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The translation elongation factor eEF2 is a novel tumor-associated
antigen overexpressed in various types of cancers
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Abstract. Recent studies have shown that cancer immuno-
therapy could be a promising therapeutic approach for the
treatment of cancer. In the present study, to identify novel
tumor-associated antigens (TAAs), the proteins expressed
in a panel of cancer cells were serologically screened by
immunoblot analysis and the eukaryotic elongation factor 2
(eEF2) was identified as an antigen that was recognized by
TgG autoantibody in sera from a group of patients with head
and neck squamous cell carcinoma (HNSCC) or colon cancer.
Enzyme-linked immunosorbent assay showed that serum
eEF2 IgG Ab levels were significantly higher in colorectal
and gastric cancer patients compared to healthy individuals.
Immunohistochemistry experiments showed that the eEF2
protein was overexpressed in the majority of lung, esophageal,
pancreatic, breast and prostate cancers, HNSCC, glioblastoma
multiforme and non-Hodgkin's lymphoma (NHL). Knockdown
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of eEF2 by short hairpin RNA (shRNA) significantly inhibited
the growth in four eEF2-expressing cell lines, PC14 lung
cancer, PCI6 pancreatic cancer, HT1080 fibrosarcoma and
A172 glioblastoma cells, but not in eEF2-undetectable MCF7
cells. Furthermore, ¢EF2-derived 9-mer peptides, EF786
(cEF2 786-794 aa) and EF292 (eEF2 292-300 aa), elicited
cytotoxic T lymphoceyte (CTL) responses in peripheral blood
mononuclear cells (PBMCs) from an HLA-A"24:02- and
an HLA-A02:01-positive healthy donor, respectively, in an
HLA-A-restricted manner. These results indicated that the
¢EF2 gene is overexpressed in the majority of several types
of cancers and plays an oncogenic role in cancer cell growth.
Moreover, the ¢£F2 gene product is immunogenic and a prom-
ising target molecule of cancer immunotherapy for several
types of cancers.

Introduction

Cancer immunotherapy consists of therapeutic approaches to
elicit effective antitumor immunity through active or passive
immunization. Recent studies have shown that cancer immu-
notherapy have potential to provide anticancer activity as
a single agent or in combination with conventional surgery,
radiation and chemotherapy as reviewed (1-4). These findings
indicate that cancer immunotherapy should be a promising
therapeutic option for the cancer treatment.

Strategies of cancer immunotherapy include antitumor
monoclonal antibodies, cancer vaccines, adoptive transfer
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of ex vivo activated T and natural killer cells, and admin-
istration of antibodies or recombinant proteins that either
costimulate immune cells or block immune inhibitory
pathways (5). Among these strategies, cancer vaccines are
approaches to specifically activate host T cells against tumor
antigens. The target antigens of cancer vaccine should be:
i) highly immunogenic; ii) expressed in a significant propor-
tion of cancer patients; iii) not expressed (or expressed in
limited populations) in normal tissues; and iv) required for
cancer cell growth and/or survival. Although large number
of tumor-associated antigens (TAAs) have been identified
using recently developed new technologies such as SEREX
and protein microarrays (6,7), there are limited number of
antigens that fit all of these criteria in current cancer vaccines.

High level protein biosynthesis is one of the characteris-
tics of cancer cell metabolism (8). Translation is regulated at
the initiation and elongation step and deregulated in cancer
through a variety of mechanisms (9). Eukaryotic elongation
factor 2 (¢EF2) is a gene that plays an essential role in the
polypeptide chain elongation step. Cells control translation
levels at elongation step through regulation of eEF2 activity
under multiple biological conditions such as cell cycle
progression (10) and genotoxic stress (11,12), or in response
to endogenous carbon monoxide that exerts antiproliferative
effects (13). Previously, we showed that eEF2 was overex-
pressed in the majority of gastric and colorectal cancers and
promoted progression of G,/M of the cell cycle in association
with activation of Akt and a Go/M regulator, cdc2 proteins,
resulting in the enhancement of in vitro and in vivo cancer
cell growth (14). However, the role for eEF2 in the tumori-
genesis remains largely unknown and it is undetermined
whether ¢EF2 can be a target molecule of molecule-targeted
cancer therapy.

In the present study, we identified ¢eEF2 as an antigen
eliciting humoral immune responses in a group of patients
with HNSCC or colorectal cancer by immunoblot analysis and
showed that eEF2 was overexpressed in the majority of various
types of cancers such as lung, esophageal, pancreatic, breast and
prostate cancers, HNSCC, glioblastoma multiforme and NHL.
Knockdown of eEF2 by shRNA significantly inhibited growth
of cancer cells. Furthermore, eEF2-derived 9-mer peptides,
EF786 (eEF2 786-794 aa) and EF292 (eEF2 292-300 aa),
elicited cytotoxic T lymphocyte (CTL) responses in PBMCs
from an HLA-A"24:02- and an HLA-A"02:01-positive healthy
donors, respectively, in an HLA-A-restricted manner.

Materials and methods

Cell lines. Lung cancer cell lines PC14 and LU99B, pancreatic
cancer cell line PCI6, glioblastoma cell line A172, fibrosarcoma
cell line HT1080, gastric cancer cell lines MKN28 and AZ-521,
and breast cancer cell line MCF7 were cultured in Dulbecco's
modified essential medium supplemented with 10% fetal bovine
serum (FBS). Leukemia cell line K562, colon cancer cell line
SW480, parent T2 and T2 cells with forced expression of
either HLA-A24:02 (T2-2402) (15) or HLA-A02:01 (T2-0201)
(16) were cultured in RPMI-1640 medium supplemented with
10% FBS. Leukemia cell line TF-1 was cultured in RPMI-1640
medium supplemented with 10% FBS containing 2 ng/ml human
recombinant GM-CSF (Peprotech, Rocky Hill, NJ, USA).

Sera samples. Sera were obtained from 79 colorectal and
80 gastric cancer patients, 10 patients with head and neck
squamous cell carcinoma (HNSCC) and 40 healthy indi-
viduals with informed consent at Osaka University Hospital
and Osaka Rosai Hospital and stored at -80°C until use.

Tissue samples. Tumor tissues were obtained from 31 lung
adenocarcinoma, 20 small-cell lung cancer, 15 esophageal
squamous cell carcinoma, 21 HNSCC, 28 pancreatic cancer,
8 breast cancer, 16 glioblastoma, 4 prostate cancer and
50 NHL (40 diffuse large B-cell lymphoma and 10 folli-
clular lymphoma) patients. All samples were obtained with
informed consent at Osaka University Hospital, Toneyama
National Hospital, NHO Osaka Minami Medical Center, and
Higashiosaka City General Hospital.

Western blot analysis. Proteins were separated by SDS-PAGE
and transferred to Immobilon polyvinylidene difluoride
membrane. After blocking of non-specific binding, the
membranes were incubated with the first antibodies, followed
by incubation with the corresponding secondary antibodies
conjugated with alkaline phosphatase, and visualized using
BCIP/NBT kit (Nacalai Tesque, Kyoto, Japan). Polyclonal
anti-EF2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and anti-GAPDH (Chemicon International, Temecula, CA,
USA) were used as the first antibodies.

Density gradient isoelectric focusing. Density gradient
isoelectric focusing was performed by the method reported
previously (17) with minor modifications. In brief, K562 cells
(5x107 cells) were lysed in 2 ml of 0.1% Triton X-100/PBS. After
centrifugation, the supernatant was collected as cytoplasmic
fraction. Proteins of the cytoplasmic fraction were precipi-
tated with acetone and the pellet was solved in 1 ml of dH,O
containing 4% CHAPS and 7 M urea. Isoelectric focusing was
carried out using an LKB column (NA-1720, Nihon-Eido Co.,
Tokyo, Japan) according to the manufacturer's instructions.
On completion of the run, effluent fractions (3 ml each) were
collected and twice dialyzed to 200 volume of de-ionized
water for 18 h, and then the proteins were precipitated with
acetone and stored at -80°C until use.

MALDI-TOF mass spectrometry. The bands on the silver
stained gels were excised with surgical blazor. After dehy-
dration with acetonitrile, the gel slice was dried with Speed
Vac. The dried gels were digested with Trypsin (Promega,
Madison, W1, USA) at 37°C for 24 h and the tryptic peptides
were analyzed. All peptide mass fingerprinting (PMF) spectra
were obtained by Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry using an
ultraflex spectrometer (Bruker Daltonics, Bremen, Germany).
PMF data were then searched with MS-FIT software against
NCBInr database.

Immunohistochemistry. Formalin-fixed tissue sections were
cut from each paraffin-block. After dewaxing and rehydra-
tion, the sections were antigen retrieved using Pascal (Dako
Cytometry, Glostrup, Denmark) and reacted with the first anti-
body at 4°C overnight and then reacted with Dako Envision
kit/HRP (Dako Cytometry) at room temperature for 30 min.
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After treatment with 3% H,0, solution to reduce endogenous
peroxidase activity, immunoreactive eEF2 protein was visu-
alized using diaminobenzidine (DAB). The sections were
then counterstained with hematoxylin. The intensity of stain
in tumor cells was scored as positive (increased staining in
carcinoma cells compared to that in normal cells) or negative
(less or negative staining in carcinoma cells) by a patholo-
gist. eEF2-H118 antibody (Santa Cruz Biotechnology) that
recognized 741-858aa of ¢EF2 protein and Sigma-Aldrich
#SAB4500695 antibody that recognized the N terminus of
eEF2 protein were used as first antibodies. Non-immune rabbit
immunoglobulin (Dako Cytometry) was used as negative
control for non-specific staining.

Sequencing. The eEF2 gene overexpressed in tumors was
RT-PCR amplified and directly sequenced in both directions
by the method previously described (14).

Transient expression of shRNA targeting eEF2. Two different
shRNA vectors targeting eEF2 mRNA (shEF-1918 and
shEF-2804 targeting 1918-1947 and 2804-2833 nt of eEF2
sequence, respectively) were prepared as described previ-
ously (14). shRNA targeting luciferase (shLuc) was used
as a control. sShRNA vectors were transiently expressed as
described previously (14).

Enzyme-linked immunosorbent assay (ELISA). ELISA was
established to measure serum eEF2 IgG Ab levels by a method
previously reported (18) with modifications. ELISA 96-well
plates were coated with recombinant GST-tagged eEF2 frag-
mented protein (Ref Seq NM_001961, 411-858 aa) (2 pg/well).
Plates were blocked with TBS containing 0.05% Tween-20
and 1% gelatin. Sera were diluted at 1:100 in TBS containing
0.05% Tween-20 (0.05% TBST) and pre-absorbed by immo-
bilized GST protein at 4°C overnight. Then, 100 yl of the
diluted sera was added to each well for overnight incubation
at 4°C. After washing, captured eEF2 IgG Ab was detected
using ALP-conjugated goat anti-human 1gG Ab (Santa Cruz
Biotechnology) and BCIP/NBT kit. Then, absorbance at
550 nm was measured using a microplate reader. All sera
were examined in duplicate. The titers of eEF2 IgG Ab were
calculated by interpolation from the standard line which was
constructed for each assay from the results of simultaneous
measurements of serial dilutions of rabbit polyclonal eEF2
H-118 Ab using the corresponding second Ab (data not shown).
eEF2 Ab titer that produces the absorbance at 550 nm equal
to that produced by 1.0 yg/ml of eEF2 H-118 Ab in the ELISA
system was defined as 1.0 EF2-reacting-unit (ERU).

Synthetic peptides. The primary amino acid sequence of human
eEF2 was analyzed for consensus motifs for 9-mer peptides
capable of binding to HLA-A"24:02 or 02:01 using ProPred-I
computer algorithm (Table I). Then, the top 4 candidate
peptides for HLA-A"02:01 and 24:02 each were synthesized
at immunological grade (Sigma Genosys, Hokkaido, Japan).
Synthesized peptide was solved in dH,O (2 mg/ml) and stored
at -20°C until use.

MHC stabilization assay. Binding of the synthetic peptides
to HLA-A"24:02 or 02:01 molecules was evaluated by MHC

stabilization assay using antigen processing mutant T2-2402
or T2-0201 cells as described previously (19). Expression
of HLA-A24 or HLA-A02 molecules was measured with
a FACSort flow cytometer (BD Biosciences, San Jose,
CA, USA) and the mean fluorescence intensity (MFI) was
recorded.

In vitro generation of ¢eEF2 peptide-specific CD8* T cells.
PBMCs were obtained from an HLA-A"24:02-positive and
an HLA-A"02:01-positive healthy donors by density gradient
centrifugation. CD4*CD25* Treg cells were depleted from
PBMCs by using CD25 MicroBeads (Miltenyi Biotech,
Auburn, CA, USA). For generation of autologous dendritic
cells (DCs), CD14* monocytes were isolated from the donor
PBMCs using BD IMag CD14 isolation kit (BD Bioscience)
and cultured in X-VIVOI35 (Bio Whittaker, Walkersville,
MD, USA) supplemented with 1% human AB serum (Nabi,
Miami, FL., USA) containing IL-4 (1,000 U/ml) and GM-CSF
(800 U/ml). After 24 h, IL-18 (10 ng/ml), IL-6 (1,000 U/ml),
TNF-a (10 ng/ml), and PGE-2 (1 pg/ml) were added to the
culture for DC maturation and the cells were cultured for
48 h. DCs were pulsed with EF2 peptide at the concentra-
tion of 10 prg/ml in X-VIVOIS supplemented with 1% human
AB serum at 37°C for 2 h, irradiated at 30 Gy, and washed
3 times with RPMI-1640 medium. Then, Treg-depleted
PBMCs (2x10° cells) were stimulated by co-culture with the
EF2 peptide-pulsed DCs at the DC: PBMC ratio of 1:10 in
X-VIVOIS supplemented with 5% human AB serum. After
24 h of co-culture, IL-2 (20 U/ml) was added to the culture.
The cultured cells were repeatedly stimulated with the EF2
peptide-pulsed, irradiated autologous PBMCs at 10-day inter-
vals. After several times of re-stimulation, the cultured cells
were maintained as the established T cell lines in X-VIVO1S5
supplemented with 5% human AB serum, IL-7 (10 IU/ml) and
1L-15 (10 TU/ml) and used for cytotoxic assays.

SICr release cytotoxicity assay. Effector cells were prepared
from the established T cell lines using Human CD8 T
Lymphocyte Enrichment Set-DM (BD Bioscience). Target
cells (listed in Table IIT) were labeled with 100 xCi of 3'Cr
(Perkin-Elmer, Waltham, MA, USA) at 37°C for 1.5 h and
the target cells (1x10* cells) were added to wells containing
varying numbers of effector cells in 96-well plates. After
4 h of incubation at 37°C, 100 xl of supernatants were
collected from each well and measured for radioactivity.
The percentage of specific lysis was calculated as follows:
percentage of specific lysis = (cpm of experimental release
- cpm of spontancous release)x100/(cpm of maximal
release - cpm of spontaneous release). Radioactivity of the
supernatant of the target cells that were cultured without
effector cells and the radioactivity of target cetls that were
completely lysed by the treatment with 1% Triton X-100 was
used for spontaneous and maximal release, respectively. The
characteristics of target cells in cytotoxicity assay are listed
in Table TIT.

Staristics. The statistical significance in a difference between
arithmetical means of test groups was assessed by unpaired
t-test or Kruskal-Wallis test. After Kruskal-Wallis test,
Scheffe's F-test was used as a post hoc test.
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Figure 1. Elevation of serum ¢EF2 IgG autoantibody levels in cancer patients. (A) Cytoplasmic proteins from PC14, LU99B, K562 and A172 cells were subjected

to immunoblot anat

ising sera as the first antibodies. Representative results with sera from an HNSCC
shown. Arrows indicate the protein that is recognized by I1gG autoantibody in the sera from the HIN:

atient (Pt-1) and a healthy control individual (H-1) are
patient. (B) Elevation of serum eEF2 [¢G autoantibody

levels in cancer patients. Assays were performed in duplicate. Colon, colorectal cancer; gastric. gastric cancer; and healthy, healthy individuals. Standard bar
represents median value. "p<0.01. ¢EF2 Ab levels that produces the absorbance at 450 nm equal to that produced by I yig/ml of anti-eEF2 H-118 Ab in the ELISA

system were defined as 1.0 ¢EF2-reacting-unit (ERU).

Results

Production of IgG autoantibody against eukaryotic elonga-
tion factor 2 (¢EF2) in cancer patients. To identify novel
tumor-associated antigens (TAAs) with high molecular weight
(more than 100 kDa), which were difficult to isolate by stan-
dard two dimensional electrophoresis methods because they
could not be absorbed into a strip gel, proteins from tumor
lysates were first separated by SDS-PAGE, transferred to
PVDF membrane, and then probed with sera from tumor-
bearing patients. As shown in Fig. 1A, an approximately
100 kDa protein was recognized by sera from 4 of 10 HNSCC
and 2 of 3 colon cancer patients in cytoplasmic proteins from
two lung cell lines (PC14 and LU99B), one leukemic cell line
(K562) and one glioblastoma cell line (A172), whereas it was
not recognized by the sera from 5 healthy individuals. To
identify this protein, cytoplasmic proteins of K562 cells were
fractionated by density gradient isoelectric focusing, separated
by SDS-PAGE, and subjected to immunoblot analysis using
sera from an HNSCC patient as the first antibody. Since
immunoblot analysis detected this protein in fractions of
pH 6.62 and pH 6.75, the silver-stained band corresponding
to this protein was excised from the SDS-PAGE gel and the
protein was analyzed by MALDI-TOF Mass Spectrometry.
The search for NCBInr database by MS-Fit software identified
the protein as human eukaryotic elongation factor 2 (eEF2)
that had MW. of 95.3-kDa and calculated pI of 6.4.

Elevation of serum eEF2 IgG antibody levels in cancer
patients. Serum eEF2 IgG Ab levels were examined by ELISA
in 79 colorectal and 80 gastric cancer patients and 40 healthy
individuals and detected in all the samples examined (Fig. 1B).
eEF2IgG Ab levels ranged from 7.8 to 301.7 (median 41.1), from
8.1 to 353.9 (median 33.6) and from 5.2 to 53.0 (median 20.6)
ERU in colorectal and gastric cancer patients and healthy indi-
viduals, respectively. eEF2 1gG Ab levels were significantly
(p<0.01) higher in both colorectal and gastric cancer patients
than healthy individuals.

Overexpression of eEF2 in various types of human cancers.
eEF2 protein was immunohistochemically examined in
51 lung cancers, 15 esophageal squamous cell carcinomas,
21 HNSCCs, 28 pancreatic cancers, 8 breast cancers, 16 glio-
blastoma multiformes, 4 prostate cancers and 50 NHLs.
Immunohistochemical analysis with two different anti-EF2
antibodies recognizing different regions of eEF2 protein
showed similar results. Overexpression of eEF2 protein
was detected in 71.0% (22 of 31) of lung adenocarcinoma,
95.0% (19 of 20) of small-cell lung cancer, 73.3% (11 of 15)
of esophageal cancer, 60.7% (17 of 28) of pancreatic cancer,
50.0% (4 of 8) of breast cancer, 75.0% (3 of 4) of prostate
cancer, 52.4% (11 of 21) of HNSCC, 75.0% (12 of 16) of
glioblastoma muitiformes, and 94.0% (47 of 50) of NHL.
Results are summarized in Table 1. Representative results
are shown in Fig. 2.
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Table 1. Overexpression of eEF2 in human cancers.

Overexpression

Cancer of eEF2 (%)
Lung cancer 80.4 (41/51)

Lung adenocarcinoma 71.0(22/31)

Small cell lung cancer 95.0 (19/20)
Esophageal squamous cell carcinoma 733 (11/15)
Head and neck squamous cell carcinoma 524 (11721
Pancreatic cancer 60.7 (17/28)
Breast cancer 50.0 (4/8)

750 (12/16)
750 (3/4)

94.0 (47/50)
92.5 (37/40)
100 (10710)

Glioblastoma

Prostate cancer

Non-Hodgkin's lymphoma
Diffuse large B cell lymphoma
Follicular lymphoma

Expression of ¢EF2 protein in human cancers was examined by immu-
nohistochemistry. Immunostaining was evaluated as positive when
cancer cells were stained brown in >10% of the cells.

Overexpressed ¢eEF2 gene is a non-mutated, wild-type.
To examine whether or not the overexpressed ¢£F2 gene
was non-mutated, wild-type, the 5' (84-1334 nt) and the
3' (1314-2660 nt) sequences of eEF2 mRNA (coding
sequence: 84-2660 nt) from five lung adenocarcinomas
and five HNSCCs were amplified by RT-PCR and direct
sequencing. No mutation was found in the ¢£F2 gene in the
10 cancers examined (data not shown).

Knockdown of ¢EF2 inhibits cancer cell growth. To examine
the role of eEF2 in cancer cell growth, either of two different
shRNAs targeting eEF2 (ShEF-1918 and shEF-2804) or a
control shRNA targeting luciferase (shLuc) was transfected
into four eEF2-expressing cells, lung cancer PC14, pancreatic
cancer PCI6, fibrosarcoma HT-1080, and glioblastoma A172
and eEF2-undetectable breast cancer MCF7 cells. After
culture for 72 h, both of the two shRNAs targeting ¢EF2
(shEF-1918 and shEF-2804) reduced ¢EF2 protein expression
levels (Fig. 3A) and significantly inhibited cell growth in all
the four eEF2-expressing cells examined (Fig. 3B). However,
neither of the two shRNAs targeting eEF2 inhibited growth
of eEF2-undetectable MCF7 cells.

Identification of ¢EF2 peptides that bind to HLA-A'24:02
or HLA-A'02:01 molecules. Epitope candidates of ¢eEF2 that
bound to HLA-A"24:02 or HLA-A"02:01 molecules were first
analysed using ProPred-I computer algorithm (Table II).

As candidate epitope peptides that bound to HLA-A"24:02
molecules, EF78, EF786, EF701 and EF412 peptides were
selected and analyzed for binding affinity to HLA-A"24:02
molecules by the MHC stabilization assay. These peptides
were pulsed to T2-2402 cells and the expression of
HLA-A"24:02 molecules on the cell surface was analyzed by
flow cytometry. As shown in Table II, all the four peptides
increased the expression of HLA-A24:02 molecules on
T2-2402 cells as a result of the stabilization of HLA-A24:02

rcsull\ m rmmuam{ussmhcnm al amalysis for eEF2 prmu

(A and C) lung adenocarcinoma, (B and D) normal lung cells, (1: uml Fy
breast cancer. und {G and H) prostate cancer, ¢EF2 was stained with (A, B,
nd G) eEF2-HIE antibody or (C, D, F and H) #SAB4500695 amtibody.
<EF2 protem was stamed brown, Macrophages are non-specifically stained
in normal lung tissues.

molecules. Among the four peptides, EF786 peptide showed
binding affinity higher than CMVpp65;,4.554. which was
an exogenous cytomegalovirus antigen epitope, to the
HLA-A"24:02 molecules. As candidate peptides that bound
to HLA-A'02:01 molecules, EF292, EF739. EF519 and EF671
peptides were selected and analyzed for binding affinity to
HLA-A"02:01 molecules by the MHC stabilization assay. As
shown in Table I1, all the four peptides increased the expres-
sion of HLA-A02:01 molecules on T2-0201 cells and EF292
peptide showed the highest binding affinity to HLA-A02:01
molecules among the four HLA-A'02:01-binding peptides
examined.

Generation of EF2-specific CTLs from HLA-A'24:02- or
HLA-A"02:01-positive donors. Treg-depleted PBMCs from
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Table II. Characteristics of EF2-derived peptides and results of the MHC stabilization assay.

Peptide Position (aa) Sequence Score %MF] increase
HLA-A"24:02-binding peptides

EF78 78-86 FYELSENDL 360 40.5
EF786 786-794 AYLPVNESF 252 1552.1
EF701 701-709 RFDVHDVTL 40 2973
EF412 412-420 AFGRVFSGL 33.6 479
CMVpp65 328-336 QYDPVAALF 13441
HLA-A"02:01-binding peptides

EF292 292-300 LILDPIFKV 3290 1833
EF739 739-747 RLMEPIYLV 2426 141.1
EF519 519-527 KLVEGLKRL 705 589
EF671 671-679 YLNEIKDSV 642 89.6

The primary amino acid sequences of human eEF2 were analyzed for consensus motifs for 9-mer peptides capable of binding to HLA-A"24:02
or 02:01 molecules using ProPred- software. Percentage MFI increase in MHC stabilization assay was calculated as [ollows: percentage MFI
increase = (MFI with the given peptide - MFI without peptide)/(MFI without peptide) x 100.
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Figure 3. Knockdown of eEF2 inhibits cancer cell growth. Two shRNA vectors targeting different sequences of eEF2 (shEF-1918 and shEF-2804 targeting
1918-1947 and 2804-2833 nt of eEF2 sequence, respectively) or control shRNA targeting luciferase (shLuc) was transfected into PCI4, PCI6, HT1080, A172
and MCF7 cells. (A) Reduction in eEF2 protein expression levels in HT1080 cells, Results of western blot analysis are shown. (B) After 72 h of transfection,
the cell numbers were examined. "p<0.03; “'p<0.01. Experiments were independently performed three times.

HLA-A"24:02- or HLA-A'02:01-positive healthy donors were
repeatedly stimulated with EF2 peptides (EF786 and EF292
peptides for HLA-A"24:02- and HLA-A"02:01-positive healthy
donors, respectively) and pulsed irradiated autologous DCs
and EF2 peptide-specific CTLs were established.

To examine whether EF2 peptides are capable of elic-
iting CTL responses, CTL activities of established CTLs
were examined. As shown in Fig. 4A, EF786-specific,
HLA-A"24:02-restricted CTLs lysed EF786 peptide-pulsed
T2-2402 cells but not unpulsed ones. The EF786-specific
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Table III. Characteristics of target cells in the killing assay.

Target HLA-A'24:02  HLA-A'02:01 eEF2
cells expression expression expression
T2 - - Undetectable
T2-2402 + - Undetectable
T2-0201 - + Undetectable
SW4g0 + +
AZ-521 - +
MKN28 - +

TF-1 + +
K562 - - +
MCF7 + Undetectable

Cell surface protein expression of HLA-A molccules was confirmed
by flow cytometry. Expression of ¢EF2 prolein was analyzed by
western blot analysis.

CTLs lysed HLA-A24:02-positive, eEF2-expressing SW480
cells, but not HLA-A'24:02-negative, eEF2-expressing
AZ-521 and MKN28 cells. As shown in a Fig. 4B, EF292
peptide-specific, HLA-A'02:01-restricted CTLs lysed EF292
peptide-pulsed T2-0201 cells but not unpulsed ones. Moreover,
the EF292-specific CTLs lysed HLA-A'02:01-positive,
eEF2-expressing TF-1 cells, but not HLA-A'02:01-negative,
eEF2-expressing K562 cells and HLA-A"02:01-positive,
eEF2-undetectable MCF7 cells (Fig. 4B).

Discussion

We showed that eEF2 was overexpressed in the majority of
various types of tumors such as lung, esophageal, pancreatic,
and breast cancer and promoted growth of various types of
cancer cells. Moreover, ¢EF2 gene product elicited both
humoral and cellular eEF2-specific immune responses. The
production of ¢EF2 IgG autoantibody was enhanced in
patients with colorectal and gastric cancer and 9-mer eEF2
peptides elicited EF2-specific CTLs from healthy donors.
These results indicated that overexpressed eEF2 played an
oncogenic role and served as a TAA in these tumors.

It is considered that production of autoantibody indicates
the potential of its antigen as a target of cancer immuno-
therapy (20). In the present study, we showed the elevation
of serum EF2 IgG levels in colorectal and gastric cancer
patients, indicating that eEF2 overexpressed in cancer cells
was recognized by the host immune system and induced
eEF2-specific immune responses. Since production of I1gG
autoantibody needed help from CD4"* helper T cells (Th cells)
for class switch from IgM to IgG, elevation of EF2 IgG Ab
levels indicated the activation of EF2-specific Th cells. It is
well established that Th cells play an important role in the
immune responses against cancer (21). CD4* Th cells are
required for activation and maintenance of CD8* CTLs, but
they could also exert cytotoxic function against cancer in
the absence of CD8* CTLs recognizing antigenic peptides
presented by MHC class II molecules (22,23). These results
indicated that EF2 protein was an immunogenic molecule
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Figure 4. Generation of eEF2-specific CTLs. (A, left panel) Specific
lysis of EF786 peptide-pulsed T2-2402 cells by EF786-sp
HLA-A'24:02-restricted CTLs. (A, right panel) Specific ly:
eEF2-expressing, HLA-A'24:02-positive SW480 by EF786-sp
HLA-A24:02-restricted CTLs. AZ-521 and MKN28 are
but HLA-A"24:02. B, left pancl) Specifi
tide-pulsed T2-0201 ific, HLA-A'02:01-restricted CTLs.
(B, right panel) 8 ing. HLA-A"02:01-positive
TF-1 cells by Ol-restricted CTLs. K562 is
eBF2-expressing and HLA-A02:01-negative, and MCF7 is eEF2-undetect-
able and HLA-A'02:01-positive. E/T. effector/target ratio, CTL cytotoxic
assays were performed in triplicate.

that is capable of eliciting not only humoral but also cellular
immune responses. In fact, eEF2-derived EF786 peptide
showed the binding affinity higher than CMVpp65328-336,
an exogenous viral antigen epitope, and elicited in vitro
EF786-specific CTLs from PBMCs of HLA-A"24:02-positive
healthy donors. Taken together, eEF2 protein is highly
immunogenic and a promising target molecule for cancer
immunotherapy.

Expression of target molecules in tumor cells is the
first requisite for TAA-targeting cancer immunotherapy.
Survivin is a member of the family of the inhibitor of apop-
tosis proteins and functions as a key regulator of mitosis
and programmed cell death (24). Survivin is overexpressed
in various types of tumors with the frequency of 34.5% in
gastric cancers (25), 50-60% in colorectal cancers (25,26),
64% in malignant gliomas (27), 53-72% in lung cancers
(28,29), and 70.7% in breast cancers (30). Cancer vaccines
to induce an antigen-specific immune responses against
survivin-expressing tumor cells have been developed with
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promising results (31,32). Thus, survivin appears to be a
promising TAA. However, survivin-targeted immunotherapy
may be applicable to a limited population of patients because
of its low expression rates in several tumors. In addition, the
frequency of survivin-positive tumor cells may vary in indi-
vidual tumors (25). Thus, the existence of tumor cells lacking
survivin could result in tumor evasion from CTL responses
against survivin induced by vaccination. NY-ESO-1 is a
member of cancer testis antigens and is expressed in a variety
of common cancers. Clinical trials that evaluate therapeutic
responses against NY-ESO-1 are underway in various
cancers (33). However, NY-ESO-1 protein was expressed in
only 20 to 30% of lung (34), bladder and ovarian cancers
(35) and melanoma and was undetectable in colon and renal
cancers (36). Thus, therapeutic strategy against NY-ESO-1
is applicable to a minor population of cancer patients.
Compared to these TAAs, eEF2 is more attractive as a target
molecule of cancer immunotherapy because of its high
frequency of overexpression in various types of cancers. The
frequency of eEF2 overexpression exceeded 70% in lung,
esophageal, breast and prostate cancers, and 90% in gastric
and colorectal cancers and NHL, as shown in the present
and previous (14) studies. These results indicated that eEF2-
targeted immunotherapy should be a therapeutic strategy that
would be applicable to the majority of cancer patients, WT1
is also a promising target molecule of immunotherapy and
was ranked as top of TAAs (37). WT1 is overexpressed in the
majority of leukemia (38) and various types of tumors such
as lung (39), colorectal (40) and pancreatic cancer (41), and
glioblastoma multiforme (42). However, WT1 might be less
expressed in malignant lymphoma. In diffuse large B-cell
lymphoma the most common type of NHL, WT1 protein
was detected in only 33% of the cases examined (43). Thus,
eEF2-targeted immunotherapy may have a priority for NHL.

One mechanism for escape from immune surveillance
is the loss of expression of target molecules in cancer cells
(44). Therefore, it is important to know whether or not loss
of eEF2 expression affects tumor growth in consideration
of the potential of eEF2 as a target molecule for cancer
immmunotherapy. As shown in the present study, knock-
down of eEF2 by shRNA significantly inhibited cancer cell
growth. Also, we have demonstrated that eEF2 was overex-
pressed in the majority of gastric and colorectal cancers and
promoted progression of G,/M in the cell cycle, resulting in
the enhancement of in vitro and in vivo cancer cell growth
(14). Based on these findings showing the involvement of
eEF2 in cancer cell growth, it is unlikely that antigenic loss
of eEF2 could become a mechanism of tumor escape from
eEF2-specific immune responses.

A primary goal of cancer immunotherapy is generation
of effective CTL responses through the expansion of robust
pre-existing, naturally occurring CD8* CTL precursors and
the establishment of long-lasting memory CD8* T cells.
This critically depends on the activation of pre-existing
antigen-specific CTL precursors as the initial step to induce
immune responses. In the present study, eEF2-specific
CTL clones were established from HLA-A"24:02- or
HLA-A"02:01-positive healthy donors. In addition, eEF2 IgG
autoantibody is detected at low levels in healthy individuals
examined. Since these results indicated the existence of not

only eEF2-specific CTL precursors but also eEF2-specific B
and Th cells even in healthy donors without cancer, the host
immune system of cancer patients should have a potential
to make robust immune responses against eEF2-expressing
cancers by vaccination with EF2 protein or peptide.

In conclusion, ¢EF2 that is overexpressed in a wide variety
of cancers is a promising cancer antigen that can elicit both
humoral and cellular immune responses and shows promise
as a target molecule of cancer immunotherapy.
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Histamine Contributes to Tissue Remodeling via
Periostin Expression

Lingli Yang', Hiroyuki Murota', Satoshi Serada?, Minoru Fujimoto?, Akira Kudo®, Tetsuji Naka® and
ichiro Katayama'

Histamine is thought to have a critical role in the synthesis of extracellular matrix in skin and may be involved in
tissue remodeling of allergic diseases. Recent studies revealed that periostin, a matricelluar protein, contributed
to tissue remodeling; however, a link between periostin and histamine remains unproven. We investigated
whether periostin was involved in histamine-induced collagen production. Cultured dermal fibroblasts derived
from wild-type (WT) or periostin knockout (PN~'~) mice were stimulated with histamine, and then collagen and
periostin production was evaluated. Histamine induced collagen gene expression in WT fibroblasts in the late
phase but not in the early phase, whereas no effect on collagen expression was observed in histamine-stimulated
PN~’~ fibroblasts. In WT fibroblasts, histamine directly induced periostin expression in a dose-dependent
manner, and an H1 receptor antagonist blocked both periostin and collagen expression. Histamine activated
extracellular signal-regulated kinase 1/2 (ERK1/2) through the H1 receptor. Periostin induction was inhibited by
either H1 antagonist or ERK1/2 inhibitor treatment in vitro and was attenuated in HTR™’~ mice. Elevated
expression of periostin was found in lesional skin from atopic dermatitis patients. These results suggest that
histamine mediates periostin induction and collagen production through activation of the H1 receptor-mediated
ERK1/2 pathway; furthermore, histamine may accelerate the chronicity of atopic dermatitis.

Journal of Investigative Dermatology advance online publication, 3 Aprif 2014; doi:10.1038/id.2014.120

INTRODUCTION

Tissue remodeling is both a cause and a consequence of
allergic inflammation and is considered a target for therapeutic
intervention.

Understanding the underlying mechanisms that cause tissue
remodeling is progressing gradually, and certain factors that
are correlated with allergic inflammation have been found to
be involved in tissue remodeling. Among them, histamine
has been found to induce de novo synthesis of colfagen
from fibroblasts in both in vivo and in vitro experiments
(Sandberg, 1962, 1964; Cohen et al, 1972; Murota et al.,
2008). Furthermore, it is well known that antihistamine drugs
used for the treatment of allergic disorders improve hyper-
trophic scars (Murakami et al, 1998). These results indicate
that histamine may be involved in the mechanism of tissue
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remodeling in allergic diseases; however, it remains unknown
how histamine contributes to tissue remodeling.

Recent studies showed that expression of periostin, a
matricellular protein with profibrogenic function, increased
in sera and lesional tissue from patients with allergic diseases,
such as allergic rhinitis, asthma, and atopic dermatitis (AD),
and that this expression was associated with airway or other
tissue remodeling (Takayama et al., 2006; Hur et al., 2012;
Masuoka et al, 2012). Furthermore, periostin has also
emerged as a key regulator in the development of wound
healing and scleroderma (Ontsuka et al,, 2012; Yang et al,
2012). To the best of our knowledge, the impact of histamine
on the expression level of periostin is unknown. Therefore, in
this study, we investigated the correlation between histamine
and the fibrotic factor periostin in primary cultured dermal
fibroblasts.

RESULTS

Collagen production is induced by histamine stimulation

To investigate whether histamine influences collagen synth-
esis, primary cultured murine dermal fibroblasts were stimu-
lated with histamine at concentrations ranging from 0 to
100pm, as described in our previous report (Murota et al.,
2008; Murota and Katayama, 2009).

Histamine-induced type | collagen production was
observed with concentrations of histamine from 1 to 100 pm
(Figure 1). Compared with nontreated controls, collagen
synthesis was significantly increased after histamine treatment

www jidonline.org
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Figure 1. Collagen production is induced by hi lation in cultured wild-type (WT) fibroblasts. (a) Eficct of hi on collagen type-l alpha 1
(ColTal) mRNA expression was assessed by quantitative real-time reverse transcriptase-PCR {qRT-PCR) at 12 hours (white bar) and 48 hours (black bar) after
the addition of histamine at the indicated concentration. {b) Effect of histamine on Collol mRNA expression after the stimulation with histamine (100 yim)

for the indicated time periods. (c) Soluble collagen content in the supernatants of WT fibroblasts that had been stimulated with histamine for 48 hours.

(d) Representative western blotting and quantitative analyses of signal density on blats from three independent experiments analyzing collagen protein expression
in response to 48 hours of histamine stimulation {using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control). Values were derived from
three independent experiments using WT fibroblast cultures. Values represent the mean £ S0 for the three independent experiments in cach condition. *P<0.05;
***P<0.001; NS, no signilicance, compared with control (0 jm histamine) by one-way analysis of variance (ANOVA) followed by Dunnctt's test.

in a dose-dependent manner (Figure Ta, ¢ and d). No
significant increase was observed at 2 and 12 hours, whereas
collagen was markedly induced by histamine 24 and 48 hours
after addition (Figure 1a and b). In our previous study (Yang
et al,, 2012), the mRNA expression of type | collagen was
found to be significantly increased in cultured mouse dermal
fibroblasts after a 2-hour stimulation with recombinant
periostin alone. Therefore, these late responses in the present
study may be a result of de novo synthesis of certain second
messengers.

Periostin is upregulated upon hi timulation in dermal
fibroblasts

Next, to investigate whether histamine affects the expression
level of periostin, we stimulated wild-type (WT) primary
dermal fibroblasts with histamine at the indicated concentra-
tions (Figure 2). As expected, two hours of incubation with
histamine produced a significant dose-dependent increase of
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periostin MRNA expression in dermal fibroblasts, as assessed
by reverse transcriptase-PCR and quantitative real-time
reverse transcriptase-PCR (Figure 2a and b). After 24 hours
of incubation with histamine, the periostin protein levels
increased in the culture supernatant and cell lysates
(Figure 2 ¢). These results suggest that histamine may directly
upregulate the transcription and synthesis of periostin.

Histamine upregulales periostin expression via histamine
receptor 1 (H1R)

To identify the histamine receptor subtype responsible for the
histamine-incuced periostin expression, antagonists for H1R,
H2R, and H4R were tested in vitro. The effects of histamine on
periostin mRNA and protein levels were evaluated at 2 hours
or 24 hours, respectively, in dermal fibroblasts after histamine
stimulation following preincubation with or without these
histamine receptor antagonists (Figure 3a and b). Histamine-
induced periostin expression was blocked by +H1R antagonist
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Figure 2. Periostin is upreg i upon

in cultured wild-type (WT) fibroblasts. WT fibroblasts were stimulated with histamine at the

indicated concentrations for 2 hours (a, b) or 24 hours (¢). Periostin mRNA expression was determined by reverse transcriptase-PCR (RT-PCR) analysis (a) and real-
time PCR analysis (b). Periostin protein expression was evaluated by western blotting analysis (c). Three independent experiments were performed, and

blots and quanti analysis of signal density on blots from three independent experiments are shown {using glyceraldehyde 3-phosphate
dchydro;,enasc (GA(’DH) as an internal control). Values in b and ¢ are shown as mean + SD for three independent experiments. ***P<0.001; NS, no significance,
compared with control (0 s histamine) by one-way analysis of variance (ANOVA) followed by Dunnett’s test.

but not by either H2R or H4R antagonists (Figure 3a and b),
suggesting that histamine upregulates periostin expression
through H1R activation in vitro.

Next, we determined whether periostin was induced by
histamine via HIR in vivo. Histamine release was triggered
through mast cell degranulation using the compound 48/80
in WT and H1R-deficienct (HTR™/7) mice. After treatment
with compound 48/80 for three consecutive days, skin at the
injected site was sampled. Periostin expression in WT and
HIR™/~ mouse skin was compared by western blotting
analyses (Figure 3c). In WT mice, periostin expression mark-
edly increased after compound 48/80 treatment, although no
such increase was observed in HTR™/" mice (Figure 30).
These results suggest that H1R mediates histamine-induced
periostin upregulation.

H1R activation upregulates periostin expression via the ERK1/2
pathway

Next, to investigate the signal transduction pathway involved
after H1R activation by histamine in dermal fibroblasts, we
used a commercial human phosphorylated kinase array kit
to profile the phosphorylated kinases in normal human
dermal fibroblasts (Figure 4a). Subsequently, phosphorylation
of analogous kinases was confirmed in murine dermal
fibroblasts by western blot analysis (Figure 4b). Compared
with nontreated dermal fibroblasts, enhanced phosphorylation
of extracellular signal-regulated kinase 1/2 (ERK1/2) and the
downstream factor cAMP response element-binding protein
(CREB) was observed after 10minutes and 30minutes of
histamine stimulation (Figure 4a and b).

Furthermore, we found that histamine-induced phosphor-
ylation of ERK1/2 and CREB was blocked not only with U0126
(a selective ERK1/2 kinase inhibitor) but also with an HIR
antagonist (Figure 4c and d).

These observations demonstrated that histamine activates
the ERK1/2 signal transcuction pathway via H1R in dermal
fibroblasts.

In addition, to verify the involvement of ERK1/2 activation
in histamine-induced upregulation of periostin, western blot-
ting analysis was performed (Figure 4c and d). Both U0126
and H1R antagonists decreased the expression of periostin, as
well as suppressed the phosphorylation of CREB (Figure 4c
and d). These results indicated that H1R-mediated signaling
upregulated periostin expression via the ERK1/2 pathway.

H1R-mediated upregulation of periostin is essential for
histamine-induced collagen production

To investigate the involvement of periostin in histamine-
induced collagen production, primary dermal fibroblasts from
WT and periostin-deficient (PN™7") mice were stimulated
with histamine (100pm) for 48hours. The induction of
collagen was abolished in PN™/" fibroblasts at both the
mRNA (Figure 5a) and protein (Figure 5b and c) levels.
Histamine-treated PN~ fibroblasts did not exhibit increases
in mRNA or protein expression of type I collagen (Col1;
Figure 5a—¢).

As described above, periostin was induced by histamine via
the HI1R pathway. To further clarify whether HIR was
associated with histamine-induced collagen production, H1R
antagonist was added to WT fibroblasts before histamine
stimulation. After 48 hours of histamine stimulation, collagen
production was evaluated as determined by quantitative real-
time reverse transcriptase~-PCR, Sircol Collagen Assay, and
western blotting analyses (Figure 6). As expected, histamine-
induced collagen synthesis was blocked by an H1R antagonist
(Figure 6a—c). Furthermore, this inhibitory effect was rescued
by the addition of recombinant mouse periostin (rmPeriostin;
Figure 6a-c).

In addition, this mechanism was confirmed in cultured
primary human dermal fibroblasts derived from healthy donor
skin biopsies (Supplementary Figure ST online).

Finally, we addressed the question of how strong the effect
of histamine on tissue remodeling was in AD. Compared with
normal skin and AD nonlesioned skin, increased expression of
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periostin was observed in both acute AD lesioned skin and
skin tissues with positive Dermatophagoides farinae (Derf1)
scratch tests (Supplementary Figure S2 online). Our results
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suggest that histamine may contribute to the initiation of tissue
remodeling during the acute phase of AD.

DISCUSSION
Here, we report that histamine increases the expression of
periostin in dermal fibroblasts. Moreover, periostin increases
de novo synthesis of Coll via an ERK1/2-mediated pathway.
It is widely recognized that mast cells contribute to the
healing of skin wounds (Hebda et al, 1993; Artuc et al,, 199%;
Trautmann et al, 2000; Gailit et al, 2001; Noli and Miolo,
20013, Impaired wound closure in mast cell-deficient mice
indicates that mast cells have a crucial role in the wound
repair process (Weller et al, 2006). An increased number of
mast cells in fibrotic tssues such as scleroderma, keloid, or
healing wounds has been identified (Hawkins et al, 1985;
Atkins and Clark, 1987, although it is still unclear whether
mast cells are fibrogenic. In many instances, chemical
mediators, such as  histamine, which is derived from
degranufated mast cells or basophils, have been implicated
as a cause of inflammation and tissue remodeling in AD
(Davies and Greaves, 1980; Nishioka et al,, 1987; Wahlgren,
1999; Murota and Katayama, 2009). In support of these
findings, HIR antagonist has been shown to inhibit the
synthesis of Colt by dermal fibroblasts (Murota et al., 2008).
Interestingly, histamine HIR antagonists but not H2R anta-
gonists reduced wound closure in experimentally induced skin
wounds in mice (Weller et al., 2006). Therefore, histamine
is believed to have an important role in the wound-healing
process. Indeed,  disruption  of histaming in bistidine
decarboxvlase knockout mice resulted in delayed cutaneous
would healing, and this phenotype was rescued by exogenous
histamine administration (Numata et al., 2006). It remains
unclear how histamine promotes wound  healing.  Some
reports indicated that histamine induces fibroblast prolifera-
tion after a long period of coculturing (Russel et al,, 1977;
Topol et al., 19811 In our study, increased expression of Coll
mRNA was observed after 48hours of co-incubation with
histamine. Thus, histamine-mediated tissue remodeling may
require the expression of periostin as a second messenger in
order to elicit tissue remodeling.

<
<

Figure 3. Histamine upregulates periostin expression via histamine receptor 1
(H1R) in vitro and in vivo. In vitro, wild-type (WT) fibroblasts were cither
treated with histamine antagonists (H1R, H2R, or H4R; 100mu) or left
untreated for 2 hours, and then cells were stimufated with histamine (100w
for an additional 2 hours {a) or 24 hours (b). Perfostin expression was examined
by quantitative real-time reverse transcriptase-PCR (qRT-PCR ia) and western
blotting analysis by, in vivo, WT and H1 77" mice were treated with mast cell
stimulator compound 48780 for 3 days by subcutaneous injection, and
periostin protein expression in the infected site skin was evaluated by western
blotting analysis tn =4 mice per groupl; rep ative blots and g

analysis of signal density on blats irom four mice of cach group are shown
{using glyceraldchyde 3-phosphate dehydrogenase (GAPDH) as an internal
controb). {c) Values in a and b are shown as meant SD for three independent
experiments. Values in ¢ are shown as mean+ SD for blot signals from four
mice. ***P<0.001; NS, no significance, compared with contral (0 pum
histamine in a and b; WT-phosphate-buffered saline in ¢ by one-way analysis
of variance (ANOVA) followed by Dunnett’s test.
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Figure 4. Histamine receptor 1 (H1R) activation upregulates periostin expression via the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway. (a} The
phosphoryfation state was detected by R&D Systems Proteome Profiler Phospho-Kinase Array in normal human dermal fibroblasts, which were cither untreated or
treated with histamine for 10 minutes or 30 minutes. The activated kinases are indicated by arrows. {b) Phosphorylated ERK1/2 and phosphorylated cAMP response
clement-binding protein (CREB) were cvaluated by western blotting analyses in murine wild-type (WT) fibroblasts following histamine stimulation for 10 minutes
and 30 minutes. () WT fibroblasts with or without ERK1/2 inhibitor (U0126, 20 ps) preincubation were stimulated with histamine (30 minutes, upper panel;
24 hours, fower pancl). Phosphorylated ERK1/2, phosphorylated CREB, and periostin protein expression was examined by westem blotting analyses. (d) WT

fibroblasts cultured in the presence or absence of | ion with

receptor ar ists (H1R, H2R, or H4R; 100 mm) were stimulated with histamine

(30 minutes, upper panel; 24 hours, lower panel). Phosphorylated ERK1/2, phosphorylated CREB, and periostin protein expression was examined by western
blotting analyses. Three independent experiments were performed, and representative blots and quantitative analysis of signal density on blots from three
independent experiments are shown (using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an intemal control). ***P<0.001; NS, no significance,
compared with control (0w histamine) by one-way analysis of variance (ANOVA) followed by Dunnett's test.

Periostin, a recently characterized matricellular protein, has
been reported to have crucial roles in tooth and periodontium
development (Horiuchi et al,, 1999), cancer proliferation and
invasion (Siriwardena et al., 2006; Baril et al, 2007, Kudo
et al., 2012), cardiac healing after acute myocardial infarction

(Shimazaki et al, 2008), idiopathic interstitial pneumonia
(Okamoto et al, 2011), and bone marrow fibrosis (Oku
et al,, 2008). Furthermore, periostin is highly expressed in
connective tissue and at the remodeling tissue site after injury
or inflammation. This protein is secreted from fibroblasts via
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transforming growth factor beta stimulation (Horiuchi et al.,
1999). Periostin was shown to accelerate cardiac healing
after acute myocardial infarction (Dorn, 2007; Oka et al.,
2007; Shimazaki et al, 2008) and during full-thickness
cutaneous wound repair (Nishivama et al, 2011; Elliott
et al, 2012; Ontsuka et al., 2012) by modulating fibroblast
differentiation.

Periostin has also been reported to be induced by other
factors, including bone morphogenetic proteins, vascular
endothelial growth factor, connective tissue growth factor,
vitamin K, IL-3, IL-4, IL-6, and IL-13 (Asano et al, 2005;
Takayama et al., 2006; lekushi et al, 2007; Blanchard et al.,
2008; Coutu et al., 2008; Banerjee et al., 2009; Norris et al.,
2009). Recently, the increased expression of periostin was
confirmed in various allergic diseases such as bronchial
asthma (Takayama et al., 2006), AD (Masuoka et al., 2012),
and eosinophilic chronic rhinosinusitis (Hur et al, 2012). As
an IL-4- and IL-13-inducible protein, periostin is associated
with tissue remodeling in bronchial asthma (Takayama er al.,
2006), allergic eosinophilic esophagitis (Blanchard et al,
2008), AD (Masuoka et al., 2012), and allergic rhinitis (Hur
et al, 2012). In the present study, histamine was found to
directly induce periostin expression, whereas the expression
levels of transforming growth factor beta, IL-4, and IL-13 were
not altered by histamine stimulation (data not shown). Thus,
we postutate that periostin is involved in the initiation of tissue
remodeling in chronic allergic diseases.

AD is known to develop tissue remodeling, which is
characterized by epidermal thickening, hyperkeratosis and
fibrosis of the papillary dermis, increased fibroblast prolifera-
tion, and collagen accumulation, and these features are
caused by nonspecific stimuli, constant scratching, and rub-
bing (Lee et al, 2009). Tissue remodeling and repair are
thought to be the underlying causes of chronic allergic
inflammation, such as in asthmatic diseases and AD (Leung,
1995). Recently, increased expressions of periostin and the
inducers of periostin (IL-4, 1L-13, and transforming growth
factor beta) were identified in a screening of AD-associated
genes in genome-wide association studies and quantitative
mRNA expression analysis in lesion tissues (Hoffjan and
Epplen, 2005; Wood et al., 2009a, 2009b). Furthermore, in
the present study, elevated expression of periostin was found
in lesional skin of patients with AD. These results suggest that
periostin may be involved in AD and in asthma.

<
<

Figure 5. Periostin is essential in histamine-induced collagen production

in vitro. Primary dermal fibroblasts from wild type (WT) and periostin-
deficienct (PN"7 ) mice were stimulated with histamine (100 ua) or
phosphate-buffered saline (PBS) (control) for 48 hours. The collagen type-l
alpha 1 (Collat) mRNA level was examined by quantitative real-time reverse
transcriptase-PCR {gRT-PCR) (a), and collagen protein expression was
evaluated by Sircol assay (b) and western blotting analysis; representative blots
and quantitative analysis of signal density on blots from three independent
experiments are shown (using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as an internal control) (c). Values are shown as mean = SD for three
independent experiments. ***P<0.001; NS, no significance, compared with
paired control (WT fibroblasts control or PN~/ -fibroblasts control) by
Studlent’s t-test.
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inflammatory cell infiltration (Masuoka et al., 2012). Moreover,
periostin  directly induces production of thymic stromal
lymphoprotein in keratinocytes (Masuoka et al., 2012). Thus,
periostin was suggested to have a critical role in the
amplification and chronicity of allergic skin inflammation.

The results of the present study demonstrate the role of
periostin in histamine-mediated collagen production. We
found that H1R-mediated phosphorylation of ERK1/2 had a
crucial role in histamine-induced collagen production. These
observations may open a new window of therapeutic oppor-
tunity against airway remodeling in asthma or dermal remo-
deling in AD, as histamine H1R anatagonists are expected to
ameliorate tissue remodeling.

As refractory chronic allergic symptoms are known to
impair the quality of life, work productivity, and overall
activity (Meltzer et al, 1999, Thompson et al, 2000;
Kawashima et al, 2002; Baiardini et al, 2003; Spector
et al, 2007), we believe that these studies will provide a
basis for exploring the fibrotic components of alfergic diseases
in skin and other tissues.

MATERIALS AND METHODS

Mice

WT mice (C57BU6 strain) were purchased from CLEA Japan (Osaka,
Japan). Periostin gene knockout (PN /") mice {C57BL/b strain) were
generated as previously described.(Shimazaki and Kudo, 2008)
Histamine receptor 1 gene knockout (HTR™’") mice (C57BL/6
strain) were purchased from Oriental Bio Service (Kyoto, japan).
Mice were maintained in our pathogen-free animal facility. Animal
care and experimentation were performed in accordance with the
institutional guidelines of the National Institute of Biomedical
Innovation, Osaka, Japan and Osaka University, Osaka, Japan. Six-
week-old male mice were used in all experiments. All experiments
used four mice per group.

Compound 48/80 treatment

Compound 48/80 (Sigma, St Louis, MO) was dissolved in phosphate-
buffered saline at a concentration of 1 mgmi™" and sterilized by
filtration. With the use of a 27-gauge needle, 100l of compound
48/80 or phosphate-buffered saline was subcutaneously injected into
the back side of mice each day for 3 days. One day after the final
injection, the skin at the injected site was removed and solubilized at
4°C in lysis buffer (0.5% sodium deoxycholate, 1% Nonidet P40,

&
<

Figure 6. Histamine receptor 1 (H1R)-mediated upregufation of periostin is
essential in histamine-induced collagen production. Wild-type (WT)
fibroblasts cultured with or without H1R antagonist preincubations were
stimulated with histamine (100 pa) alone or in the presence of recombinant
mouse periostin (rmPeriostin, 100 ng/ml ™). The coffagen type-l alpha 1
{Coltal) mRNA level was examined by quantitative real-time reverse
transcriptase-PCR (qRT-PCR) {a), and collagen protein expression was.
evaluated by Sircol assay (b) and western blotting analysis; representative blots
and quantitative analysis of signal density on blots from three independent
experiments are shown (using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as an internal control) {€). Values are shown as mean + SD for three
independent experiments. ***P<0.001; NS, no significance compared with
control (0uM histamine) according to one-way analysis of variance (ANOVA)
followed by Dunnett’s test.
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0.1% sodium dodecyl sulfate, 100pgml~ " phenylmethylsulfonyl
fluoride, 1 mm sodium orthovanadate, and protease inhibitor cocktail)
for western blotting analysis.

Cell culture

Murine primary dermal fibroblasts from the skin of four newborn WT
and four newborn PN"/" mice were isolated and cultured as
previously described (Terao et al, 2010). Human primary dermal
fibroblasts were purchased from DS Pharma Biomedical (Osaka,
Japan). After 24 hours of serum starvation, dermal fibroblasts at
confluence were treated with 0.1 to 100p histamine (Sigma-
Aldrich, Tokyo, Japan) or 100 ngmi~ ' recombinant mouse periostin
(rmPeriostin, R&D Systems, Minneapolis, MN) for the indicated
periods of time before extraction of RNA and protein. Ceils were
used at passage three. In each experiment, the obtained fibroblasts
were examined at the same time point and under the same culture
conditions (e.g., cell density, passage, and days after plating). For
inhibition experiments, fibroblasts were preincubated for 2 hours with
specific histamine receptor antagonists (Pyrilamine maleate,
Cimetidine, JNJ7777120, 100 mu, Sigma-Aldrich) or ERK1/2 inhibitor
(U0126, 20, Cell Signaling Technology, Beverly, MA) before the
addition of histamine. We performed serial dilutions of each agent to
identify the most effective concentrations to be used in the experi-
ments, as determined by MTT assays and western blotting analyses.

Quantitative real-time and direct reverse transcriptase-PCR
analysis of mRNA

Total RNA was isolated from fibroblasts using the RNeasy Mini Kit
(QIAGEN, Tokyo, Japan} according to the manufacturer's protocol.
First, 100ng of RNA was reverse-transcribed using the QuantiTect
Reverse Transcription Kit (QIAGEN). For quantitative realdime
reverse transcriptase~-PCR analysis, standard curves for periostin,
collagen, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH;)
were generated from serial dilutions of positively expressing cDNA.
Relative quantification of the PCR products was carried out using the
ABI prism 7000 (Applied Biosystems, Darmstadt, Germany) and the
comparative threshold cycle (Cy) method. The “fold-induction” was
calculated as the ratio to values of cells that were not incubated with
histamine or periostin. The primers used for real-time PCR were as
follows: periostin, sense 5-GAACGAATCATTACAGGTCC-3', anti-
sense 5'-GGAGACCTCTTTTTGCAAGA-3'; collagen type-l alpha 1
(Col1-a1), sense 5'-GAGCCCTCGCTTCCGTACTC-Y, antisense
5-TGTTCCCTACTCAGCCGTCTGT-3"; and GAPDH, sense 5-TGTC
ATCATACTTGGCAGGTTTCT-3, antisense 5'-CATGGCCTTCCGTG
TTCCTA-3'. Each reaction was performed in triplicate. Variation
within samples was less than 10%. Statistical analysis was performed
with the Student’s paired ttest.

Western blotting analyses

For preparation of protein samples, cell peliets and skin samples were
extracted as described above, and 5 ug of extracted protein was used
for western blotting analysis, as described previously (Terao et al.,
2010). The primary antibodies were used at the following dilutions:
anti-type | collagen (Calbiochem, San Diego, CA) at 1:500, anti-
periostin (R&D Systems, Minneapolis, MN) at 1:500, anti-phospho-
ERK1/2 (Cell Signaling Technology) at 1:1,000, anti-total ERK1/2 (Cell
Signaling Technology) at 1:1,000, anti-phospho-CREB (Cell Signaling
Technology) at 1:1,000, anti-total CREB (Cell Signaling Technology)
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at 1:1,000, and anti-GAPDH Santa Cruz Biotechnology, Santa Cruz,
CA) at 1:500. Staining with the anti-GAPDH antibody was used as a
loading control. Signal intensity of bands was quantified using the
Image] densitometry  software {hitp//rsb.info.nih.gov/ii/index btml
and normafized to GAPDH signal intensity.

Sircol collagen assay

The soluble collagen levels in culture supernatants were measured
using a Sircol Collagen Assay (Biocolor, Belfast, UKL This assay
measured total secreted collagen from cultured cells, Briefly, cells
were cultured for 48hours with or without treatment, and then
supernatants were collected. One milliliter of Sirius red, an anionic
dye that specifically reacts with the basic side chain groups of
collagens, was added to 200ul of the supernatant and incubated
with gentle rotation for 30minutes at room lemperature. After
centrifugation, the collagen-bound dye was resolubilized in 1 ml of
0.5 M NaOH, and the absorbance at 540 nm was measured.

Phosphorylated kinase array

Phosphorylated kinase was profiled with the Proteome Profiler
Human Phospho-Kinase Array Kit (R&D Systems). The procedures
were performed according to the manufacturer’s protocol using
300 pg of protein lysate per array.

Statistical analysis

All experiments reported in this paper were repeated at least three
times, yielding similar results, and data are presented as mean £ SD.
The Student’s two-lailed t-test (Microsoft Excel software, Redmond,
WA} was used for comparison between two groups. When analysis
included more than two groups, one-way analysis of variance
{ANOVA followed by Dunnett’s test was used. P-values less than
0.05 were considered statistically significant.
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Annexin A4-conferred platinum resistance is mediated
by the copper transporter ATP7A
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Although platinum drugs are often used for the chemotherapy of human cancers, platinum resistance is a major issue and
may preclude their use in some cases. We recently reported that enhanced expression of Annexin A4 (Anx A4) increases che-
it to carboplatin through i d:extracellular efflux of the drug. However, the precise mechanisms underlying
 that chemoresistance and the relationship of Anx A4 to platinum resistance in vivo remain unclear. In this report, the in vitro
mechanism of platinum resistance induced by Anx A4 was investigated in endometrial carcinoma cells (HEC1 cells) with low
expression of Anx A4. Forced expression of Anx A4 in HEC1 cells resulted in chemoresistance to platinum drugs. In addition,
HECT control cells were compared with Anx A4-overexpressing HEC1 cells in xenografted mice, Significantly greater chemore-
sistance to cisplatin was obsetved in vivo in Anx A4: pressing fted mice. I fl ence analysi led
that exposure to platinum drugs induced relocation of Anx A4 from the cytoplasm to the cellular membrane, where it became
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cologalized with ATP7A, a copper transporter also well known as a mechanism of platinum efflux. ATP7A expression sup-
pressed by small interfering RNA had no effect on HEC1 control cells in terms of chemosensitivity to platinum drugs. However,

~ suppression of ATP7A in Anx A4-overexpressing plati

_to 5-fluorouracil) to a level comparabl
fers pl e e by p ing efftux of pl

Platinum drugs, widely used for treating gynecological can-
cers, can improve survival rates dramatically, particularly in
patients with ovarian and endometrial carcinomas.'™® Com-
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cells improved chemosensitivity to platinum drugs (but not

to that of control cells. These results indicate that enhanced expression of Anx A4 con-
drugs via ATP7A.

pared with platinum-sensitive tumors, prognosis is poorer for
tumors that are (or become) platinum-resistant; for these
tumors, other chemotherapeutic drugs also tend to be less
effective. For example, an efficacy of 81% has been demon-
strated for chemotherapy regimens that include platinum
drugs for treatment of ovarian serous adenocarcinoma
(SAC), the most common subtype of ovarian carcinoma;
however, the efficacy of these regimens is only 18% for ovar-
ian clear cell carcinomas (CCC), which are frequently resist-
ant to multiple drugs.” Compared with advanced SAC, the
clinical prognosis of patients with similarly advanced CCC is
markedly worse largely because of the considerably higher
rate of recurrence after CCC treatment.” ™" Therefore, deter-
mining the mechanism underlying platinum resistance may
aid in identification of therapeutic targets for platinum-
resistant tumors such as CCC. Studies using proteomic
screening approaches have previously demonstrated overex-
pression of Annexin A4 (Anx A4) protein in ovarian CCC,
which is frequently a highly platinum-resistant tumor com-
pared with SAC." Similar findings have been reported in a
study comparing SAC and CCC using a genomic screening
approach.” Anx Ad, a previously understudied member of
the Annexin protein family, binds to phospholipids in a
Ca**-dependent manner, self-associates on phospholipid
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Although platinum-based drugs are often used in chemotherapy, resistance to these drugs is frequently a problem. The pro-
tein Annexin A4 (Anx A4) is known to be involved in platinum efflux in ovarian tumours; however, its precise mechanism of
action has been unclear, In this study, the authors demonstrated that the strong platinum-resistance in Anx Ag-
overexpressing cells involves the transp protein ATP7A, both in vitre and in-vivo. This suggests that Anx A4 may be a
highly useful therapeutic target in Anx A4-expressing carcinomas.

membrane surfaces and causes membrane aggregation.'>'*"'7

Enhanced expression of Anx A4 has recently shown to
increase tumor chemoresistance to carboplatin (a key drug
for treating gynecological cancers) via increased extracellular
efflux of the drug.'* Another study showed that Anx A4 sup-
presses NF-xB transcriptional activity, which is significantly
upregulated early after etoposide treatment. Anx A4 translo-
cates to the nucleus together with p50 and imparts greater
resistance to apoptotic stimulation by etoposide treatment.'®
Anx A4 may also be associated with drug resistance in other
types of tumors; enhanced expression of Anx A4 has been
reported in colon, renal, lung and pancreatic cancers.”” >
However, the details of Anx A4-mediated extracellular efflux
of platinum drugs remain unclear.

HECI is an endometrial carcinoma cell line with low Anx
A4 expression levels. In our study, Anx A4-overexpressing
derivative HEC1 cell lines were established and their chemo-
sensitivity toward platinum drugs was analyzed both in vitro
and in vivo. Anx A4-conferred platinum chemoresistance was
shown to be mediated by the copper transporter ATP7A. >

Material and Metbods

Cell lines

The human endometrial carcinoma cell lines HEC1, HECIA,
HEC6, HEC88nu, HEC108, HEC116 and HEC251; SNGII
and SNGM cells, the human ovarian SAC cell line OVSAHO
and the ovarian CCC cell lines OVISE and OVTOKO were
obtained from the Japanese Collection of Research Bioresour-
ces (Osaka, Japan); A2780 cells from the human ovarian SAC
cell line were obtained from the European Collection of Ani-
mal Cell Culture (Salisbury, Scotland). The identity of each
cell line was confirmed by DNA fingerprinting via short tan-
dem repeat profiling, as described previously.”® HECI,
HECI1A, HEC6, HEC88nu, HEC108, HEC116 and HEC251
cells were maintained in Dulbecco’s modified Eagle’s medium
(D-MEM) (Wako Pure Chemical Industries, Osaka, Japan)
supplemented with 10% fetal bovine serum (FBS) (HyClone
Laboratories, Logan, UT) and 1% penicillin-streptomycin
(Nacalai Tesque, Kyoto, Japan) at 37°C under a humidified
atmosphere of 5% CO,. SNGII and SNGM cells were main-
tained in Ham’s F12 medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% FBS and 1% penicillin-streptomycin.
OVSAHO, A2780, OVISE and OVTOKO cells were main-
tained in Roswell Park Memorial Institute 1640 medium
(Wako Pure Chemical Industries) supplemented with 10%
FBS and 1% penicillin-streptomycin.

Int. ). Cancer: 134, 1796~1809 (2014) © 2013 UiCC

Generation of Anx A4 stably transfected cell lines

To generate cell lines that stably expressed Anx A4, HECI
cells were transfected with the pcDNA3.1-Anx A4 expression
plasmid, as described previously.'> Transfected cells were
selected with 600 pg/ml of Geneticin (Invitrogen). Clones
were maintained in 250 pg/ml of Geneticin for stability of
expression. Four stable Anx Ad4-expressing cell lines were
established and designated HEC1-A25, HEC1-A43, HECl-
A63 and HEC1-A77. A control cell line of HECI was also
established and stably transfected with an empty vector. This
cell line was designated as HEC1-CV.

Western blotting

Cells were lysed in radioimmunoprecipitation assay buffer
[10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1%
protease-inhibitor cocktail (Nacalai Tesque) and 1%
phosphatase-inhibitor cocktail (Nacalai Tesque)]. After cen-
trifugation (13,200 rpm, 4°C, 15 min), soluble proteins in the
supernatant were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, as described previously.”
Additional information can be found in Supporting Informa-
tion Material and Methods.

Measurement of 1Cs, values after treatment with cisplatin

or carboplatin

Cells were suspended in D-MEM medium supplemented
with 10% FBS and were seeded in 96-well plates (2,000 cells
per well) {Costar; Corning, Corning, NY) for 24 hr. They
were then exposed to various concentrations of carboplatin
(0-500 pM), cisplatin (0~100 pM) or 5-fluorouracil (5-FU)
(0-50 uM) for 72 hr. Cell proliferation was evaluated using
the WST-8 assay (Cell Counting Kit-SF; Nacalai Tesque) after
treatment at the time points indicated by the manufacturer.
The absorption of WST-8 was measured at a wavelength of
450 nm (reference wavelength: 630 nm) using a Model 680
microplate reader (Bio-Rad Laboratories, Hercules, CA).
Absorbance values for treated cells indicative of proliferation
rates were expressed as percentages relative to results for
untreated controls, and the drug concentrations resulting in a
50% inhibition of cell growth (ICs, values) were calculated.

Small interfering RNA transfection
Two commercial small interfering RNAs (siRNAs) against
ATP7A and a nonspecific control siRNA were obtained from
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Qiagen (Venlo, The Netherlands) and designated ATP7A
siRNA4 and ATP7A siRNAG, respectively. For gene silencing,
a specific sense strand 5-GCAGCUUGUAGUAUUGAA
ATT-3' was used for ATP7A siRNA4, and an antisense
strand  5-UUUCAAUACUACAAGCUGCTA-3  was also
used. For ATP7A siRNAG, a specific sense strand 5'-GCGUA
GCUCCAGAGGUUUATT-3' was used, and an antisense
strand  5-UAAACCUCUGGAGCUACGCAG-3' was also
used. Cells were transfected with siRNA using Lipofectamine
2000 reagent (Invitrogen) according to the manufacturer’s
instructions. Selective silencing of ATP7A was confirmed by
‘Western blot analysis.

In vivo model of cisplatin resistance

All animal experiments were conducted in accordance with
the Institutional Ethical Guidelines for Animal Experimenta-
tion of our National Institute of Biomedical Innovation
(Osaka, Japan). Four-week-old, female Institute of Cancer
Research (ICR) nu/nu mice were obtained from Charles River
Japan (Yokohama, Japan). For subcutaneous xenograft experi-
ments, 2.5 X 10° HECI, HECI-CV, HEC1-A63 and HECI-
A77 cells were suspended in 100 pl of 1/1 (v/v) phosphate-
buffered saline (PBS)/Matrigel (Becton Dickinson, Bedford,
MA) and injected subcutaneously into the flanks of the ICR
nu/nu mice (n =5 per group). One week after xenograft estab-
lishment, tumors measured ~100 mm?® Mice were then ran-
domly divided into two groups and administered cisplatin (3
mgrkg) or PBS ip. twice weekly for 4 weeks. Tumor volumes
were determined twice weekly by measuring length (L), width
(W) and depth (D). Tumor volume was calculated using the
formula: tumor volume (mm®) =W X L X D. At 56 days
after tumor implantation, tumors were removed and weighed.

Quantification of intracellular platinum accumutation
Cisplatin accumulation in cells was analyzed according to a
previously established method, with certain minor modifica-
tions. In brief, 6 X 10° cells (HEC1, HEC1-CV, HEC1-A25,
HEC1-A43, HECI-A63 and HECI-A77 cells) were seeded
into two 150-mm tissue culture dishes and incubated for 24
hr. The cells were then exposed to 1 mM cisplatin for 60
min at 37°C and then washed twice with PBS. After 3 hr of
incubation in cisplatin-free D-MEM medium (supplemented
with 10% FBS), whole extracts were prepared and the con-
centration of intracellular platinum was determined using an
Agilent 7500ce inductively coupled plasma mass spectrometer
(ICP-MS; Agilent, Santa Clara, CA). The absolute concentra-
tion of platinum in each sample was determined from a cali-
bration curve prepared with a platinum standard solution.

Preparation of crude membrane fractions

To investigate the localization of Anx A4, crude membrane
fractions (CMFs) of cells treated in various ways were pre-
pared. Cells were divided into three groups: those that
received no treatment, those pretreated with 10 uM cisplatin
for 4 hr and those pretreated with 50 pM carboplatin for 4

Annexin A4-conferred platinum resistance

hr. CMF were prepared as described elsewhere,” with modi-
fications. Prepared proteins were investigated using Western
blot analysis. Additional information can be found in Sup-
porting Information Material and Methods.

Biotinylation of HEC1 cell membrane surface proteins after
cisplatin or carboplatin exposure

To investigate the localization of ATP7A after exposure to
platinum drugs, treated or mock-treated HEC! cells were
surface-biotinylated and the presence of ATP7A was investi-
gated by Western blot analysis. Additional information can
be found in Supporting Information Material and Methods.

Immunofluorescence for ATP7A and Anx A4
Immunotluorescence steining was performed 2 days after cells
had been seeded on cover slips. Before staining, cells in the
treatment groups were pretreated with 10 uM cisplatin or 50
uM carboplatin for « hr. Cells were then analyzed for localiza-
tion of Anx A4 and ATP7A. Additional information can be
found in Supporting Information Material and Methods.

Statistical analysis

Statistical analyses were performed using one-way analysis of
variance (ANOVA) followed by Dunnett’s analysis to evalu-
ate the significance of differences. In all analyses, p < 0.05
was considered to be statistically significant.

Results

Expression of Anx A4 in endometrial carcinoma cell lines

To investigate Anx A4 expression in nine common endome-
trial carcinoma cell lines, Western blot analyses were per-
formed. Expression of Anx Ad was strongest in SNGM cells
compared with the other eight cell lines (Fig. la). Thus,
enhanced expression of Anx A4 was confirmed in this endo-
metrial carcinoma cell line.

Anx A4 and platinum resistance in HEC1 cell lines

From control HECI cells (low Anx A4 expression levels),
four stable lines of Anx Ad-overexpressing cells (HEC1-A25,
HEC1-A43, HECI-A63 and HEC1-A77 cells) and one line of
empty vector transfected cells (HECI-CV cells) were estab-
lished. Overexpression of Anx A4 was confirmed using West-
ern blot analysis and was compared with CCC cell lines
(OVTOKO and OVISE) used as positive controls (Fig. 1b).
Significantly higher 1Csy values for cisplatin were observed in
HECI-A25 (32.1 pM, p < 0.01), HEC1-A43 (23.8 uM, p <
0.01), HECI-A63 (349 puM, p < 0.01) and HECI-A77 cells
(17.3 uM, p < 0.01) compared with HEC1 (9.8 puM) and
HECI-CV cells (84 uM) (Fig. 1¢). Similarly, 1Cs, values for
carboplatin were significantly increased in HECI-A25 (194.6
UM, p < 0.01), HECI-A43 (153.3 puM, p < 0.01), HEC1-A63
(3715 pM, p < 0.01) and HECI-A77 cells (158.1 pM, p <
0.01) compared with HECI (59.1 pM) and HECI-CV cells
(60.9 uM) (Fig. 1c). Thus, Anx A4 overexpression conferred
platinum resistance in HEC1 cell lines.

int. J. Cancer: 134, 1796-1809 (2014) © 2013 UICC
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Figure 1. Enforced expression of Anx A4 in HEC1 cells confers platinum resistance in vitro. (a) Western blot analysis of nine endometrial
carcinoma cell lines. Anx A4 was expressed in one cell line, (b) Establishment of an Anx A4-stably-expressing HEC1 cell line by transfection
with the pcDNA3.1-Anx A4 expression plasmid into a HEC1 cell line with low Anx A4 expression levels. Enforced expression of Anx A4 was
confirmed by Western blot analysis. (c) The ICs Sensitivity to cisplatin or carboplatin was investigated in HEC1, HEC1-CV, HEC1-A25, HEC1-
A43, HEC1-A63 and HEC1-A77 cells, (d) Intracellular platinum accumulation was investigated after treatment with 1 mM cisplatin for 60
min and further incubation with cisplatin-free medium for 180 min and was determined by ICP-MS analysis.
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Intracellular platinum accumutation in Anx A4-
overexpressing cells

To elucidate the mechanism underlying platinum resistance
induced by Anx A4, intracellular platinum accumulation of
HECI, HEC1-CV, HEC1-A25, HEC1-A43, HECI1-A63 and
HEC1-A77 cells after cisplatin exposure was analyzed. Signifi-
cantly less platinum had accumulated in HEC1-A25, HEC1-
A43, HEC1-A63 and HEC1-A77 cells compared with HEC1L
and HECI-CV cells (0.036 pg/cell, p<0.01; 0.04 pglcell,
Pp<0.01; 0.03 pg/eell, p<0.01; 0.065 pglcell, p<0.05 and
0.154 and 0.150 pg/cell, respectively) (Fig. 1d). Thus, intracel-
lular platinum accumulation was decreased in Anx A4-
overexpressing cells.

Fatin § "

Anx A4 pressing cells and cisp in
models
To determine the involvement of Anx A4 in platinum resist-
ance in vivo, HECl, HEC1-CV, HECI-A63 and HECI-A77
cells were subcutaneously injected into nude mice. After the
tumor xenograft had been established, cisplatin or PBS was
given twice a week for 1 month. On Day 56, average tumor
volumes were 11,496 =950 mm® in PBS-treated HEC1-CV
control mice and 3,554 + 872 mm® in cisplatin-treated HEC1-
CV controls. A significant antitumor effect of cisplatin was
therefore observed in HEC1-CV-xenografted mice compared
with the PBS-treated group. The parent HEC1 and HEC1-CV
xenografts responded similarly to cisplatin (Fig. 2a; p < 0.01).
In HEC1-A63-xenografted mice, the average tumor volume
on Day 56 was 8,245 = 160 mm® in the PBS-treated group and
only slightly less (7,078 £ 257 mm®) in the cisplatin-treated
group (Fig. 2a; p=0.42). A similar response to cisplatin was
observed in the HEC1-A63 and HEC1-A77 xenografts. On Day
56, no significant differences in tumor weight were found in
HEC1-A63-xenografted mice between the PBS treatment
(4.66 £ 0.42 g) and the cisplatin treatment groups (443 = 0.16
g) (Fig. 2b). Similar results were observed in HEC1-A77 xeno-
graft models. In contrast, a significant decrease in tumor weight
was observed in HECI-CV-xenografted mice between the PBS
mock treatment (595 1.16 g) and the cisplatin treatment
groups (3.20 £ 0.76 g p < 0.05) (Fig. 2b). Similar results were
observed for the HEC1 and HEC1-CV xenografts. No signifi-
cant differences in tumor weight in the PBS treatment group
were observed among HEC1-CV-xenografted (595 1.16 g),
HECl-xenografted (748 £034 g), HECI-A63-xenografted
(4.66 = 042 g) and HECI-A77-xenografted mice (4.82 % 1.08
g) (Fig. 2b). These results indicated that overexpression of Anx
A4 in HEC1 endomettial carcinoma cell lines conferred signifi-
cant platinum resistance to the cells as tumors growing in vivo.

Translocation of Anx A4 and ATP7A after platinum

exposure

In our study, platinum transporters were the focus of an
investigation of the molecular mechanisms of chemoresist-
ance induced by Anx A4. In previous research, intracellular

Annexin A4-conferred platinum resistance

platinum levels were decreased after enhanced expression of
Anx A4, and ATP7A and ATP7B are well known as efflux
transporters of platinum drugs.”’>**' However, the relation-
ship of Anx A4 with ATP7A and ATP7B has not been previ-
ously examined. The results of our study demonstrated no
change in expression of ATP7A at the protein levels owing
to enforced overexpression of Anx A4 (Fig. 3a) and no
ATP7B expression in HECI cells (data not shown). There-
fore, the effects of Anx A4 expression on ATP7B in these
cells were not investigated. .

Because Anx A4 is normally localized to the cytoplasm,
we theorized thal exposure to platinum drugs may induce
translocation of Anx A4 to the cellular membrane, resulting
in an increase in chemoresistance owing to the influence of
ATP7A. To investigate the possibility of induced transloca-
tion of Anx A4 and ATP7A by platinum drugs, CMFs were
prepared. By Western blot analysis, Anx A4 expression in
CMF of HEC1 and HECI1-CV cells before and after treat-
ment with cisplatin or carboplatin was barely detectable
because of its low endogenous expression in these cells (Fig.
3b). In contrast, Anx A4 expression was increased in CMF of
HEC1-A63 cells and HECI1-A77 cells treated with cisplatin
and carboplatin compared with untreated cells (Fig. 3b).
Biotinylation-based cell surface membrane protein enrich-
ment revealed a marked increase in biotinylation of ATP7A
after exposure to cisplatin or carboplatin in HEC1, HECI-
CV, HECI1-A63 and HEC1-A77 cells (Fig. 3c). In the biotin-
ylated samples, no Anx A4 expression was detected on the
cell surface, although it had been previously detected in the
cell CMF (data not shown). These results suggested that
exposure to cisplatin or carboplatin induced massive translo-
cation of Anx A4 to CMF, including the inner surface of the
cell membrane (inaccessible to biotinylation). Before exposure
of the cell to cisplatin or carboplatin, ATP7A was not
expressed in biotinylated samples but after exposure, strong
ATP7A expression was detected. These results suggested that
exposure to cisplatin or carboplatin induced massive transto-
cation of ATP7A to the outer surface of the cell (accessible
to biotinylation).

Anx A4 and ATP7A localization

By immunofluorescence analysis, Anx A4 was localized in
the perinuclear and cytoplasmic regions of untreated cells,
whereas ATP7A was localized mainly in the perinuclear and
cytoplasmic regions and slightly less in the cellular mem-
brane in HECI, HEC1-CV, HEC1-A63 and HEC1-A77 cells
(Figs. 4a-4d). After 4-hr exposure to cisplatin or carboplatin,
Anx A4 and ATP7A were found to be colocalized to the cel-
[ular membrane in HECI-A63 cells (Fig. 4c). Similar findings
were observed in HEC1-A77 cells (Fig. 4d). Because of the
low expression of Anx A4 in HEC1 and HECI-CV cells, no
Anx A4 was detected in the cellular membranes in these cells
(Figs. 4a and 4b). Thus, the results of the immunofluores-
cence analysis were in accordance with those of both West-
ern blot analysis of CMF preparations and biotinylation
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Figure 2. Enforced expression of Anx A4 in HEC1 cells confers platinum resistance jn vivo. Analysis of Anx A4 as a platinum-resistant pro-
tein in vivo. (a) To determine the resistance of Anx A4-stably-expressing HEC1 cells to platinum in vivo, parent HEC1, HEC1-CV, HEC1-A63
and HEC1-A77 cells were subcutaneously injected into nude mice (n=5 per group). After tumor xenografts were established, cisplatin (3
mg/kg) or PBS was administered i.p. twice weekly for 1 month. Figure shows the average (points) for five animals = SD (bars). (b) Fifty-six
days after impl. fon, tumors were { and weighed. Values shown are the means (+SD) of five mice. NS: not significant (*p <
0.05; **p < 0.01; one-way ANOVA, followed by Dunnett’s analysis).
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Figure 3. Localization of Anx A4 and ATP7A was investigated using Western blot analysis. The localization of Arx A4 and ATP7A was investigated
using two technigues: orthogonal crude membrane fractions and biotinylation of cell surface proteins, (a) No significant change in expression lev-
els of ATP7A was observed in HEC1, HEC1-CV, HEC1-A63 or HEC1-A77 cells. (b} In both HEC1-A63 and HECT-A77 cells {but not in HECY and
HEC1-CV cells), the drug-induced translocation of Anx A4 into the crude membrane fraction was shown by Western blot analysis after exposure
to 10 pM cisplatin or 50 uM carboplatin for 4 hr. TCL: total cell lysate. Epidermal growth factor receptor was used as the control for cell surface
protein labeling. () In HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells, translocation of ATP7A to the cell surface was shown by Western blot
analysis. Cells were treated with 25 pM cisplatin or 150 uM carboplatin for 4 hr, and cell surface proteins were biotinylated with 500 pM sulfo-
NHS-SS-hiotin. Biotinylated surface proteins were enriched with Ultralink Immobilized Neutroavidin (Thermo Fisher Scientific, Waltham, MA) and
analyzed by Western blot analysis using anti-ATP7A. Levels of epidermal growth factor receptor, a surface protein, are shown as loading controls.

assays (Figs. 3b and 3¢). Anx A4 and ATP7A were localized
in the cytoplasm before cisplatin or carboplatin exposure;
Anx A4 and ATP7A were then translocated to the cellular
membrane after cisplatin or carboplatin exposure. Thus, Anx
A4 and ATP7A are colocalized to the cellular membrane in
platinum-treated HEC1-A63 and HECI1-A77 cells but not in
HEC! and HEC1-CV cells.

Effect of ATP7A expression on resistance to platinum

drugs

The mechanism of platinum resistance conferred by Anx A4
overexpression was explored further by suppression of
ATP7A expression using siRNA. The suppression of ATP7A
was confirmed using Western blot analysis (Fig. 5a). Anx A4
expression was unchanged by silencing ATP7A (Fig. 5a). The
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figure &. Immunofluorescence staining for ATP7A and Anx A4, HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells were divided into three groups: the
no treatment, cisplatin exposure and carboplatin exposure groups. (@) HEC1 cells, (b) HEC1-CV cells, () HEC1-A63 cells and (d) HEC1-A77 cells.
Cells were incubated with anti-Anx A4 antibody (red) or anti-ATP7A antibody (green). Nuclei were stained with DAPI (blue). In the no treatment
group for each cell, Anx A% was localized in perinuclear and cytoplasmic regions and ATP7A was strongly localized in perinuclear regions, In HEC1
and HEC1-CV cells, after exposure to cisplatin or carboplatin, ATP7A was relocalized in the cellular membrane, although some ATP7A remained in
the cytoplasm; however, no change in location of Anx A4 was observed. in HEC1-A63 and HEC1-A77 cells, Anx A4 and ATP7A were newly colocal-
ized in the cellular b as well as remaining in the cytoplasm. In a comparison of HEC1 and HEC1-CV cells with HEC1-A63 and HEC1-A77

cells, expression of Anx A4 in HEC1-A63 and HEC1-A77 cells was stronger in the cytopl and cellular b Scale bar= 30 pm.
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Figure 4. (Continued)

control and commercial siRNAs against ATP7A were trans-  significantly lower for the two kinds of ATP7A-silenced
fected and the ICs values of cisplatin and carboplatin were HECI-AG3 cells (ATP7A siRNA4, 1Cso = 11.0 M, p < 0.01;
determined for each cell line. The ICsq value for cisplatin was  ATP7A siRNA6, 1Cq = 11.2 uM, p < 0.01) compared with
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Figure 5. Knockdown of ATP7A expression i 1 itivity in Anx A4 pressing cells. (@) Knockdown expression of
ATP7A by siRNA in HEC1, HEC1-CV, HEC1~ A63 and HECl -A77 ce\ls by Westem blot analysis. (b) ICso values are shown for cisplatin in HEC1,
HEC1-CV, HEC1-A63 and HEC1-A77 cells transfected with negative control siRNA and two types of siRNA targeting ATP7A. A significant
decrease in 1Cso value for cisplatin was observed for the two types of ATP7A-silenced HEC1-A63 and HEC1-A77 cells but not for the HEC1
and HEC1-CV cells. (¢) ICsq values are shown for carboplatin in HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells transfected with negative
control siRNA and two kinds of siRNA targeting ATP7A. A significant decrease in ICs, value for carboplatin was observed for the two types
of ATP7A-silenced HEC1-A63 and HEC1-A77 cells but not for the HEC1 and HEC1-CV cells. (d) Intracellular platinum content after treatment
with 1 mM cisplatin for 60 min and further incubation with cisplatin-free medium for 180 min in D-MEM medium in HEC1-A63 cells and
HEC1-A77 cells transfected with negative control siRNA and ATP7A ing SiRNA, as d by ICP-MS analysis. Significantly higher
intracellular platinum accumulation was observed in HEC1-A63 cells and HEC1-A77 ATP7A-silencing cells than in control siRNA-transfected
HEC1-A63 cells and HEC1-A77 cells. (e} No significant differences in ICs, values for 5-FU were noted between HEC1, HEC1-CV, HEC1-A63
and HEC1-A77 cells. Similar results were observed in ATP7A-silenced cell lines for HEC1, HEC1-CV, HEC1-A63 and HEC1-A77 cells (*p <
0.05; **p < 0.01; one-way ANOVA followed by Dunnett’s analysis).
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the HEC1-A63 control siRNA-transfected cells (IC;, = 32.2
uM) (Fig. 5b).

In addition to cisplatin, improved chemosensitivity associ-
ated with ATP7A silencing was observed with carboplatin.
Significantly lower 1C5, values for carboplatin were observed
in both types of ATP7A-silenced HEC1-A63 cells (siRNA4,
ICso =859 uM, p < 0.01; siRNAG, ICs =928 uM, p <
0.01) compared with the HECI-A63 control siRNA-
transfected cells (ICso = 300.7 pM) (Fig. 5¢). Similar results
were found for HEC1-A77 ATP7A-silenced cells, where a sig-
nificantly lower ICs, value for cisplatin was observed
(SIRNA4, ICso=8.9 uM, p < 0.05 SIRNAG, 1Cq =62 M,
p < 0.01) compared with that for HEC1-A77 control siRNA-
transfected cells (ICso = 23.3 uM). ICsq values for carboplatin
were also significantly lower for the two kinds of ATP7A-
silenced HEC1-A77 cells (siIRNA4, 1Csp = 49.8 pM, p < 0.05;
siRNA6, ICso =319 puM, p < 0.05) compared with the
HEC1-A77 control siRNA-transfected cells (IC5, = 152.1 uM,
p < 0.01) (Fig. 5¢). In contrast, siRNA treatments targeting
ATP7A were ineffective in HEC1 and HECI-CV cells treated
with cisplatin or carboplatin (Figs. 5b and 5¢). Intracellular
platinum accumulation after cisplatin exposure was signifi-
cantly increased in HEC1-A63 cells treated with ATP7A
SIRNA (0.060 pgicell, p < 0.01 to 0.113 pgleell, p < 0.01)
compared with control siRNA-transfected cells (0.030 pg/ccl!)
(Fig. 5d). Similarly, a significant increase in intracellular plati-
num accumulation was observed in HEC1-A77 cells treated
with ATP7A siRNA (0.133 pg/cell, p < 0.01 to 0.146 pg/cell,
p < 0.01) compared with control siRNA-transfected cells
(0.065 pg/cell) (Fig. 5d).

To investigate the relationship between resistance to
drugs other than platinum drugs and Anx A4 or ATP7A
expression, 1Csq values for 5-FU were determined for each
cell line. No significant change in ICsq values for 5-FU was
observed in HEC1 (ICsq = 0.96 uM), HECI-CV (ICso = 1.00
puM), HECI-A63 (IC;,=0.83 puM) or HECI-A77 cells
(1C50 = 1.01 uM) (Fig. 5e). Similar results were observed in
the ATP7A-silenced cell lines for HECI, HEC1-CV, HEC1-
A63 and HEC1-A77 cells as well as in ATP7A-silenced cell
lines (Fig. Se). These results suggested that platinum resist-
ance induced by enforced expression of Anx A4 was mainly
dependent on the platinum transporter ATP7A and that
expression of Anx A4 and ATP7A was unrelated to resist-
ance to 5-FU.

Discussion

In our study, overexpression of Anx A4 in HECL cells
decreased cell sensitivity to platinum drugs in vitre. Increased
drug efflux was the mechanism underlying this change. In
addition, an association between Anx A4 and platinum resist-
ance was demonstrated for the first time in vivo. The mecha-
nism of Anx Ad-induced drug efflux may prove to be a
promising therapeutic target because blockage of that mecha-
nism may improve the prognosis of patients with Anx A4-
associated platinum-resistant tumors.

Annexin A4-conferred platinum resistance

Anx A4 itself is not a drug transporter, but it does bind
to phospholipids in a Ca’"-dependent manner and self-
associates onto phospholipid membrane surfaces, causing
membrane aggregation.'™ "7 Thus, we assumed an indirect
mediating effect of Anx A4 on drug efflux through an associ-
ation between an unidentified drug transporter and Anx A4,
Recently, MRP2 {an ABC ATPase-ike multidrug-resistant
protein) and ATP7A and ATP7B {two P-type Cu-transport-
ing ATPases) were identified as platinum efflux transporters
strongly associated with platinum resistance.™ In an analy-
sis of clinical gynecological samples, expression of MRP2
failed to predict tumor response to chemotherapy and did
not correlate with overall survival ¥ In contrast, poor sur-
vival rates were associated with overexpression of ATP7A in
patients with ovarian cancer.”” Similarly, a correlation was
found between ATP7B overexpression in endometrial carci-
nomas and an unfavorable clinical outcome in patients
treated with cisplatin-based chemotherap Therefore, we
focused on the platinum transporters ATP7A and ATP7B
and investigated their relationships with expression of Anx
Ad. In normal, unchallenged cells, ATP7A and ATP7B are
localized in the Golgi apparatus and are involved in copper
homeostasis, using ATP hydrolysis to transport copper ions
across cellular membranes. They function in both the export
of excess copper and its delivery to copper-dependent
enzymes. ATP7A and ATP7B are also known to be efflux
transporters of platinum  drugs.>*#**43% In one study,
only a slight increase in expression of transfected ATP7A
was seen in a human ovarian cancer cell ling however, that
small increase was sufficient to confer significant resistance
to cisplatin or carboplatin®® In a similar study in another
human cisplatin-resistant ovarian cancer cell line, silencing of
ATP7B by siRNA transfection resulted in a 2.5-fold decrease
in cisplatin ICyy levels and a significant increase in DNA-
platinum adduct formation.”’ Preparing CMFE of treated cells
facilitated the localization of Anx A4 expression in cells
before and after exposure to platinum drugs. The abundance
of AnxA4 in the membrane fraction along with the transloca-
tion to the membrane was increased. Using the orthogonal
method of cell surface protein labeling to monitor proteins
appearing on the cell surface, biotinylated ATP7A was
increased after cisplatin or carboplatin exposure both in
HECI and HECI-CV cells (cells expressing low levels of Anx
Ad4) and HEC1-A63 and HECI1-A77 cells (cells overexpress-
ing Anx Ad4). Taken together, these results suggest that plati-
num drug exposure causes relocalization of Anx A4
expression to the membrane fraction and relocalization of
ATP7A transporters (to a minimum) to the external surface
of the cellular membrane. Unfortunately, ne similar analysis
of ATP7B was possible because it is not expressed in HECI
cells (data not shown). However, in cells that express both
ATP7A and ATP7B proteins, other immunofluorescence
studies have shown similar changes in localization of
both proteins after cisplatin exposure.’* After cisplatin or
carboplatin exposure in HECI-A63 and HECI-A77 Anx
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Ad-overexpressing cells, immunofluorescence showed that
Anx A4 expression was relocated from the perinuclear and
cytoplasmic Golgi regions to the cellular membrane. This
relocalization was not observed in HEC1 and HEC1-CV cells,
in which overexpression of Anx A4 does not occur.

ATP7A also relocates from the perinuclear and cytoplas-
mic regions to the cellular membrane after cisplatin or carbo-
platin exposure. However, this occurs both in HECI and
HECIL-CV cells (cells expressing low levels of Anx A4) and
HECL-A63 and HECI1-A77 cells (cells overexpressing Anx
A4). Although no direct interaction between ATP7A and
Anx A4 was detected by coimmunoprecipitation analysis
(data not shown), immunofluorescence analysis showed
colocalization of ATP7A and Anx A4 at least within the cel-
lular membrane in Anx Ad-overexpressing cells. These results
suggested that Anx A4 is not required for ATP7A transloca-
tion and that ATP7A translocation is unrelated to expression
of Anx Ad.

Translocation of Anx A4 to plasma membranes is report-
edly mediated by an increase in intracellular free Ca**, which
is increased by exposure to platinum drugs.>** In addition
to the translocation of ATP7A and Anx A4 to the plasma
membrane, our results also showed translocation of ATP7A
to the nucleus in HEC1 and HECI1-CV cells. Translocation
to the nucleus and colocalization of both ATP7A and Anx
A4 were also observed in HEC1-A63 and HEC1-A77 cells
after exposure to cisplatin or carboplatin in the immunofluo-
rescence staining analysis in our study (Fig. 4). Anx A4
translocates to the nucleus after etoposide treatment and sup-
presses NF-kB transcriptional activity, which induces expres-
sion of Bax, a proapoptotic Bcl-2 family protein.'® In
addition, a correlation has been reported between nuclear
staining of Anx A4 and poor survival in patients with ovar-
ian cancer.”® However, the role of ATP7A in the nucleus and
its relationship with NF-xB transcriptional activity has not
been investigated. Further investigation is needed to elucidate
the role of nuclear colocalization of Anx A4 and ATP7A in
platinum resistance.

In our study, translational silencing of ATP7A in HEC1
and HEC1-CV (Anx A4-nonexpressing cells) and HEC1-A63
and HECI-A77 cells (Anx A4-overexpressing cells) was per-
formed. Western blot analysis demonstrated no detectable
changes in protein expression of Anx A4 when ATP7A was
silenced in any of these four cell lines.

In HEC1 and control HECI-CV cells (low Anx A4
expression levels), 1Cso values for cisplatin or carboplatin
cells after the knockdown of ATP7A expression caused no
improvement in the sensitivity of these cells to cisplatin or
carboplatin. Similar results were observed in a previous study
in which no improvement in sensitivity to cisplatin resulted
from silencing of ATP7A in platinum-resistant or -sensitive
ovarian cancer cell lines.*! However, Mangala et al. reported
improved sensitivity to cisplatin in both platinum-resistant
ovarian cancer cells and parental cells expressing ATP7B as a
result of silencing of ATP7B expression.”! An important
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discovery related to ATP7A was communicated in our study:
in cells overexpressing both Anx A4 and ATP7A, silencing of
ATP7A significantly improved sensitivity to cisplatin and car-
boplatin, thus restoring them to sensitivity levels comparable
to those of HEC1 and HEC1-CV cells. These results were
supported by a quantitative analysis of the accumulation of
intracellular platinum, demonstrating that siRNA silencing of
ATP7A in Anx Ad-overexpressing HECI-A63 and HECI-
A77 cells resulted in greater intracellular platinum accumula-
tion than HEC1-A63 and HEC1-A77 cells transfected with a
control siRNA. On the other hand, the analysis of 1Cs, values
for 5-FU showed no relationship between overexpression of
Anx A4 and resistance to 5-FU. In addition, no improvement
in sensitivity to 5-FU was observed as a result of ATP7A
silencing. These results suggested a specific relationship of
Anx A4 with ATP7A and resistance to platinum drugs but
with to nonplatinum drugs such as 5-FU. Differences in effi-
cacy and improvement in drug sensitivity of ATP7A silencing
were observed between cell lines (HEC1, HEC1-CV, HECI-
A63 and HEC1-A77 cells). These variations may be related
to the colocalization of Anx A4 and ATP7A in the cellular
membrane after cisplatin or carboplatin exposure. Colocaliza-
tion of Anx A4 and ATP7A after exposure to platinum drugs
was specific lo changes in Anx Ad-overexpressing cells, which
are probably related to drug efflux. These results suggest that
in conjunction with higher Anx A4 expression levels, ATP7A
had a positive effect on efflux of platinum drugs, resulting in
significantly increased platinum resistance. Because overex-
pression of Anx A4 had no effect on ATP7A expression and
because no direct interaction between ATP7A and Anx A4
was detected in the coimmunoprecipitation analysis, Anx A4
seems to promote ATP7A activity in a manner which is cur-
rently unexplained.

In addition to the effects of Anx A4 on drug resistance in
ovarian cancer, similar findings have been reported for other
overexpressed members of the Annexin family such as
Annexin A3 (Anx A3).“Y Intracellular platinum concentra-
tions of cisplatin and levels of platinum DNA binding in that
study were significantly lower in Anx A3-overexpressing cells
than in control cells, suggesting a more general involvement
of the Annexin family in platinum resistance.*® From the
results of these related reports and those of our study, we
conclude that the Annexin family may potentially enhance
the activity of numerous drug transporters. Identifying these
enhancement mechanisms may be extremely useful for devel-
oping additional therapeutic targets for drug-resistant
tumors.

In summary, our study demonstrated that enhanced
expression of Anx A4 induces chemoresistance by promoting
platinum drug efflux via ATP7A. These findings suggested
that Anx A4 is a potential therapeutic target for chemosensi-
tization, particularly in tumors with higher expression of
both Anx A4 and ATP7A. Thus, our study provides a clear
example of applied genotoxicology. However, platinum resist-
ance induced by overexpression of Anx A4 may occur as a
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result of multiple processes, including regulation of apoptosis
and efflux of platinum drugs. Thus, other unknown chemore-
sistant mechanisms may be induced by overexpression of
Anx A4, Because overexpression of Anx A4 has been
reported in several other types of clinically important cancers,

such as rectal, renal, lung and pancreatic cancer,'?™>* larget-
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The ORF49 tegument protein of varicella-zoster virus (VZV) is one of the core gene products that is conserved among herpesvi-
rus family members. Although ORF49 s known to be a cell-tropic factor, its detailed functions remain elusive. ORF44 is another
core gene product reported to be essential, although its characterization and detailed functional analysis have not been reported.
These two core gene products form a complex in other herpesviruses beyond the host species and herpesvirus subfamilies. Here,
we show that complex formation between ORF44 and ORF49 is conserved in VZV. We serendipitously found that binding is
eliminated by an amino acid substitution at pusmon 17.9 (phenylalanme 129), and four amino acids in the carboxyl-terminal half

of the acidic cluster in ORF49 (i.c., aspartate-p}

t from positions 41 to 44 [41DFDE44}) were

l
identified as its binding motif. Alanine substitutions in each domam rendered the ORF44F129A mutation lethal for VZV, similar
to deletion of the entire ORF44. The phenotype of the ORF49-41AAAA44 mutation was comparable to that of the ORF49-defec-
tive virus, including small-plaque formation, impaired growth, and low infectious virus production. These results suggest that
the interaction between ORF44 and ORF49 is essential for their role in VZV infection and that ORF49 is required for the efficient
production of infectious progeny virus mediated by the conserved interaction between the two proteins.

“aricella-zoster virus (VZV) is a member of the human alpha-
¥ herpesvirus subfamily and the etiologic agent of two diseases:
varicella is the result of primary infection with VZV, and herpes-
zoster is caused by reactivation of the virus from the latent state
(1). VZV shares many features, especially a tropism for epithelial
and neural tissues, with other human alphaherpesvirus members,
including herpes simplex viruses 1 and 2 (HSV-1 and -2, respec-
tively), and with the nonhuman alphaherpesviruses. However,
VZV spreads only via cell-to-cell infection in culture and is more
akin to the betaherpesviruses (i.e., human herpesviruses 6 and 7)
in its apparent T-cell-tropism (1).

The VZV genome is approximately 125 kb and contains at least
70 unique open reading frames (ORFs), and it is the smallest ge-
nome in terms of length and gene setamong human herpesviruses
(1--3). Of the 70 identified ORFs, 44 are core genes that are con-
served among all human herpesvirus subfamilies (4). Recent ge-
nome-wide mutagenesis analysis showed that 34 ORFs among the
core genes are essential for virus reconstitution in cell culture,
whereas deletion of seven ORFs results in viral growth defects, and
three ORFs are dispensable in cell culture or skin organ culture
(5). Eight core genes encode tegument proteins, which are the
structural components of the virion and are located between the
nucleocapsid and the envelope.

VZV ORF49 encodes a nonessential tegument protein that
functions as a cell-tropic factor in cell culture via an unknown
mechanism (6). VZV ORF49 is the homolog of HSV-1 UL11 and
human cytomegalovirus (HCMV) UL99, which are among the
most extensively studied tegument protein-encoding genes. The
ULL1 and UL99 gene products, pUL11 and pp28, function in sec-
ondary envelopment (7-9), but they have different roles in the
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viral life cycle. HSV-1 UL11 is not essential for the viral life cycle;
however, the UL11 deletion mutant forms small plagues, and the
final titers are reduced to 80 to 95% of wild-type levels (1%). In
contrast, HCMV UL99 is an essential gene, and pp28-deficient
mutants show extremely impaired growth in normal fibroblasts
and produce no detectable infectious progeny (9). However, this
mutant spreads from cell to cell via an unknown mechanism (}1).

Several recent reports, beginning with one on HSV-1 ULIS6,
which is a core gene within the intron of a conserved herpesvirus
spliced gene, (i2), showed that interactions between pULI11 and
pUL16 homologs were conserved beyond the host species and
herpesvirus subfamilies (13-15). HSV pUL16 localizes to the nu-
cleus and the cytoplasm of infected cells and functions in virus
entry and in nuclear and cytoplasmic egress (14-19); pUL16 ho-
mologs may function in secondary envelopment, as reviewed in
reference 0. As described for UL11 homologs, whether UL16
homologs are required for the viral life cycle differs among viruses
(13,15, 21-25). In a genome-wide mutagenesis analysis, deletion
of the entire gene region from the viral genome of VZV ORF44,
the UL16 homolog, showed that it is an essential gene by loss-of-
function analysis in the MeWo cell line (3), although this was not

Received 11.August 2013 Accepted 10 October2013

Published ahead of print 23 October 2013

Address correspondence to-Yasuko Mo ymori@med kobe-u.acjp.
Copytight © 2014, American Society for Microbiology. Al Rights Reservad. -

January 2014 Volume 88 Number 1

AINN VHYSO Aq 1102 'S Aeiy uo /Bio-wise afy/:dpy woy pepeociumoq

confirmed by a revertant virus generated for gain-of-function
analysis.

The LI motif and the conserved acidic cluster of pULII are
essential for its interaction with pUL16 of HSV-1, whereas the
critical sequences in pUL16 have not been determined because it is
highly sensitive to deletions. Its short N-terminal 75-amino-acid
(aa) fragment was recently shown to include the pUL1! binding
site, and its C-terminal region functions as the binding regulatory
domain (26), although this has not been confirmed in the context
of HSV-1-infection. HCMV pUL94 directs pp28 to the assembly
compartment, where it plays a role in secondary envelopment.
Amino acids 37 to 39, near the acidic cluster of pp28, and one of
the conserved cysteine residues of pUL94 are involved in binding
in the context of infection (24, 27). In VZV, potential ORF49
protein (ORF49p)-binding proteins, including the pUL16 ho-
molog ORF44 protein (ORF44p), were identified by global
screening using the yeast two-hybrid system (28, 29), although
these interactions have not been confirmed, even by coexpression
experiments in mammalian cells.

In our previous study on VZV ORF49 (%), ORF49p was iden-
tified as one of the cell-tropic factors for VZV lytic infection in cell
culture. However, the precise function of ORF49 in cells in which
the ORF49-defective virus showed impaired growth was not elu-
cidated. To address this issue, we established a complete trans-
complementation system for ORF49 and identified ORF44p as its
binding partner in the context of infection. In the present study,
we aimed to reveal the precise role of ORF49p by using this system
and by analyzing the conserved mechanism of interaction be-
tween these proteins and its role in VZV infection.

MATERIALS AND METHODS

Cells and viruses. The melanoma cell line MeWo was propagated in Dul-
becco’s modified Eagle’s medium (DMEM) (Nissui Pharmaceutical,
Ueno, Tokyo) supplemented with 8% fetal bovine serum (FBS) (Sigma-
Aldrich, St. Louis, MO), 0.6 mg/ml t-sodium glutamate, and 0.02 mg/ml
gentamicin sulfate (Nacalai Tesque, Kyoto, Japan) (DMEM complete).
MeWo cells stably expressing Cre recombinase, designated MeWo-Cre
cells, were maintained in DMEM complete supplemented with 500 jug/ml
G418 (Nacalai Tesque) (31). MeWoORF49 cells stably expressing ORF49
were generated as follows: MeWo cells were transfected with CAG/ORF49
(described below) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions, selected, and propagated in
DMEM complete supplemented with 1.5 pg/mi puromycin (Invitrogen).
Recombinant viruses derived from the parental VZV strain Oka (pOka),
rpOka, rpOkaAd44Rev, rpOkaORF44F129ARev, rpOkaORF44TI28A,
rpOkaORF44K130A, rpOkaORF4IM 1L, rpOkaORF49M ILRev, rpOka-
ORF49-41AAAA44, and rpOkaORF49-41AAAA44Rey were maintained
in DMEM complete supplemented with 3% FBS.

Cell-free virus was prepared as described previously with slight mod-
ifications (¢). At 48 h postinfection (hpi) by cell-to-cell spread, cells were
harvested with a cell scraper (Iwaki, Tokyo, Japan), spun at 800 X g for 5
min at 4°C, and suspended in SGP buffer (phosphate-buffered saline
{PBS] containing 0.1% 1-sodium glutamate and 7% sucrose). The sus-
pended cells were treated with an ultrasonic disruptor (UD-201; Tomy
Seiko, Tokyo, Japan) at 1.5° for 30 s on ice and spun at 800 X ¢ for 5 min
at 4°C, and the supernatant was stored at —~80°C until use. The purified
viral particles were prepared as described in reference 6. Briefly, the cell-
free virus solutions were subjected to Histodenz (Sigma-Aldrich) gradient
purification (5 to 50% in PBS) by ultracentrifugation at 50,200 X g for 2 h
at 4°C in a P40ST rotor (CP8OWX; Hitachi Koki, Hitachinaka, Japan).
Aliquots of the peak particle-containing fractions were subjected to ultra-
centrifugation at 52,600 X g for 2 h at 4°C in a P28S rotor (CPSOWX;
Hitachi Koki), and the pellets were stored at —80°C for further analyses.
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Plasmids. The pGEX/ORF44, pGEX/ORF44A, and pGEX/ORF44P
plasmids were generated to express the full length (corresponding to aa 2
t0 363), anterior half (aa 2 to 200), and posterior half (aa 181 to 363) of the
ORF44 protein in Escherichia coli. The primer pairs ORFd4ecoF4 (5'-AC
CGAATTCGAATTACAACGCATATTTCCG-3') and ORF44salR (5'-AC
CGTCGACCTAGGTGGTTGTAGG-3") for ORF44, ORF44ecoF4 and
ORF445alR600 (5'-ACCGTCGACTAAATTAGGTTCCATAGCC-3') for
ORF44A, and ORF44ecoF541 (5'-ACCGAATTCGGAGTGTGGTGGTC
AGACG-3") and ORF44salR for ORF44P were used to amplify cach indi-
cated region of the ORFd4 gene from the rpOka cDNA. The PCR products
were inserted in frame into the pGEX6P-1 bacterial expression vector (GE
Healthcare Bio-Sciences, Piscataway, NJ) via the EcoRI and Sall sites (un-
derlined). The same procedure was used to construct pGEX/ORF61. The
DNA fragment (positions 406 to 744) of ORF61 was cloned into
pGEX6P-1 via the BamHT and Sall sites (underlined). The primer pair was
ORF61bamF406  (5'-ACCGGATCCGGGCCCCTTCAATCGTCGG-3")
and ORF61salR744stop (5'-ACCGTCGACCTAGAATCTCGCGTTTCC
CTC-3"). The eukaryotic ORF44 expression plasmid CAG/ORF44 or
CAG/FLAGORF44, which was N-terminally tagged with FLAG (DYKDD
DDK), was generated as follows: the entire ORF44 gene was amplified by
PCR with the primers ORF44-25kpnF (5'-ACCGGTACCAATCCGCTA
GACTG-3") or ORF44FLAGkpnF4 (5'-ACCGGTACCGCCACCATGgacta
caaagacgatgacgacaag GAATTACAACGCATATTTCCG-3") and ORF44salR,
and the PCR fragment was cut by Kpnl and Sall (underlined) and cloned
into pCAGGS-MCS-nco via the Kpnl and Xhol sites. The FLAG tag cod-
ing sequence within the primer for ORF44FLAGkpnF4 is shown in
lowercase letters. The ORF49 expression plasmid CAG/ORF49 was gen-
erated as follows: the entire ORF49 gene was amplified by PCR with the
primers ORF49-24ecoF  (5'-ACCGAATTCTTACATCAGCATTGCG
~3") and ORF49bamR (5'-ACCGGATCCTTAACATTTTGCGCATTTG
G-3'), and the PCR fragment was cut by EcoRl and BamHI (underlined)
and cloned into pCAGGS-MCS-puro via the EcoRI and BglIl sites. The
pCAGGS plasmid was kindly provided by Jun-ichi Miyazaki (Osaka Uni-
versity, Japan) (3f). A Cre recombinase-expressing plasmid, pCX-Cre-
neo, was previously generated (30) from pCX-Cre, which was a generous
gift from Masaru Okabe (Osaka University, Japan).

Construction of mutant ORF44 and ORF49 expression plasmids.
The ORF44 mutant plasmids pGEX/ORF44F129A, CAG/ORF44T128A,
CAG/ORF44F129A, CAG/ORF44K130A, CAG/FLAGORF441121stop,
CAG/FLAGORF44P136stop, and CAG/FLAGORF44F129AP136stop and
the ORF49 mutant plasmid CAG/ORF49-41AAAA44 were generated with
a QuikChange Lightning multisite-directed mutagenesis kit (Agilent Tech-
nologies, La Jolla, CA) according to the manufacturer’s recommenda-
tions, using the primers listed in Tabic | based on pGEX/ORF44, CAG/
ORF44, CAG/FLAGORF44, and CAG/ORF49, respectively. The
ORF49 C-terminal deletion mutant plasmids CAG/ORF49N40, CAG/
ORF49N44, and CAG/ORF49N48 were generated using the following
primer pairs: ORF49-24ecof (5'-ACCGAATTCTTACATCAGCATTG
CG-3’) as the forward primer for all the deletion mutants and
ORF49mycxhoR120 (5'-ACCCTCGAGcagatcctctictgagatgagtitttgtec
AAAGTCTTCAAAGAACTCTG-3'), ORF49mycxhoR132 (5'-AC
CCTCGAGcagatcctetictgagatgagtitttgttcCTCATCAAAGTCAAAGT
CTT-3'), or ORF49mycxhoR144 (5'-ACCCTCGAGcagatccicttctgaga
gag ttigitcCTCTGTTACATTCTCATCAAAGTC-3') as the reverse
primer for CAG/ORF49N40, CAG/ORF49N44, or CAG/ORF49IN48. All
of the reverse primers contained a c-myc tag, indicated by lowercase let-
ters, and the PCR products were cloned into pCAGGS-MCS-puro via the
EcoRlI and Xhol sites (underlined).

Antibodies. To produce a mouse monoclonal antibody (MAD) against
ORF44, a glutathione S-transferase (GST)-ORF44A recombinant protein
was expressed in E. coli BL21 transformed with pGEX/ORF44A, purified,
and used to immunize mice; hybridoma clones producing the anti-ORF44
MAD were established as described previously (32). To produce poly-
clonal anti-ORF61 Abs, a GST-ORF61 fusion protein was purified from E.
coli BL21 transformed with pGEX-ORF61 and used to immunize a rabbit
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TABLE 1 Primers used for ORF44 or ORF49 mutations

Primer Sequence”

Amino acid substitution(s)

ORF44 361at-ta
ORF44 382a-g
QRF44 385tt-gc
ORF44 388aa-gc
ORF44 406ccc-taa
ORF49 M1L
ORF49 41AAAA44

5'-TAT CCG GTT GAA AAC TAA GAC CAT GTT TTT GGA-3'
5'-CAT GTT TTT GGA GCA GCG TTT AAG AAC CC-3'

5'TT TTT GGA GCA ACG GCT AAG AAC CCG ATC G-3

5".-TTT GGA GCA ACG TTT GCG AAC CCG ATC GCG-3

5'-AAC CCG ATC GCG TAC TAA CTT CCA ACA TCT ATT-3'
5'-ATT GCG GTC ATT GCG TTG GGA CAA TCT TCA-3'

5'-TTT GAA GAC TTT GCC GCT GCT GCG AAT GTA ACA GAG-3

Ile 121 to stop (TAA)

Thr 128 to Ala

Phe 129 to Ala

Lys 130 to Ala

Pro 136 to stop (TAA)

Met 1 to Leu

Asp-Phe-Asp-Glu (41-44) to Ala-Ala-Ala-Ala

“ Nucleotides that differ from those of the wild type are underlined.

(Sigma Genosys, Hokkaido, Japan). The anti-ORF61 Ab was purified
with GST-conjugated normal human serum (NHS)-activated Sephar-
ose and GST-ORF61-conjugated NHS-activated Sepharose. Rabbit
polyclonal anti-ORF49 and anti-gB-C Abs were described previously
(6). The mouse anti-glycoprotein E (anti-gE) (clone 9) Ab was de-
scribed in reference 33. Mouse anti-glycoprotein H (gH) (Vglii-3) was
obtained as described previously (33). Sheep anti-trans-Golgi network
(anti-TGN46) Ab (AHP500G; AbD Serotec, Oxford, United King-
dom), anti-a-tubulin Ab (B-5-1-2; Sigma-Aldrich), and goat anti-GST
Ab (GE Healthcare Bio-Sciences) were commercially available. Alexa
Fluor 488-labeled donkey anti-mouse immunoglobulin G (1gG), Alexa
Fluor 594-labeled donkey anti-rabbit 1gG, and Alexa Fluor 647-labeled
donkey anti-sheep 1gG (Invitrogen) were used as secondary Abs, and
Hoechst 33342 (Sigma-Aldrich) was used for nuclear staining in con-
focal microscopic analyses. ECL enhanced chemiluminescence anti-
mouse or anti-rabbit 1gG horseradish peroxidase-linked whole anti-
bodies from donkey (GE Healthcare Bio-Sciences) were used as
secondary Abs in immunoblotting.

Mutagenesis of viral genomes in E. coli. The mutant bacterial arti-
ficial chromosomes (BACs) pOka-BACORF49MIL, containing a
methionine-to-leucine substitution at residue Met-1, and pOka-
BACORF49-41AAAA44, containing a tetra-alanine substitution at
residues 41-Asp-Phe-Asp-Glu-44, were generated by recA-mediated
allelic replacement in pOka-BAC-harboring DH10B transformed with
PST76A-SR/pOkaORFAIMIL and pST76A-SR/pOkaORFA9-4IAAAA4d, re-
spectively, which were derived from pST76A-SR/pOkaORF50 (including
nucleotide positions 84361 to 89970 of pOka) (30), using the primers
listed in Table 1 and a QuikChange Lightning multisite-directed mu-
tagenesis kit. The revertant BACs pOka-BACORF49MILRev and
pOkaBACORF49-41AAAA44Rev were generated by recA-mediated al-
lelic replacement using pST76A-SRORF50 transformed into DH10B cells
harboring pOka-BACORF49M IL and pOka-BACORF49-41AAAA44, re-
spectively.

To generate pOka-BACA44, in which the nucleotides (nt} I to 800
of the ORF44 gene were replaced with an FRT (fIp recombinase recog-
nition target) sequence, a linear fragment was amplified by PCR using
the primer pair ORF44FRTfKMFO (5'-TTAAACCCACAAGTACC
CGGGCGGCAATCCGCTAGACTGTTTTTCTGCTCGAAGTTCCTA
TTCTCTAGAAAGTATAGGAACTTCAGCAAGCGAACCGGAAT
TGC-3') and ORF44FRTrKMR800 (5'-TCCCGCTGACCGGCCTTT
CTCCACATACACGGAGCCCAACACACACAACCGAAGTTCCTAT
ACTTTCTAGAGAATAGGAACTTCCTTTTTCAATTCAGAAGA
ACTC-3') (FRT is underlined) using pCR2.1-TOPO as the template (In-
vitrogen). The amplified fragment was then transformed into DH10B
harboring pOka-BAC (34) with pGETrec (a kind gift from Panayiotis A.
loannou, The Murdoch Institute for Research into Birth Defects, Royal
Children’s Hospital, Melbourne, Australia) (33); recE/T recombination
for pOka-BACA44KMr and excision of the kanamycin resistance gene
from pOka-BACA44KMr by the fIp/FRT system using pCP20 (a kind gift
from Wilfried Wackernagel, Universitit Oldenburg, Germany) (36), re-
sulting in pOka-BACA44, were carried out as described previously (6).

To construct pOka-BACA44Rev, the revertant BAC genome against
pOka-BACA44, recA-mediated mutagenesis was performed as described
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previously (30), using the shuttle plasmid pST76A-SR/pOkaORF44. For
pST76A-SR/pOkaORF44, a 3.2-kbp fragment of viral DNA correspond-
ing to nt 79230 to 82453 of pOka was amplified from the pOka-BAC
genome using the primer pair ORF43F1201 (5'-ACCGCTGCGTGTATA
AATGCCCGGGTTGAC-3") and ORF42/45F (5'-ACCATGTCATTGAT
AATGTTTGG-3"), cloned into pCR2.1-TOPO, sequenced, cut with
EcoRl, blunted, and cloned into the plasmid pST76A-SR (kindly provided
by Ulrich H. Koszinowski, Max von Pettenkofer Institut, Ludwig-Maxi-
milians-Universitit Muinchen, Munich, Germany) (37), which was cut
with Kpnl and blunted.

The shuttle plasmids for the ORF44 point mutant BACs, pST76A-
SRORF44T128A (with an alanine substitution for threonine at residue
Thr-128), pST76A-SR/pOkaORF44F129A (with an alanine substitution
for phenylalanine at residue Phe-129), and pST76A-SR/pOkaORF44K130A
(with an alanine substitution for lysine at residue Lys-130), were gener-
ated from pST76A-SR/pOkaORF44 with a QuikChange Lightning multi-
site-directed mutagenesis kit using the primers listed in Table 1. Each
mutated shuttle plasmid was transformed into DH10B harboring pOka-
BACA44KMr, and recA-mediated allelic replacement was performed as
described elsewhere (3%) to generate pOka-BACORF44T128A, pOka-
BACORF44F129A, and pOka-BACORF44K130A. The revertant BAC for
the ORF44F129A mutant BAC, pOka-BACORF44F129ARev, was gener-
ated by recA-mediated allelic replacement using pST76 A-SRORF44 trans-
formed into pOka-BACORF44F129A-harboring DH10B.

All of the purified BACs were digested with BamHI or EcoRI to ensure
that the expected DNA fragments were present, and the whole region for
allelic replacement was sequenced to ensure that unexpected deletions or
substitutions were not present.

R itution of recombi viruses and excision of the BAC cas-
sette, MeWo cells or MeWOoORF49 cells for rpOkaORF49MIL and
rpOkaORF49-41AAAA44 seeded in one well of a 12-well plate were trans-
fected with 3 ug of BAC DNA using Lipofectamine 2000 or X-treamGene
HP (Roche Applied Science, Basel, Switzerland). After typical cytopathic
effects (CPE) were seen in cells expressing green fluorescent protein
(GFP), cell-free virus was prepared as described above and used to infect
MeWo-Cre cells or pCX-Cre-neo-transfected MeWoORF49 cells for
rpOkaORF49M 1L and rpOkaORF49-41 AAAA44 to excise the BAC cas-
sette.

N a.

ence.
Im otting, i precipitation, and i ofluorescence
were performed as described previously (33, 32) with slight modifica-
tions. The proteins in immunoblots were visualized by Chemi-Lumi
One Super (Nacalai Tesque) in combination with LAS4000mini (GE
Healthcare Bio-Sciences). Radioimmunoprecipitation assay (RIPA)
lysis buffer (0.01 M Tris-HCl {pH 7.4}, 0.15 M NaCl, 1% sodium
deoxycholate, 1% Nonidet P-40, 0.1% SDS, 1 mM EDTA) supple-
mented with protease inhibitor cocktail (Sigma-Aldrich) was used for
cell lysis, and the supernatants obtained by ultracentrifugation at
216,900 X g for 1 h at 4°C in a P50A3 rotor (CP80WX; Hitachi Koki)
and precleared with protein G Sepharose 4 Fast Flow (GE Healthcare
Bio-Sciences) were used for immunoblotting and immunoprecipita-
tion. Immunofluorescence images were captured and analyzed by an
FV1000D confocal microscope (Olympus, Tokyo, Japan).

ting, precip and
bl
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Invitro binding assay. To analyze the interaction of GST-ORF44 with
ORF49, GST-ORF44, GST-ORF44F129A, or GST-ORF44P recombinant
protein was expressed in and purified using BugBuster master mix {(Merck
Millipore, Darmstadt, Germany} from E celi BL21 transformed with
pGEX/ORF44, pGEX/ORF44FI29A, or pGEX/ORF44P as described
above, ORF49p was expressed in MeWo cells by transfection of CAG/
ORF49 using Lipofectamine 2000 and solubilized as described above.
GST-ORF44 recombinant protein was bound to glutathione Sepharose
4B {GE Healthcare Bio-Sciences) overnight at 4°C, washed with PBS three
times, pelieted, and reacted with soluble ORF49p overnight at 4°C. The
bead-GST-ORF44 recombinant protein~-ORF49p complex was washed
with RIPA lysis buffer three times, pelleted, suspended in SDS-PAGE sam-
ple buffer, boiled, and subjected to SDS-PAGE and immunoblotting as
described above.

Protein identification by MS. MeWo cells were infected with pOka by
cell-to-cell infection and lysed with RIPA lysis buffer as described above.
The cell lysates from pOka- or mock-infected MeWo cells were precleared
with protein G Sepharose and subjected to immunoprecipitation with
anti-ORF49 Ab cross-linked protein G Sepharose. The immunoprecipi-
tates were separated by SDS-PAGE and stained with a SifverQuest silver
staining kit (Invitrogen). Protein bands were excised from the gel and
digested with trypsin (sequencing grade; Promega, Madison, Wi accord-
ing to published procedures {38). Nano-liquid chromatography-tandem
mass spectrometry (nano-LC-MS/MS) analyses were performed on an
LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Wal-
tham, MA) equipped with a nano-electrospray ionization {(nano-ESI)
source (AMR, Tokyo, Japan) and coupled to a Paradigm MG4 pump
(Michrom Bioresources, Auburn, CA) and autosampler (HTC PAL; CTC
Analytics, Zwingen, Switzerland). A spray voltage of 1,800 V was ap-
plied. The peptide mixture was separated on a Magic C,, AQ column
(100 pm by 150 mm, 3.0-um particle size, 300 A; Michrom Biore-
sources) with a flow rate of 500 nl/min. The linear gradient was as
follows: 5% to 45% B in 30 min, 45% to 95% B in 0.1 min, 95% B for
2 min, and finally 5% B (solvent A = 0.1% formic acid in 2% acetoni-
trile, and B = 0.1% formic acid in 90% acetonitrile). Intact peptides
were detected in the Orbitrap at a resolution of 60,000. For the LC-
MS/MS analysis, six precursor ions were selected for subsequent
MS/MS scans in a data-dependent acquisition mode following each
full scan (m/z, 350 to 1,500). A lock mass function was used for the
LTQ-Orbitrap to obtain constant mass accuracy during the gradient
analysis. Peptides and proteins were identified by automated database
searches using Proteome Discoverer v.1.1 (Thermo Fisher Scientific,
Waltham, MA) against human entries or all entries of the Swiss-Prot
protein database (version 3.26) with a precursor mass tolerance of 10
parts per million (ppm), a fragment ion mass tolerance of 0.8 Da, and
strict trypsin specificity, allowing for up to two missed cleavages. Cys-
teine carbamidomethylation was set as a fixed modification, and me-
thionine oxidation was allowed as a variable modification.

Plaque size and infectious-center assays for growth kinetics, To an-
alyze the growth kinetics of the recombinant viruses, infectious-center
assays were performed as described previously (#) with slight modifica-
tions. Briefly, 5 X 10° MeWo or MeWoORF49 cells were seeded on one
well of a 12-well plate and inoculated with 50 PFU of cell-free virus per
well. For the plaque size measurement, the infected cells were cultured for
7 days. For the infectious-center assay, infected cells were harvested at
24-h intervals and then titrated on newly prepared cells. The cells were
fixed in 30% methanol and 70% acetone and stained with an anti-gE MAb
(clone 9) and secondary ECL anti-mouse IgG horseradish peroxidase-
linked whole antibody (GE Healthcare Bio-Sciences). The stain was de-
veloped with 3,3',5,5'-tetramethylbenzidine-H (TMB-H) peroxidase
substrate (Moss, Inc., Pasadena, MD). Images of the plaques were cap-
tured and traced, and the number of plaques was counted, or the plaque
area was measured using Image] (bittp://rshseebnih.govfi).
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RESULTS

ORF49 functions in the efficient production of infectious prog-
eny virus. To examine the mechanism of action of ORF49, we per-
formed loss-of-function and gain-of-function analyses by generating
an ORF49-defective virus, rpOkaORF49IM 1L, and its revertant virus,
rpOkaORF49M I LRev, from the pOka-BACORF49MI L and pOka-
BACORF49M 1 LRev genomes, respectively (Fig, 14 and ). In addi-
tion, the MeWoORF49 cell line was established to express ORF49
constitutively in MeWo cells in which the previous ORF49-defective
virus, rpOkaddy, specifically showed an impaired growth phenotype
(¢, and gain-of-function analysis was performed by ORF49 trans-
complementation assay.

None of the assayed viral proteins, including glycoprotein H
{gH), ORF61 protein (ORF&1p), ORF44p, and ORF49p, were de-
tected in MeWo cells (£ 24, lane 1), In MeWoORF49 cells,
ORF49p was the only protein detected among the tested viral pro-
teins {(Fig, 24, lane 2}, and its expression level was comparable to
that of ORF49p in rpQka-infected MeWo cells (Fig. 24, lane 3). In
rpOkaORF49M1L-infected cells, ORF49p was not detected in the
infected MeWo cells {§ A, lane 4) or in the viral particles { Pl
2¢, lane 2, although gH and ORF61p were clearly expressed in
infected cells (Fig 24, lane 4}, as was gH in the viral particles {Fig
24, lane 2). The rpOkaORF49MILRey line expressed all of the
viral proteins tested (¥ 24, lane 5), similar to rpOka-infected
MeWo cells (Fiz 24, lane 3

To confirm the ORF49-defective phenotype and perform gain-of
function analysis, plaque formation was analyzed on MeWo and
MeWoORF49 cells (Fig. 3a). Plaque sizes were similar between
rpOka-infected MeWo and MeWoORF49 cells (i 34, lanes 1 and
2), indicating that the exogenous expression of ORF49 had neither
positive nor negative etfects on normal VZV infection. Similar to our
previous results using rpOkad49, rpOkaORF49MIL formed signifi-
cantly smaller plaques on MeWo cells (Fig. 3A, lane 3) than on
MeWoORF49 cells, and this reduction was recovered in the rever-
tant virus infection in MeWo cells { Fig. 24, lane 5) and completely
rescued by the exogenous expression of ORF49 in MeWoORF49
cells (Fig 34, lane 4). Consistent with the plaque formation assay
results, rpOkaORF49MIL propagated on MeWo cells showed
slower growth than rpOka or rpOkaORF49M 1 LRev on MeWo or
MeWoORF49 cells in an infectivus-center assay, and the growth
impairment of rpOkaORF49MIL was completely rescued by ex-
ogenous ORF49p in MeWoORF49 cells (Fig. 3B

During the preparation of cell-free viruses, another strikingly
different phenotype of the ORF49 defect was observed. As sum-
marized in Table 2, the titer of cell-free virus or plaque size formed
by the cell-free virus infection of rpOka was almost the same
whether the virus was propagated on MeWo or MeWoORF49 cells
or titrated on MeWo or MeWoORF49 cells, again indicating that
the exogenous ORF49p had no effect on normal VZV infection.
When rpOkaORF49MIL was propagated on MeWo cells, the titer
of cell-free virus was 3 to 3% of that observed with propagation of
MeWoORF49 cells, and the plaque size depended on the kind of
cells used for titration but not on the kind used for propagation. In
addition, the rpOkaORF49MIL particles isolated from Me-
WoORF49 cells contained abundant ORF49p (Fig. 2C, lane 3) and
produced almost the same titer of cell-free virus as the parental
virus but formed significantly smaller plagues on MeWo cells
(Table 2). This gain-of-function analysis performed using the
ORF49 trans-complementation system suggested that the incom-
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FIG 1 Schematics showing the pl;

BAC for ORF44 and ORF49. (A) Location of the ORF44 and ORF49 genes in the unique long

region (U ) segment of the genome of VZV strain pOka; terminal repeats (TR), unique short region (Uy), and internal repeats (IR) are indicated. (B) The wild
type, deleted Ad4 region, and amino acid substitutions in ORF44p are shown. (C) The wild type, amino acid substitutions at the first methionine or the
carboxyl-terminal half of the acidic cluster from amino acid positions 41 to 44, and the carboxyl-terminal truncations within ORF49p are shown. The acidic
cluster is indicated as a black box. (B 1nd C) Une‘(pressed regions of the mutant proteins are shown in gray outlined shapes. The names of relevant BACs, shuttle

lasmids, and

g mutations are shown on the right.

mock-infected MeWo cells using an anti-ORF49 antibody (Ab),

ing ORF49p from the viral particles into the cells was not func-
tional in any step and revealed that de #ovo ORF49p functioned in
the production of infectious progeny viruses required for efficient
propagation.

Furthermore, to examine the role of ORF49 in the production
ofinfectious progeny viruses in detail, we redesigned our study on
ORF49 to investigate its function by analyzing its binding part-
ners.

Identification of the ORF44 protein as the binding partner
for ORF49. ORF49p was immunoprecipitated from pOka- or

192 jviasm.org

and the coimmunoprecipitating proteins were separated in a de-
naturing gel and visualized by silver staining (ig. 4A). An approx-
imately 36-kDa band was coimmunoprecipitated with the 13-kDa
band corresponding to the ORF49p in pOka-infected MeWo cell
lysates (Fig. 44, lane 1). This 36-kDa band was identified as the
ORF44 protein (ORF44p) of VZV by LC-MS/MS analysis (24.3%
coverage of 363 amino acids).

ORF44p was specifically detected as a 36-kDa band in all recom-
binant VZV-infected MeWo cells, including rpOkaORF49M 1L, by
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FIG 2 Expression and interaction of viral proteins during ORF49 mutant virus
infection. (A) Proteins expressed in mock-infected MeWo cells (lane 1), mock-
infected MeWoORF49 cells (lane 2), rpOka-infected MeWo cells (lane 3),
rpOkaORF49M I L-infected MeWo cells (lane 4), and rpOkaORF49M 1 LRev-
infected MeWo cells (lane 5) were visualized with Abs against gH, ORF61p,
a-tubulin, ORF44p, and ORF49p. (B) The interaction between ORF44p and
ORF49p was analyzed in rpOkaORF49M1L-infected cells (lane 1) and
rpOkaORF49M 1LRev-infected cells (lane 2). Immunoprecipitates obtained
with an anti-ORF49 Ab from each type of virus-infected cells were electropho-
retically separated and visualized using anti-ORF44 and anti-ORF49 Abs. (C)
The viral proteins incorporated into virions from rpOka-infected MeWo
cells (lane 1), rpOkaORF4IMiL-infected MeWo cells (lane 2), and
rpOkaORF49M I L-infected MeWoORF49 cells (lane 3) were visualized using
Abs against gH, ORF61p, ORF44p, and ORF49p. (D) Proteins expressed in
rpOkaORF49-41 AAAA44-infected MeWo cells (lane 1) and rpOkaORF49-
41AAAA44Rev-infected MeWo cells (lane 2) were visualized using Abs against
gH, ORF61p, a-tubulin, ORF44p, and ORF49p. (E) The interaction between
ORF44p and ORF49p was analyzed in rpOkaORF49-41AAAA44-infected
cells (lane 1) and rpOkaORF49-41 AAAA44Rev-infected cells (lane 2). Immu-
noprecipitates obtained using an anti-ORF49 Ab from each type of virus-
infected cells were electrophoretically separated and visualized with anti-
ORF44 and anti-ORF49 Abs. (F) The viral proteins incorporated into virions
from rpOkaORF49-41AAAA44-infected MeWo cells (lane 1), and rpOka-
ORF49-41AAAA44-infected MeWoORF49 cells (lane 2) were visualized with
Abs against gH, ORF61p, ORF44p, and ORF49p.

immunoblotting with an anti-ORF44 Ab (Fig. 24, lanes 3, 4, and
5). ORF44p was coimmunoprecipitated with ORF49p only incells
infected with the wild-type virus, rpOka, or rpOkaORF49M 1 LRev
(data not shown) (¥ig. 2B, lane 2) but not in the absence of
ORF49p, as seen in rpOkaORF49MIL infection (Fig. 21, lane 1).
Thus, the interaction of ORF44p and ORF49p was specific and
conserved in VZV.

ORF44 is essential for viral growth in cell culture. Because
ORF49 is completely dispensable for viral reconstitution and
propagation in MRC-5 cells, and the interaction between ORF44p
and ORF49p was confirmed, we predicted that the ORF44 dele-
tion mutant would be viable at least in MRC-5 cells, despite the
fact that loss-of-function analysis showed that it is essential in
MeWo cells (4). The ORF44 deletion mutant virus could not be
reconstituted from pOka-BACA44 (Fig. 1B) in either MeWo cells
or MRC-5 cells; however, the revertant virus of pOka-BACA44
reconstituted from the pOka-BACA44Rev genome (Fig iB)
showed almost the same plaque size and growth as the parental
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FIG 3 Growth properties of the ORF49MIL mutant virus in MeWo and
MeWoORF49 cells. (A) Comparison of plaque sizes among recombinant vi-
ruses. MeWo cells ar McWoORF49 cells were infected with rpOka,
rpOkaQRF4IMIL, or rpOkaORF49M 1 LRev (50 PFU/well) and cultured for 7
days. The infected cells were then stained with an anti-gE Ab, and the plaques
were traced and measured by Image] software. Plaque size is shown with the
standard error of the mean. Statistical significance was determined by Stu-
dent’s t test. (B) Growth kinetics of recombinant viruses in MeWo and
MeWaORF49 cells. MeWo or MeWoORFP49 cells were infected with rpOka,
rpOkaORF4IMIL, or rpOkaORF4IMILRev (50 PFU/well), harvested at the
indicated times, serially diluted, added to newly prepared MeWo cells, and
cultured for 5 days. The plaques were stained with an anti-gE Ab and counted.
Each point represents the mean titer for two wells of one experiment. The
experiments were performed twice independently. Statistical significance was
determined by Student’s f test.

virus, rpOka, in MeWo cells (data not shown). These findings
confirmed that ORF44 is essential for VZV growth in cell culture
even in MRC-5 cells.

ORF44p binds to and depends on ORF49p for its accumula-
tion on the TGN in coexpressing cells and infection. When
ORF44p was expressed alone by CAG/ORF44 transfection, it was
dispersed throughout the cytoplasm and did not localize to the TGN
(Fige 3A). When ORF49p was expressed alone, it was predominantly
localized to the juxtanuclear region with TGN46 (Fig. 5B), as re-
ported previously (¢). In cells coexpressing ORF44 and ORF49,
ORF44p accumulated on the TGN with ORF49p (Fig 5C), suggest-
ing that the complex formation between ORF44p and ORF49p re-
quired no other viral factors and that it functioned in the accumula-
tion of the ORF44p on the TGN. The expression of and interaction

TABLE 2 Comparison of cell-free virus titer and plaque formation

Cells for:
Titer Mean (SE) plague
Virus Propagation Titration (PEUMID® size, mm*”
pOka MeWao MeWo 23X 107 0232 (0.00891)

MeWo MeWoORF49 4.1 X 10°  0.225 (0.00854)
MeWoORF4Y  MeWa 4.0 X 0% 0.232 (0.00911)
MeWoORF49  McWoORF49 1.3 X 108 0.206 (0.00828)

rpOkaORFAYMIL  MeWa MeWo L5 X100 0.161 (0.00601)
MeWo MeWoORFA9 1.7 X 100 0.235 (0.01319)
MeWoORFAY  MeWo 4.0 X 100 0147 (0.00534)
MeWoORF19  McWoORF1Y 6.3 X 10° 0,228 (0.01474)
rpOkaORE19- MeWao MceWa 12X 104 0141 (0.00726)
ATAAAAM
MeWo MeWoORFAY 13 X 10° (.212 (0.00669)
MeWoORE4Y  McWo 21X 10° 0,149 (0.00796)
MeWoORFA9  MeWaORFA9 4.7 X 10* 0,227 (0.00740)

“Fiters of cell free virus
* Plaqu
performed in duplicate.

are showr

neans (standard errors

are shawn from ane experiment perfarmed in duplicatc.
SEJ) from one experiment
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