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Amphiregulin (AR) is derived from a membrane-anchored form
(proAR) by ectodomain shedding, and is a ligand that activates
epidermal growth factor receptor (EGFR). We have recently
shown that proAR translocates from the plasma membrane to
the nucleus after truncation of 11 amino acids at the C-terminus,
which is independent of the conventional EGFR signaling path-
way. Although proAR immunoreactivity has reportedly been
detected in the nucleus of cancer cells, its biological meaning has
never been investigated. This study was performed to investigate
the roles of proAR nuclear translocation in human gastric cancer.
We constructed proAR truncated 11 amino acids at the C-termi-
nus (proARAC11) that spontaneously translocates to the nucleus,
and established proARAC11-expression regulatable gastric cancer
cells (MKN45, MKN28) using the tet-off system. Using these cells,
we found that proAR nuclear translocation significantly induced
chemoresistance in vitro and in vivo. Analyzing the relationship
between immunoreactive localization of proAR and the clinical
outcome for 46 advanced gastric cancer cases treated with che-
motherapy, median survival time was 311 days in 16 patients
with AR-positive staining in the nucleus and 387 days in 30
patients with AR-negative staining (P < 0.05). The present study
demonstrates that proAR nuclear translocation increases resis-
tance to anti-cancer drugs, which might be associated with poor
prognosis in human gastric cancer. (Cancer Sci 2012; 103: 708-
715)

A 11 of the epidermal growth factor (EGF) receptor (EGFR)
ligands are cleaved from membrane-anchored precursors
(pro-forms) at the plasma membrane in a process termed
“ectodomain shedding.” The ligand binding to EGFR induces
activation of intracellular signaling cascades implicated in the
regulation of a wide variety of cellular processes, mcludm%
growth, differentiation, apoptosis, adhesion and migration.
Deregulated expression and activation of EGFR is now widely
accepted to play a role in cancer progression. As a result,
EGFR has become a therapeutic target and many EGFR inhibi-
tors are in clinical use.

Epidermal growth factor receptor is highly expressed in 33—
74% of gastric cancers,”” and elevated levels have been
reported as an independent indicator of poor prognosis.”
Furthermore, increased expression of EGFR ligands, such as
transforming growth factor (TGF)-a, heparin-binding EGF-like
growth factor (HB-EGF) and amphiregulin (AR), is associated
with a poor cllmcal prognosis in many cancers, including gas-
tric cancer.®” In addition, the EGFR and EGFR ligand gene
families have been associated with growth regulation and gas-
tric wall invasion in vitro.®®

Despite aberrant enhancement of both EGFR and EGFR
ligand expression in gastric cancers, EGFR-targeted therapeu-
tics does not clinically show sufficient benefit against gastric
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cancer.” These results suggest that other signal pathways
might be present in the EGFR-ligand signal cascade besides
the conventional signal that activates EGFR by binding with
ligands. We have previously demonstrated a new function of
proHB-EGF that is not associated with the conventional EGFR
signaling pathway. In this mechanism, the carboxyl-terminal
fragment (HB-EGF-CTF) generated by ectodomain shedding
of proHB-EGF translocates from the plasma membrane into
the inner nuclear membrane and regulates transcriptional
repressors. O-1D" Moreover, we have reported that HB-EGF-
CTF mlght offer a new molecular target for treating gastric
cancer. However, mechanisms besides the EGFR-binding
cascade are little understood in terms of other EGFR ligands.

Amphiregulin is also a member of the EGF family, and its
increased expression has been reported in many epithelial can-
cers, including gastric cancer."*>'® AR is considered to be a
new serologlcal marker for breast cancer and colorectal can-
cer. "D In non- smal] cell lung cancer, AR is associated with
poor prognosis.*? Therefore, AR has been recognized as one
of the most important factors in the EGF family for cancer
therapy. Many studies have detected AR immunoreactivity in
human gastric cancer tissues, in the cytoplasm and nucleus of
tumor cells."**» However, the biological function of AR in
the cell nucleus has long been unclear.”” We recently
reported that a significant amount of the precursor of AR
(proAR) translocates from the plasma membrane to the nuclear
membrane and that truncation of the proAR C-terminal tail is
required for the nuclear translocation. ProAR that translocates
to the nucleus suppresses global transcription (Fig. 1A).%%
However, the mechanisms through which proAR nuclear trans-
location affects human cancer remain unclear. We presumed
that proAR nuclear translocation, along with proHB-EGF,
might have important effects on progression and chemotherapy
for gastric cancer. To investigate the specific role of proAR
localized to the nucleus, we require a good system to induce
spontaneous translocation of proAR to the nucleus, because we
have to exclude side effects of shedding stimulants that has
multiple effects on cells. Therefore, we constructed a mutant
of proAR, proARACI1, which lacks C-terminal 11 amino
acids and spontaneously translocates to the nucleus without the
production of released AR, and established human gastric
cancer cells with inducible proARACI11 expression, using a
tetracycline (tet)-regulating system, the tet-off system.

We investigate the biological behavior of proARACII
nuclear translocation using this system and present the novel
finding that proAR nuclear translocation increases chemoresis-
tance and represents a new target for gastric cancer therapy.

“To whom correspondence should be addressed.
E-mail: tshimura@med.nagoya-cu.ac.jp; shigeki@m.ehime-u.ac.jp

doi: 10.1111/j.1349-7006.2012.02204.x
© 2012 Japanese Cancer Association



(A)

* proAR ©) MEMN45 MEN45/ MIKN4SS MKN4S MEN45/ MKN4S
4 169 221 wt-proAR _ proARAC11 wi-proAR  proARACTY
I I I l et - - - - + * - - - - - * o+ - -
22 252 TER:  mad o F umeds omR maam 2 Yok
_
\ AR
QLRROYVRKYEGEAEERKKLROQENGNWVHALY NH2 150 — 150 =
241 . | Shadding 100 = 100 =
NHZ _ ! = I3z 2
ﬂl.'---._, x\:\h ey '* - — :é_ .- - — .p'pc:'gﬁﬂam‘
_-'..»""_Stlrmlmlon EGFR activation A %
20 — - - 20 - e —proAR
15 = 15 =
10 10 & —— —AR-CTF
wa AR-N Ab WE-Ab
T e — — — — — ﬂ-&(‘.‘flﬂ
=11 (D) MENASI  MEN&S/
Claawage_ :l == Wi-proAR  proARAC1T1
- - - - -
Endoplasmic raticulum TEA - * - + (WB)
P13 & g —proARACT 1
i - oy,
Nuclear membrane IF; Lamin A/C Ab
T e
~ " proARAC11 i
’ 189 221 {Lamin AIC Ab)
[ | | ]
222 241 Lamin AMC Lysate
QLRROYWVRKYEGEAEERKKL
(E) TPA
W5 Ab DAPI Marge AR-M Ab DAPL Marge
(B)
Vi-lagged proAR (wi-proAR) o
v 3 -
, I
1 22T 228 252 5
=
= *
VE-tagged proARACT1 (praARAC11) =
W5
( | I ) MKN45/proARAGT1
1 22T 228 241 -
E =
3
g
= +
x
=

Fig. 1. (A) Amphiregulin (AR) is expressed on the plasma membrane as proAR, consisting of a predicted 252 amino acids. ProAR primarily local-
izes at the plasma membrane. Stimulation induces partial proAR-ectodomain shedding, resulting in production of soluble AR and the carboxyl-
terminal fragment of proAR (AR-CTF). In addition, stimulation causes endocytosis of the residual proAR. During translocation to the nucleus,
proAR is truncated to the 11 amino acids at the C-terminus (proARAC11), and proARAC11 is targeted to the endoplasmic reticulum (ER). ER-local-
ized proARAC11 subsequently diffuses or is actively transported to the nucleus. (B) Schematic presentation of V5-tag inserted proAR and its dele-
tion mutants. V5-tagged proAR protein was termed wt-proAR, and V5-tagged proARAC11 protein was proARAC11. MKN45 lines transfected
with the tet-off system for consistent and conditional induction of wt-proAR and proARAC11 were named “MKN45/wt-proAR” and “MKN45/
proARAC11,” respectively. (C) Western blot analysis of proAR and AR-CTF expression in MKN45, MKN45/wt-proAR and MKN45/proARAC11. Each
lane contained 100 pg of protein. The concentration of 12-0-tertadecanoylphorbor-13-acetate (TPA) was 200 nmol/L to induce ectodomain shed-
ding. We used anti-V5 antibody (V5 Ab) to recognize the cytoplasmic region of wt-proAR and proARAC11, and anti-AR antibody (AR-N Ab) to
recognize the proAR ectodomain. Loading control comprised B-actin. (D) Immunoprecipitation and western blot analysis of MKN45/wt-proAR
and MKN45/proARAC11. The concentration of TPA was 200 nmol/L. Cell lysates were immunoprecipitated with anti-lamin A/C antibody (Lamin A/
C Ab), and precipitated proteins were analyzed by western blotting using AR-N Ab and Lamin A/C Ab. The cell lysates were analyzed using
Lamin A/C Ab. (E) Intracellular localization of proAR after TPA-inducible processing in MKN45/wt-proAR and MKN45/proARAC1T1 under immuno-
fluorescence microscopy. The concentration of TPA was 200 nmol/L. Nucleus stained blue with DAPI, AR stained green with AR-N Ab and AR-CTF
stained green with V5 Ab.

Materials and Methods

Materials. Cisplatin (CDDP) was purchased from Nippon
Kayaku (Tokyo, Japan), paclitaxel (PTX) from Bristol-Myers
Squibb (New York, NY, USA) and 5-fluorouracil (5-FU) from
Kyowa Hakko Kirin (Tokyo, Japan). Anti-AR antibody (AR-N
Ab) (R&D Systems, Minneapolis, MN, USA) was used to rec-
ognize the proAR ectodomain. Anti-V5 antibody (V5 Ab) is a
mouse monoclonal IgG antibody, purchased from Invitrogen
(Carlsbad, CA, USA).

Yoshida et al.

Cell culture. MKN45 gastric cancer cells (Japan Health Sci-
ence Research Resources Bank, Tokyo, Japan) were maintained
in RPMI1640 medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% FBS. Cells were cultured at 37°C in 5%
CO, humidified air. MKN28 gastric cancer cells (Japan Health
Science Research Resources Bank) were maintained under the
same conditions as MKIN45.

Transfection (tet-off system). We have previously described
cDNA constructs pMEI18s-wt-AR and pME18s-ARACI11,
which contain an inserted sequence encoding the V5 epitope
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tag in AR cDNA (Fig. 1B).?” AR cDNA derived from these
plasmids were subcloned into pTRE2hyg (Clontech Laborato-
ries, Mountain View, CA, USA), and the cDNA constructs
were verified by DNA sequencing using a CEQ 8000 DNA
Analysis gstem (Beckman Coulter, Brea, CA, USA). The tet-
off system*™’ was used for consistent and conditional induction
of wt- Iz)roAR and proARAC1I, essentially as described previ-
ously.“® Briefly, MKN45 cells were first co-transfected with
two vectors to establish a tet-off parental MKN45 cell line.
These vectors were a pCAG 20-1 plasmid carrying a tet
response element plus three tandem repeats of the VP-16 mini-
mal transcriptional activation domain (tTA) gene driven by a
CAG promoter, and pUHD 10-3 PURO with a puromycin resis-
tance gene driven by a tet-responsive promoter. After puro-
mycin selection, tet-off parental MKN45 cell lines were
established. Next, pTRE2hyg plasmids carrying wt-proAR or
proARAC11 cDNA, driven by a tet-responsive promoter as
described above, were transfected into the established tet-off
parental cells. After hygromycin selection, drug-resistant clones
were examined for the induction/expression of AR proteins
by western blot analysis. Established gastric cancer cell lines
were termed “MKN45/wt-proAR” and “MKN45/proARACI11,”
respectively. These cells were maintained in RPMI1640 med-
ium supplemented with 10% FBS, 200 pg/mL hygromycin B
(Invitrogen) and 1 pg/mL tet (Sigma-Aldrich). Tet withdrawal
induced each form of proAR expression. “MKN28/
proARAC11” was established, as well as MKN45/proARACI1 1.

Immunofluorescence microscopy. Samples were incubated
with AR-N Ab or V5 Ab as primary antibodies after fixation
with ethanol and acetone. After incubation with the appropriate
secondary antibodies, all sections were counterstained using
DAPI (Kirkegaard and Perry Laboratories, Gaithersburg, MD,
USA). Images were obtained using an Eclipse 80i fluorescence
microscope (Nikon, Tokyo, Japan).

Each cell line was cultured in medium with or without tet,
then switched to serum-free medium for 24 h and incubated
for another 60 min in the absence (controls) or presence of
200 nmol/L 12-O-tetradecanoylphorbol-13-acetate (TPA) (Cell
Signaling Technology, Boston, MA, USA) for 60 min. Cells
were stimulated by TPA, which induces ectodomain shedding
of proAR to produce soluble AR.

Western blotting. Aliquots of sample were fractionated on 4
—20% sodium dodecyl sulfate-polyacrylamide gel electoropho-
resis and then electroblotted to nitrocellulose membranes. The
membranes were blocked with 5% skim milk in PBS (—).
Then, the membranes were incubated with secondary antibod-
ies after incubation with primary antibodies. The membranes
were treated with enhanced chemiluminescence detection
reagents (Amersham Biosciences, Buckinghamshire, UK) and
exposed to scientific imaging films (Eastman Kodak, New
York, NY, USA), and proteins were visualized as bands.
Monoclonal B-actin antibody (Abcam, Cambridge, MA, USA)
was used to probe an internal control.

Immunoprecipitation and nuclear extraction. Total cell lysates
were incubated with anti-lamin A/C antibody (Lamin A/C Ab)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h at
4°C. Protein-G-Sepharose beads (Amersham Biosciences) were
then added to the mixture. After incubation for 1 h, the sus-
pension was centrifuged and the collected protein-G-Sepharose
beads were washed three times with lysis buffer. The bound
proteins were analyzed by western blotting. Nuclear fractions
were prepared using ProteoExtract Subcellular Proteome
Extraction Kit (Merck, Darmstadt, Germany) according to the
instructions from the manufacturer. Anti-Histon H1 antibody
(Histon H1 Ab) (Santa Cruz Biotechnology) was used to con-
firm samples as appropriate nuclear fractions.

CeII proliferation assay. Each cell line was seeded at 1.0 x
10* cells on 6-cm diameter dishes in RPMI1640 containing
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10% FBS with or without 1 pg/mL tet. Cells were counted on
days 4, 7 and 10 using a Biirker-Tiirk counting chamber (Mi-
nato Medical, Tokyo, Japan).

Growth inhibition assay. Each cell hne was seeded with or
without tet in 96-well plates (1.0 x 10* cells/well), and cul-
tured for 24 h. Anti-cancer drugs were then added to triplicate
wells (200 pL/well) with CDDP at concentrations of 0-20
pmol/L, PTX at 0-25 pmol/L, or 5-FU at 0-500 pmol/L in
MKN45/wt-proAR  and MKN45/proARAC11. In addition,
CDDP at 0-30 pmol/L, PTX at 0-50 pmol/L, or 5-FU at 0-
5000 pmol/L were added in MKN28/proARAC11, respectively.
After incubation at 37°C in 5% CO, for 48 h, the number of
living cells was measured using an 3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium, inner salt (MTS) assay (Promega, Madison, WI, USA)
according to the instructions from the manufacturer.

Xenograft into mice. Four-week-old specific-pathogen-free
conditioned female BALB/c nude mice were purchased from
Charles River Japan (Yokohama, Japan). At 67 weeks old,
each mouse was injected subcutaneously into the left flank
with 3.0 x 10° MKN45/proARACI11 cells suspended in 0.2
mL PBS (—). MKN45/proARACI11 cells in this study were
regulated through the drinking water to mice in the form of
doxycycline (dox) (Clontech Laboratories), a derivative of tet-
racycline. Drinking water in the non-proARACI1-expressing
group was supplemented with 1 mg/mL of dox.

MKN45/wt-proAR cells were transplanted,
MKN45/proARACI1 1 cells.

Treatment in vivo. The abovementioned nude mice were
divided into four groups (four mice/group): chemotherapy group
with dox (dox [+]); chemotherapy group without dox (dox [—]);
control group dox (+); and control group dox (—). After implan-
tation, mice in chemotherapy groups were treated by i.p. admin-
istration of each anti-cancer drug. The total amount of injected
liquid was set to 1.0 mL to optimize the spread of the adminis-
tered drugs throughout the entire peritoneal cavity. The dose of
CDDP in each mouse was 12 mg/kg once on day 7, PTX was
fixed at 20 mg/kg once on days 7, 14 and 21, and 5-FU was 60
mg/kg once on days 7, 11 and 15. Tumor size was measured
twice a week by the same observer using calipers, and volume
was calculated as length x width® x 0.5. Mice were weighed
on the day of tumor measurement and maximum body weight
loss was used as a measure of treatment toxicity. All mice were
sacrificed on day 28 after implantation.

Immunohistochemistry. Immunohistochemical staining was
performed using V5 Ab (dilution 1:500) for xenograft tumors
and AR-N Ab (dilution 1:400) for clinical biopsy samples.
Consecutive sections (4-um thick) were deparaffinized and
dehydrated. After inhibition of endogenous peroxidase activity
by immersion in 3% H,0O,/methanol solution, antigen retrieval
was achieved by heating the samples in 10 mmol/L citrate buf-
fer (pH 6.0) in a microwave oven for 10 min in at 98°C. Sec-
tions were then incubated with primary antibodies. After
thorough washing in PBS (—), samples were incubated with
biotinylated secondary antibodies and then with avidin—biotin
horseradish peroxidase complexes (Vectastain Elite ABC Kkit;
Vector Laboratories, Burlingame, CA, USA). Finally, immune
complexes were visualized by incubation with 0.01% H,O,
and 0.05% 3,3’-diaminobenzidine tetrachloride. Nuclear count-
erstaining was accomplished using Mayer’s hematoxylin.

Clinical patients and assessment. We used the computerized
database of the institution to identify 46 patients with unresec-
table advanced gastric cancer treated using chemotherapy
between April 2003 and December 2007 at Nagoya City Uni-
versity Hospital. Informed consent was provided by all
patients. All 46 patients were diagnosed with gastric cancer
based on biopsy results and biopsy specimens were immuno-
stained using AR-N Ab.

as well as
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All immunostained specimens were assessed by two investi-
gators who were blinded to all clinical information. When
more than 10% of all cancer cells in each section were stained,
immunostaining was defined as positive.

Response to treatment was evaluated according to the
Response Evaluatlon Criteria in Solid Tumors (RECIST) (ver-
sion 1.0),” using computed tomography. Overall survival
time was calculated from the initial date of chemotherapy until
death from any cause or last confirmation of survival.

Chemotherapy schedule. The treatment schedule with oral
tegafur, 5-chloro-2,4-dihydropyrimidine and potassium oxonate
(S-1) 1nv01ved oral administration at a dose that did not exceed
40 mg/m* based on the body surface area (BSA) of the patient:
BSA < 125m 40mg, 1.25 m? < BSA < 15m 50 mg;
and BSA > 1 5 m?, 60 mg. This dose was administered twice
daily for 28 consecutive days, followed by 2 weeks of rest. In
patients treated with S-1 plus CDDP, the same dose of S-1
was given orally, twice daily for the first 3 consecutive weeks
of a 5-week cycle, and 60 mg/m*> CDDP was administered
intravenously on day 8 of each cycle. In patients treated with
S-1 plus PTX, the same dose of S-1 was administered for the
first 2 consecutive weeks and 50 mg/m PTX was given intra-
venously on days 1 and 8, and repeated every 3 weeks.

Statistical analysis. Values are expressed as mean + SD. Data
were analyzed using Welch’s t-test and the % test, as appro-
priate. Values of P < 0.05 were considered statistically signifi-
cant. Survival curves were calculated using the Kaplan—-Meier
method and compared with the log-rank test.

Results

Wt-proAR and proARAC11 overexpression in MKN45 tet-off
system. We first evaluated gene expression of endogenous AR
in several human gastric cancer cell lines by real-time PCR.
Among tested cell lines, MKN45 expressed AR mRNA at the
lowest levels (data not shown). We evaluated protein levels of
proAR and the carboxyl-terminal fragment of proAR (AR-
CTF) in MKN45, MKN45/wt-proAR and MKN45/proARACI11
by western blotting (Fig. 1C). MKN45 and MKN45/
proARACI11 with medium containing tet showed the undetect-
able level of proAR. MKN45/wt-proAR expressed a sufficient
level of proAR and AR-CTF on tet withdrawal. MKN45/
proARACI1 also expressed a sufficient level of proARAC11
on tet withdrawal, but not AR-CTF. The same pattern of
expression was observed even with TPA in MKN45/
proARACI11, indicating that proARACI1 did not undergo
shedding. We thus confirmed that each form of proAR could
be induced by tet withdrawal in both MKN45/wt-proAR and
MKN45/proARACI11. These results demonstrate that wt-proAR
is processed by ectodomain shedding, but that proARAC is
not.

ProARACI1 spontaneously translocates to the nucleus with-
out TPA treatment.** Immunoprecipitation with Lamin A/C
Ab was used to confirm the physical interaction between
proAR and nuclear lamins, which form the nuclear lamina on
the interior of the nuclear membrane, as described previ-
ously.*” In MKN45/wt-proAR, a certain protein level of pre-
cipitated proAR was observed, and TPA treatment enhanced
precipitated proAR. In MKN45/proARAC11, a sufficient level
of precipitated proARACI11 was observed, and the same pat-
tern was observed even with TPA. In addition, immunoprecipi-
tated proAR and proARACI1I1 proteins were the same size
(Fig. 1D). We also confirmed the nuclear localization of
proAR with nuclear extraction. In MKN45/wt-proAR, TPA
treatment enhanced proAR proteins in nuclear fractions. In
MKN45/proARAC11, proARACI11 proteins were observed
regardless of presence or absence of TPA in nuclear fractions
(Fig. S1).

Yoshida et al.

Immunofluorescence microscopy was used to confirm the
localization of proAR. In MKN45/wt-proAR, immunostaining
signal of AR-N and V5 was shifted from the cytoplasm to the
perinucleus on addition of TPA, which activates the processing
of wt-proAR. However, in MKN45/proARACI11, both AR-N
and V5 immunostaining were observed at the perinucleus
regardless of presence or absence of TPA (Fig. 1E). These
results demonstrate that wt-proAR translocates from plasma
membrane to the perinucleus in response to ectodomain shed-
ding, but proARACI11 spontaneously translocates to the peri-
nucleus without shedding stimuli. We thus successfully
established a gastric cancer cell line (MKN45/proARACI1)
that can spontaneously translocate proARACI11 to the nucleus.
We also confirmed that established MKN28/proARACI11 can
work as well as MKN45/proARAC11 (Fig. S2).

ProARAC11 suppresses cell growth. No significant differences
were noted for cell growth between parental MKN45 with and
without tet (Fig. 2A). In contrast, MKN45/proARACI1 grew
significantly slower in the absence of tet (tet [—]) than in the
presence of tet (tet [+]), while MKN45/wt-proAR did the
opposite (Fig. 2B,C). These results demonstrate that spontane-
ous nuclear translocation of proARACI1 slows gastric cancer
cell proliferation in vitro.

ProARAC11  induces chemoresistance. MKN45/wt-proAR
tended to show chemoresistance by tet withdrawal, but no sig-
nificant alteration of chemoresistance to all three drugs in
MKN45/ wt-proAR was observed with or without tet (Fig. 2D
—-F). However, compared to MKN45/proARACI11 tet (+),
MKN45/proARACI11 tet (—) showed significant chemoresis-
tance against all three drugs, and 50% inhibitory concentration
(ICsp) for CDDP, PTX and 5-FU was significantly higher in
MKN45/proARACI11 tet (—) than in MKN45/proARACI11 tet
(+) (Fig. 2G-I). We also confirmed that tet withdrawal induced
significant chemoresistance against all three drugs in MKN28/
proARACI11, as well as MKN45/proARACI11 (Fig. S3). These
results suggest that proARACI11 nuclear translocation induces
chemoresistance to anti-cancer drugs in vitro.

Xenograft. No chemotherapies resulted in death or signifi-
cant loss of body weight, demonstrating that these regimens
had low-grade toxicity in nude mice (data not shown). In all
tumors, expression of proARAC11 was immunohistologically
confirmed to be properly controlled by dox (Fig. 3A; a—d). We
also confirmed proper expression of wt-proAR (data not
shown). Immunostaining with large magnification revealed that
wt-proAR and proARACI1 mainly localized at the plasma
membrane and nuclear membrane, respectively (Fig. 3A; b,e).
Tumor growth of MKN45/proARAC11 dox (—) was slower
than dox (+). Although tumor growth of MKN45/proARACI11
dox (+) was obviously suppressed by all of three drugs,
MKN45/proARACI11 dox (—) was barely suppressed with the
administration of any anti-cancer drug (Fig. 3B-D). These
results demonstrate that proARACI11 nuclear translocation
reduces tumor growth and induces chemoresistance to anti-can-
cer drugs in vivo, as well as in vitro.

In contrast, tumor growth of MKN45/wt-proAR dox (—) was
much faster than dox (+), as well as in culture. Although
tumor growth of MKN45/wt-proAR dox (+) was obviously
suppressed by CDDP, MKN45/wt-proAR dox (—) was barely
suppressed, even with administration of CDDP (Fig. S4).
These results demonstrate that upregulation of wt-proAR
expression enhanced tumor growth and induced chemoresis-
tance to CDDP in vivo, which differed in part from in vitro.

Patient characteristics. Characteristics of patients in this study
are shown in Table 1. AR was detected in both the nucleus
and cytoplasm in all cases showing AR-positive staining (AR
[+]) (Fig. 4A;a—d). Among the 46 patients, 16 (34.8%) showed
AR (+), and 30 (65.2%) showed AR-negative staining (AR
[—]D. The clinical stage for all 16 patients in the AR (+) group
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cancer drugs (D and G, CDDP; E and H, PTX; F and |, 5-fluorouracil [5-FU]) for 48 h. Filled circle, each cell with tetracycline (tet [+]); filled triangle,
each cell without tetracycline (tet [-]). Data are shown as means of four independent experiments. Bars, SD. *P < 0.01: cell proliferation of
MKN45/wt-proAR tet (+) vs cell proliferation of MKN45/wt-proAR tet (—), and MKN45/proARAC11 tet (+) vs MKN45/proARAC11 tet (). ICsq, 50%

inhibitory concentration.

and 27 of 30 patients in the AR (—) group was metastasis, and
three patients in the AR (—) group showed local advance. All
patients in both groups received an S-1-based regimen as the
first-line chemotherapy. Patients in the AR (+) group were
administered S-1 alone in nine cases, S-1 plus CDDP in two
cases and S-1 plus PTX in five cases, compared to S-1 alone
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in 11 cases, S-1 plus CDDP in eight cases and S-1 plus PTX
in 11 cases for the AR (—) group. No significant differences
were noted between AR (+) and AR (—) groups in terms of
gender ratio, median age, performance status, extent of disease,
histological type, number of metastatic organs or first-line
chemotherapeutic regimen used.

doi: 10.1111/j.1349-7006.2012.02204.x
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Fig. 3. (A) Expression of proARAC11 and wt-proAR in xenograft tumor. We used V5 Ab to recognize transfected proARAC11 and wt-proAR.
Immunohistochemical staining of proARAC11 xenograft tumor without doxycycline (dox [-]) (a, x100; b, x1000). Immunohistochemical staining
of proARAC11 xenograft tumor with doxycycline (dox [+]) (c, x100; d, x1000). Immunohistochemical staining of wt-proAR xenograft tumor dox
(-) with large magnification (e, x1000). (B-D) Subcutaneous MKN45/proARAC11 tumor growth curves for nude mice after treatment with any
anti-cancer drugs (B, Cisplatin [CDDP]; C, paclitaxel [PTX]; D, 5-fluorouracil [5-FU]). ®, no chemotherapy dox (+); A, no chemotherapy dox (-); O,
each anti-cancer drug dox (+); A, each anti-cancer drug dox (). Data are shown as means of four independent experiments. Bars, SD. (B) Intra-
peritoneal administration of 12 mg/kg of CDDP once on day 7. (C) Intraperitoneal administration of 2 mg/kg of PTX once weekly for 3 weeks.
(D) Intraperitoneal administration of 60 mg/kg of 5-FU once on days 7, 11 and 15. *, P < 0.05: treatment by each anti-cancer drug (CDDP, PTX, 5-
FU) in dox (+) vs treatment by each anti-cancer drug in dox (-).

Survival and response to chemotherapy. Overall survival
times in the AR (+) and AR (—) groups are shown in Figure
4(B). Median survival time was 311 days in the AR (+) group,
AR (+) AR () which was significantly shorter than the 387 days in the AR

Table 1. Patient characteristics

(n=16) (n = 30) Pvalue group (P = 0.046). Target lesions evaluated according to
RECIST criteria were present for all 16 patients (100%) in the
Gender AR (+) group and for 25 patients (83%) in the AR (—) group.
Male/female 13/3 20710 0.295  Response rate was 37.5% (6/16) in the AR (+) group and
Age 48.0% (12/25) in the AR (—) group. No significant differences
Median 67 63:5 0133 in response rate were apparent between AR (+) and AR (—)
PSRange >6-85 36-80 groups (P = 0.509) (Table 2).
0 9 17 . .
1 s " 0.780 Discussion
2 2 2 Epidermal growth factor receptor and EGFR ligands have been
Extent of disease well studied as molecular targets for cancer therapy (2830 AR
Local advance 0 3 0.191 has been characterized as a %rowth factor involved in cell pro-
Metastasis 16 27 liferation and differentiation,'”” AR is recognized as an impor-
The number of metastatic organ tant factor affecting cancer therapy."'**? We recently reported
0 0 3 that a significant amount of proAR is internalized without
1 4 15 0119 ectodomain shedding in response to shedding stimuli and
2 9 8 translocates to the nucleus.*” This s1gna1 transduction induces
23 3 4 heterochromatin formation and suppression of global transcrip-
Histological type tion. However, the relationship between proAR nuclear locali-
Intestinal type 2 6 0523 zation and cancer has not yet been reported. Therefore, the
Diffuse type 14 24 present work focuses on proAR nuclear translocation as a new
First line chemotherapy molecular target for gastric cancer. In completing this study,
s1 9 1 we successfully established gastric cancer cell lines with tet-
$1+CDDP 2 8 0373 regulated inducible proAR nuclear translocation, MKN45/
ST+PTX 5 1 proARAC11. We were thus able to selectively analyze the
CDDP, cisplatin; PTX, paclitaxel; PS, performance status; S1, oral tega-  basic effects of proAR nuclear translocation, both in vitro and
fur, 5-chloro-2,4-dihydropyrimidine and potassium oxonate. in vivo.
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(A) Amphiregulin (AR) expression in pretreatment endoscopic biopsy samples of gastric cancer. Immunohistochemical staining of biopsy

samples from human gastric cancer. The antibody used for immunostaining was AR-N Ab. (a,b) Immunohistochemical staining in the AR-positive
(AR [+]) group. (c,d) Immunohistochemical staining in the AR-negative (AR [-]) group. Original magnification: a and ¢, x100; b and d, x400. (B)
Overall survival. Filled triangle, AR (+) group; filled circle, AR (—) group; MST, median survival time.

Table 2. Response rate

CR PR SD PD RR (%)
AR (+) 0 6 4 6 37.5 _
AR (-) 0 12 9 4 48.0:| P=0509
Total 0 18 13 10 43.9

CR, complete response; PD, progressive disease; PR, partial response;
RR, response rate; SD, stable disease.

Our study revealed that spontaneous nuclear translocation of
proARACI11 significantly slowed proliferation and induced
chemoresistance to three anti-cancer drugs, CDDP, PTX and
5-FU, in vitro and in vivo. Overexpression of wt-proAR
enhanced cell growth, which is explained by the production of
released AR and EGFR activation because constitutive shed-
ding of proAR in MKN45/wt-proAR was observed (Fig. 1C).
However, chemoresistance of MKN45/wt-proAR to anti-cancer
drugs did not show significant correlation, which might be
explained by the different extent of nuclear translocation of
proAR.

Furthermore, we immunohistochemically investigated AR
expression on specimens of human gastric cancers. Our data
indicate that the AR (+) group experienced significantly poorer
prognosis. Although significant differences were not noted,
probably due to the small sample size, response rates tended to
be lower in the AR (+) group than in the AR (—) group. These
results supported the present data shown in vitro and in vivo.
Although many previous reports have shown AR immunoreac-
tivity in cancers, including gastric cancer, to be detected in
both the cytoplasm and the nuclei of tumor cells, the signifi-
cance of AR localization in the nucleus has not been clari-
fied."*'3» In the present study, AR was expressed in both
the nucleus and the cytoplasm in all AR (+) cases. AR immu-
noreactivity in the nucleus must show translocated proAR.
These results suggest that proAR nuclear localization might
play a crucial role in the determination of some tumor prop-
erties.

We have previously reported that HB-EGF-CTF translocates
from the plasma membrane to the nucleus and regulates the
cell cycle by abrogation of transcriptional repressors.:
Moreover, we have shown that it is important for gastric
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cancer therapy to inhibit not only the conventional EGFR sig-
nal pathway, but also HB-EGF-CTF nuclear translocation.""
The present study shows that proAR nuclear translocation
might offer a new molecular target for gastric cancer progres-
sion, along with HB-EGF. The present study also indicates that
nuclear translocation as well as overexpression of proAR could
be critical for molecular diagnosis of gastric cancer. We found
some squamous cell carcinoma cell lines presenting spontane-
ous nuclear translocation of endogenous proAR (Shigeki Higa-
shiyama, unpublished observation). Although we have not yet
elucidated the existence of mutant gene expressing
proARACI1 in living cells, C-terminal modification of proAR,
such as proteolytic cleavage, and its mediating factors might
be good molecular targets for diagnosis and therapy.

Cancer cells can acquire resistance to chemotherapy by a
range of mechanisms. In general, chemoresistance is attributed
to mutation or overexpression of the drug target, inactivation
of the drug, or elimination of the drug from the cell. However,
these considerations cannot confer full resistance to multiple
anti-cancer drugs with different mechanisms of action. We
have not yet elucidated how proAR nuclear translocation
induces chemoresistance. Further investigation remains neces-
sary, as the detailed mechanisms are not yet fully understood,
and clarifying these mechanisms would certainly result in the
development of new cancer therapies.

In conclusion, this study is the first report to show basic and
clinical behavior of proAR nuclear translocation. Our results
indicate that proAR nuclear translocation induces chemoresis-
tance to anti-cancer drugs and might be associated with poor
prognosis in human gastric cancer. ProAR nuclear transloca-
tion might offer a prognostic marker and a new molecular
target for gastric cancer therapy.
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