acid residues at the C terminus,
and the N-terminal region unique for a given member of
the family and determining individual annexin properties
in vivo. The annexin repeat possesses the calcium and
membrane binding sites and is responsible for mediating
the canonical membrane binding properties [29].
These domains in ANXA4 are surrounded by relatively
short amino and carboxy termini that do not have any
known function [30]. ANXA4 is involved in membrane
permeability, exocytosis and regulation of chloride
channels in a calcium-dependent manner [29, 31-33].
ANXA4 is almost exclusively expressed in epithelial cells
[34]. With regard to cancer, ANXA4 overexpression has
been reported in various tumours, such as lung, gastric,
colorectal, renal, pancreatic, ovarian and prostate cancer
[28, 35-39] and is associated with tumour invasiveness,
metastasis and chemoresistance [37, 40]. Moreover,
ANXA4 has been shown to be associated with resistance
to platinum-based drugs [28, 41-43].

ANXA4-induced platinum resistance appears
to be mediated in part by the increased extracellular
efflux of platinum mediated by the copper transporter
ATP7A[28, 44]. Another mechanism of ANXA4-
induced chemoresistance is the modulation of NF-xB
transcriptional activity [45]. ANXA4 suppresses NF-«kB
transcriptional activity through interaction with the p50
subunit in a calcium-dependent manner; ANXA4 causes
resistance to apoptosis induction by etoposide.

While ANXA4 prominently associated with
chemoresistance, the functional domain of ANXA4
remains unclear. Therefore, to clarify the functional
domain of ANXA4 is required to understand detailed
mechanisms of the chemoresistance induced by ANXA4
and also overcome chemoresistance. In this study, focusing
on platinum resistance, we aimed to identify the ANXA4
domain relevant to chemoresistance with regard to its
structure as well as to test whether knockdown of ANXA4
expression could improve platinum resistance. Our data
showed that the annexin repeat plays an important role in
platinum resistance induced by ANXA4, which occurs in
a calcium-dependent manner.

RESULTS

Establishment of ANXA4 knockdown RMG-I
cells

To create cell lines with a stable ANXA4
knockdown, we analysed ANXA4 expression in

ovarian cancer cells using western blotting. ANXA4
expression was strong in clear cell carcinoma cell lines
(OVTOKO, OVISE and RMG-I) compared with serous
adenocarcinoma cell lines (A2780, OVCAR3 and
OVSAHO) and a mucinous adenocarcinoma cell line
(MCAS; Fig. 1A). To see whether blocking ANXA4
expression was a valid chemosensitising strategy for
ovarian clear cell carcinoma treatment, ANXA4 was
stably suppressed using an ANXA4 shRNA plasmid.
We established RMG-1-Y4 and RS cell clones as well
as RMG-I NC7 cell clones transfected with the empty
vector as a control. Compared with RMG-I NC7 and
untransfected control parent RMG-I cells, ANXA4
expression was markedly down-regulated at the protein
level in RMG-I-Y4 and RMG-I-RS5 cells (Fig. 1B). In the
absence of any drug treatment, the growth rate among the
4 cell lines was similar in vitro (data not shown).

Knockdown of ANXA4 expression enhances
sensitivity to cisplatin and carboplatin

The sensitivity to cisplatin and carboplatin was
assessed in the 3 RMG-I clones NC7, R5 and Y4.
Compared with the IC, for cisplatin in NC7 cells, IC,
was significantly decreased in Y4 cells and RS cells (p <
0.01; Fig. 1C, left panel). Similarly, IC, for carboplatin
significantly decreased in Y4 cells and RS cells compared
with NC7 cells (p < 0.01; Fig. 1C, right panel). IC, for
cisplatin and carboplatin decreased approximately 2-fold
because of the knockdown of ANXA4 expression.
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Fig.1: Knockdown of ANXA4 expression attenuates
platinum resistance. (A) ANXA4 expression in indicated
ovarian cancer cell lines and (B) established ANXA4 knockdown
RMG-I cells (R5 and Y4) was confirmed using Western blotting.
(C) IC,, for both cisplatin and carboplatin was significantly
reduced in RS and Y4 cells compared with NC7 cells. Data are
presented as mean + SD (¥*p <0.01).
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Suppression of ANXA4 expression improves
platinum sensitivity in vivo

To determine whether ANXA4 knockdown in
clear cell carcinoma cells improved platinum sensitivity
in vivo, NC7 and Y4 cells were subcutaneously injected
in ICR nu/nu mice. One week after inoculation with the
tumour cells, the mice were randomised into 2 groups
and received cisplatin or PBS ip. twice a week for 4
weeks. The tumour growth rate in the absence of drugs
was similar for both cell lines (Figs. 2A and 2B). Cisplatin
treatment had very little effect on NC7 cells (Fig. 2A), but
tumour volume markedly decreased in Y4 cells (Fig. 2B).
Cisplatin treatment significantly decreased tumour growth
in Y4 cells (87.4 = 1.8%) compared with NC7 cells (-1.1
+ 18.0%; p < 0.01; Fig. 2C). These results showed that
ANXA4 knockdown in the RMG-I cell line significantly
attenuated resistance to cisplatin in vivo.

The annexin repeat domain is required for the
platinum drug resistance

To identify a possible resistance-related domain
within the annexin repeated sequence of ANXA4, we
constructed 3 deletion mutants by deleting the annexin
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repeats one by one from the C-terminal region. Figure 3A
shows the structure of each deletion mutant. Full-length
ANXA4, 3 ANXA4 deletion mutants or the empty vector
were transfected into NUGC3 cells, whose endogenous
ANXA4 expression is relatively low (Supplementary
Fig. S1). Therefore, we established cell lines stably
overexpressing full-length ANXA4 (FL-22), each ANXA4
deletion mutant (R3-6, R2-13 or R1-12) or the empty
vector (NC-14). Expression of each ANXA4 deletion
mutant was confirmed using Western blotting (Fig. 3B).

Subsequently, the sensitivity to the platinum-
based drugs cisplatin and carboplatin was assessed. Cells
transfected with full-length ANXA4 and the 3 deletion
ANXA4 mutants were significantly more resistant to both
cisplatin and carboplatin compared with control cells,
approximately with a 1.7- to 2.2-fold increase in IC_ for
cisplatin (p < 0.01) and a 1.4- to 1.7-fold increase in IC,
for carboplatin (p < 0.05; Fig. 3C).

To test whether these deletion mutants induce
platinum resistance through regulating cellular drug
concentration as previously reported [28], we quantitated
the intracellular platinum content of each deletion
mutant-transfected cell clone after cisplatin treatment,
which is one of the most representative platinum drugs.
Platinum accumulation was significantly reduced in cells
overexpressing either full-length ANXA4 or any of the 3
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Fig.2: ANXA4 knockdown cells show enhanced sensitivity to cisplatin in vivo. Female ICR nu/nu mice were subcutaneously
inoculated with RMG-I NC7 or Y4 cells and given PBS (control group: filled circles) or cisplatin i.p. (3 mg/kg; treatment group: open
circles) twice weekly for 4 weeks (n = 6 per group). Growth curves of NC7 tumours (A) and Y4 tumours (B). The mean volume (points)
+ SE (bars) is shown. (C) Comparison of the cisplatin-induced growth inhibition of tumours 46 days after treatment among NC7 and Y4
tumours. The average (columns) + SE (bars) are shown (*p < 0.01).
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deletion mutants compared with NC-14 cells regardless
of the incubation time after cisplatin exposure (Fig. 3D).
These results suggested that the decreased intracellular
platinum contents were associated with platinum
resistance of the cells transfected with ANXA4 full length
and each deletion mutant.

The calcium-binding site of the annexin repeat is
responsible for platinum resistance

As specified above, platinum resistance was
enhanced in cells overexpressing ANXA4 deletion
mutants, which contained at least | intact annexin repeat.
Thus, to assess whether the calcium-binding site of the
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annexin repeat sequence was involved in chemoresistance,
another deletion mutant, R1(E70A) was constructed.
Within the annexin repeat next to the N-terminal region,
the 70th amino acid, glutamic acid, was responsible
for the calcium-dependent activity of ANXA4 [30].
Accordingly, at this site, the point mutation variant of R1,
R1(E70A), loses the function of its calcium-binding site
(Fig. 4A). Similar to other deletion mutants, R1(E70A)
was transfected into NUGC3 cells and designated
RI1(E70A)-95. Western blotting revealed that R1-12 had
the same molecular weight as R1(E70A)-95 (Fig. 4B).
R1(E70A)-95 did not induce resistance to either cisplatin
or carboplatin (Fig. 4C). Moreover, the intracellular
platinum content of RI(E70A)-95-transfected cells did
not decrease compared with that of NC-14 cells after 0 hr
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Fig.3: Annexin repeat domain is required for the platinum drug resistance. (A) A structural map of ANXA4 and 3 deletion
mutant proteins. Annexin repeats were deleted one by one from the C-terminal site. (B) Established deletion mutant cells together with
parent cells, control cells and RMG-I as a positive control were confirmed using Western blotting. (C) Compared with NC-14 cells, IC, |
for both cisplatin and carboplatin was significantly increased in FL-22 and all other mutant cells. (D) Intracellular platinum accumulation
after treatment with 100 pM cisplatin for 60 min with or without additional 3 hr of incubation in cisplatin-free medium. Data are presented

as mean £ SD (*p <0.05. **p <0.01).
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